
Cross-talk between Remodeling and de Novo Pathways
Maintains Phospholipid Balance through Ubiquitination*

Received for publication, May 5, 2009, and in revised form, November 16, 2009 Published, JBC Papers in Press, December 15, 2009, DOI 10.1074/jbc.M109.017350

Phillip L. Butler‡ and Rama K. Mallampalli§¶1

From the ‡Department of Biochemistry, Roy J. and Lucille A. Carver College of Medicine, University of Iowa, Iowa City, Iowa 52242,
the §Veterans Affairs Pittsburgh Healthcare System, Pittsburgh, Pennsylvania 15240, and the ¶Department of Internal Medicine,
University of Pittsburgh, Pittsburgh, Pennsylvania 15213

Phosphatidylcholine (PtdCho), the major phospholipid of
animal membranes, is generated by its remodeling and de novo
synthesis. Overexpression of the remodeling enzyme, LPCAT1
(acyl-CoA:lysophosphatidylcholine acyltransferase) in epithelia
decreased de novo PtdCho synthesis without significantly alter-
ing cellular PtdChomass. Overexpression of LPCAT1 increased
degradation of CPT1 (cholinephosphotransferase), a resident
Golgi enzyme that catalyzes the terminal step for de novo PtdCho
synthesis. CPT1 degradation involved its multiubiquitina-
tion and processing via the lysosomal pathway. CPT1 mutants
harboring arginine substitutions at multiple carboxyl-terminal
lysines exhibited proteolytic resistance to effects of LPCAT1
overexpression in cells and restored de novo PtdCho synthesis.
Thus, cross-talk between phospholipid remodeling and de
novo pathways involves ubiquitin-lysosomal processing of a
key molecular target that mechanistically provides homeo-
static control of cellular PtdCho content.

Mammalianmembranes are enrichedwith phosphatidylcho-
line (PtdCho),2 a zwitterionic phospholipid that serves as a
major component of various secretory products, including
bile, high density lipoproteins, and pulmonary surfactant.With
the exception of hepatic tissues, where PtdCho synthesis may
involve sequential N-methylation of phosphatidylethanol-
amine, PtdCho biosynthesis inmammalian cells occurs primar-
ily via the CDP-choline or de novo pathway. This pathway
requires three enzymes: choline kinase (CK) (EC 2.7.1.32),
which catalyzes the first committed step; CTP:phosphocholine
cytidylyltransferase (CCT) (EC 2.7.7.15), the penultimate
enzyme; and cholinephosphotransferase (CPT) (EC 2.7.8.2),
which catalyzes the terminal reaction within the CDP-choline

pathway generating PtdCho (1). Of these enzymes, CCT is rate-
limiting and rate-regulatory. CCT is an amphitrophic enzyme
and thus can switch between an inactive soluble or cytoplasmic
form and an active, membrane-bound species within the
nucleus. There are four isoforms of CCT, and deficiency of a
major species, CCT�, is associated with impaired cell growth,
apoptosis, and embryonic lethality (1). CK may also be critical
for embryonic development, and genomic deletion of the CK
gene results in bone deformities andmuscular dystrophy (2, 3).
CPT (CPT1) catalyzes the transfer of the phosphocholine moi-
ety from CDP-choline to diacylglycerol. A second human cho-
line/ethanolaminephosphotransferase (CEPT1) that displays
dual specificity using either CDP-choline or CDP-ethanol-
amine as substrates with significant primary sequence identity to
CPT1 may also regulate PtdCho availability (4). CPT1 exists in
the Golgi, whereas CEPT1 is detected within the endoplasmic
reticulum (5). The substrate requirements of CPT1 and CEPT1
for diacylglycerol would impact themolecular species profile of
the newly synthesized PtdCho. Genetic inactivation of CPT
genes results in reduced phospholipid synthesis, and its inhibi-
tion by isoprenoids and ceramides triggers apoptosis, under-
scoring CPT as a key regulator of PtdCho synthesis (6–8).
UnlikeCCT, there is limited information on themolecular con-
trol of CK, CPT1, and CEPT1.
In addition to the CDP-choline pathway, the generation of

PtdCho in tissues involves its remodeling. In the lung, this
remodeling mechanism constitutes a major route for genera-
tion of dipalmitoylphosphatidylcholine (DPPtdCho), themajor
component of surfactant that lowers alveolar surface tension
(9). In this pathway, a phospholipase A2 deacylates PtdCho at
the sn-2-position of the glycerol backbone, typically releasing
an unsaturated fatty acid. The resultant lysophosphatidylcho-
line (LysoPtdCho) is then reacylated with a saturated fatty acid
(typically 16:0 or 14:0), generating surfactant DPPtdCho. The
identity of the deacylating phospholipase A2 is a calcium-inde-
pendent, acid pH-optimal lysosomal enzyme (aiPLA2) (10).
The identity of the enzyme that catalyzes the reacylation step
remained elusive, but it recently was shown to be an LPCAT1
(acyl-CoA:lysophosphatidylcholine acyltransferase) (11, 12). A
conserved HX4D motif is necessary for enzymatic activity (13),
and LPCAT1 expression increases with lung development and
in response to glucocorticoids (11). LPCAT1mRNA levels have
also been shown to be regulated by keratinocyte growth factor
(KGF) in cultured rat type II cells (11). The biochemical and
molecular regulation of LPCAT1 and its role in PtdCho synthe-
sis in vivo are largely unknown.
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Lung epithelia must tightly balance levels of surfactant
(DPPtdCho) lipid secreted into airways versus nonsurfactant
PtdCho destined for membranes. Although the de novo path-
way generates both nonsurfactant PtdCho and DPPtdCho, the
remodeling pathway would be predicted to synthesize primar-
ily surfactant. Thus, it is possible that cross-talk between these
pathways exists to modify pulmonary lipid composition, de-
pending on cellular needs. In other systems, such interdepen-
dency exists between lipogenic pathways. For example, rates of
PtdCho synthesis are coupled to its degradation (14–16). Over-
expression of CCT in COS cells increases PtdCho mass only
modestly yet triggers a 3-fold increase in its degradation rate
(14). This coupling between biosynthetic and degradative path-
ways indicates close regulation of PtdChometabolism, perhaps
as a means to avoid cellular lipotoxicity. Further, overexpres-
sion of PEMT2 (phosphatidylethanolamine N-methyltrans-
ferase-2) in hepatoma cells results in feedback inhibition of
CCT by reducing its transcriptional rate without altering
PtdCho content (17). These latter data suggest interdepen-
dency between the N-methylation and CDP-choline pathways
for PtdCho biosynthesis. The relationship between the remod-
eling and de novo pathways for PtdCho synthesis has not been
investigated.
Herein, we hypothesized that the remodeling pathway regu-

lates the CDP-choline pathway to maintain PtdCho balance.
Overexpression of the remodeling enzyme, LPCAT1, in lung
epithelia significantly decreased de novo PtdCho synthesis
without altering cellular PtdCho levels. LPCAT1 expression
increased degradation of the final enzymewithin the CDP-cho-
line pathway, CPT1, a multiubiquitinated enzyme, through its
lysosomal elimination. CPTmutants harboring arginine substi-
tutions at multiple putative ubiquitination acceptor sites con-
ferred proteolytic resistance to inhibitory effects of LPCAT1
expression in cells. The data provide new insight into the
molecular processing of a key regulatory enzyme involved in
PtdCho biosynthesis and are the first indicating interdepen-
dence between remodeling and de novo pathways to preserve
lipid homeostasis.

EXPERIMENTAL PROCEDURES

The sources of murine lung epithelial (MLE) cells, culture
medium, immunoblotting materials, and radiochemicals were
described previously (18). Rat primary alveolar type II epithelia
were isolated as described (19). Mouse monoclonal ubiquitin
antibody was purchased from Cell Signaling (Danvers, MA).
The pAmCyan1-C1 and pZsYellow-C1 vector was purchased
from Clontech. LysoTracker Red; mouse monoclonal V5 anti-
body; the To-Pro-3 nuclear staining kit; the PCRTOPO4.1
cloning kit; pcDNA-DEST40, pcDNA3.1/nV5-DEST, and
pLenti6/V5-Dest cloning vectors; Escherichia coli One Shot
competent cells; the pENTRDirectional TOPOcloning kits; LR
Clonase II recombinase; the Superscript III RT kit; and the
Gateway mammalian expression system were purchased
from Invitrogen. Ni2� resin, HIS-select nickel affinity gel,
Tri Reagent�, human KGF, and �-actin primary mouse
monoclonal antibody were obtained from Sigma. LPCAT
antibody was generated by Covance (Princeton, NJ). Amicon
Ultra-4 centrifugal filter devices were from Millipore (Bil-

lerica, MA). The QuikChangeTM site-directed mutagenesis
kit, XL-gold cells, and pCMV-Tag1 vector were from Strat-
agene (La Jolla, CA). A ubiquitin plasmid was constructed as
described (20). The gel extraction kit and QIAprep Spin
Miniprepkitswere fromQiagen (Valencia,CA).NucleoBondXtra
Maxi prep kits were obtained fromMacherey-Nagel (Bethlehem,
PA).Cyclohexamide (CHM)andUbiQapture-Qmatrixwere from
Biomol (Plymouth Meeting, PA). HA-tagged ubiquitin was a gift
fromDr.PeterSnyder (Universityof Iowa).�-1,3-Galactosyltrans-
ferase 2 goat polyclonal primary antibody was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Power CYBR
Green PCR master mix was from Applied Biosystems (Carlsbad,
CA). All restriction enzymes and ligases were purchased from
New England Biolabs (Ipswich, MA). The TNT coupled reticulo-
cyte lysate system and RQ1 DNase kit were purchased from Pro-
mega (Madison,WI). All DNA sequencing was performed by the
University of IowaDNACore Facility. Cloning primers were pur-
chased from IDT (Coralville, IA). The Zeiss LSM 510 confocal
microscope is part of the University of Iowa Central Microscopy
Research Facility.
Quantitative Real-time PCR (qRT-PCR)—RNA was purified

from primary murine lung cells (21). Total cellular RNA was
isolated using Tri Reagent, and cDNA was obtained by reverse
transcription followed by DNase I digestion, amplification, and
detection by a Chromo 4 real-time PCR detector (22). Levels of
transcripts were measured relative to GAPDH or 18 S mRNA.
Expression Plasmids—The coding sequence available for

LPCAT1, CPT1, and CEPT1 on the NCBI Web site
(NM_145376, NM_144807, NM_133869) were used to con-
struct primers for cloning of genes from cDNA frommRNA via
reverse transcriptase PCR frommurine liver and kidney tissues.
Amplified fragments were subcloned into PCRTOPO4.1,
sequenced, and were found to be identical to the deposited
NCBI LPCAT1 sequence. The resulting PCRTOPO4.1 vector
served as a source for cloning into pacAd5 CMV internal ribo-
some entry site enhanced green fluorescent protein pA (Uni-
versity of Iowa DNA Core) using ClaI and BamHI restriction
sites. ForCPT1 andCEPT1, the InvitrogenGateway systemwas
used. Primers constructed containing CACC overhangs
upstream of the 5� ATG and antisense sequence with (V5-
CEPT1) or without (CPT-V5his) a stop codon were used for
amplification using a blunt end polymerase and pENTR/D-
TOPO per the manufacturer’s instructions. LR Clonase II
recombinase was used for cloning of CPT1 and CEPT1
sequences into pcDNA-DEST40 or pcDNA3.1/nV5-DEST
gateway vectors, respectively (CPT1-V5his, V5-CEPT1).
CPT1K4R and CPT1K6R were constructed by performing site-
directed mutagenesis on CPT1-V5his at Lys254, Lys282, Lys283,
and Lys292 (CPT1K4R) and additionally Lys307 and Lys311 for
CPT1K6R using the QuikChange II XL site-directed mutagen-
esis (Stratagene) kit. CFP-CPT1 was generated, similar to
CFP-CCT (22). The CPT1 construct CPT1K6R was digested
with BglII and SalI, purified, and ligated into pAmCyan-C1
as described, generating CFP-CPT1K6R (20). FLAG-CPT1
was constructed by amplifying CPT1 and ligation into
pCMV-Tag1. A �GT-YFP (carboxyl-terminal YFP tag) plas-
mid was constructed by amplifying or digesting three sepa-
rate fragments for ligation. First, a human cDNA was used
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as a template to amplify the first 249 base pairs of the
UDP-Gal:�GlcNAc�1,4-galactosyltransferase gene (B4GALT1)
(GenBankTM number BC045773) with flanking ClaI/EcoRV
restriction sites. Fragment 2 was an EcoRV/EcoRI YFP frag-
ment amplified from pZsYellow-C1. Finally a pacAd5 CMV
internal ribosome entry site enhanced green fluorescent pro-
tein pA vector, and the two amplified fragments were digested
with appropriate restriction enzymes and gel-extracted. The
B4GALT1 and YFP fragments were ligated into the pacAd5
CMV internal ribosome entry site enhanced green fluorescent
protein pA to generate �GT-YFP. Tandem Ubi-CFP-CPT
fusion constructs were generated by cloning the ubiquitin cod-
ing sequence at the carboxyl terminus of CFP-CPT1 using SalI
and ApaI sites to generate CFP-CPT1�Ub, CFP-CPT3�Ub,
and CFP-CPT4�Ub.
Cell Isolation, Culture, and Transient Transfection—Alveo-

lar macrophages, primary type II cells, and fibroblasts were iso-
lated as described previously (23). MLE cells were maintained
in Hite’s medium (Dulbecco’s modified Eagle’s medium/F-12
medium) with 2% fetal bovine serum at 37 °C in 5% CO2. After
reaching 80% confluence, the cells were harvested using 0.25%
trypsin and 0.1% EDTA, resuspended in medium, and plated
onto appropriate culture dishes containing a 3 �l/1 �g DNA
ratio of FuGENE6 lipofection reagent and appropriate expres-
sion vector. After incubation overnight, the medium was
replaced withHite’s mediumwith 2% fetal bovine serum for 8 h
before cell harvesting. In some studies, an Amaxa electropora-
tion device with program T-013 and solution L was used for
plasmid transfection of cells. Cells were maintained as de-
scribed above, except after trypsinization, cells were resus-
pended in a small volume of solution L per the manufacturer’s
directions. Plasmids were transfected into cells, or cells were
left untransfected. Medium was aspirated 24 h post-transfec-
tion, and cells were treated an additional 24 h with 0% fetal
bovine serum Dulbecco’s modified Eagle’s medium/F-12 me-
dium supplemented with or without NH4Cl (25 mM). Cell
lysates were harvested by brief sonication in 150 mM NaCl, 50
mM Tris-HCl, 1 mM EDTA (no EDTA if Ni2� purification was
performed), 2 mM dithiothreitol, 0.025% sodium azide, and 1
mM phenylmethylsulfonyl fluoride (pH 7.4), at 4 °C. Alterna-
tively, cells were switched to Dulbecco’s modified Eagle’s medi-
um/F-12 medium without fetal bovine serum and treated for
6 h with CHM (18 �g/ml) with either NH4Cl (25 mM) or lacta-
cystin (25�M). Cells were collected in Buffer A plus 0.5%Triton
X-100 plus 0.5% Nonidet P-40 and sonicated for further analy-
sis. MLE cells were also exposed to human KGF (20 ng/ml) for
24 h prior to harvest. Rat type II cells were transduced for 48 h
with lentivirus, constructed at the University of Iowa gene
transfer vector core, containing LPCAT1 in a pLenti6/V5-Dest
vector.
Isolation ofMicrosome Fractions—Cells were resuspended in

Buffer A, and samples were first centrifuged at 16,000� g for 10
min at 4 °C. The resulting supernatant was centrifuged at
100,000 � g for 60 min at 4 °C. The resulting microsomal pellet
was resuspended in Buffer A using a 25-gauge needle.
Phospholipid Analysis—Lipids were extracted from equal

amounts of membrane protein, and levels of the individual
phospholipids were quantitated with a phosphorus assay (24).

DPPtdCho was assayed as before (25). For PtdCho de novo syn-
thesis, cells were pulsed with 1�Ci of [methyl-3H]choline chlo-
ride during the final 2 h of incubation with choline-depleted
medium. For remodeling activity, cells were labeled with 1.75
nM [14C]LysoPtdCho (55 mCi/mmol) for 3 h. Total cellular lip-
ids were extracted, resolved using TLC, and processed for scin-
tillation counting (18).
LPCAT Activity—Cells were harvested in lysis buffer (250

mM sucrose, 10 mM Tris-HCl, pH 7.4), and equal amounts of
microsomal cellular protein were used in the assay. 1 nmol of
1-palmitoyl-sn-glycero-3-phosphocholine (50.44 mM solution
in 1:1 chloroform/methanol)/�l of 5� assay buffer was added
and sonicated with 5� assay buffer (final concentration 65 mM

Tris-HCl, pH 7.4, 10 mMMgCl2, 12.5 mM fatty acid-free bovine
serumalbumin, 2mMEDTA). 35�l ofH2O, and cellular protein
was added to 10 �l of sonicated assay buffer and 5 �l of
[1-14C]acyl-CoA (0.1 �Ci, 1.8 nmol) for a total assay volume of
50 �l. Upon the addition of [1-14C]acyl-CoA, samples were
incubated at 30 °C for 10 min, after which the reaction was
terminated by the addition of chloroform/methanol/H2O (1:2:
0.70, v/v/v). Total cellular lipids from reaction mixtures were
extracted by the method of Bligh and Dyer (26) and spotted
onto LK5D plates, and PtdCho was resolved using TLC and
detected using a plate reader (18, 27).
De Novo Enzyme Activities—The activity of CK was assayed

as described (18). CCT activity was determined by using a char-
coal extraction method (28). CPT activity was assayed as
described (29). Each reaction mixture contained 50 mM

Tris�HCl buffer (pH 8.2), 0.1 mg/ml Tween 20, 1 mM 1,2-
dioleoylglycerol, 0.8 mM phosphatidylglycerol, 0.5 mM [14C]CDP-
choline (specific activity 1,110 dpm/nmol), 5mMdithiothreitol,
5 mM EDTA, 10mMMgCl2, and 30–40�g of protein. The lipid
substrate was prepared by combining appropriate amounts of
1,2-dioleoylglycerol (1 mM) and phosphatidylglycerol (0.8 mM)
in a test tube, drying under nitrogen gas, and brief sonication
before the addition to the assay mixture to achieve the final
desired concentration. The reaction proceeded for 1 h at 37 °C
and terminatedwith 4ml ofmethanol/chloroform/water (2:1:7,
v/v/v). The remainder of the assay was performed exactly as
described (29). A Bioscan AR-2000 plate reader was used for
detection of radiolabeled PtdCho on LK5D TLC plates with
data quantified using WinScan software. PtdCho bands on the
LK5D silica plates were also scraped and quantified by liquid
scintillation counting.
Immunoblot Analysis—Immunoblotting was performed as

described (22, 30). The dilution factors for the LPCAT1, V5,
FLAG, and �-actin antibodies were 1:2000, 1:2000, 1:5000, and
1:10,000, respectively.
Immunoprecipitation—Cell lysates were also incubated

with 3 �l of HA antibody (Sigma) at 4 °C overnight, incu-
bated with 20 �l of Pierce protein A/G matrix for 2 h, and
eluted with protein sample buffer/lysis buffer prior to immu-
noblot analysis (22, 30).
Immunofluorescence Microscopy—MLE cells were plated at

30% confluence on 35-mmMetTek glass bottom culture dishes
and transfected with individual CFP plasmids. Cells were
washed with phosphate-buffered saline and fixed with 4%
paraformaldehyde for 20 min and then exposed to 15% bovine
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serum albumin, 1:200 �1,3-galactosyltransferase 2 primary
goat antibody, and 1:200 fluorescein isothiocyanate-conjugated
AffiniPure Donkey anti-goat IgG (H � L) (Jackson Immunore-
search) to visualize the trans-Golgi; cells were also incubated
with an Alexa568-labeled goat anti-rabbit secondary antibody.
Nuclei were visualized using To-Pro-3 (1:2000 dilution).
Immunofluorescent cell imaging was performed on a Zeiss
LSM 510 confocal microscope using the 458-, 568-, or 615-nm
wavelength. All experiments were done with a Zeiss �63 or
�100 oil differential interference contrast objective lens. The
458-nm wavelength was used to excite the CFP-CPT1 fusion
proteins, with fluorescence emission collected through a
475-nm filter. A 488-nmwavelength was used to excite fluores-
cein dye, with fluorescence emission collected through a 505–
530-nm filter. A 488-nm wavelength was used to excite �GT-
YFP, with fluorescence emission collected through a
530–600-nm filter. A 613-nm wavelength was used to excite
To-Pro-3 dye, with fluorescence emission collected through a
633-nm filter. Scanning was bidirectional at the highest possi-
ble rate measurement using a digital 1� zoom.
UbiQapture-Q Matrix Pull-down—Cell lysates were incu-

batedwith 40�l of agarose beads complexed to ubiquitin-bind-
ing domain peptide overnight at 4 °C. An aliquot of prebound
lysate was also resolved by 10% SDS-PAGE to determine load-
ing onto the resin. The matrix resin was washed with 5 � 1
volume of 9:1 phosphate-buffered saline to lysis buffer as
described in the Biomol protocol, and protein sample buffer
was used to elute bound protein.
Ni2� Resin Purification—Cell lysates were incubated with 40

ml of His-select nickel affinity gel resin overnight at 4 °C. The
matrix resin was washed sequentially with a 3 � 3 bead volume
of Buffer A without EDTA, 0.05% Triton X-100, and 0.05%
Nonidet P-40; a 2 � 3 bead volume of Buffer A without EDTA,
0.005% Triton X-100, 0.005% Nonidet P-40, 500 mMNaCl, and
6 mM imidazole; and finally 1 volume of Buffer A without
EDTA, 0.005% Triton X-100, 0.005% Nonidet P-40, 500 mM

NaCl, and 200 mM imidazole. After 30 min, protein sample
buffer was added to the resin/buffer mixture, samples were
incubated at 25 °C overnight, and proteins were visualized by
immunoblot analysis.
Statistical Analysis—Statistical analysis was performed by

two-way analysis of variance or Student’s t test. Data are pre-
sented as mean � S.E.

RESULTS

LPCAT1 Is Highly Expressed in Distal Lung Epithelia—Lung
epithelial type II cells synthesize and secrete surfactant com-
posed of the major surface-active species, DPPtdCho. At least
three acytransferases might participate in remodeling of
PtdCho within lung epithelia generating DPPtdCho. These pro-
teins include LPCAT1 and two variants harboring similar
catalytic domains, termed LPCAT2 (31) and LPCAT3 (32)
(AGPAT7 and LPEAT2); these enzymes exhibit similar sub-
strate requirements with regard to saturated (16:0) fatty acyl-
CoA donors (33). To evaluate which species may represent the
primary acyltransferase involved in surfactant remodeling, we
isolated mouse epithelial type II cells, alveolar macrophages,
and lung fibroblasts. qRT-PCR shows that LPCAT1 mRNA is
highly expressed in surfactant-producing mouse primary type
II cells, with markedly reduced expression in macrophages or
fibroblasts. Lung epithelia also expressed mRNAs encoding
LPCAT2 and LPCAT3, albeit at lower levels (Fig. 1, B and C).
Of the three homologues, LPCAT2 expression was highly
expressed within macrophages, and LPCAT3 was most pre-
dominant within fibroblasts (Fig. 1, B and C). Thus, LPCAT1
appears to be a major regulator of surfactant remodeling, but
the data do not exclude redundancy with other related
acyltransferases.
Overexpression of LPCAT1 Reduces PtdCho de Novo

Synthesis—Because LPCAT1 was highly expressed in surfac-
tant-producing lung cells, this enzyme was cloned and
expressed in murine lung epithelia to test its regulatory activity
on PtdCho metabolism. Using nucleofection, we were able to
achieve high level (�90%) transfection efficiency in mamma-
lian epithelia within a strong CMV-driven mammalian expres-
sion vector (Adv-CMV-LPCAT1). Following expression of this
plasmid, we detected a �10-fold increase in LPCAT1 mRNA
(Fig. 2A), a 28-fold increase in immunoreactive LPCAT1 (Fig.
2B, inset), a �7-fold increase in LPCAT activity (Fig. 2B), and
a nearly 3-fold increase in [3H]LysoPtdCho incorporation
into DPPtdCho (Fig. 2C). Importantly, despite up-regulating
LPCAT1 expression and remodeling activity, total levels of
cellular PtdCho (Fig. 2D) and DPPtdCho (data not shown)
remained unchanged. This suggests the existence of a compen-
satory feedback mechanism(s) to preserve PtdCho balance.
LPCAT1 overexpression also did not alter cellular mass of

FIGURE 1. Pulmonary expression of LPCAT1 (A), LPCAT2 (B), and LPCAT3 (C). Primary murine lung type II cells, alveolar macrophages, and fibroblasts were
isolated, and total cellular RNA was reverse transcribed to cDNA for subsequent qRT-PCR. The mRNA levels of each LPCAT were measured and normalized to
glyceraldehyde-3-phosphate dehydrogenase mRNA. The data represent cells isolated from at least 5 mice/group. *, p � 0.05 versus type II cells.
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phosphatidylinositol or phosphatidylglycerol. Although PtdCho
and DPPtdCho remained constant in cellular samples,
surfactant secretion increased 2-fold in cells overexpressing
LPCAT1 (Fig. 2E). These data are consistent with the ability of
type II epithelia to rapidly mobilize intracellular DPPtdCho for
export (34) and suggest a novel mechanism for increased sur-
factant secretion without alteration of cellular PtdCho mass.
Thus, type II cells are readily able to adapt to modest surges in

surfactant secretion by multiple homeostatic control mecha-
nisms to maintain steady-state levels of lipid mass.
Next, we tested the hypothesis that LPCAT1 overexpression

coordinately down-regulates de novo synthesis of PtdCho to
maintain steady-state levels of phospholipid mass. This might
occur by inhibiting the CDP-choline pathway. LPCAT1 over-
expression decreased cellular [3H]choline incorporation into
PtdCho, a marker of de novo synthesis, by nearly 80% versus

FIGURE 2. LPCAT1 expression regulates surfactant metabolism. MLE cells were nucleofected with an LPCAT1 plasmid or an empty (E) vector. After 24 h, cells
were collected and processed for LPCAT1 mRNA (measured relative to 18 S mRNA) by qRT-PCR (A), LPCAT1 and �-actin immunoblotting (B, inset), or enzyme
activity (B), [14C]LysoPtdCho incorporation into surfactant DPPtdCho (C), or cellular mass of PtdCho, phosphatidylinositol (PI), and phosphatidylglycerol (PG)
(D). B–D were normalized for cellular protein. E, surfactant secretion was measured by [3H]palmitic acid labeling of cells and activities retrieved in medium. Data
are expressed as cpm medium/ml/total cellular DPPtdCho phospholipid phosphorus/mg of protein. Results are mean � S.E. from at least three individual
experiments except for PtdCho mass (two experiments) and phosphatidylinositol and phosphatidylglycerol mass (n � 1). *, p � 0.05 versus empty construct.
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empty vector-transfected cells (Fig. 3A). LPCAT1 overexpres-
sion reduced PtdCho synthesis within the CDP-choline path-
way in MLE cells by significantly reducing CPT activity, with-
out altering activities of either CK or CCT (Fig. 3, B–D). These
effects were also seen in primary type II cells transduced with
lentivirus encoding LPCAT1-V5 (Fig. 3, E and F).
We next modulated LPCAT1 expression using nontransfec-

tional approaches to assess physiological relevance. KGF in-
creases type II cell surfactant synthesis by increasing LPCAT1
content (11). KGF increased LPCAT1 protein levels and activ-
ity and also decreased CPT activity in lung epithelia (Fig. 3, G
and H). In preliminary studies, mechanical ventilation of mice
using high tidal volumes also increases immunoreactive
LPCAT1 levels concomitant with decreased CPT activity in
mouse lung (data not shown). Hyperventilation also increases
surfactant production (11, 35, 36). In the primary type II cell,
KGF, and ventilated models, LPCAT1 protein levels increase
more modestly: 3.5–5.7 and 4.4-fold, respectively (and not
28-fold as with MLE cells). This demonstrates that the cross-
talk between the remodeling and de novo pathways occurs at
moremodest levels of LPCAT1overexpression, consistentwith
what has been shown for other lipogenic enzymes during devel-

opment and malignant transformation (37, 38). Collectively,
these observations strongly suggest tight control of PtdCho
metabolism in lung epithelia; the data also suggest that remod-
eling and de novo pathways in lung epithelia are physiologically
linked and biologically relevant.
LPCAT1 Overexpression Increases CPT Degradation via

Endosomal/Lysosomal Processing—Toevaluate themechanism
whereby LPCAT1 overexpression reduces CPT activity, we
expressed recombinant CPT1 and CEPT1 proteins harboring
V5 and/or His tags individually or in combination with
LPCAT1 plasmid in epithelia. CPT1-V5his and V5-CEPT1 cel-
lular expression resulted in increased CPT activity (Fig. 4A).
Co-expression of the CPT1 or CEPT1 recombinant plasmids in
cells with LPCAT1 resulted in decreased immunoreactive
CPT1 protein levels and no significant difference in immuno-
reactive CEPT1 levels (Fig. 4, B and C). In contrast, expression
of LPCAT2-V5 or LPCAT3-V5 did not alter CPT1 protein lev-
els or affect [3H]choline incorporation into PtdCho (data not
shown). LPCAT1 overexpression significantly increased CPT1
and CCT mRNA by qRT-PCR (p � 0.05 versus control), but
effects on CEPT1 mRNA did not reach significance (Fig. 4D).
These data suggest that LPCAT1 overexpression selectively

FIGURE 3. LPCAT1 expression inhibits the de novo (CDP-choline) pathway. LPCAT1 was expressed in cells and processed for [3H]choline incorporation into
PtdCho as a measure of de novo synthesis (A), CK activity (B), CCT activity (C), and CPT activity (D). E and F, primary rat type II cells were isolated, cultured, and
infected with LPCAT1-V5 packaged in lentivirus prior to assays for [3H]choline incorporation into PtdCho (E), V5 and LPCAT1 immunoblotting (F, inset), and
CPT1 activity (F). G and H, cells were left untreated or treated with KGF (20 ng/ml), and 24 h post-treatment, cells were harvested and processed for LPCAT
immunoblotting and activity (G) and CPT activities (H). Results are mean � S.E. from at least three individual experiments except for LPCAT activity (G) (two
experiments). *, p � 0.05 versus empty construct.
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enhances CPT1 protein degradation or perhaps regulates
translational efficiency of the de novo biosynthetic enzymes.
Twomajor avenues for cellular protein disposal include pro-

teasomal degradation and turnover within the endosomal-lyso-
somal compartment. To identify a role for these pathways in
CPT1 degradation, we impaired acidification of endocytic ves-
icles with NH4Cl or inhibited proteasomal degradation with
lactacystin after cells were transfected with relevant plasmids.
In addition, cells were treated with the protein synthesis inhib-
itor, cyclohexamide. Fig. 4E demonstrates that co-transfection
of CPT1 with LPCAT1 or inclusion of cyclohexamide in the
medium reduced immunoreactive levels of CPT1. Compared
with cells transfected with CPT1 (control), cells transfected
with LPCAT1 alone or in combinationwith either cyclohexam-
ide or lactacystin resulted in lower levels of CPT1. Unlike the
effects of lactacystin, inclusion of NH4Cl in the medium signif-
icantly blocked LPCAT1 reduction of CPT1 levels (Fig. 4E).
Plasmid co-transfection or NH4Cl was not toxic to cells (data
not shown).
CPT Accumulates within Lysosomes—To further assess

CPT1 in lysosomal trafficking, we examinedCFP-CPT1 subcel-
lular localization in epithelia. Immunofluorescent studies
revealed co-localization of CFP-CPT1 with �1,3-galactosyl-
transferase 2 (��-GT), indicative of CPT1 localization within
the Golgi apparatus (Fig. 5A, top row). Because MLE cells are a
transformed cell line, cells contained Golgi, as represented by

larger inclusions rather than themore classic perinuclear label-
ing as seen with other mammalian cells. When CFP-CPT1 was
cotransfected with a plasmid encoding a fragment of another
Golgi-resident enzyme, �GT-YFP, the fusion proteins also co-
localized (Fig. 5A, bottom row) (39). We also used LysoTracker
Red, which fluoresces within the acidic pH compartments to
examine CPT1 trafficking within lysosomes (Fig. 5B). Unlike
data from Fig. 5A, where CFP-CPT1 co-localizes with �-GT,
CFP-CPT1 under native conditions does not appear to signifi-
cantly co-localize with LysoTracker Red. Co-transfection of
CFP-CPT1 with LPCAT1 also results in limited CFP-CPT1
immunofluorescence within cells (Fig. 5B, second row). Impor-
tantly, only when NH4Cl was used to impair late endosome/
lysosomal function (with or without LPCAT1 transfection) did
we detect increased CFP-CPT1 immunofluorescence that co-
localized with LysoTracker Red (Fig. 5B, lower rows) and the
endosomal marker, Rab5 (data not shown). CFP-CPT1 co-
localization with LysoTracker was apparent by small punctate
yellow cytosolic signals (arrows). Together, these data are con-
sistent with LPCAT1-induced CPT1 sorting through the endo-
somal/lysosomal pathway for its degradation.
Multiple CPT1 Ubiquitination Sites Responsible for Traffick-

ing through the Endosomal Pathway—Generally, monoubiq-
uitinated or multiubiquitinated proteins are sorted and
degraded in the lysosome, whereas polyubiquitinated proteins
are degraded in the 26 S proteasome (40, 41). To determine if

FIGURE 4. LPCAT1 expression promotes CPT degradation. A, MLE cells were nucleofected with empty, CPT1, or CEPT1 cDNA vectors, and CPT activity was
assayed. B, cells were transfected with empty (E), LPCAT1 (L), or CPT1 (C) or in combination with empty or LPCAT1 plasmids, and after 16 h, CPT1, LPCAT1, and
�-actin levels were detected by immunoblotting. C, experiments similar to B were performed, except CEPT1 was overexpressed instead of CPT1. D, cells were
transfected with empty (E) or LPCAT1 expression vectors, and relative mRNA levels of CPT1, CEPT1, and CCT in cells were assayed using qRT-PCR. E, empty (E),
LPCAT1 (L), or CPT1 (C) plasmids were transfected in cells alone or in combination, and after 12 h, cells were exposed to CHM with or without either NH4Cl or
lactacystin (Lac). After 18 h, cells were harvested and processed for immunoblotting for V5-CPT1, LPCAT1, and �-actin protein levels. The lower graphs in B, C,
and E show densitometric values of bands from respective immunoblots. Data in each panel (A–E) represent three individual experiments (*, p � 0.05 versus
empty group).
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CPT1 is ubiquitinated, we first co-transfected a ubiquitin plas-
mid with FLAG-CPT1 and observed that levels of CPT1
decreased compared with control, an effect lessened after
exposing cells toNH4Cl (Fig. 6A). In separate studies, cells were
co-transfected with HA-ubiquitin and FLAG-CPT1 with
NH4Cl (Fig. 6B). Ubiquitin was immunoprecipitated using HA
antibody, and samples were processed for FLAG immunoblot-
ting. Here, LPCAT1 increased intensity of higher molecular
weight species (Fig. 6B, bottom, arrows). We next expressed

CPT1-V5his or CCT-V5his in MLE
cells and partially purified the pro-
teins using Ni2� chromatography
prior to V5 immunoblotting (Fig.
6C). We observed several slower
migrating immunoreactive bands
after CPT1-V5his expression; these
results differ from CCT, where a
single monoubiquitinated band at
�50 kDa and dimeric species were
recently detected (20). As a negative
control, no major bands were
detected after probing eluants from
untransfected cell lysates alone.
To further study ubiquitination,

we constructed and expressed
CPT1 mutants containing either
four or six Lys 3 Arg mutations,
termed CPT1K4R and CPT1K6R,
respectively (Fig. 6D). Specific can-
didate lysines were mutated based
on the enzyme’s proposed second-
ary structure where these residues
are probably cytosolically exposed
and conserved between mouse and
human sequences (42). Cells were
first transfected with CPT1-V5his,
CPT1K4R, CPT1K6R, and a lucifer-
ase-V5 negative control. Transfec-
tants were then applied to ubiquitin
capture columns, where agarose
was complexed to ubiquitin-bind-
ing domain peptide, and reaction
mixtures were processed for V5
immunoblotting (Fig. 6E) (43).
Comparable levels of the �37-kDa
CPT1 were detected before resin
loading (Fig. 6E, Input). Multiple
high molecular weight bands were
seen in cells transfected with CPT1-
V5his in a pattern similar to results
using Ni2� chromatography. These
bands were only visualized after
prolonged exposure of autoradio-
grams. Interestingly, bands at �35
and 37 kDa were also visualized,
suggesting that full-length CPT1
might aggregate with ubiquitinated
CPT1 during incubation with ubiq-

uitin-binding domain peptide and that these products are dis-
sociated during SDS-PAGE. Importantly, the intensity of sev-
eral higher molecular weight immunoreactive V5 bands was
reduced, some to undetectable levels, in samples that were ana-
lyzed from preparations using CPT1K4R and CPT1K6R mutants
(Fig. 6E, bottom, arrows). Cells transfected with CPT1-V5his
with or without LPCAT1were also processed similarly (Fig. 6E,
far right panel). After a short exposure of films, LPCAT1
increased the appearance of slower migrating bands.

FIGURE 5. CPT1 is localized to Golgi but degraded within the lysosomes. MLE cells were transfected with
CFP-CPT1, �GT-YFP, and/or LPCAT1. A (top), cells were fixed and stained using a �-1,3-Gal-T2 (��-GT) primary
antibody and an Alexa568-labeled goat anti-rabbit secondary antibody. To-Pro-3 was used to visualize nuclei.
Bottom, cells were co-transfected with CFP-CPT1 and �GT-YFP and processed for imaging. White bar, 20 nm.
B, transfected cells were exposed to NH4Cl for 24 h as indicated. Cells were allowed to recover (without NH4Cl)
for 2 h prior to incubation with LysoTracker dye for 1 h. Cells were then fixed and visualized using a confocal
microscope. The arrows in merged panels represent co-localization with LysoTracker.

Cross-talk between Remodeling and de Novo Pathways

FEBRUARY 26, 2010 • VOLUME 285 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6253



To address the functionality of ubiquitin acceptor sites, cells
were transfected with CPT1-V5his, CPT1K6R, or an empty vec-
torwith orwithout LPCAT1, anddecay studieswere performed

using CHM (Fig. 6, F and G). Phase exponential decay line fit-
ting was performed by graphing software based on densitomet-
ric data (Fig. 6, F andG, left) from immunoblots (Fig. 6, F andG,
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right). Cells transfected with CPT1 and an empty vector dis-
played an extended half-life (�12 h), whereas CPT1 t1⁄2 was
reduced to �4 h in the presence of LPCAT1 (Fig. 6F). Further,
overall stability of CPT1K6R was similar to that of CPT1-V5his
despite co-transfection of LPCAT1 (Fig. 6G). The results sug-
gest that specific ubiquitination acceptor sites within CPT1
regulate its stability. Finally, a CFP-CPT1K6R construct was
used for subcellular localization. Unlike CFP-CPT1, the CFP-
CPT1K6R construct failed to co-localize with LysoTracker Red
despite overexpression of LPCAT1 or treatment with NH4Cl
(Fig. 6,H and I). CFP-CPT1K6R does, however, co-localize with
�GT-YFP, similar to CFP-CPT1 (Fig. 6H, white arrows).
Because CPT1 appears to be multiubiquitinated, CFP-CPT1
was fused to tandem repeats of ubiquitin, and localization was
also examined (Fig. 7). Cells transfected with increasing copies
of carboxyl-terminal ubiquitin linked to CFP-CPT1 displayed a
progressive increase in the levels of co-localization to lyso-
somes (evidenced by increases in punctate yellow signals/cell).
Last, cells were co-transfected with CPT1-V5his, CPT1-

V5his mutants, and LPCAT1, and enzyme activity and de novo
PtdCho synthesis were measured (Fig. 8). Although LPCAT1
decreased immunoreactive levels of CPT1-V5his andCPT1K4R,
levels were comparable with control in cells co-expressing the
CPT1K6R mutant with LPCAT1 (Fig. 8A). Overexpression of
each construct led to a robust increase in CPT activity, indicat-
ing that constructs were functional (Fig. 8B). Cells transfected
with CPT1K4R and LPCAT1 exhibited a �45% reduction in
CPT1 activity versus cells transfectedwith CPT1K4R alone; nev-
ertheless, cells from the former group exhibited greater CPT
activity than untransfected cells or cells co-transfected with
wild-type CPT1 and LPCAT that were also sufficient to restore
PtdCho synthesis (Fig. 8C). Compared with CPT1-V5his, over-
expression of CPT1K6R restored both CPT activity and PtdCho
synthesis despite LPCAT1 expression (Fig. 8, B and C). As a
whole, the data support CPT1 multiubiquitination at highly
conserved lysines and indicate that expression of CPT1 lysine
mutants confers resistance to inhibitory actions of LPCAT1
within the phospholipid pathway.

DISCUSSION

Surfactant PtdCho is relatively unique because it is selec-
tively enriched with 16:0/16:0 molecular species (DPPtdCho)

on the phospholipid glycerol backbone. This molecular species
specificity is essential to optimize surfactant function and is
conferred, in part, by a constitutively active LPCAT1 enzyme
within lung epithelia. Indeed, perhaps �55–75% of surfactant

FIGURE 6. CPT1 is ubiquitinated. A, cells were co-transfected with ubiquitin plasmid, FLAG-luciferase (Luc), and FLAG-CPT1 with or without NH4Cl (25 mM) for
24 h. Total cell lysates were processed for FLAG and �-actin immunoblotting. The graph on the right represents densitometric analysis of immunoblots. B, cells
were nucleofected with FLAG-CPT1, HA-ubiquitin, or CPT1-V5his, with or without or LPCAT1, incubated for 18 h, and treated with NH4Cl for 24 h using methods
described previously. Cell lysates were loaded onto SDS-PAGE (Input) or incubated with HA antibody/protein A/G matrix, eluted, and visualized by FLAG
immunoblotting (top and bottom). NS, nonspecific bands; arrows denote higher migrating CPT1-UB conjugates. C, cells were nucleofected with CPT1-V5his or
CCT-V5, and 18 h after transfection, cells were treated with NH4Cl for 24 h. Cells were harvested and incubated with Ni2� resin at 4 °C for 4 h, and protein was
eluted and visualized using SDS-PAGE and V5 immunoblotting. D, schematic of candidate ubiquitin acceptor sites targeted for generation of multiple Lys3
Arg CPT1-V5his mutants. The CPT1K4R mutant harbors mutations at Lys254, Lys282, Lys283, and Lys292, and the CPT1K6R construct also harbors substitutions at
Lys307 and Lys311. E (left), CPT1, CPT1K4R, CPT1K6R, and luciferase-V5 (Luc) plasmids were transfected into cells; after 18 h, cells were exposed to NH4Cl for 24 h and
harvested. Cell lysates were loaded onto SDS-PAGE (Input) or incubated with UbiQapture-Q kit matrix (4 °C for 4 h), eluted, and visualized by V5 immunoblot-
ting (bottom). The arrows indicate slower migrating bands that exhibit differential levels of intensities between recombinant CPT1 and mutant constructs.
Right, untransfected cells, CCT, and CPT1 alone or co-transfected with LPCAT1 lysates were processed using UbiQapture-Q matrix and visualized. All panels
were exposed extensively to detect ubiquitinated products except for the far right panel. Results are representative of at least three individual experiments.
F and G, cells were co-transfected with CPT1 or CPT1K6R plasmid with either an empty (E) or LPCAT1 plasmid and exposed to CHM. Cells from each group were
harvested at times after CHM treatment and processed for V5 immunoblotting (left) and densitometric analysis (right) of autoradiograms. The starting (0 h) time
point was normalized to equal 1 for each test group. Best fit lines are a result of one-phase exponential decay line fitting performed by Prism graphing software.
Data in F and G represent two individual experiments. H and I, cells were transfected with CFP-CPT1K6R alone or in combination with �GT-YFP or LPCAT1. F, cells
were co-transfected with CFP-CPT1K6R and �GT-YFP, fixed, and visualized. The arrows indicate co-localization of CFP-CPT1K6R with �GT-YFP. G, transfected cells
were exposed to NH4Cl treatment for 24 h. Cells were allowed to recover (no NH4Cl) for 2 h prior to incubation with LysoTracker dye for 1 h. Cells were then fixed
and visualized by confocal microscopy.

FIGURE 7. CPT1 ubiquitin fusion proteins target the lysosome. MLE cells
were transfected with CFP-CPT1, CFP-CPT1–1�Ub, CFP-CPT1–2�Ub, CFP-
CPT1–3�Ub, or CFP-CPT1– 4�Ub. After 18 h, cells were incubated with Lyso-
Tracker dye for 1 h. Cells were then fixed and visualized using confocal
microscopy.
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PtdCho is synthesized by the remodeling pathway with the
remainder generated by de novo synthesis (9, 44, 45). These
results suggest that when LPCAT1 levels are increased, as

occurs during alveolar stress, when demands for surfactant
(DPPtdCho) are high, lung epithelia might coordinately reduce
de novo synthesis of PtdCho by increasing CPT1 degradation
through its ubiquitination. This cellular mechanism may be
favorable to shift the balance towardDPPtdCho enrichment for
surfactant secretion into the airways via LPCAT1 remodeling,
given that the CDP-choline pathway is also active inmembrane
(nonsurfactant) phospholipid biosynthesis. Thus, our results
unveil a previously unrecognized molecular mechanism for
feedback control for PtdCho homeostasis.
Comparative analysis of LPCAT mRNAs revealed differen-

tial expression of three related acyl-CoA LysoPtdCho acyl-
transferases that may exhibit synthetic capacity for DPPtdCho.
LPCAT1 was a primary candidate based on prior data showing
high level pulmonary expression and preference for saturated
(16:0) fatty acids as a donor and 1-myristoyl or 1-palmitoyl-
LPtdCho as an acceptor (11, 12). LPCAT2 and LPCAT3
(AGPAT7 and LPEAT2) also contain similar conserved motifs,
including acyl-transferase, transmembrane, and EF-hand
domains (46). Our observations that LPCAT1mRNAwas high-
est in type II epithelia versusmacrophages or fibroblasts under-
score its role as a primary regulator of PtdCho remodeling,
although confirmation awaits analysis of individual endoge-
nous LPCATproteins. Theremay be redundancy in this system
because type II epithelia also expressmodest levels of LPCAT2/
LPCAT3 (Fig. 1); their contribution to surfactant remodeling
will requiremore sophisticated in vivo genetic ablation systems.

Multiple mechanisms exist that maintain stable steady-state
total cellular PtdChomass despite its reduced de novo synthesis
and increased surfactant secretion after LPCAT expression
(Fig. 2, C–E, and 3E). We observed a robust increase (�3-fold)
in remodeling activity by LPCAT1 (Fig. 2C). Although LPCAT1
is involved surfactant synthesis, the enzyme also exhibits some
promiscuity, with significant substrate activity for other unsat-
urated fatty acyl species that may be destined for incorporation
into the cell membrane (12). This would explain, in part, our
observation that total cell PtdCho levels are relatively
unchanged after LPCAT1 overexpression. Second, type II cells
may exploit other compensatory mechanisms to maintain con-
stant levels of cellular PtdCho, including reduced phospholipid
degradation rates or increased PC uptake. Overexpression of
some biosynthetic lipogenic enzymes reduces degradation
rates (14). Up to 50–85% of secreted PC can be taken up and
reutilized (47). Because the actual mass of lipid secreted by type
II epithelia is only 1–2% of total cellular phospholipid per hour,
type II cells have significant reserves of intracellular lipid that
can offset abrupt alterations in synthetic or secretory rates (34).
LPCAT1 inhibition of de novo PtdCho synthesis appears unidi-
rectional because RNA silencing of LPCAT1 did not coordi-
nately increase CPT activity (data not shown), suggesting a
more complexmode of regulation. Nonetheless, transfection of
LPCAT1 plasmid in lung epithelia resulted in its robust expres-
sion coupled with increases in DPPtdCho synthesis yet did not
alter total cellular phospholipid mass, suggestive of feedback
inhibition within the de novo pathway.
Genetic inactivationCPT1 andCEPT1 impairsde novoPtdCho

synthesis in Saccharomyces cerevisiae, but their biochem-
ical and molecular characterization has been hampered

FIGURE 8. CPT1 Lys3Arg mutants are resistant to LPCAT1-induced deg-
radation. A, MLE cells were untransfected or transfected with CPT1-V5his,
CPT1K4R, or CPT1K6R constructs alone or in combination with LPCAT1 and
processed for LPCAT1, V5 (CPT1), and �-actin immunoblotting (A), CPT activ-
ities (B), or [3H]choline incorporation into PtdCho (C). Results are means � S.E.
from at least three individual experiments. *, p � 0.05 versus paired controls.
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because these mammalian enzymes have not been purified to
homogeneity (6). Thus, we expressed plasmids encoding wild-
type and mutant CPT1 in cells where tagged proteins were
functional and detected within the Golgi (5). The Golgi pattern
in MLE cells was somewhat atypical, but CFP-CPT1 was
observed to co-localize with known markers. Exogenously
expressed CPT1 also appears to have an extended t1⁄2 that
exceeds other lipogenic enzymes, including hydroxymethyl-
glutaryl-CoA reductase or CCT, suggestive of stabilizing
ligands or post-translational modifications within its primary
structure (data not shown) (22, 48). LPCAT1 overexpression
selectively reduced CPT activity and immunoreactive levels by
shortening CPT1 t1⁄2 in lung epithelia via sorting from the Golgi
to endosomal/lysosomal organelles. Co-localization of CPT1
with LysoTracker Red was limited and only observed after
simultaneous treatment with NH4Cl because acidic compart-
ments limit fluorescence of CFP-tagged constructs (49).
Ubiquitin can divert proteins from either the cell surface,

endosomes, or trans-Golgi network to lysosomes, thus serving
as an important sorting signal for degradation of transmem-
brane proteins (50). In addition, several proteins containing
ubiquitin-binding domains comprise the machinery to assist in
the trafficking of ubiquitinated cargoes to lysosomes. These
cargoes may be monoubiquitinated, multiubiquitinated, and
less often polyubiquitinated. Evidence in support ofCPT1ubiq-
uitination includes our observations that (i) CPT1 cellular lev-
els accumulated after treatment withNH4Cl, which impairs the
clearance of ubiquitinated substrates, (ii) overexpression of
ubiquitin decreased CPT1 levels, (iii) CPT1 effectively bound
ubiquitin-binding domain peptide, (iv) LPCAT1-dependent
reduction in CPT1K6R t1⁄2 is not observed, and (v) tandem
fusions of ubiquitin to CPT1 were sufficient for lysosomal tar-
geting. Last, expression of CPT1 mutants harboring multiple
Lys-Arg substitutions at candidate ubiquitin acceptor sites led
to reduced binding to ubiquitin-binding domain peptide and
resulted in proteolytic resistance to actions of LPCAT1. How-
ever, LPCAT1might still act throughnon-ubiquitin-dependent
mechanisms or even indirectly to alter CPT1 stability. CPT1
mutants still, however, show some degree of residual binding to
ubiquitin-binding domain peptide, suggesting that several yet
unidentified lysines partake as ubiquitin acceptor sites when
some sites are mutated out (Fig. 6E). Although LPCAT1 might
itself act as a novel E3 ligase, it is more likely that other down-
stream events are activated (e.g. E3 ligases) or inhibited (deu-
biquitinating enzymes) after LPCAT1 overexpression to mod-
ulate CPT1 protein stability. It is unlikely that LPCAT1 itself
exhibits ubiquitin E3 ligase activity because it is not bound to
CPT1 (data not shown). Further, expression of a catalytically
inactive LPCAT1 protein containing an amino acid substitu-
tion at His135 does not alter CPT1 levels or significantly reduce
de novo PtdCho synthesis (data not shown). This suggests a
mechanism involving lipid-dependent signaling. Ongoing
studies suggest that �-transducin repeat-containing protein
might serve as a putative E3 ligase targeting CPT1 for its deg-
radation (data not shown).
CPT1 targeting to the endosome/lysosomepathwaymay also

involve GGA (Golgi-localized, �-ear-containing, Arf-binding)
proteins that specifically target Golgi-localized ubiquitinated

proteins to lysosomes through the GGA protein GAT domain
(51). This interaction has been primarily described in yeast but
may also occur in mammalian cells requiring phosphatidylino-
sitol 4-phosphate kinase IIa for optimal sorting (52). Thus, it is
possible that LPCAT1-directed CPT1 ubiquitination and lyso-
somal targeting require these GGA-like adaptor molecules for
its cellular trafficking/elimination.
These results do not exclude the possibilities that LPCAT1

triggers polyubiquitination or even monoubiquitination of
CPT1 as a means to regulate phospholipid metabolism. In this
manner, CPT1 would be modified and processed similarly to
receptor tyrosine kinases that appear covalently attached at
multiple or single sites to ubiquitin (53). However, it is very
difficult to detect monoubiquitinated proteins in cells because
the subpopulation of select proteins that are ubiquitinated at
any given time is extremely small (54). Multiubiquitinated
CPT1 was also very difficult to detect despite co-expression of
various tagged CPT1 and ubiquitin constructs and co-immu-
noprecipitation (data not shown). Detection also depended on
optimal exposure of our autoradiograms. Levels of these ubiq-
uitinated cargoes are also regulated by activities of deubiquiti-
nating enzymes, making detection difficult. The use of new
approaches such as ubiquitin-mediated fluorescence comple-
mentation may aid in resolving detection difficulties in future
studies (54). One intriguing possibility that deserves further
study is the hypothesis that a subpopulation of ubiquitinated
CTP1 may traffic to lysosomes independently of Golgi-local-
ized ubiquitin-binding proteins and through autophagy. This
mechanism has recently been described for lysosomal degrada-
tion of long livedmonoubiquitinated proteins during cell stress
requiring the ubiquitin-binding protein, p62 (55).
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