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Abstract

Elucidation of the metabolic pathways of triacylglycerol (TAG) synthesis is critical to the
understanding of chronic metabolic disorders such as obesity, cardiovascular disease, and diabetes.
sn-Glycerol-3-phosphate acyltransferase (GPAT) and sn-1-acylglycerol-3-phosphate
acyltransferase (AGPAT) catalyze the first and second steps in de novo TAG synthesis. AGPATE is
one of eight AGPAT isoforms identified through sequence homology, but the enzyme activity for
AGPATS6 has not been confirmed. We found that in liver and brown adipose tissue from Agpat6-
deficient (Agpat6~/~) mice, N-ethylmaleimide (NEM)-sensitive GPAT specific activity was 65%
lower than in tissues from wild-type mice, but AGPAT specific activity was similar. Overexpression
of Agpat6 in Cos-7 cells increased an NEM-sensitive GPAT specific activity, but AGPAT specific
activity was not increased. Agpat6 and Gpatl overexpression in Cos-7 cells increased the
incorporation of [1*C]Joleate into diacylglycerol (DAG) or into DAG and TAG, respectively,
suggesting that the lysophosphatidic acid, phosphatidic acid, and DAG intermediates initiated by
each of these isoforms lie in different cellular pools. Together, these data show that “Agpat6 ~/~ mice”
are actually deficient in a novel NEM-sensitive GPAT, GPAT4, and indicate that the alterations in
lipid metabolism in adipose tissue, liver, and mammary epithelium of these mice are attributable to
the absence of GPAT4
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The regulation of triacylglycerol (TAG) synthesis and metabolism plays an important role in
whole body energy homeostasis in mammals, and dysregulation of TAG synthesis and
oxidation pathways has been implicated in the pathogenesis of obesity, lipodystrophy,
cardiovascular disease, insulin resistance, and type 2 diabetes (1). De novo TAG synthesis
begins with the formation of lysophosphatidic acid (LPA) through the acylation of the sn-1
position of glycerol-3-phosphate by sn-glycerol-3-phosphate acyltransferase (GPAT) (2). The
second enzyme in de novo TAG synthesis, sn-1-acylglycerol-3-phosphate O-acyltransferase
(AGPAT), acylates LPA to form phosphatidic acid (PA). Phosphatidic acid phosphohydrolase
(also called lipin) converts PA to diacylglycerol (DAG) (3,4), and diacylglycerol
acyltransferase acylates DAG to form TAG. PA and DAG are also precursors for the
glycerophospholipids.
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Three mammalian GPAT isoforms have been cloned (5-7). GPAT1 and GPAT?2 are located
in the outer mitochondrial membrane, whereas GPAT3 is located in the endoplasmic reticulum.
GPATL1 is resistant to inactivation by sulfhydryl agents like N-ethylmaleimide (NEM), prefers
palmitoyl-CoA as a substrate compared with oleoyl-CoA, and plays a regulatory role in liver
TAG synthesis (2). GPAT2 is NEM-sensitive, has no preference for palmitoyl-CoA, and is
highly expressed in rodent testis (8,9). Recently, the gene product previously called AGPATS8
in the National Center for Biotechnology Information database was shown to have NEM-
sensitive GPAT activity and to lack AGPAT activity; this gene product was renamed GPAT3
(7). Because small interfering RNA knockdown of Gpat3 in 3T3-L1 adipocytes reduces total
GPAT activity by ~60% (7,10), itis likely that GPAT3 is important for TAG synthesis in white
adipose tissue (WAT). However, GPAT3 is unlikely to play a major role in TAG synthesis in
liver, where its mMRNA expression is very low (7,10). In liver, GPAT1 accounts for 30-50%
of the total GPAT activity (2). The remaining hepatic GPAT activity is NEM-sensitive and
microsomal, suggesting that one or more additional microsomal NEM-sensitive GPAT
isoforms must exist.

Eight genes with predicted amino acid sequence similarities to GPAT1 have been named
AGPAT isoforms 1-8. AGPAT1 and -2 are well characterized and have high AGPAT activity
(11,12). Mutations in AGPAT?2 cause generalized human congenital lipodystrophy, with absent
abdominal and subcutaneous adipose tissue, systemic insulin resistance, and
hypertriglyceridemia (13). Compared with AGPAT1 and -2, the AGPAT activities reported
for AGPAT3 to -5 are extremely low (14); no enzyme activity has been reported for AGPAT6
or-7.

We previously characterized mice with a targeted deletion in Agpat6é (Agpat6—/~ mice;
NP_848934) (10,15). These mice have a subdermal lipodystrophy, resistance to high-fat diet-
induced obesity, and a 50% reduction of TAG content in liver, adipose tissue, and mammary
epithelium, suggesting an important role for AGPAT®6 in TAG synthesis in these tissues.
AGPAT®6 shares amino acid sequence homology with other glycerolipid acyltransferases at
conserved motifs 1-V (Table 1) and is closely related to GPAT1 and -2 in motifs -1V, which
were identified as important for acyltransferase catalysis and glycerol-3-phosphate binding
domains (16). AGPAT6 shares 66% amino acid homology with “AGPATS,” recently identified
as GPAT3 (7), and confocal microscopy shows that AGPAT6 localizes to the endoplasmic
reticulum (15). These observations raised the possibility that AGPATS, like AGPATS, is in
fact a GPAT enzyme. Here, we demonstrate that expression of this enzyme in Cos-7 cells
increases GPAT, but not AGPAT, activity. Furthermore, tissues from Agpat6~/~ mice show
reduced GPAT activity but normal AGPAT activity. Our studies thus establish that Agpat6
encodes the primary microsomal NEM-sensitive GPAT activity in liver, GPATA4.

Agpat6~~ mice

Agpat6~/~ mice were generated from a gene-trap cell line identified in BayGenomics, a gene-
trapping resource (10,15). This strain was back-crossed to C57BL/6J for at least four
generations. The mice were housed with a 12 h light/12 h dark cycle and fed a chow diet
containing 4.5% fat (Ralston Purina, St. Louis, MO). All animal protocols were approved by
the institutional animal care and use committee. Tissues were harvested from 6 month old mice,
snap-frozen in liquid nitrogen, and stored at —80°C. A previous characterization of the
Agpat6~/~ mice revealed that male and female mice had similar phenotypes in adipose tissue
and liver (10,15), and both sexes were used in the studies described here.
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Cloning of Agpat6/Gpat4

Agpat6/Gpat4 was amplified by PCR from mouse liver RNA at 57.5°C with Pfx50 (Invitrogen)
using a forward primer (5'-caccggatccacgtgcgtcctccaccat) containing a BamHI restriction site
(boldface) and a reverse primer (5'-ccctctagactacttgtcgtcatcgtecttgtagtcggaccggetgeggtect)
containing a Flag epitope sequence (underlined) and an Xbal restriction site (boldface). The
amplification product was digested with BamHI and Xbal and ligated into pcDNA3.1
mammalian expression vector (Invitrogen).

Nucleofection of Cos-7 cells with Agpat6/Gpat4

Cos-7 cells were grown in DMEM high glucose (Gibco) with 10% FBS and 1% penicillin/
streptomycin. The cells were grown to confluence and passaged at 1 day before nucleofection.
Cellswere harvested, and 4.0 x 108 cells were nucleofected with 12 ug of Agpat6/Gpat4, Gpat1l,
Agpat2, or empty vector pcDNA3.1 plasmid DNA in 100 ul of Nucleofector™ Kit V Solution
using the Nucleofector™ system (AMAXA Biosystems). Cells were then transferred to 100
mm cell culture dishes containing RPMI, 10% FBS, and 1% penicillin/streptomycin and
harvested 18 h later. HepG2 cells were nucleofected (AMAXA Kit V program H-22) with
pcDNAZ3.1 (vector) or pcDNA3.1-GPATA4-Flag and allowed to reattach to the dishes. After 12
h, the medium (DMEM-H, 10% FBS, and 1% penicillin/streptomycin) was removed and
replaced with medium containing 100 uM oleate complexed with 0.5% BSA. Cells were
harvested at 12 h after adding oleate.

Membrane isolation and measurement of GPAT activity

Liver or adipose tissue was homogenized in medium | + DTT (250 mM sucrose, 10 mM Tris,
pH7.4,1mM EDTA, and 1 mM DTT) with 10 up-and-down strokes in a Teflon-glass motor-
driven homogenizer. Homogenates were centrifuged at 100,000 g for 1 h to obtain total
membrane fractions. The membrane pellet was rehomogenized in medium | + DTT and stored
in 100 pl aliquots at —80°C. GPAT specific activity was assayed at 23° C for 10 min in a 200
—ul reaction mixture containing 75 mM Tris-HCI, pH 7.5, 4 mM MgCl,, 2 mg/ml BSA
(essentially FA-free), 1 mM DTT, 8 mM NaF, 300 uM [3H]glycerol-3-phosphate, and 80 uM
palmitoyl-CoA (17). The reaction was initiated by adding 2.5-7.5 pg (WAT), 5-15 pg [brown
adipose tissue (BAT)], or 10-30 pg (liver) of total membrane protein to the assay mixture after
incubating the membrane protein on ice for 15 min in the presence or absence of 1 mM NEM.
These assays measured initial rates. The reaction was stopped by adding 1% perchloric acid,
and the products were extracted into chloroform (18). NEM-sensitive activity is calculated as
the total GPAT activity minus the GPAT activity that is not inhibited by NEM. For nucleofected
Cos-7 cells, culture dishes were scraped with medium | + DTT and the samples were
homogenized and centrifuged as described above to obtain total membrane fractions. GPAT
specific activity was measured as above with 5-15 ug of total Cos-7 membrane protein. To
identify the products from the GPAT assay, the chloroform extracts were spotted on a Silica
H thin-layer chromatography plate (Analtech) together with authentic standards (Avanti) and
developed in CHClIs/pyridine/formic acid (88%) (50:30:7, v/v). The plates were exposed to
iodine vapor, and the bands corresponding to LPA, PA, and DAG were scraped into scintillation
vials containing Cytoscint (ICN) and counted. To determine acyl-CoA preference, 60 uM of
each of several acyl-CoA species and 10-20 pg of protein were used in the GPAT assay.

AGPAT assay

AGPAT specific activity was assayed at 37°C in a 100 ul mixture containing 100 mM HEPES-
NaOH, pH 7.5, 200 mM NaCl, 10 mM EDTA, 8 mM NaF, 1 mg/ml BSA (fatty acid-free), 1
mM DTT, 5% (w/v) glycerol, 40 uM oleoyl-CoA, and 20 uM I-[3H]oleoyl-LPA (1 uCi; Perkin-
Elmer NET-1100). The reaction was initiated by adding 5 ug of total membrane protein to the
assay mixture. Fifteen microliters of the reaction mixture was removed at the indicated times
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up to 10 min and spotted directly onto a Silica H plate together with authentic standards. The
radiolabeled PA product was separated from the radiolabeled LPA substrate in chloroform-
pyridine-formic acid (50:30:7, v/v). Authentic lipid standards for LPA and PA were visualized
by exposure to iodine vapor. Spots corresponding to PA were scraped into 500 ul of methanol-
water (1:1), Cytoscint (ICN) was added, and radioactivity was quantified.

Cellular TAG content

Cells were transfected and plated on 100 mm plates as described above. Ten hours after cells
were plated, the medium was removed and growth medium (RPMI, 10% FBS, 1% penicillin/
streptomycin, and 0.5% BSA) with or without 100 uM oleic acid was added. After a 14 h
incubation with fatty acid, cells were washed twice with ice-cold PBS and scraped in 750 pl
of distilled water. Cells were homogenized in water, and lipids were extracted into CHClI3
(18), dried in a SpeedVac, and resuspended in 100 ul of isopropanol and 1% Triton X-100 at
room temperature for 1 h. The TAG content of 10-45 pl of the lipid sample was determined
using an enzymatic colorimetric method (Stanbio Laboratory).

Cell labeling and lipid analysis

Cos-7 cells were plated on 60 mm plates and grown to 75% confluence in DMEM-H with 10%
FBS and 1% penicillin/streptomycin. Cells were transfected with 4 ug of Agpat6/Gpat4,
Gpatl, or vector DNA using Fugene 6 (Roche) in a 3:1 reagent-plasmid ratio. Seventeen hours
later, the medium was removed and labeling medium (DMEM-H, 10% FBS, 0.5% BSA, and
1 mM carnitine) containing a trace amount of [14C] oleic acid (750,000 dpm in 2 ml) was
added. After 3 h of incubation with the labeling medium, it was removed and the cells were
washed twice in ice-cold PBS containing 10 mg/ml fatty acid-free BSA. Cells were scraped in
2 ml of ice-cold methanol and 0.5 ml of distilled water. Lipids were extracted and concentrated
as described above. Cellular lipids were resolved on LK5D silica plates by thin-layer
chromatography using either a solvent system for neutral lipids consisting of hexane-
ethylether-acetic acid (80:20:2, v/v) or a solvent system consisting of chloroform-methanol-
acetic acid-water (50:37.5:3.5:1.5, v/v). All samples were chromatographed in parallel with
pure lipid standards. The 14C-labeled lipids were detected and quantified with the Bioscan 200
Image System.

Immunoblotting

Cell total membrane proteins were separated on an 8% polyacrylamide gel containing 1% SDS,
transferred to a polyvinylidene difluoride membrane (Bio-Rad), and incubated with
monoclonal antibody against the FLAG epitope (Clone M2; Sigma). For chemiluminescence
detection, the immunoreactive bands were visualized by incubating the membrane with
horseradish peroxidase-conjugated goat anti-mouse 1gG and PicoWest reagents (Pierce)
according to the manufacturer's instructions.

Gene expression analyses

Total RNA was extracted from mouse tissues with TRIzol (Invitrogen). Two micrograms of
RNA was reverse-transcribed with oligo(dT) and random primers (Invitrogen). Five percent
of the resulting cDNA was used for each real-time RT-PCR. Real-time RT-PCR was performed
in duplicate with Quantitect SYBR Green PCR mix (Qiagen) in an iCycler Real-Time
Detection System (Bio-Rad) (10,19). Data presented were derived from starting quantity values
normalized by the square root of the product of values obtained for the housekeeping genes
Bo-microglobulin and TATA box binding protein or to 18S rRNA Primer sequences used in
this study have been described previously (19) or are shown in Table 2. Primers for Gpat3 were
cited previously as Agpat8 (10).
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Data are shown as means + SEM. Significance was established using Student's t-test (unpaired,
two-tailed). Differences were considered significant at P < 0.05.

Agpat6~~ mouse tissues have reduced NEM-sensitive GPAT activity

To determine whether tissues from Agpat6 /'~ mice have reduced GPAT activity, we measured
GPAT activity in total membrane fractions from liver, BAT, and gonadal WAT in the presence
and absence of NEM. Total GPAT activity was 49 % lower in liver from Agpat6~/~ compared
with wild-type mice (P < 0.001) (Fig. 1A). NEM-resistant activity (GPAT1) was similar in
liver from knockout and wild-type mice (Fig. 1B), but the NEM-sensitive activity was reduced
by 65% (P < 0.0001) (Fig. 1C). AGPAT activity was unchanged in Agpat6~/~ mouse liver
(Fig. 1D). In Agpat6 '~ BAT, total GPAT specific activity was reduced by 50% (P< 0.01) and
NEM-sensitive specific activity was reduced by 65% (P< 0.001) (Fig. 2A). However, GPAT
specific activities were identical in gonadal WAT from wild-type and Agpat6~/~ mice (Fig.
2C). AGPAT activity was unchanged in Agpat6 '~ mouse WAT and BAT (Fig. 2B, D). Thus,
liver and BAT tissue from Agpat6~/~ mice exhibit normal AGPAT activity but reduced NEM-
sensitive microsomal GPAT activity. Based on these results, we henceforth refer to the gene
and enzyme affected in these mice as Gpat4 and GPAT4, respectively.

Expression of Gpatl to -3 mRNA transcripts in Agpat6™~/ Gpat4™~ mice

We previously demonstrated that BAT from Agpat6 '~ / Gpat4~/~ mice does not show altered
expression of MRNA for Agpatl to -5, -7, or -8 (10). To determine whether the deficiency of
microsomal GPAT activity altered the mRNA expression of other GPAT isoforms, we
measured the mRNA expression of Gpatl, -2, and -3 in liver, BAT, and inguinal WAT from
Agpat6 '~ / Gpat4~/~ mice. Gpat1 expression was 2-fold higher in liver of the knockout mice
(Table 3), but this increase in mMRNA expression did not correspond to an increase in GPAT1
(NEM-resistant) activity (Fig. 1B). Agpat6 '~ /Gpat4 '~ and wild-type mice had similar
expression levels for Gpat2 and Gpat3 in liver and for Gpatl, Gpat2, and Gpat3 in BAT and
WAT.

Overexpression of Gpat4 in Cos-7 cells increases NEM-sensitive GPAT activity

To further investigate the enzyme activity encoded by Gpat4 in a heterologous cell system, we
expressed Gpat4 cDNA tagged with a FLAG epitope in Cos-7 cells. Protein expression levels
were monitored by Western blot using an anti-FLAG antibody (Fig. 3A). Cells transfected with
the Gpat4 expression construct exhibited a 73% higher total GPAT activity and an 80% higher
NEM-sensitive GPAT activity than cells transfected with vector (P< 0.0001 and P < 0.0001,
respectively) (Fig. 3B). Overexpression of Gpat4 did not affect NEM-resistant GPAT activity,
whereas overexpression of Gpatl increased the NEM-resistant GPAT activity from a very low
level to approximately one-third of total GPAT activity in the cell. Overexpression of
Agpat2 in Cos-7 cells increased AGPAT activity by 3-fold compared with vector control cells
but did not increase either NEM-sensitive or NEM-resistant GPAT activities (Fig. 3B, C). Cells
transfected with Gpat4 or Gpatl did not have increased AGPAT activity (Fig. 3C). The
products of the GPAT assay were analyzed by thin-layer chromatography and showed a 2-fold
increase in labeled LPA and a 70% increase in labeled PA in samples from Gpat4-transfected
cells (Fig. 3D). Thus, overexpression of Gpat4 increased both NEM-sensitive GPAT activity
and flux through the de novo glycerolipid synthetic pathway.

To determine which acyl-CoA substrates GPAT4 prefers, we measured GPAT activity in Cos-7
cell total membranes from Gpat4-transfected cells in the presence of acyl-CoA substrates of
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varying chain length and saturation. Although able to use C12:0-CoA and C20:4-CoA, the
highest GPAT4 activity was observed with acyl-CoA substrates having 16 or 18 carbons (Fig.
3E).

Overexpression of Gpat4 increases the incorporation of oleate into DAG

In CHO cells (20) and hepatocytes (21), GPATL increases TAG synthesis and storage. To
determine whether Gpat4 overexpression alters TAG synthesis in Cos-7 cells, we measured
the cellular TAG content of Cos-7 cells transfected with Gpat4, Gpatl, and the vector control.
Cells transfected with Gpatl had increased cellular TAG content compared with vector control
cells (P =0.02) (Fig. 4A). Surprisingly, the content of TAG in cells transfected with Gpat4
was similar to that of control cells, even though NEM-sensitive GPAT activity increased by
>60%. To determine whether adding exogenous fatty acids to the medium would affect TAG
synthesis in Cos-7 cells transfected with Gpat4, we treated Cos-7 and HepG2 cells with 100
uM oleic acid for 14 h. Compared with Cos-7 cells without added oleate, cellular TAG content
was >6-fold higher in cells transfected with the vector control, with Gpatl, or with Gpat4,
although the cellular TAG content did not differ significantly from the vector control value. In
HepG2 cells incubated with 100 uM oleate, nucleofection with Gpat4 increased both NEM-
sensitive GPAT activity and TAG content by 20% (Fig. 4B). These small increases reflect the
difficulty of transfecting cultured hepatoma cells, and further studies with adenovirus vectors
will be required to fully understand the role of GPATA4 in liver.

Because total cellular TAG content did not increase in Cos-7 cells that overexpressed Gpat4,
we incubated Cos-7 cells with [14C] oleate to examine the role of GPAT4 in glycerolipid
synthesis. In contrast to incubating cells with high concentrations of fatty acid, which are
primarily incorporated into TAG, an incubation with trace (~3 pM) oleate allows one to
examine the relative incorporation into TAG, DAG, and phospholipids (20). As expected,
transfection of Cos-7 cells with Gpat1 increased [14C] oleate incorporation into DAG and TAG
by 2-fold (P < 0.0004) and 1.5-fold (P < 0.01), respectively (Fig. 5A, B). In contrast,
overexpressing Gpat4 did not significantly alter label incorporation into TAG but increased
[14C] oleate incorporation into DAG by 2-fold (P < 0.0002). The incorporation of [14C] oleate
into total phospholipids and cholesteryl esters was not altered by overexpressing either
Gpatl or Gpat4 (Fig. 5C, D), but overexpression of Gpat4 increased the incorporation of
[14C] oleate into phosphatidylinositol (P = 0.04) (Fig. 5E). Label incorporation into
phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine did not change with
overexpression of Gpat4, and overexpression of Gpatl did not affect label incorporation into
any phospholipid species (data not shown).

Discussion

Agpat6~/~ mice have a subdermal lipodystrophy and reduced TAG content in BAT, WAT,
liver, and mammary epithelium, suggesting that AGPAT®6 plays an important role in TAG
synthesis in these tissues (10,15). Because AGPAT catalyzes the second step in de novo TAG
synthesis, the phenotype of the Agpat6 '~ mice was consistent with the idea that AGPAT6
catalyzes that second step. Based on protein size and amino acid sequence homology to
AGPATSs 1 and 2, mouse AGPAT6 had appeared to be an AGPAT, but as shown here, it is
actually a GPAT. When expressed in Cos-7 cells, we observed an 80% increase in NEM-
sensitive GPAT activity but no increase in AGPAT activity. It is unclear why previous
expression constructs for this enzyme, which contained C-terminal V5 or VV5-His epitope tags,
failed to exhibit GPAT or AGPAT activity when expressed in insect or Cos-7 cells (15); it may
be that these epitope tags interfered with enzyme action, whereas the FLAG epitope used here
did not. Consistent with the true identity of AGPAT6 as a GPAT, the previously characterized
Agpat6 '~ mice have 65% lower NEM-sensitive GPAT specific activity in liver and BAT but
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no change in AGPAT specific activity. Thus, Agpat6 was misidentified and actually encodes
an NEM-sensitive GPAT activity. As the fourth described GPAT, we have renamed it GPAT4.
Based on previous localization studies of AGPAT6 (15), GPAT4 appears to represent a second
endoplasmic reticulum resident GPAT (Fig. 6). Furthermore, because the Agpat6~/~ mice are
deficient in GPAT and not in AGPAT activity, they should be called Gpat4~/~ mice.

Gpat4 mRNA is highly expressed in liver (15) and accounts for almost 50% of the total GPAT
activity in wild-type mouse liver, as demonstrated by the 49% reduction observed in
Gpat4 '~ mice. This loss in hepatic GPAT activity may be responsible for the 40-50% decrease
in liver TAG reported for Gpat4 '~ mice (10). GPAT4 represented 65% of liver NEM-sensitive
GPAT specific activity, suggesting that GPAT4 is the major NEM-sensitive isoform in liver
but that one or more additional NEM-sensitive GPAT isoforms is also present. To determine
whether the mRNA expression of other GPAT isoforms increased in Gpat4 ™/~ mouse liver to
compensate for the loss of GPAT4, we measured the expression of Gpatl, -2, and -3. Neither
Gpat2 nor Gpat3 mRNA expression was increased in liver from the Gpat4~/~ mice, but
Gpatl mRNA was increased by 2-fold, although this increase did not correspond to an increase
in NEM-resistant (GPAT1) GPAT specific activity. Gene expression does not invariably
correspond to protein expression, and GPAT1 enzyme activity may be regulated by
posttranslational mechanisms (22). We previously reported that the mRNAs for Agpat1 to -5,
-7, and -8 did not change in BAT from the Gpat4~/~ mice (10).

GPAT4 also appears to be the primary NEM-sensitive GPAT in BAT, as 65% of the NEM-
sensitive GPAT activity was lost in BAT from male Gpat4 /'~ mice. NEM-resistant activity in
Gpat4~/~ BAT was unaltered, and none of the known GPAT isoforms was upregulated at the
transcriptional level to compensate for the loss of GPATA4. Interestingly, total and NEM-
sensitive GPAT activities were not reduced in gonadal WAT from Gpat4 /'~ mice, despite the
previous demonstration that the TAG content of WAT was reduced in chow-fed male
Gpat4~/~ mice (10). It may be that a compensatory increase in the activity of known GPAT
isoforms occurs at a posttranscriptional level. It is also possible that the reduced TAG content
in WAT of Gpat4~/~ mice is a secondary effect, as these animals also exhibit increased energy
expenditure (10).

Analysis of GPAT assay products from transfected Cos-7 cells showed that LPA was increased
by 2-fold as a result of GPAT4 overexpression, consistent with a GPAT activity. Labeled PA
was also increased by 70% in samples from GPAT4-transfected cells, indicating that the LPA
produced by GPAT4 can be used as a substrate by AGPAT enzymes present in the membrane
preparation. Because GPAT activity is rate-limiting, it is not surprising that most of the product
is normally captured as PA in enzyme assays (23). Subsequent formation of DAG did not occur
because the NaF in the assay mixture inhibits phosphatases and because phosphatidic acid
phosphohydrolase (lipin) is primarily resident in the cytosol and therefore would be largely
absent in the membrane preparation (24).

Because hepatic and adipose TAG content is reduced in Gpat4 ™/~ mice, we expected that
overexpression of GPAT4 in Cos-7 cells would increase cellular TAG content (10). Instead,
we found that overexpression of GPAT4 in Cos- 7 cells did not affect total cellular TAG content
or [14CJoleate incorporation into TAG. Interestingly, however, overexpression of both GPAT4
and GPAT1 in Cos-7 cells increased [14C]Joleate incorporation into glycerolipid. With GPAT1,
overexpression doubled the incorporation of [14C]oleate into DAG and TAG, whereas
overexpression of GPAT4 increased label incorporation only into DAG and
phosphatidylinositol. Together, these data suggest that available DAG substrate was not
lacking but that the LPA, PA, and DAG products of GPAT1 and GPAT4 form different
intracellular pools. Perhaps GPAT1 overexpression increases the synthesis of a DAG pool that
is accessible to diacylglycerol acyltransferase, whereas the DAG formed by GPAT4 is not
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accessible. Because the labeling study in Cos-7 cells (African green monkey kidney fibroblasts)
did not explain why hepatic and adipose TAG content is markedly reduced in Gpat4~/~ mice,
it is possible that the role of GPAT4 in initiating TAG synthesis varies by cell type. A 20%
increase in GPAT4 activity in HepG2 cells was associated with a 20% increase in cellular
TAG, suggesting that GPAT4 may play an important role in TAG synthesis and that
overexpression of GPAT4 in primary liver cells could, indeed, result in enhanced label
incorporation into TAG. Further studies will be required to determine whether GPAT1 and
GPAT4 play different regulatory roles in glycerolipid synthesis in hepatocytes and adipocytes.

The recent identification of two novel NEM-sensitive GPAT isoforms, GPAT3 (7) and GPAT4
(this paper), with different tissue-specific expression patterns has revealed the complexity of
de novo glycerolipid synthesis and regulation. More studies will be required to fully
characterize the roles of GPAT3 and GPAT4 in the synthesis of TAG and phospholipids in
liver and adipose tissue, the mechanisms by which these isoforms are regulated during different
physiologic states, and the effects of their glycerolipid synthetic products on downstream
signaling pathways (25). Importantly, it is unknown whether additional GPAT isoforms remain
to be identified. Additional putative AGPAT enzymes for which AGPAT activity has not been
convincingly demonstrated (AGPATS 3, 4, 5, and 7) might also actually be GPAT isoforms.
Further studies are needed to confirm the specific acyltransferase activities of these enzymes.
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BAT
DAG
GPAT
LPA
NEM
PA
TAG
WAT

brown adipose tissue

diacylglycerol

sn-glycerol-3-phosphate acyltransferase
lysophosphatidic acid
N-euiylmaleimide

phosphatidic acid

triacylglycerol

white adipose tissue
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Fig. 1.

N-Ethylmaleimide (NEM)-sensitive sn-glycerol-3-phosphate acyltransferase (GPAT) specific
activity is reduced in liver from sn-1-acylglycerol-3-phosphate O-acyltransferase-deficient
(Agpat6 ") mice. GPAT and AGPAT specific activity was measured in liver total particulate
preparations from female mice (n = 6 for each genotype) as described in Methods. A: Total
GPAT activity. B: NEM-resistant GPAT activity. C: NEM-sensitive GPAT activity. D: Total
AGPAT activity. KO, knockout (Agpat6—/-); WT, wild type. Data are shown as means + SEM.
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Fig. 2.

NEM-sensitive GPAT specific activity (S.A.) is reduced in brown adipose tissue (BAT) but
not in gonadal white adipose tissue (WAT). Total, NEM-sensitive, and NEM-resistant GPAT
specific activity was measured in BAT from male mice (A) and in gonadal WAT from female
mice (C) (n = 6). AGPAT activity was measured in BAT from male mice (B) and in gonadal
WAT from female mice (D) (n = 3). KO, knockout (Agpat6~/~); WT, wild type. Data are shown
as means + SEM.
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Fig. 3.

Overexpression of GPAT4 in Cos-7 cells increases NEM-sensitive GPAT activity. Cos-7 cells
were transfected with pcDNAS3.1 vector. Agpat2, Gpatl, or Gpat4. A: Immunoblot of Cos-7
cell total membrane fractions against the FLAG epitope (two independent transfections). B:
GPAT specific activity (SA.) in Cos-7 total membrane fraction (vector, n = 13; GPAT4, n =
12; GPAT1,n=4; AGPAT2,n=2).* P <0.0001 compared with vector; # P < 0.0001 compared
with GPAT4; 8 P < 0.0001 compared with GPAT1. C: AGPAT specific activity in Cos-7 cell
total membrane fraction (n = 3). * P <0.01 compared with vector. D: Radiolabeled glycerolipid
products from GPAT assays of Cos-7 cell total membranes were separated by TLC and
quantified as described in Methods (average of two independent assays with three separate
samples per assay). DAG, diacylglycerol; LPA, lysophosphatidic acid; PA, phosphatidic acid.
* P < 0.05 compared with vector. E: Total GPAT activity in Cos-7 total membrane preparations
with different acyl-CoA substrates (60 uM) (average of two independent experiments). Data
are shown as means + SEM.
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Fig. 4.

Overexpression of GPAT4 in Cos-7 and HepG2 cells. A: Cos-7 cells were transfected with
Gpatl, Gpat4, or pcDNA3.1 for 10 h before a 14 h incubation with or without 100 uM oleic
acid. In Cos-7 cells, GPAT activities increased as shown in Fig. 3B. In HepG2 cells, NEM-
sensitive GPAT activity increased by 20% (P < 0.05) (0 uM oleate, n = 6-9; 100 uM oleate,
n = 3). * P< 0.05 compared with vector; # P < 0.05 compared with GPAT1. B: HepG2 cells
were transfected with Gpat4 or pcDNA3.1 for 12 h before a 12 h incubation with 100 uM oleic
acid (n = 3). Data are shown as means + SEM.
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Fig. 5.

GPAT4 increases [14C]oleate incorporation into DAG in Cos-7 cells. Cos-7 cells were
transfected with pcDNA3.1, Gpat1, or Gpat4 for 17 h and incubated with trace [14C]oleate for
3 h (n=3). A: Label incorporation into cellular triacylglycerol (TAG). * P < 0.05 compared
with vector. B: Label incorporation into cellular DAG. * P < 0.001 compared with vector. C:
Label incorporation into total phospholipid (PL). D: Label incorporation into cholesteryl ester
(CE). E: Label incorporation into phosphatidylinositol (PI). * P < 0.05 compared with vector.
Data are shown as means + SEM.
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Relationship of GPAT4 to other enzymes in the pathway of de novo glycerolipid synthesis.
GPAT isoforms located in mitochondria (GPAT1 and GPATZ2) and endoplasmic reticulum
(GPAT3 and GPAT4) catalyze the initial step in the synthesis of glycerophospholipids and
TAG. AGPAT isoforms catalyze the second step in this pathway by acylating LPA to form
PA. Acyl-CoA used for B-oxidation or TAG synthesis is regulated reciprocally by carnitine
palmitoyl transferase-1 (CPT1) and GPATL1 (26). CL, cardiolipin; ER, endoplasmic reticulum;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PS,
phosphatidylserine.
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TABLE 2

Primer sequences used in real-time PCR experiments

Gene Forward Reverse
Bo-Microglobulin 5’-cagcatggctcgetcggtgac 5’-cgtagcagttcagtatgttcg
Gpatl 5'-agcaagtcctgegctatcat 5'-ctcgtgtgggtgattgtgac
Gpat2 5’-aagaaagaggtacagcgtatcc 5’-gtggagagccctcctgcacag
Gpat3 5’-gtacatgcctcccatgactag 5’-gatccgttgcccacgatcate
18S rRNA 5'-accgcagctaggaataatgga 5'-gcctcagticcgaaaacca
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