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Arachidonic acid mobilization in platelets: The possible role of protein kinase C and G-proteins

by M. B. Feinstein and S. P. Halenda *
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Summary. A major route for the release of arachidonic acid from platelet phospholipids appears to be catalyzed by a

phospholipase A, that can be stimulated by a rise of cytosolic Ca®*

. This paper discusses certain other mechanisms for

regulation of th1s process. Release of arachidonic acid by calcium 10n0phores is potentiated by pretreatment with stimulators
of protein kinase C; e.g. diglyceride, phorbol esters and the terpene diester mezerein. This effect appears to be coincident w1th
phosphorylation ofa certain group of proteins (not 47 KDa protein), and is sensitive to depletion of ATP, activation of Ca®*
dependent phosphatase, and the kinase C inhibitor H-7, but is unaffected by Na*/H* exchange inhibitors. Recent results
in other cell types strongly indicate that phospholipase A, is also directly under control of certain GTP-binding proteins.
Key words. Platelets; calcium; phospholipase A,; G-proteins; arachidonic acid.

Arachidonic acid release from platelet phospholipids is
known to occur through two major routes: (a) hydrolysis by
DG-lipases of stearylarachidonyl-diacylglycerol which arises
from hydrolysis of phosphatidylinositol 4,5-biphosphate,
and (b) hydrolysis of phospholipids at the fatty acyl 2-posi-
tion of mainly PC* and PE by phospholipase A, . The second
pathway appears to be the major source of arachidonic acid
since the mass of released arachidonic acid from PC and PE
greatly exceeds the amount available in the pool of phospho-
inositides 3 37. It is widely believed that changes in free Ca®*
levels of the cytosol play an important role in the activation
of cellular PLA ,. However, with few exceptions, the amount
of Ca%™* needed to activate membrane PLA,’s is usually far
above the physiological range. One possible explanation for
these findings is that some other factors modulate the Ca?*
sensitivity of the enzyme. Synergistic interactions between
protein kinase C and Ca?* are well known *® and suggest the
possibility that a similar synergism might extend to regula-
tion of arachidonic acid release from phospholipids by
PLA,. Indeed, a synergism between agents that stimulate C
kinase activity and Ca?* promoting the release of arachi-
donic acid has been demonstrated in platelets ! 27, chro-
maffin cells '* and neutrophils 2% #1, In this paper we review
the possible mechanisms that may underlie this effect, and
consider its potential physiological relevance.

The requirement for Ca®*
release

in the activation of arachidonic acid

It is generally assumed that a sufficient increase of cytosolic
free Ca* is responsible for the activation of phospholipase
A,, but direct support for this hypothesis is lacking, most
notably because PLA, activities identified have usually re-
quired Ca?* concentrations greatly in excess of the levels
actually attained in intact stimulated platelets. Recently,
Loeb and Gross?* identified and purified a sheep platelet
PLA, that was essentially fully activated at 800 nM Ca?*.
They also provided evidence for various isoforms of the en-
zyme with differing substrate specificities. Further evidence
that a rise of cytosolic Ca®* may be necessary, and sufficient,
to activate PLA , comes from experiments demonstrating the
release of arachidonic acid from phospholipids (PC, PE and
PI) by Ca®" ionophores. These conditions precluded activa-
tion of the phospholipase C pathway, so that little or no fatty
acid was derived from diacylglycerol**. Further proof that
Ca?* can be directly responsible for arachidonic acid release
in intact platelets was provided by Halenda and Rehm !3

They depleted about 90% of platelet Ca?* by incubation
with A 23187 plus EGTA. Subsequently, ionophore was re-
moved and the platelet lipids were labeled with radioactive
arachidonic acid and then made selectively permeable to
Ca*™" with ionophore plus Ca?*/EGTA buffers. Release of
arachidonic acid was produced by free Ca®>* concentrations
in the same physiological range attained in thrombin-stimu-
lated platelets; i.e. 0.2 to 3.0 uM Ca?*.

The enhancement of Ca** -dependent arachidonic acid release
by activators of protein kinase C

Despite the clear association between Ca?* and arachidonic
acid mobilization it is likely that other mechanisms exist to
regulate this pathway, as is the case with other Ca®*-depen-
dent processes. Indeed, complex positive and negative feed-
back loops exist between Ca®™ and the diacylglycerol/Ca2*/
phosphatidylserine activated protein kinase C in platelets;
e.g. Ca?* and DG initially synergistically promote aggrega-
tion and secretion, but protein kinase C may terminate re-
lease of intracellular Ca2* 23+ 43 by activating a phosphatase
that destroys IP, 7 and by inhibiting hydrolysis of PIP, 33- 43,
Several groups have identified a class of proteins (i.e.
lipocortins) that inhibit hydrolysis of phospholipids by pan-
creatic PLA,, and whose activity can be overcome by phos-
phorylations mediated by protein kinase C2* and tyrosine
kinases!7- 1% 3°_ This work has led to the hypothesis that the
lipocortins serve as natural inhibitors of PLA,, and are
themselves inactivated by tyrosine and C kinases *®. The re-
lease of lipocortin’s inhibition and the concurrent rise of
Ca?* presumably permits PLA, activity to release arachi-
donic acid.

With these findings in mind we undertook to study the role
that protein kinase C might play in arachidonic acid
metabolism in platelets. Cellular kinase C can be activated
by exogenous DG analogs and tumor-promoting phorbol
esters*®, and we initially studied its role by pretreating
washed platelets with these agents and then stimulated them
with Ca’* ionophores 3. The activators of protein kinase C
produced a dose- and time-dependent enhancement of
arachidonic acid release, even in aspirinized platelets in the
presence of creatine kinase/creatine phosphate to prevent
activation of the PLC pathway by ADP and TXA 2. At low
concentrations of ionophore the release of arachidonic acid
(and the production of TXB2) was dramatically increased
(e.g. about 10-fold), but also the maximum release of arachi-
donic acid by higher concentrations of ionophores was in-
creased by 2-fold (fig.). Further confirmation of this effect
was provided by Halenda and Rehm 2 who employed Ca?*-
depleted platelets and showed that the release of arachidonic
acid by extracellular Ca?* /EGTA buffers plus A 23187 was
also enhanced by PMA. The potentiation of ionophore-in-
duced thromboxane release in platelets by PMA was also
reported by Mobley and Tai*’, and enhancement of arachi-
donic acid release by PMA has also been observed in neu-
trophils 6~ 41,

Since the kinase C activators were by themselves unable to
directly release arachidonic acid in unstimulated platelets the
interaction with the ionophores suggested that phorbol es-
ters increased the sensitivity of the system to Ca’* and/or
made available more substrate or PLA,. Two possibilities
for these actions come to mind. The first, and most obvious,
is that kinase C itself directly mediated these effects, but a
second plausible explanation is that the enhancing agents act
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on another enzyme or regulatory system, or act non-enzy-
matically to increase phospholipid hydrolysis ! 3!, The in-
volvement of protein kinase C in this response was implied
by the following evidence (ref. 15, and unpublished results):
(a) alpha-PDD, a phorbol ester inactive as a tumor-pro-
moter or kinase C activator, did not promote arachidonic
acid release, (b) three different types of kinase C activators
were effective; i.e. OAG, phorbol esters (PMA, PDBu), and
the non-phorbol ester mezerein, and (c) the effects of PMA,
OAG and mezerein were partially inhibited by the kinase C
inhibitor H-7. Furthermore, the PMA-enhanced release of
arachidonic acid was abolished by incubation of the platelets
with inhibitors (2-deoxyglucose plus antimycin A) that de-
plete the metabolic pool of ATP. This treatment did not
inhibit release of arachidonic acid by ionophores. This result
clearly implicates some energy-dependent process requiring
ATP and/or GTP in the action of PMA, and further snggests
that PLA, itself is relatively independent of such control
when cytoplasmic Ca?* is sufficiently elevated.

Several other mechanisms for these effects of OAG, phorbol
esters and mezerein must be considered: (a) a membrane
perturbing action unrelated to kinase C that promotes hy-
drolysis of phospholipids ' **; (b) phosphorylation of some
protein that regulates PLA, act1v1ty (e.g. hpocortms) (©
modulation of intracellular pH (pH,) by the Na*/H* ex-
changer which can be stimulated by protein kinase C; (d) the
cytoskeleton may play a role in arachidonic acid release and
PMA can selectively affect some part of the cytoskeleton; (¢)
involvement of a GTP-binding protein (G-protein) either
directly or indirectly in the regulation of PLA,; (f) a secre-
tion-related event in which a released product, or insertion of
the granule membranes into the plasma membrane promotes
lipid hydrolysis, provides specific substrate or adds new en-
zyme or an enzyme activator to the plasma membrane. A
secreted product has been ruled out (unpublished experi-
ments). Tt should be borne in mind that the exact localization
of PLA,, in plasma and/or internal membranes, is not
known with certainty. Several of these possible mechanisms
are discussed below.

Involvement of the Na*|H* exchanger

The Na*/H™ exchanger that is activated by thrombin can
raise pH, by about 0.15 units** and may play a role in arachi-
donic acid release 3. Inhibition of Na®™/H* exchange by
removal of extracellular Na*t or addition of amiloride-type

exchange inhibitors causes pH; of stimulated platelets to fall .

rather than rise*#, as is normally the case, and these condi-
tions suppress arachidonic acid release by weak agonists and
low concentrations of thrombin 8. This inhibitory effect was
weak or absent when the thrombin concentration was above
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0.1 U/ml. It has been claimed that activation of the Na*/H*
exchanger i3 a necessary prerequisite for mobilization of
Ca?* 3% which could explain the effect of the exchange-in-
hibitors on arachidonic acid release. Our evidence does not
support this thesis, since we find that intracellular Ca?* mo-
bilization by low concentrations of thrombin is only partially
inhibited, and barely affected at 1.0 U/ml despite a fall of
PH, (0.1-0.15 units) caused by thrombin in the presence of
the Na*/H* exchange inhibitors**. Also, acidification of
the platelet cytosol with nigericin reduced somewhat, but did
not abolish, Ca%* mobilization by thrombin #*. Further, and
most significantly, the time course of cytosolic alkalinization
produced by thrombin, which is due to activation of the
Na*/H™* exchanger, follows rather than precedes Ca?* mo-
bilization *¢. Nevertheless, a fall in pH, caused by exchange-
blockers or absence of Na‘* could reduce PLA, activity
(which normally has an alkaline pH optimum), and the abil-
ity of PMA to stimulate the Na*/H™* exchanger 3¢ ** might
account for its potentiation of arachidonic acid release. In
fact we found that complete inhibition of the Nat/H™ ex-
changer by DMA or EIPA had no effect on the potentiation
of arachidonic acid release by PMA (Halenda and Feinstein,
unpublished results). Under these conditions of maximal
Ca’* mobilization and activation of kinase C the Na*/H*
exchanger appears to have no role in arachidonic acid re-
lease. However, when Ca?* mobilization and activation of
kinase C are marginal, as with weak agonists and low con-
centrations of thrombin the pH; and Na;" changes may be
play a influential, but permissive, role ®

Protein phosphorylation

The most striking substrate for platelet kinase Cis a 47 KDa
phosphoprotein 2°. Recently this protein has been associated
with a phosphatase activity that converts 1P, (1,4,5-inositol
trisphosphate) to IP, (1,4-inositol bisphosphate), thereby
terminating the Ca®*-mobilizing activity of IP,”. We find
no correspondence between the phosphorylation of the
47 KDa protein and the time course or dose-response for
PMA-enhanced release of arachidonic acid (Halenda et
al.*3, and unpublished results). Consideration of the possi-
bility that the 47 KDa protein is lipocortin ® was unfounded
since the existing published data clearly identify them as very
different proteins with respect to pI’s!® 2° and molecular
weights; e.g. lipocortins I and II are approximately 35 to
37 KDa'® 3% not 47 KDa.

By studying the responses of platelets at 2123 °C we have
been able to distinguish quite different rates for the phospho-
rylation of proteins, which we roughly classify as ‘fast” and
‘slow’. Phosphorylation of the 47 KDa protein is fast, being
complete within 30—60 s. In contrast proteins of 65, 41, 35—
36, and 21 KDa are phosphorylated much slower. The time
course for the phosphorylation of these latter proteins, and
the dose-response for PMA, correspond closely to the time
course and dose-response for enhancement of arachidonic
acid release by PMA. Furthermore, ATP-depletion as well as
treatment with A 23187 just prior to PMA (which may ac-
tivate Ca2*-dependent protein phosphatase) severely de-
presses protein phosphorylation and prevents enhancement
of arachidonic acid release by PMA. The slowly phosphory-
lated proteins have not been completely identified, but the
41 KDa protein migrates by 2-dimensional gel electrophore-
sis identically with a 41 KDa protein ADP-ribosylated by
pertussis toxin, and the 35-36 KDa protein has a pI similar
to that reported for lipocortin 1°

The possible role of lipocortins

It has been proposed that proteins termed lipocortins
(p35, p36 and lipocortin 85 — an oligomer of p36 and two
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10 KDa subunits) are endogenous inhibitors of
PLA, 1 18.19.23.50.40 That activity of lipocortins I (p35)
and II (p36) appears to be lost when the proteins are phos-
phorylated by tyrosine kinase and/or kinase C17. However,
recent findings cast doubt on this hypothesis, since the inhib-
itory activity of lung calpactins (believed identical to
lipocortins) was only apparent at very low substrate concen-
tration and was abolished when phospholipid concentration
reached 200 uM despite a calpactin/PLA, ratio of 10:1°,
Furthermore, no complex formation between pancreatic
PLA, and calpactins at a 100-fold molar excess was ob-
served. Because the calpactins bind to phospholipid in the
presence of Ca?* it was suggested that the proteins prevent-
ed access of PLA, to substrate, and that the inhibitory action
of lipocortins on arachidonic acid release by pancreatic
PLA, was attributable to the very low concentrations of
substrate (arachidonic acid-labeled E. coli membranes) used
in most previous studies. The true role, if any, of lipocortins
(calpactins) in the regulation of arachidonic acid release in
cells has yet to be fully explored since their activity has not
been assessed on relevant cellular PLA,’s whose Ca?™ de-
pendency and substrate specificities may be quite different
than the soluble pancreatic PLA, commonly used to assess
lipocortin activity. Nevertheless, the case for regulation of
PLA, by phosphorylation of lipocortins currently remains in
doubt.

The possible role of G-proteins

The most exciting new developments in the regulation of
arachidonic acid release concern the involvement of GTP-
binding proteins. Agonist-induced release of arachidonic
acid in mast cells, neutrophils and fibroblasts is inhibited by
pertussis toxin, but this effect may or may not be selective
since the G-protein-dependent phosphoinositide hydrolysis
pathway is also blocked. The effect of the toxin on arachi-
donic acid release in these cells may be indirect since DG
formed from the latter pathway is a substrate for lipases that
release arachidonic acid, and DG may also affect arachidon-
ic acid through activation of kinase C or PLA,. However, in
FRTL 5 rat thyroid cells Burch et al. # showed that activation
of phospholipase C and arachidonic acid release caused by
o, -adrenergic receptors were probably mediated by different
G-proteins. Although both effects were produced by GTPyS
only the arachidonic acid release was blocked by pertussis
toxin, indicating the involvement of different G-proteins for
each pathway. The most direct evidence for regulation of
PLA, by a G-protein was obtained by Jelsema et al.*!, who
found that purified §y subunits of transducin could stimu-
late phospolipase A, activity of membranes of photorecep-
tors and other cells. The free « subunit was much less active
and may inhibit . These data suggest that dissociation of
G-protein could activate PLA,, whereas recombination of
free « with 7y to form the « fy heterotrimer could turn off
PLA, activation. In platelets, thrombin causes rapid re-
versible dissociation of G-protein oligomers that is blocked
by cAMP 4. Since PMA also appears to affect the state of
association of G-protein oligomers !4, and the function of
alpha subunits?2, it is possible that these effects of PMA
influence the release of arachidonic acid.

At least two categories of G-proteins have been identified in
cells; those that are ADP-ribosylated by bacterial toxins (e.g.
Gi and Gs) and those that bind GTP, but are not ADP-ribo-
sylated by toxins, such as the putative phospholipase C-acti-
vator Gp and the p21N~" protein *2. In platelets, proteins of
the first type have been implicated in PIP, hydrolysis by
phospholipase C 216 and in Ca?* mobilizaticn since both
responses are GTP-dependent and blocked by pertussis tox-
in% 2% Two ADP-ribosylated proteins of 41 and 39 KDa
were identified as substrates for the toxin in the latter study.
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In platelets, certain agonists (e.g. thrombin) cause receptor-
induced dissociation of G-protein oligomers (ADP-ribosy-
latable by pertussis toxin), resulting in an increase of free
« (GTPase) and Sy subunits that transduce various metabol-
ic reactions 2°. This may be a key early step in stimulus-re-
sponse coupling, leading to the hydrolysis of PIP, to form
the intracellular messengers IP, and DG, and ultimately the
Ca?"-dependent release of arachidonic acid. G-proteins of
the second type (i.e. non-toxin sensitive), such as p21N=",
may also regulate PLC *2, and could be important in platelet
physiology. Bhullar and Haslam ! have identified a new ma-
jor GTP-binding protein of 27 KDa in platelet membranes,
along with minor GTP-binding proteins of 25, 24 and
23 KDa. This important new finding indicates that regula-
tion of metabolic processes by GTP-binding proteins in
platelets is surely much more complex than is our current
understanding. GTP-dependent activation of membrane
phospholipase C, and Ca?* mobilization in permeabilized
platelets®, and in an in vitro system consisting of platelet
plasma membranes plus IP;-sensitive Ca2* accumulating
vesicles 2%, have been shown to be sensitive to blockade by
pertussis toxin. It remains to be shown whether the PLA,
pathway for release of arachidonic acid in platelets is mediat-
ed by specific receptors and/or specific G-proteins, and
whether these G-proteins are toxin-sensitive or toxin-insensi-
tve.

1 Abbreviations: PLA,, phospholipase A,; PLC, phospholipase C; IP,,
inositol 1,4,5-trisphosphate; PIP, phosphatidylinositol 4,5-bisphos-
phate; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol.
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