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Monoacylglycerol acyltransferase (MGAT) catalyzes the synthesis of diacylglycerol, the precursor of triacylglycerol biosynthesis
and an important signaling molecule. Here, we describe the isolation and characterization of the peanut (Arachis hypogaea)
MGAT gene. The soluble enzyme utilizes invariant histidine-62 and aspartate-67 residues of the acyltransferase motif for its
MGAT activity. A sequence analysis revealed the presence of a hydrolase (GXSXG) motif, and enzyme assays revealed the
presence of monoacylglycerol (MAG) and lysophosphatidylcholine (LPC) hydrolytic activities, indicating the bifunctional nature
of the enzyme. The overexpression of the MGAT gene in yeast (Saccharomyces cerevisiae) caused an increase in triacylglycerol
accumulation. Similar to the peanut MGAT, the Arabidopsis (Arabidopsis thaliana) homolog (At1g52760) also exhibited both
acyltransferase and hydrolase activities. Interestingly, the yeast homolog lacks the conserved HX4D motif, and it is deficient in
the acyltransferase function but exhibits MAG and LPC hydrolase activities. This study demonstrates the presence of a soluble
MGAT/hydrolase in plants. The predicted three-dimensional homology modeling and substrate docking suggested the presence
of two separate substrate (MAG and LPC)-binding sites in a single polypeptide. Our study describes a soluble bifunctional
enzyme that has both MGAT and hydrolase functions.

Plant vegetative cells contain 5% to 10% lipid by dry
weight, and almost this entire lipid is found in the
membranes. Although lipids, proteins, and carbohy-
drate are the major forms of carbon in oilseeds that are
used for germination and metabolism, lipids constitute
up to 60% of the oilseed dry weight (Ohlrogge and
Browse, 1995). Diacylglycerol (DAG) consists of a
glycerol backbone linked to two fatty acids via ester
bonds. It is a component of biological membranes and
functions as an intermediate for lipid biosynthesis. In
animal systems, DAG plays a role in cell signaling
(Ron and Kazanietz, 1999), intestinal fat absorption
(Bell and Coleman, 1980; Lehner and Kuksis, 1996;
Phan and Tso, 2001), energy storage in muscle and
adipose tissues (Swanton and Saggerson, 1997), and
lactation (Bell and Coleman, 1980; Smith et al., 2000).
In addition to its role in metabolism and signaling,

DAG also increases the oil (triacylglycerol [TAG])
content in plants.

DAG is an important branch point between the
neutral lipid and membrane phospholipid biosynthetic
pathways. De novo biosynthesis of DAG mainly takes
place through two pathways in higher plants. One is
the prokaryotic pathway of the chloroplast inner en-
velope, and the second is the eukaryotic pathway that
occurs in the endoplasmic reticulum (Ohlrogge and
Browse, 1995). Both the pathways start with acylation
of glycerol-3-phosphate to generate lysophosphatidic
acid (LPA) in plant systems (Ohlrogge and Browse,
1995; Shen et al., 2010). The eukaryotic pathway uses
acyl-CoAs and the prokaryotic pathway uses acyl-
ACPs, and intermediates such as DAG could be ex-
changed between the two systems. In animal (Hajra et al.,
2000) and yeast (Saccharomyces cerevisiae; Athenstaedt
et al., 1999; Rajakumari et al., 2008) systems, LPA is
also synthesized by the acylation and subsequent re-
duction of dihydroxyacetone phosphate (DHAP) cat-
alyzed by DHAP acyltransferase and the NADPH-
dependent acyl-DHAP reductase. In contrast, most
prokaryotes utilize the PlsX/Y pathway, which pro-
duces LPA using acyl-phosphate (Zhang and Rock,
2008). The LPA is either acylated to form phospha-
tidic acid (PA) or dephosphorylated to form mono-
acylglycerol (MAG; a PA-independent pathway). In
the PA-dependent pathway, DAG is produced by
dephosphorylation of PA by PA phosphatase. Alter-
natively, a nucleotide-activated form of DAG (i.e.
CDP-DAG) is produced from the reaction of PA with
CTP. Conversely, CDP-DAG reacts with myoinositol,
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Ser, and glycerol-3-phosphate and results in the for-
mation of phosphatidylinositol, phosphatidylserine,
and phosphatidylglycerol, respectively. Plants are also
able to synthesize phosphatidylserine through exchange
reactions with phosphatidylcholine and phosphatidyl-
ethanolamine (Vincent et al., 2001).

In the PA-independent pathway, LPA is hydrolyzed
by a specific phosphatase and thus produces MAG.
LPA phosphatase is well characterized in animals (Xie
and Low, 1994; Hiroyama and Takenawa, 1999), and a
soluble magnesium-dependent LPA phosphatase from
Arabidopsis (Arabidopsis thaliana; Reddy et al., 2010)
and yeast (Reddy et al., 2008) have also been reported.
The synthesized MAG is then converted to DAG by
monoacylglycerol acyltransferase (MGAT), and this
step may be one of the major reactions for DAG syn-
thesis in eukaryotes (Coleman and Haynes, 1986; Yen
et al., 2002; Cao et al., 2003). In mammals, the role
of acyl-CoA:MGAT has been clearly established
(Coleman and Haynes, 1986), where the enzyme plays
a predominant role in dietary fat absorption in the
small intestine (Cao et al., 2003). Recently, peanut
(Arachis hypogaea) oleosin was shown to have both
MGAT and phospholipase A2 activities (Parthibane
et al., 2012b), and the bifunctional activities were
shown to be regulated by Ser/Thr/Tyr protein kinase
(Parthibane et al., 2012a).

We have identified earlier an acyl-CoA-dependent
MGAT in the soluble fraction of immature peanut
seeds (Tumaney et al., 2001). However, the amino acid
sequence of the enzyme was not known. This study
describes the molecular cloning and functional char-
acterization of MGAT of immature peanut seeds
(AhMGAT). AhMGAT exhibits both MGAT and hy-
drolase activities. At1g52760 and YKL094W are the
homologs of AhMGAT in Arabidopsis and yeast, re-
spectively, and both exhibit MAG and lysophosphati-
dylcholine (LPC) hydrolase activities. In silico data
clearly indicate the existence of two binding sites on
AhMGAT, one on the surface that is needed for the
interaction with MAG and a second site that is located
in the groove for LPC binding. Overall, these studies
support the experimental results showing AhMGAT
with multiple functions.

RESULTS

Identification of the Gene Encoding AhMGAT

A full-length complementary DNA (cDNA) clone
encoding a putative MGAT protein was isolated by
screening a peanut seed-specific l phage library with the
oligonucleotide primer designed based on the N-terminal
sequence of the peanut MGAT (Tumaney et al., 2001).
A number of positive clones were isolated, and the
clones with the longest inserts (approximately 1.0–1.5 kb)
were sequenced from both ends. The analysis of nucle-
otide sequence revealed an open reading frame of 321
amino acid residues. The 39-untranslated region con-
tained a noncanonical polyadenylation signal (AATAT)

near the poly(A) tail and 59-end starts with a stretch of
untranslated region containing the start codon in the
middle of it. This indicates that the isolated clone
possibly represents a full-length cDNA. Following
sequencing of the positive clone, only the open
reading frame starting with an N-terminal Met (59-
end) and the stop codon at the 39-end was cloned. A
Kyte-Doolittle hydropathy plot (Kyte and Doolittle,
1982) indicated the likely absence of transmembrane
domains.

Domain Organization and Phylogenetic Analysis
of AhMGAT

AhMGAT (GenBank accession no. JF340215) is a
member of a/b-hydrolase family. In addition, it
possesses an esterase (COG1647), a hydrolase/
acyltransferase domain (COG0596/COG1073), and a
lysophospholipase domain (COG2267). The protein
sequence was analyzed for the presence of struc-
tural motifs, and we found that it has putative
phosphorylation/glycosylation sites. The GXSXG mo-
tifs form a highly conserved stretch of amino acids in
the majority of known lipases, phospholipases, lyso-
phospholipases, esterases, and Ser proteases (Wei
et al., 1999). AhMGAT also possesses a lipid-binding
motif (58VX3HGF64). An interesting feature of this pro-
tein is that it has a distinct acyltransferase motif,
62HX4D

67, and it also has two lipase/esterase motifs,
G95XSXG and G136XSXG (Fig. 1A). Using AhMGAT as a
query sequence, 67 AhMGAT-related sequences from
25 different plant species were identified that belong to
the a/b-hydrolase family. Most of them are unanno-
tated, and some are predicted as lipases, lysophos-
pholipases, and esterases. For 67 AhMGAT-related
amino acid sequences, the phylogenetic tree was con-
structed with a neighbor-joining algorithm using the
MEGA software package. All of the sequences belong
to a/b-hydrolase broad family. In this, six distinct sub-
groups were identified, and AhMGAT comes under sub-
group V (Fig. 1B). The orthologous protein of AhMGAT
in yeast, YKL094W, belongs to clade VI.

AhMGAT Encodes MGAT

The AhMGAT protein possesses a conserved acyl-
transferase domain, and we studied the possible
acyltransferase activity with dialyzed yeast recombi-
nant AhMGAT using [14C]MAG and oleoyl-CoA. Prior
to assays, the expression of AhMGAT in yeast cells
was confirmed by immunoblot with anti-His6 mono-
clonal antibody (Fig. 2A). Yeast (BY4741) has no in-
trinsic MGAT activity. The protein-dependent (Fig. 2B)
and time-dependent (Fig. 2C) formation of DAG was
observed in the presence of AhMGAT when com-
pared with no-enzyme and boiled-enzyme controls.
To assess the in vitro acyl acceptor specificity of
AhMGAT, we performed the assay with DAG, LPA,
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LPC, lysophosphatidylethanolamine, and glycerol-3-
phosphate. The enzyme exhibited an insignificant ac-
yltransferase activity toward these substrates; the
highest activity was observed with MAG when com-
pared with other substrates (Fig. 2D). These data sug-
gest that the enzyme has a preference toward MAG. To
investigate the acyl donor specificity, the MGAT assay
was performed using different acyl-CoAs, and we
found that the enzyme exhibited preference toward

unsaturated fatty acyl-CoAs (Fig. 2E). Our results
demonstrate that AhMGAT preferred to acylate MAG,
specifically with unsaturated fatty acid.

MGAT activity was characterized using [14C]MAG
and oleoyl-CoA. Acyltransferase showed a maximum
activity at pH 7.0 to 8.0 (Fig. 3A) and an optimum
temperature of 30°C (Fig. 3B). CHAPS at low con-
centration showed an increased activity, but high con-
centrations had an inhibitory effect (Fig. 3C). However,

Figure 1. The domain structure and phylogenetic analysis of peanut MGAT. A, Schematic representation of domains retrieved
from the conserved domain database at the NCBI: a/b-hydrolase fold (COG0596 and COG1073); PldB, lysophospholipase
(COG2267); esterase (COG1647). The presence of an acyltransferase motif (H62X4D) and two lipase motifs (G95XSXG and
G136XSXG) are indicated. B, Phylogenetic tree of AhMGAT and its homologs in plants. The evolutionary history was inferred
using the neighbor-joining method with 500 replicates. The length of the branches is proportional to the degree of divergence
and, thus, corresponds to the statistical significance of the phylogeny between the protein sequences. The evolutionary dis-
tances were computed using the Poisson correction method; units used were number of amino acid substitutions per site. All
positions with gaps and missing data were eliminated from the data set (complete deletion option). A phylogenetic analysis was
performed using MEGA4.
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divalent cations like Ca2+, Mg2+, Mn2+, Zn2+, EDTA, and
EGTA (0–10 mM) had no effect on the enzyme activity.
The increase in substrate concentrations of [14C]MAG or
oleoyl-CoA with a fixed concentration of oleoyl-CoA or
[14C]MAG obeyed the saturation kinetics, and the
maximum velocity was approximately 15 nmol DAG
formed min21 mg21. Apparent Km values for a-MAG

and oleoyl-CoA were calculated to be 14.81 mM (Fig. 3D)
and 8.32 mM (Fig. 3E), respectively.

AhMGAT Is a Multifunctional Enzyme

Figure 2, B and C, depict the formation of DAG
accompanied with the reduced MAG in a protein- and

Figure 2. The isolated cDNA clone encodes MGAT. AhMGAT and its corresponding vector were transformed into wild-type
yeast. A, Yeast cells overexpressing AhMGAT was confirmed by western-blot analysis using anti-His monoclonal antibody. B,
Recombinant AhMGAT was purified by Ni2+-NTA column chromatography, and the dialyzed protein was used as the enzyme
source. MGAT activity was determined with increasing amounts of protein (0–4 mg) for 15 min with [14C]MAG and 20 mM

oleoyl-CoA. Lane 0, Enzyme was added after stopping the reaction. FFA, Free fatty acid. C, The time-dependent acylation of
MAG; the reaction was initiated by the addition of 2 mg of protein. The reaction was stopped by extracting lipids, and the lipids
were separated on a silica-TLC plate using petroleum ether:diethyl ether:acetic acid (70:30:1, v/v) as the solvent system. Lane 0,
Enzyme was added after stopping the reaction; lane B, enzyme fraction was boiled for 5 min, and assay was performed (boiled
enzyme control). D, The preference for various acyl acceptors was determined using 2 mg of protein, 50 mM acyl acceptor, and
20 mM [14C]oleoyl-CoA. The inset represents a typical phosphor image of MGAT assay with [14C]oleoyl-CoA and a,b-MAG as
substrates. Lane 0, Enzyme was added after stopping the reaction. G3P, Glycerol-3-phosphate; LPE, lysophosphatidyletha-
nolamine. Values are means6 SD of three independent experiments. E, Preference of acyl-CoAs. The assay was performed with
50 mM [14C]MAG with 20 mM of different acyl-CoAs. Lane 0, Enzyme was added after stopping the reaction. Values are means6
SD of three independent determinations.
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time-dependent manner. In addition, we also observed
the increased amount of free fatty acid. Based on the
sequence analysis of AhMGAT, the protein was pre-
dicted to have phospholipase-like activity. We hypothe-
sized that AhMGAT is a multifunctional enzyme with
hydrolytic activities. Hence, we tested the hydrolase and
phospholipase assays using radiolabeled substrates. The
enzyme effectively hydrolyzed [14C]MAG in a time-
dependent (Fig. 4A) and protein-dependent (Fig. 4B)
manner. Apart from MAG, the enzyme also hydrolyzed
[14C]LPC in a time-dependent (Fig. 4C) and protein-
dependent (Fig. 4D) manner. The MAG hydrolase
activity was 6.6-fold higher than LPC hydrolysis.

Acyltransferase activity was approximately 2-fold higher
than the LPC hydrolase activity and 3-fold lower than the
MAG hydrolase activity. There was no hydrolytic ac-
tivity observed with [14C]TAG, [14C]DAG, or [14C]phos-
phatidylcholine. Overall, these data suggest that peanut
MGAT also exhibits MAG and LPC hydrolase activities.

AhMGAT Overexpression Enhances TAG Accumulation
in Yeast

To assess the effect of AhMGAT overexpression on
cellular neutral lipids, yeast was transformed with
pYES2 vector and pYES2-AhMGAT. Next, we performed

Figure 3. Characterization of AhMGAT. The enzyme activity was performed under different assay conditions with the purified
AhMGAT protein for 10 min. A, MGAT assay was performed at different pH values with 50 mM [14C]MAG (prepared with
CHAPS) and 20 mM oleoyl-CoA at 30˚C. FFA, Free fatty acid. B, Temperature dependence of MGAT activity. C, MGAT activity
was monitored in the presence of various concentrations of CHAPS (0.05–1 mM). Values are means 6 SD of three independent
experiments. D, Lineweaver-Burk plot of AhMGAT toward MAG. Activity was measured as a function of MAG concentration,
and 20 mM [14C]oleoyl-CoAwas kept constant. Values are averages of two independent determinations. E, Lineweaver-Burk plot
of AhMGAT toward oleoyl-CoA. Activity was measured with 50 mM [14C]MAG and increasing concentrations of oleoyl-CoA.
Lane 0, Enzyme was added after stopping the reaction. Values are averages of two independent determinations.
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the incorporation of [14C]acetate into neutral lipids in
recombinant yeast cells. In AhMGAT-expressing yeast,
there was a higher accumulation of TAG (3-fold) than in
vector control (Fig. 5A). In addition, there was a 2-fold
increase in steryl ester level. These data suggest that the
DAG synthesized by AhMGAT may subsequently be
converted into TAG by the endogenous acyltransferases.
Accumulation of TAG was further confirmed by staining
of neutral lipids (Gocze and Freeman, 1994) with
BODIPY493/503, a fluorescent neutral lipid probe (Fig.
5B). Apart from the TAG accumulation, there was a
decrease in the overall phospholipid content observed in
AhMGAT-expressing yeast cells (Fig. 5C), particularly
phosphatidylcholine and LPC (approximately 50%) fol-
lowed by phosphatidylethanolamine, when compared
with vector control (Fig. 5D). Even though we observed a
reduction in phosphatidylcholine, there was no LPC
formation, which could be due to LPC hydrolysis by
AhMGAT.

At1g52760 Is Homologous to Peanut MGAT

The BLASTx search analysis of AhMGAT in the
Arabidopsis database identified At1g52760, which
corresponds to gi:15219082 as the closest homolog.

At1g52760 protein shares 86.9% similarity and 76.4%
identity with peanut MGAT protein. Considering this
homology, At1g52760 was cloned into pYES2/NT B
and overexpressed in yeast. The recombinant protein
was purified and assayed for MGAT activity. We ob-
served an increased formation of DAG in protein (Fig.
6A) and time-dependent (Fig. 6B) experiments. The
AtMGAT activity was stable only for 2 d at 4°C.
Hence, the assays were performed with fresh protein
preparation. At1g52760 preferred to acylate MAG (Fig.
6C) over other acyl acceptors like DAG, LPA, LPC, and
glycerol-3-phosphate (data not shown); the acyl-CoA
preference was with unsaturated fatty acids (Fig. 6D).
Arabidopsis MGAT showed a maximum activity at pH
7.0 to 8.0 (Fig. 7A) and temperatures of 25°C to 30°C (Fig.
7B). Low concentration (0.1 mM) of CHAPS showed an
increased activity, and the subsequent high concentra-
tions had an inhibitory effect (Fig. 7C). Moreover, Ca2+,
Mg2+, Mn2+, Zn2+, and chelating agents had no signifi-
cant effect on the enzyme activity (Fig. 7C). Apparent Km
values for a-MAG and oleoyl-CoA were calculated to be
37.05 mM (Fig. 7D) and 16.33 mM (Fig. 7E).

We performed the MAG hydrolase assay and ob-
served time-dependent (Fig. 8A) and protein-dependent
(Fig. 8B) hydrolysis of MAG by At1g52760. It was

Figure 4. The peanut MGATexhibits both MAG and LPC hydrolase activities. A, Time-dependent hydrolysis of MAG at 30˚C with 2
mg of recombinant protein. Lane 0, Enzyme was added after stopping the reaction; lane T0, zero time point (reaction was stopped
immediately after adding the enzyme). FFA, Free fatty acid. B, Protein-dependent MAG hydrolase assay was conducted with 50 mM

[14C]MAG for 10 min at 30˚C. Lane 0, Enzyme was added after stopping the reaction. The reaction was stopped by extracting lipids,
and the lipids were separated on a silica-TLC plate using petroleum ether:diethyl ether:acetic acid (70:30:1, v/v) as the solvent
system. Values are means6 SD of three independent experiments. C, The time-dependent LPC hydrolase assay was performed using
50 mM [14C]LPC with 2 mg of recombinant AhMGAT. Lane 0, Enzyme was added after stopping the reaction; lane T0, zero time point
(reaction was stopped immediately after adding the enzyme). D, The LPC hydrolase assay was performed for 10 min at 30˚C with
increasing amounts of purified AhMGAT. Lane 0, Enzyme was added after stopping the reaction; lane B, enzyme fraction was boiled
for 5 min, and assay was performed. The reaction was stopped and lipids were resolved on a TLC plate using chloroform:metha-
nol:28% ammonia (65:25:5, v/v) as the solvent system. Values are means 6 SD of three independent experiments.
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previously reported that At1g52760 functions as a
LPC hydrolase (Gao et al., 2010). To study the multiple
functions of this protein, protein- and time-dependent
[14C]LPC hydrolysis were performed (Fig. 8, C and D),
and the LPC activity of At1g52760 was approximately
6-fold higher than AhMGAT. These in vitro assays
revealed that At1g52760 functions as both MAG and
LPC lipases.
The overexpression of At1g52760 in wild-type yeast

caused a 2-fold increase in the formation of TAG as
compared with the vector control (Fig. 9A). In addi-
tion, AtMGAT overexpression caused a significant
decrease in overall phospholipids, particularly phos-
phatidylethanolamine followed by phosphatidylcholine
(Fig. 9B). LPC was also decreased in the At1g52760-
overexpressed yeast.

YKL094W Is Homologous to Peanut MGAT in Yeast

YKL094W is the closest homolog of AhMGAT in
yeast that was characterized as a MAG hydrolase
(Heier et al., 2010). It shows 45% similarity with

AhMGAT. The YKL094W gene was cloned in pYES2,
and enzymatic assays were performed with the dia-
lyzed protein. We observed protein-dependent (Fig.
10A) and time-dependent (Fig. 10B) hydrolysis of
MAG with recombinant YKL094W. The MGAT assay
was also conducted with YKL094W protein, but it did
not show acyltransferase activity, in contrast to its ortho-
logs (AhMGAT and At1g52760). Interestingly, the recom-
binant enzyme showed protein- and time-dependent
hydrolysis of LPC (Fig. 10, C and D). These results
suggested that the homologous gene has a similar
function across the phylogeny.

Homology Modeling and Docking Studies of
Peanut MGAT

A predicted homology model was developed for
AhMGAT to understand the spatial arrangement of
conserved motifs. The docking of various lipid sub-
strates was performed, and the stability of docked
complexes was evaluated using binding free energies.
It was found that MAG (Gibbs free energy, 23.2 kcal

Figure 5. Overexpression of AhMGAT increases TAG formation. MGATwas overexpressed in wild-type yeast in the presence of
[14C]acetate (0.5 mCi mL21). The yeast cells were grown in SM-U containing 2% Gal for 24 h, and equal absorbance (A600 = 20)
of cells was harvested and lipids extracted using chloroform:methanol (1:2, v/v). The neutral lipids and phospholipids were
separated by silica-TLC, and the radioactivity was quantified by a liquid scintillation counter. A, Phosphor image of TLC
showing the [14C]acetate labeling of yeast neutral lipids. Lipids were identified by comparison with known standards. The table
represents the incorporation of radiolabels as cpm quantified by liquid scintillation counter using toluene-based scintillation
fluid. SD is for three independent experiments. FFA, Free fatty acid. B, Lipid droplet formation in wild-type cells was confirmed
by BODIPY493/503 (green) staining. Top panels, wild-type yeast cells expressing pYES2 vector alone; bottom panels, yeast cells
overexpressing AhMGAT. C, Incorporation of [14C]acetate into yeast phospholipids, separated by two-dimensional TLC using
chloroform:methanol:ammonia (65:25:5, v/v) in the first-dimension solvent system followed by chloroform:methanol:acetone:
acetic acid:water (50:10:20:15:5, v/v) as the second-dimension solvent systems. 0, Origin; 1, LPC; 2, PI, phosphatidylinositol; 3,
PS, phosphatidylserine; 5, PC, phosphatidylcholine; 6, PE, phosphatidylethanolamine; 4, 7, 8, and 9, unknown; NL, neutral
lipid. D, Quantification of phospholipids. Values are means 6 SD of three independent experiments. OD, Optical density.
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mol21) and LPC (Gibbs free energy, 24.81 kcal mol21)
stably interacted with AhMGAT in two different ori-
entations (Fig. 11, A and B). Multiple sequence analysis
of AhMGAT with bacteria, yeast, Arabidopsis, and
human homologs revealed three conserved amino acid
regions termed C1 (HXYXXD), C2 (GXSXG), and C3
(GXSXG) motifs that are highlighted in red, blue, and
green in Figure 11C. These motifs are essential for
protein function. The C1 motif contains conserved res-
idues for acyltransferase function, and the other two
motifs (GXSXG) are highly conserved in lipases. The
amino acids Tyr-64 and Asp-67 of the C1 motif, re-
sponsible for acyltransferase function, are found only in
AhMGAT and Arabidopsis sequences but not in other
homologs from bacteria, yeast, and human. The binding
sites for lipid substrates on AhMGAT were identified
with a semiflexible autodocking approach. The molec-
ular surface analysis of AhMGAT revealed that C1
motif residues are shared by both C2 and C3 motifs
(Fig. 11D). The conserved C1 and C2motifs (comprising
His-62, Tyr-64, Asp-67, Gly-95, Ser-97, and Gly-99) are
located on the surface of AhMGAT, where MAG forms
a stable interaction (Fig. 11E). The LPC binds near the
C3 motif (comprising Gly-135, Ser-138, and Gly-140),
which is accessible for the substrate through a tunnel-
like entry (Fig. 11F). All these residues are located under
a lid-like structure. The MAG- and LPC-binding orien-
tations are completely different from each other.

Site-directed mutagenesis was conducted to assess
the role of H(X)4D and GXSXG motifs in the acyl-
transferase and hydrolase functions, respectively. The
predicted amino acid residues, His-62, Asp-67, Ser-97,
and Ser-138, were replaced with Ala. The recombinant
AhMGAT mutant proteins were purified similarly to
wild-type AhMGAT protein, and enzyme assays were
performed. The MGAT activity was drastically re-
duced (83%) in the H62A/D67A double mutant, and
there was approximately 72% reduction in the single
mutants H62A and D67A as compared with the wild
type (Fig. 12A). Interestingly, one of the lipase motif
mutants (S97A) also showed a drastic reduction in
both acyltransferase and MAG hydrolase functions
(Fig. 12, A and B), but S138A was able to hydrolyze
MAG with approximately 50% efficiency. The S138A
mutant showed a 3.25-fold lower LPC hydrolase ac-
tivity as compared with the wild type and other mu-
tants (Fig. 12C). These results suggest that the H(X)4D
motif could be important for the acyltransferase func-
tion and the 95GXSXG motif could be important for
lipase function.

DISCUSSION

The biosynthesis of TAG has been shown to occur in
the microsomal membranes of biological systems
(Cases et al., 2001; Nykiforuk et al., 2002; Kalscheuer

Figure 6. Characterization of
At1g52760, a homolog of AhMGAT. A,
MGAT activity was determined under
standard assay conditions with an in-
creasing amount of protein for 15 min
with [14C]MAG and 20 mM oleoyl-CoA.
FFA, Free fatty acid. B, The time-
dependent acylation of MAG with 2 mg
of protein. Lane 0, Enzyme was added
after stopping the reaction; lane B,
enzyme fraction was boiled for 5 min,
and assay was performed. C, A typical
phosphor image of MGAT assay with
[14C]oleoyl-CoA and a,b-MAG as sub-
strates. D, Preference of acyl-CoAs. The
assay was performed with 50 mM [14C]
MAG with 20 mM of different acyl-CoAs.
The values are means 6 SD of three in-
dependent determinations.
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and Steinbüchel, 2003), although TAG biosynthetic
enzymes have been well documented in the soluble
fractions of plants. Soluble LPA phosphatase (Shekar
et al., 2002) and soluble MGAT (Tumaney et al., 2001)
have been observed in developing peanut cotyledons.
A soluble DGAT has also been observed in peanut
(Saha et al., 2006) and Arabidopsis (Rani et al., 2010).
Here, we report, to our knowledge for the first time,
the isolation of soluble MGAT genes from peanut and
Arabidopsis. Two independent pieces of evidence in
this study indicate that the acyltransferase in peanut
MGAT is soluble in nature: (1) the activity was asso-
ciated with the 150,000g supernatant (Tumaney et al.,
2001); and (2) the membrane-spanning region was
absent in the hydropathy analysis.
Our results show that the cDNA obtained from the

seed-specific library encodes MGAT, as indicated by
the following: (1) the expressed recombinant protein
showed a time- and protein-dependent increase in the
formation of DAG; (2) the MGAT reaction produced
DAG, which in turn it could be used as a substrate for
TAG biosynthesis by the endogenous DGATs; (3) the
overexpression of AhMGAT in yeast caused an in-
creased incorporation of labeled acetate into TAG; (4)

the acyltransferase reaction was found to prefer MAG;
and (5) the predicted homology modeling and sub-
strate docking supported the isolated gene showing
MGAT activity.

In an animal system, it was reported that the role of
hepatic MGAT is to preserve essential fatty acids in
specific tissues through reesterification cycles (Xia
et al., 1993). In plants, it is understood that MGAT
might have a similar role in preserving unsaturated
fatty acids. It has been observed that significant acyl
remodeling occurs during TAG synthesis in plants
such as Ricinus communis, Brassica napus, and maize
(Zea mays; Baud and Lepiniec, 2010). Hence, we have
investigated other acyl-CoAs such as 18:2 and 18:3 that
also exhibited significant MGAT activity. Based on the
above observations, it is clear that peanut MGAT is a
soluble MGAT that has broad unsaturated acyl donor
substrate preferences and plays a possible role in DAG
biosynthesis. The fatty acid profile of peanut is in
agreement with the acyl preference of AhMGAT. The
enzyme is also involved in the deacylation of MAG
and LPC. The enzyme uses MAG for both acylation
and deacylation to give DAG and free fatty acid, re-
spectively. We hypothesize that the availability of the

Figure 7. Characterization of At1g52760.
MGAT activity was determined under
different assay conditions with puri-
fied At1g52760 protein for 10 min. A,
MGAT assay was performed at different
pH values with [14C]MAG (prepared in
CHAPS) and 20 mM oleoyl-CoA at 30˚C.
The experiment was repeated a minimum
of three times. Representative TLC is
shown. FFA, Free fatty acid. B, Temperature
dependence of MGAT activity. Lane 0,
Enzyme was added after stopping the
reaction. C, MGAT activity was moni-
tored in the presence of CHAPS (0.05–
1 mM), various divalent cations, and
chelating agents (concentration used
was up to 10 mM). The experiment was
repeated three times. D, Lineweaver-
Burk plot of Arabidopsis MGAT toward
MAG. Activity was measured as a func-
tion of MAG concentration, and 20
mM [14C]oleoyl-CoA was kept constant.
Values are averages of two independent
determinations. E, Lineweaver-Burk plot
of AhMGAT toward oleoyl-CoA. Activ-
ity was measured with 50 mM [14C]MAG
and increasing concentrations of oleoyl-
CoA. Values are averages of two inde-
pendent determinations.
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acyl-CoA in the system could regulate the dual func-
tion of the enzyme.

A BLASTx analysis of peanut MGAT in Arabidopsis
revealed that At1g52760 is one of the closest homo-
logs. Arabidopsis Lysophospholipase2 (At1g52760)
was identified as a protein interactor of Acyl-CoA-
Binding Protein2 (ACBP2), which was shown to be
involved in tolerance to cadmium-induced oxidative
stress (Gao et al., 2010). The biochemical characteri-
zation of At1g52760 showed that it has an acyl-CoA-
dependent MGAT activity that, to our knowledge, was
not hitherto reported. It is possible that ACBP2 inter-
action with MGAT promotes MAG hydrolysis instead
of acyltransferase function by sequestering the acyl-
CoA and making them unavailable for MGAT.

To attempt to gain further understanding of the
role of peanut MGAT, we explored the in silico
microarray data of the homolog At1g52760 using the
electronic Fluorescent Pictograph Browser, available
at http://www.bar.utoronto.ca/. The developmental

map for At1g52760 suggested that the gene is maxi-
mally expressed during seed stage 7 without silique.
However, expression is also observed during seed
stages 4, 5, and 6, suggesting the importance of this
gene during seed development, particularly in those
stages when the TAG accumulation is shown to be
high. The expression analysis following exposure to
abiotic stresses indicated a maximum expression of
the gene under heat, osmotic, and salt stresses, sug-
gesting a possible role of this protein under certain
cellular stress conditions and signal transduction. It
appears that TAG synthesis increases in plants in re-
sponse to stress (Moellering et al., 2010). Alterna-
tively, MGAT might serve a function besides or in
addition to TAG biosynthesis.

DAG is a signaling molecule and an intermediate for
the synthesis of both neutral and membrane lipids. The
MGAT pathway may operate for a storage purpose,
whereas the DAG molecule formed by the phospholi-
pase C reaction could be used for signaling. With this

Figure 8. The MAG and LPC hydrolase activities of At1g52760. A, The time-dependent hydrolysis of [14C]MAG in the
presence of 2 mg of protein. Lane 0, Enzyme was added after stopping the reaction; lane T0, zero time point (reaction was
stopped immediately after adding the enzyme). FFA, Free fatty acid. B, Hydrolysis of [14C]MAG with increasing amounts of
purified At1g52760 protein for 10 min. The reaction was stopped by extracting lipids, and the lipids were separated on a
silica-TLC plate using petroleum ether:diethyl ether:acetic acid (70:30:1, v/v) as the solvent system. Lane 0, No-enzyme
control; lane B, enzyme fraction was boiled for 5 min, and assay was performed. Values are means6 SD of three independent
experiments. C, The LPC hydrolase assay was performed with increasing amounts of purified At1g52760 for 10 min at 30˚C.
Lane 0, Enzyme was added after stopping the reaction. D, Time-dependent LPC acylhydrolase assay using [14C]LPC with 2
mg of purified At1g52760 protein. The reaction was stopped, and lipids were resolved on a TLC plate using chloroform:
methanol:28% ammonia (65:25:5, v/v) as the solvent system. Lane 0, No-enzyme control. Values are means 6 SD of three
independent experiments.
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study, the relative importance between the MGAT
pathway and the phospholipase reaction for the ac-
cumulation of DAG is difficult to understand. It needs
further detailed study to know the relative impor-
tance. Many mechanisms have evolved in the cell to
maintain the correct levels of DAG (Milligan et al.,
1997; Katagiri and Shinozaki, 1998; Lu et al., 2001;
Litvak et al., 2005; Mousley et al., 2006). In an alter-
native mechanism, cells may produce a permanent
reservoir of DAG wherein DAG is stored in the form
of TAG, thereby reducing the total DAG concentration
in the cell. It was reported earlier that during cutin
biosynthesis in Arabidopsis, a distinct glycerol-3-
phosphate acyltransferase, which also functions as a
phosphatase, results in the production of MAG (Yang
et al., 2010). The MAG formed can also serve as a

precursor for cutin biosynthesis. Subsequently, a DAG
acyltransferase was identified and shown to be in-
volved in TAG biosynthesis (Rani et al., 2010). TAG
that is formed by a defective cuticular ridges gene
(At5g23940) may further be involved in cutin biosyn-
thesis. However, the enzyme that converts MAG to
DAG has not been reported to date in cutin biosyn-
thesis. We hypothesize that the soluble MGAT identi-
fied in this study could possibly participate in cutin
biosynthesis by forming DAG.

In our study, a possible catalytic function of the
AhMGAT protein was also studied by molecular
docking analysis. The uncharacterized AhMGAT pro-
tein belongs to the a/b-hydrolase superfamily, and its
sequence showed 47% similarity with hMGLL, for
which an experimental structure is available (http://

Figure 9. [14C]Acetate labeling of phospholipids and neutral lipids in At1g52760-overexpressing yeast cells. The peanut MGAT
homolog of Arabidopsis At1g52760 was overexpressed in wild-type yeast in the presence of [14C]acetate (0.5 mCi mL21). The
yeast cells were grown in SM-U containing 2% Gal for 24 h, and equal absorbance (A600 = 20) of cells was harvested and lipids
were extracted. A, Incorporation of [14C]acetate into neutral lipids. Lipids were separated on TLC using petroleum ether:diethyl
ether:acetic acid (70:30:1, v/v). 0, Origin; 1, LPC; 2, PI, phosphatidylinositol; 3, PS, phosphatidylserine; 5, PC, phosphati-
dylcholine; 6, PE, phosphatidylethanolamine; 4, 7, 8, and 9, unknown; NL, neutral lipid. B, [14C]Acetate incorporation into
yeast phospholipids. Two-dimensional TLC using chloroform:methanol:ammonia (65:25:5, v/v) was used in the first dimension
followed by chloroform:methanol:acetone:acetic acid:water (50:10:20:15:5, v/v) in the second dimension. Values are means6
SD of three independent experiments. FFA, Free fatty acid; OD, optical density.
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www.rcsb.org/pdb/). To build a homology model, a
minimum of 30% global similarity is enough to get
better three-dimensional folding. The global sequence
identity of AhMGAT with hMGLL is 29%. Using
MODELER, we have generated 100 AhMGAT models,
and the quality of the each model was assessed by
Ramachandran plot. The bad contacts of side chains
were removed using model refinement. After the
quality assessment of the homology model of AhM-
GAT, the best model was chosen for molecular dock-
ing. The knowledge-based model for AhMGAT was
generated with the help of hMGLL. The AhMGAT
homology model, like hMGLL, has the characteristic
regulatory lid-type structure. Most of the lipid hy-
drolytic enzymes have a regulatory hood-like structure
(Jennens and Lowe, 1994). Possibly, this lid controls
the entry and exit of suitable substrates (Supplemental
Video S1). However, the precise mechanism of lid
opening and closing is still unclear. Analysis of the
AhMGAT predicted homology model suggested that

the spatial organization of these essential residues
could have resulted in two different binding sites on
AhMGAT. This confirms that it plays multiple roles in
lipid metabolism. Earlier studies reported that muta-
tion of His and Asp residues resulted in drastic reduc-
tion of acyltransferase activity (Brumlik and Buckley,
1996; Heath and Rock, 1998). The sequence-structure
analysis of AhMGAT revealed conserved Tyr-64 and
Asp-67 present in the C1 motif. But these residues are
not conserved across bacteria, yeast, and human. The
critical role of these residues has been experimentally
shown to be involved in acyltransferase activity
(Robertson et al., 1994; Brumlik and Buckley, 1996).
The molecular docking results are consistent with our
in vitro characterization of the AhMGAT protein. The
LPC reaches the binding site through a deep tunnel-like
opening and is accommodated near the C3 motif. On
the basis of this study, we propose that two indepen-
dent binding sites are required for different substrate
catalysis.

Figure 10. Characterization of YKL094W, a homolog of AhMGAT. YKL094W was purified by Ni2+-NTA column chromatog-
raphy, and the enzyme assays were performed with dialyzed protein. A, Protein-dependent hydrolysis of [14C]MAG with
increasing amounts of protein for 10 min. Lane 0, Enzyme was added after stopping the reaction. FFA, Free fatty acid. B, Time-
dependent MAG hydrolysis assay was performed at different time intervals at 30˚C. The reaction was stopped by the addition of
chloroform:methanol:2% orthophosphoric acid (1:2:1, v/v). Lipids were extracted and separated on a silica-TLC plate using
petroleum ether:diethyl ether:acetic acid (70:30:1, v/v) as the solvent system. C, The time-dependent LPC hydrolase assay was
conducted using [14C]LPC with 2 mg of purified protein. Lane 0, Enzyme was added after stopping the reaction; lane T0, zero
time point (reaction was stopped immediately after adding the enzyme). D, The LPC hydrolase assay was performed for 10 min
at 30˚C in the presence of increasing amounts of purified YKL094W. The reaction was stopped, and lipids were resolved on a
TLC plate using chloroform:methanol:28% ammonia (65:25:5, v/v) as the solvent system. Values are means 6 SD of at least
three independent experiments.
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Figure 11. Homology modeling and molecular docking studies on AhMGAT protein. A and B, The three-dimensional model for
AhMGAT protein was built using a MAG lipase (Protein Data Bank code 3PE6) structure, and the quality of the homology model
was assessed using a Ramachandran plot. The docking of lipid substrates demonstrated the binding orientations of MAG (1-
oleoyl; A) and LPC (B) on AhMGAT protein. The snapshots of docking complexes (AhMGAT protein with MAG or LPC) are
shown as top and side views. MAG and LPC substrates are shown in ball-and-stick representation. The lid structure that covers
the LPC binding region is shown as a blue-colored surface. C, Multiple sequence alignment of AhMGAT protein and its ho-
mologs. The conserved regions are denoted as C1 (HXYXXD), C2 (GHGXSXG), and C3 (GXSXG) motifs. The color codes are as
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It was shown in the animal systems that the MAG
pathway may play an important role in the regula-
tion of lipid metabolism by controlling the chain
length of fatty acids (Knudsen et al., 1975), by con-
trolling the intracellular concentrations of acyl-CoA
(Gross, 1983), or by facilitating the selective retention
of essential fatty acids during hepatic oxidation
(Pelech and Vance, 1989). From our data, in vitro
MGAT activity is more pronounced with unsatu-
rated fatty acids than saturated. It could be under-
stood that MGAT might have a possible role in

preserving unsaturated fatty acids in plants. Another
possibility is that the MAG pathway contributes to a
separate intracellular pool of DAG to be used for a
different set of metabolic reactions. Therefore, the
identification of soluble MGAT operating in a PA-
independent pathway (Parthibane et al., 2012a,
2012b) has a significant implication for our under-
standing of the regulation of DAG and the biosyn-
thesis of TAG in plants. However, the physiological
relevance of the enzyme in plants needs to be ad-
dressed further.

Figure 12. Site-directed mutagenesis of acyltransferase and lipase motifs. A, The MGAT assay was performed for 15 min with
[14C]MAG and 20 mM oleoyl-CoA using wild-type and HX4D mutant recombinant AhMGAT proteins: H62A, His-62 was
replaced with Ala; D67A, Asp-67 was replaced with Ala; H62AX4D67A, double mutant, His-62 and Asp-67 were replaced
with Ala; S97A, Ser-97 was replaced with Ala; S138A, Ser-138 was replaced with Ala; wild-type AhMGAT. FFA, Free fatty acid.
B, The MAG hydrolase assay was performed with 50 mM [14C]MAG using wild-type and mutant recombinant AhMGAT proteins.
The reaction was stopped by extracting lipids, and the lipids were separated on a silica-TLC plate using petroleum ether:diethyl
ether:acetic acid (70:30:1, v/v) as the solvent system. Lane 2E, No-enzyme control; lane B, enzyme fraction was boiled for 5
min, and assay was performed. Values are means 6 SD of three independent experiments. C, The LPC hydrolase assay was
performed with 50 mM [14C]LPC using wild-type and mutant recombinant AhMGAT proteins. The reaction was stopped, and
lipids were resolved on a TLC plate using chloroform:methanol:28% ammonia (65:25:5, v/v) as the solvent system. Results are
represented as percentage means 6 SD of three independent experiments.

Figure 11. (Continued.)
follows: C1, red; C2, blue; C3, green; lid, magenta. D, A surface view of AhMGAT illustrates the spatial organization of the
conserved regions. C2 and C1 are located on the AhMGAT protein surface, and MAG forms a stable interaction with the binding
free energy of 23.23 kcal mol21. E, A surface view of AhMGAT protein structure revealed that C1 and C3 are closely arranged
under the lid structure where the LPC binds (24.81 kcal mol21). F, The C1 region is located at an equal distance from the C2 and
C3 regions.
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MATERIALS AND METHODS

Materials

[1-14C]Oleoyl-CoA (54 mCi mmol21), [1-14C]palmitoyl-CoA (54 mCi mmol21),
[1-14C]stearoyl-CoA (54 mCi mmol21), and [14C]acetate (51 mCi mmol21) were
purchased from Perkin-Elmer. [1-14C]2-MAG (55 mCi mmol21) and [oleoyl-
1-14C]LPC (55 mCi mmol21) were obtained from American Radiolabeled
Chemicals. The silica-thin-layer chromatography (TLC) plates were obtained
from Merck. The acyl donors and acyl acceptors were obtained from Avanti
Polar Lipids. The Arabidopsis (Arabidopsis thaliana) open reading frame clone
was from the Arabidopsis Stock Center. Yeast clone YKL094W was obtained
from Open Biosystems-Saf Labs. Yeast expression vectors pYES2/CT and
pYES2/NT were purchased from Invitrogen BioServices and are referred as
pYES2 in “Results.” Nickel-nitrilotriacetic acid agarose (Ni2+-NTA) was pur-
chased from Qiagen. The monoclonal anti-poly(His) antibody produced in
mouse, phenylmethanesulfonyl fluoride, and all the other reagents were
obtained from Sigma unless specified otherwise.

Strains and Culture Conditions

Luria-Bertani broth (1% [w/v] tryptone, 0.5% [w/v] yeast extract, and 1%
[w/v] NaCl) was used for bacterial growth, and the bacteria were cultivated at
37°C. The wild-type yeast (Saccharomyces cerevisiae) strain (BY4741: MATa;
HIS3D1; LEU2D0; MET15D0; URA3D0) was used as a heterologous host to
study the expression of the MGAT genes. The transformed yeast cells were
cultivated at 30°C in a minimal medium (synthetic dropout medium lacking
uracil [SM-U]), and the medium was supplemented with either 2% (w/v) Glc
or Gal as the carbon source.

Sequence Retrieval, Alignment, and Comparison

The cDNA, EST, and protein sequences were identified by searching the
public domain databases available at the National Center for Biotechnology
Information (NCBI) and The Arabidopsis Information Resource with the
BLAST algorithms. The sequences were aligned using the ClustalX program.
The nonredundant protein sequence database was searched using default
parameters, and the sequences with E values of 1025 and a score of 85 were
retrieved and subjected to sequence alignment.

The conserved protein domainswere examined using the conserved domain
database at the NCBI (http://www.ncbi.nih.gov/Structure/cdd/cdd.shtml)
and the pfam database (http://pfam.sanger.ac.uk/). The multiple sequence
alignment was performed using the ClustalX program with the bootstrap
resampling method. The bootstrap replicate alignments were then used to
construct a phylogenetic tree using the neighbor-joining method. The phylo-
genetic analyses were conducted using MEGA4 software. For the construction
of the phylogenetic tree, approximately 67 sequences were used from 25
different species.

cDNA Phage Library Screening

A seed-specific cDNA library of immature peanut (Arachis hypogaea) was
constructed in l ZAP (Stratagene). The expression library was screened using
a 39-end radiolabeled oligonucleotide primer (59-GGAACGAGCGGAGG-
CACCCCGAATTTTTGGGGGCACATGCCC-39), which was designed based
on the N-terminal sequence (GTSGGTPNFWGHMP) of the peanut MGAT
protein (Tumaney et al., 2001). Several probes were designed and then
screened the cDNA library. The MGAT sequence was obtained by using the
oligonucleotide primer given above. A total of 4.5 3 106 plaques were
screened, and the positive plaques were purified by three additional screen-
ings. Plasmid DNA was sequenced on both strands.

Cloning and Expression of the Peanut AhMGAT

The coding sequence of the AhMGAT gene was cloned into the pYES2/CT
shuttle vector using a forward primer (59-AAAAGCTTAATGGGCACGAG-
CGGAG-39) with a HindIII restriction site and a reverse primer (59-GCC-
TCGAGTTTATTTCCATACCTATGAACC-39) with a XhoI restriction site. The
clone was confirmed by both double digestion and nucleotide sequencing. The
construct and pYES2/CT were transformed into the yeast cells using the lithium
acetate method (Schiestl and Gietz, 1989). The resulting transformants were

confirmed by colony PCR using AhMGAT gene-specific primers and grown to
the late log phase in SM-U containing 2% (w/v) Glc. Protein expression was
induced by Gal; hence, the galactokinase (GAL1) promoter is present in the
pYES2/CT vector, which is induced by the presence of Gal in the medium. Cells
were harvested and washed with cold water by centrifugation and inoculated at
a concentration of absorbance at 600 nm (A600) = 0.4 in an induction medium
(SC-U containing 2% [w/v] Gal) for 24 h. The expressed protein was purified
using a Ni2+-NTAmatrix, and it was confirmed by immunoblot analysis. Briefly,
cells were resuspended in yeast lysis buffer (50 mM Tris-HCl, pH 7.5, 1 mM

phenylmethanesulfonyl fluoride, 5 mM MgCl2, and 1% [v/v] glycerol) and then
lysed using glass beads. The recombinant AhMGAT was purified by Ni2+-NTA
column chromatography. The purified proteins were resolved on a 12% (w/v)
SDS-PAGE gel and transferred onto a nitrocellulose membrane. The expression
of AhMGAT was confirmed using an anti-His6 tag monoclonal antibody
(1:10,000 dilution [v/v]).

Cloning and Expression of the Recombinant At1g52760

The open reading frame of At1g52760 in the pUNI vector (from the Arab-
idopsis Stock Center) was used as a template for amplification of the gene. The
coding sequence of At1g52760 was amplified under specific thermal cycling
conditions (1 min of denaturation at 94°C, 1 min of annealing at 58°C, and
1 min of elongation at 72°C, repeated for 32 cycles with a final elongation of 10
min) using a forward primer (59-AGGTACCATGCCGTCGGAAGCGG-39)
with a KpnI restriction site and a reverse primer (59-CCCTCGAGAGCGG-
TTTTAGATCCATACTTCTT-39) with a XhoI restriction site. The amplified
At1g52760 and pYES2/NT B shuttle vector were double digested and ligated
directionally. The positive clone was confirmed by both double digestion and
nucleotide sequencing. The construct and pYES2/NT B were transformed into
yeast cells using the lithium acetate method (Schiestl and Gietz, 1989). The
resulting transformants were confirmed by colony PCR using At1g52760 gene-
specific primers. Protein expression was induced by growing the cells (A600 =
0.4) in an induction medium (SM-U containing 2% [w/v] Gal) for 24 h. The
expressed protein was purified using a Ni2+-NTA matrix, and it was con-
firmed by immunoblot analysis.

MGAT Assay

Acyltransferase activity was measured by either incorporation of [1-14C]
oleoyl-CoA into MAG or acylation of oleoyl-CoA into [1-14C]MAG (oleoyl) to
form DAG. All assays were performed with dialyzed protein samples. The
assay mixture consisted of 50 mM Tris-HCl (pH 8.0), 1 mM MgCl2, 10 mM NaCl,
50 mM MAG, 20 mM [1-14C]oleoyl-CoA (0.025 mCi) or 50 mM [14C]MAG (0.025
mCi), 20 mM oleoyl-CoA, and the enzyme source (0–4 mg) in a total volume of
100 mL. Substrate was prepared in CHAPS detergent (0.01 mM final concen-
tration). MGAT assays were also performed in various experimental condi-
tions like different pH and temperature, the presence of CHAPS (0–1 mM), and
various divalent cations and chelating agents (0–10 mM). The reaction was
conducted at 30°C for different time intervals (0–30 min) and stopped by the
addition of 2:1 (v/v) CHCl3:CH3OH. The lipids were separated on a silica-TLC
plate using petroleum ether:diethyl ether:acetic acid (70:30:1, v/v) as the sol-
vent system. The individual lipid moieties were identified by migration with
respect to the standards. Enzymatic products were monitored by phosphor
imager, corresponding spots were scraped from the TLC plate, and the radi-
oactivity was quantified with a liquid scintillation counter.

Site-Directed Mutagenesis

The mutations of acyltransferase (H62X4D67A) motif and lipase
(GXSXG) motifs (S97A and S136A) in AhMGAT were introduced by
amplification of whole plasmid using the following primers: H62A,
59-CGTCTTCATGACCGCCGGCTACGGCTCCGAC-39; D67A, 5-9CCAC-
GGCTACGGCTCCGCTACCGGTTGGCTCT-39; H62AX4D67A, 59-CGTC-
TTCATGACCGCCGGCTACGGCTCCGCTACCGGTTGGCTCT-39; S97A,
59-TGGCCTCCGCTGGCCCCTCGGCGACAT-39; and S138A, 59-GGGTG-
GTCTCGCGCCCCTGCTTATGTA-39. An oligonucleotide sequence with
the reverse complementary sequence of the forward primer was used as the
reverse primer. The underlined bases represent the sites of the mutations. The
amplifiedwhole plasmid was first treated with 10 units ofDpnI at 37°C for 1 h to
digest the methylated parent template. The newly amplified unmethylated
plasmid was then transformed into Escherichia coli DH5a competent cells. The
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colonies were screened for the presence of mutation in the gene. The mutants
were confirmed by sequencing the plasmid DNA by using gene-specific primers.
The enzymatic assays were performed with purified recombinant AhMGAT
proteins from all mutants and the wild type.

MAG and LPC Hydrolysis Assays

Hydrolase activity was measured bymonitoring the release of 14C-fatty acid
from [1-14C]MAG or [14C]LPC. The assay mixture consisted of 50 mM Tris-HCl
(pH 8), 1 mM dithiothreitol, 50 mM [14C]MAG (0.025 mCi) or 50 mM [14C]LPC
(0.025 mCi), and the enzyme source (0–4 mg) in a total volume of 100 mL. The
reaction was conducted at 30°C for different time interval (0–30 min) and
stopped by the addition of 2:1 (v/v) CHCl3:CH3OH. The lipids were extracted
and then resolved on a silica-TLC plate using petroleum ether:diethyl ether:
acetic acid (70:30:1, v/v) for the MAG hydrolysis and chloroform:metha-
nol:28% ammonia (65:25:5, v/v) or chloroform:acetone:methanol:acetic acid:
water (50:20:10:10:5, v/v) for the LPC hydrolase activity.

Incorporation of [14C]Acetate into Yeast Lipids

The transformants (pYES2/CT, pYES2/CT+AhMGAT or pYES2/NT,
pYES2/NT+At1g52760) in wild-type yeast were grown until late log phase
in 5 mL of SM-U with 2% (w/v) Glc. For labeling, a cell culture with A600 = 0.4
was inoculated in fresh medium containing 2% (w/v) Gal and 0.25 mCi of
[14C]acetate mL21 and grown for 24 h. Cells (A600 = 20) were harvested and
lipids were extracted. Neutral lipids were separated by using petroleum ether:
diethyl ether:glacial acetic acid (70:30:1, v/v) as a solvent system, and for
phospholipids, chloroform:methanol:ammonia (65:25:5, v/v) was used in the
first dimension followed by chloroform:methanol:acetone:acetic acid:water
(50:10:20:15:5, v/v) as the second-dimension solvent systems. The TLC plate
was exposed to a phosphor imaging screen, and individual lipid spots were
scraped off from the plate to determine their radioactivity in a liquid scintil-
lation counter.

Cloning and Expression of the Recombinant YKL094W

The gene YKL094W was obtained from Open Biosystems (Saf Labs-cDNA
Clone Center). The open reading frame of YKL094W was cloned into yeast
expression vector pYES2/NT B shuttle vector using a forward primer (59-
ATATGGATCCATGGCTCCGATCCATACAAA-39) with a BamHI restriction
site and a reverse primer (59-ATATGAATTCTTATGGTTTACTTCGGTCGT-
39) with an EcoRI restriction site. The construct was transformed into yeast
cells using the lithium acetate method (Schiestl and Gietz, 1989). The cells were
grown in dextrose medium and later transferred to Gal-containing SM-U for
protein expression. The expressed protein was purified using a Ni2+-NTA
matrix, and it was confirmed by immunoblot analysis.

Homology Modeling

The multiple sequence alignment of AhMGAT and its homologs from
bacteria, yeast, and human was generated using the ClustalX program
(Thompson et al., 1997). The homology modeling was performed using
MODELER 6v4 (Sali et al., 1995). The experimental structure of human MAG
lipase (hMGLL) was used as a template for model construction, which shared
47% homology with AhMGAT. The x-ray structure coordinates of hMGLL
were obtained from the Protein Data Bank (http://www.rcsb.org/pdb/). In
brief, the template (hMGLL) and target (AhMGAT) sequences were aligned
and saved as alignment format. Information about the alignment file and
three-dimensional coordinate file of hMGLL was fed into model_default py-
thon script. The program was executed using a mod6v4 model_default.py
command. There were 100 models generated after successful run of the pro-
gram, and the quality of each model was validated using PROCHECK
(Laskowski et al., 1993) and Ramachandran plot (Ramachandran and Ven-
katachalam, 1968). The best-quality model was chosen for docking studies.

Docking of Lipid Substrates

The two-dimensional structures of various lipid substrates were created
with JME molecular editor (Ertl and Jacob, 1997), and atomic force fields were
assigned using ProDrg (Schüttelkopf and van Aalten, 2004). The resultant
ligands were used directly for docking studies. The ligand flexibilities and

bond rotational properties were generated using the autotor program. The
electrostatic charges, solvation parameters, and missing hydrogen were added
to the protein. The grid box where substrate molecules find favorable interaction
was set to 47 3 41 3 41 (x, y, and z dimensions) for LPC and 46 3 40 3 40 for
MAG. The possible conformations of ligands were generated using a genetic
algorithm (Morris et al., 1998), and binding energy for each conformation was
generated. The total energy evaluation was achieved by calculating potentials
of each atom of the substrates (Goodford, 1985), which was set to 27,000,000
evaluations. The best-fit population size was set to 250 dockings. The docking
of lipid substrates on the AhMGAT homology model was carried out using
AutoDock version 3.05 (Morris et al., 1996). The docked complex images were
visualized and analyzed by MGL and PYMOL softwares.

The nucleotide sequence of peanut MGAT reported in this study has been
submitted to GenBank with accession number JF340215.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Video S1. Molecular docking studies on AhMGAT protein
with MAG and LPC.
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