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Abstract. Phospholipase D (PLD) catalyses the hydroly-
sis of phosphatidylcholine to generate the lipid second
messenger, phosphatidate (PA) and choline. PLD activity
in mammalian cells is low and is transiently stimulated
upon activation by G-protein-coupled and receptor tyro-
sine kinase cell surface receptors. Two mammalian PLD
enzymes (PLD1 and PLD2) have been cloned and their
intracellular regulators identified as ARF and Rho pro-
teins, protein kinase Ca as well as the lipid, phos-

phatidylinositol [4, 5] bisphosphate (PIP,). I discuss the
regulation of these enzymes by cell surface receptors,
their cellular localisation and the potential function of PA
as a second messenger. Evidence is presented for a role of
PA in regulating the lipid kinase activity of PIP 5-kinase,
an enzyme that synthesises PIP,. A signalling role of
phospholipase D via PA and indirectly via PIP, in regu-
lating membrane traffic and actin dynamics is indicated
by the available data.

Key words. Phospholipase D; ADP ribosylation factor; Rho protein; phosphatidic acid; phosphatidylinositol(4,5)bis-

phosphate.

Introduction

Phospholipase D (PLD) is now recognised as a receptor-
regulated signalling enzyme, which may control many bi-
ological functions, including exocytosis, phagocytosis,
actin dynamics and many aspects of membrane traffic.
Considerable progress has been made in understanding
the enzymology of the PLD enzymes and their regulators
and for earlier studies I refer the reader to several excel-
lent reviews [1—8], in particular a special issue devoted to
phospholipase D [9]. This review focuses on recent de-
velopments in phosphatidylcholine (PC)-specific PLDs
involved specifically in mammalian signal transduction,
with a particular emphasis on the functional aspects of
PLD activation.

Mammalian PLD catalyses the hydrolysis of the major
membrane phospholipid, phosphatidylcholine (PC), to
produce phosphatidic acid (PA) and choline (fig. 1). PA is
the potential lipid ‘second’ messenger akin to diacylglyc-
erol, derived from the canonical PLC signalling pathway.

In addition, PA can be metabolised to other biologically
important lipid metabolites including lyso-PA (LPA) and
diacylglycerol (DG). PLD activity in mammalian cells is
low and is transiently increased following occupation of
many cell surface receptors including those of the het-
erotrimeric G-protein and tyrosine kinase families. Con-
ceptually, PLD activation by cell surface receptors is akin
to PLC and phosphoinositide 3-kinase (PI3K) activation
where metabolism of a specific lipid is used to generate
‘second messengers’. In the case of PLC and phospho-
inositide 3-kinase (PI3K), the substrate (PIP,) is used to
generate inositol (1,4,5)triphosphate (IP;) and DG (PLC),
and phosphatidylinositol (3,4,5)trisphosphate (PIP;)
(PI3K). DG and PIP; reside in the membrane where they
are produced and are known to translocate and activate
specific proteins. PIP; recruits proteins with PH domains,
whilst DG recruits and activates protein kinase C in
conjunction with phosphatidylserine and Ca?*. This re-
view will discuss how similar paradigms may also apply
to PA.
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Figure 1. PLD-catalysed hydrolysis and transphosphatidylation reactions. The first part of the reaction involves the formation of a PA-PLD
intermediate by covalent linkage of PA to a histidine. Either water or a primary alcohol can act as a nucleophile in the second stage of the re-
action. In the presence of water, the reaction product is PA, and in the presence of alcohol, the reaction product is phosphatidylalcohol.

To examine the function of PLD activity in cells, many
studies have relied on alcohols in the absence of specific
PLD inhibitors. Primary alcohols participate in a
transphosphatidylation reaction which is a hallmark of
enzymes of the PLD superfamily. In the case of PLD en-
zymes, transphosphatidylation makes a phosphatidylal-
cohol at the expense of PA, the putative second messen-
ger. This reaction is specific for primary alcohols, and
therefore secondary alcohols are generally used as a con-
trol for the non-specific effects of such a pleiotrophic
compound. The reaction mechanism utilised by PLDs for
‘transphosphatidylation’ is described below.

Enzymology of PLD

PLD activity was first identified in plants and PLD was
the first PC-hydrolysing enzyme to be purified and suc-
cessfully cloned [10]. The cloning of the first plant PLD
and the subsequent realisation that the yeast sporulation
gene called SPO/4 had sequence homology to plant PLD
led to the identification of the yeast SPO/4 as the yeast
PLD [11] (see fig. 2). The availability of the plant and
yeast sequences opened the way for the subsequent
cloning of mammalian PLDs [12—14]. Prior attempts at
purifying mammalian PLDs had failed, due to lack of
knowledge about their regulators and their low abun-
dance, and only one enzyme, the oleate-dependent PLD
from porcine lung was purified to homogeneity but never
cloned [15].

Today, two mammalian PLDs have been cloned, PLD!
and PLD?2 (fig. 2). Together, the plant, yeast and mam-
malian genes comprise a new gene family. The limited
but significant similarity that they share defines a num-
ber of characteristic, highly conserved sequence motifs
[6]. These PLD genes all belong to an extended gene su-
perfamily that also includes bacterial PLDs, bacterial
phosphatidylserine and cardiolipin synthases, bacterial
endonucleases, a Yersinia pestis murine toxin, and vac-
cinia viral envelope proteins, K4 and Vp37 [16]. The Y.
pestis murine toxin has PLD activity [17], unlike K4 and
Vp37 [18, 19]. PLD superfamily members all share a
conserved motif, HxK(x),D(x),GSxN, where x denotes
any amino acid residue [16]. This sequence has been
dubbed the HKD or PLDc motif, and with the exception
of the bacterial endonucleases and one of the virus pro-
teins, all members of the PLD superfamily contain two
HKD motifs. Analysis of proteins containing the HKD
(or PLDc as identified by SMART [20]) motif identifies
three proteins each containing two PLDc domains in
Homo sapiens (fig. 2). These are human PLD1, PLD2
and a Hu-K4. Homologues of PLD1 and PLD?2 are found
throughout the animal kingdom. Homologues of the Hu-
K4 protein are found in Caenorhabditis elegans, Dic-
tyostelium discoideum and mouse. The mouse K4 gene
(also called S4M-9) is expressed in mature neurons of the
forebrain and appears to be turned on at late stages of
neurogenesis [18]. However, the enzymatic activity cata-
lysed by the K4 class of proteins remains to be charac-
terised.
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Figure 2. Domain structure of PLD1, PLD2 and Hu-K4 found in Homo sapiens and their relationship to plant and yeast PLDs. Regions of
conserved sequence are shown. PX, phox homology domain; PH, pleckstrin homology domain; C2, calcium- and phospholipid-binding do-
main; motifs I, II, IIT and IV, regions of sequence conserved among all PLD isozymes. Motifs I and IV (also known as HKD or PLDc) are
also found in Hu-K4. Regions of PLD1 identified in stimulation of catalytic activity by protein kinase C and Rho are indicated and the

PIP,-interacting site is also denoted.

The mammalian PLDI ¢cDNA was cloned from a HelLa
cell cDNA library and found to encode a 1074-amino
acid protein [12], whilst PLD2 was cloned following the
identification of related sequences in expressed sequence
tag (EST) databases. PLD2 is a 933-amino acid, 106-kDa
protein that shares 55% identity with PLD1. PLD1 and
PLD2 mainly differ in their N and C termini. In addition,
PLD1 has a 116-amino acid ‘loop’ region inserted imme-
diately following the first HKD motif. Otherwise, both
PLDs show the existence of a putative PX domain fol-
lowed by a PH domain (fig. 2). Both PX and PH domains
bind to phosphoinositides [21]. In addition, four motifs,
1-1V, can be identified which are shared with members of
the PLD superfamily (fig. 2). PLDI exists as two splice
variants, PLD1a and PLD1b, which differ by the insertion
of a 38-amino acid region in PLD1a [13, 22].

PLD and nuclease reactions proceed by a ping-pong
mechanism in which a phosphoenzyme intermediate is
formed and then hydrolysed in the second step of the re-
action [23, 24] (fig. 1). From the structure of the bacter-
ial endonuclease, residues from two HKD motifs form a
single active site and a histidine residue from one motif
serves as a nucleophile in the reaction forming the phos-
phoenzyme intermediate, while a histidine from the other
motif is a general acid that functions in the hydrolysis of
the substrate phosphodiester bond [25]. The first crystal
structure of a 54-kDa bacterial PLD confirms that the
HKD motif acts as a dimer and can bind to a phosphodi-
ester bond [26]. This is also true for mammalian PLD
where the two HKD motifs associate together to form a
catalytic centre [27].

This mechanism of catalysis provides an explanation for
the unique propensity of the PLD enzymes to function as
phosphatidyltransferases in which primary alcohols serve
as nucleophiles in the second step of the reaction hy-
drolysing the phosphoenzyme intermediate and generat-
ing a phosphatidylalcohol product [16]. The transphos-
phatidylation reaction is a unique property of enzymes of
the PLD superfamily and the non-PLD enzymes (PS and
cardiolipin synthases) use transphosphatidylation exclu-
sively. Plant and mammalian PLDs greatly prefer alcohol
to water and 0.2% butanol is sufficient for transphos-
phatidylation to take place. Secondary and tertiary alco-
hols are not substrates for either enzyme [28]. For
branched alcohols, activity increases with distance from
the alcohol to the branch point. Thus iso-butanol is active
but secondary and tertiary butanol are not. This then is
the basis of many studies where low concentrations of al-
cohols have been used to indicate the requirement for PA
generated from hydrolysis of PC by PLD. Additionally,
transphosphatidylation has been exploited as a means to
measure PLD activation in intact cells, since phos-
phatidylalcohols are not rapidly metabolised in compari-
son to PA and it is a unique product of PLD activity.

Expression of PLD isoforms

Measurements of biochemical activity indicate that PLD
is expressed in most cells. But to obtain insight into the
isoforms expressed, success with antibodies for detection
of endogenous PLD1 and PLD2 proteins has been only
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partial. This problem is due to the lack of high-affinity
antibodies coupled with the low level of expression of
these proteins. Endogenous PLD isoforms have been
identified in FRTL-5 thyroid cells which express PLDI
predominantly with some PLD2 [29]. An alternative way
of detecting expression of endogenous PLD isoforms has
ultilised measurements of mRNA levels, and from such
an analysis, expression levels of PLD/ and PLD? clearly
vary within primary tissues and between cell lines, but in
the majority of cases, most cells co-express PLDI and
PLD?2 [30, 31]. A notable exception appears to be mature
lymphocytes that are devoid of PLD1 or PLD2.

PLD activity has been identified in brain, and both PLD1
and PLD?2 are enriched there. Studies with cell cultures or
brain slices have demonstrated that PLD in the nervous
system is activated in response to a variety of agonists.
Analysis of mRNAs in the developing brain point to the
astrocytes, for PLD2, and oligodendrocytes, for PLD1, as
the main cell types enriched in PLDs [32]. In the adult rat,
PLD1 was found to be upregulated in astrocytes in re-
sponse to transient ischemia [33]. Considering that the
mammalian brain is one of the organs with the highest
specific activity of PLD, that neurons are not the major
sites of PLD enzymes is rather unexpected.

There are reports that expression of mRNA for both
PLDI and PLD?2 can be regulated at the transcriptional
level by growth and differentiation factors in both pri-
mary and cultured cells. For example, in primary mouse
keratinocytes, 1,25-dihydroxyvitamin D3 induces PLD]
expression during differentiation [34]. In human myeloid
cells such as HL60 cells, differentiation leads to a dra-
matic increase in both PLD] and PLD?2 expression [35,
36]. PLD activity has also been shown to be significantly

Review Article 1677

elevated in human cancers including breast, renal, gastric
and colon cancer suggesting that PLD might be impli-
cated in tumorigenesis [37—-41].

Regulation of PLD1 and PLD2 activity

A very large number of agonists increase the activity of
PLD in many cells and tissues (see table 1 for selected ex-
amples and further information can be obtained from pre-
vious reviews [ 1, 5]). Because many of these agonists act
through receptors coupled to the heterotrimeric G-pro-
teins, signal(s) arising from the activation of G-proteins
must be indirectly regulating PLD activity. Likewise,
many of the agonists are growth factors and antigens that
act through receptors that utilise intrinsic or extrinsic ty-
rosine kinase activity. Thus, signals generated down-
stream of tyrosine phosphorylation must also control
PLD activation. Many of these receptors also stimulate
PLC activity leading to an increase in cellular Ca?" as well
as DG, a regulator of protein kinase C (PKC). The phor-
bol ester, PMA, is a potent activator of PLD activity in
most cell types, implying that in many instances PLC ac-
tivation may be upstream to PLD activation. However,
there is substantial evidence that receptor-mediated regu-
lation of PLD enzymes is complex and is in part mediated
by the small GTPases of the ARF and Rho family (Table
1, fig. 3). There are six ARF proteins, ARF1—-ARF6, all
of which activate PLD1. Rho family members, RhoA,
Rac and Cdc42 are again all capable of activating PLD1.
How activation of cell surface receptors regulates the ac-
tivation of ARF and Rho proteins is not within the scope
of this review. In general, activation of ARF and Rho

Table 1. Examples of PLD activation in primary tissues and cultured cell lines mediated by ARF, Rho and protein kinase C (PKC)

Cell type Agonist Comments References
Neutrophils FMLP; monosodium urate crystals; dependent on ARE, PKCa, Rho 105-107
Human airway epithelial bradykinin involves RhoA 109
adenocarcinoma A549 cells

fibroblasts PDGF dependent on ARF proteins but not Rho 109
vascular smooth muscle cells angiotensin I, endothelin-1; PDGF stimulation is ARF-dependent and is via PLD2 110
PC12 cells bradykinin activates PLD2 via PKC§ 111
HEK 293 cells expressing the  carbachol mediated by ARF and Rho 112-114
M3 muscarinic receptor

RBL-2H3 mast cells antigen cross-linking of IgE receptor dependent on ARF proteins 79

Avian DT40 B cells antigen on B cell receptor syk, Btk and PLCy2 dependent 115
U937 cells (a human mono- IgG on FcyR1 receptor dependent on ARF, PKCa and PLD1

cyte cell line)

FRTL-5 thyroid cells thyroid stimulating hormone activation of PLD1 dependent on ARF and Rho 29
Mouse embryo fibroblasts PDGF deletion of PLCy1 inhibits activation of PLD 116
Astrocytes PMA; adrenalin requires ARF, Rho and PKC for full activation 117, 118

Past reviews have compiled an extensive list of tissues where agonist-stimulated PLD activation has been demonstrated [1, 2, 5].
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Figure 3. Direct activators of PLD1 and PLD and the potential
function of PA. Broken lines indicate the lack of substantial evi-
dence to support the possibility.

GTPases is mediated by appropriate guanine nucleotide
exchange factors (GEFs), which constitute a large family
of proteins and whose regulation by cell surface receptors
is only partly understood.

The baculovirus-expressed recombinant hPLD1 enzyme
is directly activated by ARF proteins in the presence of
PIP, [13]. This confirmed numerous past observations of
an ARF-activated PLD activity first identified in HL60
cells [42, 43]. In addition to ARF, this enzyme is also ac-
tivated by Rho proteins and PKCa. The splice variants of
PLDI1 (a and b) do not show any marked differences in
their ability to be activated by the numerous activators.
Based on extensive structural analysis, the amino-termi-
nal 325 amino acids are required for PKCa activation of
PLD1 but not for ARF1 and RhoA [44]. In contrast, Rho
interacts with a site in the amino acid sequence
873—-1024 at the C terminus of PLD1 [45, 46]. Further
analysis indicated that single or double mutations in spe-
cific regions were sufficient for abolishing Rho binding
as well as activation by Rho [46, 47]. The site of ARF in-
teraction has not yet been identified.

For some cell types, PKC has been suggested to be the
major cellular activator of PLD by various agonists in-
cluding platelet-derived growth factor (PDGF), epider-
mal growth factor (EGF), thrombin, bradykinin, an-
giotensin I and vasopressin. Mutants of PLD1 which are
only unresponsive to PKC have been generated and
could not be activated by receptor regulation of
bombesin, and muscarinic receptors 1 and 3 when ex-
pressed in HEK293 cells [48]. Some studies had shown
that PKC can directly activate PLD1 in an ATP-indepen-
dent manner, whilst others suggested that a phosphoryla-
tion-dependent mechanism was important. PLDI is
phosphorylated by PKCa at serine residue 2, threonine
147 (located in the PX domain) and serine 561 (located
in the loop region) and mutation of any of these residues
leads to significant reductions in PMA-induced PLDI1
activity [49].

Signalling through phospholipase D1 and D2

PLD2 when expressed in COS 7 cells was found to be
constitutively active but this is not necessarily the case
when it is transfected into other cell types [14]. Regula-
tion of PLD?2 is less well understood. Modest activation
of PLD2 can be observed with ARF proteins and it can be
robustly activated upon removal of the NH,-terminal 308
amino acids [50, 51]. PLD2 also exhibits a modest re-
sponse to phorbol ester stimulation, suggesting a positive
role of PKCa in the regulation of PLD2 activity in cells.
Co-expression of PKCa and PLD2 results in an increase
in PLD2 activity supporting the possibility that PKCa
can regulate PLD2 activity [52, 53]. Like PLD1, PLD2
has also been found to form a physical complex with
PKCa [52, 53].

An oleate-sensitive PLD was first purified to homogene-
ity from lung. This enzyme was most likely PLD2 based
on size [15] and on the recent analysis demonstrating that
PLD2 can be activated by unsaturated fatty acids includ-
ing oleate (18:1), linoleate (18:2) and arachidonate (20:4)
[54]. Lymphocytic mouse leukaemic L1210 cells only ex-
press the oleate-sensitive PLD with no indication of an
ARF-sensitive PLD activity. In contrast, HL60 cells have
no oleate-stimulated PLD activity but contain a robust
ARF-stimulated activity [55]. Thus, these two cell types
are at extreme ends of the spectrum, with the PLD2 iso-
form predominating in lymphocytic cells whilst a PLD1-
like activity is predominant in HL60 cells. In the rat heart,
the major PLD has also been identified as PLD2 and can
be activated by a PLA,-dependent release of unsaturated
fatty acids [56, 57]. Cardiac PLD2 was found to be asso-
ciated with a-Actinin and the N-terminal 185 amino
acids were responsible for this interaction. a-Actinin was
found to inhibit PLD2 activity and the inhibition could be
reversed by ARF. These data together with the observa-
tion that removal of the N terminus makes PLD2 respon-
sive to ARF would indicate that under certain conditions
when an interacting protein like actinin is present, ARF
may be a regulator of PLD2.

PLD1 and PLD2 are apparently regulated by activation of
cell surface receptors when examined in intact cells, e. g.
HEK?293 cells stimulated with EGF or insulin [53]. Addi-
tionally, PLD2 becomes tyrosine-phosphorylated and
forms a physical complex with the EGF receptor.

Table 1 assembles the evidence that indicates the mecha-
nism of PLD activation used by different cell surface re-
ceptors. ARF and RhoA have been implicated in mediat-
ing agonist-induced activation of PLD in several cell
types. ARF and Rho proteins have also been shown to be
activated as monitored by their translocation to mem-
branes upon addition of agonist. Figure 3 summarises the
input of several regulators impinging on the activity of
PLDI1 and PLD2 based on available data from both in
vitro and cell-based studies. PLDs are not really unusual
in having multiple regulators and this may allow receptor-
and tissue-specific activation of this class of enzymes.
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Regulation by PIP,

Establishment of in vitro assays for mammalian PLD ac-
tivity identified a requirement for PIP, [42] and this lipid
has now been established as an allosteric regulator of both
PLDI1 and PLD2. Both PLD1 and PLD2 have a putative
PH domain which is a potential candidate for PIP, regu-
lation. In one study, point mutations within the PLD1 PH
domain were reported to inhibit PLD1b enzyme activity,
whereas deletion of the domain both inhibited enzyme
activity and disrupted normal PLD1 localisation [58]. It
is worthwhile noting that cysteine residues 240 and 241
which lie within the putative PH domain are palmitoy-
lated and this also influences the localisation and associ-
ation of PLD1 with membranes [59, 60]. A second site for
phosphoinositide regulation has also been identified be-
tween motifs IT and III (see fig. 2), a unique conserved re-
gion of basic amino acids which is a stretch of sequence
(10—-20 residues) loosely denoted as ‘KR’ motifs, rich in
basic amino acids and often interspersed with aromatic
and aliphatic amino acids. Mutational analysis of
residues in this region in PLD2 reveals the loss of PIP,-
dependent activation, although the enzymes localise nor-
mally [61].

Location of PLD determines its function

To understand the function of PLD activity an insight into
its location within cells is essential. The product of PLD
activity is a lipid that can only function in the membrane
compartment where it is generated. Table 2 summarises
the published data that pertain to the localisation of PLD
activity. The most detailed analysis of the location of en-
dogenous PLD activity in a primary cell has been done
with human neutrophils. Human neutrophils are termi-
nally differentiated cells which are unable to proliferate
and are scheduled to die after a couple of days. The biol-
ogy of the neutrophil is well understood. Quiescent neu-
trophils in the circulation contain endocytically derived
secretory vesicles which are a reservoir for signalling
molecules such as integrins and fMetLeuPhe (FMLP) re-
ceptors [62]. Prior to activation, the neutrophil needs to
be ‘primed’ and this is accomplished by very low con-
centrations of agonists, including the bacterially pro-
duced tripeptide FMLP. PLD is minimally activated dur-
ing ‘priming’. ‘Priming’ is effectively the insertion of
signalling molecules including PLD into the plasma
membrane by fusion of secretory vesicles [63]. Primed
neutrophils show a robust production of PA which peaks
at less than a minute after stimulation with FMLP, and
initiates both exocytosis of secretory granules and the ac-
tivation of NADPH oxidase. Low concentrations of alco-
hol block both responses. Translocation of ARF to mem-
branes is also dependent on ‘priming’ [64]. Phos-
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phatidylethanol production in stimulated cells is primar-
ily localised at the plasma membrane as determined by
subcellular fractionation. The data from the neutrophil
studies clearly establish the plasma membrane as the
main site of PLD activation.

HL60 cells have also been extensively analysed and
widely used as a model system for neutrophils. They can
be terminally differentiated towards a neutrophil-like lin-
eage with a variety of differentiation agents and acquire
many of the characteristics of a neutrophil including the
expression of FMLP receptors. In contrast to the human
neutrophil, much of the ARF-regulated PLD activity is
found intracellularly with only a small amount at the
plasma membrane [65]. Since cultured cell lines are often
derived from patients suffering from cancer, and cancer
cells have been shown to upregulate the PLD proteins,
caution must be exercised when evaluating data from cell
lines because they may not represent the situation in pri-
mary cells. This caveat is important, because the majority
of studies have utilised cultured cell lines for the analysis
of PLD localisation.

Which intracellular compartment has PLD activity? The
identification of ARF as a regulator of PLD activity led to
the speculation that PLD1 may be important for the for-
mation of COP1-coated vesicles from the Golgi. An early
study had suggested that ARF-stimulated PLD activity
was localised in a Golgi-enriched fraction in cultured
cells [66]. However, other studies in primary tissues indi-
cate that activity at the Golgi (prepared from rat liver) is
not substantial [67, 68]. Recent data indicate that the abil-
ity of ARF to participate in COP1-coated vesicles may be
independent of PLD activity [69—71].

To overcome the ambiguities of subcellular fractionation
(lack of purity of fractions) and the inability to distinguish
between PLD1 and PLD2 isoforms, many investigators
have resorted to the use of tagged PLDs to study localisa-
tion by microscopy. The following picture emerges. In
most cases, PLD2 is found at the plasma membranes and
also in submembranous vesicular structures which appear
to be endocytic in origin [14, 72; O’Luanaigh et al., un-
published data]. Figure 4 illustrates an example of the lo-
calisation of PLD2 at the plasma membrane in RBL-mast
cells. Upon stimulation, PLD2 is found in the ruffling
membrane as well as in circular endocytic structures that
are formed following stimulation [O’Luanaigh et al., un-
published data]. In a number of studies, where the locali-
sation of PLD1 has been examined, the emerging picture
indicates that it is localised in the endosomal/lysosomal
compartment [73, 74]. Again, an example is shown from
the RBL-mast cells where PLDI is localised to the lyso-
somal compartment (fig. 4A). In RBL-mast cells, the
lysosomal compartment functions as a secretory granule
which can be exocytosed upon stimulation. The PLD1 lo-
calises to this compartment and is able to translocate to the
plasma membrane upon stimulation [73].
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Table 2. Localisation of PLD activity or isozymes.

Signalling through phospholipase D1 and D2

Cell type Stimulus Cellular compartment Measurements of PLD activity References

Human neutrophils FMLP PM. PEt formation in cells 119

Human neutrophils FMLP Endocytic secretory vesicles ARF-dependent PLD activity 63
which fuse with the PM.
upon ‘priming’

HL60 cells FMLP P.M. and endomembranes PEt formation in cells 65

HL60 cells N.A. P.M. and endomembranes ARF-stimulated PLD activity 65

HeLa cells PMA PM. and E.R. PEt formation in cells 120

3T3 Li cells bradykinin PM. and E.R. PEt formation in cells 120

Rat embryo fibroblasts (REF-52)  N/A PM. HA-tagged PLD2 14

Rat embryo fibroblasts (REF-52)  N/A Golgi, E.R., endosomes HA-tagged PLD1 14

BHK cells PMA ER. PEt formation in cells 121

NRK, Vero, HeLa N/A late endosomes and FLAG-tagged PLD1a and 75
lysosomes HA-tagged PLD1b

RBL mast cells N/A plasma membranes EGFP-tagged PLD2 73

RBL mast cells N/A secretory granule/ EGFP-tagged PLD1b 122
lysosomal markers (translocates to PM. on

antigen stimulation)

3Y1 fibroblast N/A P.M. (caveolae), E.R. and Endogenous PLD1 immunore 123, 124
Golgi activity and GFP-PLDI

U937 cells, HL60 N/A detergent-insoluble PLDI1 together with ARF and Rho 125, 126
cytoskeleton

U937 cells, human keratino- N/A detergent insoluble PLD2 127,128

cytes; CHO cells

fraction /cavealoe

N/A, not applicable; PM., plasma membranes; E.R., endoplasmic reticulum; PEt, phosphatidylethanol.

A.PLD1

Adhesion plane

Mid plane

Adhesion plane

Mid plane

Top of cell

Figure 4. Localisation of PLD1 and PLD2 isoforms in RBL-mast cells following transfection with EGFP-tagged PLDs. PLD1 is localised
to the lysosomally derived secretory granules and PLD2 at the plasma membrane. An image of the bright field (Normarski) is shown to-
gether with three confocal planes, the adhesion plane, the mid plane and the top of the cell.

The plasma membrane is thought to contain mi-
crodomains that are laterally segregated in the plane of
the bilayer, whose unique lipid and protein composition
may reflect specific functions including sites of sig-
nalling activity and regions where exocytic compart-
ments fuse. These microdomains are characterised by
their enrichment in phosphoinositides [75—-77], a lipid
which is required for PLD activity. Not surprisingly,

PLD2 and in some cases PLD1 have been found associ-
ated with these microdomains (see table 2).

It is clear from table 2 that PLDs can be found at both the
plasma membrane and in intracellular compartments in-
cluding the endoplasmic reticulum, Golgi, endosomes
and lysosomes. The availability of antibodies and studies
of endogenous enzymes in primary tissues will be essen-
tial in confirming the above conclusions concerning lo-
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calisation. The danger with transfection studies could be
mislocalisation due to over-expression.

Functions of PLD

In the majority of studies discussed below, the initial evi-
dence identifying PLD activity as important in a func-
tional event relied on the use of alcohols. The concentra-
tion of alcohol required to give maximal transphos-
phatidylation has been examined and is 0.5-1.5% for
ethanol and 0.2—0.5% for butanol [78, 79]. As a control
for non-specific effects of butanol, the secondary and ter-
tiary forms of butanol have often been employed. Fur-
thermore, because water is still present at high enough
concentrations, some PA will always be formed in the
presence of alcohols [28].

As stated above, neutrophils and mast cells contain se-
cretory granules which are really modified lysosomes.
The first hint that PLD activation was necessary for exo-
cytosis in neutrophils and mast cells came from the ob-
servation that alcohols blocked exocytosis. Further analy-
sis has confirmed the importance of ARF and PLD in ex-
ocytosis in both primary neutrophils and mast cells and in
their related cell lines, HL60 cells and RBL-mast cells
[64, 70, 73, 79]. A reconstitution system has been em-
ployed to examine the requirement for ARF proteins in
both PLD activation and exocytosis. In cytosol-depleted
cells, both reactions are refractory to stimulation and can
be restored upon addition of ARF proteins [64, 70, 79].
ARF-reconstituted secretion is blocked by ethanol, fur-
ther substantiating the dependence on PA derived from
the PLD pathway [79]. Mutational analysis has identified
regions of ARF1 responsible for PLD1 activation, and the
same regions were required for restoring exocytosis. ARF
proteins have other effectors including COP1 and AP1,
and ARF mutants have been identified that are selective
for different effectors [70, 71].

Studies with chromaffin cells indicate that ARNO (an
ARF exchange factor for ARF1 and ARF6), ARF6 and a
plasma membrane-localised PLD1 are required for exo-
cytosis. ARF6 was present on secretory granules and was
required to activate a plasma membrane-associated PLD
[80—82]. Secretion triggered by raising cytosol Ca?" in
permeabilised cells was blocked partially with ethanol or
butanol. The concentration of butanol used was 1.5%,
much higher than that required for maximal ‘transphos-
phatidylation’.

PLD has also been found to play a role in controlling
changes in the actin cytoskeleton, and stimulation of actin
stress fibre formation [83] and membrane ruffling [72,
73] are both dependent on PLD activity. Membrane ruf-
fling is exquisitely sensitive to 0.5 % butanol but not bu-
tan-2-ol, and the PLD isoform found in membrane ruffles
is PLD2. PLD2 has also been shown to associate with PIP
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5-kinase [84], and this enzyme is activated in a co-ordi-
nated manner by PA together with ARF6 [72; O’Luanaigh
et al., unpublished data]. Actin stress fibre formation, on
the other hand, is inhibited by expressing the catalytically
inactive form of PLD1 but not PLD2, indicating specific
functions of PLD isoforms in these related processes.
Membrane ruffling requires the constant recycling of
membranes to endocytic structures, which is ARF6 de-
pendent [85]. PLD2 likely participates in the membrane
recycling process.

Yet another membrane trafficking event is the transloca-
tion of GLUT4 glucose transporter from an intracellular
compartment to the plasma membrane which is stimu-
lated by insulin. PLD1 has been found to co-localise with
GLUT4-containing structures and may play some role in
exocytosis of these vesicles. However, PLD activation has
only been observed in cells which express high levels of
insulin receptors, but not in 3T3-Li adipocytes, which are
responsive to insulin with respect to GLUT4 transloca-
tion to membranes but not with respect to PLD activation
[86]. Clearly, further studies are required before a clear
picture emerges concerning insulin-stimulated GLUT4
insertion into the plasma membranes.

Aggregation of the high-affinity receptor for IgG, FcyRI,
by immune complexes results in the internalisation of
these complexes and their trafficking to lysosomes for
degradation. Activation of PLD is necessary for the effi-
cient trafficking of the internalised immune complexes to
lysosomes using butanol as a suppressor of PA produc-
tion [87, 88]. Aggregation of the receptor stimulates the
association of PLD1 with ARF6 and PKCa. An interest-
ing aspect of this study was the observation that PKC ac-
tivity required PLD1 activation, as butanol or downregu-
lation of PLD1 using antisense oligonucleotides were in-
hibitory. This implies that PKC is downstream of PLD
[89].

Another trafficking event that requires PLD activity is in
the liver. The major function of hepatic very low density
lipoproteins (VLDLs) is to deliver triacylglycerol from
the liver to peripheral tissues. The assembly of VLDLs
containing apolipoprotein B is a complex process that oc-
curs in the lumen of the secretory pathway. The process
consists of two relatively well-identified steps. In the first
step, two VLDL precursors are formed simultaneously
and independently: an apolipoprotein B-containing
VLDL precursor (a partially lipidated apolipoprotein B)
and a VLDL-sized lipid droplet that lacks apolipoprotein
B. These two components are probably made in separate
membrane compartments. In the second step, these two
precursors fuse to form a mature VLDL particle. The
apolipoprotein B-containing VLDL precursor is formed
during the translation, and concomitant translocation of
the protein to the lumen of the endoplasmic reticulum.
The VLDL precursor is completed shortly after the pro-
tein is fully synthesized. The process is dependent on the



1682 S. Cockcroft

microsomal triglyceride transfer protein. Although the
mechanism by which the lipid droplets are formed is un-
known, recent observations indicate that the process is
dependent on microsomal triglyceride transfer proteins.
The conversion of the apolipoprotein B-containing pre-
cursor to VLDL seems to be dependent on ARF1 and its
activation of PLD. This step of VLDL assembly is inhib-
ited by butanol as well as brefeldin A, which inhibits the
formation of active ARF [90, 91].

PLD1 and ARF have together been implicated in the re-
lease of nascent secretory vesicles from the trans golgi
network in growth hormone-secreting GH3 cells
[92—94]. In these experiments, butanol was used at 1.5%
compared to the usual requirement of 0.2—0.5 % for max-
imal transphosphatidylation. This concentration of bu-
tanol was found to dismantle the Golgi apparatus.
Whether this effect is due to disruption of PA formation
has to be questioned.

Many of the functional responses described above where
PLD activity has been implicated relate to membrane-
trafficking events. Many of the membrane-trafficking
events include the lysosomes, endosomes, plasma mem-
branes, endoplasmic reticulum and Golgi, and PLD en-
zymes have been found in all of these locations (see table
2). The assembly of VLDL takes places at the endoplas-
mic reticulum and at least two studies have identified the
endoplasmic reticulum as a site of PLD activity.

Functions of PA

What is the role of PLD-derived PA? Figure 3 illustrates
some current ideas for which some evidence has been
presented. The further metabolism of PA to LPA and DG
is the least favoured explanation and very little data exist
to support these possibilities. The two most favoured
ideas are the potential of PA to function as a membrane-
recruiting device for transiently targeting specific pro-
teins to membranes. Some evidence to support this notion
has been forthcoming. The first PA-binding protein was
Raf-1 kinase which is translocated to membranes under
conditions where PLD2 is activated [95, 96]. PA was not
found to activate Raf-1 kinase but only acted as a mecha-
nism for protein recruitment. A more recent study has pu-
rified PA-binding proteins from rat brain cytosol and
identified 15 known and 5 novel proteins. These include
proteins involved in intracellular traffic, ARF, coatomer
complex, kinesin and N-ethylmaleimide-sensitive fusion
protein, and also neurochondrin (thought to be involved
in somatodendritic functions in neuronal cells), puro-
mycin-sensitive aminopeptidase and Raf-1 [97]. These
data are in accord with previous studies which suggested
that PA mediated the recruitment of the coatomer com-
plex during the formation of transport vesicles [98, 99].
However, the importance of PA in the budding of COP1-
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coated vesicles has been questioned by more recent
analysis [69—71, 100, 101]. Major arguments against PA
being essential in coatomer recruitment are the observa-
tion that recruitment of coatomer to Golgi membranes is
not inhibited by ethanol up to 6% and, moreover,
coatomer can directly interact with ARF to mediate its re-
cruitment.

Finally, we have proposed that PA is a regulator of PIP,
synthesis [2, 64]. This was based on the observation that
PA could stimulate the activity of type I PIP 5-kinase
[102]. Recent studies with this enzyme indicate that not
only PA but also ARF can directly regulate the activity of
this enzyme in vitro. Depending on the composition of
the vesicles used, PA or ARF can independently regulate
PIP 5-kinase activity. Under specific in vitro conditions,
ARF can only stimulate PIP 5-kinase activity provided
that PA is present as a co-activator [67, 72]. The possibil-
ity that PIP 5-kinase activity can be increased by ARF
alone complicates the interpretation of some of the older
studies where ARF was shown to increase PIP, synthesis
in permeabilised cells [64]. This could have been either a
direct effect of ARF on PIP 5-kinase or it could have been
indirectly via PA-derived PLD. Finally, within different
cellular compartments, different mechanisms could oper-
ate. Recent analysis indicates that at the Golgi mem-
branes prepared from rat liver, PIP, synthesis is mediated
by ARF1 via a direct activation of PI 4-kinasef and a type
I PIP 5-kinase [67, 103]. A requirement for PLD was ex-
cluded by the demonstration that PIP, synthesis could not
be blocked by 0.5% butanol, a concentration that gives
maximal transphosphatidylation. In contrast, Golgi mem-
branes prepared from GH3 cells were shown to make a
modest amount of PIP, upon addition of cytosol, with no
requirement for ARF. This was blocked by the addition of
butanol, however [94]. The main difference between the
two studies was the amount of butanol used: 0.5% in the
studies with rat liver Golgi compared to 1.5% in the study
with GH3 cells derived Golgi membranes. In a different
study, which examined purified lysosomes, PIP, synthe-
sis was also found to be dependent on PLD activity and
was shown to be responsible for the initiation of clathrin
coat assembly [68]. But again, inhibition was observed
with 1.5% butanol although PLD activation was moni-
tored at 0.5 % butanol.

Why much higher concentrations of alcohol are required
to inhibit PIP, synthesis compared to maximally divert
PA to phosphatidylalcohol is not clear. In a recent study,
we compared the concentration of alcohol required to in-
hibit receptor-mediated activation of PLD with GTPyS-
mediated activation of PLD and found near maximal pro-
duction of phosphatidylethanol with 1% ethanol [79].
Higher concentrations of alcohol did not produce a fur-
ther increase in phosphatidylethanol. The reason for com-
paring a receptor-activated system versus stimulation
with GTPyS is due to the nature of the degree of stimula-
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tion. A much higher level of PLD activation is observed
with GTPyS compared to an agonist. Since transphos-
phatidylation is always incomplete and is also accompa-
nied with some PA production [104], with GTPyS as a
stimulus, a higher level of PA will be formed compared to
an agonist. We have noted that functional responses, e.g.
secretion, can be blocked more completely with alcohols
when stimulated with a receptor compared to the stimu-
lation with GTPyS. This is precisely what one would ex-
pect. Enough PA would still be made in the presence of an
alcohol when GTPyS is used as an activator. This does not
entirely explain the discrepancies noted in the literature,
however, since GTPyS was not used for activation in ei-
ther of the studies discussed here [68, 94]. Specific in-
hibitors of PLD are urgently required to resolve these dis-
crepancies.

Conclusions

The demonstration that mammalian cells have PLD ac-
tivity was first reported just over 20 years ago and shortly
thereafter, PLD activation was identified as a receptor-ac-
tivated step. We have travelled a long way since then and
have now identified many of the key players. There are
two bona fide PC-hydrolysing PLD enzymes in the hu-
man genome, both of which are regulated in a complex
manner by small GTPases, PIP, and PKC. The product of
PLD activity is PA and the most favoured scenario is that
PA has two major functions in cells: one is to recruit pro-
teins and the second is to regulate the activity of enzymes
including protein and lipid kinases. The best data are
available for activation of a lipid-metabolising enzyme,
PIP 5-kinase to make PIP,. Here we come full circle as it
is clear that PIP, itself can regulate the activity of PLD.
This brings to mind a previous conundrum that existed in
the PLC field. All PLCs are dependent on Ca?" for activ-
ity and increasing levels of Ca?" enhance PLC activity.
Nonetheless, the product of PLC activity is IP;, whose
downstream function is to mobilise Ca*". Thus for PLD to
be active in the cell, the basal pool of PIP, would suffice.
The activation would lead to a local increase in PIP,
which could enhance the activation of PLD further. PIP,
together with PA may be responsible for governing the
specific reversible recruitment of proteins to execute
many of the trafficking events discussed here and for
modulation of the actin cytoskeleton. It is interesting to
note that PIP, in the presence of PA is effective at regu-
lating the activity of ARF-GAPs which would terminate
ARF activity.

The critical factor will be the location of the PLD en-
zymes, as these areas will be sites of PA and PIP, pro-
duction, and here much progress has been made concern-
ing the location of the enzymes, using tagged proteins in
transfected cells. Co-localisation of PLDs with PIP 5-ki-
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nases will provide further evidence for a relationship be-
tween these two enzymes. Evidence to that effect has
been presented [72, 84]. This review has focused on
PLD1 and PLD2. However, the possibility that Hu-K4
also has PLD activity remains an open question and this
possibility cannot be disregarded.
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