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Full-length cDNA corresponding to Arabidopsis (Arabidopsis thaliana) gene At2g31690, which has been annotated in GenBank
as a putative triacylglycerol (TAG) lipase, was obtained by reverse transcription-polymerase chain reaction using RNA from
senescing rosette leaves of Arabidopsis as a template. The cognate protein was found to contain the lipase active site sequence,
and corresponding recombinant protein proved capable of deesterifying TAG. In vitro chloroplast import assays indicated that
the lipase is targeted to chloroplasts. This was confirmed by confocal microscopy of rosette leaf tissue treated with fluorescein
isocyanate-labeled, lipase-specific antibody, which revealed that lipase protein colocalizes with plastoglobular neutral lipids.
Western-blot analysis indicated that the lipase is expressed in roots, inflorescence stems, flowers, siliques, and leaves and that it
is strongly up-regulated in senescing rosette leaf tissue. Transgenic plants with suppressed lipase protein levels were obtained
by expressing At2g31690 cDNA in antisense orientation under the regulation of a constitutive promoter. Transgenic plants
bolted and flowered at the same time as wild-type plants, but were severely stunted and exhibited delayed rosette senescence.
Moreover, the stunted growth phenotype correlated with irregular chloroplast morphology. The chloroplasts of transgenic
plants were structurally deformed, had reduced abundance of thylakoids that were abnormally stacked, and contained more
plastoglobular neutral lipids than chloroplasts of wild-type plants. These observations collectively indicate that this TAG lipase
plays a role in maintaining the structural integrity of chloroplasts, possibly by mobilizing the fatty acids of plastoglobular TAG.

Analysis of the amino acid sequence of fatty acid-
deesterifying lipases cloned from animals, bacteria,
fungi, and higher plants has shown that they typically
contain the 10-amino acid sequence [LIV]-X-[LIVAFY]-
[LIAMVST]-G-[HYWV]-S-X-G-[GSTAC] (Derewenda
and Derewenda, 1991). The Ser residue of this motif is
a key element of the active site of fatty acid-deesterifying
lipases (Brick et al., 1995).

Several types of fatty acid-deesterifying lipases, in-
cluding phospholipase A1 and phospholipase A2, have
been identified in plants. Phospholipase A2 catalyzes
deesterification of the sn2 fatty acid of phospholipids,
yielding free fatty acid and 1-acyl-2-lysophospholipid,
and is thought to generate free linolenic acid substrate
for the octadecanoid pathway (Grechkin, 1998). The
oxylipin products of the octadecanoid pathway, in
particular jasmonic acid and methyl jasmonate, regu-

late a number of cellular processes, including wound
and defense responses (Dhondt et al., 2000; Schaller,
2001). Phospholipase A2 is also up-regulated during
flower development (Kim et al., 1999; Lee et al., 2003)
and, in addition, has been detected in lipid bodies,
implicating its involvement in lipid mobilization
during seed germination (May et al., 1998). Recently,
the DEFECTIVE IN ANTHER DEHISCENCE1 (DAD1)
gene in Arabidopsis (Arabidopsis thaliana) has been
shown to encode phospholipase A1, an enzyme that
catalyzes deesterification of the sn1 fatty acid of phos-
pholipids (Ishiguro et al., 2001). Arabidopsis dad1
mutants show defects in anther dehiscence, pollen mat-
uration, and flower opening. Inasmuch as this mutant
phenotype can be rescued by exogenous application of
jasmonic acid or linolenic acid, Ishiguro et al. (2001)
have proposed that dad1 may catalyze the initial step in
the octadecanoid pathway that leads to the synthesis of
jasmonic acid. Another Arabidopsis phospholipase
that is UV-B inducible also has properties that suggest
possible involvement in the octadecanoid pathway (Lo
et al., 2004).

Lipolytic acyl hydrolases, another class of fatty acid-
deesterifying lipases, are also prevalent in plants. These
lipases release fatty acids from a number of different
substrates, including phospholipids and wax esters,
and, in the case of phospholipids, deesterify at both the
sn1 and sn2 positions (Galliard, 1980). A lipolytic acyl
hydrolase gene that is up-regulated in senescing petals
and is ethylene inducible has been cloned from carna-
tion flowers (Hong et al., 2000). A senescence-inducible
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lipolytic acyl hydrolase (SAG101) has also been cloned
from Arabidopsis, and overexpression of this gene
induced precocious leaf senescence (He and Gan,
2002). SAG101 also appears to be involved in signaling
that gives rise to pathogen immunity (Feys et al., 2005).
A particularly interesting group of lipolytic acyl hy-
drolases is the patatin family. Patatins are members of a
multigene family of vacuolar proteins, which constitute
40% of total soluble potato (Solanum tuberosum) tuber
protein and are thought to be storage proteins (Racusen
and Foote, 1980; Mignery et al., 1988). However, the
functions of patatins are not well established, and it is
increasingly apparent that, in addition to being a stor-
age protein, patatin may function as a lipase. Potato
patatin, for example, exhibits lipolytic acyl hydrolase
activity (Galliard, 1971), and there is some evidence
that patatin-like lipases are capable of deesterifying
unsaturated fatty acids from membrane lipids that
serve as the initial substrate for the octadecanoid path-
way (Dhondt et al., 2000; Holk et al., 2002).

Galactolipase functions in the same way as lipolytic
acyl hydrolase, with the exception that it specifically
cleaves fatty acids from both the sn1 and sn2 positions
of galactolipids. Deesterification of galactolipids has
been shown to be induced by drought stress, chilling,
and senescence (Kaniuga and Gemel, 1984; Kaniuga
et al., 1999; Matos et al., 2001). Highly active galactoli-
pase has been partially purified from leaf chloroplasts
(Anderson et al., 1974). In addition, a novel patatin-like
gene (Vupat1) encoding a protein exhibiting galacto-
lipid acyl hydrolase activity was recently isolated from
drought-stressed cowpea (Vigna unguiculata) leaves
(Matos et al., 2000, 2001). The cognate protein of Vupat1
exhibited high lipase activity in the presence of mo-
nogalactosyl diacylglycerol and digalactosyl diacyl-
glycerol substrates, whereas phosphatidylcholine was
not an effective substrate. Also, Vupat1 expression
increased during drought stress, suggesting possible
involvement in chloroplast membrane degradation in-
duced by water stress (Matos et al., 2000, 2001).

Triacylglycerol (TAG) lipases deesterify fatty acids
from TAG, a major storage lipid that, in oil-storing seeds,
is localized in oil bodies (Somerville et al., 2000). The
enzyme cleaves fatty acids at each of the sn1, sn2, and sn3
positions of TAG. The formation of oil bodies is thought
to be triggered by the accumulation of TAG between the
monolayers of the endoplasmic reticulum membrane
during the final stages of seed development (Huang,
1992; Murphy and Vance, 1999). During seed germina-
tion, TAGs are catabolized by TAG lipase and used as a
source of energy to support early seedling growth. TAG
lipase appears to associate transiently with oil bodies,
binding to the oleosin protein coating (Huang, 1992, 1996;
Beisson et al., 2001). Indeed, it has been proposed that
TAG lipase is able to access its TAG substrate in the
interior of the oil body through structural defects in the
oil body phospholipid monolayer rendered by phospho-
lipases during postgerminative growth (Noll et al., 2000).

Plastoglobuli, which are lipid bodies localized in
chloroplasts, also contain TAG and, increasingly, appear

to be structurally analogous to seed oil bodies (Martin
and Wilson, 1984; Rey et al., 2000; Austin et al., 2006). For
example, there is now ample evidence that plastoglobuli
are coated with fibrillin, or plastoglobulins, which are
thought to be structural proteins analogous to oleosin
present on the surfaces of oil bodies, and that the role of
fibrillin, like oleosin, is to prevent coalescence of the
particles that they circumscribe (Huang, 1996; Kessler
et al., 1999; Rey et al., 2000; Vidi et al., 2006; Ytterberg
et al., 2006). Moreover, fibrillin appears to regulate the
formation of plastoglobuli from thylakoids in much the
same way that oleosin is thought to regulate the forma-
tion of seed oil bodies from the endoplasmic reticulum
(Huang, 1992; Rey et al., 2000). A role for plastoglobuli in
chloroplast senescence has been proposed based on the
findings that their size and abundance increase during
thylakoid degradation and that they contain both lipid
and protein metabolites derived from thylakoid mem-
branes (Sprey and Lichtenthaler, 1966; Lichtenthaler,
1969; Lichtenthaler and Weinert, 1970; Ghosh et al.,
1994; Smith et al., 2000; Smith and Ghosh, 2002; Kaup
et al., 2002). Moreover, diacylglycerol acyltransferase
1 (DGAT1), which mediates the final acylation step in
TAG synthesis, has been shown to be associated with
chloroplast membranes in senescing leaves and to be
up-regulated coincident with TAG accumulation and
increased abundance of plastoglobuli as leaf senes-
cence progresses (Kaup et al., 2002). More recently, two
putative TAG-metabolizing enzymes have been iden-
tified as plastoglobular constituents by proteomic anal-
yses of plastoglobuli isolated from Arabidopsis (Vidi
et al., 2006; Ytterberg et al., 2006). Synthesis of leaf TAG
also accompanies the deesterification of polar lipids
induced by stress (Sakaki et al., 1990b, 1990c). These
observations have prompted the proposal that forma-
tion of TAG in chloroplasts may be a means of seques-
tering free fatty acids that are rapidly deesterified from
galactolipids in the event of stress (Sakaki et al., 1990b)
and during natural senescence (Kaup et al., 2002). The
fatty acid equivalents of this TAG would subsequently
be converted to phloem-mobile Suc as senescence
progresses or possibly utilized for renewed galacto-
lipid synthesis in the event of recovery from stress
(Cohen et al., 2000).

In this study, we have characterized a putative TAG
lipase in Arabidopsis that is localized in the plasto-
globuli of chloroplasts. Suppression of this lipase in
transgenic plants by constitutive expression of a corre-
sponding antisense transgene resulted in severely
stunted growth as well as reduced abundance and
disorganization of thylakoid membranes. The results
are consistent with the view that TAG lipase mobilizes
fatty acids from complex plastoglobular lipids.

RESULTS

Lipase Gene Isolation and Function

Full-length cDNA from Arabidopsis (corresponding
to GenBank accession no. At2g31690 and encoding the
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protein with GenBank accession no. AAD24845) was
obtained by reverse transcription (RT)-PCR using RNA
isolated from the rosette leaves of 6-week-old plants as
a template. The nucleotide and inferred amino acid
sequences of the full-length cDNA are shown in Figure
1. A comparison of the genomic and cDNA nucleo-
tide sequences indicated that the gene does not
contain introns. Analysis of the inferred amino acid
sequence predicts a molecular mass for the full-length
protein of approximately 53 kD. The programs TargetP
(version 1.0; http://www.cbs.dtu.dk/services/TargetP;
Emanuelsson et al., 2000) and Predotar (version 1.03;
http://genoplante-info.infobiogen.fr/predotar/predotar.
html; Small et al., 2004) predicted the protein is most
likely targeted to chloroplasts, and ChloroP (version 1.1;
http://www.cbs.dtu.dk/services/ChloroP; Emanuelsson
et al., 1999) predicts a plastid transit peptide of 63
amino acids (Fig. 1), cleavage of which would produce
a mature protein of approximately 46 kD within chlo-
roplasts. In addition, the cognate protein contains
the lipase active site sequence, [LIV]-X-[LIVAFY]-
[LIAMVST]-G-[HYWV]-S-X-G-[GSTAC], which is nor-
mally a feature of lipases that deesterify fatty acids from
complex lipids, as well as predicted phosphorylation
sites (Fig. 1). A BLAST search revealed that the next
most similar protein (73% identity with an e-value of
2 3 102171) is another putative Arabidopsis TAG lipase
(GenBank accession no. NP_563748), which also con-
tains the lipase active site sequence, [LIV]-X-[LIVAFY]-
[LIAMVST]-G-[HYWV]-S-X-G-[GSTAC]. The next 12
closest matches are putative lipases from rice (Oryza
sativa cv japonica; namely, GenBank accession nos.
ABA92846, ABA92804, NP_915192, BAD82102, NP_
915194, and XP_475184) and Arabidopsis (namely,
GenBank accession nos. NP_564590, NP_563772, NP_
849603, NP_56570, NP_850148, and NP_174326), and
these also all contain the lipase motif [LIV]-X-[LIVAFY]-
[LIAMVST]-G-[HYWV]-S-X-G-[GSTAC].

In an effort to confirm that the protein correspond-
ing to accession number AAD24845 corresponds to a
lipase, cDNAs corresponding to the full-length and
predicted mature (plastid-localized) forms of the pro-
tein were overexpressed as recombinant maltose bind-
ing protein (MBP) fusion proteins in Escherichia coli.
SDS-PAGE and western-blot analysis confirmed the
presence of the recombinant proteins in E. coli extracts
(data not shown). Purified recombinant fusion pro-
teins were tested for lipase activity in vitro. For this
purpose, the MBP fusion proteins were immobilized
on amylose resin and tested for their ability to hydro-
lyze the TAG trilinolein (18:2). In this assay, the full-
length AAD24845-MBP fusion protein (MBP-LipF)
demonstrated only slightly higher lipase activity
than the background registered by MBP on its own
(Table I). In contrast, the predicted mature version of
the AAD24845 protein (i.e. lacking the predicted tran-
sit peptide) fused to MBP (MBP-LipS) exhibited a
significantly higher activity compared to both the
control MBP and the full-length AAD24845-MBP fu-
sion (Table I). This was true whether the samples were

Figure 1. Nucleic acid sequence (GenBank accession no. At2g31690)
and corresponding amino acid sequence (protein ID AAD24845) illus-
trating the lipase active site (black shading), the portion of the sequence
utilized for antibody production against a synthetic peptide (gray shading),
the position of the ChloroP-predicted transit peptide cleavage site (arrow-
head), aswell as predicted protein kinase C (underlined) and casein kinase
II (bold and italics) phosphorylation sites.
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assayed by thin-layer chromatography (TLC) or using
the nonesterified fatty acid (NEFA)-C assay kit and
suggests that the AAD24845 protein is a bona fide TAG
lipase. Furthermore, it appears that cleavage of the
predicted transit peptide is required for the protein
to attain its fully active form. Lipase activity was un-
detectable in the presence of phospholipid (soybean
[Glycine max] phosphatidylcholine) or galactolipid
(monogalactosyl diacylglycerol) substrate.

Expression and Localization Analyses

Western blots of total protein extracts from rosette
leaves of Arabidopsis plants at different stages of
development were probed with antiserum raised
against a synthetic peptide corresponding to the puta-
tive TAG lipase. An approximately 46-kD polypeptide,
which corresponds to the expected size of the mature
protein, was barely detectable in leaves from 2- and
3-week-old plants, but showed increased abundance
through weeks 5 and 6 (Fig. 2A). The progress of rosette
leaf development and senescence was scored by mea-
suring changes in the levels of leaf chlorophyll. Chlo-
rophyll levels proved to be high (10–12 mg g21 dry
weight of leaf tissue) in 2- and 3-week-old leaves,
declined by 25% between weeks 4 and 5 as leaf senes-
cence commenced, and by week 6, when the leaves
were turning yellow in color, had decreased to approx-
imately 50% of their peak values (Fig. 2B).

In an effort to confirm that the predicted plastid
transit peptide directs the putative TAG lipase to
plastids, chloroplasts were purified from the rosette
leaves of 4.5-week-old Arabidopsis using a Percoll
gradient and analyzed for the presence of the lipase
protein by western blotting. Pure intact chloroplasts
were subfractionated into total chloroplast membranes
and stroma by lysis and centrifugation. The lipase
protein was detectable in intact chloroplasts and also
in stroma, but not in the chloroplast membrane frac-
tion (Fig. 3A). Indeed, TAG lipase proved to be sub-
stantially enriched in the stroma as compared to intact
chloroplasts, suggesting that it is primarily a stromal
protein (Fig. 3A, compare lanes 1 and 3). In addition,
the molecular mass of the stromal TAG lipase proved
to be approximately 46 kD, the expected size of the
mature protein (Fig. 3A). These data are in agreement
with the results of in vitro chloroplast import assays in

which the recombinant AAD24845 lipase precursor
was incubated with intact chloroplasts isolated from
Arabidopsis. These data show that the approximately
53-kD full-length TAG lipase precursor is converted to
an approximately 46-kD protein following incubation
and reisolation of chloroplasts (Fig. 3B). Furthermore,
the processed form of the TAG lipase is resistant to
treatment with thermolysin (Fig. 3B, lane 3), which
indicates that the protein has been successfully im-
ported into the interior of the chloroplast. In addition,
both the western blot and in vitro import data are
consistent with the predicted 7-kD size of the transit
peptide and confirm that this is a plastid transit pep-
tide capable of directing the protein to chloroplasts.

Confocal microscopy of rosette leaves from 4.5-week-
old plants provided additional evidence that the puta-
tive TAG lipase is localized in chloroplasts. Green
pseudocolored autofluorescing chlorophyll reflecting
the presence of thylakoids was clearly evident in con-
focal images of leaf cells, as was blue pseudocolored
fluorescence corresponding to FITC antibody-labeled
TAG lipase (Fig. 4, A and B). When the chlorophyll
fluorescence and antibody fluorescence images were
merged, it was clear that the TAG lipase is localized
within chloroplasts (Fig. 4C).

Western blotting of protein isolates from a number of
tissues of 6-week-old Arabidopsis plants revealed that
the TAG lipase protein is also present in non-green
organs, such as roots, suggesting that the transit pep-
tide directs the protein to plastids other than chloro-
plasts. At 6 weeks of age, inflorescence stems and
cauline leaves had not begun to senesce, flowers were a
mixture of senescent and nonsenescent, and siliques
were developing, but had not yet reached maturity. An
approximately 46-kD protein corresponding to the TAG
lipase was detected in roots, inflorescence stems, cau-
line leaves, flowers, and siliques. However, the TAG li-
pase protein proved to be more abundant in flowers and
cauline leaves than in other tissues analyzed (Fig. 5).

Transgenic Plants with Suppressed Expression of the

Putative TAG Lipase

Transgenic Arabidopsis plants expressing antisense
full-length cDNA corresponding to the TAG lipase
were obtained by vacuum infiltration. T1 seedlings
were selected on kanamycin plates, transplanted to

Table I. TAG lipase activity of recombinant fusion proteins MBP-LipF and MBP-LipS

Lipase activity was measured by iodine-stained TLC and a NEFA-C assay. Values are means 6 SE for n 5 3.
Means identified by different superscripts are significantly different at the 5% level based on Duncan’s
multiple range test. Percentages relative to the pMal-c2 control are indicated. MBP, Maltose binding protein
control produced from the empty pMal-c2 vector; MBP-lipF, full-length lipase fused to MBP; MBP-lipS,
truncated lipase (lacking predicted transit peptide) fused to MBP.

Recombinant Protein
TLC Assay NEFA-C Assay

Density Relative to Background 3 104 % Increase mmol FFA/mg Protein % Increase

MBP 8.50a 6 0.30 – 23.3a 6 2.04 –
MBP-lipF 9.17a 6 0.30 7.9 26.0a,b 6 2.06 11.3
MBP-lipS 11.0b 6 0.05 29.5 33.3b 6 1.79 42.5
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soil, and grown to maturity. The presence of the trans-
gene was confirmed by PCR. T1 plants were severely
stunted in comparison with wild-type plants, but
bolted and flowered at the same time as corresponding
wild-type plants. This is illustrated for five transgenic
lines (Figure 6, A–D, lines 1–5). That the intensity of the
phenotype correlated with the degree of expression of
the transgene is illustrated by the phenotypes of segre-
gating T2 plants. For example, for line 2, 75% of the T2
plants exhibited the same degree of stunted growth that
was evident for the corresponding T1 plants (Fig. 6, C
and E), and a kanamycin screen of the T3 seeds from
these plants yielded a 3:1 segregation ratio, indicating
that these T2 plants were heterozygous (Fig. 6E). How-
ever, 25% of the T2 plants for line 2 exhibited a much
more pronounced stunted phenotype and, in the kana-
mycin screen of the corresponding T3 seeds, 100% of the
seedlings survived, indicating that these T2 plants were
homozygous (Fig. 6E). There was also an accumulation
of anthocyanin in the leaves of homozygous transgenic
plants, indicating that they were under stress (Fig. 6F).
Although the transgenic plants bolted and flowered at
the same time as the wild-type plants, notwithstanding
their stunted phenotype (Fig. 6, A–E), rosette senes-
cence was dramatically delayed. Even at 10.5 weeks
after planting, by which time the rosettes of wild-type
plants were completely dead, the rosettes of transgenic
plants were still green. This is illustrated for homozy-
gous line 2 plants in Figure 6G.

That the phenotype correlated with suppressed ex-
pression of the putative TAG lipase gene was con-
firmed by western blotting. Protein was isolated from

rosette leaves of 4.5-week-old wild-type and transgenic
plants. At this age, wild-type and transgenic plants
were at comparable stages of development, although
the transgenic plants were stunted (Fig. 6). The TAG
lipase was clearly apparent in rosette leaves from wild-
type plants, but was barely detectable in rosette leaf
protein from transgenic plants, as is illustrated for lines
2B-1 and 2B-2 in Figure 7. The effect of transgene
expression on levels of TAG lipase protein was also
assessed by confocal microscopy. Sections from the first
leaf pair of 4.5-week-old wild-type and transgenic
leaves were treated with FITC-labeled secondary anti-
body. When these sections were examined by confocal
microscopy, it was clear that the TAG lipase protein is
localized in chloroplasts in both wild-type and trans-
genic plants and that the abundance of TAG lipase
protein was greatly reduced in transgenic leaf sections
in comparison with wild-type leaf sections. This is il-
lustrated for transgenic line 2 in Figure 8, A and B, as
compared with wild type in Figure 8, E and F.

Southern-blot analyses confirmed GenBank data
indicating that the Arabidopsis genome contains
only one copy of the At2g31690 gene. When rosette
leaf genomic DNA was digested with the restriction
enzyme HindIII, for which there is no site in the open
reading frame of the lipase gene, fractionated on an aga-
rose gel, blotted, and probed with full-length At2g31690

Figure 3. Localization of protein AAD24845 in chloroplasts. A, West-
ern blot of intact chloroplasts, total chloroplast membranes, and stroma
isolated from the rosette leaves of 4.5-week-old wild-type Arabidopsis
plants probed with TAG lipase antiserum. Lane 1, Intact chloroplasts;
lane 2, total chloroplast membranes (thylakoids and envelope mem-
branes); lane 3, stroma isolated from intact chloroplasts. Each lane was
loaded with 10 mg of protein. B, Import of the TAG lipase precursor
(AAD24845) into isolated chloroplasts. In vitro-translated 35S-Met-
labeled TAG lipase precursor was incubated with chloroplasts (50 mg of
chlorophyll) in a standard protein import assay for 30 min at 26�C.
Following incubation, chloroplasts were reisolated and treated for
30 min on ice without (2TL) or with (1TL) 100 mg/mL thermolysin.
Proteins were resolved using SDS-PAGE and radiolabeled proteins were
detected in dried gels using a phosphor imager. Lane 1 contains 20% of
the 35S-Met-labeled lipase precursor in vitro translation product (IVT)
that was added to each reaction. Lanes 2 and 3 contain chloroplasts
reisolated following the import assays that were treated without or with
thermolysin, respectively. Measured molecular masses (kD) of the
precursor and processed, mature forms of the protein are indicated.

Figure 2. Western blot of total protein isolated from the rosettes of
wild-type Arabidopsis plants at various stages of development. A,
Protein blot probed with TAG lipase antiserum. Lane 1, Total protein
isolated from 2-week-old rosette leaves; lane 2, total protein isolated
from 3-week-old rosette leaves; lane 3, total protein isolated from
4-week-old rosette leaves; lane 4, total protein isolated from 5-week-
old rosette leaves; lane 5, total protein isolated from 6-week-old rosette
leaves. Each lane was loaded with 10 mg of protein. B, Chlorophyll
levels in developing and senescing rosette leaves. Age of the leaves
(weeks after planting) is indicated.
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cDNA corresponding to the TAG lipase, only one
restriction fragment was visible for wild-type plants
(Fig. 9). In corresponding blots for transgenic line 2,
one additional restriction fragment corresponding to a
single copy of the transgene was also discernible (Fig.
9). Transgenic lines 2B and 2C were homozygous with
respect to the transgene and, as expected, the restric-
tion fragments corresponding to the endogenous gene
and the single transgene were of comparable intensity
(Fig. 9). However, transgenic line 2A was heterozygous
with respect to the transgene and, accordingly, the
intensity of the transgene restriction fragment was
approximately one-half that of the endogenous gene
(Fig. 9).

Colocalization of Lipase with Chloroplast Neutral Lipids

Confocal microscopy of sections from the first leaf
pair of 4.5-week-old wild-type and transgenic plants

indicated that the TAG lipase colocalizes with neutral
lipids in chloroplasts. Lipase protein was visualized
using FITC-labeled antibody against the TAG lipase
primary antibody and neutral lipid (e.g. TAG) was
stained with the fluorescent dye, Nile Red. For wild-
type leaves, TAG lipase protein was abundant and
clearly localized in the chloroplasts (Fig. 8, E and F).
Levels of chloroplast neutral lipids, which are localized
in plastoglobuli, were low, but detectable (Fig. 8G).
However, because the neutral lipid levels were so low
in wild-type leaves, merging of the Nile Red-stained
image and the TAG lipase image did not provide clear
evidence for colocalization of neutral lipid and TAG
lipase (Fig. 8H). As in wild-type leaves, the TAG lipase
of transgenic leaves was also localized in chloroplasts
(Fig. 8, A and B). However, levels of lipase were greatly
reduced in transgenic as compared to wild-type plants
(Fig. 8, B and F), whereas neutral lipid levels were
enhanced in transgenic plants (Fig. 8, C and G). In
addition, merging of the TAG lipase image and the Nile
Red-stained image for transgenic leaf sections pro-
vided clear evidence for colocalization of TAG lipase
protein and neutral lipids likely contained within
plastoglobuli (Fig. 8D). Of particular note is the fact
that the high levels of TAG lipase protein in wild-type
leaf segments are accompanied by low levels of neutral
lipids (Fig. 8, F and G), whereas in transgenic leaf
segments high levels of neutral lipids are accompanied
by low levels of TAG lipase protein (Fig. 8, B and C).
Inasmuch as the neutral lipids visualized by Nile Red
staining would include TAG, this is consistent with the
notion that TAG lipase hydrolyzes chloroplast TAG.
Moreover, in both wild-type and transgenic leaf sec-
tions, lipase protein and neutral lipids appear as
clusters, suggesting that they are colocalized in plasto-
globuli (Fig. 8), which are known to contain neutral
lipids, such as TAG (Kaup et al., 2002). These findings
are thus consistent with the notion that TAG lipase hy-
drolyzes chloroplast TAG contained in plastoglobuli.

Transmission electron microscopy of thin sections
from the first leaf pair of 3.5-week-old wild-type and
transgenic plants revealed that suppression of this pu-
tative TAG lipase also resulted in chloroplast structural
aberrations. Chloroplasts in wild-type leaves proved
to be compact with tightly stacked thylakoids and
several large plastoglobuli (Fig. 10A). By contrast,
chloroplasts of transgenic plants were deformed with

Figure 4. Confocal microscopy of sections from the first leaf pair of
4.5-week-old wild-type plants. The photographs are three-dimensional
renderings offive serial optical sections probedwithTAGlipaseantiserum.
A, Autofluorescenceof chloroplasts (pseudocolored green). B, Fluorescence
of FITC (pseudocolored blue), indicating the presence of the TAG lipase
antibody in the chloroplasts. C, Merged image of A and B. Bar 5 5 mm.

Figure 5. Western blot of total protein extracts from organs of 6-week-
old wild-type Arabidopsis plants. The blot was probed with TAG lipase
antiserum. Lane 1, Total protein isolated from roots; lane 2, total protein
isolated from inflorescence stems; lane 3, total protein isolated from
cauline leaves; lane 4, total protein isolated from developing siliques;
lane 5, total protein isolated from flowers. Each lane was loaded with
10 mg of protein.
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wavy outer envelopes and reduced levels of thylakoid
membranes that were loosely stacked. Distinct plasto-
globuli that were smaller than those evident in wild-
type chloroplasts were also discernible in the chloroplasts
of transgenic leaves (Fig. 10, A and B). However, in
keeping with the greater abundance of neutral lipid in
the chloroplasts of transgenic plants depicted by Nile
Red staining (Fig. 8, C and G), there were also large
numbers of small osmium-stained stromal particles
evident in thin-sectioned transgenic chloroplasts that
are likely plastoglobuli (Fig. 10B).

DISCUSSION

The Arabidopsis gene characterized in this study
is identified as a putative TAG lipase in GenBank
(At2g31690) based on its degree of sequence identity
to known TAG lipases. Western-blot data indicated
that this putative TAG lipase (protein accession no.
AAD24845) is present in flowers, inflorescence stems,
cauline and rosette leaves, siliques, and roots of Arabi-
dopsis plants. Moreover, several lines of evidence in-
dicate that it is targeted to plastids. Examination of the
deduced protein sequence using the programs TargetP

(version 1.01), Predator (version 1.03), and ChloroP
(version 1.1) predicted that it is targeted to chloroplasts
and possesses a 63-amino acid (approximately 7 kD)
transit peptide (Fig. 1). Western-blot analysis of leaf
subcellular fractions indicated that the lipase is local-
ized in chloroplasts (Fig. 3A). This contention was fur-
ther supported by confocal microscopy, which showed
that FITC-labeled antibody against the AAD24845-
specific antibody recognized a protein that was local-
ized to chloroplasts (Fig. 4) and by in vitro chloroplast
import assays, which showed that the protein is im-
ported and processed to generate a mature protease-
protected protein that is approximately 7 kD shorter

Figure 6. Photographs of transgenic and wild-type
plants. A, T1 generation of transgenic plants (lines
1–5), 5.5 weeks after planting. B, Wild-type plants,
5.5 weeks after planting. C, Side profile of line 2 (T1

generation) and wild-type plants, 5.5 weeks after
planting. D, Side profile of line 3 (T1 generation) and
wild-type plants, 5.5 weeks after planting. E, Wild-
type and segregating line 2 (T2 generation) plants 6
weeks after planting, wherein plant 2A is heterozy-
gous for the transgene and plant 2B is homozygous. F,
Wild-type and homozygous line 2 (T3 generation)
plants, 4.5 weeks after planting. G, Wild-type and
homozygous line 2 (T3 generation) plants, 10.5 weeks
after planting.

Figure 7. Western blot of total protein extracts from the rosette leaves
of 4.5-week-old wild-type and transgenic Arabidopsis plants. The blot
was probed with TAG lipase antiserum. Lane 1, Rosette leaf protein
from wild-type plants; lane 2, rosette leaf protein from transgenic line
2B-1; lane 3, rosette leaf protein from transgenic line 2B-2. Each lane
was loaded with 15 mg of protein.
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than the original full-length (precursor) protein (Fig.
3B). Of note is that the TAG lipase was also detectable
by western blotting in roots that do not contain chloro-
plasts, suggesting that it is also associated with plastid
types other than chloroplasts. Storage plastids that
contain neutral lipids, including TAG, are known to
be present in tissues that are nonphotosynthetic (Xue
et al., 1997; Staehelin and Newcomb, 2000; Murphy,
2001), and it is therefore to be expected that one or more
lipases are targeted to such plastids.

The findings that the putative TAG lipase has a
plastid transit peptide, is localized in chloroplasts, and
is found as well in tissues that contain storage plastids
are all consistent with the contention that it is a plastid
lipase. Moreover, there are several lines of evidence
indicating that the protein is in fact a lipase. First, the
amino acid sequence contains the 10-residue lipase
active site sequence, [LIV]-X-[LIVAFY]-[LIAMVST]-
G-[HYWV]-S-X-G-[GSTAC]. This motif is normally a fea-
ture of lipases that deesterify fatty acids from complex
lipids (Derewenda and Derewenda, 1991; Hong et al.,
2000; Ishiguro et al., 2001; He and Gan, 2002; Lo et al.,
2004) and, accordingly, its presence in the inferred
amino acid sequence indicates that AAD24845 is a
lipase. Second, it is evident from confocal micrographs
that the protein colocalizes with plastoglobular neutral
lipids, including TAGs, in chloroplasts, which is con-
sistent with its annotation as a putative TAG lipase in
GenBank. Third, chloroplastic neutral lipids visualized
by Nile Red staining, which include TAG, proved to
be much more abundant in the leaves of AAD24845-
suppressed transgenic plants than in leaves of corre-
sponding wild-type plants containing higher levels of
the protein, which is again consistent with the conten-
tion that the AAD24845 protein deesterifies TAG. Last,
in vitro biochemical analysis of recombinant versions of
the protein fused to MBP demonstrated that AAD24845
possesses TAG lipase activity and that activity is high-
est when the putative transit peptide is removed (Table
I). These data collectively indicate that this lipase is
capable of deesterifying TAG and associates with neu-
tral lipids in the chloroplast.

Figure 8. Confocal microscopy of sections from the first leaf pair of
4.5-week-old transgenic (T3 generation) homozygous line 2 plants (A–D)
and of wild-type plants (E–H). A and E, Autofluorescence of chloroplasts
pseudocolored green. B and F, Fluorescence of FITC pseudocolored blue,
indicating antibody bound to TAG lipase protein. C and G, Fluorescence
of Nile Red associated with neutral lipid (pseudocolored red). D, Merged
image of B and C. H, Merged image of F and G. Bar 5 10 mm.

Figure 9. Southern blot of genomic DNA isolated from rosettes of
4-week-old wild-type and transgenic (T2 generation) line 2 Arabidopsis
plants. DNA was cut with HindIII and the blot was probed with full-
length cDNA of Arabidopsis TAG lipase, At2g31690. Lane 1, DNA from
wild-type plant; lane 2, DNA from homozygous 2B plant; lane 3, DNA
from homozygous 2C plant; lane 4, DNA from heterozygous 2A plant.
Molecular mass markers (kb) are indicated.
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It is apparent from GenBank that lipase AAD24845 is
encoded by a single-copy gene and this was confirmed
by Southern blotting in this study. That down-regulation
of expression of lipase gene At2g31690 had been
achieved in antisense At2g31690 transgenic plants
was confirmed by western-blot analysis of levels of the
lipase protein AAD24845 in leaves at comparable
stages of development and also by confocal micros-
copy. The antibodies used for detection of the putative
TAG lipase protein were raised against a synthetic
peptide deemed to be unique to AAD24845 based on
BLAST interrogation of its sequence. The severely
stunted nature of transgenic plants with suppressed
AAD24845 indicates that this protein plays a seminal
role in plant growth. It appears to be constitutively
expressed at low levels, but, judging from western-blot
analysis, there is clear up-regulation of expression in
senescing leaves. Senescing chloroplasts are known to
be enriched in plastoglobuli, which form coincident with
the breakdown of thylakoid membranes (Harwood,
1980; Steinmüller and Tevini, 1985; Murphy, 2001; Lee
and Chen, 2002). Although the precise way in which
plastoglobuli function has not been fully elucidated,
their accumulation and increase in size during thyla-
koid degradation suggest that they temporarily store
TAG formed from galactolipid fatty acids deesterified
during leaf senescence (Sprey and Lichtenthaler, 1966;
Lichtenthaler, 1969; Lichtenthaler and Weinert, 1970;
Kaup et al., 2002). Accordingly, western-blot and con-
focal microscopy data indicating that the AAD24845
protein not only is abundant in senescing leaves, but
also is colocalized with neutral lipids in chloroplasts
raise the possibility that it may participate in phloem

mobilization of lipids characteristic of senescing leaves
by deesterifying fatty acids from plastoglobular TAG.
That AAD24845 plays a critical role in leaf senes-
cence is supported by the finding that suppression of
its expression delayed the onset of rosette senescence.
Although the AAD24845-suppressed plants were se-
verely stunted, bolting and flowering were temporally
coincident in wild-type and transgenic plants. How-
ever, rosettes of transgenic plants stayed green for at
least 2 weeks longer than those of corresponding wild-
type plants. For example, rosettes of wild-type plants
were almost completely dead at 8.5 weeks after plant-
ing, whereas rosettes of 10.5-week-old transgenic plants
were still green.

Plastoglobuli are present in chloroplasts of both
senescing and nonsenescing leaves, but are much
more distinct and abundant in senescing leaves. More-
over, their increased size and abundance in senescing
leaves has been shown to be paralleled by an increase in
TAG originating from galactolipid and up-regulation of
DGAT1, which mediates the final acylation step in the
formation of TAG (Kaup et al., 2002). These observa-
tions were interpreted as indicating that DGAT1 plays a
role in senescence by sequestering fatty acids deesteri-
fied from galactolipids into TAG and that this is an
intermediate step in the conversion of thylakoid fatty
acids to phloem-mobile Suc (Kaup et al., 2002). It is
interesting to note that other lipid-metabolizing en-
zymes, including two other putative TAG-synthesizing
proteins, were detected in recent proteomic analyses
of plastoglobuli from Arabidopsis (Vidi et al., 2006;
Ytterberg et al., 2006). These observations are consistent
with the proposed role of plastoglobule-associated TAG
in lipid mobilization and thylakoid remodeling. It is
apparent from this study that the putative TAG lipase
corresponding to AAD24845 is also associated with
plastoglobuli, is strongly up-regulated in senescing leaf
tissue, and thus could be the lipase that deesterifies,
and hence remobilizes, the fatty acids of TAG formed
from thylakoids. It is also noteworthy that Vidi et al.
(2006) did not detect any lipases in their proteomic
analysis of plastoglobuli. However, their study only
examined one of two plastoglobule-containing frac-
tions with different densities; indeed, plastoglobuli
with distinct densities have been reported previously
(Bailey and Whyborn, 1963; Smith et al., 2000). Vidi
et al. (2006) examined the plastoglobuli-containing
fraction with the lowest density, which would presum-
ably have the highest TAG content. In contrast, the
higher density particles in the fraction not examined by
Vidi et al. (2006) would presumably have a lower TAG
content. Therefore, it is possible that generation of
plastoglobuli with different densities may be due to
hydrolysis of plastoglobule TAG by lipases such as that
described herein, and it remains possible that lipases
would only be detected in association with higher den-
sity plastoglobuli. The manner by which the AAD24845
lipase might associate with plastoglobuli remains un-
known. However, it is possible that it occurs via inter-
action with other plastoglobule-specific proteins, such

Figure 10. Transmission electron micrographs of chloroplasts in the
first leaf pair of 3.5-week-old wild-type and transgenic (T3 generation)
homozygous line 2 plants. A, Chloroplast in a wild-type leaf. B,
Chloroplast in a transgenic leaf. Bar 5 1 mm.
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as plastoglobulins (Pozueta-Romero et al., 1997; Kessler
et al., 1999; Vidi et al., 2006; Ytterberg et al., 2006). It is
also possible that this lipase resides in the stroma until
such time as catalysis of TAG is needed, at which time it
might transition to a plastoglobule-associated form.

Of particular interest is the finding that the chloro-
plasts of AAD24845-suppressed transgenic plants ap-
peared deformed and had fewer thylakoids than the
chloroplasts of wild-type plants. Moreover, thylakoids
of transgenic plants were loosely stacked in comparison
with grana of wild-type plants. These observations
suggest that putative TAG lipase AAD24845 plays a
role in maintaining the structural integrity of thylakoids
and that lack of grana structural integrity in transgenic
plants accounts for their stunted growth. Transgenic
plants were clearly under stress throughout growth and
development as indicated by the consistent presence of
anthocyanin in the leaves. Previous studies have dem-
onstrated activation of TAG synthesis and a concurrent
decrease in galactolipids in ozone-fumigated leaves
(Sakaki et al., 1990a, 1990b, 1990c). Activation of TAG
synthesis in the ozone-treated leaves is thought to reflect
sequestration of fatty acids deesterified from galacto-
lipids in response to ozone stress, which would otherwise
disrupt the structure of thylakoid membranes (Sakaki
et al., 1990b). Similar findings, a decline in polar lipid
paralleled by an increase in TAG, have been reported
for drought-stressed cotton leaves (El-Hafid et al. 1989).
These observations raise the possibility that renewed
growth upon abatement of stress, or even continued
growth in the event of chronic sublethal stress, are
contingent upon mobilization of the fatty acid equiva-
lents of this TAG. This could be achieved by direct
reutilization of deesterified TAG fatty acids. However,
the possibility that deesterified TAG fatty acids are
degraded and their carbon equivalents used for the
synthesis of new galactolipid fatty acids is not pre-
cluded. The findings in this study that lipase AAD24845
colocalizes with chloroplast neutral lipids, including
TAG, and that its suppression curtails growth suggest
that it could play a role in this remobilization.

MATERIALS AND METHODS

Plant Material

Arabidopsis (Arabidopsis thaliana ecotype Columbia) was grown on Promix BX

(Premier Brands). Seeds were sown in 6-inch pots, covered with plastic wrap, and

stratified at 4�C for 2 d to achieve uniform germination. Plants were transferred to

a growth chamber operating at 16-h-light/8-h-dark cycles, 23�C 6 3�C, and

150 mmol m22 s21 photosynthetically active radiation. Each pot contained eight

to 10 plants, which were grown for a period of 7 to 8 weeks after transfer to the

growth chamber with senescence starting after 4 weeks and seed production

finished by 8 weeks. Rosette leaves were harvested at 2, 3, 4, 5, and 6 weeks of age.

In some cases, additional organs were harvested from 6-week-old plants, specif-

ically roots, inflorescence stems, cauline leaves, flowers, and siliques.

Isolation of At2g31690 cDNA and Production of

Transgenic Plants

Full-length cDNA corresponding to GenBank sequence At2g31690 (encod-

ing protein AAD24845) was obtained by RT-PCR using RNA isolated from

6-week-old Arabidopsis rosette leaves as the template. The upstream primer

(5#-CGTGTCGACTTCCATCAATGGCCTTGATCC-3#) contained the restriction

enzyme site for SalI and the downstream primer (5#-GCCAAGCTTACGCTG-

ACGTTGTACGAATTATAG-3#) contained the restriction enzyme site for HindIII.

The PCR product was subcloned into pBluescript KS that had been digested with

SalI and HindIII, amplified in Escherichia coli DH5-a, and sequenced.

Suppression of the endogenous At2g31690 gene was achieved by expressing

full-length At2g31690 cDNA in the antisense orientation under the regulation

of a constitutive promoter in transgenic plants. At2g31690 cDNA was excised

from pBluescript KS by double digestion with SalI/HindIII and subcloned into

the binary vector, pKYLX71 (Schardl et al., 1987), in the antisense orientation

under the regulation of two copies of the constitutive cauliflower mosaic virus

promoter (CaMV 35S). The pKYLX71 vector contains a tetracycline resistance

gene in the bacterial replication region as well as a kanamycin resistance gene

(NPT II) within the T-DNA region. The recombinant binary vector was

introduced into Agrobacterium tumefaciens, strain GV3101, by electroporation.

The resulting transformed bacteria were used to infect the flowers of 4-week-

old Arabidopsis plants by vacuum infiltration (Bechtold et al., 1993). Trans-

genic plants were selected by germinating seeds from the vacuum-infiltrated

plants on medium containing kanamycin. Seeds were surface sterilized in a

solution of 1% sodium hypochlorite and 0.1% Tween 80, rinsed three times in

sterile water, and plated on 0.7% agar containing 0.53 Murashige and Skoog

salt (Sigma-Aldrich) and 50 mg mL21 kanamycin. Plates were maintained at 4�C

for 2 d and then transferred to a tissue culture chamber operating at 22�C 6 3�C

with 16-h-light (150 mmol m22 s21 photosynthetically active radiation)/8-h-

dark cycles. After 12 d, surviving seedlings were transferred to soil (Promix BX)

and grown to maturity in a growth chamber under conditions specified above.

Seeds were harvested and the selection process was repeated with successive

generations until homozygous lines exhibiting 100% germination on kanamycin-

containing medium were obtained. The presence of the transgene in the

transgenic plants was confirmed by PCR using genomic DNA as a template.

DNAwas isolated from the rosette leaves of 4-week-old plants using the Wizard

genomic DNA extraction kit (Promega). Genomic DNA from wild-type plants

was used as a control.

Molecular Analyses

Leaf genomic DNA for Southern-blot analysis was isolated according to Wang

et al. (2001) and digested with HindIII. The digested products (10 mg DNA) were

fractionated on 1.0% agarose gel, immobilized on a nylon membrane, and

hybridized with full-length lipase cDNA as described by Wang and Arteca (1995).

For western-blot analysis, total protein was extracted from tissues at

specified ages. The tissue (200 mg) was homogenized on ice with a mortar

and pestle in 500 mL of extraction buffer (50 mM HEPES, pH 7.4). Homogenate

protein was quantified according to Ghosh et al. (1988), fractionated on 10%

SDS-polyacrylamide gels, and the separated proteins transferred to Hybond-P

membranes (Amersham-Pharmacia). Immunoblotting was performed ac-

cording to Wang et al. (2001) using a rabbit polyclonal antiserum specific for

the AAD24845 protein (see below) as the primary antibody and alkaline

phosphatase-conjugated goat anti-rabbit IgG (BioShop Canada) as the second-

ary antibody. Antibodies against AAD24845 were raised in rabbits using a

synthetic peptide (CTNSRSVDSDEDEDSDN; Fig. 1) as antigen according to

Kaup et al. (2002). Equal loading was confirmed by densitometry of corre-

sponding SDS-PAGE gels stained with Coomassie Blue.

Chloroplast Isolation and Fractionation

For the purpose of western-blot analyses, chloroplasts were isolated from

the rosette leaves of 4.5-week-old, soil-grown Arabidopsis rosettes using a

Percoll gradient as described by Kunst (1998). The upper, large diffuse band

containing broken chloroplasts was removed and the lower band containing

intact chloroplasts was collected and used for chloroplast subfractionation.

Chloroplastic membranes (including thylakoids and envelope membranes)

and stroma were isolated from this fraction of intact chloroplasts according to

Kunst (1998).

Chlorophyll was extracted and quantified as described by Porra et al. (1989).

Confocal Microscopy

Discs (4-mm diameter) were cut from the center portion of the first leaf pairs.

Leaf discs were vacuum infiltrated for 10 min in 4% paraformaldehyde in

phosphate-buffered saline (PBS) and stored at 4�C until stained. Discs were
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washed with PBS twice (30 min each) at room temperature to remove the fixative

and once with 1% Triton X-100 in PBS to permeabilize the tissue. Discs were then

gently shaken overnight at room temperature with purified lipase antibody (1:50)

in PBS containing 1% bovine serum albumin (BSA), washed twice in PBS, and

probed with goat anti-rabbit antibody conjugated to FITC (Sigma; 1:100 in PBS

plus 1% BSA) for 2 h in the dark. Discs were then washed twice with PBS and

mounted on slides in 70% glycerol. Nile Red staining was performed according to

Fowler and Greenspan (1985). Briefly, a stock solution of 0.05% (w/v) Nile Red in

acetone was diluted to2.5 mg/mLin 75% glycerol, vortexed, and added directly to

the tissue section before the coverslip was put in place.

Samples were observed using a Zeiss LSM 510 confocal laser-scanning

microscope attached to an Axiovert inverted microscope.

Electron Microscopy

Segments of tissue (approximately 2 mm2) were cut from the center of first leaf

pairs, vacuum infiltrated in 20 mM sodium phosphate buffer (pH 7.2), and fixed

overnight at 4�C in 4% gluteraldehyde in 20mM sodium phosphate buffer (pH 7.2).

Samples were then washed four times in 20 mM phosphate buffer (pH 7.2),

postfixed in1% osmium tetroxide in 20 mM phosphate buffer (pH 7.2) for 2 h at4�C,

and washed four times in water. They were then dehydrated in a graded series of

acetone, washed four times in 100% acetone, and embedded in Epon-Araldite.

Ultrathin sections (70–90 nm) were stained in lead citrate and uranyl acetate, and

examined with a Philips CM 10 electron microscope operating at 60 kV.

Preparation of Recombinant Fusion Proteins and Lipase
Activity Assay

To obtain recombinant AAD24845 protein, two versions of At2g31690

cDNA were subcloned into the expression vector pMal-c2X (New England

Biolabs), which produces MBP fusion proteins. Full-length cDNA (correspond-

ing to the full-length putative precursor protein) was amplified by PCR using

two primer adapters (U1, TCTTGTCGACATGGCCTTGATCCAAAACCC, SalI

site underlined; D, TAGTAAGCTTTACGCTGACGTTGTACGAAT, HindIII

site underlined) that incorporated restriction sites to facilitate subcloning.

The PCR product was subcloned into pMal-c2X to form pMal-lipF, which

encodes the recombinant fusion protein MBP-LipF. The truncated cDNA

corresponding to the predicted mature form of the protein lacking the predicted

transit peptide was obtained by eliminating the first 162 bp of the full-length

cDNA. This was accomplished by amplification using PCR with primer-

adapters (U2, TCTGTCGACGCACCAGTGATTCTAAATTCTCCGG, SalI site

underlined; D, same as above). The PCR product was subcloned into pMal-c2X

to form pMal-lipS, which encodes the recombinant fusion protein MBP-LipS.

Both constructs were expressed in E. coli and purified according to the

manufacturer’s recommendations.

TAG lipase activity of the recombinant MBP fusion proteins was measured in

vitro. To prepare the recombinant proteins, overnight cultures of each of the E.

coli clones containing pMal-lipF, pMal-lipS, or pMal (empty control vector) were

prepared in 23 yeast extract tryptone (YT) containing 50 mg/mL ampicillin and

0.2% (w/v) Glc. The next day, these cultures were used to inoculate 35 mL of

fresh 23 YT containing 0.2% Glc and incubated at 37�C for 1.5 h. To induce

expression of the recombinant fusion proteins, isopropylthio-b-galactoside was

added to a final concentration of 0.3 mM and incubation continued at 30�C for

3.5 h. Cells were collected by centrifugation, resuspended in 1 mL of lysis buffer

(100 mM Tris, pH 8.0, 150 mM NaCl, and 0.1% Triton X-100), and sonicated. The

lysates were cleared by centrifugation and the soluble extracts were added to

200 mL of amylose resin slurry (New England Biolabs), which had been equili-

brated with lysis buffer. After allowing the MBP fusion proteins to bind for at

least 15 min at 4�C, the amylose resin was washed three times with lysis buffer.

Another 1 mL of lysis buffer was added to the resin and the suspension was

divided into four equal parts. Resin-bound protein was eluted from one aliquot

with 20 mM maltose in lysis buffer for estimating the protein content (Bradford,

1976). Each tube contained approximately 1 mg protein. The other three aliquots

were briefly centrifuged to pellet the resin, the supernatants were withdrawn,

and the resin-bound protein was dried under vacuum. Ten microliters of

trilinolein (18:2) were added to the resin-bound protein and the suspension

was incubated at room temperature for 1 h. Forty microliters of 100 mM Tris-

HCl (pH 7.5) plus 2 mM dithiothreitol were added, the suspension was

vortexed for 15 s, and the reaction incubated overnight at room temperature.

Following overnight incubation, lipids were extracted essentially as de-

scribed by Bligh and Dyer (1959). Briefly, 3 volumes of methanol:chloroform

(2:1) were added, and the suspension was mixed well and incubated for 10 min

at room temperature. One volume of chloroform and 0.8 volumes of 0.73% (w/v)

NaCl were added, and the suspensions were mixed well and centrifuged

briefly. The bottom organic layer was carefully withdrawn, transferred to a

clean tube, and dried under nitrogen. Four hundred microliters of methanol:

chloroform (6:1) were added to redissolve the dry sample. Twenty microliters of

the sample were loaded onto a TLC plate (SIL-G25, 0.25-mm silica gel layer;

Macherey-Nagel), the samples were fractionated by running in a nonpolar

solvent (petroleum ether:diethyl ether:acetic acid; 70:30:1), and lipids were

visualized with iodine. The iodine-stained TLC plate was then scanned with a

densitometer. Alternatively, free fatty acids present in the samples following

the overnight reactions were analyzed using a NEFA-C ACS-ACOD assay kit

(Wako Chemicals), according to the manufacturer’s recommendations. One-

hundred-fifty microliters of each sample were used for the NEFA-C reaction.

In Vitro Translation and Chloroplast Protein
Import Assays

For the purpose of preparing protein to be used for in vitro chloroplast import

assays, cDNA encoding the putative lipase precursor protein was subcloned into

the NheI and SalI recognition sites of pET21B (Novagen) following PCR using

primer adapters, such that the corresponding protein contained its naturally

occurring N terminus. [35S]Met-labeled protein was generated in vitro using a

coupled transcription-translation system containing rabbit reticulocyte lysate

according to the manufacturer’s recommendations (Promega).

Arabidopsis (ecotype Columbia) seedlings were grown on agar plates

supplemented with 0.53 Murashige and Skoog growth medium and 1% (w/v)

Suc as described previously (Smith et al., 2002), and intact chloroplasts were

isolated using a protocol described by Schulz et al. (2004) with minor modi-

fications. Briefly, 20 to 30 g of tissue were harvested from 2- to 3-week-old

seedlings, homogenized in ice-cold grinding buffer (50 mM HEPES-KOH, pH

7.5, 330 mM sorbitol, 2 mM EDTA, 1 mM MgCl2, 1 mM MnCl2, 50 mM ascorbic acid,

0.25% [w/v] BSA) using a PowerGen homogenizer (Fisher Scientific), and

filtered through two layers of Miracloth. The filtrate was centrifuged at 1,000g

for 8 min (JLA 10.5 rotor; Beckman-Coulter). The pellet was resuspended in

8 mL of grinding buffer and layered onto two Percoll step gradients as described

(Smith et al., 2002). The gradients were centrifuged in a swinging-bucket rotor

(JS13.1; Beckman-Coulter) at 7,700g for 15 min with slow acceleration and

deceleration. Intact chloroplasts collected from the 85%-40% Percoll interface

were washed in high-salt (HS) buffer (50 mM HEPES-KOH, pH 7.5, 330 mM

sorbitol) and pelleted by centrifugation.

In vitro chloroplast import assays were performed essentially as described in

Smith et al. (2002). Reaction mixtures contained freshly prepared, intact chloro-

plasts equivalent to 50 mg of chlorophyll, 50 mM HEPES-KOH, pH 7.5, 330 mM

sorbitol, 5 mM magnesium acetate, 25 mM potassium acetate, 1 mM dithiothreitol,

1 mM GTP, 5 mM ATP, 10 mM Met, 4 mL of [35S]Met-labeled lipase precursor

protein, and HS buffer to a final volume of 100 mL. Import reactions were allowed

to proceed for 30 min at 26�C, reactions were stopped with the addition of 400 mL

of ice-cold HS buffer, and chloroplasts were reisolated through a 40% Percoll

cushion. The recovered chloroplasts were resuspended in 100 mL of HS buffer

containing 2 mM CaCl2 and were treated without or with 100 mg/mL thermolysin

for 30 min on ice. The reaction was stopped with the addition of EDTA to a final

concentration of 20 mM and the chloroplasts were recovered by centrifugation

of the reaction mixture for 5 min at 2,000g. Chloroplast proteins were resolved

by SDS-PAGE and radiolabeled proteins were detected in dried gels using a

phosphor imager (Typhoon; Amersham Biosciences).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers NP_180727, AAY78709, and AAD24845.
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