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The PAH1-encoded phosphatidate (PA)
phosphatase in Saccharomyces cerevisiae is a
pivotal enzyme that produces diacylglycerol
for the synthesis of triacylglycerol (TAG), and
simultaneously controls the level of PA used
for phospholipid synthesis. Quantitative lipid
analysis showed that the pahlA mutation
caused a reduction in TAG mass and an
elevation in the mass of phospholipids and
free fatty acids; changes that were more
pronounced in the stationary phase. The
levels of unsaturated fatty acids in the pahlA
mutant were unaltered, although the ratio of
palmitoleic acid to oleic acid was increased
with a similar change in the fatty acid
composition of phospholipids. The pahlA
mutant exhibited classic hallmarks of
apoptosis in stationary phase and a marked
reduction in the quantity of cytoplasmic lipid
droplets. Cells lacking PA phosphatase were
sensitive to exogenous fatty acids in the order
of toxicity palmitoleic acid > oleic acid >
palmitic acid. In contrast, the growth of wild
type cells was not inhibited by fatty acid
supplementation. In addition, wild type cells
supplemented with palmitoleic acid exhibited
an induction in PA phosphatase activity and
an increase in TAG synthesis. Deletion of the
DGK1-encoded diacylglycerol kinase, which
counteracts PA phosphatase in controlling
PA content, suppressed the defect in lipid
droplet formation in the pahlA mutant.
However, the sensitivity of the pahlA mutant
to palmitoleic acid was not rescued by the
dgklA mutation. Overall, these findings
indicate a key role of PA phosphatase in TAG

synthesis for protection against fatty acid-
induced toxicity.

PA* phosphatase (EC 3.1.3.4), which was
first discovered by Kennedy and coworkers in
1957 (1), catalyzes the dephosphorylation of PA
to produce DAG and P; (1) (Fig. 1). The
reaction is dependent on Mg”* ions and is based
on a DXDX(T/V) catalytic motif within a
haloacid dehalogenase-like domain in the
enzyme (2-4)°. The DAG produced by PA
phosphatase is used for the synthesis of TAG
and for the synthesis of PE and PC via the
Kennedy pathway (4-7) (Fig. 1). PA, the
enzyme substrate, is utilized for the synthesis of
phospholipids via the liponucleotide
intermediate CDP-DAG (7) (Fig. 1). Moreover,
both PA (e.g., activation of cell growth,
membrane proliferation, transcription, and
vesicular trafficking) and DAG (e.g., activation
of protein kinase C) have lipid signaling
functions (8-17), and PA phosphatase plays a
role in controlling their cellular concentrations
(2, 18). Thus, it is generally recognized that PA
phosphatase is a key regulatory enzyme for
controlling lipid metabolism and cell physiology
(4,7,19-21).

The biochemistry and physiological roles of
PA phosphatase emanated from studies in the
model  eukaryote  yeast  Saccharomyces
cerevisiae and latterly in mammalian cells (4, 7,
19, 21, 22). PA phosphatase was first purified
and characterized from yeast in 1989 (23) and
the PAH1° gene encoding the enzyme was
identified in 2006 (2). The discovery that PAH1
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encodes PA phosphatase in yeast led to the
revelation that the lipodystrophic defect in the
fatty liver dystrophy (fld) mouse (24, 25) was
also a PA phosphatase deficiency arising from
mutations in the Ipinl gene (2, 26). The gene-
enzyme relationship for PA phosphatase has
since been confirmed in several organisms
including humans (2, 27), flies (28, 29), worms
(30), and plants (31, 32).

In S. cerevisiae, PA phosphatase is a
cytosolic enzyme that associates with the
nuclear/ER membrane, where its substrate
resides, to catalyze the formation of DAG for
lipid synthesis (2, 33). The association of PA
phosphatase with the membrane is largely
governed by the phosphorylation state of the
enzyme (33, 34). Phosphorylation promotes a
cytosolic location and thus down-regulation of
enzymatic activity, whereas dephosphorylation
favors membrane association (34). PA
phosphatase, a highly phosphorylated enzyme
(35), is a target for multiple protein kinases
including those encoded by CDC28 (34, 36),
PHO85 (37, 38), and DBF2 (39). The
phosphorylated form of the enzyme is counter-
regulated by the Nemlp-Spo7p protein
phosphatase complex located at the nuclear/ER
membrane (40, 41). The phosphorylated
enzyme in the cytosol is recruited to the
nuclear/ER membrane  where it is
dephosphorylated by the Nem1p-Spo7p complex
to be functional in vivo (33, 34, 41). This
process leads to the anchoring of
dephosphorylated enzyme to the membrane via a
short N-terminal amphipathic helix (33).

PA phosphatase has a relatively high
catalytic efficiency when compared with other
enzymes of phospholipid metabolism (23). The
overexpression of a dephosphorylated form of
the enzyme, which can circumvent the Nem1p-
Spo7p requirement for membrane association
and dephosphorylation, causes a lethal
phenotype (33-35). Thus, mechanisms that
attenuate PA phosphatase must exist to regulate
its functions in lipid metabolism. Indeed, these
mechanisms include phosphorylation (33-35)
and a limiting amount of Nemlp relative to
Pahlp (34, 42) to control membrane association
(33, 34). In addition, the activity of the enzyme

is inhibited by nucleotides (43) and sphingoid
bases (44). In metazoans, the PAH1 orthologs
act as transcriptional co-activators of several
lipogenic targets (19, 45-47). Similarly,
chromatin immunoprecipitation analysis
indicates that the yeast PA phosphatase is found
in the nucleus (41), although the physiological
relevance of this location is unclear.

PA phosphatase acts at a pivotal nexus in
lipid metabolism; depending on its activity, fatty
acids are either channeled towards storage as
TAG or to membrane assembly as
phospholipids.  This is exemplified by the
phenotypes exhibited by yeast pahl mutants that
lack the enzyme. Cells bearing the pahlA
mutation have increased levels of PA and
reduced levels of DAG and TAG (2, 3). The
elevated PA content in pahlA mutant cells
causes the induction of phospholipid synthesis
gene expression’ and the aberrant expansion of
the nuclear/ER membrane (2, 3, 41). The pahlA
mutant also exhibits a respiratory deficiency
phenotype and sensitivity to growth at elevated
temperature (2, 41).

In this work, we further characterized the
pahlA mutant to gain a greater understanding of
the roles PA phosphatase plays in lipid
metabolism. An analysis of lipid composition
revealed that the pahlA mutant exhibited a
significant increase in the mass of membrane
phospholipids and changes in their fatty acyl
moieties when compared with wild type cells.
In particular, pahlA mutant cells showed
relatively large increases in palmitoleic acid
relative to oleic acid. We also discovered that
the imbalance in lipid synthesis that
characterizes the pahlA mutant resulted in
sensitivity to both saturated and unsaturated
fatty acid toxicity. PA phosphatase activity, as
opposed to a non-enzymatic function of Pahlp,
was essential in protecting cells from this
toxicity.

EXPERIMENTAL PROCEDURES
Materials—All chemicals were reagent

grade or better. Growth medium supplies were
obtained from Difco Laboratories. New
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England Biolabs was the source of modifying
enzymes and restriction endonucleases. DNA
gel extraction kit and plasmid DNA purification
kit were purchased from Qiagen. Carrier DNA
for yeast transformation was from Clontech.
Sigma-Aldrich was the source of fatty acids,
fatty acid methyl ester standards, Nile red,
aprotinin, benzamidine, bovine serum albumin,
leupeptin,  pepstatin,  phenylmethylsulfonyl
fluoride, and Triton X-100. The fluorescein
isothiocyanate annexin V/propidium iodide kit
was purchased from Invitrogen.  DNA size
ladders, electrophoresis reagents, and protein
assay reagents were from Bio-Rad. Neutral lipid
and phospholipid standards were purchased from
Avanti Polar Lipids, and silica gel 60 thin layer
chromatography plates were from EM science.
Scintillation counting supplies and acrylamide
solutions were from National Diagnostics, and
radiochemicals were from Perkin-Elmer Life
Sciences.

Yeast Strains, Plasmids, and Growth
Conditions—The S. cerevisiae strains and
plasmids used in this work are listed in Table 1.
PAH1 alleles with D398E, D400E, and G80R
mutations were subcloned from plasmids
pGH312-D398E, pGH312-D400E, and
pGH312-G8OR  (3) to  generate  the
corresponding mutant alleles in  plasmid
pGH315 (34). Cells were grown at 30°C in
YEPD medium (1% yeast extract, 2% peptone,
2% glucose) or in synthetic complete (SC)
medium containing 2% glucose as described
previously (48, 49). For selection of yeast cells
bearing plasmids, appropriate amino acids were
omitted from synthetic complete medium. Fatty
acids were added to culture medium
supplemented with 0.6% ethanol/tyloxapol (5:1,
v/v) from 1% stock solutions made in ethanol
(50). Growth of cultures (200 ul) in 96-well
plates was monitored with a Thermomax plate
reader. Growth parameters were calculated
according to the modified Gompertz equation
(51). For dry cell weight determination, cells
were harvested by centrifugation, washed twice
with distilled water, and incubated at 80 °C until
a constant weight was obtained.

Analyses of Cytoplasmic Lipid Droplets and
Apoptosis by Fluorescence Microscopy—For

lipid droplet analysis, cells were stained with 1
pg/ml Nile Red and visualized with a long pass
green fluorescent protein filter (excitation 440
nm). For each image 10 confocal frames 0.25
pm apart were captured and displayed as
maximum intensity projections. Lipid droplets
were counted for 6 frames per strain, with 15-30
cells per frame. Statistics were completed by
comparing across frames. Adenine was added to
the YEPD growth medium to minimize the
autofluorescence of the vacuole that is
associated  withthe ade2 mutation  (50).
Apoptosis was assessed using a fluorescein
isothiocyanate annexin V/propidium iodide Kkit;
cells were washed with sorbitol buffer (1.2 M
sorbitol, 0.5 mM magnesium chloride, 35 mM
potassium acetate, pH 6.8), digested with 5.5%
glusulase, and 15 U/ml lyticase in sorbitol buffer
and resuspended in annexin V and propidium
iodide for 20 min (52). Microscopy was
performed using a Zeiss Axiovert 200 M using a
63x oil immersion objective, and images were
taken with a Hamamatsu Orca-ER camera.

Lipid Extraction—Lipids were extracted
from yeast by the method of Folch et al. (53)
with the modification of Schneiter and Daum
(54). In brief, methanol (10 ml) was added to
cell pellets derived from 50 ml cultures followed
by homogenization with glass beads (0.5 mm
diameter). After cell disruption, chloroform (20
ml) was added to the suspension, followed by
stirring for 1 h at room temperature. Lipid
extracts were collected by filtration, washed
once with 2 mM MgClI, and twice with 2 M KCI
in  methanol, dried under vacuum, and
resuspended in chloroform/methanol (2:1, v/v).

Lipid  Analysis—Neutral lipids  were
analyzed by thin-layer chromatography using the
solvent system hexane/diethyl ether/glacial
acetic acid (40:10:1, v/v/v). The identity of the
lipids on the plates was confirmed by
comparison with standards after spraying the
plates with a 0.05% solution of primulin in
acetone/water (80:20). Fatty acids were
analyzed by gas-liquid  chromatography.
Margaric acid (C17:0) was added to the lipids
before transmethylation, which was performed
by heating at 70 °C with a mixture of 0.5 N
HCl/methanol (3 ml) and toluene (0.5 ml) for 2
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h. Fatty acid methyl esters were analyzed with a
Hewlett Packard 5890 gas chromatograph
equipped with a 30 m x 0.32 mm Supelco MDN-
55 column and a flame ionization detector;
helium was the carrier gas (10 psi). The column
temperature was programmed as follows: 100 °C
for 10 min and then increased to 300 °C at 10
°C/min. The injector temperature was 250 °C
and the detector temperature was 325°C. Fatty
acid methyl esters were identified by reference
to authentic standards. High performance liquid
chromatography was performed with a Waters
2695 Alliance system. A 4.6 x 100 mm Waters
Spherisorb column coupled to a SEDEX 55
evaporative light scattering detector was used.
The analysis was run at 45 °C using a tertiary
solvent gradient (55). Standard curves were
constructed and used for the quantitation of both
neutral lipids and phospholipids.

For lipid analysis by liquid chromatography-
mass  spectrometry, lipid extracts were
evaporated to dryness under a nitrogen stream
and redissolved in isooctane/tetrahydrofuran
(9:1, v/v). The lipids were analyzed in a single
chromatographic method using a Dionex
UltiMate 3000 LC system coupled to an Applied
Biosystems 4000 Q Trap mass spectrometer
with an electrospray ionization source. The high
performance liquid chromatography column was
a Waters Spherisorb® S5W 4.6 x 100 mm silica
cartridge, 5 pm particle size, with a Waters
Spherisorb® S5W 4.6 x 10 mm guard cartridge.
The solvent gradient was modified from that of
Homan and Anderson (55). The mass
spectrometer program consisted of three periods.
The first period, from 0 to 17 minutes, included
41 multiple reaction monitoring ion pairs for the
measurement of individual TAGs. The second
period, from 17 to 29 minutes, included four
experiments in parallel: a neutral loss of 141
scan in positive mode (for PE); a neutral loss of
87 scan in negative mode (for PS); a precursor
of 153 scan in negative mode (for PA); and a
precursor of 241 scan in negative mode (for PI).
The third period, from 29 to 50 minutes,
included a precursor of 184 scan in positive
mode for PC. The data were analyzed with
Analyst 1.4.2 software (Applied Biosystems).
TAG amounts were adjusted for the internal
standard and estimated from a standard curve

containing seven TAG standards (triolein,
tritridecanoic acid, tripalmitolein, trilinolein,
tripalmitin, tristearin, and trimyristin). The
standard curve mixture used for quantitation of
phospholipids included at least one compound
from each class. The compounds used were:
dioleoyl-PC, dimyristoyl-PC, dieicosenoyl-PC,
dioleoyl-PE, dioleoyl-Pl, dioleoyl-PS, and
dioleoyl-PA. For PI, a mixture extracted from
liver was used for the standard curve.

Preparation of Cell Extracts—Cell extracts
were prepared by disruption of yeast cells with
glass beads (0.5 mm diameter) using a BioSpec
Products Mini-BeadBeater-16 at 4 °C (56). The
cell disruption buffer contained 50 mM Tris-HCI
(pH 7.5), 0.3 M sucrose, 10 mM 2-
mercaptoethanol, 0.5 mM
phenylmethanesulfonyl  fluoride, 1 mM
benzamidine, 5 pg/ml aprotinin, 5 pg/mi
leupeptin, and 5 upg/ml pepstatin. Protein
concentration was estimated by the method of
Bradford (57) using bovine serum albumin as
the standard.

PA Phosphatase Activity—PA phosphatase
activity was measured by following the release
of water-soluble *P; from chloroform-soluble
[**P]JPA (10,000 cpm/nmol) (56). The reaction
mixture contained 50 mM Tris-HCI buffer (pH
7.5), 1 mM MgCl,, 0.2 mM PA, 2 mM Triton X-
100, and enzyme protein in a total volume of 0.1
ml. In some experiments, the MgCl, was
substituted by 2 mM EDTA to inhibit Mg**-
dependent PA phosphatase activity. All enzyme
assays were conducted in triplicate at 30 °C.
The average standard deviation of the assays
was + 5%. The reactions were linear with time
and protein concentration. A unit of PA
phosphatase activity was defined as the amount
of enzyme that catalyzed the formation of 1
nmol of product per minute.

Analysis of Data—Statistical analysis of the
data was performed with SigmaPlot software. P
values < 0.05 were taken as a significant
difference.
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RESULTS

The pahlA Mutation Modulates
Phospholipid, TAG, and Free Fatty Acid Levels
as a Function of Growth Stage—Radiolabeling
studies have indicated that the loss of PAH1 has
major effects on the relative amounts of
phospholipids, TAG, and free fatty acids in both
the exponential and stationary phases of growth
(2). However, information on the effects of the
pahlA mutation on the mass of these lipids, as
well as the molecular species that comprise the
lipids has been lacking. In this work, we used a
combination of standard analytical methods to
further characterize the roles of PA phosphatase
in lipid metabolism. In exponential phase cells,
the pahlA mutant exhibited increases in the
mass of total phospholipids (24%) and free fatty
acids (86%), and a decrease in the mass of TAG
(40%) when compared with the wild type
control (Fig. 2A). With respect to the individual
phospholipids (Fig. 2B), mass increases were
shown for PA (250%), PE (48%), Pl (33%), and
PC (28%), whereas there was a mass decrease
for PS (35%). Because of the defect in PA
phosphatase and the lack of choline or
ethanolamine supplementation, the synthesis of
phospholipids in the pahlA would primarily
occur through the CDP-DAG pathway (58).
Thus, the decreased abundance of PS in the
mutant might be attributed to its utilization for
the synthesis of PE and PC via the CDP-DAG
pathway (59).

The effects of the pahlA mutation on the
masses of lipids were more striking at the
stationary phase of growth. The masses of total
phospholipids and free fatty acids were elevated
by 96% and 77%, respectively, whereas the
amount of TAG was reduced by 80% when
compared with the wild type control (Fig. 2A).
The large change in the phospholipid mass of
stationary phase mutant cells was attributed to
increased amounts of PC (84%), PE (154), PI
(88%), PS (52%), and PA (450%) (Fig. 2B).
Overall, the total lipid masses of pahlA mutant
cells in the exponential (36.3 £ 4.2 pg/mg cell
dry weight) and stationary (47.5 £ 2.1 ng/mg
cell dry weight) phases of growth were 47% and
60% greater, respectively, when compared with

those found in the exponential (24.7 + 1.5 pg/mg
cell dry weight) and stationary (29.6 + 1.4
pg/mg cell dry weight) phases of growth for
wild type cells.

The pahlA Mutation Affects the Fatty Acid
Composition of Phospholipids and TAG—We
examined the effects of the pahlA mutation on
the fatty acid composition of total lipids. For
this experiment, the total lipid fractions of
exponential and stationary phase cells were
isolated, transmethylated, and subjected to gas-
liquid chromatography. As described previously
(60, 61), the major fatty acids in wild type cells
were palmitic, palmitoleic, stearic, and oleic
acids with palmitoleic and oleic acids being
most abundant (Table 2). Myristic acid, which
was observed in the phospholipid fraction (see
below), was a minor constituent of the total
lipids. While the pahlA mutation did not impact
the proportions of saturated fatty acids, it had a
major effect on the relative proportions of
palmitoleic and oleic acids. In both exponential
and stationary phase cells, the loss of PAH1
caused an increase (22-27%) in palmitoleic acid
and a decrease (17-21%) in oleic acid.

The phospholipid molecular species were
determined by liquid chromatography-mass
spectrometry (Table 3). The 16:0-16:1, 16:1-
16:1, 16:0-18:1, and 16:1-18:1 species were
most abundant in phospholipids of wild type and
pahlA mutant cells. The 16:0-18:0 species was
only present in PA, whereas the 18:0-18:1
species was present in Pl and PA of both wild
type and pahlA mutant cells. The 14:0-14:0 and
14:0-16:1 species were present in Pl and PE,
respectively, in pahlA mutant cells, but they
were absent in wild type cells. This analysis
indicated that the increase in palmitoleic acid of
pahlA mutant cells was primarily attributed to
the 16:0-16:1 molecular species in PE, PI, and
PA and the 16:1-16:1 molecular species in PC,
PE, PS, and PA. The decrease in oleic acid of
the pahlA mutant was primarily attributed to the
16:0-18:1 species of PE, PI, and PA, the 16:1-
18:1 species of PC, PE, PI, PS, and PA, and the
18:1-18:1 species of PC, PE, PI, and PA. The
pahlA mutation also caused an increase in the
18:0-18:1 species of PA.
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Similarly, we examined the TAG molecular
species from exponential and stationary phase
cells (Table 4). We observed a wide distribution
of fatty acid species with 16:1-16:1-16:1 and
16:1-16:1-18:1 being the most abundant. The
phase of growth had an effect on the presence
and absence of some of the molecular species.
The 16:0-18:0-18:0 and 18:0-18:0-18:0 species
were present only in stationary phase cells,
whereas 16:0-18:1-18:1 and 18:0-18:1-18:1
were present only in exponential phase cells. In
exponential phase cells, the pahlA mutation
caused decreases in the relative amounts of 16:1-
16:1-18:1 (22%), 16:1-18:1-18:1 (50%), and
18:0-18:1-18:1 (40%), and an increase in 18:1-
18:1-18:1 (260%). The other species were not
affected greatly by the pahlA mutation in
exponential phase cells. In stationary phase
cells, the mutation caused decreases in the
amounts of 16:0-18:0-18:0 (82%) and 18:0-18:0-
18:0 (82%) and increases in the amounts of
16:0-16:1-16:1 (42%) and 18:1-18:1-18:1
(213%). Interestingly, the trend of increased
abundance of palmitoleic acid in the
phospholipids of pahlA mutant cells was not
observed for the fatty acids of TAG.

The pahlA Mutation Causes Hallmark
Apoptotic Phenotypes in Stationary Phase
Cells—Previous studies have shown that an
excess of fatty acids due to a block in TAG
synthesis results in the induction of the unfolded
protein response (50), apoptosis (50), and
necrosis (62). The pahlA mutant had a
significant increase in free fatty acid content and
a great reduction in TAG content in stationary
phase. Moreover, it has been shown that the
pahlA mutant exhibits a constitutive induction
of the unfolded protein response (63).
Accordingly, we questioned whether the mutant
displayed some of the hallmark characteristics of
apoptosis.  This was addressed by staining
stationary phase cells with annexin V (for PS
externalization on the plasma membrane) and
with propidium iodide (for nuclear DNA of
permeabilized cells) (52, 64). Treatment of cells
of any genotype with the apoptosis inducer
valproic acid (25 mM) was used to validate the
assay (not shown). The numbers of pahlA

mutant cells that exhibited annexin V and
propidium iodide staining were 82% and 73%
greater, respectively, when compared with wild
type cells (Fig. 3). That pahlA cells showed
increased staining with the combination of both
reagents was an indication of late stage
apoptosis (52), although it is likely that some of
these cells were also necrotic (64). In contrast to
the stationary phase cells, the exponential phase
cells did not exhibit these apoptotic/necrotic
phenotypes.

Fatty Acids are Toxic to pahlA Mutant
Cells—We examined the effects of fatty acid
supplementation on pahlA mutant cells. The
rationale for this experiment was based on
previous observations that unsaturated fatty
acids are toxic to cells lacking the DGA1- and
LRO1-encoded acyltransferase enzymes that
convert DAG to TAG (50, 65, 66), and that the
pahlA mutant had a much reduced amount of
TAG. In addition, we were interested in
examining the effects of palmitoleic and oleic
acids on pahlA growth because the mutant
exhibited changes in the relative proportions of
these fatty acids in membrane phospholipids.
At the concentrations used in this work, the fatty
acids solubilized in detergent are readily taken
up by vyeast cells (50, 60, 65, 67). Control
experiments indicated that the detergent vehicle
for the solubilization of the fatty acids was not
inhibitory to growth. Consistent with previous
results (50, 60, 65, 68), neither saturated nor
monounsaturated fatty acids inhibited the growth
of wild type cells (Fig. 4A). In fact, the fatty
acid supplementations resulted in slightly higher
cell densities without having significant effects
on the growth rates of wild type cells (Fig. 4A).
In striking contrast, the fatty acid
supplementations had major effects on the
growth of pahlA mutant cells (Fig. 4B). Of the
two saturated fatty acids, only palmitic acid
inhibited the growth of pahlA mutant cells. At
the highest concentration used (i.e., 0.5 mM),
palmitic acid caused an 8 h lag in growth, a 46%
decrease in growth rate, and a decrease in
maximum cell number when compared with
cells without fatty acid supplementation. Both
palmitoleic and oleic acids caused dose-
dependent inhibitions of pahlA mutant growth
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with palmitoleic acid being more toxic (Fig. 4B).
At the concentration of 0.1 mM, palmitoleic acid
caused changes in the growth parameters of
pahlA that were similar (e.g., an increased lag
time and decreases in growth rate and maximum
cell number) to those caused by 0.5 mM palmitic
acid (Fig. 4B). Higher concentrations of
palmitoleic acid inhibited pahlA growth more
potently. For example, the 025 mM
concentration caused a 15 h increase in lag time,
a 94% decrease in growth rate, and a 73%
decrease in maximum cell number when
compared with the wild type control (Fig. 4B).
At the same concentration, oleic acid caused a 5
h increase in lag time and a 50% decrease in
growth rate, but only a 4% decrease in
maximum cell number (Fig. 4B).

Deletion of DGK1 Does Not Protect pahlA
Mutant Cells from Fatty Acid Toxicity—DGK1
encodes a DAG kinase enzyme that catalyzes the
formation of PA from DAG and CTP (69, 70)
(Fig. 1). This enzyme counterbalances the
PAH1-encoded PA phosphatase in controlling
the cellular levels of PA (69). Owing to the fact
that loss of DAG Kkinase activity suppresses
phenotypes (e.g., elevated PA content, abnormal
nuclear/ER membrane expansion, and induction
of phospholipid synthesis genes) caused by the
loss of PA phosphatase activity, we questioned
whether loss of DGK1 would protect pahlA
mutant cells from the toxicity caused by
palmitoleic acid. Whereas sublethal (0.1 mM)
and lethal (0.25 mM) concentrations did not
affect the growth of dgklA mutant cells, the
toxic effects of palmitoleic acid on the growth of
the pahlA mutant was not suppressed by the
dgklA mutation (Fig. 5). In fact, the dgklA
pahlA double mutant was more sensitive to 0.1
mM palmitoleic acid when compared with the
pahlA mutant. We also noticed that the pahlA
mutant in the RS453 background (Fig. 5) was
less sensitive to 0.1 mM palmitoleic acid when
compared with the pahlA mutant in the W303-
1A background (Fig. 4). However, the pahlA
mutants from both genetic backgrounds were
acutely sensitive to 0.25 mM palmitoleic acid.

The pahlA Mutation Markedly Impairs
Cytoplasmic Lipid Droplet Formation—TAG,

which is derived from PA via the PA
phosphatase reaction (2), accumulates in
cytoplasmic lipid droplets (71-73). Accordingly,
we questioned what effect the pahlA mutation
would have on the number of lipid droplets.
Stationary phase cells were stained with the
lipophilic dye Nile Red to visualize lipid
droplets by fluorescence microscopy (50, 65).
The number of lipid droplets in pahlA mutant
cells was reduced to 20% of that shown by wild
type cells (Fig. 6). However, the number of
lipid droplets in dgk1A pahlA mutant cells was
not significantly different from that observed in
wild type cells, as well as from dgklA mutant
cells (Fig. 6). Similar observations have
recently been reported for exponential phase
cells by Adeyo et al. (74).

PA Phosphatase Activity Is Required for
Resistance to Fatty Acid-induced Toxicity—We
questioned if the fatty acid toxicity of the pahlA
mutant was specifically due to the loss of PA
phosphatase activity or due to the loss of a non-
enzymatic function of Pahlp. To address this
question, we utilized pahlA cells expressing
mutant alleles (G80R, D398E, D400E) of PAH1
that encode catalytically inactive forms of PA
phosphatase (3). The loss-of-growth phenotype
caused by 0.25 mM palmitoleic acid was
complemented by the wild type PAH1 allele, but
not by the G80R, D398E and D400E alleles
(Fig. 7). These data indicated that the specific
loss of PA phosphatase activity was responsible
for the fatty acid-induced toxicity.

PA Phosphatase Activity Is Induced in
Response to Palmitoleic Acid Supplementation
with  a Concomitant Increase in TAG
Synthesis—Because PA phosphatase activity
was required for the prevention of fatty acid-
induced toxicity, we questioned if the enzyme
activity was regulated in response to palmitoleic
acid supplementation. For these experiments,
wild type cells were first grown to mid-
exponential phase in YEPD medium without
fatty acid supplementation. Palmitoleic acid
(0.25 mM) was then added to the cultures, and
then cell extracts were prepared and assayed for
PA phosphatase activity.  The fatty acid
supplementation resulted in a time-dependent
increase (5-fold by 60 min) in the level of PA
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phosphatase activity (Fig. 8). This stimulation
of activity was not observed when palmitoleic
acid was not supplemented to the growth
medium. The fatty acid-mediated induction of
PA phosphatase activity was not attributed to the
Mg”*-independent lipid phosphate phosphatase
activities encoded by the DPP1- and LPP1-
encoded enzymes that also utilize PA as a
substrate (75, 76). The induction in activity was
abolished by the substitution of EDTA for
MgCl, in the assay mixture (Fig. 8). Indeed, the
PAH1-encoded PA phosphatase is absolutely
dependent on Mg*" ions for its activity (2, 23).
The pahlA mutant still exhibits a Mg*-
dependent PA phosphatase activity whose gene
has yet to be identified (2). To rule out the
possibility that this enzyme was induced upon
palmitoleic acid supplementation, the same
experiment was performed with pahlA mutant
cells.  Under the conditions of this experiment,
the pahlA mutant continued to grow over the
90-min time period. When the standard PA
phosphatase assay (i.e., with MgCl,) was
performed with cell extracts derived from the
pahlA mutant, there was no induction of PA
phosphatase  activity (Fig. 8). These
experiments further confirmed that PAHL1-
encoded PA phosphatase activity was induced
by the palmitoleic acid supplementation.

The synthesis of lipids was also examined
over the 90-min time course of this experiment.
The addition of palmitoleic acid to the growth
medium of wild type cells resulted in a time-
dependent increase (5.6-fold by 60 min) in TAG
content (Fig. 9A). With the exception of a small
increase in ergosterol esters at 30 min, the fatty
acid supplementation did not have a significant
effect on the synthesis of other lipids (Fig. 9A).
In contrast to wild type cells, the addition of
palmitoleic acid to the growth medium of pahlA
mutant cells did not result in an increased
synthesis of TAG (Fig. 9B). However by 30
min, there was an increase in the amounts of PC
(47%), PE (53%), Pl (50%), and PS (130%)
(Fig. 9B).

DISCUSSION

PA phosphatase catalyzes the penultimate
step in the de novo pathway of TAG synthesis

(2, 7). Since its discovery (1), researchers have
asserted that PA phosphatase must play an
important regulatory role in lipid metabolism
because the enzyme is located at the branch
point where PA is partitioned between the
synthesis of TAG and membrane phospholipids
(4, 7, 19-21). This critical juncture determines
the fate of unesterified fatty acids that in
conditions of excess abundance become toxic.
The importance of the PA phosphatase was not
fully demonstrated until the PAH1 gene
encoding the enzyme had been identified in
yeast (2) and distinct phenotypes of pahl
mutants lacking a functional enzyme had been
scored (2, 3, 33-35, 41, 74). Pronounced
phenotypes include the aberrant expansion of the
nuclear/ER membrane and the derepression of
phospholipid synthesis gene expression (3, 41).
That these phenotypes have been ascribed to an
elevated PA content (2, 3) indicated the
importance of PA phosphatase in controlling the
cellular amounts of PA. Similarly the loss of
metazoan PA phosphatase causes lipodystrophy,
peripheral neuropathy, and insulin resistance as
evidenced in the fatty liver dystrophy (fld)
mouse model (18, 24, 25, 77, 78). In the current
study of yeast cells lacking PAH1, the analysis
of lipid mass confirmed that the pahlA mutation
caused a marked accumulation of PA and the
major membrane phospholipids. These changes
in lipid composition were more pronounced in
the stationary phase in which the TAG levels
were reduced by 80%. Collectively, this and
previously published work (2, 3) substantiated
the conclusion that PA phosphatase plays a
major role in partitioning PA between the
synthesis of phospholipids and TAG.

The pahlA mutation also caused an increase
(~ 80%) in the mass of free fatty acids and a
change in the molecular species of the
accumulated membrane phospholipids.  The
increase in free fatty acid mass is most likely
due to the decreased capacity of mutant cells to
incorporate fatty acids into TAG. This
phenotype indicated the importance of PA
phosphatase in providing the DAG for the
DGA1l-encoded acyltransferase enzyme that uses
fatty acids for TAG synthesis (Fig. 1). In
addition, the elevated PA content in the pahlA
mutant might be expected to cause the
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derepression of FAS1, FAS2, and ACC1, genes
that encode fatty acid synthesis enzymes (79-
82). The expression of these genes is subject to
the same PA-mediated regulation that governs
the expression of several phospholipid synthesis
genes (81, 83) (Fig. 1). Thus, the increased PA
content in the pahlA mutant favors both the
synthesis of fatty acids and phospholipids, and
thus further exacerbates the impact of lipid
overloading.

An unexpected finding of this study was that
the pahlA mutant exhibited an increase in the
ratio of palmitoleic acid to oleic acid in the
phospholipid molecular species.  While the
reason for this change is unknown, it is
reminiscent of the effects that are caused by the
overexpression of the OLEl-encoded A9
desaturase (84), the enzyme responsible for
introducing the double bond between carbons 9
and 10 of palmitic and stearic acids (85), and the
enzyme might have a preference for palmitic
acid. OLE1 expression is not subject to the PA-
mediated regulatory circuit that controls the
expression of fatty acid and phospholipid
synthesis genes (85). Thus, if the enzyme is
overexpressed in the pahlA mutant, another
mechanism would be involved. Additional
studies are needed to address whether the A9
desaturase was responsible for the changes in the
molecular species of the phospholipids in pahlA
mutant cells.  Nonetheless, the increase in
palmitoleic acid would increase the fluidity of
the membrane bilayer, and it is known that
increased fluidity compromises membrane
integrity that can lead to cell death (86). In this
regard, stationary phase pahlA mutant cells
exhibited the classic hallmarks of apoptosis (52).
Moreover, it is known that free fatty acids alone
or through their stimulatory effects on the
synthesis of bioactive lipids (e.g., sphingolipids)
cause so-called lipotoxicity (50, 87-89). Thus,
excess free fatty acids and the changes in
phospholipid molecular species may contribute
to the apoptotic phenotype exhibited by pahlA
mutant cells. In addition, the recent work of
Jonikes et al. (63) has shown that the pahlA
mutant exhibits a constitutive induction of the
unfolded protein response. That the loss of
PAH1-encoded PA phosphatase was involved in

the initiation of cell death in yeast is supported
by the work of Fuentes et al. (90), which showed
that inhibition of PA phosphatase activity results
in the onset of apoptosis in a variety of
mammalian cells.

The most striking phenotype of the pahlA
mutant discovered in this work was the acute
sensitivity to unsaturated fatty acids with
palmitoleic acid being the most toxic. Saturated
fatty acids in general are not toxic to yeast cells
(50, 65). However, in the case of the pahlA
mutant, palmitic acid also caused a decrease in
cell growth, although to a lesser extent when
compared with palmitoleic acid and oleic acid.
We surmise that excess free fatty acids, in
combination with the higher amounts of
palmitoleic acid esterified to the accumulated
membrane phospholipids, contributed to this
phenotype. The data also indicated that the loss-
of-growth phenotype in response to palmitoleic
acid supplementation was attributed to the defect
in TAG synthesis in the pahlA mutant. Indeed,
an important physiological function of TAG
synthesis is to buffer the toxicity caused by free
fatty acids (50, 65, 87, 91). In fact, Petschnigg
et al. (65) and Garbarino et al. (50) originally
showed that unsaturated fatty acids have toxic
effects on yeast growth when the conversion of
DAG to TAG is blocked by the double deletion
of the DGAL and LRO1 genes. However, there
are significant differences in the consequences
on growth and lipid metabolism because of the
pahlA mutation when compared with the dgalA
IrolA double mutation. As discussed in this
paper, pahlA mutant cells exhibit several
phenotypes indicating the critical role of PA
phosphatase activity in lipid metabolism and cell
physiology, whereas dgalA IrolA double
mutants only show a dramatic growth defect
when challenged with unsaturated fatty acids
(50, 65, 92).

As observed in previous studies (50, 60, 65),
exogenous palmitoleic acid did not impact the
growth of wild type cells, but it was associated
with an increase in TAG synthesis. This result
reinforced the notion that the synthesis of TAG
buffers the toxic effects of fatty acids. In
contrast, the palmitoleic acid supplementation
had only a small effect on the synthesis of
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ergosterol esters.  Connerth et al. (66) have
shown that oleic acid inhibits ergosterol ester
synthesis by a mechanism that includes a direct
effect on the activity of the ARE2-encoded
ergosterol acyltransferase enzyme. Perhaps this
enzyme was also inhibited by palmitoleic acid.
Coincident with the increased synthesis of TAG
was the induction of PA phosphatase activity.
This regulation was not observed in pahlA
mutant cells that lack the major PA phosphatase
enzyme in yeast (2). We also showed that Mg**-
independent PA phosphatase activity, which is
attributed to the DPP1 and LPP1 genes (75, 76),
was not induced by palmitoleic acid. Moreover,
the loss-of-growth phenotype of pahlA mutant
cells in response to palmitoleic acid
supplementation was specifically attributed to
the loss of PA phosphatase activity; cells that
expressed catalytically inactive forms of the
enzyme had the same loss-of-growth phenotype
as the pahlA mutant. Preliminary studies
indicated that the regulation of PA phosphatase
activity in response to palmitoleic acid
supplementation occurs on multiple levels (e.g.,
genetic and biochemical). The elucidation of
this complex regulation will require additional
studies.

In yeast, the synthesis of TAG occurs during
logarithmic growth primarily through the
activity of the LRO1-encoded enzyme that uses
membrane phospholipids as acyl donors (93).
At stationary phase, the DGAL-encoded
acyltransferase reaction predominates (94),
resulting in the donation of acyl groups from
acyl CoA, and ultimately the accumulation of
TAG (as well as ergosterol esters) in
cytoplasmic lipid droplets (50, 65, 71-73, 95).
Our studies and those of Adeyo et al. (74)
showed that the pahlA mutation causes a
decrease in the number of lipid droplets, but this
phenotype was suppressed by the dgklA
mutation. This finding is reminiscent of the
effect of the dgk1A mutation on the suppression
of the aberrant nuclear/ER membrane expansion
and derepression of phospholipid synthesis
genes caused by the pahlA mutation (3, 41).

10

Genetic and biochemical evidence has shown
that the DGK1-encoded DAG kinase activity
counteracts PA phosphatase activity with respect
to controlling the cellular levels of PA (69, 70).
This conclusion is supported by the fact that the
overexpression of DGK1, like the pahlA mutant,
results in an increased PA content, the aberrant
expansion of the nuclear/ER membrane, and the
derepression of phospholipid synthesis genes
(69). Thus, the massive elevation of PA, in
conjunction with the expansion of the
nuclear/ER membrane might be the basis for the
defect in cytoplasmic lipid droplet formation in
the pahlA mutant. An alternative explanation
for the defect in lipid droplet formation is a
reduced amount of DAG due to the loss of PA
phosphatase activity (74).

Although the dgk1A mutation suppressed the
defect in lipid droplet formation in pahlA
mutant cells, it did not suppress the toxicity
caused by the supplementation of palmitoleic
acid. As discussed above, the data indicated that
the basis for the fatty acid-induced toxicity was
due to the defect in TAG synthesis. Indeed, the
dgklA pahlA double mutant is defective in the
synthesis of TAG, although not as severe as that
observed for the pahlA mutant (69, 96), and the
major neutral lipid found in these mutants is
ergosterol esters (2, 69). Thus, the synthesis of
ergosterol esters and normal lipid droplet
formation in the dgk1A pahlA double mutant are
not sufficient to buffer cells from the toxic
effects of fatty acids. This notion is also
supported by the loss-of-growth phenotype
caused by unsaturated fatty acid
supplementation to dgalA IrolA double mutant
cells that also form ergosterol ester-containing
lipid droplets (65). Indeed, it is the type of lipid
(i.e., TAG) synthesized and stored in lipid
droplets that is important for buffering fatty
acid-induced toxicity. Thus, it seems plausible
that a lipotoxic state that manifests as
lipodystrophy persists in the fatty liver
dystrophy (fld) mouse lacking PA phosphatase.
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“The abbreviations used are: PA, phosphatidate; DAG, diacylglycerol TAG, triacylglycerol; PC,
phosphatidylcholine;  PE,  phosphatidylethanolamine;  PI,  phosphatidylinositol; and  PS,
phosphatidylserine; FA, fatty acids; 14:0, myristic acid; 16:0, palmitic acid; 16:1, palmitoleic acid; 18:0,
stearic acid; 18:1, oleic acid.

°PA phosphatase is distinguished in catalytic activity from the lipid phosphate phosphatase enzymes that
dephosphorylate a broad spectrum of substrates (e.g., PA, lysoPA, and DAG pyrophosphate) by a distinct
catalytic mechanism that does not require divalent cations (4, 12, 97, 98).

®PAH1 was previously known by the designation SMP2 (99).
"Elevated PA levels induce the expression of UASyo-containing genes by tethering the Opilp repressor
at the nuclear/ER membrane. This prevents Opilp translocation into the nucleus where it attenuates

transcription of genes by binding to Ino2p within the transcriptional activator Ino2p-Ino4p complex (83,
100).
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FIGURE LEGENDS

FIGURE 1. Roles of PA phosphatase in the synthesis of TAG and membrane
phospholipids in S. cerevisiae. The structures of PA, DAG, and TAG are shown with fatty
acyl groups of 16 and 18 carbons with and without a single double bond where indicated. The
pathways shown in the figure include the relevant steps discussed in this work. More
comprehensive pathways of lipid metabolism in yeast may be found in Refs. 72, 101-104. The
activity of PA phosphatase (PAP) plays a major role in governing whether cells utilize PA for the
synthesis of TAG or whether they utilize PA for the synthesis of membrane phospholipids (PL).
In addition, PA signals the transcriptional regulation of phospholipid synthesis genes and the
growth of the nuclear/ER membrane. The PA phosphatase reaction is counterbalanced by the
DAG kinase (DGK) reaction. Acyl CoA molecules, which are made de novo or derived from
exogenous fatty acids (FA), are used for the synthesis of PA and for the synthesis of TAG from
DAG. Acyl CoA is also used for the synthesis of ergosterol esters (not shown). The bold
arrows indicate the consequences of the pahlA mutation.

FIGURE 2. The pahlA mutation affects the masses of lipids. Lipid extracts were prepared
from wild type (W303-1A) and pahlA mutant (GHY57) cells grown to the exponential and
stationary phases in YEPD medium. A, the total amounts of TAG and phospholipids (PL) were
analyzed by high performance liquid chromatography-mass spectroscopy. The lipid extract was
also subjected to thin-layer chromatography; free fatty acids (FA) were extracted from the silica
gel, subjected to transmethylation, and analyzed by gas-liquid chromatography. B,
phospholipids were analyzed by high performance liquid chromatography-mass spectrometry.
The data shown in both panels were the averages of three separate experiments + S.D. (error
bars).

FIGURE 3. Stationary phase pahlA mutant cells exhibit hallmark phenotypes of
apoptosis. A, spheroplasts of stationary phase wild type (W303-1A) and pahlA mutant
(GHY57) cells were stained with fluorescein isothiocyanate annexin V and propidium iodide to
examine by fluorescence microscopy the phenotypes characteristic of apoptosis. The data
shown are representative of several fields of view during multiple experiments. DIC, differential
interference contrast. B, quantitation of the average number of cells stained with annexin V and
propidium iodide £ S.E. (error bars).

FIGURE. 4. Fatty acid supplementation is toxic to the growth of pahlA mutant cells. Wild
type (W303-1A) and pahlA mutant (GHY57) cells were grown in the absence and presence of
the indicated concentrations of palmitic (16:0), palmitoleic (16:1), stearic (18:0), and oleic (18:1)
acids in YEPD medium. Growth was monitored at Agp nm. Each data point represents the
average of three independent experiments, and the average standard deviation for each data
point was + 3%.

FIGURE 5. The dgklA mutation does not suppress the palmitoleic acid-induced toxicity
of pahlA mutant cells. Wild type (RS453), pahlA (SS1026), dgklA (SS1144), and dgklA
pahlA mutant (SS1147) cells were grown in the absence and presence of the indicated
concentrations of palmitoleic acid in YEPD medium. Growth was monitored at Agpo nm. Each
data point represents the average of three independent experiments, and the average standard
deviation for each data point was + 3%.

FIGURE 6. The dgklA mutation suppresses the impairment of lipid droplet formation of
pahlA mutant cells. A, wild type (RS453), pahlA (SS1026), dgklA (SS1144), and dgklA
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pahlA mutant (SS1147) cells grown to stationary phase in YEPD medium were stained with
Nile red to image lipid droplets by fluorescence microscopy. The data shown are representative
of several fields of view during multiple experiments. The bar indicates 5 um. DIC, differential
interference contrast. B, the number of lipid droplets was counted for 6 frames, with 15-30 cells
per frame £ S.E. (error bars).

FIGURE 7. PA phosphatase activity is required to protect cells from palmitoleic acid-
induced toxicity. pahlA (GHY57) expressing the wild type PAH1 and the indicated PAH1
mutant alleles from low copy plasmids were grown in the absence and presence of 0.25 mM
palmitoleic acid (16:1) in SC-leucine medium. Growth was monitored at Agp nm- Each data
point represents the average of three independent experiments, and the average standard
deviation for each data point was + 3%.

FIGURE 8. Palmitoleic acid supplementation induces the level of PA phosphatase
activity. Wild type (W303-1A) and pahlA mutant (GHY57) cells were grown to the exponential
phase in YEPD medium. Palmitoleic acid (0.25 mM) was then added to the cultures, and at
the indicated time intervals, cell extracts were prepared and used for the measurement of PA
phosphatase activity under standard assay conditions (indicated by the closed symbols). PA
phosphatase activity was also measured with a reaction mixture that included 2 mM EDTA
instead of 1 mM MgCl, (indicated by the dot inside the symbol for the wild type). Wild type cells
were also grown without palmitoleic acid supplementation (indicated by the open symbol for the
wild type). Each data point represents the average of triplicate determinations from a minimum
of two independent experiments + S.D. (error bars).

FIGURE 9. Palmitoleic acid supplementation induces the synthesis of TAG. Wild type
(W303-1A) (A) and pahlA mutant (GHY57) (B) cells were grown to the exponential phase in
YEPD medium. Palmitoleic acid (0.25 mM) was added to the cultures, and at the indicated time
intervals, lipids were extracted and analyzed by high performance liquid chromatography. The
data were the averages of three separate experiments + S.D. (error bars).
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TABLE 1

Strains and plasmids used in this study

Strain or
plasmid Relevant characteristics Reference
Strains
W303-1A MATa ade2-1 canl1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 (105)
GHY57 pahlA::URA3 derivative of W303-1A (2)
RS453 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-52 (106)
SS1026 pah1A::TRP1 derivative of RS453 (41)
SS1144 dgk1A::HIS3 derivative of RS453 (69)
SS1147 dgk1A::HIS3 pahlA::TRP1 derivative of RS453 (69)
Plasmids
pRS415 Low copy E. coli/yeast shuttle vector with URA3 (207)
pGH315 PAH1 derivative of pRS415 (108)
pGH315-D398E pGH315 containing the D398E mutation in the PAH1 coding sequence This study
pGH315-D400E pGH315 containing the D400E mutation in the PAH1 coding sequence This study
pGH315-G80R pGH315 containing the GBOR mutation in the PAH1 coding sequence This study
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TABLE 2

Fatty acid composition in exponential and stationary phase cells

Total lipid fatty acid, %

Growth phase Cell type 16:0 16:1 18:0 18:1
Ex wild type 16.5+0.7 353+1.0 9.4+0.2 388104
P pahlA 16.6 £0.8 44.8+0.2 7.8+£0.2 30.7+0.5
Stat wild type 174+£04 39.6 25 6.8+2.2 36.1+0.7
pahlA 159+0.9 48.3+0.8 6.0+£0.2 29.9+1.9

Wild type (W303-1A) and pahlA mutant (GHY57) cells were grown to the exponential and stationary
phases in YEPD medium. The total lipid fraction was isolated, subjected to transmethylation, and
analyzed by gas-liquid chromatography. The data were the averages of three separate experiments £ S.D.
The sum of the four fatty acid species in the table was set to 100%. Abbreviations: Exp, exponential;

Stat, stationary.
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TABLE 3
Phospholipid molecular species in exponential and stationary phase cells

Molecular species, %

Lipid Growth  Cell type 14:0-14:0  14:0-16:1  16:0-16:1  16:1-16:1  16:0-18:0  16:0-18:1 16:1-§8:1 18:0-18:1  18:1-18:1

phase

o

£ wild type n.d. n.d. 81+02 314%11 n.d. 94+08 418%£09 25+03 6.9+04

xp pahlA n.d. n.d. 9.3+0.2 43.0%0.2 n.d. 73+02 37.8%£03 n.d. 2.6+0.3

PC Stat WT n.d. n.d. 7.8+0.6 351+16 n.d. 8.3£0.7 44.2 30.4 n.d. 46x0.1

a pahlA n.d. n.d. 86+05 438101 n.d. 62+01 39.2£05 n.d. 22+0.1

E wild type n.d. n.d. 11.1+04 157x0.6 n.d. 22302 411 321.1 n.d. 53+£04

xp pahlA n.d. 51+10 16.3+06 23.8x0.6 n.d. 16.2+0.2 304 %0.8 n.d. 26x0.2

PE Stat WT n.d. n.d. 123+06 14105 n.d. 22.7+09 38.6 %O.Q n.d. 2807
a pahlA n.d. 3.9+£0.3 157+03 232x04 n.d. 16.7+05 33.0 1'2*1.0 n.d. n.d.

E wild type n.d. n.d. 154+0.7 25+0.7 n.d. 454+£04 9.2 iia.o 17.3+£0.2 3.1+£05
xp pahlA 42+0.1 n.d. 23.1+0.2 19+£04 n.d. 40215 3.9 iEO.Z 165+05 n.d.

Pl Stat WT n.d. n.d. 183+1.0 44+0.9 n.d. 475+0.7 9.9 J_r§).7 149+0.8 4107
a pahlA 48x0.2 n.d. 23609 21+0.3 n.d. 39914 3.6 0.1 14905 n.d.

E wild type n.d. n.d. 21+05 198+1.2 n.d. 6.2+0.7 69.4£0.7 n.d. 25%20.2

xp pahlA n.d. n.d. 33+26 37.7+23 n.d. 55+03 514+1.2 n.d. 2.2+0.2
PS Stat WT n.d. n.d. n.d. 279+1.1 n.d. n.d. 721+1.1 n.d. n.d.
a pahlA n.d. n.d. n.d. 40.0+£1.9 n.d. 55+13 54518 n.d. n.d.

- wild type n.d. n.d. 12.3+0.8 6.9+0.3 26%22 359+26 339+29 3.5+05 4907

PA xp pahlA n.d. n.d. 180+04 124x05 28+12 27.7+13 22715 6.2+0.0 2.7x0.2
Stat wild type n.d. n.d. 16.3+04 51+£0.7 3.3£29 407+11 25620 n.d. n.d.
a pahlA n.d. n.d. 19.7+0.8 9.1+£05 3.5+£0.6 354+£38 20027 52+0.7 n.d.

Wild type (W303-1A) and pahlA mutant (GHY57) cells were grown to the exponential and stationary phases in YEPD medium. Lipids were
extracted and the molecular species of the indicated phospholipids were analyzed by high performance liquid chromatography-mass spectrometry.
The percentages shown for the molecular species of each phospholipid were normalized to the total amount found for that phospholipid. The data
were the averages of three separate experiments £ S.D. Abbreviations: Exp, exponential; Stat, stationary; n.d., not detected.
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TABLE 4

TAG molecular species in exponential and stationary phase cells

Molecular species, %

g g_[ A|51_§y8_1s§)_r53_ﬁ%§360'0q['mmm wlouy papeojumoq

— — — — o — — — —

— — — — — — — — —

H' = = < S < r's > >

Growth  Cell type \“—)i 3 3 S 3 3 3 °£| °£|

O b <.3.' b .O. .O. b e b

phase =] =] =] = = = = 3 3
Ex wildtype 6.9%+0.2 171+18 125+02 323%13 n.d. 41+01 17805 3.0+0.1 6.4+0.1
P pahlA 8.0+0.9 182+14 108+0.1 250%23 n.d. 43+0.2 8.8+05 &d. 18+02 231+24
Stat wild type 74+16 197+19 109+38 33575 7.8+05 n.d. 116+33 6.2+05 n.d. 3.0+£0.7
pahlA 105+0.1 21.6+22 146+17 304+09 14+01 n.d. 11.2+0.7 11+0.1 n.d. 94+11

Wild type (W303-1A) and pahlA mutant (GHY57) cells were grown to the exponential and stationary phases in YEPD medium. Lipids were
extracted and the molecular species of TAG were analyzed by high performance liquid chromatography-mass spectrometry. The percentages
shown for the molecular species were normalized to the total amount found for TAG. The data were the averages of three separate experiments +
S.D. Abbreviations: Exp, exponential; Stat, stationary; n.d., not detected.
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