FEBS
Letters

REVIEW ARTICLE

:@' FEBSPRESS

© science publishing by scientists

A central role for phosphatidic acid as a lipid mediator of
regulated exocytosis in apicomplexa

Hayley E. Bullen' and Dominique Soldati-Favre?

1 Burnet Institute, Melbourne, Australia

2 Department of Microbiology and Molecular Medicine, CMU, University of Geneva, Switzerland

Correspondence
H. E. Bullen, Burnet Institute, 85

Commercial Road, Melbourne, Vic. 3004,

Australia

Fax:+613 9282 2126

Tel: +613 9282 2226

E-mail: hayley.bullen@burnet.edu.au

(Received 20 June 2016, revised 10 July
2016, accepted 11 July 2016, available
online 26 July 2016)
doi:10.1002/1873-3468.12296

Edited by Wilhelm Just

Lipids are commonly known for the structural roles they play, however, the
specific contribution of different lipid classes to wide-ranging signalling path-
ways is progressively being unravelled. Signalling lipids and their associated
effector proteins are emerging as significant contributors to a vast array of
effector functions within cells, including essential processes such as membrane
fusion and vesicle exocytosis. Many phospholipids have signalling capacity,
however, this review will focus on phosphatidic acid (PA) and the enzymes
implicated in its production from diacylglycerol (DAG) and phosphatidyl-
choline (PC): DGK and PLD respectively. PA is a negatively charged, cone-
shaped lipid identified as a key mediator in specific membrane fusion and
vesicle exocytosis events in a variety of mammalian cells, and has recently
been implicated in specialised secretory organelle exocytosis in apicomplexan
parasites. This review summarises the recent work implicating a role for PA
regulation in exocytosis in various cell types. We will discuss how these sig-
nalling events are linked to pathogenesis in the phylum Apicomplexa.
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Over the past 15 years, research has unravelled that
different phospholipids are involved in numerous cellu-
lar functions. For instance phosphoinositides (Pls)
contribute to a much broader range of biological pro-
cesses than originally anticipated such as vesicular traf-
ficking, endocytosis and exocytosis, modulation of
lipid distribution and metabolism, and regulation of
ion channels [l]. Structurally, PIs are amphiphilic
molecules containing a glycerol backbone, two nonpo-
lar fatty acid tails and phosphate groups substituted
with inositol head groups. Differential phosphorylation
of the inositol head-group generates different PIs car-
rying from one to three negative charges. Phospho-
lipids can be further classified based on their
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occupation of space within membrane bilayers; cylin-
ders (e.g. phosphatidylcholine, PC), cones (phospha-
tidic acid, PA) and inverted cones
(Ilysophosphatidylcholine, LPC) [2]. While PIs play
diverse roles within cells, this review will focus specifi-
cally on the key contribution of PA during regulated
exocytosis.

Regulated exocytosis refers to the process of mem-
brane fusion between specialised vesicles (including
secretory granules) and the plasma membrane (PM) in
response to extrinsic stimuli and elevated cytosolic cal-
cium levels [3]. In mammalian cells, exocytosis is
involved in a broad array of events from neuronal
synapse signalling to insulin granule release [3]. In

ANCAs, anti-neutrophil cytoplasmic antibodies; CDPK, calcium-dependant protein kinase; DGK, diacylglycerol kinase; GC, guanylate cyclase;
LPAAT, lysophosphatidic acid acyl transferase; LPC, lysophosphatidylcholine; NSF, N-ethylmaleimide-sensitive factor; PA, phosphatidic acid;
PDEs, phosphodiesterases; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PH, pleckstrin-homology; PI-PLC, phosphoinositide-
phospholipase C; Pls, phosphoinositides; PKG, protein kinase G; PLD, phospholipase D; PM, plasma membrane; PX, phox-homology.
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Apicomplexan parasites, such as Toxoplasma gondii
and Plasmodium spp., the specialised organelles termed
micronemes release their contents including adhesins,
perforins and proteases in a regulated manner, criti-
cally contributing to invasion and egress from infected
cells [4]. During regulated exocytosis, secretory vesicles
dock to the plasma membrane via the use of specific
machinery termed SNAREs (soluble N-ethylmalei-
mide-sensitive factor (NSF) attachment protein recep-
tors) present on both the vesicles (v-SNAREs) and the
target membrane (t-SNARESs). Interaction of these
complexes pulls the membranes into close enough
apposition to enable membrane fusion and subsequent
vesicle exocytosis [3]. Multiple PIs are involved in this
process, however, PA is currently emerging as another
important signalling lipid during exocytosis across a
wide range of cell types [3,5].

Phosphatidic acid can be generated through the
activities of either phospholipase D (PLD), diacylglyc-
erol kinase (DGK) or lysophosphatidic acid acyl trans-
ferase (LPAAT). While LPAAT has been shown to
have some activity in PA generation for synaptic vesi-
cle trafficking in ribbon synapses [6], LPAAT-derived
PA is most commonly utilised for structural and
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metabolic processes and thus will not be discussed fur-
ther here. PLD hydrolyses structural phospholipids
such as PC and phosphatidylethanolamine (PE) to
form PA and has been associated with plant stress
responses [7] and mammalian exocytotic events [8—10].
Conversely, DGK phosphorylates phosphoinositide-
phospholipase C  (PI-PLC)-derived diacylglycerol
(DAG) to form PA, which critically contributes to
microneme exocytosis in apicomplexan parasites [11]
and degranulation of neutrophils and mast cells [12—
14] (Fig. 1). While the signalling cascades culminating
in PA generation are important for PA-associated exo-
cytosis, the biophysical properties of PA also underpin
its ability to participate in this process. Specifically,
PA is conical in shape within the membrane and thus
packs poorly in planar bilayers, consequently generat-
ing areas of negative curvature that are preferred by
target membranes involved in fusion/fission events
[3,15]. The roles played by PA within this process are
thus rather complex. This review covers the recent
findings on the implications of PA in regulated exocy-
tosis related to pathogenesis, the players in PA pro-
duction and the characterisation of sensors detecting
PA in the cells.
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Fig. 1. Phosphatidic acid generation and its role in modulating negative membrane curvature. (A) The DGK and PLD pathways involved in
the bulk of PA production from Pl and PC for membrane signalling purposes. DAG, diacylglycerol; PA, phosphatidic acid; PC,
phosphatidylcholine; PI-PLC, phosphoinositide-phopsholipase C; PAP, phosphatidic acid phosphatase; DGK, diacylglycerol kinase; PLD,
phospholipase D. (B) Phospholipid conformation alters the shape of lipid bilayers, inducing either no curvature, positive curvature or negative
curvature of the leaflet. LPC, lysophosphatidylcholine. (C) Schematic of basic vesicle fusion events involving SNARE complexes. PA (red)
induces negative membrane curvature while lipid microdomains enriched in PA and PI(4,5)P2 are thought to aid in the clustering of docking/
fusion machinery and may also regulate SNARE complex assembly. Adapted from [2,3].
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Production of PA for membrane
signalling

Phospholipase D

Phospholipase D was first discovered in plants [16]
and in the years since, extensive research has better
defined its activity in a variety of cell types. As men-
tioned previously, PA can be generated via multiple
sources, however, historically it is PLD which has
shown the strongest links to regulated exocytosis [3].
In cells in which PLDs are present, generally multiple
isoforms can be found, each distinguishable by the dif-
ferent domain configurations they display. These dif-
ferential configurations determine their activity,
localisation and roles within various cellular processes
[17]. PLDs most commonly contain N-terminal C2
domains, which serve to regulate PLD activity through
calcium binding [17,18] and bias the PLD to utilise
PC, PE and phosphatidylglycerol (PG) as substrates
for PA production [19]. PLD isoforms that do not
contain a C2 domain are regulated by pleckstrin-
homology (PH) and phox-homology (PX) domains
[17,18], which serve to determine PI-binding specificity.
Within mammalian cells, deletion studies have sug-
gested that the PX domain is critical for PLD activity
while the PH domain is dispensable [20,21], however,
the essentiality of these domains in plant cells is yet to
be determined. In addition to these domains, all
eukaryotic PLDs identified to date also contain two
duplicated HKD motifs (HxKxxxD/E), which are
known to form the active site of the PLD and thus are
critical for PLD activity [17]. These domains act in
concert to produce PA and thus elicit specific down-
stream signalling events.

Studies investigating the activity of PLD have com-
monly used the primary alcohol 1-butanol [22]. PLD is
a transphosphatidylase that can use short-chain pri-
mary alcohols such as 1-butanol to generate phospha-
tidylalcohol products. These products are not normally
found in biological membranes and are relatively inert
and stable, thus stimulating their formation by addi-
tion of small amounts of primary alcohols is com-
monly used to measure PLD activity. Addition of
higher levels of 1-butanol, however, diverts PLD activ-
ity away from PA production and therefore acts as a
PLD inhibitor [23]. While this is a useful tool in vitro,
the association of PLD activity with cancer metastasis
has prompted the development of inhibitors acting
specifically on PLD isoforms, which can be used for
in vivo studies, and potentially be developed as novel
therapeutics. Numerous naturally occurring com-
pounds and proteins have been identified which inhibit
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PLD activity, including but not limited to Fodrin (the
nonerythroid form of spectrin) [24], synaptojanin (a PI
(4,5)P2 5-phosphatase) [25] and ceramide [8,26], how-
ever, there are issues surrounding the PLD specificity
of these compounds and thus their therapeutic efficacy
is limited. Small molecule inhibitor screens have, how-
ever, identified more specific compounds such as halo-
pemide and its derivatives, most notable of which is
FIPI (5-Fluoro-2-indolyl des-chlorohalopemide) [27].
Unlike halopemide which is a specific PLD2 inhibitor
[27], FIPI shows activity against both PLDI1 and
PLD2 [27,28] and therefore may be a useful therapeu-
tic tool. The bioavailability of these compounds is,
however, limited thus there has been further work to
identify novel compounds and halopemide derivatives
more efficacious for therapeutic intervention [29-31].

Diacylglycerol kinase

While PLDs are well known to be associated with PA
production for exocytosis, more recently, the DGKs
are proving to play significant roles in both PA and
DAG signalling underpinning exocytosis [32]. DGKs
are widely evolutionarily conserved and their roles in
PA production have been studied in bacteria [33],
plants [34], multicellular organisms including droso-
phila [35], Caenorhabditis elegans [36] and apicom-
plexan parasites [11]. It is, however, the mammalian
DGK enzymes that are the best characterised to date
with 10 known isoforms [32]. These isoforms have
been identified through differences in their regulatory
and accessory domains and have established tissue and
substrate specificity within mammalian cells as out-
lined in Table 1. The DGK catalytic domain does,
however, remain evolutionarily conserved [32]. There
is a wide repertoire of DGK accessory domains and
based on the configuration of these domains, mam-
malian DGKs have been divided into five major types:
-V [32]. DGK accessory domains include: Cl-type
domains believed to be responsible for DAG binding
(DGKe, 0), EF-hands involved in calcium binding
(DGKa, B and y), PDZ domains for nuclear localisa-
tion (DGK { and 1), PH domains for PI binding
(DGK 98, n and «x), ankyrin repeats (DGK £ and v),
and ras association (RA) domains (DGK®) [32]. Plant
DGKs have diverged into three clusters with cluster I
resembling mammalian type III (DGKe), while the
remaining plant DGKs in clusters two and three only
contain kinase domains and are thus much smaller
than other mammalian DGK isoforms [32]. Apicom-
plexan DGKs cannot be readily grouped with any of
the mammalian DGKs, however, as with the plant
DGKS, based on the presence of two N-terminal CI

FEBS Letters 590 (2016) 2469-2481 © 2016 Federation of European Biochemical Societies 2471



Phosphatidic acid is a key lipid during exocytosis

H. E. Bullen and D. Soldati-Favre

Table 1. Classification, domain architecture and roles of DGKs and PAPs in Homo sapiens and the Apicomplexa. Adapted from [11,32,91-94].

Protein Gene ID Characteristics Domain structure
TGME49_202460 (Toxoplasma gondil) | |nyolved in PA production at the
NCLIV_022470 (Neospora caninum) | T. gondii plasma membrane for
PF14_0681 (Plasmodium falciparum) | microneme secretion. Inducible
PBANKA_133460 (Plasmodium berghei) | knock-down indicates it is also
PCHAS_133920 (Plasmodium chabaudi) required for additional lipid
DGK1 PKH_123390 (Pfasmodm!m kngw.'esf) signalling and its down regula-
PVX_116900 (Plasmodium vivax) | tion results in parasite death.
XP_001611607.1 (Babesia bovis)
cgd4_4340 (Cryptosporidium parvum)
2 TGME49_259830 (Toxoplasma gondii) | Localises to the dense granules r—
c |0 DGK2 NCLIV_027060 (Neospora canninum) | 2nd parasitophorous vacuole. i ol datlben
;'E a Unknown role.
2 TGME49_239250 (Toxoplasma gondii) | Localises to the micronemes.
[oR NCLIV_015910 (Neospora canninum) | Unknown role.
E PF11485¢ (Plasmodium falciparum)
o) PBANKA_0831200 (Plasmodium berghei) T
9O DGK3 PCHAS_0831500 (Plasmodium chabaudi)
o PKH_0729100 (Plasmodium knowlesi)
<C PVX_099990 (Plasmodium vivax)
cgd3_2630 (Cryptosporidium parvum)
.;IGCCE.IF\:' 75’:‘??89(? ((;oxoplasma g'ondﬂ)} Soluble protein located in the
PAP1/Lipin = €0Spora caninum cytosol of T. gondii. Undentified
PF3D7_0303200 (Plasmodium falciparum, z 5 —
PBANKA 040180 (Plasmodium berghe) | Fymeio" DUt Iikely converts PA to
a PCHAS_040270 (Plasmodium chabaudi) | 55 & <omP G
< PKH_083700 (Plasmodium knowlesi) e
a PVX_119285 (Plasmodium vivax)
TGGT1_247360 (Toxoplasma gondii) | Si-pass transmembrane protein,
PAP2 NCLIV_063870 (Neospora caninum) | Most likely to perform the S St
SN3_01700035 (Sarcocystis neurona) | function of converting PA to DAG
HHA_247360 (Hammondia hammondi) | a¢ parasite membranes.
Upon activation have been DGKa EF hands
shown to rapidly translocate Accessory domain
. from the cytosol to the PM
Ej 2293;,??732 and are involved in vesicle pekp TR
Typel v P49619.3 exocytosis,
DGK: EF hands
il Accessory domain
I Low complexity region
Contain a PH domain and a DGK&
SAM domain that can bind to
5.Q167604 :I:niﬂgrr:d affect anterograde DGKn
n: Q86XP1.1 port: P
K: Q5KSL6.1
. Typell i
% Accessory domain
[a]
Has a unique substrate specificity
Type lll for arachidonate-DAG making it ™D
- £ P52429.1 the mostinporant DGK for P iceasory e
Q re-synthesis,
S DGK interacts with sorting DGKL
v nexin 27 (SNX27) and is required A5y dormam
o Q135743 for its correct localisation to
g Type IV 1:075912.1 endosomes. _— ro———
I Ankyrin repeats
Potentially involved in neuro-
TypeV issi i
yp 0:P52824.2 transmlss!on.howeverlts exact o
role remains incompletely -I—m—l—l—m ociation— NN
understood. i
Not membrane associated.
Mg2+ dependent, involved in
T I PAP1/Lipin: Q14693.2 lipid metabolism. Translocates
ype ipin: Q * from the cytosol to microsomes il
during triacylglycerol synthesis.
a
E Contain 6 transmembrane
PAP2a: AB000888 domains and are Mg**
independent. PAP2a/b are most m
Typell PAP2b: ABOO0SSY active towards PA. PAP2c is
most active towards LPA. PAP2 . ) .
e - Catalytic domain is formed by residues within loops between TMD1-2, 3-4 and 5-6
PAP2c: AF056083 activity is believed to be
involved in signal transduction.
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domains, apicomplexan DGKs are most similar to
mammalian type III DGK (DGKe) [11].

There are currently two main chemical compounds
available to investigate the temporal effects of DGK
inhibition in vitro and these include R59022 [37] which
has recently been shown to inhibit microneme secre-
tion in 7. gondii, and R59949 [38] which has been used
to investigate the temporal role of DGK upregulation
in cancer cells [39]. These compounds are selective for
different isotypes and recent work has determined that
R59022 most strongly targets DGK isotypes I/III and
V, while R59949 targets preferentially isotypes I and 11
[40].

PA and regulated exocytosis

Regulated exocytosis occurs at specific sites within cells
and formation of zones competent for exocytosis
requires a plethora of signalling pathways culminating
in the precisely localised and timed release of secretory
granules. Here, we will focus specifically on the roles
played by PA in this process and the effects it has on
signalling events, recruitment of specific effector pro-
teins and membrane curvature. Mechanistically, effi-
cient vesicle fusion requires both v- and t-SNARE:s,
which when in a close enough proximity form a trans-
SNARE complex to promote fusion of the two mem-
branes [41]. Formation of this complex requires that
the outer membrane leaflet maintains a negative curva-
ture while the inner membrane leaflet maintains a posi-
tive curvature [3,42] (Fig. 1). Through X-ray
diffraction studies, PA has been shown to produce
negative membrane curvature [15] and thus is often
present in the target plasma membrane [42] during reg-
ulated exocytosis. Furthermore, PA has also been
shown to modulate intracellular calcium levels [14],
which in turn regulates SNARE fusion by binding the
calcium-sensor protein synaptotagmin [43]. These
membrane and signalling effects of local and timely
PA accumulation can be mechanistically and chemi-
cally grouped into three main categories to define the
involvement of PA in regulated exocytosis: (a) PA can
recruit proteins involved in vesicle fusion or priming
events (such as SNARESs) to facilitate efficient vesicle
exocytosis [44—46], (b) PA can stimulate the produc-
tion of other PIs such as PI(4,5)P2, which is also
involved in mediating exocytosis through both generat-
ing areas competent for SNARE complex formation
and also for further signalling processes surrounding
efficient exocytosis [3,47], (c) PA forms a cone shape
in lipid bilayers and thus generates regions physically
competent for fusion machinery functioning by pro-
moting regions of negative curvature [15,48].

Phosphatidic acid is a key lipid during exocytosis

Given the complexity of the roles PA plays in exocy-
tosis, the following section focuses predominantly on
exocytosis in the context of PA affecting membrane
curvature in a variety of different cell types.

PA in neurotransmission

Proper brain functioning necessitates effective communi-
cation between neurons, a process modulated by calcium
flux and the subsequent fusion of synaptic vesicles with
the plasma membrane at the synaptic cleft. The ensuing
release of neurotransmitters into this cleft facilitates rapid
neuronal communication. While this process is complex,
a variety of studies using chromaffin cells or Aplysia neu-
rons have implicated PLDI as playing a significant role
in producing the PA required for efficient and localised
exocytosis of secretory granules or synaptic vesicles [8—
10]. Specifically, studies have demonstrated that plasma
membrane PA derived from PLD1 activity is a prerequi-
site for normal exocytotic functioning [9]. PA elicits these
effects through generating a fusion competent site for
SNARE complex formation, while also altering the bio-
physical properties of the target membrane to one main-
taining negative curvature and thus promoting vesicle
fusion [9,10]. Given the nature of synaptic vesicle exocy-
tosis, recycling of the membranes via endocytosis is also
a requirement of efficient and prolonged neuronal mes-
saging. To this end, recent studies have linked DGK®9 to
a role in synaptic vesicle recycling through promoting
endocytosis at these sites [49], underlining again the
importance of PA in vesicle fusion/fission processes.

PA in immune functioning: neutrophil and mast
cell exocytosis

The exocytotic release of azurophilic granules from neu-
trophils is widely studied, and their dis-regulated release
is associated with increased tissue damage and inflam-
mation during autoimmune disease [12]. Of specific
focus has been the effect of anti-neutrophil cytoplasmic
antibodies (ANCAs) on neutrophil exocytosis as they
have been implicated in various pathologies [12]. Stud-
ies have revealed that both PA and calcium are required
for ANCA-stimulated neutrophil exocytosis [12]. In this
instance, PA likely induces negative membrane curva-
ture to promote SNARE complex formation and subse-
quent vesicle fusion, while also serving to modulate
intracellular calcium levels which promote numerous
other steps in the signalling pathways leading to vesicle
exocytosis [12,50]. It is known that DGK rather than
PLD is the key enzyme responsible for PA production
involved in this cascade within neutrophils [12,13]. Simi-
larly, recent studies have revealed that DGKy rather
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than PLD regulates mast cell degranulation through the
production of PA, however, in these studies PA has
only been implicated in the modulation of calcium
levels leading to exocytosis rather than having any
specific effect on membrane curvature [14].

PA in acrosomal exocytosis

The acrosome is a secretory granule present in the
head of sperm and its secretion is essential for physio-
logical fertilisation. Unlike other forms of exocytosis
such as synaptic vesicle fusion [49], there is no recy-
cling of membranes and the acrosome is secreted only
once [51]. Despite this difference, the mechanisms
underpinning regulated acrosomal exocytosis are
homologous to those involved in other forms of mam-
malian exocytosis. Acrosomal exocytosis has been
intensively studied and thus the signalling pathway cul-
minating in plasma membrane fusion has been rela-
tively well defined. Specifically, upon sperm activation,
there is an increase in cytoplasmic calcium, which in
turn activates an ARF6 signalling cascade [52] that
culminates in the assembly of SNARE complexes and
subsequent membrane fusion and acrosome release
[51]. Within this cascade, ARF6 promotes PLD activ-
ity and thus PA accumulation in the plasma mem-
brane. The presence of PA is predicted to enhance
membrane curvature of the inner leaflet of the plasma
membrane, while also promoting formation of PI(4,5)
P2 for SNARE complex association [52-54] (Fig. 1).

PA sensors

The list of proteins that bind PA is ever increasing and
the roles played by these proteins are diverse [55]. Diffi-
culties arise in predicting PA-binding proteins due to
the fact that PA effectors generally do not display well-
defined lipid-recognition domains, and instead utilise
either positively charged and/or surface-exposed
hydrophobic residues [55]. This is not always the case,
however, and several mammalian and apicomplexan
parasite proteins have been found to bind PA through
PH domains ([11,56], D. Jacot, N. Tosetti, I. Pires, J.
Stock, A. Graindorge, Y-F. Hung, R. Tewari, I. Kur-
sula & D. Soldati-Favre, unpublished results). Given the
number of PA-binding proteins currently identified,
here we will focus on a few key examples in mammalian
cells and yeast.

Mammalian: Raf1 kinase

Raf-1 kinase is an essential serine threonine kinase
within the MAPK cascade first shown to bind PA in

H. E. Bullen and D. Soldati-Favre

canine kidney cells [57]. To participate in the MAPK
cascade, recruitment to the correct subcellular location
is necessary and studies have shown that this mem-
brane recruitment is dependent on its association with
PA [58] via a stretch of amino acids high in both posi-
tively charged and hydrophobic residues. While PA
serves to direct Rafl kinase to the correct location
during the signalling cascade, it is not believed to be
involved in the activation of the kinase and instead is
thought to enable its correct localisation for activation
by Ras and subsequent propagation of the MAPK cas-
cade [59].

Sos

Also within the Ras signalling pathway is Sos; guanine
nucleotide exchange factor Son of sevenless. Following
recruitment to the plasma membrane, Sos promotes
the conversion of Ras-GDP to its active form Ras-
GTP as part of the Ras signalling cascade. The critical
determinant in this membrane recruitment is believed
to be the Sos PH domain, which has been found to
have specificity for both PI(4,5)P2 [60,61] and PA [56].
Despite this dual specificity, it has been demonstrated
that PA, not PI(4,5)P2 binding, is necessary for Sos
recruitment to the plasma membrane for Ras activa-
tion [56].

P14P5K

PI4P5K acts to phosphorylate PI4P to generate P1(4,5)
P2 which is a substrate for PI-PLC and thus facilitates
the generation of the key signalling intermediates
DAG and IP3 (Fig. 2). These intermediates are used
in a plethora of signalling events and thus their con-
trolled production is essential. There are various types
of PI4P5K and type I has been shown to be specifi-
cally regulated by PA [62]. Accordingly, the enzymatic
activity of this enzyme increases by up to 20-fold in
the presence of PA [63]. This is in contrast to the other
PA binders outlined here as their activity has not been
shown to increase as a direct result of PA binding.
That said, the precise PA binding site of PI4P5K is yet
to be identified and thus further investigation into the
regulatory role of PA is required.

Yeast Spo20p

Spo20p is a member of the SNAP25 family of
SNARESs, serving to mediate vesicle fusion at the pros-
pore membrane during sporulation [64]. The PA-bind-
ing domain of Spo20p (amino acids 51-91) is
responsible for ensuring the correct localisation of
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Fig. 2. The involvement of PA in microneme secretion events underpinning parasitism in Apicomplexa. Stimulation of GC, possibly via
exposure to albumin, elicits the conversion of GTP to cGMP which is bound by PKG. Recent work has suggested that PKG promotes the
activity of PI4K to generate PI4P from PI, which is subsequently further phosphorylated to form the PI-PLC substrate PI(4,5)P2. PI-PLC is
likely the target of artificial ethanol stimulation as well as an as yet unidentified potassium (K+) sensor. PI-PLC splits PI(4,5)P2 into IP3 and
DAG. IP3 stimulates calcium release, likely from the ER and the released calcium goes on to activate CDPKs. DAG generated by PI-PLC is
converted to PA by DGK1 and ultimately bound by APH on the microneme surface, possibly signalling to the closely juxtaposed DOC2.1
SNARE complex to initiate membrane fusion. DGK, diacylglycerol kinase 1; PAP, phosphatidic acid phosphatase; PI-PLC, phosphoinositide-
phospholipase C; PDE, phosphodiesterase; GC, guanylate cyclase; PKG, protein kinase G; TgCDPK1/3, T. gondii calcium-dependent protein
kinase 1 and 3; APH, acylated pleckstrin homology domain containing protein; PA, phosphatidic acid; DAG, diacylglycerol. Adapted
from [11].

Spo20p to the prospore membrane during sporulation In focus — apicomplexan PA signalling
[45] and has been used as the basis for a variety of PA in exocytosis

biosensors including Spo20pGFP and PASS (PA
biosensor with superior sensitivity). Spo20pGFP has
been used to investigate membrane ruffling during
phagocytosis [65], live cell imaging of PA dynamics in
tobacco pollen tubes [66], and PA distribution and
production during microneme secretion signalling in
the Apicomplexa [11]. The drawback of this system is

that the mutant form of Spo20p (Spo20pMut), which ) .
is reported to be unable to bind PA [45], continues to nificant proportion of research to date has focused on

bind PA in PIP-strip assays in spite of its clear inabil- these invasive stages. 7. gondii has attracted attention,
ity to bind PA in vivo [11] both considered as a model for some shared aspects of
PASS was derived from the PA-binding domain of the biology of the Apicomplexa, as well as a significant

yeast Spo20p (Spo20-PABD) fused to the nuclear human p athggen in .its.own right, causir.lg severe ?nd
export sequence of protein kinase A alpha for use in often f'fltal dlseases. in 1mmunocomp.r0mls.ed individu-
both regular fluorescence microscopy and fluorescence als, v.vhlle.also causing severe congenital diseases when
lifetime imaging microscopy—fluorescence resonance acquired in utero.

energy transfer (FILM/FRET) [67,68]. PASS is exclu-
sively localised to the cytoplasm, unlike the original
Spo20p, which was predominantly localised to the
nucleus, and has been used in imaging PA in breast Micronemes are specialised secretory organelles located
cancer cells [67,68]. at the parasite apex, which discharge from the tip of

The phylum apicomplexa groups a variety of patho-
gens of both human and agricultural importance, most
notably of which being Plasmodium falciparum and
P. vivax, the major etiologic agents of malaria in
humans, and 7. gondii, the causative agent of toxo-
plasmosis. Disease pathogenesis is associated with the
asexual stage of these parasites’ life cycles, thus a sig-

The role of microneme secretion
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Fig. 3. Phosphatidic  acid-binding  proteins  facilitate  apical
microneme fusion and glideosome engagement. Schematic
representation of the apical pole of an extracellular T. gondii
parasite. Secreted proteins are released from the micronemes at
the apical pole of the parasite and subsequently interact between
the parasite inner membrane complex (IMC) and parasite plasma
membrane (PPM) with the gliding machinery. PA-enriched regions
shown in red.

the parasite where the inner membrane complex stops
and the plasma membrane is accessible for fusion
(Figs 2 and 3). The contents of the micronemes partic-
ipate in gliding motility, invasion and egress from
infected cells and the protein constituents include a
plethora of proteins acting as (a) perforin-like mole-
cules containing MACPF (membrane attack complex
pore forming) domains which are involved in eliciting
efficient host cell egress [69-73], (b) adhesins and (c)
proteases. The adhesins assemble as complexes of
transmembrane and soluble proteins (MICs) that inter-
act with the host extracellular matrix, or receptors on
host cells [74]. These MICs are subjected to a complex
array of proteolytic activities upon their exocytosis
[75].

Signalling mechanisms underpinning
apicomplexan PA production

The signalling cascade leading to microneme secretion
is complex and involves both intrinsic and extrinsic
signalling pathways [4]. Microneme exocytosis has
been linked to changes in extracellular potassium levels
[76,77] and changing cyclic nucleotide levels which are
thought to indirectly increase intracellular calcium
concentrations through phosphoinositide-phospholi-
pase C (PI-PLC) activation. PI-PLC uses PI(4,5)P2 as
a substrate for the generation of the second messengers
IP3 and DAG [78] (Fig. 2). DAG is further converted
into PA through the activity of DGKs [11] while IP3
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goes on to stimulate the release of calcium, likely from
the endoplasmic reticulum via unidentified receptors
[79]. The complete repertoire of functions this calcium
is involved in is yet to be fully elucidated, however, it
is known to activate members of the calcium-depen-
dant protein kinase (CDPK) family, which play impor-
tant yet incompletely defined roles in microneme
exocytosis [80—82]. Subsequent to CDPK activation,
microneme secretion depends on a fusion event involv-
ing SNARE-like protein DOC2.1 [83,84], however, the
precise mechanism and effectors underpinning this
fusion event are yet to be determined (Fig. 2).

Phosphoinositide-phospholipase C can be seen as
the central nexus for microneme secretion with critical
processes occurring both upstream and downstream of
its activation (Fig. 2). Upstream of PI-PLC activation
is a diverse network of signalling molecules and effec-
tor proteins including cyclic nucleotides, protein
kinases and phosphodiesterases (Fig. 2). Recent work
has suggested that albumin may activate guanylate
cyclase (GC) [85], which in turn converts GTP to
¢GMP. This then activates protein kinase G (PKG)
leading to an increase in PI4P production, likely as a
result of the upregulation of PI4K [86] (Fig. 2). This
PI4P is then converted to PI(4,5)P2, thus forming a
substrate for PI-PLC and the subsequent downstream
production of DAG and PA. As expected, inhibiting
PKG activity by use of specific inhibitors Compound 1
(a trisubstituted pyrrole) and Compound 2 (an imida-
zopyridine-based inhibitor), blocks microneme secre-
tion [86,87]. Adding another layer of complexity to
this pathway is the presence of phosphodiesterases
(PDEs) whose roles are to convert cGMP and/or
cAMP to GMP and AMP respectively (Fig. 2). Studies
have shown that inhibiting PDE with either zaprinast
or BIPPO promotes microneme secretion [88], likely as
a result of the ensuing build up of cGMP. Overall,
data available to date suggest that the interplay
between all arms of this pathway is critical for ensur-
ing effective microneme secretion and thus the survival
and propagation of Apicomplexan parasites.

Specific contribution of PA signalling to
parasitism by the apicomplexa

Downstream of PI-PLC signalling is the production of
DAG and subsequently PA through the specific activ-
ity of DGKI1 at the parasite periphery [I11]. Condi-
tional deletion of the T¢gDGKI gene resulted not only
in the impairment of PA production and defects in
microneme secretion [11] but also led to a severe loss
in plasma membrane integrity due either to an accu-
mulation of DAG or a depletion in PA, highlighting
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the importance of lipid regulation in this unicellular
organism. Alongside TgDGKI1 there are two addi-
tional DGKs in 7. gondii (DGK2 and DGK3), which
show distinct localisations within the parasite [11].
TgDGK2 localises to the dense granules and accumu-
lates in the parasitophorous vacuole, a specialised
compartment encapsulating the parasite and protecting
it from the host cellular defence mechanisms. Intrigu-
ingly, TgDGK3 localises to the micronemes [11]. The
roles played by DGK2 and DGK3 are yet to be
defined, however, their localisation would predict that
they too are contributing to signalling and pathogene-
sis. Interestingly, only DGK1 and DGK3 are con-
served across the Apicomplexan phylum, with DGK2
being present only in Coccidia, suggesting that DGK?2
maintains a coccidian-specific function.

Phosphatidic acid can be converted back to DAG
through the actions of phosphatidic acid phosphatases
(PAP) and lipins, of which there are several within the
Apicomplexa [11] (Table 1). PAPs can be targeted by
the commercially available drug propranolol [89] and
this compound has been shown to promote overstimula-
tion of parasite microneme secretion [11]. This overstim-
ulation is likely due to the build up of PA that occurs
when the PAP can no longer function, but the remain-
der of the signalling pathway promoting DAG forma-
tion is still active (Fig. 2). A candidate PAP putatively
involved in microneme secretion was identified in 7.
gondii, however, its gene is absent from other members
of the Apicomplexa and it was found to be nonessential
for in vitro growth of T. gondii [11] (Table 1). These
observations are not surprising given that in other api-
complexan parasites such as Plasmodium spp., micro-
neme secretion is an all-or-nothing event and thus there
would be no need for such an ‘off switch’. In light of the
severe phenotype observed upon conditional depletion
of DGK, further investigation into the roles played by
the apicomplexan lipins and PAPs are likely to shed fur-
ther light on the complexity of signalling events modu-
lated by DAG/PA regulation.

PA sensing in the apicomplexa: APH and GAC

Recent work completed within 7. gondii has identified
the first PA-sensing protein termed acylated-pleckstrin-
homology domain (TgAPH) protein [11]. TgAPH is
anchored on the surface of the micronemes in an acy-
lation-dependant manner [11] and the conditional
knockout of the gene revealed its essentiality for para-
site survival and the key role of TgAPH in microneme
secretion [11]. Presumably TgAPH senses changing PA
levels at the parasite apex during signalling leading to
microneme secretion by binding to PA at the plasma

Phosphatidic acid is a key lipid during exocytosis

membrane and possibly by signalling to the closely
juxtaposed DOC2.1 SNARE complex to initiate mem-
brane fusion [11] (Fig. 2). While the downstream
effects of APH binding PA are clear (microneme secre-
tion), the precise mechanisms through which this is
achieved are still poorly understood.

As part of the machinery leading to invasion and
egress, the secreted transmembrane MICs interact in
their cytoplasmic tail with the parasite actomyosin sys-
tem in order to generate motility [90]. Importantly, a
recently identified protein termed glideosome associated
connector (GAC, TGME49 312630) is essential for
motility and invasion and contains a PH domain that
also binds to PA. Consequently PA acts as a lipid med-
iator that coordinates microneme secretion with the
engagement of the released adhesins into the actomyosin
system to promote gliding motility in the Apicomplexa.

Conclusions and perspectives

Phosphatidic acid is involved in diverse signalling events
in a variety of different cell types and organisms, and
the precise mechanisms and events involved in these sig-
nalling pathways are only recently beginning to be
unravelled. Deeper investigation into the roles played by
PA is likely to reveal a wider repertoire of both essential
physiological process and diseases linked to PA dis/reg-
ulation and signalling. The development of a broader
range of more specific and timely PA sensors as biologi-
cal tools may help better unravel the PA-based sig-
nalling pathways in a range of cell types and lead to
novel methods of intervention for a variety of diseases.
Furthermore, blocking DGK-regulated PA generation
in apicomplexan parasites may be key to treating para-
sitic infections caused by the Apicomplexa. In conclu-
sion, PA signalling is an exciting and growing field of
research with a great deal of overlap in a broad array of
different cell types and organisms. As such, efforts made
to understand PA signalling in one cell type are likely to
inform research in other cell types, potentially leading
to breakthroughs in the field of exocytosis.
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