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ABSTRACT: Diacylglycerol kinase (DGK) isoformsR and ú were extracted from transfected cells that
overexpressed these enzymes. We determined the lipid dependence of the binding of these isoforms to
liposomes. The modulation by lipid of the rate of phosphorylation of diacylglycerol by these enzymes
was also measured. Incorporation of phosphatidylethanolamine into the liposomes resulted in an increased
partitioning of both isoforms of DGK to the membrane as well as an increased catalytic rate. We demonstrate
that the increased catalytic rate is a consequence of both increased portioning of the enzyme to the membrane
and increased catalytic activity of the membrane-bound form. DGKR, a calcium-dependent isoform, can
be activated in a calcium-independent fashion in the presence of phosphatidylethanolamine. Similar effects
are observed with cholesterol. In contrast, sphingomyelin inhibits the activity of both isoforms of DGK.
Our results demonstrate that the translocation to membranes and activity of DGKR and DGKú are modulated
by the composition and properties of the membrane. The enzymes are activated by the presence of lipids
that promote the formation of inverted phases. However, the promotion of negative curvature is not the
sole factor contributing to the lipid effects on enzyme binding and activity. A truncated form of DGKR
lacking both the E-F hand and the recoverin homology domain is constitutively active and is not further
activated by any of the lipids tested or by calcium. However, a truncated form lacking only the recoverin
homology domain is partially activated by either calcium or certain lipids.

Mammalian diacylglycerol kinases (DGK)1 have an im-
portant role in signal transduction. This enzyme catalyzes
the removal of the important lipid messenger diacylglycerol
from the cell membrane to produce another lipid messenger,
phosphatidic acid (PA). The concentration of both lipid
messengers in the membrane is closely regulated by DGK
activity. We have studied two of the isoforms of DGK,R
and ú, that are members of type I and type IV DGKs,
respectively (1, 2). DGKR is found in the nucleus and cytosol
of resting T-cells but is induced to translocate to the
perinuclear region in response to IL-2 (3). DGKR will also
translocate to the plasma membrane in response to activation
of the T-cell antigen receptor (4). The DGKú isoform is
found in both the cytosol and the nucleus (5, 6). The nucleus
is also a site, independent of the plasma membrane, for

phosphoinositide signaling, including the generation of
diacylglycerol (7). There is also evidence that DGKú
associates with phosphatidylinositol 4-phosphate 5-kinase
that leads to the polymerization of actin (8).

We investigate the interaction of DGKR and DGKú with
liposomes and the modulation of the activity and membrane
binding of these enzymes by changes in the lipid environ-
ment. These enzymes have generally been studied using
detergent mixed micelles, which have properties very dif-
ferent from cell membranes. In this work we use large
unilamellar vesicles (LUVs), which more closely resemble
cell membranes. In the present work we find that the
sensitivity of the activity of DGK to changes in lipid
composition is much greater with liposomes than had been
found in a detergent micelle based assay (9). We are
particularly interested in determining how the lipid environ-
ment of the membrane modulates the activity and membrane
translocation of these isoforms. The activity of several
enzymes that act at the membrane interface is known to be
modulated by the physical properties of the membrane (10).

DGKR contains a calcium binding E-F hand motif, and
the activity of this isoform is calcium dependent (11).
However, it has been shown that when the enzyme is
truncated by mutation and the E-F hand removed, it becomes
constitutively active, independent of the presence of calcium
(12, 13). DGKR is also activated in a calcium-independent
fashion by sonicated dispersions of several lipids (14).
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However, the significance of these findings is not clear since
calcium is required for activity of this enzyme using other
assay methods. No data have been reported for the assay of
DGKR in which PS is a component of stable LUVs, and no
lipid-specific activation has been shown using any assay
system. Calcium and PS stimulate DGKR by different
mechanisms (12). In comparison, DGKú is not activated by
calcium but is stimulated by phosphatidylserine (PS) (9). In
the present work we demonstrate that the properties of
membrane lipids strongly influence both the activity and
binding of both isoforms of DGK to bilayer vesicles. In
particular, DGKR can be activated in a calcium-independent
fashion in the presence of certain lipids. This is analogous
to the recent finding that phospholipids can switch the
GTPase substrate preference of a GTPase-activating protein
(15). It provides another example to illustrate the important
influence that membrane lipids can have in modulating the
activity of membrane-bound proteins even when they are
not required as cofactors.

EXPERIMENTAL PROCEDURES

Materials.Lipids were purchased from Avanti Polar Lipids
(Alabaster, AL). Sphingomyelin was purified from eggs.
Histone HI was from GIBCO/BRL (Grand Island, NY); ATP
was the disodium salt, SigmaUltra grade (Sigma, St. Louis,
MO). [γ-32P]ATP was from MP Biomedicals (Irvine, CA).
Other chemicals were of the purest grade available. Doubly
distilled water was used for all solutions.

Enzyme Preparations of DGKR and DGKú. cDNA encod-
ing a particular isoform was cloned into BacPAK6 (Clon-
tech), and baculovirus stocks were generated using the
BakPAK system (Clontech). Sf21 cells were infected with
the virus stocks followed by harvesting of the cells 72 h later
in 50 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl2,
1% NP40, 1 mM DTT, 1 mM PMSF, 0.5 mM sodium
orthovanadate, and 10µg/mL each of leupeptin, pepstatin,
aprotinin, and soybean trypsin inhibitor. They were allowed
to lyse for 10 min and then centrifuged at low speed to
remove debris. The particulate material remaining in the
supernate was then pelleted. The protein concentration of
the cell pellets was 19.5( 3 and 19.7( 2 mg/mL for the
R- andú-isoforms, respectively. The enzyme was extracted
from the cell pellets by first sonicating (5 min) followed by
dilution of 10µL of the sonicated suspension into 90µL of
2 M KCl solution that was buffered with Tris-HCl at pH
8.0. Soluble proteins were separated by centrifugation
(100000g, 30 min, 20°C). The protein recovered in the salt-
extracted preparation was 78( 4% and 74( 9% for DGKR
and DGKú, respectively. Although the salt extraction pro-
cedure did not substantially increase the specific activity of
the enzyme, it did convert the DGK activity to a water-
soluble form that resulted in greater and more reproducible
activity in liposome-based assays.

Expression of Truncated Diacylglycerol Kinases in COS-1
Cells. DGKR-pCDNA3, DGKR∆87-pCDNA3, and DGK-
R∆196-pCDNA3, which express DGKR, DGKR∆87, and
DGKR∆196, have been previously described (13). Each of
these constructs includes a COOH-terminal FLAG epitope
to facilitate quantification of expression by Western blotting.
This modification does not alter DGK activity (13). COS-1
cells were cultured in high-glucose Dulbecco’s modified

Eagle’s medium (GIBCO-BRL) supplemented with 10% fetal
bovine serum (Intergen), 100 units/mL penicillin, 100µg/
mL streptomycin, and 250 ng/mL amphotericin B. Subcon-
fluent cultures of COS-1 cells were transfected with truncated
DGKR isoforms using Lipofectamine 2000 reagent (Invit-
rogen) as recommended by the supplier. Parallel control
cultures were transfected with pCDNA3 vector only. After
48 h, cells were harvested and lysed by sonication in ice-
cold 20 mM Tris-HCl, pH 7.5, 250 mM sucrose, 100 mM
NaCl, 1.0 mM EGTA, 1.0 mM MgCl2, 1.0 mM DTT, 1 mM
benzamidine, 10µg/mL aprotinin, 10µg/mL leupeptin, 1
mM PMSF, and 50µM ATP. After removal of undisrupted
cells by brief centrifugation, the extracts were centrifuged
at 100000g (Beckmann TL-100) for 20 min at 4°C to pellet
membranes. The supernatants were rapidly frozen in a dry
ice/ethanol bath and stored at-70 °C until assayed.

Liposomal Assay of DGK ActiVity. Lipids were codissolved
in chloroform/methanol (2:1 v/v). The solvent was then
evaporated under a stream of nitrogen with constant rotation
of a test tube so as to deposit a uniform film of lipid over
the bottom third of the tube. The last traces of solvent were
removed by placing the tube under high vacuum for at least
2 h. The lipid film was then hydrated to a final concentration
of 19 mM in assay buffer (50 mM Tris-HCl, 100 mM NaCl,
pH 8.0). LUVs were made from this suspension by five
freeze-thaw cycles and extruded 10 times through two 0.1
µm polycarbonate filters. The lipid composition of the LUVs
was generally 5 mol % DOG, 40 mol % DOPS, and 55 mol
% other lipids. For cases in which comparisons were made
with liposomes containing both cholesterol and DOPE, the
amount of DOPS was reduced to 30 mol % in order to have
sufficient DOPC to maintain the liposomes in a bilayer phase.

DGK activity was assayed using a final concentration of
4.75 mM lipid as LUVs (or 12 mM in high lipid concentra-
tion experiments), 5 mM MgCl2, 1 mM DTT, and 5µL of
10× diluted, salt-extracted enzyme (7.5µg of protein) with
the addition of CaCl2 and/or EGTA, as specified below. The
final volume was 200µL. The reaction was initiated by the
addition of 20µL of 5 mM [γ-32P]ATP (40µCi/mL). After
incubation at 25°C for 2 min, the reaction was terminated
with 2 mL of CHCl3/CH3OH (1:1) containing 0.25 mg/mL
dicetyl phosphate. The chloroform phase was washed three
times with 2 mL of 1% HClO4 and 0.1% H3PO4 in H2O/
methanol (7:1 v/v). The volume of the final CHCl3 phase
was 0.80 mL. A 400µL aliquot of the organic phase was
dried under N2, and the incorporation of32P into PA was
determined by Cerenkov counting in a Beckman-Coulter
scintillation counter. Controls were run with the addition of
mock-transfected cell lysates. The counts remaining in the
organic phase were only slightly above the background level.
The DGK activity measured with mock-transfected cells was
subtracted from the values obtained using cells overexpress-
ing one of the isoforms of DGK. The production of PA was
linear with time over 3 min.

Experiments at micromolar free calcium concentrations
were carried out using calibrated EGTA-CaCl2 buffers at
pH 7.2. Free calcium concentrations were calculated using
MaxChelator software and calibrated using Fura-2, a fluo-
rescent probe sensitive to free calcium in the range 0.01-
1.5 µM. Washing all the glassware with 5 mM EGTA
solution and incubating the ATP for 1 h with the chelating
resin, Chelex-100, avoided calcium contamination.
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Membrane Binding Assay.A sucrose-loaded vesicle (SLV)
binding assay was used. The SLVs were prepared by
suspending lipid films in a buffer of 20 mM Tris-HCl
containing 170 mM sucrose. The final lipid concentration
of the suspension was 25 mM. This suspension was made
into 100 nm diameter LUVs by extrusion, as described above.
Five hundred microliters of these liposomes was diluted with
250µL of assay buffer, followed by ultracentrifugation (30
min, 20 °C, 100000g). The top 500µL was discarded, and
the pellet was resuspended with 400µL of assay buffer.
Twenty-six microliters (39µg of protein) of the salt-extracted
DGK was added to 250µL of washed SLV. Membrane-
bound enzyme was separated from unbound enzyme by
ultracentrifugation (30 min, 20°C, 100000g). After cen-
trifugation, the top 200µL was diluted with 100µL of assay
buffer, and the bottom 100µL was diluted with assay buffer
to reach a final volume of 300µL. The partitioning of DGK
between the two fractions was determined by assaying the
enzymatic activity using 71µL of each fraction. The fraction
of enzyme bound to the SLVs was determined as the
percentage of the DGK activity of the bound fraction
compared to the sum of DGK activities in the two fractions.
In addition, the amount of DGKR in each of the two fractions
was determined with Western blots using 10µL of the
fractions obtained after centrifugation using specific anti-
DGK antibody. Scanning of Western blot bands was
performed using the Scion Image program.

Other Methods. Total protein assay was performed using
the Bio-Rad protein assay that is based on the color change
of Coomassie Brilliant Blue G-250 dye in response to various
concentrations of protein. For immunodetection of DGK,
Western blots were performed using approximately 1µg of
the enzyme sample (DGKR or the truncation mutants)
applied to SDS-PAGE. Proteins were electrophoretically
transferred to nitrocellulose membranes (Ready gel blotting
sandwich; Bio-Rad). After being blocked in TBS-T buffer
(50 mM Tris-HCl, 250 mM NaCl, 0.1% Tween 20, pH 7.5)
containing 5% nonfat dry milk for 1 h, the membrane was
incubated with anti-DGKR or anti-FLAG antibody (1:2000
in TBS-T, 5% nonfat dry milk) for 1 h. Membranes were
washed with TBS-T and incubated with peroxidase-
conjugated secondary anti-IgG (1:2000 dilution in TBS-T,
5% nonfat dry milk) for 1 h. After being washed four times
in TBS-T buffer, the peroxidase conjugates were detected
by chemiluminescence. The assays were done in triplicate
and confirmed in at least two independent experiments, and
the error was expressed as the standard error of the mean
(SEM).

RESULTS

DOPE ActiVates DGKR and DGKú. Replacing DOPC with
DOPE results in increased activity of both DGKR and DGKú
in both the presence and absence of Ca2+ (Figure 1). DGKR
is known to be a calcium-dependent enzyme (11), in
agreement with our findings at 0% PE (Figure 1A,B).
However, most of the calcium sensitivity of DGKR is lost
when assayed with liposomes containing 40% DOPE (Figure
1A,B). The activation of DGKR in the presence of DOPE
without Ca2+ is proportional to the percentage of DOPE
present in the liposomes (not shown). In contrast, the
ú-isoform shows a slight inhibition with the addition of 1

mM Ca2+ (Figure 1C,D) as we have previously observed
using a mixed micelle assay (9).

To assess if DGK activation by DOPE is due to a higher
catalytic rate of the membrane-bound enzyme or to an
increased partitioning of the enzyme to membranes, we
performed a binding assay using sucrose-loaded vesicles
(SLV). There is a greater binding of both DGK isoforms,R
andú, to liposomes containing 40% DOPE compared with
DOPC (0% PE) (Figure 2). The promotion of binding by
DOPE is greatest for DGKR in the absence of calcium
(Figure 2B). This behavior likely contributes to the greater
activation by DOPE of DGKR in the absence of Ca2+ (Figure
1B). Thus either calcium or the presence of DOPE in the
membrane will facilitate the binding of DGKR to membranes.
On the other hand, DGKú binding to membranes is inhibited
by the presence of calcium, and this inhibition is reversed
by the presence of DOPE in the membrane (Figure 2C,D).

DGK activity assays were also performed at high liposome
concentration (12.7 mM) in order to approach complete
translocation of the enzyme to the membrane. In this
condition the binding of the enzyme to the membrane was
between 83% and 98% (Table 1). The results of the activity
measurements at high lipid concentration coincide with those
at lower lipid concentration (4 mM) (Figure 1), showing
greater activity in the presence of DOPE for both DGK
isoforms (Table 1). The increase in enzymatic activity is
greater than the increase in membrane binding (Table 1),
indicating that the activation by DOPE is mediated both by
an increase in membrane binding affinity and by a greater
catalytic rate of the membrane-bound enzyme.

Cholesterol ActiVates DGKR and DGKú. Cholesterol is a
lipid structurally unrelated to PE, which also produces

FIGURE 1: Comparison of DOPC and DOPE on the activity of
DGKR and DGKú in the presence and absence of Ca2+. DGKR
(A, B) and DGKú (C, D) activities against liposomes containing
5% DOG, 40% DOPS, and 55% DOPC (0% PE) or 5% DOG, 40%
DOPS, 15% DOPC, and 40% of DOPE (40% DOPE) in the
presence of 1 mM CaCl2 (A, C) or 1 mM EGTA (B, D). Assays
using enzyme extracted from mock-transfected cells are plotted as
bars to the right but are barely discernible at this scale. The assays
were done in triplicate and confirmed in at least two independent
experiments. The standard error of the mean (SEM) is plotted in
all cases.
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negative curvature stress (16). Like PE, cholesterol increases
the activity of DGKR, particularly in the absence of calcium
(Figure 3B). In contrast, cholesterol has little effect on DGKú
in the absence of calcium (Figure 3D), although it does
activate this isoform in the presence of 1 mM Ca2+ (Figure
3C). Thus, although DGKú normally does not require
calcium for activation, its activity is increased by calcium
with liposomes containing cholesterol. DGKú does not

contain a calcium-binding domain; however, it does contain
a MARCKS homology domain that could bind to PS.
Cholesterol may have different effects on DGKú in the
presence and absence of Ca2+ because of differences in
electrostatic interactions caused by altering the dielectric
constant at the membrane interface.

SLV binding results show significant increases (t-test,p
< 0.05 in all cases) in the binding of both DGK isoforms to
liposomes containing 20% cholesterol (Figure 4). Cholesterol
induces the greatest increase (from 39( 5% to 70( 5%)
in DGKR binding to the membrane in the absence of calcium.
This behavior likely contributes to the observed increase in
enzyme activity with the addition of cholesterol. It is notable
that theú-isoform also shows a significant improvement in
membrane binding with cholesterol, both in the presence of
CaCl2 (p < 0.001) and with EGTA (p < 0.05) (Figure 4B).

FIGURE 2: DGKR and DGKú binding to sucrose-loaded vesicles
(SLV). DGKR (A, B) and DGKú (C, D) activities in unbound (gray
bars), membrane-bound (white bars), and total prior to fractionation
by centrifugation (striped bars) in the presence of 1 mM CaCl2 (A,
C) or 1 mM EGTA (B, D). The SLV lipid composition was 5%
DOG, 40% DOPS, and 55% DOPC (0% PE) or 5% DOG, 40%
DOPS, 15% DOPC, and 40% DOPE (40% PE). The insert shows
the binding percentage in all cases. Binding was determined as the
percentage of the total DGK activity in the bound fraction and was
confirmed by Western blot using specific anti-DGK antibody. The
assays were done in triplicate and confirmed in at least two
independent experiments. The SEM is plotted in all cases.

Table 1: DGKR and DGKú Activity at High Lipid Concentration (12.7 mM) Using Liposomes Containing 5% DOG, 40% DOPS, and 55%
DOPC (0% PE) or 5% DOG, 40% DOPS, 55% or 15% DOPC, and 40% DOPE (40% DOPE)a

DGKR DGKú

0% PE 40% DOPE 0% PE 40% DOPE

fraction of enzyme bound to membranesb 0.83( 0.05 0.94( 0.03 0.90( 0.07 0.98( 0.01
% binding with DOPEc 113( 10 109( 10
activity (nmol of PA/min) 0.87( 0.10 4.3( 0.2 2.0( 0.3 4.1( 0.3
% enzymatic activity with DOPEc 496( 24 205( 13

a These experiments were performed at maximal activation conditions: 1 mM CaCl2 (for DGKR) or 1 mM EGTA (for DGKú). The assays were
done in triplicate and confirmed in at least two independent experiments. The deviation is calculated as the standard error of the mean (SEM).
b Determined by assay of DGK activity after separation of the membrane-bound fraction by centrifugation. The amount of enzyme bound is compared
to the sum of the DGK activity of the bound and unbound fractions. Similar results are obtained by Western blotting.c Compared with the absence
of DOPE.

FIGURE 3: DGKR and DGKú activity against liposomes containing
cholesterol. DGKR (A, B) and DGKú (C, D) activity against
liposomes containing 5% DOG, 40% DOPS, and 55% DOPC (0%
chol) or 5% DOG, 40% DOPS, 35% DOPC, and 20% cholesterol
(20% chol) in the presence of 1 mM CaCl2 (A, C) or 1 mM EGTA
(B, D). Assays using enzyme extracted from mock-transfected cells
are plotted as gray bars to the right but are not easily seen at this
expansion. The assays were done in triplicate and confirmed in at
least two independent experiments. The SEM is plotted in all cases.

14770 Biochemistry, Vol. 43, No. 46, 2004 Fanani et al.



Nevertheless, DGKú activity in the presence of EGTA does
not show a significant increase (Figure 3D), although the
increased activity in the presence of Ca2+ is significant
(Figure 3C). Thus the membrane binding and catalytic ef-
ficiency of DGKú are differentially regulated by cholesterol.

There is some inaccuracy in the binding assays done by
activity measurements as shown by the fact that in some
cases the sum of the activities of the membrane-bound and
soluble fractions is greater than the total activity measured
without separation. We therefore confirmed the partitioning
of the enzyme between the membrane and aqueous phase
by analyzing the fractions from the SLV assay after
centrifugation by directly measuring the amount of DGK in
each fraction using Western blots. The increased partitioning
of DGKR into the membrane fraction in the presence of
either cholesterol or DOPE was confirmed (Figure 5).

DGK ActiVity with Liposomes Containing both DOPE and
Cholesterol.The presence of both DOPE and cholesterol in
the membrane produces a stimulation of DGKR activity in
the absence of Ca2+ that is approximately equal to the sum
of the activation caused by each of the components (Figure
6B). In the presence of calcium, DOPE plus cholesterol

induces only a small activation, less than each of these lipid
components individually (Figure 6A). Similarly, DGKú
activity in the presence of calcium is increased slightly less
by the presence of both 30% DOPE and 20% cholesterol in
the membrane than is found for either of these lipid
components individually (Figure 6C). However, in the
absence of calcium, the mixture of DOPE plus cholesterol
inhibits DGKú compared with the activity in the presence
of either of these lipid components individually (Figure 6D).
This is in contrast with DGKR that shows greater activity
in the presence of DOPE plus cholesterol.

Dependence on Calcium Concentration.Our initial experi-
ments, described above, have been done using 1 mM Ca2+.
To verify the physiological relevance of the effects of

FIGURE 4: DGKR and DGKú binding to sucrose-loaded vesicles
containing cholesterol. DGKR (A) and DGKú (B) activity of
unbound (gray bars), bound (white bars), and total enzyme fraction
(striped bars) using SLV containing 5% DOG, 40% DOPS, and
55% DOPC (0% chol) or 5% DOG, 40% DOPS, 35% DOPC, and
20% cholesterol (20% chol) in the presence of 1 mM CaCl2 (left
panel) or 1 mM EGTA (right panel). The insert shows the binding
percentage in all cases. Binding percentages were determined as
described in Figure 2. The assays were done in triplicate and
confirmed in at least two independent experiments. The SEM is
plotted in all cases.

FIGURE 5: DGKR binding to liposomes containing DOPE or
cholesterol by Western blot. The figure shows DGKR bands
revealed by specific antibody of the unbound enzyme (SUP) and
bound enzyme (PELLET) fraction of the SLV binding assay against
control liposomes (55% DOPC, 40% DOPS, 5% DOG) or lipo-
somes containing 20% cholesterol or 40% DOPE replacing DOPC.
The binding experiment was developed in the presence of 1 mM
EGTA. Binding rates calculated from scanning of bands using Scion
Image software and from DGK activity assay (Figures 2 and 4)
agree to within 10%.

FIGURE 6: DGKR and DGKú activities with liposomes containing
DOPE and cholesterol. The activity of DGKR (A, B) and DGKú
(C, D) in the presence of 1 mM CaCl2 (A, C) or in the presence of
1 mM EGTA (B, D) using liposomes containing 5% DOG and
30% DOPS as well as 65% DOPC (Ctrol lip), 30% DOPE and
35% DOPC (30% DOPE), 20% cholesterol and 45% DOPC (20%
chol), or 30% DOPE, 20% cholesterol, and 15% DOPC (30%
DOPE+ 20% chol). Controls are plotted as gray bars (not observed
on this scale). The assays were done in triplicate and confirmed in
at least two independent experiments. The SEM is plotted in all
cases.
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calcium that we have described, we have also measured the
effects of DOPE and cholesterol at micromolar free calcium
concentrations. These experiments were carried out at pH
7.2 instead of the usual pH 8 to obtain an accurate and
constant concentration of free calcium. Without addition of
either DOPE or cholesterol, DGKR exhibits close to maximal
activation at 1µM Ca2+ (Figure 7A, diagonal stripped bars).
In contrast, DGKú shows little dependence on Ca2+ at
micromolar concentration in any of the conditions, although
there is a small inhibition by Ca2+ in the millimolar range
with the DOG/DOPC/DOPS mixture (Figure 7B). DGKR is
dramatically activated by DOPE (13-fold) and cholesterol
(6-fold) at the lowest free calcium concentration obtainable
(12 nM), i.e., without the addition of Ca2+ (Figure 7A).
Addition of higher concentrations of calcium has much less
effect on the activity of DGKR in the presence of DOPE or
cholesterol (Figure 7A). DOPE induces activation of DGKú,
but cholesterol has no effect (Figure 7B).

Mechanism of Lipid Modulation of the ActiVity of DGKR
and DGKú. Both lipids that promote the activity of DGKR
and DGKú, DOPE (17) and cholesterol (16), have intrinsic
negative curvature. We further tested the relationship between
monolayer curvature stress and activation of DGK using
isomers of DOPE that should have similar properties, except
for differences in their intrinsic curvature. The lipids were
substituted for DOPE for either dielaidoylphosphatidyletha-
nolamine (DEPE) or dipetroselinoylphosphatidylethanolamine
(DPlPE). Both DEPE and DPlPE cause an increase in activity
comparable to that observed with DOPE (Figure 8), despite
the fact that these lipids have less negative curvature
tendency. Membrane binding of bothR- andú-isoforms of
DGK, using SLV, is greater to liposomes containing either
40% DOPE or DEPE rather than DOPC at optimal calcium
concentration conditions. The improvement of membrane
binding induced by DOPE and DEPE is not statistically
different according to at-test (data not shown). Thus the

FIGURE 7: Effect of Ca2+ concentration on the activation of DGKR and DGKú. The figure shows DGKR (A) and DGKú (B) activity
against liposomes containing 5% DOG and 40% DOPS and, in addition, 55% DOPC (diagonal stripped bars), 15% DOPC and 40% DOPE
(white bars), or 35% DOPC and 20% cholesterol (diamond stripped bars) at different free calcium concentrations. This experiment was
done at pH 7.2. Controls are plotted as gray bars but are not easily seen at this expansion. The assays were done in triplicate and confirmed
in at least two independent experiments. The SEM is plotted in all cases.

FIGURE 8: DGKR and DGKú activity against liposomes containing different isomers of di-(18:1)PE. The figure shows DGKR activity in
the presence of 1 mM CaCl2 (A) and DGKú activity in the presence of 1 mM EGTA (B). Activities were measured using liposomes
containing 5% DOG, 40% DOPS, and 20% or 40% DOPE, DEPE, or DPlPE, as indicated, with the remaining lipid being DOPC. Controls
are plotted as gray bars (below the resolution of the printed figure). The assays were done in triplicate and confirmed in at least two
independent experiments. The SEM is plotted in all cases.
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activation of DGKR and DGKú by DOPE cannot be
explained solely on the basis of membrane curvature.

We also studied the effect of other sterols on DGKR
activity. The effect of the presence of 20% of five different
sterols in the membrane results in a 3-6-fold activation in
DGKR activity in absence of calcium (Figure 9). This effect
is only slightly less than the 7-fold activation induced by
20% cholesterol.

Sphingomyelin alone inhibits both of the isoforms of DGK
used in this study. It was known that sphingomyelin is less
effective than several other lipids in supporting the activity
of DGKR in the form of sonicated dispersions (14). This
inhibition is reversed by the presence of cholesterol in the
membrane (Figure 10).

Role of the E-F Hand in the ActiVation of DGKR by PE
plus Cholesterol.DGKR is an 82 kDa DGK isoform that
contains a regulatory region that includes tandem C1 domains
and tandem Ca2+ binding E-F hand motifs as well as an
N-terminal recoverin homology (RVH) domain that is related
to the N-terminus of members of the recoverin family of
neuronal calcium sensors. Two N-terminal deletion mutants
of DGKR that lack one or more of the regulatory domains
have been studied (12, 13). DGKR∆87 is a mutant that lacks
the RVH regulatory domain but conserves the two E-F hand
motifs and is capable of binding Ca2+, while DGKR∆196
lacks both the RVH and tandem E-F hands. This mutated
form does not bind Ca2+ but exhibits significant calcium-
independent activity (13). Our results using a liposome-based
assay, without addition of DOPE or cholesterol, confirm the
data from Jiang et al. (13) using a mixed micelle assay. The
∆196 mutant is constitutively active and is not further
activated by calcium (Figure 11c and Table 2). However,
we find that the activity of the wild-type enzyme is somewhat

higher, in the presence of calcium, than that of DGKR∆196.
The∆87 mutant shows a low activity in absence of calcium
using liposomes without added DOPE or cholesterol (Figure
11b). Addition of Ca2+ to the∆87 mutant results in a 4.4-
fold activation (Figure 11b and Table 2). This activation was
not observed using an octyl glucoside mixed micelle assay
(13). However, even with the liposomal system used in the
present work the activity of the∆87 mutant is still lower
than that of the wild-type enzyme even after the addition of
calcium. The 4.4-fold activation by calcium of DGKR∆87
is much less than the 20-fold found for the wild-type enzyme
(Figure 11a and Table 2). Addition of 30% DOPE plus 20%
cholesterol to the liposomes results in a 3.6-fold activation
of the ∆87 mutant in the absence of calcium but no
significant activation in the presence of calcium (Figure 11b,
Table 2). In contrast, addition of 30% DOPE plus 20%
cholesterol causes only a comparatively small activation of
DGKR∆196 in the presence of calcium (Figure 11b).

SLV-based binding assays were used to determine the
partitioning of the mutant enzymes between the aqueous and
membrane phases. Similar to the wild type, both mutant
enzymes bind more to membranes containing 30% DOPE
plus 20% cholesterol in the presence of calcium (Figure 12).
The binding in the presence of calcium caused by the addition
of 30% DOPE plus 20% cholesterol increases from 76(
3% to 97.75( 0.05% for the wild-type enzyme, from 77(

FIGURE 9: DGKR activity against cholesterol isomers. The figure
shows DGKR activity against liposomes containing 5% DOG, 40%
DOPS, and 55% DOPC (Control Liposomes) or with 20% sterol
replacing a portion of the DOPC. The sterols used were cholesterol,
androstenol, pregnan-3â-ol, cholestanol, 24â-ethyl-5,22-cholesta-
dien-3â-ol, or 24â-methyl-5,7,22-cholestatrien-3â-ol, as described
below each column. This experiment was done in the presence of
1 mM EGTA. Controls are plotted as gray bars but are not easily
seen at this expansion. The assays were done in triplicate and
confirmed in at least two independent experiments. The SEM is
plotted in all cases.

FIGURE 10: DGKR and DGKú activities using liposomes containing
sphingomyelin and cholesterol. DGKR (A) and DGKú (B) activities
using liposomes containing 5% DOG and 40% DOPS and, in
addition, either 20% sphingomyelin (SM) and 35% DOPC (20%
SM), 20% SM, 10% cholesterol, and 25% DOPC (20% SM, 10%
chol), 20% SM, 20% cholesterol, and 15% DOPC (20% SM, 20%
chol), 20% SM, 30% cholesterol, and 5% DOPC (20% SM, 30%
chol), or 30% cholesterol and 25% DOPC (30% chol). 1 mM CaCl2
was present in all cases. Controls are plotted as gray bars (below
the resolution of the graph). The assays were done in triplicate and
confirmed in at least two independent experiments. The SEM is
plotted in all cases.
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1% to 97.7( 0.5% for DGKR∆87, and from 80( 1% to
99.4( 0.1% for DGKR∆196. When the binding assay was
carried out in the absence of calcium (1 mM EGTA), the
extent of binding was generally lower, but the increase in
binding with the addition of 30% DOPE plus 20% cholesterol
was from 43.5( 0.5% to 99.5( 0.3% for the wild-type
enzyme, from 74( 1% to 97.9( 0.2% for DGKR∆87, and
from 64 ( 1% to 99.2( 0.1% for DGKR∆196.

DISCUSSION

Earlier studies on DGK activity using a mixed micellar
assay system with detergents did not reveal any simple
relationship between the physical properties of added phos-
pholipids and their effect on the activity of DGKε or DGKú
(9). The present studies have used LUVs in the absence of
detergent and reveal a marked activation of DGK by lipid
components that promote negative curvature. Although some
enzymes, such as protein kinase C (18), have shown effects
of membrane curvature in micelle assays, which generally
correlate with observed effects in bilayer systems, there are
other enzymes in which this is not the case, such as CTP:

phosphocholine cytidylyltransferase (19). There is no a priori
reason to expect that the sensitivity of an enzyme to
membrane curvature should be observed in micellar systems
in which the curvature is dominated by the positive curvature
tendency of the detergent. However, the presence of lipids
that promote negative curvature also has other effects on
membrane bilayers. It has been suggested, for example, that
the enhancement of protein kinase C activity by lipid
components that promote negative curvature is a consequence
of altered interfacial properties (20).

In the present work we show that both DGKR and DGKú
have greater activity when part of the DOPC component of
the membrane is replaced with DOPE. DOPE (17) promotes
negative curvature. Cholesterol is another lipid component
that promotes negative curvature (16), although its chemical
structure and some of its physical properties are very different
from those of DOPE. The promotion of activity by DOPE
and by cholesterol is approximately additive in the case of
DGKR in the absence of calcium, but addition of cholesterol
lowers the activity of DGKú observed with DOPE alone
(Figure 6). This makes an interesting correlation with the
cellular localization of these isoforms. Both DGKR and
DGKú can translocate to both the plasma membrane and the
nucleus. We suggest that together PE and cholesterol, major
lipid components of the cytoplasmic leaflet of the cell surface
membrane, enhance the activity of these isoforms of DGK.

DGKR contains a calcium binding, E-F hand motif, and
its activity had been found to be calcium dependent (11).
We also find that with liposomes not containing DOPE or
cholesterol this isoform is strongly activated by calcium
(Figure 7, diagonal stripped bars). However, with the addition
of either 40% DOPE or 20% cholesterol to the liposomes,
DGKR can be converted from a calcium-dependent to a
calcium-independent enzyme (Figure 7). The activity does
not increase much further by raising the calcium concentra-
tion. The activation of DGKR at physiological pH and low
free calcium concentration supports the conclusion that the

FIGURE 11: Activity of truncated DGKR mutants. Activity of wild-
type DGKR (a), DGKR∆87 (b), and DGKR∆196 (c) using
liposomes containing 5% DOG, 30% DOPS, and 65% DOPC (Ctrol
lipos) or liposomes containing 5% DOG, 30% DOPS, 15% DOPC,
20% cholesterol, and 30% DOPE (DOPE+ chol). The activities
are normalized for the level of expression, as determined from
Western blots. The experiments were done in the presence of 1
mM CaCl2 (left panel) or 1 mM EGTA (right panel). Controls are
plotted as gray bars but are not easily seen at this expansion. The
assays were done in triplicate and confirmed in at least two
independent experiments. The SEM is plotted in all cases.

Table 2: Calcium Requirement for the Catalytic Activity of Mutant
Forms of DGKRa

EGTA
control

liposomes (%)
DOPE+

cholesterol (%) t-test (p), n ) 3

DGKR 4.9 104 0.001
DGKR∆87 8 29 0.002
DGKR∆196 44 53 0.05

Calcium
control

liposomes (%)
DOPE+

cholesterol (%) t-test (p), n ) 4

DGKR 100 131 0.01
DGKR∆87 35 33 0.34
DGKR∆196 41 61 0.002

a Wild-type (DGKR), DGKR∆87, and DGKR∆196 activity with 5%
DOG as substrate using liposomes, each of which contained 30% DOPS
with the remaining lipid being either 65% DOPC (control liposomes)
or 15% DOPC, 30% DOPE, and 20% cholesterol. These experiments
were performed in the presence of either 1 mM CaCl2 or 1 mM EGTA,
as indicated. The activities are shown as a percentage of the activity
compared with that of DGKR (wild type) using control liposomes in
the presence of calcium (100%). The assays were done in triplicate
and confirmed in at least three independent experiments.t-test results
are shown for each pair, comparing activities with control liposomes
and with liposomes containing DOPE+ cholesterol.
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fraction of DOPE and cholesterol in the region of the
membrane that DGKR binds would play an important role
in modulating the activity of this isoform.

We have investigated the mechanism responsible for the
modulation of the activity of these two isoforms of DGK.
The fact that both DOPE and cholesterol augment the activity
of DGK illustrates that lipids that increase the propensity to
form inverted phases are activators of DGK. It is not the
actual formation of inverted phases that modulates the
activity of the enzyme. Our liposomes are bilayers that are
able to be extruded and to entrap sucrose, but the propensity
to form inverted phases alters the physical properties of the
membrane. To more critically evaluate the role of membrane
intrinsic curvature, we substituted DOPE with two different

isomers of this lipid. All three forms of PE have identical
headgroups and lengths of acyl chains. However, DEPE has
a trans rather than a cis double bond, and as a consequence
the temperature of the transition to an inverted hexagonal
phase is raised from about 8°C for DOPE to 65°C for
DEPE. DEPE has less intrinsic negative curvature than
DOPE (21). Despite the lower negative curvature properties
of DEPE, this lipid has almost identical effects on DGK as
does DOPE (Figure 8). Another di-(18:1)PE, DPlPE, has the
position of unsaturation at carbon 6, rather than position 9
with DOPE or DEPE. DPlPE forms the hexagonal phase at
37 °C (22). This lipid also has an effect on DGK similar to
that of DOPE (Figure 8). Quantitatively, however, DPlPE
is slightly less potent than DOPE in activating both isoforms
of DGK. This is the direction expected as a consequence of
the differences in curvature stress, suggesting that this may
be a contributing factor in the mechanism of activation, but
the DEPE results clearly indicate that there is not a simple
relationship between curvature stress and DGK activity.
Hence, the presence of lipids that promote negative curvature
strain increases the activity of DGK, but the mechanism of
this effect is not due solely to changes in membrane curvature
strain. DGK is not unique in this respect (10).

We also studied the effect of several sterols on DGKR
activity (Figure 9). The results show that all five steroids
analyzed are able to stimulate DGKR. These results dem-
onstrate the lack of specificity of the cholesterol effect. In
particular, androstenol has a significantly different chemical
structure from cholesterol, and it is not capable of forming
sterol-rich liquid-ordered domains (23). Nevertheless, an-
drostenol activates DGKR about 60% as well as cholesterol.

Sphingomyelin inhibits the activity of DGK (Figure 10).
Sphingomyelin has a high gel to liquid-crystalline phase
transition temperature, near 37°C. Unlike cholesterol and
PE, sphingomyelin does not induce curvature stress. Addition
of cholesterol, an activator of DGK, reverses the inhibition
caused by sphingomyelin. It is known that sphingomyelin
interacts strongly with cholesterol and can form segregated
cholesterol-rich domains. Membranes having two or more
coexisting phases that are physically separated into domains
will have phase boundary defects in the locations where these
domains meet. There are several cases in which the presence
of such phase boundaries can lead to an increase in the
activity of interfacial enzymes (10), as occurs, for example,
with the enzyme sphingomyelinase (24). We find that the
enzymatic activity is no greater in the presence of sphingo-
myelin and cholesterol than it is with the addition of only
cholesterol. Thus, the presence of these putative domains in
the liposomes containing both sphingomyelin and cholesterol
does not result in an enhanced activity (Figure 10). In
addition, although both cholesterol and sphingomyelin would
be expected to decrease the fluidity of the membrane, one
of these lipids is an activator and the other an inhibitor of
DGK, suggesting, at least from the results of these two lipids,
that fluidity is not a primary determinant of enzymatic
activity.

In biological membranes there is evidence that sphingo-
myelin and cholesterol colocalize in caveolae and possibly
in “raft” domains on the extracellular side of the plasma
membrane. The physical state of these domains corresponds
to a liquid-ordered phase. It is not known what the physical
state and lipid composition of the cytoplasmic surface of

FIGURE 12: Binding to sucrose-loaded vesicles of truncated DGKR
mutants. Wild-type DGKR (a), DGKR∆87 (b), and DGKR∆196
(c) activity of unbound (gray bars), bound (white bars), and total
enzyme fraction (striped bars) against SLV containing 5% DOG,
30% DOPS, and 65% DOPC (Ctrol lip) or 5% DOG, 30% DOPS,
15% DOPC, 20% cholesterol, and 30% DOPE (30% DOPE+ 20%
chol) in the presence of 1 mM CaCl2. The activities are normalized
for the level of expression, as determined from Western blots. The
insert shows the binding percentage in all cases. The binding
percentage was determined as described in Figure 2. The assays
were done in triplicate and confirmed in at least two independent
experiments. The SEM is plotted in all cases.
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these domains are (i.e., the opposing monolayer), but it would
not be surprising if there is a similar physical state on both
sides of the bilayer, making our findings with mixtures of
cholesterol and sphingomyelin of potential physiological
relevance.

DGKR contains a calcium-binding E-F hand domain.
However, it has been found that truncated mutant forms of
DGK that lack the E-F hand domain are constitutively active
in the absence of calcium (12, 13). This has led to the
suggestion that the amino-terminal segment blocks the active
site of DGKR. One of the means of activating DGKR is
suggested to be the binding of calcium to the E-F hand
domain, triggering a conformational change that frees the
active site. The presence of certain lipids in the membrane,
such as DOPE and cholesterol, also leads to calcium-
independent activity. These lipids also cause some activation
of DGKR∆87 in the absence of calcium but virtually no
effect on DGKR∆196 (Figure 11). Despite the lack of further
activation of DGKR∆196, the activating lipids cause in-
creased translocation to the membrane for this truncated form
as well as for DGKR∆87 (Figure 12). Our results with
“control” liposomes (Figure 11) are similar to those reported
using a micellar assay for DGKR∆196 (13) except that we
observe a partial activation of DGKR∆87 by calcium. It is
not uncommon for liposomal assays to exhibit greater
sensitivity to modulators of enzymatic activity, such as
calcium, compared with micelle-based assays. This has been
observed, for example, with protein kinase C (25). The
observation that negative curvature lipids do not further
promote the activity of wild-type DGKR in the presence of
calcium, nor do these lipids further activate the constitutively
active DGKR∆196, suggests that DOPE and cholesterol
activate the enzyme by inducing a conformational change
that may remove the N-terminal region from the active site
in a similar way that calcium does.

Some detergents also mimic the effects of PE and
cholesterol in activating DGKR. It has been observed that
the cationic amphiphile OTAC as well as the zwitterionic
amphiphile C16SB activates DGKR (13, 26). In the case of
OTAC, there is no further activation of DGKR by the
addition of calcium. With OTAC, the lack of calcium effect
may be caused by electrostatic repulsion preventing access
of calcium to the electrical double layer. Nevertheless, our
findings of DOPE and cholesterol promoting calcium-
independent activation of DGKR are not unique but provide
an example of lipid components that can modulate the
activity of DGKR in biological membranes.

Thus the activity and membrane binding of both DGKR
and DGKú are modulated by the lipid composition of the
membrane. This will result in both modulation of the activity
of the enzyme as a result of changes in the lipid composition
of a biological membrane and changes in the subcellular
localization of the enzyme. Membrane components that favor
the formation of nonlamellar phases promote binding and
activation of the enzyme. The mechanism of this effect,
however, is not through a simple change in the intrinsic
curvature of the membrane. Interestingly, activation of
DGKR by DOPE and/or cholesterol results in the enzyme
having maximal activity in the absence of calcium.
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