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In the yeast Saccharomyces cerevisiae, triacylglycerol mobili-
zation for phospholipid synthesis occurs during growth re-
sumption from stationary phase, and this metabolism is essen-
tial in the absence of de novo fatty acid synthesis. In this work,
we provide evidence that DGK1-encoded diacylglycerol kinase
activity is required to convert triacylglycerol-derived diacyl-
glycerol to phosphatidate for phospholipid synthesis. Cells lack-
ing diacylglycerol kinase activity (e.g. dgkIA mutation) failed
to resume growth in the presence of the fatty acid synthesis
inhibitor cerulenin. Lipid analysis data showed that dgkIA
mutant cells did not mobilize triacylglycerol for membrane
phospholipid synthesis and accumulated diacylglycerol. The
dgklA phenotypes were partially complemented by preventing
the formation of diacylglycerol by the PAHI-encoded phos-
phatidate phosphatase and by channeling diacylglycerol to
phosphatidylcholine via the Kennedy pathway. These observa-
tions, coupled to an inhibitory effect of dioctanoyl-diacylglyc-
erol on the growth of wild type cells, indicated that diacylgly-
cerol kinase also functions to alleviate diacylglycerol toxicity.

In the yeast Saccharomyces cerevisiae, the lipids PAZ and
DAG are essential intermediates in the synthesis of mem-
brane phospholipids and the storage lipid TAG (1-3). In the
de novo pathway, PA is the precursor to the major phospho-
lipids (e.g. PC, PE, PI, and PS) that are synthesized by way of
CDP-DAG (1). Alternatively, PA is converted to DAG (cata-
lyzed by PAHI?-encoded PA phosphatase), which is then uti-
lized by acyltransferase enzymes (principally those encoded
by DGA1I and LROI) to synthesize TAG (1-6). The DAG gen-
erated by the PA phosphatase reaction may also be utilized for
the synthesis of the phospholipids PC and PE by way of the
Kennedy pathway when cells are supplemented with choline
and ethanolamine, respectively (1, 4). In addition to their
roles in lipid synthesis, PA and DAG are signaling molecules
that affect various aspects of cell physiology that include acti-
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vation of cell growth, membrane proliferation, transcription,
and vesicular trafficking (7-16).

PAHI-encoded PA phosphatase (4) and DGKI*-encoded
DAG kinase (17, 18) have emerged as key regulators of the
cellular levels of PA and DAG in S. cerevisiae. PA phosphatase
is a cytoplasmic enzyme that associates with the nuclear/ER
membrane to catalyze the formation of DAG from PA (4, 19).
DAG kinase is a unique CTP-dependent nuclear/ER mem-
brane-associated enzyme that catalyzes the formation of PA
from DAG (17, 18). Cells bearing pahl mutations have an
increase in PA content and exhibit an aberrant expansion of
the nuclear/ER membrane (4, 20, 21). Moreover, the elevation
of PA in pahl mutant cells is associated with the derepression
of phospholipid synthesis gene expression (20, 21), which oc-
curs when Opilp repressor function is inhibited because of an
association of the repressor with PA at the nuclear/ER mem-
brane (22, 23). By contrast, the overexpression of PA phos-
phatase activity causes the loss of PA, the repression of phos-
pholipid synthesis gene expression, and inositol auxotrophy
(24). DAG kinase counterbalances the role that PA phospha-
tase plays in lipid metabolism and cell physiology (17, 18).
The overexpression of DAG kinase causes an increase in PA
content, the derepression of phospholipid synthesis genes,
and the abnormal nuclear/ER membrane expansion (17) like
the phenotypes exhibited by pahl mutants (20, 21). Neverthe-
less, the overexpression of DAG kinase activity complements
the inositol auxotrophy caused by the overexpression of PA
phosphatase activity (17). The loss of DAG kinase activity
complements the phenotypes caused by the loss of PA phos-
phatase activity (e.g dgkIA pahlA mutations) (17, 18). In con-
trast, cells bearing the dgklA mutation alone do not exhibit
any remarkable phenotypes (17).

In S. cerevisiae, the synthesis of TAG, which is derived from
PA via DAG, occurs during vegetative growth, and it accumu-
lates in lipid droplets at the stationary (quiescent) phase (2, 3,
25-28). TAG synthesis is important to cell physiology because
it controls the metabolic flux of fatty acids into membrane
phospholipids, prevents the toxicity caused by free fatty acids,
and provides metabolites for sporulation and cell cycle pro-
gression (2, 3, 25-27, 29, 30). The hydrolysis of TAG (princi-
pally mediated by the TGL3- and TGL4-encoded TAG
lipases) is equally important to cell physiology because it gen-
erates free fatty acids for initiation of membrane phospholipid
synthesis, and this allows cells to exit the stationary phase and

4 DGK1 was previously known by the designation HSD1 (68).
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TABLE 1
Strains and plasmids used in this study
Strain or Source/
plasmid Relevant characteristics Reference
Strains

E. coli

DH5« F~ ¢p80dlacZAM15 A(lacZYA-argF)U169 deoR recAl Ref. 36
endAl hsdR17(r,~ m ") phoA supE44 1™ thi-1
gyrA96 relAl

S. cerevisiae
BY4742 MATo his3A1 leu2A0 lys2A0 ura3A0 Ref. 69
RS453 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-52 Ref. 70
SS1144 dgk1A::HIS3 derivative of RS453 Ref. 17
SS1147 dgklA::HIS3 pahlA:: TRP1 derivative of RS453 Ref. 17
SF1111 dgk1A::HIS3 spol4A:LEU2 derivative of RS453 This study
PMY201  ntelA:KanMX4 derivative of BY4742 Euroscarf
SF1112 dgk1A::HIS3 ntelA:KanMX4 derivative of RS453 This study

Plasmids

pRS416 Single copy E. coli/yeast shuttle vector with L/RA3 Ref. 71

pSF211 DGKI1 inserted into pRS416 This study

pSF212 DGK1(D177A) derivative of pSF211 This study

pME913 Plasmid containing the spo14A:LEU2 deletion cassette ~ Ref. 44

resume vegetative growth (2, 3, 31-34). In fact, mutants
(¢gl3A and tgl4A) defective in TAG lipase activity are severely
retarded in their ability to resume growth from the stationary
phase because de novo fatty acid synthesis is not sufficient for
membrane biogenesis (3, 31).

In this work, we addressed the hypothesis that DAG kinase
activity is required for phospholipid synthesis in growth re-
sumption from the stationary phase. This notion was based
on the fact that the most direct route for de novo membrane
phospholipid synthesis following the hydrolysis of TAG is
through the DAG kinase reaction (Fig. 1). Using dgkIA mu-
tant cells, we showed that the resumption of growth from the
stationary phase is controlled by DAG kinase activity, in par-
ticular when de novo fatty acid synthesis was inhibited. More-
over, in wild type cells, the resumption of growth was accom-
panied by the induction of DAG kinase activity. We also
showed that choline supplementation could bypass the re-
quirement of DAG kinase for growth resumption, thereby
linking the Kennedy pathway for phospholipid synthesis to
the mobilization of TAG.

EXPERIMENTAL PROCEDURES

Materials—Growth medium components were purchased
from Difco. Restriction endonucleases, modifying enzymes,
and Vent DNA polymerase were from New England Biolabs.
The DNA purification kit was from Qiagen. Cerulenin, nucle-
otides, nucleoside 5’'-diphosphate kinase, choline, phospho-
choline, CDP-choline, ethanolamine, Triton X-100, fatty acid
methyl ester standards, and protease inhibitors (phenylmeth-
ylsulfonyl fluoride, benzamidine, aprotinin, leupeptin, and
pepstatin) were from Sigma. Oligonucleotides were prepared
by Genosys Biotechnologies, Inc. The Yeast Maker yeast
transformation kit was purchased from Clontech. Radio-
chemicals were purchased from PerkinElmer Life Sciences.
Lipids were obtained from Avanti Polar Lipids. Silica gel thin
layer chromatography plates were from EM Science.

Strains and Growth Conditions—The bacterial and yeast
strains used in this work are listed in Table 1. Yeast cells were
grown in YEPD medium (1% yeast extract, 2% peptone, 2%
glucose) or in synthetic complete (SC) medium containing 2%
glucose at 30 °C as described previously (35, 36). For selection

JANUARY 14, 2011 +VOLUME 286+NUMBER 2

Yeast Diacylglycerol Kinase

of yeast cells bearing plasmids, appropriate amino acids were
omitted from SC medium. Plasmid maintenance and amplifi-
cations were performed in Escherichia coli strain DH5a.

E. coli cells were grown in LB medium (1% tryptone, 0.5%
yeast extract, 1% NaCl, pH 7.4) at 37 °C, and ampicillin (100
png/ml) was added to select for the bacterial cells carrying
plasmids. For growth on solid media, plates were prepared
with supplementation of either 2% (yeast) or 1.5% (E. coli)
agar.

For growth resumption from stationary phase, cultures
(three isolates per strain) were grown for 48 h in SC medium
to reach stationary phase, harvested by centrifugation, and
diluted with fresh SC medium to an absorbance of ~0.1 (for
growth curves) or ~1.0 (for lipid and enzyme analyses). Dilu-
tion of cells to the higher cell density facilitated the extraction
and analysis of lipids and enzymes and allowed cells to enter
logarithmic growth in a shorter amount of time. By the 5 h
time point, the cultures entered the logarithmic phase of
growth. The fatty acid synthesis inhibitor cerulenin (37, 38)
and the cell-permeable analog dioctanoyl-DAG (39) were
added to cultures from stock solutions (1 and 10 mg/ml, re-
spectively) made in ethanol. Control experiments showed that
the small amount of ethanol that was introduced into the cul-
ture medium did not affect growth. For growth curves, cul-
tures (200 ul) were incubated in 96-well plates, and the ab-
sorbance (600-nm filter) of the cultures was monitored with a
Thermomax plate reader. Generation times were calculated
from the growth curves according to the modified Gompertz
equation (40). For viability assays, cells grown in SC medium
containing 10 ug/ml cerulenin were collected by centrifuga-
tion and resupended in YEPD medium to the same cell den-
sity, and serial dilutions were inoculated onto YEPD agar
plates and incubated at 30 °C for 4 days. For dry cell weight
determination, cells were harvested by centrifugation, washed
twice with distilled water, and incubated at 80 °C until a con-
stant weight was obtained.

DNA Manipulations, Amplification of DNA by PCR, and
DNA Sequencing—Standard methods were used to isolate
plasmid and genomic DNA and for the manipulation of DNA
using restriction enzymes, DNA ligase, and modifying en-
zymes (36). Yeast (41) and E. coli (36) transformations were
performed by standard protocols. PCRs were optimized as
described by Innis and Gelfand (42). DNA sequencing was
performed by GENEWIZ, Inc. using Applied Biosystems Big-
Dye version 3.1. The reactions were then run on Applied Bio-
systems 3730x] DNA Analyzer.

Plasmid Construction—The plasmids used in this work are
listed in Table 1. A 2.4-kb DNA fragment that contains the
entire DGK1 (17) coding sequence (0.873 kb), the 5'-untrans-
lated region (1 kb), and the 3'-untranslated region (0.5 kb)
was amplified from the genomic DNA of S. cerevisiae strain
BY4742. This fragment was digested with Xbal/HindIII and
inserted into plasmid pRS416 at the same restriction enzyme
sites to construct plasmid pSF211. Plasmid pSF212 is a deriva-
tive of pSF211 whereby the DGK1(D177A) mutation (17) was
constructed by PCR mutagenesis. All plasmid constructs were
verified by DNA sequencing.
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Construction of the dgklA spol4A and dgkIA ntelA
Mutants—Deletion of the SPO14 and NTEI genes in the
dgkIA mutant was performed by the method of one-step gene
replacement (43). The spo14A::LEU?2 deletion cassette was
released from plasmid pME913 (44) by digestion with NotlI/
Xhol, whereas the ntelA:KanMX4 deletion cassette in
BY4742 ntelA was amplified by PCR. Each deletion cassette
was used to transform the dgkIA mutant to construct the
dgkIA spol4A and dgkIA ntelA mutants, respectively. The
dgkIA spol4A mutants were selected on SC-leucine plates,
and the dgklA ntelA mutants were selected on YEPD plates
containing 200 pg/ml Geneticin. Disruptions of SPO14 and
NTEI were confirmed by PCR analysis of genomic DNA using
primers that flanked the respective insertions.

Lipid Extractions—Lipids were extracted from yeast cells by
the method of Bligh and Dyer (45). In brief, cells were har-
vested and washed twice with distilled water. 5 ml of CHCl,,
MeOH, 0.1 N HCI (1:2:0.8, v/v/v) were added, and the cell sus-
pension was homogenized by vortexing (2 X 1 min) with glass
beads. Then 1.5 ml of CHCl;, 1.5 ml of 0.1 N HCl, and 150 ul
of 0.1 N NaCl were added, and the samples were centrifuged
for 3 min at 1,500 X g. The aqueous phase was discarded, and
2.5 ml of MeOH, 2.5 ml of 0.1 N HCI, and 150 ul of 0.1 N NaCl
were added to the chloroform phase. The samples were cen-
trifuged for 3 min at 1,500 X g, the aqueous phase was dis-
carded, and the chloroform phase was dried over anhydrous
MgSO,. The samples were transferred to fresh tubes and
dried in vacuo. Finally, the dried lipid extracts were resus-
pended in chloroform and used for lipid analysis.

Determination of TAG—The mass of TAG was determined
by HPLC analysis of lipid extracts using a Waters 2695 Alli-
ance 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 sol-
vent gradient (46). A triolein standard curve was constructed
and used for the quantification of TAG.

Determination of DAG—For determination of DAG in the
growth medium, a portion of the medium (5 ml) was ex-
tracted three times with an equal volume of hexane, the ex-
tracts were combined, and the solvent was removed by rotary
evaporation. Nonanoic acid was added as an internal standard
for quantification, and the extracts were transmethylated by
heating at 70 °C with a mixture of 0.5 N HCI in methanol (3
ml) and toluene (0.5 ml) for 2 h. The fatty acids methyl esters
were extracted three times with petroleum ether and analyzed
by gas chromatography using a Thermo Scientific TR-FAME
column (0.25 wm X 60 m) and a flame ionization detector.
Helium was the carrier gas (26 p.s.i.). The column tempera-
ture was first held constant at 140 °C for 5 min, followed by an
increase in temperature to 240 °C at a rate of 4 °C/min. The
injector temperature was 240 °C, and the detector tempera-
ture was 250 °C. Fatty acid methyl esters were identified by
reference to authentic standards analyzed under the same
conditions.

For determination of DAG in cells treated with dioctanoyl-
DAG, cultures were harvested, washed twice with distilled
water, and then washed twice with hexane to remove any di-
octanoyl-DAG that might be associated with the cell surface.
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Lipids were extracted from the cells and separated by TLC
using the solvent system hexane/diethyl ether/glacial acetic
acid (80:20:2, v/v/v). The developed plates were sprayed with
a solution of primulin (0.05% in acetone/water, 8:2, v/v) and
viewed under UV light, and the spot corresponding to DAG
was scrapped off and transferred to a 10-ml screw cap test
tube (47). Margaric acid was added as an internal standard,
and the lipid was directly transmethylated as described above.
Fatty acid methyl esters were extracted three times with di-
ethyl ether and analyzed by gas chromatography.

Labeling and Analysis of Neutral Lipids and Phospholipids—
For neutral lipid analysis, cells were grown to stationary phase
in the presence of [2-'*CJacetate (1 wCi/ml), harvested and
washed with water, and then resuspended to an A4y ., 0f 1.0
in fresh medium without [2-'*C]acetate. Neutral lipids were
analyzed by TLC using the solvent system hexane/diethyl
ether/glacial acetic acid (80:20:2, v/v/v). For phospholipid
analysis, cells were grown to stationary phase in the presence
of 3P, (10 nCi/ml) and then diluted to an Ay, ,,,, of 1.0 in
fresh medium containing 10 wCi/ml **P,. Phospholipids were
analyzed by two-dimensional TLC using chloroform/metha-
nol/ammonium hydroxide/water (45:25:2:3, v/v/v/v) as the
solvent system for dimension one and chloroform/methanol/
glacial acetic acid/water (32:4:5:1, v/v/v/v) as the solvent sys-
tem for dimension two. The identity of the labeled lipids on
TLC plates was confirmed by comparison with standards after
exposure to iodine vapor. Radiolabeled lipids were visualized
by phosphorimaging analysis, and the relative quantities of
labeled lipids were analyzed using ImageQuant software.

Labeling and Analysis of CDP-Choline Pathway Intermedi-
ates and PC—Cells were grown to stationary phase and then
diluted to an A4y, Of 1.0 in fresh medium containing 1 mm
[methyl-'*C]choline (0.2 uwCi/ml). The CDP-choline pathway
intermediates and PC were extracted from whole cells by a
chloroform/methanol/water extraction, followed by separa-
tion of the aqueous and chloroform phases (45). The aqueous
and chloroform phases that contained the CDP-choline path-
way intermediates and PC, respectively, were dried in vacuo
and then dissolved in 100 ul of methanol/water (1:1, v/v) and
100 ul of chloroform, respectively. The CDP-choline pathway
intermediates and PC were subjected to TLC on silica gel
plates using the solvent systems methanol, 0.6% sodium chlo-
ride, ammonium hydroxide (10:10:1, v/v/v) and chloroform,
pyridine, 88% formic acid, methanol, water (60:35:10:5:2, v/v/
v/v/v), respectively. The positions of the labeled compounds
on the chromatograms were determined by phosphorimaging
and compared with standards. The quantities of labeled lipids
were analyzed using ImageQuant software.

Preparation of Cell Extracts and Protein Determination—

All steps were performed at 4 °C. At the indicated time inter-
vals, cultures were harvested by centrifugation at 1,500 X g
for 5 min. The resulting cell pellets were washed once with
water and resuspended in 50 mm Tris-HCI (pH 7.5) buffer
containing 0.3 M sucrose, 1 mm EDTA, 10 mm 2-mercaptoeth-
anol, and a mixture of protease inhibitors (0.5 mm phenyl-
methanesulfonyl fluoride, 1 mm benzamidine, 5 ug/ml aproti-
nin, 5 ug/ml leupeptin, and 5 ug/ml pepstatin). The cell
suspensions were mixed with glass beads (0.5-mm diameter)
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FIGURE 1. Mobilization of TAG for the synthesize phospholipids to re-
sume growth from stationary phase. The pathways shown for the mobili-
zation of TAG for the synthesis of phospholipids (PLs) include the relevant
steps discussed in this work. Although not shown in the figure, the fatty
acid derived from TAG is converted to fatty acyl-CoA before it is incorpo-
rated into PA. The reaction catalyzed by DAG kinase (DGK) is indicated in
the figure. Gro-3-P, glycerol-3-P.

and disrupted using a Mini BeadBeater-16 (Biospec Products)
as described previously (48). Unbroken cells and glass beads
were removed by centrifugation at 1,500 X g for 10 min, and
the supernatant was used as the cell extract. Protein concen-
tration was measured by the method of Bradford (49) using
bovine serum albumin as the standard.

DAG Kinase Assay—DAG kinase activity was measured by
following the incorporation of the y-phosphate of water-solu-
ble [y->*P]CTP (30,000 cpm/nmol) into chloroform-soluble
PA as described by Han et al. (18). The reaction mixture con-
tained 50 mm Tris-HCI (pH 7.5), 1 mm Triton X-100, 0.1 mMm
dioleoyl-DAG, 1 mm CTP, 1 mm CaCl,, 10 mm 2-mercapto-
ethanol, and enzyme protein in a total volume of 0.1 ml. The
[y->P]CTP was synthesized enzymatically from CDP and
[y->*P]ATP with nucleoside 5’-diphosphate kinase (50) as
described by Han et al. (18). All enzyme assays were con-
ducted in triplicate at 30 °C, and they were linear with time
and protein concentration. The average S.D. value of the
DAG kinase assay was =10%. One unit of activity was defined
as the amount of enzyme that catalyzed the formation of 1
pmol of product/min, and the specific activity was defined as
units/mg protein.

Analysis of Data—Statistical analysis of the data was per-
formed with SigmaPlot software. p values of <0.05 were taken
as a significant difference.

RESULTS

dgklA Mutant Cells Fail to Resume Growth from Stationary
Phase in the Presence of Cerulenin and Fail to Metabolize
TAG—Cells that resume logarithmic growth from the station-
ary phase are initially dependent on the hydrolysis of TAG to
produce precursor fatty acids for membrane phospholipid
synthesis (2, 3, 25, 31, 51). Due to the fact that the DGKI-en-
coded DAG kinase utilizes DAG to produce PA, the phospho-
lipid precursor used for de novo phospholipid synthesis via
the CDP-DAG pathway (Fig. 1) (23), we questioned what ef-
fect the dgk1A mutation would have on the resumption of
growth from the stationary phase. Wild type and dgkIA mu-
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FIGURE 2. dgk1A mutant cells fail to resume growth from stationary
phase in the presence of cerulenin and fail to metabolize TAG. Wild
type and dgk1A mutant cells were grown to stationary phase in SC medium
and then diluted in fresh medium without and with 10 ug/ml cerulenin
where indicated. A, growth after the transfer to fresh medium was moni-
tored with a plate reader. Each data point represents the average of three
independent cultures. The generation times for wild type cells grown in the
absence and presence of cerulenin were 1.87 = 0.03 and 3.12 * 0.05 h, re-
spectively, and the generation time for dgk7A mutant cells grown in the
absence of cerulenin was 1.90 =+ 0.03 h. B, cells were harvested at the indi-
cated time points, lipids were extracted, and the amount of TAG was deter-
mined by HPLC. Each data point represents the average of three experi-
ments = S.D. (error bars) The symbols for the dgk1A cells grown in the
absence of cerulenin are hidden behind those for dgkTA cells grown in the
presence of cerulenin. The dot inside the symbols is where cerulenin was
present in the growth medium.

tant cells were first grown to the stationary phase and then
diluted with fresh growth medium for the resumption of log-
arithmic growth. The lag period before the resumption of log-
arithmic growth was extended by 1.5 h for dgkIA mutant cells
when compared with that of the wild type control cells (Fig.
2A). However, once the cells resumed growth, the generation
times (1.87 * 0.03 and 1.90 * 0.03 h, respectively) for both
wild type and dgkIA cultures were similar (Fig. 2A4). To accen-
tuate the requirement of TAG hydrolysis in growth resump-
tion (31-33), the effect of the fatty acid synthesis inhibitor
cerulenin (37, 38) was examined. In the absence of de novo
fatty acid synthesis, the growth of wild type cells was dimin-
ished (as reflected in an increase in generation time from

1.87 £ 0.03 to 3.12 * 0.05 h and decrease in maximum cell
number), whereas dgklA mutant cells failed to resume log-
arithmic growth (Fig. 24).

The amount of TAG in wild type and dgkIA mutant cells
was examined as the cells resumed growth from the stationary
phase (Fig. 2B). In wild type cells, the amount of TAG de-
clined by 26 —30% between 2 and 8 h following the transfer of
cells to fresh growth medium, but in the presence cerulenin,
greater than 90% of TAG was metabolized by 8 h. These re-
sults are consistent with previous studies (31). In contrast to
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FIGURE 3. dgk1A mutant cells fail to utilize TAG for phospholipid syn-
thesis in the presence of cerulenin. Wild type (A) and dgk1A (B) cells were
grown to stationary phase in SC medium in the presence of [2-'*Clacetate
(1 uCi/ml) to uniformly label cellular lipids. The cells were then washed to
remove the label and resuspended in fresh medium that contained 10
ng/ml cerulenin. At the indicated time points, cells were harvested, and
lipids were extracted and separated by one-dimensional TLC. The "*C-la-
beled lipids were visualized by phosphorimaging and were quantified by
ImageQuant analysis. The percentages shown for the individual lipids were
normalized to the total '*C-labeled chloroform-soluble fraction. The values
reported are the average of three separate experiments = S.D. (error bars).
Erg, ergosterol; ErgE, ergosterol ester; FA, fatty acids; PL, phospholipids.

wild type cells, the amount of TAG in dgkIA mutant cells
grown in the absence or presence of cerulenin declined by
only 5% and remained constant during this time period.
Pulse-chase experiments were performed with [2-'*C]acetate
to examine the effects of cerulenin on the metabolism of lip-
ids during growth resumption from stationary phase. For wild
type cells, the time-dependent decline in TAG content (93%
by 5 h) correlated with time-dependent increases in the
amounts of fatty acids (70% by 5 h), ergosterol (70% by 5 h),
and phospholipids (64% by 5 h) (Fig. 34). With respect to the
changes in ergosterol levels, analysis of the pah1A mutant
cells has indicated coordinate changes with PA metabolism
(4). In addition, the amount of DAG first increased (45% by

2 h) and then decreased (60% by 5 h) following transfer to
fresh growth medium (Fig. 34). However, in dgkIA mutant
cells, there was only a small decrease (6% by 5 h) in TAG, an
increase in DAG (45% by 5 h), and little change in other lipids
following transfer to fresh growth medium (Fig. 3B). The lack
of TAG mobilization for phospholipid synthesis correlated
with the lack of cellular growth in the presence of cerulenin
(Fig. 2A). Overall, these data supported the conclusion that
the DGK1I gene was essential for growth resumption in yeast
compromised for de novo fatty acid synthesis.

DAG Kinase Activity Is Required for the Resumption of
Growth from Stationary Phase in the Presence of Cerulenin,
and Enzyme Activity Is Induced during Growth Resumption—
We questioned if the loss-of-growth phenotype of dgkIA mu-
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FIGURE 4. DAG kinase activity is required for the resumption of growth
from stationary phase in the presence of cerulenin, and enzyme activ-
ity is induced during growth resumption. A, Wild type, dgkTA, and dgk1A
expressing the wild type DGK1 and DGK1(D177A) mutant alleles from single
copy plasmids were grown to stationary phase in SC medium and then di-
luted in fresh medium containing 10 ng/ml cerulenin. Growth after the
transfer to fresh medium was monitored with a plate reader. Each data
point represents the average of three independent cultures. The dot inside the
symbols is where the DGK1 alleles were expressed in the dgk1A mutant.

The symbols for the dgk1A cells are hidden behind those for dgk1A bearing
the DGK1(D177A) allele. The generation times for wild type and dgkTA cells
expressing the DGK1 allele were 6.5 = 1.1 and 6.9 = 1.6 h, respectively.

B, wild type cells were grown to stationary phase in SC medium and then
resuspended in fresh medium without and with 10 wg/ml cerulenin where
indicated. At the indicated time points, cells were harvested, cell extracts
were prepared, and DAG kinase activity was measured. Each data point rep-
resents the average of triplicate enzyme determinations from a minimum of
two independent experiments = S.D. (error bars).

tant cells was specifically due to the loss of DAG kinase activ-
ity or due to the loss of another function associated with the
DGK1 gene product. To address this question, we examined
the effect of the DGK1(D177A) allele that encodes a catalyti-
cally inactive DAG kinase (17, 18) on growth resumption.
dgkIA cells transformed with a low copy plasmid bearing the
wild type DGK1 and DGK1(177A) alleles were subjected to
the growth regime described above whereby the resumption
of growth from stationary phase was examined in the pres-
ence of cerulenin. Whereas the wild type DGK1 allele comple-
mented the loss-of-growth phenotype of the dgklA mutant,
the DGK1(D177A) mutant allele did not complement the mu-
tant phenotype (Fig. 4A4). This result indicated that DAG ki-
nase activity was required for the growth resumption in the
medium containing cerulenin.

Due to the fact that DAG kinase activity was required for
growth resumption from stationary phase in the presence of
cerulenin, we questioned whether the expression of activity
was regulated during this process in wild type cells. To ad-
dress this question, stationary phase wild type cells were diluted
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FIGURE 5. Dioctanoyl-DAG inhibits growth of wild type cells. A, Wild type
cells were grown to stationary phase in SC medium and then diluted in
fresh medium containing the indicated concentrations of dioctanoyl-DAG
(DiC8). Growth after the transfer to fresh medium was monitored with a
plate reader. Each data point represents the average of three independent
cultures. The generation times for wild type cells grown in the absence and
presence of 100 or 250 um dioctanoyl-DAG were 3.12 = 0.05 and 5.98 =
0.05 h, respectively. B, at the indicated time points, the amount of di-
octanoyl-DAG remaining in the growth medium of cells incubated with 250
M dioctanoyl-DAG was determined. G, at the indicated time points, the
amount of DAG in cells incubated with 10 wg/ml cerulenin and 250 um di-
octanoyl-DAG was determined. The values shown in B and C are the aver-
age of three separate experiments = S.D. (error bars).

in fresh growth medium without and with cerulenin; cell extracts
were prepared and used for the analysis of DAG kinase activity
by following the incorporation of the y-phosphate of CTP into
PA in the presence of DAG. Following the transfer of cells to
fresh growth medium, there was a time-dependent increase in
the level of DAG kinase activity in both the presence (3.7-fold)
and absence (3.0-fold) of cerulenin (Fig. 4B).

Dioctanoyl-DAG Inhibits Growth of Wild Type Cells—Due
to the fact that dgkIA mutant cells cannot convert DAG to PA
and that the level of DAG was elevated (45%) in cells supple-
mented with cerulenin, we questioned whether DAG might
be toxic to cell growth. Using the approach used to show
DAG toxicity in the yeast Schizosaccharomyces pombe (39),
we supplemented stationary phase wild type cells with cell-
permeable dioctanoyl-DAG upon transfer to fresh growth
medium. At a concentration of 100 uM, dioctanoyl-DAG in-
hibited the resumption of logarithmic growth with an in-
crease in generation time and a decrease in maximum cell
number (Fig. 5A4). Increasing the concentration to 250 um and
above (not shown) did not enhance the inhibitory effect of
dioctanoyl-DAG (Fig. 5A4). This was attributed to the fact that
dioctanoyl-DAG was not readily taken up by the cells because
80% of the compound remained in the growth medium 2 h
after its addition (Fig. 5B). Analysis of the cellular DAG re-
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FIGURE 6. Deletion of PAH1 partially restores the growth and viability of
dgk1A mutant cells grown in the presence of cerulenin. A, Wild type,
dgk1A, and dgk1A pah1A mutant cells were grown to stationary phase in SC
medium and then diluted in fresh medium containing 10 wg/ml cerulenin.
Growth after the transfer to fresh medium was monitored at Agog - Each
data point represents the average of three independent experiments. The
generation times for wild type and dgk7A pah1A mutant cells were 3.60 *
0.06 and 11.9 = 1.8 h, respectively. B, at the indicated time intervals, cells
incubated in SC medium containing 10 ug/ml cerulenin (as described for A)
were collected by centrifugation and resupended in YEPD medium to the
same cell density, and serial dilutions were inoculated onto YEPD agar
plates and incubated at 30 °C for 4 days to determine viable cell numbers.
CFU, colony-forming unit. Each data point represents the average of three
experiments = S.D. (error bars).

vealed that the dioctanoyl-DAG, which could not be detected
inside cells, was remodeled to DAG containing the normal
complement of yeast fatty acids (e.g. 16:0, 16:1, 18:0, and 18:1)
and that the cellular DAG content increased by only 30% fol-
lowing the supplementation with dioctanoyl-DAG (Fig. 5C).
By 2 h, the level of DAG in cells with and without dioctanoyl-
DAG supplementation was the same (Fig. 5C).

Deletion of PAH1 Partially Restores Growth of dgk1A Mu-
tant Cells in the Presence of Cerulenin and Restores the Mobi-
lization of TAG—The PAH1I gene codes for the PA phospha-
tase enzyme that is responsible for producing the DAG used
for the synthesis of TAG and for the synthesis of PC and PE
via the Kennedy pathway (4, 52). The enzyme also plays a ma-
jor role in controlling the cellular concentrations of its sub-
strate PA and product DAG (4). Because the substrate for the
PA phosphatase reaction is the product of the DAG kinase
reaction and vice versa, we questioned if the deletion of PAHI
in the dgklA mutant would affect the resumption of growth
from the stationary phase in the presence of cerulenin. The
pahlA mutation had a small but significant effect on the abil-
ity of dgkIA cells to resume logarithmic growth (Fig. 6A4). The
generation time for the dgkIA pahlA mutant was 11.9 = 1.8 h
when compared with a generation time of 46.8 * 12.2 for the
dgkIA single mutant. Under this condition, the PA required
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FIGURE 7. Effect of the dgk1A pah1A mutations on the mobilization of
TAG upon growth resumption from stationary phase in the presence of
cerulenin. dgk1A pah1A mutant cells were grown to stationary phase in SC
medium in the presence of [2-'*Clacetate (1 uCi/ml) to uniformly label cel-
lular lipids. The cells were then washed to remove the label and resus-
pended in fresh medium that contained 10 ug/ml cerulenin. At the indi-
cated time points, cells were harvested, and lipids were extracted and
separated by one-dimensional TLC. The "“C-labeled lipids were visualized
by phosphorimaging and quantified by ImageQuant analysis. The percent-
ages shown for the individual lipids were normalized to the total '*C-la-
beled chloroform-soluble fraction. The values reported are the average of
three separate experiments = S.D. (error bars). Data from Fig. 3 for Wild type
and dgk1A mutant cells are included in the figure for comparison. For the
clarity of the figure, the values for ergosterol and ergosterol ester are not
shown. FA, fatty acids; PL, phospholipids.

for phospholipid synthesis was presumably made by way of
the de novo pathway. In addition, the viability of dgkIA mu-
tant cells, which was reduced upon dilution to fresh growth
medium containing cerulenin, was stabilized by the pahIA
mutation (Fig. 6B). The initial viability of the stationary phase
dgkIA pahlA double mutant was low when compared with
wild type and dgkIA mutant cells (Fig. 6B). These cells had
very reduced TAG (due to the pahlA mutation) and little re-
serve of lipid precursors for phospholipid synthesis upon the
mobilization of TAG (see below).

The effect of the dgkIA pahlA double mutation on the mo-
bilization of TAG for phospholipid synthesis was examined.
As described previously (4, 17), the dgkIA pahlA double mu-
tation caused a reduction in TAG (77-81%) and an increase
in phospholipids (55-58%) of stationary phase cells when
compared with wild type and dgkIA cells (Fig. 7). Moreover,
the DAG content in the dgkIA pahlA mutant was 43-50%
lower when compared with wild type and dgkIA cells (Fig. 7).
Upon resumption of logarithmic growth (e.g. 5 h after transfer
to fresh growth medium), the small amount of TAG in dgkIA
pahlA cells declined by 62%, and the amounts of fatty acids
and phospholipids increased by 72 and 10%, respectively (Fig.
7). In contrast to dgkIA cells where the level of DAG in-
creased by 45%, the amount of DAG in dgkIA pahlA cells
remained fairly constant (Fig. 7). That the TAG stores in the
dgkIA pahlA double mutant were much reduced when com-
pared with wild type cells at the time of transfer to fresh
growth medium may provide an explanation of why the mu-
tant cells did not resume a more robust level of growth.

Choline Supplementation Partially Restores Growth of
dgklA Mutant Cells in the Presence of Cerulenin and Restores
the Mobilization of TAG—We questioned whether the loss of
DAG kinase function could be overcome by the addition of
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FIGURE 8. Choline supplementation restores growth of dgk7A mutant
cells in the presence of cerulenin, and the choline-mediated growth
resumption does not require the SPO74- and NTE7-encoded phospho-
lipases. A, Wild type and dgk1A mutant cells were grown to stationary
phase in SC medium and then resuspended in fresh medium containing 10
ug/ml cerulenin and 1 mm choline where indicated. Growth after the trans-
fer to fresh medium was monitored with a plate reader. Each data point
represents the average of three independent cultures. The dot inside the
symbols is where choline was present in the growth medium. The genera-
tion times for wild type, wild type plus choline, and dgk1A plus choline
were 3.60 = 0.06, 3.12 = 0.05, and 9.20 = 0.15 h, respectively. B, dgk1A,
dgk1A spo14A, and dgk1A nte1A mutant cells were grown to stationary
phase in SC medium and then resuspended in fresh medium containing 10
ng/ml cerulenin and 1 mm choline where indicated. Growth after the trans-
fer to fresh medium was monitored with a plate reader. Each data point
represents the average of three independent cultures. The dot inside the
symbols is where choline was present in the growth medium. The genera-
tion times for dgk1A, dgk1A spo14A, and dgk1A nte1A mutant cells grown
with choline were 9.20 = 0.15,11.2 = 2.0, and 14.6 = 1.0 h, respectively.

choline to the growth medium. The rationale for this experi-
ment was that DAG would be consumed, and at the same
time, PC would be synthesized. Choline is the water-soluble
precursor used for PC synthesis via the CDP-choline branch
of the Kennedy pathway (Fig. 1) (1, 53, 54). In this pathway,
choline is transported into the cell and phosphorylated with
ATP to form phosphocholine, which is then activated with
CTP to produce CDP-choline (1, 53, 54). The CDP-choline
then reacts with DAG to form the major membrane phospho-
lipid PC (1, 53, 54). The supplementation of 1 mm choline to
growth medium containing cerulenin allowed dgklA mutant
cells to resume growth from the stationary phase (Fig. 84).
Growth in the presence of 1 mm choline was not to the same
extent as that observed for wild type cells grown without cho-
line (generation times of 9.20 = 0.15 and 3.60 = 0.06 h, re-
spectively) (Fig. 84), and higher concentrations of choline (5
and 10 mm) did not have a further effect on growth resump-
tion. Choline also stimulated the resumption of growth for
wild type cells (Fig. 84), indicating a beneficial effect of PC
synthesis via the Kennedy pathway.
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FIGURE 9. Choline supplementation restores the utilization of TAG for
phospholipid synthesis in dgk1A mutant cells grown in the presence of
cerulenin. dgk1A mutant cells were grown to stationary phase in SC me-
dium in the presence of [2-"Clacetate (1 wCi/ml) to uniformly label cellular
lipids. The cells were then washed to remove the label and resuspended in
fresh medium containing 10 wg/ml cerulenin and 1 mm choline where indi-
cated. At the indicated time points, cells were harvested, and lipids were
extracted and separated by one-dimensional TLC. The "*C-labeled lipids
were visualized by phosphorimaging and quantified by ImageQuant analy-
sis. The percentages shown for the individual lipids were normalized to the
total '“C-labeled chloroform-soluble fraction. The values reported are the
average of three separate experiments = S.D. (error bars). For the clarity of
the figure, the values for ergosterol and ergosterol ester are not shown. FA,
fatty acids; PL, phospholipids.

In the CDP-DAG pathway for phospholipid synthesis, PI,
PS, PE, and PC are synthesized from CDP-DAG via PA (1).
Because dgkIA cells cannot synthesize PA from DAG, we
questioned whether cells supplemented with choline pro-
duced PA via PC turnover catalyzed by the SPO14-encoded
phospholipase D (55). The dgkIA spo14A double mutant was
constructed and examined for its ability to resume growth
from stationary phase in the presence of choline and cerule-
nin. That this mutant resumed growth indicated that phos-
pholipid synthesis was not dependent on the phospholipase
D-mediated turnover of PC (Fig. 8B).

PC is also metabolized by the NTEI-encoded phospho-
lipase B to produce fatty acids and glycerophosphocholine
(56). This activity is induced by choline supplementation and
may be specific for the PC synthesized via the Kennedy path-
way (56 —58). We addressed the possibility that this phospho-
lipase B was required for dgklA mutant cells to resume
growth from stationary phase when cultured in the presence
of choline and cerulenin. Deletion of NTE1 in the dgkIA mu-
tant background (i.e. dgkIA ntelA) did not affect the ability of
dgkIA cells to resume growth (Fig. 8B). This indicated that
the phospholipase B did not provide fatty acids for phospho-
lipid synthesis.

The resumption of logarithmic growth coincided with a
reduction in the amount of TAG (50% by 8 h) and increases in
the amounts of fatty acids (50% by 8 h) and phospholipids
(41% by 8 h) when compared with cells grown without cho-
line (Fig. 9). That the TAG in dgkIA cells was not mobilized
to the same extent observed in wild type cells (Figs. 2B and
3A) may provide an explanation of why choline did not fully
restore the growth to the level observed for wild type cells
(Fig. 8A).

To confirm that the exogenous choline was incorporated
into cellular PC via the Kennedy pathway, dgkIA cells grown
with cerulenin were labeled with [methyl-**C]choline, fol-
lowed by the extraction and analysis of the pathway interme-
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FIGURE 10. Kennedy pathway intermediates and phospholipid compo-
sition in choline-supplemented dgk1A mutant cells grown in the pres-
ence of cerulenin. A, dgk1A mutant cells were grown to stationary phase in
SC medium and then resuspended in fresh medium containing 10 png/ml
cerulenin and 1 mm [methyl-'*Clcholine (0.2 uCi/ml). At the indicated time
points, cells were harvested, and the CDP-choline pathway intermediates
and phosphatidylcholine were extracted and separated by one-dimensional
TLC. The "“C-labeled compounds were visualized by phosphorimaging, and
the amount of label (in arbitrary units (AU)) incorporated into each com-
pound was quantified by ImageQuant analysis. The values reported are the
average of three separate experiments = S.D. P-Cho, phosphocholine; CDP-
Cho, CDP-choline. B, dgk1A mutant cells were grown to stationary phase in
SC medium in the presence of 32P; (10 uCi/ml) to uniformly label cellular
phospholipids. The cells were then resuspended in fresh medium contain-
ing **P; (10 uCi/ml), 10 ug/ml cerulenin, and 1 mm choline where indicated.
At the indicated time points, cells were harvested, and phospholipids were
extracted and separated by two-dimensional TLC. The *2P-labeled phos-
pholipids were visualized by phosphorimaging, and the amount of label
(cpm) incorporated into each phospholipid was determined by scintillation
counting. The values reported are the average of three separate experi-
ments * S.D. (error bars).

diates and PC. The incorporation of labeled choline into
phosphocholine, CDP-choline, and PC occurred in a time-de-
pendent manner (Fig. 10A4). The phospholipid composition
was examined by labeling cells with **P,. The **P, will be in-
corporated into phospholipids synthesized by both the
Kennedy and CDP-DAG pathways (59). The supplementation
of choline to dgklA mutant cells grown with cerulenin re-
sulted in increases in the amounts of PC (49% by 8 h), PI (48%
by 8 h), PE (58% by 8 h), and PS (36% by 8 h) when compared
with cells not supplemented with choline (Fig. 10B). These
data indicated that choline supplementation allowed cells to
synthesize phospholipids by both pathways because PI and PS
are only derived from CDP-DAG (1). Under this growth con-
dition, the fatty acids derived from TAG would be used to
synthesize PA for CDP-DAG-dependent phospholipid
synthesis.

Ethanolamine, the water-soluble precursor of PE synthe-
sized by the CDP-ethanolamine branch of the Kennedy path-
way (1), also permitted dgkIA cells to resume growth from
stationary phase in the presence of cerulenin and also caused
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the mobilization of TAG for phospholipid synthesis (data not
shown). However, the extent of growth with ethanolamine
and the mobilization of TAG were not as great as those ob-
served for choline supplementation (data not shown). More-
over, the effects of choline and ethanolamine on the resump-
tion of growth of dgkIA mutant cells were neither synergistic
nor additive (data not shown).

DISCUSSION

For yeast cells to resume vegetative growth from the sta-
tionary phase, they need a supply of lipid precursors (e.g fatty
acids) for the synthesis of membrane phospholipids (2, 3, 31—
34). The initiation of this process requires the 7GL3- and
TGL4-mediated hydrolysis of TAG that is stored in lipid
droplets (2, 3, 31-34). In the absence of TAG hydrolysis (e.g.
in tgl3A tgl4A mutants), the resumption of vegetative growth
is delayed until a steady state level of de novo fatty acid syn-
thesis ensues (3, 31). In the absence of de novo fatty acid syn-
thesis, stationary phase cells do not resume growth without
TAG hydrolysis (3, 31). In this work, we discovered that
DGK1-encoded DAG kinase activity was required in this
process. Cells bearing a dgk1A mutation exhibited a lag in
resuming growth from stationary phase, and in the presence
of cerulenin, dgkIA mutant cells failed to resume growth and
lost viability. The requirement of DGKI in the process was
attributed to DAG kinase activity because cells that expressed
a catalytically inactive form of the enzyme had the same lack-
of-growth phenotype as dgk1A mutant cells when cultured
with cerulenin. The requirement of DAG kinase activity was
further supported by the observation that in wild type cells,
the level of DAG kinase activity was induced during growth
resumption. The elucidation of this regulation (e.g. genetic
and/or biochemical) will require additional studies.

Our experiments were conducted in the presence of cerule-
nin to accentuate the effects of the dgkIA mutation on growth
resumption and lipid metabolism. The mobilization of TAG
was defective in the absence of DGKI under this condition.
These results supported the hypothesis that the metabolism
of TAG occurred through the sequence TAG — DAG — PA
and that the PA derived from the DAG kinase reaction was
used for membrane phospholipid synthesis to initiate cell
growth. In addition, our work showed that in the presence of
choline, PC could be synthesized via TAG-derived DAG and
the Kennedy pathway. Contributions by the phospholipase
B-mediated and phospholipase D-mediated hydrolysis of PC
to produce fatty acids and PA, respectively, were not required
for this metabolism.

An important question that arises from this work is how
the DAG derived from TAG gets converted to phospholipids
via PA and Kennedy pathways when the TGL3- and TGL4-
encoded TAG lipases are associated with the surface of lipid
droplets (31)° but the DAG kinase and DAG cholinephospho-
transferase (last step in the Kennedy pathway) enzymes are
associated with the ER membrane (17, 60). The answer to this
apparent dilemma may lie in the imaging studies of Goodman
and co-workers (61) who have shown that >90% of lipid

> S. D. Kohlwein, personal communication.
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droplets in S. cerevisiae are associated with ER membranes.
Thus, it is likely that the TAG lipase, DAG kinase, and DAG
cholinephosphotransferase enzymes would be in close prox-
imity to each other to catalyze the series of reactions needed
to mobilize TAG. An alternative hypothesis is that the DAG
derived from lipid droplet-associated TAG is translocated to
the ER membrane for the utilization of the phospholipid-syn-
thesizing enzymes. Definitive evidence for these hypotheses
warrants further investigations.

This work also indicated that another function of DAG ki-
nase was to alleviate the toxic effects of DAG. That increased
DAG levels were toxic in S. cerevisiae was supported by the
observations that dioctanoyl-DAG supplementation had an
inhibitory effect on growth resumption of wild type cells,
whereas in dgk1A mutant cells, the deletion of PAHI as well
as choline supplementation partially restored growth resump-
tion. Loss of PA phosphatase activity reduces DAG produc-
tion (4, 21), and choline supplementation increases DAG con-
sumption (62). The role of DAG kinase activity in alleviating
DAG toxicity was also supported by the fact that deletion of
DGK1 in the dgalA mutant background causes a synthetic
loss-of-growth phenotype (27). DGA I encodes the DAG-con-
suming acyltransferase used for TAG synthesis, and the loss
of this enzyme causes an accumulation of DAG (5). Thus, the
additional loss of DAG kinase exacerbates the accumulation
of DAG. Although not previously ascribed to DAG, the over-
production of hyperactive hypophosphorylated PA phospha-
tase and the overproduction of the NEMI-encoded protein
phosphatase that dephosphorylates and activates PA phos-
phatase are toxic to cell growth, but the overproduction of
DAG kinase alleviates this toxicity (20, 24). Precedence for a
role of DAG kinase in alleviating the toxic effects of elevated
levels of DAG was first reported in E. coli (63, 64).

The hydrolysis of TAG was inhibited in dgkIA mutant cells
regardless of whether cerulenin was present in the growth
medium. The reason for the lack of TAG lipase activity in
these cells was unclear. There is no evidence for a direct in-
hibitory effect of DAG on TAG lipase activities (31). We can-
not rule out the possibility that DAG or the lack of DAG ki-
nase-mediated synthesis of PA signals the production of
another molecule(s) that directly inhibits TAG lipase activi-
ties. In mammalian cells, the adipose TAG lipase is strongly
activated by interaction with comparative gene identifica-
tion-58 protein (65, 66). We considered the possibility that
the DAG kinase, through protein-protein interaction, was
required for the activation of the TAG lipases in yeast. How-
ever, this notion was ruled out because cells expressing the
catalytic deficient DGK1(D177A) mutant allele exhibited the
same loss-of-growth phenotype as the DGK1I deletion mutant.
The TGL4-encoded TAG lipase is phosphorylated and acti-
vated by CDC28-encoded cyclin-dependent kinase, and this
phosphorylation is required for the resumption of growth
from the stationary phase, particularly in the presence of
cerulenin (29). Thus, another explanation for the loss of TAG
lipase activity in dgkIA mutant cells could be related to the
lack of phosphorylation by cyclin-dependent kinase. Whether
or not cyclin-dependent kinase activity is controlled directly
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or indirectly by the balance of PA and DAG is also unknown.
These questions warrant further examination.
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