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PA? phosphatase (PAP?; 3-sn-phosphatidate phosphohydro-
lase, EC 3.1.3.4) catalyzes the Mg> " -dependent dephosphoryl-
ation of PA, yielding DAG and P; (Fig. 1) (1-3). In de novo lipid
synthesis, the DAG generated from the PAP reaction is utilized
for the synthesis of the phospholipids PE and PC via the
Kennedy pathway and for the synthesis of TAG (Fig. 1) (3). The
enzyme substrate PA is also used for phospholipid synthesis via
CDP-DAG (Fig. 1) (1-3). In lipid signaling, PAP generates a
pool of DAG used for protein kinase C activation, and by the
nature of its reaction, it attenuates the signaling functions of PA
(Fig. 1) (4-8). Thus, the regulation of PAP activity may govern
the pathways by which phospholipids are synthesized and con-
trol the cellular contents of important signaling lipids. Recent
genetic and biochemical studies in yeast and mammalian cells
have revealed key roles that PAP plays in lipid metabolism and
cell physiology.

PAP in Yeast and Mammalian Cells

The PAP reaction was first characterized in animal tissues in
1957 by Kennedy and co-workers (9). Subsequent studies dur-
ing the last half of the 20th century implicated PAP as an impor-
tant enzyme in lipid metabolism (1, 2, 10). However, studies to
establish the roles of PAP in lipid metabolism and cell physiol-
ogy had been hampered by the lack of genetic and molecular
information on the enzyme. In fact, a gene encoding PAP was
discovered only recently in 2006 from the yeast Saccharomyces
cerevisiae (11). The yeast gene (PAHI; known previously as
SMP2) was identified through a reverse genetic approach from
amino acid sequence information derived from a purified prep-
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2 The abbreviations used are: PA, phosphatidic acid; PAP, PA phosphatase;
DAG, diacylglycerol; PE, phosphatidylethanolamine; PC, phosphatidylcho-
line; TAG, triacylglycerol; HAD, haloacid dehalogenase; Pl, phosphatidyl-
inositol; ER, endoplasmic reticulum; UAS o, inositol-responsive upstream
activating sequence; CL, cardiolipin.

3 The acronym PAP (also known as PAP1) is used to designate PA phospha-
tase, the enzyme that is specific for PA and that requires Mg?* for activ-
ity (3). PAP is distinct from lipid phosphate phosphatase (previously
known as PAP2), the enzyme that dephosphorylates PA and other lipid
phosphates (e.g., lyso-PA, DAG pyrophosphate, sphingoid base phos-
phates, and isoprenoid phosphates) by a catalytic mechanism that does
not require Mg?* (3). The molecular and biochemical differences
between PAP and lipid phosphate phosphatase enzymes are discussed
elsewhere (3).
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aration of the enzyme (11). The heterologous expression of
PAH1 in Escherichia coli has confirmed that its protein product
is a PAP enzyme with enzymological properties essentially
identical to those of enzymes purified from yeast (11-14). The
yeast PAHI-encoded PAP is a 95-kDa monomeric protein that
migrates upon SDS-PAGE as a 124-kDa protein (11). Smaller
molecular mass forms (e.g. 91 kDa) of PAP purified from yeast
(12) appear to be proteolytic products of the enzyme (11).
PAH]I-encoded PAP is associated with the cytosolic and mem-
brane fractions of the cell, and its association with membranes
is peripheral in nature (11, 12). The enzyme is specific for PA
and catalyzes its dephosphorylation reaction based on a
DXDX(T/V) motif within a HAD-like domain (Fig. 2) (11, 12, 15).

The identification of the yeast PAP-encoding gene has led to
the revelation that mammalian lipins (encoded by Lpini, Lpin2,
and Lpin3), which have homology to yeast PAHI-encoded PAP
at the N terminus (referred to as the NLIP domain) and within
its HAD-like domain (Fig. 2) (16), are also PAP enzymes (11,
17). Lpinl was first identified by Reue and co-workers (16)
through positional cloning as the mutated gene in the fatty liver
dystrophy (fld) mouse. In addition, Reue and co-workers (16,
18) had previously established that lipin 1 is a major fat-regu-
lating protein in mice. Loss of lipin 1 prevents normal adipose
tissue development, leading to lipodystrophy and insulin resist-
ance, whereas its overexpression leads to obesity (16, 18). Thus,
the molecular function of lipin 1 as a PAP enzyme provides a
mechanistic basis for why the absence or overexpression of
lipin 1 in mice has a major effect on fat metabolism (11, 16, 18).
The three lipins exhibit distinct but overlapping expression
patterns in many tissues (17). That mammalian lipins 1 and 2
complement the phenotypes (see below) exhibited by yeast
pahlA mutant cells (19) indicates the evolutionarily conserved
functions of PAP.

Roles of PAP in Lipid Metabolism

Insights into the roles that PAP plays in lipid metabolism
and cell physiology have been gained through studies using
mutants defective in the enzyme (11, 15, 20, 21). The yeast
pahlA mutant contains elevated levels of PA and decreased
levels of DAG and TAG (11, 15). In addition, the contents of
the major phospholipids PC, PE, and PI, sterol esters, and
fatty acids are affected by the paklA mutation (11, 15), dem-
onstrating that PAP plays a role in the regulation of overall
lipid synthesis. The effects of the pahIA mutation on phos-
pholipid composition are most pronounced in exponential
phase, whereas the effects on the contents of TAG and other
neutral lipids are most pronounced in stationary phase (11,
15). In fact, the loss of PAP activity in stationary phase cells
results in a >90% decrease in TAG content (11). This phe-
notype is reminiscent of the lipodystrophy phenotype
observed in the fld mouse that lacks LpinI-encoded PAP
activity (16, 17, 22).

The pahlA mutation causes the aberrant expansion of the
nuclear/ER membrane and the derepression of phospholipid
synthesis genes that contain a UAS, in the promoters (11, 15,
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FIGURE 1. Roles of PAP in lipid synthesis and signaling in yeast. The reaction catalyzed by PAH1-encoded
PAP (highlighted in yellow) is shown. Regulation of PAP activity plays a role in governing whether cells synthe-
size membrane phospholipids via CDP-DAG or DAG. The reaction product DAG is also used for the synthesis of
the storage lipid TAG. The substrate PA signals growth of the nuclear/ER membrane and the transcriptional
regulation of UAS,o-containing phospholipid synthesis genes. The signaling roles of PAP are counteracted by
the activity of DGKT1-encoded DAG kinase (DGK). In mammalian cells, phosphatidylserine (PS), PE, and PC are
derived from DAG, and DAG kinase uses ATP instead of CTP as the phosphate donor in its reaction (54, 55). PG,

~OH

DAG

to a decreased level of DAG. This
hypothesis is supported by the
recent identification of the DGK1I
gene encoding a novel CTP-
dependent DAG kinase whose
function counteracts the PAHI-
encoded PAP activity (Fig. 1) (24,

25). Overexpression of DGKI

TAG causes the accumulation of PA and
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membrane as shown in the pahlA

Kennedy Pathway mutant (24). The introduction of

the dgklIA mutation into the
pahlA mutant causes a decrease in
PA content without affecting DAG
content and restores normal nucle-
ar/ER  membrane structure and
expression of UAS-containing
phospholipid synthesis genes (24).
The phenotypes associated with
the pahlA mutation, which also
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FIGURE 2. Domain structures and phosphorylation sites of the yeast and mouse PAP enzymes. The dia-
gram shows the positions of the NLIP (blue) and HAD-like (yellow) domains in yeast PAP and mouse lipin 1.
These domains are conserved in lipins 1¢, 2, and 3 (not shown) (16). The conserved glycine residue within the
NLIP domain and the conserved aspartate residues in the catalytic sequence DIDGT within the HAD-like
domain are essential for PAP activity (15, 30, 53). The positions of the phosphorylation sites identified in the
yeast (21) and mouse (53) enzymes are indicated. The sites shown on the upper portion of the yeast PAP

diagram are targets for Cdk1 phosphorylation (21).

20). The derepression of phospholipid synthesis genes is a con-
sequence of elevated PA content at the nuclear/ER membrane
(23). Along with the Scs2 protein, PA binds Opil at the nucle-
ar/ER membrane and prevents its translocation into the
nucleus, where it functions to repress transcription of phospho-
lipid synthesis genes (23).

The membrane expansion phenotype correlates with the
increased expression of phospholipid synthesis genes (20).
However, data indicate that an increase in phospholipid syn-
thesis alone is not sufficient for nuclear/ER membrane
expansion (21), suggesting a specific role of PAP activity in
the maintenance of nuclear/ER membrane structure. The
effect of the pahlA mutation on membrane structure
appears to be related to an increased level of PA as opposed
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As indicated above, loss of PAP

J

58 (i.e. lipin 1) activity in the fId mouse
[717)) causes loss of body fat (16). In addi-

tion, mice lacking lipin 1 exhibit
peripheral neuropathy that is char-
acterized by myelin degradation,
Schwann cell dedifferentiation and
proliferation, and a reduction in
nerve conduction velocity (22, 27,
28). These effects are mediated through the MEK (mitogen-
activated protein kinase/extracellular signal-regulated kinase
kinase)-ERK (extracellular signal-regulated kinase) pathway
that is activated by elevated levels of PA due to the loss of PAP
activity (22). Moreover, the level and compartmentalization of
lipin 1 exert a major impact on the assembly and secretion of
hepatic very low density lipoprotein (29). Lipin 1 appears to
have dual cellular roles, serving as a PAP enzyme required for
the synthesis of lipids and as a transcriptional co-activator in
the regulation of lipid metabolism gene expression (30-32).

Regulation of PAP Expression

Expression of the mammalian Lpin-encoded PAP enzymes is
regulated at the level of transcription (19, 31, 33—37). For exam-
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ple, Lpinl expression is induced during adipocyte differentia-
tion (19, 31) and in cells that undergo ER proliferation (38, 39).
The induction of Lpinl during adipogenesis is stimulated by
glucocorticoids, and this regulation is mediated by a glucocor-
ticoid-response element within the promoter (36, 37). Interest-
ingly, Lpin2 expression is repressed during adipogenesis, indi-
cating that lipins 1 and 2 have distinct and non-redundant
functions in adipocytes (19). In addition, alternative splicing of
Lpinl mRNA gives rise to two lipin 1 isoforms (o and 3) that are
postulated to play distinct functions in adipogenesis (31). Com-
pared with mammalian PAP, relatively little is known about the
transcriptional regulation of the yeast enzyme. Reporter gene
analysis indicates that PAHI expression is elevated in the sta-
tionary phase of growth,* which shows a correlation with
increased levels of TAG in stationary phase and with the
increased Opil-mediated repression of phospholipid synthesis
genes (40).

Biochemical Regulation of PAP

An understanding of the enzymological properties and bio-
chemical regulation of PAP activity has been facilitated by the
purification of the PAHI-encoded enzyme from S. cerevisiae
(11, 12). Maximum activity is dependent on Mg>* and the non-
ionic detergent Triton X-100 at pH 7.0-7.5 (11, 12). The func-
tion of Triton X-100 is to form a mixed micelle with the lipid
substrate PA, providing a membrane mimic for catalysis (12, 13,
41). The Triton X-100 micelle serves as a catalytically inert
matrix in which PA is dispersed, preventing a high local con-
centration of substrate at the active site (13). PAP activity is
dependent on the molar (e.g number of micelles containing
substrate) and surface (e.g. number of substrate molecules on
the micelle surface) concentrations of PA (13). This kinetic
property is indicative of surface dilution kinetics where PAP
binds to the mixed micelle surface before binding to its sub-
strate and catalysis occurs (41). PAP physically associates with
Triton X-100 micelles in the absence of PA; however, the
enzyme more tightly associates with micelles when its substrate
is present (13). This property is relevant in vivo because the en-
zyme is associated with both the cytosolic and membrane frac-
tions of the cell (11). PAP presumably associates with the PA at
the nuclear/ER membrane used for the synthesis of phospho-
lipids and TAG. The dependence of PAP activity on PA surface
concentration is cooperative (11, 14), indicating a regulatory
role for the enzyme.

The expression of the mammalian Lpin genes in HEK293
cells has revealed that lipins 1 (a- and B-forms), 2, and 3 are
PAP enzymes that are specific for PA and require Mg>" for
activity (17). Like the yeast enzyme, the mammalian PAP activ-
ities exhibit cooperative kinetics with respect to the surface
concentration of PA (17). Defined studies on the kinetic and
biochemical properties of the mammalian PAP enzymes await
their purification.

Regulation by Lipids—The yeast PAHI-encoded PAP activity
is enhanced by the phospholipids CDP-DAG, PI, and CL (42),
whereas the activity is inhibited by the sphingoid bases sphin-
gosine, phytosphingosine, and sphinganine (14). These sphin-

4F. Pascual and G. M. Carman, unpublished data.
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goid bases are parabolic competitive inhibitors of PAP activity,
indicating that more than one inhibitor molecule contributes to
the exclusion of PA from the enzyme. CDP-DG, PI, and CL are
mixed competitive activators of PAP activity (42). The major
effect of the activatorsis to decrease the K|, for PA. Sphinganine
antagonizes the activation of PAP activity by CL and PI,
whereas it causes an increase in the cooperativity of CL activa-
tion (42). Conversely, sphinganine has little effect on the coop-
erativity of Pl activation, but causes an increase in the activation
constant for PI (42). Based on the activation/inhibitor constants
and cellular concentrations for these lipid effector molecules,
their regulatory roles in PAP activity should be physiologically
relevant (14, 42). As indicated in Fig. 1, PA is partitioned
between CDP-DAG and DAG, and this CDP-DAG is used for
the synthesis of PI and CL. Activation of PAP activity by these
phospholipids would divert PA toward DAG for PE and PC
synthesis via the Kennedy pathway or for the synthesis of TAG.
At the same time, activation of PAP lowers PA content and
causes the repression of UAS -containing genes that princi-
pally encode enzymes for phospholipid synthesis via CDP-DAG
(23). Sphingoid bases are both precursors and turnover prod-
ucts of sphingolipid metabolism in yeast (43). A relationship
between the DAG-derived synthesis of PE and sphingolipid
synthesis exists through sphingoid base metabolism (40). In
addition, DAG is a product of the inositol phosphoceramide
synthase enzyme that is responsible for the synthesis of a major
yeast sphingolipid inositol phosphoceramide (43). The inhibi-
tion of PAP activity by sphingoid bases would cause an increase
in PA content, which should stimulate phospholipid synthesis
by mechanisms discussed above and thus provide a mechanism
for the coordinate regulation of the synthesis of phospholipids
and sphingolipids.

Regulation by Nucleotides—The nucleotides ATP and CTP,
which are precursors for the synthesis of phospholipids (40),
are inhibitors of PAHI-encoded PAP activity (44). Kinetic anal-
yses have revealed that the mechanism of inhibition by ATP
and CTP is complex, affecting both the V, . and K|, for PA. In
addition, kinetic analysis has shown that ATP and CTP are
competitive inhibitors with respect to Mg>", suggesting that
they inhibit PAP activity by a mechanism involving the chela-
tion of the cofactor (44). It is known that cellular ATP levels
correlate with the proportional synthesis of phospholipids and
TAG (44). High levels of ATP favor elevated PA content and
phospholipid synthesis, whereas low levels of ATP favor
reduced PA content and an increase in the synthesis of TAG
(44). Elevated CTP content favors an increase in PA content
and derepression of UAS,;-containing phospholipid synthe-
sis genes (45). The regulations of PAP activity by ATP and by
CTP are consistent with the regulation of lipid synthesis
observed in cells that have fluctuations in ATP and CTP
(44, 45).

Regulation by Phosphorylation—PAHI-encoded PAP has
been identified as a phosphoprotein by a large-scale analysis of
the yeast proteome (46, 47). Proteome-wide in vitro phospho-
rylation analyses have shown that PAP is a target for multiple
protein kinases, including cyclin-dependent kinase Cdk1 (48),
Pho85 (49, 50), and Dbf2-Mob1 (51). In synchronized cells,
PAP is phosphorylated by Cdkl in a cell cycle-dependent man-
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ner (20). Mass spectrometry analysis of PAP has identified mul-
tiple (i.e. 16) sites of phosphorylation (Fig. 2) (21). Of these,
seven sites located within the minimal Ser/Thr-Pro motif are
targets for Cdk1 phosphorylation (21). Several lines of evidence
indicate that the Cdkl phosphorylation has an inhibitory effect
on enzyme activity. First, a purified phosphorylation-deficient
(Ser/Thr — Ala) septuple mutant enzyme exhibits elevated
PAP activity (21). Second, the overexpression of the mutant
enzyme causes inositol auxotrophy by exacerbating the Opil-
mediated repression of the UAS;;-containing INO1 gene (21).
Third, mutant cells lacking the Nem1-Spo7 phosphatase com-
plex that is responsible for dephosphorylation of PAP exhibit
the phenotypes characteristic of the pahIA mutant (e.g. dere-
pression of phospholipid synthesis genes and aberrant nucle-
ar/ER membrane expansion) (20). In addition to enzyme activ-
ity, the localization of PAP is affected by the Cdkl
phosphorylation. Subcellular fractionation analysis shows that
the phosphorylation-deficient mutant enzyme is enriched in
the membrane fraction.”

Mammalian lipins 1 and 2 are also phosphoproteins (19, 52,
53), indicating that the phosphorylation of PAP is evolutionar-
ily conserved. Before lipin 1 was known to have PAP activity
(11), it had been identified in rat adipocytes as a major protein
phosphorylated in response to insulin (52). Phosphorylation of
lipin 1, which is dependent on the mTOR signaling pathway
(52), occurs at multiple (i.e. 19) sites (Fig. 2) (53). The phospho-
rylation of lipin 1 in 3T3-L1 adipocytes has no effect on its PAP
activity, but affects its subcellular localization between the
cytosolic and membrane fractions of the cell (53). Phosphoryl-
ation favors a cytosolic association (53), a location that is spa-
tially distinct from its membrane-associated substrate PA. In
HelLa cells, phosphorylation regulates the PAP activity of lipins
1 and 2. Like yeast PAP, lipin 1 and 2 proteins are phosphoryl-
ated during the mitotic phase of cell growth at sites containing
a Cdkl phosphorylation motif, and their PAP activities are
inhibited by the mitotic phosphorylation (19). As shown for
lipin 1 in adipocytes, the phosphorylated forms of lipins 1 and 2
in HeLa cells are enriched in the cytosolic fraction, whereas the
dephosphorylated forms are enriched in the membrane frac-
tion (19). Overall, these findings indicate that phosphorylation
has negative regulatory effects on PAP by inhibiting activity and
preventing substrate accessibility.

Perspectives

The identification and characterization of the yeast PAH1
gene and its protein product have established the role of PAP in
the synthesis of phospholipids and TAG (11, 12). In addition,
PAP activity in yeast plays a major role in controlling cellular
PA content, which in turn signals the transcriptional regulation
of phospholipid synthesis genes and growth of the nuclear/ER
membrane (15, 20, 21, 23). The importance of understanding
PAP regulation is underscored by the role this enzyme plays in
obesity, lipodystrophy, and peripheral neuropathy in animals.
As indicated in this review, studies with yeast PAP have led to
an understanding of the basic biochemical properties of the
enzyme and how its activity is modulated by membrane- and

5 J. M. Morgan and G. M. Carman, unpublished data.
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cytosol-associated effector molecules. Clearly, a key point of
PAP regulation is through phosphorylation, which is likely to be
mediated by multiple protein kinases known to control various
aspects of cell physiology.

The functions of the NLIP and HAD-like domains in yeast
and mammalian PAP enzymes are not fully understood. A gly-
cine-to-arginine mutation of the conserved glycine within the
NLIP domain has shown that this residue is required for PAP
activity (15, 53). In the primary structure of PAP, the NLIP
domain is distant from the HAD-like domain that contains the
essential catalytic sequence DIDGT (Fig. 2) (15, 30). The con-
served glycine residue in the NLIP domain may participate in
catalysis if it were in close proximity to the catalytic sequence of
the folded protein. Alternatively, the mutation to arginine may
simply change protein structure, thereby affecting enzyme
activity. These questions can be addressed when the structure
of PAP becomes available. In this regard, structural information
of the PAP enzymes from yeast and mammalian cells will also
permit defined studies into the mechanism of enzyme action
and membrane interaction and perhaps lead to the identifica-
tion of specific enzyme inhibitors and activators that may have
pharmaceutical uses in controlling lipid metabolism.
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