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The Saccharomyces cerevisiae DGK1 gene encodes a diacylg-
lycerol kinase enzyme that catalyzes the formationof phosphati-
date from diacylglycerol. Unlike the diacylglycerol kinases from
bacteria, plants, and animals, the yeast enzyme utilizes CTP,
instead of ATP, as the phosphate donor in the reaction. Dgk1p
contains a CTP transferase domain that is present in the SEC59-
encoded dolichol kinase and CDS1-encoded CDP-diacylglyc-
erol synthase enzymes. Deletion analysis showed that the CTP
transferase domain was sufficient for diacylglycerol kinase
activity. Point mutations (R76A, K77A, D177A, and G184A) of
conserved residues within the CTP transferase domain caused a
loss of diacylglycerol kinase activity. Analysis of DGK1 alleles
showed that the in vivo functions of Dgk1pwere specifically due
to its diacylglycerol kinase activity. TheDGK1-encoded enzyme
had a pH optimum at 7.0–7.5, required Ca2� or Mg2� ions for
activity, was potently inhibited by N-ethylmaleimide, and was
labile at temperatures above 40 °C. The enzyme exhibited posi-
tive cooperative (Hill number � 2.5) kinetics with respect to
diacylglycerol (apparent Km � 6.5 mol %) and saturation kinet-
ics with respect to CTP (apparentKm � 0.3mM). dCTPwas both
a substrate (apparent Km � 0.4 mM) and competitive inhibitor
(apparent Ki � 0.4 mM) of the enzyme. Diacylglycerol kinase
activity was stimulated by major membrane phospholipids and
was inhibited by CDP-diacylglycerol and sphingoid bases.

In the yeast Saccharomyces cerevisiae, PA2 is an important
phospholipid intermediate in the synthesis of membrane phos-
pholipids and the neutral lipid triacylglycerol (see Fig. 1) (1–5).
The major phospholipids phosphatidylinositol, phosphatidyl-
serine, phosphatidylethanolamine, and phosphatidylcholine
are derived from PA via the liponucleotide intermediate
CDP-DAG (1–3). The mitochondrial phospholipids phos-

phatidylglycerol and cardiolipin are similarly derived from
PA via CDP-DAG (not shown in Fig. 1) (6). Alternatively,
phosphatidylethanolamine and phosphatidylcholine may be
derived from PA via DAG, which is also utilized for the synthe-
sis of the storage lipid triacylglycerol (1–3, 5). In the de novo
biosynthetic pathway, PA is made from lyso-PA that is derived
from either glycerol 3-phosphate or dihydroxyacetone phos-
phate (1–4). Besides the de novo pathway, PA is produced from
the phospholipase D-mediated turnover of phosphatidyletha-
nolamine and phosphatidylcholine (1–4). In bacteria, plants,
and animals, PA may be produced from DAG via an ATP-de-
pendentDAGkinase reaction (7–10). However, an enzyme cat-
alyzing this reaction has not been identified from S. cerevisiae,
and there are no yeast genes that encode a homologous protein
in the superfamily of DAG kinase enzymes from bacteria,
plants, and animals.
In addition to its role as an intermediate of lipid metabolism,

PA plays a central role in the transcriptional regulation of phos-
pholipid synthesis in S. cerevisiae (1). PA, along with the Scs2p
protein at the nuclear/ER membrane, binds and inactivates the
transcriptional repressor Opi1p (11, 12). When PA levels are
reduced, Opi1p translocates into the nucleus, where it interacts
with Ino2p to repress the expression of UASINO-containing
genes that encode many of the enzymes responsible for the
synthesis of membrane phospholipids (1) (Fig. 1). Maximum
expression of the UASINO-containing genes is mediated by the
interaction of an Ino2p-Ino4p activation complex with a
UASINO element that is present in their promoters (2, 3,
13–18). The most highly regulated UASINO-containing gene is
INO1, which encodes the inositol biosynthetic enzyme inositol-
3-phosphate synthase (19–21). Abnormally high levels of INO1
expression give rise to an inositol excretion phenotype, whereas
abnormally low levels of INO1 expression give rise to an inositol
auxotrophic phenotype (1, 3, 16).
The importance of controlling the cellular levels of PA is

highlighted by phenotypes associated with mutations that
affect the activity of the PAH1-encoded PA phosphatase. This
enzyme catalyzes the Mg2�-dependent dephosphorylation of
PA to yield DAG and Pi (22–24). Loss-of-function mutations
for PAH1-encoded PA phosphatase activity cause elevated lev-
els of PA and the concomitant derepression of UASINO-con-
taining genes (e.g. INO1 and OPI3) (25, 26). These mutations
also cause cells to exhibit a nuclear/ER membrane expansion
phenotype (25, 26). On the other hand, the overexpression of
PAH1-encoded PA phosphatase activity causes inositol auxot-
rophy that is due to the repression of the INO1 gene (27).
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The diacylglycerol kinase gene DGK13 (YOR311C) has been
identified as a gene whose function counteracts that of the
PAH1-encoded PA phosphatase (28). Specifically, the overex-
pression ofDGK1 complements the inositol auxotrophy caused
by the overexpression of PAH1-encoded PA phosphatase activ-
ity (28). In addition, a dgk1�mutation bypasses the phenotypes
caused by the pah1� mutation, which include an elevated level
of PA, the derepression of the INO1 gene, and the nuclear/ER
membrane expansion phenotype (28). Moreover, the overex-
pression ofDGK1 causes the nuclear/ER membrane expansion
phenotype (28) that is exhibited by cells that carry mutations in
PAH1-encoded PA phosphatase activity (25, 26). This work led
to the identification of Dgk1p as a DAG kinase enzyme (28).
However, unlike theATP-dependentDAGkinase enzymes that
exist in bacteria, plants, and animals (7–10, 29), the S. cerevisiae
enzyme utilizes CTP, instead ofATP, as the phosphate donor in
the reaction (see Fig. 2). In this work, we characterized the basic
enzymological properties of the yeast CTP-dependent DAG

kinase. Through a mutational analysis of the enzyme, we show
that phenotypes associated with the overexpression of the
DGK1 gene are specifically due to the DAG kinase activity of
Dgk1p.

EXPERIMENTAL PROCEDURES

Materials—Growth medium components were purchased
from Difco. Restriction endonucleases, modifying enzymes,
and Vent DNA polymerase were from New England Biolabs.
DNApurification kits were fromQiagen. Nucleotides, oligonu-
cleotides, Triton X-100, nucleoside-5�-diphosphate kinase
(S. cerevisiae), phytosphingosine, 1-oleoyl-rac-glycerol, DAG
kinase inhibitors (R59022 and R59949), and protease inhibitors
(phenylmethylsulfonyl fluoride, benzamidine, aprotinin, leu-
peptin, and pepstatin) were from Sigma. Dioleoyl-DAG,
dioctanoyl-DAG, dioleoyl-PA, phosphatidylinositol, ceramide,
dolichol, D-erythro-sphingosine, and D-erythro-sphinganine
were from Avanti Polar Lipids. Polyethyleneimine-cellulose
plates were from EM Science. Protein assay reagents, electro-
phoretic reagents, and DNA and protein size standards were
from Bio-Rad. Polyvinylidene difluoride membranes and the
enhanced chemifluorescence Western blot reagent were from
GE Healthcare. Goat anti-rabbit IgG antibodies conjugated
with alkaline phosphatase were from Pierce. Radiochemicals
were from PerkinElmer Life Sciences. Scintillation counting
supplies were from National Diagnostics.
Strains and Growth Conditions—The bacterial and yeast

strains used in this work are listed in Table 1. S. cerevisiae
strain SS1144 is a dgk1�::HIS3 derivative of strain RS453
(28). This strain contained plasmid YEplac181-GAL1/10-
DGK1 and was used for the massive overexpression of DAG
kinase activity. The dgk1� mutant containing YCplac111-
GAL1/10-DGK1 alleles was used to examine the effects of
DGK1 expression on nuclear/ER morphology. Yeast cells were
grown at 30 °C in 1% yeast extract, 2% peptone, and 2% glucose
or in synthetic complete medium (30). Plasmid-bearing yeast
cells were selected in synthetic complete medium lacking the
appropriate amino acid. Cells containing the galactose-induc-
ibleDGK1 alleles were grown to exponential phase (A600 � 0.5)
in synthetic medium with 2% raffinose as a carbon source. To
induce expression of the DGK1 gene, the culture was added
with galactose to a final concentration of 2% and incubated for
24 h. Escherichia coli cells were grown at 37 °C in LB medium
(1% Tryptone, 0.5% yeast extract, and 1% NaCl (pH 7.4)). Plas-
mid-bearing E. coli cells were selected in growth medium con-
taining ampicillin (100 �g/ml). Solid growth medium for yeast
and E. coli cells contained agar at final concentrations of 2 and
1.5%, respectively. Yeast cell numbers in liquid growthmedium
were determined spectrophotometrically at an absorbance of
600 nm.
DNA Manipulations and Plasmid Constructions—Standard

methodswere used for isolation andmanipulation ofDNA (31).
Transformations of yeast (32, 33) and bacteria (31) with plas-
mids were performed as described previously. The DGK1 pro-
moter was substituted with the inducible GAL1/10 promoter
that was cloned into the low copy YCplac111 and high copy
YEplac181 vectors (34). The DGK1 truncation mutants were
constructed by ligating a 5�-fragment containing the GAL1/10

3 DGK1 was formally known as HSD1. It was originally identified as a high copy
number suppressor of the sly1 temperature-sensitive mutation in ER-Golgi
vesicular transport (86).

FIGURE 1. Role of PA in lipid synthesis. The PA structure shown with fatty
acyl groups of 16:0 (sn-1) and 18:1 (sn-2) is highlighted by gray shading. The
pathways shown for the synthesis of phospholipids and triacylglycerol (TAG)
include the relevant steps discussed in this work. The genes that are known to
encode enzymes catalyzing individual steps in the lipid synthesis pathways
are indicated. The UASINO-containing genes that are subject to regulation by
the Ino2p-Ino4p activation complex and the Opi1p repressor are highlighted
by gray shading. Gro, glycerol; DHAP, dihydroxyacetone phosphate; Glu, glu-
cose; Ins, inositol; PI, phosphatidylinositol; PS, phosphatidylserine; PE, phos-
phatidylethanolamine; PME, phosphatidylmonomethylethanolamine; PDE,
phosphatidyldimethylethanolamine; PC, phosphatidylcholine; Etn, ethanol-
amine; Cho, choline.
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promoter followed by the first two codons of DGK1 and a
BamHI site to a 3�-fragment containing a BamHI site followed
by the codon encoding DGK1�66, DGK1�70, and DGK1�77.
The DGK1(R76A), DGK1(K77A), and DGK1(G184A) mu-
tants were constructed by PCR-mediated mutagenesis of
YCplac111-GAL1/10-DGK1 using the appropriate primers for
each mutation. All constructs were verified by DNA
sequencing.
Preparation of Anti-Dgk1p Antibodies and Immunoblot

Analysis—The Dgk1p peptides GALMRKKEIHTYN (residues
133–145) and GHLTPKVARNKSLA (residues 188–201) were
synthesized and conjugated to carrier protein at Bio-Synthesis
Inc. (Lewisville, TX). Antibodies were raised against a 50:50
mixture of these peptides in New Zealand White rabbits by
standard procedures (35) at Bio-Synthesis Inc. The IgG fraction
was isolated from antisera by protein A-Sepharose chromatog-
raphy (35). SDS-PAGE (36) and immunoblotting (37) were per-
formed as described previously. Polyvinylidene difluoride
membrane was used for the protein blotting. The membrane
was probedwith anti-Dgk1p antibodies at a dilution of 1�g/ml,
followed by alkaline phosphatase-conjugated anti-rabbit IgG at
a dilution of 1:5000. The immune complexes were detected
using enhanced chemifluorescence reagents, and the fluores-
cent signal was processed with a FluoroImager. The immuno-
blot signals were in the linear range of detection.
Preparation of Cell Extracts andMembranes—All steps were

performed at 4 °C. Yeast cultures were harvested by centrifuga-
tion at 1500 � g for 5 min, and the resulting cell pellets were
washed once with water. Cells were then resuspended in 50mM
Tris-HCl (pH7.5) containing 0.3M sucrose, 1mMEDTA, 10mM
2-mercaptoethanol, and a mixture of protease inhibitors (0.5
mM phenylmethanesulfonyl fluoride, 1 mM benzamidine, 5
�g/ml aprotinin, 5 �g/ml leupeptin, and 5 �g/ml pepstatin).
The cell suspension wasmixed with glass beads (0.5-mm diam-
eter) and disrupted using aMini-BeadBeater-16 (BioSpec Prod-
ucts, Inc.) as described previously (38). After removal of unbro-
ken cells and glass beads by centrifugation at 1500 � g for 10
min, cell extracts were fractionated into the cytosolic and total

membrane fractions by centrifugation at 100,000 � g for 1 h
(23). The membrane fraction was resuspended in the same
buffer lacking EDTA at a protein concentration of 1mg/ml and
stored at �80 °C. Protein concentration was measured by the
method of Bradford (39) using bovine serum albumin as the
standard.
Preparation of Labeled CTP, dCTP, and PA—[�-32P]CTP

was synthesized enzymatically from CDP and [�-32P]ATP with
nucleoside-5�-diphosphate kinase (40). The reaction mixture
contained 10mMMOPS-NaOH (pH7.6), 10�MCDP, 75�Ci of
[�-32P]ATP (3000 Ci/mmol), 5 mMMgCl2, and 1 unit of nucle-
oside-5�-diphosphate kinase in a final volume of 30 �l. The
reaction was terminated after 10 min by the addition of 10 mM
EDTA. The product [�-32P]CTP was analyzed by TLC on a
polyethyleneimine-cellulose plate using 0.75 M KH2PO4/
H3PO4 (pH 3.65) as the solvent (40) and contained�95% of the
radioactivity used in the reaction. [�-32P]dCTPwas synthesized
by the samemethod except that dCDPwas used instead ofCDP.
[32P]PA was synthesized from DAG and [�-32P]ATP using
E. coliDAGkinase and purified byTLCas described byCarman
and Lin (41).
Enzyme Assays—DAG kinase activity was measured for 20

min by following the phosphorylation of 0.1 mM dioleoyl-DAG
with 1 mM [�-32P]CTP (5000 cpm/nmol) in the presence of 50
mMTris-HCl (pH 7.5), 1 mMTriton X-100, 1 mMCaCl2, 10 mM
2-mercaptoethanol, and enzyme protein in a total volume of 0.1
ml at 30 °C. The reaction was terminated by the addition of 0.5
ml of 0.1 N HCl in methanol. The radioactive chloroform-solu-
ble product PA was separated from the radioactive water-solu-
ble substrate CTP by a chloroform/methanol/water phase par-
tition (42). The radioactive chloroform phase was subjected to
liquid scintillation counting. Alternatively, the chloroform-sol-
uble product was subjected to TLC using a solvent system of
chloroform/methanol/water (65:25:4, v/v) and visualized by
phosphorimaging. The product PA was confirmed by comigra-
tion with standard PA (visualized by iodine staining) and with
radiolabeled PA that was synthesized by the E. coli ATP-de-
pendent DAG kinase reaction. The DAG kinase assay was con-

TABLE 1
Strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or Ref.
E. coli
DH5� F� �80dlacZ�M15 �(lacZYA-argF)U169 deoR recA1

endA1 hsdR17(rk� mk
�) phoA supE44 l�thi-1 gyrA96

relA1

Ref. 31

S. cerevisiae
RS453 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-52 Ref. 87
SS1144 dgk1�::HIS3 derivative of strain RS453 Ref. 28

Plasmid
YEplac181 High copy number E. coli/yeast shuttle vector with LEU2 Ref. 34
YEplac181-GAL1/10-DGK1 DGK1 under control of GAL1/10 promoter in YEplac181 This study
YCplac111 Low copy E. coli/yeast shuttle vector with LEU2 Ref. 34
YCplac111-GAL1/10-DGK1 DGK1 under control of GAL1/10 promoter in YCplac111 Ref. 28
YCplac111-GAL1/10-DGK1�66 DGK1�66 derivative of YCplac111-GAL1/10-DGK1 This study
YCplac111-GAL1/10-DGK1�70 DGK1�70 derivative of YCplac111-GAL1/10-DGK1 This study
YCplac111-GAL1/10-DGK1�77 DGK1�77 derivative of YCplac111-GAL1/10-DGK1 This study
YCplac111-GAL1/10-DGK1(R76A) DGK1(R76A) derivative of YCplac111-GAL1/10-DGK1 This study
YCplac111-GAL1/10-DGK1(K77A) DGK1(K77A) derivative of YCplac111-GAL1/10-DGK1 This study
YCplac111-GAL1/10-DGK1(D177A) DGK1(D177A) derivative of YCplac111-GAL1/10-DGK1 Ref. 28
YCplac111-GAL1/10-DGK1(G184A) DGK1(G184A) derivative of YCplac111-GAL1/10-DGK1 This study
YCplac33 Low copy number E. coli/yeast shuttle vector with URA3 Ref. 34
YCplac33-SEC63-GFP SEC63-GFP fusion gene in YCplac33 Ref. 28
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ducted in triplicate, and the average S.D. of the assay was �5%.
The lower limit of detection for activity was 2 pmol/min/mg.
One unit of DAG kinase activity was defined as the amount of
enzyme that catalyzed the formation of 1 nmol of product/
min. Specific activity was defined as units/mg of protein. The
activities of CDP-DAG synthase (43), phosphocholine cyti-
dylyltransferase (44), phosphoethanolamine cytidylyltrans-
ferase (44), and dolichol kinase (45) were measured as
described previously.
Fluorescence Microscopy—Cells were examined with a Zeiss

Axiophot fluorescence microscope equipped with a CCD cam-
era, and images were recorded using IP Labs software. The
expression of the SEC63-GFP fusion gene was used to visualize
the nuclear/ER membrane (27). Two independent transfor-
mants for each strain were examined, and in all cases, the
results were same for both.
Data Analyses and Calculation of Lipid Mole Percent—Ki-

netic data were analyzed according to the Michaelis-Menten
and Hill equations using the EZ-FIT enzyme kinetic model-
fitting program of Perrella (46). Student’s t test (SigmaPlot soft-
ware) was used to determine statistical significance, and p val-
ues 	0.05 were taken as a significant difference. The mole
percent of a lipid in a Triton X-100/lipid-mixed micelle was
calculated using the following formula: mol %lipid 
 100 �
[lipid (molar)]/([lipid (molar)] � [Triton X-100 (molar)]).

RESULTS

The DGK1 Gene Encodes a CTP-dependent DAG Kinase
Activity—DGK1 encodes a 32.8-kDa protein (Dgk1p) with a
short N-terminal hydrophilic region followed by four putative
transmembrane domains (Fig. 2). The latter portion of the pro-
tein contains a predicted CTP transferase domain that is char-
acteristic of enzymes that utilize CTP as a substrate. This CTP
transferase domain is found in two other S. cerevisiae proteins,
viz. the CDS1-encoded CDP-DAG synthase (47) and the
SEC59-encoded dolichol kinase (48). Dgk1p does not catalyze
either the forward or reverse reaction of the CDP-DAG syn-
thase enzyme (49, 50) or the reaction catalyzed by the dolichol
kinase enzyme (51). Moreover, the enzyme does not catalyze
the CTP-dependent reactions that are catalyzed by the PCT-
encoded phosphocholine cytidylyltransferase (52) or the ECT-
encoded phosphoethanolamine cytidylyltransferase (53)
enzyme. Instead, Dgk1p catalyzes the CTP-dependent conver-
sion of DAG to PA.
The specific activity of DAG kinase in cell extracts of wild-

type cells was typically 0.018 � 0.002 units/mg. This level of
enzyme activity was �20–30-fold lower than those of most
phospholipid synthesis enzymes (e.g. phosphatidylserine syn-
thase, phosphatidylinositol synthase, and phosphatidylethanol-
amine methyltransferase) in S. cerevisiae (54–56). To measure
DAG kinase activity in cell extracts, it was necessary to use the
relatively high radioactive specific activity of [�-32P]CTP
(50,000 cpm/nmol). As predicted from the presence of trans-
membrane-spanning regions in Dgk1p (Fig. 2), DAG kinase
activity was associated with the membrane fraction of the cell.
The galactose-inducible GAL1/10 promoter was used for the
overexpression of the DGK1 gene from a high copy number
plasmid (YEplac181-GAL1/10-DGK1). The induction ofDGK1

gene expression resulted in a massive increase in DAG kinase
activity (Table 2). The specific activity of DAG kinase in the
membrane fraction of galactose-grown cells bearing the plas-
mid was typically 130 � 2.7 units/mg, which was equivalent to
a 7222-fold purification of DAGkinase relative to the activity of
the enzyme in the cell extract of wild-type glucose-grown cells
(Table 2). The DAG kinase activity in this membrane prepara-
tion was �100-fold greater than the activities of other mem-
brane-associated phospholipid synthesis enzymes (e.g. CDP-
DAG synthase (50), phosphatidylserine synthase (57), and
phosphatidylinositol synthase (58)) that are found in the mem-
brane fraction of S. cerevisiae. Thus, this membrane fraction
provided us with a highly enriched preparation of DAG kinase
activity to study the basic enzymological properties of the
enzyme.
TheDAGkinase reactionwas carried outwith [�-32P]CTP as

the phosphate donor and dioleoyl-DAG as the lipid acceptor.
Following the reaction, the chloroform-soluble product of the
reaction was analyzed by TLC. Phosphorimaging analysis of

FIGURE 2. Domain structure and the reaction catalyzed by the DGK1-en-
coded CTP-dependent DAG kinase. A, the diagram shows the positions of
the CTP transferase domain, the transmembrane-spanning domains, and
conserved residues of Dgk1p that are found in the cytidylyltransferase
domain of Cds1p and Sec59p. B, shown are the structures of DAG and PA and
the reaction catalyzed by CTP-dependent DAG kinase.

TABLE 2
Enrichment of CTP-dependent DAG kinase activity by
overexpression of the DGK1 gene
CTP-dependent DAG kinase activity was measured under standard assay condi-
tions with the indicated enzyme preparations.

Preparation DAG kinase activity Enrichment
nmol/min/mg -fold

Cell extract (wild-type) 0.018 � 0.003 1
Membranes (dgk1� �
YEplac181-GAL1/10-DGK1)

130 � 2.7 7222
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thin layer chromatograms showed that the enzyme catalyzed
the dose-dependent formation of PA from CTP (Fig. 3A) and
DAG (Fig. 3B). Under standard reaction conditions, the DAG
kinase reaction was dependent on time (Fig. 3C) and enzyme
protein (Fig. 3D). ATP did not serve as a substrate for the
DGK1-encoded DAG kinase reaction (Fig. 3A). The addition of
1 mM ATP, GTP, or UTP to the assay system did not affect the
activity of the CTP-dependent DAG kinase (data not shown).
That GTP and UTP did not inhibit the reaction indicated that
these nucleotides were not substrates for the enzyme. Glycerol,
PA, phosphatidylinositol, dolichol, sphinganine, sphingosine,
phytosphingosine, and ceramide were tested as lipid acceptor
substrates for the DGK1-encoded kinase using [�-32P]CTP as
the phosphate donor. None of these lipids served as a substrate
for the enzyme (data not shown). The enzyme utilized 0.1 mM
dioctanoyl-DAG as a substrate (without Triton X-100 solubili-
zation). However, the activity (50 � 2.2 units/mg) using this
short chain substrate was �40% of that using the more physio-
logical long chain substrate dioleoyl-DAG.
Effects of pH, Cations, Triton X-100, N-Ethylmaleimide,

and DAG Kinase Inhibitors on CTP-dependent DAG Kinase
Activity—The effect of pH on DAG kinase activity is shown
in Fig. 4A. Maximum DAG kinase activity was obtained at

pH 7.0–7.5. Because DAG kinase activity was essentially the
same at both pH values, we arbitrarily measured activity with
Tris-HCl at pH 7.5. DAG kinase activity was dependent on
the addition of a divalent cation to the assay system (Fig. 4B).
The enzyme exhibited a dose-dependent requirement for
Ca2� or Mg2� ions. The maximum DAG kinase activity
obtained with 1 mM Ca2� ions was slightly greater than the
maximum activity obtained with 10 mM Mg2� ions (Fig. 4B).
Accordingly, we measured DAG kinase activity using Ca2�

ions as cofactor. Ca2� concentrations of �1 mM resulted in
an inhibition of DAG kinase activity (Fig. 4B). The effects of
Ca2� and Mg2� ions on activity were not additive. The addi-
tion of the chelating agent EDTA or EGTA at 5 mM to the
assay system resulted in the loss of detectable DAG kinase
activity, but activity was not affected by Na�, K�, or Li� ions
at 100 mM. At 5 mM, Mn2� and Zn2� ions abolished de-
tectable DAG kinase activity. R59022 (59) and R59949 (60)
are commonly used inhibitors of ATP-dependent DAG
kinase activities in mammalian cells (10). These reagents
were not particularly potent inhibitors of the CTP-depend-
ent DAG kinase from S. cerevisiae. At 50 �M, R59022 and
R59949 inhibited activity by 25 and 15%, respectively. The
alkylating reagentN-ethylmaleimide, which reacts with sulf-
hydryl groups (61), was an inhibitor (IC50 
 0.1 mM) of DAG
kinase activity (Fig. 4C).
The effect of the nonionic detergent Triton X-100 on DAG

kinase activity is shown in Fig. 4D. The addition ofTritonX-100
to the assay system stimulated DAG kinase activity to a maxi-
mum at a concentration of 1 mM (10:1 molar ratio of Triton
X-100 toDAG), followed by an apparent inhibition of activity at

FIGURE 3. Identification of PA as the product of the CTP-dependent DAG
kinase reaction and the time course and enzyme dependence of the reac-
tion. DAG kinase activity was measured with the indicated concentrations of
[�-32P]CTP or [�-32P]ATP (A) and the indicated surface concentrations of DAG
(B). CTP was used as the nucleotide substrate for the experiment shown in
B. For the experiment shown in A, the molar ratio of Triton X-100 to DAG
was maintained at 10:1 (9.1 mol % DAG). For the experiment shown in B,
the molar concentration of DAG was held constant at 0.1 mM, and the Triton
X-100 concentration was varied to obtain the indicated surface concentra-
tions. The concentration of CTP was maintained at 1 mM. Following the reac-
tions, the chloroform-soluble 32P-labeled products were analyzed by TLC and
visualized by phosphorimaging. The position of the PA standard is indicated.
In separate experiments, DAG kinase activity was measured under standard
assay conditions except for the variation with time (C) and enzyme concen-
tration (D). The data shown in A and B are representative of three independ-
ent experiments, and the data shown in C and D are means � S.D. from
triplicate enzyme determinations. Cont, control.

FIGURE 4. Effects of pH, divalent cations, N-ethylmaleimide, and Triton
X-100 on CTP-dependent DAG kinase activity. DAG kinase activity was
measured at the indicated pH values with 50 mM Tris maleate/glycine buffer (A),
the indicated concentrations of CaCl2 or MgCl2 (B), the indicated concentrations
of N-ethylmaleimide (C), and the indicated concentrations of Triton X-100 (D). The
data shown are means � S.D. from triplicate enzyme determinations.
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concentrations above 1 mM. This property is characteristic of
surface dilution kinetics (62). The function of Triton X-100 in
the assay is to form a mixed micelle with the lipid substrate to
provide a surface for catalysis (62). The apparent inhibition of
activity is simply due to the dilution of substrate in the Triton
X-100/lipid-mixed micelle (62).
Dependence of CTP-dependent DAG Kinase Activity on the

Molar and Surface Concentrations of DAG—Because the
enzyme exhibited surface dilution kinetics, the analysis of
enzyme activity was performed using Triton X-100/DAG-
mixedmicelles. According to the surface dilution kineticmodel
(62), the activity of a lipid-dependent enzyme should be
dependent on the molar (e.g. number of micelles containing
lipid) and surface (e.g. number of lipid molecules on a micelle
surface) concentrations of lipid. In the experiment shown in
Fig. 5A, DAG kinase activity was measured as a function of the
molar concentration of DAG in a Triton X-100/DAG-mixed
micelle maintained at a molar ratio of 10:1. Maximum activ-
ity was obtained at 0.1 mM. Concentrations above 0.1 mM
resulted in the inhibition of DAG kinase activity. In the
experiment shown in Fig. 5B, DAG kinase activity was meas-
ured as a function of the surface concentration of DAG using
a Triton X-100/DAG-mixed micelle in which the molar con-
centration of DAG was maintained at 0.1 mM. The enzyme
exhibited positive cooperative kinetics with respect to the
surface concentration of DAG and reached maximum activ-
ity at a surface concentration of 9.1 mol % (e.g. 10:1 molar
ratio of Triton X-100 to DAG) (Fig. 5B). Analysis of the
kinetic data according to the Hill equation yielded a Hill
number of 2.5 and an apparent Km for DAG of 6.5 mol %.
Because DAG is not soluble and the enzyme exhibited sur-
face dilution kinetics, the concentration of DAG was
expressed as a surface concentration (i.e. mole percent).
Dependence of CTP-dependent DAG Kinase Activity on the

Concentrations of CTP and dCTP and Inhibition of Activity by
dCTP—The dependence of DAG kinase activity on CTP was
examined using a saturating surface concentration of DAG. In
contrast to the cooperative kinetic pattern exhibited by DAG

kinase with respect to DAG, the enzyme followed saturation
kinetics with respect to CTP (Fig. 6B). Analysis of the data
according to the Michaelis-Menten equation yielded an appar-
entKm for CTP of 0.3mM.We questionedwhether DAG kinase
would utilize dCTPas a substrate. Indeed, the enzyme catalyzed
the formation of PA from DAG and [�-32P]dCTP (Fig. 6A).
DAGkinase activity followed saturation kineticswith respect to
dCTP (apparent Km 
 0.4 mM) (Fig. 6C). In addition, dCTP
inhibited the CTP-dependent DAG kinase activity of the
enzyme. The addition of 0.5 mM dCTP to the assay system for
CTP-dependent DAG kinase activity did not affect the appar-
ent Vmax of the reaction but instead caused an increase in the
Km for CTP (Fig. 6D). This result was consistent with the con-
clusion that dCTP was a competitive inhibitor with respect to
CTP. The analysis of the data using the EZ-FIT computer pro-
gram yielded an apparent Ki for dCTP of 0.4 mM.
Effects of Lipids on CTP-dependent DAG Kinase Activity—

DAG kinase activity was assayed in the presence of various
lipids (Table 3). A surface concentration of DAG (4.5 mol %)
below its Km was used, so we could simultaneously observe
stimulatory or inhibitory effects of lipids on activity. DAG
kinase activity was stimulated by phosphatidylcholine, phos-
phatidylethanolamine, phosphatidylinositol, phosphatidyl-
serine, phosphatidylglycerol, and PA by 48–134%. DAG
pyrophosphate, cardiolipin, CDP-DAG, and lyso-PA inhib-

FIGURE 5. Dependence of CTP-dependent DAG kinase activity on the
molar and surface concentrations of DAG. DAG kinase activity was meas-
ured as a function of the indicated molar concentrations of DAG (A) and as a
function of the indicated surface concentrations of DAG (B). The amounts of
32P-labeled PA produced were quantified by scintillation counting. For the
experiment shown in A, the molar ratio of Triton X-100 to DAG was main-
tained at 10:1. For the experiment shown in B, the molar concentration of
DAG was held constant at 0.1 mM, and the Triton X-100 concentration was
varied to obtain the indicated surface concentrations. The concentration of
CTP in both experiments was maintained at 1 mM. The data shown in A and B
are means � S.D. from triplicate enzyme determinations.

FIGURE 6. Dependence of CTP-dependent DAG kinase activity on the con-
centrations of CTP and dCTP and the inhibition of activity by dCTP. DAG
kinase activity was measured with either 1 mM CTP or dCTP (A). Following the
reactions, the chloroform-soluble 32P-labeled products were analyzed by TLC
and visualized by phosphorimaging. The position of the PA standard is indi-
cated. DAG kinase activity was measured as a function of the indicated con-
centrations of CTP (B), the indicated concentrations of dCTP (C), and the indi-
cated concentrations of CTP in the absence and presence of 0.5 mM dCTP (D).
The surface concentration of DAG was maintained at 9.1 mol % (molar con-
centrations of Triton X-100 and DAG of 1 and 0.1 mM, respectively). For the
experiments shown in B–D, the amounts of 32P-labeled PA produced were
quantified by scintillation counting, and the data shown are means � S.D.
from triplicate enzyme determinations.
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ited activity by 23–66%. In particular, DAG kinase activity
was sensitive to inhibition (77–90%) by the sphingoid bases
sphinganine, sphingosine, and phytosphingosine.
Effect of Temperature on the Activity and Stability of CTP-de-

pendent DAG Kinase—DAG kinase activity was measured at
temperatures from0 to 70 °C in a temperature-controlledwater
bath (Fig. 7A). Maximum activity was observed at 30 °C. The
enzyme was not active at temperatures above 40 °C. The acti-
vation energy for the reaction, as calculated from an Arrhenius
plot of the data, was 16 kcal/mol. The DAG kinase was exam-
ined for its temperature stability by incubating the enzyme for
20 min at various temperatures (Fig. 7B). Activity was 100%
stable from 0 to 40 °C, but was unstable at higher temperatures.
About 70% of the activity was lost at 70 °C. The enzyme prepa-
ration was completely stable for at least 3 months of storage at
�80 °C, and it was stable to several cycles of freezing and
thawing.
Effects of Truncation and Point Mutations in Dgk1p on CTP-

dependent DAG Kinase Activity—Several truncation and point
mutations were constructed for the DGK1-encoded enzyme.
The �66 and �70 truncations removed most of the N-terminal

hydrophilic region of Dgk1p, whereas the �77 truncation
removed the entire N-terminal hydrophilic region plus the first
two residues contained within the CTP transferase domain
(Fig. 2A). The R76A, D177A, and G184Amutations were made
at conserved amino acid residues that are found in the CTP
transferase domains of Cds1p and Sec59p. K77A is a mutation
of a conserved residue found in other fungal homologs of
Dgk1p. The mutant alleles were overexpressed in dgk1�
mutant cells using galactose-inducible YCplac111-GAL1/10-
DGK1 (Table 1). The expression of the wild-type and mutant
forms of Dgk1p was confirmed by immunoblot analysis using
anti-Dgk1p antibodies (Fig. 8A). Although the predicted size of
wild-type Dgk1p is 32.8 kDa, the protein migrated on SDS-
polyacrylamide gels with a molecular mass that was �4 kDa
lower than the predicted size of the protein (Fig. 8A). Similarly,
the truncation mutant proteins migrated faster than their pre-
dicted molecular masses (Fig. 8A). The reason for this observa-
tion was unclear. There was no evidence of proteolytic degra-
dation of the full-length and truncated proteins.
The effects of the truncation and point mutations on CTP-

dependent DAG kinase activity are presented in Fig. 8B. Dele-
tion of the first 66 amino acid residues of Dgk1p resulted in a
45% increase in CTP-dependent DAG kinase activity, whereas

FIGURE 7. Effect of temperature on the activity and stability of CTP-de-
pendent DAG kinase. A, DAG kinase activity was measured at the indicated
temperatures in a temperature-controlled water bath. B, enzyme samples
were preincubated at the indicated temperatures for 20 min. After incuba-
tion, the samples were cooled in an ice bath for 10 min to allow for renatur-
ation, and DAG kinase activity was measured at 30 °C. The data shown are
means � S.D. from triplicate enzyme determinations.

TABLE 3
Effect of lipids on CTP-dependent DAG kinase activity
CTP-dependent DAG kinase activity was measured with a subsaturating concen-
tration (4.5 mol %) of DAG in the presence of the indicated lipids (4.5 mol %). The
specific activity in the control reaction was 60 � 2.5 units/mg.

Lipid Relative DAG kinase activity
%

Control 100
�Phosphatidylcholine 217
�Phosphatidylethanolamine 165
�Phosphatidylinositol 234
�Phosphatidylserine 207
�Phosphatidylglycerol 193
�PA 148
�DAG pyrophosphate 77
�Cardiolipin 35
�CDP-DAG 34
�Lyso-PA 74
�Monoacylglycerol 97
�Triacylglycerol 87
�Dolichol 109
�Sphinganine 23
�Sphingosine 10
�Phytosphingosine 11
�Ceramide 87

FIGURE 8. Immunoblot analysis and CTP-dependent DAG kinase activi-
ties of wild-type and mutant forms of Dgk1p. dgk1� mutant cells bearing
the indicated wild-type (WT) and mutant galactose-inducible DGK1 alleles on
the YCplac111 plasmid (see Table 1) were grown to exponential phase in
synthetic medium with 2% raffinose as the carbon source. The expression of
the DGK1 alleles was induced by the addition of 2% galactose to the growth
medium. The cells were then incubated for 24 h, followed by the preparation
of cell extracts and the membrane fraction. A, 10 �g of each membrane frac-
tion was subjected to immunoblot analysis using anti-Dgk1p antibodies (1
�g/ml). The positions of the full-length (F) and truncated (T) forms of Dgk1p
are indicated. The blot shown is representative of two independent experi-
ments. B, each cell extract was used for the measurement of DAG kinase
activity. The data shown are means � S.D. from triplicate enzyme determina-
tions from two independent experiments.
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the deletion of the first 70 residues resulted in a 40% decrease in
activity. When the truncation (�77) included the first con-
served amino acid residue (i.e. Arg76) within the CTP transfer-
ase domain, the DAG kinase activity of Dgk1p was at the lower
limit of detection. DAG kinase activity was also lost with the
R76A and K77A mutations and, as described previously (28),
with the D177A mutation. The conserved G184A mutation
caused a 70% reduction in DAG kinase activity.
Temperature Sensitivity of dgk1�Cells Overexpressing DGK1

and Its Mutant Alleles—Previous studies have shown that loss-
of-function mutations in PAH1-encoded PA phosphatase
result in a temperature-sensitive phenotype (22, 26). Because
the PAphosphatase reaction consumes PA and theDAGkinase
reaction produces PA, we questioned whether the overexpres-
sion ofDGK1would cause cells to be temperature-sensitive for
growth similar to the lack of PAH1 expression. Serial dilutions
of cells bearing the wild-type and mutant DGK1 alleles were
incubated on galactose-containing agar plates at 30 and 37 °C.
Cells that overexpressed the wild-type and truncation mutants
that possessed DAG kinase activity (Fig. 8B) were sensitive for
growth at 37 °C (Fig. 9). However, the truncation and point
mutants that lacked or had low DAG kinase activity (Fig. 8B)
were not temperature-sensitive for growth (Fig. 9). Cells that
were not induced (glucose-grown cells) for the overexpression
of DAG kinase activity did not exhibit the temperature-sensi-
tive phenotype (Fig. 9). These data supported the conclusion
that the DAG kinase and PA phosphatase enzymes play recip-

rocal roles in physiology that impact on the temperature-sen-
sitive phenotype.
Effects of the Overexpression of DGK1 and Its Mutant Alleles

on Nuclear/ER Membrane Growth—We examined the nucle-
ar/ER membrane structure in cells that overexpressed the
Dgk1p truncation and point mutants. The nuclear/ER mem-
brane was visualized by fluorescencemicroscopy of the SEC63-
GFP fusion protein that was coexpressed with wild-type and
mutant alleles ofDGK1. As described previously (28), the over-
expression of wild-type Dgk1p resulted in the membrane
expansion phenotype, whereas cells that expressed the D177A
mutant protein lacking DAG kinase activity did not exhibit this
phenotype (Fig. 10). Moreover, cells that overexpressed other
Dgk1pmutants (e.g.�77, R76A, K77A, andG184A) with low or
no DAG kinase activity had regularly shaped nuclear/ERmem-
brane structures, whereas cells that overexpressed Dgk1p
mutants (e.g. �66 and �70) with activity that was comparable
with the wild-type control showed the membrane expansion
phenotype (Fig. 10).

DISCUSSION

The S. cerevisiae DGK1-encodedDAG kinase enzyme differs
from other DAG kinase enzymes that exist in bacteria, plants,
and animals (7–10, 29) in that the yeast enzyme utilizes CTP,
not ATP, as the phosphate donor in the reaction. Yeast Dgk1p
does not possess the signature catalytic domain with its ATP-
binding site that is essential for the activity of ATP-dependent

FIGURE 9. Temperature sensitivity of dgk1� cells overexpressing DGK1 and its mutant alleles. dgk1� mutant cells bearing the indicated wild-type (WT)
and mutant galactose-inducible DGK1 alleles on the YCplac111 plasmid (see Table 1) were grown to exponential phase in synthetic medium with 2% raffinose
as the carbon source. The expression of the DGK1 alleles was induced for 24 h by the addition of 2% galactose to the growth medium. After adjustment of the
culture to the density of 2 � 107 cells/ml followed by 10-fold serial dilutions to 2 � 104 cells/ml, 10 �l of each diluted culture was spotted onto agar plates
containing 2% galactose or glucose. Cells on the galactose medium were incubated for 3 days at 30 °C and 5 days at 37 °C, whereas cells on the glucose medium
were incubated for 3 days at 30 °C and at 37 °C.
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DAG kinases found in other organisms (9, 10, 29). This fact
provides the explanation why an ATP-dependent DAG kinase
activity or a putative gene encoding a DAG kinase enzyme has
never been identified in S. cerevisiae. An earlier report by Szko-
pinska et al. (45) showed that yeast membranes contain an
activity that catalyzes the transfer of the �-phosphate of CTP
into both dolichol phosphate and PA. It has been unclear
whether these reactions are catalyzed by the same or separate
enzymes. The identification of SEC59 as the structural gene
encoding the dolichol kinase enzyme confirmed that separate
enzymes are responsible for the CTP-dependent formation of
dolichol phosphate and PA in yeast membranes (48, 51). The
identity of the second enzyme that is responsible for the CTP-
dependent formation of PAhas been elusive until now (28). The
CTP-dependent DAG kinase had a pH optimum at 7.0–7.5,
required Ca2� or Mg2� ions for activity, and was inhibited by
N-ethylmaleimide. Like most lipid-dependent enzymes that
utilize membrane-associated substrates (62), the CTP-depend-
ent DAG kinase enzyme followed surface dilution kinetics
using a Triton X-100/DAG-mixed micellar substrate. These
basic enzymological properties provide the foundation for fur-
ther studies on this novel DAG kinase enzyme from yeast.

Most ofDgk1p is composed of the
CTP transferase domain (Fig. 2A)
that is also found in the S. cerevisiae
SEC59-encodeddolichol kinase (48)
and the CDS1-encoded CDP-DAG
synthase (47) enzymes. The hydro-
philicN-terminal region ofDgk1p is
not essential for DAG kinase activ-
ity because the N-terminally trun-
cated protein exhibited a sufficient
level of DAG kinase activity to be
functional in vivo. The primary
structures of the mammalian, fly,
worm, and plant ATP-dependent
DAG kinase enzymes (9, 10, 29) are
larger and more complex compared
with the yeast enzyme. In addition
to their catalytic domain, the ATP-
dependent DAG kinases possess
various regulatory and localization
domains that are responsible for
their functions as signaling enzymes
(9, 10, 29). It is interesting that a
Dgk1p mutant lacking the first 66
amino acid residues exhibited a
higher level of DAG kinase activity
compared with the wild-type pro-
tein. This suggests that theN-termi-
nal region may contain regulatory
sequences. The conserved amino
acid residues within Dgk1p were
essential for CTP-dependent DAG
kinase activity. A previous study on
the human dolichol kinase indicates
that Asp177 and Gly184 are con-
served residues that are important

for CTP binding (88). Phenotypes (e.g. temperature sensitivity
and nuclear/ER membrane expansion) associated with the
overexpression of theDGK1 gene were specifically due to CTP-
dependent DAG kinase activity and not simply the result of
elevated levels of Dgk1p. These studies, along with previous
studies on the PAH1-encoded Mg2�-dependent PA phospha-
tase enzyme (22, 25–27), support the importance of PA in the
regulation of phospholipid synthesis and cell physiology in
S. cerevisiae.
CTP plays a prominent role in the synthesis of phospholipids

(Fig. 1) and in the regulation of their synthesis in S. cerevisiae (2,
63, 64). CTP is the direct precursor of the activated energy-rich
phospholipid pathway intermediates CDP-DAG (65), CDP-
choline (66), and CDP-ethanolamine (66) (Fig. 1). CDP-DAG is
the source of the phosphatidyl moiety of themajor phospholip-
ids phosphatidylinositol, phosphatidylserine, phosphatidyleth-
anolamine, and phosphatidylcholine as well as phosphatidylg-
lycerol and cardiolipin (not shown in Fig. 1). The
phosphatidylinositol derived fromCDP-DAG also serves as the
precursor for sphingolipids (67, 68), the D3-, D4-, and
D5-phosphoinositides (64, 69–72), and glycosylphosphatidyl-
inositol anchors (73, 74). CDP-choline and CDP-ethanolamine

FIGURE 10. Effects of the overexpression of DGK1 and its mutant alleles on nuclear/ER membrane
growth. Wild-type cells (strain RS453) expressing the indicated wild-type (WT) and mutant galactose-inducible
DGK1 alleles on the YCplac111 plasmid (see Table 1) and YCplac33-SEC63-GFP (to label the nuclear/ER mem-
brane) were grown to exponential phase in galactose-containing medium. Cells were viewed with a Zeiss
Axiophot fluorescence microscope equipped with a CCD camera, and images were recorded using IP Labs
software. Scale bar 
 5 �m.
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are the sources of the hydrophilic headgroups of phosphatidyl-
choline and phosphatidylethanolamine that are synthesized by
way ofDAG (Fig. 1). That theDGK1-encoded enzymeusesCTP
as its substrate further emphasizes the importance of CTP in
the synthesis of phospholipids in S. cerevisiae.
The cellular levels of CTP are primarily controlled through

the biochemical regulation of CTP synthetase by CTP product
inhibition (75, 76). CTP is synthesized fromUTP via theURA7-
and URA8-encoded CTP synthetase enzymes (77, 78). Cells
that carry E161K mutations in the URA7- and URA8-encoded
CTP synthetase enzymes, which no longer respond to CTP
product inhibition, accumulate elevated (6–15-fold) levels of
CTP compared with cells that express the wild-type enzyme
(79). The elevation in cellular CTP that is brought about by the
mutation in the URA7-encoded enzyme leads to an increased
rate of PA synthesis and the aberrant regulation of phospho-
lipid synthesis (79). This regulation is typified by the derepres-
sion of the INO1 gene and the inositol excretion phenotype
(79). Although the basis for this CTP-mediated regulation has
been unclear (79), we speculate that the stimulation of DGK1-
encoded DAG kinase activity by the elevated levels of CTP is
involved with this regulation.
DGK1-encoded CTP-dependent DAG kinase also utilized

dCTP as a phosphate donor. Based on its Km and Ki values as
both a substrate and competitive inhibitor, respectively, dCTP
was as good a substrate as CTP. The utilization of the deoxy
derivative of CTP as a substrate is known for several phospho-
lipid biosynthetic enzymes, including CDP-DAG synthase (50),
phosphocholine cytidylyltransferase (44, 66, 80, 81), and phos-
phoethanolamine cytidylyltransferase (66, 80, 81). In addition,
the phosphatidylserine synthase from S. cerevisiae utilizes
dCDP-DAG as a substrate to synthesize phosphatidylserine
(57). Although the deoxyribonucleotide phospholipid pathway
intermediates have been identified in cells, no clear function for
their existence has been uncovered (82). For the DGK1-en-
coded DAG kinase, utilization of dCTP may simply indicate
that the enzyme lacks specificity between CTP and dCTP.
However, this lack of specificity provides an advantage for cells
to utilize dCTP when CTP is limiting.
The yeast DAGkinase was stable for prolonged storagewhen

the enzyme was associated with its native membrane environ-
ment. However, the solubilization and purification of Dgk1p
led to a great loss (�30-fold) of its enzyme activity (data not
shown). This may be explained by the loss of a specific mem-
brane component that is required for enzyme activity. The
membrane-associated E. coli ATP-dependent DAG kinase
enzyme is also labile upon solubilization and purification (83).
In fact, this membrane-associated enzyme requires phospho-
lipid activators to elicit a maximum turnover number in vitro
(84, 85). The requirement of a phospholipid activator for the
yeast membrane-associated enzyme was indicated by the stim-
ulation of its activity by major membrane phospholipids (e.g.
phosphatidylcholine, phosphatidylethanolamine, phosphati-
dylinositol, and phosphatidylserine). Additional studies are
planned to determine whether the reconstitution of the puri-
fied enzyme with phospholipids activates the purified enzyme.
Maintaining activity during the purification of mammalian
forms of ATP-dependent DAG kinases has not been a critical

issue presumably because these enzymes are not integral mem-
brane proteins (9, 10, 29). Instead, themammalianDAGkinases
are cytosolic enzymes that translocate to the membrane to cat-
alyze their reactions (9, 10, 29).
CDP-DAGwasamong thephospholipids that inhibitedCTP-

dependent DAG kinase activity. CDP-DAG is the product of
the CTP-dependent CDP-DAG synthase enzyme that utilizes
PA as its phospholipid substrate (Fig. 1). The inhibition of DAG
kinase activity by CDP-DAG might favor the accumulation of
DAG that may be used for the synthesis of phosphatidyletha-
nolamine and phosphatidylcholine via DAG or favor the syn-
thesis of TAG (Fig. 1). Alternatively, the accumulation of DAG
may regulate some other DAG-mediated function (e.g. signal-
ing through protein kinase C or membrane structure) in S.
cerevisiae. It is also interesting that DAG kinase activity was
inhibited by sphingoid bases (e.g. sphinganine and phytosphin-
gosine). Sphingoid bases are both precursors and turnover
products of sphingolipid metabolism in S. cerevisiae (68). A
relationship between the DAG-derived synthesis of phosphati-
dylethanolamine and sphingolipid synthesis exists through
sphingoid basemetabolism (2). In addition,DAG is a product of
the inositol phosphoceramide synthase enzyme that is respon-
sible for the synthesis of a major yeast sphingolipid inositol
phosphoceramide (68). The inhibition of DAG kinase activity
by sphingoid bases might favor the utilization of DAG for other
cellular functions as discussed above.
In mammalian cells, the function of the ATP-dependent

DAG kinases has been attributed to the attenuation of the sig-
naling roles of DAG (e.g. activation of protein kinase C). More-
over,mammalianDAGkinase enzymes appear to be involved in
numerous physiological processes (10). As far aswe know, there
is only one form of CTP-dependent DAG kinase activity in
S. cerevisiae. The dgk1� mutant lacks detectable DAG kinase
activity (28). Current data indicate that the yeast DGK1-en-
coded DAG kinase functions in concert with the PAH1-en-
coded PA phosphatase to control the nuclear/ER levels of PA
for regulation of phospholipid synthesis andmembrane growth
(28).
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