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All organisms consist of cells that are enclosed by a cell membrane
containing bipolar lipids and proteins. Glycerophospholipids are im-
portant not only as structural and functional components of cellular
membrane but also as precursors of various lipid mediators. Polyun-
saturated fatty acids comprising arachidonic acid or eicosapentaenoic
acid are located at sn-2 position, but not at sn-1 position of glycero-
phospholipids in an asymmetrical manner. In addition to the asym-
metry, the membrane diversity is important for membrane fluidity
and curvature. To explain the asymmetrical distribution of fatty acids,
the rapid turnover of sn-2 position was proposed in 1958 by Lands
[Lands WE (1958) Metabolism of glycerolipides: A comparison of
lecithin and triglyceride synthesis. J Biol Chem 231:883–888]. How-
ever, the molecular mechanisms and biological significance of the
asymmetry remained unknown. Here, we describe a putative enzyme
superfamily consisting mainly of three gene families, which catalyzes
the transfer of acyl-CoAs to lysophospholipids to produce different
classes of phospholipids. Among them, we characterized three im-
portant enzymes with different substrate specificities and tissue
distributions; one, termed lysophosphatidylcholine acyltransferase-3
(a mammalian homologue of Drosophila nessy critical for embryo-
genesis), prefers arachidonoyl-CoA, and the other two enzymes
incorporate oleoyl-CoAs to lysophosphatidylethanolamine and lyso-
phosphatidylserine. Thus, we propose that the membrane diversity is
produced by the concerted and overlapped reactions with multiple
enzymes that recognize both the polar head group of glycerophos-
pholipids and various acyl-CoAs. Our findings constitute a critical
milestone for our understanding about how membrane diversity and
asymmetry are established and their biological significance.

glycerophospholipids � Lands’ cycle � membrane remodeling �
phospholipase A2 � acyl-CoA

G lycerophospholipids are important structural and functional
components of biological membranes and important con-

stituents of serum lipoproteins and pulmonary surfactant (1).
Additionally, phospholipids play important roles as precursors of
lipid mediator such as platelet-activating factor (PAF) and
eicosanoids (2). Tissues maintain distinct content and compo-
sition of various phospholipids such as phosphatidic acid (PA),
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), cardiolipin (CL), phosphatidylinosi-
tol (PI), and phosphatidylserine (PS) (3–5). Fatty acids are first
activated to acyl-CoAs as described by Kornberg and Pricer (6).
By the use of acyl-CoAs, phospholipids are formed from dia-
cylglycerol by a de novo pathway, originally described by
Kennedy in 1956 (7). However, the acyl groups in glycerophos-
pholipids show high diversity and are distributed in an asym-
metrical manner (3, 5). Saturated and monounsaturated fatty
acids are usually esterified at the sn-1 position, whereas poly-
unsaturated acyl groups are located at the sn-2 position. These
diversity and asymmetry are not fully explained by the Kennedy
pathway. The rapid turnover of the sn-2 acyl moiety of glycero-
phospholipids was described by Lands as a remodeling pathway
(Lands’ cycle) (8) and is attributed to the concerted activation of
phospholipase A2s (PLA2s) and lysophospholipid acyltrans-
ferases (LPLATs) (9, 10). Although these metabolic processes

are carried out in a variety of tissues, information on the enzyme
molecules involved in the phospholipid remodeling is limited.

We cloned lyso-PA acyltransferase � (LPAAT�) and found that
the enzyme used LPA as an acyl acceptor (11). Whereas the
recombinant LPAAT� was shown to use various fatty acyl-CoAs as
acyl donors, no lysophospholipid other than LPA was found to
serve as an acceptor. Several LPLATs, including LPAAT� and �,
lyso-PG acyltransferase (LPGAT), and lyso-CL acyltransferase
(ALCAT), have been cloned in the last decade, and putative
LPAATs (�, �, �, �, and �) and tafazzin have been reported (12–19).
Recently, our group identified two lyso-PC acyltansferases (LP-
CATs) functioning in the remodeling pathway, designated LPCAT1
and lyso-PAF acetyltransferase (LysoPAFAT)/LPCAT2, which are
mainly expressed in lung and inflammatory cells, respectively (20,
21). These enzymes, which possess four well conserved domains,
designated motifs 1–4 (LPAAT motifs) (22) and an endoplasmic
reticulum (ER) retention sequence (23), were assigned to the
LPAAT family (see Fig. 1A). Before the work presented here, there
were no reports about mammalian lyso-PE acyltransferase
(LPEAT), lyso-PS acyltransferase (LPSAT), or lyso-PI acyltrans-
ferase (LPIAT). Moreover, we believe that, in addition to LPCAT1
and LysoPAFAT/LPCAT2, a different class of LPCATs may exist
for membrane biogenesis, because PC biosynthesis in the Lands’
cycle occurs in a variety of tissues (1).

In this study, we identified a family of LPLATs. The members
of the family had been reported as uncharacterized proteins,
termed membrane-bound O-acyltransferases (MBOATs) (24)
that lack LPAAT motifs. Among them were three mammalian
LPLATs, MBOAT1, -2, and -5. We found that mouse MBOAT1,
-2, and -5 exhibited various LPLAT activities: (i) MBOAT1,
LPEAT, and LPSAT; (ii) MBOAT2, LPCAT, and LPEAT; and
(iii) MBOAT5, LPCAT, LPEAT, and LPSAT. To avoid confu-
sion, we refer to mouse MBOAT1, -2, and -5, as mouse LPEAT1
(mLPEAT1), mLPCAT4, and mLPCAT3, respectively, based on
their characteristic properties.

This is a documentation of cDNAs for mammalian LPEAT and
LPSAT, and a finding of two additional LPCATs. Moreover, we
functionally characterized MBOATs as a LPLAT family. MBOATs
are critically important remodeling enzymes for membrane phos-
pholipids biosynthesis in the Lands’ cycle.
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Results
Cloning of Mouse LPCAT3, LPCAT4, and LPEAT1. To identify novel
LPLATs, we focused on uncharacterized proteins in the MBOAT
family. A phylogenetic tree was drawn by pairwise comparisons of
amino acid sequences of LPAAT, diacylglycerol AT2 (DGAT2),
and MBOAT family members by using ClustalW, European Bioin-
formatics Institute (http://www.ebi.ac.uk/) (25) (Fig. 1A). The clus-
ter of MBOAT family proteins comprising LPLATs was different
from that of the LPAAT or DGAT2 family. Mouse MBOAT5, -2,
and -1 were designated mLPCAT3, mLPCAT4, and mLPEAT1,
respectively, based on their activities characterized in this study. The
functionally identified LPLATs are summarized in Fig. 1B. The
higher enzymatic activities for acyl-CoAs are shown in darker color.
Additional LPLATs may exist, especially LPIATs. The putative

ORFs of mLPEAT1, mLPCAT4, and mLPCAT3 encoded proteins
of 492 aa (56.1 kDa), 519 aa (58.9 kDa), and 487 aa (56.1 kDa),
respectively [supporting information (SI) Fig. 6]. Boxes indicate that
mLPCAT3, mLPCAT4, and mLPEAT1 were predicted by HM-
MTOP (26) to possess 10, 4, and 9 putative transmembrane
domains, respectively. Although the enzyme sequences did not
reveal LPAAT motifs as described above, LPCAT3 and LPEAT1
possess the C-terminal sequence motif KKXX (23), suggesting that
the proteins are localized to the ER in the same way as LPCAT1
and LysoPAFAT/LPCAT2 (20, 21).

Subcellular Localization of mLPCAT3, mLPCAT4, and mLPEAT1. To
facilitate Western blot and immunocytochemical analyses of mLP-
CAT3, mLPCAT4, and mLPEAT1, plasmids expressing N-
terminal FLAG-tagged recombinant enzymes were constructed.
Microsomal proteins (100,000 � g; 1-h pellet) of CHO-K1 cells
transfected with empty vector or with each FLAG-tagged enzyme
cDNA were subjected to Western blot analysis, which revealed
apparent molecular masses of 40, 42, and 40 kDa for mLPCAT3,
mLPCAT4, and mLPEAT1, respectively (SI Fig. 7A). These results
are inconsistent with the molecular mass calculated from deduced
amino acid sequences. The discrepancies could be due to the
numerous predicted membrane spanning structures in these pro-
teins (SI Fig. 6) that may affect their mobility during SDS/PAGE.
The subcellular localization of these enzymes was examined by
confocal microscopy. mLPCAT3, mLPCAT4, and mLPEAT1 co-
localized with calnexin, an ER maker protein, suggesting that these
enzymes are present mainly in ER (Fig. 2). Neither Golgi marker
protein (GM130) nor mitochondria marker protein (cytochrome c
oxidase) merged with the enzyme (SI Fig. 7 B and C). The
distribution patterns were also confirmed by cell fractionation and
Western blotting (SI Fig. 7D). Surprisingly, the staining of uniden-

Fig. 1. Phylogenetic tree of mouse LPLAT family and summary of characterized
LPLATs. (A) A phylogenetic tree was drawn by using ClustalW (www.ebi.ac.uk/
clustalw). Values show branch lengths that represent the evolutional distance
between each pair of sequences. Putative LPLAT genes are indicated by asterisks.
Sequence data of mouse acyltransferases are available in the DDBJ/European
Molecular Biology Laboratory/GenBank databases. The accession numbers are
shown in SI Table 4. (B) Functionally identified LPLATs were summarized. Darker
colors indicate higher enzymatic activity for acyl-CoAs. The enzymes LPCAT3,
LPCAT4, and LPEAT1 are marked as being shown in this study. Additional LPLATs
that may exist are indicated with question marks. GPAT, glycerol-3-phosphate
acyltransferase; MGAT, monoacylglycerol O-acyltransferase; ACAT, sterol
O-acyltransferase; LRC4, leukocyte receptor cluster member 4.

Fig. 2. Subcellular localization of FLAG-tagged LPLATs and transmission elec-
tron microscopy (TEM) of mLPCAT3 in CHO-K1 cells. (A) After transfection for
48 h, CHO-K1 cells were subjected to immunocytochemical analysis. ER and
FLAG-tagged enzymes were visualized by using an anti-calnexin antibody (red)
and an anti-FLAG antibody (green), respectively. The subcellular localizations of
all enzymes were similar to the ER marker (merge staining patterns, yellow).
(Scale bars, 20 �m.) Two independent experiments were performed with similar
results. The arrowheads indicated karmellae-like membrane structures. (B–D)
CHO-K1 cells transiently transfected with vector (B) or FLAG-tagged mLPCAT3
cDNA (C and D) were imaged by TEM. (D) The boxed area in C was magnified. M,
mitochondria; N, nucleus. The arrowheads indicated the multilayer membrane
components (karmellae-like structures). (Scale bars: B and C, 1 �m; D, 100 nm.)
Two independent experiments were performed with similar results.
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tified organelles colocalized with each enzyme and calnexin (Fig.
2A, arrowheads). To investigate these organelles, we analyzed
CHO-K1 cells transfected with mLPCAT3 by transmission electron
microscopy. Although ER structure in CHO-mLPCAT3 and CHO-
Vector cells was the same, atypical multilayer membrane compo-
nents (karmellae-like structures) (27) were observed. The number
and size of these structures were greater in CHO-mLPCAT3 cells
than in CHO-Vector cells (Fig. 2 B–D). The nature and origin of
these structures remain to be clarified.

Tissue Distribution of mLPCAT3, mLPCAT4, and mLPEAT1. Tissue
distribution of mLPCAT3, mLPCAT4, and mLPEAT1 was ana-
lyzed by using quantitative real-time RT-PCR analyses. The mRNA
of mLPCAT3 was detected ubiquitously with high expression levels
in testis (SI Fig. 8A). However, mLPCAT4 mRNA was highly
expressed in epididymis, brain, testis, and ovary; and mLPEAT1

mRNA in stomach, epididymis, and colon (SI Fig. 8 B and C).
mRNA levels of �-actin were used to normalize the mRNA levels
of each enzyme.

LPLAT Activities of FLAG-Tagged mLPCAT3, mLPCAT4, and mLPEAT1.
We next examined the LPLAT activities of FLAG-tagged mLP-
CAT3, mLPCAT4, and mLPEAT1 by using a variety of lysophos-
pholipids as acceptors and acyl-CoAs as donors. mLPCAT3 exhib-
ited detectable LPLAT activity for LPC, LPE, and LPS when
arachidonoyl-CoA was used (Fig. 3A). mLPCAT4 possessed LP-
CAT and LPEAT activities (Fig. 3D), and mLPEAT1 showed
LPEAT and LPSAT activities when oleoyl-CoA was used (Fig. 3G).
mLPCAT3 recognized various polyunsaturated fatty acyl-CoAs,
whereas mLPCAT4 and mLPEAT1 demonstrated preferential
activity for oleoyl-CoA (Fig. 3 B, E, H; Table 1; and SI Fig. 9 A, C,
E, and G).

Fig. 3. Substrate selectivity of mLPCAT3, mLPCAT4, and mLPEAT1. (A) The LPLAT activities of mLPCAT3 were measured by using several 50 �M lysophospho-
lipids, 25 �M [14C]arachidonoyl-CoA, and 0.5 �g of microsomal protein from mLPCAT3-CHO cells. LPCAT activities of mLPCAT3 using acyl-CoA (16:0, 18:0, 18:1,
18:2, 18:3, 20:4, and 22:6) with [14C]LPC (C16:0) (B) or several LPC (1-acyl LPC C8:0, 12:0, 16:0, 18:0, 18:1, 20:0, 1-alkyl LPC C16:0, and crude 1-alkenyl LPC) with
[14C]arachidonoyl-CoA (C) were measured. Similarly, LPLAT assays were performed by using 100 �M lysophospholipids, 50 �M [14C]oleoyl-CoA, and microsomal
protein (5 �g) of mLPCAT4- (D) or mLPEAT1-CHO (G) cells. LPCAT activities of mLPCAT4 using acyl-CoA (16:0, 18:0, 18:1, 18:2, 18:3, 20:4, and 22:6) with [14C]LPC
(C16:0) (E) or several LPC (1-acyl LPC C14:0, 16:0, 18:0, 1-alkyl LPC C16:0, 18:0, and crude 1-alkenyl LPC) with [14C]oleoyl-CoA (F) were measured. LPEAT activities
of mLPEAT1 were measured by using 14C-labeled acyl-CoA (16:0, 18:1, 18:2, and 20:4) with LPE (C18:1) (H) or [14C]oleoyl-CoA with several LPE (1-acyl LPE C16:0,
18:0, 18:1, and crude 1-alkenyl LPE) (I). Vector-transfected cells or each of LPLAT cDNA-transfected CHO-K1 cells are shown in open bars and closed bars,
respectively. The data represent the mean � SD of triplicate measurements. Two independent experiments were performed with similar results.

Table 1. Substrate selectivities of three acyltransferases

Enzyme Enzymatic activity Acyl-CoA Lysophospholipid

mLPCAT3 LPCAT 20:4 � 18:2 � 18:3 � 18:1 � 22:6 16:0 � 18:0 � 18:1 � 20:0 � 12:0
LPEAT 20:4 � 18:2 � 18:1 18:1 � 16:0 � alkenyl (crude)
LPSAT 20:4 � 18:2 � 18:1 18:1

mLPCAT4 LPCAT 18:1 16:0 � 18:0
LPEAT 18:1 16:0 � 18:1 � alkenyl (crude) � 18:0

mLPEAT1 LPEAT 18:1 18:1 � 16:0 � alkenyl (crude) � 18:0
LPSAT 18:1 18:1
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mLPCAT3 and mLPCAT4 exhibited enzymatic activity for var-
ious acyl groups at the sn-1 position of LPC; higher activity was
observed for 1-acyl-LPC as an acceptor than for 1-O-alkyl-LPC or
1-O-alkenyl-LPC (Fig. 3 C and F). Meanwhile, there were no clear
differences in the activities of mLPCAT3, mLPCAT4, and mL-
PEAT1 for 1-acyl-LPEAT and 1-O-alkenyl-LPEAT (Fig. 3I and SI
Fig. 9 B and F). mLPCAT3 and mLPEAT1 showed higher activity
for 1-oleoyl-LPE (Fig. 3I and SI Fig. 9B), whereas mLPCAT4
showed a preference for 1-palmitoyl-LPE (SI Fig. 9F). Further-
more, mLPCAT3 and mLPEAT1 recognized both 1-oleoyl-LPS
and a crude mixture of LPS (SI Fig. 9 D and H). The substrate
selectivity and the apparent Km and Vmax values of the enzymes are
summarized in Table 1 and SI Table 2, respectively. mLPCAT3
showed higher LPCAT activity when compared with LPEAT and
LPSAT (Fig. 3A). Similarly, mLPCAT4 had higher LPCAT activity
than LPEAT activity (Fig. 3D). mLPEAT1 showed similar activities
for LPE and LPS (Fig. 3G and SI Table 2). The specific activities
of mLPCAT3 were much higher than those of mLPCAT4 or
mLPEAT1, partly because protein expression level of mLPCAT3
was extremely high (see SI Fig. 7A).

Reduction of Endogenous LPLAT Activities by mLPCAT3 siRNA. We
next investigated the role of endogenous mLPCAT3. To perform
siRNA transfection, we chose B16 melanoma cells, because the cells
exhibit high endogenous enzymatic activity and high mRNA ex-
pression of mLPCAT3 (data not shown). To investigate whether
endogenous LPLAT activities are decreased by mLPCAT3-siRNA,
we transfected B16 cells with siRNAs designed against three
different regions of the mLPCAT3 gene or with a negative control
(NC)-siRNA. mLPCAT3-siRNAs decreased the mRNA expres-
sion of mLPCAT3 20–30% compared with NC-siRNA without
affecting the mRNA expression of mLPCAT4 and mLPEAT1 (SI
Fig. 10B).

Endogenous LPCAT, LPEAT, and LPSAT activities, mea-
sured by using arachidonoyl-CoA as a donor, were shown to
decrease in mLPCAT3-siRNA transfected cells (Fig. 4A). In
cells transfected with siRNAs against mLPCAT4 and mL-
PEAT1, endogenous LPLAT activities for oleoyl-CoA remained
unchanged (SI Fig. 10E), despite a reduction in the mRNA levels
of mLPCAT4 and mLPEAT1 (SI Fig. 10 C and D). It is possible
that mLPCAT3 compensates for LPEAT and LPSAT activities
in B16 cells transfected with mLPCAT4- or mLPEAT1-siRNAs,
and that the expression levels of these mRNAs were lower than
that of mLPCAT3 (data not shown). Thus, mLPCAT3 appears
to be a principal enzyme exhibiting LPCAT, LPEAT, and
LPSAT activities in B16 cells. Transfection of B16 cells with
mLPCAT3-, mLPCAT4-, or mLPEAT1-siRNAs did not affect
LPAAT, LPGAT, or LPIAT activities (Fig. 4A and SI Fig. 10E).

The Effect of mLPCAT3 on Phospholipid Compositions as Determined
by Liquid Chromatography (LC)–Mass Spectrometry. We next ana-
lyzed the components of membrane phospholipid and their
amount in B16 cells transfected with mLPCAT3-siRNA or
NC-siRNA. After supplementing with 10 nM arachidonic acid
for 24 h, total lipids were extracted by the Bligh–Dyer method
from washed cells. Lipids were analyzed by using a 4000 Q-
TRAP quadrupole linear ion trap hybrid mass spectrometer with
an ACQUITY Ultra Performance LC. Consistent with the
substrate selectivity of the enzyme in vitro, the levels of PC, PE,
and PS containing arachidonic acid (20:4) or linoleic acid (18:2)
were decreased in mLPCAT3-siRNA transfected cells (Fig. 4 C,
D, F, G, I, and J). Phospholipids possessing palmitic acid (16:0)
were used as a negative control (Fig. 4 B, E, and H).

Discussion
Here, we have identified a LPLAT family, which is distinct from
other LPLAT families because its members do not possess LPAAT
motifs. Within this LPLAT family, we found key LPLAT enzymes,

mLPCAT3, mLPCAT4, and mLPEAT1, which catalyze membrane
phospholipid remodeling in the Lands’ cycle. mLPCAT3 converted
LPC, LPE, and LPS to PC, PE, and PS, respectively, by using
polyunsaturated fatty acyl-CoAs (18:2 and 20:4). However, mLP-
CAT4 had LPCAT and LPEAT activities, and mLPEAT1 showed
LPEAT and LPSAT activities. Both mLPCAT4 and mLPEAT1
demonstrated a clear preference for oleoyl-CoA (18:1) as an acyl
donor.

The diversity and asymmetry of glycerophospholipids are
assumed to be regulated by several PLA2s and LPLATs that
control lysophospholipids and phospholipid levels containing
precursors of lipid mediators, such as arachidonic acid at the sn-2
position (2, 9). Arachidonic acid liberated by PLA2s is converted
to eicosanoids (9, 28). Lysophospholipids are also precursors for
a different class of lipid mediators including PAF, LPA, and
endocannabinoids (29–35) (Fig. 5). Furthermore, membrane
fluidity, curvature, and function may be attributed to phospho-
lipid compositions (36–38). Although various types of PLA2s

Fig. 4. Effect of mLPCAT3 knockdown on endogenous LPLAT activities and
membrane phospholipid composition in B16 cells. (A) Endogenous LPLAT activ-
ities were measured by using 25 �M [14C]arachidonoyl-CoA with several lyso-
phospholipids. The supernatants from 9,000 � g centrifugation were prepared
from B16 cells transfected with mLPCAT3-siRNA or NC-siRNA and used for en-
zyme assays. Proteins were prepared from B16 cells transfected with mLPCAT3-
siRNAs and NC-siRNA. The data represent the mean � SD of triplicate measure-
ments. Statistical analyses were performed by ANOVA with Tukey’s multiple
comparisontest (P�0.001).Twoindependentexperimentswereperformedwith
similar results. (B–J) The amounts of various phospholipids were measured by
using a 4000 Q-TRAP, as described in Materials and Methods. The levels of PC
(B–D), PE (E–G), and PS (H–J) in B16 cells were normalized to 17:0-LPC, which was
added as a control in the lipid extraction step, and the values of NC-siRNA were
considered to be 100%. Various lipids (sn-1-sn-2; 16:0–16:0, 16:0–18:2, and 16:0–
20:4) were measured and shown. The data represent the mean � SD of three
independent experiments. Statistical analyses were performed by one-sample t
test (*, P � 0.05 vs. NC-siRNA).
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have been identified and their biological functions were uncov-
ered, the properties of LPLATs and their number have not been
clarified. To date, numerous studies have suggested the possible
presence of polyunsaturated long chain fatty acyl-CoA specific
LPCATs, LPEATs, and LPSATs (5, 39–42). Recently, we cloned
and characterized two types of LPCAT: LPCAT1 and Ly-
soPAFAT/LPCAT2. LPCAT1 may produce pulmonary surfac-
tant phospholipids, a function postulated because of its high
expression level in alveolar type II cells and its substrate
selectivity (20, 43). LysoPAFAT/LPCAT2, which is mainly ex-
pressed in inflammatory cells, is up-regulated by endotoxin (a
Toll-like receptor 4 agonist) stimulation in macrophages, and
shows not only lysoPAF acetyltransferase activity (conversion of
lysoPAF to PAF), but also LPCAT activity in the presence of
Ca2� (21). However, neither mLPCAT3, mLPCAT4, nor mL-
PEAT1 activity was Ca2�-dependent. Additionally, innate im-
mune agonists (Toll-like receptor 3, 4, or 9 agonist) did not
induce mRNA expression of these enzymes in macrophages
(data not shown), indicating that mLPCAT3, mLPCAT4, and
mLPEAT1 play roles in membrane biogenesis in a constitutive
manner. Moreover, mLPCAT3 recognizes a wide range of
acyl-CoAs, especially arachidonoyl-CoA, which is a major fatty
acid of PC in several cell types (3, 5). Thus, it is possible that
mLPCAT3 is a principal enzyme in the regulation of the
remodeling pathway. Differences in phospholipid composition
among various types of cells or tissues have been reported (5, 44).
The substrate specificities and mRNA expression patterns of
these enzymes may contribute to the production of the different
varieties of membrane phospholipids seen in various tissues and
determine their respective cell membrane characteristics.

Until now, the LPAAT family has been characterized by
LPLATs possessing LPAAT motifs. Among them, LPAATs are
known to catalyze PA biosynthesis in the de novo pathway
(Kennedy pathway), whereas LPGAT, ALCAT, LPCAT1, and
LysoPAFAT/LPCAT2 exert their activities in the remodeling
pathway (Lands’ cycle) (Fig. 1). However, most LPAAT family
genes have not yet been characterized, and many LPLAT cDNAs
remain to be clarified (Fig. 1). In this study, we identified a
LPLAT family denoted MBOAT, comprising reported pro-
teins of unknown functions (24). Within the MBOAT family
of enzymes, we identified additional LPCATs, LPEATs, and
LPSATs. However, we did not identify LPIAT. Additional
LPLATs having a preference for different acyl-CoAs may con-

tribute to membrane composition diversity, which will be clar-
ified in the future studies. The existence of multiple LPLATs
may in some way be analogous to the 20 different aminoacyl-
tRNA synthetases and multiple acyltransferases that act to
incorporate amino acids into preexisting polypeptides (45).

The MBOAT family is evolutionarily conserved from plants to
mammals (24). Recently, four different research groups inde-
pendently reported the identification of a yeast orthologue of
this family as a LPLAT with most similarity to mLPCAT4
(MBOAT2) (46–49). Notably, the enzymatic properties of yeast
MBOAT are different from those of mouse MBOAT. Differ-
ences in such enzymatic properties may account for the differ-
ences in membrane phospholipid composition between yeast and
mammalian cells. Interestingly, the Drosophila orthologue of
mLPCAT3 was reported as nessy, a gene controlled by Ultra-
bithorax (Ubx), homeotic (Hox), and other Hox proteins during
Drosophila embryogenesis (50). This suggests that membrane
phospholipid remodeling may be important in embryogenesis,
and that mLPCAT3 may play a role in controlling the body plan
by changing the phospholipid composition through the Lands’
cycle. Furthermore, in a brachydactyly–syndactyly syndrome
patient, human LPEAT1 located at chromosome 6 is disrupted
(51), suggesting that human LPEAT1 contributes to the turnover
of phospholipids for normal development and organogenesis.

In conclusion, we have identified three LPLATs belonging to a
LPLAT family, MBOAT, that catalyze membrane biogenesis. Fur-
ther studies are needed to elucidate the roles of mLPCAT3,
mLPCAT4, and mLPEAT1 in vivo, and to determine their potential
as therapeutic targets for various diseases. To date, the study of
membrane biogenesis in the Kennedy-independent pathway has
been delayed because of a lack of information about its key
enzymes. Discovery of this LPLAT family paves the way for a better
understanding of membrane asymmetry and diversity.

Materials and Methods
Materials. Various phospholipids and acyl-CoAs were obtained from Avanti Polar
Lipids. Linoleoyl-CoA (C18:2) was purchased from Sigma. 1-O-Alkyl-LPC (Lyso-
PAF) was purchased from Cayman Chemical. 1-O-Alkenyl-LPC was from Doosan.
[1-14C]Oleoyl-CoA (1.924 GBq/mmol), [1-14C]linoleoyl-CoA (2.035 GBq/mmol),
and [1-14C]arachidonoyl-CoA (2.035 GBq/mmol) were purchased from Moravec
Biochemicals. [1-14C]Palmitoyl-CoA (2.22 GBq/mmol) was from GE Healthcare.

Cloning of mLPCAT3, mLPCAT4, and mLPEAT1. The entire coding region of
mLPCAT3 [DNA Data Base in Japan (DDBJ) accession no. AB294194], mLPCAT4
(AB297383),andmLPEAT1(AB297382)wasamplifiedbyPCRusingDNAtemplate
from testis, stomach, and colon, respectively. For each gene, PCR was performed
twice, and the FLAG epitope (DYKDDDDK) was attached to the N terminus by
using a forward primer during the second PCR. The amplified DNA fragments
were each cloned into pCXN2.1 vector (52) by using multiple cloning sites, and
sequenced. The primers used for cloning these enzymes are shown in SI Table 3.

Expression of mLPCAT3, mLPCAT4, and mLPEAT1 in CHO-K1 Cells. After 48 h of
transfection with each FLAG-tagged LPLAT cDNA by using Lipofectamine 2000
(Invitrogen), cells from 10-cm dishes were scraped into 1 ml of ice-cold buffer
containing 20 mM Tris�HCl (pH 7.4), 300 mM sucrose, and a proteinase inhibitor
mixture,Complete(RocheAppliedScience),andthensonicatedthreetimesonice
for 30 s. After centrifugation for 10 min at 800 � g (mLPCAT4 and mLPEAT1) or
9,000 � g (mLPCAT3), each supernatant was collected and centrifuged at
100,000 � g for 1 h. The resulting pellets were resuspended in buffer containing
20 mM Tris�HCl (pH 7.4), 300 mM sucrose, and 1 mM EDTA. Protein concentration
was measured by the method of Bradford (53), by using a commercially prepared
protein assay solution (Bio-Rad) and BSA (fraction V, fatty acid-free; Sigma) as a
standard.

In Vitro LPLAT Assays. The acyltransferase activity was measured in two ways:
(i) by the transfer of [14C]acyl-CoA to lysophospholipids to form phospholipids
or (ii) by conversion of [14C]palmitoyl-LPC to PC in the presence of acyl-CoA.
Reaction mixtures contained 100 mM Tris�HCl (pH 7.4), 0.5–1 mM EDTA,
indicated concentrations of acyl-CoA and lysophospholipid, and enzyme in a
total volume of 0.1 ml. After incubation at 37°C for 10 min, reactions were
stopped by the addition of 0.3 ml of chloroform:methanol (1:2, vol/vol). Total

Fig. 5. Phospholipid metabolism in Lands’ cycle. Fatty acids of phospholipid
are liberated by PLA2s and converted to eicosanoids. Lysophospholipids are
also precursors of a different class of lipid mediators including PAF, LPA, and
endocannabinoids. Lysophospholipids are converted to phospholipids in the
presence of acyl-CoA by LPLATs. X indicates several polar head groups of
phospholipids. See text for details.
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lipids were extracted by using the Bligh–Dyer method (54), and subsequently
analyzed by TLC in chloroform:methanol:acetic acid:water (50:25:8:4, vol/vol/
vol/vol). Bands at positions corresponding to the expected products were
visualized by I2 vapor, cut off the plate, placed in Microscinti-O (PerkinElmer
Life Sciences), and analyzed in a liquid scintillation counter LS6500 (Beckman).

siRNA Transfection. B16 cells were grown in RPMI 1640 medium (Sigma)
containing 10% FBS. Cells were transfected with 50 nM mLPCAT3-siRNAs
(mLPCAT3-siRNA no. 1, ID no. 89055; no. 2, 89150; no. 3, 89240), mLPCAT4-
siRNAs (mLPCAT4-siRNA no. 1, 79688; no. 2, 79779; no. 3, 179488), mLPEAT1-
siRNAs (mLPEAT1-siRNA no. 1, 93126; no. 2, 93219; no. 3, 170568), or NC-siRNA
(silencer negative control 1) by using Lipofectamine 2000 according to the
manufacturer’s protocol. siRNA were obtained from Ambion. The siRNA
transfection was performed for 2–4 days in B16 cells.

Mice. C57BL/6J mice were obtained from Clea Japan. All animal studies were
conducted in accordance with the guidelines for Animal Research at University
of Tokyo and were approved by the University of Tokyo Ethics Committee for
Animal Experiments. Also see SI Materials.
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