Discovery of a novel lysophospholipid acyltransferase family

essential for membrane asymmetry and diversity.
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Abbreviations

ACAT; acyl-CoA:cholesterol O-acyltransferase
AGPAT;
1-acylglycerol-3-phosphate-O-acyltransferase
ALCAT; lysocardiolipin acyltransferase
BSA; bovine serum albumin
CHO; Chinese hamster ovary
CL; cardiolipin
CDP-DAG:; cytidine diphosphodiacylglycerol
CoA; coenzyme A
DAG:; diacylglycerol
DHT; dihydrotestosterone
ECL; enhanced chemiluminescence
ER; endoplasmic reticulum
ESI-MS;
electrospray ionization mass spectrometry
FBS; feral bovine albumin
G3P; glycerol-3-phosphate
GPAT; glycerol-3-phosphate acyltransferase
GPI; glycosylphosphatidylinositol
MBO AT; membrane bound O-acyltransferase
LC-MS;
liquid chromatography-mass spectrometry
LPA AT; lysophosphatidic acid acyltransferase
LPCAT; lysophosphatidylcholine
LPEAT;

lysophosphatidylethanolamine acyltransferase

LPG AT; lysophosphatidylglycerol acyltransferase
LPIAT; lysophosphatidylinositol acyltransferase
LPLAT; lysophospholipid acyltransferase
LPS AT; lysophosphatidylserine acyltransferase
LysoPAFAT;

lyso platelet-activating factor acetyltransferase
PA; posphatidyc acid
PC; phosphatidylcholine
PE; phosphatidylethanolamine
PG; phosphatidylglycerol
PI; phosphatidylinositol
Pi; inorganic phosphate
PPi; inorganic pyrophosphate
RT-PCR;

reverse transcription polymerase chain reaction
siRNA; small interfering RNA
TAG; triacylglycerol
TEM; transmission electron microscopy

TLR; toll-like receptor



Summary

In addition to important structural and functional components of the cellular
membrane, membrane phospholipids are important as a source of various lipid
mediators. The fatty acid species in the membrane phospholipids are diverse depending
on the polar head group of phospholipids and tissues. In glycerophospholipids,
polyunsaturated fatty acids (PUFA) such as arachidonic acid or eicosapentaenoic acid,
are located in an asymmetrical manner, being found at the sn-2 position of the glycerol
backbone, but not at the sn-1 position. The asymmetrical properties of membrane
phospholipids are important for membrane flexibility, fluidity and curvature. The rapid
turnover of the sn-2 acyl moiety of glycerophospholipids was described in 1958 as a
remodeling pathway, known as the Lands’ cycle, and is due to the concerted activities
of phospholipase A,s (PLA,s) and lysophospholipid acyltransferases (LPLATSs). The
exclusive presence of an unsaturated fatty acid at the sn-2 position of membrane
phospholipids is maintained in the remodeling pathway. However, the molecular
mechanisms and biological significance of this remodeling pathway have remained for a
long time elusive. Here, I report the discovery of a new acyltransferase family called the
membrane bound O-acyltransferase (MBOAT) family. Within this family, I identified
three enzymes that catalyze the transfer of various types of acyl-CoAs to
lysophospholipids to produce different classes of phospholipids. These enzymes showed
different  tissue  distributions and  substrate  specificities; one  termed
lysophosphatidylcholine acyltransferase-3 (LPCAT3) prefers arachidonoyl-CoA, and

the other 2 enzymes, which termed LPCAT4 and LPEAT1, incorporate oleoyl-CoAs



into lysophospholipids. Importantly, siRNA specific for LPCAT3 reduced endogenous
LPLAT activities and the amount of phospholipids containing PUFA at the sn-2
position. Thus, I propose that the diversity of membrane glycerophospholipids is
produced by the concerted and overlapping activities of multiple enzymes that

recognize both the polar head group of glycerophospholipids and various acyl-CoAs.



Introduction

Tissues maintain distinct proportions of various phospholipids such as
phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), cardiolipin (CL), phosphatidylinositol (PI), and
phosphatidylserine (PS) (1-3). The acyl groups of glycerophospholipids are highly
diverse and are distributed in an asymmetrical manner. Saturated and monounsaturated
fatty acids are usually esterified at the sn-1 position, whereas polyunsaturated fatty acids
are esterified at the sn-2 position. This asymmetrical distribution of fatty acids is
important for membrane flexibility, fluidity, and curvature. (4-6). In all cells,
glycerophospholipids are produced from glycerol-3-phosphate (G3P), which is
converted to lysophosphatidic acid (LPA) by G3P acyltransferase (GPAT) (7,8).
Subsequently, LPA is converted to PA by LPA acyltransferase (LPAAT). PA is then
metabolized into two types of glycerol derivatives, namely diacylglycerol (DAG) and
cytidine diphosphodiacylglycerol (CDP)-DAG. Next, DAG is further converted to
triacylglycerol (TAG), PC, and PE, and in some cases, into PS from PC or PE. In
contrast, CDP-DAG, which is transformed into PI, PS, PG, and CL (9-11) (Fig. 1). This
de novo pathway of glycerophospholipids synthesis is originally described by Kennedy
in 1956, and is called the Kennedy pathway. Next, glycerophospholipids are matured in
the remodeling pathway. Fatty acyl moieties at the sn-2 position are released by the
activated PLA,s, and subsequently reacylated by the action of lysophospholipid
acyltransferases (LPLATs) (12-16) (Fig. 2). This remodeling cycle is proposed by

Lands in 1958, and called Lands’ cycle (17,18) (Fig. 2). Remodeling of the fatty acid in



Glycerol-3-phosphate

Lysophosphatidic acid

(LPA)
(G3P) o
Ho/ N ® MWW Acyl-CoA
HO HO
CoA-SH
Acyl-CoA o
/\/\/\N\/\/\AO/D/@ CoA-SH
CTP NNV
(o]
PPi Phosphatidic acid (PA)
H,0 ADP
] ATP
o Pi
o
NVWW\AO’D/\ CDP MM on
NN o
X ngvvvg
CDP-diacylglycerol Diacylglycerol (DAG)
(CDP-DAG) _— CDP-Choline
myo-inositol
G3P
CMP CMP
cMP /\/vvv\/\/\ﬁ
Phosphatidiylinositol (Pl) o/g/\®ChoIine
o
MMMAAOWInositoI NN
NN © Phosphatidylcholine (PC)
(o]
Serine
Phosphatidiylglycerolphosphate
/vvvvvvxﬁ Wj(,@ Choline
(o}
0 Phosphatidylserine (PS)
. /vvvgvvvg :
2 /V\/\/\NV\AOWSerine
0]
Pi /vvvuvvvg
Phosphatidiylglycerol (PG) CDP-
R OH Ethanolamine
WOH HO Ethanolamine
o 2
o cmp Serine
CDP-DAG MM /
/vvv\=/vvvg ] o
AMAAAR MW, Ethanolamine
CMP °
/WV\:/VV\/YO /WV\=/VVV}O(
(o]

Cardiolipin (CL)

Phosphatidylethanolamine (PE)

Fig. 1. The de novo pathway (Kennedy pathway) of phospholipid.

In mammalian cells, membrane phospholipids are synthesized from glycerol-3-phosphate

through several steps. See text for details. Pi, inorganic phosphate; PP1, inorganic
pyrophosphate, ADP, adenosine diphosphate; ATP, adenosine triPhosphate; CMP, cytidine

monophosphate; CDP, cytidine diphosphate.
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Fatty acids of phospholipid are liberated by PLA_s and converted to eicosanoids such as
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Lysophospholipids are converted to phospholipids in the presence of acyl-CoA by LPLATSs. X

indicates several polar head groups of phospholipids. See text for details.



the sn-2 position is important not only for the production of lipid mediators, such as
lysophospholipid derivatives and eicosanoids, but also for the replacement of the
oxidized unsaturated fatty acid with an unoxidized fatty acid (19-21). Although these
metabolic processes are carried out in a variety of tissues, knowledge of the enzymes
molecules involved in the reacylation of lysophospholipids is limited.

Previously, Kume and Shimizu in our laboratory cloned lyso-PA
acyltransferase 1 (LPAAT1), and found that this enzyme used LPA solely as an acyl
acceptor (10). While the recombinant LPAAT1 was shown to utilize various fatty
acyl-CoAs as acyl donors, only LPA was found to serve as an acceptor. Several
LPLATs including LPAAT1 and LPAAT2, lyso-PG acyltransferase (LPGAT) and
lyso-CL acyltransferase (ALCAT), have been cloned in the last decade, and putative
LPAATs (y, 9, €, C, and m) and tafazzin have been reported (22-29). Recently, our group
newly identified two lyso-PC acyltansferases (LPCATs), designated LPCAT1 and
LPCAT?2, that function in the remodeling pathway and are mainly expressed in lung and
inflammatory cells, respectively (30,31). These enzymes are members of the
I-acylglycero-3-phosphate  acyltransferase (AGPAT) family and possess four
well-conserved domains, designated motifs 1-4 (AGPAT motifs) (32), and an
endoplasmic reticulum (ER) retention sequence (33) (Fig. 3A). Prior to the work
presented here, there were no reports of mammalian lyso-PE acyltransferase (LPEAT),
lyso-PS acyltransferase (LPSAT), or lyso-PI acyltransferase (LPIAT). Moreover, I
believe that, in addition to LPCAT1 and LPCAT?2, different LPCATSs may exist for the

purpose of membrane biogenesis, since PC biosynthesis in the Lands’ cycle occurs in a



variety of tissues (34).

In this study, I identified a new family of LPLATSs. The members of this new
family have been previously reported as uncharacterized proteins, termed membrane
bound O-acyltransferases (MBOATSs) (35) that lack AGPAT motifs. Among these
proteins, I found that mouse MBOAT1, 2 and 5 exhibited various LPLAT activities: (i)
MBOAT1 has LPEAT and LPSAT activities; (ii)) MBOAT2 has LPCAT and LPEAT
activities; and (iii) MBOATS5 has LPCAT, LPEAT, and LPSAT activities. To avoid
confusion, I refer to mouse MBOATI1, 2 and 5, as mouse LPEAT1 (mLPEATI),
mLPCAT4, and mLPCATS3, respectively, based on their characteristic properties.

To my knowledge, this is the first documentation of cDNAs being isolated for
mammalian LPEAT and LPSAT, and the first report of the two additional LPCATSs.
Moreover, I functionally characterized MBOATSs as a new LPLAT family. MBOATSs
are critically important remodeling enzymes for membrane phospholipids biosynthesis

in the Lands’ cycle.



Materials and Methods

Materials

Various phospholipids and acyl-CoAs were obtained from Avanti Polar
Lipids (Alabaster, AL). Linoleoyl-CoA (C18:2) was purchased from Sigma.
1-0O-alkyl-LPC (Lyso-PAF) was purchased from Cayman Chemical Company (Ann
Arbor, MI). 1-O-alkenyl-LPC was from Doosan Serdary Research Laboratories
(Toronto, Canada). [1-'*CJoleoyl-CoA (1.924 GBg/mmol), [1-"*C]linoleoyl-CoA (2.035
GBg/mmol), and [1-"*Clarachidonoyl-CoA (2.035 GBg/mmol) were purchased from
Moravec Biochemicals (Mercury Lane, CA). [1-"“C]palmitoyl-CoA (2.22 GBg/mmol)
was from GE Healthcare UK Ltd. (Buckinghamshire, England). TLC plates 20 x 20-cm
(silica gel 60) were purchased from MERCK (MERCK Ltd. Japan). Phosphate buffered
saline (PBS), Dulbecco's Modified Eagle Medium (DMEM), Nutrient Mixture F-12
(Ham's F-12), Roswell Park Memorial Institute Medium (RPMI 1640), and Iscove's
Modified Dulbecco's Medium (IMDM) were purchased from Sigma-Aldrich (St. Louis,
MO). MEM (Minimum Essential Medium Eagle), Alpha MEM (MEM alpha
modification with ribonucleosides and deoxyribonucleosides), and fetal bovine serum
(FBS) were purchased from Gibco Invitrogen Corporation (Grand Island, NY).
Lipopolysaccharide from Salmonella Minnesota was purchased from Sigma-Aldrich.

ODN1826 and poly(I:C) were purchased from InvivoGen (San Diego, CA).
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Cloning of mLPCAT3, mLPCAT4, and mLPEAT1

The entire coding region of mLPCAT3 (DDBJ accession number, AB294194),
mLPCAT4 (AB297383) and mLPEAT1 (AB297382) was amplified by PCR using
DNA template from testis, stomach, and colon, respectively. The PCR products of each
gene were amplified a second time, during which the FLAG epitope (DYKDDDDK)
was attached to the N-terminus via modified forward primers during the second PCR.
The amplified DNA fragments were each cloned into the pCXN2.1 vector (36) using
multiple cloning sites, and sequenced. The primers used for cloning these enzymes are

shown in Table 1.

Cell culture

MBEC4 (mouse brain capillary endothelial), MLE12 (mouse lung epithelial)
LLC (Lewis lung carcinoma), Hepal-6 (Non-immunogenic murine hepatocellular
carcinoma), NIE (neuroblastoma), NIH-3T3 (mouse embryonic fibroblasts),
SWISS-3T3(mouse embryonic fibroblasts), L929 (mouse connective tissue-derived
fibroblasts), B16, B16F10, and B16BL6 (all three of these are mouse melanoma cells)
cells were grown in DMEM with 10% FBS. Colon26 (mouse colon adenocarcinoma),
and RAW264.7 (mouse leukaemic monocyte macrophage) cells were grown in RPMI
with 10%FBS. Mouse epididymis-derived PC1, DCI1, and DC2 cells were grown in
IMBM supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM non-essential
amino acids, 4 mM L-glutamine, and 1 nM 5-alpha DHT. Neuro2a (mouse

neuroblastoma) cells were grown in MEM supplemented with 10% FBS and 0.1 mM
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Table 1

Primers used in this study

Primer name

Sequence (5'-3")

Product size (bp)

Primiers for cDNA cloning of mLPCAT3, mLPCAT4, and mLPEATI

mLPCAT3-1stPCR-F AATTGGGGGTGAAGCCAC

mLPCAT3-1stPCR-R AGGAGTGCTGTGAGAAGGGA 1617
mLPCAT4-1stPCR-F TAGAACGTAGCTCGGCACAG

mLPCAT4-1stPCR-R AGGCCTCAAGACTGGCTTCT 1637
mLPEAT-1stPCR-F CGACAGAGCACCCTGAAGAT

mLPEATI-1stPCR-R GTCCCGCAACTCTCTTGTTC 1542
FLAG-mLPCAT3-2ndPCR-F | CTAGCTAGCCACCATGGATTACAAGGATGACGATGACAAGGCGTCTACAGCGGACGGGG
FLAG-mLPCAT3-2ndPCR-R | CCGCTCGAGTCATTCCCTCTTTTTTAACTTTTCTTTTCTTGGC 1529

FLAG-mLPCAT4-2ndPCR-F

CTAGCTAGCCACCATGGATTACAAGGATGACGATGACAAGGCCACCACCAGCACCACGGGC

FLAGmLPCAT4-2ndPCR-R

CCGCTCGAGTCACTGTGTTAGTGACGAGTGTCTGGAGCC

1621

FLAG-mLPEAT1-2ndPCR-F

CTAGCTAGCCACCATGGATTACAAGGATGACGATGACAAGGCAGCACGGCCGCCCGCCAGCC

FLAG-mLPEAT1-2ndPCR-R

CCGCTCGAGTCAGTCTGCCTTCTTCTTTACAGAATTTGGACTCCG

1546

Primers for Quantitative RT-PCR

mLPCAT3-QPCR-F

TCAGGATACCTGATTTGCTTCCA

mLPCAT3-QPCR-R

GGATGGTCTGTTGCACCAAGTAG

151

mLPCAT4-QPCR-F

TTCGGTTTCAGAGGATACGACAA

mLPCAT4-QPCR-R

AATGTCTGGATTGTCGGACTGAA

188

mLPEAT1-QPCR-F

CTGAAATGTGTGTGCTATGAGCG

mLPEAT1-QPCR-R

TGGAAGAGAGGAAGTGGTGTCTG

178

mB-actin-QPCR-F

GCTGTGCTATGTTGCTCTAGACTT

mB-actin-QPCR-R

AATTGAATGTAGTTTCATGGATGC

174

12




non-essential amino acids. P19 (pluripotent embryonal carcinoma) cells were grown in
alpha MEM with 10% FBS. CHO-K1 (Chinese hamster ovary) cells were grown in

Ham’s F12 with 10% FBS.

Expression of mLPCAT3, mLPCAT4, and mLPEAT1 in CHO-KI cells

After 48 h of transfection with vectors containing FLAG-tagged LPLAT
cDNA using Lipofectamine 2000 (Invitrogen), cells from 10-cm dishes were scraped
into 1 ml of ice-cold buffer containing 20 mM Tris-HCI (pH 7.4), 300 mM sucrose, and
1X Complete Protease Inhibitor (Roche Applied Science), and then sonicated for 30 s
on ice three times. After centrifugation for 10 min at 800 x g (mLPCAT4 and
mLPEATT) or 9,000 x g (mLPCAT3), the supernatant was collected and centrifuged at
100,000 x g for 1 h. The resulting pellets were resuspended in buffer containing 20 mM
Tris-HC1 (pH 7.4), 300 mM sucrose, and 1 mM EDTA. Protein concentration was
measured by the method of Bradford (37), using a commercially prepared protein assay
solution (Bio-Rad) and bovine serum albumin (BSA, fraction V, fatty acid-free; Sigma)

as a standard.

Western blot analysis

Microsomal protein (10 pg) was resolved by 10% SDS-PAGE and transferred
to a Hybond ECL nitrocellulose membrane (Amersham Biosciences). The membrane
was blocked with 5% skim milk, incubated with M2 anti-FLAG mouse monoclonal

antibody (IBI/Kodak, Rochester, NY), washed, and then incubated with horseradish
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peroxidase-linked anti-mouse IgG (Amersham Biosciences). After being washed, the
membranes were exposed to ECL reagents (Amersham Biosciences) and x-ray film

(Amersham Biosciences) to visualize immunoreactive proteins.

Immunofluorescence Microscopy

CHO-K1 cells were seeded onto 6-cm dishes before transfection. Then, 6 ug
each of pCXN2.1 vector, or vector containing FLAG-mLPCAT3, -mLPCAT4 or
-mLPEAT1 were transfected using Lipofectamine 2000 (Invitrogen). After transfection
for 48 h, cells were fixed with 3.7% paraformaldehyde at 37°C for 30 min and washed
three times with PBS. The fixed cells were permeabilized with methanol-acetone (1:1,
v/v) at -20°C for 10 min, washed, and treated with 1% (w/v) BSA in PBS for 30 min at
37°C. After washing, cells were incubated with primary antibodies (10 ug/ml M5
anti-FLAG mouse monoclonal antibody or 5 pg/ml anti-FLAG rabbit polyclonal
antibody; Sigma) at room temperature for 30 min, and washed. Next, cells were
incubated with 10 pg/ml Alexa Fluor 546 goat anti-mouse IgG or alexa Fluor 488 goat
anti-mouse IgG (Eugene, OR) at room temperature for 30 min. Anti-calnexin
(Calbiochem), anti-GM130 (BD Biosciences), and anti-cytochrome ¢ oxidase antibody
(Invitrogen) were used as organelle markers for ER, Golgi apparatus and mitochondria,
respectively.

Confocal microscopy was performed with an LSMS510 laser-scanning
microscope (Carl Zeiss) equipped with a 63x water immersion objective lens (numerical

aperture = 1.2). Alexa Fluor 546 was monitored by excitation at 543 nm with a
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helium/neon laser and by emission with a 585 nm long-pass filter. For the detection of
Alexa Fluor 488, the cells were excitated at 488 nm with an argon laser, and the

emissions were collected with a 505-550-nm band pass filter.

Transmission electron microscopy (TEM)
For scanning TEM, empty vector or FLAG-tagged mLPCAT3 transfected
CHO-K1 cells were treated with fixative containing 2% glutaraldehyde in 100 mM

phosphate buffer. Electron micrographs were scanned by Filgen (Nagoya, Japan).

Isolation and Stimulation of Mouse Peritoneal Cells

Three days after intraperitoneal (i.p) injection of 2 ml of 4% thioglycolate,
peritoneal exudate cells were harvested from the peritoneal cavity three times, each with
5 ml of ice-cold PBS. The cells were washed twice with 30 ml of ice-cold PBS after
centrifugation at 250 x g at 4°C. Total cell numbers were determined with a
hemocytometer after staining with Turk solution (Wako Pure Chemical Industries).
Cells (3.2 x 10° cells/6-cm dish) were cultured in RPMI 1640 medium supplemented
with 10% FBS (RPMI 1640-10% FBS) at 37°C in 5% CO,. After incubation for 2 h, the
medium was changed and the cells were further cultured in4 ml of RPMI 1640-10%
FBS for 20-22 h. The cells were treated with 100 ng/ml lipopolysaccharide
(Sigma-Aldrich), 0.8 uM ODN1826, or 1 ug/mlpoly(I:C) for 16 h. After treatment, the
cells were washed with an ice-cold buffer containing 20 mM Tris-HCI (pH 7.4) and 300

mM sucrose, and used for quantitative RT-PCR analysis.
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Quantitative Real Time RT-PCR

Mouse total RNA was prepared using the RNeasy Mini Kit (QIAGEN), and
first strand cDNA was subsequently synthesized using Superscript II (Invitrogen). PCRs
were performed using FastStart DNA Master SYBR Green I (Roche Applied Science)
and a LightCycler 1.5 (Roche Applied Science). The primers for each enzyme are listed

in Table 1.

In vitro LPLAT assays

The acyltransferase activity was measured in two ways: (1) by the transfer of
['“Clacyl-CoA to lysophospholipids to form phospholipids, and (i) by conversion of
['*C]lysophospholipid to phospholipid in the presence of acyl-CoA. Reaction mixtures
contained 100 mM Tris-HCI (pH 7.4), 0.5-1 mM EDTA, the 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, v/v). Total lipids were extracted using the Bligh-Dyer
method (38), and subsequently analyzed by TLC in chloroform:methanol:acetic acid:
water (50:25:8:4, v/v/v/v). Bands at positions corresponding to the expected products
were visualized by I, vapor, excised from the plate, placed in Microscinti-O
(PerkinElmer Life Sciences), and analyzed in a liquid scintillation counter LS6500

(Beckman).
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siRNA Transfection

B16 cells were transfected with 50 nM mLPCAT3-siRNAs
(mLPCAT3-siRNA#1, ID number 89055; #2, 89150; #3, 89240), mLPCAT4-siRNAs
(mLPCAT4-siRNA#1, 79688; #2, 79779; #3, 179488), mLPEATI1-siRNAs
(mLPEAT1-siRNA#1, 93126; #2, 93219; #3, 170568), or NC-siRNA (silencer negative
control 1) for 2-4 days, using Lipofectamine 2000, according to the manufacturer's

protocol. siRNA were obtained from Ambion.

Analysis of phospholipids using electrospray ionization mass spectrometry (ESI-MS)
Forty-eight hours after transfection, cells were supplemented with 10 nM
arachidonic acid for 24 h, and then total lipids were extracted by the Bligh-Dyer method
(38); PBS:chloroform:methanol (1:1.25:2.5 ml), chloroform (1.25 ml), and water (1.25
ml) were used as extraction solvents. The ESI-MS/MS analysis was performed using a
4000 Q-TRAP quadrupole linear ion trap hybrid mass spectrometer (Applied
Biosystems/MDS Sciex, Concord, ON, Canada) with an ACQUITY Ultra Performance
LC® (Waters, Milford, MA). Each sample was injected onto an ACQUITY UPLC™
BEH C18 column (1.0 mm x 150 mm 1.d., 1.7 ym particle) and then subjected directly
to ESI-MS/MS analysis. Five microliters of sample were directly introduced by
autosampler injection, and the samples were separated by a step gradient with mobile
phase A (acetonitrile:methanol:water [2:2:1 v/v/v], containing 0.1% formic acid and
0.028% ammonium) and mobile phase B (isopropanol containing 0.1% formic acid and

0.028% ammonium) at the following ratios: 100:0 (0-5 min), 95:5 (5—20 min), and
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70:30 (20-21 min). Subsequently, the concentration of mobile phase B was increased to
50% by a linear gradient for 24 min (21-45 min), and was retained at 50% of mobile
phase B (50:50) for 45 min (45-90 min), and then at 0% of mobile phase B (100:0) for
30 min (90-120). The reaction was performed at a flow rate of 70 yl/min and the
column temperature was maintained at 30°C. The method to identify phospholipid

species was described previously (39).

Mice

C57BL/6J mice were obtained from Clea Japan, Inc. (Tokyo, Japan). All
animal studies were conducted in accordance with the guidelines for Animal Research
at The University of Tokyo, and were approved by the University of Tokyo Ethics

Committee for Animal Experiments.
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Results

Cloning of mouse LPCAT3, LPCAT4, and LPEAT1

To identify novel LPLATSs, I focused on uncharacterized proteins in the
MBOAT family. A phylogenetic tree was drawn by pairwise comparisons of amino acid
sequences of AGPAT, diacylglycerol AT2 (DGAT?2), and MBOAT family members

using Clustal W, European Bioinformatics Institute (EBI) (http://www.ebi.ac.uk/) (40)

(Fig. 3A). The cluster of MBOAT family proteins comprising new LPLATs was
different from that of the AGPAT or DGAT?2 family. Mouse MBOATS, 2, and 1 were
designated as mLPCAT3, mLPCAT4, and mLPEAT1, respectively, based on their
activities characterized in this study (see below). The functionally identified LPLATSs
are summarized in Figure 3B, with the higher enzymatic activities for acyl-CoAs are
indicated. The putative open reading frames of mLPEAT1, mLPCAT4, and mLPCAT3
encoded proteins of 492 amino acids (aa) (56.1 kDa), 519 aa (58.9 kDa), and 487 aa
(56.1 kDa), respectively (Fig. 4), and these proteins. Boxes indicate that mLPCAT3,
mLPCAT4, and mLPEAT1 were predicted by HMMTOP (41) to possess 10, 4, and 9
putative transmembrane domains, respectively. While the enzyme sequences did not
reveal AGPAT motifs as described above, LPCAT3 and LPEAT1 were found to possess
the C-terminal sequence motif KKXX (33), suggesting that these proteins are localized

to the ER in the same way as LPCAT1 and LPCAT?2 are (30,31).
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Fig. 3. Phylogenetic tree of mouse LPLAT family and summary of characterized LPLATS.

(A) A phylogenetic tree was drawn using ClustalW (http://www.ebi.ac.uk/). 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/EMBL/GenBank databases.

The accession numbers are shown in Table 2. (B) Functionally identified LPLATs were summarized. The darker
color indicates higher enzymatic activity for acyl-CoAs. Novel enzymes, LPCAT3, LPCAT4, and LPEAT] are
shown in “This study” . Additional LPLATSs that may exist were shown in “?” . GPAT, glycerol-3-phosphate

acyltransferase; MGAT, monoacylglycerol O-acyltransferase; ACAT, sterol O-acyltransferase; GOAT, Ghrelin

O-acyltransferase.
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Table 2

Family Acyltransferase Accession No.

LPAAT GPAT1 NP_032175
GPAT2 XP_130488
GPAT3 NP_766303
GPAT4 NP_997089
LPAATa NP_061350
LPAATp NP_080488
LPAATY NP_443747
LPAATO NP_080920
LPAATe NP_081068
LPEAT NP_061213
AT Like 1B NP_081875
LPGAT1 NP_758470
ALCAT Q3UNO02
LPCAT1 BAE94687
LysoPAFAT/LPCAT2 BAF47695
Tafazzin NP 852657

DGAT?2 MGATI1 NP_080989
MGAT?2 NP_803231
DGAT?2 NP_080660
DGAT?2Like3 NP_001074605
DGAT?2Like4 NP_808414
DGAT2Like6 CAM19588

MBOAT LPCAT3 (MBOAT5) NP_660112
LPCAT4 (MBOAT2) NP_080313
LPEAT1 (MBOAT1) NP_705774

GOATI XP_134120
DGAT1 NP_034176
ACAT1 NP_033256
ACAT2 NP_666176
Porcupine-a NP_058609

LPIATI1 NP_084210
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mLPCAT3.seq 1 MASTADGDMGETLEQMRGLWPGVEDLSLNKLATSLGASEQALRLIFSIFLGYPLALFYRH 60

mLPCAT4.seq 1 - MATTSTTGSTLLQPLSNAVQLPIDQVNFVVCQLFALLAAVWFRT 44
mLPEAT1. seq 1 - MAARPPASLSYRTTGSTCLHPLSQHEGIPIUQVNFVKCQEFKESKKFWFRI 51

* * *

mLPCAT3.seq 60 YLFY--KDSYLIHLFHTFTGLSIAYFNFGHQEYHSLLCVVLQFLILRLMGRTVTAVITTL 118
mLPCAT4.seq 44 [YLHSSKTSSFIRHVVATLLGLYLAFFCFGWYALHFLVQSGISYCIMITAGVESMQQCCFV 104
mMLPEAT1. seq 51 YLHPGKASPEVRHTLATILGIYFVVFCFGWYAVHLFVLVLMCY{;VMVTASVSNIHRYSFF 111

k% * * * * k¥ *

mLPCAT3.seq 118 CFQMAYL----LAGYYYTATGDYDIKWTMPHCVLTLKLIGLCIDYYDG-GKDGNSLTSEQ 173
mLPCAT4.seq 104 -FALGYLSVCQITRVYIFDYGQYSADFSGPMMIITQKITSLAYEIHDGMFRKDEELTPSQ 163
mLPEAT1.seq 111 —VAMGYLTICHISRI?IFH?GI[ TDFSGPLMIV QKITTLAFQVHDGLGRKAEDLSAEQ 170

. ** . . c* .. * * . *- ** “ . . . -*
mLPCAT3.seq 173 QKYAIRGVPSLLEVAGFSYFYGAFLVGPQFSMNHYMKLVRGQ------------ LTDIPG 221

mLPCAT4.seq 163 RGLAVRRMPSLLEYVSYTCNFMGILAGPLCSYKDYIAFIEGRASHVAQPSEN-GKDEQHG 222
mLPEAT1. seq 170 HRLAVKAKPSLLEYLSYHLCNFMSVIAGPCNNFKDYVAFIEGRHIHMKLLEVNWTQRGFQS 230

* %k %k 3k %k %k * * * *

mLPCAT3.seq 221 KM-PNSTIPALKRLSLGLVYLVGYTLLSPHITDDYLLTEDYDNRPFWF-RCMYMLIWGKF 279
mLPCAT4.seq 222 KADPSPNAAVTEKLLVCGLSLLFHLTISNMLPVEYNIDEHFQATASWPTKATYLYVSLLA 282
mLPEAT1. seq 230 LPEPSPMGAVIQKLKV [MS[[[F[I[SKSFPVlF[EDDWFVHKANFLSRLWYLYVVMQA 290

mLPCAT3.seq 279 VLYKYVTCWI VTEGVCTL SGLGENGFDENGTVRWDACANMKVWLFETTPRFNATIASENT] 339
mLPCAT4.seq 282 ARPKYYFAWTLADAINNAAGFGFRGYDKNGVARWDLISNLRIQQIEMSTSFKMFLDNWNI 342
mLPEAT1.seq 290 AKPKYYFAWTLADAVHNAAGFGFNGMDTDGKSRWDLLSNLNIWKIETATSFKMYLENWNI 350

k% * k k% ok ok * % %k %k * * * %k

mLPCAT3.seq 339 NTNAWVARYTHKRLKFLGNKELSQGLSLLFLALWHGLHSGYLTICHQMEFLIVIVEKQVSS 399

mLPCAT4.seq 342 QTALWLKRVCYERATF----- SPTIQTFFLSAIWHGVYPGYYLTFLTGVLMTLAARAVRN 397
mLPEAT1. seq 350 QTSTWLKCVCYERVPW----- YPTVL FEESK[WHGVYPGYYFIFEIGVPVTLAARAVRN 405

* * * * *** k%

mLPCAT3.seq 399 LIRDSPALSSLASITALQPFYYLVIQQTIHWLFMGYSMTAFCLFTWDKWLKVYRSLYFLGH 459
mLPCAT4.seq 397 NFRH----- YFLEPPQLKLFYOLITWVATQITISYTVVPFVLLSIKPSFTFYSSWYYCLH 452
mLPEAT1.seq 405 NYRH----- HFLSSKARKIAYWVTWKVTO'IIVSYTMFFVMEAVEPTISLYKM 460

. * . DY DY e s e e e e . . . . * * .. . *
mLPCAT3.seq 459 NEFLSLLFILPYTHKAMVPRKEKLKKRE-============-=--——omomomm - 487
mLPCAT4.seq 452 VCSILVLLLLPVK--KSQRRTSTQENVHLSQAKKFDERDNPLGQNSFSTMNNVCNQNRDT 510
MLPEAT1.seq 460 [ICLLIILFLPIKPHQPQRQSRSPNSVKKKAD -~ === == ==nmmmmmm e 492
%k
mLPCAT3.seq 487 --------- 487
mLPCAT4.seq 510 GSRHSSLTQ 519
mLPEAT1.seq 492 --------- 492

Fig. 4. Amino acid sequence alignments of mLPCAT3, mLPCAT4, and mLPEATI.
Amino acids conserved among the enzymes are marked with asterisks (*). The ER localization
sequence KKXX is present at the C terminus of mLPCAT3 and mLPEAT1. The putative
transmembrane motifs were determined using HMMTOP

(http://www.enzim.hu/hmmtop/index.html) and boxed.
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Subcellular localization of mLPCAT3, mLPCAT4, and mLPEAT1

To facilitate Western blot and immunocytochemical analyses of mLPCAT3,
mLPCAT4, and mLPEATI, plasmids expressing N-terminal FLAG-tagged recombinant
enzymes were constructed. Microsomal proteins (100,000 x g, 1 h pellet) of CHO-K1
cells transfected with empty vector or with vector containing FLAG-tagged cDNA
corresponding to each enzyme were subjected to Western blot analysis, which revealed
apparent molecular weights of 40 kDa, 42 kDa, and 40 kDa for mLPCAT3, mLPCAT4
and mLPEAT1, respectively (Fig. SA). These results are inconsistent with the molecular
weights calculated from the deduced amino acid sequences (i.e. 56.1 kDa, 58.9 kDa,
and 56.1 kDa, respectively), which could be due to the numerous predicted
membrane-spanning structures predicted to occur these proteins (Fig. 4) affecting 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 marker protein, suggesting that these enzymes are present mainly
in the ER (Fig. 5B). Neither Golgi marker protein (GM130) nor mitochondrial marker
protein (cytochrome ¢ oxidase) colocalized with the enzymes (Fig. 6A and B). The
distribution patterns of the enzymes were confirmed by cell fractionation and Western
blotting (Fig. 6C). Importantly, overexpression of these enzymes in CHO cells produced
unidentified organelles (Fig. 5B, arrowheads). Surprisingly, the staining pattern of the
unidentified organelles co-localized with each enzyme and also with calnexin (Fig. 5B,
arrowheads). To investigate these organelles, I analyzed CHO-K1 cells transfected with

mLPCAT3 by transmission electron microscopy. Although the ER structure was the
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Fig. 5. Western blot analysis and subcellular localization of FLAG-tagged mLPCAT3, mLPCAT4, and
mLPEAT]I, and transmission electron microscopy (TEM) of mLPCAT3 in CHO-K1 cells.

After 48 h of transfection, CHO-K1 cells were subjected to following analyses. (A) An amount of 10 pg protein of the 100,000
x g pellet fraction from transfected CHO-K1 cells was analyzed by Western blot using M2 anti-FLAG antibody. Molecular
sizes were indicated on the left in kDa. Results were representative of three independent experiments. (B) ER and
FLAG-tagged enzymes were visualized 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). The scale bars
correspond to 20 um. Two independent experiments were performed with similar results. Arrowheads indicated karmellae-like
membrane structures. (C-E) CHO-K1 cells transiently transfected with (C) vector or (D and E) FLAG-tagged mLPCATS3
cDNA were imaged by TEM. (E) The boxed area in panel C was magnified. M, mitochondria; N, nucleus. The arrowheads
indicated the multilayer membrane components (karmellae like structures). The scale bars corresponded to (C and D) 1 pm,

and (E) 100 nm. Two independent experiments were performed with similar results.
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Fig. 6. Western blot analysis and immunocytochemistry of FLAG-tagged mLPCAT3, mLPCAT4, and
mLPEATI.
After 48 h of transfection, CHO-K1 cells were subjected to immunocytochemical and Western blot analysis. (A and B) Golgi
(A), mitochondria (B), and FLAG-tagged enzymes were visualized using an anti-GM130 antibody (green), anti-cytochrome
c oxidase antibody (green), and anti-FLAG antibody (red), respectively. The subcellular localization of all enzymes was not
merged with Golgi and mitochondria marker proteins. The scale bars correspond to 20 pm. Two independent experiments
were performed with similar results. (C) The mitochondrial fraction was isolated from transfected CHO-K1 cells using Cell
Mitochondria Isolation Kit (Sigma). We obtained the three fractions: (i) whole cell lysate (600 x g supernatant); (ii) mito-
chondria fraction (11,000 x g pellet); and (iii) 11,000 x g supernatant including the ER fraction. The equal volumes of
obtained fractions were subjected to Western blot analyses using anti-FLAG antibody, anti-calnexin antibody, or anti-

cytochrome c oxidase antibody. FLAG-tagged enzymes were detected mainly in the 11,000 x g supernatant. Two indepen-
dent experiments were performed with similar results.
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same in CHO-mLPCAT3 and CHO-Vector cells, atypical multilayer membrane
components (karmellae-like structures) (42) were observed (Fig. 5D and E). The
number and size of these structures were greater in CHO-mLPCAT3 cells than in
CHO- Vector cells (Fig. 5C-E). The nature and origin of these structures remain to be

clarified.

Tissue distribution of mLPCAT3, mLPCAT4, and mLPEATI

Tissue distribution of mLPCAT3, mLPCAT4, and mLPEAT1 was analyzed
using quantitative real-time RT-PCR analyses. The mRNA of mLPCAT3 was detected
ubiquitously with high expression levels in the testis (Fig. 7A). In contrast, mLPCAT4
mRNA was highly expressed in the epididymis, brain, testis, and ovary; and mLPEAT1
mRNA in the stomach, epididymis, and colon (Fig. 7B and C). mRNA levels of B-actin

were used to normalize the mRNA levels of each enzyme.

Effect of an inflammatory stimulus on the mRNA expression of mLPCAT3,
mLPCAT4, and mLPEATI

Several studies have described a possible relationship between LPLAT
activities and inflammatory responses (43-45). Indeed, Up-regulation of LPCAT?2
mRNA by the stimulation with toll-like receptors (TLR4 and 9) agonist was reported in
mouse macrophages (31). Thus, to characterize the new LPLATS, I investigated the
effect of an inflammatory stimulation on the expression of their mRNA expression.

Mouse macrophages were treated with lipopolysaccharide (TLR4 agonist), ODN1826
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Fig. 7. Tissue distribution of mLPCAT3, mLPCAT4, and mLPEAT1 mRNA expression.
The expression levels of (A) mLPCAT3, (B) mLPCAT4, (C) mLPEATI in 18 mouse tissues
were analyzed by quantitative RT-PCR. The levels of these mRNAs were normalized using

3-actin levels. Two independent experiments were performed with similar results.
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Fig. 8. Effect of an inflammatory stimulus on the mRNA expression of mLPCAT3,
mLPCAT4, and mLPEATI.

Mouse peritoneal macrophages were stimulated by 100 ng/ml Lipopolysaccharide, 0.8 uM
ODN1826, or 1 pg/ml poly(I:C) for 16 h. The levels of (A) mLPCATS3, (B) mLPCAT4, (C)
mLPEATI, and (D) B-actin mRNA were analyzed by quantitative RT-PCR.
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(TLR9 agonist), and Poly(I:C) (TLR3 agonist) for 16 h. However, treatment with these
TLR agonists did not affect the expression levels of mLPCAT3, mLPCAT4, or

mLPEAT! (Fig. 8).

LPLAT activities of FLAG-tagged mLPCAT3, mLPCAT4, and mLPEAT1

I next examined the LPLAT activities of FLAG-tagged mLPCATS3, using a
variety of lysophospholipids as acceptors and acyl-CoAs as donors. mLPCAT3
exhibited detectable LPLAT activity for LPC, LPE, and LPS when arachidonoyl-CoA
was used (Fig. 9A). In contrast, mLPCAT4 possessed LPCAT and LPEAT activities
(Fig. 10A), and mLPEAT1 showed LPEAT and LPSAT activities when oleoyl-CoA
was used (Fig. 11A). mLPCAT?3 recognized various polyunsaturated fatty acyl-CoAs,
while mLPCAT4 and mLPEAT1 demonstrated preferential activity for oleoyl-CoA (Fig.
9B, D, F; Fig. 10B and D; Fig. 11B and D; Table 3).

mLPCAT3 and mLPCAT4 exhibited enzymatic activity for various acyl
groups at the sn-1 position of LPC; a higher activity was observed for when 1-acyl-LPC
was used as an acceptor than when 1-0-alkyl-LPC or 1-O-alkenyl-LPC was used (Fig.
9C and Fig. 10C). There were no clear differences in the activities of mLPCAT3,
mLPCAT4, and mLPEAT1 for 1-acyl-LPEAT and 1-O-alkenyl-LPEAT (Fig. 9E,
Fig.10E, and Fig. 11C). mLPCAT3 and mLPEATI1 showed higher activity for
1-oleoyl-LPE than 1-palmitoyl-LPE (Fig. 11C, and Fig. 9E), while mLPCAT4 showed a
preference for 1-palmitoyl-LPE (Fig. 10E). Furthermore, mLPCAT3 and mLPEAT1

recognized both 1-oleoyl-LPS and a crude mixture of LPS (Fig. 9G and Fig. 11E). The
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Fig. 9. Substrate selectivity of mLPCATS3.

LPLAT assays were performed by TLC with several 50 pM lysophospholipids and 25 uM acyl-CoAs using 0.5 pg of
microsomal proteins from vector-transfected (open bars) or mLPCAT3-transfected (closed bars) CHO-K1 cells. (A) The
LPLAT activities of mLPCAT3 were measured using several lysophospholipids and ['*CJarachidonoyl-CoA. (B and C)
LPCAT activities of mLPCAT3 using (B) acyl-CoA (16:0, 18:0, 18:1, 18:2, 18:3, 20:4, and 22:6) with [“*C]LPC (C16:0) or
(C) 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
[**CJarachidonoyl-CoA were measured. (D-F) LPEAT and LPSAT activities of mLPCAT3 using; ["*C]acyl-CoA (16:0, 18:1,
18:2, and 20:4) with (D) LPE (C18:1) or (F) LPS (C18:1); or using ['*C]arachidonoyl-CoA with (E) LPE (1-acyl LPE C16:0,
18:0, 18:1, and crude 1-alkenyl LPE) or (G) LPS (1-acyl LPS C18:1 and crude 1-acyl LPS) were measured. The data

represent the mean + S.D. of triplicate measurements. Two independent experiments were performed with similar results.
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Fig. 10. Substrate selectivity of mLPCAT4.

LPLAT assays were performed by TLC with several 100 uM lysophospholipids and 50 uM acyl-CoAs using 5 ug of
microsomal proteins from vector-transfected (open bars) or mLPCAT4-transfected (closed bars) CHO-K1 cells. (A) The
LPLAT activities of mLPCAT4 were measured using several lysophospholipids and ["*C]oleoyl-CoA. (B and C) LPCAT
activities of mLPCAT4 using (B) acyl-CoA (16:0, 18:0, 18:1, 18:2, 18:3, 20:4, and 22:6) with [*C]LPC (C16:0) or (C)
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
[**Cloleoyl-CoA were measured. (D and E) LPEAT activities of mLPCAT4 were measured using (D) ["*Clacyl-CoA
(16:0, 18:1, 18:2, and 20:4) with LPE (C16:0) or (E) ["*C]oleoyl-CoA with LPE (1-acyl LPE C16:0, 18:0, 18:1, and crude
1-alkenyl LPE). The data represent the mean + S.D. of triplicate measurements. Two independent experiments were

performed with similar results.
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Fig. 11. Substrate selectivity of mLPEAT1I.

LPLAT assays were performed by TLC with several 100 uM lysophospholipids and 50 uM acyl-CoAs using 5 pg of
microsomal proteins from vector-transfected (open bars) or mLPEAT1-transfected (closed bars) CHO-K1 cells. (A) The
LPLAT activities of mLPEAT1 were measured using several lysophospholipids and [“C]oleoyl-CoA. (B and C) LPEAT
activities of mMLPEAT1 were measured using (B) ['*CJacyl-CoA (16:0, 18:1, 18:2, and 20:4) with LPE (C16:0) or (C)
["*C]loleoyl-CoA with LPE (1-acyl LPE C16:0, 18:0, 18:1, and crude 1-alkenyl LPE). (D and E) LPSAT activities of
mLPEAT]1 were using (D) ["*C]acyl-CoA (16:0, 18:1, 18:2, and 20:4) with LPS (C18:1) or (E) [**C]oleoyl-CoA with LPS
(1-acyl LPS C18:1 and crude 1-acyl LPS) were measured. The data represent the mean + S.D. of triplicate measurements.

Two independent experiments were performed with similar results.
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Table 3

Substrate selectivities of three acyltransferases

Enzyme Enzymatic Activity  AcylCoA 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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Table 4

The Km and Vmax values of three acyltransferases for each substrate

AcylCoA Lysophospholipid
Enzyme Enzymatic Activity Substrate Km (uM)  Vmax (nmol/min/mg) Km / Vmax Km (uM)  Vmax (nmol/min/mg) Km / Vmax
mLPCAT3 LPCAT 16:0LPC / 20:4CoA 6.1-9.5 914-978 102.9-149.9 33.8-35.2 1098-1352 32.5-38.4
LPEAT 18:1LPE / 20:4CoA 43.2-45 475-491 10.9-11.0 27.5-31.9 273-318 9.9-10.0
LPSAT 18:1LPS/20:4CoA  23.2-32.8 275-318 9.7-11.9 17.0-27.6 350-400 14.5-20.6
mLPCAT4 LPCAT 16:0LPC / 18:1CoA 4.1-6.5 17.8-30.0 4.3-4.6 6.9-8.9 20.8-28.4 3.0-3.2
LPEAT 16:0LPE /18:1CoA  47.3-49.0 32.5-42.8 0.7-0.9 17.5-37.9 9.7-20.2 0.5-0.5
mLPEAT1 LPEAT 18:1LPE / 18:1CoA 3.3-6.1 8.7-13.1 2.1-2.6 7.2-8.3 6.6-8.1 0.9-1.0
LPSAT 18:1LPS /18:1CoA 3.2-4.6 3.4-5.1 0.7-1.6 1.8-2.7 4.5-5.8 2.1-2.5
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substrate selectivity and the apparent Km and Vmax values of the enzymes are
summarized in Table 3 and Table 4, respectively. mLPCAT3 showed higher LPCAT
activity than LPEAT and LPSAT activities (Fig. 9A). Similarly, mLPCAT4 had higher
LPCAT activity than LPEAT activity (Fig. 10A). mLPEAT1 showed similar activities
for LPE and LPS (Fig. 11A and Table 4). 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 Fig. 5A).

Reduction of endogenous LPLAT activities by mLPCAT3 siRNA

I next investigated the role of endogenous mLPCATS3. I selected to perform
siRNA transfection in B16 melanoma cells, because these cells exhibit high levels of
mRNA expression of mLPCAT3, mLPCAT4, and LPEAT1 mRNA in 18 different
mouse-derived cell lines (Fig. 12). To investigate whether endogenous LPLAT
activities are decreased by mLPCAT3-, mLPCAT4, and mLPEATI-siRNA, I
transfected B16 cells with siRNAs designed against three different regions of these new
LPLAT genes or with a negative control (NC)-siRNA. Each siRNA decreased the
mRNA expression of the target gene by 20-30% relative to NC-siRNA without
affecting the mRNA expression of other two LPLATS I identified in this study (Fig. 13).

Endogenous LPCAT, LPEAT, and LPSAT activities, measured using
arachidonoyl-CoA as a donor, were shown to decrease in cells transfected with
mLPCAT3-siRNA (Fig. 14A). In cells transfected with siRNAs against mLPCAT4 and

mLPEATI1, endogenous LPLAT activities for oleoyl-CoA remained unchanged (Fig.
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Fig. 12. The mRNA expression of mLPCAT3, mLPCAT4, and mLPEAT1 in various

mouse-derived cell lines.

mouse-derived cell lines were analyzed by quantitative RT-PCR. The levels of these mRNAs

The expression levels of (A) mLPCAT3, (B) mLPCAT4, (C) mLPEATTI in 18 different

were normalized using B-actin levels.
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Reduction of mLPCAT3, mLPCAT4, and mLPEAT1 expression by siRNA in

Fig. 13.
B16 cells.

D) Three siRNAs for each enzyme-siRNA and a NC-siRNA were transfected into B16

(A-

(C) mLPCAT4, and (D)

mLPEATI were reduced. (A) The mRNA of B-actin was used as an internal control. Two

b

cells. After transfection for 48 h, mRNA levels of (B) mLPCATS3

independent experiments were performed with similar results.
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14B), despite a reduction in the mRNA levels of mLPCAT4 and mLPEAT1 (Fig. 13C
and D). In B16 cells with reduced mLPCAT3 mRNA expression, endogenous LPCAT
and LPSAT activities for oleoyl-CoA were reduced compared to the control cells
transfected with NC-siRNA (Fig. 14B). It is possible that mLPCAT3 and/or another
unidentified LPLAT(s) compensate for LPCAT, LPEAT, and LPSAT activities in B16
cells transfected with mLPCAT4- or mLPEAT 1-siRNAs, and that the expression levels
of these mRNAs may be lower than that of mLPCAT3. 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 LPA AT, LPGAT, or LPIAT activities (Fig.14A and B).

The effect of mLPCAT3 on phospholipid compositions as determined by LC-MS

I next analyzed the phospholipid components in the membranes of B16 cells
transfected with mLPCAT3-siRNA or NC-siRNA. After exposing the cells to 10 nM
arachidonic acid for 24 h, total lipids were extracted from washed cells by the
Bligh-Dyer method (38) from washed cells. Lipids were analyzed 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 enzymes determined in
vitro, the proportion of PC, PE, and PS containing arachidonic acid (20:4) or linoleic
acid (18:2) was reduced in cells transfected with mLPCAT3-siRNA transfected cells
(Fig. 15B, C, E, F, H, and I). Phospholipids possessing palmitic acid (16:0) were used

as a negative control (Fig. 15A, D, and G).
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Fig. 14. Effect of the mLPCAT3, mLPCAT4, and mLPEAT1 mRNA knockdown on
endogenous LPLAT activities in B16 cells.

Endogenous LPLAT activities were measured using (A) 25 uM ['*C]Jarachidonoyl-CoA or (B)
50 uM ["C]Joleoyl-CoA with (A) 50 uM or (B) 100 uM several lysophospholipids. The
supernatants from 9,000 x g centrifugation were prepared from B16 cells transfected with each
siRNA, and used for enzyme assays. The data represent the mean + S.D. of triplicate
measurements. Two independent experiments were performed with similar results. Statistical

analyses were performed by ANOVA with Tukey's Multiple Comparison test (P < 0.001).
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Fig. 15. Effect of mLPCAT3 knockdown on membrane phospholipid composition in
B16 cells.

(A-I) The amounts of various phospholipids were measured using a 4000 Q-TRAP, as
described in Materials and Methods. The levels of (A-C) PC, (D-F) PE, and (G-I) PS in B16
cells were normalized to LPC (C17:0), which was added as a control in the lipid extraction
step, and the values of NC-siRNA were considered as 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

+ S.D. of three independent experiments. Statistical analyses were performed by one sample t

test (*P < 0.05 versus NC-siRNA).
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Discussion

Until now, the AGPAT family has been characterized as LPLATSs that
possessing unique LPAAT motifs. Among them, LPAATs are known to catalyze PA
biosynthesis in the de novo pathway (Kennedy pathway), while LPGAT1, LCLATI,
LPCATI, and LPCAT? exert their activities in the remodeling pathway (Lands’ cycle)
(Fig. 1 and 2). In this study, I identified a new LPLAT family, the MBOAT family, that
consists of previously reported proteins of unknown functions (35). This new LPLAT
family is distinct from the AGPAT families because its members do not possess
LPA AT motifs. Within this new LPLAT family, I identified novel key LPLAT enzymes,
namely mLPCAT3, mLPCAT4, and mLPEATI1, which catalyze membrane
phospholipid remodeling in the Lands’ cycle. mLPCAT?3 converted LPC, LPE, and LPS
into PC, PE, and PS, respectively, using polyunsaturated fatty acyl-CoAs (18:2 and
20:4). In contrast, mLPCAT4 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. Importantly,
mLPCAT3-siRNA mediated reduction of mLPCAT mRNA in B16 reduced the amount
of PUFA containing PC, PE, and PS. This indicates that the phospholipid remodeling
pathway controls the fatty acid composition of cellular phospholipids in living cells.

The MBOAT family is evolutionarily conserved from plants to mammals (35),
and contains protein acyltransferases, such as Hedgehog acyltransferase (HHAT) and
Porcupine that both catalyze the transfer of long-chain fatty acids (46,47). Porcupine is

required for Ser209-dependent acylation (16:1) of Wnt-3a protein (already

41



palmitoylated at Cys77) for secretion. Hedgehog acyltransferase palmitates a Cys
residue in Sonic Hedgehog, and this modification is essential for the activity of Sonic
Hedgehog as well as for the generation of a protein gradient in the developing embryo.
In budding yeast, the gene called GUP1 (glycerol uptake protein 1) is proposed to
catalyze the remodeling of the glycosylphosphatidylinositol (GPI) anchor. MBOAT4
was identified as a ghrelin O-acyltransferase (GOAT), which esterifies Ser3 of ghrelin,
an appetite-stimulating peptide hormone that contains with an octanoyl group.
Acylation is important for the growth hormone releasing activity of ghrelin (48).
Furthermore, acyl-CoA:cholesterol O-acyltransferase 1 (ACAT1) and ACAT?2, and
diacylglycerol acyltransferase 1 (DGAT1) are also included in the MBOAT family
(49-52). Recently, five different research groups independently reported the
identification of a budding yeast orthologue of this family as a LPLAT with most
similarity to mLPCAT4 (MBOAT?2) (53-57). Notably, the enzymatic properties of yeast
MBOAT are different from those of mouse MBOAT. Differences in such enzymatic
properties may account for the differences in membrane phospholipid composition
between yeast and mammalian cells. Human MBOAT7 was recently reported as a
LPIAT (58) and showed LPIAT activity with 20:4-CoA. Site-directed mutagenesis of
human LPIAT1 demonstrated that a predicted active site residue, His350 within a long
hydrophobic region, is important for LPIAT activity. An LPIAT1 mutant of C. elegans
showed a “bags of worms” phenotype whereby the embryos hatched within the mother,
leaving a cuticle sack that contained multiple wriggling larvae (59). Thus, the MBOAT

family is comprised of enzymes that incorporate fatty acids into amino acid residues and

42



lysophospholipids. It is unknown which amino acid residues or motifs are important in
distinguishing between lysophospholipids and proteins as acceptors.

The diversity and asymmetry of glycerophospholipids are assumed to be
regulated by several PLA,s and LPLATSs that control the levels of lysophospholipids
and phospholipids, which contain the precursors of lipid mediators, such as arachidonic
acid at the sn-2 position (12,18). Arachidonic acid liberated by PLA,s is converted into
eicosanoids (12,60). Lysophospholipids constitute a different class of lipid mediators or
precursors of lipid mediators, such as PAF, LPA, and the endocannabinoids (61-67).
Furthermore, membrane fluidity, curvature, flexibility, and function may be partly
attributed to phospholipid composition (4-6). While various types of PLA,s have been
revealed, the properties and abundance of LPLATSs have not been clarified. LPLATSs
with a preference for different acyl-CoAs may contribute to the diversity of membrane
composition, and this will be explored 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 (68).

To date, numerous studies have suggested the possible presence of LPCATS,
LPEATs, and LPSATSs that are specific for polyunsaturated long-chain fatty acyl-CoAs
(3,69-72). Recently, our group cloned and characterized two types of LPCAT'Ss, namely
LPCATI1 and LPCAT?2. Since LPCAT1 is highly expressed in alveolar type II cells and
demonstrate selectivity, we postulated that its function is to produce pulmonary

surfactant phospholipids (30,73). LPCAT?2, which is mainly expressed in inflammatory
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cells, is upregulated 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 Ca** (31). However, none
of the activities of mLPCAT3, mLPCAT4, or mLPEATI were Ca2+—dependent.
Furthermore, innate immune agonists (Toll-like receptors 3, 4, or 9) did not induce
mRNA expression of these enzymes in macrophages (Fig. 8), 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 not only a major fatty acid of PC in several cell types, but
also a precursor of the eicosanoids that are involved in numerous homeostatic biological
functions and the inflammatory response (1,3,74). Thus, it is possible that mLPCAT3
controls the amount of eicosanoid precursors and is an important enzyme in the
regulation of the remodeling pathway. Differences in phospholipid composition among
various types of cells or tissues have been reported (3,75). The substrate specificities
and mRNA expression patterns of these novel enzymes (LPCAT3, LPCAT4, and
LPEAT1) may contribute to the production of the different varieties of membrane
phospholipids seen in various tissues and thereby determine the characteristics of each
cell membrane.

Interestingly, the Drosophila orthologue of mLPCAT3 was previously
reported as nessy, a gene controlled by Ultrabithorax (Ubx) homeotic (Hox) and other
Hox proteins during Drosophila embryogenesis (76). This suggests that membrane

phospholipid remodeling may be important in embryogenesis, and that mLPCAT3 may
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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 (77), suggesting that human
LPEAT1 contributes to the turnover of phospholipids for normal development and
organogenesis. Importantly, it is known that the LPLAT activity is known to be affected
by the inflammatory cytokines such as Interferon-y. Thus, LPLATSs are considered as a

new target for the drug discovery (45).
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Fig. 16. Summary of this study.
In this study, I identified and characterized three new LPLATs (LPCATS3,

LPCAT4, and LPEAT1) witch is important for the reacylation of
lysophospholipids in Lands’ cycle.
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Conclusion

I have identified a novel LPLAT family, named MBOAT family, which
consists of three novel LPLATS, i.e. LPCAT3, LPCAT4, and LPEAT1. These enzymes
of MBOAT family contribute to membrane biogenesis and diversity (Fig. 16). Further
studies are needed to elucidate the roles of mLPCAT3, mLPCAT4, and mLPEAT1 in
vivo, and to determine their potential as novel therapeutic targets in various diseases. To
date, the study of membrane biogenesis in the remodeling pathway (i.e. the Lands’
cycle) has been delayed due to the lack of information about the key enzymes involved.
Discovery of this new LPLAT family paves the way for a better understanding of

membrane asymmetry and diversity.
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