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ABSTRACT: Diacylglycerol kinaseε (DGKε) is unique among mammalian DGK isoforms in having a
segment of hydrophobic amino acids. We have evaluated the contributions of this segment to the membrane
interactions and functions of this protein. To test the role of the hydrophobic segment, we have compared
the properties of DGKε with those of a truncated form of the protein (DGK∆ε) lacking the 40 N-terminal
amino acids, which includes the hydrophobic segment. The proteins were expressed in COS-7 cells from
a gene for human DGKε or from a gene for a truncated form (DGK∆ε), both of which had a FLAG tag
at the amino terminus. Full-length FLAG-DGKε and truncated FLAG-DGK∆ε were both more specific
for 1-stearoyl-2-arachidonoyl-sn-glycerol than for 1,2-dioleoyl-sn-glycerol. 1-Stearoyl-2-linoleoyl-sn-
glycerol exhibited intermediate specificity for both forms of the enzyme. The results show that the truncated
form of the enzyme maintains substrate specificity for lipids with an arachidonoyl moiety present at the
sn-2 position. The truncation increases the catalytic rate constant for all three substrates and may suggest
a role in the negative regulation of this enzyme. A full-length DGKε with a C-terminal His tag exhibited
substrate specificity similar to that of the other two forms of the enzyme, indicating that the nature and
position of the epitope tag did not strongly affect this property. Using an ultracentrifugation floatation
assay, we showed that at neutral pH DGK∆ε is extracted with 1.5 M KCl while DGKε remains essentially
fully membrane bound. The full-length protein had a weak tendency to oligomerize in the presence of
weak detergents. DGKε was monomeric on SDS-PAGE but exhibited partial dimerization with low
concentrations of perfluorooctanoic acid. The major conclusions of this work are that the hydrophobic
domain of DGKε does not contribute to substrate specificity but plays a role in permanently sequestering
the enzyme to a membrane.

DGKs1 influence many signaling pathways because both
the substrate (DAG) and the product (PA) of these kinases
have signaling properties. The major route for the down-
regulation of DAG is its phosphorylation to PA catalyzed
by DGK (1). In most tissues, the immediate response to
receptor activation is PtdIns(4,5)P2 hydrolysis, followed
rapidly by an increased rate of turnover of PtdIns and PtdInsP
to maintain PtdIns(4,5)P2 levels (2). The receptor-mediated
hydrolysis of PtdIns(4,5)P2 by the PtdIns(4,5)P2-specific
PLC mediates one of the intracellular signal transduction

pathways in eukaryotic cells and gives rise to the secondary
messengers, DAG and IP3, that are involved in a variety of
signaling cascades such as cell growth, differentiation,
hormonal and neurotransmitter action, and sensory perception
(3). In the particular case of the DGK isoform studied in
this work, i.e., DGKε, its importance in neuronal function
has been demonstrated in studies with knockout animals (4-
6). It appears to be true that the physiologically relevant
DAGs are the polyunsaturated 1,2-diacyl-sn-glycerols derived
from PtdIns(4,5)P2 hydrolysis by PtdIns(4,5)P2-specific
PLC. This DAG is highly enriched in arachidonic acid
because it is formed from PtdIns(4,5)P2 that is also arachi-
donoyl-rich (7, 8). Only one isoform of DGK, DGKε, has
specificity for DAG containing arachidonoyl chains (9, 10)
as well as other polyunsaturated acyl chains (11). Thus,
DGKε may be responsible for downregulating the DAG
signal resulting from inositol cycling.

Phosphatidylinositide-derived DAG binds and activates
several signaling proteins such as protein kinase C (PKC),
the family of four RasGRP nucleotide exchange factors (12),
recruits theâ2-chimaerins-RasGTPase-activating proteins to
membrane compartments, and can activate some ion chan-
nels, i.e., transient receptor potential family calcium channels
(13, 14). The domains for DAG binding were initially
discovered in PKC and called C1 domains. They contain
zinc-finger-like repeats with a conserved pattern of Cys and
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His residues (3). Recent evidence indicates that alternative
DAG binding target proteins such as chimaerins, protein
kinase D, RasGRPs, and Munc 13 are involved in DAG
second messenger signaling in the cell. These protein targets
contain a C1 domain, and they have been shown to bind
DAG with high affinity (15). Therefore, their implication in
intracellular signaling might be as important as the role of
PKC (3).

The product of the ATP phosphorylation of DAG, the PA,
influences some signaling pathways as well. PA can bind
and regulate the activity of numerous enzymes, such as
phosphatidylinositol 5-kinases (PtdIns-5-kinases), Ras-GAP,
PKCú, PAK1, and protein phosphatase 1 (13). PA has
potential mitogenic properties, in part due to its capacity to
modulate the mammalian mTOR pathway. The mTOR
pathway is important for regulating cell growth and tumor
growth (14). Therefore, indirectly, DGKs may affect a
number of biological events such as cell growth, neuronal
transmission, and cytoskeleton remodeling.

The DGK family is widespread among species since DGK
isoforms have been identified inCaenorhabditis elegans,
Drosophila melanogaster, andArabidopsis thaliana, while
to date, no DGKs have been identified in yeast. Bacteria
express only one DGK, but this one has no homology to the
DGK in higher species. The mammalian DGK family
comprises 10 isoforms, nine of which have been identified
and studied extensively, while the 10th, DGKκ, has been
identified recently (16). Moreover, the occurrence of alterna-
tive splicing was recently detected in five mammalian DGK
genes (â, γ, δ, ú, andη) (13) and probably occurs in other
isotypes as well. All mammalian DGK isoforms have a
conserved catalytic domain responsible for kinase activity.
In addition, all DGKs have at least two cysteine-rich regions
that are predicted to bind DAG to localize DGKs where DAG
accumulates in the membrane. Most DGKs have other
structural domains that likely have regulatory roles and which
separate the isoforms into five families (17-20). The
structural diversity and the tissue- and cell-dependent expres-
sion patterns are unique for each isoform, suggesting that
each member is regulated by a distinct mechanism and
performs distinct functions in particular types of cells (21).

One distinct class of mammalian DGKs, type III, seems
to have no other domains apart from the Cys-rich regions
(C1 domains) and the catalytic domain. DGKε is the only
known type III isoform. DGKε is a 64 kDa protein which
has a preference for DAG substrates with an arachidonate
moiety. This may also account for the enrichment of PtdIns
with arachidonate since one path for its synthesis involves
phosphorylation of DAG as the first step (21). DGKε is also
unique in being the only DGK isoform with a predicted
transmembrane helix, comprising approximately residues
20-40 (22).

This study investigates the importance of the putative
transmembrane domain for DGKε activity and substrate
specificity. We designed a truncated form of DGKε that
lacked amino acid residues 1-40. The objective of this work
was to compare the two constructs in terms of their kinetic
properties and their integration into a membrane as well as
the tendency of the protein to oligomerize.

EXPERIMENTAL PROCEDURES

Construction of FLAG Epitope-Tagged DGKε Expression
Vectors. A human DGKε PCR fragment was amplified from
an N-terminal HA-tagged DGKε vector by 25 cycles using
Pfu DNA polymerase (Stratagene) and “polished” with Taq
DNA polymerase (Stratagene). The following primers were
used: forward, 5′-GATCTGGAAGCGGAGAGGCGG-3′
[this primer contained aBglII site and corresponded to amino
acids EAERR of human DGKε (9)]; reverse, 5′-GTCGAC-
TATTCAGTCGCCTTTATATC-3′ [this primer contained a
SalI site and corresponded to amino acids DIKATE of human
DGKε (9)]. An N-terminally truncated human DGKε
(DGK∆ε) PCR fragment was amplified as described above
for the full-length construct, except that the following primers
were used: forward, 5′-AGATCTCCAGCGGTCGCGCC-
3′ [this primer contained aBglII site and corresponded to
amino acids LQRSR of human DGKε (9)]; reverse, 5′-
GTCGACTATTCAGTCGCCTTTATATC-3′ [this primer
contained aSalI site and corresponded to amino acids
DIKATE of human DGKε (9)]. The resulting PCR fragments
were gel-purified and cloned into a TOPO-TA cloning vector
(Invitrogen). The DNA fragments of interest were excised
from the TOPO-TA vector usingBglII and SalI restriction
enzymes and gel-purified. The fragments of interest were
subcloned into the corresponding site of a p3XFLAG-CMV-
7.1 mammalian vector (Sigma-Aldrich), which attaches a
FLAG epitope at the N-terminus of the protein.

Cell Culture and Transfection of DGKε in COS-7 Cells.
COS-7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO/Invitrogen) containing 10% fetal
bovine serum (FBS, GIBCO/Invitrogen) at 37°C in an
atmosphere of 5% CO2. The p3XFLAG constructs were
transiently transfected into COS-7 cells using Lipofectamine
2000 according to the manufacturer’s instructions (Invitro-
gen). Cells were transfected in parallel with the p3XFLAG-
CMV-7.1 vector as a control. A schematic representation of
the constructs used in this work is shown in Figure 1.

Estimation of the Amounts of FLAG-Tagged Recombinant
DGKε Proteins.Amounts of FLAG-tagged DGKε proteins
in the membrane fractions of DGK transfectants were
estimated by immunoblotting with a mouse anti-FLAG
peptide M2 primary antibody (Sigma-Aldrich). A 3XFLAG-
tagged bacterial alkaline phosphatase (3XFLAG-BAP, Sigma-
Aldrich) with a molecular mass of 49.9 kDa was used as a

FIGURE 1: DGKε constructs used in this study. Diagrams of the
three full-length DGKε constructs and one truncated DGKε mutant
are shown. The putative transmembrane domain (TM), the two
cysteine-rich domains (C1), and the catalytic domain (CAT) are
indicated in the figure, together with the appropriate epitope tag
for easier detection and quantification on immunoblots. The
C-terminally His-tagged full-length construct has been described
in previous studies (22). Construction and expression of N-
terminally 3XFLAG-tagged full-length and truncated constructs are
described in Experimental Procedures. The DGKε construct devoid
of a tag was designed by M. K. Topham, and the DGKε gene was
cloned into the pcDNA3 vector from Invitrogen.
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standard in different lanes of the same blots. The 3XFLAG-
BAP used as a standard is similar in size and contains an
epitope similar to that of the FLAG-DGK constructs. Proteins
in the membrane fractions were solubilized with 30 mM OG,
separated by SDS-PAGE (7.5% gel), and then transferred
onto Immobilon-P polyvinylidene fluoride (PVDF) mem-
branes (Millipore). Blotting was performed according to the
manufacturer’s instructions (Amersham Biosciences, GE
Healthcare), using mouse anti-FLAG antibody followed by
anti-mouse IgG secondary antibody conjugated with horse-
radish peroxidase (HRP) (Pierce Biotechnology). Immune
complexes were detected using an ECL solution detection
system (Amersham Biosciences, GE Healthcare) and visual-
ized using a Typhoon scanner (Amersham Biosciences, GE
Healthcare). The DGKε and BAP protein bands were
quantified by densitometric scanning of the digitized image
(tif file) using Scion image (Scion Image Corp.). A standard
curve was created by blotting on the membrane increasing
amounts of the 3XFLAG-BAP protein. The amounts of
recombinant DGKε proteins were estimated from the sig-
moidal curve of 3XFLAG-BAP protein using the sigmoidal
(Boltzman) fit of the data.

Enzyme Preparations for Kinetic Analysis.The transfected
cells were harvested after 24-48 h in ice-cold cell lysis
buffer [20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, and Protease Inhibitor Cocktail (1×) (Sigma-Ald-
rich)]. The cells were pelleted at low speed (6000g), and
the pellets were kept at-70 °C until further use. Prior to
the assay, cell pellets were resuspended in cell lysis buffer
containing 30 mM OG, allowed to lyse for 10 min on ice,
and then centrifuged at 100000g for 30 min at 20°C. The
supernatants were used in the assay of DGK activity. Full-
length human DGKε was also prepared from cell pellets of
Sf21 insect cells infected with baculovirus stocks containing
DGKε cloned into BacPAK6 and carrying a C-terminal
6XHis epitope.

DGK ActiVity Assay in OG Micelles.The assay was
adapted from the method described by Walsh et al. (10).
For each assay, DAG stock solutions (DOG, SAG, or SLG,
in a 1:1 CHCl3/CH3OH mixture) together with any other lipid
component used in the assay were dried under a stream of
N2 gas in a glass test tube and evaporated under vacuum for
2 h to remove any traces of the solvent. The lipid was
hydrated with 50µL of 4× assay buffer [300 mM OG,
200 mM MOPS (pH 7.2), 400 mM NaCl, 20 mM MgCl2,
and 4 mM EGTA], 20µL of 100 mM CaCl2, 20 µL of
10 mM DTT, and 10-20 µL of cell lysate from cells
transfected either with one of the DGKε preparations or with
an extract from mock-transfected cells. For the determination
of enzyme activity from the floatation assay, 110µL fractions
were used after ultracentrifugation. In cases where the
floatation assay was conducted at high salt concentrations,
the NaCl component was removed from the assay buffer so
that the assay conditions would be similar for fractions
containing salt as well as those without excess salt. The final
volume was 180µL. The reaction was initiated by adding
20 µL of 5.0 mM [γ-32P]ATP (50µCi/mL). The final assay
mixture contained 75 mM OG, 50 mM MOPS (pH 7.2),
100 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 10 mM CaCl2,
1 mM DTT, the enzyme preparation, a range of substrate
concentrations from 0.12 to 0.96 mM, 3.5 mM phospholipids
(unless otherwise noted), and 0.5 mM ATP. The reaction

was carried out for 10 min at 25°C and was terminated by
extraction of the lipid with the addition of 2 mL of a CHCl3/
CH3OH mixture (1:1, v/v) containing 0.25 mg/mL dihexa-
decyl phosphate. The organic phase was washed three times
with 2 mL each of 1% HClO4 and 0.1% H3PO4 in a H2O/
CH3OH mixture (7:1, v/v). The volume of the final CHCl3

phase was 0.80 mL. A 0.40 mL aliquot of the organic phase
was dried at 50°C for 2 h, and the incorporation of32P into
PA was assessed by Cerenkov counting. Controls were run
with the addition of mock-transfected cell lysates or without
the addition of lipid substrates. In both cases, the counts
remaining in the organic phase were only slightly above
background. The DGK activity measured with mock-trans-
fected cells was subtracted from the values obtained using
cells overexpressing one of the DGKε constructs. The
production of PA was linear with time over 10 min. The
assays were conducted in triplicate, and the results are
presented with errors showing the standard deviation of the
mean for one particular experiment. Each experiment was
independently repeated at least two times. The day-to-day
variations using the same enzyme preparation and the same
lipids were not much greater than those for an individual
experiment.

Kinetic Analysis of the Micelle-Based Assay of DGK
ActiVity. A kinetic analysis was performed on the two
different DGKε full-length constructs and on the DGK∆ε

truncated construct for each of the lipid substrates. The
Michaelis-Menten constants,Vmax andKm, were evaluated
by a least-squares fit of a two-parameter hyperbolic plots
[initial velocity (V0) vs substrate concentration ([S])] as well
as by using Hanes plots ([S]/V0 vs [S]). Total protein content
was determined with a Bio-Rad protein assay kit (Bio-Rad).
The content of FLAG-tagged DGKε protein was determined
as described below. Microcal Origin was used to analyze
the two plots, and the corresponding errors inkcat and Km

were obtained using the data analysis function.
Floatation Assay for Separation of Membrane-Bound

Enzyme from Soluble Enzyme.Cells transfected with one of
the forms of DGKε (80 µL) were thawed on ice, and
400µL hypotonic lysis buffer [5 mM sodium phosphate and
250 mM sucrose (pH 7.2)] was added to cells. Cells were
mechanically sheared with a bent-tip syringe and centrifuged
at 3000g for 5 min to remove nuclei and unbroken cells.
For the salt-containing samples, KCl was added to the
extracted supernatant to give a final KCl concentration of
1.5 M and a total volume of 800µL. Samples lacking salt
were taken to an 800µL volume with the addition of lysis
buffer. Samples were incubated on ice for 30 min and then
adjusted with a stock iodixanol solution (OptiPrep, Axis-
Shield) to generate 2 mL of 30% (w/v) iodixanol samples.
This mixture was loaded at the bottom of a 5 mLpolyallomer
ultracentrifuge tube and overlaid with 2 mL of a 25%
iodixanol solution and 0.8 mL of a 5% iodixanol solution,
sequentially. The gradient was centrifuged at 200000g for
3 h at 4°C in an Optima MAX ultracentrifuge (Beckman
Coulter) using a MLS-50 swinging-bucket rotor. After
centrifugation, equal volume fractions (300µL) were col-
lected from top to bottom, and the presence of DGKε was
assessed by enzymatic activity as well as Western blot
analysis. These assays were performed as described below,
except that for the activity assays of fractions having a high
salt concentration, the salt concentration of the assay buffer
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was lowered so that the assay conditions would be identical
with the fractions without excess salt.

PFO-PAGE Studies of Protein Oligomerization.To
analyze the state of oligomerization of the enzyme in the
lysates, PFO-PAGE on 7.5% Tris-HCl premade gels (Bio-
Rad) was used. The protocol was adapted from Ramjeesingh
et al. (23) and modified according to Yang et al. (24). The
2× sample buffer contained 100 mM Tris-HCl (pH 8.0),
0.2% NaPFO (Sigma-Aldrich), 20% glycerol, and 0.005%
bromophenol blue, and the running buffer consisted of
25 mM Tris-HCl (pH 8.5), 192 mM glycine, and 0.1%
NaPFO. The enzyme lysates were prepared as described
above for the kinetic analysis. Prior to being loaded, cell
pellets were suspended in cell lysis buffer containing 0.2%
digitonin, allowed to lyse for 10 min on ice, and then
centrifuged at 100000g for 30 min at 20°C. The supernatants
were loaded on the gel in serial dilutions using the above-
mentioned lysis buffer and maintaining a constant detergent
concentration. Amounts of FLAG-DGKε proteins and FLAG-

DGK∆ε were estimated by immunoblotting with a mouse
anti-FLAG peptide M2 primary antibody (Sigma-Aldrich).

RESULTS
Determination of the Concentration of FLAG-DGK.We

measured an absolute concentration of DGK so we could
compare the maximal rates from different enzyme prepara-
tions. This was done for FLAG-DGKε or FLAG-DGK∆ε

FIGURE 2: Calibration curve for the intensity of bands on Western
blots. (A) Western blotting analysis of serial dilutions of 3XFLAG-
tagged BAP protein. The intensity of the 49.9 kDa (BAP protein)
bands increased with an increase in the content of 3XFLAG-tagged
BAP protein. (B) Depiction of the relationship between the content
of BAP protein and the band density. A sigmoidal (Boltzman) fit
was obtained using Microcal Origin.

FIGURE 3: Relationship between the volume of the membrane
protein lysate and the FLAG-DGKε protein content. (A) Curve
depicting the relationship between the volume of the membrane
protein lysate and the FLAG-DGKε protein content estimated from
the BAP standard curve. (B) Curve depicting the relationship
between the volume of the membrane protein lysate and the FLAG-
DGK∆ε protein content estimated from the BAP standard curve.
An estimation of the amount of each enzyme was calculated by
using directly the sigmoidal (Boltzman) formula in the linear range
of the curve.

FIGURE 4: Dependence of the initial velocity (Vo) of DGK-catalyzed
phosphorylation of SAG on ATP concentration. Two-parameter
hyperbolic plot of initial velocity (Vo) vs substrate concentration.
The inset shows a Hanes plot used to determine the Michaelis-
Menten constants. The concentration of SAG was maintained
at 1.5 mol %: (A) FLAG-DGKε, (B) FLAG-DGK∆ε, and (C)
DGKε-His. The data reported are an average of one experiment
performed in triplicate. Error bars indicate the standard error of
the mean.
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in extracts from COS-7 cells using Western blotting with
an anti-FLAG antibody. The correspondence between the
intensity of the band in Western blots and the amount of
protein was determined by comparing with a standard of 3X-
FLAG-tagged BAP protein (Figure 2). For quantification of
DGK, we used only bands with an intensity lower than
25 units. The standard curves for either FLAG-DGKε or
FLAG-DGK∆ε exhibited good linearity with regression
coefficients of 0.97 and 0.99, respectively (Figure 3).
Attempts to do a similar analysis with DGKε-His using an
anti-His tag antibody (Amersham Biosciences) or an anti-
DGKε antibody (Santa Cruz Biotech) did not yield a reliable
standard curve for quantification. The enzyme activity for
this construct is presented only in relative terms for different
substrates.

Kinetic Analysis of ATP as a Substrate.In the process of
phosphorylation of DAG, DGKε utilizes two substrates, a
water-soluble substrate, ATP, and a water-insoluble substrate,
DAG. Each of these substrates binds to the enzyme at
different sites. There are also different consequences for the
kinetics because one of the substrates is water-soluble while
the other is not. The binding of ATP to the enzyme is
assessed by its concentration in the total volume of the
solution, which is common for other enzyme catalysis. To
determine the apparent dissociation constant (Km) for dis-
sociation of ATP from the enzyme, we varied the ATP
concentration at a constant high concentration of SAG
(1.5 mol %) and examined the effect on the catalytic activity.
We show the dependence of the initial velocity on the
concentration of ATP for FLAG-DGKε, FLAG-DGK∆ε, and
DGKε-His (Figure 4). The values ofKm(ATP) and kcat are
summarized in Table 1. There is no significant difference in
Km(ATP) for any of the three forms of DGKε that were used.
The value ofkcat is significantly larger for FLAG-DGK∆ε

than for FLAG-DGKε. In the case of DGKε-His, the value
of kcat is relative since the concentration of this construct
could not accurately be determined.

Kinetic Analysis of DAG as a Substrate.The kinetic assays
were conducted in a DAG/detergent/phospholipid mixed
micellar system using a high concentration of ATP (0.5 mM).
The presence of the phospholipid was required since at higher
substrate concentrations aggregation was noticed in its
absence. The concentration of DAG substrate is expressed
as its mole fraction in the lipid/detergent mixture. The
binding of the lipid substrate to the catalytic site is assessed
not by its bulk concentration but by its concentration within
the water-insoluble phase of micelles (25). The initial rate
of the enzyme-catalyzed reaction was determined as a
function of the concentration of SAG in the micellar phase
(Figure 5). A similar analysis was carried out for SLG and
DOG. The kinetic properties of different forms of DGKε

phosphorylating three different lipid substrates are sum-

marized in Table 2. For all three of the constructs, there is
specificity for DAG species with polyunsaturated acyl chains,
with SAG being a better substrate than SLG. In general, the
higher activity seen with SAG is a result of contributions
from both a lower value ofKm and a higher value ofkcat. As
with ATP, the kcat for FLAG-DGK∆ε is greater than for
FLAG-DGKε. However, the values ofkcat are several-fold
lower for the DAGs than for ATP, although they should be
the same. We ascribe the difference to the fact that the DAGs
are an interfacial substrate and it is more difficult to reach a
maximal limiting concentration without altering the proper-
ties of the micelle. The ATP substrate is of course water-
soluble and does not suffer from the complications of
interfacial catalysis.

Extractability of DGKε and DGK∆ε from the COS-7 Cell
Membranes.We established, using sucrose density gradient
centrifugation (26), that both DGKε and DGK∆ε were found
in the membrane fraction together with the plasma membrane
marker, 5′-nucleotidase (27). Density gradient ultracentrifu-
gation using iodixanol (28) allowed for the separation of
membrane-bound DGK from soluble forms of the enzyme
by floatation of the membranes. The method gives a clear
separation between the fractions containing low-density lipid-
containing membrane particles concentrated in fractions 3-5
and the fractions containing the soluble form of the enzyme
found in fractions 10-15 (Figure 6). The ratio of the total
amount of enzyme in each of these two fractions is
summarized in Table 3, based on enzyme activity measure-
ments. The presence of the enzyme in the fractions having
DGK activity was confirmed by Western blotting. However,
in cases where high salt concentrations were used to extract
the enzyme, the proteins migrated aberrantly on the gels.
We therefore based the membrane partitioning results on the
activity measurements, since the presence of salt hindered
the Western blot analysis. We can conclude that the FLAG
tag does not have a major effect on membrane partitioning
since full-length DGKε and FLAG-DGKε behave similarly
in the presence or absence of salt at neutral pH. However,
the hydrophobic segment does have a significant effect on
membrane partitioning. This is most clearly demonstrated
in the absence of salt where much more FLAG-DGK∆ε

dissociates from the membrane than FLAG-DGKε.
Oligomerization in PFO-PAGE. Assessment of the

quaternary structure of membrane proteins by PAGE has
been problematic due to the relatively poor solubility of
membrane proteins in nondissociative detergents. In SDS-
PAGE, all forms of DGKε used in this work run as a
monomer. A novel method for evaluating the oligomeric
structure of membrane proteins uses the perfluorooctanoic
acid (PFO) detergent, which is less denaturing than SDS and
allows assessment of multimeric protein complexes in the
gel (23). This was done for both the full-length FLAG-DGKε

Table 1: Apparent Michaelis-Menten Constants of DGKε with ATP as a Substratea

isoform substrate Km (mM) kcat (s-1)
kcat/Km

(s-1 mM-1)

FLAG-DGKε ATP 0.13( 0.03 8.2( 0.8 63
FLAG-DGK∆ε ATP 0.135( 0.06 23( 5 169
DGKε-His ATP 0.2( 0.15 0.010( 0.0011b 0.05b

aActivity represents the average of at least two independent experiments performed triplicate. Errors represent the standard deviation among the
two experiments under each condition.b The values ofkcat for DGKε-His are in nanomoles of PA per minute since the amount of protein in the
lysates was not determined.
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and the truncated FLAG-DGK∆ε as a function of protein
concentration. The monomer:dimer ratio increases as the
dilution of the protein increases. The result is more noticeable
for the FLAG-DGK∆ε construct. Also, the monomer:dimer
ratio is higher for the FLAG-DGK∆ε construct than for the
FLAG-DGKε construct (Figure 7). Since the higher-molec-
ular weight band is exactly twice the lower-molecular weight
band, the simplest explanation is that this is a monomer-
dimer equilibrium. However, we cannot rigorously exclude

the possibility that DGKε is binding to another protein with
a similar molecular weight.

DISCUSSION

DGKε is unique among known mammalian DGK isoforms
in having a hydrophobic segment that is predicted to be a
transmembrane helix by several algorithms, including IM-
PALA (29), TM finder (30), and DAS (31). This isoform is
also unique in exhibiting specificity for DAG containing
arachidonoyl acyl chains. Our results demonstrate that even
complete removal of this putative transmembrane domain
did not have any effect on substrate specificity (Table 2).
Furthermore, the truncation of the enzyme actually caused
an increase in the catalytic rate constant. However, this effect
is relatively modest compared with the increase in the
catalytic rate observed with DGKR upon N-terminal trunca-
tion. Removal of the EF-hands at the N-terminus of DGKR
results in a mutant form whose activity is completely
independent of Ca2+ (32, 33). Nevertheless, there may be a
relationship between the two cases in that loosening the
structure of the DGK removes an inhibitory domain from
the active site. Thus, the hydrophobic N-terminal segment
of DGKε does not contribute to either enzymatic activity or
substrate specificity. We therefore explored how this segment
affected interactions of the protein with membranes.

The difference between a peripheral and integral mem-
brane protein is based on a phenomenological definition.
Integral membrane proteins can be extracted from a mem-
brane only by disrupting the membrane structure. Although
DGKε has a hydrophobic segment that is predicted to be
inserted into the membrane, the protein does not behave like
an integral membrane protein in that it can be extracted with
high concentrations of KCl (10). In the absence of excess
salt, we find that essentially all of the full-length DGKε at
neutral pH is found in a low-density fraction, indicating that
it is strongly partitioned into the membrane (Table 3 and
Figure 6). This finding is independent of whether there is a
FLAG tag. Nevertheless, a significant fraction of this full-
length DGKε can be extracted from the membrane with
1.5 M KCl, indicating that the protein does not behave as
an integral membrane protein and can be extracted from the

FIGURE 5: Dependence of the initial velocity (Vo) of DGK-catalyzed
phosphorylation of SAG. Two-parameter hyperbolic plot of initial
velocity (Vo) vs substrate concentration. The ATP concentration was
kept constant at 0.5 mM. The inset shows a Hanes plot used to
determine the Michaelis-Menten constants: (A) FLAG-DGKε, (B)
FLAG-DGK∆ε, and (C) DGKε-His. The data reported are an
average of two experiments performed in triplicate. Error bars
indicate the standard error of the mean.

Table 2: Apparent Michaelis-Menten Constants of DGKε with
DAGs as Substratesa

isoformb substrate Km (mol %) kcat (s-1)
kcat/Km

(s-1 mol %-1)

FLAG-DGKε SAG 0.54( 0.13 1.7( 0.9 3.1
FLAG-DGKε SLG 0.65( 0.08 1.23( 0.02 1.9
FLAG-DGKε DOG 2.5( 2.2 1.2( 0.2 0.48
FLAG-DGK∆ε SAG 0.97( 0.11 5.7( 0.38c 5.9
FLAG-DGK∆ε SLG 0.8( 0.1 2.8( 0.99c 3.5
FLAG-DGK∆ε DOG 1.2( 0.3 2.43( 0.09 2.0
DGKε-His SAG 0.85( 0.04 0.162( 0.005d 0.191d

DGKε-His SLG 0.51( 0.04 0.087( 0.011d,e 0.171d

DGKε-His DOG 2.7( 0.2 0.032( 0.001d 0.0119d

a Activity represents the average of at least two independent
experiments performed in triplicate. Errors represent the standard
deviation between the two experiments under each condition.b Nature
of the epitope tag included to distinguish between the two forms of
DGKε that were used.c The kcat values were calculated using direct
linear plots and Hanes plots.d Values ofkcat are relative values since
the amount of enzyme in the cell preparations is not known.e Thekcat

value for SLG is calculated relative to thekcat for SAG at the same
enzyme concentration and at the maximal substrate concentration.
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membrane with high salt concentrations. We compared this
behavior with that of a DGKε construct lacking the 40
N-terminal amino acid residues. It is clear that this region
of the protein contributes significantly to the membrane
partitioning of the protein (Table 3 and Figure 6). Neverthe-
less, even without this hydrophobic segment and in the
presence of 1.5 M KCl, a fraction of the protein remains
membrane-associated, indicating that other regions of the
molecule contribute to membrane binding. In this context,
it should be pointed out that transmembrane helical prediction

algorithms also identify the region between residues 450 and
460 as being a transmembrane, but this segment is signifi-
cantly less hydrophobic than the region of residues 20-40.
In addition, all the DGK isoforms act on a lipid substrate,
DAG, that is integrated into the membrane. Therefore, to be
active, these proteins must have the capability of partitioning
to a membrane. This also holds true for DGK isoforms apart
from DGKε that do not contain a putative transmembrane
segment.

Using a model peptide corresponding to the putative
transmembrane domain of DGKε, we showed both by SDS-
PAGE and by FRET analysis that the peptide had a strong
tendency to oligomerize (manuscript in preparation). This
finding was in accord with molecular modeling studies that
predicted the formation of stable transmembrane dimers.
However, in the context of the full-length protein, self-
association of the protein could only be demonstrated at low
concentrations of PFO. Under these conditions, there is some
dimer formed; this dimer formation is dependent on the

FIGURE 6: Enzyme activity analysis of fractions collected by floatation assay with or without prior treatment of cells with salt at neutral
pH. Bar graphs reflect the DGK enzyme activity vs collected fraction number. Fractions 3-6 were classified as membrane-associated, and
fractions 10-15 were considered to be cytoplasmic or soluble fractions. Cells were suspended either in 5 mM sodium phosphate and
250 mM sucrose (pH 7.2) (without salt) or in this buffer with 1.5 M KCl (with salt): (A) FLAG-DGKε with salt, (B) FLAG-DGKε without
salt, (C) FLAG-DGK∆ε with salt, (D) FLAG-DGK∆ε without salt, (E) DGKε with salt, and (F) DGKε without salt.

Table 3: Partitioning of DGKε between Soluble and Membrane
Fractions Determined by the Floatation Assay

construct condition membrane/soluble

DGKε (no epitope tag) no salt addition >10
DGKε (no epitope tag) 1.5 M KCl 1.09
FLAG-DGKε no salt addition >10
FLAG-DGKε 1.5 M KCl 1.12
FLAG-DGK∆ε no salt addition 0.95
FLAG-DGK∆ε 1.5 M KCl 0.73
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presence of the N-terminal hydrophobic segment, and the
extent of formation increases with protein concentration
(Figure 7). However, the protein oligomer is less stable than
that observed with the peptide and is not seen in SDS or
even at 0.5% PFO, but only at the lower PFO concentration
of 0.1%. In addition, we attempted to detect oligomerization
using chemical cross-linking with disuccinimidyl suberate.
This method showed a weak band corresponding to a cross-
linked tetramer. However, this higher-molecular weight band
appeared both with FLAG-DGKε and with FLAG-DGK∆ε

(not shown). Finally, we attempted co-immunoprecipitation
of a mixture of N-terminally FLAG-tagged or HA-tagged
constructs. With proteins extracted into 30 mM OG, the anti-
FLAG antibody brought down only the FLAG-tagged
construct (not shown). In summary, there is some evidence
for oligomerization of DGKε that is transiently stable. The
hydrophobic segment contributes to this process as seen with
the results from the PFO gels (Figure 7), but other regions
of the molecule may also contribute.

Although DGKε is unique among mammalian DGK
isoforms in having a putative transmembrane segment, this

segment is not responsible for the other unique property of
this isoform of being specific for arachidonoyl-containing
substrates. We suggest that the hydrophobic segment has a
different role in modulating the biological properties of this
isoform. The amino-terminal segment of DGKε contributes
to the incorporation of the protein into a membrane as well
as facilitating oligomerization of the protein. In the context
of a cell membrane, the role may be more specific in
partitioning the protein into a region of the membrane by
interacting with hydrophobic regions of a lipid domain or
of particular membrane proteins. It is suggestive that this
domain causes the enrichment of DGKε in regions of the
membrane in which DAG will be liberated by the action of
phospholipase C on PtdIns(4,5)P2, thus functionally linking
the high arachidonoyl content of this phospholipid with the
substrate specificity of DGKε.
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