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Triacylglycerol (TAG) hydrolysis, membrane lipid biosynthe-
sis, and lipid turnover are largely interlinked processes. In yeast,
TAG is mobilized by three TAG lipases named Tgl3p, Tgl4p,
and Tgl5p, which are localized to lipid particles/droplets. These
TAG lipases posses a conserved GXSXG motif that is character-
istic of hydrolytic enzymes. Here, we demonstrated that the
yeast TAG lipase Tgl4p, the functional ortholog of the adipose
TAG lipase, ATGL, catalyzes multiple functions in lipid metab-
olism. An extended domain and motif search analysis revealed
that Tgl4p bears not only a lipase consensus domain but also a
conserved motif for calcium-independent phospholipase A,.
‘We show that Tgl4p exhibits TAG lipase, steryl ester hydrolase,
and phospholipase A, activities, but surprisingly it also cata-
lyzed the acyl-CoA-dependent acylation of lysophosphatidic
acid to phosphatidic acid (PA). Heterologous overexpression of
Tgl4p in Pichia pastoris increased total phospholipid and spe-
cifically PA synthesis. Moreover, deletion of TGL4 in Saccharo-
myces cerevisiae showed an altered pattern of phosphatidylcho-
line and PA molecular species. Altogether, our data suggest that
yeast Tgldp functions as a hydrolytic enzyme in lipid degrada-
tion but also contributes to fatty acid channeling and phospho-
lipid remodeling.

Emerging evidence indicates that membrane phospholipids
not only form passive hydrophobic barriers for cellular com-
partmentalization but also play important roles in other pro-
cesses, e.g. as potent lipid second messengers and in receptor-
mediated signaling, enzyme activation, and solute transport
(1-3). Moreover, phospholipids serve as molecular chaperons
(4, 5) and precursors for the synthesis of macromolecules
(6-10). Many of these processes involve specific acyltrans-
ferases, which form phospholipids from lysophospholipids and
fatty acids and thus play key roles in fatty acid metabolism and
lipid biosynthesis (11).

Lysophospholipid acyltransferases and transacylases are also
involved in the remodeling of phospholipids. In general, phos-
pholipids are metabolically active and are subjected to deacyl-
ation-reacylation reactions, which are crucial to the mainte-

nance of proper membrane fluidity, the formation of specific
lipid domains, vesicle flux, and other important cellular pro-
cesses (12—15). Lands (16) proposes that phospholipids contain
saturated fatty acids in the sun-1 position, whereas polyunsatu-
rated fatty acids are present in the sz-2 position. In mammalian
cells, fatty acyl chains in the sn-2 position of the glycerol back-
bone can be removed by specific phospholipases A, (PLA,),”
which leads to the formation of 1-acyl lysophospholipids. These
intermediates are then reacylated by lysophospholipid acyl-
transferases in the course of remodeling processes (17, 18).
Among the phospholipids, phosphatidic acid (PA) plays a
key role in lipid metabolism, because major phospholipids such
as phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), and phosphatidylserine (PS) are
mostly synthesized from PA via the CDP-DAG pathway (19—
21). PA can be formed through different reactions involving
lyso-PA acyltransferase, DAG kinase, and phospholipase D. In
plants, PA is implicated in seed germination and the response
to stress induced by drought, salinity, and low temperature.
Also, in mammalian cells, PA plays key roles as an activator of
cell growth and proliferation and in vesicular trafficking, secre-
tion, and endocytosis (22-24). In Saccharomyces cerevisiae, the
formation of PA by phospholipase D Pld1p/Spol4p is essential
for the fusion of vesicles with the prospore membrane during
sporogenesis (25, 26). In addition, PA is important for cytoki-
nesis in budding yeast (27) and for microvesicle formation from
the plasma membrane. Also, proper membrane curvature
properties depend mostly on lyso-PA acyltransferases (28).
Another important phospholipid is PC, which contributes
with its cylindrical shape to the structural integrity of mem-
brane bilayers. Therefore, the remodeling of PC is also highly
important in maintaining membrane properties. In mamma-
lian cells, PLA, plays a key role in generating lyso-PC and is
involved in maintaining a balanced pattern of PC molecular
species (17, 18). In the yeast, remodeling also determines the
molecular species of PC and its function as a major constituent
of membranes. In most cases, an unsaturated fatty acid is pres-
ent in the sn-2 position of PC, whereas palmitate predominates
in the sn-1 position (29). Two biosynthetic routes are involved
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TABLE 1
Strains used in this study

Genus/species Strain

Genotype

Source

S. cerevisiae
S. cerevisiae

BY4741, wild type
tgl4A

Mat a; his3A1; leu2A0; met15A0; ura3A0
MATa, ura3-52, trpl1A63, leu2A1, his3A200, Atgld::kanMX4

EUROSCARE collection, Frankfurt, Germany
EUROSCAREF collection, Frankfurt, Germany

P. pastoris GS115, wild type his4 Invitrogen
P. pastoris Overexpressing Tgl4p-His, GS115, TGL4-His, tag at the N terminus Ref. 41
P. pastoris Overexpressing mutant Tgldp-His, ~ GS115, TGL4767>% S5904_Hjs, tag at the N terminus This study

in PC remodeling and maintaining PC molecular species with
specific acyl chains at different ratios (30, 31).

This far, three yeast phospholipases B have been identified
and characterized. These enzymes hydrolyze PC in both the
sn-1 and sn-2 positions and thus produce mainly glycerophos-
phocholine and fatty acids (32—34). An sn-2 position-specific
PLA, has not yet been identified in S. cerevisiae. Recent inves-
tigations in our laboratory and by others (35-37), however, sug-
gest that fatty acids from TAG may be channeled to phospho-
lipid synthesis. Moreover, TAG lipases and/or related enzymes
may be involved in phospholipid remodeling. In mammalian
cells, a TAG lipase named ATGL (38), desnutrin (39), or calci-
um-independent phospholipase A, (iPLA,{) has been identi-
fied independently by three different groups. This protein pos-
sesses two signature motifs, namely the iPLA, ((G/A)XGXXG)
and lipase (GXSXG@) consensus sequences, and has been iden-
tified as a novel member of the iPLA,/lipase family (40). Later
on, ATGL orthologs were identified and characterized in yeast
(Tgl4p), plants (sugar-dependent-1), flies (Brummer lipase-4),
and other vertebrates (41-46). In addition, two patatin do-
main-containing lipolytic enzymes from S. cerevisiae lipid par-
ticles, Tgl3p and Tgl5p, have been identified and partially char-
acterized (47). Surprisingly, the function of these polypeptides
in TAG hydrolysis in vivo and maintenance of TAG homeosta-
sis appears to be conserved. However, the possible function of
these enzymes as PLA, has never been addressed.

TAG hydrolysis appears to be a major source of fatty acid and
DAG, which is a precursor of membrane lipid biosynthesis, spe-
cifically for the generation of PA. It has been proposed that
DAG formed by TAG lipases might be channeled to PE and PC
synthesis via the Kennedy pathway (48 -50). In the present
work, biochemical studies of the yeast TAG lipase Tgl4p led us
to more detailed in silico and enzyme analytical investigations
of this protein. We show that Tgl4p harbors a PLA,-specific
protein motif, (G/A)XGXXG. Moreover, we demonstrate
that Tgl4p is not only a TAG/steryl ester (SE)- and phospho-
lipid-hydrolyzing enzyme but also functions as a lysophos-
phatidic acid (LPA) acyltransferase. These surprising find-
ings will be discussed in the context of the possible role of
Tgl4p in lipid degradation, remodeling, and phospholipid
homeostasis.

MATERIALS AND METHODS

Strains and Culture Conditions—Yeast strains used through-
out this study are listed in Table 1. Cells were grown in either
YPD (1% yeast extract, 2% bacto peptone, 2% glucose) or in
synthetic minimal medium containing 0.67% yeast nitrogen
base (Difco) supplemented with the appropriate amino acids
and 2% glucose or 2% galactose. For heterologous expression of
His,-tagged Tgldp, Pichia pastoris cells were grown on buffered
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minimal methanol medium (BMM10) containing 1.34% yeast
nitrogen base, 4 X 107 % biotin (Sigma), 5% methanol
(Merck), and 200 mm potassium phosphate, pH 6.5.

Bioinformatics Analysis—The conserved protein domain of
Tgldp and its motifs were examined using the Conserved
Domain Database at NCBI (http://www.ncbi.nih.gov/Struc-
ture/cdd) and the pfam database as described (51).

In Vivo Labeling of Phospholipids and Neutral Lipids—Tgl4p
was expressed heterologously in P. pastoris under the AOX1
promoter as described previously (41). The Tgl4p-His,-overex-
pressing strain and its corresponding wild type, GS115, were
precultured in 5 ml of YPD containing 2% glucose. For in vivo
labeling, cells at an OD of 0.2 were inoculated in BMM10
medium and cultivated until growth reached the midlog phase.
Then, cells were shifted to 1% methanol as a carbon source to
induce the AOX promoter. At the time of induction, 0.5 uCi/ml
[**CJacetate (specific activity, 51 mCi/mmol) was added, and
cells were grown for an additional 12 h. Then, cells (OD = 10)
were harvested by centrifugation, and lipids were extracted
using chloroform/methanol (2:1 v/v). Individual phospholipids
were separated by two-dimensional TLC (silica gel 60) using
chloroform/methanol/25% ammonia (65:35:5 v/v) as a first
developing solvent, and chloroform/methanol/acetone/acetic
acid/water (50:10:20:15:5 v/v) as solvent for the second dimen-
sion. Neutral lipids were separated by one-dimensional TLC
using light petroleum:diethyl ether:acetic acid (70:30:1 v/v) as
the solvent system.

Overexpression and Purification of Tgl4p Using Affinity
Chromatography—For the isolation of His-tagged Tgl4p (41),
cytosol was prepared from P. pastoris cells overexpressing
Tgl4p. Cells were suspended in 50 mm Tris buffer, pH 7.5, 0.3 M
sucrose, 1 mm 2-mercaptoethanol containing protease inhibi-
tors, 0.1 mM phenylmethylsulfonyl fluoride, and 1 ug ml ™" leu-
peptin and disintegrated using glass beads. Unbroken cells and
debris were removed by centrifugation at 3,000 X g for 10 min.
The cell-free extract was centrifuged at 100,000 X g for 90 min
to obtain cytosolic and total membrane fractions. The cytosolic
fraction was subjected to nickel-nitrilotriacetic acid affinity col-
umn chromatography following the manufacturer’s instruc-
tions, yielding Tgl4p preparation for further analyses.

SDS-PAGE and Western Blot Analysis—Protein samples
were quantified by the method of Lowry et al. (52) using bovine
serum albumin as a standard. SDS-PAGE was carried out by the
method of Laemmli (53). For Western blot analysis proteins
were separated by 12% SDS-PAGE, transferred to a Hybond
ECL nitrocellulose membrane (Amersham Biosciences), and
analyzed using standard procedures (54).

Enzyme Analyses—The affinity chromatography-purified
Tgldp was assayed for calcium-independent PLA,, lipase, and
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transacylase activities as described by Jenkins et al. (40). The
PLA, assay was carried out with purified fractions in 100 mm
Tris-HCl, pH 7.5, containing 4 mM EGTA in a final volume of
200 pl for 30 min at 30 °C in the presence of 100 um (1 nCi/
assay) dipalmitoyl-2-[9,10->H]glycero-3-phosphocholine (92.3
Ci/mmol) or [“*C]phosphatidic acid (54.8 mCi/mmol) or
40,000 dpm of 3*P-labeled PE or PS (produced by labeling the
Escherichia coli cells and extracted lipids). Purified fractions
were also assayed for TAG lipase and SE hydrolase activities
using 100 mm Tris-HCI, pH 7.5, containing 2 mm EDTA and 1
mM dithiothreitol in the presence of 100 um [9,10-*H]triolein
(53 Ci/mmol) or [*H]cholesteryl-oleate (43 Ci/mmol), respec-
tively, for 30 min at 30 °C as described previously (55, 56). All
reactions were terminated by lipid extraction with 200 ul of
butanol. Radiolabeled products were analyzed by TLC using
chloroform/methanol/acetone/acetic acid/water (50:10:20:15:5
v/v) for the PLA, assay and light petroleum/diethyl ether/acetic
acid (70:30:1 v/v) as a solvent system for the lipase and SE
hydrolase assays. Spots were visualized by iodine staining, iden-
tified by standards, scraped off, and quantified by liquid scintil-
lation counting using a Packard Tri-Carb 2900TR scintillation
counter and LSC Safety Cocktail (Baker, Deventer, The Neth-
erlands) with 5% water as a scintillation mixture.

Lysophospholipid acyltransferase activity was determined by
measuring the incorporation of ['*CJoleoyl-CoA into phospho-
lipids in the presence of lysophospholipids as acyl acceptors.
The reactions were performed in the presence of 100 mm Tris-
HCI, pH 7.5, the respective lysophospholipid at 50 uM, and 25
uM [**CJoleoyl-CoA (58 mCi/mmol) at 30 °C with 0.2—1 ug of
purified Tgl4p in a total volume of 100 wl for 15 min. The reac-
tion was terminated by extracting lipids with 800 ul of chloro-
form/methanol/2% phosphoric acid (1:2:1 v/v). Subsequently,
lipids were separated by one-dimensional TLC using chloro-
form/methanol/acetone/acetic acid/water (50:10:20:15:5 v/v)
as the solvent system. Individual radioactive lipid spots were
analyzed as described above.

Phospholipid Quantification—Lipids were extracted from
yeast cells (57), and phospholipids were separated by two-dimen-
sional thin-layer chromatography as described above. Lipids were
stained with iodine vapor, spots were scraped off the plate, and
lipids were quantified as described by Broekhuyse (58).

Electrospray Ionization Tandem Mass Spectrometry (ESI-MS/
MS)—Yeast cells were grown in synthetic complete medium
until A, reached 1.0-2.0, harvested by centrifugation, and
washed with sterile water. Lipids were extracted as described
previously (59), and the chloroform-soluble fraction was dried,
suspended in high pressure liquid chromatography-grade
methanol, and subjected to ESI-MS/MS (Bruker Esquire 3000
Plus electrospray ion trap instrument; Bremen, Germany).
Lipid samples (10 ul) were applied directly to the ESI source
through a polytetrafluoroethylene line at a rate of 4 ul/min. The
following ESI-MS/MS settings were used. The turboelectro-
spray ionization source was maintained at 260 °C, and data were
collected in the positive and negative ion mode from 400 to
1200 m/z. The efficiency of lipid extraction was calculated to be
83—87%, and the procedure was monitored in every experi-
ment. The efficiency of ionization was highly reproducible.
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FIGURE 1. Dual signature motifs in Tgl4p. The positions of conserved GXSXG
lipase and GXGXXG calcium-independent phospholipase motifs in Tgl4p are
indicated by triangles with the respective amino acid (aa) residues.

Experiments were repeated three times yielding almost identi-
cal spectra.

Site-directed Mutagenesis—Plasmid pPIC 3.5K-TGL4 wild
type was obtained as described previously by Athenstaedt and
Daum (41). Plasmid pPIC 3.5K-T675A,S890A was constructed
using the QuikChange polymerase chain reaction-based muta-
genesis procedure (Stratagene) with the pPIC 3.5K-TGL4 wild
type plasmid as template following the manufacturer’s instruc-
tions. Primers used to construct site-directed mutants were as
described previously (35).

RESULTS

Dual Signature Motifs in Tgl4p—Previously the yeast protein
Tgldp had been reported as TAG lipase and an ortholog of the
mammalian ATGL (see the Introduction). Those findings indi-
cate that the TAG lipase activity of the two related enzymes was
conserved from yeast to mammals. Tgldp is a core patatin
domain-containing protein and is categorized as a member of
the a/B-hydrolase family. A more detailed search using the
S. cerevisiae genome database (SGD), however, revealed that
this polypeptide contains not only the typical lipase consensus
sequence, GXSXG, but also a sequence motif, (G/A)XGXXG,
that is characteristic of calcium-independent PLA, proteins
(Fig. 1). These in silico data tempted us to speculate that Tgldp
might also catalyze calcium-independent PLA, activity and
that this function might be conserved similarly to the lipase
activity of this protein.

Tgldp Catalyzes TAG Lipase, Steryl Ester Hydrolase, and
Phospholipase A , Reactions—T o test for hydrolytic activities of
Tgl4p, we overexpressed N-terminal His,-tagged Tgldp heter-
ologously in P. pastoris under an AOX1 promoter. As described
previously (41), the protein was localized to the cytosolic frac-
tion and detected by Western blot analysis using an anti-Hisg
monoclonal antibody (supplemental Fig. S1). Using cytosolic
fractions from the wild type and the Tgldp overexpressed
strain, enzymatic assays for TAG lipase, SE hydrolase, and cal-
cium-independent PLA, were carried out with [9,10-*H]trio-
lein, [*H]cholesteryl oleate, and dipalmitoyl-2-[9,10-*H]glyc-
ero-3-phosphocholine as substrates. As shown in Fig. 2, TAG
lipase, SE hydrolase, and PLA, activities were detected in the
cytosol from the Tgldp-overexpressing strain, whereas the
release of radiolabeled fatty acid from the respective substrates
was marginal in wild type cytosol. The presence of Ca*>* and/or
ATP, a known stabilizer and activator of calcium-independent
PLA,, in the assay mixture did not affect the enzyme activity
(data not shown).

For further investigation of PLA, activity, the cytosolic frac-
tion of the Tgldp-overexpressing P. pastoris strain was sub-
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FIGURE 2. Tgl4p catalyzes hydrolysis of TAG, SE, and PC. TAG lipase, SE
hydrolase, and PLA, activities were measured in cytosol prepared from P. pas-
toris wild type and a TGL4-overexpressing strain. Gray bar, PLA, activity; white
bar, TAG lipase activity; black bar, SE hydrolase activity. Mean values from four
independent measurements + S.D. are shown.

jected to affinity column chromatography, and Tgl4p was puri-
fied close to homogeneity as described previously (41). Enzyme
activity assays performed with radiolabeled PC revealed that
purified Tgldp exhibited a PLA, activity of 152.5 * 8.5 pmol/
min/mg protein. The release of [*H]palmitic acid was linear
within 40 min and was protein-dependent to a maximum of 0.8
pg of protein under the given assay conditions. To ascertain the
substrate preference of Tgldp for various phospholipids, PLA,
activity was also measured using [**C]PA, [**C]PE, and [**C]PS.
We found that Tgl4p hydrolyzed PE at an activity rate of 28.6
pmol/min/mg protein. PA and PS as substrates were not hydro-
lyzed. Because hydrolysis of the acyl bond in the sn-1 position
may follow the release of the fatty acid from the sn-2 position,
we also tested Tgldp for lysophospholipase activity using
1-[9,10-*H]lysophosphatidic acid as a substrate. However, no
such activity of Tgldp was detectable (data not shown).

Tgldp Preferentially Mediates Acyl-CoA-dependent Acyl-
ation of Lysophosphatidic Acid—Previous reports described the
patatin motif of hydrolases as also catalyzing ATP- and acyl-
CoA-independent transacylation reactions (60— 62). For this
reason, we also tested Tgldp for possible ATP- and/or acyl-
CoA-independent transfer of acyl moieties among TAG, dia-
cylglycerol, and monoacylglycerol by sequential hydrolysis and
transacylation reactions. However, Tgl4p did not catalyze any
of these reactions (data not shown). But to our surprise, we
found that Tgl4p acted as an acyl-CoA-dependent lysophos-
pholipid acyltransferase. The substrate specificity of Tgl4p was
tested with [1-'*CJoleoyl-CoA as the acyl donor and various
lysophospholipids such as lysophosphatidylcholine, lysophos-
phatidylethanolamine, lysophosphatidylinositol, lysophos-
phatidylserine, and lysophosphatidic acid as acyl acceptors.
As shown in Fig. 34, Tgl4p acylated LPA with high prefer-
ence and formed PA as a product, whereas lysophosphati-
dylethanolamine, lysophosphatidylcholine, lysophosphati-
dylinositol, and lysophosphatidylserine were utilized with
only marginal efficiency. The identity of PA as a product of
the acylation reaction was confirmed by two-dimensional
TLC (data not shown).

We then extended our studies to investigate the acyl donor
preference for Tgldp using [9,10-*H]lysophosphatidic acid (47
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FIGURE 3. Tgl4p mediates oleoyl-CoA-dependent acylation of lysophos-
phatidicacid. The acyl acceptor and donor specificity of Tgl4p were analyzed
with the purified protein. A, lysophospholipid acyltransferase assays were
carried out in the presence of 50 um lysophospholipids (LPA, lysophospha-
tidic acid; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine;
LPS, lysophosphatidylserine; and LPI, lysophosphatidylinositol) and 25 um
[1-"*Cloleoyl-CoA. B, acyl chain preference of Tgl4p. Acyl-CoAs with different
chain length as indicated were used. NE, no enzyme; NS, no substrate. The
data are derived from at least three independent experiments and are shown
as mean values =+ S.D. (error bars).

Ci/mmol) and different unlabeled acyl-CoAs as substrates
(Fig. 3B). The highest activity was observed with oleoyl-CoA,
whereas palmitoyl-CoA, stearoyl-CoA, arachidyl-CoA, and
myristoyl-CoA were less efficient acyl donors under standard
conditions. The Tgl4p-LPAAT reaction was linear within 10
min and reaching as high as 600 ng of protein in the assay
mixture (Fig. 4).

Finally, we examined the kinetic properties of the LPA acyl-
transferase reaction with isolated Tgl4p. The apparent K, and
V nax values for oleoyl-CoA and LPA were calculated from Line-
weaver-Burk plots. The K, and V,, values of Tgl4p for oleoyl-
CoA were 15.1 uM and 11.98 nmol/min/mg, respectively. The
K, and V. values for 1-oleoyl-LPA were 14.3 um and 11.4
nmol/min/mg, respectively. Moreover, we estimated the pH
optimum for the LPAAT reaction at between 7.0 and 9.0. The
addition of Mg>* or Ca®" did not affect the enzymatic activity.
The Zwitterionic detergent CHAPS and the non-ionic deter-
gent Triton X-100 inhibited Tgl4p-derived LPAAT activity at
concentrations of 12 and 4 mw, respectively.

Phosphorylation of Tgldp Is Dispensable for Acyltransferase
Function—Recently, Kurat et al. (35) demonstrated that Tgldp
is phosphorylated and activated by the cyclin-dependent kinase
1 (Cdk1/Cdc28) in S. cerevisiae. The phosphorylated form of
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FIGURE 4. Tgl4p mediates time- and protein-dependent LPA acyltrans-
ferase activity. A, acyltransferase assays with 50 um LPA and 25 um
["*Cloleoyl-CoA were performed for the indicated time periods. B, protein-de-
pendent LPAAT activity of Tgl4p. The data represent the mean values of trip-
licate measurements * S.D. (error bars).
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FIGURE 5. Evaluation of the mutation of Thr-675 and Ser-890 to alanine.
The wild type and mutated form of Tgl4p (TGL4-T675A,5890A) were overex-
pressed in P. pastoris and analyzed for multiple functions of Tgl4p. Black bar,
wild type Tgl4p; gray bar, mutated form of Tgldp (TGL4-T675A,5890A). The
mean values of three independent experiments = S.D. are shown.

Tgldp catalyzed lipolysis during cell cycle progression. To
determine the effect of phosphorylation at Thr-675 and Ser-
890 shown by these authors on hydrolytic and acyltransferase
activities of Tgldp, we constructed variants of Tgldp by site-
directed mutagenesis. To this end, Thr-675 and Ser-890 resi-
dues were replaced by alanine. Both the wild type and the
mutated form (TGL4-T675A,S890A) of Tgldp were overex-
pressed in P. pastoris and confirmed by Western blot analysis
(supplemental Fig. S1). Biochemical analyses clearly indicated
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FIGURE 6. Heterologous expression of Tgl4p in P. pastoris affects the lipid
composition. TGL4 and TGL4-T675A,5890A were overexpressed in P. pastoris
asdescribed under “Materials and Methods.” Lipids were labeled with ['*Clac-
etate in an induction medium for 12 h. A, incorporation of ['*Clacetate into
individual phospholipids. black bar, wild type; white bar, TGL4-overexpressing
strain; gray bar, mutated form of TGL4 (TGL4-T675A,5890A)-overexpressing
strain. Pl, phosphatidylinositol. B, neutral lipid profile of P. pastoris. Black bar,
wild type GS115; white bar, TGL4-overexpressing strain; gray bar, mutated
form of TGL4-overexpressing strain.

that substitution of amino acids as described above had a strong
impact on the functions of Tgl4p (Fig. 5). We found that muta-
tions of Thr-675 and Ser-890 resulted in a marked reduction of
hydrolytic activities but did not affect the LPA acyltransferase
activity of Tgl4p in vitro. These data clearly demonstrate that
the hydrolytic and acyltransferase activities of Tgl4p act inde-
pendently of each other.

Impact of TGL4 Overexpression or Deletion on Phospholipid
and Neutral Lipid Metabolism—The different enzymatic func-
tions of Tgldp in vitro such as TAG lipase, SE hydrolase, PLA,,
and LPA acyltransferase intrigued us so that we investigated the
multifunctional role of this protein in lipid metabolism in
greater detail. To this purpose, we analyzed the phospholipid
profiles of wild type TGL4-His, and His-tagged TGL4-
T675A,S890A overexpressed in P. pastoris and incubated for
24 h in the presence of [**CJacetate. As shown in Fig. 64, over-
expression of both forms of TGL4 increased the total cellular
phospholipid levels, especially the amounts of PC and PA. A
slight increase in PE was also observed in these strains. The
same results were obtained when phospholipids from these
overexpressing strains were quantified chemically (data not
shown). In contrast, overexpression of TGL4-His, drastically
decreased the amounts of TAG, DAG, and SE (Fig. 6B). Cells
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TABLE 2

Molecular species of phosphatidylcholine and phosphatidic acid in
S. cerevisiae wild type and tgl4A

Phosphatidylcholine Phosphatidic acid
Molecular X Molecular .
species Wild type tgl4A species Wild type tgl4A
28:1 334+06 1.60=*0.5 32:0 6.46 + 1.2 6.68 + 0.7
30:1 4.87 £0.54 3.80 =0.8 32:1 9.37 £2.3 17.53 £ 1.2
30:2 4.30 £0.8 1.90 = 0.5 32:2 129 £ 2.1 1152 1.8
32:1 181 =22 153 =18 34:0 4.2 *0.85 5.01 =09
32:2 267 +25 399=*29 34:1 11.8*15 10.02*+ 1.4
34:1 9.06 14 4.75*+0.7 34:2 194 * 24 1335+ 1.3
34:2 296 +24 304 *32 36:0 9.20 * 1.6 11.68 = 1.7
36:1 190 =0.62 1.33 £04 36:1 13.7 £ 2.1 14.22 = 0.85
36:2 211 +063 1.01=*0.8 36:2 129 *+23 10.01 + 1.34

overexpressing His-tagged TGL4-T675A,5890A also showed a
marked decrease of the three neutral lipids although not quite
as pronounced as TGL4-His,. This finding is in line with the
view that the mutated form of Tgl4p was less active than the
wild type. We concluded from this experiment that enhanced
TAG and SE hydrolysis led to an increased availability of fatty
acids and an enhanced phospholipid production in the overex-
pressing strains. Acylation of LPA may specifically stimulate
phospholipid biosynthesis.

As Tgldp functions both as PLA, and LPAAT, and overex-
pressionin P. pastoris enhanced the total phospholipid content,
we speculated that Tgldp might also affect the pattern(s) of
phospholipid molecular species as a result of the remodeling
process that appears to take place. To address this question, we
employed ESI-MS/MS and compared the profile of phospho-
lipid species in S. cerevisiae wild type and tgl4A. As shown in
Table 2, the composition of fatty acid species in PC and PA from
the tgl4A deletion mutant was different from the wild type. The
tgl4A strain showed an increase of 32:2 species in PC, which was
compensated by decreased levels of 32:1 and 34:1 species. In
addition, the #g/4A mutant showed a strong increase of single
unsaturated fatty acid (32:1) PA species. Interestingly, the
molecular species of phosphatidylinositol and PE did not vary
significantly between the wild type and £gl4A (data not shown),
indicating that Tgl4p affects the fatty acid species composition
of PC and PA in a rather specific way.

DISCUSSION

In yeast cells, three different TAG lipases, named Tgl3p,
Tgl4p, and Tgl5p, have been identified thus far and partially
characterized at the molecular level. Among these TAG lipases,
Tgldp has been identified as the functional ortholog of mam-
malian adipose triglyceride lipase (42). The yeast lipases were
shown to catalyze the degradation of TAG with different levels
of efficiency and to induce lipolysis, especially when cells enter
the vegetative growth from the stationary phase. It has also
been reported that these enzymes channel the released metab-
olites, fatty acids and DAG, toward membrane lipids synthesis
(41, 63). More recently, Kurat et al. (35) showed that Tgldp is
phosphorylated and activated by the cyclin-dependent kinase 1
Cdklp/Cdc28p. The phosphorylated form of Tgldp activates
lipolysis and supports early bud formation and cell cycle pro-
gression. Our results presented here are in line with these find-
ings. The dephosphorylated mutant form of Tgl4p was strongly
inhibited in its hydrolytic capacity but was unaffected as LPA
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acyltransferase in vitro and in vivo (Figs. 5 and 6). In contrast,
the wild type form of Tgldp exhibited both hydrolytic and LPA
acyltransferase functions. Thus, it appears that the phosphory-
lated form of Tgldp stimulates lipolysis and the dephosphory-
lated form of the enzyme to a certain extent promotes mem-
brane lipid synthesis.

Although the role of Tgldp as a TAG lipase has been reason-
ably well characterized, it appears that this protein acts rather
as a multifunctional enzyme. It came as a surprise that Tgl4p also
exhibited functions different from TAG lipase that had not
been realized previously or even anticipated. In the present
study, we have demonstrated that Tgl4p can also function as SE
hydrolase, sn-2-specific PLA,, and acyl-CoA-dependent LPA
acyltransferase. The discrepancy with previous reports (41, 47)
appears to be because of the modified assay conditions used in
this study (see “Materials and Methods”), which specifically
improved substrate presentation to the hydrolytic enzyme.
Notably, the additional enzyme activities may be critical for
membrane lipid metabolism with TAG lipase, SE hydrolase,
and PLA, acting in catabolic processes, whereas LPA acyltrans-
ferase contributes to the anabolic branch of lipid biosynthesis.
Similar to Tgl4p, the plant-soluble LPA acyltransferase
(At4g24160) possess four motifs that are conserved across the
plant species: a GXSXG lipase motif; a GXGXXG calcium-inde-
pendent PLA, motif; an HX,D motif; and V(X);HGF, a proba-
ble lipid-binding motif (37). At4g24160 was shown to hydrolyze
both TAG and phosphatidylcholine.

Recently, we also demonstrated that the yeast lipases Tgl3p
and Tgl5p mediate acyl-CoA-dependent acylation of lysophos-
phatidylethanolamine and LPA, respectively. We showed that
the lysophosphatidylethanolamine acyltransferase function of
Tgl3p was essential for efficient yeast sporulation (55). It has to
be noted, however, that Tgl3p and Tgl5p exhibited neither
phospholipase nor steryl ester hydrolase activity. Thus, these
two enzymes are clearly different from Tgl4p with respect to
their enzymatic properties and most likely contribute differ-
ently to lipid metabolism.

The multiple enzymatic functions of Tgldp raise a question
as to the physiological role of this enzyme. An obvious explana-
tion could be that Tgl4p (i) catalyzes TAG and SE turnover and
provides a continuous pool of fatty acids by its hydrolytic activ-
ities; (ii) at the same time is involved in de novo phospholipid
biosynthesis by its activity as LPA acyltransferase; and (iii)
finally contributes to membrane lipid remodeling by PLA,
activity. Such roles may be in line with our findings that Tgldp
overexpression in P. pastoris resulted in: (i) an increased FFA
content because of enhanced TAG, DAG, and SE hydrolysis
(see Fig. 6); and (ii) an increased phospholipid level due to chan-
neling of the released FFA toward membrane lipid biosynthesis
or acylation of LPA to PA. In mammalian cells, it was shown
that adiponutrin/ATGL was up-regulated when oleate was fed,
indicating that it may also function as transacylase to channel
FFA to TAG, thereby effectively preventing the cell from lipo-
toxicity (40). Likewise, yeast Tgldp may mediate acyl-CoA-de-
pendent acylation to deviate released or excess FFA toward
phospholipid synthesis. This channeling, however, does not
occur by transacylation, because Tgl4p preferentially acylates
LPA in an acyl-CoA-dependent reaction to produce PA as a
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general precursor for phospholipids. Finally, our ESI-MS/MS
analyses (see Table 2) support the view that Tgldp may also
contribute to phospholipid remodeling. Both the PLA, and
LPA acyltransferase functions of Tgldp appear to be important
for the maintenance of the appropriate ratios of different
molecular phospholipid species in vivo, especially that of PC
and PA.

The hypothesis that Tgl4p acts as a multifunctional enzyme
in general yeast lipid metabolism as outlined above, does not,
however, take into account the subcellular localization of this
polypeptide in lipid particles/droplets. As most other lipid par-
ticle proteins, Tgldp lacks transmembrane-spanning domains
and may thus be assumed to reside in the phospholipid mono-
layer of the lipid particle surface (64). This topology raises the
question how this lipase gets access to the substrate TAG that is
a component of the highly hydrophobic core of lipid particles.
Recently, we were able to present a more detailed model of the
lipid particle interior (65). We showed that the SE of lipid par-
ticles form a number of ordered shells below the surface phos-
pholipid monolayer surrounding a random inner core of TAG.
Although the protrusion of TAG molecules through the SE
shells may occur, it is difficult to understand how TAG lipases
get access to their substrates through the phospholipid mono-
layer membrane. The multiple functions of Tgl4p may support
such a process by poking holes into the phospholipid mono-
layer through the PLA, activity and softening SE shells by its SE
hydrolase activity. Once the TAG substrate has been utilized by
the lipase function, the acyltransferase function of the enzyme
may remodel phospholipids and contribute to the “healing” of
the surface monolayer. This hypothesis, however, does not
exclude the possibility that substantial amounts of PA or other
phospholipids formed through the recycling and channeling
functions of Tgldp may be transported to other subcellular
sites.

In summary, our work presented here demonstrates the mul-
tifunctional role of Tgldp as TAG lipase, SE hydrolase, PLA,,
and LPA acyltransferase. Consequently, this enzyme serves
both the catabolic and anabolic pathways of lipid metabolism in
the yeast. As usual, some questions remain open. One of these
questions is whether Tgl4p occurs exclusively in lipid particles.
It has been shown previously that other lipid particle proteins
are also found in the endoplasmic reticulum, although in some
cases only in marginal amounts. Nevertheless, it cannot be
excluded that lipid particles are not the only subcellular site at
which Tgldp is active and contributes to lipid metabolism.
Another open question is how the multiple functions of Tgldp
are regulated and linked to neutral lipid/phospholipid-synthe-
sizing and -degrading routes. Finally, we have to take into
account that the multiple functions of Tgl4p may also affect
other cellular processes that have escaped our attention thus
far. Identifying the genetic and molecular interaction partners
of TGL4 and its gene product may contribute to a better under-
standing of these open questions.
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