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ABSTRACT. Diacylglycerol kinases (DGKs) attenuate diacylglycerol-induced protein kinase C activation
during stimulated phosphatidylinositol turnover. This reaction also initiates phosphatidylinositol resynthesis.
Two agents, 3-{2-(4-[bis-(4-fluorophenyl)methylene]-1-piperidinyl)ethyl}-2,3-dihydro-2-thioxo-4( 1 H)quinazoli-
none (R59949) and 6-{2-{4-[(4-fluorophenyl)phenylmethylene]-1-piperidinyl}ethyl}-7-methyl-5H-thiazolo(3,2-
a)pyrimidin-5-one (R59022), inhibit diacylglycerol phosphorylation in several systems. To examine the
mechanism of this effect, we developed a mixed micelle method suitable for in vitro study of DGK inhibition.
Animal cells express multiple DGK isoforms. In a survey of DGK isotypes, these agents selectively inhibited
Ca’ " -activated DGKs. R59949 was the more selective of the two. To map the site of interaction with the
enzyme, a series of DGKa deletion mutants were prepared and examined. Deletion of the Ca®*-binding EF hand
motif, which is shared by Ca?*-activated DGKs, had no effect on inhibition. Consistent with this observation,
inhibition kinetics were noncompetitive with Ca?*. A construct expressing only the catalytic domain was also
inhibited by R59949. Studies of substrate kinetics demonstrated that MgATP potentiated R59949 inhibition,
indicating synergy of inhibitor and MgATP binding. These results indicate that R59949 inhibits DGKa by
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binding to its catalytic domain.
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DGKs§ phosphorylate DAG and thereby attenuate DAG-
mediated PKC activation [1-3]. DGKs also modulate levels
of PA, another lipid mediator [3]. Activation of DGKs
through pathways not involving phosphoinositide turnover
or PKC activation has also been described [4]. DGKs are a
large family of isoenzymes [2, 3]. All of them share a
conserved catalytic domain. They also contain C1 PKC
homology domains, which may target DGKs to surfaces via
specific interactions with membrane lipids [2, 5]. Some
DGKs contain Ca’?"-binding EF hand motifs, which pre-
sumably mediate Ca’" activation of these isoforms [1, 6].
Other motifs found in DGKs include ankyrin repeats and
pleckstrin homology domains [2, 3]. Understanding the
roles of DGKs is complicated by the fact that individual
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cells express multiple isoforms. T-lymphocytes, for exam-
ple, express at least four DGKs [7]. Moreover, not all
cellular DAG is accessible to DGKs [8]. This suggests that,
as with PKCs, DGKs are targeted to specific intracellular
addresses where they phosphorylate specific DAG pools. In
this regard, several groups have reported evidence for
stimulus-induced association of DGKs with specific partic-
ulate fractions [4, 9-11].

Two agents, 3-{2-(4-[bis-(4-fluorophenyl)methylene]-
1-piperidinyl)ethyl}-2,3-dihydro-2-thioxo-4(1H)quina-
zolinone (R59949) and 6-{2-{4-[(4-fluorophenyl)phenyl-
methylene]-1-piperidinyl}ethyl}-7-methyl-5H-thiazolo-
(3,2-a)pyrimidin-5-one (R59022) (Fig. 1), inhibit DAG
phosphorylation by erythrocyte ghosts and platelet mem-
branes [12, 13]. These compounds also inhibit in wivo
phosphorylation of exogenous short-chain DAG analogs by
intact platelets [12-14] and guinea pig taenia coli [15].
R59022 potentiates fMetLeuPhe-induced superoxide pro-
duction by neutrophils [16, 17], thrombin-induced platelet
aggregation and secretion [14], IgE-induced histamine re-
lease from mast cells [18], and cholecystokinin-induced
pancreatic enzyme secretion [19]. These effects have been
attributed to a prolongation of DAG-induced PKC activa-
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FIG. 1. Structures of R59022 (6-{2-{4-[(4-fluorophenyl)phe-
nylmethylene]-1-piperidinyl}ethyl}-7-methyl-5H-thiazolo(3,2-
a)pyrimidin-5-one) and R59949 (3-{2-(4-[bis-(4-fluorophenyl)-
methylene]-1-piperidinyl)ethyl}-2,3-dihydro-2-thioxo-4(1H)-
quinazolinone).

tion. R59949 and R59022 inhibit interleukin-2-induced
lymphocyte proliferation [4], carbachol-induced smooth
muscle contraction [15], and platelet-derived growth fac-
tor-induced vascular smooth muscle proliferation [20].
These inhibitory effects may reflect decreased phosphati-
date-mediated signaling. Both prolonged PKC activation
and decreased PA signaling would be consistent with
inhibition of a DGK [3].

Some, but not all, DGK preparations are inhibited by
R59949 or R59022 [21-23]. These studies employed various
assay methods, rendering comparisons difficult. Another
confounding factor is the use of anionic lipids as activators
in many DGK assays. Intramicellar complexation with
cationic moieties on R59949 and R59022 may reverse
activation by anionic lipids. Reversal of lipid activation
may be difficult to distinguish from direct inhibition. We
now have developed a mixed micellar assay that overcomes
these problems and have demonstrated that R59949 and
R59022 inhibit DGKs in direct proportion to their in vivo
potency. Our results confirm that DGKs are direct targets of
R59949 and R59022. Surprisingly, this inhibition was
selective for calcium-activated DGK isoforms. However,
inhibition did not require EF hand motifs unique to
Ca’*-activated DGKs.

Y. Jiang et al.

MATERIALS AND METHODS
Materials

[y-**P]JATP was from DuPont New England Nuclear. Oc-
tyl-B-d-glucopyranoside (octylglucoside), sodium deoxy-
cholate, PMSF, Triton X-100, Triton X-114, leupeptin,
aprotinin, DTPA, N-hexadecyl-N,N-dimethyl-3-ammonio-
1-propanesulfonate  (C16 sulfobetaine, C16SB), EDTA,
EGTA, dihexadecyl phosphate, and sorbitan trioleate were
from the Sigma Chemical Co. BHT was from the Aldrich
Chemical Co. sn-1-Palmitoyl-2-oleoyl phosphatidylserine
(PS) was from Avanti Polar Lipids. sn-1-Palmitoyl-2-
oleoylglycerol (16:0,18:1-DAG) was prepared by digestion
of the corresponding phosphatidylcholine (Avanti) with
Bacillus cereus phospholipase C [24]. DE52 cellulose was
from Whatman. SP-Sepharose Fast Flow and Q-Sepharose
Fast Flow were from Pharmacia. The DGK inhibitors
R59022 and R59949 (Diacylglycerol Kinase Inhibitor I and
Diacylglycerol Kinase Inhibitor II) were from Calbiochem.

Purification of DGKs

To facilitate comparison of enzymologic properties, DGKs
were purified from a variety of sources. Marked differences
in the effects of Ca’" and phospholipids, together with the
fact that DGKa (the thymus A DGK isoform) is highly
expressed only in brain and thymocytes, indicate that these
activities reflect distinct DGK isoenzymes [25-27]. Testis
cytosol DGK, NIH 3T3 cell DGKs A and B, and arachi-
donoyl DGK from testis membranes were prepared as
described previously [22, 25]. Thymus DGKs were prepared
by a modification of previously described methods [21, 25].
Porcine thymi (Pel-Freez) were homogenized in 25 mM
Tris—HCI, pH 7.4, 250 mM sucrose, 50 mM NaCl, I mM
MgCl,, 1 mM EGTA, 1 pg/mL of leupeptin, 1 pg/mL of
aprotinin, 1 mM benzamidine, 1 mM PMSF, and 0.02%
Triton X-100, and centrifuged at 3000 g for 15 min. The
supernatant was passed through cheesecloth and glass wool
and then was centrifuged at 100,000 g for 75 min. This
supernatant (525 mL) was loaded onto a 290-mL DE52
cellulose column that had been equilibrated previously with
the extraction buffer. The column was washed with 400 mL
of the same buffer and then eluted with 300 mL of buffer
containing 100 mM NaCl. Peak fractions were pooled as
Fraction A. The column was eluted further with 300 mL of
buffer containing 200 mM NaCl, and peak fractions were
pooled as Fraction B. Pooled Fraction A (5 mL) was loaded
onto a 10-mL SP-Sepharose Fast Flow column equilibrated
with buffer containing 100 mM NaCl. After washing with
12 mL of the equilibration buffer, the column was eluted by
a 26-mL gradient of 100—400 mM NaCl in the same buffer.
Fractions were assayed for DGK activity, and active frac-
tions, which eluted at 150 mM NaCl, were pooled and
frozen as thymus A. Fraction B (5 mL) was diluted to 100
mM NaCl and loaded onto a 25-mL SP-Sepharose Fast
Flow column equilibrated with buffer containing 100 mM
NaCl. The column was washed with 75 mL of equilibration
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buffer and eluted with a 100-mL gradient of 100—800 mM
NaCl in the same buffer. Active fractions, which eluted at
200 mM NaCl, were pooled as thymus B. To prepare
salivary DGK, porcine submaxillary glands (Pel-Freez) were
homogenized and centrifuged as described above. The
cytosolic supernatant (150 mL) was loaded onto a 150-mL
DE52 cellulose column equilibrated with extraction buffer.
After washing with 50 mL of the equilibration buffer, the
column was eluted by a 100-mL gradient of 50-200 mM
NaCl. Active fractions, which eluted at 90 mM NaCl, were
pooled and frozen at —70°.

DGK Assays

Several mixed micellar assays were employed to evaluate
kinetic properties of DGKs. All of these methods gave
activities that were linear with the times and protein
concentrations employed. Calcium activation of DGKs was
assessed with octylglucoside/PS/DAG mixed micelles. Cal-
cium stimulation in this system was 3- to 4-fold greater than
in the Triton/C16SB assay described below. Calcium acti-
vation of DGKs could not be detected with the Triton/
OTAC or deoxycholate assays. The assay included 50 mM
triethanolamine-HCI, pH 7.4, 100 mM NaCl, 1 mM DTT,
1 mM EDTA, 45 mM octylglucoside, 2.5 mM (10 mol%)
PS, 0.5 mM (2 mol%) 16:0,18:1-DAG, 0.1 mM
[y-**P]JATP, and enzyme. Total concentrations of Ca’"
and Mg’ added to assays were calculated as described from
published stability constants to give 1.0 mM free Mg*" and
0-50 pM free Ca’" in the presence of I mM EDTA and
0.1 mM ATP [28]. Stock solutions of 4X octylglucoside/PS,
10x [y-**P]ATP, and 4X aqueous buffer were as described
previously [24]. Mole fractions of PS and DAG were
calculated as described [25]. The reaction was initiated by
the addition of [y-**P]JATP and allowed to proceed for 10
min at 25°. Then it was terminated by the addition of 3 mL
CHClj:ethanol (2:1, v/v) containing 1 mg dihexade-
cylphosphate and 1 mg sorbitan trioleate [25]. The organic
phase was washed three times with 2 mL of 1.0% HCIO,,
0.1% H;PO, in H,O:ethanol (7:1, v/v) [25]. Then incor-
poration of **P into phosphatidic acid was determined by
Cerenkov counting of 1.2 mL of the organic phase. DGK
inhibition by R59022 and R59949 was measured in a new
assay that contained Triton and the zwitterionic detergent
C16SB. This assay included 6 mM Triton X-100, 6 mM
Triton X-114, 3 mM C16SB, 0.3 mM (2 mol%) 16:0,18:1-
DAG, 50 mM triethanolamine-HCI, pH 7.4, 100 mM
NaCl, 1 mM MgCl,, 1 mM DTT, 1 mM EDTA, 0.1 mM
[y-**P]JATP, and inhibitor as indicated. A 4X Triton/
C16SB stock solution was prepared by dissolving C16SB in
a 1:1 mixture of Triton X-100/Triton X-114. The Triton
X-100/X-114 mixture was employed because its surface
behavior is more favorable for DGKs than Triton X-100
alone [22]. The Triton X-100/X-114 stock solution was
prepared and purified as described previously [25]. Ethan-
olic solutions of R59022 or R59949 were evaporated in the
reaction tubes and dispersed into micelles by brief sonica-
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tion in a water bath sonifier. Sonication was not required to
solubilize the inhibitors, but did accelerate their dispersal.
Then enzyme was added, and the reaction was initiated by
the addition of [y-*PJATP. After 10 min at 25°, the
[>?Plphosphatidic acid was extracted and counted as de-
scribed above. Effects of DGK inhibitors were also investi-
gated in an assay that contained Triton and OTAC instead
of C16SB. This assay was identical to the Triton/C16SB
method, except that the concentrations of Triton X-100
and X-114 were reduced to 1.6 mM each, the 16:0,18:1-
DAG was reduced to 0.08 mM (2 mol%), and the C16SB
was replaced with 0.8 mM OTAC (20 mol%). To assay
DGK activities of chromatographic fractions during purifi-
cations, a deoxycholate assay was employed. This assay
included 1 mM deoxycholate, 20 uM 16:0,18:1-DAG, 50
mM triethanolamine-HCI, pH 7.4, 100 mM NaCl, 5 mM
MgCl,, 1 mM DTT, 1 mM EDTA, and 0.5 mM
[y->?P]ATP.

Expression of DGKs in COS-1 Cells

Constructs for expression of full-length DGKa (pSRE-
DGKa), and two truncation mutants, DGKa A196 (pSRE-
DGKA196) and DGKa A332 (pSRE-DGKA332), have
been described previously [6, 29]. cDNA for DGK{ (pSRE-
DGK 1V) was from Dr. K. Goto [30]. COS-1 cells were
maintained in Dulbecco’s modified Eagle’s medium (Life
Technologies, Inc.) containing 10% fetal bovine serum
(Intergen), 100 U/mL of penicillin, and 100 wg/mL of
streptomycin sulfate. COS-1 transfection was carried out
using the calcium phosphate method [31]. After 48 hr, the
cells were harvested and lysed by sonication in 0.5 mL per
100-mm dish of 20 mM Tris, pH 7.4, 0.25 M sucrose, 100
mM NaCl, 5 mM EGTA, 1 mM PMSF, 10 pg/mL of
leupeptin, 10 pg/mL of aprotinin, 1 mM MgCl,, 50 puM
ATP, and 1 mM DTT. Undisrupted cells were removed by
brief centrifugation, and the resulting cell lysates were
centrifuged at 100,000 g for 20 min. The cytosolic super-
natants were collected, aliquoted, and frozen at —70° until
assayed.

Expression of DGKs in Yeast

To express DGKa constructs in Saccharomyces cerevisiae,
EcoRI fragments containing the desired sequences were
subcloned into pYCDE2 and introduced into S. cerevisiae
strain WY294 (MATa GCN2 inol ura3=52 leu2—-3 leu2—
112 trpl HIS4-lacZ) [32]. Transformed cells were grown in
2 L of synthetic dextrose minimal medium supplemented
with 20 mg/L of uracil, 30 mg/L of leucine, 30 mg/L of
isoleucine, and 150 mg/L of valine [33]. Cells were col-
lected by centrifugation and disrupted with glass beads in
25 mM Tris—=HCI, pH 7.4, 50 mM NaCl, 0.25 M sucrose, 1
mM EGTA, 1 mM MgCl,, I mM DTT, 50 uM ATP,
0.02% Triton X-100, 2 pg/mL of aprotinin, 2 pg/mL of
leupeptin, 3 pg/mL of pepstatin, 1 mM benzamidine, and 1
mM PMSF. Debris and unbroken cells were removed by
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centrifugation at 5000 g for 15 min, and the supernatant
was applied to a 10-mL DEAE-cellulose column equili-
brated with lysis buffer. The column was washed with 20
mL of this same buffer and eluted with a 20-mL linear
gradient of 50-200 mM NaCl at a flow rate of 0.5 mL/min.
The A196 and A332 DGKs were unstable to further
purification. Full-length DGKa was purified further to
apparent homogeneity by the following procedure. DEAE
fractions with peak activity were pooled, adjusted to 100
mM NaCl, and loaded onto a 10-mL SP-Sepharose Fast
Flow column equilibrated in lysis buffer containing 100 mM
NaCl. The column was washed with an additional 20 mL of
this buffer and then eluted with a 40-mL linear gradient of
100—400 mM NaCl at a flow rate of 0.5 mL/min. Active
fractions were pooled, adjusted to 100 mM NaCl, and
applied to a 10-mL Q-Sepharose Fast Flow column equili-
brated with buffer containing 100 mM NaCl. The column
was washed with 10 mL of this buffer and eluted with a
20-mL gradient of 100—600 mM NaCl at a flow rate of 0.5
mL/min. Active fractions were pooled, rapidly frozen in dry
ice/ethanol, and stored at —70° until assayed. All purifica-
tion steps were performed at 4°.

Data Handling

Activities reported are averages of duplicate assays, which
in all cases agreed within 10%. All results shown are
representative of two or more separate experiments per-
formed with completely independent enzyme preparations.
Kinetic constants for DGKa inhibition by R59949 were
obtained by fitting activities to the appropriate rate equa-
tion using a nonlinear least squares (Marquardt—Levenberg)
algorithm supplied with the SigmaPlot software package.

RESULTS
Selectivity of R59949 for Ca®*-Activated DGKs

R59022 and R59949 (Fig. 1) were initially described as
inhibitors of DAG phosphorylation in intact cells [12, 13].
However, in vitro inhibition of DGK activities has not been
observed uniformly. One potential difficulty with such
measurements is complexation of cationic moieties on
these compounds with anionic lipid cofactors employed in
DGK assays. We have also noted these agents to be poorly
soluble in octylglucoside and deoxycholate, which are
commonly used to disperse the DAG substrate. Triton is a
more potent solubilizer than octylglucoside or deoxy-
cholate, but some DGKs are inhibited by this detergent,
even at low concentrations [23]. We recently noted that
addition of 20 mol% of the cationic detergent OTAC to
Triton micelles overcame Triton inhibition of several
DGKs and yielded activities comparable to those in a
standard octylglucoside/PS assay [22]. However, this assay
interfered with measurements of Ca?" activation (data not
shown). A survey of other amphiphiles demonstrated that
20 mol% of the zwitterionic detergent C16SB in Triton
gave DGKa activities similar to other assays. Calcium
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FIG. 2. DGKa inhibition by R59022 and R59949 at different

micelle concentrations. Effects of micelle concentration on
inhibition of DGKa from thymus by R59022 and R59949 were
examined. The sum of the concentrations of Triton, C16SB,
DAG, and inhibitor was 5, 10, or 15 mM as shown. Proportions
of micelle components were kept constant throughout. C16SB
was 20 mol% and DAG 2 mol%. R59022 was 2 or 8 mol% and
R59949 was 0.4 or 2 mol%. These assays were done using
DGKa prepared from thymus. The specific activity of this
preparation in the Triton/C16SB assay was 17.6 nmol/min/mg
protein. Duplicate assays were performed in each of two separate
experiments. Activities are expressed as percentages of activity
in the absence of inhibitor at the same micelle concentration.
Solid white, 0.4 mol% R59949; solid gray, 2 mol% R59949;
hatched white, 2 mol% R59022; and hatched gray, 8 mol%
R59022.

activation of DGKa could also be demonstrated in the
Triton/C16SB assay, albeit to a smaller extent than in
octylglucoside/PS. Triton/C16SB mixed micelles readily
solubilized R59949 (up to 2 mol%) and R59022 (up to 8
mol%). DGK inhibition by these agents was demonstrated
readily in this assay. As R59949 and R59022 are lipophilic,
inhibition was dependent on the mole fraction of inhibitor
in the mixed micelles and not on its bulk solution concen-
tration (Fig. 2). Inhibition of seven DGKs by R59949 in the
Triton/C16SB assay is shown in Table 1 and Fig. 3. R59949
potently inhibited all of the Ca**-activated DGKs (thymus
A, testis cytosol, salivary cytosol, and 3T3 DGK B),
whereas Ca’*-independent DAG kinases were inhibited
only weakly (Fig. 3). The small inhibition of Ca’**-inde-
pendent DGKs could reflect either a weak interaction with
the enzyme or a nonspecific effect on the assay. Similar
results were obtained in the Triton/OTAC assay (Table 1).
R59022 also inhibited Ca’*-activated DGKs, but was less
selective than R59949 (Table 1). Sensitivity of Ca®*-
activated DGKs to these agents did not correlate with their
extent of stimulation by Ca** (Table 1). For example, 3T3
DGK B, which showed the smallest Ca’" effect, was the
most sensitive to both inhibitors. R59949 inhibited all four
Ca’*-activated DGKs 3-fold more potently than R59022
(data not shown). This ratio correlates well with the
relative in vivo potency of these agents [12, 13].
Calcium-activated DGKs share Ca’*-binding EF hand
motifs in their regulatory domains [1, 2]. The observation
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TABLE 1. Inhibition of DGKs by R59949 and R59022

767

Percent inhibition

Ca2+
stimulation R59022 (8 mol%) R59949 (2 mol%)
C16SB OTAC C16SB OTAC
Fold assay assay assay assay
Calcium-activated DGKs
DGKa (thymus A) 80 69.9 68.2 79 1.4
Testis cytosol DGK 6.1 61.3 64.7 69 79.9
Salivary cytosol DGK 2.7 66.5 58.8 4 68.4
3T3 DGK B 1.6%* 92.8 92.7 94.6 93.8
Calcium-independent DGKs
3T3 DGK A 0.95 26.5 32.8 18 30.4
Thymus B DGK 0.95 42.5 29.2 18 13.2
Arachidonoyl DGK 1.0 32.7 354 21.7 24.4

Inhibition was examined in the Triton/C16SB and Triton/OTAC assays. R59022 was used at 8 mol% and R59949 at 2 mol%. Activities are expressed as percentages of activity
in the absence of inhibitor. Calcium stimulation was measured using the octylglucoside/PS assay and is expressed as the ratio of activity in the presence of 50 uM Ca’™" to activity
in the absence of Ca’*. The octylglucoside/PS assay is more sensitive than Triton/C16SB to Ca** stimulation. Additional details of the assay procedures are given in Materials
and Methods. Duplicate DGK assays were performed in each of two or more separate experiments. Specific activities (Triton/C16SB assay, nmol/min/mg) of the DGK preparations
used were as follows: DGKa,, 17.6; testis cytosol DGK, 0.57; salivary cytosol DGK, 0.16; 3T3 DGK B, 1.82; 3T3 DGK A, 0.13; thymus B DGK, 315; arachidonoyl DGK, 4.28.

* Calcium stimulation of 3T3 DGK B was assayed on two separate occasions. Stimulation observed was 1.57- and 1.72-fold. In both experiments, half-maximal stimulation of
3T3 DGK B occurred at 3 pM Ca?™, which is similar to other Ca®*-stimulated isoforms.

that R59949 specifically inhibited Ca’*-activated DGKs
could thus reflect an interaction with the EF hand region.
In this case, Ca’" might compete with binding of these
agents to the enzyme. As shown in Fig. 4, however, R59949
inhibition of DGKa (thymus A) in the Triton/C16SB assay
was independent of Ca?". While not precluding binding of
the inhibitors to the EF hands, these results suggest that
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FIG. 3. Inhibition of DGK isoenzymes by R59949. DGK isoen-
zymes were prepared as described in Materials and Methods and
examined for R59949 inhibition in the Triton/C16SB assay.
Activities are expressed as percentages of the activity in the
absence of inhibitor. Duplicate assays were performed in each of
two separate experiments. Specific activities of the DGK prep-
arations used are given in the legend of Table 1. The DGK
isoforms examined include: (®) thymus A DGK (DGKa), (O)
thymus B DGK, ([J) testis cytosolic DGK, (A) 3T3 DGK A,
(#) 3T3 DGK B, V salivary cytosolic DGK, and (<) arachi-
donoyl-DGK.

there is little interaction with Ca?" binding. Direct evi-
dence that R59949 does not interact with EF hands is
presented below.

Interaction of R59949 with the DGKa Catalytic
Domain

To map the site of R59949 interaction with DGKs, we
transiently expressed full-length DGKa and two regulatory
domain truncation mutants in COS-1 cells. Structures of
these constructs are shown in Fig. 5. Consistent with
previous results [6], DGKa was Ca’-activated. We also
expressed a Ca’ " -independent isoform, DGK{ [30]. Cytosol
fractions from COS-1 cells expressing these DGKs were
assayed in Triton/C16SB. COS-1 cells express an endoge-
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FIG. 4. Effect of Ca?* on R59949 inhibition of DGKa. Inhi-
bition of DGKa by R59949 was assessed in the Triton/C16SB
assay at 0, 10, and 30 uM free Ca®*. DGKa was prepared from
thymus as described in Materials and Methods. The data shown
are averages of duplicate determinations. Identical results were
obtained with an independent DGK« preparation. Key: (H) no
Ca’*, (A) 10 pM Ca®*, and (@) 30 pM Ca’*.
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Repeats
nous DGK activity. However, transient expression of full- Ca’*-independent isoform, was inhibited only slightly by
length DGKa or DGKa A196 resulted in marked elevation the highest concentrations of inhibitor employed. We also
of total DGK activity. The A332 mutant expressed much examined DGKa A196, which lacks the EF hands (Fig. 5).
lower activity, only 3-fold over the COS-1 background. As was noted earlier, this mutant was no longer stimulated

DGKa activity expressed in COS cells was inhibited by Ca’" [6]. However, R59949 inhibited DGKa A196 to
dramatically by R59949 (Fig. 6A). In contrast, DGK{, a the same extent as wild-type DGKa (Fig. 6A). Thus,
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FIG. 6. R59949 inhibition of truncated DGKs. (A) Inhibition of DGK activities in COS cells. Extracts of COS-1 cells expressing
wild-type DGKa, its truncation mutants, or wild-type DGKC were assayed in Triton/C16SB as described in Materials and Methods.
Activities were corrected for the endogenous COS-1 background by subtracting the activity of an extract of cells transfected with only
the pSRE vector and assayed under identical conditions. In the absence of inhibitor, this background was equal to 1/3 of the total
activity for the A332 mutant, which expressed the lowest activity of the constructs examined. (B) Inhibition of activities in yeast.
Extracts of yeast expressing wild-type DGKa or its truncated mutants were prepared and purified as described in Materials and
Methods. Then inhibition by R59949 was examined in the Triton/C16SB assay as before. S. cerevisiae does not express an endogenous
DGK, and yeast transformed with the parent pYCDE2 vector did not express DGK activity that could be detected with any assay used
in this work (data not shown). Background counts in assays of yeast not expressing a DGK activity were less than 2% of the activity
expressed by the A332 mutant, which expressed the lowest activity of the constructs examined. As such, no background correction was
required. All data are expressed as percentages of the activity in the absence of inhibitor. Specific activities (Triton C16SB assay,
nmol/min/mg) of the COS-1 cell preparations were: wild-type DGKa, 5.02; DGKa A196, 33.3; DGKa A332, 0.82; and DGK, 1.55.
These activities have all been corrected for a COS-1 background DGK activity of 0.23. Specific activities (Triton/C16SB assay,
nmol/min/mg) of the yeast preparations were: wild-type DGKa, 810; DGKa A196, 54; and DGKa A332, 0.013. The relatively high
specific activity of the yeast wild-type DGKa preparation reflects the fact that it was more purified than A196 or A332, the truncated
constructs having proved unstable after the first chromatographic step. All data shown are averages of duplicate activity determinations,
and all results have been confirmed in two additional enzyme preparations. Symbols: () DGKa, (¥) DGKa A196, (H) DGKa A332,
and (A) DGKC.
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although R59949 is selective for Ca’"-activated DGKSs, it
does not appear to interact with the EF hands directly. This
is consistent with our observation that inhibition was not
competitive with Ca’" (Fig. 4). We also examined DGKa
A332, which lacks both the EF hands and the C1 domains.
This mutant was also inhibited, but to a smaller extent than
wild-type DGKa. Inhibition of the truncated DGKs in the
Triton/OTAC assay was essentially the same as that in
Triton/C16SB (data not shown).

Activity expressed by the A332 mutant was quite low. In
fact, because of the endogenous COS cell activity, it has
been controversial whether this mutant possesses DGK
activity at all [34]. To exclude interference from the COS-1
background, we expressed the mutant DGKs in S. cerevisiae.
This yeast does not have an endogenous DGK, and we did
not detect DGK activity in yeast transformed with the
pYCDE2 vector. All the constructs, including the A332
mutant, expressed DGK activity in yeast, and all of these
activities were inhibited by R59949 (Fig. 6B). As in the
COS-1 cells, the A332 mutant expressed only low activity.
As with the COS-1 activities, full-length and A196 DGK
activities were inhibited more potently than A332. Rela-
tively weak inhibition of the A332 mutant expressed in
COS cells could reflect a small error introduced during
subtraction of the COS-1 background. Total DGK activity
in COS-1 lysates transfected only with vector may not
exactly reflect the background in cells expressing a DGK.
The yeast results thus provide important confirmation of
the findings in COS-1 cells. Inhibition of the A332 mutant,
which contains none of the regulatory domain, indicates
that R59949 interacts directly with the DGK catalytic

domain.

Synergy of R59949 Inhibition with MgATP

Effects of R59949 on the substrate kinetics of DGKa were
examined in the Triton C16SB assay. R59949 is a partial
inhibitor of DGKs (Fig. 3). Figures 7 and 8 show depen-
dencies of wild-type DGKa activity on DAG and MgATP
at increasing concentrations of R59949. For each substrate,
the inhibitor changed both V,, and the apparent K,
indicating a mixed mechanism. Assuming random equilib-
rium substrate binding, which we have shown previously
[25], and fitting these initial rates to the equation for partial
mixed inhibition (given below) indicated an apparent K;
for R59949 binding to free enzyme of 3.2 * 0.1 mol% [35].
In the absence of inhibitor, K(DAG) and K(MgATP)
were 2.1 = 0.1 mol% and 49 * 3 uM, respectively. R59949
dramatically increased the apparent affinity for MgATP,
but had only a small effect on DAG kinetics. The corre-
sponding constants for the enzyme—-R59949 complex were:
K,(DAG), 7.1 £ 1.0 mol%, and K ;(MgATP), 2.5 = 0.2
M. From these data, the constant for R59949 binding to
enzyme-MgATP can be calculated to be 0.16 = 0.02
mol%. As such, R59949 must bind the enzyme-MgATP
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FIG. 7. Effect of R59949 on the DAG dependence of DGKa.
The dependence of DGKe on 16:0,18:1-DAG is shown.
Assays were performed in Triton/C16SB micelles. DGKa
was purified from thymus. DAG was varied from 0.3 to 4.0
mol%, and MgATP was kept at 0.1 mM. Assays were
performed at 0, 0.5, and 2.0 mol% R59949. The curves show
predicted activities from the rate equation for partial mixed
inhibition using constants given in the text. All data shown
are averages of duplicate DGK activity measurements. Key:
(@) no R59949, (A) 0.5 mol% R59949, and (M) 2.0 mol%
R59949.

complex 20-fold more tightly than free enzyme. This
synergy of MgATP and R59949 binding is evident in Fig. 8
as a marked left-ward shift of the half-maximal velocity as
inhibitor is increased. In fact, at MgATP concentrations of
less than 10 pM, 2 mol% R59949 caused only 15%
inhibition (Fig. 8). This small effect is equal to the weak
inhibition seen with Ca’*-independent DGKs at 2 mol%
R59949 (Figs. 3 and 6).
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FIG. 8. Effect of R59949 on the MgATP dependence of DGKa.
The dependence of thymus DGKa activity on MgATP is
shown. Assays were performed in Triton/C16SB micelles.
DGKa was purified from thymus. MgATP was varied from 2 to
200 pM and DAG was kept at 2.0 mol%. Assays were
performed at 0, 0.5, and 2.0 mol% R59949. The curves show
predicted activities from the rate equation for partial mixed
inhibition using constants given in the text. All data shown are
averages of duplicate DGK activity measurements. Loss of
R59949 inhibition at low concentrations of MgATP, which is
indicative of binding synergy, was confirmed in an independent
experiment. Key: (@) no R59949, (A) 0.5 mol% R59949, and
(H) 2.0 mol% R59949.
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The rate equation for partial mixed inhibition with
random order equilibrium substrate addition that was used
for curve fitting is given by:

Y. Jiang et al.

Vi © K(DAG) - K(MgATP)

V, - [DAG] - [MgATP] +

K, - K.DAG) - K,(MgATD) [

—

] - [DAG] - [MgATP]

(K(DAG) + [DAG]) - (K.(MgATP) + [MgATP]) + K.(DAG) - K,(MgATP) - u, (1 +

V., is the maximum velocity in the absence of inhibitor;
V..i is the maximum velocity in the presence of saturat-
ing inhibitor, K(DAG) and K(MgATP) are Michaelis
constants in the absence of inhibitor; K (DAG) and
K (MgATP) are Michaelis constants in the presence of
saturating inhibitor; and K; is the enzyme-inhibitor disso-
ciation constant. The dissociation constant of inhibitor
from the DGKa/MgATP complex is then equal to
K, K (MgATP)/K(MgATP). To avoid an excessive num-
ber of independent variables, V., K(DAG), and
K(MgATP) were determined first by fitting the data
obtained in the absence of inhibitor and then fixed in the
equation prior to determination of V,;, K;, K;(DAG), and
K, (MgATP).

DISCUSSION

This work demonstrates that R59949 and R59022 interact
directly with DGKs. A few studies have examined highly
purified DGK preparations for in vitro inhibition by these
agents. R59022 inhibited DGKa assayed in the presence of
PS or sphingosine [21]. In this same study, another DGK
prepared from thymus was not inhibited. In a Triton
micelle assay, neither R59022 nor R59949 inhibited an
arachidonoyl DAG-specific DGK from testis [22]. R59022
inhibited three platelet DGK activities from 20 to 80% in
a deoxycholate assay [23]. A number of studies have also
examined less purified DGK preparations. In a deoxy-
cholate-based assay, R59022 inhibited the DGK activity of
rat liver nuclei, but not microsomes [36], and partially
inhibited activities in membrane and cytosol fractions of
fMetLeuPhe-stimulated neutrophils [37]. In octylglu-
coside/PS micelles, R59022 and R59949 partially inhibited
DGKe expressed in COS-7 cells [38], but had no effect on
DGK{ [39]. In this same assay, R59022 inhibited a DGK
activity extracted from guinea pig taenia coli [15] but failed
to inhibit two activities purified from rat brain [40]. Many
of these studies utilized anionic DGK activators, such as PS
and deoxycholate. Intramicellar complexation with cat-
ionic moieties on R59022 and R59949 may reverse activa-
tion by anionic lipids and would be difficult to distinguish
from direct enzyme inhibition. We have also noted these
agents to be poorly soluble in octylglucoside and deoxy-
cholate. Another complicating factor is that some DGKs
are activated only weakly, or even inhibited, by anionic

[DAG] ) . <1

[MgATP]
K.(DAG) )

K; K (MgATP)

lipids [25]. The Triton/C16SB assay overcomes these prob-
lems and has the additional advantage of yielding high
activities with all DGK isoforms. Our results indicate that
R59949 and R59022 inhibit some DGK subtypes in direct
proportion to their in vivo potency. These results thus
confirm that DGKs are direct targets of R59022 and
R59949.

R59949 was selective among DGKs. The four Ca’™-
activated DGKs examined were all sensitive to this agent,
while the three Ca’”-insensitive isoforms exhibited only
small effects. Future in vivo studies will thus need to
demonstrate that the DGK being examined is sensitive to
the agent employed. Examination of a series of DGKa
deletion mutants indicated that inhibition does not require
EF hand motifs unique to Ca®"-activated DGKs. Rather,
R59949 appears to interact directly with the catalytic
domain. The strong synergy of inhibitor and MgATP
binding also is consistent with a catalytic domain interac-
tion. Given these findings, the apparent selectivity of
R59949 for Ca**-activated DGKs probably reflects the fact
that catalytic domain sequences of EF-hand-containing
DGKs exhibit much stronger homology to each other than
to other DGK isoforms.* Inhibition of the A332 mutant,
expressed as a percent of basal activity, was less than that of
the other constructs. This mutant lacks the C1 domains. In
PKCy and Raf-1, Cl1 domains appear to play a role in
targeting to membranes [5]. The comparatively low in vitro
activity expressed by this mutant may thus reflect an
impairment of surface targeting. This may alter the kinetics
in such a way as to render the residual activity less sensitive
to the inhibitor. For example, by targeting the enzyme to
micelles, the C1 domains may facilitate transfer of inhibitor
from micelles to a site on the catalytic domain. The
Ca’*-activated DGKs examined exhibited wide variability
in their sensitivity to Ca’", which did not correlate with
their inhibitor sensitivity. Modest Ca’* stimulation of
activity does not preclude an important role for Ca’" in
regulating these DGKs. The assays utilized in this work

* Conserved DGK catalytic domain sequences were aligned in PSI-
BLAST searches using the BLOSUM62 matrix [41]. Homologies between
EF-hand-containing DGKs, including a predicted sequence from Caenor-
habditis elegans, were all 78% or greater. Homologies between EF-hand-
containing and other DGKs were all 70% or less. Alignments of DGK
catalytic domains can also be viewed at the Pfam web server, http://
www.sanger.ac.uk/Software/Pfam/, under the domain names DAGKc and

DAGKa.
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measure only DAG phosphorylation. In vivo, Ca’" may
regulate events not detected by these assays, such as
protein—protein interactions involved in targeting an acti-
vated DGK to its substrate [9, 42].

A surprising finding was the marked potentiation of
R59949 inhibition by MgATP. Plausible mechanisms for
an R59949 interaction with MgATP binding would include
binding to the catalytic domain in proximity to the
MgATP site or a conformational change of the enzyme that
exposes both MgATP and R59949 binding sites. With
regard to in vivo inhibition of DGKea, the MgATP concen-
tration in animal cells is 2-5 mM, over an order of
magnitude greater than its apparent K_. [t is thus likely that,
in vivo, R59949 binds to the enzyme-MgATP complex.
Inasmuch as detergent mixed micelles and membrane
bilayers are highly non-ideal systems, the inhibition param-
eters in this study cannot be directly related to in wivo
affinities. Rather the utility of the mixed micelle assay is in
permitting steady-state kinetic analyses with these inhibi-
tors. The observation that the R59949 is 3-fold more potent
than R59022 correlates well with the in vivo potency of
these agents and strongly supports the hypothesis that the
in vitro inhibition observed reflects the in vivo mechanism.
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