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INTRODUCTION

Ca®*-mobilizing agonists, including hormones, neurotrans-
mitters and growth factors, cause profound changes in cellular
lipid metabolism. These changes are initiated by receptor-
mediated activation of various phospholipases including
phospholipase A,, phospholipase C and phospholipase D.
Phospholipase A, hydrolyses several phospholipids including
phosphatidylinositol, phosphatidylcholine (PtdCho) and
phosphatidylethanolamine (PtdEtn) to liberate arachidonic acid
and the respective lysophospholipids. Arachidonic acid is
converted via the cyclo-oxygenase and lipoxygenase pathways
to eicosanoids, including prostaglandins, thromboxanes,
prostacyclins, leukotrienes and lipoxins [1]. Certain
lysophospholipids such as ether-linked lysophosphatidylcholine
are acetylated by a specific acetyltransferase to form platelet-
activating factors [2]. Platelet-activating factors and eicosanoids
exert profound biological actions on a variety of tissues [1,2].
Thus, phospholipase A, activation constitutes an important
component in cell-cell communication.

Intracellular signalling by Ca?*-mobilizing agonists is believed
to be initiated by receptor-mediated hydrolysis of phosphatidyl-
inositol 4,5-bisphosphate by specific phospholipases C [3,4].
This hydrolysis leads to the generation of two signalling
substances, inositol 1,4,5-trisphosphate and diacylglycerol (DG).
Inositol 1,4,5-trisphosphate mobilizes Ca?* from intracellular
stores [3,4]. DG, in concert with Ca?*, activates a phospholipid-
dependent protein kinase, protein kinase C (PKC) [5,6]. This
ubiquitous protein kinase phosphorylates a multitude of cellular
proteins and theréby controls a host of cellular processes.

Although most attention has been focused on phospholipase
C-mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate
as an intracellular signalling system, it is now clear that Ca?*-
mobilizing agonists induce rapid hydrolysis of PtdCho by both
phospholipase C and phospholipase D, generating DG and
phosphatidic acid (PtdOH), respectively. PtdOH, which itself
could be a potential intracellular mediator, can be further
degraded by a PtdOH phosphohydrolase to DG.

Various aspects of phospholipase A, and phosphoinositide-
specific phospholipase C have been reviewed extensively [7-9]. In
the present article, we will focus on the regulation and function
of phosphodiesteratic cleavage of PtdCho during cell activation.
This subject has been briefly discussed in several recent articles
[10-13].

COMPOSITION OF PtdCho

PtdCho is the principal phospholipid class in mammalian
tissues and can account for up to 50% of the total cellular
phospholipid content [14]. It consists of 1,2—diacyl-sn-glycero-3-

phosphocholine, 1-0O-alkyl-2-acyl-sn-glycero-3-phosphocholine
and 1-alk-1’-enyl-2-acyl-sn-glycero-3-phosphocholine [15]. In
most tissues, 1,2-diacyl-sn-glycero-3-phosphocholine is the pre-
dominant subclass. However, in several cells of myeloid origin,
namely neutrophils, eosinophils and macrophages, 1-O-alkyl-2-
acyl-sn-glycero-3-phosphocholine may account for 30-709%,
of the cellular PtdCho with 1-alk-1’-enyl-2-acyl-sn-glycero-3-
phosphocholine being a minor component [16,17]. In contrast,
in heart and several other electrically active tissues, about 309,
of the PtdCho exists as 1-alk-1’-enyl-2-acyl-sn-glycero-3-
phosphocholine [18].

PtdCho from mammalian tissues normally contains a saturated
fatty acid residue at the C-1 position and an unsaturated fatty
acyl residue at the C-2 position of the glycerol moiety. Compared
to phosphoinositides, which are relatively enriched in stearic acid
and arachidonic acid, 1,2-diacyl-sn-glycero-3-phosphocholine is
relatively deficient in arachidonic acid, and contains mostly oleic
acid and linoleic acid at the C-2 position [17,19]. However, 1-O-
alkyl-2-acyl-sn-glycero-3-phosphocholine is relatively enriched
in arachidonic acid [17,19]. Thus, phosphodiesteratic cleavage
of PtdCho can lead to multiple molecular species of DG and
PtdOH, with important ramifications in cell activation.

PHOSPHODIESTERASES THAT HYDROLYSE PtdCho

Phosphodiesteratic cleavage of PtdCho occurs by two distinct
types of phospholipases. A phospholipase C activity produces
DG and phosphocholine, whereas a phospholipase D activity
generates PtdOH and choline. In addition to hydrolysis,
phospholipase D catalyses a unique transfer reaction whereby
the phosphatidyl moiety of the phospholipid substrate is trans-
ferred to primary alcohols to produce phosphatidylalcohols
[20,21]. This transphosphatidylation may be considered the
general reaction, with hydrolysis representing a specific case in
which the acceptor is water.

Mammalian phospholipase C

Cell-free preparations from a variety of rat tissues exhibit
phospholipase C activities that degrade PtdCho [22-26].
Phospholipase C activities of lysosomal origin with acid pH
optima also hydrolyse phosphatidylethanolamine (PtdEtn),
phosphatidylinositol and phosphatidylglycerol [22]. PtdCho-
cleaving phospholipases C with alkaline pH optima have been
detected in rat brain cytosol [23] and rat liver membranes [24].
Cell-free preparations from endothelial cells also degrade exo-
genous PtdCho [25,26]. More recently, phospholipases C that
utilize PtdCho as substrate have been partially purified from dog
heart cytosol [27], bull seminal plasma [28] and promonocytic
U937 cells [29]. Utilizing exogenous phospholipids as substrates,
these activities exhibit neutral pH optima and do not hydrolyse

Abbreviations used: PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdOH, phosphatidic acid; PKC, protein kinase C;
DG, diacylglycerol; PMA, phorbol 12-myristate 13-acetate; GTPyS, guanosine 5’-[y-thio]triphosphate.
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phosphatidylinositol. However, myocardial phospholipase C
degrades both PtdCho and PtdEtn, with PtdCho being the
preferred substrate. These activities appear to be distinct from
phospholipases C of lysosomal and bacterial origins by several
criteria, including pH profile, substrate specificity, requirements
for detergents and divalent cations, subcellular localization and
molecular size.

Mammalian phospholipase D

Although phospholipase D activities of plant origin (reviewed
in [30]) have been known since 1948 [31], the existence of
mammalian phospholipase D acting on PtdCho was first detected
in 1975 using a microsomal preparation from rat brain [32].
Subsequent studies have demonstrated PtdCho-preferring
phospholipase D in homogenates and membranes from various
tissues and cells including lung, liver, adipose tissue, endothelial
cells, HL-60 cells and spermatozoa, with lung and brain being
the richest sources [33-38]. Phospholipase D activities have been
partially purified from rat brain [39] and human eosinophils [40]
and found to be associated primarily with particulate fractions
[33-35,41,42). Mammalian phospholipases D from various
systems also exhibit a transphosphatidylation activity [37,42—44].
Requirements of Ca?*, fatty acids and detergents for
phospholipase D expression vary from cell to cell [34-38,42],
suggesting that multiple phospholipase D isoforms may exist.
PtdCho is the preferred substrate for phospholipase D from both
mammalian and non-mammalian sources [30,34,37], although
under certain conditions, phosphatidylinositol and PtdEtn may
also be degraded [39,45].

AGONIST-INDUCED PHOSPHODIESTERATIC
CLEAVAGE OF CELLULAR PtdCho

Products of the phosphodiesteratic cleavage of PtdCho can be
measured by both isotopic labelling and mass measurements.
Isotopic labelling involves selective labelling of endogenous
PtdCho in the acyl chains, phosphate or the choline moiety.
Choline, fatty acids (e.g. myristic acid) and lysophosphatidyl-
choline have been widely used as radiolabelled precursors.
Sensitive methods for the measurement of absolute mass of
DG [46], choline [47], phosphocholine [48] and PtdOH [34,49,50]
are available.

Formation of choline and phosphocholine

Isotopic labelling studies demonstrate that diverse cell types
produce choline metabolites from endogenous PtdCho in re-
sponse to a wide variety of agents including hormones,
neurotransmitters, growth factors and phorbol esters (Table 1).
The product profile and kinetics of product appearance vary
amongst cell types and even within the same cell depending on
the agonists. For instance, in neutrophils (our unpublished
observation) and endothelial cells [89,90], choline, and not
phosphocholine, is detected after specific stimulation. By con-
trast, upon stimulation with specific agents, MDCK-DI1 cells
[91,92] and preadipocytes [86] produce primarily phosphocholine.
On the other hand, muscarinic stimulation of astrocytoma cells
produces both phosphocholine and choline with choline ap-
pearing only at later time points [80]. However, in this system,
choline is the only product found following stimulation with
PMA. In most systems, receptor agonists rapidly and transiently
stimulate the formation of choline metabolites, whereas PMA-
induced responses are delayed in onset and prolonged. Effects of
stimulation on cellular levels of glycerophosphocholine, a water-
soluble product generated by sequential deacylation of PtdCho
by phospholipase A, and lysophospholipase, have not been
examined except for endothelial cells [89,90] and REF52 embryo
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cells [102]. In these two systems, the contents of glycero-
phosphocholine do not change appreciably during stimulation.
A common theme emerging from these studies is that receptor
agonists and tumour-promoting phorbol esters induce
phosphodiesteratic cleavage of PtdCho in a wide variety of cells.

Formation of PtdOH and DG

Using isotopic labelling and mass measurements, the extent
and duration of PtdOH and DG have been measured in a wide
variety of tissues and cells. In response to various Ca%*-mobilizing
agonists, many cells produce DG in a biphasic manner (Table 1).
The early phase peaks within initial 30 s whereas the delayed,
quantitatively larger phase reaches a maximum within 2-15 min
of stimulation and is long-lasting.

The initial rise in DG temporally correlates with inositol 1,4,5-
trisphosphate generation [66,77,84,85,94,98]. In addition, the
fatty acid composition and molecular species distribution of
early DG closely resemble those of phosphoinositides [99].
These observations indicate that the early DG is formed
by phospholipase C action on phosphatidylinositol 4,5-
bisphosphate. Two major lines of evidence suggest that sustained
DG formation is derived from sources other than phospho-
inositides. First, DG mass that accumulates after stimulation is
kinetically distinct from and exceeds the mass of inositol
phosphates [66]. Second, phorbol esters [56,63], certain growth
factors [98,99]. ras oncogene product [105] and certain
interleukins [70] induce formation of DG without provoking
phosphoinositide hydrolysis (see Table 1 for additional
references).

There is now considerable evidence that cellular PtdCho is a -
major source of the sustained DG. Early studies with PMA-
stimulated myoblasts have shown that PMA-induced DG has a
fatty acid composition similar to that of PtdCho [83]. Subsequent
studies have confirmed that, in neutrophils stimulated with fMet-
Leu-Phe [51,54,56,57] and in hepatocytes stimulated with
vasopressin [34,87], the fatty acid composition and distribution
of sn-1 bonds of PtdOH and DG formed differ from those of
phosphoinositides and phosphatidylethanolamine but closely
resemble those of PtdCho. Two recent studies have thoroughly
analysed molecular species of DG in antigen-induced mast cells
by argentation chromatography [67] and in thrombin-stimulated
fibroblasts by capillary gas chromatography of derivatized DG
[99]. This latter study has also compared the molecular species
distribution of DG to those of various potential precursors and
identified PtdCho as the major source of the sustained DG
formed after thrombin stimulation. Many cells that produce
PtdOH and DG also generate choline and phosphocholine (Table
1). Phosphodiesteratic cleavage of PtdCho has been further
confirmed by experiments in which intact cells have been
selectively labelled in PtdCho with [*H]lysophosphatidylcholine
[38,54,56,61,91] and [*H]myristic acid [80,90,102]. Stimulation of
these cells produces [PH]PtdOH and [*H]DG, with [*'H]DG having
the characteristics of a sustained response.

Thus, in various cell types, phosphodiesteratic cleavage of
PtdCho is enhanced in response to diverse stimuli, resulting in
the formation of water-soluble and lipid products. Various types
of determinations further indicate that, in several cells, PtdCho
breakdown is a major route to both PtdOH and sustained DG
during stimulation.

AGONIST-INDUCED PHOSPHODIESTERATIC
CLEAVAGE OF PtdEtn

PtdEtn, the second most abundant phospholipid in mammalian
tissue, is poorly degraded by partially purified phospholipase C
and phospholipase D [27,39]. In hepatocyte membranes and in
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granulocyte homogenates, GTPyS-stimulated phospholipase D
activities exhibit strict specificity for PtdCho [34,37]. However,
several recent studies using cells labelled in PtdEtn with
[*H]Jethanolamine suggest that PtdEtn may also be degraded by
agonist-stimulated phosphodiesterases [64,80,107]. Thus, when
stimulated with phorbol esters, several cells including HL-60
cells, NIH 3T3 fibroblasts and baby hamster kidney cells produce
both choline and ethanolamine, but [*H]ethanolamine is detected
only in the presence of a large excess of unlabelled ethanolamine
[64]. Similarly, muscarinic stimulation of astrocytoma cells causes
generation of choline metabolites as well as ethanolamine
metabolites [80]. However, in this system, ethanolamine
metabolites are quantitatively minor products. Both
phosphocholine and phosphoethanolamine are also detected
in ras oncogene-transfected fibroblasts [105]. However, in
IIC9 fibroblasts stimulated with a-thrombin, ethanolamine
metabolites are not found [99]. Interestingly, mesengial cells
stimulated with interleukin 1 generate only phosphoethanol-
amine, and no choline metabolites are detected [107]. Thus,
although PtdEtn can be degraded by phosphodiesterases, in most
cells this degradation is unlikely to make a major contribution to
PtdOH and DG generation during cell stimulation. There is at
present no information regarding phospholipase D-catalysed
degradation of phosphoinositides in stimulated intact cells.

DISTINCTION BETWEEN AGONIST-STIMULATED
PHOSPHOLIPASE C AND PHOSPHOLIPASE D
HYDROLYSING CELLULAR PtdCho

The products of phospholipase C (DG and phosphocholine)
and phospholipase D (PtdOH and choline) are rapidly
interconvertible through highly active, specific, kinases and
phosphatases. Indeed, some of these enzymes are also activated
during stimulation. For instance, in cultured fibroblasts
stimulated with growth factors and ras oncogene transfection,
choline kinase activity is greatly enhanced [108,109]. Thus, while
product identification, quantification and ‘finger-printing’
establish agonist-stimulated phosphodiesteratic cleavage of
cellular PtdCho, such determinations do not identify the actual
phosphodiesterase(s) involved.

Kinetic analysis

Kinetic comparisons between various products can provide
important clues to the identity of the activated phosphodiesterases.
In some cells such as neutrophils (our unpublished observation)
and endothelial cells [90], PtdOH is formed with rates comparable
with those of choline formation, providing strong evidence
for phospholipase D activity. Similarly, concurrent formation
of DG and phosphocholine has been observed in 3T3-L1
preadipocytes  [86], indicating PtdCho hydrolysis by
phospholipase C. However, without a knowledge of the activity
status of relevant kinases and phosphatases, conclusions from
kinetic studies must be considered tentative, especially in systems
where the responses are prolonged.

Transphosphatidylation

Since transphosphatidylation is catalysed by phospholipase D
and not phospholipase C, this property provides the basis for
a novel methodology to distinguish phospholipase D from
phospholipase C. Although the acceptor of choice is ethanol
which readily crosses the membrane barrier, various other
primary alcohols such as methanol, butanol and glycerol may
also be used. In several cells, phosphatidylethanol is formed
when cells are stimulated with specific agents in the presence
of ethanol (0.1-19,) (Table 1) and wherever measured,
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phosphatidylethanol is formed with rates similar to those for
choline and PtdOH [54,61-63,90]. Because of metabolic stability,
phosphatidylethanol formation can be conveniently used to
detect phospholipase D activity in systems where PtdOH does
not accumulate due to rapid dephosphorylation. Unfortunately,
in cells such as MDCK cells and preadipocytes where choline
accumulation has not been observed [86,92], no information
regarding phosphatidylethanol formation is available. The possi-
bility that enhanced base exchange [110] between PtdCho and
ethanol may contribute to phosphatidylethanol formation cannot
be excluded.

2P labelling

Cellular ATP is readily labelled by incubating cells with
[**Plorthophosphate. ~ Subsequent labelling of cellular
phospholipids occurs through the reaction cascades involving
[**PJATP and specific kinases. When human neutrophils labelled
with [**P]JATP are stimulated with fMet-Leu-Phe, [**P]PtdOH is
rapidly formed [49]. The specific activity of this [*?P]PtdOH is
much lower than that of the [**PJATP. This observation is the
first indication that in stimulated neutrophils, PtdOH is formed
through pathways other than that involving phospholipase C
and DG kinase and that a phospholipase D may be activated to
act directly on phospholipids to produce PtdOH [49]. More
recently, this **P-labelling technique has been used to study
phospholipase D  activation in vasopressin-stimulated
hepatocytes [34]. However, the data obtained by this approach
are open to alternative interpretations and provide no infor-
mation about the source(s) of the PtdOH that is formed.

To identify unequivocally phosphodiesterases and their
substrates in intact cells, where various competing reactions
operate optimally, a novel approach has recently been developed
to label endogenous phospholipids selectively with 32P. A crucial
consideration in this approach is that the labelling must be done
in the absence of cellular [*2PJATP. In such a system, [32P]JPtdOH
or [**PJphosphocholine must be formed from [**P]phospholipids
exclusively by phospholipase D or phospholipase C, respectively,
and not by kinases. This labelling technique has been employed
successfully to study PtdCho metabolism in neutrophils
[54,62,63]. Selective labelling of cellular PtdCho is achieved by
incubation of neutrophils with lyso[**P]phosphatidylcholine
which readily enters the cell and becomes acylated into mem-
brane-associated [*2P]PtdCho. Stimulation of these 3?P-labelled
neutrophils with various agents, including fMet-Leu-Phe, phor-
bol esters, ionophore A23187 or 1-oleoyl-2-acetylglycerol induces
rapid generation of [*2P]PtdOH [54,62,63], unequivocally demon-
strating PtdCho hydrolysis by phospholipase D. This definitive
approach has not yet been extended to other cells or to other
phospholipids.

RELATIVE CONTRIBUTION OF AGONIST-INDUCED
PHOSPHOLIPASE D AND PHOSOPHOLIPASE C TO
PtdOH AND DG GENERATION

Recently, a simple approach has been developed to determine
the relative contribution of the phospholipase D and
phospholipase C pathways [54,62,63] to PtdOH formed by
stimulated cells. This approach involves double-labelling of
cellular PtdCho with 32P and *H, with the *H being in the acyl
chain. Following stimulation, these labelled cells would produce
[**P]JPtdOH exclusively by phospholipase D. However,
[*H]PtdOH could be formed by both phospholipase D and the
phospholipase C/DG kinase pathway. Therefore, by comparing
the 3H/32P ratios of PtdOH and PtdCho, it is possible to
determine contribution of the DG kinase pathway to PtdOH
accumulation. For instance, in neutrophils, the *H/?2P ratio of
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PtdOH formed early during stimulation is identical to that of
PtdCho, demonstrating that [*H]JPtdOH is derived exclusively by
phospholipase D action on PtdCho [54]. At later times, *H /3?P
ratios of PtdOH are higher than that of PtdCho, demonstrating
a conversion of [PH]DG to [PH]JPtdOH. The conclusion that the
early formation of PtdOH occurs exclusively by phospholipase D
action on PtdCho is supported by the fact that PtdOH resembles
PtdCho with respect to fatty acyl composition and sn-1 bond
distribution [51,54,56]. Determinations of 3P specific activities
of PtdOH and PtdCho further indicate that phospholipids other
than PtdCho or pathways other than phospholipase D do not
contribute significantly to PtdOH accumulation in stimulated
neutrophils [54]. It remains to be determined if similar conclusions
are valid for other cells including macrophages [66], hepatocytes
[34], endothelial cells [90] and spermatozoa [38], where PtdCho is
likely to be degraded by phospholipase D.

While it is generally believed that DG formed during stimu-
lation is derived primarily from phospholipase C-catalysed
degradation of phospholipid precursors, PtdOH formed by
phospholipase D can also be degraded by PtdOH phospho-
hydrolase to produce DG [111]. In cell-free preparations from
rat brain [42] and endothelial cells [35], PtdOH formed by
phospholipase D action on PtdCho is rapidly dephosphorylated
by PtdOH phosphohydrolase to produce DG. Conclusive
evidence for the operation of the phospholipase D/
phosphohydrolase pathway in stimulated cells comes from
recent experiments using cytochalasin B-primed neutrophils in
which endogenous PtdCho has been double-labelled with *H
(acyl chain) and 3?P [54]. Upon stimulation of these cells, both
[32P]phosphate and [*H]DG, but not [**P]phosphocholine, are
formed in parallel with a concomitant decline in PtdOH accu-
mulation. Furthermore, the PtdOH phosphohydrolase inhi-
bitor, propranolol, inhibits formation of both [PH]DG and
[*2P]phosphate while increasing PtdOH accumulation without
affecting the formation of choline and phosphatidylethanol [54].
Propranolol also inhibits DG ‘mass accumulation by 70-90 %,
confirming the radiolabelling studies. Since propranolol does not
inhibit phosphoinositide-specific phospholipase C (our unpub-
lished observation) and also since phosphocholine mass is not
increased during neutrophil stimulation [48], it is concluded that
sequential action of phospholipase D and PtdOH phospho-
hydrolase on PtdCho is the major route to DG formation by
cytochalasin B-primed neutrophils. In REF52 rat embryonic
cells stimulated with PMA [102], DG formation is inhibited
by propranolol whereas in gonadotropin-releasing-hormone-
stimulated granulosa cells propranolol increases PtdOH ac-
cumulation [76]. These observations are consistent with the
phospholipase D/phosphohydrolase pathway being involved in
DG generation by these cells. This novel pathway is likely to
contribute significantly to DG formation in various other cells
where phospholipase D is activated to produce PtdOH (sece Table
1 for references).

In certain cultured cells, including MDCK-D1 cells [92], A10
smooth muscle cells [84] and 3T3-L1 preadipocytes [86], PtdCho
hydrolysis by phospholipase C may be a major route to DG
formation, although involvement of phospholipase D/
phosphohydrolase cannot be ruled out. Astrocytoma cells
degrade PtdCho to produce both choline and phosphocholine.
Experiments in which these cells have been double-labelled with
[*CJarachidonic acid and [*H]myristic acid suggest that PtdCho
hydrolysis accounts for about 609% of the total DG formed
during muscarinic stimulation [80]. However, the relative con-
tribution of phospholipase C and phospholipase D to this DG
formation is not known. A comprehensive approach involving
double-labelling procedures, mass measurements and pharma-
cological manipulations is needed to establish the existence and
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relative importance of various pathways to PtdOH and DG
generation during stimulation.

REGULATION OF AGONIST-INDUCED
PHOSPHOLIPASE D AND PHOSPHOLIPASE C
HYDROLYSING PtdCho

With regard to cellular regulation, phospholipase D has been
studied more extensively than PtdCho-specific phospholipase C.
The picture emerging from these studies indicates that receptor-
linked activation of phospholipase D, and probably also
phospholipase C, may occur via several distinct mechanisms
and may involve multiple factors including Ca?*, DG, PKC and
G proteins. Postulated interactions between these factors are
illustrated in Fig. 1.

Role of phosphoinositide breakdown

Most of the agonists that cause PtdCho hydrolysis also induce
phosphatidylinositol 4,5-bisphosphate breakdown and sub-
sequent mobilization of intracellular Ca?*. Furthermore, both
PMA and l-acyl-2-acetyl-sn-glycerol act synergistically with
the Ca?" ionophore A23187 to activate phospholipase D in
neutrophils [63]. These observations suggest that initial increases
in Ca%** and DG due to phospholipase C activation may be
necessary for subsequent PtdCho hydrolysis. However, in
MDCK-DI cells stimulated with adrenaline, phosphocholine
formation precedes phosphatidylinositol 4,5-bisphosphate hy-
drolysis and is not inhibited by neomycin pretreatment [92].
Furthermore, certain agonists, including interleukin-1,
interleukin-3 and epidermal growth factor, which are known not
to stimulate the hydrolysis of inositol lipids, still cause formation
of choline metabolites in cultured cells [69,70,98]. In addition,
in vascular smooth muscle cells stimulated with angiotensin
[85] and in IIC9 fibroblasts stimulated with «-thrombin
[98], phosphoinositide breakdown can be completely abolished
without attenuating the sustained DG responses. Conversely,
in neutrophils stimulated with fMet-Leu-Phe in the absence
of cytochalasin B, phosphatidylinositol 4,5-bisphosphate is
maximally hydrolysed [58] with minimal stimulation of
phospholipase D [54]. Thus, phosphoinositide hydrolysis per se
may be neither essential nor sufficient for, but may still have
modulatory effects on, receptor-mediated PtdCho breakdown.

Role of Ca?* influx

Although PtdCho hydrolysis can occur in the absence of
inositol 1,4,5-trisphosphate-induced mobilization of Ca?*, there
is some evidence that receptor-mediated Ca®* flux through the
plasma membrane may be involved in phospholipase D ac-
tivation. In neutrophils, depletion of extracellular Ca** by EGTA
prevents phospholipase D activation by receptor agonists and by
A23187 [49,54,62,63]. Maximal activation of phospholipase D
in neutrophils requires prior treatment with cytochalasin B
[49,54,62], although such treatment affects neither phospho-
inositide breakdown nor the extent of the initial Ca®* rise [58].
However, in the presence of cytochalasin B, fMet-Leu-Phe
causes a sustained Ca?* increase as opposed to a transient initial
response in the absence of cytochalasin B[58], indicating increased
Ca?* flux across the plasma membrane. In spermatozoa,
fucose sulphate glycoconjugate-stimulated Ca®** influx and
phospholipase D activation are both inhibited by the Ca®*
channel blocker verapamil [38]. Thus, receptor-mediated Ca®*
metabolism at the level of plasma membrane appears to be
necessary for enhanced PtdCho hydrolysis.

Effects of Ca?* on phospholipase D and phospholipase C have
been investigated in cell-free preparations from several tissues.
Partially purified preparations of phospholipase D from rat
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Fig. 1. Hypothetical scheme showing phospholipase D activation by receptor agonists and phorbol esters

Interaction of an agonist (A) with a specific receptor (R) activates phospholipase C (PLC) via a specific G protein (G,) leading to the hydrolysis
of phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P,] to produce DG and inositol 1,4,5-trisphosphate (InsP,). InsP, mobilizes Ca®* from the
endoplasmic reticulum (ER). Ca?* is also mobilized from the external medium through specific Ca**-channels, raising the level of cytosolic free
Ca?*, Ca?* can interact with phospholipase D (PLD) directly or indirectly through regulatory proteins such as calmodulin. DG.can directly interact
with phospholipase D or act synergistically with Ca®* to activate PKC. PKC can phosphorylate either phospholipase D or regulatory proteins
such as a specific G protein (G,) which links phospholipase D to receptor. These interactions facilitate efficient coupling between agonist-bound
receptors and phospholipase D through G,. Phorbol esters can activate phospholipase D both directly and indirectly through PKC.

brain [39] and phospholipase C from heart [27] and promonocytic
U937 cells [29] are enhanced by added Ca?*. Ca?* is required for
GTPyS-stimulated phospholipase D activity in granulocyte
homogenates [37] and for ATP-induced phosphocholine
formation in hepatocyte membranes [24]. By contrast, in several
preparations, including hepatocyte = membranes [34],
homogenates from endothelial cells [35] and spermatozoal
extracts [38], phospholipase D activities do not require Ca?* for
expression. While it is uncertain as to whether the activities
expressed in cell-free preparations truly represent receptor-linked
enzymes, such studies raise two important issues. First, the Ca®*
requirement for receptor-mediated PtdCho hydrolysis may vary
among cell types and second, Ca%* may affect phosphodiesterases
indirectly through some unknown mechanism that becomes
non-functional following cell rupture.

Role of PKC

Phorbol esters appear to be universally effective in inducing
PtdCho hydrolysis by both phospholipase C and phospholipase
D (Table 1). Synthetic DGs also activate PtdCho hydrolysis in
granulocytes and fibroblasts [63,106]. Rank order of potency of
these agents for PtdCho hydrolysis closely correlates with PKC
activation [5]. In addition, PKC down-regulation by prolonged
PMA treatment or PKC inhibition by inhibitors such as H7 and
K252a blocks PMA-induced activation of phospholipase D or
phospholipase C, partially in some cells [63,86] and completely in
others [79,80,106]. Thus, PMA-induced PtdCho hydrolysis may
occur by PKC-dependent as well as PKC-independent mech-
anisms (Fig. 1). There is no evidence that PKCis the sole target for
PMA and that PMA down-regulates only PKC. It is possible
that PMA directly interacts with phospholipase D and PtdCho-
specific phospholipase C in much the same way as it does with
PKC. Consistent with this view is the observation that addition

of PMA to the membrane preparations from HL-60 cells
stimulates phospholipase D activity [64].

In astrocytoma cells stimulated with carbachol, prolonged
PMA pretreatment inhibits formation of choline and not of
phosphocholine [80]. This result indicates that muscarinic stimu-
lation of phospholipase D, and not phospholipase C, occurs via
a PKC-dependent mechanism. However, in other cells, receptor-
mediated PtdCho hydrolysis by phospholipase D [63,76] or
phospholipase C [86,92] is not inhibited by protein kinase
inhibitors. Apparently, receptor-mediated PtdCho hydrolysis
occurs largely through mechanisms that do not involve enhanced
protein phosphorylation.

Role of G proteins

GTP-binding regulatory proteins (G proteins) transduce the
external signal from surface receptors to appropriate effector
systems such as adenylate cyclase and phosphoinositide-specific
phospholipase C [112]. Non-hydrolysable GTP analogues (e.g.
GTPyS) and pertussis toxin have been used extensively to study
the role of G proteins in the activation of phospholipases.
Pertussis toxin catalyses an ADP-ribosylation of G proteins
to block phospholipase activation by Ca®**-mobilizing agonists
in certain cells (e.g. neutrophils) but not in others (e.g. hepatocytes)
[10,112).

Evidence is emerging from experiments using GTPyS and
pertussis toxin that G proteins control PtdCho hydrolysis by
both phospholipase C and phospholipase D. GTPyS stimulates
phospholipase D activity in rat hepatocyte membranes [34], in
granulocyte homogenates [37] and in saponin-permeabilized
endothelial cells [90]. A PtdCho-specific phospholipase C may
also be activated by GTPyS in hepatocyte membranes [24,34].
These effects are observed with micromolar concentrations of
GTPyS and are inhibited by GDP#S, consistent with G protein

1990



Regulation and celtular functions of phosphatidylcholine hydrolysis

involvement. The p21 oncogene protein resembles G proteins in
that it binds GTP and, in fibroblasts, expression of this protein
by ras oncogene transfection is associated with generation of
phosphocholine from PtdCho [100,105]. In granulocytes, per-
tussis toxin inhibits activation of phospholipase D by fMet-Leu-
Phe but not by PMA [56,62]. However, in rat hepatocytes [34]
and in Al0 aortic smooth muscle [84], vasopressin-induced
PtdCho hydrolysis is not inhibited by pertussis toxin. It is
apparent that PtdCho-specific phosphodiesterases are regulated
by distinct G proteins (Fig. 1).

In granulocyte homogenates, neither Ca%* nor GTPyS is
sufficient for phospholipase D activation [37]. A combined
presence of both Ca?* and GTPyS is essential. However, in
hepatocyte membranes, GTPyS alone is sufficient for phospho-
lipase D activation and Ca?* has no effect on phospholipase D
in the absence or presence of GTPyS [34]. Since Ca?* by itself
activates phosphoinositide-specific phospholipase C[112], it may
be concluded that phospholipase D activation by GTPyS is not
merely a consequence of phosphoinositide breakdown and that,
in these systems, G protein stimulation is essential for phospho-
lipase D activation. In hepatocyte membranes, PMA augments
GTPyS-stimulation of phospholipase D, suggesting that
PMA [24,34] and, by inference, DG, may modulate interactions
between phospholipase D and G proteins (Fig. 1).

In permeabilized endothelial cells, ATP stimulates
phospholipase D by stimulating P,-purinergic receptors and the
effects of ATP and GTPyS are synergistic at low concentrations
[90]. Similarly, ATP and ADP, but not vasopressin, enhance
GTPyS-stimulated PtdCho hydrolysis in rat hepatocyte
membranes [24]. Thus, although GTPyS-stimulated G proteins
may couple functional receptors to phospholipase D, un-
equivocal proof for G protein regulation of receptor-mediated
PtdCho hydrolysis must await appropriate reconstitution
studies.
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REGULATION OF CELLULAR LEVELS OF PtdOH AND
DG DURING STIMULATION

PtdOH and DG are readily interconvertible through PtdOH
phosphohydrolase and DG kinase, and may be further
metabolized through the phosphoinositide cycle and the CDP-
choline pathway (Fig. 2). DG may also be deacylated by lipases
[113] or reacylated by acyltransferases [114]. In cells where
PtdCho is degraded to produce DG, there is little information to
indicate that deacylation and reacylation constitute major routes
of DG metabolism. There is now increasing evidence that PtdOH
phosphohydrolase and DG kinase, as well as cytidylyltransferase,
the rate-limiting step in the CDP-choline pathway [115], are
under important regulatory controls. Translocation to the cellu-
lar membranes has emerged as an important mode of activation
for these predominantly cytosolic enzymes [111,115-117]. Thus,
these enzymes are ideally suited to serve as regulators of the
cellular levels of PtdOH and DG during stimulation.

The early generation of DG from phosphoinositides is usually
transient. By contrast, DG derived from PtdCho is almost
invariably sustained, although PtdCho hydrolysis is rapid and
transient [54,56,62,66,84,86,90,92,101]. In many cells, receptor
activation leads to increased degradation and subsequent syn-
thesis of both phosphoinositides and PtdCho [13,115,118]. How-
ever, PMA stimulates only PtdCho synthesis without altering
degradation or synthesis of phosphoinositide [106], although
PMA -stimulated cells hydrolyse PtdCho to produce both PtdOH
and DG in large amounts (Table 1). Apparently, DG and PtdOH
derived from PtdCho do not enter the phosphoinositide cycle;
instead they are metabolized through the CDP-choline pathway.

It is likely that phosphoinositides and PtdCho are hydrolysed
at the plasma membrane [7,55] and DGs formed from either
source can then be transported to the endoplasmic reticulum
[119], the major site for the resynthesis of both PtdCho and
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Fig. 2. Proposed regulation of cellular levels of PtdOH and DG during cell activation

Phosphoinositides (PtdIns) are degraded by a phospholipase C (I) to produce arachidonoyl-DG [(Ach)DG]. This is preferentially phosphorylated
by a membrane-bound DG kinase (II) to produce arachidonoyl-PtdOH [(Ach)PtdOH] which is converted by a cytidylyltransferase (III) to
CMP-arachidonoyl-PtdOH [CMP-(Ach)PtdOH]. A phosphatidate transferase (IV) then catalyses the condensation of CMP-(Ach)PtdOH with
inositol to produce PtdIns. This increased turnover of PtdIns results in a rapid removal of DG derived from PtdIns. Arachidonate-poor PtdCho
is hydrolysed by phospholipase D (V) or phospholipase C (VI) to produce arachidonate-poor PtdOH or DG, respectively. This PtdOH is not
converted to PtdIns; instead it is dephosphorylated by a PtdOH phosphohydrolase (VII) to DG. PtdCho-derived DG can be phosphorylated,
albeit poorly, by a cytosolic DG kinase (VIII). During stimulation, translocation of this DG kinase to the membrane further limits its ability to
phosphorylate arachidonate-poor DG, resulting in a sustained accumulation of DG. Subsequently, DG is converted back to PtdCho through the
CDP-choline pathway involving choline kinase (IX), cytidylyltransferase (X) and phosphocholinetransferase (XI). In this pathway, the
cytidylyltransferase is the rate-limiting step. DG activates cytidylyltransferase to facilitate its own conversion to PtdCho with an eventual
termination of the signal. According to this proposal, the fatty acid composition of PtdOH and DG determines the flux of these molecules through

the PtdIns cycle and the CDP-choline pathway.
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phosphoinositides. Thus, PtdCho and phosphoinositide cycles
may not be topographically separated. However, one feature
that distinguishes DGs derived from phosphoinositides and
PtdCho is their acyl composition. DG derived from phospho-
inositides is rich in arachidonic acid, whereas DG species coming
from PtdCho contain. little arachidonic acid [51,83,99,113].
This feature may provide a basis for differential regulation of
DGs derived from different. sources.

Recent studies have demonstrated that the membrane-bound
form of DG kinase prefers arachidonyl-DG as substrate, whereas
the cytosolic form shows no apparent specificity for acyl com-
position [120,121]. It may, therefore, be hypothesized that during
activation the translocation of the enzyme to the cellular mem-
brane increases membrane-bound activity and thereby facilitates
the conversion of arachidonyl-DG to arachidonyl-PtdOH and
subsequent conversion to phosphatidylinositol (Fig. 2), so that
arachidonyl-DG accumulates only transiently. By contrast, be-
cause of reduced levels of cytosolic DG kinase activity, DG
derived from PtdCho would be poorly phosphorylated to PtdOH,
resulting in a sustained DG response.

Although the DG signal from phosphoinositide breakdown is
rapidly attenuated by DG kinase [118], there is currently no
information as to how the sustained signal terminates. However,
a plausible hypothesis can be based on the fact that DG and
PMA activate cellular cytidylyltransferase [13,115,123-125]. By
virtue of its ability to positively affect cytidylyltransferase,
sustained DG may enhance its own conversion to PtdCho (Fig.
2) with an eventual termination of the signal.

FUNCTIONAL SIGNIFICANCE OF AGONIST-INDUCED
PtdCho HYDROLYSIS

The fact that PtdCho hydrolysis is a wide-spread receptor-
linked process (Table 1) suggests its critical importance in signal
transduction. Mass measurements in chemotactic peptide-
stimulated neutrophils demonstrate that 3-59%, of the total
cellular PtdCho is phosphodiesteratically cleaved [54]. Isotopic
labelling studies confirm a similar conclusion in other cells (Table
1). Since PtdCho accounts for about 50 9%, of the total cellular
phospholipid content, PtdCho hydrolysis ensures large quantities
of PtdOH and DG without drastic alterations in membrane
integrity. Fig. 3 summarizes the possible ways in which PtdCho
breakdown by phospholipase C and phospholipase D may be
involved in cellular functions.

Role of DG

It is widely accepted that the primary role of DG is to activate
PKC which phosphorylates a range of cellular proteins [5,6].
However, there exists evidence to indicate that DG may also
directly affect several other enzymes including DG kinase [117],
cytidylyltransferase [115] and phospholipase D [63,64]. Nu-
merous studies since its discovery in 1977 have established PKC
as a central component for the activation of a large array of
biological processes, including metabolism, secretion, contrac-
tion, proliferation and differentiation [5]). PKC requires Ca** and
phosphatidylserine for activity. DG and phorbol esters bind to
PKC and thereby increase the affinity of the enzyme for Ca®* so
as to permit its full activation at the ambient concentrations of
intracellular Ca?*. In intact cells, PKC is predominantly cytosolic
and undergoes stimulus-induced translocation to the membrane
which provides an appropriate lipid environment for activation.

In cells such as neutrophils, phosphoinositide hydrolysis by
phospholipase C is accompanied by increases in DG levels
[53,58] and transient activation of PKC [126]). However, under
conditions where neutrophils are stimulated to produce DG
from PtdCho [54,56], a prolonged translocation of PKC is
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Fig. 3. Functional significance of PtdCho hydrolysis

PtdCho breakdown by either phospholipase C (PLC) or sequential
actions of phospholipase D (PLD) and PtdOH phosphohydrolase
(PPH) leads to a sustained DG response. This DG causes prolonged
activation of PKC to maintain a sustained physiological response
even after the Ca®' signal subsides. PtdOH either alone or in
combination with other second messengers (e.g. DG, Ca?*) might
subserve mediator functions that are yet to be identified.
Transphosphatidylation between PtdCho and putative intracellular
acceptor compounds (X-OH) such as nucleosides may produce
‘phosphatidylated’ compounds (PtdO-X) such as phosphatidyl-
nucleosides with potential mediator functions. An acetyltransferase
transfers the acetyl group from acetyl-CoA to choline (Cho) to form
acetylcholine (AcCho).

observed [126,127]. Furthermore, in MDCK-D1 cells stimulated
with adrenaline, PKC translocation correlates with PtdCho
hydrolysis [92]. In most cells, the physiological response persists
long after the initial Ca%* signal has subsided to basal levels [128].
It has been suggested that PKC activation may be responsible for
maintaining a response initiated by inositol 1,4,5-trisphosphate-
induced mobilization of intracellular Ca?' [128]. Postulated
prolongation of PKC activation could be readily achieved by
sustained DG generation from PtdCho hydrolysis. Sustained
DG generation may also be of critical importance for long-term
responses such as proliferation. Consistent with this suggestion is
the observation that various growth factors, and oncogenic trans-
formation, cause PtdCho hydrolysis in cultured cells (Table 1).

Phosphoinositide-derived DG consists primarily of a 1I-
stearoyl-2-arachidonyl species, whereas DG from PtdCho degra-
dation is composed of multiple molecular species with regard to
both acyl composition and sn-1 bond distribution [51,54,56,
83,87,99]. DG subspecies formed during cell stimulation are
determined by cell type and by agonists within the same cell.
Thus, neutrophils produce both 1,2-diacyl-sn-glycerol and 1-O-
alkyl-2-acyl-sn-glycerol in roughly equal amounts when
stimulated with fMet-Leu-Phe or PMA, but predominantly 1,2-
diacyl-sn-glycerol after stimulation with opsonized zymosan
particles [57].

DG species containing various fatty acids with different chain
lengths are capable of activating PKC. It has been suggested that
DG subspecies with unsaturated fatty acids are most active [5].
Several studies have indicated that 1-O-alkyl-2-acyl-sn-glycerol
does not activate, but in fact inhibits, PKC [129,130]. However,
a recent study using purified PKC from rat brain concludes that
1-0-alkyl-2-acyl-sn-glycerol does activate PKC but only at
relatively high Ca?* concentrations compared with 1,2-diacyl-sn-
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glycerol [131]. The differential responsiveness of PKC to DG
molecular species underscores the possible significance of the
existence in tissues of multiple PKC isoforms. These isoforms, of
which there are at least seven, vary considerably with respect to
both tissue distribution and sensitivity to various activating
factors, including DG and PMA [6]. It is possible that, in vivo,
different DG subspecies affect different PKC isoforms differently
and thereby produce distinct PKC activation patterns with
respect to extent, duration, substrate recognition and subcellular
translocation.

Role of PtdOH

Although PtdOH is degraded to provide DG, it is unlikely that
this is the only function of phospholipase D activation.
Phospholipase D-derived PtdOH has several attributes sugges-
tive of its potential role as a second messenger. Upon receptor
activation, PtdOH is formed rapidly and in large quantities
[34,38,49,54], and appears to be localized at the plasma membrane
[55]. An earlier conclusion that PtdOH is a potent Ca?* ionophore
in artificial phospholipid membranes [132] has not been confirmed
by subsequent studies [133]. However, exogenous PtdOH causes
Ca?* influx across the plasma membrane in intact cells [134]. A
possible explanation for this Ca®* influx may be based on a
recent finding that PtdOH binds to specific membrane sites
(receptors ?) on cultured fibroblasts [135]. Indeed, when added to
fibroblasts, PtdOH causes rapid DNA synthesis and cell pro-
liferation [136,137). These observations raise the intriguing
possibility that PtdOH might act as an autocoid to modulate
cellular functions.

Several studies have raised the possibility that PtdOH may be
involved in stimulus—secretion coupling. In platelets stimulated
with various agonists, PtdOH formation through the
phospholipase C/DG kinase pathway exhibits a close kinetic
correlation with serotonin secretion from dense granules
[138,139]. In chemotactic peptide-stimulated neutrophils, PtdOH
generation through phospholipase D coincides with the release
of azurophilic granules with respect to time-course, Ca** re-
quirement and augmentation by cytochalasin B [49]. Several
other secretory cells including mononuclear cells, neuronal cells
and ovarian granulosa cells, contain an activatable phospholipase
D [65,66,76,79,80]. In granulosa cells, gonadotropin-releasing
hormone-stimulated aldosterone secretion is enhanced by
propranolol with concomitant enhancement of PtdOH accumu-
lation, and addition of phospholipase D from Streptomyces
chromofuscus to intact cells induces both aldosterone secretion
and PtdOH production [76]. The observed fusogenic ability of
PtdOH is consistent with its potential involvement in secretory
responses [140].

Role of transphosphatidylation

This reaction exhibits several important features that are
consistent with its potential involvement in signal transduction
(Fig. 3). First, transphosphatidylation is rapidly enhanced by
various receptor agonists and phorbol esters (Table 1). Second,
the reaction appears to be widespread in mammalian tissues
(Table 1). Third, on a molar basis, primary alcohols are much
better acceptors for the phosphatidyl group than is water.
Although no systematic search for putative cellular acceptors
during cell activation has yet been made, phospholipase D
activities of non-mammalian origin have been shown to catalyse
the transfer of the phosphatidyl moiety of PtdCho to nucleosides
and phosphatidylinositol to produce phosphatidylnucleosides
and bis-phosphatidylinositol, respectively [141,142]. Many other
cellular components including proteins may be similarly
‘phosphatidylated ’. In addition to providing a potentially large
array of modified molecules, transphosphatidylation might con-
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stitute a novel means of rapidly ‘anchoring’ specific cytosolic
components to the membrane bilayer.

A recent study has shown that peripheral lymphocytes from
alcoholic subjects exhibit a significantly greater potential to
synthesize phosphatidylethanol than do lymphocytes from the
control population [143]. Various organs, including brain, liver
and kidney, from ethanol-intoxicated rats produce phospha-
tidylethanol in large quantities [144]. An additional relevant
finding is that phosphatidylethanol can substitute for phospha-
tidyserine in activating a brain-specific PKCy [145]. These
observations indicate that phospholipase D-catalysed trans-
phosphatidylation may play a role in the development of alcohol
dependency and alcohol-related pathology.

- Role of choline

There is no evidence to indicate a signalling role for choline or
phosphocholine. However, a coupling between PtdCho hydroly-
sis and acetylcholine synthesis in the brain has been proposed
[12,81,82]. During muscarinic or electrical stimulation of rat
brains, choline is mobilized in a sustained manner and
acetylcholine is synthesized at the expense of cellular PtdCho
[81,82]. In addition, using synaptosomal preparations, it has
been demonstrated that choline released from endogenous
PtdCho by endogenous phospholipase D is subsequently
acetylated into acetylcholine [41]. Brain is a very rich source
of phospholipase D [33] and in cultured neuronal cells,
phospholipase D acting on PtdCho is stimulated by muscarinic
stimulation [79,80]. Thus, phospholipase D activation serves to
provide not only PtdOH and DG to mediate sustained release of
acetylcholine but also choline for acetylcholine resynthesis to
replenish the depleted acetylcholine pool. Apparently, the re-
leased acetylcholine is capable of establishing a positive feedback
regulation of acetylcholine synthesis. Such a regulation may be
critical under conditions where a normal supply of choline from
plasma is severely restricted.

CONCLUSION

Phosphodiesteratic cleavage of PtdCho, the principal cellular
phospholipid, is emerging as a wide-spread transduction path-
way. An intriguing feature of PtdCho hydrolysis is that it is
universally activated by phorbol esters and related compounds.

‘Kinetic analyses of products of PtdCho breakdown suggest

activation of either phospholipase C, phospholipase D or both,
depending on cell types and stimulants. However, except for
neutrophils, a clear distinction between phospholipase C and
phospholipase D in stimulated cells is still lacking. Such dis-
tinctions are crucial, in view of rapid interconversion between
hydrolytic products through highly active kinases and phos-
phatases. Available evidence suggest that phospholipase D is
regulated by multiple factors including G proteins, Ca?*, DG
and PKC. Little information is available on the regulation of
PtdCho-specific phospholipase C. There is convincing evidence
that PtdCho-derived DG may cause sustained activation of PKC
to initiate and maintain long-term responses. No such second-
messenger role for PtdOH has yet been described, but it is
unlikely that the only function of PtdOH is to provide DG. The
physiological significance of phospholipase D-catalysed trans-
phosphatidylation involving PtdCho is also not known. It seems
likely that both sustenance and termination of the DG signal
involves several regulatory enzymes including PtdOH phospho-
hydrolase, DG kinase and cytidylyltransferase. These enzymes
are subject to regulation by DG, and are, therefore, ideally
suited for feedback regulation. Future studies will focus on
rigorous identification of PtdCho-specific phosphodiesterases in
stimulated cells, determination of relative contributions of
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various pathways to PtdOH and DG formation, purification and
molecular cloning of various key enzymes regulating PtdCho
metabolism and elucidation of complex interactions between
various transduction pathways.
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