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Phospholipase D enzymes (PLDs) constitute a family

of phosphodiesterases that catalyze the hydrolysis of

phosphatidylcholine (PtdCho) to generate choline and

phosphatidic acid (PtdOH), a potent lipid signaling mol-

ecule implicated in numerous physiological processes.

Mammalian PLDs have been localized to multiple organ-

elles, including the nucleus, Golgi apparatus, lysosomes,

secretory granules and plasma membrane. However,

the detailed mechanisms that govern targeting of PLDs

to different organelles, how their local activity is con-

trolled or indeed the nature of PA effectors are not well

understood. Here, we discuss recent observations on

PLD localization to the Golgi apparatus and how mem-

bers of this enzyme family might play a role in regulat-

ing the structure of this organelle.

Phospholipids play a key role in mediating signal-
transduction events and intracellular membrane traffick-
ing. In the past decade, phospholipid-modifying enzymes
and, in particular, phospholipase D (PLD) have become
the subjects of intense study [1–4]. Phospholipase D is
involved in numerous physiological processes, including
vesicle coat recruitment, budding from the Golgi appa-
ratus, exocytosis, endocytosis, organization of actin fila-
ments in membrane ruffles and meiosis [3,4]. Its enzymatic
activity, which hydrolyzes phosphatidylcholine (PtdCho)
to produce phosphatidic acid (PtdOH) and choline, was
originally discovered in cabbage leaves from which it was
purified and cloned; these sequences were instrumental
in cloning PLD from the budding yeast Saccharomyces
cerevisiae [5]. Both the plant and yeast sequences were
used subsequently to identify the two major mammalian
PLD enzymes – PLD1 (1074 amino acid residues) and
PLD2 (933 amino acid residues) [6–8] (Figure 1). Although
both isoforms share many similarities, increasing evidence
[9] indicates significant differences. For example, PLD1
and PLD2 are differentially regulated by small GTP-
binding proteins, including members of the ADP-ribosyla-
tion factor (ARF) family [10]; RhoA has been demonstrated
to stimulate PLD1, while having no effect on PLD2 [11].
Additionally, the enzymes have different intracellular
distributions, although there is overlap in some organ-
elles, and only PLD2 activity appears to be enhanced
by coexpression with phosphatidylinositol 4-phosphate
5-kinases [PtdIns(4)P 5-kinases] [12]. Here, we discuss
recent observations on PLD localization to the Golgi

apparatus and how members of this enzyme family might
play a role in regulating the structure of this organelle.

Since their initial characterization, PLDs from many
species have been cloned and functionally important
motifs have been identified (Figure 1); these studies
have been the subject of many excellent reviews and will
not be discussed in detail [3,4,8,13]. PLD1 and PLD2 show
,50% homology in the conserved catalytic core, with more
variable N- and C-termini [4,8] (Figure 1). The catalytic
core, subdivided into four conserved subdomains (I–IV),
contains two unique motifs – HxK(x)4D(x)6GSxN –
termed HKD motifs, which are responsible for enzymatic
activity [14,15]. PLDs are members of a large enzyme
family, including phosphodiesterases and transphospha-
tidyl transferases that catalyze transphosphatidylation
reactions. In the presence of primary alcohols only, the
phosphatidyl group is transferred to the alcohol to gene-
rate phosphatidyl-alcohol, rather than PtdOH. Although
PtdOH can be generated from a variety of sources,
including DAG kinase and glycerol 3-phosphate acyltrans-
ferase, the PLD enzymes appear unique in their ability
to utilize primary alcohols – this reaction has been used
extensively to assay PLD activity.

Yeast PLD

During a screen for genes involved in meiosis, a Saccharo-
myces cerevisiae PLD ortholog, the product of the SPO14
gene, was identified as a mutant that is defective in meiotic
divisions required to package nuclei into spores [5]. The
gene encodes a 1683-residue protein, whose N-terminus is
,350 residues longer than mammalian PLD1. Similar to
mammalian PLDs, Spo14p activity is stimulated by
phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P2],
and the enzyme possesses transphosphatidylation activity.
During meiosis, Spo14p relocates from the cytoplasm to
spindle pole bodies, adjacent to sites of membrane forma-
tion; enzyme relocation is dependent on the N-terminus,
which becomes hyperphosphorylated [16]. N-terminal-
truncated Spo14p has diminished phosphorylation acti-
vity, resulting in its failure to relocate to spindle pole
bodies or complement sporulation defects in spo14 mutants,
even though it maintains catalytic activity in vitro. Simi-
larly, catalytically dead Spo14p was unable to support
spore membrane formation even though meiotic relocal-
ization was unaffected [16].

In otherwise wild-type yeast cells, spo14 mutants have
little, if any, effect on secretion. However, in sec14 ‘bypass’
mutants, Spo14p activity is absolutely necessary forCorresponding author: Dennis Shields (shields@aecom.yu.edu).

Review TRENDS in Cell Biology Vol.13 No.10 October 2003540

http://ticb.trends.com 0962-8924/$ - see front matter q 2003 Elsevier Ltd. All rights reserved. doi:10.1016/j.tcb.2003.08.004

http://www.trends.com


survival [17]. The SEC14 gene encodes a PtdIns–PtdCho
transfer protein (PITP) that is essential for exit from the
Golgi apparatus; mutations in this gene are lethal [18].
Seven loss-of-function mutants have been identified that
can ‘bypass’ the lethality of sec14 mutations, and several of
these mutants are defective in enzymes of the PtdCho
biosynthetic pathway. Most significantly, in the absence of
Spo14p enzyme activity, secretion is inhibited in sec14
mutant cells [19] and the bypass mutants are lethal [19,20].
These observations demonstrate that PtdOH synthesis
through PLD can restore Golgi function when Sec14p
activity is lacking. More recently, the two functions of
Spo14p – relocalization to spore-forming sites and SEC14
bypass – have been uncoupled [21]. The data demonstrate
that, although phosphorylation and relocation to spore-
forming sites are necessary for meiosis, only PLD activity
is required for Sec14p-independent secretion. At present,
the role of PtdOH in either sporulation or Golgi function is
unclear. In both situations, a local production of PtdOH
could alter the composition of membrane microdomains,
leading to changes in their physical properties and shape.
In this respect, the function of Spo14p might be analogous
to that of PLD2 at the rims of Golgi cisternae, where a
locally high production of PtdOH could play a role in
regulating membrane curvature (see below).

Mammalian PLDs

It is not surprising that, given their involvement in dis-
parate functions, mammalian PLD activities are subject to
complex regulation by a variety of molecules, including
small GTP-binding proteins and protein kinase C (PKC)
isoforms [8]. PKC binds to the N-terminus of PLD (Figure 1)
and renders the enzyme responsive to agonists, such as
phorbol esters, epidermal growth factor (EGF) and platelet-
derived growth factor (PDGF) [8]. The stimulation of PLD1
and PLD2 activities by PKCa, a Ca2þ-dependent isoform
of PKC, has been well documented [22,23], and, more

recently, PKCd has been demonstrated to stimulate PLD
activity [24]. Additionally, members of the Rac- and
Rho-GTPase family regulate PLD1 and PLD2 activities
[4,9]. However, one of the best-characterized regulators of
PLD1 is the small GTP-binding protein ARF [3,25,26]. All
members of the ARF family, ARF1–ARF6, can activate
PLD1 activity in their GTP-bound states, particularly
when myristoylated [3]. However, the specific site(s) on
the PLD1 molecule that govern this interaction and the
mechanism whereby ARF stimulates enzyme activity
remain to be identified. Whereas ARF1 regulates PLD1
activity at the Golgi apparatus and has been implicated in
vesicle budding [27,28], ARF6 regulates PLD activity at
the plasma membrane [29]. Although these earlier studies
suggested PLD activation by ARFs occurred in the Golgi,
where it might regulate coat recruitment/vesicle pro-
duction, subsequent studies, using point mutants of ARF3,
have demonstrated that the situation is more complex
than originally envisioned. Kuai et al. [30] generated
ARF3 point mutants in which coatomer recruitment was
inhibited but their ability to stimulate PLD was almost
normal, as well as mutants exhibiting the opposite
phenotype. These results suggest that ARF activation of
PLD and coatomer recruitment are separable processes
and that PLD activation alone is insufficient for coatomer
protein I (COP-I) recruitment to Golgi membranes [30].
Although PLD1 and PLD2 are activated by ARFs, the two
isoforms vary in their sensitivities to individual ARFs. The
GTP-bound form of ARF1 stimulates PLD1 catalytic acti-
vity more than 13-fold, whereas PLD2 is only stimulated
1.5-fold [10,11]. Interestingly, deletion of the N-terminal
308 amino acid residues renders PLD2 as ARF responsive
as PLD1 [11]. This observation suggests that full-length
PLD2 might interact with proteins at its N-terminus
that protect it from ARF activation [4]; alternatively, the
N-terminus of PLD2 itself could act as an inhibitory domain.

Fig. 1. Structure of mammalian phospholipase D (PLD) enzymes. Comparison of domains in PLD1 and 2 [6,7,8,11,22]. The four conserved regions are indicated by roman

numerals, and the ‘HKD’ motifs are in yellow. Evidence suggests that HKD motifs mediate intra- and inter-molecular interactions between PLDs necessary for their catalytic

activity [8]. PLD1 possesses a 116-residue loop, located after the first HKD motif (absent in PLD2) and termed the ‘activation loop’, which might be involved in the regulation

of enzyme activity. Both enzymes undergo alternative splicing; in some cells, a 33-residue insert within the 116-residue loop is spliced out of the full-length PLD1, termed

PLD1a, to generate the smaller PLD1b. Similarly, the full-length PLD2 (PLD2a) is spliced to generate two truncated splice variants, PLD2b and PLD2c [4,8]. Abbreviations:

CT, carboxyl-terminal region essential for enzyme activity; PH, pleckstrin-homology domain; Px, phox domain.
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PLD activity requires PtdIns(4,5)P2

Classic in vitro studies, using purified cell membranes,
demonstrated that PLD activity was dependent on
PtdIns(4,5)P2 [4,25]; how PtdIns(4,5)P2 regulates PLD
activity is still unknown. PLDs possess N-terminal phoX
(PX) and pleckstrin-homology (PH) domains that bind to
phosphoinositide phospholipids and mediate PLD–lipid
interactions (Figure 1). It was reported that the PH domain
of PLD1 is required for catalytic activity and localization to
membranes in vitro [31]. This was supported by the recent
observation that mutagenesis of the PH domain alters
PLD1 distribution from membranes to the cytosol [32].
Previous work had shown that PLD1 is palmitoylated on
two adjacent cysteines (C240 and C241) in a flexible loop
within the PH domain [33]. Mutation of these residues
significantly limited PLD1 acylation, affecting its mem-
brane localization and diminishing its activity [32]. How-
ever, acylation alone is unlikely to play a role in the
membrane targeting of other PLDs, such as Spo14p or
mouse PLD2, because neither enzyme possesses the tan-
dem cysteine residues. Other studies reported that dele-
tion or mutagenesis of the PH domain had little effect on
PLD1 or PLD2 activity [34]. Instead, a small region
consisting of basic residues (amino acids 691–712 for
PLD1 and 554–575 for PLD2), known as a ‘KR’ motif,
interacted with phosphoinositides and was responsible for
PtdIns(4,5)P2-stimulated PLD activity [34]. More recent
observations have demonstrated that the PH domain of
PLD2 is required for efficient enzyme targeting in vivo
[35]. Mutations in this domain resulted in catalytically
active enzymes, which maintained a requirement for
PtdIns(4,5)P2; however, these enzymes relocated from
the plasma membrane to endosomes and were rendered
unresponsive to activation by agonists [35]. These
authors suggest a model in which the PH domain of
PLD2 binds to PtdIns(4,5)P2 selectively, but with low
affinity. However, in concert with the KR motif, which
functions as a high-affinity but less-selective anchor, these
two domains cooperate to localize PLD2 to the plasma
membrane [35].

The role of the PX domain in PLD enzymology is
unclear. Previous reports have implicated binding of PX
domains to a variety of phosphoinositides, including
PtdIns(3)P, PtdIns(3,4)P2 and PtdIns(3,4,5)P3, in addition
to PtdIns(4,5)P2 [36]. It is possible that this diverse range
of potential interacting lipid molecules could contribute to
PLD localization; however, this seems less probable in the
light of a recent study demonstrating that deletion of the
PX domain of PLD1 affected neither the intracellular
localization nor the degree of acylation of PDL1 [32]. It is
possible that the PH domain and polybasic motifs, in
combination with acylation, might create a tighter, more
selective and less transient membrane association that
facilitates stimulation of PLD catalytic activity [32].
Therefore, multiple protein–protein interactions with
these modules, mediated by ARFs, Rac, Rho or PKC
isoforms (the latter being membrane associated), might
confer organelle-binding specificity on PLDs. Thus, a
current challenge for the field will be to identify putative
binding proteins and/or motifs that confer membrane
specificity.

Localization of PLD to Golgi membranes

Several studies have provided biochemical evidence for
the presence of an ARF-stimulated PLD on Golgi mem-
branes [27,37]. Additionally, ARF-activated PLD1, and the
resultant PtdOH, stimulated release of nascent secretory
vesicles from the trans-Golgi network (TGN) [28,38].
Using cell fractionation, Jones et al. [39] found only
minor levels of ARF-activated PLD in Golgi membranes,
where most of the activity was associated with a dense
membrane fraction. A complication with all these studies
[28,37,39] is that different methods of Golgi isolation
were used by the various laboratories, making it difficult
to compare results directly. Furthermore, overexpressed
GFP- or HA-tagged PLD1 localized to several organelles,
including endosomes, lysosomes, secretory granules and
the plasma membrane; little was detected on the Golgi
apparatus [40,41]. To resolve these discrepancies, morpho-
logical techniques were used to localize endogenous PLD1
and PLD2. PLD1 exhibited a Golgi-like localization, as
well as diffuse cytoplasmic staining [42]. Cryo-immuno-
electron microscopy and subcellular fractionation demon-
strated that ,25–30% of endogenous PLD1 was localized
to the Golgi apparatus. However, overexpression of an
HA-tagged PLD1 led to loss of Golgi staining, through
displacement of endogenous PLD1 into peripheral vesicu-
lar structures [42].

Overexpressed PLD2 was primarily found at the
plasma membrane [7,43], in agreement with studies that
demonstrated an association between PLD2, ARF6 and
EGF receptor at sites of membrane ruffling [44]. Although
a fraction of endogenous PLD2 was evident on the plasma
membrane, much of the enzyme localized to the Golgi
region and cytosolic puncta [45]. Most significantly, cryo-
immunoelectron microscopy demonstrated that PLD2 was
present almost exclusively on Golgi cisternal rims; it was
enriched 80-fold in Golgi rims relative to cisternae [45].
These findings suggest that some caution might be neces-
sary when interpreting data from experiments that utilize
overexpression protocols to define the subcellular localiz-
ation of enzymes normally present only in catalytic amounts.

The differential distribution of PLD1 and PLD2 implies
that these enzymes have separate functions in the Golgi
apparatus. Because PLD2 has a relatively high basal
activity, it might function as a ‘housekeeping’ enzyme and
maintain a localized pool of PtdOH, whereas ARF1-
activated PLD1 might play a role in modulating PtdOH
levels. Furthermore, the rim localization of PLD2 implies a
regulatory role in mediating vesicular trafficking, analo-
gous to the recent observations that protein components of
the retrograde transport machinery are localized to rims
of the Golgi apparatus [46]. By catalyzing formation of
PtdOH, PLDs might alter the membrane composition at
specific sites to facilitate release of vesicles. It has been
suggested that increasing local concentrations of PtdOH,
as mediated by endophilin, alters membrane curvature
sufficiently to facilitate vesicular budding [47]; PLD2
might have an analogous function at the Golgi rims.
Consistent with this idea, it is noteworthy that caveoli,
which manifest a high degree of membrane curvature, are
enriched in PLD2 [4,45].
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A role for PLD and PtdOH in the Golgi apparatus?

There are several possibilities as to how PtdOH might
function in the Golgi apparatus. First, it could act as a
‘structural’ lipid – not only to promote membrane curva-
ture at cisternal rims but also to recruit coats and other
components required for vesicle formation and budding
[3]. In this context, Manifava et al. [48] demonstrated that
several proteins involved in vesicle trafficking (COP-I
complex, ARF, NSF and kinesin) bound to a PtdOH-
agarose affinity resin incubated with brain cytosol; inte-
restingly, a PtdIns(4,5)P2 affinity column bound these
proteins poorly. Second, PtdOH could be dephosphorylated
by a Golgi-associated phosphatidic-acid phosphatase to
generate DAG and activate a signaling pathway through
PKC. In this context, recent observations by Baron and
Malhotra [49] suggest that protein kinase D (PKD) stimu-
lates vesicle budding from the TGN; of particular interest
is their observation that PKD recruitment was dependent
on DAG levels. Treatment of cells with propanolol, an
inhibitor of phosphatidic acid phosphatase, caused revers-
ible relocation of PKD from the TGN to the cytoplasm [49],
suggesting that PtdOH was the source of Golgi DAG.
Consistent with this idea, PtdOH synthesis has been
shown to promote Golgi vesicle release in vitro [38]. Third,
during viral infection, PtdOH could promote the release of
post-Golgi vesicles containing viral proteins or virions [15].
Studies on vaccinia virus assembly from the Golgi appa-
ratus have suggested a role for PLD activity. Interestingly,
a vaccinia viral protein F13L induces the formation of post-
Golgi vesicles, and this protein has a phospholipase D motif.
Significantly, primary butanol inhibited F13L-induced
vesicle formation and decreased formation of extracellular
virus, without affecting the yield of intracellular mature
virus. These data support a role for F13L in inducing
the formation of vesicle precursors of the vaccinia virus
membrane through phospholipase activity [15].

A role for PLD in phosphoinositide synthesis in the Golgi

apparatus?

It is well documented that PtdOH stimulates PtdIns(4,5)P2

synthesis in vitro, and, in a feedback loop, PtdIns(4,5)P2

stimulates PLD activity [25,50]. It is possible that these
pathways could intersect in the Golgi apparatus. At least
two enzymes in the PtdIns(4,5)P2 biosynthetic pathway
(PtdIns 4-kinase types IIa and b) are Golgi associated
[51,52] and a third (PtdIns 4-kinase type IIIb) is recruited
to Golgi membranes by ARF1 [53]. Thus, in-vitro-isolated
Golgi membranes are capable of robust PtdIns(4)P syn-
thesis [39,53–56]. By contrast, the type I PtdIns(4)P
5-kinases [the final enzymes in the PtdIns(4,5)P2 biosyn-
thetic pathway] are soluble and recruited to their target
membrane by interaction with lipids [54] and, presumably,
other proteins. Incubation of isolated Golgi membranes
with cytosolic extracts or purified enzymes results in
synthesis of PtdIns(4,5)P2 [39,53,55] in a reaction that
can be stimulated by ARF1 [39,53]. Our laboratory
demonstrated that in vitro synthesis of PtdIns(4,5)P2

was decreased by phosphatidyl alcohols, suggesting a role
for PLD in regulating these reactions [55] (Figure 2). By
contrast, other investigators found no effect of primary
alcohols on PtdIns(4,5)P2 synthesis in vitro [39,53]; the

reason for this discrepancy is unclear at present. Inte-
restingly, brief treatment of cells (,15 min) with primary
butanol, but not with secondary or tertiary butanol
(neither of which participate in the transphosphatidyla-
tion reaction), leads to rapid Golgi fragmentation and
blebbing of the plasma membrane; upon alcohol removal,
the Golgi apparatus reassembles [55,56].

On the basis of the correlation between diminished
PtdIns(4,5)P2 synthesis in vitro and Golgi fragmentation
in vivo, PtdOH production in Golgi membranes might
regulate the local synthesis of PtdIns(4,5)P2. The resulting
increase in its concentration could function in maintaining
Golgi architecture by recruitment of specific cytoskeletal
proteins, such as bIII-spectrin or ankyrin, to the mem-
brane [57,58]; increased ARF1 activity could also promote
actin binding [59]. PtdIns(4,5)P2 levels could be main-
tained by a balance between synthesis and turnover
because numerous reports [1,2] have demonstrated the
existence of a large family of inositol polyphosphate
5-phosphatases. This family includes several synaptoja-
nin-like enzymes, members of the type II phosphatase
family that can hydrolyze PtdIns(4,5)P2 and have been
localized to the Golgi apparatus – for example, the Ocrl1
protein [60]. It was recently shown that isolated Golgi
membranes possess a potent PtdIns(4,5)P2 5-phosphatase
activity, the nature of which remains to be determined;
interestingly, these membranes have little if any PtdIns(4)P
4-phosphatase activity [56] (Figure 2).

Fig. 2. Schematic representation of phosphatidic acid (PtdOH) and phosphoinosi-

tide synthesis in the Golgi apparatus. Phospholipase D (PLD)-mediated hydrolysis

of phosphatidylcholine (PtdCho) leads to generation of PtdOH. In the case of PLD1,

the small GTP-binding protein ARF1 stimulates enzyme activity significantly,

whereas basal activity of PLD2 is high. The type II phosphatidylinositol 4-kinases

IIa and IIb (PtdIns4K IIa and IIb), which associate with the Golgi apparatus as well

as other organelles [51,52], phosphorylate phosphatidylinositol (PtdIns) at the D4

position to synthesize phosphatidylinositol (4)-phosphate [PtdIns(4)P ], the major

inositol phospholipid in the Golgi [62,63]. ARF1 also recruits phosphatidylinositol

4-kinase IIIb to Golgi membranes [53] and stimulates phosphatidylinositol

(4)-phosphate 5-kinase activity in vitro to generate PtdIns(4,5)P2 [39,53]. In vitro,

type I phosphatidylinositol (4) phosphate 5-kinases are stimulated by PtdOH to

generate phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P2] [50]. In the pre-

sence of primary alcohols, the transphosphatidylation reaction of PLD synthesizes

a phosphatidyl alcohol (instead of PtdOH); this metabolite cannot stimulate type I

PtdIns(4)P 5-kinase activities and PtdIns(4,5)P2 synthesis is inhibited [55,56].

Although significant levels of PtdIns(4,5)P2 have not been detected in the Golgi

apparatus [61–63], isolated Golgi membranes possess potent phosphatidylinositol

5-phosphatase activity, the function of which remains to be determined [56].

TRENDS in Cell Biology 

Primary alcohol

PtdIns4K
IIIβ

Type I
PtdIns(4)P
5-kinases

PtdIns(4,5)P2
5-phosphatase

PtdIns

PtdIns(4)P

PtdCho

PtdIns(4,5)P2

PLD

ARF1

PtdIns4K
IIα, IIβ

PtdOH

Review TRENDS in Cell Biology Vol.13 No.10 October 2003 543

http://ticb.trends.com

http://www.trends.com


Although this model is consistent with a PtdIns(4,5)P2

requirement for PLD activity, several reports have sug-
gested that the major site of PtdIns(4,5)P2 synthesis is
the plasma membrane. By exploiting a PH domain of
GST–PLCd that is specific for PtdIns(4,5)P2, Watt et al.
[61] used cryo-immunoelectron microscopy to demonstrate
PtdIns(4,5)P2-immunoreactive gold particles on the plasma
membrane and nuclei, with only minor localization to
the Golgi apparatus. Similarly, Levine and Munro [62]
found that virtually all PtdIns(4,5)P2 was localized to the
plasma membrane in yeast cells; identical results were
obtained by Stefan et al. [63]. Indeed, in cells expressing a
single temperature-sensitive synaptojanin-like mutant,
PtdIns(4,5)P2 was only present on intracellular compart-
ments at the non-permissive temperature, suggesting
that, in yeast, this enzyme and other phosphatases control
the plasma membrane localization of PtdIns(4,5)P2 [63].
Although these are compelling results and the PH domain
of PLCd has been used extensively to detect PtdIns(4,5)P2,
some caution in the use of such reagents might be neces-
sary. Given that these reporter molecules are frequently
overexpressed in cells, it is possible that lipid binding
might be a function of mass-action effects rather than
resulting from specific high-affinity interactions; such a
scenario could provide a misleading picture of the level
and localization of PtdIns(4,5)P2. Also, not all PH domains
are equal, and it is possible that the affinity of the PH
domain of PLCd for a putative PtdIns(4,5)P2 pool in the
Golgi apparatus (if indeed it exists) could be much lower
than at the plasma membrane. Consequently, additional
tools are required to determine the relative levels and
identity of phospholipids in all organelles including the
Golgi apparatus.

Limitations and prospects

Two shortcomings in this area of research are the lack of
specific, high-affinity reagents, analogous to PH domains,
that could be used to measure or localize PtdOH in
organelles, and the absence of specific inhibitors of PLD
activity. In the first case, an exciting prospect is the recent
identification of an 11-residue N-terminal module from the
cAMP-specific phosphodiesterase PDE4A1 [64]. This novel
phospholipid-binding domain interacts with PtdOH selec-
tively and has been designated ‘TAPAS’ (tryptophan-
anchoring phosphatidic-acid-selective binding domain)
[64], and it might turn out to be a powerful reagent for
identifying PtdOH interactions. Additionally, the absence
of specific PLD inhibitors has limited ability to dissect the
function of the enzyme and that of PtdOH in cells and
in in vitro assays. Although primary alcohols have been
used to inhibit PtdOH synthesis, there is concern that
such a relatively nonspecific reagent could be toxic even
when suitable controls, employing secondary and tertiary
alcohols, are included.

The most powerful tool to analyze PtdOH, PtdIns(4,5)P2

or indeed other lipids in organelles is mass spectrometry,
combined with ‘lipidomics’. Not only can this technology
identify different lipids individually, but it can also sepa-
rate all the different fatty-acyl-chain derivatives of each
phospholipid species [65]. Mass spectrometry, in combi-
nation with measuring changes in different lipid species

and isoforms in organelles from control and agonist/
antagonist-treated cells can probably provide novel and
important insights into how the levels of different lipids
are regulated. Furthermore, it will generate definitive
answers as to the relative levels of PtdOH and PtdIns(4,5)P2

in the Golgi apparatus. Recently, this technology has been
exploited to characterize changes in phosphoinositide
profiles in human fibroblasts from patients with the
Lowe Syndrome, a disorder affecting phosphoinositide
turnover [49].

Concluding remarks

A major challenge in the next few years will be to
determine how PLD localization and the local production
of PtdOH are controlled, and the mechanisms by which the
relatively simple PtdOH molecule can affect a multitude of
cellular processes. Of particular importance will be to
dissect the relationship between the synthesis of PtdOH
and DAG, to understand how these lipids interact in
regulating Golgi structure and function. Finally, it is
apparent that ARFs play a central role in regulating the
activities and recruitment of several key lipid-modifying
enzymes on the Golgi apparatus (Figure 2); how this
multitude of functions is integrated remains to be deter-
mined. Clearly, much work remains ahead to elucidate the
roles of PLD and inositol phospholipids in Golgi biology;
the next several years will bear the fruits of such
endeavors as our understanding ‘slip slides ahead’.

Acknowledgments
We apologize to the many authors whose important work could not be cited
owing to space limitations. We thank all the members of our laboratory for
helpful discussions. Work in our laboratory is supported by a grant from
the National Institutes of Health (DK 21860).

References

1 Fruman, D.A. et al. (1998) Phosphoinositide kinases. Annu. Rev.
Biochem. 67, 481–507

2 Martin, T.F. (2001) PI(4,5)P2 regulation of surface membrane traffic.
Curr. Opin. Cell Biol. 13, 493–499

3 Roth, M.G. (1999) Lipid regulators of membrane traffic through the
Golgi complex. Trends Cell Biol. 9, 174–179

4 Liscovitch, M. et al. (2000) Phospholipase D: molecular and cell biology
of a novel gene family. Biochem. J. 345, 401–415

5 Rose, K. et al. (1995) Phospholipase D signaling is essential for meiosis.
Proc. Natl. Acad. Sci. U. S. A. 92, 12151–12155

6 Hammond, S.M. et al. (1995) Human ADP-ribosylation factor-activated
phosphatidylcholine-specific phospholipase D defines a new and highly
conserved gene family. J. Biol. Chem. 270, 29640–29643

7 Colley, W.C. et al. (1997) Phospholipase D2, a distinct phospholipase D
isoform with novel regulatory properties that provokes cytoskeletal
reorganization. Curr. Biol. 7, 191–201

8 Exton, J.H. (2002) Phospholipase D-structure, regulation and func-
tion. Rev. Physiol. Biochem. Pharmacol. 144, 1–94

9 Molecular and Cell Biology of Lipids. Phospholipase D (1999) Daniel,
L.W., Ed. Biochem. Biophys. Acta 1439, 119–316

10 Frohman, M.A. et al. Mammalian phospholipase D structure and
regulation. (1999) Biochim. Biophys. Acta 1439, 175–186

11 Sung, T.C. et al. (1999) Structural analysis of human phospholipase
D1. J. Biol. Chem. 274, 3659–3666

12 Divecha, N. et al. (2000) Interaction of the type I alpha PIPkinase with
phospholipase D: a role for the local generation of phosphatidylinositol
4, 5-bisphosphate in the regulation of PLD2 activity. EMBO J. 19,
5440–5449

13 Powner, D.J. and Wakelam, M.J. (2002) The regulation of phospho-
lipase D by inositol phospholipids and small GTPases. FEBS Lett. 531,
62–64

Review TRENDS in Cell Biology Vol.13 No.10 October 2003544

http://ticb.trends.com

http://www.trends.com


14 Ponting, C.P. and Kerr, I.D. (1996) A novel family of phospholipase D
homologues that includes phospholipid synthases and putative endo-
nucleases: identification of duplicated repeats and potential active site
residues. Protein Sci. 5, 914–922

15 Sung, T.C. et al. (1997) Mutagenesis of phospholipase D defines a
superfamily including a trans-Golgi viral protein required for poxvirus
pathogenicity. EMBO J. 16, 4519–4530

16 Rudge, S.A. et al. (1998) Relocalization of phospholipase D
activity mediates membrane formation during meiosis. J. Cell Biol.
140, 81–90

17 Cleves, A.E. et al. (1991) Mutations in the CDP-Choline Pathway for
Phospholipid Biosynthesis Bypass the Requirement for an Essential
Phospholipid Transfer Protein. Cell 64, 789–800

18 Kearns, B.G. et al. (1998) Phosphatidylinositol transfer proteins: the
long and winding road to physiological function. Trends Cell Biol. 8,
276–282

19 Sreenivas, A. et al. (1998) A role for phospholipase D (Pld1p) in growth,
secretion, and regulation of membrane lipid synthesis in yeast. J. Biol.

Chem. 273, 16635–16638
20 Xie, Z. et al. (1998) Phospholipase D activity is required for suppression

of yeast phosphatidylinositol transfer protein defects. Proc. Natl.
Acad. Sci. U. S. A. 95, 12346–12351

21 Rudge, S.A. et al. (2002) Differential regulation of Saccharomyces
cerevisiae phospholipase D in sporulation and Sec14-independent
secretion. Genetics 160, 1353–1361

22 Hammond, S.M. et al. (1997) Characterization of two alternately
spliced forms of phospholipase D1. Activation of the purified enzymes
by phosphatidylinositol 4,5-bisphosphate, ADP-ribosylation factor,
and Rho family monomeric GTP-binding proteins and protein kinase
C-alpha. J. Biol. Chem. 272, 3860–3868

23 Powner, D.J. et al. (2002) Antigen-stimulated activation of phospho-
lipase D1b by Rac1, ARF6, and PKCa in RBL-2H3 cells. Mol. Biol. Cell
13, 1252–1262

24 Han, J.M. et al. (2002) Phosphorylation-dependent regulation of
phospholipase D2 by protein kinase C delta in rat pheochromocytoma
PC12 cells. J. Biol. Chem. 277, 8290–8297

25 Brown, H.A. et al. (1993) ADP-ribosylation factor, a small GTP-
dependent regulatory protein, stimulates phospholipase D activity.
Cell 75, 1137–1144

26 Cockcroft, S. et al. (1994) Phospholipase D: a downstream effector of
ARF in granulocytes. Science 263, 523–526

27 Ktistakis, N.T. et al. (1996) Evidence that phospholipase D mediates
ADP ribosylation factor-dependent formation of Golgi coated vesicles.
J. Cell Biol. 134, 295–306

28 Chen, Y.G. et al. (1997) Phospholipase D stimulates release of nascent
secretory vesicles from the trans-Golgi network. J. Cell Biol. 138,
495–504

29 Caumont, A.S. et al. (1998) Regulated exocytosis in chromaffin cells.
Translocation of ARF6 stimulates a plasma membrane-associated
phospholipase D. J. Biol. Chem. 273, 1373–1379

30 Kuai, J. et al. (2000) Effects of activated ADP-ribosylation factors on
Golgi morphology require neither activation of phospholipase D1 nor
recruitment of coatomer. J. Biol. Chem. 275, 4022–4032

31 Hodgkin, M.N. et al. (2000) Phospholipase D regulation and local-
isation is dependent upon a phosphatidylinositol 4,5-biphosphate-
specific PH domain. Curr. Biol. 10, 43–46

32 Sugars, J.M. et al. (2002) Hierarchy of membrane-targeting signals of
phospholipase D1 involving lipid modification of a pleckstrin homology
domain. J. Biol. Chem. 277, 29152–29161

33 Sugars, J.M. et al. (1999) Fatty acylation of phospholipase D1 on
cysteine residues 240 and 241 determines localization on intracellular
membranes. J. Biol. Chem. 274, 30023–30027

34 Sciorra, V.A. et al. (1999) Identification of a phosphoinositide binding
motif that mediates activation of mammalian and yeast phospholipase
D isoenzymes. EMBO J. 18, 5911–5921

35 Sciorra, V.A. et al. (2002) Dual role for phosphoinositides in regulation
of yeast and mammalian phospholipase D enzymes. J. Cell Biol. 159,
1039–1049

36 Sato, T.K. et al. (2001) Location, location, location: membrane
targeting directed by PX domains. Science 294, 1881–1885

37 Ktistakis, N.T. et al. (1995) Phospholipase D is present on Golgi-
enriched membranes and its activation by ADP ribosylation factor

is sensitive to brefeldin A. Proc. Natl. Acad. Sci. U. S. A. 92,
4952–4956

38 Siddhanta, A. and Shields, D. (1998) Secretory vesicle budding from
the trans-Golgi network is mediated by phosphatidic acid levels.
J. Biol. Chem. 273, 17995–17998

39 Jones, D.H. et al. (2000) Type I phosphatidylinositol 4-phosphate
5-kinase directly interacts with ADP-ribosylation factor 1 and is
responsible for phosphatidylinositol 4,5-bisphosphate synthesis in the
Golgi compartment. J. Biol. Chem. 275, 13962–13966

40 Brown, F.D. et al. (1998) Phospholipase D1 localises to secretory
granules and lysosomes and is plasma-membrane translocated on
cellular stimulation. Curr. Biol. 8, 835–838

41 Kim, Y. et al. (1999) Phospholipase D1 is located and activated by
protein kinase C alpha in the plasma membrane in 3Y1 fibroblast cell.
Biochim. Biophys. Acta 1436, 319–330

42 Freyberg, Z. et al. (2001) Intracellular localization of phospholipase
D1 in mammalian cells. Mol. Biol. Cell 12, 943–955

43 O’Luanaigh, N. et al. (2002) Continual production of phosphatidic acid
by phospholipase D is essential for antigen-stimulated membrane
ruffling in cultured mast cells. Mol. Biol. Cell 13, 3730–3746

44 Honda, A. et al. (1999) Phosphatidylinositol 4-phosphate 5-kinase
alpha is a downstream effector of the small G protein ARF6 in
membrane ruffle formation. Cell 99, 521–532

45 Freyberg, Z. et al. (2002) Phospholipase D2 is localized to the rims
of the Golgi apparatus in mammalian cells. Mol. Biol. Cell 13,
3930–3942

46 Martı́nez-Menárguez, J.A. et al. (2001) Peri-Golgi vesicles contain
retrograde but not anterograde proteins consistent with the cisternal
progression model of intra-Golgi transport. J. Cell Biol. 155,
1213–1224

47 Schmidt, A. et al. (1999) Endophilin I mediates synaptic vesicle
formation by transfer of arachidonate to lysophosphatidic acid. Nature
401, 133–141

48 Manifava, M. et al. (2001) Differential binding of traffic-related
proteins to phosphatidic acid- or phosphatidylinositol (4,5) bisphos-
phate-coupled affinity reagents. J. Biol. Chem. 276, 8987–8994

49 Baron, C.L. and Malhotra, V. (2002) Role of diacylglycerol in PKD
recruitment to the TGN and protein transport to the plasma
membrane. Science 295, 325–328

50 Jenkins, G.H. et al. (1994) Type I phosphatidylinositol 4-phosphate
5-kinase isoforms are specifically stimulated by phosphatidic acid.
J. Biol. Chem. 269, 11547–11554

51 Wei, Y.J. et al. (2002) Type II phosphatidylinositol 4-kinase beta is a
cytosolic and peripheral membrane protein that is recruited to the
plasma membrane and activated by Rac-GTP. J. Biol. Chem. 277,
46586–46593

52 Guo, J. et al. (2003) Phosphatidylinositol 4-kinase type II alpha
is responsible for the phosphatidylinositol 4-kinase activity
associated with synaptic vesicles. Proc. Natl. Acad. Sci. U. S. A. 100,
3995–4000

53 Godi, A. et al. (1999) ARF mediates recruitment of PtdIns-4-OH
kinase-beta and stimulates synthesis of PtdIns(4,5)P2 on the Golgi
complex. Nat. Cell Biol. 1, 280–287

54 Kunz, J. et al. (2000) The activation loop of phosphatidylinositol
phosphate kinases determines signaling specificity. Mol. Cell 5,
1–11

55 Siddhanta, A. et al. (2000) Inhibition of phosphatidic acid synthesis
alters the structure of the Golgi apparatus and inhibits secretion in
endocrine cells. J. Biol. Chem. 275, 12023–12031

56 Siddhanta, A. et al. (2003) Fragmentation of the Golgi apparatus:
A role for bIII spectrin and synthesis of phosphatidylinositol(4,5)
bisphosphate. J. Biol. Chem. 278, 1957–1965

57 De Matteis, M.A. and Morrow, J.S. (2000) Spectrin tethers and mesh in
the biosynthetic pathway. J. Cell Sci. 113, 2331–2343

58 Godi, A. et al. (1998) ADP ribosylation factor regulates spectrin
binding to the Golgi complex. Proc. Natl. Acad. Sci. U. S. A. 95,
8607–8612

59 Fucini, R.V. et al. (2000) Activated ADP-ribosylation factor assembles
distinct pools of actin on Golgi membranes. J. Biol. Chem. 275,
18824–18829

60 Dressman, M.A. et al. (2000) Ocrl1, a PtdIns(4,5)P(2) 5-phosphatase, is
localized to the trans-Golgi network of fibroblasts and epithelial cells.
J. Histochem. Cytochem. 48, 179–190

Review TRENDS in Cell Biology Vol.13 No.10 October 2003 545

http://ticb.trends.com

http://www.trends.com


61 Watt, S.A. et al. (2002) Subcellular localization of phosphatidylinositol
4,5-bisphosphate using the pleckstrin homology domain of phospho-
lipase C delta 1. Biochem. J. 363, 657–666

62 Levine, T.P. and Munro, S. (2002) Targeting of Golgi-specific pleckstrin
homology domains involves both PtdIns 4-kinase-dependent and
-independent components. Curr. Biol. 12, 695–704

63 Stefan, C.J. et al. (2002) The yeast synaptojanin-like proteins control
the cellular distribution of phosphatidylinositol (4,5)-bisphosphate.
Mol. Biol. Cell 13, 542–557

64 Baillie, G.S. et al. (2002) TAPAS-1, a novel microdomain within the
unique N-terminal region of the PDE4A1 cAMP-specific phospho-
diesterase that allows rapid, Ca2 þ -triggered membrane association
with selectivity for interaction with phosphatidic acid. J. Biol. Chem.
277, 28298–28309

65 Wenk, M.R. et al. (2003) Phosphoinositide profiling in complex lipid
mixtures using electrospray ionization mass spectrometry. Nat.
Biotechnol. 21, 813–817

Endeavour

the quarterly magazine for the history
and philosophy of science

You can access Endeavour online
either through your BioMedNet

Reviews subscription or via
ScienceDirect, where you’ll find a
collection of beautifully illustrated

articles on the history of science, book
reviews and editorial comment.

featuring

The pathway to the cell and its organelles: one hundred years of the Golgi apparatus by M. Bentivoglio and P. Mazzarello
Joseph Fourier, the ‘greenhouse effect’ and the quest for a universal theory of terrestrial temperatures by J.R. Fleming

The hunt for red elixir: an early collaboration between fellows of the Royal Society by D.R. Dickson
Art as science: scientific illustration 1490–1670 in drawing, woodcut and copper plate by C.M. Pyle

The history of reductionism versus holistic approaches to scientific research by H. Andersen
Reading and writing the Book of Nature: Jan Swammerdam (1637–1680) by M. Cobb
Coming to terms with ambiguity in science: wave–particle duality by B.K. Stepansky

The role of museums in history of science, technology and medicine by L. Taub
The ‘internal clocks’ of circadian and interval timing by S. Hinton and W.H. Meck

The troubled past and uncertain future of group selectionism by T. Shanahan
A botanist for a continent: Ferdinand Von Mueller (1825–1896) by R.W. Home

Rudolf Virchow and the scientific approach to medicine by L. Benaroyo
Darwinism and atheism: different sides of the same coin? by M. Ruse
Alfred Russel Wallace and the flat earth controversy by C. Garwood
John Dalton: the world’s first stereochemist by Dennis H. Rouvray

Forensic chemistry in 19th-century Britain by N.G. Coley
Owen and Huxley: unfinished business by C.U.M. Smith
Characteristics of scientific revolutions by H. Andersen

and much, much more . . .

Locate Endeavour in the BioMedNet Reviews collection.
Log on to http://reviews.bmn.com, hit the ‘Browse Journals’ tab and scroll down to Endeavour

Review TRENDS in Cell Biology Vol.13 No.10 October 2003546

http://ticb.trends.com

http://www.trends.com

	‘Slip, sliding away’: phospholipase D and the Golgi apparatus
	Yeast PLD
	Mammalian PLDs
	PLD activity requires PtdIns(4,5)P2
	Localization of PLD to Golgi membranes
	A role for PLD and PtdOH in the Golgi apparatus&quest;
	A role for PLD in phosphoinositide synthesis in the Golgi apparatus&quest;
	Limitations and prospects
	Concluding remarks
	Acknowledgments
	References


