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Glycerol-3-phosphate acyltransferase (GPAT) is involved
in the first step in glycerolipid synthesis and is localized in
both the endoplasmic reticulum (ER) and mitochondria.
To clarify the functional differences between ER-GPAT
and mitochondrial (Mt)-GPAT, we generated both GPAT
mutants in C. elegans and demonstrated that Mt-GPAT is
essential for mitochondrial fusion. Mutation of Mt-GPAT
caused excessive mitochondrial fragmentation. The defect
was rescued by injection of lysophosphatidic acid (LPA), a
direct product of GPAT, and by inhibition of LPA acyltrans-
ferase, both of which lead to accumulation of LPA in the
cells. Mitochondrial fragmentation in Mt-GPAT mutants
was also rescued by inhibition of mitochondrial fission
protein DRP-1 and by overexpression of mitochondrial
fusion protein FZO-1/mitofusin, suggesting that the
fusion/fission balance is affected by Mt-GPAT depletion.
Mitochondrial fragmentation was also observed in
Mt-GPAT-depleted HeLa cells. A mitochondrial fusion
assay using HeLa cells revealed that Mt-GPAT depletion
impaired mitochondrial fusion process. We postulate from
these results that LPA produced by Mt-GPAT functions not
only as a precursor for glycerolipid synthesis but also as
an essential factor of mitochondrial fusion.
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Introduction

Glycerolipids, which include phospholipids and triacylglycer-
ol, are ubiquitous and important biological components.
Phospholipids are the major constituents of biological mem-
branes, playing important roles in multiple cellular processes
including maintenance of the cellular permeability barrier,
regulation of the activities of proteins associated with the
membrane, and regulation of intracellular signalling by ser-
ving as precursors of signalling molecules (Dowhan, 1997).
Triacylglycerol is a major storage form of energy, as well
as being a major component of secreted lipoproteins.
The biosynthetic pathways for these glycerolipids have
been well established (Kent, 1995; Dowhan, 1997). The
initial and rate-limiting step of glycerolipid synthesis is the
acylation of glycerol-3-phosphate (G3P) with long-chain fatty
acyl-CoA to form lysophosphatidic acid (LPA). This reaction
is catalysed by glycerol-3-phosphate acyltransferase (GPAT)
(Coleman et al, 2000; Wendel et al, 2009). LPA is further
acylated by LPA acyltransferase (LPAAT) located at the
ER to form phosphatidic acid (PA), a common precursor for
phospholipid and triacylglycerol synthesis (Coleman and Lee,
2004; Takeuchi and Reue, 2009). To date, four mammalian
GPATs have been identified and classified into two groups
based on sequence homology and subcellular localization
(Figure 1A; Gimeno and Cao, 2008; Wendel et al, 2009).
GPAT1 and GPAT2 are mitochondrial GPATs that are localized
to the mitochondrial outer membrane, and GPAT3 and GPAT4
are microsomal GPATs that are localized to the endoplasmic
reticulum (ER) membrane (Gimeno and Cao, 2008;
Wendel et al, 2009). All four of these GPATs are members of
the AGPAT (1-acyl-sn-glycerol-3-phosphate acyltransferase)
family that contain four conserved AGPAT motifs (Neuwald,
1997). Mitochondrial GPAT1 knockout (GPAT1~/~) mice
(Hammond et al, 2002) and microsomal GPAT4 knockout
(GPAT4~/~) mice (Vergnes et al, 2006) exhibited reduced
triacylglycerol content in the liver. GPAT4 /~ mice also
showed large reductions in the triacylglycerol contents in
adipose tissue, subdermal fat, and milk (Beigneux et al,
2006; Vergnes et al, 2006), while GPAT1 ~/~ mice showed
increased hepatic fatty acid oxidation and altered insulin
resistance when fed a high fat diet (Hammond et al,
2005; Neschen et al, 2005; Yazdi et al, 2008). Significant
GPAT activity remains in the mitochondrial and microsomal
fractions in the GPAT1 /~ and GPAT4 /~ mice,
respectively, suggesting that GPAT2 and GPAT3 compensate
for the functions of mitochondrial and microsomal GPATs in
mice (Lewin et al, 2004; Chen et al, 2008; Nagle et al, 2008).
However, the effects of knocking out both mitochondrial
GPATs (GPAT1 and GPAT2) or both microsomal GPATs
(GPAT3 and GPAT4) have not yet been examined.

Most of the enzymes of glycerolipid biosynthesis reside in
the ER membrane, but GPATs are also located on the mito-
chondrial outer membrane, which raises a question: Why is
LPA synthesized in both mitochondria and ER? To answer this
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Figure 1 C. elegans GPATs, acl-4, acl-5, and acl-6, contribute to triacylglycerol synthesis. (A) In mammals and C. elegans, glycerol-3-phosphate
acyltransferases (GPATs) are located on both the outer mitochondrial membrane (mitochondrial GPAT) and endoplasmic reticulum (ER)
(microsomal GPAT) to produce lysophosphatidic acid (LPA). LPA is further converted into phosphatidic acid (PA), a precursor of triacylglycerol
and membrane phospholipids, by LPA acyltransferases (LPAATs) which are localized in the ER membranes. Mammalian mitochondrial GPATSs,
GPAT1 and GPAT2, correspond to C. elegans ACL-6. Mammalian microsomal GPATs, GPAT3 and GPAT4, correspond to C. elegans ACL-4 and
ACL-5. C. elegans LPAATs are ACL-1 and ACL-2. (B-D) Genomic structures of ER-GPAT (acl-4 and acl-5) (B), Mt-GPAT (acl-6) (C) and LPAAT
(acl-1 and acl-2) (D). Grey boxes indicate exons and white boxes indicate 5" and 3’ untranslated regions. The extent of deletion in acl-4(xh10),
acl-5(xh19), acl-6(tm3396 and tm3452), acl-1(tm3289), and acl-2(tm3246) are indicated by horizontal double arrows. The positions of the
predicted conserved lysophospholipid acyltransferase motifs, characteristic of AGPAT family members, are shown in yellow lines. (E) GPAT
activity in the membrane fractions of wild-type and the indicated acl mutants. [**C]Palmitoyl-CoA (40 uM) and glycerol-3-phosphate (G3P)
(800 uM) were used. We could not measure GPAT activity of the worms lacking both ER-GPAT and Mt-GPAT double mutants (acl-6;acl-4 acl-5
trlple mutants) because they were lethal. (F) Triacylglycerol contents of wild-type and the indicated ac! mutants. (G) Incorporation
of [**C]palmitic acids into neutral lipid fractions of the living worms. The amount of incorporation was expressed as the percentage of
radioactivity incorporated into total lipids. (H) Phospholipids contents of wild-type and the indicated acl mutants. Each bar represents the
mean £ s.e.m. of at least three independent experiments. *P<0.05, **P<0.01, ***P<0.001 (Student’s t test).

question, a comprehensive mutational analysis of GPATs
would be useful. The C. elegans genome contains two micro-
somal GPATs (acl-4, acl-5), and one mitochondrial GPAT
(acl-6) (Figure 1A). To understand the functional differences
of the two types of GPAT, we generated C. elegans deletion
mutants of mitochondrial and microsomal GPATs.
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Mitochondria are essential organelles in most eukaryotic
cells that are involved in several metabolic pathways,
cell signalling, and apoptosis. Mitochondria undergo
dynamic changes in morphology through continual fission
and fusion, which is essential for maintenance of mitochon-
drial function and to adapt mitochondria to cellular needs
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(Detmer and Chan, 2007). The balance of fission and fusion
determines the overall mitochondrial morphology. When
mitochondrial fusion is reduced, mitochondria fragment
due to ongoing fission; conversely, mitochondria are long
and overly interconnected when this balance shifts towards
fusion (Smirnova et al, 1998, 2001; Chen et al, 2003;
Eura et al, 2003; Santel et al, 2003). Genetic studies in
D. melanogaster and S. cerevisiae have led to the
identification of components that regulate mitochondrial
dynamics (Okamoto and Shaw, 2005; Westermann, 2008;
Hoppins and Nunnari, 2009). These include the mitofusin
(Mfn), which is involved in mitochondrial fusion, and Drpl,
which is involved in mitochondrial fission. Mfn is a large
transmembrane GTPase localized in the mitochondrial outer
membrane (Santel and Fuller, 2001; Rojo et al, 2002; Chen
et al, 2003; Eura et al, 2003; Santel et al, 2003; Ishihara et al,
2004), whereas Drpl is a cytosolic dynamin-related GTPase
that is associated with the mitochondrial outer membrane at
sites of fission (Smirnova et al, 1998, 2001). These molecules
are evolutionarily conserved in eukaryotic organisms
including human and C. elegans.

Here, we show that depletion of mitochondrial GPAT in
C. elegans causes mitochondrial fragmentation. This defect is
most probably induced by impaired mitochondrial fusion.
We also demonstrate that injection of LPA, a direct product
of GPAT, into cells rescues the mitochondrial defect in the
mitochondrial GPAT mutants. We propose, from these
results, that in addition to functioning as a precursor of
glycerolipid synthesis, LPA produced by mitochondrial
GPAT plays an important role in regulating mitochondrial
dynamics.

Results

Identification of microsomal and mitochondrial

GPAT in C. elegans

A search of the C. elegans genome for proteins with four
conserved AGPAT motifs yielded 14 proteins (acl-1-14)
(Imae et al, 2010). Among these genes, acl-4 and acl-5 are
homologous to microsomal GPATs (GPAT3 and GPAT4) and
show 45-60% identity to human GPAT3 and GPAT4
(Figure 1A; Supplementary Figure S1A). acl-6 is a sole
C. elegans homologue of mitochondrial GPATs (GPAT1 and
GPAT2) and shows about 30% identity to human GPAT1 and
GPAT2  (Figure 1A; Supplementary Figure S1B).
As expected from the sequence homology, acl-4 and acl-S
gene products colocalized with an ER marker (calnexin)
(Supplementary Figure S2A-F), but not with a mitochondrial
marker (MitoTracker) (Supplementary Figure S2J-O) when
expressed in mammalian cells. In contrast, the acl-6
gene product colocalized with a mitochondrial marker in
mammalian cells (Supplementary Figure S2P-R) and also in
C. elegans muscle cells (Supplementary Figure S2S-U).

Generation of GPAT mutants

To address the in vivo functions of LPA-producing enzymes,
we isolated deletion mutants of all GPATs by PCR-
based screening of UV-TMP-mutagenized libraries. The
acl-4(xh10) allele had a deletion that causes a frameshift
resulting in a premature stop codon (Figure 1B). The
acl-5(xh19) allele lacked the translation initiation codon
(Figure 1B). Both alleles lacked the conserved AGPAT motifs
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that are essential for enzyme activity. Two deletion alleles of
acl-6, tm3396, and tm3452, caused a frameshift leading
to a premature stop codon (Figure 1C). Both tm3396 and
tm3452 appeared to be null or strong loss-of-function alleles
because inhibition of acl-6 by RNAi failed to enhance the
acl-6 mutant phenotypes described below. Because
acl-6(tm3396) and acl-6(tm3452) were phenotypically
indistinguishable, we used acl-6(tm3396) mutants in subse-
quent experiments.

In acl-4 acl-S5 double mutants (hereafter, referred to as
‘ER-GPAT mutants’), GPAT activity in the membrane fraction
was reduced to 25% of the level in the wild type (Figure 1E)
and the triacylglycerol level was reduced to 46% of the level
in the wild type (Figure 1F). Incorporation of supplemented
["*C]palmitic acid into the triacylglycerol fraction was also
reduced in ER-GPAT mutants (Figure 1G). In contrast, no
reductions in GPAT activity, the triacylglycerol level, or
incorporation of [**C]palmitic acid into triacylglycerol were
observed in acl-6 mutants (‘Mt (mitochondrial)-GPAT mu-
tants’) (Figure 1E-G). However, in the ER-GPAT mutant
background, knockdown of Mt-GPAT significantly reduced
the incorporation of ['*C]palmitic acid into triacylglycerol
(Figure 1G). These data indicate that ER-GPAT and Mt-GPAT
complement each other to maintain triacylglycerol synthesis
in C. elegans.

On the other hand, the amount of phospholipids, the other
final products of glycerolipid synthesis, was not affected in
either ER-GPAT mutants or Mt-GPAT mutants (Figure 1H).
Mutants lacking both mitochondrial and microsomal GPATs
(acl-6; acl-4 acl-S triple mutants) did not survive (Table I;
Supplementary Table S1A, see Materials and methods for
details).

Mitochondrial GPAT, acl-6, is required for oogenesis

in C. elegans

Single mutants with acl-4 or acl-5, and acl-4 acl-5 double
mutants (ER-GPAT mutants) were viable and showed no
detectable abnormalities in viability, growth, morphology,
or motility under a dissecting microscope (Table I, ER-GPAT
mutants). In contrast, 18% of acl-6 mutants (Mt-GPAT
mutants) died during late embryogenesis (Table I, Mt-GPAT
mutants, Emb). Hatched Mt-GPAT mutants developed
normally to the adult stage; however, about 70% of these
animals were sterile (Table I, Mt-GPAT mutants, Ste). The
embryonic lethality and sterility of Mt-GPAT mutants were
efficiently rescued by expression of acl-6 cDNA under the
control of its own promoter (Table I, acl-6(tm3396); Ex[Pacl-
6::acl-6::gfp]).

We then focused on the reproductive system of Mt-GPAT
mutants. The gonadal arm of the adult hermaphrodite is
U shaped, with a distal arm composed of a syncytium of
germline nuclei and a proximal arm containing oocytes and
fertilized eggs (Figure 2A; Hubbard and Greenstein, 2005;
Kimble and Crittenden, 2005). Germ cells proliferate
mitotically in the distal-most region, and as they migrate
proximally, they enter meiotic prophase in the transition zone
(Hubbard and Greenstein, 2005; Kimble and Crittenden,
2005). In Mt-GPAT mutants, the U-shaped gonad was
reduced in size and contained no oocytes in the proximal
position, while the morphology of the vulva, an egg-laying
apparatus, appeared normal (Figure 2B). DAPI staining of
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Table I Phenotypic consequences of C. elegans GPAT and LPAAT mutants

Strain Emb (%) Larval arrest (%) Ste (%)? Brood size
Wild type <1 <1 0 326122 (n=20)
ER-GPAT mutants

acl-4(xh10) <1 <1 0 28629 (n=20)

acl-5(xh19) <1 <1 0 323124 (n=20)

acl-4(xh10) acl-5(xh19) <1 <1 0 303+21 (n=20)
Mt-GPAT mutants

acl-6(tm3396) 18.0 (n=1649) <1 74.0 (n=169) 141 + 80P (n=20)

acl-6(tm3452) 16.9 (n=767) <1 64.3 (n=185) 66+39° (n=20)

acl-6(tm3396); Ex[Pacl-6::acl-6::gfp] 3.8 (n=394) <1 2.7 (n=74) 172+ 70° (n=20)
ER and Mt-GPAT mutants

acl-6(tm3396); acl-4(xh10) acl-5(xh19) 100°(Emb + larval arrest) ND ND
LPAAT mutants

acl-1(tm3289) <1 <1 0 309+32 (n=20)

acl-2(tm3246) <1 <1 0 298£50 (n=18)

acl-2(tm3246); acl-1(tm3289) 100°(Emb + larval arrest) ND ND
ER-GPAT-LPAAT mutants

acl-4(xh10) acl-5(xh19) acl-1(tm3289) 6.4 (n=299) <1 0 293+30 (n=20)

acl-2(tm3246); acl-4(xh10) acl-5(xh19) 4.2 (n=7528) <1 0 304+45 (n=19)
Mt-GPAT-LPAAT mutants

acl-6(tm3396); acl-1(tm3289) 13.1 (n=727) <1 31.7 (n=145) 160+ 101° (n=20)

acl-2(tm3246) acl-6(tm3396) 19.2 (n=266) <1 51.3 (n=150) 143 +86° (n=20)

All strains were raised at 20°C.*Worms were scored as sterile if no eggs were produced.
PAverage brood size of worms producing more than one egg. Note that complete sterile worms were excluded from the count.
“Triple mutation of GPAT (acl-4, acl-S, and acl-6) and double mutation of LPAAT (acl-1 and acl-2) were synthetic lethal including embryonic

lethal and early larval arrest. Also see the Supplementary Table.

Mt-GPAT mutants also revealed a reduction in the number of
germ cells in the mitotic and transition zone and an absence
of oocytes at the diakinesis stage (Figure 2C and D). These
data indicate that mitochondrial GPAT, acl-6, is required for
normal oogenesis.

Deletion of Mt-GPAT causes abnormal mitochondrial
morphology

We next examined the mitochondrial morphology of Mt-GPAT
mutants by staining with MitoTracker. In wild-type gonads, a
meshwork-like structure of mitochondria was observed
around the germ cell nuclei (Figure 3A), as reported
previously (Labrousse et al, 1999; Pitt et al, 2000). In
Mt-GPAT mutant gonads, a meshwork-like structure was
lost and the MitoTracker staining was faint (Figures 3B and
41). Thin-section transmission electron microscopy (TEM)
revealed that Mt-GPAT mutants lacked mitochondria with
normal morphology, but had swollen and abnormal struc-
tures that were not present in wild-type gonads (Figure 3E
and F, white arrowhead). Because impaired mitochondrial
function causes sterility in C. elegans (Artal-Sanz et al, 2003;
Bratic et al, 2009), mitochondrial abnormality in the Mt-GPAT
mutants may lead to sterility at the adult stage.

In the wild type, muscle cell mitochondria were tubular
and elongated and ran parallel to the myofibrils as previously
reported (Figure 3C; Labrousse et al, 1999), while in the
Mt-GPAT mutants, they were fragmented and disorganized
(Figures 3D and 4J). We also examined the mitochondrial
morphology in Mt-GPAT mutants by expressing mitoGFP in
the wall muscle cells. Mitochondria observed with mitoGFP,
like those observed with MitoTracker, were significantly

1268 The EMBO Journal VOL 32 | NO 9 | 2013

fragmented in Mt-GPAT mutants (Supplementary Figure S3).
The mitoGFP fluorescence mostly matched the Mitotracker
stain, indicating that fragmented mitochondria still maintain
membrane potential. MitoGFP also detected very small por-
tions of mitochondria that were not detected by Mitotracker
(Supplementary Figure S3, arrowhead). TEM analysis
showed that mitochondria of the Mt-GPAT mutants were
short and round (Figure 3H, arrowheads), whereas those of
wild-type muscle were long and tubular (Figure 3G, arrows).
We measured the rates of thrashing, readouts for muscle
activity, and found that the Mt-GPAT mutation reduced
thrashing rates by 78% compared to the wild type
(Supplementary Figure S4).

We conducted cell-specific rescue experiments to confirm
the cell autonomy of Mt-GPAT (acl-6) function. The fragmented
mitochondria in muscle cells were rescued by expression of acl-
6 in the muscle cells (under myo-3 promoter), but not by
expression in the intestine cells (under ges-I promoter)
(Supplementary Figure S5A-C), indicating that acl-6 functions
cell autonomously to maintain mitochondrial morphology.

Next, we determined whether GPAT activity of Mt-GPAT is
required for maintaining mitochondrial morphology.
Essential amino-acid residues for the catalytic activity have
been identified in mammalian GPAT1 (Dircks et al, 1999).
Then, we generated transgenic worms expressing GFP-tagged
human GPAT1 (acl-6 [Pmyo-3::hgpatl (WT)::GFP]) or
catalytically inactive hGPAT1 (arginine 318 to alanine;
R318A) (acl-6 [Pmyo-3::hgpatl (R318A)::GFP]). As shown in
Figure 3K, the membrane fractions of HEK293 cells
expressing hGPAT1 (R318A)-FLAG did not show increased
GPAT activity compared with those of hGPAT1 (WT).

©2013 European Molecular Biology Organization
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Figure 2 Mt-GPAT mutants show defects in oogenesis. (A, B) Nomarski images and schematic diagrams of the adult hermaphrodite gonads of
wild-type (A) and Mt-GPAT (acl-6) mutant (B). (C, D) DAPI-stained images of adult hermaphrodite gonads of wild-type (C) and Mt-GPAT
(acl-6) mutant (D). (Insets) Enlargement of the boxed regions: transition states (a, d), pachytene nuclei (b, e), diplotene nuclei (f), and

diakinesis nuclei (c). Scale bars, 20 um.

Mitochondrial fragmentation in Mt-GPAT mutants was res-
cued in hGPAT1 (WT)-expressing cells (Figure 3I), but not in
hGPAT1 (R318A)-expressing cells (Figure 3J). Thus, GPAT
activity of Mt-GPAT is required for normal mitochondrial
morphology.

LPA is required for normal mitochondrial morphology

The finding that GPAT activity was required for normal
mitochondrial morphology indicated that LPA, a product of
GPAT, or the downstream metabolites in glycerolipids synth-
esis pathway is involved in mitochondrial morphology. Then,
we conducted RNAi knockdown of 80 genes whose homo-
logues are reported to be involved in phospholipid synthesis
and lipid transfer in other species (Supplementary Table S2)
in Mt-GPAT (acl-6) mutants. Interestingly, we found that
inhibition of acl-1 rescued the sterility (Figure 4A-C) and
abnormal mitochondrial morphology (Figure 4E-J). acl-1
encodes a homologue of mammalian LPAAT, which catalyses
the conversion of LPA to PA (Figure 1A; Supplementary
Figure S1C). The acl-1 mutation reduced LPAAT activity to
17% of that in the wild type (Figures 1D and 4D), and caused
no detectable abnormalities (Table I, LPAAT mutants). The
acl-1 mutation rescued both abnormal MitoTracker staining
in the gonad and abnormal mitochondrial morphology in
muscle cells of Mt-GPAT mutants (Figure 4E, F, I and J). TEM
analysis also showed that acl-1 mutation restored normal
mitochondrial morphology in Mt-GPAT mutants (Figure 4G
and H). Two human LPAAT isoforms have been cloned
(Figure 1A), and we identified acl-2 as another homologue
of mammalian LPAAT. Although the acl-2 mutation did not

©2013 European Molecular Biology Organization

significantly reduce the in vitro LPAAT activity (Figures 1D
and 4D), double mutations of acl-1 and acl-2 resulted in lethal
phenotypes (Table I; Figure 1D; Supplementary Table S1B),
suggesting that acl-1 and acl-2 cooperatively function as
LPAAT. The acl-2 mutation also rescued the sterility of Mt-
GPAT mutants, but to a lesser extent than did the acl-I
mutation (Figure 4C).

Since reduction in LPAAT activity is assumed to increase
the level of LPA in the cells by suppressing the conversion of
LPA to PA (Figure 1A), we hypothesized that an increased
level of LPA, a direct product of GPAT reaction, could rescue
the mitochondrial defects of Mt-GPAT mutants. To test this
hypothesis, we injected LPA directly into the gonad of
Mt-GPAT mutants. When a solution is injected into the C.
elegans gonad, it spreads within the cytoplasm and directly
reaches the organelles of germ cells because the gonad is a
syncytium where germ nuclei share the cytoplasm (Hubbard
and Greenstein, 2005). About 80% of non-treated or
vehicle-injected Mt-GPAT mutants showed faint MitoTracker
staining in the gonad (Figure SA and J). By injection of
1-palmitoyl-2-hydroxy-sn-glycerol-3-phosphate, a molecular
species of LPA, into the gonad, about half of the Mt-GPAT
mutants showed normal meshwork-like MitoTracker staining
(Figure 5B and J). Injection of other lyosphospholipids such
as lysophosphatidylcholine and lysophosphatidylserine did
not rescue the abnormal mitochondrial staining (Figure 5C,
D, and J). Since LPA is a metabolically active intermediate of
glycerolipid synthesis, it can be hydrolysed at the bond
between phosphate and the glycerol backbone to form
monoacylglycerol, or it can be acylated at the sn-2 position

The EMBO Journal
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Figure 3 Mt-GPAT deficiency causes defects in mitochondrial morphology. (A, B) MitoTracker staining of germ cells in wild-type (A) and
Mt-GPAT (acl-6) mutant (B). N: nuclei. Scale bars, 5pum. (C, D) MitoTracker staining of wild-type (C) and Mt-GPAT (acl-6) mutant (D). Body
wall muscle cells are outlined with lines. Scale bars, 10 pm. (E, F) Transmission electron micrographs of germ cells in wild-type (E) and
Mt-GPAT (acl-6) mutant (F). Arrowheads indicate the mitochondria with normal morphology. A white arrowhead indicates a swollen and
abnormal mitochondrial-like structure. Scale bars, 200 nm. (G, H) Transmission electron micrographs of body wall muscle cells in wild-type
(G) and Mt-GPAT (acl-6) mutant (H). Arrows indicate long and tubular mitochondria and arrowheads indicate short and round mitochondria.
Scale bars, 200 nm. (I, J) Mt-GPAT (acl-6) mutants expressing hGPAT1 (WT):: GFP (I) or hGPAT1 (R318A):: GFP (J) translational fusion protein
in body wall muscle cells using a myo-3 promoter were stained with MitoTracker. Body wall muscle cells are outlined with lines. Scale bars,
10 pum. (K) Glycerol-3-phosphate acyltransferase (GPAT) activity in the membrane fractions of HEK293 cells expressing hGPAT1(WT)-FLAG or
hGPAT1(R318A)-FLAG. ['*C]Palmitoyl-CoA (40uM) and glycerol-3-phosphate (G3P) (800uM) were used. Activities of mutant forms are
expressed as percentages of wild-type activity. The values represent the mean *+s.e.m. of four independent experiments. The insets show
immunoblots of HEK 293 cells expressing GPAT1(WT)-FLAG or GPAT1(R318A)-FLAG after fractionation into membrane fraction.

to form PA. However, these metabolites did not rescue the
mitochondrial staining (Figure 4E, F, and J). We also injected
metabolically stabilized LPA analogues such as 1-oleoyl-2-O-
methyl-glycerophosphothionate (OMPT), XY-26, and XY-47
(Supplementary Figure S6B-E; Xu et al, 2005). OMPT,
in which the hydroxy group and the phosphate are
converted to an O-methoxy group and a phosphothionate,
is an acyltransferase- and phosphatase-resistant analogue.
XY-26 is a phosphatase-resistant LPA analogue in which the
bridging oxygen in the mono phosphate is replaced by an
a-monofluoromethylene (-CF-) moiety. XY-47 is an alkyl LPA
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in which the sn-1 O-acyl group is replaced by an O-alkyl
ether, and is resistant to phospholipase A. We found that all
these LPA analogues suppressed the mitochondrial defects
(Figure 6G-J). Although these LPA analogues may have
ability to suppress LPAAT activity, which also rescues the
mitochondrial defects in Mt-GPAT mutants (see Figure 4E),
we found that these analogues did not inhibit LPAAT
activity (Supplementary Figure S6A). These results, together
with the genetic rescue by the LPAAT mutation, strongly
suggest that LPA is required for normal mitochondrial
morphology.

©2013 European Molecular Biology Organization
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Figure 4 Mitochondrial defects of Mt-GPAT mutants are suppressed by LPAAT (acl-1) mutation. (A, B) Photographs of Mt-GPAT (acl-6) mutants
subjected to mock (A) or acl-I RNAI (B). Note that Mt-GPAT (acl-6) mutants produced progeny when they were subjected to acl-1 RNAi (arrowheads).
Scale bars, 1 mm. (C) The percentage of sterile worms in each strain. acl-2; acl-1 double mutants that lack both LPAATs were lethal. Each bar represents
the mean + s.e.m. of at least three independent experiments (> 50 for each experiment). *P<0.05, **P<0.01 (Student’s ¢ test). (D) LPA acyltransferase
activity in the membrane fractions of wild-type, acl-1 mutants, and acl-2 mutants. 1-oleoyl lysophosphatidic acid (40 uM) and [**C]oleoyl-CoA (12.5 uM)
were used. Each bar represents the mean + s.e.m. of at least three independent experiments. *P<0.05 (Student’s t-test). (E, F) MitoTracker staining of
germ cells (E) and body wall muscle cells (F) in acl-6; acl-1 double mutants. Body wall muscle cells are outlined with lines. Scale bars, 5 um (germ cells)
and 10 um (muscle cells). (G, H) Transmission electron micrographs of germ cells (G) and body wall muscle cells (H) in acl-6; acl-1 double mutants.
Arrowheads indicate the mitochondria with normal morphology and arrows indicate long and tubular mitochondria. Scale bars, 200nm. (I) The
percentage of worms with mitochondrial defects in germ cells evaluated by MitoTracker stain. The experiment was repeated three times (1> 20 for each
experiment). Bars, mean+s.em. (J) The bar graph shows the relative frequencies of worms with fragmented, partially fragmented or tubular
mitochondria in each strain. The experiment was repeated three times (n>20 for each experiment). Bars, mean * s.e.m.
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Figure 5 Injection of LPA into germ cells suppresses the mitochondrial defects in Mt-GPAT mutants. (A-I) Mt-GPAT (acl-6) mutants were
injected with each lipid into the gonad, and stained with MitoTracker. Germ cells stained with MitoTracker are shown. Scale bars, 10 um. (J)
The percentage of worms with mitochondrial defects in germ cells. The experiment was repeated three times (1n>20 for each experiment).
Bars, mean +s.e.m. *P<0.05, **P<0.01 (Student’s t-test compared to TE injection).

Abnormal mitochondrial morphology in Mt-GPAT
mutants is suppressed by drp-1 RNAi

Proper mitochondrial morphology results from a balance
between fission and fusion, which compete against each
other (Sesaki and Jensen, 1999; Hoppins and Nunnari,
2009). Mitochondrial fragmentation that we observed in
Mt-GPAT mutant muscle cells (Figure 3D and H) led us to
hypothesize that Mt-GPAT inhibition reduces fusion. Studies
in S. cerevisiae and mammals have demonstrated that defects
in mitochondrial fusion can be ameliorated by mutations in
genes required for mitochondrial fission and vice versa. We
knocked down the expression of the pro-fission protein Drpl
in Mt-GPAT mutants. As a control, we checked mitochondrial
morphology in mutants of a pro-fusion protein Mfn (fzo-1I
mutants). The fzo-1 mutation caused fragmented mitochon-
dria in the muscle cells, which was suppressed by drp-1 RNAi
(Supplementary Figure S7A and B), as reported previously
(Ichishita et al, 2008). The fzo-I mutation also reduced
MitoTracker staining in the gonad, which was recovered by
drp-1 RNAi (Supplementary Figure S7C and D). In Mt-GPAT
mutants, drp-1 RNAI significantly suppressed both fragmen-
ted mitochondria of muscle cells and MitoTracker staining of
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the gonad (Figure 6A-E). Furthermore, overexpression of
fzo-1 suppressed the fragmented mitochondria of muscle
cells in Mt-GPAT mutants (Figure 6F-I). These results indi-
cate that Mt-GPAT inhibition reduces fusion and/or enhances
fission, leading to abnormal mitochondrial morphology.
drp-1 RNAi did not rescue significantly the oogenesis defect
of Mt-GPAT mutants (Supplementary Figure S8). Although
mitochondrial morphology is apparently rescued by drp-I
RNAi, mitochondrial function may not be restored enough to
rescue the fertility. Alternatively, LPA produced by Mt-GPAT
may have an as yet unknown function in oogenesis.

Although acl-1 mutation, which may raise the intracellular
LPA level, rescued mitochondrial fragmentation caused by
fzo-1 RNAIi (Figure 6J-L), it did not rescue mitochondrial
fragmentation caused by fzo-I mutation (Supplementary
Figure S7E), suggesting that LPA acts on the fzo-1-dependent
mitochondrial fusion.

Knockdown of Mt-GPAT leads to mitochondrial
fragmentation in Hela cells

To determine whether Mt-GPAT is required for mitochondrial
morphology in mammals, we used HeLa cells in which

©2013 European Molecular Biology Organization
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Figure 6 Inhibition of Drpl rescues the mitochondrial defects in Mt-GPAT mutants. (A-D) MitoTracker staining of body wall muscle cells (A,
B) and germ cells (C, D) in Mt-GPAT (acl-6) mutants subjected to mock or drp-1 RNAi. Body wall muscle cells are outlined with lines. Scale
bars, 10 um. (E) The percentage of worms with the mitochondrial defects in germ cells evaluated by MitoTracker stain. Each bar represents the
mean * s.e.m. of three independent experiments (1> 20 for each experiment). **P<0.01 (Student’s t-test). (F-I) MitoTracker staining of body
wall muscle cells in wild-type (F, H) and Mt-GPAT (acl-6) mutants (G, I) expressing the C. elegans mitofusin homologue, FZO-1. FZO-1::GFP
was specifically expressed in body wall muscle cells using a myo-3 promoter. Body wall muscle cells are outlined with lines. Scale bars, 10 um.
(J-L) MitoTracker staining of body wall muscle cells in wild-type (J) or acl-1 mutants (K) subjected to fzo-1 RNAi. Body wall muscle cells are
outlined with lines. Scale bars, 10 um. The bar graph shows the relative frequencies of worms with fragmented, partially fragmented or tubular
mitochondria in each strain. The experiment was repeated three times (n>30 for each experiment). Bars, mean +s.e.m. (L).

GPAT1 was a major mitochondrial GPAT isoform (Supple-
mentary Figure S9A). In cells transfected with GPAT1 siRNA
duplex, the GPAT1 mRNA level was reduced to 24% of the
level in control siRNA-transfected cells at 72 h after transfec-
tion (Supplementary Figure S9B). In control cells, mitochon-
dria visualized by MitoTracker were characterized by a
network of extended wavy tubules throughout the cytoplasm
(Figure 7A). In contrast, mitochondria appeared as punctate
structures in GPAT1-depleted cells (Figure 7B). In electron
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micrographs, mitochondrial networks appeared to be
collapsed to form small and fragmented mitochondria in
GPAT1-depleted cells, while mitochondria were long and
tubular in control cells (Figure 7C and D). Quantitative
analysis of electron micrographs revealed that the mitochon-
drial aspect ratio was smaller in GPAT1-depleted cells than in
control cells (Figure 7E). The mitochondrial membrane
potential and the ratio of mitochondrial DNA: nuclear DNA
were not changed in GPAT1-depleted cells (Supplementary
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Figure 7 Mt-GPAT is required for mitochondrial fusion in HeLa cells. (A, B) HeLa cells were transfected with control (A) or Mt-GPAT (GPAT1)
siRNA (B), and stained with MitoTracker and DAPI. White boxes indicate regions enlarged in insets. Scale bars, 10 um. (C, D) Transmission
electron micrographs of HeLa cells, transfected with control (C) or Mt-GPAT (GPAT1) siRNA (D). Arrowheads indicate mitochondria. Scale
bars, 500 nm. (E) Mitochondrial length was determined by analysing the aspect ratio (length of major axes/minor axes). Data are shown as
mean ts.em. ***P<0.001 (Student’s t-test). (F-I) HeLa cells were treated with siRNA against the indicated genes and stained with
MitoTracker and DAPI. Scale bars, 10 um. (J-L) HeLa cells expressing su9-GFP or su9-RFP (Taguchi et al, 2007) were coplated, fused with
PEG1500 and imaged after 8 h. Confocal images of representative cells transfected with control (J) or Mt-GPAT (GPAT1) siRNA (K). Scale bars,
20 um. The bar graph shows the relative frequencies of full, partial, and almost no fusion for each siRNA-treated cell. The experiment was
repeated three times. Bars, mean £ s.e.m. (L).

Figure S9C and D). These results suggest that mitochondrial Mitochondrial fragmentation in GPAT1-depleted cells was
fragmentation in GPAT1-depleted cells was not caused by a suppressed by knockdown of either Drpl or LPAATs (LPAAT1
loss of mitochondrial function. and LPAAT2) as it was in C. elegans Mt-GPAT mutants
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(Figure 7F-I; Supplementary Figure S10). To address whether
the fragmented mitochondria are the result of reduced fusion
of mitochondria, we performed a mitochondrial fusion assay
by using a cell fusion technique with polyethylene glycol
(PEG) (Chen et al, 2003). When cells expressing
mitochondrially targeted GFP were fused with cells
expressing mitochondrially targeted RFP by using PEG,
most of the fused cells contained extensively fused mito-
chondria as demonstrated by colocalization of green and red
fluorescent signals (Figure 7J). In contrast, GPAT1-depleted
cells showed reduced mitochondrial fusion activity, that is,
50% of fused cells possessed predominantly unfused mito-
chondria and 47 % showed partial fusion (Figure 7K and L).
These results indicate that mitochondrial GPAT is required for
mitochondria fusion in mammals as well as in C. elegans.

Discussion

Mt-GPAT and ER-GPAT are considered as the initial enzymes
for glycerolipid synthesis. In this study, we generated both
GPAT mutants using C. elegans to elucidate the functional
difference between Mt-GPAT and ER-GPAT. Mutants lacking
either Mt-GPAT or ER-GPAT could survive but mutants lacking
both GPATs could not, indicating that these two GPATs
complement each other for synthesizing glycerolipids such
as phospholipids, which are essential components of biolo-
gical membranes. In addition to a role in the synthesis of
glycerolipids, we found that Mt-GPAT is required for normal
mitochondrial dynamics in both C. elegans and mammals.
Mt-GPAT mutants, but not ER-GPAT mutants, showed abnor-
mal mitochondrial morphology. Mitochondrial fragmentation
in Mt-GPAT mutants was rescued by wild-type GPAT but not
by catalytically inactive GPAT. The mitochondrial defect was
also rescued by injection of LPA, a direct product of Mt-GPAT.
Furthermore, the mitochondrial defect in Mt-GPAT mutants
was rescued by inhibition of LPAAT, which converts LPA to
PA. In Mt-GPAT mutants, LPA is normally produced in the ER
by ER-GPAT and is further acylated to form PA by LPAAT.
When the LPAAT activity is inhibited by an LPAAT mutation,
LPA may be accumulated in the ER and fluxed into the
mitochondria, which leads to restoration of the mitochondrial
defects in Mt-GPAT mutants.

Among mammalian four GPATs, knockout mice for mito-
chondrial GPAT1 (GPAT1 /~ mice) have been reported
(Hammond et al, 2007). Mitochondria obtained from the
liver of GPAT1 /~ mice are more sensitive to Ca’"-
induced mitochondrial permeability transition, a common
marker of mitochondrial dysfunction, though mitochondrial
morphology appears normal. In mammals, GPAT2,
another mitochondrial GPAT, may function to produce LPA,
which may account for the apparent normal mitochondrial
morphology in GPAT1 /~ mice. We expect that double
knockout of GPAT1 and GPAT2 would induce a
mitochondrial fragmentation as observed in HeLa cells.

LPA has been shown to act as an extracellular signalling
molecule that evokes a wide variety of cellular processes
including cell proliferation and migration, smooth muscle
contraction, and actin stress fibre formation (van Meeteren
and Moolenaar, 2007; Ye and Chun, 2010). These processes
are exerted through interactions with a family of G protein-
coupled receptors on the plasma membrane (AoKi et al, 2008;
Ye and Chun, 2010). Extracellular LPA is produced either
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from lysophosphatidylcholine by a plasma phospholipase
D, named autotaxin, or from PA by an extracellular
phospholipase A; (Aoki et al, 2008; Ye and Chun, 2010). In
the present study, we showed that LPA produced by Mt-GPAT
functions at mitochondria in a cell-autonomous manner.
First, the mitochondrial defect in muscle cells was rescued
by muscle-specific expression of acl-6 (Mt-GPAT), but not by
expression in other tissues such as the intestine. Second, the
same muscle-specific expression of Mt-GPAT failed to rescue
the mitochondrial defect in the gonads (Supplementary
Figure SSD-H). Third, Mt-GPAT RNAI caused sterility in the
rrf-1 mutant background, in which RNAi works only in the
germ cells in the gonads (Supplementary Figure S5I-K; Sijen
et al, 2001). These observations indicate that LPA produced
by Mt-GPAT is an intracellular bioactive lipid that regulates
mitochondrial morphology.

How does Mt-GPAT/LPA affect mitochondrial morphology?
In this study, we provide three lines of evidence that Mt-
GPAT/LPA is required for mitochondrial fusion. First, inhibi-
tion of Mt-GPAT caused mitochondrial fragmentation which is
similar to that caused by inhibition of a pro-fusion protein,
Mfn (mammals)/FZO-1 (C. elegans). Second, as in fzo-1
mutants, mitochondrial fragmentation in Mt-GPAT mutants
was rescued by knockdown of the pro-fission protein DRP-1.
Third, in HeLa cells, fusion of mitochondria derived from two
different cells after cell fusion was strongly inhibited by
Mt-GPAT depletion. Mutation of LPAAT, which may increase
the intracellular LPA level by blocking the conversion of LPA
to PA, could rescue the mitochondrial fragmentation induced
by fzo-1 RNAi but not the mitochondrial fragmentation
induced by fzo-I mutation. This result indicates that LPA
cannot rescue the mitochondrial fragmentation unless FZO-1
is expressed. Alternatively, the fzo-1 deletion may lead to an
alternative compensatory response that is not influenced by
LPA levels.

Mfn is degraded through the ubiquitin proteasome path-
way that involves two E3 ligases, MITOL/March5 and Parkin
(Cohen et al, 2008; Tanaka et al, 2010). The level of Mfn was
not changed significantly in Mt-GPAT-depleted HeLa cells
(Supplementary Figure S9E). In addition, the levels of Bax,
Bak, Bcl-xL and Mfn-binding protein, MIB, which are known
to modulate Mfn-mediated mitochondrial fusion (Eura et al,
2006; Karbowski et al, 2006; Rolland et al, 2009), were not
changed in Mt-GPAT-depleted cells (Supplementary Figure
S9E). Opal is involved in mitochondrial inner membrane
fusion, and its function is controlled by proteolytic cleavage
(Griparic et al, 2004; Ishihara et al, 2006). As previously
reported (Griparic et al, 2007), Opal can be resolved into
several bands on western blots in HeLa cells, and this band
pattern  was not altered by Mt-GPAT knockdown
(Supplementary Figure S9E). Mfns form multimeric com-
plexes that can be detected by blue native polyacrylamide
gel electrophoresis (BN-PAGE). Oligomeric states of Mfns are
changed in a GTP-dependent manner (Ishihara et al, 2004;
Karbowski et al, 2006), and are modulated by Mfn regulators
such as Bax and Bak (Karbowski et al, 2006). We detected
endogenous Mfn oligomers from HeLa cells by BN-PAGE and
found that their oligomeric states were GTP dependent
(Supplementary Figure S11A). However, the oligomeric states
were not changed by Mt-GPAT depletion or by addition of LPA
in vitro (Supplementary Figure S11B and C). Mfn is a dyna-
min-like GTPase and its GTPase activity is required for
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mitochondrial fusion (Santel and Fuller, 2001; Hoppins and
Nunnari, 2009). We examined the effect of LPA on the GTPase
activity of Mfn by using a recombinant rat Mfn produced by
E. coli (Ishihara et al, 2004). Interestingly, addition of LPA to
the reaction mixture slightly but significantly stimulated the
Mifnl GTPase activity (Supplementary Figure S11D-F).
Lysophosphatidylcholine (LPC), which is inactive in rescuing
the mitochondrial defect of Mt-GPAT mutants, did not stimu-
late GTPase activity (Supplementary Figure S11F). Although
the stimulation was small in the detergent (Triton X-100)-
containing in vitro assay, LPA produced on the mitochondrial
outer membrane may stimulate GTPase activity of Mfn and
enhance mitochondrial fusion.

Lipids also have roles in membrane dynamics
(Chernomordik and Kozlov, 2008; Furt and Moreau, 2009).
LPA is an inverted cone-shaped lipid that causes the
membrane to have a positive curvature (Haucke and Di
Paolo, 2007). In lipid bilayer fusion, hemifusion structures
and fusion pores are characterized as sequences of the
intermediate structures (Chernomordik and Kozlov, 2008).
Lipids inducing positive curvature facilitate the formation of
a fusion pore (Haucke and Di Paolo, 2007; Chernomordik and
Kozlov, 2008). Therefore, LPA produced by Mt-GPAT
may assist Mfn-mediated mitochondrial outer membrane
fusion. Cardiolipin (CL) is predominantly localized in the
mitochondrial inner membrane where it is synthesized from
phosphatidylglycerol and cytidinediphosphate diacylglycerol.
CL is required for optimal activities of many mitochondrial
proteins (Hoffmann et al, 1994; Claypool et al, 2008). Loss of
CL impacts on a variety of mitochondrial functions including
mitochondrial fusion (Jiang et al, 2000; Choi et al, 2006;
Gebert et al, 2009; Zhang et al, 2011). In Mt-GPAT mutants,
the amount of CL was not affected (Supplementary Table S3),
indicating that mitochondrial defect was not due to the
decreased CL level in the mitochondria.

Mitochondrial phospholipase D (MitoPLD) has been iden-
tified as a key factor of mitochondrial fusion (Choi et al, 2006;
Huang et al, 2011). MitoPLD hydrolyses CL on the outer
mitochondrial membrane, resulting in the formation of PA.
Overexpression of wild-type MitoPLD causes mitochondrial
aggregation, whereas overexpression of catalytically inactive
MitoPLD or RNAi-mediated knockdown of intrinsic MitoPLD
causes mitochondrial fragmentation. Moreover, transient
expression of Lipin 1b, one isoform of PA phosphatase,
which may degrade MitoPLD-generated PA to diacylglycerol
on the mitochondrial surfaces, induces the fission of long
mitochondrial tubules into moderately sized fragments.
Based on these results, the authors of the above studies
postulated that PA facilitates mitochondrial fusion. A PA
requirement has often been demonstrated in the SNARE-
mediated fusion of secretary vesicles with the plasma
membranes during many types of regulated exocytosis and
during sporulation in yeast. Nonetheless, the mechanism
through ~ which = MitoPLD-generated = PA  controls
mitochondrial fusion remains unknown. LPA produced by
Mt-GPAT could be acylated to form PA in the outer leaflet of
the mitochondrial outer membranes. So far, LPAATs other
than LPAAT1, LPAAT2/acl-1, acl-2 in the ER have not been
identified in either C. elegans or mammals. Moreover, our
findings that the mitochondrial defect of Mt-GPAT mutants
was rescued by metabolically stabilized LPA analogues and
that the PA level was not decreased in C. elegans Mt-GPAT
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mutants or in Mt-GPAT-depleted HeLa cells (Supplementary
Table S3) suggest that PA production through Mt-GPAT is not
responsible for mitochondrial fusion. Thus, the MitoPLD/PA
and Mt-GPAT/LPA pathways may work independently in
mitochondrial fusion. PA is metabolically active; it can be
dephosphorylated to form diacylglycerol, which was
substantiated in MitoPLD-overexpressing cells (Huang et al,
2011), and it can be deacylated to form LPA. Another
possibility is that MitoPLD-generated PA is further
deacylated by an unknown enzyme to form LPA which
functions in mitofusin-dependent mitochondrial fusion.
The C. elegans genome does not have MitoPLD
homologues, so that Mt-GPAT should dominate in supplying
LPA for mitochondrial fusion.

Taken together, our results demonstrate that LPA produced
by Mt-GPAT functions not only as a precursor for glycerolipid
synthesis but also as an essential factor of mitochondrial
fusion.

Materials and methods

Materials

[1-1C]palmitic acid, [1-'*C]palmitoyl-CoA, and [1-!“C]oleoyl-CoA
were purchased from American Radiolabeled Chemicals (St Louis,
MO, USA). Glycerol-3-phosphate and 1-monopalmitoyl-rac-glycerol
were purchased from Sigma. sn-1-palmitoyl lysophosphatidic acid,
sn-1-palmitoyl-sn-2-oleoyl phosphatidic acid, sn-1-palmitoyl lyso-
phosphatidylcholine, and sn-1-oleoyl lysophosphatidylserine were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Stabilized
LPA analogues, (2R)-1-oleoyl-2-O-methyl-glycerophosphothionate
(OMPT), (3S)-1-fluoro-3-hydroxy-4-(linoleoyloxy) butyl-1-phospho-
nate (XY-26), and 1-palmitoyl alkyl LPA (XY-47), were synthesized
and kindly provided by Dr Glenn D Prestwich at the University of
Utah.

Acyltransferase assay

Synchronized young adult worms were suspended in 50 mM po-
tassium phosphate buffer (pH 7.0) containing 0.15M KCI, 1 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride
(PMSF) and 0.25M sucrose (homogenizing buffer) and sonicated
three times on ice for 30s. The C. elegans homogenate was
centrifuged at 1000g for 5min at 4°C. The resulting supernatant
was further centrifuged at 105000g for 60min. The pellet was
suspended in homogenizing buffer (without EDTA, dithiothreitol,
and PMSF) and used for the enzyme assay described below.
HEK293 cells were harvested, washed with ice-cold phosphate-
buffered saline, and sonicated three times on ice for 5s in homo-
genizing buffer. The membrane fraction of HEK293 cells was
prepared as described above. GPAT activity was assayed at 20°C
for 30 min (C. elegans) or 37°C for 15 min (HEK293 cells) in a 200-pl
reaction mixture containing 75 mM Tris/HCI, pH 7.5, 4 mM MgCl,,
1 mg/ml bovine serum albumin free fatty acids, 8 mM NaF, 800 uM
glycerol-3-phosphate, 40uM  ['*C]palmitoyl-CoA, and 45pg
(C. elegans) or 10pug (HEK293 cells) protein of the membrane
fraction. LPAAT activity was measured at 20°C for 5min in a
800 pl reaction mixture containing 100mM Tris/HCl, pH 7.5,
1mg/ml bovine serum albumin free fatty acids, 40 uM 1-oleoyl
lysophosphatidic acid, 20 uM LPA analogue, 12.5uM ['*C]oleoyl-
CoA, and 5 pg protein of the membrane fraction. The acyltransfer-
ase reaction was stopped by mixing with methanol. The lipids were
extracted by the method of Bligh and Dyer (1959) and separated by
TLC in chloroform/methanol/water (65/25/4, v/v) and the
amount of radioactivity was analysed with a bioimaging analyzer
(BAS-1500, FUJIFILM).

Lipid analysis

Content of phospholipids and triacylglycerol. Lipids of synchro-
nized young adult worms were extracted by the method of
Bligh and Dyer. The phosphorus contents of the total lipids were
determined by the method of Bartlett (1959). The triacylglycerol
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contents were measured using enzymatic kit (Wako Triglyceride
E-test, Wako Pure Chemical Ltd., Osaka, Japan).

In vivo incorporation of exogenous fatty acids into C.
elegans. Incorporation of exogenous fatty acids into C. elegans
was analysed as described previously (Lee et al, 2008).
Synchronized first-stage larvae (800-1200 animals) were cultured
with 1uCi of ["*C]palmitic acid on NGM plates at 20°C until they
reached the young adult stage. Lipids of young adult worms were
extracted by the method of Bligh and Dyer and separated by one-
dimensional TLC on silica gel 60 plates (Merck) in chloroform/
ethanol/water/triethylamine (30/35/7/35, v/v). Then, the area of
silica gel corresponding to neutral lipids was scraped off the plates,
and the lipids was re-extracted and separated by TLC in petroleum
ether/ethyl ether/acetic acid (60/40/1, v/v). Incorporation
of [*C]palmitic acid into triacylglycerol was expressed as the
percentage of radioactivity incorporated into total lipids.

Contents of CL and phosphatidic acid. Lipids of young adult
worms and HeLa cells were extracted by the method of Bligh and
Dyer and separated by one-dimensional TLC on silica gel 60 plates
(Merck) in chloroform/methanol/water/ammonium hydroxide
(60:37.5:3:1, v/v). Then, the area of silica gel corresponding
to CL or phosphatidic acid was scraped off the plates, and the lipids
were re-extracted and the phosphorus contents of each lipid were
determined as described above.

MitoTracker staining

C. elegans. Young adult worms were transferred to NGM plates
containing 2 uM MitoTracker Red CMXRos (Molecular Probes, Inc.,
Eugene, OR) and incubated for 2 days in the dark. Worms
were washed with M9 buffer, mounted on an agar pad and images
were taken by using a confocal fluorescence microscope (LSM510;
Carl Zeiss Inc., Thornwood, NY, USA).

HeLa cells. HeLa cells were incubated with 500 nM MitoTracker
Red CM-H,XMRos (Molecular Probes, Inc.) for 40min before
fixation and imaged as described above.

Electron microscopy

Synchronized 72-h-old adult worms or HeLa cells were pre-fixed
with 4% paraformaldehyde and 1% glutaraldehyde in 0.1 M phos-
phate buffer (pH 7.4). Samples were then cut into small pieces,
fixed again with 2% paraformaldehyde and 2% glutaraldehyde
in the same buffer, and post-fixed with 2% osmium tetroxide in
phosphate buffer for 4h. Fixed specimens were dehydrated in a
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