
Diacylglycerol Kinase � Is Selective for Both Acyl Chains of
Phosphatidic Acid or Diacylglycerol*

Received for publication, July 30, 2009, and in revised form, August 31, 2009 Published, JBC Papers in Press, September 10, 2009, DOI 10.1074/jbc.M109.050617

Michael Lung‡1, Yulia V. Shulga‡, Pavlina T. Ivanova§, David S. Myers§, Stephen B. Milne§, H. Alex Brown§,
Matthew K. Topham¶, and Richard M. Epand‡2

From the ‡Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton, Ontario L8N 3Z5, Canada, the
§Department of Pharmacology, Vanderbilt University Medical Center, Nashville, Tennessee 37232, and the ¶Huntsman Cancer
Institute, University of Utah, Salt Lake City, Utah 84112

The phosphatidylinositol (PI) cycle mediates many cellular
events by controlling themetabolism ofmany lipid secondmes-
sengers.Diacylglycerol kinase � (DGK�) has an important role in
this cycle. DGK� is the only DGK isoform to show inhibition by
its product phosphatidic acid (PA) aswell as substrate specificity
for sn-2 arachidonoyl-diacylglycerol (DAG). Here, we show that
this inhibition and substrate specificity are both determined by
selectivity for a combination of the sn-1 and sn-2 acyl chains of
PA or DAG, respectively, preferring the most prevalent acyl
chain composition of lipids involved specifically in the PI cycle,
1-stearoyl-2-arachidonoyl. Although the difference in rate for
closely related lipid species is small, there is a significant enrich-
ment of 1-stearoyl-2-arachidonoyl PI because of the cyclical
nature of PI turnover.We also show that the inhibition of DGK�
by PA is competitive and that the deletion of the hydrophobic
segment and cationic cluster of DGK� does not affect its selec-
tivity for the acyl chains of PA or DAG. Thus, this active site not
only recognizes the lipid headgroup but also a combination of
the two acyl chains in PA or DAG. We propose a mechanism of
DGK� regulation where its dual acyl chain selectivity is used to
negatively regulate its enzymatic activity in a manner that
ensuresDGK� remains committed to the PI turnover cycle. This
novel mechanism of enzyme regulation within a signaling path-
way could serve as a template for the regulation of enzymes in
other pathways in the cell.

Diacylglycerol kinases (DGK3; EC 2.7.1.107) are a diverse
family of lipid kinases that catalyze the phosphorylation of dia-

cylglycerol (DAG) to phosphatidic acid (PA) using ATP as a
phosphate donor (1–8). DAG is a lipid second messenger
whose importance in cell signaling is well established (9). DAG
is generated through the catalyzed hydrolysis of phosphatidyl-
inositol 4,5-bisphosphate (PtdIns(4,5)P2) by the various iso-
forms of phospholipase C in response to cell stimulation by
various agonists such as growth factors, cytokines, and hor-
mones (9, 10). The diverse range of effectors of DAGallows it to
modulate a large variety of cellular events, resulting in its broad
effects on the cell. Of these effectors, DAG is most known as an
allosteric activator of protein kinase C (11–14). DAG also acti-
vates other effectors such as Ras-guanyl nucleotide-releasing
protein (11) and the transient receptor potential channel 2 (15).
Furthermore, DAG is involved in the recruitment of chimerins
(16), Munc13, and protein kinase D to the membrane (11).
Because DAG is such an important signaling molecule, there
must be tight regulation of its concentration. The DGK-cata-
lyzed phosphorylation of DAG to PA serves as one pathway for
the attenuation of the pleiotropic effects of DAG.
Although the reaction catalyzed by DGK attenuates the

effects of DAG, the product of the reaction, PA, is also a lipid
second messenger that has its own range of effects on the cell
through its own set of diverse effectors. For instance, PA regu-
lates the activity of phosphatidylinositol-4-phosphate 5-kinase
(17), phospholipase C-�1 (18), protein kinase C-� (19), protein
phosphatase 1 (20), and the mammalian target of rapamycin
(21). PA also mediates the membrane translocation of enzymes
such as sphingosine kinase (22) and Raf-1 kinase (23). Further-
more, PA mediates secretory vesicle trafficking from the Golgi
(24) and stimulates DNA synthesis in fibroblast cells (25).
Therefore, because DGKmodulates the levels of two important
lipid second messengers (substrate DAG and product PA),
DGK is a critical link in cell signaling and accordingly is tightly
regulated.
It has been suggested that DGK controls functions unique to

multicellular organisms, as the one DGK found in bacteria and
the one DGK recently found in yeast show very little sequence
homology or structure similarity to the higher eukaryotic forms
(26, 27) such as those found in Drosophila melanogaster (28–
30), Dictyostelium discoideum (31), Caenorhabditis elegans
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(32), Arabidopsis thaliana (33–35), and mammals (2, 4–8). All
mammalian DGKs have a conserved catalytic domain and at
least two cysteine-rich domains similar to the C1 domains in
protein kinase C (but lacking critical consensus residues found
in protein kinase C C1) that has been predicted to bind to the
substrate DAG. Ten mammalian DGK isoforms have currently
been experimentally identified (�, �, �, �, �, �, �, �, 	, and 
)
(4–8) and are classified into five groups based on a combina-
tion of various structural domains or motifs that contribute to
their differing regulation, cellular localization, and subsequent
cellular function (2, 4–8).
The � isoform of mammalian DGKs (DGK�) is the smallest

and simplest (in terms of primary structure) mammalian DGK
known to date, with a molecular mass of 64 kDa and a lack of
extra regulatory domains from which function can be inferred
(36). However, it possesses many unique features that make it
one of the most intriguing DGK isoforms. First, it is the only
constitutively active/membrane-bound DGK isoform with a
hydrophobic segment (residues 20–40 in human DGK�) (Fig.
1) that has been proposed to form a bent helix that exits the
membrane through the same side it entered (8, 37, 38). It is also
the only DGK isoform that shows substrate specificity in vitro
for DAG with an arachidonoyl acyl chain at the sn-2 position
(sn-2 arachidonoyl-DAG) (8, 36, 37, 39–41). These observa-
tions taken together with studies showing that phosphatidyl-
inositol (PI) turnover cycle lipids are enriched with arachido-
nate suggests that DGK� is fully committed to the PI turnover
cycle in the enrichment of its lipids with arachidonate
through multiple iterations of this cycle. It is known that this
arachidonoyl enrichment is not a result of acyl chain remod-
eling (42). The PI cycle mediates a large variety of cellular
events by controlling the metabolism of several important
lipid second messengers, including several phosphoinositi-
des (43), DAG and PA, each possessing their own diverse
range of signaling roles in the cell. This postulation of DGK�
function has been supported by recent in vivo data in which
we show that DGK� KO mouse embryonic fibroblast (MEF)
cells have a significant reduction in PI with arachidonoyl side
chains compared with WT cells (44).

It is instructive to compare these
lipodomics results (obtained from
DGK� KO MEF cells) (44) with an
earlier study in which DGK� was
overexpressed in porcine aortic en-
dothelial cells (45). Overexpression
of DGK� results in the selective
removal of DAGs with certain acyl
chains, including those with an
arachidonoyl group (45). In con-
trast, there is no concentration or
acyl chain difference among the dif-
ferent species of DAG when com-
paring WT with DGK� KO MEFs
(44). Thus, although one would
anticipate an increase in arachido-
noyl-containing DAG in the DGK�
KO MEF cells, because there are
many pathways for the removal of

DAG (including other isoforms of DGK), this difference is not
observed. In contrast, with overexpression, those forms ofDAG
that are affected are virtually completely eliminated, including
both 1-palmitoyl-2-arachidonoyl-sn-glycerol (PAG) and 1-
palmitoyl-2-arachidonoyl-sn-glycerol (SAG). However, as we
demonstrate below, differences in the level of PI made from
SAG versus PAG are observed between theWT and DGK� KO
MEFs. Thus, overexpression of DGK� results in less selective
changes in lipid species compared with knocking out this
enzyme.
Another aspect of DGK� that differs from other DGK iso-

forms is the modulation of its enzymatic activity by anionic
phospholipids. Although many DGK isoforms other than
DGK� show increased enzymatic activity in the presence of
phosphatidylserine (PS) and other anionic phospholipids (40,
46–48), PS has been shown to strongly inhibit DGK� enzy-
matic activity in vitro (40). Interestingly, PtdIns(4,5)P2 and PA,
twomolecules involved in the PI turnover cycle, have also been
shown to inhibit DGK� enzymatic activity in vitro (40). It had
been previously hypothesized that the cluster of cationic resi-
dues (residues 43, 45, 46, 50, 51, 55, 56, and 58 in humanDGK�)
adjacent to the hydrophobic segment of DGK� (Fig. 1) was
responsible for its inhibition by PA (40). In addition, this hydro-
phobic segment could also contribute to the acyl chain selectiv-
ity of DGK� by accommodating the acyl chains of PA. Also, it
was previously shown that in contrast to the situation forDGK�
substrate specificity, an arachidonoyl-specific DGK from
bovine testes did not exhibit acyl chain selectivity in its inhibi-
tion by PA (49). However, this arachidonoyl-specific DGK had
an apparent molecular mass of 58 kDa that differed from the
molecular mass of DGK� (64 kDa). In addition, this arachido-
noyl-specific DGK from bovine testes exhibits noncompetitive
inhibition of PAwith respect to DAG (49), althoughwe find the
inhibition to be competitive (see below). Thus, the identity of
this arachidonoyl-specificDGK frombovine testes is uncertain,
and we have therefore examined the role of acyl chain specific-
ity in the PA inhibition of DGK�.

Here, we show that the PA inhibition and substrate specific-
ity of DGK� are both based upon a selectivity for a combination

FIGURE 1. Overview of DGK�, DGK��58, and DGK� structure. The various domains/motifs in each of these
proteins are presented here. CRD, cysteine-rich domain; extCRD, extension of the cysteine-rich domains;
MARCKS, myristoylated alanine-rich protein kinase C substrate; NLS, nuclear localization sequence; PDZ,
PSD95/DlgA/zo-1. The structures presented here are not drawn to exact scale.
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of their sn-1 and sn-2 acyl chains, preferring themost abundant
acyl chain composition of PI turnover cycle lipids, contrasting
to other DGKs such as DGK�. In further support of the similar-
ity between PA and DAG acyl chain selectivity, we also show
that the removal of the hydrophobic segment and cationic clus-
ter within DGK� does not affect PA or DAG acyl chain selec-
tivity and that PA inhibition is competitive, suggesting that PA
competes with DAG for the active site of DGK�.

EXPERIMENTAL PROCEDURES

Reagents and General Notes—Chemicals and reagents were
purchased from Sigma or BioShop Canada unless otherwise
stated. All lipid stockswere purchased fromAvanti Polar Lipids
containing 0.1% (w/v) butylated hydroxytoluene and were
stored either in 2:1 CHCl3/CH3OH or in CHCl3. The butylated
hydroxytoluene was eliminated during solvent evaporation and
was not present in the enzymatic assay. Furthermore, all lipid
films were immediately covered with argon gas after solvent
evaporation to protect them from contact with air. All lipids
(their abbreviations, full names, and alternative notations) used
in this study are listed in Table 1. All antibodies were purchased
from Santa Cruz Biotechnology unless otherwise stated.
Reagents used in PCR and DNA digestion reactions were pur-
chased from Fermentas Life Sciences.When the acronymDAG
is used in this study, it is solely referring to the 1,2-diacylglyc-
erol form of diacylglycerol. When human DGK� amino acid
residue numbers are listed in this study, the first methionine
amino acid residue is not counted.
Quantification of Phosphatidic Acid—The concentration of

all PA stocks used in this study was determined experimentally
based on an assay for inorganic phosphate as described previ-
ously (50). Briefly, 30 �l of 10% (w/v)Mg(NO3)2 in 95% ethanol
was added to an aliquot of PA (up to 80 nmol) in an acid-washed
Pyrex tube, which was subsequently flamed until the organic
phosphate was completely ashed. 350 �l of 0.5 N HCl was then
added, and the mixture was subsequently incubated at 100 °C
for at least 15 min. Afterward, 750 �l of a 1:6 mixture of 10%
(w/v) L-ascorbic acid, 0.42% (w/v) ammoniummolybdate tetra-
hydrate in 1 N H2SO4 was added. The mixture was then incu-

bated at 60 °C for 10 min and allowed to cool to room temper-
ature where its absorbance was read at 820 nm.
Quantification of Diacylglycerol—The concentration of all

DAG stocks used in this study was quantified experimentally.
100 �l of 50 mM tetraethylammonium hydroxide in 100% eth-
anol was added to a borosilicate test tube containing �50 nmol
of DAG. The tube was subsequently incubated at 60 °C for 30
min. After the incubation, 100 �l of 0.1 N HCl and 2 ml of
hexane was added to each of the tubes, where the top phase
containing the free fatty acid was then eliminated. Aliquots
of the bottom phase were taken where the presence of free
glycerol was quantified using the EnzyChrom glycerol assay
kit (BioAssay Systems) according to the manufacturer’s
instructions.
Construction of p3XFLAG-DGK��58 Mammalian Expres-

sion Vector—APCR fragment lacking theN-terminal 174 bases
of human DGK� cDNA (for expression of DGK� lacking the
N-terminal 58 amino acids) was amplified from an N-terminal
hemagglutinin-tagged DGK� vector using Pfu DNA polymer-
ase and “polished” with Taq DNA polymerase. The following
primers were used: forward, 5�-AGATCTGCACGGGTGGC-
GCGACACG-3�; reverse, 5�-TCTAGACTATTCAGTCGCC-
TTTATATCTTC-3�. The PCR fragment was gel-purified and
cloned into a pCRII-TOPO-TA cloning vector (Invitrogen).
The DNA fragment of interest was then excised from the
TOPO-TA vector by digestion with the restriction enzymes
BglII and XbaI, gel-purified, and subcloned into the p3XFLAG-
CMV-7.1 vector (Sigma), forming the mammalian expression
vector p3XFLAG-DGK��58. The identity of theDNAwas con-
firmed by sequencing analysis performed at the Huntsman
Cancer Institute Sequencing Facility (Salt Lake City, UT).
Cell Culturing and Transfection of DGK� into COS-7 Cells—

COS-7 cells were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen) containing 10% fetal bovine serum
(Invitrogen) at 37 °C and 5% atmospheric CO2. Cells were tran-
siently transfected with vectors for the expression of an N-ter-
minal 3XFLAG epitope tag fusion to full length or an N-terminal
58- amino acid truncation of human DGK� (3XFLAG-
DGK�FL or 3XFLAG-DGK��58, respectively) (Sigma) using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions. 24–48 h after transfection, cells were scraped
into ice-cold phosphate-buffered saline (1�; pH 7.2) (Invitro-
gen) containing a 1:1000 dilution of 1� protease inhibitor mix-
ture (Sigma). The cells were pelleted at 8000 � g at 4 °C and
subsequently kept at �80 °C until further use.
Enzyme Preparation for DGK Enzymatic Activity Assay—A

pellet of COS-7 cells overexpressing human 3XFLAG-DGK�FL
or 3XFLAG-DGK��58 or a pellet of baculovirus-infected Sf21
cells overexpressing a C-terminal hexahistidine or FLAG
epitope tag fusion to human DGK� (DGK�-His6) or DGK�
(DGK�-FLAG) proteins, respectively, was resuspended in ice-
cold lysis buffer (1% (v/v) (octylphenoxy)polyethoxyethanol
(Nonidet P-40), 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM

EDTA, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM activated sodium orthovanadate, and 1:1000 dilu-
tion of 1�protease inhibitormixture) and allowed to lyse on ice
for 10 min. The lysate from COS-7 or insect cells was centri-
fuged at 100,000 � g for 30 min at 4 °C. The supernatant con-

TABLE 1
Lipids used in this study

Abbreviation Full name
Alternative
notation

(sn-1/sn-2)

DAG
AAG 1-Arachidoyl-2-arachidonoyl-sn-glycerol 20:0/20:4 DAG
DOG 1,2-Dioleoyl-sn-glycerol 18:1/18:1 DAG
PAG 1-Palmitoyl-2-arachidonoyl-sn-glycerol 16:0/20:4 DAG
SAG 1-Stearoyl-2-arachidonoyl-sn-glycerol 18:0/20:4 DAG
SLG 1-Stearoyl-2-linoleoyl-sn-glycerol 18:0/18:2 DAG

PA
AAPA 1-Arachidoyl-2-arachidonoyl phosphatidic acid 20:0/20:4 PA
DAPA 1,2-Diarachidonoyl phosphatidic acid 20:4/20:4 PA
PAPA 1-Palmitoyl-2-arachidonoyl phosphatidic acid 16:0/20:4 PA
POPA 1-Palmitoyl-2-oleoyl phosphatidic acid 16:0/18:1 PA
SAPA 1-Stearoyl-2-arachidonoyl phosphatidic acid 18:0/20:4 PA
SLPA 1-Stearoyl-2-linoleoyl phosphatidic acid 18:0/18:2 PA
SOPA 1-Stearoyl-2-oleoyl phosphatidic acid 18:0/18:1 PA

PC
DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine 18:1/18:1 PC

PS
DOPS 1,2-Dioleoyl-sn-glycero-3-�phospho-L-serine� 18:1/18:1 PS
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taining extracted DGK was then used for enzymatic activity
assays. In this study, the term “enriched lysates” refers to this
supernatant containing detergent-extracted DGK. Attempts to
obtain a highly purified preparation of DGK� were unsuccess-
ful. To our knowledge, there is no report of DGK� ever having
been purified. There is an arachidonoyl-specific DGK isolated
from bovine testes that has been purified to apparent homoge-
neity (39). However, there is evidence that this protein differs
from DGK�.
Detergent-Phospholipid-Mixed Micelle-based DGK Enzy-

matic Activity Assay—DGK was assayed for enzymatic activity
using a detergent-phospholipid-mixed micelle-based protocol
adapted from previous studies (39, 40, 49). Lipid films com-
posed of the substrate (DAG) along with any phospholipid
component required in the assay (PA and/or 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) (for DGK�) and/or 1,2-dio-
leoyl-sn-glycero-3-[phospho-L-serine] (for DGK�)) were made
at a constant total lipid concentration. For example, when
substrate concentrations were increased, DOPC or 1,2-dio-
leoyl-sn-glycero-3-[phospho-L-serine] concentrations were
decreased to maintain a constant total lipid concentration.
Mixedmicelles were formed by hydrating these lipid films with
50 �l of 4� Assay Buffer (200 mM Tris-HCl (pH 7.5), 400 mM

NaCl, 20mMMgCl2, 4mMEGTA, 1mMdithiothreitol) contain-
ing either 30mMTritonX-100, 30mMTritonX-114, or 300mM

octyl �-D-glucopyranoside (OG) and subsequently vortexing
the hydrated lipid film for 2 min. Enriched lysates from Sf21 or
COS-7 cells expressing DGK were added to the mixed micelles
along with double distilled H2O to a final volume of 180�l. The
reaction was initiated by adding 20 �l of 1 mM [�-32P]ATP (50
�Ci/ml) (PerkinElmer Life Sciences), allowed to proceed for 10
min at 25 °C, and terminated with 2 ml of stop solution (1:1
CHCl3/CH3OH, 0.25 mg/ml dihexadecyl phosphate). The
organic layerwaswashed three timeswith 2ml of wash solution
(7:1 H2O/CH3OH, 1% HClO4, 0.1% H3PO4). An aliquot of the
organic layer was used to quantify the incorporation of 32P into
PA using Cerenkov counting. All enzymatic activity data pre-
sented in this study should be considered as data obtained from
initial rate experiments, because the formation of the product
PA was linear over the 10-min reaction period (data not
shown). The assays were performed in triplicate and will be
presented in this study as the mean � S.D. Enriched lysates
frommock-transfected cells (COS-7 or Sf21) were always used
as a negative control and were confirmed to have activity levels
significantly below enriched lysates from cells overexpressing
DGK. All results presented in this study were repeatable over
multiple independent experiments, consistently showing the
same order of effects among different lipids. Because DGKs are
interfacial enzymes in that they perform catalysis at a lipid-
aqueous interface such as the surface of the detergent-phos-
pholipid-mixed micelle, the concentrations of the individual
lipid components at the surface of thismixedmicelle are impor-
tant in affecting DGK enzymatic activity rather than the bulk
concentrations of the lipid components (51, 52). Thus, the con-
centrations of the individual lipid components of the mixed
micelles will be listed when appropriate in this study as their
mole percentage of the detergent-phospholipid-mixed micelle.

Kinetic Analysis of DGK� Inhibition by PA—Twomethods of
kinetic analysis were utilized to determine the type of enzyme
inhibition used by PA in its inhibition of DGK�. The first
method employed was an analysis of the kinetic data using a
Cornish-Bowden plot ((substrate concentration) (initial
velocity)�1 versus inhibitor concentration). The second
method employed was a nonlinear regression analysis, where
the kinetic data were fitted to nonlinear expressions for dif-
ferent types of enzyme inhibition using the SigmaPlot data
analysis software program (version 11), Enzyme Kinetics
module (Systat Software). This nonlinear regression analysis
(with fitting of the kinetic data to a nonlinear expression for
a competitive type of enzyme inhibition because PA inhibi-
tion of DGK� was determined to be competitive, see
“Results”) was also used to determine the values of the
kinetic constants Ki and Km.
Immunoblot Analysis—Protein samples for immunoblot

analysis were prepared by incubation at 95 °C for 10 min. The
resultant proteins were separated by 7.5% Tris-glycine SDS-
PAGE and electroblotted onto an Immobilon-P polyvinylidene
difluoride membrane (Millipore). The membrane was then
incubatedwith either a 1:2500 dilution ofmouse anti-FLAGM2
(Sigma) or 1:500 dilution of goat anti-actin (sc-1616) as the
primary antibody and either a 1:2500 dilution of horseradish
peroxidase-conjugated goat anti-mouse (sc-2005) or donkey
anti-goat antibody (sc-2020) as the secondary antibody. The
antibody complexes were visualized using Western Lightning
Chemiluminescence Reagent Plus (PerkinElmer Life Sciences)
and X-Omat LS film (Eastman Kodak Co.) according to the
manufacturer’s instructions.
Glycerophospholipid Analysis—Phospholipids from DGK�

KO and WT MEFs were extracted by a modified Bligh-Dyer
extraction procedure using acidified methanol as described
before (53). Mass spectral analysis was performed by direct
infusion on a Finnigan TSQ Quantum triple-quadrupole mass
spectrometer essentially as described previously (44). Identifi-
cation of the individual phospholipids was accomplished by liq-
uid chromatography-tandem mass spectrometry by utilization
of Applied Biosystems/MDS SCIEX 4000 QTRAP hybrid triple
quadrupole/linear ion trap mass spectrometer and a Shimadzu
high pressure liquid chromatography system with a Phenome-
nex Luna Silica column (2� 250mm, 5-�mparticle size) using
a gradient elution as communicated elsewhere (44, 53). The
identification of the individual species was based on their chro-
matographic and mass spectral characteristic (44, 53). This
analysis allows identification of the two fatty acid moieties but
does not determine their position on the glycerol backbone
(sn-1 versus sn-2).
Fatty Acid Analysis of DGK� KO Versus WT MEF Phospho-

lipid Extracts—Glycerophospholipids containing stearoyl fatty
acid chains were identified by liquid chromatography-tandem
mass spectrometry. The sums of the intensities of the stearoyl-
containing lipids within each lipid subclass (PA, PI, PS, phos-
phatidylcholine, phosphatidylethanolamine, and phosphatidyl-
glycerol) were compared (Student’s t test) between DGK� KO
andWTMEFs.
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RESULTS

DGK� Inhibition by PA Is Specific for Both Its sn-1 and sn-2
Acyl Chains Contrasting to That of DGK�—It has previously
been shown by our group that the modulation of DGK� by the
product of its catalysis, PA, uniquely contrasts to that of other
DGKs such as DGK�; DGK� is inhibited by PA, whereas DGK�
is activated by PA (40). Furthermore, DGK� is the only DGK
isoform currently known to possess a selectivity for sn-2 arachi-
donoyl-DAG (36, 39), the main DAG species in the PI turnover
cycle (54). Thus, we carried out an investigation to assess the
possible role of acyl chain composition in the inhibition of
DGK� by PA, another intermediate lipid in the PI turnover
cycle. Sf21 expressed DGK�-His6 was assayed for enzymatic
activity using SAG as a lipid substrate in the presence of PAs
with varying sn-1 and sn-2 acyl chains. Similar to the substrate
specificity of DGK� for sn-2 arachidonoyl-DAG, DGK� was
most inhibited by sn-2 arachidonoyl-PAs such as 1-palmitoyl-
2-arachidonoyl phosphatidic acid (PAPA), 1-stearoyl-2-arachi-
donoyl phosphatidic acid (SAPA), 1-arachidoyl-2-arachido-
noyl phosphatidic acid, or 1,2-diarachidonoyl phosphatidic
acid (Fig. 2A). For example, when comparing different PAswith
sn-1 stearoyl acyl chains, SAPA (an sn-2 arachidonoyl-PA)
showed much greater inhibition of DGK� than other non-sn-2
arachidonoyl-PAs such as 1-stearoyl-2-linoleoyl phosphatidic
acid (SLPA) or 1-stearoyl-2-oleoyl phosphatidic acid (SOPA)
(Fig. 2A). In further support of this assertion, when comparing
PAs with palmitoyl acyl chains at the sn-1 position, PAPA (an
sn-2 arachidonoyl-PA) showed much greater inhibition than
the non-sn-2 arachidonoyl-PA 1-palmitoyl-2-oleoyl phospha-
tidic acid (Fig. 2B). Interestingly, when comparing sn-2 arachi-
donoyl-PAs, the PA with the sn-1 acyl chain length of 18 car-
bons (SAPA) showed the greatest inhibition, followed by PAPA
with a shorter 16 carbon sn-1 acyl chain, then equally by
1-arachidoyl-2-arachidonoyl phosphatidic acid and 1,2-di-
arachidonoyl phosphatidic acid, each with longer 20 carbon
sn-1 acyl chains, indicating that DGK� is not only selective for
an sn-2 arachidonoyl acyl chain but is also selective for the
length of the sn-1 acyl chain (Fig. 2A). Of all the PAs tested,
1-stearoyl-2-arachidonoyl phosphatidic acid (SAPA), a PAwith
the most prevalent acyl chain composition of lipids involved
specifically in the PI turnover cycle (54), was the most potent
inhibitor of DGK� (Fig. 2A). When the same set of PAs was
tested using the less preferred lipid substrate 1-stearoyl-2-lino-
leoyl-sn-glycerol, the qualitative patterns obtained were similar
to those obtained using SAG (Fig. 2C). SAPA was still a much
more effective inhibitor than SLPA (Fig. 2C), indicating the
results obtained using SAGwere valid and independent of lipid
substrate. Furthermore, because enriched lysates from Sf21

FIGURE 2. DGK� inhibition by PA is dependent upon both its sn-1 and sn-2
acyl chains. A, enriched lysates from Sf21-overexpressing DGK�-His6
(	DGK�) or from mock baculovirus-infected Sf21 cells (�ve control) were
assayed for DGK enzymatic activity with 7.5 mM Triton X-100, 7.5 mM Triton
X-114, 0.1 mM [�-32P]ATP, and 1.5 mol % SAG in the presence of either 1.5
mol % SLPA, PAPA, SAPA, 1-arachidoyl-2-arachidonoyl phosphatidic acid
(AAPA), 1,2-diarachidonoyl phosphatidic acid (DAPA), or SOPA. The enzymatic
activity presented was normalized to DGK� enzymatic activity in the absence
of PA, which was 0.932 � 0.080 nmol of PA/min and defined as 100% enzy-
matic activity. B, enriched lysates from Sf21-overexpressing DGK�-His6
(	DGK�) or from mock baculovirus-infected Sf21 cells (�ve control) were
assayed for DGK enzymatic activity as in A except either 1.5 mol % 1-palmi-

toyl-2-oleoyl phosphatidic acid (POPA), PAPA, or SAPA was used instead of
the PAs used in A. The enzymatic activity presented was normalized to DGK�
enzymatic activity in the absence of PA, which was 0.873 � 0.001 nmol of
PA/min and defined as 100% enzymatic activity. C, enriched lysates from
Sf21-overexpressing DGK�-His6 (	DGK�) or from mock baculovirus-infected
Sf21 cells (�ve control) were assayed for DGK enzymatic activity as in A except
3.0 mol % 1-stearoyl-2-linoleoyl-sn-glycerol (SLG) was used instead of SAG as
the DAG lipid substrate, and 0.75 mol % of the PAs was used. The enzymatic
activity presented was normalized to DGK� enzymatic activity in the absence
of PA, which was 0.266 � 0.005 nmol of PA/min and defined as 100% enzy-
matic activity.

DGK� Is Selective for Both Acyl Chains of PA or DAG

31066 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 45 • NOVEMBER 6, 2009



cells overexpressing DGK�-His6 were used (throughout this
study) to assay for DGK�-His6 enzymatic activity, it was con-
firmed that specific DGK�-His6 enzymatic activity was being
measured rather than enzymatic activity from another enzyme
found in Sf21 cells; DGK enzymatic activity of enriched lysates
from Sf21 cells overexpressing DGK�-His6 was at least 13 times
higher than the DGK enzymatic activity of enriched lysates
from mock-infected Sf21 cells using either SAG or 1-stearoyl-
2-linoleoyl-sn-glycerol as a DAG lipid substrate (depending on
the PA used) (Fig. 2).
In contrast to DGK�, when different sn-1 stearoyl-PAs were

tested for their effect on Sf21-expressed DGK�-FLAG (DGK�
being a DGK isoform not known to be involved in the PI turn-
over cycle) (Fig. 1), its enzymatic activity was increased in the
presence of these PAs, as was shown previously (40), and were
all within the error of each other (Fig. 3). The effects of different
PAs on DGK� were compared using 8 mol % PA to make the
comparison between the different PAs potentially more sensi-
tive to differences in enzymatic activity. When we used the
same PAs at a concentration of 2 mol % to assess their effect on
DGK�, the qualitative patterns of DGK� activation by the dif-
ferent PAs were the same as when using 8 mol % PA; the
increases in the enzymatic activity ofDGK� by the different PAs
were all within error of each other, although this increase in
enzymatic activity was less pronounced (data not shown).
These results make it unlikely that the differences among the
different PAs in the inhibition of DGK� were due to varying
impurities or concentrations of the various PA lipids. In addi-
tion, because enriched lysates from Sf21 cells overexpressing
DGK�-FLAG were used (throughout this study) to assay for
DGK�-FLAG enzymatic activity, it was confirmed that spe-

cific DGK�-FLAG enzymatic activ-
ity was being measured rather than
enzymatic activity from another
enzyme found in Sf21 cells. The
DGK enzymatic activity detected in
the enriched lysates from Sf21 cells
overexpressing DGK�-FLAG was
at least 23 times higher than the
DGK enzymatic activity of enriched
lysates from mock-infected Sf21
cells (depending on the PA used)
(Fig. 3). Taken together, these
results show that inhibition of
DGK� is specific for both the sn-1
and sn-2 acyl chains of PA that con-
trasts to the nonspecific activation
of DGK� by PA of different acyl
chain compositions.
DGK� Substrate Specificity Is

Based upon a Combined Selectivity
toward the sn-1 and sn-2Acyl Chain
of DAG—Although the substrate
specificity of DGK� for DAG with
an sn-2 arachidonoyl acyl chain has
been well established (36), its selec-
tivity for the sn-1 acyl chain has not
been investigated. Thus, we carried

out experiments to assess the selectivity of DGK� for the sn-1
acyl chain of DAG. When Sf21-expressed DGK�-His6 was
assayed for enzymatic activity using sn-2 arachidonoyl-DAGs
with increasing lengths of the saturated sn-1 acyl chain, the
DAG with an intermediate 18 carbon sn-1 acyl chain length
(SAG) was phosphorylated at the highest rate by DGK�,
followed by the shorter 16 carbon sn-1 acyl chain in PAG and
then followed by the longer 20-carbon sn-1 acyl chain in
1-arachidoyl-2-arachidonoyl-sn-glycerol (AAG) (Fig. 4). Thus,
similar toDGK� inhibition by PA, in terms of its substrate spec-
ificity, DGK� was selective for the length of the sn-1 acyl chain
of DAG. As established before (36), DGK� catalyzed the phos-
phorylation of 1,2-dioleoyl-sn-glycerol at a rate much lower
than the sn-2 arachidonoyl-DAGs, confirming the selectivity of
DGK� for the sn-2 arachidonoyl acyl chain (Fig. 4). Further-
more, of all DAGs tested, DGK� was most selective for DAG
with the most abundant acyl chain composition of lipids
involved specifically in the PI turnover cycle (54), 1-stearoyl-2-
arachidonoyl, which matches the selectivity of DGK� for PA
with the 1-stearoyl-2-arachidonoyl acyl chain composition
(Fig. 4). When Sf21-expressed DGK�-FLAG was assayed using
the same set of DAGs, the rates of phosphorylation of these
DAGs were within error of each other (Fig. 5), providing a con-
trasting picture to the DAG acyl chain selectivity of DGK� and
making it unlikely that the differences among the different
DAGs in terms of the rate of their phosphorylation by DGK�
were due to varying impurities or concentrations of the various
DAG lipids. In addition, theDGKenzymatic activity detected in
the enriched lysates from Sf21 cells overexpressing DGK�-His6
orDGK�-FLAGwas at least 3.5 or 32 times higher, respectively,

FIGURE 3. DGK� is activated by PA in a nonacyl chain-specific manner. Enriched lysates from Sf21-overex-
pressing DGK�-FLAG (	DGK�) or from mock baculovirus-infected Sf21 cells (�ve control) were assayed for DGK
enzymatic activity with 7.5 mM Triton X-100, 7.5 mM Triton X-114, 0.1 mM [�-32P]ATP, and 1.5 mol % DOG, in the
presence of either 8.1 mol % SLPA, SOPA, or SAPA. The enzymatic activity presented was normalized to DGK�
enzymatic activity in the absence of PA, which was 0.252 � 0.001 nmol of PA/min and defined as 100%
enzymatic activity.

DGK� Is Selective for Both Acyl Chains of PA or DAG

NOVEMBER 6, 2009 • VOLUME 284 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31067



than the DGK enzymatic activity of enriched lysates from
mock-infected Sf21 cells (depending on the DAG used) (Figs. 4
and 5), consistent with previous results presented in this study
(Figs. 2 and 3) and demonstrating that specific DGK�-FLAG
enzymatic activity was being assayed. Therefore, taken
together, these sets of experiments show that DGK� substrate
specificity is based upon a selectivity for the sn-1 acyl chain of
DAG, as well as the sn-2 acyl chain.

Lipidomic Analysis of DGK� KO
and WT MEFs Supports DGK�
Selectivity for DAG with a 1-Stearo-
yl-2-arachidonoyl Acyl Chain
Composition—With in vitro experi-
ments showing the selectivity of
DGK� for DAG with a 1-stearoyl-2-
arachidonoyl acyl chain composi-
tion,weperformed a lipidomic anal-
ysis on DGK� KO andWTMEFs to
provide in vivo evidence for this acyl
chain selectivity. Prior research
comparing DGK� KO MEFs with
WT has demonstrated a profoundly
different behavior in 20:4 (arachido-
noyl)-containing PI lipids relative to
other major PI species, particularly
36:2 PI (44), supporting the well
known selectivity of DGK� for the
sn-2 arachidonoyl acyl chain of
DAG. Using the same data to exam-
ine changes in 18:0 (stearoyl)-con-
taining lipids of all glycerophospho-
lipid classes, we found that there
was 29% less 18:0 (stearoyl)-con-
taining PI inDGK�KO than theWT
samples (p 
 0.01), supporting
selectivity of DGK� for an sn-1 ste-
aroyl acyl chain of DAG as shown by
in vitro experiments in this study
(Fig. 6A). Thus, the pool of the 18:0
(stearoyl)-containing PI (34:1, 36:1,
36:3, 38:2, 38:3, 38:4, and 40:5)
behaves similarly to 20:4 (arachido-
noyl)-containing PI with respect
to genotype. Note that the large
mass of 38:4 PI dominates both
groupings, supporting the com-
bined selectivity of DGK� for DAG
with a 1-stearoyl-2-arachidonoyl
acyl chain composition (Fig. 6A).
There was also no significant differ-
ence for the 16:0 (palmitoyl)-con-
taining lipids of any class other than
PI, which showed slightly less 16:0-
containing PI in the KO cells (Fig.
6B). Thus, despite the similarity
between 16:0 and 18:0 acyl chains,
deletion of DGK� results in a larger
decrease in 18:0 comparedwith 16:0

PI. Additionally, several species of di-18:1 (oleoyl) lipids (36:2 PA,
PC, and phosphatidylethanolamine) showed substantial increases
in the knock-out cells (28% p� 0.012, 38% p
 0.01, and 26% p

0.01, respectively). However, therewas no significant difference in
36:2 PI between the WT and KO cells (Fig. 6C). Taken together,
these results provide in vivo evidenceof the selectivity ofDGK� for
DAG with a 1-stearoyl-2-arachidonoyl acyl chain composition
through the enrichment of PI with this acyl chain composition.

FIGURE 4. DGK� substrate specificity is dependent upon both the sn-1 and sn-2 acyl chains of DAG.
Enriched lysates from Sf21-overexpressing DGK�-His6 (	DGK�) or from mock baculovirus-infected Sf21 cells
(�ve control) were assayed for DGK enzymatic activity with 7.5 mM Triton X-100, 7.5 mM Triton X-114, and 0.1
mM [�-32P]ATP, using either 0.38 mol % PAG, SAG, AAG, or DOG as a DAG lipid substrate. The enzymatic activity
presented was normalized to DGK� enzymatic activity using SAG as a DAG lipid substrate, which was 0.234 �
0.002 nmol of PA/min and defined as 100% enzymatic activity.

FIGURE 5. DGK� does not exhibit an acyl chain-dependent substrate specificity. Enriched lysates from
Sf21-overexpressing DGK�-FLAG (	DGK�) or from mock baculovirus-infected Sf21 cells (�ve control) were
assayed for DGK enzymatic activity with 7.5 mM Triton X-100, 7.5 mM Triton X-114, and 0.1 mM [�-32P]ATP, using
either 0.38 mol % PAG, SAG, AAG, or DOG as a DAG lipid substrate. The enzymatic activity presented was
normalized to DGK� enzymatic activity using AAG as a DAG lipid substrate, which was 0.169 � 0.025 nmol of
PA/min and defined as 100% enzymatic activity.
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Deletion of the Hydrophobic Segment and Cationic Cluster
from DGK� Retains Its PA or DAG Acyl Chain Selectivity—The
PA acyl chain-specific inhibition of DGK� may possibly be the
result of the binding of the cationic cluster and hydrophobic
segment of DGK� to the anionic headgroup and acyl chains of
PA, respectively. Thus, to test the role of the cationic cluster
and hydrophobic segment in the PA inhibition of DGK�, a 58-
amino acid N-terminal truncation of DGK� lacking its cationic
cluster and hydrophobic segment (3XFLAG-DGK��58) was
used (Fig. 1). When enriched lysates from COS-7 cells overex-
pressing 3XFLAG-DGK��58 or 3XFLAG-DGK� full-length
(3XFLAG-DGK�FL) proteins were assayed for DGK enzymatic
activity in the presence of SAPA or SLPA, both 3XFLAG-
DGK�FL and 3XFLAG-DGK��58 showed significant inhibi-
tion in the presence of these PAs when compared with their
enzymatic activity in the absence of these PAs (Fig. 7A). Fur-
thermore, there was less inhibition of both the 3XFLAG-
DGK�FL and 3XFLAG-DGK��58 in the presence of SLPA
comparedwith SAPA (Fig. 7A), corresponding to data obtained
with Sf21-expressed DGK�-His6 (Fig. 2A). In support of a pos-
sible commonmechanism of PA or DAG acyl chain selectivity,
3XFLAG-DGK��58 showed the same substrate selectivity for
SAG over DOG as compared with 3XFLAG-DGK�FL (Fig. 7B),
supporting previous published results from our group, which
showed that the deletion of the hydrophobic segment alone
does not affect DGK� substrate selectivity (38).

Validating the measurement of specific 3XFLAG-DGK�FL
or 3XFLAG-DGK��58 enzymatic activity, the DGK enzymatic
activity of enriched lysates from COS-7 cells overexpressing
3XFLAG-DGK�FL or 3XFLAG-DGK��58 was at least 1.5
times higher (depending on which DGK construct and PA was
used) than theDGK enzymatic activity detected in the enriched
lysates from COS-7 cells transfected with p3XFLAG-CMV-7.1
empty vector (Fig. 7, A and B). Furthermore, an immunoblot
performed on enriched lysates from these COS-7 cells overex-
pressing 3XFLAG-DGK��58 or 3XFLAG-DGK�FL proteins
after extraction with the detergent Nonidet P-40 showed the
detection of one 60- or 67-kDa band, respectively, matching
their predicted molecular mass (Fig. 7C); no band was present
in enriched lysates from COS-7 cells transfected with the
p3XFLAG-CMV-7.1 empty vector (Fig. 7C). In addition, all
samples showed an equal amount of actin by immunoblot anal-
ysis, indicating that the lower DGK enzymatic activity in
enriched lysates from COS-7 cells transfected with empty vec-
tor is not due to decreased amount of lysate assayed (Fig. 7D).
Therefore, taken together, these results rule out the cationic
cluster and hydrophobic segment as domains responsible for
the PA acyl chain-dependent inhibition of DGK� and conse-
quently rule out the involvement of these regions in acyl chain
selectivity of DGK�.

FIGURE 6. Lipidomic analysis of DGK� KO and WT MEFs. Phospholipids in
DGK� KO and WT MEFs were determined by direct infusion mass spectrome-
try and identified by liquid chromatography-tandem mass spectrometry. Dif-

ferent phospholipid classes (PA, phosphatidic acids; PC, phosphatidylcho-
lines; PE, phosphatidylethanolamines; PG, phosphatidylglycerols; PI, phos-
phatidylinositols; PS, phosphatidylserines) within a specific group of phos-
pholipids with the same acyl chain composition were compared. Fold
differences in the KO samples compared with the WT samples are presented
as well as the standard deviation from three independent experiments (each
in triplicate). A, 18:0-containing phospholipids; B, 16:0-containing phospho-
lipids; C, 36:2 phospholipids.
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DGK� Inhibition by PA Is
Competitive—The similarity of the
selectivity ofDGK� for both the sn-1
and sn-2 acyl chains of either PA or
DAG as well as the elimination of
the cationic cluster/hydrophobic
segment as domains responsible for
acyl chain-specific PA inhibition
and substrate specificity of DGK�
as shown in this study suggest that
PA could possibly be competing
with DAG for the active site of
DGK�. With these results in mind,
we performed an analysis of the
kinetics of DGK� PA inhibition to
determine the type of enzyme
inhibition. Thus, Sf21-expressed
DGK�-His6 was assayed for enzy-
matic activity at varying concentra-
tions of the DAG lipid substrate
SAG in the presence of differing
concentrations of the PA inhibitor
SAPA ranging from 0 to 3.40mol %.
For these sets of experiments,
OG/DOPC-based mixed micelles
were used instead of the Triton
X-100/Triton X-114/DOPC-based
mixed micelles used in the other
experiments in this study because of
deviations from Michaelis-Menten
kinetics using Triton X-100/Triton
X-114/DOPC-basedmixedmicelles
(data not shown). Nevertheless, we
confirmed that when using OG/
DOPC-basedmixedmicelles, DGK�
showed the same qualitative pat-
terns of PA acyl chain-specific inhi-
bition (Fig. 8) as with the Triton
X-100/Triton X-114/DOPC-based
mixed micelles (Fig. 2A). Consist-
ent with previous results pre-
sented in this study (Fig. 2A), DGK
enzymatic activity of enriched
lysates from Sf21 cells overexpress-
ing DGK�-His6 was at least 13 times
higher (depending on which PAwas
used) than the DGK enzymatic
activity detected in the enriched
lysates from mock-infected Sf21
cells (Fig. 8), demonstrating that
specific DGK�-His6 enzymatic ac-
tivity was being measured.
When the kinetic data of DGK�

inhibition by PAwas analyzed using
a Cornish-Bowden plot ((substrate
concentration) (initial velocity)�1

versus inhibitor concentration) (55),
the linear regression lines for data
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plotted for each concentration of SAG were parallel and not
significantly different from each otherwith a pooled slope value
of 0.12 � 0.02 (mol % SAG) (mol % SAPA)�1 (nmol PA)�1

(min), most closely approximating a competitive type of inhibi-
tion (Fig. 9). This competitive inhibitionwas confirmed by non-
linear regression analysis of the kinetic data, which had the
highest degree of fit to a nonlinear expression for a competitive
type of enzyme inhibition as determined by possessing
the highest coefficient of determination and the lowest Akaike
information criterion value. In addition, this nonlinear regres-
sion analysis (fitted to a competitive inhibitionmodel) was used
to determine the Ki and Km values; these values were deter-
mined to be 2.39 � 0.26 mol % SAPA and 1.0 � 0.10 mol %
SAG, respectively. A competitive inhibition in which both PA
and DAG are competing for the same active site is further con-
firmed by data from this study showing the same qualitative
pattern of selectivity for both acyl chains of its substrate or
product, selecting for an sn-2 arachidonoyl acyl chain as well as
an intermediate length (18 carbon) sn-1 acyl chain (Figs. 2 and
4). Interestingly, the kinetics of PA inhibition ofDGK� shown in
this work differs markedly from that reported by Walsh et al.
(49) for the PA inhibition of arachidonoyl-specific DGK from
bovine testes. The PA inhibition of this arachidonoyl-specific
DGK from bovine testes was observed to be noncompetitive

with SAG but competitive with
ATP, indicating a different mecha-
nism of inhibition and supporting
the suggestion that this arachido-
noyl-specific DGK is distinct from
DGK�. This arachidonoyl-specific
DGK also has a different mass of 58
kDa compared with 64 kDa for
DGK� (39). Thus, it could be a dif-
ferent splice variant of DGK�.

DISCUSSION

DGK� is currently the only mam-
malian DGK isoform inhibited by
PA, an anionic phospholipid that
is the product of the reaction cata-
lyzed by DGK�. Furthermore,
DGK� is unique among the mam-
malian DGK isoforms in that it
shows substrate specificity for sn-2
arachidonoyl-DAG, the most abun-
dant formofDAG in the PI turnover
cycle (54). Here, we show that
DGK� inhibition by PA and phos-
phorylation of DAG are specific for
both the sn-1 and sn-2 acyl chains of

PA or DAG, respectively (Figs. 2 and 4). This selectivity for the
acyl chains of PA or DAG culminates in a selectivity for a ste-
aroyl sn-1 and an arachidonoyl sn-2 acyl chain (Figs. 2 and 4),
the most prevalent acyl chain composition of lipids involved
specifically in the PI turnover cycle (54). Lipidomic analysis of
DGK� KO and WT MEFs showing a reduction in stearoyl and
arachidonoyl content of PI in DGK� KOMEFs provides in vivo
evidence for dual acyl chain selectivity of DGK�; the loss of
DGK� in the KO MEFs presumably results in the loss of PI
enrichment with stearoyl and arachidonoyl acyl chains.
Because PI is neither a substrate nor a product of the reaction
catalyzed by DGK�, these results dramatically demonstrate the
importance of DGK� in the PI turnover cycle. These results
obtainedwithDGK� also directly contrast that ofDGK�, aDGK
isoform that is representative of other DGK isoforms in terms
of its activation by PA and the lack of DAG acyl chain selectiv-
ity. Indeed, DGK� did not exhibit an acyl chain-specific activa-
tion by PA and did not exhibit a selectivity for the acyl chains of
DAG (Figs. 3 and 5), suggesting that DGK� and other isoforms
play a very different role in the cell compared with DGK�.

Although DGK� phosphorylates SAG more rapidly than
PAG (Fig. 4), the difference is small. Nevertheless, there is a
substantial enrichment of PI with 18:0 lipids compared with

FIGURE 7. DGK� PA or DAG acyl chain selectivity is retained after deletion of the cationic cluster and hydrophobic segment of DGK�. COS-7 cells
overexpressing 3XFLAG-DGK�FL (full-length) or 3XFLAG-DGK��58 (�58) protein or transfected with empty vector (�ve control) were resuspended in lysis
buffer containing 1% Nonidet P-40 and centrifuged at 100 000 � g for 30 min. A, resultant supernatants (enriched lysates) were assayed for DGK enzymatic
activity with 7.5 mM Triton X-100, 7.5 mM Triton X-114, 0.1 mM [�-32P]ATP, and 3.0 mol % SAG, in the presence of either 1.5 mol % SAPA or SLPA. These enzymatic
activity values are presented as a percentage of 3XFLAG-DGK��58 enzymatic activity in the absence of PA, which was 0.038 � 0.003 nmol of PA/min.
B, enriched lysates were also assayed for DGK enzymatic activity with 75 mM OG and 0.5 mM [�-32P]ATP, using either 0.30 mol % SAG or DOG as a DAG lipid
substrate. These enzymatic activity values are presented as a percentage of 3XFLAG-DGK��58 enzymatic activity using SAG as a lipid substrate, which was
0.0054 � 0.0011 nmol of PA/min. An immunoblot was also performed on the enriched lysates using a 1:2500 dilution of mouse anti-FLAG M2 primary, 1:2500
dilution of goat anti-mouse horseradish peroxidase secondary antibody (C) or a 1:500 dilution of goat anti-actin primary, 1:2500 dilution of donkey anti-goat
horseradish peroxidase secondary antibody (D).

FIGURE 8. DGK� acyl chain-specific inhibition by PA is detectable using OG/DOPC-based mixed micelles.
Enriched lysates from Sf21-overexpressing DGK�-His6 (	DGK�) or from mock baculovirus-infected Sf21 cells
(�ve control) were assayed for DGK enzymatic activity with 75 mM OG, 0.1 mM [�-32P]ATP, and 2.0 mol % SAG,
in the presence of either 2.0 mol % SLPA, SAPA, or SOPA. The enzymatic activity presented was normalized to
DGK� enzymatic activity in the absence of PA, which was 1.056 � 0.043 nmol of PA/min and defined as 100%
enzymatic activity.
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other sn-1 acyl chains (Fig. 6). There are several possible factors
responsible for this amplification. One factor is that the reaction
catalyzed by DGK� is a step in the PI turnover cycle. PA is con-
verted to PI and then to DAG followed by the conversion of DAG
to PA catalyzed by DGK�. Each time this cycle goes around once,
there is a small enrichment of the lipid intermediates of this cycle
with 1-stearoyl-2-arachidonoyl acyl chains. Through multiple
iterations of this cycle resulting in the regeneration of the lipid
intermediates, there can be a substantial enrichment of these lipid
intermediates with specific acyl chains, despite the modest selec-
tivity of DGK� in a single reaction. In addition to this factor, some
of the lipid intermediates in this cycle also affect the activity of
other enzymes in this cycle. If this modulation of enzyme activity
exhibits acyl chain specificity, it can also contribute to acyl chain
enrichment as canmodulationof the rate of lipid transfer between
the plasmamembrane and endoplasmic reticulum.
The selectivity of DGK� for the same acyl chain composition in

PA (Fig. 2) orDAG (Fig. 4) taken togetherwith our results indicat-
ing that the PA inhibition of DGK� is competitive (Fig. 9) suggests
that PA binds and competes with DAG for the same active/bind-
ing site of DGK�. This postulation is supported by our findings
showing that the deletion of the cationic cluster/hydrophobic seg-
ment of DGK� has no effect on its PA (Fig. 7A) or DAG (Fig. 7B)
acyl chain selectivity, further eliminating these regions as candi-
dates for the active site of DGK�. However, the specific region
within DGK� that encompasses this active site is a question that
remains unclear. In any case, this active/binding site for PA or
DAG is the only known DGK that not only recognizes the lipid
headgroup, as is common with many lipid recognition domains
(56), but as shown in this study simultaneously recognizes the
length and saturation of the two lipid acyl chains. This degree of
specificity of an enzyme acting on, or affected by, lipids is indeed
unusual.

The implications of the results
shown in this study in terms of the
role and the regulation of DGK� in
cell signaling are quite intriguing.
DGK� is the only DGK isoform that
has been proposed to be fully com-
mitted to the PI turnover cycle in
the enrichment of PI with arachido-
nate through its selectivity for sn-2
arachidonoyl-DAG (36), a hypothe-
sis supported by in vivodata (44, 57).
Furthermore, DGK� is the only
DGK isoform that is constitutively
active at themembrane and is inhib-
ited by PA (an anionic phospholipid
involved in the PI turnover cycle)
(40). By contrast, all other DGK iso-
forms are thought to be sequestered
from their substrate in the cyto-
plasm (or nucleoplasm) and engage
DAG only by translocating to a
membrane compartment (2, 4). Fur-
thermore, all other DGK isoforms
examined to date are activated by
PA (40, 48, 58, 59). Thus, DGK�

inhibition byPA, specifically a formof PA that ismost abundant
in the PI turnover cycle (1-stearoyl-2-arachidonoyl phospha-
tidic acid), could serve as an additional mechanism used by
DGK� to fully commit itself to the PI turnover cycle by acting as
a feedback mechanism to negatively regulate the constitutively
active enzymatic activity of DGK� in a PI turnover cycle-spe-
cific manner. This inhibition would be PI turnover cycle-spe-
cific because other PAs with other acyl chain compositions not
abundant in this pathway, formed through otherDGK isoforms
or phospholipase D cleavage of PC, would have a smaller effect
on DGK� enzymatic activity. Because DGK� catalyzes the first
step in the recycling of arachidonoyl-DAG to PtdIns(4,5)P2 via
PA, an unregulated constitutively active DGK� would lead to
the unintended accumulation of many PI turnover cycle lipids;
many of these lipids such as PA and PtdIns(4,5)P2 are potent
signaling molecules in the cell. A disruption in the balance of
these potent signaling molecules in the cell would have drastic
effects on various cellular functions. This mechanism of acyl
chain selectivity in the inhibition of DGK� can be applied to
other PI turnover cycle lipids such as PtdIns(4,5)P2, an anionic
phospholipid that has been shown to inhibit DGK� (40).

In conclusion, the results in this study show that DGK� pos-
sesses selectivity for a combination of the sn-1 and sn-2 acyl
chains in either PA or DAG in a mechanism that suggests that
PA competes with DAG for the active site of DGK�. These
results bring forward a unique and novel mechanism of DGK�
regulation in the PI turnover cycle where its dual acyl chain
selectivity for themost prevalent acyl chain composition in this
cycle is used to negatively regulate its enzymatic activity in a
manner that ensures that DGK� remains fully committed to the
PI turnover cycle. This novel mechanism of enzyme regulation
within a signaling pathway could serve as a template for regu-
lation of enzymes in other cellular pathways.

FIGURE 9. Cornish-Bowden plot for DGK� phosphorylation of SAG in the presence of different concen-
trations of SAPA indicates that the inhibition of DGK� by PA is competitive. Enriched lysates from Sf21-
overexpressing DGK�-His6 were assayed for DGK enzymatic activity assayed for enzymatic activity with 75 mM

OG, 0.1 mM [�-32P]ATP, either 0.125, 0.250, 0.500, 1.00, or 2.00 mol % SAG, and either 0, 0.630, 2.00, 2.50, or 3.40
mol % SAPA.
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