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Abstract Glycerol-3-phosphate acyltransferases (GPATs;
EC2.3.1.15) catalyze the first step in the de novo synthesis
of neutral lipids (triglycerides) and glycerophospholipids.
The existence of multiple enzyme isoforms with GPAT ac-
tivity was predicted many years ago when GPAT activities
with distinct kinetic profiles and sensitivity to inhibitors were
characterized in two subcellular compartments, mitochon-
dria and microsomes. We now know that mammals have at
least four GPAT isoforms with distinct tissue distribution
and function. GPAT1 is the major mitochondrial GPAT
isoform and is characterized by its resistance to sulfhydryl-
modifying reagents, such as N-ethylmaleimide (NEM).
GPAT2 is a minor NEM-sensitive mitochondrial isoform.
The activity referred to as microsomal GPAT is encoded
by two closely related genes, GPAT3 and GPAT4. GPAT iso-
forms are important regulators of cellular triglyceride and
phospholipid content, and may channel fatty acids toward
particular metabolic fates. Overexpression and knock-out
studies suggest that GPAT isoforms can play important roles
in the development of hepatic steatosis, insulin resistance,
and obesity; GPAT isoforms are also important for lacta-
tion. This review summarizes the current state of knowl-
edge on mammalian GPAT isoforms.—Gimeno, R. E., and
J. Cao. Mammalian glycerol-3-phosphate acyltransferases:
new genes for an old activity. J. Lipid Res. 2008. 49: 2079–2088.
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Glycerol-3-phosphate acyltransferases (GPATs; EC2.3.1.15)
use glycerol-3-phosphate and fatty acyl-CoA as substrates to
catalyze the formation of lysophosphatidic acid, a precur-
sor for phosphatidic acid, which in turn is required for
the biosynthesis of both triglycerides and glycerophospho-
lipids (Fig. 1). GPAT activity was first identified in 1953
using guinea pig liver (1). It has since been shown that
GPAT activity is present in most organisms examined, in-
cluding vertebrates, invertebrates, plants, fungi, and some
bacteria (2). [It should be noted that many bacterial species

utilize the PlsX/Y pathway, which generates lysophospha-
tidic acid using acyl-phosphate, rather than acyl-CoA or acyl
carrier protein, as a substrate (3)]. The first gene encoding
an enzyme with GPAT activity was cloned from Escherichia
coli (E. coli) in 1980 (4, 5) and was demonstrated to be an
integral membrane protein (PlsB). Mutational analysis of
this gene and alignment with several other glycerophos-
pholipid acyltransferases revealed a conserved domain
[pfam01553 or COG2937; http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml (6)] that has since been shown
to be present in a large number of acyltransferases, in-
cluding all mammalian GPAT isoforms identified to date
(2, 7, 8).

In mammalian cells, enzymatic studies in the 1960s and
1970s distinguished two GPAT isoforms: a microsomal iso-
form, which is sensitive to sulfhydryl-modifying reagents,
such as N-ethylmaleimide (NEM) and iodoacetamide,
and a mitochondrial isoform, which is resistant to NEM
(2, 9). The mitochondrial and microsomal isoforms could
also be distinguished by their substrate preference (mito-
chondrial, NEM-resistant GPAT was shown to prefer satu-
rated fatty acyl-CoA, while microsomal, NEM-sensitive
GPAT did not have a preference), and their different sen-
sitivity to temperature, polymixin B, acetone, salts, and
chelators (2, 9). Recent data show that these two enzymati-
cally defined isoforms are in fact encoded by at least four
distinct genes, two of which encode mitochondrial isoforms
and two of which encode microsomal isoforms (Table 1).
In most cells, the GPAT-dependent pathway is thought to
be responsible for most of de novo synthesis of neutral
lipids and glycerophospholipids. It is important to keep
in mind, though, that an alternative pathway for de novo
formation of lysophosphatidic acid and ultimately triglycer-
ides and glycerophospholipids also exists (Fig. 1) (10). This
pathway, localized in peroxisomes, uses dihydroxyacetone
phosphate to generate 1-acyl-dihydroxyacetone phosphate,
which in turn is reduced by 1-acyl-dihydroxyacetone phos-
phate reductase to lysophosphatidic acid (10). This pathway

Manuscript received 23 June 2008 and in revised form 23 July 2008.

Published, JLR Papers in Press, July 24, 2008.
DOI 10.1194/jlr.R800013-JLR200

1 To whom correspondence should be addressed.
e-mail: rgimeno@wyeth.com

Copyright © 2008 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org Journal of Lipid Research Volume 49, 2008 2079

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


is thought to be of only minor quantitative importance for
the formation of triglycerides and glycerophospholipids in
most tissues, and functions primarily in the formation of
ether phospholipids, as demonstrated by studies in tissue
culture cells as well as by mutational analysis in mice and
humans (11–15). However, it can contribute significantly
to glycerolipid formation under certain circumstances
(e.g., in differentiated 3T3-L1 adipocytes after an overnight
culture in glucose-free medium) (16). It is also noteworthy
that diacylglycerol can be produced via the monoacylglyc-
erol pathway in a GPAT-independent manner. The mono-
acylglycerol pathway utilizes 2-monoacylglycerol and fatty
acyl-CoA to generate diacylglycerol (17). In enterocytes,
this pathway constitutes a major route for triglyceride for-
mation during fat absorption.

Recent interest in GPATs has been fueled by the recog-
nition that mutations in genes encoding enzymes in the
glycerolipid biosynthetic pathway can contribute to or
modulate human disease, and that small molecules that
inhibit these enzymes may be beneficial for the treatment

of disease. For example, genes encoding enzymes in the
triglyceride biosynthetic pathway have been shown to be
mutated in human and mouse lipodystrophy syndromes
(LPIN1, AGPAT2) (18, 19), and polymorphisms in both
LPIN1 and LPIN2 genes have been linked to body weight
and insulin sensitivity (20). Genes encoding enzymes in
the triglyceride biosynthetic pathway have also been linked
to inflammatory disorders (LPIN2, AGPAT2) (21, 22) and
survival of certain cancers (AGPAT2) (23, 24). Since dele-
tion (25) or inhibition (26) of diacylglycerol acyltransferase
1 (DGAT1) in mouse decreases body weight and improves
insulin resistance, there has been intense interest in the de-
velopment of DGAT1 inhibitors for the treatment of obesity
and type 2 diabetes. It might be expected that GPAT iso-
forms also play a role in human disease and/or could be
targets for therapeutics. Consistent with this prediction,
knock-outs of two GPAT isoforms in mice, GPAT1 and
GPAT4 lead to significant alterations in body weight, insulin
sensitivity, and other physiological processes (described in
detail below).

Fig. 1. Glycerolipid biosynthetic pathways. Substrates and intermediates are boxed yellow, major products
are boxed blue, and enzymes are boxed red.

TABLE 1. Genes encoding mammalian GPAT isoforms

Gene Name Alias Subcellular Localization Sensitivity to NEM Accession Number Reference

GPAT1 mtGPAT1, GPAM Mitochondria Resistant NM_020918 (h)
NM_008149 (m) (31,50)
NM_017274 (r)

GPAT2 mtGPAT2, xGPAT1 Mitochondria Sensitive NM_207328 (h) (68,69)
NM_001081089 (m)
XM_238283 (r)

GPAT3 AGPAT8,a AGPAT9,a LPAAT-theta Endoplasmic reticulum Sensitive NM_032717 (h) (53,81)
NM_172715 (m)
NM_001025670 (r)

GPAT4 AGPAT6, LPAAT-zeta Endoplasmic reticulum Sensitive NM_178819 (h) (71–74,85)
NM_018743 (m)
NM_001047849 (r)

LPAAT, lysophosphatidic acid acyltransferases. Mammalian GPAT isoforms identified at the molecular level to date are shown. The gene names
listed in column one represents the nomenclature used most recently in the literature. Alternative names are shown in column 2. Accession numbers
were assigned based on references cited and on our unpublished sequence analysis.

a The names AGPAT8 (86) and AGPAT9 (87) have also been used for the unrelated genes LYCAT (NM_001002257) (88) and LPCAT1
(NM_024830) (89).
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TISSUE DISTRIBUTION AND REGULATION OF GPAT
ISOFORMS AS DEFINED BY ENZYMATIC STUDIES

Since the information on the recently cloned GPAT
isoforms is still limited, it is useful to review the body of
literature examining the properties of GPAT isoforms in
different tissues, using enzymatic studies. These studies
found that the mitochondrial isoform accounts for
?50% of total GPAT activity in rat liver and is significantly
decreased upon fasting (27, 28). The microsomal isoform
is the major isoform in brown and white adipose tissue, ac-
counting for 80–90% of total GPAT activity (29, 30), and is
dramatically upregulated during adipocyte differentiation
(16, 31, 32). Microsomal GPAT is also the major isoform
in heart (?70% of total activity) (33, 34), and in brain
(35). In skeletal muscle, in contrast, it has been reported
that .90% of total GPAT activity is the mitochondrial,
NEM-resistant isoform (36). Total GPAT activity was re-
ported to be dramatically (?5-fold) upregulated in the
islets of obese rats; however, the contribution of different
GPAT isoforms to total GPAT activity in islets has not yet
been determined (37).

Mitochondrial and microsomal activites are often but
not always regulated differentially. Exercise leads to a sig-
nificant decrease in mitochondrial, but not microsomal
GPAT activity in the liver and adipose tissue (36). In rat
white adipose tissue, long-term starvation caused a de-
crease in the activity of mitochondrial, but not microsomal
GPAT activity (38). Similarly, starvation or AMP-dependent
kinase activation decreases hepatic mitochondrial but not
microsomal GPAT activity (28, 39). In contrast, both mito-
chondrial and microsomal GPAT activities are increased
in the liver of diet-induced or genetically obese mice
(40). In cold-exposed rats, mitochondrial and, to a lesser
extent, microsomal GPAT activity is upregulated in brown
adipose tissue (41–43). Increases in microsomal GPAT ac-
tivity have also been reported in adipose tissue and small
intestine of obese rats compared with lean controls (44).
While hypothyroidism leads to an increase in microsomal
and a decrease in mitochondrial GPAT activity in brown
and white adipose tissue, streptozotocin-induced diabetes
decreases both activities (30, 42, 43).

MITOCHONDRIAL NEM-RESISTANT GPAT (GPAT1)

Mitochondrial NEM-resistant GPAT (GPAT1) was the first
mammalian GPAT isoform to be cloned. In an attempt to
identify genes induced in livers of fasted mice refed a high-
carbohydrate diet, Sul et al. (45, 46) identified a 6.8 kb
mRNA encoding a protein with molecular mass of 90 kDa,
that shared sequence similarity with bacterial GPAT. Sub-
sequent overexpression, localization, and knock-out studies
confirmed the identity of this protein as a mitochondrial
GPAT (now named GPAT1) (31, 47–49). GPAT1 when over-
expressed in mammalian or insect cells results in a 1.5–
4-fold and 32-fold increase in mitochondrial NEM-resistant
GPAT activity, respectively (47, 50). When purified from
insect cells, GPAT1 is characterized by a specific activity

(?200 nmol/min/mg protein) and apparent Km for glycer-
ol (0.67 mM) that is comparable to the enzyme purified
from rat liver (specific activity of 50–150 nmol/min/mg,
Km for fatty acyl-CoA 3–15 uM, Km for glycerol of 0.5–
1 mM) (47, 51). Knock-out in mice revealed that GPAT1 is
responsible for all of the NEM-resistant GPAT activity in liver
(48, 49). In the heart, however, significant, NEM-resistant
GPAT activity is detectable in GPAT1 knock-out mice, sug-
gesting the existence of a second NEM-resistant GPAT that
remains to be identified (34).

GPAT1 mRNA in the rat is most highly expressed in
liver, adipose tissue, and oxidative skeletal muscle (52),
but is also detectable in significant amounts in many other
tissues, including brain, kidney, heart, and adrenal gland.
In the mouse, GPAT1 mRNA is also widely expressed with
highest levels in white adipose tissue, lung, liver, and heart
(53). Interestingly, human GPAT1 is most abundantly ex-
pressed in adipose tissue (.10-fold higher compared with
other tissues), raising the possibility that in humans,
GPAT1 may make a more important contribution to adi-
pose tissue glycerolipid synthesis compared with mice
(53). To date, no antibodies specifically recognizing
GPAT1 exist. While a discordance between GPAT1 mRNA
and protein expression was noted (52), the antibody used
in these studies was later shown to cross-react with GPAT2
(49); thus, at least some of the discordance observed may
be explained by more significant expression of GPAT2 pro-
tein in tissues such as heart.

GPAT1 is transcriptionally regulated in a manner consis-
tent with an important role in triglyceride biosynthesis. Rat
liver GPAT1 mRNA increases in response to refeeding after
a fast and is increased upon insulin treatment of diabetic,
streptozotocin-treated mice (46). In 3T3-L1 adipocytes,
GPAT1 mRNA increases upon differentiation (31, 53)
and upon treatment with insulin (45), and decreases upon
treatment with cAMP mimetics (45). cAMP mimetics also
prevent the refeeding-induced increase in GPAT1 mRNA
in rat liver (46). The promoter for mouse (54, 55) and
rat (56) GPAT1 has been cloned and characterized. A
binding site for SREBP-1 in the promoter of mouse GPAT1
has been identified, that is likely important for the upregu-
lation of GPAT1 during adipocyte differentiation (55).

GPAT1 is also regulated posttranslationally via phosphor-
ylation and possibly other events. Casein-kinase 2 stimu-
lates GPAT1 activity by ?50% (57) and has been shown to
directly phosphorylate GPAT1 in vitro (58). AMP-dependent
kinase has been demonstrated to decrease mitochondrial
GPAT activity by ?50% in an ATP-dependent manner as
early as 10 min after addition to rat liver mitochondria
(39), while insulin increases both the Km and the Vmax of
GPAT1 in rat adipocytes (59).

GPAT1 plays an important role in hepatic lipid metabo-
lism. In GPAT1 knock-out mice, liver triglycerides and
VLDL secretion as well as plasma triglycerides and cho-
lesterol are decreased (48, 60–62), while rats (63) or mice
(64) overexpressing GPAT1 in the liver have increased
hepatic and serum triglycerides and increased triglyceride
secretion. Adenoviral knock-down of GPAT1 in genetically
obese ob/ob mice similarly decreased liver triglycerides
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but had no effect on plasma triglycerides (65). GPAT1 has
been suggested to direct fatty acyl-CoA away from fatty acid
oxidation and toward triglyceride biosynthesis, possibly by
competing with CPT-1 for fatty acyl-CoA substrate on the
outer mitochondrial membrane. In vitro experiments
show that overexpression of GPAT1 in hepatocytes in-
creases incorporation of fatty acids into triglycerides and
decreases fatty acid oxidation (40, 66). Similarly, in vivo,
GPAT1 overexpression leads to decreased hepatic fatty
acid oxidation and increased triglyceride biosynthesis
(64). In GPAT1 knock-out mice, hepatic fatty acid oxida-
tion rates and serum ketone bodies are increased (60, 61),
consistent with a preferential utilization of fatty acids
through b-oxidation. Interestingly, however, the substrate
of GPAT1, fatty-acyl-CoAs, are also increased in the livers
of GPAT1 knock-out mice (60, 62), suggesting that not all
fatty-acyl-CoA can be utilized efficiently in the b-oxidation
pathway in the absence of GPAT1. It is noteworthy that the
phenotypes of GPAT1 knock-out mice are more pro-
nounced in females compared with males, suggesting a pos-
sible gender difference in GPAT1 action (48, 61).

Since hepatic steatosis has been linked to insulin resis-
tance, it might be expected that GPAT1 knock-out mice
have improved insulin sensitivity. On the other hand, fatty
acyl-CoAs and their metabolites have been suggested to be
mediators of insulin resistance. Analysis of glucose metabo-
lism in GPAT1 knock-out or overexpression animals sug-
gests complex, diet-dependent effects. GPAT1 knock-out
mice fed a normal diet did not show any difference in in-
sulin sensitivity (48). Insulin resistance was increased in
GPAT1 knock-out mice compared with wild-type controls,
whenmice were fed either a high-fat, high-sucrose diet (60),
or a diet high in coconut oil (61), but decreased, when
mice were fed a high-fat diet rich in safflower oil (62).
The decrease in insulin resistance on the high-fat diet rich
in safflower oil occurred despite an increase in total hepatic
fatty acyl-CoA (62). Knock-down of GPAT1 in ob/ob mice,
a model of type 2 diabetes, showed no significant improve-
ment in glucose homeostasis (65). Overexpression of
GPAT1 in mice (64) or rats (63) showed no effect (64) or
an impairment in insulin sensitivity (63), respectively. It is
likely that multiple alterations in hepatic lipid metabolism
occur upon GPAT1 modulation that are integrated to-
gether, leading to either improved or impaired glucose
metabolism, depending on dietary conditions. Hepatic
diacylglycerol and lysophosphatidic acid content are in-
creased, and protein kinase e is activated in GPAT1 overex-
pressing rats, possibly explaining the insulin resistance in
these animals (63). These parameters are decreased in
GPAT1 knock-out mice fed a high-fat safflower diet, which
may account for their insulin sensitivity, despite high fatty
acyl-CoA levels (62). GPAT1 knock-out mice have been re-
ported to have increased oxidative stress in the liver, includ-
ing increased reactive oxygen species (possibly secondary
to increased b-oxidation), increased mitochondrial lipid
peroxidation, decreased glutathione-S-transferase levels,
and increased hepatocellular apoptosis and proliferation
(67). This increase in oxidative stress, which is observed
even in animals fed a low-fat diet, may also contribute to

the development of insulin resistance in GPAT1 knock-
out mice.

Although initial studies suggested decreased body weight
in female GPAT1 knock-out mice (48), subsequent experi-
ments showed that GPAT1 deletion did not protect mice
from weight gain on a high fat diet (61, 62). Similarly, ade-
noviral knock-down of GPAT1 in genetically obese ob/ob
mice did not decrease their body weight (65). Overexpres-
sion of GPAT1 had no significant effect on weight gain in
either mice (64) or rats (63). Thus, despite a significant in-
crease in fatty acid oxidation in GPAT knock-out mice, in-
hibition of GPAT1 is unlikely to result in substantial effects
on body weight.

A recent study examined the role of GPAT1 in cardiac
lipid metabolism (34). Although GPAT1 accounts for less
than 30% of cardiac GPAT activity, GPAT1-deficient mice
have decreased cardiac triglyceride, decreased palmitate
incorporation into heart triglyceride, and altered fatty acid
composition of cardiac phospholipids (34). These changes
suggest that modulation of GPAT1 activity may affect cardiac
function, although this remains to be demonstrated.

MITOCHONDRIAL NEM-SENSITIVE GPAT (GPAT2)

The existence of a second mitochondrial, NEM-sensitive,
GPAT was first recognized when highly purified mitochon-
dria from GPAT1 knock-out mice were found to have a
large amount of NEM-sensitive GPAT activity that was not
detectable in wild-type mice, presumably representing
compensatory upregulation of a second mitochondrial
GPAT isoform (49). This activity, termed GPAT2, showed
a substrate and inhibitor profile similar to microsomal
GPAT, but could be distinguished from microsomal GPAT
by its ability to cross-react with antibodies raised against
mtGPAT1 (49). The gene encoding this activity was cloned
based on its relatively high sequence similarity to mtGPAT1
(27% identity; 70% similarity), and was termed GPAT2
(68, 69). When overexpressed in mammalian cells, GPAT2
localizes to mitochondria and confers an?30% increase in
NEM-sensitive GPAT activity (68, 69). GPAT2 mRNA is most
abundant in testis (?50-fold higher compared with other
tissues), but is also detectable in most tissues, with highest
expression in liver and brown adipose tissue. Unlike
GPAT1, GPAT2 mRNA in the liver is not regulated by fast-
ing (68). Little is known about the function of GPAT2. It
is remarkable, however, that the phenotypes of GPAT1
knock-out mice occur, even though ?60% of wild-type ac-
tivity is provided by GPAT2 in the mitochondria. In adi-
pose tissue and liver of normal rats, GPAT2 is likely only
a minor component of total GPAT activity, since careful
fractionation studies in these tissues have shown ,10%
NEM-sensitive GPAT activity associated with mitochon-
dria (27–30). However, it is important to keep in mind
that GPAT2 may contribute more significantly to total
GPAT activity in other tissues and that measurement of
NEM-sensitive GPAT activity in unfractionated tissues may
assess mitochondrial GPAT2 in addition to microsomal
GPAT isoforms.
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MICROSOMAL NEM-SENSITIVE GPAT3 (GPAT3)

The first microsomal GPAT (GPAT3) was identified by
searching for genes that contain the presumptive acyltrans-
ferase active site motif (PF01553) and are highly expressed
in adipose tissue and upregulated during adipocyte differ-
entiation (53). GPAT3 shares no significant similarity with
GPAT1, and is more closely related to lysophosphatidic acid
acyltransferases. However, when overexpressed in mamma-
lian or insect cells, GPAT3 causes a significant (2–6-fold)
increase in NEM-sensitive GPAT activity, but no increase
in lysophosphatidic acid acyltransferase activity or in acyl-
transferase activities against a variety of other substrates.
Upon overexpression, GPAT3 protein and activity were
localized in the endoplasmic reticulum (ER), consistent
with a microsomal GPAT (53). Knock-down of GPAT3
in 3T3-L1 adipocytes leads to a significant, ?2-fold, de-
crease in NEM-sensitive GPAT activity, demonstrating that
GPAT3 is a major contributor to GPAT activity in 3T3-L1
adipocytes (53).

GPAT3 mRNA is widely expressed and can be detected
in most tissues in both mouse and human (53). In the
mouse, GPAT3 mRNA is most abundant in white adipose
tissue, small intestine, heart, kidney, and brown adipose tis-
sue. In human, GPAT3 is most abundant in kidney, heart,
muscle, and thyroid, but is also present in high levels in
adipose tissue, testis, and lung. GPAT3 activity is dramati-
cally upregulated in 3T3-L1 adipocyte differentiation,
and is increased in adipose tissue of diabetic mice treated
with a PPARg agonist, raising the possibility that GPAT3 ex-
pression is regulated by PPARg (53). Like many other lipo-
genic genes, GPAT3 mRNA is also increased in the liver
and decreased in white adipose tissue of ob/ob mice (53).
Since no antibodies exist that specifically recognize GPAT3,
it is unclear whether the expression and regulation of
GPAT3mRNA aremirrored at the protein level. It is possible
that GPAT3 activity is also regulated postranslationally
by phosphorylation. It has been shown by Nimmo and
Houston (70) that the microsomal GPAT activity in adipose
tissue is rapidly and almost completely inactivated by addi-
tion of protein kinase A and reactivated by alkaline phos-
phatase, suggesting an inhibitory phosphorylation event
either on the microsomal GPAT enzyme itself or on a pro-
tein regulating GPAT activity. Multiple potential phosphor-
ylation sites are present in the GPAT3 sequence (53), and it
will be interesting to see if any of them are used to regulate
the activity of GPAT3.

To date, no knock-outs or mutations in GPAT3 have
been described. Since GPAT3 is highly expressed in adi-
pose tissue and small intestine and regulated in a man-
ner similar to other lipogenic enzymes (53), it might be
predicted that GPAT3 plays an important role in triglycer-
ide storage.

MICROSOMAL NEM-SENSITIVE GPAT4 (GPAT4)

When GPAT3 was cloned, it was found to be highly re-
lated (?80% identity within the acyltransferase domain) to

the orphan acyltransferase AGPAT6 (53). Recently studies
have shown that AGPAT6 encodes a second microsomal
GPAT (71, 72), now named GPAT4. GPAT4, when overex-
pressed in mammalian cells, confers an ?2-fold increase in
NEM-sensitive GPAT activity, while knock-down in cells or
knock-out in mice leads to 50–80% decrease in NEM-
sensitive GPAT activity (71, 72). Mass spectroscopy experi-
ments directly monitoring the formation of lysophosphatidic
acid and phosphatidic acid in mammalian cells incubated
with 13C-labeled oleic acid provided convincing evidence
that GPAT4 can indeed facilitate the incorporation of oleic
acid into lysophosphatidic acid and phosphatidic acid (72).
Upon overexpression, GPAT4 protein was localized in the
ER, as expected for a microsomal GPAT (72, 73).

Like GPAT3, GPAT4 is widely expressed and can be de-
tected at the mRNA level in most tissues examined (72–74).
Mouse GPAT4 is most highly expressed in brown adipose
tissue, white adipose tissue, and liver, but is also present at
high levels in the testis and in different parts of the brain
(73, 74). Human GPAT4 mRNA is ubiquitously expressed
(72). Tissues from GPAT4 knock-out mice have been used
to estimate the contribution of GPAT4 to total and NEM-
sensitive GPAT activity in white and brown adipose tissue
and liver of mice (71). Interestingly, while GPAT4 accounts
for ?50% of total GPAT activity in brown adipose tissue
and liver, GPAT4 knock-out mice had wild-type levels of
GPAT activity in white adipose tissue (71).

GPAT4 knock-out mice were generated as part of an ef-
fort to develop mutant embryonic stem cell lines using a
gene-trapping approach (73, 74). Knock-out mice are
viable and fertile, but are unable to nurse their pups. This
phenotype is due to a defect in lactation: mammary glands
of nursing GPAT4 knock-out females are underdeveloped
and contain fewer lipid droplets, and milk triglycerides are
decreased by .90%. Since GPAT4 is expressed in mam-
mary gland epithelium and upregulated during lactation,
the most likely explanation is that GPAT4 is required for
the synthesis of milk triglycerides (73). GPAT4 knock-out
mice also show a remarkable decrease in body weight,
starting at weaning, which is accompanied by a decrease
in body fat and the fat-derived hormone leptin (74). When
placed on a high-fat/high-carbohydrate diet or when
crossed to genetically obese ob/ob mice, GPAT4 knock-
out mice gained significantly less weight compared with
their littermate controls. Most strikingly, while significant
amounts of inguinal and gonadal fat remained in GPAT4
knock-out mice, subcutaneous adipose tissue was almost
completely absent. This suggests that GPAT4 knock-out
mice may be a model for selective subdermal lipodystrophy.
However, unlike other models of lipodystrophy, which are
characterized by hypertriglyceridemia and insulin resis-
tance, GPAT4 knock-out mice have normal or improved se-
rum triglyceride levels and little evidence of severe insulin
resistance. The decreased body weight gain of GPAT4
knock-out mice appears to be due to increased energy ex-
penditure, which may be an adaptive response to the lack
of an insulating layer of subcutaneous adipose tissue (74).
It is interesting that an almost complete absence of sub-
cutaneous adipose tissue is observed in GPAT4 knock-out
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mice, even though these mice have wild-type levels of GPAT
activities in another white adipose tissue depot, gonadal
adipose tissue (71). It will be important to determine the
expression of GPAT3 and GPAT 4 in different adipose tissue
depots and their contribution to total GPATactivity. Despite
the high expression of GPAT4 in brown adipose tissue and
liver, there is little evidence for dysfunction in these organs.
While the triglyceride content of brown adipose tissue is
decreased in knock-out mice, the thermogenic response
to cold is normal (74). Liver triglycerides are decreased
in GPAT4 knock-out mice in a wild-type background, but
are increased when these mice are crossed into the ob/ob
background, indicating substantial capacity for liver triglyc-
eride synthesis in absence of GPAT4 (74).

SEQUENCE, STRUCTURAL MOTIFS, AND
TOPOLOGY OF MAMMALIAN GPAT ISOFORMS

The bacterial GPAT protein encodes a ?83 kDa protein
(8). The two mitochondrial GPAT isoforms cloned to date
also encode ?90 kDa proteins, while the microsomal
GPAT isoforms are considerably smaller (?50 kDa for
GPAT3 and GPAT4). Residues defining the acyltransferase
active site are clearly recognizable in all mammalian GPAT
isoforms (2, 53, 68, 71, 73) and are located as a block ap-
proximately between amino acids 200 and 350 of different
GPAT isoforms (Fig. 2). Mutations in a number of these
residues have been shown to significantly decrease or abol-

ish activity for both mammalian GPAT1 (64, 75) and the
bacterial GPAT PlsB (7, 76, 77). Although GPAT1 and
GPAT2 are localized to mitochondria when overexpressed
(31, 68), neither protein contains a recognizable mito-
chondrial targeting sequence. The function of the C-
terminal extension of GPAT1 and GPAT2 is unclear. While
it could be related to mitochondrial targeting, the size of
this domain (350 amino acids) suggests additional func-
tions. For example, this domain may serve as a docking
site for proteins that functionally interact with or regulate
GPAT1 and GPAT 2. Rat adipose tissue GPAT1 has been
shown to be phosphorylated at two conserved sites within
the C-terminal domain, Ser 632 and Ser 639 (59), although
the functional consequences of this phosphorylation have
not yet been explored.

All GPAT activities examined to date are tightly asso-
ciated with membranes. Bacterial GPAT contains no overt
transmembrane domains but is inserted asymmetrically
into the lipid bilayer, most likely using several amphipathic
helixes (8). In contrast, all mammalian GPATs have been
predicted to have at least two transmembrane domains.
To date, topology has only been examined for GPAT1
(78, 79). The most recent model for GPAT1 topology,
based on a combination of protease protection, epitope
tagging, and substrate-accessibility studies, suggests two
transmembrane domains (Fig. 2) with the N and C terminus
as well as the active site facing the cytosol (79). Sequence
analysis of GPAT2 also predicts two transmembrane
domains; however, only one of these is shared by GPAT1

Fig. 2. A: Schematic depiction of mammalian GPAT isoforms. Amino acid numbers represent the human
isoforms. The conserved acyltransferase domain is shown in green. Predicted transmembrane domains are
shaded. B: Predicted membrane topology of different GPAT isoforms. The topology of GPAT 1 is supported
by experimental evidence (79). The topologies of GPAT2, GPAT3, and GPAT4 are unsupported by experi-
mental data and are based entirely on prediction. These predictions take into account the predicted loca-
tions of the transmembrane domains as well as data suggesting that the active site of microsomal GPATs faces
the cytosol (84). ER, endoplasmic reticulum; OMM, outer mitochondrial membrane.
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(68) (Fig. 2). GPAT3 and GPAT4 have been predicted to
contain two and three transmembrane domains, respec-
tively (53, 73). The first transmembrane domain is located
close to the N terminus andmay be cleaved signal sequence
in the case of GPAT4. The second (and in the case of
GPAT4, third) predicted transmembrane domain is located
?50–70 amino acids upstream of the conserved domain
(Fig. 2). The significance of the different locations of the
transmembrane domain among different GPAT isoforms
is unclear. Given the challenges in predicting membrane
domains for integral membrane proteins, it is important
to keep in mind, however, that these predictions need to
be confirmed experimentally.

ENZYMATIC ACTIVITY OF MAMMALIAN
GPAT ISOFORMS

An accurate determination of the inherent enzymatic
activity of mammalian GPAT isoforms is made difficult by
the instability of these proteins during purification and the
requirement for reconstitution in phospholipids, which in
itself can affect activity. Only one mammalian GPAT,
GPAT1, has been purified to homogeneity to date. Purified
rat liver GPAT1 has a specific activity of 50–150 nmol/
min/mg, with a Km for fatty acyl-CoA of 3–15 mM and
for glycerol of 0.5–1 mM (51). Similar to GPAT1 in mem-
branes, purified GPAT1 has a preference (?2-fold) for
saturated compared with unsaturated fatty acyl-CoA (51).
The purified protein has a specific activity that is consider-
ably (?35-fold) lower than what was found for purified
GPAT from E. coli (51). It is currently unclear whether this
difference reflects an inherently lower specific activity of
the mammalian enzyme or represents an artifact of the
purification process.

The specific activity of GPAT2, GPAT3, and GPAT4 to
date has only been assessed in recombinant overexpres-
sion systems using either crude lysates or total membrane
preparations, making it difficult to compare activities
across publications. The reported vector-subtracted in-
creases in GPAT activity upon overexpression are similar
to what has been reported for GPAT1, and range from
0.1 to ?1 nmol/min/mg protein for GPAT2 (49, 68, 69),
0.1 nmol/min/mg protein for GPAT3 (53), and 0.4 to
1.5 nmol/min/mg protein for GPAT4 (71, 72).

All GPAT isoforms characterized to date use long-chain
fatty acyl-CoA as substrates. While GPAT1 preferentially uti-
lizes saturated fatty acyl-CoA as substrates (2), GPAT2 (49),
GPAT3 (53), and GPAT4 (71, 72) appear to be able to uti-
lize saturated and unsaturated fatty acyl-CoA equally well.

WHY SO MANY GPATs?

An interesting question is why mammals have so many
different GPAT isoforms. One simple explanation is that
multiple genes encoding proteins with redundant func-
tions evolved to allow organisms to compensate in case
one gene product is functionally inactivated. However,

the phenotypes of GPAT1 and GPAT4 knock-out mice sug-
gest that at least these two isoforms have distinct functions.
A second possibility is that multiple genes are required to
allow for distinct regulation in different tissues. Since both
substrates and products of the GPAT reaction can have
potentially deleterious consequences in cells, a tight regu-
lation of GPAT activity coordinately with other factors
in the pathway is likely desirable. By providing distinct
domains for interacting proteins, and possibly different
membrane topologies, GPAT isoforms can be regulated dif-
ferentially between tissues.

A third explanation takes into account the differential
subcellular localization of different GPAT isoforms: it has
been suggested that GPAT1 is localized on the mitochon-
drial outer membrane to be able to channel fatty acyl-CoA
away from fatty acid oxidation and into triglyceride bio-
synthesis. In this scenario, modulation of GPAT1 activity
would allow regulated entry of fatty acids into the triglycer-
ide biosynthetic pathway, constituting a check-point analo-
gous to the regulation of fatty acid oxidation by modulation
of CPT-1 activity via malonyl-CoA. Consistent with this
hypothesis, a negative correlation between GPAT1 activity
and fatty acid oxidation is observed in vitro and in vivo
(see previous discussion). If this hypothesis is correct,
one might also expect that microsomal GPAT isoforms
will not show a similar negative correlation between activ-
ity and fatty acid oxidation. It will be interesting to see
the result of overexpression and knock-out experiments
of microsomal GPAT isoforms.

It is also possible that different GPAT isoforms channel
substrates into different pathways. Since lysophosphatidic
acid is a precursor for triglycerides and phospholipids, it
is possible that some GPAT isoforms function primarily in
triglyceride biosynthesis, while others are primarily respon-
sible for glycerophospholipid synthesis. Since the final
enzymes of triglyceride synthesis are expressed in the ER,
it might be expected that microsomal GPATs preferentially
generate triglycerides. However, data to date suggest that
there is no simple correlation between subcellular localiza-
tion and the pathway into which the products of the GPAT
reaction are channeled. The mitochondrial GPAT isoforms
appear to function primarily in triglyceride rather than
phospholipid biosynthesis. Overexpression of either
GPAT1 (80) or GPAT2 (68) increases triglyceride formation
and decreases the formation of most phospholipid species
in cells, and GPAT1 overexpression in vivo also increases tri-
glyceride formation (see previous discussion). Overexpres-
sion of microsomal GPAT3 shows a phenotype in cells
similar to GPAT1 overexpression: incorporation of oleate
into triglycerides is increased, while there is little change
in the incorporation into phospholipids (53). In contrast,
overexpression of microsomal GPAT4 does not increase tri-
glyceride formation but increases the formation of a subset
of phospholipids, in particular phosphatidylethanolamine
and phosphatidylinositol, while also altering the relative
abundance of certain phosphatidylcholine species (71, 72).
A simplistic interpretation of these results would suggest
that GPAT1, GPAT2, and GPAT3 function in triglyceride
synthesis, while GPAT4 functions in phospholipid synthesis.
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However, the phenotypes of GPAT4 knock-out mice are not
consistent with this notion. The severe decrease in triglycer-
ide content in adipose tissue, liver, skin, and milk, and the
mammary gland defect in GPAT4 knock-out mice suggest a
role for GPAT4 in triglcyceride biosynthesis, although one
cannot exclude the possibility that the observed pheno-
types are secondary to a defect in phospholipid synthesis.

Products downstream of GPAT, in particular phospha-
tidic acid and diacylglycerol, can also function as signaling
molecules. Overexpression of GPAT1 (63, 64, 71) or GPAT4
(72) in cells or in vivo have been shown to increase cellular
diacylglycerol, lysophosphatidic acid, and phosphatidic
acid levels. This increase has been suggested to result in
PKCe activation (63). GPAT3 has recently been shown to
activate signaling through the mTOR pathway when over-
expressed in cells, and it has been suggested that this is
mediated by increased levels of phosphatidic acid uponGPAT3
overexpression (81). Thus, certain GPAT isoforms may also
regulate signaling pathways under particular circumstances.

While four GPAT isoforms have been identified at the
molecular level so far, additional genes encoding proteins
with GPAT activity may exist. In particular, recent experi-
ments in GPAT1 knock-out mice suggest the existence of
a fifth GPAT isoform in heart which is NEM-resistant and
localized on mitochondria (34). It is interesting to note
that all genes for GPAT isoforms to date were identified
based on the presence of the conserved acyltransferase
motif (PF01553). Structurally distinct protein families have
been identified that also encode for lipid acyltransferases,
in particular the membrane-bound-O-acyltransferase
(MBOAT) family, which includes DGAT1 (82) and a re-
cently identified lysophospholipid acyltransferase (83). It
will be interesting to see whether additional GPAT encod-
ing genes emerge either from the PF01553 acyltransferase
family or the MBOAT family.

PERSPECTIVE

The simple picture of two GPAT isoforms, one mito-
chondrial and one microsomal, has recently been replaced
by the more complex scenario of at least four genes. With
the clones of four major GPAT isoforms in hand, we can
now begin to ask some important questions: for example,
what are the major GPAT isoforms in each tissue, how are
they regulated, and which proteins do they interact with?
What is the contribution of different GPAT isoforms to the
synthesis of glycerolipids in different tissues? Are different
GPAT isoforms functionally equivalent, or do they perform
different functions? Do GPAT isoforms contribute to human
disease, and could the modulation of a particular GPAT iso-
form be beneficial for treatment? Generation and charac-
terization of knock-out mice for individual GPAT isoforms
will be important to begin to develop an understanding of
the function of each isoform, and combination of knock-
outs may be required to fully assess the importance of GPAT
isoforms in different tissues. One important area of interest
will be the characterization of GPAT isoforms in humans.
All enzymatic studies to date have been performed in ro-

dent tissues, and only mRNA expression data is available
for human tissues. It will also be interesting to learn more
about the nutritional and hormonal regulation of these en-
zymes and to examine the structure of these proteins in
more detail. For example, we currently do not know whether
these enzymes form dimers, tetramers, or oligomers in cells;
what the critical domains or amino acid residues required
for activity are; and how these proteins interact with sub-
strates and channel products in the plane of membrane.
The recent cloning of three novel GPAT isoforms has
opened the door to start to address these questions.

We would like to thank F. Tremblay and D. Shan for critical
reading of this manuscript.
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