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Molecular identification of microsomal
acyl-CoA:glycerol-3-phosphate acyltransferase, a key
enzyme in de novo triacylglycerol synthesis
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Acyl-CoA:glycerol-3-phosphate acyltransferase (GPAT) catalyzes
the first step during de novo synthesis of triacylglycerol. It has been
well recognized that mammals possess multiple enzymatically
distinct proteins with GPAT activity. Although the mitochondrial-
associated GPAT has been cloned and extensively characterized,
the molecular identity of the endoplasmic reticulum (ER)-associ-
ated GPAT, which accounts for the majority of total GPAT activity
in most tissues, has remained elusive. Here we report the identi-
fication of genes encoding human and mouse ER-associated GPAT
(termed GPAT3). GPAT3 is a member of the acyltransferase family
predominantly expressed in tissues characterized by active lipid
metabolism, such as adipose tissue, small intestine, kidney, and
heart. Ectopic expression of GPAT3 leads to a significant increase
in N-ethylmaleimide-sensitive GPAT activity, whereas acyltrans-
ferase activity toward a variety of other lysophospholipids, as well
as neutral lipid substrates, is not altered. Overexpression of GPAT3
in mammalian cells results in increased triacylglycerol, but not
phospholipid, formation. GPAT3 is localized to the ER when over-
expressed in COS-7 cells. GPAT3 mRNA is dramatically up-regulated
during adipocyte differentiation, is reciprocally regulated in adi-
pose tissue and liver of ob/ob mice, and is up-regulated in mice
treated with a peroxisome proliferator-activated receptor y
(PPARYy) agonist. A substantial loss of GPAT activity in 3T3-L1
adipocytes was achieved by reducing GPAT3 mRNA levels through
GPAT3-specific siRNA knockdown. These findings identify GPAT3
as a previously uncharacterized triacylglycerol biosynthetic en-
zyme. Similar to other lipogenic enzymes, GPAT3 may be useful as
a target for the treatment of obesity.
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ynthesis of triacylglycerol (TAG) is a fundamental metabolic

pathway important for energy storage and utilization, nutri-
ent absorption, lactation, and phospholipid metabolism (1-4). In
mammals, there are two main biochemical pathways for TAG
biosynthesis: the monoacylglycerol (MAG) pathway, which plays
an important role in nutrient absorption in the small intestine,
and the glycerol-3-phosphate (G3P) pathway, which is respon-
sible for the majority of de novo TAG synthesis. Acyl-
CoA:glycerol-3-phosphate acyltransferase (GPAT, EC 2.3.1.15)
catalyzes the initial step of de novo TAG synthesis by converting
G3P to lysophosphatidic acid (LPA). LPA is then acylated to
form phosphatidic acid, followed by dephosphorylation to dia-
cylglycerol (DAG). The MAG and the G3P pathways share a
common last step, the conversion of DAG to TAG, catalyzed by
acyl-CoA:DAG acyltransferase (DGAT).

In mammals, GPAT activity exists in multiple isoforms, which
can be distinguished by subcellular localization (mitochondrial
vs. microsomal), sensitivity to N-ethylmaleimide (NEM), and
substrate preference (1, 2, 5). The gene encoding the mammalian
mitochondrial NEM-resistant GPAT1 (mtGPATI, GPAM) was
identified a decade ago and was shown to play a key role in liver
TAG synthesis (6—8). Although initial reports suggested that
mtGPATI1-deficient mice have decreased adipose tissue mass
(6), more recent studies found little effect of mtGPAT1 defi-
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ciency on the development of obesity (7). It is likely that GPAT
isoforms other than mtGPAT1 contribute to lipogenesis in
adipose tissue.

The mammalian NEM-sensitive microsomal GPAT activity was
demonstrated to account for 80-90% of total GPAT activity in
most tissues and 50-80% of total activity in liver (1). In contrast to
a relatively modest increase in mitochondrial GPAT activity, mi-
crosomal GPAT activity is dramatically induced during adipocyte
differentiation (8, 9). Although considerable attempts have been
made to purify microsomal GPAT from various species (10-13), the
gene(s) encoding NEM-sensitive GPAT activity in mammalian
tissues have not yet been identified.

Here, we report the identification of human and mouse genes
encoding microsomal proteins with GPAT activity. We demon-
strate that overexpression of these genes confers NEM-sensitive
GPAT activity and increases TAG formation. We also show that
these genes are expressed and regulated in a manner suggesting
an important role in lipogenesis, and that the mouse gene
encodes a significant portion of GPAT activity in 3T3-L1
adipocytes. Our findings open the door to in vivo studies
addressing the role of microsomal GPAT in normal physiology
and in pathological disease states.

Results

Identification of Candidate Genes for Microsomal GPAT. To identify
genes that might encode microsomal GPAT activity, we used the
following criteria: (i) the gene should be a member of the
acyltransferase family, (ii) the mRNA should be abundantly
expressed in tissues where glycerolipids are actively metabolized,
(#if) the mRNA should be up-regulated during 3T3-L1 adipocyte
differentiation (8, 9), and (iv) the calculated molecular mass
might be ~45 kDa (13). Using a seed-alignment sequence
derived from the previously described glycerolipid acyltrans-
ferase motif (PF01553) (1), we performed a sequence homology
search of public databases, which generated an acyltransferase
data set. In parallel, we used transcriptional profiling to identify
genes up-regulated during 3T3-L1 adipocyte differentiation and
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o OIHKSZEESS;:T:TSSE Albel f:mﬁ gA;  cncode 438- and 434-aa proteins, respectively. sharing 95%
consensus ... oo o. .. identity [supporting information (SI) Fig. 8]. Both proteins are

" . predicted to be integral membrane proteins with at least two
nernts e 3 RESEM RHL e KEEﬁDK e % “ﬁ: transmembrane domains (Fig. 8) and contain all four conserved
ROOOFLE SEeKT

hAGPAT1 IACWL RTGIBAT SMMSEZAOTIMET -OD) R ———————
hGPATL ST IHKL LDETPDGRKDleR HG I 2 acyltransferase motifs within a 133-aa domain as revealed by
consensns. - e —_ comparison with mtGPAT1 and acyl-CoA-acyl-glycerol-3-
hGPAT3  -—- Mﬂ IAE S— phosphate acyltransferase 1 (AGPATI) (Fig. 1). Despite the
o —- Isvva i ?@g i E E presence of the acyltransferase motifs, hGPAT3 and mGPATS3
CONSENSUS  wev wvvvvn en o K.l have <15% sequence identity with mtGPAT1 and previously

identified yeast and plant GPATSs (14, 15) (data not shown).
Fig.1. Sequence alignment of predicted acyltransferase domains of hGPAT3
(amino acids 209-332), human AGPAT1 (amino acids 83-211), and human  Demonstration of GPAT Activity. To determine whether the newly
mMtGPAT1 (hGPAT1, amino acids 205-355). Underlined are four motifs (I-IV) identified genes encode proteins with GPAT activity, we over-
characteristics of glycerophospholipid acyltransferases. expressed native and N-terminally Flag-tagged mGPAT3 and

hGPAT3 in Sf-9 cells. Western blot analysis using anti-FLAG

antibody confirmed expression and showed an apparent molec-
highly expressed in adipose tissue. Comparison of the two data  ular mass of ~50 kDa for both proteins, consistent with the
sets identified a previously uncharacterized mouse gene (Gen- ~ predicted molecular masses of 49.9 and 49.5 kDa (Fig. 24).
Bank accession no. NM_172715), fulfilling all four criteria listed =~ GPAT activity was initially assessed in cell lysates by using a
above. A closely related human gene, MGC11324 (GenBank conventlo'nal extraction method that measures 1ncorp0rqtlpp of
accession no. NM_032717), was also identified. These genes are [PH]G3P into butanol-extractable products (8, 16). We initially

designated in the present study as mouse GPAT3 and human

5The gene encoding microsomal GPAT activity reported in this study is named GPAT3 to
avoid potential confusion with the previously reported mtGPAT1 (8) and mtGPAT2 (5).
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Fig. 2. Enzymatic activity of GPAT3. Lysates from uninfected insect cells (wild type) or insect cells infected with virus expressing N-terminally FLAG-tagged
human DGAT1 (hDGAT1) or native or N-terminally FLAG-tagged hGPAT3 and mGPAT3 were analyzed. In some experiments (E Right), lysates from mammalian
HEK293 cells transfected with empty vector (vector) or hGPAT3- or mtGPAT1-containing vector were analyzed. (A) Western blot using anti-Flag antibody. (B)
GPAT activity analyzed by butanol-extraction method (mean = SD, n = 3). *, P < 0.05 compared with wild type or hDGAT1. (C) GPAT activity analyzed by TLC
using either ['*Clglycerol-3-phosphate (G3P, Left) or ['“C]Lauroyl-CoA (Right) as radiolabeled substrates. The embedded numbers represent the relative levels
of formed radiolabeled LPA (indicated by A). Ori, origin of migration; FFA, free fatty acid. The fast-migrating band next to LPA (C Left) may represent a
G3P-dependent but acyl-CoA-independent product by endogenous enzyme(s), possibly phosphatidylglycerol phosphate or phosphatidylglycerol. Similar results
were obtained in more than three independent experiments. (D) Substrate concentration dependence of GPAT activity. Assays were conducted by using Sf-9
lysates with the indicated concentrations of ['*C]G3P or Lauroyl-CoA in the presence of 100 uM Lauroyl-CoA or ['*C]G3P, respectively. Representative TLC images
indicating the formation of LPA are shown on top; specific GPAT activities are shown below (mean + SD, n = 3-4). (E) GPAT activity conferred by GPAT3, but
not mtGPAT1, is sensitive to NEM. Enzymatic activity was analyzed in both Sf-9 cells (Left) and mammalian HEK293 cells (Right). (F) GPAT activity using different
acyl-CoA species as substrates. Data represent the average of two independent experiments; variation between experiments was <15%. (G) Activity of GPAT3
toward different acyl acceptors. PA, phosphatidic acid; PG, phosphatidylglycerol; PS, phosphatidylserine; PC, phosphatidylcholine. Data are representative of two
independent experiments with similar results.
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used Lauroyl-CoA as an acyl donor, because recombinant
mtGPAT1 showed a preference for Lauroyl-CoA over longer
acyl-CoA species (data not shown). Lysates from Sf-9 cells
overexpressing mGPAT3 or hGPAT3 showed a significant in-
crease in the formation of butanol-extractable radiolabeled
lipids, compared with wild-type cells or cells overexpressing
human DGATT1 (Fig. 2B). To directly demonstrate formation of
LPA, the product of the GPAT reaction, we separated lipids by
thin-layer chromatography (TLC). Using ['*C]G3P as the radio-
labeled substrate, formation of LPA was enhanced 2.5- and
4.2-fold in lysates from cells overexpressing mGPAT3 and
hGPAT3 (Fig. 2C Left). Similarly, using ["*C]Lauroyl-CoA as
radiolabeled substrate, formation of LPA was increased 1.8- and
3.0-fold, respectively (Fig. 2C Right). No LPA formation was
observed in samples lacking either one of the substrates (“-Acyl-
CoA” and “-G3P” lanes, Fig. 2C). TLC separation also showed
the presence of several non-LPA lipids derived from either
['*C]G3P or ["*C]Lauroyl-CoA (e.g., upper bands in Fig. 2C),
which may represent products of endogenous enzymes in insect
cells. The presence of these non-LPA lipids in the butanol extract
likely accounts for the higher background and decreased sensi-
tivity of this method. Thus, GPAT activity was assessed by TLC
separation in all subsequent experiments. Formation of LPA
increased in a substrate concentration-dependent manner for
both ["*C]G3P and Lauroyl-CoA and was significantly higher in
hGPAT3-expressing cells compared with controls at all concen-
trations tested (Fig. 2D). hGPAT3-dependent LPA formation
decreased at very high concentrations of acyl-CoA (Fig. 2D),
similar to what has been reported for mtGPAT1 (8). The
maximal hGPAT3-dependent increase in LPA formation corre-
sponded to ~100 pmol/min per mg protein with half-maximal
activity reached at ~25 uM Lauroyl-CoA and ~80 uM G3P (Fig.
2D). It is important to note that our assay was performed by
using a nonpurified system; variations in activity and fold
increase (2.5- to 10-fold; average 6-fold) among experiments
likely reflect differences in expression levels among different
preparations. We also overexpressed hGPAT3 in HEK293 cells
and saw a similar, although on average less-pronounced, increase
in LPA formation compared with control cells (=3-fold increase;
~100 pmol/min per mg) (Fig. 2E Right). Importantly, the fold
increase observed upon GPAT3 overexpression was comparable
to the one observed with mtGPAT1 (2.7- vs. 3.8-fold; Fig. 2E
Right).

Microsomal GPAT activity has been shown to be sensitive to
NEM (1). Pretreatment of either Sf-9 or HEK293 lysates with
NEM completely abolished the increase in LPA formation
conferred by hGPAT3 overexpression (Fig. 2E), whereas
mtGPAT1-dependent LPA formation was not affected by NEM
(Fig. 2E Right). Sequence alignment of GPAT3 orthologs from
different species revealed several conserved cysteine residues
not shared by mtGPAT1 that may account for the NEM sensi-
tivity of GPAT3 (data not shown). In addition to Lauroyl-CoA,
GPAT3 also recognizes a broad range of long-chain fatty
acyl-CoA, including both saturated and unsaturated species, as
acyltransferase donors, as evidenced by an hGPAT3-dependent
increase in LPA formation (Fig. 2F). Importantly, acyltrans-
ferase activity conferred by GPAT3 overexpression is specific
toward G3P, because no significant increase in product forma-
tion was observed when LPA, lysophosphatidylcholine, lyso-
phosphatidylserine, lysophosphatidylglycerol, MAG, or DAG
were presented as substrates (Fig. 2G).

Ectopic Expression of GPAT3 Increases TAG, but Not Phospholipid,
Formation in Mammalian Cells. To further investigate the role of
GPAT3 in TAG and/or phospholipid synthesis, we measured the
incorporation of ['4Cloleic acid into lipids in intact HEK 293
cells overexpressing mGPAT3 or hGPAT3 (Fig. 3). Formation of
labeled TAG was significantly (=3- to 4-fold) increased in
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Fig. 3. Overexpression of GPAT3 in mammalian cells led to increased incor-
poration of oleic acid into TAG but not phospholipids. Metabolic labeling
studies were performed in HEK293 cells overexpressing hGPAT3 and mGPAT3,
human DGAT1, or human mtGPAT1 (hmtGPAT1) as described in Materials and
Methods. (A) TLC analysis of neutral lipids. (B) TLC analysis of polar lipids. The
number below each band representsrelative level to that of the control, which
was arbitrarily assigned as 1. Data are representative of two independent
experiments with similar results. PE, phosphatidylethanolamine; PS, phospha-
tidylserine; PC, phosphatidylcholine.

GPATS3 overexpressing cells compared with control cells (Fig.
34), whereas no increase in phospholipid formation was ob-
served (Fig. 3B). Overexpression of GFP or other proteins such
as adiponutrin did not increase TAG synthesis under the same
experimental conditions (data not shown). The increase in TAG
formation upon GPAT3 overexpression was similar in magni-
tude to the increase observed upon overexpression of DGAT1 or
mtGPAT1 (Fig. 34). These data indicate that GPAT3 functions
in the TAG biosynthetic pathway.

GPAT3 Is Localized to the Endoplasmic Reticulum (ER). To examine
the subcellular localization of GPAT3, we overexpressed Flag-
tagged mGPAT3 in COS-7 cells. By immunofluorescence,
mGPAT3 displayed a perinuclear staining pattern (Fig. 44 a and
d) that was distinct from the staining of a mitochondrial marker
(MitoTracker Red CMXRos) but colocalized well with an ER
marker (Calnexin) (Fig. 44). Although the calnexin/GPAT3
staining was reticular in some cells, the cells exhibiting the
brightest GPAT3 staining showed the presence of Calnexin/
GPAT3-labeled cisternae, possibly reflecting an effect of
GPAT3 overexpression on ER morphology. Similar results were
achieved with hGPAT3 (data not shown). To further investigate
the subcellular localization of GPAT3, we generated subcellular
fractions enriched for mitochondria and microsomes using dif-
ferential sedimentation of HEK293 cell membranes overexpress-
ing FLAG-tagged hGPAT3 or untagged mtGPATI1. Western
blotting showed enrichment of the mitochondrial marker pro-
hibitin in the mitochondrial fraction, whereas the ER marker
Calnexin was enriched in the microsomal fraction (Fig. 4B).
FLAG-tagged hGPAT3 showed a fractionation pattern similar
to Calnexin (Fig. 4B), consistent with ER localization. The
increase in GPAT activity in lysates from hGPAT3 and
mtGPAT1 overexpressing cells was similar (=~2-fold compared
with control, Fig. 4 C and D). mtGPAT1-overexpressing cells
showed the largest increase in activity in the mitochondrial
fraction, whereas GPAT activity was increased primarily in the
microsomal fraction in hGPAT3 overexpressing cells (Fig. 2 C
and D). These findings are consistent with GPAT3 being an
ER-localized enzyme.

Tissue Distribution of GPAT3 mRNA in Mouse and Human. As detected

by Tagman real-time RT-PCR, mGPAT3 mRNA was most
abundant in epididymal fat, followed by small intestine, brown
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Fig. 4. GPAT3 is localized to ER but not mitochondria. (A) Immunofluores-
cent staining of COS-7 cells overexpressing Flag-tagged mGPAT3. GPAT3 is
visualized by indirectimmunofluorescence with anti-FLAG antibody (a and d),
mitochondria and ER are visualized by staining with MitoTracker Red CMXRos
(b) and antibody specific for Calnexin (e), respectively. ¢ and f represent
merged pictures of a with b and d with e, respectively. (Scale bar, 10 um.) (B)
Western blot analysis of subcellular fractions from HEK293 cells overexpress-
ing FLAG-hGPAT3. The number below each band represents relative level to
that of the lysates, which was arbitrarily assigned as 1. (C) TLC analysis of GPAT
activity in subcellular fractions of HEK293 cells overexpressing FLAG-GPAT3 or
mtGPAT1. (D) Quantitative analysis of GPAT activity (mean = SD, n = 3-4). *,
P < 0.05.

adipose tissue, kidney, heart, and colon within the tissues
included in this study (Fig. 54). In humans, GPAT3 mRNA was
most highly expressed in kidney, heart, skeletal muscle, thyroid
gland, and testis. Significant levels were also found in lung and
adipose tissue (Fig. 5B). No major alternative splice variants of
mGPAT3 and hGPAT3 genes were found by database searching
or Northern blot analysis (data not shown). Interestingly, the
level of GPAT3 mRNA in both mouse and human liver was low,
possibly suggesting the existence of additional genes that encode
liver microsomal GPAT activity. With the exception of small
intestine, liver, and lung, mGPAT3 shows a tissue distribution
similar to mouse mtGPAT1, whereas human mtGPAT1 is strik-
ingly abundant in adipose tissue (SI Fig. 9).

GPAT3 Accounts for a Significant Portion of GPAT Activity in 3T3-L1
Adipocytes. Microsomal GPAT activity is known to be signifi-
cantly (=~70-fold) increased during differentiation of 3T3-L1
preadipocytes to adipocytes (8, 9). We found that GPAT3
mRNA was increased ~60-fold in 3T3-L1 adipocytes compared
with preadipocytes (Fig. 64), concomitant with a similar in-
crease in GPAT activity (data not shown). Depletion of
mGPAT3 in differentiated 3T3-L1 adipocytes using RNAI oli-
gonucleotides resulted in a decrease in mGPAT3 mRNA by
~60% (Fig. 6B) and a concomitant decrease in GPAT activity
by ~55% (Fig. 6C), compared with cells transfected with non-
targeting control RNAI oligonucleotides. A significant decrease
in GPAT3 mRNA as well as GPAT3 activity was also observed
with two additional siRNA oligonucleotides targeting GPAT3
(datanot shown). These data suggest that a significant part of the

19698 | www.pnas.org/cgi/doi/10.1073/pnas.0609140103
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Fig. 5. Tissue distribution of mouse (A) and human (B) GPAT3 mRNA

detected by Q-PCR. Data are expressed as mean =+ SD (n = 4).

GPAT activity in differentiated 3T3-L1 adipocytes is due to
GPAT3 expression.

Regulation of GPAT3 in Obese Mice and upon Peroxisome Proliferator-
Activated Receptor y (PPARY) Activation. To further understand a
role of GPATS3 in lipogenesis, we examined GPAT3 expression
in ob/ob mice, a genetic model of obesity, as well as its response
to PPARYy activation. mGPAT3 mRNA was significantly (70%)
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Fig. 6. GPAT3 mRNA expression and GPAT activity in 3T3-L1 adipocytes. (A)
Induction of GPAT3 mRNA during 3T3-L1 differentiation detected by Q-PCR.
(B and C) siRNA-mediated knockdown of GPAT3 in 3T3-L1 adipocytes. GPAT3
mRNA levels (B) and GPAT activity (C) were determined by Q-PCR analysis and
TLC, respectively. Shown on top of Cis a representative TLC datapointshowing
the formation of LPA in the GPAT assay. Data are expressed as mean + SD (n =
4). *, P < 0.05.
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Fig.7. Regulation of GPAT3 mRNA in mice. (A and B) GPAT3 mRNA in white
adipose tissue (WAT, A) or liver (B) of ob/ob mice compared with wild-type
control mice. (C) Treatment of ob/ob mice with the PPARy agonist rosiglita-
zone (Rosi) increased GPAT3 mRNA expression in WAT. Data are expressed as
mean = SEM. (n = 4). *, P < 0.05.

decreased in adipose tissue (Fig. 74) and significantly increased
(2-fold) in liver (Fig. 7B) of ob/ob mice. PPARy agonists such as
rosiglitazone induce expression of the lipogenic program in
adipose tissue (17). Treatment of ob/ob mice with rosiglitazone
for 21 days induced expression of mGPAT3 mRNA in white
adipose tissue 4.5-fold (Fig. 7C). mtGPAT1 and DGAT1 mRNA
also showed a large increase during 3T3-L1 differentiation (8,
18) (SI Fig. 10 4 and E) and a significant down-regulation in
adipose tissue of ob/ob mice (SI Fig. 10 B and F). The down-
regulation of mRNA for DGAT1 and other genes involved in
lipogenesis in ob/ob white adipose tissue has been reported and
has been attributed to dedifferentiation of adipose tissue in ob/ob
mice (19, 20). In contrast to GPAT3, the expression levels of
mtGPAT1 and DGAT1 did not change in the liver of ob/ob mice
or in adipose tissue upon rosiglitazone treatment (SI Fig. 10 C,
D, G, and H). Taken together, the regulation of GPAT3 mRNA
supports a role for this enzyme in lipogenesis.

Discussion

Although the existence of NEM-sensitive microsomal GPAT
activity has been known for many decades, this report identifies
genes encoding this activity in mammals. Several lines of evi-
dence suggest that the human and mouse genes we named
GPATS3 indeed encode a microsomal GPAT. First, GPAT3
contains all four conserved motifs that are found in most
acyltransferases involved in glycerolipid metabolism. Second,
recombinant GPAT3 expressed in insect or mammalian cells
exhibits NEM-sensitive GPAT activity. Importantly, expression
of recombinant GPATS3 specifically increased acylation of G3P,
but not LPA, other lysophospholipids, MAG, or DAG. Recog-
nition of a wide variety of acyl-CoA species, including both
saturated and unsaturated, is also in line with the reported
characteristics of microsomal GPAT. Third, GPAT3 was local-
ized to the ER but not to mitochondria. Fourth, GPAT3 mRNA
was up-regulated during 3T3-L1 adipocyte differentiation, con-
sistent with the reported up-regulation of microsomal GPAT
activity in this cell line. Finally, GPAT3 mRNA and GPAT
activity in differentiated adipocytes was significantly decreased
by siRNA directed against GPAT3, suggesting that GPAT3
accounts for a significant portion of the increased GPAT activ-
ity. These findings establish GPAT3 as a microsomal GPAT.
The product of the GPAT reaction, LPA, is an intermediate
in both phospholipid and TAG synthesis. Here we show that
GPAT3, when overexpressed, selectively increases TAG synthe-
sis and does not affect synthesis of phospholipids. A function for
GPATS3 in TAG synthesis is further supported by the pattern of
GPAT3 mRNA expression and regulation. Similar to DGAT1
and mtGPAT1, GPAT3 mRNA is highly expressed in white
adipose tissue, is up-regulated during adipocyte differentiation,
and is down-regulated in the adipose tissue of ob/ob mice. In
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addition, GPAT3 mRNA is increased in white adipose tissue of
mice treated with the PPARy agonist rosiglitazone, which is
known to induce expression of lipogenic genes (17) and is
significantly up-regulated in livers of ob/ob mice, a model of
hepatic steatosis. It remains to be determined whether additional
microsomal GPAT isoforms exist that are primarily responsible
for phospholipid synthesis.

Obesity, type 2 diabetes, dyslipidemia, and atherosclerosis are
closely associated with alterations in TAG and fatty acid syn-
thesis, and enzymes such as DGAT1, acetyl-CoA carboxylase 2,
and stearoyl-CoA desaturase 1 have emerged as important
therapeutic targets for treating these conditions (21-24). Micro-
somal GPAT has similarly been suggested as a possible thera-
peutic target for obesity, type 2 diabetes, and dyslipidemia (25);
however, the lack of molecular knowledge so far has hampered
efforts to pursue this activity as a target. Our findings open the
door to evaluate the role of microsomal GPAT in the patho-
physiology of obesity, type 2 diabetes, and related disorders, and
to determine whether GPAT3 might be a target for treating these
diseases.

Materials and Methods

Bioinformatic Analysis. A profile hidden Markov model was gen-
erated by using the Pfam glycerophosphate acyltransferase
model (PF01553) (26) and recently reported yeast ER-bound
GPATs (15). This profile was then queried against SwissPort/
TrEMBL (27), RefSeq (28), Ensembl (29), and human and
mouse genome databases to retrieve a list of sequences contain-
ing the glycerophosphate acyltransferase domain. A nonredun-
dant set was generated by filtering out duplicates and alternative
splice variants.

Cloning and Expression of GPAT3. Full-length mGPAT3 and
hGPAT3 coding sequences with or without an in-frame N-
terminal FLAG epitope (MDYKDDDDL) were cloned into
pPCRscript Amp SK(+) vector (Stratagene, La Jolla, CA) by
PCR amplification from mouse 17-day embryo and human
leukocyte cDNA libraries (BD Biosciences, Franklin Lakes, NJ).
The cDNA inserts were subsequently cloned into the mammalian
expression vector pcDNA3.1(+)/Hygro or into the pFastBacl
vector to generate recombinant baculovirus for insect cell ex-
pression using the Bac-to-Bac baculovirus expression system
(BD Biosciences). The human DGAT1 and mtGPAT1 clones
were generated as described (18, 30). Mammalian cells were
transiently transfected by using Fugene 6 (Roche Diagnostics,
Indianapolis, IN). For expression in insect cells, Sf-9 cells were
infected with recombinant baculovirus at an optimal multiplicity
of infection for 64 h. Cell pellets were harvested in ice-cold PBS
and lysed by sonication, and total lysate was used immediately for
activity assay. For subcellular fractionation, cells were lysed by
using nitrogen decompression (Parr Instrument Company, Mo-
line, IL), followed by differential centrifugation at 8,000 X g
(mitochondrial fraction) and 100,000 X g (microsomal fraction).
Protein concentration was determined by a Bio-Rad (Hercules,
CA) protein assay with BSA as a standard.

Acyltransferase Activity Assays. GPAT activity assay by 1-butanol
extraction was performed as described (8, 16), using [*°H]G3P [30
Ci/mmol, American Radiolabeled Chemicals, Inc. (St. Louis,
MO) (1 Ci = 37 GBq)] and Lauroyl-CoA as substrates. For TLC
separation, the assay was conducted in 75 mM Tris-HCI, pH 7.5/4
mM MgCly/1 mg/ml fatty acid free BSA with 150 uM [*C]G3P
(55 mCi/mmol) and 50 uM acyl-CoA or 25 uM [“C]Lauroyl-
CoA (55 mCi/mmol) and 0.5 mM G3P as substrates, unless
otherwise mentioned. Lipids were extracted by using chloro-
form:methanol (2:1, vol/vol), dried, and separated by TLC with
chloroform:methanol:water (65:25:4, vol/vol) followed by expo-
sure to a PhosphorImager screen. Where indicated, cell lysates
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were incubated with or without 0.4 uM NEM for 15 min on ice
before the initiation of reaction. Acyltransferase activity toward
LPA, lysophosphatidylcholine, lysophosphatidylserine, lyso-
phosphatidylglycerol, MAG, and DAG were assayed as de-
scribed (30-32) by using 25 puM [“C]Lauroyl-CoA and 200 uM
acyl acceptors.

Metabolic Labeling Studies. Forty hours after transfection,
HEK293 cells were incubated with 2 uM [**CJoleic acid (50
Ci/mmol) in medium supplemented with 0.1% fatty acid free
BSA for 6 h. Cells were then washed twice with cold PBS, and
total lipids were extracted with chloroform/methanol (2:1, vol/
vol). Lipids were resolved by TLC by using chloroform:meth-
anol:water (65:25:4, vol/vol, polar lipids) or hexane:ethyl ether-
:acetic acid (80:20:1, vol/vol/v, neutral lipids) and visualized by
exposure to a PhosphorImager screen.

Immunofluorescence. Indirect immunofluorescence was per-
formed in COS-7 cells transfected with Flag-tagged mGPAT3, as
described (30). Mitochondria and ER were stained with Mito-
Tracker Red CMXRos (Invitrogen, Carlsbad, CA) and anti-
Calnexin antibody (StressGen Biotechnologies, Victoria, Can-
ada), respectively, as described (30). Images were collected on a
Bio-Rad MRC-600 Laser Confocal Microscope System.

Transcriptional Profiling and Quantitative RT-PCR Analysis. Undiffer-
entiated and differentiated 3T3-L1 adipocytes, tissues from normal,
8- to 12-week-old male C57BL/6J mice, as well as tissues from
10-week-old male ob/ob and age-matched wild-type control mice,
were obtained as described (33). For PPARy agonist treatment,
10-week-old male ob/ob mice were gavaged once per day with 15
mg/kg rosiglitazone or vehicle control for 21 days. RNA from
human tissues was obtained from Clontech (Mountain View, CA).
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Tagman real-time quantitative PCR (Q-PCR) was performed by
using an ABI Prism 7900 sequence detector (PE Applied Biosys-
tems, Foster City, CA) with 18S as an internal control, as described
(33). Gene-specific primers and probes were obtained from Ap-
plied Biosystems. Relative expression was determined by the C;
method (Applied Biosystems).

siRNA Electroporation of 3T3-L1 Adipocytes. 3T3-L1 cells were
induced to differentiate as described (33). On day 10 after
differentiation, 2.5 X 10° 3T3-L1 adipocytes suspended in 0.5 ml
of PBS were transfected with 15 nmol of control siRNA (Am-
bion, Austin, TX; catalogue no. 4613) or mGPAT3-specific
siRNA duplex [Ambion catalogue no. 16708A, siRNA ID 16316,
16317 (shown in Fig. 6), and 16318] by electroporation as
described (34). After electroporation, cells were immediately
mixed with fresh medium and incubated for 10 min on ice before
seeding into six-well plates. Seventy-two hours after electropo-
ration, GPAT3 mRNA was measured by Q-PCR, and GPAT
activity was determined as described above.

Statistical Analysis. Statistical significance was determined by
Student’s ¢ test.

Note. GPATS3 is closely related (=80% identity within the acyltrans-
ferase domain) to a previously identified gene of unknown enzymatic
function, AGPAT6. During the preparation of this manuscript, two
publications reported on tissue distribution and in vivo functions of
AGPAT6 (35, 36), indicating an important role of AGPAT6 in TAG
biosynthesis. The gene we named GPAT3 was provisionally designated
as AGPATS in these two manuscripts; however, no enzymatic activity
data were provided for both AGPAT6 and GPAT3/AGPATS.
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