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ABSTRACT. Diacylglycerol kinase modulates the levels of diacylglycerol and phosphatidic acid, two critical
lipid second messengers, yet little is known about the effects of cellular stimulation on the kinetic behavior
of this enzyme. We examined the effectsoothrombin and activating phospholipids on the activity and
substrate affinity of a soluble diacylglycerol kinase, D&IKOur data demonstrate that the apparent binding
parameters of DGH increase following thrombin stimulation, suggesting thathrombin antagonizes
DGKa® activity. Interestingly, this effect is obscured in the presence of high bulk substrate concentrations.
Given the known stimulatory effects of phosphatidylserine on many diacylglycerol kinases, we examined
the effects of various phospholipids on D&Knd found that phosphatidic acid is a more effective activator
than phosphatidylserine. Phosphatidic acid decreased the apparent Surfé€gsum®? of DGKO for
dioleoylglycerol (DOG) and promoted binding to vesicles in a dose-dependent manner. Phosphatidylserine
also lowered theKusurn?P? of DGK6, though higher concentrations were required to achieve the same
effect. Interestingly, PS promoted binding to vesicles only when present at levels beyond that required to
saturate enzyme activity, suggesting that PS and PA activated@idugh different mechanisms. The
potential physiological implications of these findings are discussed.

The mammalian diacylglycerol kinase (DGKjamily common phospholipids on the kinetic behavior of D&K
currently consists of ten isoformd4,(2). At least eight of o-Thrombin promotes a variety of responses in different cell
these isoforms are freely soluble enzymes that translocatetypes, and DGK has been shown to translocate to subcel-
to the membranes of cells where they catalyze the ATP- |ular membranes and compartments in response to thrombin
dependent phosphorylation of diacylglycerol (DAG) to stimulation @, 10), but the effect of this stimulation on the
phosphatidic acid (PA) through an as yet unidentified intrinsic activity of DGKA has not been studied. To better
mechanism. The current notion is that this lipid kinase family understand the mechanism of DGK activation, we have
plays a critical role in modulating DAG levels that are examined the effects of-thrombin stimulation and exposure
increased in response to cellular stimulati@s-6). While to activating phospholipids on the kinetic behavior of DEGK
DAG is best known as an activator of protein kinase C (PKC) ysing an approach similar to that of Epand and co-workers,
family members, the identification of additional DAG iy which the potential influences of endogenous protein
binding proteins expands the potential regulatory roles of jnteractions on DGI& or DGKZ binding and activity were
DGKs. New DAG effectors include a nuclear PIP kinase preserved by utilizing cytosol containing overexpressed
(7), regulators of small molecular weight G-proteins such enzyme, While most studies report that phospholipid activa-
as Ras, and a protein involved in exocytosis (Munc13). Theseiqrs increase interfacial binding, the Epand study reported
additional DAG binding proteins have highlighted the vital 5, jncrease in activity that was disproportional to the increase
signaling role of this lipid§). _ in enzyme binding, suggesting that phospholipids may also

In light of the fact that DGK is poised to simultaneously sl ence substrate binding or the enzyme turnover rhtk (
regulate the levels of two critical lipid second messengers, This prompted us to study the effect of phospholipids on
diacylglycerol (DAG) and phosphatidic acid (PA), surpris- the kinetics of DGK present in cytosol from quiescent and
ingly little is known about the regulation and mechanisms o-thrombin-induced cells.
of activation of the DGK family of enzymes. To begin to ) ) ) o
address the question of DGK activation, we have examined Interfacial Enzymes: General Cc_)nS|derat|ons. Kinetic
the effects of o-thrombin stimulation and exposure to Parameters Kysun and Ky®*. Interfacial enzymes such as

DGK are distinctive in that they metabolize substrate at a
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kinase C; PLD, phospholipase D. presented in terms of the mole fraction of total lipid, rather
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than in bulk concentration term&32). [For consistency, we  D-MEM in the presence or absencecsthrombin (1.5 NIH
have used the symbols for kinetic variables as presented byunits/mL) for the indicated times.
Berg and Jain13).] Transient TransfectionslC9 cells were grown in 175 ¢tn
Enzymes that do not bind tightly to the interface compli- flasks until 56-60% confluent. Cultures were washed once
cate kinetic analyses because the repeated binding (interfaciaivith PBS and once with OPTIMEM | (reduced serum
binding affinity) influences the overall reaction rate. To medium of Eagles’s MEM; Life Technologies) and then
account for this “hopping” behavior, Berg and Jain derived incubated in 10 mL of OPTIMEM | containing 20g of
a new binding equilibrium, th&y2 (13). This parameter ~ CDNA in 100 uL of Novafector. Following an overnight
reflects the combined effects of the interfacial binding step incubation, 10 mL of 15% FCS-containing complete medium
and substrate binding. The data in this report and elsewherewith 2x penicillin, streptomycin, and-glutamine was added,
(14, 15) indicate that a number of the DGKs are hopping and cells were grown for an additional-128 h before being
interfacial enzymes. Therefore, we have employed the meth-subjected to serum deprivation. Transfection efficiency was
ods described by Berg and Jain in our kinetic interpretation. €valuated by parallel transfections with 29 of pEGFP-

In the present study, we examined the kinetics of BGK N3 vector (Clontech). _ _
in both vesicles and octyl glucoside mixed micelles, a _ConstructshDGKY cDNA inserted in pcDNAS vector was
detergent system routinely used in the assay of this enzymekindly provided by Dr. W. J. van Blitterswijk (Division of
family. Use of a micellar system was advantageous because-ellular Biochemistry, The Netherlands Cancer Institute,
there is rapid exchange of substrate and product betweerfAmsterdam). _ _ _
micelles, primarily via collisions(6). This occurs at a rate Preparation of Cellular FractionsCytoplasmic fractions
that is 3-4-fold greater than the highest measured turnover Were prepared as follows: cells were washed 20 mL in
rate for a DGK (7) and 20-fold greater than the turnover IC€-cold FB (10 mM Hepes, pH 7.4, 1 mM EDTA, 0.5 mM
rate we recently determined for the D@Khomologue, ~ EGTA) and allowed to swell on ice for 0 min in ice-
DGKA (18). This fast exchange ensured that the surface €0ld FB with inhibitors (1 mM AEBSF, 1@g/mL aprotinin,
concentrations of product and substrate remained constant.0 #M leupeptin, 20uM quinacrine, 10 mM NaF, 1 mM
throughout the population of micelles, particularly under the NaVOs, pepstatin A, X Sigma phosphatase inhibitor mix
conditions of initial velocity used for this study. Using these 1) Cells were scraped and dounced-Z5 times with a type
systems, we determined that thrombin stimulation resulted B pestle (Konte Glass, Vineland, NJ). Nuclei and unbroken
in an increase in th&y of DGK® at low concentrations ~ C€lls were removed by centrifugation at 40@ °C, for 15
of substrate (DOG) and that increasing the bulk DOG Min. Membranes were removed from the resulting suspension
concentration returned th,?Pto the basal value. Our data DY ultracentrifugation at 1000@Gor 1 h at 4°C. Membrane-
suggest thata-thrombin stimulation antagonizes D@K  [ree cytosol was supplemented with 13 mM Mg@&hd 0.1%
activity under conditions where DAG bulk concentrations 1x100 and aliquoted prior to storage-a80 °C. An aliquot
are low and that this effect is obscured in the presence of Was thawed immediately before use, and unused portions
high bulk substrate concentrations. In addition, we obser- Were discarded. o _
ved that phosphatidic acid is a more efficient activator of ~DGK Micellar AssaysDGK activity was assayed using
DGK6 than PS under the conditions examined and that OCtyl glucoside/diacylglyceride (OG/DAG) mixed micelles
these phospholipids appear to activate DiGy different as previously describedd), Manufacturer (Calbiochem)

mechanisms. values for the CMC (25 mM) and aggregation numtgs) (
of OG were used to calculate the concentration of micellar
EXPERIMENTAL PROCEDURES OG and the micelle number. In brief, lipids stored in

chloroform were aliquoted, dried under nitrogen, and stored

Materials. Silica gel 60 TLC plates (aluminum sheets) under vacuum at 4C for at leas 1 h to remove residual
were purchased from EM Science (Germany). Cytoscint CHCI; prior to forming micelles. Dried lipids were resus-
scintillation—counting fluid was obtained from ICN (Costa pended in an OG buffer solution by Vortexing and Sonicating
Mesa, CA). Tissue culture media components were purchasedntil the suspension was clear (approximatehsanin). The
from MediaTech, Inc. (Herndon, VA). Plastic culture dishes reaction was started by addition of 80 of OG/[32P]ATP
were purchased from Falcon Labware. Highly purified human reaction mix to 1QuL of protein (approximately 25 ug of
thrombin ¢-4000 NIH units/mL) and BSA (RIA grade, protein) on wet ice, and the tubes were gently shaken prior
fraction V) were purchased from Sigma (St. Louis, MO). to incubation for 15 min in a 30C water bath. Final assay
Octyl S-glucoside was from Calbiochem (Santa Cruz, CA). conditions were 50 mM Tris-HCI, pH 8.2, 5 mM MggHiLo
All lipids were purchased from Avanti. Novafector was mMm NaF, 1 mM dithiothreitol, and 1 mM[-32P]JATP with
purchased from Venn Nova (Pompano Beach, FL). Other g specific activity of 2.5x 10° cpom/nmol. DTT and #P]-
chemicals were of reagent grade. ATP were added to the micelles just prior to the reaction.

Cells and Cell CulturellC9 cells, a subclone of Chinese Reactions were terminated by the addition of chloroform/
hamster embryo fibroblasts (CHEF19, ATCC), were grown, methanol/1% perchloric acid (1:2:0.75) (v/v), and phases
maintained, and serum starved as previously describ®d ( were separated by addition of 1 mL each of Ckl&hd 1%
with the exception that 7.5% FBS was used on growing cells. perchloric acid. The organic phase was washed with 2 mL
Cultures were serum-deprived by washing with low-glucose of 1% perchloric acid, then dried under nitrogen gas, and
Dulbecco’s modified Eagle’s medium (D-MEM) and incu- spotted onto a silica gel 60 TLC plate. Phosphatidic acid
bating in fresh D-MEM containing 100 units/mL penicillin, (PA) was separated from other lipids using a solvent system
100 mg/mL streptomycin, and 2 mMglutamine for 46- containing chloroform:acetone:methanol:acetic acid:water
48 h. The cultures were then incubated in fresh low-glucose (10:4:3:2:1) (v/v). The amount of/}*?P]PA was measured
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by liquid scintillation spectrophotometry in a Wallac 1410
liquid scintillation counter. DGIR activity was quantified
as nanomoles of PA per microgram of total .cytosollc protein. — gg;{; T
All assays were linear with respect to time and protein

concentration (data not shown). When used, propranolol was
added at a final concentration of 1.5 mM to the reaction mix.

DGK Vesicle Assayd.ipids stored in chloroform were
aliquoted, dried under nitrogen, and stored under vacuum at
4 °C for at leas 2 h to remove residual CHGlprior to
forming vesicles. Dried lipids were resuspended in 55 mM ﬂ
Tris-HCI, pH 8.2, containing 5.5 mM Mggland 10 mM 0 —
NaF. Lipids were rehydrated for 30 min at 46 and then +PS -PS
freeze-thawed five times on dry ice prior to 11 passes 4
through a 0.Jum polycarbonate membrane using an Avanti
miniextruder. The base lipid composition of vesicles con-
sisted of PE and PC in a ratio of 2:1 (mol %). The PE:PC
ratio was maintained in all vesicle compositions utilized in
this study.

DGK Binding AssaysThe binding assay was conducted
as described by Thomas et dl4f with some modifications.
Vesicles were prepared as described above in buffer contain- o] ¢
ing 176 mM sucrose and recovered by centrifugation at 20 : —
°C for 20 min at 80000« g. The supernatant was removed, 0 10 20 30 40 5 60 70
and pellets were resuspended in DGK assay buffer supple- Micellar OG (mM)
mented with 1 mM ATP and 1 mM DTT. Protein was added Ficure1: (A) hDGK® is the primary DGK activity in transfected
to the vesicle solution (final volume 1Qf.) and incubated  fibroblasts. Cells transfected with GFP (naive) or hDiGiere
at room temperature for 10 min; then vesicles were recoveredbrought to quiescence and fractionated. Equ_al amounts of membrane-
by centrifugation for 20 min at 8000& g, 20 °C. The free cytosol were assayed for DGK activity in OG/DOG mixed

L micelles in the presence or absence of PS as described. Black bars
supernatant was removed and saved for an activity assay— pajve: gray bars= hDGKO. Inset: Western blot of DGK in

The pellet was washed briefly with assay buffer, resuspendedcytosol (cyto) and nonnuclear membranes (NNM) in naive cells
in 100uL of 1% Tx114, and incubated on ice for 5 min to  (endogenous) and cells overexpressing BGKB) OG does not
solubilize the vesicles. Samples were incubated &C3fbr inhibit hDGK® activity. Prepared cytosol was assayed for DGK

; ‘o . activity at increasing concentrations of OG micelles containing 6
3 min to precipitate the detergent and spun at 14 000 rpm in mol % DOG and 8.1 mol % PS. OG concentration is represented

a microcentrifuge for 5 min to pellet the lipid/detergent a5 mm micellar OG, not as total detergent concentration. Results
complexes. An aliquot of the supernatant was assayed forare representative of two experiments completed in duplicate.
DGK activity using 10 mM Tx100 mixed micelles containing
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6 mol % DOG and 9 mol % PS. naive cells expressing GFP alone. Importantly, DGK activity
in cytosol isolated from cells overexpressing D&kvas
RESULTS consistently 10-fold greater than in GFP-transfected controls

(Figure 1A), indicating that the other two DGK isoforms

DGKs are activated in a number of systems by a variety present in these cells (DGKand DGK) (9) did not
of agonists. One important question that has emerged fromcontribute significantly to the measured DGK activity. To
these studies is whether the observed “activation” of DGK verify that DGK9 activity was not affected by the detergent
is associated with alteration of a kinetic parameter or whether (OG) micelles, we examined DGK acti\/ity over the range
the apparent activation is due solely to a change in the localof OG micellar concentrations used in these studies. The
concentration of enzyme that results from cellular redistribu- surface concentrations of substrate (DOG) and PS were held
tion. Addressmg th_|s question requires an investigation Qf constant (6 and 8 mol %, respectively), and the OG micellar
the apparent kinetic parameters and the effect of agonistconcentration was varied. We found that DGK activity
stimulation on these parameters. Similar to other studies thatsaturated between 5 and 10 mM OG micelles under these
showed an increase in D@kactivity in cellular membranes  conditions and that increasing the levels of OG did not result
following agonist stimulationZ0), work from our laboratory in a loss of DGK activity over the range of concentrations
demonstrates that stimulation of fibroblasts withthrombin tested (Figure 1B). This result indicates that OG does not
leads to an increase in DGKactivity in nuclei and  adversely impact the enzyme under these conditions. In
membranes (red and data not shown). Therefore, we chose addition, we compared expression levels of DGy IP
to examine DGH in this system and to determine the effect and found that stimulated cytosol contained slightly less
of a-thrombin and known phospholipid activators on the DGK@ than quiescent cytosol, which corresponded with a
kinetic behavior of this enzyme. For this initial study, we minor increase in DGK on membranes following thrombin
examined the cytosolic form of the enzyme to avoid stimulation (data not shown).
complications in the analysis due to the presence of DGK@ Actiity Is Dependent on both the Surface and Bulk
membrane phospholipids. Concentrations of Substrate (DO@n identifying charac-

DGK®6 was overexpressed in 1IC9 fibroblasts, and the total teristic of interfacial enzymes is their sensitivity to changes
DGK activity levels were measured and compared to control, in the surface concentration of substrate. Therefore, we
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o ! phospholipids (open circless PA; closed circles= PS; closed
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0 . . . . . . . 15 mM small unilamellar vesicles (SUVs) containing 3 mol % DOG
00 02 04 06 08 10 12 14 16 over the indicated range of PS or PA (open circte®A; closed
circles= PS), and (C) in 2.5 mM SUVs containing 4 mol % DOG
DOG (mM) and 6 mol % PA, 9 mol % PS, or 2 mol % RIMatched bars

PA; gray bars= PS; black bar= PI(4,5)R; white bar= control.
Results are representative of two experiments completed in
triplicate. Error bars represent standard error. Inset: B@étivity
was assayed over an increasing range of PS surface concentrations
to saturate activity for determination of th&c.

Ficure 2: DGK®@ is dependent on both the surface and bulk
concentration of DOG. Cytosol from cells expressing DiBKas
assayed over a range of DOG concentrations<@.8 mM) at
constant mol % (1.25, 3.4, 4.5, and 6.8) in OG mixed micelles
containing 8.1 mol % PS and plotted with respect to dependence
on (A) surface concentration of DOG and (B) bulk concentration B o
of DOG. Results are representative of two experiments completed isoforms @1—24). In addition, other phospholipids have been
in triplicate. Error bars indicate standard deviation. shown to affect DGK activity. For example, we recently
reported that PA is a potent activator of DGKA, a homologue
é)f DGK®@ found in Dictyostelium discoideur(iL8). Thirug-
nanam et al. reported that PA and phosphatidylinositol (PI)
activate DGK and proposed that anionic lipids activate this
isoform in a charge-dependent manngb)( In addition,
DGK®@ contains a pleckstrin homology (PH) domain and has
been colocalized to regions rich in BIR6). These reports
prompted us to evaluate the effects of PS, PA, PI, and PIP

assayed DGH activity in membrane-free cytosol over a
range of substrate surface concentrations (1.25, 3.4, 4.5, 6.
mol %) at fixed bulk substrate concentrations (0125 mM)
in the presence of 8 mol % PS. Under these conditions,
DGK® activity increased with increasing substrate surface
concentration, confirming that DGK is an interfacial
enzyme (Figure 2A). The fact that D@Ks dependent on

h th rf Figure 2A) an Ik (Figures 1B and 2B N . .
Eg;cén(ter:tlijona}scgf(su%l;tr?ate i?n?)ligsbtl;at(Dé; r?c?t a hiZh(ij : on the I§|net|c_s of DGK. To investigate _the possibility that
processive enzyme, i.e., that it is a “hopper”. We observed DGK®O is activated by phospholipids in general, we also

the same hopping behavior from membrane-bound BGK tested tV\.IO neutral Iipi'ds, phosphatidylchol!ne .(P.C) 'and
(Supporting Information, Figure S2), indicating that this phosphandylethanolamlne (PE). Due to solubility limitations

characteristic does not change following membrane associa-" OG micelles, the effect of PHon activity was determined

tion. We should note that when the bulk substrate concentra-" phospholipid vesicles only.

tion was maintained at 0.2 mM, there was no detectable DGK® activity was unaffected by PI, PC, and PE in OG

dependence on surface concentration (Figure ZA)’ Suggestin icelles. PA activated DGK at surface concentrations as

that bulk substrate concentrations greater than 0.2 mM arelow as 1 mol % while PS was a poor activator below 3 mol

likely to be important for micelle binding under these % (Figure 3A). In OG mixed micelles, th€,. for PA was

conditions. 2.5 (£2.5) mol % while theK,g for PS was 10£3.0) mol
PA Is a More Efficient Actiator of DGKO Than PSPS %. In unilamellar vesicles (Figure 3B), PA also activated

is a well-known phospholipid activator of many DGKs in DGK6& more efficiently, with aKa of 3.5 £ 0.1 mol %,

in zitro assays. The mechanism involved in this activation While PS exhibited & of 6.6 & 1.0 mol %. PIR had no

is not entirely clear. While PS-induced activation of various apparent effect on activity (Figure 3C).

DGK isoforms occurs in a concentration-dependent manner, PA and PS Differentially Influence D@KActivity. Next,

the amount of PS required and the dependence on othewe examined the influence of the activating lipids on the

cofactors (such as €ain the case of DGI) vary between vesicle binding anKyP of DGK6. In order to compare
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Membrane-free cytosol from thrombin-stimulated cells expressing
DGK®6 was assayed in the presence of PA or PS to determine the
PS (mol%) effect on (A) the Ky and (C) the Kusun?® The surface

Ficure 4: PA and PS exert differential effects on binding of DEK concentration of DOG was fixed at 3 mol %, and bulk DOG was

- ’ e varied from 0.08 to 1.35 mM in (A) while the bulk concentration
\tlsavsesggfasygge;g?r%ngérggtﬁ}i’tt;sg:]gog}rfgirr? gtﬂgisgmgta\t/id ;:glls of DOG was held constant at 0.8 mM and the surface concentration

described in Experimental Procedures at the indicated ranges of.Of DOG was varied from 0.5 t0 9.0 mol % in (C). The fold increase

: : by - 'in Vimax values relative to no phospholipid controls was determined
(A) PA and (B) PS concentrations. Fold change in specific activity max .
is depicted as a line graph, and % bound activity is presented as afor each experiment (B, D). Results are the mean of two or three

bar graph (hatched bars PA; gray bars= PS). Data are experiments completed in triplicate. All values are presented as

: ; A ..\ tabulated results beneath the graphs. Error bars represent standard
representative of two experiments conducted in triplicate (activity) X e
and quadruplicate (binding). error. Hatched barss PA; gray bars= PS; white bars= control

without PA or PS.
the effects of the two lipids, we chose surface concentrations

for PA (1 and 6 mol %) and PS (3 and 9 mol %) that S
- N . was 0.4 £0.1) mM DOG. The effect on th€qyacwas similar
produced similar levels of DG activity (see Figure 3A). for the té\levo Shospholipids with low levels of PA or PS

Binding assays were conducted using sucrose-loaded vesicles . . . .
as described in Experimental Procedures to determine theproducmg an approxmately 2-fold Increase in Wiex over
effect of PA and PS on binding. The data indicate that both contro[s, while hlgher levels resulted in an approximately
phospholipids increased activity prior to detectable increases?"]cOId increase (Figure 5A,B).
in binding. PA differed from PS in that the amount of bound ~ We investigated the effect of these phospholipids on the
enzyme increased in a linear fashion in response to increase&mun®® by varying the surface concentration of DOG at a
in PA (Figure 4A), while no detectable increase in enzyme constant bulk concentration of DOG (0.8 mM). The addition
binding to PS-containing vesicles was observed until the PSof PA decreased thiéwsun®° over the control at the lowest
concentration reached 18 mol % (Figure 4B). Interestingly, concentration tested (1 mol % PA), and increasing the
enzyme binding did not saturate over the range of PA and concentration of PA did not further affect th&sun" for
PS tested, while activity saturated at 6 mol % PA and 9 mol DOG, which remained constant at 0:8 0.09 mol %.
% PS. However, we observed a dose-dependent decrease in the
We next evaluated the effect of low and high levels of Kwmsur? in the presence of PS. A low level of PS (3 mol
PA and PS on th&y?, Kysur?, andVmax parameters. To %) dropped theKysur® for DOG approximately 2-fold,
determine theKy2"?, we held the surface concentration of Wwhile 9 mol % PS produced a 6-fold drop in they P
substrate (DOG) constant at 3 mol % and varied the bulk (0.6 &= 0.09 mol %) relative to controls (Figure 5C).
substrate concentration from 0.075 to 1.35 mM. Kagep Consistent with the binding data, we observed a 2-fold
for DOG appeared to be unchanged over the no phospholipidincrease inVmnax When PA was increased from 1 to 6 mol %
control in the presence of low levels of PA (1 mol %) and but observed no change in thg.xwhen PS was increased
PS (3 mol %). However, when the concentrations of PA and from 3 to 9 mol % (Figure 5D). These data support the notion
PS were increased, thi€y®P dropped by approximately that the two lipids activate DGK by different mechanisms,
3-fold in both cases. At the maximum concentrations of with PA acting as a recruiting molecule while PS primarily
phospholipid tested, thEyu2"° in the presence of PA was influences the surface kinetics of DGK

0.3 #*0.1) mM DOG, and in the presence of PS #g?"?
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Micellar OG (M) DGK@ at low bulk DOG concentrations but converged
A 25 10 15 25 35 toward a common value at higher bulk DOG concentrations
(Figure 6B,C).
;-" 20 | —— Quiesce‘nl
g O Theomen DISCUSSION
15
;t,_g In the present study we have examined the kinetic behavior
g 107 of DGK6 in membrane-free cytosol to evaluate the effects
x of potential physiological activators including stimulation by
5 §\§\ o-thrombin and specific cellular phospholipids. Our studies
0 . ‘ ‘ . show thato-thrombin, phosphatidylserine, and phosphatidic
S %% one s acid alter the kinetic behavior of D@Kin this system.

Differential Activation of DGKO by PA and PSAnionic
phospholipids have been shown to activate or inhibit DGKs

DOG range (mM)

DOG range: 0.02-0.20 mM DOG range: 0.01-1.8 mM

B C : in an isoform-specific manner. Our examination of the effects
T o8 f o mwonen . P IR == of PS and PA on the kinetics of D@Kshowed that they
2] oo, E30 P— activate DG in a similar, but not identical, fashion. For
i K cpooear g . example, PA activated DGKat 6-fold lower surface and
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changes in th&y, and Vmax values were at physiological

levels for both lipids. In 1IC9 fibroblasts, for example, PS

Ficure 6: Thrombin stimulation alters thEcomp/ in a bulk comprises 16%, and PA comprises 3%, of total lifd)(
substrate-dependent manner. TKgcompf*P of cytosolic DGKO

from quiescent or thrombin-stimulated cells was determined over While it is almost certain that only a portion of the cellular
a set range of DOG surface concentrations (0.5, 1.0, 3.0, 6.0, andpA poolis avallaplg to DGK, local PA levels resulting fzom
9.0 mol % DOG) at increasing bulk DOG concentrations. Assays DGK or PLD activity could reasonably exceed 1 mol %.

were done in the presence of 8.1 mol % PS. Data shown are  Surprisingly, our studies revealed that PS stimulated
averages of two (quiescent) or three (thrombin) experiments

completed in triplicate using cytosol from different cell harvests.
Each data point represents #gompP? from a single experiment
completed in triplicate. Standard error was typically less than 5%
in each experiment. ThéwcompP? Was also determined in SUVs
at (B) low DOG and (C) high DOG concentrations. The data are
representative of two experiments completed in triplicate. Open
circles= quiescent DGK; closed circles= thrombin-stimulated
DGKa®.

activity without a detectable increase in bound enzyme
(Figure 4B). A similar observation on the apparent incon-
gruency between binding and activity was made by Epand
and co-workers, who noted that increases in RG&nd
DGKZ¢ activity appeared to exceed measured increases in
binding (L1), suggesting that the intrinsic activity of the
enzyme was altered. We did detect an increase in vesicle-

bound enzyme in the presence of PA, with 6 mol % PA

Thrombin Alters the Binding Parameters of D@KAN producing a 2—fold.increase in bound enzyme; howevgr, the
important question that emerged in this study was whether Measured 2-fold increase in enzyme correlated with an
thrombin stimulation of quiescent fibroblasts altered the @Pproximately 8-fold increase in activity, consistent with a
kinetic behavior of DGH. In order to answer this question, ~change in intrinsic activity.
it was important to mimic physiological conditions in which ~ Similar binding effects for PS and PA were observed in
the total amount of interface remains relatively constant while an elegant study conducted by Thomas and Glomsett using
the local bulk and surface concentrations of lipids change & partially purified DGK isolated from the cytosol of NIH
simultaneously. To accomplish this, we evaluated the effect 3T3 cells. This study reported that ti& for PA vesicles
of thrombin on DGK under conditions of constant interface  was lower than thé, for vesicles which contained twice
while bulk and surface concentrations of the substrate varied.the amount of PS and that PS binding was poor below 25
For clarity, we refer to thé&y determined by this approach mol % (14). The effect of PA on binding is especially
as a “composit&y®® (Kuveomp? since it is influenced by interesting as it tempts the suggestion that BG&positively
both the surface and bulk substrate concentrations. In thisregulated by its product or that PLD activity may regulate
study theKyeompfPPWas quantified over a constant range of DGK8 activity.
substrate surface concentrations {695mol %). To evaluate Low levels of PA or PS altered thEysum?*P without
the effects of bulk substrate on the kinetics, we quantified noticeably affecting binding to vesicles (see Figures 4 and
the KucompfPP at increasing ranges of bulk DOG concentra- 5), suggesting that at least part of the activating effect of
tion. Interestingly, the data showed that tgcompf*P Of these phospholipids is through a change in the substrate
o-thrombin-stimulated DGHK was substantially higher than  affinity of the enzyme. However, their effects on interfacial
that of quiescent DGK when assayed at low bulk substrate binding are not the same. PA increased binding of BGK
concentrations. Further, th&wecompf®® values for both  to vesicles by 2-fold when the concentration of PA was
samples converged as the bulk concentration of substratancreased from 1 to 6 mol %, consistent with the measured
increased (Figure 6A). Similar results were observed in 2-fold increase inVmax Like PA, PS lowered th&y values,
assays conducted in the absence of PS (data not shown). Wget no commensurate increase in binding was observed. This
repeated this experiment using a saturating concentration ofis similar to the effects of PA and PS on a related lipid kinase,
lipid vesicles and again found that thi€ycompP for sphingosine kinase 1, as measured by surface plasmon
thrombin-stimulated DGK was greater than that of quiescent resonance28). In these studies, PA increased the rate of
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vesicle association approximately 2-fold, while PS had no translational modification of the enzyme such as phospho-
significant effect on this rate constant. rylation. Indeed, DGR was recently reported to undergo
We find it curious that high levels of either lipid promoted phosphorylation by PKEIn COS7 cells that had been treated
binding without further increasing enzyme activity (we with extracellular ATP, bradykinin, or thrombinl@).
should note here that substrate was always in great excess.-Thrombin has been shown to activate RK® 1IC9
in all of the experiments conducted, so activity could not cytosol 81), though we have not yet investigated a RKC
have saturated due to substrate depletion). This suggests thatependent phosphorylation of D@Kfollowing thrombin
the increase in binding was nonproductive since the ad- stimulation.
ditional enzyme could not process substrate. The reason for Alternatively, a protein partner may be responsible for the
this is unclear and requires further study. increase in th&ycompfPP. FOr example, it has been shown
It is interesting to note the PjPdid not activate the  that GTP-bound RhoA binds to and inhibits DGK32).
enzyme, even though DGKcontains a putative PH domain. However, we feel that Rho&TP is unlikely to cause this
However, it is also possible that this PH domain binds;PIP change in theKy since it has been shown to bind to the
or promotes binding to a protein partner rather than a lipid catalytic site and abrogate D®Kactivity, which would
(29). An alternative explanation is that RBlRnd/or PIR manifest as a change in th&ax
promote binding of DGH to the interface only in combina- We should also call attention to the possibility that the
tion with another activating lipid, such as PS or PA, or that observed thrombin effect could result from degradation of
they promote binding in such a way as to inactivate the PA by a thrombin-stimulated PA phosphohydrolase present
enzyme, possibly by orienting the active site away from the in the cytosol. While most lipid-metabolizing enzymes are
interface. Further study will be necessary to determine the associated with the membrane, and therefore are unlikely to
role, if any, of the phosphatidylinositols in activation or interfere with the measured DGK reaction, a soluble form
binding of this enzyme. of phosphatidic acid phosphohydrolase (PAP) has been
Thrombin Stimulation Influences D@Knterfacial Bind- identified in mammalian cells3@). However, we found that
ing. One significant finding resulting from this study is that addition of 1.5 mM propranolol did not selectively alter the
thrombin alters the enzyme’s sensitivity to DOG at concen- kinetics of the thrombin-induced form of the enzyme but
trations below thé,?"", suggesting that thrombin stimulation  rather increased thEmcompf*? of both the quiescent and
attenuates enzyme activity. While the data we have presentedstimulated forms of DGR by approximately 1620%,
arise from study of soluble DGKin membrane-denuded indicating that the observed thrombin effect is not due to a
cytosol, it is important to remember that membrane-associ- propranolol-sensitive activity (data not shown).
ated DGH, like the cytosolic form, is a hopping enzyme A Working Model for the in \Jio Function and Regulation
(Supporting Information, Figure S2). Therefore, it is not of DGK@. The effect of thrombin and phospholipid activators
unreasonable to conclude that there is a dynamic exchangen DGK6 suggests that this enzyme performs a dual function
of enzyme between the cytosolic and membrane-bound poolsin 1IC9 fibroblasts. We have constructed a preliminary model
of the enzyme and that the observed changes in the kineticproposing that DGK functions as a housekeeping enzyme
behaviors of the cytosolic enzyme represent the membraneto maintain basal levels of DAG until the cell is activated
bound enzyme to some degree. This observed increase ir(e.g., by a-thrombin), while in stimulated cells DGK
the Ky seemed counterintuitive since we have previously terminates DAG-dependent signaling cascades once the local
observed that thrombin stimulation causes DIGK trans- DAG levels exceed a threshold level. One interpretation of
locate both to the nucleus and to membranesqiaid data  the increase in theéKyeomp) IS that DGKO enzyme is
not shown) and that in vitro activity measurements of these “desensitized” following stimulation. This attenuation would
stimulated fractions are correspondingly greater than un- prevent DGK from disturbing local increases in DAG
stimulated controls. However, this apparent antagonism of necessary to activate downstream signaling effectors and may
DGKG® is more easily understood in the context of the overall increase DGK activity at regions containing high levels of
thrombin-induced signaling network. It is clear from our DAG to terminate these signals. In addition, the observed
study and others that most DGK isoforms are constitutively stimulation of DGKJ activity by PS supports the notion that
active [DGK) has been found to exist as an inactive multimer DGK@ acts as an “off switch” for PK@, since regions rich
in the cytosol 80)], suggesting that they function as in PS would activate DGK. Our data also suggest that PS
housekeeping enzymes to help to regulate the basal level oftan act as a recruiting mechanism when it is present at
DAG. In this view, it is likely that an immediate increase in relatively high concentrations (over 9 mol %), further
DGK activity following stimulation by an agonist would  strengthening the potential relationship between B@iKd
result in a rapid, possibly premature, abrogation of the newly PKCa.
initiated DAG signal. However, an increase in tkg for One obvious mechanism of DAG attenuation is through a
DAG, like that observed in our study, would serve to thrombin-induced change in the structure of the C1 domains.
attenuate enzyme activity until DAG levels exceeded the new All DGKs contain regions that exhibit some homology to
substrate affinity threshold or until a subsequent change C1 domains of PKC and were initially predicted to bind
restored the originaKy value. While the molecular mech- DAG. However, only the DG and DGK5 C1 domains
anism for this regulation cannot be inferred from this study, are homologous with the PKC C1 core sequence, and to date
the role of DAG may be to act as an allosteric activator, only these isoforms have been clearly shown to bind phorbol
perhaps by engaging the C1 domains. ester with high affinity 84). Until recently, the function of
The observed effect of thrombin on th&ucomp®® Of the C1 domains for the other DGKs has been unclear.
DGKG# is consistent with a conformational change of the However, binding and in vivo studies on two soluble DGKs
enzyme after stimulation, perhaps through a simple post- have clearly shown that these enzymes bind DAG both in
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vitro and in vivo. Glomsett and co-workers showed that a
soluble DGK from Swiss 3T3 cells binds 100-fold more
strongly to vesicles in the presence of DAGI) In addition,
recent work by van Baal et al. has shown that Dgén be
induced to translocate to the plasma membrane following
the addition of diC8 DAG, a medium-chain DAG, and that
this response is eliminated by mutation of the C1 domains
(10). Our data are consistent with the findings of others that
show C1 domains have moderate affinity for DAG and
suggest that these domains are important for DGK regulation.

In this study we have shown that D@Ks dependent on
both the surface and bulk concentration of substrate and
belongs to the class of interfacial enzymes known as
“hoppers”. Significantly, binding and activity studies showed
that PS activates DGKby increasing substrate affinity in
the absence of increased binding, while PA increases
substrate affinity and recruits enzyme to the interface. The
finding that even relatively low levels of PS decrease the
Kwmsurm?P? of DGK6 for DOG suggests that this enzyme is a
more efficient regulator of DAG levels in PS-rich membranes
than in PS-poor ones and supports the prevailing notion that
DGK®@ is a negative regulator of PS-dependent DAG
effectors such as PK& Further, our data show that this
increase in activity occurs without a detectable increase in
interfacial binding, suggesting that translocation of DIGK
to membranes does not directly reflect in vivo changes in
activity.

In addition, we have shown that D®@Kactivity is
attenuated by thrombin stimulation, providing insight into
the regulation of the enzyme in vivo. Further, this change is
only observed under assay conditions of very low bulk
concentrations of substrate, suggesting that the current
method of assaying for DGK activation in the presence of
saturating bulk substrate primarily provides information on
the total mass amount of enzyme.
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