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Abstract
PLD catalyzes the conversion of the membrane phospholipid phosphatidylcholine to choline and
phosphatidic acid (PA). PLD's mission in the cell is two-fold: phospholipid turnover with
maintenance of the structural integrity of cellular/intracellular membranes and cell signaling
through PA and its metabolites. Precisely, through its product of the reaction, PA, PLD has been
implicated in a variety of physiological cellular functions, such as intracellular protein trafficking,
cytoskeletal dynamics, chemotaxis of leukocytes and cell proliferation. The catalytic (HKD) and
regulatory (PH and PX) domains were studied in detail in the PLD1 isoform, but PLD2 was
traditionally studied in lesser detail and much less was known about its regulation. Our laboratory
has been focusing on the study of PLD2 regulation in mammalian cells. Over the past few years,
we have reported, in regards to the catalytic action of PLD, that PA is a chemoattractant agent that
binds to and signals inside the cell through the ribosomal S6 kinases (S6K). Regarding the
regulatory domains of PLD2, we have reported the discovery of the PLD2 interaction with Grb2
via Y169 in the PX domain, and further association to Sos, which results in an increase of de novo
DNA synthesis and an interaction (also with Grb2) via the adjacent residue Y179, leading to the
regulation of cell ruffling, chemotaxis and phagocytosis of leukocytes. We also review the
complex regulation by tyrosine phosphorylation by epidermal growth factor receptor (EGF-R),
Janus Kinase 3 (JAK3) and Src and the role of phosphatases. Recently, there is evidence
supporting a new level of regulation of PLD2 at the PH domain, by the discovery of CRIB
domains and a Rac2-PLD2 interaction that leads to a dual (positive and negative) effect on its
enzymatic activity. Lastly, we review the surprising finding of PLD2 acting as a GEF. A
phospholipase such as PLD that exists already in the cell membrane that acts directly on Rac
allows a quick response of the cell without intermediary signaling molecules. This provides only
the latest level of PLD2 regulation in a field that promises newer and exciting advances in the next
few years.

1. Introduction
PLD catalyzes the conversion of the membrane phospholipid phosphatidylcholine to choline
and phosphatidic acid (PA) [1]. PLD's mission in the cell is two-fold: phospholipid turnover
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with maintenance of the structural integrity of cellular/intracellular membranes [2] and cell
signaling through PA and its metabolites (FIGURE 1). For the latter, PLD has been
implicated in a variety of physiological cellular functions, such as intracellular protein
trafficking, cytoskeletal dynamics, chemotaxis of leukocytes and cell proliferation. Since the
late 1980's, PLD activity was found in many diverse mammalian cells and tissues. PLD
enzymatic activity was enhanced by a number of cell agonists, such as growth factors like
EGF, PDGF, (as well as PMA) and by stimulants of G-protein associated receptors. The
study of PLD involves the product of its enzymatic reaction (PA), and its role in signal
transduction in the last two decades has been the subject of excellent reviews [3-13].
Regulation of PLD was recognized as involving small GTPases such as RhoA and ARF [14,
15] in conjunction with PKC [16]. The interaction sites on the small G protein RhoA for
PLD [17] and PKC [18] have been identified. It was also recognized that PLD can also be
regulated by tyrosine kinases. Once activated, PLD can also modulate downstream
molecules during cell signaling, chiefly mTOR, S6K and Ras [19]. In this review, we will
present first the salient points of the PLD gene and protein structure and the enzyme's
physiological and pathological roles, and then, we will concentrate on the data from our own
lab that concerns itself with regulation of mammalian PLD2.

1.1. Cloning and genomic and enzymatic analyses
There are two genes in humans that encode for PLD, PLD1 and PLD2 (FIGURE 2). The
PLD1 gene's location is 3q26 [20] and PLD2 gene's location is 17p13 [21]. Cloning and
expression analysis of PLD1 was first reported in 1997 from mouse [22] and from rat brain
[23], and it was recognized as part of a PLD superfamily [24]. Two alternately spliced forms
of PLD1 were found and the purified proteins were activated by PKC and small GTPases
[25]. PLD2 was also cloned from mouse [26] and from human B-cells [27]. PLD2 was
expressed as a couple of splice variants that had equal enzymatic activity [28]. Genomic
analysis of murine PLD1 and comparison to PLD2 revealed an unusual difference in gene
size, with PLD1 being much larger than PLD2 [29]. PLD1 is a 1072 amino acid, 120 kDa
protein, while PLD2 is a 933 amino acid, 106 kDa protein. Expression of the mammalian
isoforms and detailed study of their regulation soon followed [2, 9, 30-36]. PLD1 and PLD2
generate structurally identical PA species in mammalian cells [37]. Their difference is on the
regulation and the subcellular localization. Structurally, PLD1 bears a stretch of 120 amino
acids (the “loop”) that is absent in PLD2 and confers a differential response to GTPases
[38]. PLD1 was first found associated with caveolin-rich [39, 40] and Golgi-enriched
membranes [41]. Specifically, PLD1 localizes to secretory granules and lysosomes and is
translocated to the plasma membrane upon cellular stimulation [42]. On the other hand,
PLD2 localizes in sarcolemmal membranes [43], plasma membranes [44] or the rims of the
Golgi apparatus [45, 46].

1.2. Catalytic and regulatory domains
The C terminus of mammalian PLD is required for catalytic activity [47] and it is there
where the HKD domains reside. These are the “PLD signature” and both PLD1 and PLD2
isoforms have two of these HKD domains. An association of N- and C-terminal domains of
PLD is required for catalytic activity [48]. Selective estrogen receptor (ER) modulators
differentially regulate PLD catalytic activity in ER-negative breast cancer cells [49]. Multi-
mono-ubiquitination has also been reported to be involved in enzymatic activity and
palmitoylation [50]. Several regulatory domains have been recognized in PLD. A pleckstrin
homology (PH) domain fold in the N-terminus was first indicated for mammalian PLD in
[51]. The dependence on PIP2 was proven on [52] and this PH domain is essential for a
PLD-aldolase interaction [53]. Two SH2-recognizable motifs are known to exist within the
PH domain [54]. A phox domain is also at the N-terminus of PLD (219). PIP3 interacts with
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this domain and stimulates activity of PLD1 [55]. PLD binds to other proteins: PLCγ1 [56],
Grb2 and Sos [57-59], cdc42 [60], Syk [61] and PIP-Kinase [62].

2. Functions of PLD
2.1. Vesicle trafficking

A clear role for PLD in membrane traffic was recognized early [63-65] and has been
reported as essential for the oxidative burst [66] and transport proteins [67, 68]. The release
of nascent secretory vesicles from the trans-Golgi network during exocytosis is dependent
on PLD [69-73] in mast cells and regulatory T cells [74]. As for the mechanism, SCAMP2
interacts with Arf6 and PLD1 and links their function to exocytotic fusion pore formation
[75]; both the RSK2 protein [76] and PA are essential for exocytosis [77, 78]. A role of
PLD1 for receptor-mediated endocytosis has also been recognized [79, 80], and the PLD2
isoform also regulates endocytosis of angitensin, transferrin and G-protein coupled receptors
[81-83]. The phox homology domain of PLD activates dynamin GTPase activity and
accelerates EGF-R endocytosis [84], and similar to exocytosis, the presence of PA is needed
for endocytosis [85]. Both these functions rely on actin remodeling and participation of the
cytoskeleton for which PLD is also a key player [26, 64, 86, 87]. Other cellular functions
that are mediated by the cytoskeleton are adhesion and ruffling. Both PLD1 [88, 89] and
PLD2 [90] are involved in leukocyte adhesion, cell spreading [91] and cell membrane
ruffling [45, 92].

2.2. Cell migration and phagocytosis
One of the major functions that PLD has been implicated with has been its role in
inflammation, particularly migration and chemotaxis of leukocytes [93], but not confined to
them as this seems to be a rather general biological phenomenon regulated by PLD. Thus,
PLD-induced cell migration has been reported in Dictyostelium [94], epithelial cells (during
wound healing) [95, 96], human cancer cells [97, 98], phagocytes [93, 99-101] and
fibroblasts [102, 103]. Phosphocofilin [104], S6K [103], Rac2 [105] and the tyrosine kinase
Fer [106, 107] are involved in PLD-mediated migration [107]. Also, a sequential regulation
of DOCK2 dynamics by PA and PIP3 during neutrophil chemotaxis has been reported [107].
A major function of leukocytes, phagocytosis, is also regulated by PLD. This was
demonstrated in response to complement-opsonized particles [108] and to M. tuberculosis or
opsonized zymosan by human macrophages [109, 110]. PLD1 and PLD2 coordinately
regulate macrophage phagocytosis [111] mediated by PA [112, 113] and RalA [114].

2.3. Apoptosis and proliferation
There is a large body of reports indicating an anti-apoptotic role of PLD [115-117], with an
indication of signaling through increased expressions of Bcl-2 and Bcl-xL [118]. Apoptosis
is enhanced [119] through farnesol inhibition of PLD signal transduction; PLD delays [120]
or prevents apoptosis by inhibiting the expression of early growth response-1 and
phosphatase and tensin homologue deleted on chromosome 10 [121]. As far as proliferation
and mitogenesis, it was recognized early as PA had an effect on proliferation in osteoblastic
[122] and pheochromocytoma PC12 cells [123]. PLD overcomes cell cycle arrest induced by
high-intensity Raf signaling [124]. Transmodulation between PLD and c-Src enhances cell
proliferation [125]. Survival signals generated by estrogen and PLD in MCF-7 breast cancer
cells are dependent on c-myc [126] and c-myc stabilizes responses to estrogen and PLD in
MCF-7 breast cancer cells [127]. Further, triptolide-induced suppression of PLD expression
inhibits proliferation of MDA-MB-231 breast cancer cells [128]. A role for PLD2
phosphorylation has been proposed for the proliferation-inducing capabilities of PLD2 [129,
130].
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2.4. Differentiation and other functions
An increased mRNA expression of PLD isozymes was observed during granulocytic
differentiation of HL60 cells [131, 132], astrocytes [133] or myocytes [134]. A specific
participation of PLD2 has been reported [135]. The mechanism involves remodeling of actin
cytoskeleton [134], the transcription factor CREB pathway [136] and mTOR-IGF2 [137].
Other key functions in which PLD has been associated are: regulation of transcription, as
reported in T lymphoid Jurkat cells with activation of transcription factor AP-1 (29), STAT
[138] and the transcription repression of the cyclin-dependent kinase inhibitor p21 gene
[139], mitochondrial fusion [77, 140] and a role of PLD in development [141-143].

3. Regulation of PLD2
As indicated in the Introduction, the mechanisms of signal transduction involving PLD are
based on a large body of work by many investigators, and two pathways have been
delineated that would stimulate its enzymatic activity. One pathway relies on small GTPase
proteins for signal transduction, as Arf, Rho and related proteins can regulate PLD activity
[17, 84, 144, 145]. The other pathway relies on tyrosine kinases, as PLD can be activated by
growth factors/mitogens like EGF, PDGF, insulin and serum [48, 125, 146-148]. PLD1 from
fibroblasts or HL-60 granulocytes can be tyrosyl phosphorylated [149, 150]. As far as
PLD2, it was initially believed that this isoform was constitutively active and in no
particular need of regulation. Later reports documented that this was not the case, as Kim et
al. [151] demonstrated that PIP2 did increase PLD2 activity considerably. Furthermore,
given the biological relevance of this enzyme in key functions (membrane remodeling, cell
growth and migration) it could not possibly always be turned “on”.

Both the catalytic (HKD) and the regulatory (PH and PX) domains were studied in detail in
the PLD1 isoform (FIGURE 3), but PLD2 was traditionally studied in lesser detail and much
less was known about its regulation. Our laboratory has been focusing on the study of PLD2
regulation in mammalian cells. Over the past few years, we have reported, in regards to the
catalytic action of PLD that PA is a chemoattractant agent for leukcoytes that binds to and
acts through the ribosomal S6 kinase (S6K). As for the regulatory sites, PX and PH, we have
reported the discovery of the PLD2 interaction with Grb2 via the PX domain leading to de
novo DNA synthesis, as well as actin polymerization, the regulation of tyrosine
phosphorylation on the N-terminus of the protein and the interaction of PLD2 with Rac2 via
the PH domain, which will now be reviewed.

3.1. PA is a chemoattractant agent for leukcoytes acting through S6K
Apart from being a pleiotropic lipidic second messenger in mammalian cells, we have
reported that PA acts as a leukocyte chemoattractant, as it elicits actin polymerization and
chemotaxis of human neutrophils and differentiated proleukemic HL-60 cells [152]
(FIGURE 4). Based on experiments with silencing RNA and with PLD mutants, we have
also shown that the mechanism for this involves the ribosomal S6 kinase (S6K) signaling
enzyme. PA was found to specifically and saturably bind to and activate recombinant and
immunoprecipitated endogenous S6K with a stoichiometry of 94:1 lipid/protein for
activation [153]. PA also modulated S6K enzymatic activity and phosphorylation on
residues T389 and T421/S424, as well as phosphorylation of p70S6K's natural substrate S6
protein on residues S235/S236. These results implicated PA as a nexus that brings together
cell phospholipases and kinases. The binding of PA to S6K occurs in addition to the also
known case of its specific binding to mTOR [154, 155].

The results above were derived from exogenous PA added to a cell culture, but we also
demonstrated that intracellular, PLD-derived PA, affected cell migration within the cell is
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being produced. In a sense, a gradient of chemoattractants (or PA itself) outside of the cell
can be mimicked inside the cell by PA. We also demonstrated a connection between
extracellular and intracellular PA. Using an EGFP-derived PA sensor (yeast soluble N-
ethylmaleimide sensitive factor attachment protein receptor (SNARE) protein Spo20p PA-
binding domain (PABD) cloned in a pEGFPC1 vector), we showed that exogenous PA, or
PA generated in situ by bacterial (Streptomyces chromofuscus) PLD enters the cell and
accumulates in vesicle-like cytoplasmic structures [152].

We surmised that the advantage for the cell to have PA as a chemoattractant is as follows:
PA derived from PLD action, whether extracellularly (from microbial action as in S.
chromofuscus's case) or intracellularly (from leukocytes), induces polymerization of actin,
pseudopodia formation and chemotaxis in a process that is mediated by S6K activation.
Phagocyte migration is paramount to the body's primary immune response. Neutrophils are
attracted to the chemical markers released by damaged cells during the invasion by
microorganisms. One of the unintended signals (at least from the point of view of the
pathogen) could be the generation of PA in the cell membrane of the leukocyte. Some of this
PA would further signal through S6K to help initiate membrane polarization and
chemotaxis, events that are ultimately crucial to the neutrophil's mission of phagocytosis.

3.2. PLD2 and Grb2: Molecular Interactions
3.2.1. The discovery of Grb2 as a regulator of PLD2—In our early studies of
regulation of PLD activation, we found the presence of phosphorylated PLD on tyrosine
residues [156] that was later confirmed with the advent of better antibodies [57]. As we
attempted to unravel the nature of the kinase(s) that phosphorylated PLD2, we noticed a new
phenomenon in a COS-7 cell line that stably expressed myc-PLD2. After treating cells with
PTP1b, we unexpectedly noted the presence of a low-molecular weight protein (∼29 kDa) in
immunoblots that was increasingly tyrosyl-phosphorylated [57]. A literature search revealed
that proteins of this size could play a role in tyrosine phosphorylation signaling, included,
among others, the Src homology-2 (SH2)-containing growth factor receptor-bound protein 2
(Grb2).

Since Grb2 serves as an anchor between PTP1b and protein tyrosine kinases through the
SH2 and SH3 domains [157], we investigated the possibility that Grb2 might play a role in
regulating PLD2 phosphorylation. Indeed that was the case, as the addition of recombinant
Grb2 to cell extracts elevated PY levels of myc-PLD2 (>10-fold). We also found that PLD2
exists in the living cell as a ternary complex with PTP1b and the docking protein Grb2. All
these findings were reported in Horn et al. [57] and constituted the first implication ever of
Grb2 in the PLD field.

3.2.2. The PLD2 residues Y169 and Y179 are regulated by Grb2 and Sos—We
then established the mechanistic underpinnings of the PLD2/Grb2 association by identifying
residues Y169 and Y179 in the PLD2 protein as being essential for the Grb2 interaction [58].
Y169 and Y179 are located within two consensus sites in the PX domain of PLD2 that
mediate an SH2 interaction with Grb2. This was demonstrated with a SH2-deficient GST-
Grb2-R86K mutant that failed to pull down PLD2 in vitro. We also created two point
mutations in PLD2, PLD2-Y169F and PLD2-Y179F, that reduced Grb2 binding while
simultaneous mutation of both residues completely abolished it. We also showed that Grb2
recruits to the PLD2-Grb2 dimer the GEF Sos, in effect implicating Sos in the PLD
signaling pathway for the first time [58]. Mutation of either Y169 or Y179 to phenylalanine
led to a decreased Sos interaction with PLD2. These results suggested that PLD2 residues
Y169 and Y179, which bind Grb2, are responsible for Sos recruitment and that the complex
PLD2/Grb2/Sos exists in vivo.
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Zhao et al. [158] presented a different, but complementary perspective, one in which PA
binds directly to Sos, thus opening the door for inclusion of EGF-R and PLD in the ERK
pathway. In actuality, whether PLD2 binds to Grb2 and Grb2 serves as a link to Sos (16) or
PA, synthesized by PLD binds directly to Sos [158] are two parts of the function of mitogen-
stimulated cell activation that involves PLD, as highlighted in [159].

Following our original discovery of Grb2 and Sos regulating PLD2, we showed that the
presence of Grb2 and its interaction with localized intracellular structures was essential for
PLD2 activity and signaling in vivo [59]. In resting COS-7 cells, Grb2 serves to keep a
fraction of PLD2 localized to the perinuclear Golgi region through its SH2 domain. Such co-
localization results in changes in EGF-stimulated cells with more localization occurring in
both the cytosol and the plasma membrane. We also demonstrated that a PLD2-Grb2
interaction affects DNA synthesis in a PI3K-dependent manner [129] and have continued
our exploration of other biological consequences of a strong PLD2-Grb2 association, such as
cell migration (FIGURE 5).

3.3. Functional Consequences of Grb2 biding to PLD2
The discovery of a PLD2-Grb2 protein-protein interaction results in three biological
functions: actin-rich membrane ruffling, chemotaxis and phagocytosis, which we will
describe in detail.

3.3.1. Membrane ruffling—The specific PLD2-Grb2 protein-protein interaction results in
three biological functions of leukocytes (neutrophils and macrophages): cell membrane
ruffling, chemotaxis and phagocytosis. Cell membrane ruffling or the formation of actin rich
membrane protrusions occurs in cellular zones undergoing rapid reorganization of the
plasma membrane and often precedes the formation of a lamellipodium and cell motility
[160]. Stimulation by EGF results in the recruitment of Grb2 and Shc to cellular
compartments that contained the receptor for EGF (EGF-R) [161].

We found that Grb2 cooperates with PLD2 in enhancing membrane ruffling, which is
further increased when macrophages are stimulated with the growth factor M-CSF (23).
PLD2 co-immunoprecipitates with Grb2 and does so to a greater extent in stimulated cells.
M-CSF-stimulated cells exhibit dorsal ruffles that are normally associated with membrane
endocytosis and indicated receptor-ligand internalization. The PLD2-Grb2 binding is at the
level of the SH2 domain in Grb2, which results in enhanced PLD2 activity. A further
cooperation with the Rho-GTPase Rac, stimulates actin polymerization and consequently
membrane ruffle formation [162].

3.3.2. Chemotaxis—Since membrane ruffling precedes cell migration, the results of [162]
lay the foundation for studying a PLD2-Grb2 association in chemotaxis.
Immunofluorescence microscopy demonstrated that the PLD2-Grb2 protein complex
localizes to lamellipodia during chemotaxis of murine macrophages via the Y169 residue of
PLD2 [103]. As far as Grb2, the interaction was dependent on its SH2 domain since the
SH2-domain deficient Grb2-R86K mutant impeded chemotaxis. Additionally, another
protein-protein interaction that occurs in parallel to Grb2-PLD2 and positively affects PLD-
mediated chemotaxis occurs via p70S6K. Immunofluorescent staining of S6K translocates
from perinuclear regions and colocalizes with PLD2 in the cytosol following chemokine
stimulation [153]. Interestingly, macrophages use both the Grb2/PLD2 and the PLD2/S6K
pathways and at the full extent, whereas fibroblasts use only the former [153], giving an
advantage to fast-moving macrophages vs. fibroblasts (cells that are only motile when
required during wound healing).
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3.3.3. Enter the world of WASP—The question that remains is that once PLD2 binds to
Grb2 what happens next. The answer to this is that Grb2, as a bona fide docking protein,
brings WASP to the PLD2 interaction through its two SH3 domains. The SH3 domains in
Grb2 bind target proteins with proline-rich regions. One such candidate is the Wiskott-
Aldrich syndrome protein (WASP), which is a major regulator of actin assembly and
motility in leukocytes. Two important regions in WASP are its poly-proline rich domain and
its carboxyl terminal verprolin homology/acidic domain (VCA). The latter enables the
interaction of WASP with actin [163-167] and its role in podosome formation and
chemotaxis [168, 169]. We hypothesized that once bound to PLD2 through SH2, the two
SH3 domains of Grb2 could then interact with the poly-proline rich domain of WASP.

Our laboratory found that simultaneous cell transfection of PLD2, Grb2 and WASP had a
robust enhancing effect on chemoattractant-mediated chemotaxis [103] or phagocytosis of
antigen-coated erythrocytes [170]. An interaction of PLD2 with WASP through Grb2 was
confirmed by immunoprecipitation and Western-blotting analysis and by
immunofluorescence and co-localization of these three proteins in phagocytic cups and early
endosomes. We have proposed that Grb2, a docking protein that is known to serve as a
nexus for other signaling proteins (Sos in the ERK pathway, etc.), could bind to PLD2 (at
the Y169 and Y179 sites) through its only SH2 domain and could also bind to WASP (at the
proline-rich region) through its two SH3 domains and that this is a step required for
chemotaxis and phagocytosis. FIGURE 6 shows a compilation of the participation of Grb2
in cell chemotaxis through WASP and actin polymerization.

3.4. Regulation of PLD2 by protein tyrosine kinases and phosphatases
3.4.1. Protein tyrosine kinases: a differential role for PLD1 and PLD2—The
PLD1 isoform is phosphorylated on tyrosine residues, although some laboratories have
indicated that this, in itself, does not lead to changes in lipase activity [150, 171-173]. The
situation is different for PLD2, the isoform that this review addresses. It can be detected as a
phosphotyrosine protein in vivo, and EGF, PDGF, insulin and other mitogens affect the level
of tyrosyl phosphorylation of PLD2 [10]. The presence of total PLD activity in cell
homogenates by tyrosyl phosphorylation has been previously documented [10, 156, 171].
PLD2 can form a complex with the EGF-R [48] or with Pyk2 and Src kinases [174].
Peroxide and EGF induce tyrosine phosphorylation of PLD and PKCα activation [172],
while activation of PLD by 8-Br-cAMP is accomplished through Src, Ras and ERK [175].
Co-expression of PLD2 and the kinases Fyn or Fgr leads to an enhancement of PLD
activation and degranulation of mast cells [176]. In addition to tyrosine kinases, PLD2 could
be phosphorylated by the serine/threonine kinase AKT at residue T175 that serves to
upregulate de novo DNA synthesis [129]. Phosphorylation can be seen in response to
osmotic stress [177] and in cell proliferation [178].

3.4.2. Identification of new tyrosine target residues—Choi et al. [176] have found
that PLD2 is specifically phosphorylated on residues Y11, Y14, Y165 and Y470. Mutation of
Y470 resulted in a 50% decrease in PLD2 activation and suggests some partial loss of
catalytic activity. Additionally, mutation of only Y14, but not the other three tyrosine
residues, resulted in mislocalization of PLD2 as ascertained by immunofluorescence
microscopy. Overexpression of PLD2-Y11F mutants lead to an enhancement in PLD2
activity in resting or EGF-activated cells [48]. Using LC-MS analyses of phosphopeptides,
we found that Y296, Y511 and Y415 are vital to PLD2 regulation and can be phosphorylated
by EGF-R, Src and JAK3, respectively, to yield either positive or negative effects on the
lipase's activity [179].
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3.4.3. Tyrosine activity levels in cancer cells—Elevation of either PLD1 or PLD2
has the potential to contribute to the progression of the malignant phenotype in cells that
also have elevated levels of EGF-R or Src tyrosine kinases [180]. However, since
overexpression of phosphorylation deficient mutants PLD2-Y11F [48]or PLD2-Y296F
[179] increases PLD2 activity, we hypothesized that PLD2 activity in low-invasive breast
cancer cell lines (such as MCF-7) is comparatively low compared to more invasive cells
because it is downregulated by tyrosyl phosphorylation at Y296 via EGF-R. This low level of
PLD activity can be increased by in vitro treatment with either JAK3 or Src that can target
other tyrosine residues (for example Y415 or Y511) [179]. Additionally, JAK3 participates in
the activation of PLD through the IL-8R and EGF-R pathways [181, 182], while Src
participates in the activation of PLD through the Ras pathway [176]. Thus, a coordinated
effort of at least three kinases (EGF-R, Src and JAK3) (along with phosphatases) plays a key
role in regulating PLD2 in cancer cells and has been reviewed previously [19].

3.4.4. Phosphatases—As indicated earlier, PLD2 forms a ternary complex with both
PTP1b and Grb2 [57]. Tyrosyl phosphorylation/dephosphorylation of PLD2 dictates
whether PLD2 is activated or suppressed by certain signaling molecules and the
participation of CD45 and PTP1b phosphatases [179]. Low concentrations of phosphatases
that target Y296 (an inhibitory site) or Y511 (an ambivalent site) specifically result in positive
regulation of PLD2 and high lipase activity. Contrarily, high concentrations of phosphatases
or phosphatases that specifically target Y415 (an activator site) result in loss of lipase
activity. A recent report from our lab [178] indicates that increased cell transformation in
PLD2-overexpressing cells occurs as a result of increased de novo DNA synthesis induced
by PLD2 with the specific tyrosine residues involved in these functions being Y179 and Y511

and also the participation of CD45 phosphatase. The balance between phosphorylation and
dephosphorylation at these residues keep PLD2 highly regulated [19].

3.5. Regulation of PLD2 by Rac2: an unexpected negative effect
PLD1 enzymatic activity is regulated through phosphoinositides, PKC, ADP ribosylation
factor (ARF), Rho, fatty acids, Ca2+ and protein phosphorylation. ARF was the first G-
protein identified to activate PLD1 [144, 183]. Other small GTPases such as RhoA, Rac1
and Cdc42 in the presence of GTPγS directly associate with and stimulate PLD1 activity
[184-187]. The Rho family of GTPases is also involved in indirect regulation of PLD1
enzymatic activity through stimulation of PI(4,5)P2 kinase, Rho kinase [42] or by
intracellular translocation of the PLD isoforms [188-190]. It was shown that Rac1 does not
regulate the activity of PLD2 [26, 191], however, the role of the other Rac isoform, Rac2,
has not received full attention until recently. Our laboratory has concentrated on Rac2, as it
is more directly implicated in chemotaxis, and has wondered if Rac2 would modulate the
activity of PLD2, which is also implicated in cell migration.

3.5.1. A dual effect of Rac2 on PLD2—In [192] we have reported the surprising
discovery of a dual effect of the GTPase on the lipase, whereby Rac2 affects PLD2
enzymatic activity both positively and negatively, which helps to explain the progression
through chemotaxis in leukocytes. A positive feedback loop exists between Rac2 and PLD2
during early stages of stimulation (when phagocytes initiate cell migration). Conversely,
Rac2 has a negative effect on PLD2 at late times of stimulation (when phagocytes are locked
in position at the inflammation site) and when there is an overwhelming amount of Rac2 in
the cell (FIGURE 7). Supporting the newly reported negative effect of Rac2 on PLD2, we
found that endogenous PLD activity from bone marrow neutrophils and bone marrow-
derived macrophages is high in Rac2-/- KO mice.

Gomez-Cambronero Page 8

Cell Signal. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.5.2. How does Rac2 inhibit PLD2?—We have observed a fraction of fluorescence
signals that localized in the plasma membrane for both Rac2-CFP and PLD2-YFP [192]. In
some cases, these two signals do not overlap, but rather, they are extremely adjacent to each
other, whereby Rac2 is closer to the plasma membrane than PLD2. This led us to believe
that Rac2 exerts a negative effect on PLD2 because Rac2 occupies PLD2's PH domain,
pulling PLD2 apart from the normal environment and out of the reach of PIP2 and other
essential co-factors for enzymatic activity. This “terminates” PLD2 activity and,
consequently, chemotaxis. Further proving this point, it was found that PLD2 activity could
be rescued in cells in the presence of excess PIP2, which excludes Rac2 from the membrane.

As all this was observed in primary cells (neutrophils and macrophages), as well as in cell
lines (macrophages) [192], we believe this dual mechanism could be extensive to a large
array of migratory cells. Further, this represents an example of simplicity and economy of
cell resources, as just two molecules can be sufficient for accomplishing a well-defined
biological function.

3.5.3. Site of binding of Rac2 to PLD2—What we have just described indicates a
profound relation between Rac2 and PLD2 and reinforces the idea that PLD and Rac small
GTPases are integral to cell signaling [99, 193]. In a subsequent study [194], we
demonstrated that Rac2 and PLD2 form a protein-protein complex in the cell, as they can
both be immunoprecipitated with antibodies specific for the other protein and as a strong
FRET signal in cells. The existence of FRET between the donor (CFP-Rac2) and the
acceptor (YFP-PLD2) in vivo indicates that Rac2 and PLD2 are in close enough proximity
(< 7 nm apart) so as to form stable complexes in the cell.

The PLD2-Rac2 interaction begged the question as to the specific site on PLD2 that binds to
Rac2. To ascertain this, we generated several PLD2 mutants where we hypothesized that
binding occurred that were based on other examples of Rac2 binding partners. A CRIB
motif (for Cdc42/Rac Interactive Binding) has been shown to specifically bind the GTP-
bound form of Cdc42 or Rac with a preference for Cdc42 [195-198]. The prototypes are the
non-receptor tyrosine kinase, ACK, and the serine/threonine kinase, PAK [199]. The length
of the consensus CRIB motif is approximately 16 amino acids containing a region of
variable length between the two halves of the binding motif. The CRIB motif contains eight
core amino acids with the sequence ISXPXXXXFXHXXHVG [200, 201]. However,
proteins with one or two differences within the core sequence can still show binding to
Cdc42/Rac [201].

3.5.4. Two new CRIB domains found in PLD2—A manual search of the PLD2 amino
acid sequence yielded two putative CRIB-like candidate amino acid segments that contained
the key amino acids of the consensus in the appropriate order. We named the first domain
CRIB-1 (255ISFVQLFDPGFEVQGV270) and the second domain CRIB-2
(306ITELAQGPGRDFLQLHRHDSY326), which are located in and downstream from the
PH domain of PLD2, respectively [194]. We demonstrated that CRIB deletion mutants
PLD2-ΔCRIB1 and PLD2-ΔCRIB2 negated a PLD2-Rac2 association. We further
determined that the apparent KD values for Rac2-WT binding to PLD2-WT are ∼10 nM and
that the stoichiometry of the biding is ∼1:2 (PLD2:Rac2). We also found that in vitro, excess
Rac2 had a negative effect on PLD2 activity as seen previously in cells [192]. FIGURE 7
shows a compilation of the participation of PLD2 in cell chemotaxis through the
participation of all the players we have described so far: Grb2 (associated with the PX
domain), Rac (associated with the PH domain), as well as WASP, S6K and the product of
PLD reaction, PA.
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3.6. PLD2 acting as a GEF: a novel and unexpected discovery
While we were studying the correlation between Rac2 and PLD2 and to our surprise, we
found that Rac2 GTP-loading activity (as p21-binding-domain pulldown) was increased in
the presence of PLD2 [194]. The positive effect of PLD2 on Rac2 GTP-loading activity led
us to the novel discovery that for the first time documents that PLD2 can act as a GEF for
the small GTPase Rac2 [202] (FIGURE 7). As currently known, there are three families of
GEFs for monomeric GTPases: Cdc25, Dbl homology (DH) and Sec7 domains [203-205].
However, none of these proteins is a phospholipase. The new mechanism for GTPase
activation by a phospholipase involves both PLD2 and the product of the lipase reaction,
PA. As these findings were extended beyond leukocytes to other cells, we believe that this
mechanism is universal in cell biology and defines a new class of GEF molecules never
reported before.

3.6.1. Proving that PLD2 is a GEF—A series of GTP/GDP exchange experiments,
which are the hallmark means to define a GEF similar to that described in reference [206],
indicated that PLD2 elicited dissociation of [3H]-GDP from Rac2 and then binding of [35S]-
GTPγS to Rac2 in the presence of PLD2. This effect is large enough to be meaningful (50%
decrease for GDP dissociation and 300% increase for GTP association), had a reasonable
kinetic behavior with a half-time of 10 min and saturation at 30 min and was augmented
with increasing PLD2 concentrations. Of note, we found that PLD2 enhanced the GTP/GDP
exchange of Rac2 in vitro in the absence of any other co-factors (i.e., the reaction mixtures
had only recombinant proteins), indicating that PLD2 is a bona fide GEF for Rac2 [206].
Further, we reasoned that the result of PLD2 action on Rac2 has biological consequences.
As Rac2 has been extensively implicated in cell migration and phagocytosis [207-210] in
leukocytes, we found that PLD2 and Rac2 co-localize in the cell and lead to augmentation of
normal physiological functions of leukocytes: adhesion, polarization, chemotaxis and
phagocytosis.

3.6.2. The mechanism of PLD2 as a GEF—In [202], we reported that PA, the product
of the PLD enzymatic reaction increases the capability of PLD being a GEF for Rac2. Thus,
two things are needed to elicit full GEF action on Rac2: one was the protein-protein
interaction between PLD2 and Rac2 (at the newly discovered CRIB domains) and the other
was the presence of PA. The mechanism of enzymatic activation involves first the
production of PA and then the activation of Rac as the order of reaction. Computer
simulations have indicated an excellent level of alignment between a known GEF and
PLD2's PH domain, especially three beta sheets around CRIB-1. We can speculate that PA
could serve to displace the P-loop from binding to the phosphates of GDP by inserting itself
in Rac2 (we have observed that PA binds and activates GTP loading) into the nucleotide-
binding site as to sterically and electrostatically expel the GDP nucleotide by a push-pull
mechanism.

Conclusions
FIGURE 8 presents a summary of the results obtained in our laboratory over the course of
the last few years, which have been discussed in detail in the previous sections. It shows an
exquisite regulation of PLD2 by a wealth of interacting partners (S6K, Grb2, Sos, kinases,
phosphatases, WASp and Rac2) that lead to regulated functionalities in disparate functions
such as de novo DNA synthesis and modulation of inflammatory responses of leukocytes,
such as adhesion, chemotaxis and phagocytosis. The model includes the surprise discovery
of PLD as the first lipase to be considered as a GEF. A phospholipase such as PLD that
exists already in the cell membrane that acts directly on Rac allows a quick response of the
cell without intermediary signaling molecules and provides a great advantage in the

Gomez-Cambronero Page 10

Cell Signal. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transmission of information. This provides only the latest level of PLD2 regulation in a field
that promises newer and exciting advances in the next few years.
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Figure 1. PLD chemical reaction
A nucleophilic attack of water allows the breaking of the phosphodiester bond of the polar
head of PC, which releases PA and choline in the transphosphatidylation reaction. PA is a
metabolite that is at the center of the synthesis of other phospholipids. Apart from this, PA
has a signaling mission in that it mediates several cellular functions, as indicated.
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Figure 2. PLD main characteristics
A HKD domain in the catalytic site defines the PLD superfamily. Mammalian PLD's are
PLD1 and PLD2 and the chart compiles their main physical and cellular characteristics.
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Figure 3. PLD1 and PLD2 domains
Extensive work from labs referenced in the text has mapped out the fine regulation of the
PLD1 isoform (with small GTPases Arf and Rho; PKC and phospholipids), whereas the
understanding of PLD2 regulation lagged behind until a few years ago.
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Figure 4. PA and S6K
The formation of PA by PLD2 initiates a cascade of events that culminate in its binding to
ribosomal S6 kinase (S6K) and subsequent actin polymerization and chemotaxis. Bacterial
(extracellular) PLD can also produce PA that acts as a chemoattractant for leukocyte cells.
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Figure 5. PLD2 binding to Grb2 at the PX domain: functional effect of DNA synthesis
Identification of PLD2's Y169 and Y179, which bind to Grb2. Y169 mediates binding to
Grb2, and its subsequent association to the GEF Sos mediates de novo DNA synthesis.
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Figure 6. A PLD2-Grb2-WASP trimeric complex and chemotaxis
PLD2 binding to Grb2 initiates chemotaxis mediated by Y179. In this case Grb2 is a
“docking” protein that is able to bring along WASP, through the SH3 domains. WASP,
through the Arp2/3 complex activation, ensures actin polymerization and cell migration
events.
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Figure 7. PLD2 and Rac: dual regulation
PLD2, thru the PH domain, binds to Rac2 in two newly identified CRIB domains. The
Rac2-PLD2 binding has opposite functional consequences depending on the temporal stage
of cellular stimulation. Also, PLD2 can act as a GEF for Rac2, initiating a GDP-GTP
exchange and thus activating Rac2.
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Figure 8. A summary of PLD2 regulation
This model is a summary of all data in previous Figures 4-7, indicating our laboratory's
inroads into the understanding of PLD2 regulation at the molecular level and the discovery
of a plethora of associated partners: Grb2, Sos, WASP, Rac2 and their sites of binding
(kinases and phosphatases are not shown in this diagram, but they were reviewed earlier
[19]).
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