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Plant oils are stored in oleosomes or oil bodies, which are surrounded by a monolayer of phospholipids embedded with oleosin
proteins that stabilize the structure. Recently, a structural protein, Oleosin3 (OLE3), was shown to exhibit both monoacylglycerol
acyltransferase and phospholipase A, activities. The regulation of these distinct dual activities in a single protein is unclear. Here,
we report that a serine/threonine/tyrosine protein kinase phosphorylates oleosin. Using bimolecular fluorescence complementa-
tion analysis, we demonstrate that this kinase interacts with OLE3 and that the fluorescence was associated with chloroplasts.
Oleosin-green fluorescent protein fusion protein was exclusively associated with the chloroplasts. Phosphorylated OLE3 exhibited
reduced monoacylglycerol acyltransferase and increased phospholipase A, activities. Moreover, };hosphatidylcholine and diacyl-
glycerol activated oleosin phosphorylation, whereas lysophosphatidylcholine, oleic acid, and Ca™ inhibited phosphorylation. In
addition, recombinant peanut (Arachis hypogaea) kinase was determined to predominantly phosphorylate serine residues, specif-
ically serine-18 in OLE3. Phosphorylation levels of OLE3 during seed germination were determined to be higher than in developing
peanut seeds. These findings provide direct evidence for the in vivo substrate selectivity of the dual-specificity kinase and dem-

onstrate that the bifunctional activities of oleosin are regulated by phosphorylation.

Triacylglycerols (TAGs) are stored in a specialized
intracellular organelle-like structure called oleosomes
or oil bodies in plants that are surrounded by a
monolayer of phospholipids containing embedded
proteins that stabilize their structures (Huang, 1992;
Napier et al,, 1996; Murphy, 2011). A predominant
protein in the oleosome is oleosin. The central long
hydrophobic core of oleosin has a unique Pro knot
(PX;SPX,P) that is conserved across various species
(Abell et al.,, 2004; Huang et al., 2009). Oleosins are
postulated to stabilize the oil body by preventing co-
alescence, particularly during seed desiccation. In ad-
dition, these proteins act as binding sites for lipases
during the mobilization of stored TAGs during seed
germination (Beisson et al., 2001; Murphy, 2011). Ma-
jor oleosin protein suppression in Arabidopsis (Arabi-
dopsis thaliana; Siloto et al., 2006) and soybean (Glycine
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max; Schmidt and Herman, 2008) resulted in an aber-
rant phenotype of embryo cells containing abnormally
large oil bodies and delayed germination. Reintro-
ducing recombinant oleosin was observed to reverse
the aberrant phenotype. Gene coexpression network
analysis of the transcriptome of developing Arabi-
dopsis seeds indicated that the expression profiles of
diacylglycerol acyltransferase and oleosin are similar,
suggesting the involvement of these genes in oil ac-
cumulation (Peng and Weselake, 2011). Recently, we
have identified a microsomal membrane-bound mon-
oacylglycerol acyltransferase (MGAT) from immature
peanut (Arachis hypogaea) seeds. The MGAT was sol-
ubilized from the microsomal membranes using a
combination of a chaotropic agent and a zwitterionic
detergent, and a functionally active 14S multiprotein
complex was isolated and characterized. Oleosin3
(OLE3) was identified as part of the multiprotein
complex, which is capable of performing bifunctional
activities such as acylating monoacylglycerol (MAG) to
diacylglycerol (DAG) and phospholipase A, (PLA2;
Parthibane et al., 2012). The regulation of dual activities
in a single protein is unclear.

The reversible phosphorylation of Ser, Thr, and Tyr
residues on target proteins plays a key role in the
regulation of metabolic activity and modulates the
dynamics of plant growth and development. Approxi-
mately 20 different mitogen-activated protein kinases
have been identified. These kinases are likely to be
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involved in growth, development, and various stress
responses (Zhang and Klessig, 2001). Dual-specificity
kinases, such as the Arabidopsis thaliana gene ATNI,
Arabidopsis protein kinasel (APK1), and Arabidopsis
dual specificity kinasel(ADK1) from Arabidopsis,
phosphorylate both Ser/Thr and Tyr residues, which
are involved in the regulation of cellular and meta-
bolic events (Hirayama and Oka, 1992; Ali et al., 1994;
Tregear et al.,, 1996). In soybean, the phytohormones
auxin and ethylene synergistically regulate the Ser/
Thr/Tyr protein kinases (STYKs) involved in leaf se-
nescence (Xu et al., 2011). A non-mitogen-activated
protein kinase cascade dual-specificity kinase or STYK
involved in cold, salt stress and seed development
was identified in peanut, in which autophosphor-
ylation regulates kinase activity (Rudrabhatla and
Rajasekharan, 2002, 2003). We have previously re-
ported the isolation and characterization of an STYK
from Arabidopsis (Rudrabhatla et al., 2006; Reddy and
Rajasekharan, 2007). However, the substrate of this
dual-specificity kinase has not been identified. Most
dual-specificity kinases have been identified and bio-
chemically characterized with nonplant proteins, such
as histones and myelin basic protein. However, there is
only one report of a plant protein substrate for a dual-
specificity kinase that phosphorylates the preprotein
involved in chloroplast differentiation (Lamberti et al.,
2011).

Oleosin was shown to have both MGAT and PLA2
activities (Parthibane et al., 2012), and the regulation of
enzyme activities was investigated in this study. Here,
we report that OLE3 is phosphorylated by peanut
STYK (AhSTYK). We have also gained more insight on

Figure 1. Interaction of OLE3 with STYK and lo-
calization of OLE3. A to H, BiFC detection of
AtSTYK and AhOLE3 protein-protein interactions
in Arabidopsis leaf protoplasts. The leaf protoplast
was transformed with pSAT4-nEYFP-NT-AtSTYK
and pSAT6-cEYFP-N1-AhOLE3 and transient ex-
pression of the YFP fusion proteins and was ob-
served 16 to 20 h after transformation. A and
E represent reconstructed YFP fluorescence re-
sulting from AtSTYK and AhOLE3 interactions
detected in the green channel. B and F show the
autofluorescence of chlorophyll detected in the
red channel. C and G show bright-field images. D
and H are overlaid images of reconstructed YFP
and autofluorescence of chlorophyll. I to L, Sub-
cellular localization of OLE3-GFP in Arabidopsis
leaf protoplasts. | shows the GFP fluorescence
resulting from AhOLE3-GFP detected in the green
channel. ) shows the autofluorescence of chloro-
phyll detected in the red channel. K shows a
bright-field image. L is an overlaid image of GFP
and autofluorescence of chlorophyll. Bars =
20 pm.
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the possible role of OLE3 phosphorylation in the reg-
ulation of MGAT and PLA2 activities. This regulation
could be involved in the biosynthesis and mobilization
of TAGs during seed maturation and germination.

RESULTS
Identification of a Kinase That Phosphorylates OLE3

OLE3 is bifunctional, exhibiting both MGAT and
PLA2 activities. Notably, any posttranslational modifi-
cation could modulate these activities. Phosphorylation
sites in OLE3 were predicted using the Net phos
2.0 program. Initially, an immuno-pull-down assay was
performed with 14S multiprotein complex proteins
from immature peanut microsomal membranes, which
were precleaned with protein A-agarose and immu-
noprecipitated with anti-STYK antibodies. The immu-
noprecipitate was diluted and used as a substrate for
AhSTYKs. Immunoblotting with OLE3-specific poly-
clonal antibodies verified that the immuno-pull-down
protein was OLE3.

To detect in vivo protein-protein interactions be-
tween OLE3 and STYK, a bimolecular fluorescence
complementation (BiFC) assay (Citovsky et al., 2006,
2008) was used. The coexpression of Arabidopsis STYKs
(AtSTYK) fused to the N terminus of enhanced yellow
fluorescent protein (EYFP) and peanut OLE3 fused to
the C terminus of EYFP in Arabidopsis protoplasts
resulted in an interaction that led to EYFP fluores-
cence. The pattern of EYFP fluorescence from AtSTYK-
nEYFP and AhOLE3-cEYFP interactions resembled the
fluorescence generated from the interactions of these
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proteins (Fig. 1, A-H). Fluorescence was never ob-
served outside chloroplasts in the protein-protein in-
teraction experiments. Analysis of the OLE3 protein
sequence using WoLF, PSORT, and ChloroP softwares
predicted the presence of a chloroplast-targeting signal
sequence, which could explain the EYFP fluorescence
observed in the chloroplasts. To assess this prediction,
we performed a localization of OLE3, and the cDNA
of OLE3 tagged at the C terminus with GFP and the
localization of the fusion proteins were analyzed by
transient expression in Arabidopsis leaf protoplasts.
OLE3 was localized as a discrete structure that was
colocalized with the red autofluorescence of chloro-
phyll. This shows a clear localization of OLE3 to chlo-
roplasts (Fig. 1, I-L). The localization is consistently
observed using confocal microscopy. This protein-
protein interaction suggested that STYK interacts with
OLES3.

Characterization of OLE3 Phosphorylation by AhSTYK

After the expression and purification of recombinant
full-length OLE3, the protein was determined to be
phosphorylated by recombinant peanut STYK and
dephosphorylated by calf intestinal alkaline phospha-
tase treatment (Fig. 2A). Furthermore, the effects of
various metal ions on OLE3 phosphorylation and STYK
autophosphorylation were determined. Increasing con-
centrations of Mg”" ions were observed to increase both
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phosphorylations linearly. The amount of phosphate
incorporated into oleosin was approx1mate1y 2-fold
higher (6.4 mol phosphate mol oleosin) than that of
STYK in the presence of the Mg** ions. However, lower
rates of OLE3 phosphorylatlon were measured in
the presence of Ca®* and Mn?* ions (Fig. 2B). In addi-
tion, the time-dependent phosphorylation of oleosin by
AhSTYK was measured, and linear kinetics of phos-
phorylation was observed. However, AhSTYK auto-
phosphorylation was saturated at all time points
studied (Fig. 2C). In the presence of increasing amounts
of substrate (OLE3) and a fixed amount of AhSTYK,
an increase in the phosphorylation of substrate and
autophosphorylation was observed. The optimum tem-
perature of the phosphorylation of oleosin by AhSTYK
was 30°C, and phosphorylation was observed even at
low temperatures (Fig. 2D). Maximum activity was
observed at pH 7.5, and relatively less activity was
observed at mild alkaline and acidic pH ranges. These
data suggest that the peanut STYK phosphorylates
oleosin.

The Effect of Lipids on OLE3 Phosphorylation
by Peanut STYK

Because OLE3 was shown to metabolize lipids,
OLE3 phosphorylation by AhSTYK was characterized
in the presence of various lipids. In the presence of
MAG, DAG, and TAG, OLE3 phosphorylation was
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by autoradiography.
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observed to increase compared with that of the 5 mm
CHAPS control. Among the neutral lipids, DAG
showed a 2.5-fold increase in OLE3 phosphorylation
(Fig. 3A). However, there was no change in AhSTYK
autophosphorylation in the presence of these lipids.
Inhibition of OLE3 phosphorylation (2.2- and 3.2-fold)
was observed in the presence of lysophosphatidyl-
choline (LPC) and oleic acid, respectively. Nonetheless,
phosphatidylcholine (PC) activated OLE3 phosphor-
ylation (1.5-fold) and autophosphorylation was not
altered by PC or oleic acid. However, LPC was ob-
served to decrease autophosphorylation considerably
(Fig. 3B).

Identification of Phospho-Amino Acid Residues of OLE3

To determine the specificity of OLE3 phosphorylation,
phosphorylated OLE3 was subjected to immunoblot
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Figure 3. The effect of lipids on the phosphorylation of OLE3 by
ARSTYK. A, The effects of MAG, DAG, and TAG on the phosphoryla-
tion of OLE3 by AhSTYK. B, The effects of PC, LPC, and free fatty acid
(FFA) oleic acid on AhSTYK phosphorylation of OLE3. White symbols
represent autophosphorylation in the presence of OLE3, and black
symbols represents substrate phosphorylation of OLE3 in the presence
of lipid. Values are means = sp for three independent determinations,
and each experiment was performed in duplicate.
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analysis with phospho-Ser, phospho-Thr, and phos-
pho-Tyr monoclonal antibodies. Only the phospho-Ser
antibody was observed to bind OLE3, suggesting that
STYK targets the Ser residues of OLE3 (Fig. 4A). Using
the Net phos 2.0 program, we predicted the following
Ser residues to be phosphorylated: Ser-14, -17, -18, -27,
and -28. These Ser residues were mutated to Ala by
site-directed mutagenesis. OLE3 and mutants were
then phosphorylated by AhSTYK (Fig. 4B). Repeated
phospho-amino acid analysis of the resulting oleosin
indicated that predominantly Ser residues were phos-
phorylated. However, phospho-Thr and phospho-Tyr
were not detected (Fig. 4C). Among the mutants, S18A
exhibited a significant (81%) decrease in the incor-
poration of the *P label in the Ser residues of OLE3
(Fig. 4D). These results suggest that Ser-18 could pos-
sibly play a key role in regulating the bifunctional
activities of oleosin.

Regulation of MGAT and PLA2 Activities
by Phosphorylation

Microsomal membranes from yeast cells over-
expressing OLE3 were incubated with purified recom-
binant AhSTYK, and phosphorylation was confirmed by
2P incorporation into the target protein (Fig. 5A). After
phosphorylation, the time-dependent hydrolysis of PC
was measured, and a linear increase in the liberation of
fatty acid was observed (Fig. 5B). PLA2 activity with
phospho-OLE3 was observed to be significantly higher
(1.7-fold) than with OLE3 (unphosphorylated), which
served as a control for PLA2 activity. A similar obser-
vation was also made with the bacterially expressed
recombinant OLE3 (data not shown). In vitro phos-
phorylated oleosin was also assayed for MGAT activity
under standard assay conditions. Phospho-OLE3 ex-
hibited low MGAT activity compared with that of
unphosphorylated OLE3 (Fig. 5C). These data suggest
that PLA2 and MGAT activities associated with OLE3
are modulated by phosphorylation.

Possible Role of OLE3 during Seed Maturation
and Germination

Multiprotein complexes from immature and ger-
minated peanut seed microsomes were purified, and
MGAT activity was measured under standard assay
conditions. The protein-dependent accumulation of
DAG was observed in immature peanut seeds but not
in germinated seeds (Fig. 6A). In vitro activity of MGAT
from immature multiprotein complexes was measured
to be 90 pmol min~' mg ™!, which is 5.6-fold higher than
that of germinated seeds. Time-dependent hydrolysis of
PC was also observed. In contrast to MGAT activity, the
magnitude of hydrolysis was higher (2.3-fold) in ger-
minating seeds than in immature developing seeds (Fig.
6B). Seed slices of immature and germinated seeds were
incubated with [**Plorthophosphate followed by the
purification of the multiprotein complex. The extent of
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phosphate incorporation into multiprotein complexes
from germinated peanut was 4.3-fold higher than in
immature seeds (Fig. 6C). The purified multiprotein
complex from immature seeds was phosphorylated
with STYK, and the MGAT assay was performed. The
activity was 2.6-fold lower than that of the unphos-
phorylated protein complex (Fig. 6D). These results
suggest that oleosin could potentially act as an acyl-
transferase during seed maturation and hydrolyze
phospholipids during seed germination.

DISCUSSION

STYK (or dual-specificity kinase) has been charac-
terized, but its plant protein substrate remains to be
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Figure 4. Site-directed mutagenesis and phospho-amino acid analysis
of phospho-OLE3. A, Phospho-OLE3 was electrophoretically trans-
ferred onto a nitrocellulose membrane and cross-reacted with anti-
phospho-Ser, anti-phospho-Thr, and anti-phospho-Tyr monoclonal
antibodies. B, Recombinant OLE3 and mutants (1 ug) were phos-
phorylated by AhSTYK, and the resulting phosphorylation products
were visualized by autoradiography. C, Phosphorylated OLE3 and
mutants were hydrolyzed, and the resulting phospho-amino acids were
separated by silica-TLC. D, Relative incorporation of the *’P radiolabel
into Ser residues of OLE3 and mutants. WT, Wild type.
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Figure 5. Phosphorylation regulates the bifunctional activity of
OLE3. A, Recombinant OLE3 expressed in S. cerevisiae was phos-
phorylated by the purified recombinant AhSTYK. Lane 1, vector
control with 1.0 ug of AhSTYK; lane 2, OLE3 overexpressed (10 ug of
microsomal protein) and phosphorylated by AhSTYK; lane 3, OLE3
overexpressed (20 ug of microsomal protein) and phosphorylated by
AhSTYK; lane 4, OLE3 overexpressed and phosphorylated by
AhSTYK followed by calf intestinal alkaline phosphatase (CIAP)
treatment. Proteins were resolved on a 12% (w/v) SDS-polyacrylamide
gel. The proteins were electroblotted onto a polyvinylidene difluoride
membrane and visualized by autoradiography. B, The PLA2 assay was
performed in a reaction mixture consisting of 100 um sonicated vesicles
of [1,2-palmitoyl-9,10->HIPC and 20 ug of enzyme in a final volume of
100 pL. Reactions with OLE3 (yeast microsomal membranes without the
kinase treatment) and phospho-OLE3 (yeast microsomal membranes
with kinase treatment) were performed at 30°C over various time pe-
riods. FFA, Free fatty acid. C, MGAT activity was measured by incubating
50 um MAG and 10 um ["*Cloleoyl-CoA with increasing amounts of
OLE3 microsomes with or without kinase treatment under standard
conditions. Values are means = sp of three independent determinations,
and each experiment was performed in duplicate.
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Figure 6. The physiological roles of OLE3 during seed maturation and germination. A, Graphical representation of protein-
dependent MCAT activities in purified multiprotein complexes from peanut immature and germinated seeds. Enzyme activity
data were derived from at least three independent experiments and are shown as means * sp. B, Time-dependent hydrolysis of
[*HIPC by purified multiprotein complexes from immature and germinated peanut. FFA, Free fatty acid. C, Autoradiography
image of *2P incorporation into purified multiprotein complexes from immature and germinated peanut. Lane 1, complex from
germinated seeds; lane 2, protein complex from immature seeds. D, MGAT assays of phosphorylated and unphosphorylated
purified multiprotein complexes from immature peanut. The values represent at least three independent experiments and are

shown as means * sp.

identified (Rudrabhatla and Rajasekharan, 2002). Many
plant dual-specificity kinases have been reported, and
their in vivo substrates have not yet been identified
(Sessa et al., 1996; Xu et al.,, 2011). A Ser/Thr protein
kinase from Arabidopsis performed in vitro phos-
phorylation of the Ser and Thr residues within the
cleavable presequence of chloroplast-destined pre-
cursor proteins. However, mitochondria-destined pre-
cursor proteins were not phosphorylated by kinases
(Martin et al., 2006). Cytosolic STYKs play a vital role
in chloroplast differentiation (Lamberti et al., 2011)
and phosphorylate specific substrates. In this study,
we demonstrated that OLE3 is phosphorylated by
STYK, regulating its bifunctional activities of lipid
synthesis and degradation. Chen et al. (1999) previ-
ously reported that caleosin, an oil body-associated
protein, was phosphorylated at its C terminus by a
predicted Tyr kinase.

AhSTYK (Rudrabhatla and Rajasekharan, 2002) and
Ca2+—dependent OsCDPK7 (Wan et al., 2007) were in-
duced at low temperatures, and their corresponding
mRNA transcripts were expressed abundantly. Arabi-
dopsis oleosin-deficient mutants were sensitive to
freezing after imbibition at 4°C, resulting in seed
mortality (Shimada et al., 2008), which could be due to

100

the stability of oil bodies at low temperatures. The
overexpression of oleosins contributed to the freezing
tolerance of seeds (Ellis et al., 1991; Leprince et al,,
1998), suggesting a possible relationship between
oleosins and freezing tolerance. At low temperatures, a
significant amount of AhSTYK phosphorylation of
OLE3 was observed.

Intracellular free Ca** ions evoke rapid changes in
effector functions upon various stimuli (Sanders et al.,
2002). OLE3 phosphorylation was significantly
inhibited by calcium, suggesting that STYK could op-
erate via a calcium-independent mechanism of signal
transduction. In soybean, CPK11 autophosphorylation
was stimulated by calcium, PC did not have any effect,
and substrate phosphorylation was stimulated by
phospholipids. In comparison with previous data
(Szczegielniak et al., 2005), a similar effect of PC was
observed on autophosphorylation, but DAG also in-
creased OLE3 phosphorylation. LPC was shown to
increase substrate phosphorylation by AtCPK1 (Binder
et al., 1994). However, our results suggest that LPC
and oleic acid decreased OLE3 phosphorylation
by AhSTYK. Kinase activity increased with PC and
DAG but decreased with LPC, oleic acid, and calcium

(Fig. 7).
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Substrate phosphorylation at specific Ser residues
could modulate various biochemical functions of tar-
get proteins. Phosphorylation at the N terminus of
a specific Ser residue of plant phosphoenolpyruvate
carboxylase by phosphoenolpyruvate carboxylase ki-
nase was shown to regulate its activity and modify
allosteric properties of the enzyme (Taybi et al., 2000).
The regulation of the bifunctional activities of OLE3
(MGAT and PLA2) could be controlled by STYK
phosphorylation of Ser-18.

The regulation of bifunctional activities is controlled
by phosphorylation. Upon phosphorylation, perilipin,
a scaffold of a lipid droplet-associated protein, inter-
acts with Abhd5 and regulates Abhd5 lipase activity
(Granneman et al., 2009). Unlike perilipin, OLE3 di-
rectly increases PLA2 activity and eliminates MGAT
activity after phosphorylation. During seed germina-
tion, oleosins undergo a 4.3-fold increase in phospho-
rylation in immature multiprotein complexes over
those during maturation. This increase could be the
result of an increase in PLA2 activity during seed
germination and a simultaneous decrease in MGAT
activity. In vitro phosphorylation of immature multi-
protein complexes resulted in a reduction in MGAT
activity. MGAT in plants could be involved in TAG
biosynthesis and degradation.

Proposed pathway

Phosphorylation of Oleosin

When the sunflower (Helianthus annuus) oleosin
protein was expressed ectopically in transgenic Arabi-
dopsis, it caused an accumulation of this protein in
the microsomal membrane fraction, and the over-
expression of N-terminal-deleted oleosin caused an
impaired transfer from the endoplasmic reticulum to
the oil body (Beaudoin and Napier, 2000). Some of the
seed-specific oleosins in Arabidopsis (At3g01570 and
At5g51210) have been shown to be targeted to the
chloroplasts, mitochondria, and plasma membrane
(Cell eFP Browser; http://bar.utoronto.ca/cell_efp/
cgi-bin/cell_efp.cgi?primaryGene). Wahlroos et al
(2003) reported that oleosin-GFP chimeric protein is
synthesized in the endoplasmic reticulum and that
the protein is associated with oil bodies in tobacco
(Nicotiana tabacum) leaf protoplasts. Our results here
indicate that OLE3-GFP chimeric protein, when tran-
siently expressed in Arabidopsis leaf protoplasts, is
trafficked to chloroplasts. This could be because the
ectopic expression of seed-specific oleosin in non-oil-
storing tissue may cause the chloroplastic localization.
Alternatively, the peanut seed-specific OLE3 is targeted
to the lipid bodies in chloroplasts (plastoglobules), which
is structurally analogous to seed oil bodies (Martin and
Wilson, 1984; Austin et al., 2006) and plastoglobulin
(oil body-associated structural protein) functions like

Existing pathway
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Figure 7. Schematic representation of the proposed roles of oleosin. The existing pathway occurs in a PA-dependent manner,
wherein PA is synthesized by the sequential acylation of glycerol 3-phosphate (G3P) by the substrate-specific acyltransferases.
The synthesized PA is dephosphorylated to DAG by PA phosphatase, and the resultant DAG is further acylated by DAG ac-
yltransferase (DGAT) to form TAG. TAG can also be synthesized from DAG in an acyl-CoA-independent manner by an enzyme,
phospholipid:diacylglycerol acyltransferase (PDAT). The proposed MAG pathway is involved in the formation of TAG during the
maturation of seeds. In this pathway, G3P is acylated to LPA by G3P acyltransferase (GPAT). LPA is dephosphorylated by LPA
phosphatase (LPAP) to produce MAG, which is sequentially acylated to TAG by MGAT and DGAT. The regulation of MGAT
activity is achieved by phosphorylation catalyzed by STYK, and the phospho-OLE3 exhibits PLA2 activity. The hydrolysis of PC
to LPC disturbs the membrane structure, inducing the release of TAG from oil bodies, which is used as the source of energy for
germination. PC and DAG increase substrate phosphorylation, whereas LPC, oleic acid, and Ca* inhibit phosphorylation.
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oleosin (Huang, 1996; Bréhélin et al., 2007). A similar
observation was reported earlier, that oleosin was
found largely on the periphery of the plastoglobules in
the tapetum cells of Arabidopsis (Wang et al., 1997)
and tobacco protoplasts (De Domenico et al., 2011).

The existing pathway for the biosynthesis of TAG
occurs by the first acylation of glycerol 3-phosphate
by a glycerol 3-phosphate acyltransferase to form
lysophosphatidic acid (LPA), which is then acylated
to PA by LPA acyltransferase. The synthesized PA is
dephosphorylated to DAG by a PA phosphatase. DAG
is further acylated to form TAG by DAG acyltrans-
ferase. TAG can also be synthesized by phospholipid:
diacylglycerol acyltransferase.

In summary, we propose an alternative phospha-
tidic acid-independent pathway for TAG biosynthesis
(Fig. 7). In this pathway, glycerol 3-phosphate is ac-
ylated to LPA by an acyl acceptor-specific acyltrans-
ferase. LPA is dephosphorylated to MAG by LPA
phosphatase (Shekar et al., 2002), which is sequentially
acylated to DAG and TAG by MGAT and DAG acyl-
transferase, respectively. STYK regulates MGAT activ-
ity, and phospho-OLE3 hydrolyzes membrane lipids
into lysophospholipids, which disturbs the membrane
structure and eventually leads to the release of TAG
from the oil bodies. Notably, MGAT (OLE3) plays a
pivotal role during these physiological processes by
altering its biochemical substrates with respect to seed
cellular physiology.

MATERIALS AND METHODS
Materials

[1-"*C]Monooleoyl-rac-glycerol and [2-palmitoyl-9,10-’H]PC were obtained
from American Radiolabeled Chemicals. Lipids and acyl-CoAs were pur-
chased from Avanti Polar Lipids. [y-*P]ATP was obtained from the Board of
Radiation and Isotope Technology, Bhabha Atomic Research Centre, in
Mumbai, India. Restriction endonucleases and Pfu polymerase were pur-
chased from New England Biolabs. Oligonucleotides, monoclonal antibodies,
phospho-amino acids, calf intestinal alkaline phosphatase, and all other re-
agents were purchased from Sigma. Silica-thin-layer chromatography (TLC)
plates were obtained from Merck. Nickel-nitrilotriacetic acid agarose was
purchased from Qiagen. Field-grown immature peanut (Arachis hypogaea)
seeds (JL-24) were harvested at 20 to 24 d after flowering. Mature peanut seeds
were germinated for 24 h in the dark.

Cloning and Expression of OLE3

A seed-specific cDNA library of peanut was constructed in a A-ZAP II vector
(Stratagene). The open reading frame of OLE3 was PCR amplified and subcl-
oned in a bacterial vector. OLE3 was subcloned into the pRSET C vector and
expressed in Escherichia coli. The expressed protein was purified using a nickel-
nitrilotriacetic acid agarose matrix. To overexpress OLE3 in Saccharomyces cer-
evisine, a pYES2 construct harboring the OLE3 gene was transformed into yeast
cells using the lithium acetate method (Schiestl and Gietz, 1989). The resulting
transformants were confirmed by colony PCR using OLE3 sequence-specific
forward and reverse primers. Successfully transformed yeast was grown to the
late log phase in synthetic minimal medium without uracil containing 2% (w/v)
Glc. Cells were harvested by centrifugation and inoculated at a concentration of
Agy = 0.1 in an induction medium (synthetic minimal medium without uracil
containing 2% [w/v] Gal). Protein expression was induced for 24 h and con-
firmed by immunoblotting using anti-OLE3 antibodies at a dilution of 1:1,000
(v/v). Protein concentrations were determined by the protein-dye binding assay
using bovine serum albumin as a standard.
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Expression and Purification of His-6-STYK and OLE3

The expression and purification of AhSTYK were described previously
(Rudrabhatla and Rajasekharan, 2002). The cDNA encoding OLE3 was am-
plified using cognate primers and subcloned into the His-tagged expression
vector pRSET C at Pstl and EcoRI cloning sites (Parthibane et al., 2012). The
resulting construct was expressed in E. coli BL-21 cells by induction with 0.5
mM isopropyl-1-thio-B-p-galactopyranoside for 4 h. The recombinant protein
was purified by nickel-nitrilotriacetic acid agarose chromatography (Qiagen).
Purified fractions containing the eluted protein were analyzed by 12% (w/v)
SDS-PAGE followed by Coomassie blue staining.

Plasmid Constructs and Protoplast Transformation

The pSAT vectors for BiFC studies were obtained from the Arabidopsis Bio-
logical Resource Center stock center at Ohio State University. The open reading
frames of Arabidopsis (Arabidopsis thalitna) STYK and peanut OLE3 were fused in
frame and upstream of the N-terminal half of EYFP in pSAT4-nEYFP-N1 and the
C-terminal half of EYFP in pSAT6-cEYFP-NI1, respectively. AtSTYK was cloned in
the Ncol-BamHI cloning sites of pSAT4-nEYFP-N1, and peanut OLE3 was cloned
in the Ncol-BamHI cloning sites of pSAT6-cEYFP-N1 vector. BiFC constructs were
generated using the following primers: AtSTYK-F, 5'-GGAATTCATGCTA-
GAAGGAGCAAAGTTCAAC-3'; AtSTYKR, 5-CGGATCCCGTCAATCGTCA
TCGGCTGGCTCAAG-3'; AhOLE3-F, 5'-ATATGAATTCATGGTTATGTCTGAT-
CAAACAAGGAC-3'; AhOLE3-R, 5-ATATGGATCCTCAATACCCTGGGGT
GCCCTC-3'. The AmMGPPS.SSU-nEYFP and NtGGPPS1-cEYFP constructs (Orlova
et al., 2009) were used as positive controls for interaction. GFP fusion with the
AhOLES construct was obtained by cloning into Xbal-BanHI sites of the plasmid
(326-sGFP). The GFP construct was generated using the following primers:
AhOLE3-F, 5'-TCTAGAATGGTTATGTCTGATCAAAC-3'; OLE3-R, 5'-GGATC-
CATACCCTGGGGTGCCCTC-3'. The accuracy of fusions was confirmed by nu-
cleotide sequencing.

For protoplast preparation (Abdel-Ghany et al., 2005), Arabidopsis plants
(ecotype Columbia) were grown on Murashige and Skoog medium for 3 weeks
and 2 g of fresh leaf tissue was placed in 15 mL of filter-sterilized enzyme so-
lution (Serva Electrophoresis) containing 1% (w/v) cellulase R-10, 0.25% (w/v)
macerozyme R-10, 0.4 M mannitol, 20 mm MES (pH 5.7), and 20 mm KCl incu-
bated for 10 min at 55°C, and then 0.1% (w/v) bovine serum albumin and 10 mm
CaCl, were added. The cut leaf tissues were incubated for 5 h at room tem-
perature. The clear digest was filtered through 100-um nylon, and the proto-
plasts were harvested by centrifugation for 2 min at 200 rpm (Eppendorf 5810R;
rotor A4-62), washed twice in 10 mL of ice-cold wash solution (154 mm NaCl,
125 mm CaCl,, 5 mm KCl, 5 mm Glc, and 2 mm MES, pH 5.7), and then incubated
with the wash solution for 30 min in ice. The pellet (protoplasts) was suspended
in 2 mL of mannitol solution (15 mm MgCl,, 0.4 M mannitol, and 4mm MES, pH
5.7). Plasmid DNA (10-20 ug) was added to 100 uL of protoplast, and 110 uL of
polyethylene glycol solution containing 40% (w/v) polyethylene glycol-4000, 0.4
M mannitol, and 0.1 M CaCl, was added, very gently mixed, and incubated for 30
min at room temperature. The solution was very slowly diluted with 440 uL of
wash solution and then pelleted by centrifugation for 3 min at 3,000 rpm. The
pellet was finally resuspended in 100 L of wash solution. Transient expression
of the yellow fluorescent protein (YFP) and the GFP fusion proteins was ob-
served 16 to 20 h after transformation. Images were acquired using a Zeiss LSM
510 confocal laser scanning microscope with a 60X oil lens. The YFP was excited
with the 514-nm line of the four-line argon laser, and the emission was collected
with a 530- to 560-nm band-pass filter. Chlorophyll was excited by the 637-nm
red diode laser, and emission greater than 660 nm in wavelength was collected.

Immunoprecipitation and Immune Complex Kinase Assay

The soluble and membrane proteins (200 ug) from immature peanut were
precleared with 25 uL of protein A-agarose beads for 1 h. The agarose beads
were removed by centrifugation followed by the addition of 2 ug of affinity-
purified antibodies (Rudrabhatla and Rajasekharan, 2002), which were incu-
bated with agitation for 6 h at 4°C. After brief centrifugation, the precipitate
was washed and phosphorylated, and MGAT activity was measured.

Immunoblotting
The phospho-OLE3 protein was resolved on a 12% (w/v) SDS-polyacryl-
amide gel and transferred onto a nitrocellulose membrane. The blots were

blocked with 0.5% (w/v) gelatin in phosphate-buffered saline. The primary
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antibody (anti-phospho-Ser, anti-phospho-Thr, or anti-phospho-Tyr mono-
clonal antibody) was diluted (1:500, v/v), and the blots were subsequently
washed in phosphate-buffered saline with 0.05% (v/v) Tween 20 followed by
the addition of secondary anti-mouse antibodies (1:2,000, v/v). Proteins were
detected by chemiluminescence using luminol as a substrate.

In Vitro Kinase Assay

The autophosphorylation assay was conducted as described previously
(Rudrabhatla and Rajasekharan, 2002). The substrate phosphorylation assay
mixture consisted of 1 ug of STYK, 2 ug of OLE3, 50 mm Tris-HCl (pH 7.5), 10
mm MgCl,, and 25 um [y-*P]ATP (3,000 dpm pmolfl). The assay was incu-
bated for 30 min at 30°C. The autophosphorylation and substrate phospho-
rylation were stopped by the addition of 2X SDS-PAGE loading buffer.
Phosphorylated proteins were resolved on a 12% (w/v) SDS-polyacrylamide
gel, and labeled proteins were detected by autoradiography.

Effect of Lipid on Kinase Activity

Kinase assay was performed in a reaction mixture of 1.0 ug of peanut STYK
(autophosphorylation), 2.0 ug of peanut OLE3 (substrate phosphorylation), 25
M [y-"P]ATP, 10 mm MgCl,, and respective lipids for 30°C at 30 min. The lipids
(MAG, DAG, TAG, PC, LPC, and oleic acid) were prepared at a stock concen-
tration of 1.0 mm in 5 mm CHAPS with 50 mm Tris-HCI, pH 7.5. In control kinase
assay, the reaction mixture contained all the components except lipid. After the
kinase assay, the reaction was stopped by the addition of 2X SDS-PAGE loading
dye. The reaction mixtures were resolved by 12% SDS-PAGE and quantified.

MGAT Assay

Enzyme activity was measured using either [1-'*CJoleoyl-CoA or [1-'*C]
MAG (oleoyl) into DAG. The reaction mixture contained 50 mm Tris-HCI, pH
8.0, 1 mm MgCl,, 50 um monoacylglycerol (5 uL of sonicated vesicles in 5 mm
CHAPS), enzyme, and either 10 um [14C]01eoyl-CoA (55,000 dpm) or 20 um
[1-*CIMAG (110,000 dpm) in a total volume of 100 uL. The reaction was
initiated by the addition of enzyme and terminated after 30 min by adding
0.2 mL of acidified water and 0.6 mL of chloroform:methanol (1:2, v/v). Lipids
were extracted and separated by TLC and viewed with a phosphorimager
(Parthibane et al., 2012).

PLA2 Assay

The reaction mixture contained 1 mwm sonicated vesicles of dipalmitoyl-PC
and 10 pg of enzyme in assay buffer (0.05 m Tris-HCl, pH 7.5, and 2 mm di-
thiothreitol) for a total volume of 100 uL. The reaction was incubated for 45
min at 30°C and terminated by extracting the lipids with butanol. Radiometric
assay buffer consisted of 100 um sonicated vesicles of [2-palmitoyl-9,10-’H]PC
(1 uCi per reaction) and the enzyme source in a total volume of 100 uL. After
the reaction was terminated, lipids were isolated and analyzed by silica-TLC
and visualized with a phosphorimager (Parthibane et al., 2012).

Isolation of the 14S Multiprotein Complex
from Peanut Seeds

Immature/germinated seeds (20 g) were ground with a pestle in a prechilled
mortar with 2.5 g of acid-washed sand and 50 mL of extraction buffer con-
taining 50 mm Tris-HCl (pH 8.0), 1 mm EDTA, 10 mm KCl, 1 mm MgCl,, 1 mm
B-mercaptoethanol, 0.1 mm phenylmethylsulfonyl fluoride, and 0.25 M Suc.
Microsomal membranes were washed with 2 M urea-containing extraction
buffer followed by solubilization with 8 M urea and 10 mm CHAPS. The 14S
multiprotein complex was isolated from peanut as described previously
(Parthibane et al., 2012).

Radiolabeling of Seed Proteins

The sliced seeds (immature/germinated) were incubated with 50 uCi of
[32P]orthophosphate in 50 mm Tris-HCI (pH 8.0 for 1 h) at 30°C. The slices
were then transferred to nonradioactive orthophosphate medium for 4 h.
The solubilized 14S multiprotein complex was isolated from sliced seeds
and run on a 12% (w/v) SDS-polyacrylamide gel, which was imaged by
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autoradiography. The amount of radioactivity associated with OLE3 was
measured by liquid scintillation counting.

Phospho-Amino Acid Analysis

OLE3 mutants were labeled in vitro with [y-*P]JATP by STYK as described
above and electroblotted onto a polyvinylidine difluoride membrane. After au-
toradiography, radioactive OLE3 was excised and hydrolyzed in 200 uL of 6 m
HCl for 2 h at 110°C. The hydrolysate was dried in a Speed-Vac concentrator and
resuspended in 20 uL of water containing 1 mg mL ™" of each of the phospho-
amino acid markers: phospho-Ser, phospho-Thr, and phospho-Tyr (Sigma). Two
microliters of the hydrolysate was analyzed by ascending silica-TLC (Merck)
using a mixture of ethanol and ammonia (3.5:1.6, v/v) as a solvent system
(Mufioz and Marshall, 1990). The positions of the phospho-amino acid markers
were detected by ninhydrin staining silica-TLC plates. The plates were then ex-
posed for autoradiography to locate the positions of the **P-labeled amino acids.

Site-Directed Mutagenesis

Wild-type OLE3 (pRSET C-OLE3) templates (80 ng) and sense and antisense
primers (25 pmol) were added to PCR tubes containing 0.2 mm deoxyribo-
nucleotide triphosphates, 1 mm MgSO,, 2.5 units of Pfu polymerase, and 1X
reaction buffer. Amplification was carried out under the following conditions:
denaturation of the template at 95°C for 4 min followed by 20 cycles at 94°C
for 45 s (denaturation), 52°C for 1 min (annealing), and 72°C for 9 min (ex-
tension). The reaction was continued for 20 min at 72°C for complete exten-
sion. The primers that anneal to the sense strand were used on the pRSET C
vector harboring the OLE3 gene to perform site-directed mutagenesis. The
PCR-amplified mixture was treated with Dpnl (10 units) for 1 h at 37°C to
digest the methylated template, and the resulting mixture was transformed
into DH5a-competent cells. The presence of mutations was confirmed by
sequencing the plasmid DNA. The following primers were used: S14A,
5'-GGAGGAGGAGGGGCCTATGGATCATCC-3'; S17A, 5'-GGGTCCTATG-
GAGCATCCTATGGTGGA-3'; S18A, 5-TCCTATGGATCAGCCTATGGT-
GGAGGA-3'; S27A, 5'-GGCACCTATGGTGCATCTTATGGAACC-3'; and
S28A, 5'-ACCTATGGTTCAGCTTATGGAACCTCC-3'".

Preparation of Phospho-OLE3

Microsomes from S. cerevisiae (50 ug) overexpressing OLE3 were incubated
with 25 ug of recombinant AhSTYK with 50 um ATP in 50 mwm Tris-HCI (pH
7.5) and 10 mm MgCl, for 30 min at 30°C. OLE3 phosphorylation was con-
firmed by a radiolabeled kinase assay. The phosphorylated sample mixture
was dialyzed, and the resulting proteins were quantified.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY027437 (AhSTY kinase), AY722696
(AhOleosin 3), and NM127998 (AtSTY kinase).
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