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Cell membranes contain several classes of glycerophospho-
lipids, which have numerous structural and functional roles in
the cells. Polyunsaturated fatty acids, including arachidonic
acid and eicosapentaenoic acid, are located at the s»#-2 (but not
sn-1)-position of glycerophospholipids in an asymmetrical
manner. Using acyl-CoAs as donors, glycerophospholipids are
formed by a de novo pathway (Kennedy pathway) and modified
by a remodeling pathway (Lands’ cycle) to generate membrane
asymmetry and diversity, Both pathways were reported in the
1950s. Whereas enzymes involved in the K dy pathway have
been well characterized, including enzymes in the 1-acylglyc-
erol-3-phosphate O-acyltransferase family, little is known about
enzymes involved in the Lands’ cycle. Recently, several labora-
tories, including ours, isolated enzymes working in the remod-
eling pathway. These enzymes were discovered not only in the
1-acylglycerol-3-phosphate O-acyltransferase family but also in
the membrane-bound O-acyltransferase family. In this review,
we summarize recent studies on cloning and characterization of
lysophospholipid acyltransferases that contribute to membrane
asymmetry and diversity,

Biosynthetic Pathway

All organisms are composed of cells that are enclosed by a
cell membrane, which contains phospholipids, cholesterol, and
proteins, Lipids fulfill four general functions. (i) They serve as
an efficient source of energy; (ii) they form cell membranes that
contain the bipolar lipids of glycerophospholipids and sphingo-
phospholipids; (iii) they participate in the regulation of partic-
ular proteins through post-translational lipid modification; and
(iv) they serve as messengers during cellular signal transduction
(1). Thus, glycerophospholipids are important not only as
structural and functional components of cell membranes but
also as precursors of various lipid mediators, such as PAF? and

* This work was supparted in part by grants-in-aid from the Minlstry of Edu-
cation, Culture, Sports, Science, and Technology of Japan and the Global
COE Program (The University of Tokyo) from the Japan Society for Promo-
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eicosanoids (2, 3). Each tissue maintains a distinct content and
composition of various phospholipids, such as PA, PC, PE, PG,
CL, PI, and PS (1, 4, 5). For the biosynthesis of glycerophospho-
lipids, fatty acids first need to be activated to acyl-CoAs as
described by Kornberg and Pricer (6). Using acyl-CoAs as
donors, phospholipids are formed from glycerol 3-phosphate
by the de novo pathway, originally described by Kennedy and
Weiss in 1956 (7). However, the acyl groups of glycerophospho-
lipids are highly diverse and are distributed in an asymmetric
manner (4, 8). Saturated and monounsaturated fatty acids are
usually esterified at the sn-1-position, whereas polyunsaturated
acyl groups are esterified at the sn-2-position. This diversity
and asymmetry is not fully explained by the Kennedy pathway.
Rapid turnover of the sn-2-acyl moiety of glycerophospholipids
was originally described by Lands as the remodeling pathway
(Lands’ cycle) (9) and is attributed to the concerted and coor-
dinated actions of PLA,s and LPLATs (3, 8, 10). Although these
metabolic processes occur in a variety of tissues, information on
the enzymes involved in phospholipid remodeling has been
lacking for the past 50 years. Dr. Lands asked in his review,
“Which enzymes distinguish between saturated and unsatur-
ated acyl chains?" (8). Now, we may be able to answer that
question because several LPLATs have been recently cloned
and characterized. In this review, after a brief description of the
enzymes of the Kennedy pathway, we will summarize recent
findings on the cloning and characterization of remodeling
enzymes in the Lands' cycle.

Acyltransferases in the de Novo Pathway
(Kennedy Pathway)

In the de novo pathway of glycerophospholipid biosynthesis,
LPA is first formed from glycerol 3-phosphate by GPAT (11,
12). Next, LPA is converted to PA by LPAATS, and PA is metab-
olized into two types of glycerol derivatives (11, 12). One is
DAG, which is then converted to TAG, PC, and PE. Subsequently,
PS is synthesized from PC or PE. The other glycerol derivative is
cytidine diphospho-DAG, which is transformed into Pl, PS, PG,
and CL (Fig. 1). Several key enzymes in the de novo pathways have
been characterized, and additional information is available in
other review articles (1, 11, 12).

Several acyltransferases that form LPA or PA have been iden-
tified, and all of them are members of the AGPAT family, which
possesses LPLAT motifs (13, 14). Because several groups inde-
pendently cloned LPLATSs, they have multiple names. For
example, AGPATL is also called LPAAT , and AGPATS is also
known as AGPAT9, LPAATH, or GPAT3. Confusingly,
LCLAT1 was also given the name AGPATS. To eliminate the

by the Ministry of Health, Labour, and Welfare of Japan, the Mitsubishi
Pharma Research Foundation, and the Ono Medical Research Foundation
(to H.5.). This minireview will be reprinted in the 2009 Minireview Com-
pendium, which will be available in January, 2010.
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# The abbreviations used are: PAF, platelet-activating factor; PA, phosphatidic
acld; PC, phasphatidylcholing; PE, phosphatidylethanclamine: PG, phos-
phatidylglycerol; CL, cardiolipin; PI, phosphatidylinositol; PS, phosphati-
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dylserine; PLA,, phospholipase A;; LPLAT, lysophospholipid acyltrans-
ferase; LPA, lysophosphatidic acid; GPAT, glycerol-3-phosphate
acyltransferase; LPAAT, LPA acyltransferase; DAG, diacylglycerol; TAG, tria-
cylglycerol; AGPAT, 1- aqﬂgryceml 3 phosphate O-acyltransferase; LCLAT,
lyso-CL acetyltransfi P ic reticulum; LPGAT, lyso-PG
acetyltransferase; LPCAT, lym—PC acylransferase; TLR, Toll-like receptor;
LPEAT, lyso-PE acyltransferase; LPSAT, lyso-PS acyltransferase; MBOAT,
membrane-bound O-acyltransferase; LPIAT, lyso-Pl acyltransferase.
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confusion about the nomenclature, we propose that the
enzymes be renamed based on their substrate specificities and
by the order of their cloning publications (Table 1),
GPATs—Four mammalian GPATs have been cloned (15—
19). GPAT1 and GPAT?2 (also called xGPAT (16)) are located in
the outer mitochondrial membrane, whereas GPAT3 (called
AGPATS, AGPATY, or LPAAT#) and GPAT4 (called AGPAT6
or LPAAT{) are localized to the ER. GPAT1 is resistant to sulf-
hydryl agents like N-ethylmaleimide and prefers 16:0-CoA as a
substrate (12). In the liver of GPAT1 knock-out mice, the
palmitate (16:0) content was lower at the sn-1-position of TAG,
PC, and PE, indicating the important role of the mitochondrial
form of GPAT in TAG and glycerophospholipid formation
(12). GPAT2 is N-ethylmaleimide-sensitive, has no preference
for 16:0-CoA, and is expressed mainly in mouse testis (20). The

Kennedy pathway (de novo pathway) GIF poati

PC PE — . PS ] PG —CL
LPCATI LPCAT3,
L"GRH I..PCA;; @{: l.m;l LPATY L'GA"‘R Lerati] | pua
LPCAT4 LPEAT2
Lysc-PAF LPC LPE LPS (£ ] LPG LcL
LPCATY
LPCATE
PAF Lands’ cycle (remodeling pathway)
FIGURE 1. Path 9 holipid bi, h Glycerophos-

pholipids are first synthesized through the de novo pathway (Kennady path-
way) and then modified through the remodeling pathway (Lands’ cycle), Red
and blue arrows indicate acyltransferases and PLA s, respectively, See text for
detall. G3P, glycerol 3-phosphate; LPC, LPE, LPS, LPI, LPG, and LCL, lyso-PC,
lyso-PE, lysa-PS, lyso-Pl, lyso-PG, and lyso-CL, respectively; COP-DAG, cytidine
diphospho-DAG.

TABLE1

microsomal form of GPAT constitutes —90% of the total GPAT
activity in most tissues but only 50-80% of the activity in the
liver (12). Moreover, in differentiating 3T3-L1 adipocytes, the
specific activity of microsomal GPAT is 70-fold higher, whereas
mitochondrial GPAT activity is only 10-fold higher (12). The
mRNA level of GPATS3 is consistently 60-fold higher in 3T3-L1
adipocytes than in preadipocytes (17). On the other hand,
GPAT4is expressed in many tissues. Both GPAT3 and GPAT4
recognize a broad range of substrates from 12:0-CoA to 18:1- or
18:2-CoA as donors. The microsomal form of GPAT is thought
to play vital roles in TAG synthesis. The mitochondrial form of
GPAT is regulated nutritionally and hormonally (12).

LPAATs—GPATs catalyze the formation of LPA from glyc-
erol 3-phosphate, and LPAATS subsequently catalyze the for-
mation of PA from LPA in the de novo pathway. To date, two
LPAATs (LPAATI and LPAAT?2) have been cloned and char-
acterized (21-24), and three additional LPAAT candidates
(AGPAT3-5) have been reported but have not been analyzed in
any detail (25). They are all members of the AGPAT family and
have four LPLAT motifs. Human LPAAT]1 (called AGPATI or
LPAAT @) and human LPAAT2 (called AGPAT2 or LPAATR)
were cloned based on their homologies to yeast, Escherichia
coli, and coconut AGPATSs (21, 22, 24). Human LPAATI is
expressed ubiquitously (21, 22). LPAAT1 showed higher activ-
ity with 14:0-, 16:0-, and 18:2-CoAs and showed intermediate
activities with 18:1- and 20:4-CoAs (26). The LPLAT motifs of
human LPAAT1 contain the sequences NHX,D (motif I, resi-
dues 103-109), GVIFIDR (motif 11, residues 143-149), EGTR
(motif 111, residues 178 —181), and [VPIVM (motif 1V, residues
205-210) (14). Site-directed mutagenesis of LPAAT1 demon-
strated that these motifs are essential for LPAAT activity (14).

Human LPAAT2 mRNA is found in most tissues, with the
highest expression seen in the heart, liver, and adipocytes (21,
24, 27), LPAAT?2 prefers 20:4-CoA rather than 16:0- or 18:0-
CoA (24, 26). Mutations in LPAAT2 have been linked to con-
genital generalized lipodystrophy (also known as Berardinelli-
Seip syndrome) (27), indicating that LPAATZ is involved in
TAG synthesis and storage in adipocytes.

Summary of LPLATs: a proposal for the standardization of LPLAT nomenclature
We propose to rename LPLATS as indicated below and discussed in text. The weaker activities with some acyl-CoAs have been omitted. The accession number for each

enzyme is available in the DDBl/GenBank™/ERI Data Bank
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Putative LPLATs in the AGPAT Family—Three other puta-
tive LPAATSs (AGPAT3-5; also called LPAATy, LPAATS, and
LPAATE, respectively) have been reported, but their LPAAT
activity with 18:1-CoA was very low (25). Additionally, a puta-
tive mouse acyltransferase gene, AT-like 1B, is registered in the
NCBI Database; however, the biochemical characteristics were
not provided, and a human homolog has not been found.

Acyltransferases in the Remodeling Pathway
(Lands’ Cycle)

Phospholipids are first synthesized in the de novo pathway,
and their fatty acyl composition at the sn-2-position is altered in
the remodeling pathway (Lands’ cycle) through the concerted
actions of PLA,s and LPLATs (9). Although several PLA,s have
been identified and well characterized (3), the cloning and char-
acterization of acyltransferases are only occurring now.
LPLATSs were recently shown to be remodeling enzymes, and
their biochemical analyses are in progress.

LCLATI! and LPGATI1—CL is the only known dimeric glyc-
erophospholipid and consists of four fatty acyl chains, a lino-
leoyl group (C18:2). CL is required for the reconstituted activity
of several key mitochondrial enzymes involved in energy
metabolism (5). CL is synthesized from dilyso-CL and mono-
lyso-CL by LCLAT. Mouse LCLAT1 (called ALCAT1 by Cao et
al) was identified and found to possess LPLAT motifs (28).
Overexpression of LCLAT1 in S cells or COS-7 cells led to a
significant increase in di-LCLAT and mono-LCLAT activities.
The enzyme recognized both dilyso-CL and monolyso-CL as
acceptors with a preference for 18:1- and 18:2-CoAs, Mouse
LCLAT1 is widely distributed, with the highest expression seen
in the heart and liver. When LCLAT1 was overexpressed in
COS-7 cells, the enzyme localized to the ER. The subcellular
localization was predicted by the existence of a KKXX motif, an
ER retention signal at the C-terminal end (29) of LCLAT1.
Although another AGPATE (not GPAT3) was reported as
being an LCLAT, its biochemical characteristics were not ana-
lyzed in detail (30). CL remodeling is believed to play an impor-
tant role in the maintenance of normal heart functions. Defec-
tive CL is associated with Barth syndrome, a family disease
caused by mutations of putative acyltransferase genes that
manifests itself as cardiomyopathy and skeletal myopathy (31).
Thus, studies of LCLAT are needed to clarify the regulatory role
of CL remodeling in cardiac function.

PG is a precursor for the synthesis of CL and a potential
activator of the protein kinase C family, including nuclear pro-
tein kinase Cf, (32). The same group who cloned LCLAT1
found that LPGAT1 catalyzed the synthesis of PG from lyso-PG
and acyl-CoA (33). The enzyme also possesses the LPLAT
motifs. Human LPGAT overexpressed in COS-7 cells showed
a clear preference for 16:0-, 18:0-, and 18:1-CoAs as donors,
which is consistent with the composition of endogenous PG in
several tissues. Human LPGAT] is widely distributed in tissues.
The enzyme has the KKXX motif and is localized to the ER (33).
These two studies are a pioneering achievement in initiating
studies on acyltransferases at the molecular level,

LPCATI and LPCAT2—We (34) and Chen et al. (35) inde-
pendently discovered LPCAT1 (also called AGPAT9 or AT -like
2), which has LPLAT motifs and catalyzes dipalmitoyl-PC syn-
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thesis. The enzyme is expressed mainly in the lung, especiallyin
alveolar type II cells, and its mRNA is increased during the
perinatal period. Dipalmitoyl-PC is a major component of pul-
monary surfactant, which decreases surface tension, thereby
preventing alveolar collapse, small airway closure, and alveolar
flooding. Pulmonary surfactant deficiency is recognized to be
an important contributing factor in the pathogenesis of infant
respiratory distress syndrome, acute respiratory distress syn-
drome, asthma, and bronchiolitis (36). Thus, LPCAT1 may syn-
thesize the PC of pulmonary surfactant and play a critical role in
respiratory physiology. It is of note that LPCAT1 utilizes 18:2-
or 18:3-acyl-CoA and exhibits LPGAT activity, reflecting the
exact lipid composition of pulmonary surfactant. Further stud-
ies are needed to elucidate the exact roles of LPCAT1 in vivo
and to determine whether there is a direct relationship between
LPCAT1 and surfactant lipid synthesis.

LPCAT2 (called LysoPAFAT/LPCAT2 and AT-like 1) was
identified by our group as the long-sought lyso-PAF acetyl-
transferase involved in PAF biosynthesis in the remodeling
pathway (37). LPCAT?2 also has the LPLAT, EF hand-like, and
KKXX motifs, which is consistent with its subcellular localiza-
tion to the ER. The highest level of LPCAT2 expression was
observed in resident macrophages and casein-induced neutro-
phils, followed by skin, colon, spleen. and thioglycolate-in-
duced macrophages. Moreover, in mouse thioglycolate-in-
duced macrophages, the mRNA level of LPCAT2 was increased
by treatment with TLR agonists, lipopolysaccharide (a TLR4
agonist) and ODN1826 (a TLR9 agonist), both of which are
bacterial cell components, The induction was suppressed by
dexamethasone treatment. Because the virus component
poly(1:C) (a TLR3 agonist) did not induce LPCAT?2 expression,
LPCAT2 is induced by bacterial infection but not by viral infec-
tion. Surprisingly, LPCAT2 also possesses LPCAT activity
using 20:4-CoA as the best donor. The reaction product is 1-0-
alkyl-2-arachidonoyl-PC, which is a major membrane constit-
uent of inflammatory cells as well as a precursor of lyso-PAF.
Lyso-PAF is produced from 1-O-alkyl-2-arachidonoyl-PC by
PLA_s and used to form PAF (Fig. 1) (3, 38). Thus, LPCAT2isa
critically important enzyme not only in the biosynthesis of PAF
(lyso-PAF acetyltransferase activity) but also in membrane
homeostasis of inflammatory cells (LPCAT activity). Upon
acute inflammatory stimulation with lipopolysaccharide, the
activated enzyme utilizes acetyl-CoA more efficiently and pro-
duces PAF. It is speculated that LPCAT2 is phosphorylated and
activated by p3B mitogen-activated protein kinase (MAPK)
dependently because an inhibitor of this kinase abolished the acti-
vation of LPCAT2 and endogenous lyso-PAF acetyltransferase
(37, 39). Therefore, specific inhibitors of LPCAT2 may be better
anti-inflammatory drugs than PAF receptor antagonists because
they also inhibit proliferation of inflammatory cells by disturbing
membrane biogenesis. It will be important to characterize both
acetyltransferase and acyltransferase activities of LPCAT2, includ-
ing identification of binding sites for each substrate (acetyl-CoA
and arachidonoyl-CoA). Additionally, it will be necessary to study
the differential regulation of each enzyme activity.

A recent study demonstrated that LPCAT1 catalyzes not
only dipalmitoyl-PC synthesis (LPCAT) but also PAF synthesis
(lyso-PAF acetyltransferase) (Fig. 1) (40). In mouse macro-
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phages, LPCAT1 was neither activated nor up-regulated by
lipopolysaccharide stimulation, which was in contrast to
LPCAT2. Moreover, both LPCAT1 and LPCAT2 have EF
hand-like motifs; however, only LPCAT2 showed Ca®*-
dependentactivity. Site-directed mutagenesis of LPCAT1 dem-
onstrated that the LPLAT motif 2 is an acyl-CoA-binding site in
LPCATL. Thus, two distinct lyso-PAF acetyltransferases are
present: LPCATI1, a constitutively expressed enzyme, and
LPCAT?2, an inducible enzyme. This relationship is similar to
cyclooxygenases 1 and 2, which are constitutively expressed
and inducible enzymes, respectively (41). This finding indicates
that there are two kinds of PAF remodeling pathways: the
inflammatory/inducible (LPCAT2) and non-inflammatory/
constitutive (LPCAT1) remodeling pathways (40).

Recently, AGPAT?7, an enzyme that is similar to LPCAT1
and LPCAT2, was characterized and renamed as LPEAT2 (also
called AGPAT7, LPAATy, and AT-like 3) (42). LPEAT2 pos-
sesses LPEAT, LPGAT, LPSAT, and LPCAT activities with
18:1- or 20:4-CoA; however, its small interfering RNA
decreased only LPEAT activity in HEK293T cells. Because the
enzyme is expressed mainly in the brain, it was suggested that
LPEAT2 isan important enzyme for the biogenesis of brain PE.
In addition, it has been reported that AGPAT7 (LPEAT?2) has
LPCAT activity in red blood cells, although its activity is rela-
tively weak (43),

MBOAT Family—MBOAT family members are putative
acyltransferases (44, 45). A His residue positioned within along
hydrophobic region of these enzymes is invariant, likely making
itone of the active-site residues. DGAT1 (DAG acyltransferase
1) and ACATI1 and ACAT2 (acyl-CoA:cholesterol acyltrans-
ferases 1 and 2) are members of the MBOAT family. Interest-
ingly, the family also includes protein acyltransferases, such as
Porcupine, Hedgehog acyltransferase, and GUP1 (46— 48). Por-
cupine is required for Ser’™-dependent acylation (16:1) of
Wnt-3a protein (already palmitoylated at Cys”") for secretion
(46). Hedgehog acyltransferase palmitates a Cys residue in
Sonic Hedgehog, and this modification is essential for its activ-
ity as well as for the generation of a protein gradient in the
developing embryo (47). In yeast, the GUPI gene is proposed to
catalyze the remodeling of the glycosylphosphatidylinositol
anchor (48). Most members of the MBOAT family have not been
characterized, such as MBOAT3-7 and LRC4 (leukocyte receptor
cluster member 4). In the latter half of 2007, five groups independ-
ently reported an MBOAT homolog in yeast that showed several
LPLAT activities (49—53). Soon thereafter, mammalian MBOAT
members were reported in 2008 (45, 54 —56).

We (54) and Zhao et al. (55) independently discovered
LPCATS3 (called MBOATS), which has LPCAT, LPEAT, and
LPSAT activities. Moreover, we showed that LPCAT4 (origi-
nally called MBOAT?2) possesses LPCAT and LPEAT activities,
whereas LPEAT] (called MBOAT1) exhibits LPEAT and
LPSAT activities (54). Thus, these results demonstrate that the
MBOAT family is a novel LPLAT family. Mouse LPCAT3
mRNA was detected ubiquitously, with the highest expression
seen in the testis. On the other hand, mouse LPCAT4 mRNA
was highly expressed in the epididymis, brain, testis, and ovary,
and mouse LPEAT1 mRNA was highly expressed in the stom-
ach, epididymis, and colon. LPCAT3 showed higher activities
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with polyunsaturated fatty acyl-CoAs 20:4-CoA and 18:2-CoA
than with saturated fatty acyl-CoA, whereas LPCAT4 and
LPEAT] had a clear preference for 18:1-CoA (Table 1).

LPCAT3 and LPCAT4 had higher LPCAT activity with
1-acyllyso-PC than with 1-O-alkyllyso-PC or 1-O-alkenyl-
lyso-PC as an acceptor. No clear differences were observed
between 1-acyl-LPEAT and 1-O-alkenyl-LPEAT activities of
each enzyme. Based on the apparent K,, and V, . values,
LPCAT3 had higher LPCAT activity than LPEAT and LPSAT
activities. Similarly, LPCAT4 had higher LPCAT activity than
LPEAT activity. LPEAT1 showed similar activities for lyso-PE
and lyso-PS. Using 20:4-CoA as a donor, endogenous LPCAT,
LPEAT, and LPSAT activities were found to be decreased in
B16 melanoma cells transfected with LPCAT3 small interfering
RNA. Thus, LPCAT3 appears to be a key enzyme exhibiting
LPCAT, LPEAT, and LPSAT activities in B16 cells (54).

LPCATS, LPCAT4, and LPEAT1 were localized primarily to
the ER when enzymes were overexpressed in Chinese hamster
ovary cells, which is consistent with having the ER-localized
motif KKXX in the C-terminal region. Overexpression of each
enzyme induced the formation of unidentified organelles (kar-
mella-like structures). Transmission electron microscopy
revealed that the atypical multilayer membrane components
were detected in Chinese hamster ovary cells transfected with
LPCAT3 ¢cDNA (54). The nature and origin of these structures
remain to be clarified.

LPIAT] (also called MBOA-7, MBOAT7?, and LRC4) was
identified as the first LPIAT, which catalyzes the incorporation
of arachidonic acid and eicosapentaenoic acid into lyso-P] (56).
Site-directed mutagenesis of human LPIAT1 demonstrated
thata predicted active-site residue, His**", within a long hydro-
phobic region is important for LPIAT activity. An LPIATI
mutant of Caenorhabditis elegans showed a "bags of worms”
phenotype whereby the embryos hatched within the mother,
leaving a cuticle sack that contained multiple wriggling larvae.

Recently, MBOAT4 was identified as a ghrelin O-acyltrans-
ferase, which esterifies Ser® of ghrelin, an appetite-stimulating
peptide hormone, with an octanoyl group (57). Acylation is
important for the growth hormone-releasing activity of ghrelin.
Thus, the MBOAT family is composed of enzymes that incor-
porate fatty acids into amino acid residues and lysophospholip-
ids. It is unknown which amino acid residues or motifs are
important in distinguishing between lysophospholipids and
proteins as acceptors,

Conclusion

In the last 4 years, many LPLATs have been identified, result-
ing in the most spectacular advance in the LPLAT field since
the discovery of the Kennedy pathway and the Lands’ cycle 50
years ago. In this review, we propose to rename LPLATS to
clarify and standardize the nomenclature (Table 1), The possi-
bility that additional LPLATS, with preferences for different
acyl-CoAs, contribute to membrane composition and diversity
will be addressed in future studies. The existence of multiple
LPLATS is reminiscent of the 20 distinct aminoacyl-tRNA syn-
thetases and acyltransferases that help incorporate amino acids
into pre-existing polypeptides (58). The redundant and pleio-
tropic substrate preferences of LPLATSs may explain the diver-
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sity in membrane glycerophospholipids, which vary among tis-
sues and can change in response to external stimuli. So far, a
great deal of effort has been expended in trying to understand
the biochemical characteristics of individual enzymes, Further
studies will be needed to elucidate the biological roles of these
enzymes in vivo, It will also be important to analyze enzyme
activities with mixed substrates of acyl-CoAs and to determine
the functional coupling of acyl-CoA synthetases and acyltrans-
ferases. Nevertheless, recent findings with LPLATSs go a long
way toward answering the questions posed by Dr. Lands
alluded to earlier (8) and may will open the door to greater
understanding of the biological significance of membrane
diversity and asymmetry.
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*The abbreviations used are: PAF, platelet-activating factor: G3P, glycerol-3-phosphate; PLA,,
phospholipase A;; LPLAT, lysophospholipid acyltransferase: LPA, lysophosphatidic acid;
GPAT, G3P acyltransferase; PA, phosphatidic acid; LPAAT, lyso-PA acyltransferase, DAG,
diacylglycerol; TAG, triacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PS, phosphatidylserine; CDP, cytidine diphosphate; PI, phosphatidylinositol; PG,
phosphatidylglycerol; CL cardiolipin; AGPAT, l-acylglycerol-3-phophate O-acyltransferase;
LPCAT, lyso-PC acyltransferase, LPIAT, lyso-Pl acyltransferase; LCLAT, lyso-CL
acyltransferase; LPGAT, lyso-PG acyltransferase; LPEAT, lyso-PE acyltransferase; MBOAT,
membrane bound O-acyltransferase; DGAT, DAG acyltransferase; ACAT, cholesterol

acyltransferase; LPSAT, lyso-PS acyltransferase.
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Abstract

Cells of all organisms are enclosed by a plasma membrane containing bipolar lipids, cholesterol,
and proteins. Cellular membranes contain several classes of glycerophospholipids, which have
numerous structural and functional roles in cells. Polyunsaturated fatty acids including
arachidonic acid and eicosapentaenoic acid are usually located at the sn-2 position, but not the
sn-1 position, of glycerophospholipids in an asymmetrical manner.  Glycerophospholipids are
first formed by the de nove pathway (Kennedy pathway) using acyl-CoAs as donors.
Subsequently, in the remodeling pathway (Lands’ cycle), cycles of deacylation and reacylation
of glycerophospholipids modify the fatty acid composition to generate mature membrane with
asymmetry and diversity. Both pathways were proposed in the 1950s, Whereas the enzymes
involved in the Kennedy pathway have been well characterized, little is known about the
enzymes involved in the Lands’ cycle. Recently, several laboratories, including ours, have
identified enzymes working in the Lands’ cycle from the 1-acylglycerol-3-phosphate
O-acyltransferase (AGPAT) family, and also from the membrane bound O-acyltransferases
(MBOAT) family. These discoveries have prompted a robust surge of research in this field.
In this review, we focus on the cloning and characterization of lysophospholipid

acyltransferases which contribute to membrane asymmetry and diversity.
Supplementary key words: Lands’ cycle, LPLAT, membrane diversity, membrane asymmetry,

glycerophospholipid, platelet-activating factor, MBOAT, AGPAT, remodeling pathway,

surfactant lipid.
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I. The biosynthetic pathway

Lipids play essential roles in living system (1,2). Glycerophospholipids are
important structural and functional components of biological membranes and constituents of
serum lipoproteins and the pulmonary surfactant. Additionally, glycerophospholipids play
important roles as precursors of lipid mediators such as platelet-activating factor (PAF®) and
eicosanoids (2,3).  In cach tissue, cellular membranes contain a distinct composition of various
glycerophospholipids (1,4,5). The acyl groups of glycerophospholipids are highly diverse,
depending on the polar head group, and are distributed in an asymmetric manner (4, 6).
Saturated and monounsaturated fatty acids are usually esterified at the sn-1 position, whereas
polyunsaturated acyl groups are esterified at the sn-2 position, although several atypical
distributions have been reported (1,2,4,6,7) . Using acyl-CoAs, glycerophospholipids are
first synthesized from glycerol-3-phosphate (G3P) in the de novo pathway, originally described
by Kennedy and Weiss in 1956 (Kennedy pathway) (8), and undergo maturation in the
remodeling pathway, as reported by Lands in 1958 (Lands' cycle) (Fig. 1) (9). Rapid turnover
of the sn-2 acyl moiety of glycerophospholipids is attributed to the concerted and coordinated
actions of phospholipase A;s (PLAss) and lysophospholipid acyltransferases (LPLATSs) (Fig. 1)
(2,6,7,10). Since there are many species of glycerophospholipids differing in the
phosphoryl head groups and the fatty acids in chain lengths and degrees of saturation, many
LPLATSs should exist. Even though these pathways occur in almost all tissues, in the 50 years
since Lands” proposal, there has been no information available on acyltransferases involved in
phospholipid remodeling. Recently, several LPLATs have been cloned and characterized by
several laboratories, including ours (7). In this review, we summarize recent research on the

cloning and characterization of the remodeling enzymes.

1L Acyltransferases in the de nove pathway (Kennedy pathway)

In the de novo pathway of glycerophospholipid biosynthesis, lysophosphatidic acid
(LPA) is first formed from G3P by G3P acyltransferases (GPATs) (11, 12). LPA is then
converted to phosphatidic acid (PA) by lyso-PA acyltransferases (LPAATs), and two types of
glycerol derivatives are generated from PA (11,12). One is diacylglycerol (DAG), which is
subsequently converted to triacylglycerol (TAG), phosphatidylcholine (PC), and
phosphatidylethanolamine (PE). Some of them are changed into phosphatidylserine (PS).
The other glycerol derivative is cytidine diphosphate diacylglycerol (CDP)-DAG, which is
modified to form phosphatidylinositol (PT), phosphatidylglycerol (PG), and cardiolipin (CL), or
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PS.  Many key enzymes in the de novo pathways have been characterized, and more detailed
information is available in several recent reviews (1,11,12).

Several GPATs and LPAATs have been identified from the
1-acylglycerol-3-phophate O-acyltransferase (AGPAT) family, which possess AGPAT motifs
(LPLAT motifs) (13-15). Since several groups have cloned LPLATs independently, each
enzyme has multiple names. To eliminate confusion in the nomenclature, we propose that the
enzymes should be renamed based on their substrate specificities and by the order in which their

cloning was reported (Fig 2) (7).

(i) LPA synthesis

We will briefly summarize the acyltransferases involved in the de novo pathway.
From the AGPAT family, four mammalian GPATs, which synthesize LPA from GP, have been
cloned (Fig. 2). GPAT! and GPAT2 (also called xGPAT) are located in the outer
mitochondrial membrane, whereas GPAT3 (also called AGPATS, AGPATY, or LPAATH) and
GPATA4 (also called AGPAT6 or LPAATE) are localized to the endoplasmic reticulum (ER).
These enzymes prefer saturated and monounsaturated fatty acyl-CoAs. The microsomal
GPATs are thought to play vital roles in TAG synthesis. The mitochondrial GPATs are
regulated nutritionally and hormonally (12). A recent review described the cloning of GPATs
(7).

(ii) PA synthesis

PA is synthesized from LPA by LPAAT. Two LPAATs (LPAATI, and 2) have
currently been cloned and characterized (Fig. 2). Human LPAATI (also called AGPAT! or
LPAATa) and human LPAAT2 (also called AGPAT2 or LPAATB) were cloned based on their
homologies with yeast, E. coli, and coconut AGPATs. Both mRNAs are found in most tissues.
Human LPAATI shows higher activity towards 14:0-, 16:0-, and 18:2-CoAs, while human
LPAAT2 prefers 20:4-CoA over 16:0- or 18:0-CoA. The AGPAT motifs have been well
characterized using GPATI, LPAATI, and lyso-PC acyltransferase | (LPCATI, described
later). Taken together, these reports indicate that the AGPAT motifs contain the sequences
nHxxxxD (motif 1), GxxFxxR (motif 2), EGtr (motif 3), and xxPxx (motif 4) (13-15). The
amino acids in small letters in motifs | and 3 are not completely conserved among LPLATSs and
Motif 4 consists of a conserved proline surrounded by hydrophobic amino acids. ~ Site-directed

mutagenesis has demonstrated that these motifs are important for LPLAT activity (13-15).
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LPCATI also has weak LPAAT activity (see section IlI-ii). A recent review described the

cloning of LPAATs (7).

(iii) Uncharacterized putative LPLATS in the AGPAT family

Three other putative LPAATs (AGPAT3, 4 and 5; also called LPAATY, & and &,
respectively) have been reported as LPAATS, but their activities toward 18:1-CoA were very
limited (Fig. 2) (16). Additionally, although the AT like 1B is listed as a putative mouse
acyltransferase gene in the NCBI data base, no biochemical characterization has been conducted
and a human homologue has not been found (Fig. 2). These gene products have not yet been

analyzed in detail.

I11. Acyltransferases in the remodeling pathway (Lands® cycle)

Kennedy and Weiss first reported that phospholipids are synthesized in the de novo
pathway (Kennedy pathway), and then Lands reported that fatty acyl composition at the sn-2
position is altered in the remodeling pathway (Lands’ cycle) through the concerted actions of
PLA;s and LPLATs (Fig. 1) (2,6,7). Characterization of PLA,s has been more extensive
(2) than that of LPLATs. Recently, however, several LPLATs have been cloned and

characterized as remodeling enzymes (7).

(i) CL. and PG synthesis in the remodeling pathway

CL is the only known dimeric glycerophospholipid and contains four fatty acyl
linoleoyl chains (C18:2). Lyso-CL acyltransferase (LCLAT) synthesizes CL from dilyso-CL
and monolyso-CL. Cao et al. identified mouse LCLATI (also called ALCAT! and AGPATS)
in the AGPAT family and demonstrated the diLCLAT and monoLCLAT activities of the
enzyme, with a preference for 18:1-CoA and 18:2-CoA (Fig. 2) (17). Mouse LCLAT1 is
widely distributed, with the highest expression in the heart and liver. CL and PG are more
abundant in the mitochondrial membranes, while LCLAT1 is localized to the ER. How
PG/CL is transported from the ER to mitochondria remains to be determined, and as does the
complete specificity of the enzymes. CL remodeling is believed to play an important role in
the maintenance of normal heart functions. In fact, defective CL is associated with Barth
syndrome, a family disease caused by mutations of putative acyltransferase genes that manifests
itself as cardiomyopathy and skeletal muscle myopathy (18).

In the de novo pathway, CL is synthesized from PG, which is also a potential
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activator of the protein kinase C family, including the nuclear protein kinase C-fi; (19). PG is
modified by lyso-PG acyltransferase (LPGAT) in the remodeling pathway. Human LPGAT]I
was the first cloned LPGAT and shows a clear preference for 16:0, 18:0, and 18:1-CoAs as
donors, consistent with the composition of endogenous PG in several tissues (Fig. 2) (20).
LPGATI is widely distributed in tissues and is localized to the ER. On the basis of these two
pioneering reports of the cloning of LCLAT1 and LPGAT], studies of acyltransferases in the
remodeling pathway have progressed rapidly.

LPCATI has LPCAT and LPGAT activity and primarily catalyzes the synthesis of
disaturated PC and disaturated PG (Fig. 2) (21, 22). These products play an important role in
lung function (see the following section for details). Lyso-PE acyltransferase (LPEAT) 2 (also
called AGPAT7, LPAATM, or AT like 3) also shows LPGAT activity, but an siRNA specific
for LPEAT2 could not decrease the LPGAT activity (see PE section for details) (Fig.2) (23).

(ii) PC and PAF synthesis in the remodeling pathway

Currently, five enzymes with LPCAT activity have been identified (Fig. 2) (21-27).
LPCATI1, LPCAT2, and LPEAT2 are members of the AGPAT family, whereas LPCAT3 and
LPCAT4 are members of a new acyltransferase family, the membrane bound O-acyltransferase

(MBOAT) family.

LPCATI

We and Chen et al. independently discovered LPCAT1 (also called AGPAT9 or AT
like 2), which catalyzes disaturated-PC and disaturated-PG synthesis (Fig. 2) (21, 22).
LPCAT1 is expressed primarily in the lung, especially in alveolar type Il cells and its mRNA
level was increased during the perinatal period. Disaturated phospholipids (PC>PG), mainly
dipalmitoyl-PC, are major components of the pulmonary surfactant lipids, which decrease
surface tension and is thereby essential for respiration. Preterm delivery causes neonatal
(infantile) respiratory distress syndrome due to the lack of surfactant lipids and proteins (28).
The surfactant contains small amounts of dipalmitoyl-PG and PC with linoleic acid (18:2) or
linolenic acid (18:3) at the sn-2 position. LPCATI utilizes 18:2-CoA or 18:3-CoA as
substrates in vitro (21). Thus, LPCAT] may synthesize most of the phospholipids in the
pulmonary surfactant and play a critical role in respiratory physiology. Further studies are

needed to elucidate the direct relationship between LPCAT1 and surfactant lipid synthesis.

18

B00Z 'vZ YRIBW UC ARIGTT] [EJIPOW OAOL JO M 18 Bio s mavi LWOJ) PaPEOMOQ



