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cgi-58 (comparative gene identification-58) is a member of
a/B-hydrolase family of proteins. Mutations in CGI-58 are
shown to be responsible for a rare genetic disorder known as
Chanarin-Dorfman syndrome, characterized by an excessive
accumulation of triacylglycerol in several tissues and ichthyosis.
We have earlier reported that YLR099c encoding Ictlp in Sac-
charomyces cerevisiae can acylate lysophosphatidic acid to
phosphatidic acid. Here we report that human CGI-58 is closely
related to ICT1. To understand the biochemical function of
cgi-58, the gene was overexpressed in Escherichia coli, and the
purified recombinant protein was found to specifically acylate
lysophosphatidic acid in an acyl-CoA-dependent manner. Over-
expression of CGI-58 in S. cerevisiae showed an increase in the
formation of phosphatidic acid resulting in an overall increase
in the total phospholipids. However, the triacylglycerol level was
found to be significantly reduced. In addition, the physiological
significance of cgi-58 in mice white adipose tissue was studied.
We found soluble lysophosphatidic acid acyltransferase activity
in mouse white adipose tissue. Immunoblot analysis using anti-
Ictlp antibodies followed by mass spectrometry of the immu-
nocross-reactive protein in lipid droplets revealed its identity as
cgi-58. These observations suggest the existence of an alternate
cytosolic phosphatidic acid biosynthetic pathway in the white
adipose tissue. Collectively, these results reveal the role of cgi-58
as an acyltransferase.

The most abundant form of energy is stored as triacylglycerol
(TAG)? in the lipid droplets (LDs) or adiposomes. LDs also have
a high concentration of cholesterol esters, enclosed within the
coat of proteins bound to phospholipids (1). Adiposomes are
specialized subcellular structures in adipocytes and are ubiqui-
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tously present in most of the cell types of vertebrates. LDs are
implicated in several pathological conditions including obesity,
inflammation, ichthyosis, myopathy, atherosclerosis, and neu-
rological abnormalities (2). It is known that various proteins
associated with LDs regulate their dynamics. The most promi-
nent proteins are perilipin, adipophilipin, S3-12, and TIP-47
(3). All of these proteins share a conserved N-terminal region.
Another interesting protein annotated as cgi-58 or abhd5 (/B
hydrolase domain-containing protein 5) was shown to interact
with perilipin and adipocyte triglyceride lipase (ATGL) on the
LD surface (3, 4). Mutations in CGI-58 are associated with
Chanarin-Dorfman syndrome, an autosomal recessive disease
characterized by TAG accumulation in several tissues (5). Clin-
ical manifestations include ichthiosys, hepatic steatosis, car-
diomyopathy, ataxia, and mental retardation (6). It is known
that cgi-58 in association with ATGL maintains TAG homeo-
stasis in adipocytes. The mutations that affect this association
hinder both TAG hydrolysis (4) and recycling of neutral lipids
to phospholipids (7). cgi-58 is localized in LDs, endoplasmic
reticulum, and Golgi bodies, all of which are involved in the
assembly of lipoprotein particles and VLDL-TAG secretion (3).
It is likely that cgi-58 is involved in the secretion of apolipopro-
tein B-containing lipoproteins (8). cgi-58 belongs to esterase/
lipase/thioesterase family of proteins, but the presence of an
asparagine in place of serine in GXSXG motif abolishes the
lipase activity (9). Although the role of cgi-58 in TAG hydrolysis
remains unequivocal, the association of cgi-58 with metaboli-
cally active LDs signifies its role in phospholipid and TAG bio-
syntheses. However, the biochemical role of cgi-58 still remains
unknown.

Recently, we have shown that YLR099c encoding Ictlp, in
Saccharomyces cerevisiae, mediates acylation of lysophospha-
tidic acid (LPA) to phosphatidic acid (PA), thereby enhancing
phospholipid biosynthesis under cellular stress (10). In this
study, we show that cgi-58 is a homologue of Ictlp and has an
acyl-CoA-dependent LPA-specific acyltransferase activity. In
addition, we also demonstrate that cgi-58 is a primary source
for the soluble LPA acyltransferase activity observed in white
adipose tissue of mice.

EXPERIMENTAL PROCEDURES

Materials—Human CGI-58 clone was obtained from Open
Biosystems. S. cerevisiae (BY4741: MATa; his 3A1; leu2A0;
metl15A0; ura3A0) and deletion mutant strain of ICTI
(BY4741background) were obtained from Invitrogen.
[1-'*C]Oleoyl-CoA (54 mCi/mmol) and [*H]1-oleoyl LPA (47
Ci/mmol) were purchased from PerkinElmer Life Sciences. Sil-
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FIGURE 1.cgi-58 is a close homologue ofyeast Ict1p. BLAST analysis of Ict1p with nonredundant protein
data base available at NCBI was performed. Multiple sequence alignment of proteins homologous to
human cgi-58 was carried out using sequences from representative organisms such as Xenopus, mice, and
yeast. The Clustal W analysis suggests the conserved nature of the sequence with a wide phyletic distri-
bution. The accession numbers were NP_057090.2 for Homo sapiens, NP_080455.1 for M. musculus,
NP_001086565.1 for Xenopus laevis, and NP_013200.1 for S. cerevisiae. The conserved HX,D and GXNXG

motifs are indicated in the boxes.

ica gel 60g,5, TLC plates were from Merck. Oligonucleotide
primers, chemicals, and solvents were purchased from Sigma.
Polyclonal antibodies were raised against the nickel-nitrilotri-
acetic acid affinity-purified recombinant Ictlp as described
(10).

White Adipose Tissue—White adipose tissues surrounding
the reproductive tract of mice were dissected, frozen in lig-
uid nitrogen, and stored at —80 °C for further use. Frozen
tissue (1 g) was thawed and homogenized in phosphate-buff-
ered saline (PBS, pH 7.4) containing 1 mMm 2-mercaptoetha-
nol, 1 mm EDTA, and a mixture of protease inhibitors (1 mm
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, 50
png/ml leupeptin, 10 ug/ml pepstatin, and 10 pg/ml aproti-
nin). The components were homogenized with four to five
strokes in a Potter-Elvehjem glass-Teflon homogenizer, and
the homogenate was centrifuged at 300 X g for 15 min.
Supernatant was subjected to centrifugation at 10,000 X g
for 15 min. The floating layer was washed twice with PBS
followed by ultracentrifugation at 100,000 X g. The washed
floating layer was used as lipid droplets. The 10,000 X g
supernatant thus obtained was further centrifuged at
240,000 X g for 60 min to obtain cytosol (soluble fraction).
The pellet was washed with PBS and centrifuged again at
240,000 X g for 60 min to obtain total membranes. All of the
operations were carried out at 4 °C (11).
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i taining CGI-58 open reading frame
was used as a template for amplifi-
cation of the gene. Forward primer
(5'-CCCGGATCCATGGCGGCG-
GAGGAGGAG-3') and reverse
primer (5'-CCCCTCGAGTCAGT-
CCACAGTGTCGCAGATCTCC-
3') were used. PCR (1 min of denaturation at 94 °C, 1 min of
annealing at 55 °C, and 1 min of elongation at 72 °C) was per-
formed using Pfu polymerase for 30 cycles with 10 pmol con-
centration of each primer. The purified PCR product and
pRSET A vector (N-terminal histidine tag) were digested with
BamHI and Xhol and ligated directionally. The construct was
transformed into Escherichia coli BL21 (DE3) cells and induced
with 1 mM isopropyl B-p-thiogalactopyranoside for 4 h at 37 °C.
The cell pellet was resuspended in lysis buffer containing 50 mm
Tris-HCI (pH 8.0) and 300 mMm NaCl. The cells were disrupted
by sonication. The 10,000 X g supernatant was allowed to bind
to the nickel-nitrilotriacetic acid matrix. The column was
washed with lysis buffer containing 25 mm imidazole. The
bound protein was eluted with 250 mm imidazole in lysis buffer.
Fractions (1 ml each) were collected and analyzed on 12% SDS-
PAGE followed by Coomassie Brilliant Blue staining.

LPA Acyltransferase Assay—The reaction mixture contained
10 pm [1-'*Cloleoyl-CoA (110,000 dpm/assay), 1-15 ug of
enzyme source, and 50 uM LPA (1-oleoyl) in lysis buffer with a
total volume of 100 ul. The reaction was carried out at 30 °C for
10 min, and the reaction was terminated by extracting the lipids
(10). In addition, acyltransferase activity was also assayed using
50 uM [1-oleoyl-9,10-*H]LPA (220,000 dpm/assay) and 20 um
acyl-CoA. The lipids were separated on a TLC plate using chlo-
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roform:methanol:acetone:acetic acid:water (50:10:20:15:5, v/v/
v/v/v) as the solvent system.

The lipids were also analyzed by two-dimensional TLC using
chloroform:methanol:ammonia (65:25:5, v/v/v) as the first
dimensional solvent system and chloroform:methanol:acetic
acid:water (40:20:5:0.5, v/v/v/v) as the second dimensional sol-
vent system (10). Individual phospholipids were identified by
comparing the R; values of the unknown with the R; values of
the standards. The TLC plates were subjected to autoradiogra-
phy, and the PA spots were scraped and counted with toluene-
based scintillation mixture.

Site-directed Mutagenesis—Mutations (Q130P and E260K)
in cgi-58 were introduced using the following primers: forward
primer for Q130P, 5'-AGAAGAAGTGGAGAATCCGTTTG-
TGGAATCCATTGA-3" and reverse primer for Q130P, 5'-
TCAATGGATTCCACAAACGGATTCTCCACTTCTTCT-3';
forward primer for E260K, 5'-TGCAGACTCCAAGTGGT-
AAGACAGCTTTCAAGAAT-3’; and reverse primer for
E260K, 5'-ATTCTTGAAAGCTGTCTTACCACTTGGAG-
TCTGCA-3'. Wild type CGI-58 template (80 ng) and primers
(25 pmol each) were added to PCR tubes containing 0.2 mm
dNTPs, 1 mm MgSO,, 2.5 units of Pfu polymerase, and 1X
reaction buffer. Amplification was done using the following
conditions: denaturation of the template at 94 °C for 4 min fol-
lowed by 20 cycles at 94 °C for 45 s (denaturation), 52 °C for 1
min (annealing) and 72 °C for 6 min (extension). The reaction
was continued for another 20 min at 72 °C to complete the
extension. The product was treated with Dpnl at 37 °C for 6 h to
digest the methylated template and transformed into E. coli
DHb5a strain, and the mutants were confirmed by sequencing.

Overexpression of cgi-58 in S. cerevisiae—Full-length CGI-58
c¢DNA was subcloned from pRSET A to pYES2 vector at the
BamHI-Xhol site and transformed into yeast cells by the lith-
ium chloride method (12). Transformants were selected on
synthetic minimal medium devoid of uracil (SM-U) containing
2% glucose and were grown to the late log phase. The cells were
harvested by centrifugation and inoculated at an A level of
0.4 in SM-U medium containing 2% galactose and grown for
24 h. To confirm the expression, cells (A4,, = 5) were resus-
pended in 50 mMm Tris-HCI (pH 7.5), 2% SDS and then lysed
using glass beads. The proteins were separated by 12% SDS-
PAGE and transferred onto a nitrocellulose membrane. The
overexpression of cgi-58 was confirmed using anti-Ictlp anti-
bodies at a dilution of 1:1000 (v/v).

Preparation of Yeast Cell Lysate—To measure the enzymatic
activity of S. cerevisiae overexpressing cgi-58 and vector con-
trol, the cell extracts were prepared by lysing with glass beads
followed by centrifugation at 1000 X g to remove glass beads
and unbroken cells. Cell-free extract was used as the enzyme
source.

[??P|Orthophosphate  Incorporation into Phospholipids—
pYES2-CGI-58 and pYES2 transformants were grown to late
log phase in 5 ml of SM-U containing 2% glucose and then
transferred to 50 ml of the same medium, such that the absorb-
ance is 0.1. The cells were grown till the absorbance reached 3.
For labeling of total cellular phospholipids, Ao, = 0.4 of the
cells were inoculated in a fresh medium containing 2% galac-
tose and 200 uCi of [**P]orthophosphate and grown for 24 h.
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The cells (A4o, = 25) were harvested by centrifugation, and the
lipids were extracted and analyzed by two-dimensional TLC.
The solvents for the first dimension were chloroform:methano-
l:ammonia (65:25:5, v/v/v); solvents for the second dimension
were chloroform:methanol:acetone:acetic acid:water (50:10:20:
15:5, v/v/v/v/v) (10).

[**CJAcetate Incorporation into Neutral Lipids—The trans-
formants (pYES2-CGI-58 and pYES2) were grown to late log
phase in 5 ml of SM-U containing 2% glucose and then trans-
ferred to 10 ml of the fresh medium with an absorbance of 0.1.
The cells were grown till the absorbance reached 3. For neutral
lipid labeling, A, = 0.4 of the cells were inoculated in a fresh
medium containing 2% galactose and 4 uCi/ml of [**Clacetate
and grown for 24 h. The cells (A4, = 10) were harvested, and
the lipids were extracted and separated on a silica TLC using
chloroform:methanol:acetic acid (98:2:0.5, v/v/v) as the solvent
system.

Identification of cgi-58 by Matrix-assisted Laser Desorption
Ionization (MALDI) Mass Spectrometry—Protein from LDs
were separated on 12% SDS-PAGE and stained by Coomassie
Brilliant Blue. The band of interest was excised, rehydrated with
water, washed thrice for 15 min each with 50% acetonitrile in
100 mM ammonium bicarbonate (pH 8.0), and dried. The sam-
ple was digested with 0.80 ng/ml proteomics grade trypsin
(Promega) in 100 mm ammonium bicarbonate (pH 8.0) for 12 h
at 37 °C. The tryptic fragments were then extracted with 50%
acetonitrile and 0.1% trifluoroacetic acid, dried, resuspended in
saturated 4-hydroxy-cyanocinnamic acid in 50% acetonitrile
and 0.1% trifluoroacetic acid, and applied to a MALDI sample
plate that was dried and washed with water to remove excess
buffer salts. MALDI mass spectrometry analysis was performed
on the ULTRA FLEX TOF-TOF, Bruker Daltonics instrument
equipped with a pulsed N2 laser and analyzed in the reflectron
mode using a time delay of 90 ns, accelerating voltage of 25 kV
in the positive ion mode. Initially spectra of 200 laser shots were
acquired, and the spectra were calibrated externally to a spec-
trum of peptide mixture of known masses ranging from 1046 to
2465 Da. The intense peaks in the spectrum were selected for
fragmentation by laser-induced dissociation using the LIFT
program of ULTRA FLEX TOF-TOF instrument. cgi-58 was
identified by subjecting the peptide masses obtained to Mascot
version 2.1 (Matrix Science) search engine.

RESULTS

CGI-58 Is Homologous to ICT1—BLAST analysis of Ictlp in
the nonredundant data base of NCBI revealed that Ictlp is a
close homologue of cgi-58. Clustal W analysis of Ictlp with
human cgi-58 and its homologues in Mus musculus and Xeno-
pus suggests a wide phyletic distribution of cgi-58, thereby indi-
cating an evolutionary conserved function (Fig. 1). However,
most of the human orthologues have not been characterized. A
close homologue of cgi-58 is abhd4, which has been found to be
important in endocannabinoid biosynthesis (13). cgi-58, a 350-
amino acid protein, is a member of a/B-hydrolase family of
proteins. In addition to the hydrolase domain, cgi-58 possesses
an esterase (pfam 00756), hydrolase/acyltransferase domain
(COG 0596), and lysophospholipase domain (COG 2267). The
GXSXG motif of cgi-58 is highly conserved in majority of the
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known lipases, phospholipases, lysophospholipases, esterases,
and serine proteases; however, the conserved Ser is replaced by
an Asn in this case. A distinct structural motif HX,D is also
present in cgi-58 at the C-terminal region. Hydropathy plot of
cgi-58 predicted the absence of any transmembrane domain
(data not shown).

cgi-58 Encodes LPA Acyltransferase—Human CGI-58 was
cloned in pRSET A and expressed in BL21 (DE3) cells. Immu-
noblot analysis using anti-His, antibody was done to confirm
the expression. Recombinant protein was purified by nickel-
nitrilotriacetic acid column chromatography (Fig. 24). To con-
firm whether anti-Ict1p antibodies cross-react with human cgi-
58, immunoblot analysis was performed. Anti-Ictlp antibody
did cross-react with human cgi-58 (Fig. 2B). LPA acyltrans-
ferase activity of cgi-58 was analyzed, and the enzymatic prod-
uct was confirmed by two-dimensional TLC as PA (Fig. 2C). To
assess acyl acceptor specificity, lysophosphatidylcholine, lyso-
phosphatidylethanolamine, lysophosphatidylserine, and lyso-
phosphatidylinositol were used. The recombinant cgi-58
showed no significant activity toward these substrates. These
data suggest that cgi-58 is an acyl-CoA-dependent LPA-spe-
cific acyltransferase (Fig. 2D). The recombinant cgi-58 showed
no lipase activity with *H-labeled triolein and phospholipase D
activity toward **C-labeled PC and '*C-labeled PE (data not
shown).

Characterization of the Recombinant cgi-58—The enzyme
showed a protein-dependent (Fig. 3, A and B) and time-depend-
ent (Fig. 3C) increase in the incorporation of [**C]oleoyl-CoA
into LPA to form PA. To study the effect of other phospholipids
on the LPA acyltransferase activity, the assay was performed in
the presence of other lysophospholipids and phospholipids.
The activity was inhibited by the high concentrations of all
phospholipids studied. However, the effect of lysophosphati-
dylcholine was most prominent. Lysophosphatidylcholine
inhibited 68% of the enzyme activity at 30 um (Fig. 3D). To
assess the preference of acyl-CoA by the enzyme, the assays
were performed using palmitoyl-, oleoyl-, and stearoyl-CoAs
as acyl donors and [PH]LPA as an acyl acceptor. A slightly
higher activity was observed with oleoyl-CoA (14.75 nmol of
PA formed per min/mg of protein) as compared with palmi-
toyl-CoA (12.20 nmol of PA formed per min/mg of protein).
When stearoyl-CoA was used as an acyl donor, only 33% of
the activity was found under the standard assay conditions
(Fig. 3E). Based on the above observations, we suggest that
cgi-58 is a soluble LPA acyltransferase, which plays an
important role in PA biosynthesis.

Acylation and Coactivation Functions Are Segregated in
cgi-58—Q130P and E260K mutations in cgi-58 (Fig. 4A) were
shown earlier to have a debilitating effect on the activation of
ATGL (4). These are also two of the several mutations found in
Chanarin-Dorfman syndrome patients (9). To assess the role of
these mutations on LPA acyltransferase activity, mutants and
wild type proteins were purified. Western blotting with anti-
His, antibody confirmed the purity (Fig. 4B), and acyltrans-
ferase activity was analyzed. Q130P and W260K did not have a
significant effect on the acyltransferase activity (Fig. 4C), sug-
gesting that LPA acyltransferase activity is functionally segre-
gated from its role as a coactivator.
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FIGURE 2. Purification of recombinant human cgi-58. A, purification of
cgi-58 from E. coli BL21(DE3) using nickel-nitrilotriacetic acid affinity column
chromatography. The proteins were resolved on 12% SDS-PAGE and stained
with Coomassie Brilliant Blue. Lane 7, uninduced lysate; lane 2, induced lysate;
lane 3, the purified cgi-58. B, immunoblot analysis with anti-Ict1p antibodies
was carried out. Lane 1, vector transformed; lane 2, CGI-58 transformed. C, LPA
acyltransferase reaction product was resolved on a two-dimensional TLC
using chloroform:methanol:ammonia (65:25:5, v/v/v) as the first dimension
(7D) and chloroform:methanol:acetic acid:water (40:20:5:0.5, v/v/v/v) as the
second dimension (2D) solvent systems. SF, solvent front. D, to study the acyl
acceptor preference, the purified cgi-58 was assayed with various lysophos-
pholipids under standard assay conditions. LPC, lysophosphatidylcholine;
LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; LPS, lyso-
phosphatidylserine; G3P, glycerol-3-phosphate.
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FIGURE 3. Characterization of the purified recombinant human cgi-58. A and B, LPA acyltransferase activity was monitored under the standard assay
conditions with increasing amounts of protein (0, 0.25, 0.5, 0.75, and 1 ng). C, time-dependent formation of PA. The assay was performed with 50 um LPA, 10
M [*Cloleoyl-CoA and 5 g of enzyme in a final volume of 0.5 ml. An aliquot of 100 wl was withdrawn at different time intervals. The activity was assessed as
described under “Experimental Procedures.” D, effect of various (lyso)phospholipids on the acyltransferase activity. E, LPA acyltransferase activity was moni-
tored using 50 um [*H]LPA and 10 um of various acyl-CoAs. LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol;

LPS, lysophosphatidylserine; PS, phosphatidylserine; PI, phosphatidylinositol.

cgi-58 Overexpression Enhances Phospholipids in S. cerevisiae—
To study the effect of cgi-58 overexpression on cellular phos-
pholipids, S. cerevisiae was transformed with pYES2-CGI-58.
Immunoblotting with anti-Ictlp antibodies confirmed the
overexpression of the protein (Fig. 5A4). Overexpression of
human cgi-58 in yeast led to an increase in the major phospho-
lipids (Fig. 5B). Total radioactivity in the chloroform fraction of
pYES2-CGI-58 cells showed a 5-fold increase in the incorpora-
tion, when compared with the pYES2 vector control yeast cells
(Fig. 5C). When we analyzed the chloroform extract in a two-
dimensional TLC (excluding origin), the overall increase in
phospholipids alone was found to be 3.6-fold (Fig. 5D). PA
showed a ~2-fold increase as compared with the vector control
(Fig. 5D). To our surprise, the amount of labeled PC and PE was
found to be ~3.3- and ~4.7-fold higher than the vector control,
respectively (Fig. 5D). It is worth noting that overexpression of
cgi-58 led to an increased biosynthesis of all the major phos-
pholipids. To test whether human cgi-58 can complement the
PA biosynthetic defect in Aictl cells (10), cells were trans-
formed with pYES2-CGI-58, and [**P]orthophosphate incor-
poration into lipids, in particular to PA, was studied. CGI-58
overexpression in AictI cells was found to rescue the metabolic
defect of the mutant (supplemental Fig. S1).

Cell-free extracts of transformants (pYES2-CGI-58) were
prepared and assayed for the LPA acyltransferase activity,
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which showed nearly a 1.8-fold increase in acylation when com-
pared with the vector control (Fig. 5E), suggesting a possible
role for cgi-58 in phosphatidic acid biosynthesis.

To understand the fate of neutral lipid biosynthesis, [**C]ac-
etate labeling study was performed in pYES2-CGI-58 trans-
formed yeast cells. Overexpression of cgi-58 in S. cerevisiae
decreased the TAG levels by 2-fold and showed a correspond-
ing increase in the DAG level (Fig. 5, F and G).

PA Formation in WAT Cytosol—PA can be synthesized by
three different routes (i) phosphorylation of DAG by DAG
kinase, (ii) acylation of LPA by LPA acyltransferase, and (iii)
hydrolysis of phosphoalcohol head group from phospholipids
by phospholipase D. To determine the contribution of each of
these routes to the total PA pool, cytosol of mice WAT was
used. DAG kinase was assayed in the presence of DAG,
[y-3*P]ATP, MgCl,, phosphatidylserine, octyl-B-glucopyrano-
side, 500 pum [y-**P]ATP, and 20 ug of cellular protein (14).
Commercially available DAG kinase (CalBiochem) was used as
the positive control. There was no formation of labeled PA,
suggesting that the DAG kinase is not involved in the formation
of PA in the cytosol of mice WAT. Hydrolysis of **C-labeled PC
and '*C-labeled PE were monitored using cytosol as the enzyme
source. There was no significant formation of labeled PA (data
not shown). LPA acylation by the cytosol showed a time-de-
pendent incorporation of [**Cloleoyl-CoA (data not shown).
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FIGURE 4. Effect of point mutations in cgi-58 on LPA acyltransferase activ-
ity. A, the schematic representation of the domains retrieved from conserved
domain data base at NCBI. «/B-Hydrolase fold (pfam 0059; COG 0596) and
PldB, lysophospholipase (COG 2267). B, Coomassie Brilliant Blue-stained gel
showing the purity of human and mutant cgi-58 proteins. Lane 1, wild type
(WT); lane 2, Q130P; lane 3, E260K. Immunoblot analysis of wild type and
mutants of cgi-58 was performed using anti-His monoclonal antibody using
20 pg of protein of cell extract. C, the purified recombinant cgi-58 and the
mutants (1.0 g of protein) were used for the assay.

These results suggest that mice WAT cytosol has PA biosyn-
thesizing activity, which is attributed to LPA acyltransferase.
Distribution of PA Biosynthetic Activity—We investigated
the PA formation in WAT and found that the cytosol
(240,000 X g supernatant), lipid droplets and membrane frac-
tions were capable of synthesizing PA. Table 1 summarizes the
LPA acylation in these fractions. Interestingly, cytosol had 28%
of the total LPA acyltransferase activity, whereas LDs and
membrane fraction had 15 and 57% activity, respectively (Table
1). These results indicate that there is a PA biosynthetic path-
way in the cytosol. To demonstrate that this activity is not due
to the nonsedimentable membrane fragments generated dur-
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ing fractionation, a gel exclusion FPLC column (Superdex-200)
was used. Most of the LPA acyltransferase activity eluted
around 232 kDa (Fig. 64), and this could be due to specific/
nonspecific association of cgi-58 with other proteins. However,
the identity of these proteins is not clear. The association of
cgi-58 with other proteins was confirmed by immunoblotting
with anti-ictlp antibodies (data not shown). These results indi-
cate that the PA forming activity is also present in the cytosol of
white adipose tissue.

Identification of cgi-58 in Mice WAT—Our studies on S. cer-
evisiae showed that Ictlp, a cytosolic protein, could acylate LPA
to PA (10). To identify Ictlp-like proteins, we resorted to
immunoblotting of WAT subcellular fractions. Immunoreac-
tive bands were observed in the LDs and cytosol when probed
with anti-Ictlp antibodies (Fig. 6B). The band (Fig. 6C) corre-
sponding to ~45 kDa in LDs was found to be cgi-58 by MALDI
mass spectrometry analysis. These findings suggest that the
cytosolic LPA acyltransferase activity is contributed by cgi-58.

DISCUSSION

The present study is based on our earlier report on Ictlp, a
protein that is highly expressed upon organic solvent stress in S.
cerevisiae. Ictlp was found to acylate specifically LPA to PA,
and this function was found to be important for membrane lipid
biosynthesis and repair on organic solvent stress. BLAST anal-
ysis of Ictlp revealed that cgi-58 is a close relative of Ictlp.
cgi-58 is a member of the a/ B-hydrolase family of proteins con-
taining a highly conserved tertiary fold of alternating a-helices
and B-sheets. It is found to be conserved from bacteria to
humans. Human cgi-58 is a soluble protein with «/B-hydrolase
domain-containing hydrolase/acyltransferase/esterase/lipase
and phospholipase motifs (5, 15, 17). Mutations in cgi-58 are
known to be associated with Chanarin-Dorfman syndrome, a
rare autosomal recessive disorder, characterized by the accu-
mulation of TAG in various tissues and ichthyosis (5, 6,9). The
exact biochemical function of cgi-58 and its role in lipid metab-
olism still remains elusive.

Amino acids 69—-87 in cgi-58 form a highly hydrophobic
region corresponding to the lipid-binding motif of the protein
(5). The presence of this domain suggests that the enzyme could
utilize lysophospholipids. However, phospholipase and lyso-
phospholipase activities in the purified recombinant cgi-58
were not observed, probably because of the absence of Ser res-
idue in the active site (18). In addition, it has a distinct structural
motif, HX,D, observed in some acyltransferases. Histidine in
the HX,D motif abstracts a proton from the hydroxyl group of
an acyl acceptor, thereby facilitating the nucleophilic attack on
thioester of an acyl donor (19).

The bacterially expressed, purified recombinant human
cgi-58 was examined for the possible acyltransferase activities.
It was found to specifically acylate LPA in an acyl-CoA-depend-
ent manner to form PA. It showed a preference for both palmi-
toyl- and oleoyl-CoAs.

It is known that GIn'*° and Glu®®° in cgi-58 are important
residues involved in the interaction with ATGL, and these
interactions are important for normal physiology of the cell
(4). The two point mutations (Q130P and E260K) did not
have any effect on the acyltransferase activity, thereby sug-
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FIGURE 5. Heterologous expression of human cgi-58 in S. cerevisiae enhances overall phospholipids. A, pYES2 and pYES2-CGI-58 transformed yeast were
grown overnight in the presence of galactose, and cells (Ago, = 5) were lysed using glass beads. The proteins were separated on a 12% SDS-PAGE, and
immunoblotting was performed using anti-Ict1p antibodies at a dilution of 1:1000 (v/v). A segment of the Coomassie Brilliant Blue-stained gel was used as a
loading control. B, yeast cells overexpressing cgi-58 and the vector control were grown for 24 h in galactose medium in the presence of 200 uCi of
[*?PJorthophosphate. The lipids were extracted from cells (Ago, = 25) and resolved on two-dimensional silica TLC using chloroform:methanol:ammonia
(65:25:5, v/v/v) as first dimension and chloroform:methanol:acetone:acetic acid:water (50:10:20:15:5, v/v/v/v/v) as second dimension solvent systems. The
lipids are indicated as 1, phosphatidylinositol (Pl); 2, phosphatidylserine (PS); 3, PC; 4, PE; 5-8, unknown (UK); 9, PA; and 10, cardiolipin (CL). O represents the
origin. C, [*?P]orthophosphate incorporated in total lipids (chloroform extract) in pYES2 and pYES2-CGI-58 is represented as the cpm/Agy, of cells of labeling.
D, the amount of [*?Plorthophosphate incorporated into individual phospholipids is represented as the cpm/Agy, of cells/24 h of labeling. Each data point
represents the mean of three independent experiments = S.D. E, LPA acyltransferase assay was done using cell-free extract of pYES2 and pYES2-CGI-58
transformed yeast. F, yeast cells overexpressing cgi-58 and the vector control were grown for 24 h in galactose medium in the presence of 4 uCi of ['“Clacetate/
ml of medium. Lipids were extracted from cells (Ago, = 10) and resolved on silica TLC using chloroform:methanol:acetic acid (98:2:0.5, v/v/v) followed by
autoradiography. G, ['*Clacetate incorporation into TAG, DAG, and free fatty acid (FFA) of pYES2 and pYES2-CGI-58 transformed yeast cells is represented as the
counts in dpm/10 units of Agq, of cells/24 h of labeling. Each point represents the average of two independent experiments.

gesting that the ATGL coactivation and LPA acylation by
cgi-58 are unrelated.

Our results provide evidence for the presence of a soluble
acyl-CoA:LPA acyltransferase in the eukaryotic system. Over-
expression of cgi-58 in yeast enhances the PA level and thereby
overall phospholipid biosynthesis. Our study on the fate of neu-
tral lipids indicates a significant reduction in the TAG level on
cgi-58 overexpression in yeast. Similar studies in COS-7, Hep-
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G2, or McA-RH7777 cells suggest a decrease in TAG level on
cgi-58 overexpression (4, 8). The decrease in TAG could be
because of the coactivation of ATGL-like lipase by cgi-58 in
yeast (20).

PA is the major intermediate in membrane and storage
lipid biosyntheses. It is possible that cgi-58 could be involved
in providing PA for glycerolipid biosynthesis (7, 10, 21).
CGI-58 overexpression studies in Hep-G2 or McA-RH7777
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TABLE 1

Distribution of LPA acyltransferase activity in white adipose tissue
White adipose tissue (1 g of wet weight) cell lysate was subjected to differential
centrifugation. Enzyme was assayed under the standard assay conditions. The
values are the means = S.D. of three separate experiments, each performed in
duplicate.

Fraction Protein th“.‘l Spe‘ci‘fic th?.l]
activity activity activity
mg pmol/min pmol/min/mg %
Cytosol 8.03 603.61 75.16 £11.09  28.35 * 2.38
Lipid droplets 0.81 32830  471.21 £ 1.98 1542 = 1.41
Membranes 1.76 1196.64  648.80 = 1.11 56.23 * 3.65
A 660 232 66 43 25 kDa
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FIGURE 6. Detection of cgi-58 in cytosol and lipid droplets of mice white
adipose tissue using anti-lct1p antibodies. A, cytosol was loaded onto a
Superdex-200 analytical FPLC gel filtration column to obtain the soluble frac-
tion free of membranes contamination, and the elution profile of protein and
the LPA acyltransferase activity were monitored. B, lipid droplets, cytosol, and
membranes from mice white adipose tissue were separated by differential
centrifugation. Proteins from cytosol (60 ng), membranes (60 wg), and lipid
droplets (10 ng) were resolved by 12% SDS-PAGE and transferred onto a
nitrocellulose membrane. Immunoblotting was performed with anti-Ict1p
polyclonal antibodies. C, proteins (10 ug) of lipid droplets were separated by
12% SDS-PAGE and stained with Coomassie Blue. The indicated band was
processed by MALDI mass spectrometry.

cells suggest a minor change in the levels of phospholipids
and cholesteryl esters (8). However, studies involving fibro-
blasts from Chanarin-Dorfman syndrome patients indicate
that although there was no apparent lipolysis defect in those
cell lines, accumulations of some major phospholipids and
sphingomyelins were decreased when compared with nor-
mal fibroblast cells (7).
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It was shown earlier that B-adrenergic stimulation releases
cgi-58 from its interacting protein (perilipin), which thereafter
traverses into the cytoplasm. However, the precise role of
cgi-58 in the cytoplasm remains unknown (2). It is possible that
cgi-58 can associate with ATGL and facilitate lipolysis (4, 20), or
it can facilitate recycling of TAG-hydrolyzed products into
phospholipids (7), thereby maintaining the TAG homeostasis.

To understand the physiological significance of cgi-58 in
vivo, we resorted to mice white adipose tissue. We provide a
direct evidence for the presence of PA biosynthetic activity in
cytosol of mammalian system based on the following observa-
tions. First, subcellular distribution studies indicate that more
than 60% of the total activity is associated with the membranes
(Table 1). Second, the enzyme involved in PA synthesis is per-
meable in the gel filtration column. The presence of soluble
enzymes that provide important precursors for glycerolipid
biosynthesis is well documented. Cytosolic monoacylglycerol
acyltransferase (22), diacylglycerol acyltransferase (23), and
LPA phosphatase (24) were shown to be present in the imma-
ture seeds of Arachis hypogaea. Recently, cytosolic LPA phos-
phatase (25) and PA phosphatase have also been reported in S.
cerevisiae (16). In addition, we have earlier demonstrated in
Rhodotorula glutinis the presence of a cytosolic multienzyme
complex for the synthesis of TAG (11). The present study high-
lights the existence of a cytosolic acyltransferase in mammals
and provides an insight into the molecular and biochemical
function of cgi-58.
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