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Phorbol ester treatment of intact rabbit platelets greatly enhances
both the basal and guanosine 5'-[y-thiojtriphosphate-stimulated
phospholipase D activities of isolated platelet membranes
Physiological activation of phospholipase D may be secondary to activation of phospholipase C

John VAN DER MEULEN* and Richard J. HASLAMtt
Departments of *Pediatrics and tPathology, McMaster University, Hamilton, Ontario, Canada L8N 3Z5

Rabbit platelets were labelled with [3H]glycerol and incubated with or without phorbol 12-myristate 13-acetate (PMA).
Membranes were then isolated and assayed for phospholipase D (PLD) activity by monitoring [3H]phosphatidylethanol
formation in the presence of 300 mM-ethanol. At a [Ca2+free] of 1 ,UM, PLD activity was detected in control membranes,
but was 5.4+0.8-fold (mean+s.E.M.) greater in membranes from PMA-treated platelets. Under the same conditions,
10 /tM-guanosine 5'-[y-thio]triphosphate (GTP[S]) stimulated PLD by 18 + 3-fold in control membranes, whereas PMA
treatment and GTP[S] interacted synergistically to increase PLD activity by 62+ 12-fold. GTP[S]-stimulated PLD activity
was observed in the absence of Ca2+, but was increased by 1 #uM-Ca2+ (3.5 + 0.2-fold and 1.8 + 0. 1-fold in membranes from
control and PMA-treated platelets respectively). GTP exerted effects almost as great as those of GTP[S], but 20-30-fold
higher concentrations were required. Guanosine 5'-[ft-thio]diphosphate inhibited the effects of GTP[S] or GTP, suggesting
a role for a GTP-binding protein in activation of PLD. Thrombin (2 units/ml) stimulated the PLD activity of platelet
membranes only very weakly and in a GTP-independent manner. The actions of PMA and analogues on PLD activity
correlated with their ability to stimulate protein kinase C in intact platelets. Staurosporine, a potent protein kinase
inhibitor, had both inhibitory and, at higher concentrations, stimulatory effects on the activation of PLD by PMA. The
results suggest that PMA not only stimulates PLD via activation of protein kinase C but can also activate the enzyme by
a phosphorylation-independent mechanism in the presence of staurosporine. However, under physiological conditions,
full activation of platelet PLD may require the interplay of protein kinase C, increased Ca2' and a GTP-binding protein,
and may occur as a secondary effect of the activation of phospholipase C.

INTRODUCTION

In contrast with the established roles for phospholipases C and
A2 in signal transduction, the function of PLD has been less
clear. This was initially due to difficulties in detecting the activity
of this membrane-associated enzyme in animal tissues [1]. How-
ever, improved methods including exploitation of the ability of
PLD to catalyse the formation ofPEt, an abnormal phospholipid
generated by transphosphatidylation in the presence of a

phospholipid substrate and ethanol [2-5], have demonstrated the
presence of the enzyme in many cell types and have permitted
studies on its regulation. As a result, it is now clear that PLD
plays some role in signal transduction [6]. This view is based on

the following observations. First, agonist-dependent activation
of PLD occurs in intact cells [3,4,7-10], including thrombin-
stimulated platelets [11]. Second, PLD activity can be stimulated
by GTP[S] in isolated membrane systems and sonicated cells,
implicating GTP-binding proteins in the activation of this enzyme
[3,5,8,9]. Third, phorbol esters cause stimulation of PLD in
intact cells, suggesting a role for protein kinase C in the control
of PLD activity [5,10,12,13]. However, the relationship between
the effects of guanine nucleotides and protein kinase C has not
been clearly defined. In the present study, by using isolated
rabbit platelet membranes containing labelled phospholipids and
the formation of [3H]PEt to monitor PLD activation, we have
found that phorbol ester treatment of intact platelets greatly

potentiates the ability ofGTP[S] to activate PLD. Since thrombin
had little effect on the PLD activity of isolated platelet mem-

branes, the results suggest that agonists may activate PLD
indirectly through stimulation of protein kinase C and that the
action of the latter on PLD is facilitated by a GTP-binding
protein.

EXPERIMENTAL

Materials
[1,2,3-3H]Glycerol (200 mCi/mmol) and [32p]p; were from Du

Pont Canada (Mississauga, Ont., Canada). PMA, PDD, a-PDD,
diC8, GTP and protein standard solution were from Sigma (St.
Louis, MO, U.S.A.), and GTP[S], GDP[S] and staurosporine
were from Boehringer Mannheim Canada (Laval, Que., Canada).
a-PMA was supplied by LC Services Corp. (Woburn, MA,
U.S.A.), and silica-gel t.l.c. plates (Si250) were from J. T. Baker
Chemical Co. (Phillipsburg, NJ, U.S.A.). PA standard was

supplied by Serdary Research Laboratories (London, Ont.,
Canada), and PEt standard was prepared from egg lecithin as

described in [2]. ACS scintillant was from Amersham Canada
(Oakville, Ont., Canada). Apyrase was prepared as described in
[14]. Human a-thrombin (2700 units/mg) was kindly provided
by Dr. J. W. Fenton II of New York State Department of Health
(Albany, NY, U.S.A.).

Abbreviations used: PLD, phospholipase D; PEt, phosphatidylethanol; GTP[S], guanosine 5'-[y-thio]triphosphate; GDP[S], guanosine 5'-[jJ-
thioldiphosphate; PMA, phorbol 12-myristate 13-acetate; a-PMA, 4a-phorbol 12-myristate 13-acetate; PDD, phorbol 12,13-didecanoate; 4z-PDD,
4a-phorbol 12,13-didecanoate; diC8, sn-1,2-dioctanoylglycerol; PA, phosphatidic acid; pCa, - log[Ca2"frme].
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Isolation and labelling of platelets
Blood was collected from male New Zealand White rabbits

into 0.15 vol. of ACD anticoagulant [15] and centrifuged at
160gav for 15 min at room temperature. The platelet-rich
plasma was removed and centrifuged at 2240gav for 15 min,
after which the platelet pellet was resuspended in plasma at
5 x 109 platelets/ml. [3H]Glycerol was added to give a final
concentration of 50,Ci/ml, and the platelet suspension was
incubated for 2 h at 37 'C. The platelets were then isolated as
above and washed at room temperature, essentially as described
by Ardlie et al. [16], by resuspension in Ca2+-free Tyrode's
solution containing BSA (3.5 mg/ml), apyrase (30 ,ug/ml),
0.26 mM-EGTA and 10 mM-Pipes (adjusted to pH 6.5 with
NaOH). After further centrifugation at 1550 gayv for 10 min, the
platelets were finally resuspended at 5 x 109/ml in the same
medium without BSA or EGTA.

In some experiments, the platelets were also labelled with
[32P]Pi to permit measurement of changes in protein phosphoryl-
ation. In this case, platelets were resuspended in phosphate-free
medium after centrifugation from plasma, and after further
centrifugation were resuspended at 5 x 109 platelets/ml in
phosphate-free and Ca2+-free Tyrode's solution containing BSA
(3.5 mg/ml), apyrase (30,g/ml) and 10 mM-Pipes, pH 6.5, but
no EGTA. They were then incubated for 30 min at 37 'C with
0.1 mCi of [32P]P /ml. Finally, the platelets were centrifuged
again and resuspended at 5 x 109 platelets/ml in medium con-
taining phosphate but without either BSA or EGTA.

Phorbol ester treatment
Samples of platelet suspension were warmed to 37 'C, and

PMA was added at final concentrations of0.01-1 uM. Incubations
with PMA were usually for 2 min and were terminated by the
addition of 5 mM-EDTA, followed by rapid freezing. When the
effects of staurosporine were studied, platelets were incubated
with the compound for 5 min before addition ofPMA. Dimethyl
sulphoxide was used as a vehicle for both staurosporine and
PMA, and was added at the same final concentration (0.2 %,
v/v) to all samples, including controls. In experiments with 32P_
labelled platelets, 40 #1 samples of suspension were mixed with
0.5 ml of 10% (w/v) trichloroacetic acid immediately before
addition of EDTA and were used for determination of protein
phosphorylation.

Membrane isolation
PMA-treated and control platelets were subjected to two

cycles of freezing (solid C02/methanol) and thawing (37 IC
water bath), and the resulting particulate fraction was harvested
by centrifugation at 30000 gav for 40 min at 4 'C. The pellet was
resuspended in a hyperosmotic buffer containing 1 M-KCI, 5 mm-
EDTA and 25 mM-Hepes (adjusted to pH 7.4 with KOH) at a
concentration equivalent to 25 x 109 platelets/7.5 ml of buffer,
by using a Dounce homogenizer with an A pestle. After isolation
as above, the membranes were then homogenized in a hypo-
osmotic buffer (the same but without KCI). Membranes were
again isolated and finally resuspended at a protein concentration
of 0.5-1 mg/ml in a medium (buffer A) containing 100 mM-KCl,
2.5 mM-EGTA and 25 mM-Hepes (adjusted to pH 7.4 with
KOH). Protein was determined by the Lowry [17] method, with
Sigma protein standard.

Incubations
Incubation mixtures (1 ml) contained 0.4 ml of membrane

suspension in buffer A (0.2-0.4 mg of protein, unless otherwise
stated), 0.4 ml of buffer A containing sufficient MgCl2, CaC12
and KOH to give a final [Mg2+,ree] of 0.5 mM, the required pCa

and a final pH of 7.4, and 0.2 ml of buffer A containing other
additions. The amounts of MgCl2 and CaCl2 required were
calculated as described in [18]. In samples containing 300 mm-
ethanol, 18 c1 of 95 % (v/v) ethanol was included. Incubations
were at 37°C, usually for 10 min, and were terminated by
addition of 3.75 ml of chloroform/methanol (1: 2, v/v).

Extraction and measurement of I3Hlphospholipids
Phospholipids were extracted as described by Bligh & Dyer

[19]. Solvent was removed by centrifugation under vacuum, and
the lipid was dissolved in 50 #l of chloroform for analysis by t.l.c.
Samples and standards were applied to Si250 plates under N2.
The chromatographic solvent contained ethyl acetate/2,2,4-
trimethylpentane/acetic acid (9:5:2, by vol.), as described in
[20]. After development, plates were allowed to dry for 30 min
and then stained with Coomassie Brilliant Blue R [0.03 % (w/v)
in 20 % methanol containing 100 mM-NaCI] for 10 min, followed
by destaining (20% methanol/100 mM-NaCI) for 5 min [21].
PEt and PA were made visible directly (if present in sufficient
amounts) or localized in relation to PA and PEt standards. In the
later experiments, PA and PEt were mixed with all experimental
samples before t.l.c. The plates were sprayed with a fine water
mist, and appropriate areas were scraped into vials containing
0.50 ml of methanol and 50,ul of acetic acid. ACS scintillant
(8 ml) was added for counting of 3H radioactivity (efficiency
about 20 %). Results were corrected for background radio-
activity and chemical quenching; there was no detectable colour
quenching by the amounts of stain present. Negligible amounts
of 32P were found in PEt from the membranes of platelets that
were labelled with both [3H]glycerol and [32P]P . In individual
experiments, incubations were performed in triplicate. For
[3H]PEt, blank values for the 3H found before addition of
ethanol or after incubation in the absence of ethanol were
subtracted (except in Table 1). All results were standardized with
respect to membrane protein. Values given for [3H]PA and
[3H]PEt in each experiment are means + S.E.M. or means + S.E. of
the difference, as appropriate. Error bars are shown in the
Figures only when they lie outside the symbols. The effects
described were observed in at least three separate experiments
(unless otherwise indicated); statistics on variation between
experiments are given in the text. When required, the significance
of changes was evaluated by two-sided paired or unpaired t tests,
as appropriate. Concentrations of guanine nucleotides causing
half-maximal stimulation of [3H]PEt formation were calculated
by using a computer programme (HYPMIC) giving a least-
squares fit to a hyperbola [22].

Measurements of protein phosphorylation
Trichloroacetic acid-precipitated platelet protein was dissolved

in electrophoresis sample buffer, and protein equivalent to
108 platelets was analysed by SDS/PAGE, as described pre-
viously [23]. After autoradiography, the region of the gel
containing 32P-labelled pleckstrin (the major protein kinase C
substrate in platelets; apparent Mr 47000) was cut out and
counted for 32p, which was measured as Cerenkov radiation in
0.01 % (w/v) 4-methylumbelliferone. The labelling of protein in
membranes prepared from 32P-labelled platelets was studied by
the same methods.

RESULTS AND DISCUSSION

Synergistic effects of PMA treatment and GTPISI
In preliminary experiments, staining of t.l.c. plates with

Coomassie Blue R [21] was used to demonstrate the formation of
PA and PEt in platelet membranes incubated at a pCa of 6 with
various other additions (Fig. 1). GTP[S] (10 1ZM) caused an
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Detection of the above increases in PA and PEt by staining
showed that substantial changes in the masses of these phospho-
lipids occurred. However, to study these phenomena in greater
detail, we measured changes in [3H]PA and [3H]PEt in membranes
derived from platelets labelled with [3H]glycerol, which was
possible with much smaller membrane samples (e.g. Table 1).
The amounts of [3H]PA present before incubation of control and
PMA-membranes did not differ significantly and decreased to

+ - + + + similar extents (22 +2% and 24 + 3% respectively; means +
S.E.M.., four expts.) during 10 min incubations at 37 °C without

- - - + + + + additions other than Mg2` and Ca2+ ions (pCa 6). Incubation
+ + + + with 10 /sM-GTP[S] prevented this decrease (control membranes)

or caused a net increase in [3H]PA (PMA-membranes) (Table 1).
telets with PMA and incubation of When comparison was made with the same membranes incubated
m with GTPISI and/or ethanol on their for 10 min without GTP[S], this GTP analogue increased [3H]PA
detected by staining with Coomassie by 21 +2% in control membranes and by 67 + 8 % in PMA-

membranes (means+S.E.M., four expts.). Although addition of
rol and PMA-treated platelets, as 300 mM-ethanol did not affect the decreases in [3H]PA observed
ction, were incubated for 10 min at in the absence of GTP[S], it blocked (control membranes) or
s indicated. Final concentrations of markedly diminished (PMA-membranes) the above increases in
M and 300 mm respectively. Each [3H]PA caused by GTP[S] (Table 1).
sible by staining with Coomassie [3H]PEt formation during incubation of control membranes
contain about 5 ,ug of standard PA with 300 mM-ethanol alone was very low, but could be dis-
1) respectively. Lanes c-j represent tinguished from blank values yielded by membranes extracted
incubation mixtures. before incubation or after incubation without ethanol (P < 0.05,

five expts.). However, with PMA-membranes, [3H]PEt formation
was much greater (Table 1), amounting to 5.4+0.8-fold that in

nbranes (lane e) and even more paired control membranes (mean +S.E.M., five expts.). This
ved from PMA-treated platelets result is consistent with the stimulation of PLD activity by
en ethanol (300 mM) was included phorbol esters reported in other systems [5,10,12,13,24]. Incu-
lecreases in this accumulation of bation of control platelet membranes with GTP[S] and ethanol
ppearance of PEt (lanes f and j). caused an 18.2+ 3.1-fold stimulation of [3H]PEt formation over
types have indicated that the that seen in the same membranes incubated with ethanol alone

ce of phospholipid substrates and (mean + S.E.M., five expts.). Similar effects of GTP[S] on PLD
D activity [2-5]. The formation of activity have been observed in rat hepatocyte membranes [3,8],
TP was also consistent with the HL-60 cell lysates [5], permeabilized endothelial cells [9] and
decrease in PA accumulation on synaptosomes exposed to Triton X-100 [25]. A stimulatory effect
3ults indicated that GTP[S] may ofPMA was also described in HL-60 cell lysates, and the authors
latelet membranes, as previously [5] suggested that PMA and GTP[S] increased PLD activity by

Table 1. Effects of treatment of I3Higlycerol-labelied platelets with PMA and of incubation of membranes isolated therefrom with ethanol and/or GTPIS]
on their contents of I3HIPA and I3HiPEt

Intact platelets were labelled with [3Hlglycerol and incubated with or without PMA before isolation of membranes, all as described in the
Experimental section. Samples of membrane suspension were incubated for 0 or 10 min at 37 °C in medium adjusted to pCa 6 and containing the
indicated additions. When present, the final concentrations of ethanol and GTP[S] were 300 mm and 10 SM respectively. [3H]PA and [3HJPEt were
isolated and counted for 3H radioactivity; the results were corrected for quenching and for the different protein contents of the membrane
suspensions from control and PMA-treated platelets. Values are means + S.E.M. from triplicate incubations in the same experiment.

Incubation
Platelet period 10-' x [3H]PA 10-3 x [3H]PEt
treatment (min) Additions (d.p.m./mg of protein) (d.p.m./mg of protein)

No PMA

PMA

0 None
10 None

Ethanol
GTP[S]
Ethanol + GTP[S]

0 None
10 None

Ethanol
GTP[S]
Ethanol + GTP[S]

10.20 + 0.22
7.97 + 0.40
7.99+0.31
10.03 +0.10
7.75 + 0.25

10.38±0.14
8.26 +0.22
8.02+0.11
14.90+0.09
9.56+0.41

0.40+0.06
0.52+0.04
0.72+0.05
0.69 +0.04
5.35 + 0.24
0.22 + 0.03
0.50 +0.08
2.26+0.04
0.85 +0.09
22.08+0.19
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Fig. 2. Effects of GTPISI on the time course of changes in I3HIPA and
I3HIPEt in membranes from control and PMA-treated platelets

Membranes were isolated from control platelets (a) and PMA-
treated platelets (b), that had previously been labelled with
[3H]glycerol. Samples containing ethanol (300 mM) and Ca2l (pCa 6)
were incubated for 0-20 min at 37 °C in the absence (0, El) or
presence (0, *) of 10 ,/M-GTP[S]. Membrane [3H]PEt (0, 0) and
[3H]PA (El, *) were then determined. For [3H]PEt, blanks obtained
from incubation of membranes in the absence of ethanol were
subtracted. Values are means + S.E.M. (or S.E. of the difference) from
triplicate incubations in a single experiment.
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Fig. 3. Effect of the concentration of Ca2" on 13HIPEt formation in
membranes from control and PMA-treated platelets

Membranes were isolated from control platelets (a) and PMA-
treated platelets (b), that had previously been labelled with
[3H]glycerol. Samples were incubated for 10 min at 37 °C in the
absence (0, El) or presence (0, *) of 10 ItM-GTP[S], in each case
with and without ethanol (300 mM). Sufficient CaCl2 to give the
indicated pCa values was included. Membrane [3H]PEt was then
determined. Blanks obtained in the absence of ethanol were sub-
tracted for each pCa value. Values are means + S.E. of the difference
from triplicate incubations in a single experiment.

independent mechanisms. However, when PMA-membranes
from platelets were incubated with GTP[S] and ethanol, very
large increases in [3H]PEt formation were observed (Table 1),
amounting to 62+12-fold those seen in paired control mem-
branes incubated with ethanol alone (mean+S.E.M., five expts.).
This stimulation of [3H]PEt formation exceeded the sum of the
separate effects ofPMA treatment of platelets and of GTP[S] by
a factor of 2.7 + 0.2 (mean+ S.E.M., five expts.), indicating signifi-
cant synergism between the actions ofPMA and GTP[S] on PLD
activity. In one experiment in which the effects of 75 mm- and
300 mM-ethanol were compared, [3H]PEt formation was roughly
halved at the lower ethanol concentration, though the pattern of
results was qualitatively identical with that described above.
The decreases in [3H]PA accumulation observed when 300 mm-

ethanol was added to incubations ofcontrol or PMA-membranes
with GTP[S] were much smaller than the corresponding increases
in [3H]PEt (e.g. Table 1), and accounted for only 25 + 8 % and
23 + 20% of the [3H]PEt formed in control and PMA-membranes
respectively (means + S.E.M., four expts.). Although this discrep-
ancy could reflect an ability of PLD to catalyse trans-
phosphatidylation more rapidly than hydrolysis of its phospho-
lipid substrate, it seems more likely that the product PA is
metabolized much more rapidly than PEt. The latter view is
supported by the tendency of the membrane [3H]PA content to
decline during incubation ofmembranes in the absence ofGTP[S]
and by the continuous accumulation of [3H]PEt, which ap-
proached linearity during the first 10 min of incubations (Fig. 2).
Liscovitch [12] has proposed that PMA may selectively activate
the transphosphatidylation reaction, at least in NG108-15 cells.
This view is not supported by the present study, in which the
discrepancies between the ethanol-induced decrease in [3H]PA
and increase in [3H]PEt in control and PMA-membranes were
not significantly different.

Role of Ca2l ions
The dependence of [3H]PEt formation on the concentration of

Ca2+,ree is shown in Fig. 3. [3H]PEt accumulation was significant

in the absence of added Ca2l ions (pCa > 9) or GTP[S] in PMA-
membranes (P < 0.05 in each of three individual expts.) but not
in control membranes. However, both membrane types formed
substantial amounts of [3H]PEt in the absence of Ca2+ ions when
10 ,M-GTP[S] was present. These effects were not diminished
when the EGTA concentration in the incubation mixtures was
increased from 2.5 mm to 10 mm, indicating that they were truly
Ca2+-independent (results not shown). Addition of sufficient
Ca2+ to give a pCa of 6 increased GTP[S]-stimulated [3H]PEt
formation by 3.5 + 0.2-fold in control membranes and 1.8 + 0.1-
fold in PMA-membranes (means + S.E.M., three expts.). The major
part of these increases in PLD activity occurred between pCa
values of 7 and 6 (Fig. 3), which correspond roughly to the values
in intact resting and thrombin-stimulated platelets respectively
[26]. These findings suggest that Ca2+ ions could play a role in the
physiological regulation of PLD activity, particularly under
conditions in which there is no activation of protein kinase C. In
contrast, the GTP[S]-stimulated phospholipase C activity of
rabbit platelet membranes was almost completely dependent on
Ca2+ ions and was fully activated at pCa 7 [27].

Specificity of the effects of GTPISI
The stimulation of [3H]PEt formation by GTP[S] showed a

clear dose-dependence in both control and PMA-membranes
(Fig. 4). Maximum responses were seen with 10-30 ,tM-GTP[S];
higher concentrations were less effective. Analysis of the results
obtained with GTP[S] concentrations below 30 /LM indicated that
half-maximal increases in [3H]PEt required 0.25 + 0.04#m- and
0.12 + 0.02 /,M-GTP[S] in control and PMA-membranes respect-
ively (means + S.E.M., three expts.). Therefore PMA treatment
appears to increase not only the maximum PLD activity achieved
after GTP[S] addition, but also the affinity of the system for
GTP[S]. The sensitivity of platelet membrane PLD to GTP[S]
was much greater than observed in rat hepatocyte membranes
[8], in which a half-maximal effect required 1.5 /SM compound,
but was comparable with that previously reported for the
activation of phospholipase C in rabbit platelet membranes [27].
The specificity of the actions of GTP[S] on platelet PLD was
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Fig. 4. Dose-response relationships for the stimulation of I3HIPEt
formation by GTPISI in membranes from control and PMA-treated
platelets; effects of GDPISI

Membranes were isolated from control and PMA-treated platelets
that had previously been labelled with [3H]glycerol. Samples con-
taining control membranes (O, *) and PMA-membranes (0, 0)
were incubated for 10 min at 37 °C in the presence of the indicated
concentration of GTP[S], either without (0, Cl) or with (0, *)
400 /LM-GDP[S]. All incubation mixtures contained CaCl2 giving
pCa 6 and 300 mM-ethanol. Membrane [3H]PEt was then deter-
mined; the 3H present in the PEt region after t.l.c. of extracts of
unincubated membranes was subtracted. Values represent the
means+s.E. of the difference from triplicate measurements in a
single experiment.

demonstrated by the ability ofGDP[S] to inhibit GTP[S]-induced
[3H]PEt formation (Fig. 4). Although 400 1tM-GDP[S] increased
PLD activity by about 2-fold in the absence of GTP[S] in both
control and PMA-membranes, it virtually prevented the ad-
ditional stimulatory effects of 0.1 /M-GTP[S]. Added with 10 /LM-

GTP[S], 400 /sM-GDP[S] caused less inhibition of [3H]PEt
formation, consistent with competition between GDP[S] and
GTP[S] for a GTP-binding protein. The results suggest that
GDP[S] behaved as a weak partial agonist in this system, though
it is also possible that the GDP[S] contained trace amounts of a

different stimulatory guanine nucleotide.
In addition to GTP[S], GTP itself enhanced [3H]PEt formation

(Fig. 5). This action of GTP was also partially inhibited by
GDP[S] (results not shown). Analysis of dose-response curves

indicated that half-maximal stimulation of [3H]PEt formation
required GTP concentrations of 6.0 + 0.7 ,uM and 3.6 + 0.4 /LM in
control and PMA-membranes respectively (means+ S.E.M., three
expts.). In the experiments in which GTP and GTP[S] were

directly compared (e.g. Fig. 5), the calculated maximum responses
to GTP averaged 76% and 82% of those generated by GTP[S]
in control and PMA-membranes respectively. Thus PMA treat-
ment of platelets had effects on the response of PLD to GTP
similar to those seen with GTP[S]. The results contrast with those
obtained in previous work on the activation of phospholipase C
in rabbit platelet membranes, in which, in the absence of an

agonist such as thrombin, GTP had a maximum effect much
smaller than that of GTP[S] [27]. This suggests that the GTP-
binding protein involved in the activation of PLD may, like
members of the ras superfamily or Gz, have an intrinsically low
GTPase activity, or that a cofactor such as a GTPase-activating
protein (GAP) may have been lost from the membrane fraction
used [28]. Since the concentration of GTP in the platelet cytosol
is likely to exceed that required for maximal activation of PLD
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Fig. 5. Dose-response relationships for the stimulation of 13HIPEt
formation in control membranes by GTPISJ and GTP in the absence
and presence of thrombin

Membranes were isolated from platelets that had been labelled with
[3H]glycerol but not incubated with PMA. Samples were incubated
for 10 min at 37 °C with the indicated concentrations of GTP[S] (EO,
*) or GTP (0, 0) in the absence (0, El) and presence (0, *) of
2 units of thrombin/ml. All incubation mixtures contained CaCl2 to
give pCa 6 and 300 mM-ethanol. Membrane [3H]PEt was then
determined; the 3H present in the PEt region after t.l.c. of extracts
of unincubated membranes was subtracted. Values represent the
means + S.E. of the difference from triplicate measurements in a

single experiment.

by this compound, GTP may exert an essentially permissive role
in the regulation of PLD by other factors.

Effects of thrombin
Addition of a high concentration of thrombin (2 units/ml) to

platelet membranes incubated at pCa 6 caused small and variable
increases in [3H]PEt formation that were at the threshold of
significance under individual incubation conditions. Similar
effects were seen with both control and PMA-membranes in the
presence and absence of GTP. For example, with 10 ,uM-GTP,
thrombin increased [3H]PEt formation by 16 +50% in control
membranes (mean + S.E.M., three expts.) and by 9 + 2 % in PMA-
membranes (mean + S.E.M., four expts.). Thrombin induced simi-
lar marginal increases in [3H]PEt formation in control membranes
over a wide range of concentrations of GTP or GTP[S] (Fig. 5).
Thus, in contrast with previous studies on phospholipase C [27],
our present experiments provided no convincing evidence of syn-
ergism between the effects of thrombin and of low concentra-
tions of guanine nucleotides. Although the mechanism respon-
sible for this weak effect of thrombin on membrane PLD
activity is unclear and its biological significance is doubtful, we

cannot exclude the possibility that our experimental conditions
were inappropriate for detection of a more marked effect of
thrombin. However, at present, the only evidence for a direct
receptor-mediated guanine-nucleotide-dependent activation of
PLD comes from experiments with hepatocyte membranes, in
which P2-purinergic agonists stimulated the enzyme in the
presence of a low GTP[S] concentration [8], and with a synapto-
somal preparation, in which muscarinic agonists were stimulatory
in the presence of GTP[S] [25].

Mechanisms and possible significance of the activation of
platelet PLD
The stimulation of [3H]PEt formation in membranes isolated

from platelets treated with PMA suggested that protein kinase C
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Table 2. Effects of treatment of I3H]glycerol-labelled platelets with
various phorbol esters or diC8 on the pbosphorylation of pleckstrin
and on the GTPISI-stimulated formation of j3HJPEt in isolated
membranes

Platelets that had been labelled with both [3H]glycerol and [32P]Pi
were incubated for 2 min with the indicated compounds. After
samples were taken for measurement of pleckstrin phosphorylation,
the remaining platelets were lysed and membranes prepared. Samples
were incubated for 10 min at 37 °C at pCa 6 with 300 mM-ethanol
and 10 1sM-GTP[S]. [3H]PEt was extracted and isolated by t.l.c.; the
3H corresponding to PEt in extracts of unincubated membranes was
subtracted. Values for [3H]PEt are means + S.E. of the difference
from triplicate measurements in a single experiment.

10-3 x [3H]PEt
in GTP(SJ-stimulated

Treatment of 32p in pleckstrin membranes
platelets (c.p.m./108 platelets) (d.p.m./mg of protein)

None 183 1.50+0;12
PMA (1/M) 1176 7.40+0.15
a-PMA (1 /M) 177 1.45+0.07
PDD (I tM) 1034 4.79+0.37
a-PDD (1 M) 178 1.10+0.08
DiC8 (400 /LM) 266 1.76+0.03

[3H]PEt formation in membranes, whereas both a-isomers were
without effect. These results correlated perfectly with the
phosphorylation of the protein kinase C substrate, pleckstrin, in
the same platelets (Table 2). DiC8, a potent activator of protein
kinase C in human platelets [29], only had very weak effects on
PLD activity and pleckstrin phosphorylation in rabbit platelets,
presumably because the compound was unable to penetrate the
platelets of the latter species. Studies on the concentration-
dependence of the effect of PMA treatment of platelets on
[3H]PEt formation in isolated membranes showed that, although
significant activation ofPLD was detected with 0.01 /sM-PMA, at
least 1 ,sM-PMA was required for an optimal effect (Fig. 6). This
requirement for a relatively high PMA concentration is largely
explained by the high platelet concentration (5 x 109/ml) used.
Whereas 0.1 ,uM-PMA caused complete phosphorylation of
pleckstrin with 5 x 108 platelets/ml, 1 /iM-PMA was required
with 5 x 109 platelets/ml, presumably because most of the PMA
was bound by the platelets (results not shown).

In addition, we attempted to establish the mechanism of action
of PMA by experiments with staurosporine, which inhibits
protein kinase C-mediated and other phosphorylation reactions
in platelets [30]. Surprisingly, treatment of platelets with 10 1uM-

may play a role in the activation of platelet PLD, as already
proposed for several other cell types [5,12,13]. To verify the
specificity of the action of PMA, platelets were also incubated
with PDD and the biologically inactive isomers of these com-
pounds, a-PMA and a-PDD (Table 2). Treatment of platelets
with PDD was slightly less effective than PMA in stimulating
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Fig. 6. Effects of treatment of intact I3Hlglycerol-labelled platelets with
different concentrations of PMA on (3HIPEt formation in mem-
branes isolated from the platelets

Platelets labelled with [3H]glycerol were incubated for 2 min with the
indicated concentrations ofPMA before preparation of membranes.
[3H]PEt was then measured in membranes incubated for 10 min at
37 °C in,either the absence (0) or presence (-) of 10 /LM-GTP[S].
All incubation mixtures contained CaCl2 to give pCa 6 and 300 mM-
ethanol. The 3H corresponding to PEt in extracts of unincubated
membranes was subtracted. Values for [3HJPEt are means + S.E. of
the difference from triplicate measurements in a single experiment.
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and different concentrations of staurosporine on pleckstrin
phosphorylation and on I3HIPEt formation in membranes isolated
from the platelets

Platelets that had been labelled with both [3H]glycerol and [32P]P1
were incubated for 5 min with the indicated concentrations of
staurosporine, followed by a further 2 min without or with 0.2 /M-
PMA. After samples were taken for measurement of pleckstrin
phosphorylation (a) in the absence (U) and presence (-) of PMA,
the remaining platelets were lysed and membranes prepared. [3H]PEt
formation (b) was then measured in membranes from platelets that
had been incubated without (O, 0) or with (A, A) PMA; these
membranes were incubated for- 10 min at 37 °C in the absence (0,
A) or presence (0, A) of 10 ,1M-GT-P[SJ. All incubation mixtures
contained CaCl2 to give pCa 6 and 300 mM-ethanol. The 3H corre-
sponding to PEt in extracts of unincubated membranes was sub-
traptcd. Values for L3,H1PEt are means + s.E. of the difference from
triplicate measurements in a single experiment.
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staurosporine did not block, and usually enhanced, the effects of
PMA on PLD activity. Thus, with 1 #uM-PMA, 10/,M-stauro-
sporine increased [3H]PEt formation by 54+ 20% in the absence
of GTP[S] and by 23 ±11 % in the presence of 10 ,uM-GTP[S]
(means+ S.E.M., seven expts.). Similar results were obtained with
lower PMA concentrations (0.04 and 0.2 ,uM). These results were
obtained despite complete inhibition by the staurosporine of the
phosphorylation of pleckstrin in the intact platelets and sup-
pression of all the PMA-stimulated 32P incorporation into
proteins in the membranes isolated from these platelets. These
studies indicated that, at least in the presence of 10 ,uM-stauro-
sporine, PMA can activate PLD by a mechanism that does not
depend on increased protein kinase activity. However, further
study showed that lower staurosporine concentrations could
inhibit the action of PMA on PLD activity (Fig. 7), though the
extent of inhibition varied between experiments. The largest
inhibitory effects were seen with 3 ,sM-staurosporine, which was
just sufficient to block completely the phosphorylation of pleck-
strin induced by 0.2 /sM-PMA (Fig. 7). Under these conditions,
treatment of platelets with staurosporine decreased PMA-
stimulated [3H]PEt formation by 23+ 10 % in membranes
assayed in the presence of 1O /M-GTP[S] (mean+ S.E.M., five
expts.). These results indicate that staurosporine had two distinct
actions; first, the compound inhibited the activation of PLD by
PMA, probably by blocking protein kinase C activity, and
second, in conjunction with PMA, it caused a phosphorylation-
independent activation of PLD. The latter effect obscured the
former to a variable degree. Experiments with H7, another
inhibitor of protein kinase C [31], were uninformative, since this
compound did not inhibit pleckstrin phosphorylation induced by
PMA in rabbit platelets. We conclude from the close correlation
between the effects of treatment of platelets with various phorbol
esters on pleckstrin phosphorylation and PLD activation,
together with the inhibitory action of low staurosporine concen-
trations, that much, if not all, of the action of PMA on PLD
activity is usually mediated by protein kinase C. Further study
will be required to determine whether the phosphorylation-
independent action of PMA in the presence of staurosporine
contributed significantly to the action ofPMA alone, or whether
this mechanism has a physiological parallel. Although some
studies in other cell types have indicated that protein kinase C
mediates the effects of phorbol esters on PLD activity [5,12,13],
Billah et al. [24] have also reported evidence for a phos-
phorylation-independent mechanism in HL-60 cells and have
suggested that PMA may directly activate PLD. To check the
latter possibility, we incubated control platelet membranes with
and without 1 ,uM-PMA in the presence of 1O gM-GTP[S]; no
significant changes in [3H]PEt formation were detected.
We have demonstrated that guanine nucleotides can activate

PLD in platelet membranes and that there is a marked synergism
between the effects ofPMA treatment and GTP[S]. A comparable
synergism has recently been observed in experiments with canine
cerebral-cortex synaptosomes [25]. This interaction suggests that
PMA treatment and GTP[S] act through a common component,
rather than by two independent pathways, as proposed for HL-
60 cells by Tettenborn & Mueller [5]. Possible mechanisms to
explain the observed synergism include protein kinase C-
mediated phosphorylation of PLD with a resultant increase in its
catalytic activity and, perhaps, its affinity for a regulatory GTP-
binding protein. Alternatively, the GTP-binding protein itself
may be phosphorylated, leading to an enhanced affinity for PLD
or GTP (as suggested by the decreases in the concentrations of
GTP[S] and GTP required for half-maximal stimulation of
enzyme activity after PMA treatment). A further possibility, not

GTP-binding protein to the membrane. However, in this case,
the translocated component would have to be firmly membrane-
bound, in view of the rigorous washing conditions used in
preparation of the membranes.
Rubin [11] has shown that thrombin can stimulate PEt

formation in intact platelets and has suggested that it may
activate PLD directly. However, our results suggest that PLD
activation may not be part of primary plasma-membrane-based
signal transduction in the platelet. First, thrombin caused mini-
mal increases in membrane PLD activity, even in the presence of
GTP. Second, enhanced PLD activity appeared to depend on
prior activation of protein kinase C. Third, Ca2l ions had effects
on platelet PLD consistent with a regulatory mechanism in
which full activation requires Ca21 mobilization. These findings
suggest that in intact platelets PLD activation may be secondary
to the receptor-mediated activation of phospholipase C and may
depend on the actions of the second messengers, diacylglycerol
and inositol 1 ,4,5-trisphosphate. If this is the case, a physiological
role for PLD should be sought in an effector mechanism, such as
exocytosis, that is stimulated by PMA and Ca2+ ions in intact
platelets [32-34]. In this context, it may be significant that PA,
the normal product of PLD action, can promote phospholipid
bilayer fusion in model systems [35]. A role in exocytosis for PA
generated by activation of PLD, or for a metabolite of PA, has
also been suggested in connection with studies on other cells
[7,36]. Although it is well established that most of the PA formed
in stimulated human platelets is derived from phosphoinositides
through the actions of phospholipase C and diacylglycerol kinase
[37,38], comparable studies have not been carried out with rabbit
platelets. Moreover, if appropriately localized in the platelet,
small amounts of PA generated by PLD activity might have
effects distinct from those of PA formed from phosphoinositides.
It is also conceivable that some of the effects of GTP[S] on
secretion from permeabilized cells are mediated by the GTP-
binding protein associated with PLD. Thus there is good evidence
that GTP[S] can stimulate secretion from some permeabilized
cells by a Ca2+-independent mechanism that does not involve
activation of phospholipase C [39-41]. However, in the
permeabilized human platelet, this independence of Ca2+ is only
partial [42,43], a fact that could be accounted for by an additional
requirement for both Ca2+ ions and protein kinase C for optimal
activation of PLD. It is also relevant that PMA inhibits the
activation of platelet phospholipase C by physiological agonists
or GTP[S] [44-47], but enhances guanine-nucleotide-induced 5-
hydroxytryptamine secretion from permeabilized platelets at low
Ca2` concentrations ([46]; J. R. Coorssen, M. M. L. Davidson &
R. J. Haslam,unpublished work). The latter effect has also been
observed in permeabilized HL-60 cells [48] and could constitute
a functional expression of the synergistic activation of PLD by
PMA and GTP[S] described in the present paper.
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