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Phosphatidylcholine (PC) is synthesized by two different
pathways, the Lands cycle and the Kennedy pathway. The
recently identified key enzymes of the Lands cycle, lysophos-
phatidylcholine acyltransferase 1 and 2 (LPCAT1 and -2), were
reported to localize to the endoplasmic reticulum and to func-
tion in lung surfactant production and in inflammation
response. Here, we show in various mammalian cell lines that
both enzymes additionally localize to lipid droplets (LDs),which
consist of a core of neutral lipids surrounded by a monolayer of
phospholipid, mainly PC. This dual localization is enabled by
the monotopic topology of these enzymes demonstrated in this
study. Furthermore, we show that LDs have the ability to locally
synthesize PC and that this activity correlates with the LPCAT1
and -2 expression level. This suggests that LPCAT1 and -2 have,
in addition to their known function in specialized cells, a ubiq-
uitous role in LD-associated lipid metabolism.

In animals, triacylglycerol (TAG)2 is themajor compound for
long term storage of energy. On the cellular level, the hydro-
phobic TAG is stored in organelles called lipid droplets (LDs),
which consist of a core of neutral lipids, mainly TAG and sterol
esters, that is surrounded by a monolayer of polar lipids (1).
Glycerophospholipids, in particular PC, are the main compo-
nent of this monolayer (2, 3). Additionally, proteins are
attached to or inserted into the monolayer. Numerous LD-as-
sociated proteins were identified in recent proteomics studies
in a variety of cell lines (4–13), among them are themembers of
the perilipin-adipophilin-tail interacting protein 47 (TIP47)
(PAT) protein family (14) and several enzymes of lipid
metabolism.

LDs are very dynamic organelles, which grow in size upon
neutral lipid synthesis, lipogenesis, or shrink, when the stored
lipids aremobilized during lipolysis. The necessary coordinated
change of LD volume and surface is dynamically controlled by
an unknownmechanism (15, 16). We have recently shown that
TAG biosynthesis can take place directly at the surface of LDs
(17). This activity is catalyzed by diacylglycerol acyltransferase
2 (DGAT2), which localizes to the LD surface (17, 18). How-
ever, evidence for a concomitant local synthesis of the main LD
surface lipids, in particular PC, is lacking.
Two conserved major biochemical pathways contribute to

the synthesis of PC as follows: the Kennedy pathway for de novo
PC synthesis and the Lands cycle for remodeling of the fatty
acid composition of PC species (19, 20). A third pathway, which
operates by methylation of phosphatidylethanolamine to PC, is
restricted to liver cells (21). In the Kennedy pathway, choline
phosphate is activated with cytidine triphosphate (CTP) and
transferred to diacylglyceride (DAG) to form PC. The enzymes
to catalyze these reactions are the cytoplasmic CTP:phospho-
choline cytidylyltransferase and the membrane-embedded
cholinephosphotransferase (CPT) or choline/ethanolamine
phosphotransferase (CEPT) (22, 23). The Lands cycle includes
the removal of fatty acids at the sn-2 position of PC by phos-
pholipase A2 (PLA2) to yield lysophosphatidylcholine (LPC)
followed by re-acylation by lysophosphatidylcholine acyltrans-
ferases (LPCATs) (24). The Lands cycle and the Kennedy path-
way are interconnected by LPCAT1, whose expression level
influences the degradation rate of CPT1 (25).
Recently, four LPCATs were cloned and characterized (26–

30). LPCAT1 and LPCAT2 belong to the lysophosphatidic acid
acyltransferase (LPAAT) family, characterized by the presence
of four conserved motifs (31), and possess a C-terminal KKXX
ER retention motif. In contrast, LPCAT3 and LPCAT4 lack
LPAAT motifs and are related to proteins of the membrane-
boundO-acyltransferase family (32), which include the choles-
terol acyltransferase ACAT1/SOAT1 and the DAG acyltrans-
ferase 1 (DGAT1).
LPCAT1 is highly expressed in lung tissue, especially in type

II alveolar cells (26), and it was also detected in red blood cells
(29). LPCAT2 expression is highest in resident macrophages
and casein-induced neutrophils (28). LPCAT1 is important for
the production of lung surfactant (26, 27, 33, 34). Recently, lyso-
platelet-activating factor acyltransferase activity of LPCAT1
was demonstrated (33). The activity and expression of LPCAT1
is independent of any inflammatory stimulation, in contrast to
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LPCAT2. Upon acute inflammation LPCAT2 transfers acetyl-
CoA to lyso-platelet-activating factor to form platelet-activat-
ing factor. Under resting conditions, it participates in mem-
brane remodeling through insertion of arachidonyl-CoA into
PC (28, 35). Beside acetyl-CoA and arachidonyl-CoA, LPCAT2
exhibits a similarly broad substrate preference as LPCAT1 (36).
In this study, we show that LPCAT1 and LPCAT2 localize to

the surface of LDs. Additionally, we demonstrate that both pro-
teins are monotopic membrane proteins and that their expres-
sion level correlates with LD-associated LPCAT activity.

EXPERIMENTAL PROCEDURES

Antibodies—Polyclonal rabbit antisera against the C-termi-
nal peptide of human LPCAT1CNSDAGRKPVRKKLD, conju-
gated to keyhole limpet hemocyanin, and against purified
recombinant His6-hLPCAT2(310–545), His6-hACSL3(504–
721), and His6-hNSDHL(1–211) were raised by Eurogentec
(Seraing, Belgium) and were affinity-purified against the
respective antigen. The specificity and sensitivity of the
LPCAT1 and LPCAT2 antibodies were evaluated by Western
blotting against overexpressed tagged proteins and against
lysates of nonoverexpressing A431 cells. Antiserum against
human tail interacting protein 47 (TIP47) was a kind gift of
Stefan Hoening (Cologne University), and antiserum against
ACAT1 (DM10 (37)) was generously provided by Dr. Ta-Yuan
Chang (DartmouthCollege, Hanover, NH).We used anti-hem-
agglutinin (HA) mAb clone F-7 (Santa Cruz Biotechnology),
polyclonal rabbit anti-calnexin and anti-protein-disulfide
isomerase (PDI) antibody (StressGen), Alexa 555-coupled goat
polyclonal anti-rabbit IgG, Alexa 647-coupled goat polyclonal
anti-mouse IgG, and Alexa 488-coupled goat polyclonal anti-
mouse IgG (Invitrogen), and HRP-coupled polyclonal goat
anti-rabbit IgG and anti-mouse IgG antibody (Dianova).
Chemicals—The lipids 16:0-lysophosphatidic acid (16:0-

LPC) and CDP-choline were from Fluka, and oleoyl-CoA,
palmitoyl-CoA, and dioleoyl-DAGwere from Sigma. Synthetic
lipid standards were from Avanti Polar Lipids, Inc. (Alabaster,
AL), Larodan Fine Chemicals (Malmö, Sweden), and Sigma.
[14C]CDP-choline was from Biotrend, and [3H]oleate was from
Hartmann Analytic. [3H]Acyl-CoAs were synthesized as
described previously (38).
DNA Constructs—Human LPCAT1 and LPCAT2 were

amplified by PCR from full-length ESTs and cloned into
pCDNA3.1 vectors (Clontech) with or without inserted N- or
C-terminal HA3 tags or pEGFP vectors (Clontech) with C- or
N-terminally enhanced GFP fusion protein. For immunization,
a fragment of LPCAT2 was cloned behind a His6 tag into the
bacterial expression vector pHAT2. The supplemental Table 1
contains detailed information, including primer sequences and
restriction sites. All constructs were verified by sequencing.
siRNA sequences were from Ambion. Sequences and siRNA

IDs are listed in supplemental Table 1. Lipofectamine 2000 was
from Invitrogen, and INTERFERinTM was from Peqlab.
Cell Culture—A431 and COS7 cells were maintained in Dul-

becco’s modified Eagle’s medium (DMEM, Invitrogen 31966)
supplemented with 10% fetal calf serum (FCS), HuH7 cells in
RPMI 1640 medium (Invitrogen 31870) supplemented with 10
mM HEPES, 0.1 mM nonessential amino acids, 2 mM L-gluta-

mine, and 10% FCS. Cells were grown at 37 °C and 5% CO2. If
indicated, normal FCS was replaced by delipidated FCS, pre-
pared by solvent extraction as described previously (39).
siRNATransfection—For transfectionwith siRNA, cells were

seeded in 24-well dishes at 5000 cells per well and treated with
siRNA (9 nM) using INTERFERinTM according to themanufac-
turer’s instructions. After 48 h, oleic acid was added to the cells
to a final concentration of 50 �M and grown for a further 24 h.
Purification of LDs—Cells were grown in 10-cm dishes in

medium supplemented with 50–100 �M oleate for 16 h,
washed, and scraped in ice-cold disruption buffer (20 mM

HEPES/NaOH, pH 7.4, 0.25 M sucrose) followed by homogeni-
zation in a cooled EMBL cell cracker (HGM, Heidelberg, Ger-
many)with 5 strokes using amaximumclearance of 18�m.The
lysate was centrifuged at 1000 � g for 10 min, and the post-
nuclear supernatant was adjusted to 1.1 M sucrose. Four ml of
the post-nuclear supernatants were loaded to the bottom of a
13-ml centrifuge tube and overlaid with ice-cold disruption
buffer. The gradients were centrifuged in a swing-out rotor at
100,000 � g at 4 °C for 2.5 h. Fractions were taken from the top
as follows: top 2ml, LD fraction; next 3.5 ml, intermediate frac-
tion; next 4ml, including the phase boundary between 0.25 and
1.1 M sucrose, floating membranes; and last 3.5 ml, bottom
fraction.
AcyltransferaseAssays—Whole cell lysates (15�l, adjusted to

200 �l with disruption buffer) or LD fractions from sucrose
gradient centrifugation (200 �l) were mixed with 100 �l of
assay buffer (200 mM Tris/HCl, pH 7.5, 10 mMMgCl2, 2 mg/ml
fatty acid-free bovine serum albumin (BSA), 10�Moleoyl-CoA,
10 �M palmitoyl-CoA, 1 �Ci/ml each of [3H]oleoyl-CoA,
[3H]palmitoyl-CoA, and [3H]myristoyl-CoA). For the LPAAT
assay 100 �M sn-1-palmitoyl-sn-2-lyso-PA and for the LPCAT
assay 100 �M sn-1-palmitoyl-sn-2-lyso-PC (final concentra-
tion) were added followed by incubation for 30 min at 30 °C.
The assays for LPCAT overexpression or knockdown experi-
ments were performed with 100 �M sn-1-palmitoyl-sn-2-
lyso-PC and 6.5 �M oleoyl-CoA and 3 �Ci/ml [3H]oleoyl-CoA
(final concentration). These conditions ensure substrate satu-
ration and linearity with respect to the amount of added
enzyme, as determined in separate experiments (data not
shown). Reactions were stopped by shaking with a mixture of
700 �l of chloroform/methanol, 1:3, and 400 �l of water. The
phases were separated by centrifugation, and the chloroform
phase was analyzed by TLC in ethanol/triethylamine/chloro-
form/water, 50:35:35:10 (17). Plates were sprayed with scintil-
lant and exposed to x-ray film at �78 °C. Signals were quanti-
fied by scraping from TLC plate and scintillation counting or
from the scanned x-ray films with Fiji software, corrected for
total protein content, and normalized to the respective control.
Diacylglycerol Cholinephosphotransferase Assay—Whole

A431 cell lysates (50 �l, adjusted to 200 �l with disruption
buffer) or a mixture of bottom (50 �l) and floating membrane
fractions (50 �l) (adjusted to 200 �l with disruption buffer) or
LD fractions from sucrose gradient centrifugation (200 �l in
disruption buffer) were mixed with 100 �l of assay buffer (50
mMTris/HCl, pH 8.0, 10mMMgCl2, 100 �M dioleoyl-DAG, 0.5
�Ci of [14C]CDP-choline, 200 �MCDP-choline) and incubated
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for 30 min at 30 °C. The same procedure as described for acyl-
transferase assay was followed.
Glucose-6-phosphatase Assay—A standard assay adopted

fromArden et al. (40) was used for quantification of glucose-6-
phosphatase (Glc-6-Pase) activity. LD fraction or lysates of
HuH7, A431, or COS7 cells (200�l) were added to 100�l of RB
buffer (20 mM sodium tartrate, 10 mM EDTA, pH 6.5) either
with or without 100mM glucose 6-phosphate. As a standard for
free phosphate, different amounts of sodium dihydrogen phos-
phate were used. The samples were incubated for 5 h at 30 °C.
The reaction was stopped by the addition of 60 �l of 10% (v/v)
trichloroacetic acid. Samples were centrifuged, and superna-
tants weremixedwith 250�l of color reagent (1 part 4.2% (w/v)
ammonium molybdate in 5 M HCl and 2 parts 0.2% (w/v) mal-
achite green in H2O). The absorbance at 650 nm was used to
calculate the amounts of free phosphate formed using the
standard curve.
Proteomic Analysis of LD Proteins—A431 cells (8 � 10-cm

dishes) were grown as above and supplemented with 100 �M

oleate for the final 16 h. Cells were lysed, and LDs were purified
exactly as described above with the exception of the addition of
Complete protease inhibitor tablets (RocheApplied Science) to
all buffers. Proteins frompooled LD fractions were precipitated
using chloroform/methanol (41), subjected to one-dimensional
SDS-PAGE (10% gel), and visualized by Coomassie Brilliant
Blue staining. The lane was cut into 34 bands that were sepa-
rately digested with trypsin, and recovered peptides were ana-
lyzed by liquid chromatography-tandemmass spectrometry on
LTQ linear ion trap mass spectrometer as described previously
(42).
Fluorescence Microscopy—For transfection with expression

vectors, cells were grown on glass coverslips to 80% confluency,
transfected with DNA using Lipofectamine 2000 according to
the manufacturer’s instructions, and further cultivated. If indi-
cated,mediawere supplementedwith 100�Moleate. After 24 h,
cells were fixed with 3% (w/v) paraformaldehyde in PBS for 30
min, washed with PBS, blocked, and permeabilized for 30 min
in PBS containing 0.5% BSA and 0.1% saponin (blocking buffer,
BB). If indicated, saponin in the BB was replaced by 0.001%
digitonin (Applichem A1905,0100). Cells were incubated with
primary antibodies for 1 h in BB, washed three times with BB,
incubated with secondary antibody in BB, washed two times in
BB and two times in PBS, and counterstained with Bodipy 493/
503 in PBS, followed by three washes in PBS. After rinsing in
water, coverslips were mounted in Mowiol 4-88 containing
2.5% 1,4-diazabicyclo(2.2.2)octane. Images were acquired with
a Zeiss LSM 510 confocal microscope equipped with a 100�
NA 1.3 oil objective using laser excitation at 488, 543, and
633 nm.
Fluorescence Protease Protection Assay—A431 cells were

grown in 3-cm glass bottom dishes and co-transfected with
pDsRed2-ER (Clontech) and either pLPCAT1-EGFP, pEGFP-
LPCAT1, pLPCAT2-EGFP, or pEGFP-LPCAT2. Cells were
washed two times in KHM buffer (110 mM potassium acetate,
20 mMHEPES, pH 7, 2 mMMgCl2). The dish was placed on the
microscope stage and incubated with 60 �M digitonin in KHM
buffer for 1 min, and an image was recorded. Buffer was
exchanged for KHM buffer containing 50 �g/ml proteinase K

or 125 �g/ml trypsin (1:40 dilution of 10� trypsin, Sigma
T4174). Immediately after, images were recorded every 10 s for
2 min. In Fig. 3C, images taken after 30 s are shown. Images
were acquired at a Zeiss Axio Observer.Z1 with a 63� NA 1.2
objective.
Proteinase Protection Assay in Isolated Microsomes—N-ter-

minally HA3-tagged LPCAT1 or LPCAT2 was expressed in
A431 cells for 16 h. Cells were lysed, and microsomes were
collected by centrifugation.Microsomeswere incubated in PBS
and treated as indicated in Fig. 3D using 50 �g/ml proteinase K
in PBS for 60 min. Digestion was stopped by the addition of 10
mMPMSF. Samples were boiled in reducing SDS-PAGE sample
buffer and analyzed by SDS-PAGE/Western blotting.

RESULTS

LPCAT1 and LPCAT2 Localize to LDs—LD-associated pro-
teins were isolated from A431 cells, separated by SDS-PAGE
(supplemental Fig. 1A), and analyzed by protein mass spec-
trometry (42). Identified proteins (supplemental Fig. 1B)
include the abundant PAT protein TIP47, the long chain acyl-
CoA synthetase 3 (ACSL3), and the sterol dehydrogenase
NAD(P)-dependent steroid dehydrogenase-like (NSDHL),
which were observed in previous studies of LDs (4, 43, 44). In
addition, we identified the two enzymes LPCAT1 (26, 27) and
LPCAT2 (28) whose abundance (as judged by their abundance
indices (45)) was comparable with that of bona fide LD proteins
such as Rab18 (8, 46) andCGI-58 (47). No additional long chain
acyltransferases were identifiedwith the exception ofmuch less
abundant LPAAT-�/AGPAT9, which is a distant relative of
LPCAT1 and LPCAT2.
Overexpressed N-terminally tagged LPCAT1 and LPCAT2

were previously reported to localize to the ER in CHO K1 cells
(26, 28). To study the subcellular localization of the endogenous
proteins, we produced specific antibodies against human
LPCAT1 and LPCAT2. Western blot analysis of different cell
lines showed high expression levels of both LPCAT1 and
LPCAT2 in A431 cells, whereas COS7 and HuH7 cells
expressed much lower amounts of both LPCATs or only
LPCAT1, respectively (Fig. 1). Confocal immunofluorescence
microscopy of A431 cells revealed a distinct localization to LDs
and ER structures for both endogenous and overexpressed

FIGURE 1. Expression of LPCAT1 and LPCAT2 in different cell lines. Total
lysates of HuH7 cells, A431 cells, and COS7 cells were subjected to SDS-PAGE/
Western blotting for LPCAT1, LPCAT2, and GAPDH (loading control). Longer
exposure times did not reveal any signal for LPCAT2 in HuH7 cells (data not
shown).
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LPCAT1 and LPCAT2 (Figs. 2A and 3B). Also in COS7 cells,
both proteins localized to LDs (Fig. 2B). Unlike in A431 cells,
where continuous rings around LDs were seen, the staining in
COS7 cells showed discrete patches on LDs, likely a conse-
quence of the lower expression levels of endogenous LPCAT1
and LPCAT2.
Localization to the vicinity of LDs could represent direct

localization to the LD surface but also to adjacent organelles, in
particular to ER structures that surround LDs. To address this
issue, we separated LDs from other membranes by sucrose gra-
dient centrifugation and analyzed the fractions by Western
blotting (Fig. 2C). In A431 cells (Fig. 2C, left panel), a significant
fraction of both LPCAT1 andLPCAT2was floatingwith the LD
marker proteins NSDHL, ACSL3, and TIP47 to the top of the
gradient, which in turn was devoid of immunoreactivity against
the ER membrane proteins calnexin and ACAT1 (37). For all
tested LD-associated proteins (LPCAT1, LPCAT2, ACSL3,
NSDHL, and TIP47), 10–30% of the total protein floated with
the LDs, with the remainder residing in both the bottom frac-
tion and the floatingmembrane fraction. InHuH7 cells (Fig. 2C,
right panel), 50% of LPCAT1 was found in the LD fraction,
which was devoid of ER marker proteins but contained more
than 96% of the LD marker ADRP. Note that HuH7 cells con-

tain abundant ADRP, whereas A431 cells are devoid of ADRP
(supplemental Fig. 1B).
LPCAT1 and LPCAT2 Are Monotopic Membrane Proteins—

Both LPCAT1 and LPCAT2 possess a prominent hydrophobic
region starting at amino acid 44 in LPCAT1 and amino acid 58
in LPCAT2 (Fig. 3A, upper panels). These hydrophobic regions
span �35 amino acid residues, which is much longer than a
typical transmembrane helix of 15–25 amino acids. They con-
tain regularly interspaced helix-braking amino acids and lack
N-terminal hydrophobic leucine-rich signal sequences (Fig. 3A,
lower panel). A hydrophobic stretch with similar length is also
found in NSDHL, DGAT2, and the caveolin proteins, all of
which display complex multiple localization to LDs plus other
cellular organelles (17, 44, 48–50). In NSDHL (51), DGAT2
(52), and caveolin 1 (53), the long hydrophobic domain does not
fully span a membrane but forms a turn with both the N and C
termini facing the cytoplasm. This monotopic mode of mem-
brane insertion allows protein integration into the surface
monolayer of LDs (54). To characterize the topology of
LPCAT1 and LPCAT2, we expressed fusion constructs with
either an N- or C-terminal HA3 tag. Cells were permeabilized
using saponin, which permeabilizes all cellular membranes, or
digitonin, which permeabilizes the plasma membrane but not

FIGURE 2. Endogenous LPCAT1 and LPCAT2 localize to LDs. A, A431 cells were cultivated in DMEM supplemented with 10% of either delipidated FCS (DL),
normal FCS (FCS), or normal FCS � 100 �M oleate (Ole). Cells were fixed and processed for immunofluorescence microscopy using Bodipy 493/503 to stain
neutral lipids (lipid droplets) and anti-LPCAT1 (LPCAT1, upper panels) or anti-LPCAT2 (LPCAT2, lower panels) to stain endogenous LPCAT proteins. In the merged
pictures, Bodipy 493/503 staining is in green and anti-LPCAT in red. Scale bar, 10 �m. B, COS7 cells were cultivated in DMEM supplemented with 10% normal
FCS � 100 �M oleate. Fixation, staining, and imaging were performed as described for A. C, lysates of A431 cells, grown in DMEM/FCS � 100 �M oleate, or HuH7
cells, grown in supplemented RMPI/FCS � 100 �M oleate, were subjected to floatation in a sucrose density gradient. The gradient was fractionated from the top
into LDs, intermediate, floating membranes, and bottom fractions. Proteins were analyzed by SDS-PAGE/Western blotting for LPCAT1 and LPCAT2, the known
integral LD proteins ACSL3 and NSDHL, the peripheral LD proteins TIP47 and ADRP, and the integral ER membrane proteins ACAT1 and calnexin.
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the ER membrane (55), and stained with anti-HA antibody to
detect expressed LPCAT proteins. An antibody against the
lumenal ER protein, protein-disulfide isomerase (PDI), was
used to monitor the selective permeabilization of the plasma
membrane by digitonin. Although the anti-HA antibody
detected the LPCATconstructs irrespective of themode of per-
meabilization or the position of the tag, the anti-PDI only
showed specific staining after saponin permeabilization (Fig.
3B). This observation was also independent of medium supple-
mentation with additional oleate (data not shown). This result
indicates that both termini of LPCAT1 and LPCAT2 are
directed toward the cytoplasm. The same result was obtained
by the use of a fluorescence protease protection assay (56),
which was performed in living cells (Fig. 3C). In this assay, the
N- or C-terminal GFP fusion constructs of LPCATs were
expressed in A431 cells, which were treated with digitonin in
the presence or absence of proteinase K. The GFP signal on
both protein termini was susceptible to protease treatment,
indicating localization in the cytoplasm, although a fluorescent
lumenal ER protein (DsRed2-ER) was unaffected. Again, this
observationwas independent ofmedium supplementationwith
additional oleate (data not shown). These imaging-based
results were corroborated by biochemical analysis (Fig. 3D).
A431 cells were transfected with N-terminal HA3-tagged
LPCAT1 or LPCAT2, and microsomes were isolated and
treated with proteinase K. The integrity of the microsomes was
analyzed with the antibody against PDI. The accessibility of the
N terminus of LPCAT1 and LPCAT2 for proteinase K was
detected by anti-HA antibody and the accessibility of the C
terminus by our specific LPCAT1 and LPCAT2 antibodies.
Although microsomes remained mostly intact after the isola-
tion and digestion procedure, the signal of both LPCAT1 and
LPCAT2 termini vanished or was strongly reduced after pro-
teinase K digestion (Fig. 3D). The same results were obtained
using microsomes from oleate-treated cells (data not shown).
We conclude that LPCAT1 and LPCAT2 display a monotopic
conformationwith both termini facing the cytoplasm, irrespec-
tive of supplementation with oleic acid.
LDs Can Synthesize PC via the Lands Cycle but Not by the

Kennedy Pathway—Having established the presence of
LPCATs on LDs, we studied whether LDs have the ability to
synthesize PC. We obtained lysates of A431, COS7, and HuH7
cells, which were cultured in the presence of oleate to enhance

LD formation. Lysates were subjected to floatation in a low salt
sucrose gradient to obtain pure LD fractions, which were
assayed for LPCAT activity. To evaluate the specificity of the
LD-localized LPCAT activity, in particular to exclude contam-
ination from ER activities, we compared LPCAT activity to
LPAAT activity and glucose-6-phosphatase (Glc-6-Pase) activ-
ity, which are abundant in the ER (40, 57). Although cell lysates
showed comparable LPCAT and LPAAT activities (Fig. 4A,
lanes 1 and 2, 5 and 6, and 9 and 10), purified LDs displayed a
much weaker activity for LPAAT but a strong activity for
LPCAT (Fig. 4A, lanes 3 and 4, 7 and 8, and 11 and 12). To
obtain quantitative data of enzyme activity on LDs, radioactive
spots were scraped from the TLC plates, and lipids were
extracted and quantified by scintillation counting. In addition,
Glc-6-Pase in LDs and lysates was quantified by a colorimetric
assay. From the values obtained, we calculated ratios of
LPCAT/LPAAT activity and LPCAT/Glc-6-Pase activity in

FIGURE 3. LPCAT1 and LPCAT2 contain a long hydrophobic stretch and insert into LDs and membranes in a monotopic conformation. A, upper panels,
hydrophobicity profiles of human LPCAT1 and LPCAT2 were calculated using the Kyte-Doolittle algorithm with a window of 17 amino acids. Red bar, N-terminal
long hydrophobic stretch. Lower panel, sequence comparison between the hydrophobic sequences of LPCAT1 and LPCAT2 and the hairpin hydrophobic
domains of the LD proteins DGAT2, NSDHL, and caveolin 1 (CAV1) and transmembrane domain of the ER protein calnexin (CALX). Position 1 indicates the first
residue of the hydrophobic stretch or the N-terminal methionine. Color code in the membrane domains is as follows: charged residues, blue; helix-braking (Pro,
Gly, Ser, and Cys), red. Color code for N termini: charged residues, blue; leucine, green. Sequences are taken from SwissProt with the following accession
numbers: LPCAT1, Q8NF37; LPCAT2, Q7L5N7; DGAT2, Q96PD7; NSDHL, Q15738; CAV1, Q03135; CALX, P27842. B, A431 cells were transfected with vectors
coding for LPCAT1 or LPCAT2 as indicated, both with either the N-terminal HA3 tag (HA-LPCAT) or C-terminal HA3 tag (LPCAT-HA) and cultivated in the presence
of 100 �M oleate. Cells were fixed and processed for immunofluorescence microscopy using either saponin (permeabilizes all membranes) or digitonin
(permeabilizes plasma membrane but not the ER membrane) for permeabilization. Cells were stained with Bodipy 493/503 to stain LDs (green), anti-HA to
detect transfected LPCAT proteins (red), and anti-PDI (blue) as a lumenal ER marker (scale bar, 10 �m). C, living A431 cells overexpressing LPCAT1-GFP or
GFP-LPCAT1 (upper panel) or LPCAT2-GFP or GFP-LPCAT2 (lower panel), all cultivated in the presence of oleate, were treated with digitonin. Cells were exposed
to proteinase K, and images were recorded. Representative images before treatment (untreated), after 1 min digitonin (digitonin), and after 30 s of proteinase
K exposure (proteinase K) are shown. The integrity of the ER at all conditions was monitored via the lumenal DsRed2-ER (ER). Scale bar, 10 �m. D, A431 cells
expressing N-terminally HA3-tagged LPCAT1 or LPCAT2 were lysed, and microsomes were isolated. Microsomes were incubated in PBS with either no addition
(negative digestion control), addition of 1% Triton X-100 and proteinase K (positive digestion control), or addition of proteinase K alone. The integrity of the
microsomes was analyzed by Western blotting against the lumenal ER marker PDI. The N terminus of LPCAT1 and LPCAT2 was detected with a HA-specific
antibody and the C terminus with LPCAT1 and LPCAT2 antibodies. No smaller fragments were detected on the blots (data not shown).

FIGURE 4. LDs contain LPCAT activity. A, lysates of HuH7, COS7, and A431
cells as indicated, cultured in the presence of 100 �M oleic acid, were sub-
jected to floatation in a sucrose density gradient. Lysates (lysate) or purified
LDs (LD) were incubated in the presence of [3H]acyl-CoA and lysophosphati-
dylcholine (LPC) or lysophosphatidic acid (LPA). Lipids were extracted and
analyzed by TLC followed by autoradiography. Radioactive spots were iden-
tified by co-migrating standards; PC, phosphatidylcholine; PA, phosphatidic
acid. B, table shows the enrichment of LPCAT activity on LDs relative to LPAAT
or glucose-6-phosphatase activity, defined as the ratio of LPCAT/LPAAT activ-
ities or LPCAT/Glc-6-Pase activities in the LDs, divided by the same ratio in the
lysates.
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LDs and lysates. By normalization of the ratios on LDs to the
corresponding ratios in the lysate, values for enrichment of
LPCAT activity on the LDs relative to LPAAT and Glc-6-Pase
activities were obtained (Fig. 4B). The enrichment values of
9–15-fold (relative to LPAATactivity) and 25–45-fold (relative
to Glc-6-Pase activity) show that LD-localized LPCAT activity
is specific and not due to ER contaminations.
This raised the question whether LPCAT expression levels

correlate with LPCAT activity on LDs. Because previous find-
ings showed that overexpression of LPCAT1 or LPCAT2
increased LPCATactivity in cell homogenates (26–28), we per-
formedLPCATassayswith purified LDs fromCOS7,A431, and
HuH7 cells overexpressing LPCAT1 or LPCAT2 (Fig. 5). LDs
from cells overexpressing LPCAT1 or LPCAT2 displayed an

increase in LPCAT activity in all experiments (Fig. 5). This
increase reached statistical significance for LPCAT1 overex-
pression in all three cell lines but for LPCAT2 overexpression
only in A431 cells.
If overexpression of LPCATs leads to an increase of LPCAT

activity on LDs, one would expect a corresponding decrease
upon knockdown of LPCAT1 and LPCAT2. The advantage of
this approach is the lack of overexpression artifacts such as
mislocalization of excess protein or down-regulation of its
activity. Therefore, we performed double knockdown of
LPCAT1 andLPCAT2 inA431 (Fig. 6,A andB) or single knock-
down of LPCAT1 inHuH7 cells (Fig. 6,C andD), each with two
different siRNAs. We observed a strong reduction of LD-asso-
ciated LPCAT activity, which was statistically highly significant
(Fig. 6, B and D). Reduction of LPCAT1 activity in HuH7 cells
was associated with a morphological alteration in the LD pool;

FIGURE 5. Overexpression of LPCAT1 or LPCAT2 increases LD-associated
LPCAT activity. A, C, and E, normalized LPCAT activity on LDs isolated from
oleate-treated COS7, A431, and HuH7 cells, transfected with either empty
vector (Control), LPCAT1-overexpression vector (LPCAT1), or LPCAT2-overex-
pression vector (LPCAT2). Data are mean � S.D. from triplicate determinations
of four independent experiments. Significance was obtained by unpaired t
test analysis. B, D, and F, Western blot against LPCAT1, LPCAT2, and GAPDH
(loading control) in the lysates.

FIGURE 6. Knockdown of LPCAT1 and LPCAT2 decreases LD-associated
LPCAT activity. A and C, Western blots against LPCAT1, LPCAT2, and GAPDH
(loading control) in cell lysates from oleate-treated A431 and HuH7 cells,
transfected with either nontargeting siRNA (Control), or siRNA targeting
LPCAT1 (L1-A/B/C) and LPCAT2 (L2-A/B) (A and B) or siRNA targeting LPCAT1
only (C and D). B and D, normalized LPCAT activity on LDs isolated from
oleate-treated A431 and HuH7 cells, transfected as described in A and C. Data
are mean � S.D. from triplicate determinations of four independent experi-
ments. Significance was obtained by unpaired t test analysis. E, mean area of
LDs from HuH7 cells, treated with siRNA as indicated (no oleate supplemen-
tation), was quantified from fluorescence microscopy images. Each bar con-
tains data from at least 12 images with an average of 10 cells per image (***,
p � 0.001).
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the mean LD size increased (Fig. 6E), although the total stored
TAG remained constant (data not shown).
Apart from the LPCAT pathway, PC can also be synthesized

from the CDP-choline and DAG, mediated by CPT/CEPT, in
the Kennedy pathway. To reveal whether the Kennedy pathway
is active on LDs, we subfractionated cells and assayed lysates,
membranes, and isolated LDs for CPT/CEPT and LPCAT
activity (Fig. 7). Although lysates and membrane fractions dis-
played both CPT/CEPT and LPCAT activity (Fig. 7, lanes 4 and
5 and 9 and 10), purified LDs showed only a strong LPCAT
activity (Fig. 7, lanes 6 and 7) but little CPT/CEPT activity (Fig.
7, lanes 1 and 2). Quantification of two experiments revealed
that 13.0� 1.2% of the LPCAT activity but only 0.07� 0.01% of
the CPT/CEPT activity in the lysates was recovered in the LD
fraction, resulting in an enrichment of LPCATover CPT/CEPT
activity of 179-fold.

DISCUSSION

The synthesis of PC and other membrane lipids generally
takes place at the ER, where enzymes of both theKennedy path-
way and the Lands cycle reside (20, 35) In this study, we show
that PC can also be synthesized at the surface of LDs via the
Lands cycle. This activity ismediated by LPCAT1 andLPCAT2,
which localize to both LDs and the ER. Identification of
LPCAT1 and LPCAT2 on LDs is somewhat unexpected
because both proteins have a C-terminal KKXX motif, which
serves to retrieve protein that escaped the ER to theGolgi appa-
ratus, and normally are found on ER-localized proteins. How-
ever, addition of such a KKXX motif to caveolin 1 led to the
accumulation of the protein on LDs (48), suggesting that
retrieval to the ER actually favors trafficking to LDs. Also, pre-
vious studies have shown localization of LPCAT1 and LPCAT2
to the ER (26, 33, 34, 58, 59). The apparent discrepancy to our

results can be explained by the fact that these studies were per-
formed under conditions that did not favor detection of LDs,
which usually requires addition of fatty acids into the growth
media.
Structurally, the dual localization to the ER and to LDs is

supported by the monotopic (hairpin) topology, which enables
insertion into both bilayer (ER) and monolayer (LD) mem-
branes (Ref. 60 and references therein). In a recent study,
Bridges et al. (34) concluded from a trypsin protection assay
that LPCAT1 is a type II transmembrane protein with the C
terminus inside the lumen of the ER. By three different experi-
mental approaches (imaging-based accessibility assays in living
and fixed cells and a protease protection assay in microsomes),
we demonstrate a monotopic topology for both LPCAT1 and
LPCAT2 in our cell system. In the protease protection assay, we
experienced a reduced efficiency in protein degradation by
trypsin compared with proteinase K (data not shown but were
seen by the reviewers), which may explain the results seen by
Bridges et al. (34).

In all three cell lines tested, purified LDs displayed LPCAT
activity, which is in line with the presence of either only
LPCAT1 (in HuH7 cells) or LPCAT1 and LPCAT2 (in A431
andCOS7 cells) on the LDs. It appears thatmost of this LPCAT
activity can be attributed to LPCAT1 and LPCAT2, because
siRNA-mediated knockdown of these proteins leads to a strong
reduction of the LPCAT activity on LDs. Our data do not
exclude the possibility that other proteins with LPCAT activity
may additionally contribute to the LD-associated LPCATactiv-
ity. However, the most obvious candidates, LPCAT3 and
LPCAT4, are unlikely to reside on LDs in an active form. Both
proteins are members of the membrane-bound O-acyltrans-
ferase family with multiple transmembrane domains (32),
which precludes insertion into a lipidmonolayer surrounding a
hydrophobic lipid core.
Apart from synthesis by LPCATs, PC can also be produced

via the Kennedy pathway. This pathway requires two enzymes
as follows: CTP:phosphocholine cytidylyltransferase for the
formation of CDP-choline and CPT/CEPT for the transfer of
phosphocholine onto DAG. Although the presence of CTP:
phosphocholine cytidylyltransferase on LDs of oleate-supple-
mented S2 cells was reported by Guo et al. (61), there is no
publication that would report CPT/CEPT activity on LDs. In
line with this, purified LDs in our cell system were devoid of
CPT/CEPT activity, which would be required for PC synthesis
on LDs by the Kennedy pathway.
LPCAT-mediated PC synthesis on LDs requires the presence

of a long chain acyl-CoA and of LPC as substrates. The former
is possibly produced locally byACSL3, an abundant constituent
of LDs (43, 62). The other substrate, LPC, is likely produced by
a PLA2 activity either on the LD (9) or at other membrane
compartments, in particular the ER, followed by transport to
the LDs.Candidates for the PLA2 activity include iPLA2, the key
activity in the Lands cycle of membrane lipid remodeling, or
cPLA2�, an important player in LD biogenesis (63). Another
possibility is the adipocyte-specific PLA2 (64), whose genetic
ablation in mice results in a strong reduction of TAG storage
(65). LPC is spontaneously released from membranes with a
half-time of about 20 ms (66). Its desorption from membranes

FIGURE 7. LDs can locally synthesize PC by the Lands cycle but not by the
Kennedy pathway. Lysates of A431 cells, cultured in the presence of 100 �M

oleic acid, were subjected to floatation in a sucrose density gradient. Samples
of the LD fraction (LD), the floating membrane fraction � bottom fraction
(membranes), and the total lysates (lysate) were incubated in the presence of
either [14C]CDP-choline and DAG (left panel, CPT assay) or of [3H]acyl-CoA and
LPC (right panel, LPCAT assay). Lipids were extracted and analyzed by TLC
followed by autoradiography. Radioactive spots were identified by co-mi-
grating standards. PC, phosphatidylcholine; FFA, free fatty acid.
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and transport in the cytosol are supported by binding to fatty
acid-binding proteins (67). It should be noticed that the same
principle, i.e. monomeric transport of a lysophospholipid fol-
lowed by vectorial acylation at the target membrane, is also
used for the synthesis of PA. Here, lysophosphatidic acid is
produced in mitochondria, transported to the ER by fatty acid-
binding protein (68), and converted to PA by an ER-resident
LPAAT activity (57).
The existence of local LPCATactivity onLDs raises the ques-

tion of its physiological role. PC is themajor surface lipid of LDs
(2, 3), and expansion of the LD surface during LD growth
requires a source of PC. Local PC production would allow the
growth of LDs independent of a physical connection to the ER
or other routes of PC transport. This would be consistent with
the observed increase of LD size upon LPCAT1 knockdown.
Another possible function of LPCAT activity on LDs is tomod-
ify the existing PC at the sn-2 side chain. This would enable the
cell to adjust the biophysical properties of the LD surface
monolayer to different conditions, e.g. to prevent or promote
LD fusion or support LD growth or degradation during
lipolysis.
The results presented here contribute to the emerging pic-

ture of the complexity of cellular PC synthesis regarding the
existence of isoenzymes and their compartmentalization.
Future studies will have to address in more detail the influence
of LPCAT1 and LPCAT2 on the cellular LD pool and on the
balance of TAG and PC formation.
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