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The Saccharomyces cerevisiae PAHI-encoded Mg>* -depend-
ent phosphatidate phosphatase (PAP1, 3-su-phosphatidate
phosphohydrolase, EC 3.1.3.4) catalyzes the dephosphorylation
of phosphatidate to yield diacylglycerol and P,. This enzyme
plays a major role in the synthesis of triacylglycerols and phos-
pholipids in S. cerevisiae. PAP1 contains the DXDX(T/V) cata-
lytic motif (DIDGT at residues 398 —402) that is shared by the
mammalian fat-regulating protein lipin 1 and the superfamily of
haloacid dehalogenase-like proteins. The yeast enzyme also
contains a conserved glycine residue (Gly®°) that is essential for
the fat-regulating function of lipin 1 in a mouse model. In this
study, we examined the roles of the putative catalytic motif and
the conserved glycine for PAP1 activity by a mutational analysis.
The PAP1 activities of the D398E and D400E mutant enzymes
were reduced by >99.9%, and the activity of the GS8OR mutant
enzyme was reduced by 98%. The mutant PAH]I alleles whose
products lacked PAP1 activity were nonfunctional in vivo and
failed to complement the pa/lA mutant phenotypes of temper-
ature sensitivity, respiratory deficiency, nuclear/endoplasmic
reticulum membrane expansion, derepression of INO1 expres-
sion, and alterations in lipid composition. These results demon-
strated that the PAP1 activity of the PAHI gene product is
essential for its roles in lipid metabolism and cell physiology.

The PAHI gene (previously known as SMP2) in the yeast
Saccharomyces cerevisiae encodes Mg " -dependent PA? phos-
phatase (PAP1, 3-su-phosphatidate phosphohydrolase, EC
3.1.3.4) (1). PAP1 catalyzes the dephosphorylation of PA yield-
ing DAG and P, (2). This enzyme generates the DAG used for
the synthesis of TAG (1) and may generate the DAG used for
the synthesis of PE and PC via the Kennedy pathway (Fig. 1) (3).
PAH]I-encoded PAP1 also controls the cellular concentration
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of its substrate PA (1), which is the precursor for phospholipids
that are synthesized via the CDP-DAG pathway (Fig. 1) (4, 5).

The activity of the PAHI-encoded PAP1 enzyme is regulated
by lipids (6, 7) and nucleotides (8) and by the covalent modifi-
cation of phosphorylation (9, 10). PAP1 activity is enhanced by
CDP-DAG, PJ, and cardiolipin (6), whereas activity is inhibited
by the sphingoid bases phytosphingosine and sphinganine (7),
and by the nucleotides ATP and CTP (8). Pah1p? is phospho-
rylated by cyclin-dependent Cdc28p kinase and dephosphoryl-
ated by the Nem1p-Spo7p phosphatase complex (9). A phos-
phorylation-deficient Pahlp mutant exhibits elevated PAP1
activity (10) indicating that phosphorylation inhibits PAP1
activity. The regulation of PAP1 activity by these factors is
thought to be part of a complex mechanism by which cells coor-
dinate the synthesis of phospholipids via the CDP-DAG and
Kennedy pathways and the synthesis of TAG (3, 4).

PAH]1 is a gene whose mutation results in increased plasmid
maintenance and causes slow growth, temperature sensitivity,
and respiratory deficiency (11). Pahlp is the yeast homolog of
the mammalian fat-regulating protein lipin 1 (12) and a key
regulator of phospholipid biosynthetic gene transcription and
nuclear/ER membrane growth (9). Indeed, pahIA mutants
exhibit derepressed levels of INOI (encoding inositol-3-phos-
phate synthase) and OPI3 (encoding phospholipid methyl-
transferase) (Fig. 1) and massive expansion of the nuclear/ER
membrane (9). These observations indicate that Pahlp plays a
role as a transcriptional repressor of membrane phospholipid
synthesis (9). Moreover, its mammalian counterpart lipin 1
exhibits PAP1 activity (1, 13) and is also characterized as a tran-
scriptional regulator of lipid metabolism (14). Thus, yeast
Pahlp and mammalian lipin 1 function as enzymes and tran-
scriptional regulators.

Pahlp has a DXDX(T/V) (DIDGT at residues 398 —402) cat-
alytic motif within a haloacid dehalogenase-like domain (Fig. 2)
(1). This motifis found in mammalian lipin 1 and the superfam-
ily of Mg**-dependent phosphatase enzymes (15, 16). In this
study, we carried out a mutational analysis of the DXDX(T/V)
catalytic motif in Pahlp and demonstrated that the conserved
aspartate residues in the motif were required for the catalytic
function of the protein. We also demonstrated that the con-
served glycine (residue 80) within the NLIP domain of Pahlp
(Fig. 2) that is essential for the fat-regulating function of lipin 1
in a mouse model (12) was required for the PAP1 activity of the
protein. Furthermore, we used catalytic site mutants to demon-

3 Pah1p designates the protein product of the PAHT gene.
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strate that phenotypes (e.g. derepression of INOI gene expres-
sion) associated with the pahIA mutation were specifically
because of the loss of PAP1 activity.

EXPERIMENTAL PROCEDURES

Materials—Growth medium components were purchased
from Difco. Restriction endonucleases, modifying enzymes,
and Vent DNA polymerase were purchased from New England
Biolabs. Plasmid isolation and gel extraction kits and Ni**-ni-
trilotriacetic acid-agarose resin were purchased from Qiagen.
Oligonucleotides were prepared by Genosys Biotechnologies,
Inc. Invitrogen was the source of the DNA size standards.
Radiochemicals were purchased from PerkinElmer Life Sci-
ences. Nucleotides, isopropyl B-p-thiogalactoside, phenyl-
methylsulfonyl fluoride, benzamidine, aprotinin, leupeptin,
pepstatin, and Triton X-100 were purchased from Sigma. Pro-
tein assay reagents, electrophoretic reagents, and protein size
standards were purchased from Bio-Rad. Mouse monoclonal
anti-HA (12CA5) antibodies were from Roche Applied Science.
Goat anti-mouse IgG antibodies conjugated with alkaline phos-
phatase were purchased from Pierce. Polyvinylidene difluoride
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FIGURE 1. The role of PAH1-encoded PAP1 in lipid synthesis. The product
of the PAH1-encoded PAP1 reaction DAG is used for the synthesis of TAG and
for the synthesis of PE and PC via the Kennedy pathway. The enzyme sub-
strate PA is used for the synthesis of all phospholipids and Pl-derived sphin-
golipids via the intermediate CDP-DAG via the CDP-DAG pathway. The
UAS o-containing genes that are subject to inositol-mediated regulation are
indicated in dark gray. Abbreviations used are as follows: PS, phosphatidyl-
serine; PIPs, phosphatidylinositol phosphates; PGP, phosphatidylglycerophos-
phate; PG, phosphatidylglycerol; CL, cardiolipin; Glc-6-P, glucose 6-phosphate;
Ins-3-P, inositol 3-phosphate; Ins, inositol; Etn, ethanolamine; P-Etn, phosphoeth-
anolamine; CDP-Etn, CDP-ethanolamine; Cho, choline; P-Cho, phosphocholine;
CDP-Cho, CDP-choline.

TABLE 1
Strains used in this work

Yeast Phosphatidate Phosphatase

membranes and the enhanced chemifluorescence Western
blotting reagent were purchased from GE Healthcare. Scintil-
lation counting supplies were purchased from National Diag-
nostics. Lipids were purchased from Avanti Polar Lipids.

Strains and Growth Conditions—The bacterial and yeast
strains used in this work are listed in Table 1. Yeast cells were
grown at 30 °C in YEPD medium (1% yeast extract, 2% peptone,
2% glucose), synthetic complete (SC) medium, or complete syn-
thetic medium (17, 18). Complete synthetic medium, which
does not contain inositol (18), was used to examine the inositol-
mediated expression of the P,\,,-lacZ reporter gene. Yeast
transformation was performed according to the lithium acetate
procedure (19). Plasmid-bearing yeast cells were selected in
synthetic medium lacking appropriate amino acids. Tempera-
ture sensitivity of yeast cells was determined by the lack of
growth at 37 °C. Glycerol was used as a nonfermentable carbon
source at a final concentration of 2% in SC medium. Escherichia
coli cells were grown at 37 °C in LB medium (1% tryptone, 0.5%
yeast extract, 1% NaCl, pH 7.4). E. coli transformation was per-
formed by the method of Hanahan (20). Plasmid-bearing E. coli
cells were selected in growth medium containing ampicillin
(100 pg/ml). E. coli strains DH5« and BL21(DE3)pLysS were
used for plasmid maintenance and protein expression, respec-
tively. Solid growth media for yeast and E. coli cells contained
agar at a final concentration of 2 and 1.5%, respectively. Cell
density in liquid culture was determined by measuring absorb-
ance at 600 nm.

DNA Manipulations, PCR, and Site-directed Mutagenesis—
Standard methods were used for isolation and manipulation
of DNA (21). PCRs were optimized as described by Innis and
Gelfand (22). Site-specific mutations in plasmids were gen-
erated using the QuikChange site-directed mutagenesis kit
(Stratagene).

Plasmid Constructions—The plasmids used in this work are
listed in Table 2. Plasmid pGH316 was constructed by subclon-
ing of the 2.0-kb (Xbal/Bglll) and 1.8-kb (BglIl/HindIII)
PAHI"™ DNA fragments, which had been released from
pGH312 (1), into pRS415 at the sites of Xbal and HindIII. Plas-
mid pGH323 was derived from pJH359 (23) by replacing UURA3
of the P,yo;-lacZ reporter plasmid with TRPI. For this con-
struction, pJH359 was digested with Sall and Stul to remove the
URA3 sequence. The 1-kb TRPI DNA was amplified from
pRS314 by PCR (forward primer, 5'-CCTGAGAGTGCAC-
CATAAAC-3’; reverse primer with a Sall site (underlined),
5'-TTAGTCGACACCGCAGGCAAGTG-3'). The TRP1 PCR
products were digested with Sall, followed by ligation with the
Sall/Stul-digested plasmid to produce pGH323. The yeast and
Escherichia coli expression plasmids containing the mutant
PAH1" alleles were produced by PCR-mediated site-directed

Strain Relevant characteristics Source or Ref.
E. coli
DH5«a F~ ¢80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAl hsdR17(r,~ m, ") phoA supE44 1 thi-1 gyrA96 relAl 21
BL21(DE3)pLysS F~ ompT hsdS® (r® " my ") gal dem (DE3) pLysS Novagen
S. cerevisiae
W303-1A MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 67
GHY57 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 pahlA:URA3 1
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TABLE 2
Plasmids used in this work
Plasmid Relevant characteristics Source or Ref.

pRS415 Single copy E. coli/yeast shuttle vector with LEL2 68
pGH316 HA-tagged PAHI gene inserted into the Xbal/HindIII sites of pRS415 This study
YEp351 Multicopy E. coli/yeast shuttle vector with LEU2 69
pGH312 HA-tagged PAHI gene inserted into the Xbal/Sphl sites of YEp351 1
pGH312-D398E pGH312 containing the D398E mutation in the PAHI coding sequence This study
pGH312-D400E pGH312 containing the D400E mutation in the PAHI coding sequence This study
pGH312-G80R pGH312 containing the G80R mutation in the PAHI coding sequence This study
pET-15b(+) E. coli expression vector with N-terminal His, tag fusion Novagen
pGH313 PAHI coding sequence inserted into the Ndel/Xhol sites of pET-15b(+) 1

pGH313-D398E
pGH313-D400E
pGH313-GSOR

pGH313 containing the D398E mutation in the PAHI coding sequence
pGH313 containing the D400E mutation in the PAHI coding sequence
pGH313 containing the G80R mutation in the PAHI coding sequence

This study
This study
This study

pJH359 P, nos-lacZ reporter with URA3 23

pGH323 P,nos-lacZ reporter with TRP1 This study
YCplac22-SEC63-GFP SEC63-GFP fusion gene inserted into the SacI/HindIII sites of YCplac22 This study
pRS313-RFP-PUSI RFP-PUSI fusion gene inserted into the Sacl/Sall sites of pRS313 This study

mutagenesis of pGH312 (1) and pGH313 (1), respectively. The
codon changes GAT—GAA and GGA—AGA were used for
the D398E and D400E, and G80R mutations, respectively. The
nucleotide change in the PAHI'* alleles was confirmed by
DNA sequencing. Plasmid YCplac22-SEC63-GFP was con-
structed by subcloning the SEC63-GEP insert, which was
released from the YCplac111-SEC63-GFP (10), into YCplac22
at the sites of Sacl and HindIII. Plasmid pRS313-REFP-PUSI was
constructed by subcloning the RFP-PUSI insert, which was
released from the YCplac33-RFP-PUSI1(10), into pRS313 at the
sites of Sacl and Sall.

Preparation of Cell Extracts and Immunoprecipitation—All
steps were performed at 4 °C. Yeast cells were harvested at
1,500 X g for 5 min, washed with water, and resuspended in 50
mM Tris-HCI (pH 7.5) buffer containing 0.3 M sucrose, 10 mm
2-mercaptoethanol, 0.5 mm phenylmethanesulfonyl fluoride, 1
mM benzamidine, 5 ug/ml aprotinin, 5 ug/ml leupeptin, and 5
png/ml pepstatin. The cells were disrupted with glass beads (0.5
mm diameter) using a Biospec Products Mini-BeadBeater-8 as
described previously (24), and cell extracts were separated from
unbroken cells and glass beads by centrifugation at 1,500 X g for
10 min. Protein concentration of cell extracts was estimated by
the method of Bradford (25) using bovine serum albumin as the
standard. For immunoprecipitation of Pahl1p™#, cell extracts
(100 g of protein) were incubated with gentle rotation for 2 h
at 4°C with 1 pg of mouse monoclonal anti-HA antibodies
(12CA5)in 500 ul of 50 mm Tris-HCl buffer (pH 7.5) containing
150 mm NaCl, 1% Triton X-100, 0.5 mm PMSF, 1 mM benzami-
dine, 5 ug/ml aprotinin, 5 ug/ml leupeptin, and 5 ug/ml pep-
statin. The reaction mixture was incubated for 1 h with 100 ul
of protein A-Sepharose beads (10% slurry), followed by centrif-
ugation at 2,500 X g for 1 min at 4 °C. The immunoprecipitates
were used for immunoblot analysis or the measurement of
PAP1 activity.

SDS-PAGE and Immunoblot Analysis—Proteins were sepa-
rated by SDS-PAGE (26) using a 7% slab gel. For immunoblot
analysis (27), proteins in the gel were transferred to a polyvi-
nylidene difluoride membrane. The membrane was probed first
with mouse monoclonal anti-HA antibodies (12CA5) at a dilu-
tion of 1:1000, and then with goat anti-mouse IgG-alkaline
phosphatase conjugates at a dilution of 1:5000. After develop-
ment of the membrane using enhanced chemifluorescence

37028 JOURNAL OF BIOLOGICAL CHEMISTRY

detection reagents, fluorescent signals were detected with a
FluorImager. The immunoblot signals were in the linear range
of detection.

Preparation of 3’P-Labeled PA—[**P]PA was synthesized
from DAG and [y-*?P]JATP using E. coli DAG kinase as
described by Carman and Lin (28).

Expression and Purification of Hisg-tagged PAP1 Enzymes—
The His-tagged wild type, D398E, D400E, and G80R mutant
PAH]I-encoded PAP1 enzymes were expressed and purified
from E. coli as described by Han et al. (1).

Enzyme Assays—PA phosphatase activity was measured for
20 min at 30 °C in a total reaction volume of 0.1 ml by following
the release of water-soluble *?P; from chloroform-soluble
[*>P]PA (28). For measurement of PAPI activity, the reaction
mixture contained 50 mm Tris-HCI buffer (pH 7.5), 0.2 mm
[*2P]PA (10,000-100,000 cpm/nmol), 2 mm Triton X-100, 1
mM MgCl,, 10 mMm 2-mercaptoethanol, and enzyme protein.
For the measurement of Mg®"-independent PA phosphatase
(PAP2) activity, the same reaction mixture was used except for
the substitution of 1 mm EDTA for 1 mm MgCl,. Because PAP2
enzymes are active in the presence of 1 mm MgCl,, the PAP1
activity in cell extracts was calculated by subtracting the PA
phosphatase activity measured in the absence of MgCl,. A unit
of PA phosphatase activity was defined as the amount of
enzyme that catalyzed the dephosphorylation of 1 nmol of
PA/min. Specific activity was defined as units/mg of protein.
The B-galactosidase activity was measured for 10 min at room
temperature by following the release of O-nitrophenol from
O-nitrophenyl B-p-galactopyranoside at 410 nm using a Beck-
man DU640 spectrophotometer. The reaction mixture con-
tained 100 mMm sodium phosphate buffer (pH 7.0), 1 mm MgCl,,
100 mM 2-mercaptoethanol, 3 mm O-nitrophenyl-3-p-galacto-
pyranoside, and enzyme in a total volume of 0.1 ml. A unit of
B-galactosidase activity was defined as the amount of enzyme
that catalyzed the formation of 1 wmol of O-nitrophenol/min.
Specific activity was defined as units/mg of protein. All enzyme
assays were conducted in triplicate, and the average standard
deviation of the assays was * 5%. The enzyme reactions were
linear with time and protein concentration.

Labeling and Analysis of Lipids—Yeast cells were incubated
with [2-'*CJacetate and **P, for steady-state labeling of neutral
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FIGURE 2. Domain structure of PAH1-encoded PAP1. The diagram shows the positions of the conserved
glycine (residue 80) within the NLIP domain and the DIDGT sequence (residues 398 -402) within the haloacid
dehalogenase (HAD)-like domain of Pah1p. The conserved amino acids that were mutated are indicated in the

figure.

lipids and phospholipids, respectively, as described previously
(1). Lipids were extracted from labeled cells by the method of
Bligh and Dyer (29). Neutral lipids were separated by TLC on
silica gel plates using the solvent system of hexane/diethyl
ether/glacial acetic acid (40:10:1, v/v) (30). Phospholipids were
separated by two-dimensional TLC on silica gel plates using the
solvents of chloroform/methanol/ammonium hydroxide/wa-
ter (45:25:2:3, v/v) and chloroform/methanol/glacial acetic
acid/water (32:4:5:1, v/v) (31). Radiolabeled lipids were visual-
ized by Phosphorlmaging analysis, and their identities were
confirmed by comparison with lipid standards after exposure to
iodine vapor. The relative quantities of labeled lipids were ana-
lyzed using ImageQuant software.

Fluorescence Microscopy—The expression of SEC63-GFP
and RFP-PUSI fusion genes were used to visualize the nucle-
ar/ER membrane and nuclear morphology, respectively (10).
The pahlA mutant bearing the wild type, D398E, and D400E
mutant PAH1* alleles was transformed with the reporter plas-
mids, and the resulting transformants were selected in SC
medium lacking histidine, leucine, and tryptophan. These cells
were grown to exponential phase at 30 °C and then examined
with a Zeiss Axiovert 200M inverted microscope (63 X Plan
Apochromat objective) attached with an LSM 510 confocal
laser scanning system. For each strain, two independent trans-
formants were examined, and in all cases the results were same
for both.

Data Analyses—Kinetic data were analyzed according to the
Hill equation using the EZ-FIT enzyme kinetic model-fitting
program (32). The Student’s ¢ test (SigmaPlot software) was
used to determine statistical significance, and p values < 0.05
were taken as a significant difference.

RESULTS

The D398E and D400E Mutations Abolish PAHI-encoded
PAP1 Activity—The PAHI-encoded PAP1 contains the
sequence DIDGT (residues 398 —402), which corresponds to
the DXDX(T/V) catalytic motif found in the superfamily of
haloacid dehalogenase-like proteins (Fig. 2). To determine the
catalytic role of the DXDX(T/V) motif, we examined the muta-
tional effects of the motif on PAHI-encoded enzyme activity.
By using site-directed mutagenesis, we constructed mutant
PAH]1 alleles that contained glutamate in place of the conserved
aspartate residue (Asp>*® or Asp*®) in the DIDGT sequence.
We chose glutamate to replace the aspartate residues to con-
serve the charge of the amino acid. For immunological detec-
tion, the D398E and D400E alleles contained an HA epitope at
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mutant to obviate any effect from
the chromosomal wild type PAHI
allele. Immunoblot analysis using
anti-HA antibodies showed that
the wild type and mutant PAP1
enzymes were expressed at compa-
rable levels.

PAP1 and PAP2 activities were
assayed in cell extracts that were prepared from pahlA mutant
cells harboring the wild type, D398E, and D400E PAH 1" alle-
les. The pahlA mutant retains DPPI- (33) and LPP1-encoded
(34) PAP2 activities that are active in the presence of Mg>* ions
and another PAP1 activity whose molecular identity is yet
unknown (1). Thus, to better assess the enzyme activity
encoded by the wild type and mutant PAHI"™ alleles, we dif-
ferentiated the two types of PA phosphatase activities by meas-
uring activity in the absence and presence of EDTA. PAP2
activity was not affected by expression of the wild type and
mutant PAH I/ alleles (Fig. 34). However, the overexpression
of the wild type PAHI1"™ allele in pah1A mutant cells resulted in
a 6-fold increase in PAP1 activity (Fig. 2A4). Unlike the wild type
PAH]I allele, overexpression of the D398E and D400E PAH 14
alleles did not have a significant effect on the levels of PAP1
activity (Fig. 3A4).

Anti-HA antibodies were used to immunoprecipitate the
HA-tagged PAH1-encoded wild type and mutant enzymes that
were expressed the pahIA mutant cells, and the immunopre-
cipitates were used to measure PAP1 activity. Immunoblot
analysis using anti-HA antibodies confirmed the presence of
the HA-tagged wild type and mutant enzymes in the immuno-
precipitates. The lack of an immunoreactive signal in the
immunoprecipitate derived from the pahlA mutant bearing
the vector control indicated that the immune complex forma-
tion was specific for HA-tagged protein. Moreover, the lack of
PAPI1 activity in the vector control immunoprecipitate showed
that the immune complex did not contain any PAP1 or PAP2
enzymes (Fig. 3B). The immune complex derived from pahlA
mutant cells expressing the wild type PAH1"* allele contained
PAP1 activity (Fig. 3B). On the other hand, the immune com-
plexes derived from cells expressing the D398E and D400E
mutant enzymes had essentially no PAP1 activity (Fig. 3B).

His,-tagged wild type, D398E, and D400E PAHI-encoded
PAP1 enzymes were expressed and purified from E. coli. As
described previously (1), the wild type PAHI-encoded protein
exhibited a high level of PAP1 activity and exhibited coopera-
tive kinetics with respect to the surface concentration of PA
(Fig. 4). The PAP1 activity of the D398E and D400E mutant
enzymes was <0.1% of the activity of the wild type enzyme. This
low level of activity (~0.4 nmol/min/mg) could only be meas-
ured when the concentration of the enzyme and the specific
activity of [*P]PA were increased by 50- and 10-fold, respec-
tively. We could not determine kinetic constants for D398E and
D400E mutant enzymes because their activities were not
dependent on PA concentration in a meaningful kinetic man-
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