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Abstract

Phosphatidic acid (PA) has been increasingly recognized as an important signaling lipid regulating
cell growth and proliferation, membrane trafficking, and cytoskeletal reorganization. Recent studies
indicate that the signaling PA generated from phospholipase D (PLD) and diacylglycerol kinase
(DGK) plays critical roles in regulating the activity of some members of Ras superfamily of small
guanosine triphosphatases (GTPases), such as Ras, Rac and Arf. Change of PA levels regulates the
activity of small GTPases by modulating membrane localization and activity of small GTPase
regulatory proteins, guanine nucleotide exchange factors (GEFs) and GTPase activating proteins
(GAPs). In addition, PA also targets some small GTPases to membranes by direct binding. This
review summarizes the roles of PLD and DGK in regulating the activity of several Ras superfamily
members and cellular processes they control. Some future directions and the implication of PA
regulation of Ras small GTPases in pathology are also discussed.
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1. Introduction

1.1 Phosphatidic acid and signaling

Phosphatidic acid (PA) has been long proposed as a pleiotropic bioactive lipid regulating cell
growth and proliferation, membrane trafficking, and cytoskeletal reorganization [1,2]. The
cellular signaling PA is produced through two major pathways: the hydrolysis of
phosphatidylcholine (PC) by phospholipase D (PLD), and the phosphorylation of
diacylglycerol (DAG) by diacylglycerol kinase (DGK).

The mammalian PLD family consists of two related gene products, PLD1 and PLD2 [3-6].
PLD1 is directly regulated by classic protein kinase C (PKC) and members of the ADP-
ribosylation factor (Arf) and Rho family small GTPases in conjunction with
phosphatidylinositol-4,5-bisphosphate (P1(4,5)P2) [7]. In contrast to PLD1, PLD2 is
constitutively active in the presence of P1(4,5)P2 and localized to the plasma membrane in
most cell types [8,9]. Subsequent studies have shown that PLD2 can also be activated in intact
cells by agonists and can be regulated by small GTPases and PKC isoforms [5,10,11].
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DGK family is defined by a conserved catalytic domain (DAGKc) located at the C-terminal
half of the protein, and comprises 10 distinct enzymes [12,13]. Based on the distinct regulatory
domains, DGKs can be grouped into five subtypes: type | DGK (a, § and ), type 11 DGK (3,
n and «), type 111 DGK (g), type IV DGK (€ andv), and type V DGK (0) [12,14]. Whereas all
DGK catalyzes the same reaction, the presence of non-conserved regulatory regions appears
to confer specificity to the distinct DGK isoforms by restricting their subcellular site of action
and/or defining their activation mechanism [12,14]. By regulating the level of both DAG and
PA in a reciprocal manner, DGK can potentially act as terminators of DAG-mediated signals
as well as activators of PA-mediated signals [12,14].

The activity of both PLD and DGK is tightly regulated by external stimuli. However, compared
to phosphatidylinositides and DAG, the signaling role of PA has not been fully appreciated
until recently. PA is generally believed to be less stable, and is metabolized to DAG by
phosphatidic acid phosphatase (PAP). In the studies published in the 1980’s and early 1990’s,
the major role assigned to PLD and DGK was the control of intracellular DAG level, and many
biological effects of modulating PLD and DGK activities were interpreted as a result of PKC
overstimulation [14]. Recent studies by us and other groups have demonstrated that PA directly
regulates the activities of some key signaling molecules, such as mTOR, Ras, and myosin Il
[9,15-17], suggesting that PA itself is an important signaling lipid in cells.

1.2. Regulation of the activity of Ras superfamily of small guanosine triphosphatases

The Ras superfamily of small guanosine triphosphatases (GTPases) contains over 150 human
members. Based on sequence and functional similarities, the Ras superfamily of small GTPases
is divided into at least five distinct branches: Ras, Rho, Rab, Arf, and Ran [18,19]. Upon
extracellular stimulation, activation of Ras GTPases controls a diversity of downstream
cytoplasmic signaling cascades and cellular functions. These small GTPases share a common
biochemical mechanism and act as binary molecular switches. They exhibit high-affinity
binding for GDP and GTP, and possess low intrinsic GTP hydrolysis and GDP/GTP exchange
activities. GDP/GTP binding is controlled by two main classes of regulatory proteins: guanine
nucleotide exchange factors (GEFs) promote formation of the active, GTP-bound form,
whereas GTPase activating proteins (GAPs) accelerate the intrinsic GTPase activity to promote
formation of the inactive GDP-bound form [18,19]. The fine regulation of Ras superfamily of
small GTPases facilitates their key involvement in a widely diverse spectrum of biochemical
and biological processes.

Earlier studies on PLD mainly focused on the regulation of PLD activity by small GTPases.
Recent studies have shown that PLD and DGK also act upstream to regulate the activities of
some small GTPases. We have recently reported that PA directly binds to the pleckstrin
homology (PH) domain of Sos, a Ras GEF, and thus recruits Sos to the plasma membrane and
converts Ras-GDP to Ras-GTP [17]. This and other similar findings in the literature have
suggested that regulation of GEFs and GAPs by PA metabolism might be a common
mechanism for controlling the activities of small GTPases in response to signal stimulation.
The source of PA and its relative contribution to the activity of individual small GTPases in a
particular cellular context, however, remain to be further investigated. We have summarized
the regulation of some members of Ras superfamily by PA and PA-metabolizing enzymes in
Table 1.

2. Ras activation

Ras activation is tightly regulated by guanine nucleotide exchange factors (GEFs). To date,
four subfamilies of GEF molecules have been identified: Sos, RasGRF, RasGRP and
CNRasGEF [18,19]. The ubiquitously expressed Sos signals downstream of receptor tyrosine
kinases (RTKs). RasGRF proteins are expressed predominantly in the central nervous system.
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The family of RasGRP proteins is expressed primarily in haematopoietic cell lineages and
function downstream of non-receptor tyrosine kinases [20]. It is worth mentioning that these
four subfamilies have different domain structures, thus the likely mechanism of their activation
may be significantly different.

2.1. PA promotes the plasma membrane recruitment and activation of Sos upon EGFR

activation

RTK-mediated Ras activation requires recruitment of the Ras GEF Sos to the plasma membrane
where it catalyzes the conversion of Ras-GDP to Ras-GTP. In a classical model established in
1993, Sos membrane translocation is mediated by the formation of a ternary complex with the
activated RTK and Grb2, through the binding of the SH3 domain of adaptor molecule Grb2 to
a proline-rich sequence in the C-terminus of Sos. However, this model failed to explain some
questions rising from several genetic and biomedical studies. The Grb2-binding deficient
mutants still retain the normal subcellular distribution and transforming activity of Sos in both
biochemical and in vivo studies [21,22]. These and other studies have led to the proposal that
Grb2 is not directly involved in Sos translocation but may function to overcome a negative
regulation of Sos by its C-terminus [21], thus implicated the Sos N-terminal PH and Dbl
homology (DH) domains as the critical determinant of its function [21-24].

The PH domain has been well known for its ability to bind to phosphatidylinositides and target
proteins to membranes. The PH domain of Sos was first found to bind to P1(4,5)P2 [20].
However, the membrane localization of Sos-PH is not dependent on its ability to bind P1(4,5)
P2 [17], indicating the presence of other mechanisms responsible for Sos membrane targeting
and activation. Intrigued by homology with the PA-binding site in p47P"°% a NADPH oxidase
component, we have demonstrated that the PH domain of Sos binds to PA, through a PA-
binding site independent of the PI(4,5)P2-binding site, at an affinity higher than the PI(4,5)P2
binding [17].

In contrast to P1(4,5)P2, the PA-binding appears to be critical for the plasma membrane
recruitment of Sos-PH. A membrane-permeable form of PA is sufficient to recruit GFP-tagged
Sos-PH to the plasma membrane, but fails to induce plasma membrane recruitment of the PA-
binding deficient mutant, Sos-PH-HR/EE [17]. Furthermore, a carboxy-terminally truncated
Sos protein (Sos2C), which is unable to bind Grb2, is recruited normally to the plasma
membrane in response to EGF receptor (EGFR) activation and activates Ras. In contrast,
SosAC with the PA-binding mutations (HR/EE) is not recruited to the plasma membrane and
does not stimulate Ras GTP loading [17]. These results clearly demonstrate a primary role for
PA, and not Grb2-EGFR, as the critical plasma membrane anchor of Sos that mediates Ras
activation.

PLD?2 is activated by EGFR and mediates MAPK activation [25,26], implying that it is the
source of EGFR-generated PA. Ectopic expression of PLD2 was sufficient to recruit Sos2C to
the plasma membrane and to activate Ras, whereas knockdown of endogenous PLD2 or ectopic
expression of a PLD2 dominant negative mutant, had no effect on EGFR activation, but
completely blocked EGF-stimulated Sos recruitment and Ras activation [17]. Thus these results
show that PLD2 operates between EGFR and Sos and that PA is both necessary and sufficient
for Sos plasma membrane recruitment. Finally, the PLD2-dependent and Grb2-independent
mechanism for Sos-mediated Ras activation is important for the transforming activity of Ras.
The combination of Ras, SosAC and PLD2 resulted in a marked increase in foci number, and
this synergistic effect was abolished when the PA binding-deficient Sos mutant was used
instead [17].

The recent findings of acidic phospholipids regulation of Sos membrane targeting and
activation has led to a revised model for the Sos-mediated Ras activation (Figure 1) [see further
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details in 20]: upon growth factor stimulation, Sos is recruited to the plasma membrane through
two independent sites, the C-terminal Grb2-binding site and its PA- and P1(4,5)P2-binding PH
domain. In addition to the membrane anchorage function, the interactions also induce
conformational changes and overcome the negative regulation of Sos by its C-terminus and
DH-PH domains, resulting in binding of Ras-GDP to an allosteric site on Sos. The binding
induces a low-level activity of Sos, converting Ras-GDP to Ras-GTP, and leads to a maximal
Sos activity. Moreover, interactions of Sos either with Ras-GDP or Ras-GTP at the allosteric
regulatory site further stabilize the membrane localization of Sos (Figure 1). The signaling PA
level and PLD activity are regulated by extracellular signaling [4,5,27], providing a fine control
of Ras activity. It still remains unclear what the relative contributions of PA and P1(4,5)P2 are,
and the enzymes metabolizing these lipids, to the Sos-mediated Ras activation. It is likely that
binding of PA and PI(4,5)P2 to Sos are additive or synergistic, since Sos binds to these two
phospholipids at separate sites in its PH domain [17].

2.2. Regulation of RasGRP-mediated Ras activation by PA-DAG metabolism

Most of the studies on the RasGRP subfamily of Ras GEF were performed in immune system
because of their primary expression in haematopoietic cell lineages [12,14]. The RasGRP
proteins have distinct regulatory domains compared to the Sos subfamily. They do not have a
PH domain, but instead possess a C-terminal C1 domain which is regulated by calcium and
DAG [12,14]. Thus, it would be reasonable to speculate that signaling pathways leading to
change of the DAG level have an impact on Ras activity. Indeed, both PLD and DGKSs have
been reported to regulate RasGRP activation by either increasing or decreasing DAG level.

2.2.1. PLD2-PAP-mediated RasGRP1 membrane translocation—Using a
fluorescent reporter for activated Ras, YFP-RBD, Mor et al. found that TCR activation with
or without co-stimulation of CD28 led to activation of Ras only on the Golgi apparatus, whereas
co-stimulation with lymphocyte function-associated antigen-1 (LFA-1) induced Ras activation
on both the Golgi and the plasma membrane in Jurkat and primary mouse T cells [16]. The
Ras activation co-stimulated through LFA-1 requires RasGRP1, which is activated by DAG
on the plasma membrane. However, the pool of DAG augmented at the plasma membrane
through LFA-1 signaling is PLCy1-independent and sufficient to recruit RasGRP1 in the
absence of PLCy1-stimulated calcium.

DAG can also be produced through PAP conversion of PLD-generated PA [4-6]. Further
experiments show that, when TCR activation is accompanied by activation of the LFA-1, PLD2
is activated and generates PA at the plasma membrane. The PLD2-generated PA is then
converted to DAG by PAP. The increased plasma membrane DAG activates Ras through
recruiting RasGRP1 to the plasma membrane. Inhibition of PLD with low concentrations of
primary butanol and small hairpin RNA blocked recruitment of RasGRP1 to the plasma
membrane and Ras activation at the plasma membrane, after co-stimulation of the TCR and
LFA-1. Inhibition of PAP by propranolol also blocked Ras activation at the plasma membrane.
These results suggest that PA and PA-derived DAG are required for Ras activation by LFA-1
signaling [16].

2.2.2. Complex regulation of Ras activity by different DGK isoforms—The
regulation of Ras activity by DGKs is mainly through RasGRPs. It appears that Ras activity
can be either positively or negatively regulated by specific RasGRP isoforms in different cell
types, although the mechanism for the discrepancy is not clear yet. In T cells, both DGKa and
¢ isoforms negatively control DAG level and the Ras-ERK signaling pathway after TCR
engagement. Sanjuan et al. found that T cell activation by anti-CD3 and anti-CD28 was rapidly
followed by RasGRP1 and DGKa translocation to the plasma membrane. Transfection of the
dominant-negative DGKo increased GTP-Ras levels compared with those in control cells, even
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in the absence of T cell activation. After TCR stimulation, Ras activation was further increased
in the cells transfected with this mutant [28]. On the contrary, when cells were transfected with
the constitutively active DGKa isoform, Ras activation decreased dramatically at the two time
points tested. These experiments confirm that modification of DGKa activity has a profound
effect on the DAG-based signals proceeding from the TCR [28]. The negative regulation of
Ras pathway in T cells is supported by other studies whereby the expression of an inactive
mutant of DGKa and ¢ [29,30], and knockout of DGKa and &, reduced activation of the Ras
signaling [31-35].

In contrast to T cells, Ras activity is lower in embryonic fibroblasts lacking DGKi, suggesting
that DGKu activates Ras signaling in this cell type [36]. DGK1 was bound to RasGRP3 and
inhibited its activation of Rapl by metabolizing DAG. Because Rapl can antagonize the
function of Ras, these data support a model that DGK1 regulates RasGRP3 with a predominant
effect on Rapl activity [36].

It was originally believed that DAG was the only signaling molecule mediating the function
of DGKs. Recent findings of the signaling functions of DGK-produced PA have added to the
complexity of DGK-regulated Ras pathways [13,14,37]. For example, DGK{-generated PA
promotes TLR-induced IL-12 production by negatively regulating the PI3K-AKT pathway,
and plays a critical role in host defense against Toxoplasma gondii [32]. In another study, Guo
et al. report that DGKa and { synergistically promote T cell maturation in the thymus. The
developmental blockage in DGKa (/2)¢(") mice can be partially overcome by treatment with
PA[31]. Although it is very technically challenging, it would be critical to examine the relative
contribution of DAG and PA in DGK-mediated physiological and pathological functions in
the future studies.

3. PLD and DGK regulation of Racl

Rho family GTPases are key regulators of cytoskeletal dynamics and affect many cellular
processes, including cell polarity, migration, vesicle trafficking and cytokinesis [38,39]. Most
of the functional information on Rho family proteins has come from studies of RhoA, Racl
and Cdc42. In addition to Ras, some recent publications have suggested that PA regulates the
activity of Racl small GTPase, which is well known for its activity in promoting actin
polymerization and the formation of lamellipodia [38,39]. Interestingly, Rho family proteins
including Racl are also well characterized activators of PLD [3-6], indicating a potential
signaling feedback loop of Rhos-PLDs/DGKs-PA.

Changes in the PA level produced by PLD does not seem to directly affect the GTP loading of
Rac1 during cell spreading in two independent studies published recently [9,40]. Instead of the
GTP loading, Chae et al. proposed that PLD-generated PA modulates Racl downstream
signaling by targeting it to the plasma membranes through its C-terminal polybasic motif
[40]. In our study, we found that Rac signaling is independent of PLD activity. During early
cell spreading, downregulation of PLD2 activity is required for membrane protrusion activity
[9]. This process is controlled by PLD2-regulated myosin Il activity at the cell periphery [9].
Changes of PLD activity did not affect the GTP-bound Racl and its membrane targeting.
Furthermore, although the constitutively activated mutant of Racl itself is sufficient to promote
membrane protrusion, it failed to rescue the delay of early cell spreading induced by PLD2
overexpression [9].

The DGK regulation of Racl activity is likely different from PLD. It was reported that some
DGK isoforms directly promote the activation of Racl, whereas the others inhibit it. It is not
clear whether the difference is caused by individual DGK isoforms or by different experimental
systems. Chianale et al. showed that inhibition of DGKa. by treatment of R59949 (a DGK
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inhibitor), or expression of DGKo dominant negative mutants abolished HGF-induced Rac
activation and membrane targeting [41]. On the contrary, another DGK family member,
DGKy was found to act as an upstream suppressor of Racl, and suppress lamellipodium/
membrane ruffle formation in NIH3T3 fibroblasts stimulated with PDGF [42]. A following
study also supports the finding of DGKy as a negative regulator of Racl [43]. DGKy
specifically recruits and colocalizes at the plasma membrane with 2-chimaerin, a GAP for
Racl in EGF-stimulated Cos-7 cells. Moreover, DGKy markedly enhances the EGF-dependent
GAP activity of B2-chimaerin through its catalytic action, thus negatively regulates Racl
activation and membrane ruffling [43]. Interestedly, PA is a potent stimulator of f2-chimaerin
activity in an in vitro GAP assay using recombinant proteins [44].

Finally, one addition to the complexity is that the regulation of Racl activity by some DGK
isoforms may be independent of their catalytic activity (PA production). DGK( directly
interacts with Rac1 through a binding site located within its C1 domains. Together with
syntrophin, these proteins form a tertiary complex in N1E-115 cells. A DGK{ mutant that
mimics phosphorylation of the MARCKS domain was unable to bind an activated Racl mutant
(Rac1V12) and phorbol 12-myristate 13-acetate (PMA)-induced PKC activation inhibited the
interaction of DGK( with Rac1V12, suggesting that PKC-mediated phosphorylation of the
MARCKS domain negatively regulates DGK( binding to active Racl. PKC-mediated
phosphorylation of the MARCKS domain would favor translocation of DGK(, together with
the rest of the complex, to the membrane. This allows nucleotide exchange on Rac (GTP for
GDP) and its subsequent dissociation from DGK( and syntrophin [45].

The discrepancy described above might not simply be caused by the reagents and protocols
used in different laboratories. It is more likely that there exist isoforms-specific and/or cell-
specific roles for PLD and DGK. A proof of this idea is that in the same cell line, while the
DGKy mutants affected Racl activation and cell morphology, none of the corresponding
mutants of DGKa and DGKP, which are closely related isoforms, had the same effect [42]. It
would be interesting to investigate if manipulation of specific PLD or DGK isoforms using the
same reagents still leads to activation of different downstream effectors and opposite cell
morphology in the same or different experimental systems.

4. PA regulation of Arf small GTPases

The Arf proteins are best known for their role in membrane trafficking, and also contribute
significantly to the regulation of actin cytoskeletal organization. The significance of PA
regulation of Arf activity has not been tested in any cellular context yet. However, PA, in
cooperation with phosphoinositides, is an extremely potent activator for the activity of several
Arf GAP proteins in vitro. The activity of ASAP1, an Arf GAP protein, is stimulated about 10,
000 fold by P1(4,5)P2 and PA. PA has been found to activate Arf GAPs with preferences for
different Arf members, i.e., ASAP1 (GAP for Arfl and Arf5) [46,47], AGAP1 (GAP for Arfl)
[48], and ACAPs (GAP for Arf6) [49]. Thus it is very likely that the PA regulation of GAP is
a common mechanism for the inactivation of Arf small GTPases. Several members of Arf
family are direct activators of PLD [4-6]. It is possible that PA regulation of Arf GAPSs creates
anegative feedback loop to terminate PLD-PA and Arf signaling. More in vivo studies in intact
cells need to be performed to test this hypothesis.

In addition to regulation of activity of Arf GAPs, Arfs may bind directly to PA. Using a PA-
coupled Affi-Gel 10 as an affinity reagent, several PA-binding proteins including Arf from
brain cytosol were identified. Interestedly, the Arf6 binding to PA beads requires
myristoylation and depends on its GTP-loading [50].
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5. Future perspectives

Recent results have shown specific and direct interactions between PA and PA-binding proteins
[1,2]. These types of interactions involve binding of PA to a positively charged site on a PA-
binding protein, such as Raf-1, SHP-1 and mTOR [1,2]. However, the primary structures of
these PA-binding regions reveal no significant homology. They are diverse and include
sequences that had not previously been described as lipid binding domains. Future analysis of
the tertiary structures of PA-binding regions will be required to reveal what a general PA-
binding pocket looks like and how the specificity of the PA-binding is achieved. Nonetheless,
there are a few well characterized lipid binding domains (including p47P"°% pX [51], Sos PH
[17] and some C2 domains [52,53]) that do have affinity for PA. Many regulatory proteins of
small GTPases, such as GEFs and GAPs, contain these lipid binding domains and sequences
rich in polybasic amino acids. It would not be surprising to identify more small GTPases
regulated by PA or PA-derived lipids in the future.

Another longstanding question is whether PAs generated from PLD and DGK have the same
signaling functions. It was proposed long time ago that PAs derived from the PLD and DGK
reactions are structurally different because the initial substrates have different fatty acid
components. PA produced by PLD is largely composed of saturated and mono-unsaturated
fatty acids, while DGK produced PA is enriched in poly-unsaturated fatty acids. Different
molecular species can have different effects on downstream targets and can be acted upon
differently by enzymes [reviewed in 1]. However, no study has been done to compare the
functional differences between PLD and DGK isoforms when each of these enzymes is
inhibited using specific small molecule inhibitors and RNAI. It is possible that the localization
of the PA-generating enzymes on particular membrane compartments is a more critical
determinant than the structure of the fatty acid chains on PA. It would be interesting to examine
the relative contribution of PLD and DGK isoforms to the activity of a particular small GTPase
in the same experimental system.

In the past few years, the role of PA in cellular signaling and trafficking processes has been
emerging [1,2] - among these is one of the key pathways, growth receptor-induced Ras
activation [17]. However, we still lack information about the precise spatial and temporal
regulation of PA signaling, especially at the single cell level. Imaging of phosphatidylinositides
turnover has been greatly advanced by the use of fluorescent protein-targeted protein domains
that specially recognize distinct phosphatidylinositide species. To detect PA level change in
living cells, the use of intracellular PA reporters or sensors is being explored. Two PA sensors
have been developed, one from the PA-binding region of Raf-1 [54] and another from the PA-
binding motif of Spo20p, a yeast homolog of SNAP25 [9,55]. Both reporters are sufficient to
target green fluorescent protein to membranes upon stimulations [9,54,55]. To understand the
detailed mechanism of PA regulation of small GTPases and other signaling events, it would
be critical to use the current or newer PA reporters to simultaneously detect the dynamics of
PA and PA-metabolizing enzymes, as well as PA and the activity of small GTPases.

Aberrant functions of PLD, DGK and Ras superfamily of small GTPases have been implicated
in a number of human diseases [14,20,56]. Given the emerging roles of PA in regulating the

activity of small GTPases summarized in this review, an obvious question would be whether
PLD- and DGK-generated PA contributes to the onset of these pathologies through regulation
of small GTPases. The answer to this question will certainly help to identify drug targets and
design new therapeutic strategies.
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Figure 1.

Current model of growth factor-induced Sos activation (Modified based on [20]). In quiescent
cells, PLD activity is low. The DH-PH domains block the allosteric binding site for Ras. Upon
growth factor stimulation, Sos is recruited to the plasma membrane through at least two
independent sites: C-terminal Grb2-binding site and its lipid PA- and PI(4,5)P2 -binding PH
domain. Interaction of the PH domain with phospholipids leads to conformational changes
allowing binding of allosteric Ras, which lead to the maximal activation of Sos. PA level is
increased by receptor activation of PLD2 [17]. The role of PA from other sources in growth
factor-induced Sos activation has not been tested yet. CDC25, CDC25-homology domain, DH,
Dbl homology domain; EGF, Epidermal growth factor; EGFR, Epidermal growth factor
receptor; HD, Histone-like domain; PH, pleckstrin homology domain; PR, Proline-rich motif;
REM, Ras exchanger motif; Phosphatidic acid, PA; Phosphatidylinositol-4,5-bisphosphate; Pl
(4,5)P2.
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