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1. INTRODUCTION/OVERVIEW/HISTORY OF PLD

Phosphatidic acid (PA) is a critical phospholipid constituent
in eukaryotic cell membranes, which accounts for 1—4% of the
total lipid." This lipophilic glycerophospholipid has a phos-
phate headgroup, and as such serves not only a structural
capacity in lipid bilayers, but also participates as an intermediate
in lipid metabolism and as a signaling molecule. Because of the
small headgroup, PA facilitates changes in lipid bilayer curva-
ture that are important for membrane fusion events, such as
vesicular trafficking and endocytosis.” PA is also a precursor to
other lipid signaling molecules including diacylglycerol (DAG)
and lysophosphatidic acid (LPA). As a lipid second messenger,
PA activates signaling proteins and acts as a node within the
membrane to which signaling proteins translocate. Several
signaling proteins, including Raf-1>* and mTOR,” directly bind
PA to mediate translocation or activation, respectively. PA has
been implicated in signaling cascades involving cell growth,
proliferation, and survival. Aberrant PA signaling has been
identified in multiple cancers,’ neurodegeneration,” and plate-
let aggregation,® which makes proteins that mediate cellular
levels of PA attractive as potential therapeutic targets.

PA can be generated de novo’ '' by sequential enzyme-
catalyzed acylations of glycerol-3-phosphate, or in response to
cell signaling pathways (Figure 1). Every glycerophospholipid
generated in eukaryotic membranes transitions through PA, a
pathway characterized by Eugene Kennedy and his colleagues
more than half a century ago." ' Signal generated PA is formed
by enzymes that modify existing lipids. These enzymes include
lysophosphatidic acid acyltransferase (LPAAT), which acylates
LPA, DAG kinase, which phosphorylates DAG at the sn-3
position, and phospholipase D (PLD), which hydrolyzes the
headgroup of a phospholipid, generally phosphatidylcholine
(PC), triggering the release of choline.

PLD activity, an enzyme-catalyzed hydrolysis of a phospho-
diester bond, was first described in plants,13_16 and subse-
quently many enzymes from a range of viral, prokaryotic, and
eukaryotic organisms have been described as possessing PLD
activity. To date, more than 4000 PLD enzymes have been
entered in NCBI GenBank. The majority of these enzymes
hydrolyze phosphodiester bonds within phospholipids such
as PC (classified as EC 3.1.4.4'7), but there are other enzymes
ascribed to having PLD activity that hydrolyze neutral lipids
and even polynucleotide backbone. A large subset of enzymes
with PLD activity share a conserved HxKxxxxDxsGSxN motif
(HKD),"® or a variation thereof, which is responsible for
catalytic activity. These enzymes are members of the PLD
superfamily and are proposed to follow a similar reaction
mechanism. Non-HKD enzymes exhibiting PLD activity have
divergent structures and catalytic mechanisms. These non-HKD
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Figure 1. A schematic of the various enzyme-catalyzed reactions that
result in the formation of phosphatidic acid (PA) and some of the
cellular functions mediated by PA.

enzymes are discussed here as a means of comparison. In this
comprehensive Review of the PLD superfamily, specific empha-
sis is given to the conventional mammalian isoforms, PLD1
and PLD2, and the tools with which these enzymes are studied.
The merits of PLD as a potential therapeutic target are also
reviewed, as are implications for modulation of PLD activity
in cell signaling pathways, whole organisms, and aberrant or
disease-related models.

2. ENZYMES WITH PHOSPHOLIPASE D ACTIVITY

Prior to sequencing technology or cloning of genes, en-
zymes were purified from the host organism and biochemically
characterized. Enzymes with similar activities were described
with similar nomenclature. Such is the case with PLD en-
zymes. Historically, many bacterial virulence factors that
demonstrated the release of a choline headgroup were named
PLDs for this function. Subsequent cloning and sequence
analysis of these enzymes demonstrated that not all of these
enzymes bear the conserved HxKxxxxDxsGSxN motif first
described by Ponting and Kerr'® and Koonin.'® Therefore,
these enzymes named as PLDs are not classified as members of
the PLD superfamily. At the same time, superfamily classifica-
tion based on a conserved HKD motif characterized some
enzymes as PLDs that were not previously considered as such
solely based on biochemical analysis (i.e., some endonucleases).
The PLD superfamily classification based on the conserved
HKD catalytic motif is useful because these enzymes are pro-
posed to hydrolyze phosphodiester bonds via a similar reaction
mechanism.

2.1. Non-HKD Enzymes

Enzymes lacking a conserved HKD motif are referred to here
as non-HKD PLDs. These enzymes exhibit PLD-like activity and
are no less physiologically relevant than members of the PLD
superfamily. Detailed description of this class is not the focus of
this Review. However, brief mention of these enzymes is neces-
sary to clarify their distinction in mechanism and enzymology
from the PLD superfamily (Table 1).

2.1.1. Streptomyces chromofuscus PLD. Streptomyces chro-
mofuscus secretes a 57 kDa phospholipase D, scPLD. This
enzyme, first purified in the 1970s*° and cloned in the early
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Table 1. Non-HKD PLDs
species enzyme activity

Streptomyces chromofuscius  scPLD
w/M alcohol)
Corynebacterium PLD
sphingomyelinase D LPC — LPA (in plasma)
Arcanobacterium PLD
sphingomyelinase D LPC — LPA

Loxosceles reclusa lysoPLD SM — C1P
sphingomyelinase D LPC — LPA (in plasma)

Mammalian autotaxin LPC — LPA, cyclic LPA
Mammalian cyplA2 monooxygenase — drug metabolism hepatic
cyp2El PLD (PC — PA) — unknown
Mammalian GPI-PLD GPI — IPG + PA, GPI-protein —
protein + PA
Mammalian NAPE-PLD NAPE — NAE + PA

PLD (transphosphatidylation
sphingomyelinase (releases C1P)

sphingomyelinase (releases C1P)

function localization

virulence factor secreted into extracellular milieu

membrane remodeling secreted
vascular permeabilization

bacterial adhesion secreted
escape from vacuole

host cell necrosis

hemolysis venom

platelet aggregation
inflammatory responses
production of lysolipids in blood secreted into blood
microsomal, membrane-bound
microsomes/ER

signaling and membrane-associated ~ secreted into serum
protein release

endocannabinoid signaling microsomal, membrane-associated

scPLD

headgroup/choline

A. “Hopping” Mode — Actlwty does not depend on a lipid binding cofactor.

Meta/ & Ca?* Dependent ]
© Fe? for catalytic activity

@ Min?, Zn?, or Fe?* for substrate
binding

N
B. “Scooting” Mode — Activity depends on substrate presentation.

headgroup/choline

NNN I

Metal & Ca®* Independen

? PIP, mammalian lipid binding co-factor

(Bacteria have non-specific hydrophobic interaction)

Figure 2. Mechanisms of phospholipase D enzyme activities. Many bacterial PLD enzyme activities proceed in a “hopping” mode and are dependent on
the presence of metal ions, whereas mammalian PLD activity proceeds in a “scooting” mode and is largely dependent on the interfacial lipid environment.

1990s,*" is the most well-characterized non-HKD PLD.** scPLD
exhibits both phosphodiesterase as well as phosphatase activities™
and is proposed to be secreted by the bacteria to scavenge for
phosphate in the microenvironment.”> Biochemical mutagenesis
analyses of scPLD demonstrate that this enzyme utilizes a metal-
coordinated reaction mechanism 51m11ar to the purple-acid
phosphatase family (PAP).>> A Fe®" cation is essential for
the one-step classic acid—base-catalyzed reaction mechanism,
whereas a Mn”" cation is thought to be necessary for proper
substrate binding.

scPLD is also able to perform transphosphatidylation, but less
efficiently than HKD PLD enzymes (8—10 M primary alcohol is
necessary for scPLD, as compared to >95% transphosphatidyla-
tion with 1—2 M alcohol for HKD PLD).>* scPLD also does not

exhibit interfacial activation. Known as the surface dilution effect,
HKD enzyme activity is affected (discussed in section 2.2.3),
whereas scPLD activity is not dependent on the surface mole
fraction of substrate within a lipid micelle or vesicle, and hence
substrate presentation does not impact scPLD a.ctivity.25 This is
also referred to as the “hopping” versus “scooting” mode of
activity (Figure 2). scPLD is dependent on whether the substrate
is readily accessible and therefore exhibits greater activity with
mononmer and mixed micelle than substrate present in a lipid
vesicle.?

scPLD is also the only PLD known to be activated by PA,
most likely allosterically.*>*” Calcium can activate PLD by two
mechanisms: calcium can directly bind the enzyme (Ky; and
Kjy,), butis also able to bind to PA and make the lipid more rigid
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triggering product release from active site to allow new sub-
strate to bind.”® The allosteric PA binding domain is predicted
to be in the C-terminal domain, as proteolytically cleaved
scPLDy, /50 does not exhibit PA activation to the extent that
uncleaved scPLDs; responds.”® This activation is believed to be
elicited via an allosteric site secondary to the catalytic site
because soluble PA can increase V., toward substrate present
at an interface.

Despite the fact that scPLD is not a member of the PLD
superfamily, many studies have used and some still use exogen-
ous application of recombinant scPLD to rescue the deleterious
effects of deletion of a HKD PLD. This is a legitimate approach
as long as the results are clearly understood with regards to
substrate—product relationships. Supplemental application of
scPLD will hydrolyze a range of phospholipids generating PA
and possibly perform phosphatase activities. Observation that
scPLD rescues a phenotype following deletion of a HKD PLD
enzyme suggests that PA may in fact be the functional conse-
quence of that particular HKD PLD. However, this result or the
possible lack of a “rescue” effect should not be overinterpreted.
Recent studies of viral, prokaryotic, and eukaryotic PLD super-
family members demonstrate that the function of these enzymes
stretches beyond generation of PA or classic catalytic product.
New descriptions of protein—protein interactions and alternate
catalytic products are only recently gaining an appreciation in the
literature.

2.1.2. Other Non-HKD PLD Enzymes. 2.1.2.1. Coryne-
bacterium and Arcanobacterium PLD. Similar to Streptomyces
chromofuscus, pathogenic Gram-positive Corynebacterium and
Arcanobacterium secrete non-HKD enzymes, both with signifi-
cant sequence identity, which are classically referred to as
PLDs.*”*® These secreted enzymes exhibit divalent-cation
dependent activities®' and function as virulence factors.>*>*
Rather than hydrolyzing PC, these enzymes exhibit a sphingo-
myelinase (SMase) activity and hydrolyze sphingomyelin
(SM), present in lipid rafts in the outer leaflet of the host cell
plasma membrane. However, rather than release phosphocho-
line to generate ceramide, the common product of mammalian
SMase, these enzymes release choline to generate ceramide-1-
phosphate.***® These enzymes are referred to as SMase D (EC
3.1.4.41) to denote the PLD-like choline headgroup release
from SM. Corynebacterium and Arcanobacterium PLDs are
unique unto themselves, with no conserved domains beyond
a stretch with low homology to the substrate binding domain of
glycero-3-phosphate dehydrogenase.” In vivo, these virulence
factors function to trigger hemolysis and vascular permeabiliza-
tion. This activity allows the bacteria, which infects via skin
abrasions, to move into the host lymph nodes, where the
infection localizes. Within lymph nodes, the bacteria invade
macrophages and replicate intracellularly. Generation of cer-
amide-1-phosphate has been proposed to remodel lipid rafts
within the outer leaflet of the plasma membrane, concentrating
lipid raft-bound proteins and receptors, thereby enhancing
protein-mediated bacterial adhesion to the macrophage plasma
membrane.***” PLD deletion strains exhibit decreased intracel-
lular release of bacteria from the membrane-bound vacuole.*®
This suggests PLD might also trigger vacuole membrane
disruption. Corynebacterium has also been shown to hydrolyze
lysophosphatidylcholine (LPC) to generate LPA.>® LPA is a
bioactive molecule that triggers a myriad of signaling cascades
via G protein-coupled receptors (GPCRs), and this activity may
be important for eliciting the inflammatory response observed

upon infection. This in combination with PLD-induced macro-
phage necrosis is likely the cause for lethal toxicity of the
bacteria. This bacterial PLD protein, because it is a potent
virulence factor for these two bacteria, is exploited as an
effective component in vaccinations for Corynebacterium to
prevent infection.>

2.1.2.2. Loxosceles PLD. The brown recluse spider, Loxosceles
reclusa, and other species of the Loxosceles genus also express
PLD-like SMases, called SMase Ds with significant sequence
homology to the Corynebacterium and Arcanobacterium SMase
D that catalyzes manganese-dependent acid —base hydrolysis of
SM to ceramide-1-phosphate.”® These enzymes are the major
component of spider venom and are responsible for the
dermonecrosis, hemolysis, dysregulated neutrophil activation,
and other toxic physiological responses to a spider bite.*' ~* In
vitro, characterization of recombinant SMase Ds demonstrates
that these enzymes can be divided into two classifications based
on biochemical activity.** Class I enzymes, in addition to SMase
activity, also efficiently hydrolyze lysolipids in a PLD-like
fashion to generate LPA.** As such, it has been proposed this
enzyme be called a PLD, aless specific title that encompasses all
activities characterized to date. LPA triggers signaling cascades
in the host organism including platelet aggregation and inflam-
matory response.*® Lyso PLD activity is likely the cause for
some of the lethal effects of Loxosceles venom. Class II enzymes
exhibit SMase activity and exhibit decreased activity toward
phospholipids. Subsequently, other spider and snake venoms
have been characterized as having PLD or SMase D activity.
The crystal structures of class I* and class II*” SMase enzymes
from Loxosceles reveal differences in the catalytic cleft that
explain observed differences in substrate selectivity.

2.1.2.3. GPI-PLD. In humans, hydrolysis of the phospholipid
headgroup to yield PA and free headgroup is generally attrib-
uted to classical HKD-containing PLD enzymes, the focus of
this Review. However, other human enzymes have been char-
acterized as exhibiting PLD activities that generate bioactive
signaling molecules, but are not related to the PLD superfamily.
Glycosylphosphatidylinositol phospholipase D (GPI-PLD)
specifically hydrolyzes the phosphodiester bond of glycosyl-
phosphatidylinositol (GPI). This activity releases the second
messenger’s inositolphosphoglycan (a non-N-acylated hexosa-
mine coupled to inositol phosphate, IPG) and phosphatidic
acid (EC 3'.1.4.50).48 GPI-PLD is an 815 aa non-HKD enzyme
that catalyzes hydrolysis at its N-terminal domain via a Zn**
binding site coordinated by five conserved histidine residues.*’
This enzyme shares distant homology to PI-PLC.>

GPI-PLD is the only mammalian GPI-hydrolyzing phospho-
lipase cloned to date and is expressed in nearly every tissue in the
body, with significantly higher expression in the liver. Hepato-
cytes and insulin-stimulated pancreatic S-islet cells secrete GPI-
PLD into serum,”’ where the protein associates with HDL-like
particles but remains catalytically inactive.’> Serum levels of GPI-
PLD have been associated with increased TAG metabolism.
Statin-induced decreases in TAG are thought to be due to a
concomitant decrease in GPI-PLD serum levels,** a beneficial
off-target effect of these HMG-CoA reductase inhibitors. In vitro,
catalytically active enzyme hydrolyzes GPI present in lipid rafts
and caveoli. GPI often covalently anchors proteins to the plasma
membrane, and GPI hydrolysis by GPI-PLD releases these
proteins, often into the extracellular milieu.>® GPI that is not
covalently adducted to protein can also be hydrolyzed and yields
the second messenger inositolphosphoglycan that is associated
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with GPI-linked signaling cascades such as insulin signaling.
Although the precise in vivo function of GPI-PLD is unknown,
aberrant serum levels of this enzyme have been linked with
several diseases including acute hepatitis,>* nonalcoholic fatty
liver,® and type 1 diabetes.”®” Decreased GPI-PLD serum
levels are indirectly used as a biomarker for hepatic cell carcino-
ma (HCC), in that increased GPl-anchored proteins are
evident.*® Exogenous supplementation of GPI-PLD increases
immune clearance of the HCC cells.>® Modulation of GPI-PLD
expression and activity has been suggested as a possible novel
therapeutic modality for some of these diseases.”>*>*

2.1.2.4. NAPE-PLD. Another human enzyme that exhibits
PLD-like phosphodiesterase activity is NAPE-PLD. This en-
zyme hydrolyzes N-acyl phosphatidylethanolamine species
with variable N-acyl chains to generate N-acylethanolamine
(NAE), an endocannabinoid, and PA. Although this enzyme is a
phospholipid phosphodiesterase, it is not structurally related to
scPLD or the PLD superfamily.’® Rather, NAPE-PLD is a
metallo-enzyme and a member of the 3-lactamase family. This
family of enzymes shares a common fold and utilizes a divalent
zinc®* active site to coordinate hydrolysis.®> NAPE-PLD is
selective for NAPE substrate and does not hydrolyze PC or
lyso-NAPE.®’ This enzyme does not perform transphosphati-
dylation either, which is how it was originally identified more
than 20 years ago as a unique PLD, distinct from the classic
HKD PLD enzymes.sg’él’62

Within the cell, NAPE-PLD is constitutively localized to
intracellular membranes, mostly microsomal, and remains
active. When in the NAPE headgroup N-acyl chain is arachi-
donate, the NAE generated is anandamide, an agonist of
cannabinoid receptors CB1 and CB2, primarily expressed in
central nervous system or immune and blood cells,
respectively.” Signaling through these receptors modulates
cAMP levels, MAPK signaling, and ion channel activities.
NAPE-PLD is expressed throughout the body, but exhibits
elevated activity in the brain. Because of the critical signaling
roles of NAPE-PLD hydrolytic products, and because the
membrane-associated enzyme is constitutively active, this en-
zyme is regulated at the transcriptional level. Endocannabinoid
signaling is implicated in nociception, learning and memory,
and fertility. Therefore, it is not surprising that differences in
NAPE-PLD expression are observed in select neuronal
populations,64 or changes in uterine NAPE-PLD expression
are observed in pre- and postembryonic implantation.®>%
Some bacterial toxins, including lipopolysaccharide, can also
regulate enzyme expression by modulating histone acetylation,
which downregulates the NAPE-PLD promoter, thereby down-
regulating NAE production and shunting a peroxisome-prolif-
erator activated receptor (PPAR)a-mediated host inflam-
matory response.”” However, endocannabinoid signaling is
more complex than originally appreciated. The NAPE-PLD
knockout mouse exhibits no phenotypic deficiencies.®® In these
animals, levels of NAPE increased in the brain, while total NAE
concomitantly decreased, as expected. Alternate NAE-generat-
ing mechanisms compensate in these KO animals because levels
of polyunsaturated NAE (i.e., anandamide) were not signifi-
cantly altered.®® Endocannabinoid signaling regulates many
in vivo functions, and pharmacological manipulation of these
pathways is being exploited therapeutically. Inhibitors of
NAPE-PLD do not currently exist, but could be of significant
therapeutic consequence to acutely modulate anandamide
levels.*” CB1 antagonist, rimonabant, has been on the market

in Europe since 2006 and is used as an antiobesity’® and
smoking cessation tool.”' Recent evidence demonstrates
altered expression of cannabinoid receptors and NAPE-
PLD in brain lesions of multiple sclerosis (MS) patients.””
Administration of exogenous cannabinoids has been shown to
alleviate symptoms and exhibit neuroprotective effects in
patients with MS.”>”*

2.1.2.5. Cytochrome P450 1A2 and 2E1. Microsomal cyto-
chrome P450 2E1 and 1A2 have been shown to have PLD-like
activity and hydrolyze PC present in the ER to generate PA.”>7°
Cytochrome P450 2E1 is present in the ER where it metabolizes
small xenobiotics and is ethanol inducible.”” Cytochrome P450
1A2 is present predominantly in microsomes of hepatocytes
where it metabolizes 15% of all drugs, including caffeine and
theophylline, and also bioactivates procarcinogens.”® This en-
zyme is linked to a predisposition to colon cancer. In vitro studies
of hepatic microsomal and recombinant cyp 2E1 and 1A2
demonstrate these enzymes hydrolyze PC but not other lipids.”®
They maintain no sequence or structural homology to the PLD
superfamily and do not perform transphosphatidylation. Like-
wise, calcium and PI(4,5)P,, both known cofactor and activator
of mammalian PLD enzymes, respectively, do not significantly
modulate cytochrome P450 PLD activity. Unlike the classic
monooxygenase activities of this class of enzymes, the cyto-
chrome P450 PLD activity is not dependent on NADPH, and
known P4350 inhibitors, such as ketoconazole, have no effect on
this activity.”>” This led to the hypothesis that the PLD site
must be separate from the monooxygenase catalytic site, and
truncation mutant studies suggest the amino terminus might be
critical for this unique activity.”> Later, in vitro studies showed
lysophosphatidylserine (LPS) is able to activate P450 PLD
activity of recombinant cyp 1A2 and 2E1.”® Inclusion of LPS in
the lipid vesicles results in significant conformational change in
the a-helical content of the enzyme, as measured by circular
dichroism. Overall, the PLD activity of these enzymes is quite low
as compared to monooxygenase activity, but PLD activity is
increased >400% in the presence of vesicles that contain a low
mole fraction of LPS.” Although the specific function of hepatic
cytochrome P450 PLD activity is not clear, it is suggested that
LPS acts as a molecular switch to drastically affect the activity of
the enzyme. This is similar to other reported mechanisms in
which local phospholipid environments modulate cytochrome
P450s.”%%

2.1.2.6. Autotaxin. Lysophospholipase D activity has been
described in human blood. Autotaxin (ATX or NPP2) was
determined to be responsible for this lysoPLD activity and is
the main source of LPA in human blood.*"®* ATX, a member of
the nucleotide pyrophosphatase/phosphodiesterase family, is
expressed as a preproenzyme and secreted into the extracellular
milieu and serum via an N-terminal secretion signal. This enzyme
does not include a conserved HKD motif and is not related to
scPLD or the PLD superfamily. In vitro characterization of ATX
demonstrates it has a range of activities, including phospholipase
(to produce LPA and S1P),**~*° and nucleotide pyrophosphate
hydrolysis. Lysophospholipids, including lysophosphatidylcho-
line (LPC), lysophosphatidylethanolamine (LPE), and LPS, are
high affinity substrates and predicted to be the physiologically
relevant target.86 ATX uses two Zn”" ions in the active site for
coordination and intermediate stabilization. However, unlike the
other human non-HKD enzymes described above, ATX can
perform both hydrolysis and transphosphatidylation.®” Depend-
ing on the divalent cation identity and salt concentration in the
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Table 2. Alignment of Catalytic Motifs for PLD Superfamily

enzyme source catalytic motif activity

p37 Vaccinia Virus QNNTKLLIVDDE lipase toward phospholipids, DAG, and lysolipids
K4 Vaccinia Virus VLHTKFWISDNT endonuclease

Bfil E. coli/B. firmus ILHAKLYGTSNN site-specific endonuclease

Nuc E. coli/S. typhimurium IQHDKVVIVDNV endonuclease

PLD S. antibioticus WMHSKLLVVDGK lipid phosphodiesterase toward PC, PE, PS, PG
PLDal A. thaliana YVHTKMMIVDDE lipid phosphodiesterase toward PC and PE
PLDG A. thaliana YVHSKMMIVDDE lipid phosphodiesterase

Spol4 S. cerevisiae AHHEKFVVIDET lipid phosphodiesterase toward PC

microenvironment, ATX will either hydrolyze LPC to form LPA,
or transphosphatidylate LPC, similar to scPLD, and use the free
hydroxyl group in the sn-2 position to generate cyclic LPA
(cLPA).** This difference in reactions is critical because the
physiological function of LPA is distinct from cLPA. LPA is
important in chemotactic cell migration and platelet aggregation,
whereas cLPA inhibits cell proliferation, tumor cell invasion, and
metastasis. Three splice variants of ATX have been identified,
ATXa, ATXf, and ATXy.*® ATXa and ATXS both perform
transphosphatidylation and generate cLPA. The transphospha-
tidylation activity of ATXy has yet to be characterized, but is
expressed in the brain where it is proposed to be responsible
for the high concentrations of cLPA.*®

The crystal structures of rat® and mouse® ATX were
recently determined. Careful analysis of the structures in
tandem with further biochemical characterization will be ne-
cessary to understand hydrolytic versus transphosphatidylation
mechanisms and the role of divalent cations in serving as a
switch between the two divergent reactions. Because of the
stark contrast in the signaling function of LPA versus cLPA, it
will be necessary to identify pharmacological agents that can be
used to elicit one reaction over the other. ATX knockout mice
exhibit severe phenotypic deficiencies and die around embryo-
nic day 9.5—10.5.°""* Much of this phenotypic response is
thought to be due to the absence of ATX catalytic activity,
because knock-in of a catalytic mutant elicits similar phenotypic
deficiencies. However, analysis of ATX crystal structures shows
two predicted LPA binding sites and suggests that ATX may
also serve as a lipid—protein carrier and deliver LPA directly to
LPA receptors at the membrane via a hydrophobic tunnel.”®
Recent studies also suggest that via a C-terminal MORFO
(modulator of oligodendrocyte remodeling and focal adhesion
organization) domain, ATX may be important for eliciting focal
adhesions during oligodendrocyte maturation and myelination.”>”*
Two groups have implicated ATX in regulating lymphocyte
traﬂicking.%’96 Further structural and biochemical character-
ization of this enzyme is necessary, but due to its role in
generating both LPA and cLPA, autotaxin appears to be a novel
therapeutic target. A recent study has identified ATX as a
potential therapeutic target for atherosclerosis.””

2.2. HKD Enzymes

In contrast to the various sequence, catalytic, and biochem-
ical characteristics found in non-HKD PLDs, HKD enzymes
share a conserved catalytic domain. While these enzymes do not
share significant sequence or structural identity outside of this
catalytic domain, conservation of this domain means these
enzymes do share a similar structural core that hydrolyzes
phosphodiester bonds with a similar reaction mechanism for

a range of substrates. Historically there has been some dispute
as to the classification of some or all of these HKD enzymes as
members of the PLD superfamily. Differences in substrate
(DNA backbone versus lipid) and function (endonuclease
versus lipase) among HKD PLD enzymes have led to discre-
pancies in definition of requirements for classification in the
PLD superfamily. Here, we propose that all phosphodiesterases
with a conserved HKD or HKD-like motif are members of this
diverse superfamily. Conservation of the HKD motif renders
inclusion in PLD superfamily because, regardless of substrate
identity, these enzymes share an Sn2 ping-pong reaction
mechanism that proceeds through a covalent phospho-protein
intermediate in phosphodiester hydrolysis (see section 2.2.3).
Members of the superfamily also perform transphosphatidyla-
tion in parallel with hydrolysis in the presence of alcohol versus
water, respectively. Further subclassifications in the superfamily
delineate differences in sequence, substrate, and function, but
superfamily classification based on the conserved HKD motif is
a useful descriptor in characterizing the enzymological and
mechanistic identity of an HKD enzyme. With this definition of
the PLD superfamily described, this Review will highlight
members possessing a variety of functional and biochemical
characteristics.”®

2.2.1. Sequence. PLD enzymes have been identified in
viruses, bacteria, plants, fungi, and mammals and were classified
on the basis of biochemical activity. However, following clon-
ing and sequencing of several PLD genes, a common set
of conserved motifs (I—IV) was observed.'® Conserved
motifs II and IV comprise the duplicate catalytic sequence,
HxKxoxDxgG(G/S)xN (referred to here as HKD). In fact, there
is significant homology between motifs I and II, and III and IV.
On the basis of this internal homology and the presence of
1-HKD motif enzymes in viruses and lower prokaryotic species,
there is considerable evidence for a gene duplication event
(Table 2), resulting in many PLD superfamily enzymes contain-
ing two putative HKD motifs'” (Figure 3). As discussed in
section 2.2.3, the histidine residue of the HKD motif has been
demonstrated to be the nucleophilic residue responsible initiat-
ing phosphodiesterase activity. Motif III is comprised of the
highly conserved sequence of unknown function “IYIENQFF”.
Between the catalytic HKD motifs, and N-terminal to motif III,
a putative polybasic phosphatidylinositol 4,5-bisphosphate
PI(4,5)P, binding domain has been described in higher eukar-
yotes. The C-terminus of all PLD superfamily members, despite
the fact that it is not homologous, must be integral for catalysis,
because activity decreases upon mutation in or truncation of this
region.

Ponting and Kerr suggested that enzymes with these four
conserved motifs were members of the PLD superfamily as

6069 dx.doi.org/10.1021/cr200296t |Chem. Rev. 2011, 111, 6064-6119



Chemical Reviews

K4/Nick Joining Enzyme (424 aa)

Nuc (177 aa)

Streptomyces PLD (528 - 556 aa)

~[HKD ]—[ HKD ]*

HKD

4[ HKD ]—[ HKD ]7

Plant C2 (810 - 1087 aa) C2 ||

HKD HKD

Plant PXPH (1039 - 1096 aa) HKD

Sp014 (1683 aa)

PLD1 (1074 aa)

PLD2 (933 aa)

Mito PLD (252 aa)

ocorne) ) (]
KD

Figure 3. Comparison and domain alignment for different PLD superfamily enzymes. The HKD motif responsible for catalytic activity is conserved
among all superfamily members. Higher order PLD enzymes are composed of nonconserved regulatory domains.

described above.'® Within this superfamily, further classifica-
tion was proposed on the basis of sequence homologies. Class I
comprises HKD PLDs from fungi and higher eukaryotes. Many
of these enzymes have divergent N-terminal sequences that
include lipid- or calcium-binding regulatory domains to allow
tailored control of PLD activity in response to signaling
cascades. Class II enzymes include bacterial PLDs, such as
Yersinia murine toxin, Ymt (see section 4.2.2), and Streptomyces
sp. PMF PLD (see section 4.3) with known lipase activities.
Classes III and IV include enzymes involved in lipid biosynth-
esis, bacterial cardiolipin synthase, and phosphatidylserine
synthase, respectively. The remaining classifications describe
enzymes with significantly divergent functions. Class V en-
zymes include viral p37 and K4 (see section 3). Class VII and
VIII comprise endonucleases Nuc and Bfil, respectively (see
section 4.1).

2.2.2. Structure. Protein crystals of PLD superfamily mem-
bers have been reported, including endonucleases and several
bacterial enzymes [Nuc, Bfil, tyrosyl- DNA phosphodiesterase
(tdp-1), Ymt,” cowpea,'® Streptomyces sp. PMF PLD,'®" and
Streptomyces antibioticus PLD, entered in PDB (unpublished)],
and tertiary crystal structures have been reported for Nuc,'* Bfil,
tdp-1,"">'%* Streptomyces sp. PMF PLD,'® and Streptomyces
antibioticus PLD. Structures for Ymt and cowpea PLD were
never reported. It is apparent from the available structures that a
conserved fold exists for the catalytic domains of PLD super-
family members.

Nuc endonuclease from Salmonella typhimurium, a 1-HKD
PLD, crystallized as a homodimer with a 2-fold crystallographic
axis of symmetry.'”> Conserved HKD residues exist on 3-strands
present at the interface of the dimer and lie adjacent to one another
to form the active site. Within each monomer, the [-strands
connect eight 3-sheets that are sandwiched by five a-helices.

Streptomyces sp. PMF PLD was the first solved 2-HKD PLD
crystal structure.'” PMF PLD consists of 35 secondary

PDB: 1FOI £ 2o

PMF PLD
side view

/‘1 90° rotation

PMF PLD
top view

Figure 4. Crystal structure of Streptomyces sp. PMF PLD (PDB ID:
1FOI), a2-HKD enzyme. The conserved HKD motifs are highlighted in
blue (N-terminal motif) and red (C-terminal motif), and the loops
characterized in mutagenic studies are shown in green (N-terminal loop)
and yellow (C-terminal loop).

structural elements situated in repeated a—f—a—f orienta-
tion (Figure 4). In the tertiary structure, similar to the Nuc
endonuclease, a common f3-sandwich fold is observed, with two
[-sheets connected by 8 -strands sandwiched between 18 a-
helices. This enzyme is bilobal with a pseudo 2-fold axis of
symmetry. Conserved HKD residues lie adjacent to one an-
other along this axis, and at the interface exists the active site
with a 30 A aperture to allow substrate entrance. Biochemical
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Figure 5. Proposed PLD superfamily reaction mechanism based on biochemical studies of bacterial PLD enzymes. The histidine of the conserved HKD
motif mediates a nucleophilic attack on the phosphate group of the lipid substrate, yielding a covalent intermediate. A water molecule or a primary
alcohol completes the hydrolysis or transphosphatidylation, respectively.

studies with Streptomyces PLD point mutants have attributed
function to specific structural elements (reviewed,'% see sec-
tion 4.3 for details). Two flexible loops extend over the entrance
to the active site and are thought to modulate interfacial lipid
interactions and substrate specificity.'®”'® The duplicate his-
tidine and lysine residues exist on 3-strands that line the active
site and directly interact with substrate as it enters the active
site. The aspartate residues do not directly interact with
substrate, but do provide protons to the deprotonated histidine
residue in the course of the reaction. The GG/GS residues line
the base of the catalytic pocket and accommodate large head-
groups during transphosphatidylation headgroup exchange.log

In contrast to bacterial PLDs, in vitro studies of eukaryotic
PLD structure and mechanism are lacking due to difficulties in
expression and purification of recombinant enzyme. In the
absence of a crystal structure for a higher eukaryotic PLD, much
of our enzymological understanding of the PLD mechanism is
based on characterization of bacterial PLDs.

2.2.3. Mechanism: Hydrolysis versus Transphosphati-
dylation. Phosphodiester hydrolysis does not commonly occur
in the absence of metals.''° When it does, the mechanism must
proceed through a nucleophilic attack of the substrate phos-
phate group, which facilitates breakage of the phosphodiester
bond, and protonation via acid catalysis to enable release of the
leaving group. Depending on the source of the initial nucleo-
phile, this reaction can proceed in a single step, or in two steps,
with a covalent phospho—?rotein intermediate. Decades of
biochemical,” structural,'"" and biophysical''® research sup-
port the latter mechanism, in which a nucleophilic protein
residue forms a covalent linkage to the phosphate group of the
substrate (Figure S). This covalent intermediate is subsequently
destroyed via nucleophilic attack of a water molecule or alcohol,
releasing the hydrolytic or transphosphatidylation product,
respectively.

6071

More than four decades ago, Yang et al.'"? and Stanacev and
Stuhne-Sekalec et al."'® proposed that PLD catalysis proceeds
through a two-step ping-pong reaction mechanism with a
covalent phospho-protein intermediate. This postulation was
based on analyses of cabbage PLD-induced product formation in
the presence of primary alcohol. Subsequent hydrolysis and
transphosphatidylation then proceed in parallel dependent on
the presence of water or alcohol. Early studies suggested that the
sulthydryl group of a cysteine residue may serve as the nucleo-
philic residue."'> This was proposed because p-chloromercur-
ibenzoate (PCMB) treatment modified free sulthydryl groups
and disrupted catalysis, in the seven cysteine residue containing
cabbage PLD enzyme.'"

In the 1990s, other studies to characterize the PLD super-
family reaction mechanism attempted to identify the nucleo-
philic protein residue that might catalyze phosphodiesterase
activity. Following Ponting and Kerr'® and Koonin’s"® observa-
tions of duplicate HxKxxxxDxsG(G/S)xN motifs in PLD super-
family members, it was suggested that the nucleophilic residue
might exist in this sequence. Sung et al. proposed the conserved
serine residue in the second HKD motif of yeast Spo14/PLD1
was the nucleophile."** This conclusion was based on studies
with recombinant Ser911Ala mutant. This mutation resulted in
a significant drop in catalytic activity. However, subsequent
studies using a 1-HKD bacterial enzyme,115 Nuc endonuclease,
and a 2-HKD bacterial PLD,” Yersinia murine toxin (YMT),
demonstrated histidine residues, and not serine, are integral for
catalysis. These studies used recombinant point mutants and
varied pH or chemical treatments to isolate >*P-phospho-
histidine intermediates. These studies proposed the reaction
mechanism that is currently favored within the field, where the
N-terminal histidine residue, within the HKD motif, nucleo-
philically attacks the phosphate group of the substrate (step 1,
Figure S) and forms a covalent phospho-histidine intermediate.
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The histidine residue of the C-terminal HKD motif serves as a
general acid and donates a proton to the leaving group (step 2,
Figure S). For PLD enzymes with lipase activity, this leaving
group is generally choline, and the intermediate a covalent
phosphatidyl-histidine. Formation of this phospho-histidine
intermediate has been proposed to be the rate-limiting step,
and subsequent nucleophilic attack of the hydroxyl group from
either a water or a primary alcohol (steps 3 and 4, Figure S)
followed by PA or phosphatidylalcohol product release rapidly
occurs in parallel.”* For most HKD enzymes, including mam-
malian PLDs, short chain primary alcohols are the preferred
nucleophile over water (in some cases more than 1000-fold
preference), allowing transpho })hatidylation to occur at very
low concentrations of alcohol.""” This is in contrast to the non-
HKD PLD enzyme scPLD, which requires molar concentra-
tions of alcohol to generate significant transphosphatidylation
product. Some HKD enzymes, including certain bacterial,
plant, and fungi PLD, are able to utilize methanol or branched
alcohols in addition to other primary alcohols.**"'%'"”

These mechanistic conclusions were further validated when
structural evidence was found to support the N-terminal
histidine as the nucleophilic protein residue that forms a
phospho-histidine intermediate. Histidine residues in the du-
plicate HKD motifs are adjacent to one another at the interface
of the Salmonella typhimurium Nuc homodimer. This is also
observed for the histidine residues on the duplicate HKD motifs
in the crystal structure of PMF PLD. As a follow up to the first
crystal structure of a 2-HKD PLD, Leiros et al. soaked PMF
PLD crystals with short chain soluble PC substrate (dibutyryl-
phosphatidylcholine) to capture crystal structures of reaction
intermediates.''’ PMF PLD complexed with this substrate
demonstrates that the N-terminal histidine (H170) forms a
phospho-histidine intermediate (other studies describe the
C-terminal HKD histidine as the initial nucleophile, and this
may differ among PLD speciesus). In this structure, a water
molecule is positioned near the C-terminal HKD histidine
(H448) and 4.02 A from the phosphate group, an easy distance
to serve as a nucleophile for completion of the hydrolytic
reaction.'"" Structural data lend credit to the proposed Sy2
reaction mechanism, and as the catalytic cores of PLD super-
family enzymes are predicted to share a bilobal structure similar
to that of the conserved HKD residues oriented adjacent to one
another in the active site, this reaction mechanism is thought to
extend to all PLD superfamily enzymes.

Finally, biophysical data also support the two-step reaction
mechanism for PLD superfamily enzymes. Measurement of the
changes in enthalpy and Gibbs free energy of a one-step versus a
two-step mechanism demonstrates significant thermodynamic
favorability for a two-step reaction proceeding through a
phospho-histidine intermediate.''® In addition to the thermo-
dynamic likelihood of the Sn2 mechanism, Orth et al. used
sensitive electrospray ionization mass spectrometry (ESI—MS)
analysis to capture the highly unstable covalent phospho-
histidine 1ntermed1ate, demonstrating that it does indeed form
in solution."'® Buildup of covalent intermediate to levels
detectable by ESI-MS was suggested to occur because the
second nucleophilic reaction is the rate-limiting step. This
contradicts earlier studies with bacterial PLD that proposed
the formation of the phospho-histidine intermediate is the rate-
limiting step, and hydroly51s or transphosphatidylation occur
rapidly in parallel** Discrepancies in reaction rates require
further characterization, and it is important to observe that
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specific activities vary depending on the biochemical reaction
conditions used, including concentrations of divalent cation
and substrate presentation. Such differences for in vitro activity
assays are further discussed in section 2.2.5.

2.2.4. Interfacial Kinetics. Phospholipases act on substrate
present in an insoluble aggregate. Many phospholipases there-
fore demonstrate interfacial kinetics and do not follow classic
Michaelis—Menten kinetic assumptions because the substrate
is not freely diffusible in solution and is not randomly encoun-
tered dependent on soluble substrate concentration.''”"*°
Therefore, phospholipase activities can be described as one of
two mechanisms.'”" In “hopping” mode (Figure 2), surface
dilution of substrate does not impact specific activity, and the
interfacial component is comprised in the K, equilibrium
dissociation constant. Enzymes that exhibit “hopping” mode
dissociate from the interface between hydrolytic events. In
contrast, enzymes that exhibit “scooting” mode first interact
with the lipid interface independent of substrate interaction, in
an event described by the equilibrium dissociation constant K.
Following interfacial binding, the enzyme laterally diffuses
along the interface (in two dimensions) to encounter substrate.
This is described by the equilibrium dissociation constant K.
“Scooting” enzymes exhibit processive activity and do not
dissociate from the interface between hydrolytic reactions.

The non-HKD enzyme, scPLD, does not demonstrate protein—
lipid interfacial binding independent of substrate interaction.”*
This enzyme functions in “hopping” mode and d1rectly binds
substrate headgroup present at the interface.”* Following
hydrolysis, scPLD falls off the substrate aggregate, and the
cycle recommences. scPLD activity is dependent on substrate
presentation, accessibility, divalent cation concentration and
cofactor binding, and positive feedback through allosteric
binding of product to enhance activity”* (see section 2.1.1 for
details).

HKD enzymes often demonstrate a “scooting” kinetic me-
chanism. A lipid cofactor binds to a hydrophobic patch on the
surface of the protein, at regulatory domains or within the
catalytic domain, to enhance protein recruitment to the lipid
interface. For many eukaryotic PLD superfamily enzymes,
P1(4,5)P, is a lipid cofactor that binds at the putative polybasic
binding domain present between the catalytic HKD motifs.
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P1(4,5)P, significantly enhances protein—lipid binding and
decreases K. Once at the membrane, catalysis is controlled
by multiple factors including lipid interface charge, membrane
fluidity, substrate gresentation or accessibility, and substrate
molar fraction'**"** (or concentration of substrate present at
the interfacial surface). Because of the significant impact of
interfacial environment on PLD catalysis, the format of in vitro
activity measurement is essential to consider (see section 2.2.5
and Figure 6).

To study kinetic parameters for “scooting” mode enzymes,
interfacial binding, K;, must be measured separately from sub-
strate affinity and reaction velocity. Bulk lipid binding, K, can be
measured as described by Buser and McLaughlin.'*> Following
determination of K, Michaelis—Menten kinetic assumptions can
be applied for “scooting” mode enzymes if bulk lipid concentra-
tion >K,, and interfacial binding is saturated. Molar fraction of
substrate can then be varied while holding bulk lipid concentra-
tion constant by compensating for substrate molar fraction with a
neutral lipid, called a neutral diluent. This format for studying
kinetic parameters of an interfacial enzyme is referred to as
surface dilution kinetics.'** Beyond bulk lipid composition and
substrate presentation, other regulatory mechanisms control
eukaryotic catalysis, including binding of calcium to the C2-
domain in plant PLDs (see section S.1), or small GTPase and
PKC protein—protein interaction for mammalian PLD (see
section 9.4). Elegant kinetic analyses of plant'** and mammalian
PLD'** have been reported.

2.2.5. In Vitro Activity Assays. Initial characterization of
PLD activity monitored substrate depletion and product for-
mation using thin layer chromatography (TLC), and comigra-
tion of specific lipid species with purified lipid standards. Next,
in vitro assays with increased precision and sensitivity have been
developed that use headgroup release or product formation as
readouts of enzyme activity. It is important to keep in mind the
specific readout being measured when drawing conclusions
from in vitro assays. Commercial kits are available for measur-
ing in vitro PLD activity. However, these kits indirectly measure
choline release via two subsequent enzyme-catalyzed reactions,
and this method is not uniformly suitable for activity measure-
ment. Other in vitro assays have been developed that directly
measure PLD activity and can be used directly to measure
kinetic parameters.

Early studies of bacterial PLD enzymes utilized soluble small
molecules with phosphodiesterase bonds to serve as substrate
analogs. These small molecules have a detectable shift in light
absorbance following hydrolysis, and some are capable of
differentiating phosphodiester versus phosphatase activities.
Soluble monomeric substrates with short acyl chains can also
be used. Despite the fact that affinity for these soluble substrates
is often poor, requiring higher concentrations to detect product
formation, the benefit of these two options is that Michaelis—
Menten kinetics can readily be performed because the Kj
component is omitted.

Mixed micelle and micelle assays can also be performed. Use of
this format allows simple surface dilution experiments, because
detergent readily compensates to adjust molar fraction of sub-
strate (titration of increasing amounts of deter%ent, which will
insert into mixed micelle to dilute substrate)."*® In the micelle
format, ;)hospholipids and lysophospholipids are of a conical
shape.'”” However, many eukaryotic PLDs exhibit low activity in
the absence of lipid cofactor(s) and in the presence of detergents,
especially anionic detergents such as Triton-x. Therefore, use of

pure substrate lipid micelles or mixed detergent—lipid micelles is
not practical for biochemical study of eukaryotic PLD super-
family members.

Liposome assays are more complex, but closer to physiolo-
gically relevant circumstances."*'* Higher eukaryotes de-
monstrate increased specific activity in the presence of lipid
cofactor, P1(4,5)P,. HKD—PLD enzyme will perform proces-
sive activity if bulk lipid binding is held saturated. Separate lipid
compositions can be made to vary substrate molar fraction by
changing ratio of substrate to neutral diluents. Sonication is
frequently used for simple liposome generation, but this makes
multilamellar vesicles [(MLV) Figure 6]. These are adequate
for simple measurement of activity and comparison of different
reaction conditions within an assay. However, surface concen-
tration of substrate is not controlled for, making MLV imprecise
for measurement of kinetic parameters. Extrusion is the pre-
ferred method for generating more uniform, unilamellar vesi-
cles. The biophysical properties of the lipids in phospholipid
liposomes have a significant impact on the PLD activity of
“scooting” enzymes (Figure 6).

2.2.6. Cellular Activity Assays. It has long been alpgreciated
that PLD enzymes perform transphosphatidylation.' !¢ Sta-
nacev and Stuhne-Sekalec demonstrated that transphosphati-
dylation };referentially occurs in very low concentrations of
alcohol.'™® This characteristic of PLD has been exploited in
cellular studies of the enzyme to isolate lipid product.'* Phos-
phatidylalcohols (Ptd alcohols) are metabolically more stable
than PA, which fluxes quickly. Historically, thin layer chroma-
tography (TLC) has been used to visualize phosphatidylalcohols
by monitoring comigration of radioisotopically labeled lipids
(on the fatty acids) with phosphatidylalcohol standards. Recently,
a nonradioisotope-based cellular assay was developed."”” This
assay uses ESI-MS to monitor formation of deuterated-phos-
phatidylbutanol following incubation of cells with low concentra-
tions of deuterated-butanol. However, use of alcohol-treated cell
preparations to identify and parse the signaling functions of PLD
may have been misused (this topic is addressed extensively in
sections 11 and 12). Some recent characterizations of PLD
functions using RNA interference (RNAi) and small molecule
PLD inhibitors have not been able to recapitulate some of the
earlier findings obtained through the use of alcohols.**'*" Small
molecule inhibitors in combination with alkyne-modified lipids
are powerful tools and are being used to measure flux of specific
pools of metabolic and signaling lipids."**

3. VIRAL PLD

Two viral proteins from the poxviridae family, p37 and K4,
have been identified as PLD homologues and are composed of
four conserved domains including duplicate variants of the
HKD motif."®"? On the basis of sequence homology within
these domains, these enzymes were originally characterized as
class V members of the PLD superfamily.'® Vaccinia, arguably
the most well-studied member of the orthopox family, which
includes infamous viruses such as smallpox and cowpox, is a
double-stranded DNA (dsDNA) virus that egresses through a
unique series of events.'*> Unlike other DNA viruses that
replicate in the nucleus and egress through budding or lysing
of the host cell membrane, Vaccinia encodes for its own
replication machinery. This allows the virus to replicate within
cytosolic foci called “factories” prior to enveloping itself in a
double membrane and being released (Figure 7).3% In the first
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Figure 7. Following cytosolic replication, Vaccinia, a member of the orthopox family of viruses, is enveloped and egresses via a pathway that is
dependent on p37, a virally expressed PLD. This enzyme is the target of a new antiviral small molecule, ST-246.

few hours following infection, early phase genes are expressed
to replicate the viral genome that is subsequently enclosed in a
lipoprotein membrane, producing the intracellular mature virus
(IMV). Expressed 4—6 h post infection, late phase structural
genes facilitate wrapping of the viral core in a double membrane
derived from the trans-Golgi network (TGN) to produce the
intracellular enveloped virus (IEV). This is trafficked to the host
cell plasma membrane and released as the extracellular envel-
oped virus (EEV). p37 expression and lipase activity is integral
to viral envelopment and egress, while recent studies have
suggested a nuclease and viral DNA condensation function for
the conserved but nonessential K4 protein135 (Table 3).

3.1. p37 Lipase

FI3L, the gene encoding p37 (GenBank NC_006998),
encodes a 372 amino acid membrane-associated protein with
duplicate variant HKD motifs (Table 2). Studies characterizing
the differences in protein and phospholipid content of vaccine
viral particles found a 37000 Da polypeptide that comprised
5—7% of the total EEV protein content that was absent in
IMV."* Antiserum generated against this polypeptide was used
to map the F13L gene in the Vaccinia viral genome.>* The
putative initiation site of F13L is composed of a conserved
“TAAATG” DNA sequence, present in all except one late phase
gene."*” This is consistent with evidence that p37 is expressed in
the late phase to facilitate viral envelopment. Unlike the other late
phase proteins, p37 does not bear an N-terminal endoplasmic
reticulum (ER) localization sequence and is not glycosylated.
Instead, p37 is expressed in the cytosol and post-translationally
palmitoylated at two cysteine residues, positions 185 and 186,
necessary for the protein to associate with the cytosolic face of
the TGN and endosomal membranes.*® Disruption of ER/
COPII vesicular trafficking does not perturb punctate cytosolic
localization of p37."*

Viruses deficient in F13L demonstrate decreased plaque
formation and are unable to generate EEV due to the inability
to wrap in TGN membrane and traffic to the plasma membrane
for fusion and release.'*® p37 is proposed to facilitate IMV
envelopment through membrane modification and protein—
protein interactions with viral as well as host proteins. p37
trafficking between the TGN, plasma membrane, and subse-
quent recycling via the endosomal vesicles occurs via clathrin-
mediated transport. p37, present on the cytosolic face of the
TGN membrane, engages with viral proteins on the lipopro-
tein surface of the IMV to elicit double membrane wrapping
(Figure 7)."**'*! This results in p37 protein that is associated
with the interior membrane (still in contact with the lipopro-
tein viral core) and the exterior cytosolic membrane of the
newly formed IEV. Cytosolic p37 is recycled via endosomal
trafficking following fusion of the exterior IEV membrane with
the plasma membrane upon viral egress. This mechanism
requires p37 catalytic activity as well as protein—protein
interactions.

Consistent with classification as a PLD, in vitro characteriza-
tion of recombinantly expressed p37 demonstrates this enzyme
maintains lipase activity and substrate preference for phosphati-
dylcholine. In vitro data demonstrate this enzyme can also
hydrolyze PE, phosphatidylinositol (PI), and triacylglycerol
(TAG). Unexpectedly for an enzyme classified as a PLD, p37-
catalyzed hydrolysis of PC generates many products, none of
which are phosphatidic acid. Instead, this enzyme exhibits PLC,
PLA,, PLA;, and triacylglycerol lipase-like activity by generat-
ing diacylglycerol (DAG), LPC, and monoacylglycerol (MAG).'*
Also counter to the PLD classification is the fact that recombinant
p37 does not perform transphosphatidylation. Phosphatidyletha-
nol was not detected when the enzyme was incubated with PC
and ethanol. However, these in vitro data are not consistent
with studies in intact cells that demonstrate PLD-like p37 lipase
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Table 3. Bacterial and Viral PLDs

species

Orthopoxvirus

(Vaccinia, variola)

Orthopoxvirus
(Vaccinia, variola)
Salmonella typhimurium,

Escherichia coli

enzyme

p37

K4
Nick-joining enzyme
Nuc

activity
PLC, PLA, PLA2
TAG lipase

transphosphatidylation

endonuclease

nonspecific endonuclease

Escherichia coli Bfil site-specific endonuclease
Neisseria gonorrheae NgPLD PC hydrolysis
transphosphatidylation
Yersinia pestis Ymt PLD (PC/PE lipase)
(formerly Pasteurella pestis) transphosphatidylation
Chlamydiae chromosomal pz PLDs ~ PLD
unknown lipase activity
transphosphatidylation
Acinetobacter baumanii Act bau PLD unknown
Pseudomonas aeruginosa PLDa gene PLD (PC — PA)
transphosphatidylation
Streptomyces sp. PMEF PLD PLD

transphosphatidylation

function localization
IMV wrapping TGN and inner membrane
IEV fusion and release wrapping of EEV
single strand (ss)/double strand (ds) within IMV/
DNA torsion release
ssRNA periplasm
breakage during DNA conjugation
degrades dsDNA during DNA conjugation periplasm
combination of lipase and protein—protein host cell cytoplasm

interaction elicits bacterial invasion
binds AKT to trigger membrane ruffling extracellular milieu
in vivo facilitates Y. pestis colonization of flea gut  bacterial cytosol
protects against murine plasma component
unknown reticulate bodies

lipid acquisition from LD

unknown function secreted
enhances serum survival/host cell invasion
increases long-term infectivity/ periplasm
bacterial homeostasis
unknown periplasm
secreted

activity is necessary for EEV formation."* In Vaccinia-infected
HeLa cells, n-butanol, but not secondary or tertiary alcohol,
inhibits viral wrapping and EEV formation, resulting in decreased
plaque size. Similarly, mutation of the putative HKD variant
motif (NxKxxxxD) to K314R or D319E prevents localization of
p37 1to the Golgi and results in decreased viral egress and plaque
size.

Discrepancies between in vitro and cellular data could be due
to differences in substrate presentation or the lack of necessary
conditions or activating constituents for PA generation. Alter-
natively, the substitution of the asparagine for the histidine
residue in the putative (H)xKsxoxD motif could be responsible
for the differences in lipase activity. Studies have addressed the
latter by mutating the asparagine in the (H)KD motif to
histidine in the p37 sequence, but this does not result in a
change in the lipase activity.'*'** Likewise, mutation of the
human carboxy-terminal HxKxxxxD sequence to an NxKxxxxD
does not divert lipase activity; rather this simply renders the
enzyme inactive. Consistent with these mutant studies and
despite the fact that human PLD and p37 colocalize and
facilitate Golgi vesicle formation, human PLD does not rescue
viral wrapping or egress for p37-deficient virus.'** This suggests
that in addition to lipase activity, p37-specific function or
protein—protein interactions are required.

Cellular characterization of p37 has led to identification of
two conserved protein—protein interaction domains that med-
iate IMV enveloping and viral egress. A tetrapeptide L domain,
“YXXL”, is conserved among pox family p37 proteins and is
suggested to facilitate interaction with other viral proteins as
well as host vesicular trafficking proteins.'** Consistent with
evidence that IEV is transported via the clathrin-dependent
pathway, a conserved diaromatic “YW” motif was identified. In
other endosomally trafficked viruses, “YW” motifs facilitate
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protein—protein interaction with a Rab effector protein for
IMV envelopment prior to trafficking."*°

More notorious members of the orthopoxvirus family, in-
cluding Variola virus (smallpox), remain potential threats to
public health. Although eradicated for more than three decades,
the possible use of smallpox virus as a biological weapon
remains. There is currently no FDA-approved therapy for
orthopoxvirus post exposure. Some compounds, including
cidofovir, an anticytomegalovirus compound that inhibits
DNA polymerase, have shown some efficacy in vitro, but are
not potent against orthopoxvirus, and have poor bioavailability
with numerous adverse effects.'*” Evidence that p37 function is
integral to orthopox viral egress and necessary for efficient
infectivity suggests this enzyme might be a good therapeutic
target. Classic studies of Vaccinia and other orthopoxviruses
used IMCBH (N;-isonicotinoyl-N,-3-methyl-4-chlorobenzoyl-
hydrazine) to block viral release and decrease plaque size.'*® This
compound does not disrupt IMV formation, but inhibits IMV
wrapping and viral egress. IMCBH-resistant virus was identified
as having a single nucleotide point mutation in F13L that
conferred an amino acid change in p37 (D279T)."* This amino
acid substitution is predicted to cause a conformational change in
p37 that prevents IMCBH inhibition, but does not disrupt
function. These studies validate p37 as a therapeutic target.

Recent small molecule screens for orthopoxvirus replication
inhibitors have identified a compound that targets p37. The orally
bioavailable compound, ST-246 (4-triftuoromethyl-N-(3,3a,4,44,5,-
5a,6,6a-octahydro-1,3-dioxo-4,6-ethenocycloprop|[flisoindol-
2(1H)-yl)benzamide), potently inhibits replication of many
orthopoxvirus species."*’ The target of ST-246 has been map-
ped to the gene product of FI3L. It is unknown whether
ST-246 inhibits p37 lipase activity, but this compound does
selectively disrupt p37 interaction with Rab effector proteins
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and thereby disrupts IMV wrapping, without perturbing p37
localization to the TGN or disrupting overall Golgi trafficking in
the host cell.'*® Recent studies demonstrate this compound’s
utility in preventing and treating immunocompetent as well
as immunodeficient host animals from orthopoxvirus, suggesting
ST-246 may be an attractive prophylactic and therapeutic compound
for the larger population.>' ST-246 is currently in phase II clinical
trial, and the FDA has granted this compound “fast track” status for
expedited review.

3.2. K4 Endonuclease

The less well-characterized viral PLD family member is K4
(accession no. YP_232917, gene name K4L). The Vaccinia virus
K4L ORF codes for a 424 amino acid protein with two
HxKxxxxD motifs, which shares 25% sequence identity to
p37."® K4L has been described as serving a nonessential function
because deletion of this gene does not affect Vaccinia virus
replication or virulence.'®"** Despite initial classification in the
PLD family based on sequence analysis and identification of
conserved domains, the enzymatic function of this K4L gene
product remained poorly understood until recently. Studies of
viral extract revealed endonuclease and ligase activities that
mapped to K4L."** Subsequently, the K4L gene product was
determined to be the previously described nick-joining enzyme
(NJ enzyme).">>'?

The double-stranded Vaccinia virus genome is roughly 192
kilobases with continuous hairpin closures at the AT-rich
termini. The covalent hairpin closures force faithful replication
of the telomeres by the viral DNA polymerase to prevent base
pair loss. In vitro studies of recombinantly expressed K4 protein
demonstrate this enzyme can site-specifically nick single DNA
strands at the apex of the terminal hairpin in an ATP and
divalent cation independent manner.'** A 3'-phosphate over-
hang remains following endonuclease cleavage, which prevents
nicked strands from serving as substrates for DNA polymerase
and precludes K4 from a role in generating initiation sites of
DNA replication. Analogous to the activity of type I topoi-
somerases, K4 performs interstrand ligation to generate cross-
linked DNA. K4 is expressed as a 50 kDa pronuclease that
exhibits enhanced ligase activity upon proteolytic digestion
resulting in a 44 kDa protein.'>?

The hydrophobic K4 protein is expressed in the late phase and
localizes within the viral core. The specific role for this protein in
viral replication has not been defined, due to the fact that deletion
of K4L does not appear to perturb viral replication and virulence,
despite the fact that endonuclease activity is lost in viral extracts
of K4L deletion strains.'>® This study suggests K4 protein may
facilitate condensation and packaging of the supercoiled genome
within the viral core, then function to alleviate torsional stress on
the genome within the core during the following round of
infection, gene expression, and replication. This proposed func-
tion would seem to be integral for viral replication, and therefore
there may be redundancies for K4 function or host cell compen-
sation in K4L deletion strains. The latter is more likely the case,
because endonuclease activity is absent in K4L deletion viral
strains, and K4L homologues are conserved in other orthopox-
viruses (suggesting the function is nonredundant and somehow
confers evolutionary advantage).

4. PROKARYOTIC PLD

Prokaryotes express PLD genes that range in function from
hydrolysis of the DNA backbone, to protein—protein interactions

with host signaling pathways, to the more classic lipase func-
tion. Phospholipase activity has been identified in several
pathogenic bacteria. PLD enzymes are not commonly ex-
pressed among bacteria as compared to other phospholipases,
but bacterial PLDs have been observed in many pathogenic
bacteria.">* Also, because of the ease of expressing and purifying
these enzymes recombinantly, much of our structural and
biochemical understanding of PLD enzymology stems from
studies that utilize bacterial PLD.

4.1. Bacterial Endonucleases

4.1.1. Nuc Endonuclease. Evidence that the PLD super-
family arose from a gene duplication event stems from studies
of ethylenediaminetetraacetic acid (EDTA)-resistant bacter-
ial endonucleases with a single HxKxxxxD. In fact, initial
characterization of the PLD superfamily was performed using
Nuc, an ATP-independent, nonspecific endonuclease encoded
on plasmid DNA found in Salmonella typhimurium and Escher-
ichia coli. The crystal structure of Nuc was determined to 2.0 A
(PDB accession codes 1BYR and 1BYS, native and complexed
with tungstate inhibitor, respectively) and found to contain a
single HxKxxxxD motif that forms a homodimer with a crystal-
lographic 2-fold axis.'”> The HKD motif within each enzyme
exists on two loops held at the interface of the dimeric subunits
via hydrogen bonds to form a single active site. Structural and
biochemical characterization of Nuc reveals a ping-pong-like Sn2
reaction mechanism that utilizes both HKD motifs within the
active site. The imidazole group of one “HKD” histidine
residue nucleophilically attacks the phosphate atom on the
substrate, breaking the phosphodiester bond within the DNA
backbone and generating a covalent phospho-histidine inter-
mediate. The histidine of the second subunit’s HKD donates a
proton to the leaving group, which, in the case of an endonu-
clease, is the 3’ end of the DNA backbone. Hydrolysis is
complete upon a water molecule nucleophilically attacking the
phosphate, breaking the phospho-histidine bond, and leaving
a phosphorylated 5’ terminus.'"® This two-step, water-ex-
change reaction mechanism that proceeds through a covalent
phospho-histidine intermediate is consistent with other HKD
PLD enzymes, as described in section 2.2.2.

Nuc endonuclease is encoded for on the 35.4 kilobase
pKMI101 plasmid, a member of the broad-host range Inc.N
plasmid classification.">> This plasmid is responsible for con-
jugal DNA transfer between bacterial cells via thin rigid sex
pilli.">® pKM101 plasmid renders bacterial drug resistance by
encoding for 15 genes that trigger spontaneous mutagenesis
and error-prone DNA repair to facilitate survival.">” Nuc is
expressed as a 177 amino acid (19 kDa) protein in the bacterial
cytosol, but is processed to 155 amino acids (17 kDa) when the
22 amino acid signal sequence is cleaved upon secretion into
the periplasmic space,">® where it is constitutively localized
and never secreted into extracellular growth media. Nuc
endonuclease nonspecifically hydrolyzes internal phosphodie-
ster bonds within the backbone of single and double stranded
duplex DNA and RNA (in vitro), but does not elicit exonu-
clease activity at terminal phosphodiester bonds. Maximal
activity is observed in the presence of divalent cations, but
unlike other bacterial endonucleases, Nuc remains catalytically
active in the presence of EDTA. This unique characteristic
allowed characterization of Nuc endonuclease activity in the
bacterial cell background.'>> Despite rigorous biochemical
characterization of Nuc, its functional role remains unclear.

6076 dx.doi.org/10.1021/cr200296t |Chem. Rev. 2011, 111, 6064-6119



Chemical Reviews

Similar to the viral endonuclease, Nuc is nonessential for
bacterial survival and does not degrade plasmid or phage
DNA as it crosses the periplasmic membrane. Rather, Nuc is
proposed to provide an ancillary role in DNA conjugation.

4.1.2. Bfil Endonuclease. In addition to the extensive
structural and biochemical characterization of Nuc, another
single HKD endonuclease has been extensively studied. A
homologue of E. coli helicase, Bfil, is classified as a type IIS
restriction enzyme. Bfil is an EDTA-resistant endonuclease
with a conserved HxKxxxxD variant (more specifically an
HxKxxxxS),' "% and based on sequence was characterized
as a class VIII member of the PLD superfamily.'® However,
unlike Nuc, Bfil cleaves DNA at a specific sequence. Subsequent
biochemical and structural studies determined Bfil is in fact
composed of two domains, an N-terminal endonuclease do-
main that consists of a single HKD variant and a C-terminal
DNA binding domain that specifically binds the sequence §'-
ACTGGG-3"."*" The N-terminal endonuclease forms a homo-
dimer, similar to Nuc with 1.4 A rms deviation from the Nuc
tertiary structure, while the DNA-binding domains remain at
opposite ends of the dimer and do not interact.'®' Hence, Bfil is
able to bind two double-stranded DNA sequences simulta-
neously, and the endonuclease activity, via the Sy2 reaction
mechanism of the conserved HKD homodimer, hydrolyzes the
phosphodiester bond in a single DNA backbone 4 and 5
nucleotides downstream of the binding sequence, top then
bottom strand, respectively.'*” Ultimately, four phosphodiester
bonds are hydrolyzed in the single active site, resulting in two
double stranded DNA breaks.

Bfil catalytic activity is significantly enhanced upon occu-
pancy of both DNA-binding domains. In the absence of bound
DNA, the negatively charged linker region between the DNA-
binding domain and the N-terminal HKD domain binds in the
catalytic pocket of the HKD homodimer to sterically hinder
endonuclease activity. However, upon occupancy of the
C-terminal DNA binding domain, the linker region takes on
an extended conformation and allows DNA to access the
catalytic pocket for endonuclease activity.'®" Also, studies
using recombinant truncation mutants of Bfil demonstrate
that the N-terminal nuclease nonspecifically cleaves phospho-
diester bonds in the DNA backbone in the absence of the
DNA-binding domain. Unlike other restriction enzymes that
dimerize upon interaction with specific substrate, Bfil is con-
stitutively dimerized via the N-terminal HKD motif. On the
basis of these studies, it is proposed that Bfil is the product of a
gene fusion event where the gene for a nonspecific, HKD-
containing endonuclease, similar to Salmonella typhimurium
Nuc endonuclease, fused with a gene encoding a DNA-binding
domain.'®" Similar to other restriction enzymes, Bfil is thought
to serve a protective function by site-specifically degrading
foreign DNA that enters the bacterial cell.

4.2. Bacterial PLD as Virulence Factors

Phospholipases are common toxins and virulence factors for
pathogenic bacteria. These enzymes facilitate bacterial infection
and replication through several functions, including penetration
of basal cell membranes (i.e.,, mucus layer or blood vessel wall),
triggering engulfment of the bacterium by the host cell, or
cytolysis to release intracellular bacteria from host cells such as
macrophages. Phospholipase C and Phospholipase A are the
most common class of bacterial phospholipases that serve as
virulence factors. These enzymes are capable of destabilizing or

destroying host cell membranes directly, through lipid hydrolysis
or indirectly, through upregulation of host cell signaling path-
ways via lipid product formation.'>~ % Although less common,
some bacterial PLDs have also been identified as virulence
factors. The localization and functions of these enzymes in
eliciting virulence are divergent, and the unifying theme among
these enzymes is the conserved HKD motif responsible for
catalytic activity.

Bacterial PLDs that function as virulence factors are gener-
ally expressed by Gram-negative pathogenic bacteria that are
obligately intracellular and require plant or mammalian host
cell invasion to replicate. These enzymes are often secreted by
the bacteria into the extracellular milieu or directly injected into
the host cell cytosol via one of several known secretion
mechanisms. Several of these PLD genes have been proposed
to be acquired by lateral gene transfer from other bacteria or
host cells."®® Acquisition of these bacterial PLDs can enable
immune evasion, expand potential host colonization, and can
provide pathogenic advantage.

4.2.1. Neisseria gonorrheae PLD. Neisseria gonorrheae is an
exclusively human bacterial pathogen that associates with and
invades cervical and urethral epithelial cells. Intracellularly this
pathogen is able to replicate as well as evade the host immune
response. Recently, a 2-HKD PLD was identified as a virulence
factor for gonococcal Neisseria gonorrheae infection of human
cervical epithelium.'®” This enzyme was first identified as a
5SS kDa protein in the growth media of N. gonorrheae-infected
primary human cervical epithelial cells. Proteomic analysis
identified this protein, NgPLD (GenBank accession number
AY307929), as sharing significant homology to a hypothetical
PLD enzyme in the Neisseria meningitidis genome. NgPLD
sequence bears a predicted N-terminal signal sequence that is
likely processed following secretion into the extracellular
milieu, and two HxKxxxxD motifs. Growth medium containing
secreted enzyme demonstrates classic PLD catalysis in a choline
release assay, as compared to PLD-null growth medium, which
yields no activity.

Primary cell-based studies of NgPLD demonstrate that this
enzyme is specifically secreted upon infection of primary
human cervical and urethral epithelial cells. NgPLD is necessary
for efficient bacterial association and invasion of human cervical
epithelial cells. This association and invasion is largely the result
of complement-receptor type 3 (CR3)-mediated membrane
ruffling and endocytosis."*® The I-domain within the host CR3
receptor binds gonorrheal porin and pilus structures to elicit
macropinocytosis of the gonococcal bacteria."®”'7° Host cell
surface recruitment of CR3 and membrane ruffling is depen-
dent on NgPLD activity.'®” NgPLD is proposed to elicit
receptor translocation and membrane ruffling through several
mechanisms. NgPLD product formation is necessary for gono-
coccal association and invasion. NgPLD expression and activity,
dispersed between cytosolic and membrane fractions of the
host cell, increase upon prolonged gonococcal infection,
whereas neither expression nor activity of human PLD isoforms
is modulated upon infection. Also, NgPLD appears to be
capable of transphosphatidylation because primary alcohol
(but not secondary or tertiary) can block bacterial association
and invasion in the same way knocking out the NgPLD gene
does. This suggests NgPLD product formation may drive CR3
translocation, membrane curvature alteration, or cytoskeletal
rearrangement to trigger membrane ruffling and engulfment of
the bacteria. However, NgPLD product alone is not likely
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enough to render successful bacterial invasion, because addition
of Streptomyces sp. PLD did not rescue the decreased invasion of
NgPLD knockout strains. This suggests NgPLD may itself be
capable of modulating host cell signaling pathways through
protein—protein mechanisms not conserved among other
bacterial PLD.

This is indeed the case, as more recent studies have demon-
strated the ability of NgPLD to bind human AKT and compete
for PI(3,4,5)P; binding at the AKT PH domain.'”" On the
basis of data that neomycin, a small molecule that partitions
into PI(4,5)P,-containing membranes and blocks phospho-
headgroup access, disrupts AKT activity and bacterial associa-
tion and invasion, the NgPLD-human AKT signaling pathway is
suggested to be PI3K independent. This interaction is pro-
posed to facilitate AKT translocation to PI(4,5)P,-enriched
membrane ruffles where AKT is phosphorylated and activated
by PDKI. This subsequently leaves activated AKT in close
proximity to interact with CR3 and polymerized actin. This is
intriguing evidence that bacterial PLDs function as virulence
factors in both the capacity to hydrolyze and generate specific
lipid products, but also can exploit host cell signaling pathways
through protein—protein interactions with critical signaling
proteins. NgPLD is proposed to be the phospholipase virulence
factor that was originally characterized as a PC-dependent
PLC,'”* because a putative PLC sequence has not been identified
in pathogenic Neisseria genomes.1

4.2.2. Yersinia Murine Toxin. Yersinia pestis, the causative
agent of bubonic plague, is an enteric Gram-negative bacterium
that is genomically very closely related to Yersinia pseudotubercu-
losis. There are very few genomic differences between these two
Yersinia species, but the few differences that do exist allow Y. pestis
extensive adaptability to infect and thrive in the gut of an
arthropod (flea) as well as infect higher eukaryotes including
mice and humans.'”® The Yersinia murine toxin (Ymt) is one
such advantageous gene encoded for by Y. pestis. Ymt is a 61 kDa
protein that is present within the bacterial cytosol, rather than
secreted into the extracellular milieu. Sequence analysis reveals
Ymt is a class Il member of the PLD superfamily and consists of
two HxKxoxD motifs. " In vitro characterization of this enzyme
demonstrates it is capable of hydrolyzing PC, PE, and other
phospholipids, and like other members of the PLD family is able
to perform transphosphatidylation with primary alcohols. Bio-
chemical studies of Ymt were among the first to demonstrate that
the reaction mechanism proceeds through a phospho-histidine
covalent intermediate.”

The specific function of this protein was originally unclear,
but it was designated a toxin because it was found to be lethal in
mice and rats.'”* However, studies with recombinantly ex-
pressed Ymt demonstrate that this protein alone is not lethal,
but rather this protein likely acts in synergy with other Y. pestis
proteins to elicit vascular collapse and subsequent cardiac
failure."”*'7 Despite rigorous in vitro biochemical character-
ization of the catalytic activity of this enzyme, the native
substrate is unknown. Whole animal studies in mice and rats
demonstrate that this gene product is not necessary for Yersinia
virulence; rather it plays a role in transmission. Yersinia pestis
colonizes the midgut of the flea, ultimately blocking the ability
of the flea to feed. Continued attempts of the flea to feed
dislodge bacteria from the flea gut and deliver Yersinia to the
bloodstream of the flea bite on the host.'”” Ymt-deletion strains
are unable to grow and survive in flea midgut,”z”177 decreasing
the ability to transmit bacterial infection to the host. Yersinia

with the Ymt gene deleted several hours after infection loses the
outer membrane and forms spheroblasts prior to being elimi-
nated from the flea gut. Ymt is protective against a mouse blood
plasma or digested mouse blood plasma component that the
bacterium comes into contact with in the flea gut during
feeding.'”” Ymt, predicted to have been acquired through
horizontal gene transfer, is evolutionarily advantageous to the
pathogenic bacteria because it broadens the range of hosts in
which Yersinia pestis is able to colonize.'”®

4.2.3. Other Less Well-Characterized Bacterial PLDs.
With a greater number of bacterial genomes being sequenced and
an increased understanding of the protein sequences and motifs
that confer phospholipase activity, other bacterial PLDs continue
to be identified and biochemically characterized. Some of these
enzymes function as virulence factors, while others appear to be
integral to bacterial homeostasis and replication.

4.2.3.1. Chlamydia PLD. Chlamydia is an obligate intracel-
lular Gram-negative bacterium that is a significant health risk in
the greater population, whose genome encodes for one or more
putative PLD. This intracellular bacterium goes through a
biphasic life cycle (reviewed).'”® Briefly, host cell-associated
bacteria, called elementary bodies (EB), are endocytosed.
Within this membrane-bound inclusion, the EB is transformed
to the reticulate body (RB) and divides via binary fission.
Following replication, the RB transitions back to EB, which
are released into the extracellular milieu by exocytosis or cell
lysis. The genomes of all Chlamydia species encode for at least
one PLD enzyme.'**~'®> Conserved PLD genes exist within a
chromosomal genome that does not vary significantly between
Chlamydia species (chromosomal PLD). PLD genes have also
been identified in variable stretches of the genome called
plasticity zones (PZ); these enzymes are referred to as pzPLD.
Genes encoded in the PZ are strain-specific, and many are
thought to function as virulence factors and be protective for
host immune responses or engender an environment-specific
advantage to the bacterium. Limited characterization has been
done for PLD proteins in the Chlamydia trachomatis species.
This strain expresses several putative “HKD” PLD proteins:
two chromosomal PLDs (CT284 and CT084) and five pzPLDs
(CT154, CT1SS, CT156-truncated prior to conserved HKD,
CT157, and CT158)."®® Unlike the other PLDs, which are
expressed in later phases of replication, chromosomal CT284
and PZ CT156 are expressed early in infection, suggesting a
unique function. Studies in HeLa cells demonstrate that the
enzymatic activities of the pzZPLDs are necessary for inclusion
formation, as n-butanol only decreases the infectious yield of
Chlamydia strains that encode for pzPLD.'®* Although the
precise in vivo function and substrate specificity of Chlamydia
PLD are unknown, it is predicted that these enzymes facilitate
intrainclusion acquisition and lipolysis of lipid droplets, which
are a major source of phospholipid content necessary for
bacterial replication.'®* Other studies have proposed pzPLDs
function as nucleases, similar to Nuc endonuclease from
Salmonella typhimurium."*> In the absence of complete bio-
chemical characterization, it is unclear whether chromosomal
PLDs or pzPLDs function as classic virulence factors.

4.2.3.2. Acinetobacter baumanii PLD. PLD genes have
recently been identified in pathogenic Acinetobacter baumanii.
This Gram-negative bacterium is a frequent cause of nosoco-
mial infections, particularly in trauma patients, and antibiotic
resistant strains have emerged with high mortality rates. A
recent study characterized the genomic distinctions between

6078 dx.doi.org/10.1021/cr200296t |Chem. Rev. 2011, 111, 6064-6119



Chemical Reviews

Acinetobacter strains that exhibit differences in serum resistance.'®®

Two genes were identified that encode for putative PLD enzymes.
The first, a two-HKD PLD at locus position AlS 2989,
was identified and ultimately determined to encode for a 543
amino acid protein with a predicted type III secretion signal
(despite the fact that this secretion mechanism has not been
described in Acinetobacter). In vitro experiments demonstrate
this protein facilitates serum survival and bacterial engulf-
ment by cultured host epithelial cells. Deletion strains at locus
Al1S_2989 were unable to effectively invade. However, in
vivo studies in a mouse model demonstrate no difference in
infectivity or colonization. A second PLD was also identified at
locus A1S_2891."%° Further characterization is necessary to
determine whether this enzyme can compensate for deletion at
locus A1S 2989 in vivo. Confirmation of PLD enzymatic
activity in a well-validated assay has not as yet been reported
for these enzymes.

4.2.3.3. Pseudomonas PLD. Bacterial PLD enzymes more
commonly share greater homology with plant PLDs; however,
some bacterial PLDs appear to be a more recent acquisition and
demonstrate greater homology to fungi and mammalian PLD.
Pseudomonas aureginosa is an opportunistic Gram-negative
bacterium. Roughly 30% of the Pseudomonas strains identified
in nature express a plda gene that encodes for an 116 kDa
2-HKD PLD."®® Unlike two Pseudomonas PLC enzymes, this
enzyme is localized to the periplasm and does not possess a type
II secretion signal. However, the possibility of type III secretion
directly into host cell cytosol or in vivo secretion into extra-
cellular milieu has not been rigorously determined. In vitro
characterization of recombinant Pseudomonas PLD demon-
strates it is capable of PC hydrolysis to generate PA and
performs transphosphatidylation in the presence of primary
alcohols. In vitro Pseudomonas PLD activity is significantly
enhanced by millimolar concentrations of calcium, but does
not require P1(4,5)P, for activity. It is unclear as to whether this
enzyme functions as a virulence factor or plays a role in bacterial
homeostasis, as PC has recently been identified in the inner and
outer membrane leaflet of Pseudomonas aureginosa bacteria.'*®
Infectivity is not diminished in plda deletion strains; however,
long-term survival is decreased. Finally, it is proposed that this
gene was acquired through horizontal gene transfer from a
higher organism, potentially of eukaryotic origin. NCBI data-
base BLASTN sequence analysis of plda reveals greatest
sequence homology to mouse PLD2.

4.3. Streptomyces PLD

Gram-positive Streptomyces encompasses the largest genus
within the Actinomycetes class of bacteria that includes Coryne-
bacterium and Mycobacterium. Streptomyces bacteria flourish in
soil and secrete secondary metabolites and enzymes, including
phospholipases, able to scavenge the environment for nutrients.
Streptomyces is rarely pathogenic to humans.'®” In fact, many
Streptomyces species are of immense commercial and industrial
value for several reasons. More than two-thirds of all clinically
relevant natural antibiotics are derived from these bacteria,
including vancomycin, chloramphenicol, and rapamycin.'®”***
Also, enzymes secreted by Streptomyces species are used as
biocatalysts in industrial manufacturing of foods, cosmetics,
and pharmaceuticals.'**'

Enzymes belonging to the PLD superfamily have been
isolated in secretions from Streptomyces species including
S. antibioticus, S. cinnanoneus, S. halstedii, and S. septatus. These

enzymes share significant sequence homology (>70%) and are
some of the most rigorously biochemically and structurally
characterized members of the PLD superfamily.'® In contrast
to scPLD from Streptomyces chromofuscus, these Streptomyces
enzymes maintain the conserved domains I—IV and are class II
members of the PLD superfamily, similar to Ymt, as character-
ized by Ponting and Kerr.'® These enzymes are robustly ex-
pressed and secreted into the extracellular milieu, but their exact
function is unknown.

Robust expression and secretion of Streptomyces PLD,
coupled with the observation that many of these enzymes
display the highest transphosphatidylation activity of any
bacterial PLD, make these enzymes useful tools for industrial
production of natural and synthetic phospholipids."®” These
enzymes exhibit broad substrate specificity that is exploited to
facilitate headgroup exchange with natural and unnatural nu-
cleophiles. In fact, use of these enzymes in industry has spurred
rigorous enzymological characterization to engineer Strepto-
myces PLD with enhanced activities or altered substrate specifi-
cities for tailored use.'”*"'”!

The crystal structures of Streptomyces sp. PMF PL
and Streptomyces antibioticus (deposited in PDB, unpublished)
have been determined without substrate (PDB codes: 1F0I,
1VO0S, 2ZE4), in complex with short acyl chain substrate
(1VOW, 2ZE9) or complexed with phosphate analogue, tung-
state (1IVOR). These structures are reviewed in detail in section
2.2.2. These structures, in addition to biochemical data, further
validate the proposed two-step Sy2 reaction mechanism. The
Streptomyces PLD structures share a common fold to that of
the Nuc endonuclease homodimer'®” and the endonuclease
domain of BfiL.'®" The bilobal structure has an apparent crystal-
lographic 2-fold axis of symmetry that cuts through the cone-
shaped active site at the interface of the two lobes. The
conserved HKD motifs exist on loops that lie adjacent to one
another within the active site pocket. Crystal structures with
complexed substrate or phosphate analogues demonstrate
there is significant hydrophobic bonding between residues of
the active site holding the substrate in place. The reaction
mechanism proceeds via a covalent intermediate that is formed
following N-terminal histidine, of the HKD motif, nucleophilic
attack on the phosphate of the substrate headgroup. Biochem-
ical analysis suggests formation of this covalent intermediate is
the rate-limiting step of catalysis and that subsequent nucleo-
philic attack of the lone pair of electrons on the oxygen from
either the water or the primary alcohol molecule, for hydrolysis
or transphosphatidylation reaction, respectively, can pro-
ceed in parallel with similar rates.”* Crystal structures of PMF
PLD suggest that Streptomyces PLD can also perform a second
round of hydrolysis of PA, to release DAG and a covalently
bound phosphate to active site, referred to as the dead end
reaction,'®*''! although this reaction appears to be much
slower (product observed for crystals soaked with substrate
for a week reproduced this finding of DAG formation using
an in vitro biochemical assay, Selvy and Brown, unpublished
observation).

Because these enzymes are stably secreted into the extra-
cellular growth medium, rigorous in vitro biochemical char-
acterization of Streptomyces PLD has been possible. These
enzymes possess a signal sequence that facilitates secretion
from the bacterial cytosol into the nonreducing environment of
the periplasmic domain. Some Streptomyces PLD have been
reported to possess a critical disulfide bond that is thought to

105,111
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Table 4. Plant PLD Enzymes

enzyme regulatory domain catalytic requirements substrate signaling

PLDa C2-domain mM Ca** PC > PE hormone/stress response, senescence, nutrient sensing
PLDf C2-domain UM Ca®*, PI(4,5)P, PC = PE = PS = NAPE actin polymerization

PLDy C2-domain UM Ca®*, PI(4,5)P, PE = NAPE > PC hormone/stress response (?)

PLDO C2-domain UM Ca**, oleate, PI(4,5)P, PE > PC cell viability, ROS response, binds microtubules

PLDe C2-domain uM Ca™, oleate, PI(4,5)P, PE > PC root growth, elongation

PLDC PX-PH P1(4,5)P, PC root growth, elongation

form in conjunction with proper folding only in the nonredu-
cing environment of the periplasm.192 Historically, much of the
biochemical and structural studies have used secreted enzyme
purified from the growth media of native Streptomyces cultures.
Efforts to recombinantly express these enzymes in Gram-
negative E. coli have proven difficult and required use of
secretion signal sequences'> (to elicit periplasmic localization
and secretion) or vectors with thioredoxin tags'** (to enhance
cytosolic disulfide bond formation).

Following structural characterization, biochemical studies of
Streptomyces PLD homologues with significant sequence iden-
tity have subsequently been performed to further probe the
function of different components of the Strepotmyces PLD
structure. S. septatus TH-2PLD has the highest specific activity
and transphosphaditylation rates of any bacterial PLD identi-
fied to date,'” while pldp exhibits quite low activity. These
differences in PLD activity between these two enzymes exist,
despite the fact that these enzymes share significant sequence
identity. This suggests that critical differences in a small number
of residues elicit major differences in PLD enzymatic activity.
Uesugi et al. used these two PLD genes to generate a series of
chimeric constructs.'*® Using a random repeat-length indepen-
dent and broad spectrum, RIBS, in vivo DNA shuffle technique
chimeric mutants were generated composed of stretches of TH-
2PLD and pldp.196’197 Biochemical characterization of these
constructs identified residues that were critical in modulating
substrate specificity, interfacial activity, transphosphatidylation,
and thermostability. The tertiary locations of these residues
were then mapped in the Streptomyces PLD structure (models
of TH-2PLD based on the PMF PLD structure) to further
clarify their mechanistic function.

The Streptomyces PLD structures show two flexible loops that
gate the 30 A wide entrance to the active site cleft. The
N-terminal loop is located between f-strand 7 and a-helix 7.
The C-terminal loop is between [3-strand 13 and [3-strand 14.
Chimeric analysis identified two residues in the N-terminal loop
(Gly188 and Asp191 for TH-2PLD) that dictate interfacial
activity and sensitivity to substrate presentation.196 Strepto-
myces PLD prefers substrate presented as monomer or mixed
micelles and demonstrates lower activity toward phospholipid
vesicles.”* Computer modeled docking of phospholipids into
the Streptomyces PLD structure suggests these residues in the
N-terminal loop might serve as a second phospholipid binding
site for PA, PE, or PS."”® The C-terminal loop, specifically
residues Ala426 and Lys438 of TH-2PLD, are involved in
enhancing the specific hydrolase and transphosphatidylation
activity, regardless of substrate presentation. These residues
also participate in phospholipid head%roup specificity and
enhance thermostability of the enzyme.'® Uesugi et al. used
surface plasmon resonance and inactive mutants to measure
substrate binding affinities.'"”” The specificity for zwitterionic

phospholipids over anionic phospholipids was narrowed down
to the same residues, Ala426 and Lys438, in the C-terminal loop
that are pro;)osed to act as a gate at the entrance to the active
site cleft."”” Substrate specificity can be altered by point
mutation of residues in this loop. Masayama et al. have
exploited this characteristic by mutating residues in the C-term-
inal loop to facilitate production of phosphatidylinositols via
headgroup exchan%e, an activity that is not observed with the
wild-type enzyme."”°

Other studies have characterized the function of the conserved
GG and GS residues that lie downstream of the HKD motifs,
N-terminal and C-terminal motifs, respectively, in most PLD
superfamily enzymes. Ogino et al. showed that the GG/GS
residues, specifically the serine residue, downstream of the putative
HKD motifs are critical for dictating the transphosphatidylation
activity of the enzyme.'"” These residues line the base of the
active site and are proposed to control active site conformation
and stability, and subsequently modulate substrate specificity and
ability to transphosphatidylate. Deletion of the serine residue
decreases overall activity by a third as compared to wild-type
enzyme.'%”

5. PLANT PLD

Plant PLDs make up the largest family of HKD enzymes, with
more than 80 genes identified and several dozen cloned. These
enzymes are more complex than bacterial PLD, because they
encode regulatory domains that facilitate differential activities
under various signaling environments (reviewed'””>°%). Plant
PLD enzymes contribute to the rich history of the PLD super-
family, in that the first description of a PLD enzyme was made
from carrot."* The PLD hydrolytic and transphosphatidylation
activities were originally described in plants, in 1947'* and
1967, respectively. Also, the first PLD enzyme was cloned
from the castor bean in 1994.> Cloning of the castor bean PLD
by the Xuemin Wang lab subsequently facilitated identification
and cloning of fungi''”*** and animal*®® homologues. The
Arabidopsis thaliana genome has been sequenced, making iden-
tification of PLD superfamily members and genetic manipulation
of this model organism feasible. The bulk of the plant PLD
literature focuses on Arabidopsis; therefore, this model organism
will be the focus of this section with a few noteworthy exceptions
from other organisms (Table 4).

PA makes up less than 1% total lipid in plants, but is an important
second messenger.zm’206 Several pathways have been characterized
that generate PA, but in plants the two main signaling mechanisms
for generating PA involve PLC-DAGK tandem activity or PLD
activity. Lipidomic analyses have been performed and characterized
the major PA species in Arabidopsis as having long polyunsaturated
fatty acids [34:2(16:0—18:2); 34:3(16:0—18:3); 36:4(18:2—18:2);
36:5(18:2—18:3); 36:6(18:3—18:3)].2% Different PA species
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change in response to different stimuli and environmental
conditions. Drought and soil salinity are common environmental
stresses and are a major focus of plant research because these
conditions affect crop production worldwide.”°® Plant PLD
enzymes have variant regulatory mechanisms to respond to
extracellular stimuli such as these and mediate intracellular
responses via PA production and protein—protein interactions.

5.1. Classes of Plant PLD Enzymes

Plant PLD enzymes consist of two-conserved HxKxxxxD
motifs separated by roughly 320 aa, which include the con-
served region III (IYIENQFF). The function of this region is
unknown, but is present in every PLD superfamily member with
true phospholipase activity. Most plant PLD region III se-
quences encode “IYIENQYF”, while two enzymes more closely
related to the mammalian PLDs encode for “IYIENQFE”*"’
Plant PLD enzymes can be divided into two subdomains, C2-
PLDs and PXPH-PLDs, based on the presence of amino-terminal
regulatory domains upstream of the catalytic domain.**>*%*
C2-PLDs have an N-terminal C2 calcium binding domain that
is distinct to plant PLD enzymes.”% This domain is not found in
other higher order PLDs. PXPH-PLDs are more closely related
to mammalian PLDs and have amino-terminal phox homology (PX)
and pleckstrin homolo§;r (PH) domains important for specific
lipid interactions.”*®*"” At least 12 Arabidopsis genes have
been identified, of which 10 are classified as C2-PLD genes and
two are classified as PXPH PLD genes.zo9 Within these classes,
specific isoforms have been identified that exhibit differential
genetic architecture, sequence identity, catalytic activities, and
regulatory requirements.lgg’207

In contrast to the multiple crystal structures available for
bacterial enzymes, a crystal structure for the more complex plant
PLD does not exist, despite reported crystallization of cowpea
PLD over a decade ago.100 Therefore, the current model of
proposed tertiary structure of the catalytic domain and reaction
mechanism are based on the structure and characterization of the
bacterial PLDs (discussed in section 2.2). The limited structural
analysis of plant PLD that does exist has used noncrystallo-
graphic analytical tools. One such study used mass spectrometry
analysis to characterize the sulfhydryl groups on cabbage PLD.*"
Increasing numbers of plant PLDs of both C2 and PXPH
subfamilies have been cloned and recombinantly expressed in
bacteria,'**2%72!212 yhich has led to a greater understanding of
the individual biochemical characteristics of different plant PLD
isoforms.

5.1.1. C2-PLD. In the mid to late 1990s following cloning of
the castor bean PLD,”* a surge of plant PLD enzymes was
identified, sequenced, and characterized by genetic and biochem-
ical approaches.”®> Comparisons within this growing pool of
plant PLDs led to observations of clusters of similar enzymes
based on genetic architectures, sequences, and biochemical
characteristics. Members of the C2-PLD subdomain were sub-
sequently categorized as PLDa, PLDf3, PLDy, PLDJ, and PLDe.
It is important to note that as sequence and biochemical
characterization improved, some initial cluster designations have
changed (PLD a4 is no longer included as a PLDa isoform, and
PLDO1 was reclassified PLD32).2%”

Regardless of cluster classification, all members of the C2-PLD
subfamily encompass a conserved 130 aa C2 domain at the amino
terminus that is important in calcium sensing and phospholipid
binding.****°* More than 4000 consensus sequences have been
reported for the C2 domain and are commonly present in proteins

involved in lipid metabolism, signal transduction, and mem-
brane trafficking.*"* The crystal structure for several C2 domains
has been determined, and a common antiparallel 8- strand
sandwich fold is conserved.”'* "7 Two or three calcium ions are
known to bind at 4—3 acidic residues in the loops between the
B strands.”'® The B-strand sandwich fold is predicted to be
conserved in plant PLD, but structural characterization of this
domain from several C2-PLD isoforms demonstrates that a
significant conformation change occurs upon calcium ion bind-
ing, which is not observed in C2 domains from other proteins or
species.”'® This suggests plant C2 domains may be a variant of
those previously characterized.

In addition to the divergent protein conformations upon
calcium binding, some plant PLD isoforms have substitutions in
the C2 domain acidic residues.”'® This results in isoform-
selective differences in calcium binding affinities and catalytic
responses. C2 domains also bind lipids dependent on calcium
concentration; therefore, cytoplasmic calcium levels are
thought to modulate C2-domain conformation and lipid bind-
ing affinity.”'> C2-domains also demonstrate lipid binding
specificity. Arabidopsis C2 domains bind P1(4,5)P, and PC in
a calcium-dependent manner.*'®*'* C2 truncation mutants
bind lipid vesicles but with lower affinity, and these PLD
enzymes display decreased activity.””® Many C2 domains elicit
constitutive binding to the lipid membrane (i.e., no stimulus-
induced translocation); therefore, these enzymes are proposed
to function in the “scooting” mode with processive catalytic
activity. All C2-PLD enzymes characterized to date require
some level of calcium for catalysis and can perform
transphosphatidylation.”*° This plant PLD subfamily is respon-
sible for the majority of the PA produced in response to
environmental stress signaling.

5.1.1.1. PLDa. PLDa is the first classification within the C2-
PLD subfamily, and these enzymes are the most predominant
PLD in plants.**® PLDa from Arabidopsis exhibits genetic
architecture similar to that of PLD1 from castor bean and rice
(i.e., four exons and three introns), which suggests this class of
PLD enzyme stems from a common ancestor. Three PLDa
genes have been identified, PLDal, PLDa2, and PLDa3,2”
which exist on separate chromosomes (a1 chromosome I1I, a2
chromosome I, a3 chromosome V).**” The original PLD
enzyme cloned from castor bean was classified as a PLDa
enzyme. Subsequently, the Arabidopsis PLDa was cloned by
BLAST database search using castor bean cDNA sequence,
which gave an incomplete cDNA.**! Therefore, later attempts
to clone the Arabidopsis PLDa required nested primers and
PCR be used. The Arabidopsis PLDa enzyme is 809 aa, with a
20 aa leader sequence of unknown function that is removed
during maturation.””> The conserved C2-domain lies 30 aa into
the sequence; however, in a conserved region of this domain,
two of the four acidic residues necessary for calcium binding are
substituted for neutral or positively charged residues.”'® This
may be the cause of the observed shift in calcium binding
affinity and the requisite millimolar (mM) concentrations of
calcium necessary for catalytic activity under some in vitro
conditions.”"®

PLDa hydrolyzes PC and PE and is unable to hydrolyze PI,
PS, NAPE, or cardiolipin.”>*'" In vitro characterization of this
activity was originally performed at physiological pH with
vesicles composed of a single phospholipid species. Under these
conditions, millimolar calcium concentrations (20—100 mM)
were required for catalytic activity.'® Structural and biochemical
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characterization of the PLDa C2 domain using circular dichro-
ism and isothermal titration calorimetry demonstrates a signifi-
cant shift in protein conformation upon calcium binding.
Between one and three calcium ions bind to the PLDa C2
domain in the 470—590 uM calcium range.218

The cellular significance of such high concentrations of
calcium actually regulating PLDa was suspect. PLDa activity
comprises the majority of PLD activity in the plant. Subsequent
in vitro studies demonstrate lower micromolar (#M) concen-
trations of calcium are conducive to activity in the presence of
an acidic pH and when substrate is presented in a vesicle with
mixed phospholipid composition.*'**** Calcium is proposed to
bind at the acidic residues within the C2 domain and trigger a
conformational change that exposes hydrophobic residues able
to bind neutral lipids such as PC. In vitro characterization of
PLDa demonstrates protein—lipid binding to PC-only vesicles
occurs in a calcium concentration-dependent manner.**®

In addition to calcium, PI(4,5)P, has also been shown to
regulate PLD activity in vitro. Conserved polybasic P1(4,5)P,
binding motifs flank the second HKD, but in PLDa enzymes four
of the five critical basic residues are substituted with acidic or
neutral residues.”>*'® Therefore, PI(4,5)P, likely binds PLDa
at the C2 domain only. Competition binding studies demon-
strate PI(4,5)P, binding at the C2 domain is displaced with
increasing calcium concentrations. This is proposed to be the
reason that the PLDa binding affinity for PI(4,5)P, is signifi-
cantly decreased from that of other C2-PLDs with intact poly-
basic regions, and the likely reason that PLD« catalytic activity is
not highly responsive to PI(4,5)P, stimulation under optimal
calcium concentrations (20—100 mM).202

The fact that any in vitro stimulation of PLDa catalytic
activity is observed in response to PI or PI(4,5)P, is likely due
to an indirect effect, such as a change in interfacial lipid
environment. Supporting this indirect activation theory is the
fact that in the presence of suboptimal calcium concentrations,
PI(4,5)P, appears to stimulate PLDa activity.”'> This was
demonstrated by Qin et al., who showed that PI(4,5)P, activa-
tion of PLDa is insensitive to neomycin treatment, which
partitions into PI(4,5)P, headgroups and prevents lipid spe-
cies-specific interaction, whereas PLDf and PLDy activitg was
significantly and dose dependently inhibited by neomycin.*'* In
a similar fashion, PLDa enzymes are stimulated by detergents,
such as sodium dodecyl sulfate (SDS). This likely occurs by
changing access to substrate at the interface of the mixed
micelle. LysoPE and N-acyl ethanolamine have been shown
to inhibit PLDa activity.**>*** Under signaling conditions, it
has also been noted that PLDa is inhibited by Ga in the
absence of GTP."?***

Specific PLDa isoforms contribute to the bulk of the signaling
PA response in plants, and as such have been implicated in a
broad range of signaling pathways.'””*** PLD«a1, the major plant
PLD, is involved in the hyperosmotic stress response via a
bifurcating pathway. PLDal has also been implicated in mem-
brane }Zaroliferation necessary for rapid growth and wound
repair.”** PLD a2 is the constitutive form present in all tissues, >
while PLDa3 is more highly regulated and involved in senes-
cence and hormone/stress stimulation.”*”*®

5.1.1.2. PLDf3 and PLDy. PLDf and PLDY classifications of
the C2-PLD subfamily share 40% sequence identity and 60%
similarity to PLDa.”'” These enzymes share common catalytic
and regulatory requirements, but are distinct genes with 65%
sequence identity. PLD and PLDy encode 2-HKD enzymes

with an N-terminal C2 domain and putative polybasic PI1(4,5)P,
binding motifs flanking the second HKD (RxxxKxRR or
inverse).

PLDf; was more difficult to clone than PLDa. Nested primers,
PCR, and screening of cDNA library were used to identify the full
sequence, while $-RACE was used to determine the N-terminal
start site.”*' PLDJ is 968 aa (109 kDa) and exhibits more
sequence homology to yeast and human PLDs than PLDa.
Two isoforms have been identified in Arabidopsis, PLDS1
(present on chromosome II) and PLD/32 (present on chromo-
some IV), which share 89% sequence similarity. Of this class,
PLDf1, formerly known as PLDf, is the best characterized.
PLDf enzymes hydrolyze PC, PE, PS, and NAPE without
preference, but do not hydrolyze PI, PIP,, or cardiolipin.*"!

PLDY classified enzymes, of which there are three isoforms
with 95% sequence similarity, PLDy1, PLDy2, and PLDYy3, are
all encoded for in tandem on chromosome IV.>*> These enzymes
contain a putative myristoylation site at the amino terminus
(MGxxxS) 30 aa upstream of the first C2-domain -loop.”'* The
specific function of this predicted lipid modification has yet to be
determined, but may serve to facilitate protein—membrane
interaction as is observed for other myristoylated proteins. PLDy
preferentially hydrolyzes PE and NAPE over PC, but cannot
hydrolyze PI, PI(4,5)P,, or cardiolipin.211

PLDS and PLDy catalysis requires micromolar calcium
concentrations for optimal activity (less than 100 4M), whereas
high millimolar calcium concentrations inhibit enzyme
activity.”®> Three calcium ions bind with different affinities
(K41 = 0.8 uM, Ky, = Kg3 = 24 uM) at the conserved acidic
residues within the calcium binding loops of the C2 domain.**®
The ability of calcium to both activate and inhibit at different
concentrations is likely due to disruption of requisite PI(4,5)P,.
Similar to PLDa, PI(4,5)P, binds the C2 domain under low
calcium concentrations. P1(4,5)P, binding at the C2 domain is
displaced with increasing calcium concentrations, where max-
imal calcium binding is observed near 100 M for PLDf3 and
PLDYy versus >1 mM for PLDa.>'® However, in contrast to
PLDa, increased calcium concentrations concomitantly trigger
P1(4,5)P, binding at putative polybasic binding motifs that
flank the second HKD.

This binding is requisite for PLD3 and PLDy activity. At these
polybasic motifs, PI(4,5)P, directly and dose-dependently en-
hances lipid binding and catalysis, whereas for PLD«, P1(4,5)P,
indirectly stimulates activit%r b%r modifying fluidity and substrate
access at the lipid interface.”'>*'® Synergistic activation of PLD3
and PLDY by PI(4,5)P, and calcium impacts K and allows the
enzyme to processively “scoot” along the lipid interface without
dissociation (see section 2.2.3 for details on interfacial kinetics
and Figure 2).>'® Mass spectrometry proteomic analysis was used
to demonstrate that reversible phosphorylation occurs within the
first putative polybasic PI(4,5)P, binding motif and decreases
PI(4,5)P, binding, thereby decreasing PLD catalytic activity.**’
These phosphorylated serine and threonine residues are con-
served among other plant PLDs, and it has been suggested that
post-translational modification may be yet another mechanism
for regulating PLD activity, in addition to divalent cation con-
centration and polyphosphoinositide binding.

In vitro biochemical characterization of these enzymes has
demonstrated that PE must also be present in the vesicle for
catalysis to occur (optimal ratio of 3:1, PE:PC).****"" Analo-
gous to PI(4,5)P, effects on PLD¢, the apparent PE-induced
activation is likely due to local interfacial lipid changes rather
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than direct interaction with the enzyme.**® Some studies have
shown PA and cardiolipin can partially substitute for the PE
effect.”*>

PLDJ and PLD have been shown to bind 14—3—3 proteins
involved in cell signaling and metabolism.”*" Because of their
ability to hydrolyze NAPE and release endocannabinoids, PLDf3
and PLDy have been implicated in defense signaling pathways,
such as pathogenic infection. PLDf1 binds actin to modulate
actin polymerization. Monomeric G-actin inhibits PLD/3 activity,
while polymerized F-actin promotes PLD activity. PLD-pro-
duced PA binds the actin heterodimeric capping protein and
inhibits its interaction with actin,** essentially promoting actin
polymerization.**> However, this actin binding motif in PLDJ1
is conserved in other plant PLD enzymes, so it may be a broader
plant PLD trait not limited to this enzyme.

5.1.1.3. PLDY. C2-PLD subfamily members classified as PLDO
enzymes show divergent catalytic regulation to other plant
PLDs."***3*%23% In addition to calcium and PI(4,5)P,, these
enzymes are activated by unsaturated fatty acids, specifically
oleic acid [(18:1) less so by linoleic acid (18:2), not at all by
saturated fatty acids].”** Mutagenesis studies have identified
distinct oleate and PI(4,5)P, binding sites on PLDJ. PLDO
retains a putative polybasic PI(4,5)P, binding motif also present
in PLDf and PLDYy catalytic domains, but not observed in
PLDa.>** Mutation of the residues within this polybasic motif
decreases PI(4,5)P, stimulation by 80%. The oleate binding site
was identified when PLDO sequence was compared to human
PLD2, which is also oleate activated. The oleate binding site is
located 30 aa after first HKD. When this region is mutated, a 70%
decrease in oleate stimulation was observed.

Similar to PLDf3 and PLDy, PLDJ activity requires micro-
molar calcium concentrations and is activated by PI(4,5)P,.>**
However, PI(4,5)P, interaction is not integral to catalysis, and
PI1(4,5)P, does not affect K. Rather, P1(4,5)P, lowers K., and
increases the affinity of the active site for PC binding and
hydrolysis."** At a distinct location, PLDO binds oleate. Again,
this specific interaction is not requisite for activity, and oleate
can be replaced with detergent Triton-x 100 for in vitro
study."** Similar to the function of PE for PLDS and PLDY,
oleic acid is proposed to modulate substrate exposure and
enhance presentation to enzyme. As such, PLDO mutated at
the oleate binding motif still retains catalytic activity, albeit at a
decreased level **

PLDO hydrolyzes PE and PC. In vitro study demonstrates the
bulk lipid binding affinity (1/K,) for PE- or PC-micelles is
similar, but K,, for PE is lower than PC, suggesting PE binds
with higher affinity to the active site, and therefore PE is the
preferred substrate.'** To date, one PLDO isoform has been
identified on chromosome IV, which results in two splice
variants: PLDOa and PLDOb. These enzymes are tightly asso-
ciated with the microsomal membranes, and detergent is re-
quired to solubilize and isolate these enzymes. PLDO also
localizes with tubulin and cortical microtubules and is predicted
to function as a signaling communication bridge between the
plasma membrane and microtubule infrastructure.>*®

In cells, PLDO expression is regulated by signaling pathways
that are triggered in response to cell stress, including soil salinity
and drought. PLD activity is stimulated by H,0,.*” The
subsequent PA response protects cells from reactive oxygen
species (ROS) and promotes freeze tolerance in plants.

5.1.1.4. PLDe. The most recently identified and least well-
characterized C2-PLD is PLDe.**® The catalytic requirements

for this enzyme are highly promiscuous, and phylogenetic
analysis demonstrates that this enzyme is the most closely related
C2-PLD subfamily member to the plant PXPH-PLD, PLDC.
PLDe retains the C2-domain but none of the conserved acidic
calcium binding residues. Regardless, PLD¢ is active under a
broad range of catalytic conditions, including in the presence
of millimolar calcium concentrations, similar to PLDa, as
well as micromolar calcium concentrations, in the presence of
PI(4,5)P, and/or oleate, similar to PLDS and PLDy or
PLDJ, respectively.”*® In vitro PLDe exhibits catalytic activ-
ity toward PC-, PE-, PG-, or PS-only vesicles, with preference
toward PC > PE > PG or PS.

In cells, PLDe localizes to microsomal membranes and is not
observed in the cytosol.>*® Low basal expression of PLD¢ exists
in every tissue, except pollen where expression exceeds PLDal.
However, expression is upregulated in response to cell stress
including nitrogen deprivation.”’® PLDe subsequently elicits
root elongation, and primary and lateral root growth. Root
growth functions to increase water and nutrient uptake and
enhanced nitrogen sensing. PLDe knockouts yield smaller
plants than wild-type, while overexpression mutants yield larger
plants.”*® Treatment with primary alcohol also yields smaller
plants and suggests PLDe-generated PA and not the enzyme
itself supports plant growth.

5.1.2. PXPH-PLD-PLDC. In contrast to C2-PLD enzymes,
two plant PLDs have been identified that encode for phox
homology (PX) and pleckstrin homology (PH) lipid bindin
domains at the amino-terminus, PLD{1 and PLD(2.207%3
These genes are both located on chromosome III. PLD(1
and PLDG2 do not require calcium for catalysis; rather these
enzymes selectively cleave PC in a PI(4,5)P,-dependent
manner.”*” As such, these plant PLDs are more closely related
to the mammalian PLD enzymes PLD1 and PLD2. In mam-
malian PLDs, the PX domain has been shown to bind PI-
(3,4,5)P; and anionic lipids, while the PH domain binds PI and
PIP, species. PLD{1 and PLD(2 also retain four of the five
basic residues in the conserved PI(4,5)P, binding motifs that
flank the second HKD.?*” These polybasic motifs may serve to
regulate PLD{ catalysis in response to PI(4,5)P,, similar to
mammalian PLDs.

Cellular characterization of this subfamily of plant PLD
enzymes remains sparse, but some recent studies have shown
PLD{ enzymes are involved in environmental stress responses.
PLDG2 is transcriptionally regulated in response to phosphate
starvation and auxin levels.”*”** Exogenous auxin supplementa-
tion can stimulate PLD(2 transcription. Plant PXPH PLDs have
also been shown to mediate vesicular trafficking, phosphate
recycling, and root gravitropism.**'

5.2. Signaling

Plant PLD enzymes are structurally more diverse and complex
than bacterial homologues. As in other higher eukaryotes, PA
is largely involved in stress-mediated signaling pathways in
plants.**" As such, plant PLD enzymes have evolved diverse
regulatory mechanisms to respond to specific extracellular stimuli.
As detailed in section 5.1, plant PLD enzymes can be regulated at
the level of transcription or translation, via post-translational
modification (lipidation or phosphorylation), or via cytosolic and
membrane cofactors and conditions (calcium, PI(4,5)P,, sub-
strate presentation/membrane fluidity, and pH). PA signal-
ing can also be regulated and attenuated post production by
phosphorylation to generate DAG pyrophosphate (DGPP).**
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It is currently unknown whether DGPP is itself also a signaling
molecule.

Despite the historical precedent in plant studies of PLD,
development of pharmacological tools to modulate the activities
of these enzymes has lagged behind that of other eukaryotes.
To this day, the use of knockout models and primary alcohols
remain the only known tools with which plant PLD can be
studied.”* Using a primary alcohol, product formation can be
diverted to the transphosphatidylation product phosphatidylal-
cohol (Figure S). However, as detailed in section 11, alcohols are
imprecise tools because of their lack of specificity and potency.
While only primary alcohols are able to serve as nucleophiles in
the PLD reaction mechanism, both primary and secondary
alcohols activate plant PLD activity.”** Off target activation of
heterotrimeric G proteins also occurs in response to alcohols,
making it difficult to delineate the specific role of PLD in
receptor-mediated stress-induced signaling pathways. A few
plant stress response cascades are briefly described here to
demonstrate a few of the numerous roles in which plant PLD
enzymes have been implicated.

5.2.1. Growth and Biomass Accumulation. Plant PLD-
generated PA has been implicated in regulation of plant
development and growth through multiple signaling pathways
including the target of rapamycin (TOR), a homologue of the
mammalian target of rapamycin (mTOR).>**** Plant TOR, a
large protein belonging to the PI3K-related kinases, is a
protein kinase involved in seed germination, embryonic
development, meristem driven cell growth, and hyperosmotic
stress response.247 This large protein regulates protein ex-
pression and cell growth in response to nutrients, mitogens,
and growth factors by forming protein complexes and activat-
ing other proteins via phosphorylation. In mammals, insulin
and insulin growth factor signaling activate mTOR, which
phosphorylates S6K to trigger phosphorylation of S6 riboso-
mal protein (S6rp) on the 40S ribosomal subunit (see section
9 for further details on mTOR signaling). TOR kinase activity
is inhibited by rapamycin, an antiproliferative agent secreted
by Streptomyces hygroscopius. Rapamycin binds FKBP12
(peptidyl-prolyl isomerase 12 kDa FKS06 binding protein)
in the requisite first step of inhibitory complex formation,
followed by binding at the FRB (FKBP12-rapamycin binding)
domain on TOR. NMR studies have shown that PA competi-
tively blocks formation of the rapamycin-FKBP12 inhibitory
complex by directly binding mTOR at Arg2109 in a hydro-
phobic pocket at the FRB domain.**®

TOR signaling in plants is poorly characterized, but several
studies have shown different species of plants are have differential
sensitivity to rapamycin. Initial TOR studies performed in
Arabidopsis thaliana (AtTOR) demonstrate this organism is
resistant to rapamycin.Z%’249 cDNA sequence analysis shows
this rapamycin insensitivity is due to substitution of conserved
residues in the FKBP12-rapamcyin drug binding site, while the
FRB domain is similar between AtTOR and mTOR. This
suggests that the rapamycin/PA binding at AtTOR might be
conserved. In fact, subsequent studies have shown that transgenic
expression of Sacchormyces cerevisceae FKBP12 rescues sensitivity
to rapamycin.”*® However, equivalents of insulin signaling path-
ways have not been identified in Arabidopsis, making it difficult to
determine whether PA might serve a regulatory role in AtTOR
signaling similar to that of mTOR.

More recent studies demonstrate that other plant species, includ-
ing maize™" (Zea mays) and algae™ (Chlamydomonas reinhardtii),

are in fact responsive to rapamycin. Maize S6K activity and
S6rp phosphorylation increased during seed germination
in response to insulin, and this activity decreased upon rapa-
mycin treatment. Consistent with this observation and
proposed activation of Zea mays TOR (ZmTOR) in response
to insulin stimulation, exogenous addition of PA also in-
creased ZmTOR activity.”>’ These studies suggest that PA
and similar TOR signaling pathways extensively character-
ized in mammalian systems may be conserved in some plant
species.

The major source of the PA in plants is predicted to be derived
from PLDa3 or PLDe. PLDa3 is known to promote root
growth, as knocking out PLDa3 decreases rootgrowth, and
PLDa3 overe;gpression increases root growth in response to
dehydration.””” Likewise, PLD¢ promotes lateral root growth in
response to drought, high salt, or nitrogen deprivation.**®

Plant PLD activity has also been implicated in ethylene
signaling response. Ethylene is a plant stress hormone that
activates PLD and subsequently increases transcription and
translation.”>> PLD-produced PA binds to CTR1, a plant homo-
logue to mammalian raf kinase, and a negative regulator of
ethylene response.**® This binding triggers CTR1 translocation
away from ETR1 (ethylene receptor), allowing other ETR1
downstream signaling to occur.

5.2.2. Hyperosmotic Stress/Abscisic Acid Stimulula-
tion. Terrestrial plants perform gas exchange through stomata,
openings in leaves bordered by guard cells. Water loss occurs
through transpiration of open stomata; therefore, intricate
signaling pathways have evolved to sense water levels and
regulate stomatal closure. Under low water concentrations, cells
release abscisic acid (ABA), a phytohormone, to promote
stomatal closure.>***** ABA triggers translocation of cytosolic
PLDal to microsomal membranes. PLDal KO plants exhibit a
higher rate of transpirational water loss, % while overexpression
of PLDal increases sensitivity to ABA, resulting in stomata
closure and decreased water loss. Exogenous PA supplement
promotes stomatal closure.’®® PLDal involvement in ABA
response'®” was first observed in castor bean where PLDa1
gene expression increased with ABA stimulation. PLDal activity
increases ROS formation and NADPH oxidase activity to facil-
itate stomatal closure.”>> PLDal is constitutively expressed in
most plant tissues, while PLDO1 expression is only induced in
response to high salt and dehydration. PLDO1 makes PA in
response to H,O, (ROS) activation. Double 1/01 knockout
plants are less tolerant to high salt.*’***® In addition to ROS
generation, PLDa1-generated PA binds ABI1 (PP2C) to trigger
stomatal closure.*>®

GDP-bound Ga blocks ABA stimulation. In the absence of
GTP, Ga binds PLDa and inhibits phospholipase activity.**®
Therefore, ABA-mediated response occurs via Ga-PLDa signal-
ing. Overall, PLD activity increases in response to hyperosmotic
stress.

5.2.3. Defense and Wound Healing. Plants upregulate the
expression of a host of genes in response to pathogenesis or
wounding via immune signaling cascades. PA has been shown to
serve dual functions in these signaling pathways as both an
integral lipid second messenger and a precursor to a lipidic
hormone (reviewed'®”*°"). PA produced immediately upon
wounding has been shown to be produced by PLDa, the major
plant PLD, as it translocates from the cytosol to the plasma
membrane upon increased calcium concentration and wound
response signaling.”>” Downstream of this activation, expression
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of lipoxygenase 2 (LOX2), an enzyme involved in wound
response, is induced.”*® A second delayed PA response is
observed due to upregulated transcription of PLD and PLDy1
and PLDy2. Increased PA has been shown to indirectly activate a
wound-induced mitogen-activated protein kinase (MAPK).**

PA changes the lipid interface microenvironment and has
been suggested to activate PLA, hydro?rsis of phospholipids at
the sn-2 position, releasing fatty acids.”®” PA is itself a substrate
for PLA,. PLA,-catalyzed hydrolysis of PA releases linolenic
acid (18:3), a precursor for LOX2-catalyzed production of
jasmonic acid. Jasmonic acid is a 12-carbon prohormone that
is activated upon conjugation to an amino acid (i.e., L-iso-
leucine).”®" JA-Ile triggers transcription factor activation and
increased expression of genes involved in growth and plant
repair as well as defense.

Jasmonic acid analogues are secreted as virulence factors
during pathogenic infection to manipulate plant signaling path-
ways or to downregulate and attenuate immune responses.**>>%
Jasmonic acid and Jasmonate analogues are of interest commer-
cially. Efforts to characterize the signaling pathways that generate
these secondary metabolites are underway in attempts to exploit
and/or engineer pathways to produce industrial quantities for
use in pharmaceuticals, cosmetics, and perfumes.

6. FUNGAL PLD

Fungal PLD, identified in yeast and slime mold, regulates
critical developmental functions. Similar to plants, PLD activity
was first described in yeast using biochemical methods. Nearly
four decades ago, glucose-stimulated PLD activity was mea-
sured for a species of budding yeast, Saccharomyces cerevisiae,
grown in low (1%) glucose content.”***** These growth
conditions induce glucose repression that triggers low oxygen
uptake. Yeast harvested from these growth conditions demon-
strated '*C-lecithin hydrolysis and PA production in mitochon-
drial fractions.”®® This activity was increased in response to
glucose repression during aerobic growth and decreased oxygen
uptake. The increased activity was determined to be due to
induction of an unknown cytosolic enzyme rather than a
protein of mitochondrial origin because cyclohexamide block-
age of cytosolic protein synthesis perturbed the PLD activity,
and chloramphenicol inhibition of mitochondrial protein
synthesis did not.”®® This observation was largely ignored until
a series of parallel studies decades later identified specific PLD
enzymes in different yeast species. Spol4, a PLD superfamily
member also known as PLD1, was identified in the budding
yeast Saccharomyces cerevisige.' 72042667268 Other groups have
identified similar Spol4-like enzymes in pathogenic budding
yeast,269 Candida albicans,”’® and in fission yeast, Schizosac-
charomyces pombe.**® In addition, a biochemically distinct
enzyme, PLD2,%* has been described in Saccharomyces cerevi-
siae. Subsequent studies have demonstrated that the PLD
activity initially observed in budding yeast (in the 1970s) is
distinct from the PLD su})erfamily, and this activity has been
attributed to PLD2.>’"*’* Yeast PLD1 enzymes, including
Spol4, share sequence and biochemical similarities to plant
and other eukaryotic PLDs. These enzymes have been shown to
function in yeast sporulation,zo“'267 vesicular traﬂclcking,y3
mating,>’* and virulence for the pathogenic species.””>27¢

6.1. Budding Yeast Spo14/PLD1
Spol4 was originally identified during phenotypic studies of

fission and budding yeast deficient in meiosis and sporulation.%é’%7

The most extensive follow-up studies of this gene and gene product
have been performed using the budding yeast Saccharomyces
cerevisiae. S. cerevisiae has distinct regulatory pathways for
mitosis separate from those observed for meiosis I and meiosis
II during sporulation. Early studies observed sporulation
defects in mutagenized yeast as a means of identifying genes
that might be involved in meiotic signaling pathways.”®” In
the first meiotic step, parental cells replicate genomic DNA,
and homologous chromosomes perform recombination as
they align near the spindle pole bodies (SPB) in preparation
for meiosis I. During meiosis I, similar chromosomes move
to opposite poles of the nucleus, and two diploid daughter
nuclei are generated by separation of the chromosomes with
the SPB. Reversal of meiosis is possible through meiosis I. In
fact, cells with fully formed SPB are able to instead perform
mitosis in response to changes in extracellular conditions and
remain diploid. However, upon entry into meiosis I, the cell
is committed to meiosis and unable to reverse to mitosis
despite changes in extracellular growth conditions. During
meiosis II, sister chromatids move to opposite poles of the
nucleus to generate four haploid nuclei. These haploid nuclei
are packaged into spores with prespore membrane (PSM),
double layer membrane generated de novo, within the mother
cell. This packaginlg is akin to acrosomes generated during
spermatogenesis.””

Spol4 was identified as a gene involved in S. cerevisiae
sporulation by Honigberg et al.”®’ In this study, mutagenized
S. cerevisiae was subjected to various growth conditions, including
changes in temperature, to observe phenotypic sporulation
deficiencies. Cells with disrupted Spol4 genes showed 1.5-fold
less yeast transition through meiosis I, and 10-fold fewer cells
complete meiosis I1.°°**” The cells that did complete meiosis I
and meiosis II had degraded nuclei and were not viable. It was
also observed that cells with disrupted Spo14 did not commit to
meiosis at meiosis II, a phenomenon in wild-type yeast referred
to as “commitment to meiosis”.>”” Rather, cells in later stages of
sporulation with irregular nuclear composition were observed to
reverse and mitotically divide.”””

In parallel, Ella et al. subjected S. cerevisiae to different growth
medium and measured changes in PLD activity."''” This group
demonstrated that PLD activity is induced under nitrogen
deprivation when yeast is grown in a medium containing a
nonfermentable carbon source, that is, acetate.'” Supplemental
application of glucose to these growth conditions decreased PLD
activity. Sporulation, more specifically meiosis I, is triggered
under nutrient deprivation conditions, but cells can be reversed
and induced to mitotically divide if nutrients are supplemented
prior to transition into meiosis 112777 These studies suggest
PLD activity is increased during sporulation, and the activity
measured by this group is the same as that characterized by Rose
et al.”®* Spo14, called PLD1 by this group”®® and others,*”* is the
enzyme responsible for the observed sporulation-induced activ-
ity. Spo14 is capable of PC hydrolysis and can perform transphos-
phatidylation with primary alcohols."'” These activities sug-
gested that this newly identified enzyme was indeed a PLD
similar to PLDs identified in plants.

6.1.1. Sequence, Catalysis, and Regulation. Earlier clon-
ing of castor bean PLD sequence facilitated cloning of Spo14,>””
also known as PLD1,2®?78 which later led to cloning of the human
PLD homologue.”” Genomic sequencing of Saccharomyces
cerevisiae identified Spol4 on chromosome XI. Spol4 is pre-
dicted to be the only HKD PLD in this organism and is a member
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of the PLD superfamily. The gene for PEL1/PGS1, a phospha-
tidylglycerol phosphate synthase, is the only other gene encoding
for an HKD enzyme in S. cerevisiae.

Spo14 protein sequence is 1683 amino acids, with a molecular
weight of 195.2 kDa. A stretch of 440 amino acids in the middle
of the sequence are 21% identical to castor bean PLD, demon-
strating conservation of the catalytic domain observed for
members of the PLD superfamily.”** Separate groups cloned
this enzyme, naming it either Sp014,204 based on function in the
initial sporulation defects study, or PLD1****”® to delineate this
activity from an apparently separate PLD activity described in the
1970s. Spol4 sequence analysis shows this enzyme retains two
conserved HKD catalytic motifs, present in the majority of
eukaryotic PLD superfamily members. A putative polybasic
P1(4,5)P, binding domain, found in other PLD superfamily
members and originally described in Spo14, exists between these
HKD motifs.””

Unique to yeast PLD, the amino-terminus contains a regula-
tory localization and phosphorylation (LOCO/phos) domain
encompassing residues 1—313.% This region is hyperpho-
sphorylated at serine and threonine residues upon meiotic
initiation.”*® Hyperphosphorylation shifts the molecular weight
of Spo14 from 195 kDa to roughly 220 kDa. Hyperphosphoryla-
tion is a necessary regulatory mechanism for Spo14 function in
meiosis, but not for other cellular functions of Spo14 or in vitro
catalytic activity (detailed in section 6.1.2). Downstream of the
LOCO/phos domain, the amino terminus also possesses PX and
PH domains. The PH domain binds PI(4,5)P, to facilitate basal
protein—membrane localization as well as protein translocation
within the cell.?®' ~2% As such, amino-terminal LOCO/ phos and
lipid binding domains are not integral to in vitro catalytic activity.

In vitro biochemical characterization of Spol4 has been
performed using recombinant protein heterologously expressed
in either insect’®* or bacterial®® systems. Similar to other
eukaryotic PLD enzymes, PI(4,5)P, binding at the putative
polybasic motif, but not the PH domain, is requisite for catalytic
activity.”” Similar to some eukaryotic PLD enzymes, oleate
(5 mM) was shown to stimulate activity 7-fold.**® However,
Spol4 is unique from plant or mammalian PLD in that it is
insensitive to calcium and inhibited by magnesium.

Spol4 catalytic activity is substrate-specific to PC, and little
to no PI or PE is hydrolyzed."'” Spo14 can catalyze transpho-
sphatidylation reactions with a broader range of alcohols than
other eukaryotic PLDs. Although preference is given for
primary alcohols, such as n-butanol, branched-chain alcohols,
such as 3-methyl-1-butanol, can also be used as nucleophilic
substrates."'” Spol4 appears to be less effective at transpho-
sphatidylation than mammalian homologues. This is postulated
to be due to Spol4 potentially hydrolyzing phosphatidyl-
alcohols®”" shortly after production, but this remains to be
demonstrated. Also, in vitro catalytic activity is stimulated in the
presence of alcohol."”

In vitro, Spol4 catalytic activity is regulated by access to
lipid cofactor PI(4,5)P, and substrate, PC. In contrast to other
eukaryotic PLD enzymes, Spol4 activity is not modulated by
small GTPases, such as ADP-ribosylation factor (Arf).”** In
contrast to in vitro regulation, cellular regulation of Spo14 is
more complex and is dependent on the specific functional
pathway, such as sporulation or mating (see section 6.1.2).
Cellular Spo14 is not directly regulated by Arf, but Arf GTP/
GDP cycling via Arf GAP, Gcesl, does modulate Spol4
activity during sporulation.*®* Arf cycling is also is critical

for sporulation.”®* In general, cellular Spo14 is transcriptionally
and translationally regulated in most functional pathways in
which it has been implicated. Induction of Spol4 RNA and
protein is observed, 7-fold and 3-fold, respectively, in late
meiosis. Post-translational modification such as phosphorylation
has been shown to regulate Spo14 localization. Finally, access to
the lipid cofactor PI(4,5)P, regulates both localization via the PH
domain as well as activity via polybasic binding domain. Vege-
tative cells demonstrate PLD activity in both soluble and
particulate fractions, likely localized to intracellular endosomal
membranes, while Spo14 translocation to specific membranes,
such as the PSM, has been demonstrated for specific functional
responses.”®’

In the 1970s, Dharmalingam et al.%** and Grossman et a
described glucose-stimulated PLD activity in S. cerevisiae. More
recent characterization of yeast PLD activities suggests this
observed PLD activity is due to a separate class of enzyme, likely
that of PLD2.271*7286:287 p] D) was described, but not cloned,
as a calcium-dependent enzyme and does not require P1(4,5)P,
for activity. This activity was observed in Spo14 deletion mutants
in the absence of ethylene glycol tetraacetic acid (EGTA) or
EDTA. This enzyme does not perform transphosphatidylation and
preferentially hydrolyzes PE and PS rather than PC. This demon-
strates PLD2 activity is distinct from that of Spo14/PLD1. The fact
that Spol4 is the only HKD PLD present in the S. cerevisiae
genome and that PLD2 does not perform transphosphatidylation
suggests this enzyme is likely a PLD-like enzyme distinct from the
PLD superfamily with a unique reaction mechanism.

6.1.2. Function. Spol4/PLD1 deletion mutants do not
demonstrate any phenotypic disruption in vegetative growth.
Similar to the exocytic and vesicular function of HKD PLD
enzymes in other higher eukaryotes, Spo14 appears to be integral
for specific functional processes involving membrane formation,
fusion, and secretion. In response to nitrogen deprivation and
nonfermentable carbon sources, Sg014 responds by translocat-
ing in preparation for sporulation.”®' Spo14 activity is integral for
rescuing vesicular trafficking in a mechanism that responds to
loss of PI-transfer protein Sec14.28288 Finally, Spo14/PLD1 has
recently been shown to participate in mating and pheromone
signaling pathways’’* and is a virulence factor integral for
pathogenic yeast Candida albicans.>”>*"¢

6.1.2.1. Meiosis and Prospore Membrane Formation. Ni-
trogen deprivation and exposure to nonfermentable carbon sources
trigger sgorulation in budding yeast of opposite mating type
(a/a).®® Sporulation generates haploid daughter nuclei via
meiosis I and meiosis II (see details in section 6.1). Following
meiosis 1I, haploid nuclei are wrapped in newly synthesized
membrane, the PSM, to generate spores.278 PSM formation and
nuclei wrapping occurs near the spindle pole body (SPB, akin to
the mammalian centrosome) and is dependent on Spo14. In fact,
the Spol4 gene was originally identified in a screen for sporula-
tion mutants.*®” A strain of S. cerevisiae harboring a Spo14 point
mutant, Spo14—3, resulted in early protein truncation at residue
313. Yeast homozygous for Spol4—3 resulted in loss of PLD
catalytic activity and lack of sporulation, while yeast heterozygous
for Spo14—3/Spol4 retained PLD activity and did not demon-
strate any disruption in sporulation.”** These findings strongly
suggest that Spol4 mutations are recessive, and that a single copy
of a functional Spo14 gene is all that is necessary for its function
in sporulation.

Spo14 is regulated via multiple mechanisms during meiosis and
sporulation including increased protein expression, translocation,
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and post-translational modification. Spol4 activity is crucial
during late meiosis. Spol4 RNA and protein induction is
maximal at 12—20 h post meiotic initiation, and Spol4
deletion strains demonstrate a 10-fold decrease in cells com-
pleting meiosis II as compared to 1.5-fold drop in meiosis 1
completion. However, the initial increase in PLD activity
during meiosis is due to translocation of cytosolic Spol4 to
PSM near SPB, rather than protein induction. Translocation to
PSM is likely due to PH-domain interaction with locally
enriched pools of PI(4,5)P,, as PH-null Spol4 mutants fail
to localize to PSM.>** The importance of translocation of basal
PLD versus induction of Spol4 was shown using cyclohex-
amide, an agent that prevents new protein synthesis. Upon
cyclohexamide treatment, changes in PLD activity and spor-
ulation were not observed, demonstrating basal PLD translo-
cation is sufficient for PSM formation. Later studies showed
that Spol4 translocates and is subsequently hyperphosphory-
lated in response to growth conditions (i.e., nitrogen depriva-
tion and nonfermentable carbon source) rather than
responding to induction of sporulation pathways.”** This
was demonstrated using nonsporulating/nonmating yeast
(a/a or a/a mating types), where Spol4 translocation and
phosphorylation occur in response to growth conditions and
independently of meiosis.**°

PSM is synthesized de novo separate from the mother cell
plasma membrane. Formation of these membranes is initiated
and subsequently elongated at SPB by separate Spol4-depen-
dent processes. PSM is not synthesized in the absence of
functional Spo14. Lack of successful PSM formation and spor-
ulation is a phenotype similar to that of yeast deficient for Spo20,
a sporulation-specific SNAP-25 SNARE homologue.””® Spo20 is
a downstream target of Spol4 and binds PA at a N-terminal
amphiphathic helix*”>** In Spol4 deletion mutants, Spo20
does not localize to PSM to facilitate prospore membrane fusion.
However, generation of a chimeric Spo20 that is constitutively
membrane-anchored, essentially bypassing the need for PSM-PA
production, does not rescue vesicle fusion or PSM formation.
From these studies, it was concluded that Spol4, in addition to
PA, participates in membrane trafficking and vesicle fusion.

While PA mediates protein localization and lowers the activa-
tion energy necessary for membrane fusion, Spo14 interacts with
proteins implicated in meiosis. Immunoprecipitation and mass
spectrometry proteomic analysis reportedly identified Mum?2, a
meiotic regulator of DNA replication machinery,”" as a Spol4
interacting protein.””* Another study found Smal, a meiotic
protein essential for sporulation, interacts with Spo14.>°%*%*
Smal facilitates Spo14 localization,** and this protein complex
functions in PSM enlargement.”” Smal-deficient yeast initiate
PSM formation, but fail to enlarge PSM or form haploid daughter
cells. Finally, the Arf GTPase activating protein, Gscl, regulates
Spol4 activity during sporulation.”® Unlike PLD enzymes in
higher eukaryotes, Spol4 is not activated by small GTPases
including Arf. However, in cells, Arf cycling via Gscl is necessary
for Spo14 activity during sporulation.”*®

PA identified as a transcription factor that regulates genes
involved in phospholipid metabolism.*”® In addition to PA
generation and newly characterized protein interactions,
Spol4 may also generate other lipid products. It is currently
unclear whether Spol4 can utilize DAG as a nucleophile to
generate bisphosphatidic acid (or subsequently semilysobi-
sphosphatidic acid) via transphosphatidylation.*** Bisphos-
phatidic acid and semilysobisphosphatidic acid are proposed

to induce membrane curvature and are components of the
Golgi membrane that may be utilized during PSM formation
and vesicular trafficking.

6.1.2.2. Sec14 Bypass and Vesicular Transport. Spol4 is a
nonessential gene in S. cerevisiae vegetative growth. However,
as discussed in section 6.1.2.1, certain cellular functions
require intact Spol4 catalytic activity. In 1998, Xie et al.
described the requirement of Spol4 activity for the Secl4
bypass mechanism.”®> Sec14p is the main Pl-transfer protein
(PITP) in yeast and is essential for in vitro transfer of
monomeric PI or PC between lipid membranes>*® (fungal/
plant PITP and metazoan PITP share no sequence identity,
but are functionally indistinguishable).*”” Through regulation
of PI and PC content, Sec14p indirectly maintains the DAG
content in the Golgi and thereby regulates trans-Golgi vesicle
secretion pathways.ws’299 Mutations in one of seven genes
involved in PC synthesis and metabolism allow the cell to
bypass the need for Secl4p, in a mechanism called Secl4
bypass.>*® Under these circumstances, Spol4 activity is ne-
cessary but not sufficient for Secl4 bypass pathway.”®> In
SEC14 deficient mutants, the bypass mechanism requires
Spol4 activity to rescue TGN secretion. Spo14 activity main-
tains the PC to PI ratio in the Golgi in the absence of
functional Secl4p by hydrolyzing PC to generate PA, which
is later hydrolyzed to DAG.

In contrast to the regulation of Spol4 during meiosis, phos-
phorylation at the LOCO/phos domain is not necessary for
participation in the Secl4 bypass mechanism. Also, Arf GAP,
Geslp, is regulated by DAG and therefore is downstream of PLD
in this pathway, rather than upstream of Spo14 as in sporulation.
During Secl4 bypass, Spol4 activity is instead regulated by
access to PI(4,5)P, lipid cofactor. At the Golgi, production of
PI(4,5)P, is dependent on Pl4-kinase, Stt4, and PI4PS-kinase,
MSS4. Further studies have identified other nonstereotypical PI
transfer proteins (PITPs) that also regulate Spo14 activity both
during vegetative and Secl4 bypass conditions. For example,
Sth2p, a PITP that binds PI but not PC, colocalizes to endosomal
membranes and is required for vegetative Spol4 activity in
addition to Sec14 bypass catalysis.”"

6.1.2.3. Mating. PLD activity has been implicated in signaling
pathways involved in S. cerevisiae mating, including pheromone
response”’* and mating projection formation.>*> Haploid spores
generate small soluble peptidic pheromones that bind G protein
coupled receptors, Ste2 and Ste3, in the outer membrane of
neighboring spores.**®> Pheromones trigger MAPK and MAPK-
independent pathways via these receptors to elicit changes in
protein expression and cell polarization. Cdc42 GTPase, a
downstream target of active receptor, activates both MAPK-
dependent and independent pathways. In combination with the
dissociated By G protein subunits, Cdc42 binds Ste20p, a PAK
(p21°9°**_activated) kinase, to activate Stellp in the MAPK
pathway and ultimately trigger changes in transcription. In a
parallel but separate pathway, Cdc42 activation of Ste20p triggers
formation of a protein complex called the polarisome that
facilitates polarized cell growth (PCG) and actin cytoskeletal
rearrangement. PCG occurs prior to mating projection
(schmoo) formation. Unlike the transcriptional response, PCG
is dependent on Spo14 catalysis. In mammalian cells, Cdc42 is a
well-characterized activator of PLD activity.>** Likewise, yeast
Cdc42 activates Spol4 to generate PA that facilitates Ste20p
kinase activation. Spo14 deletion mutants slow PCG and results
in distorted cell and mating projection morphology.””*
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6.1.2.4. Pathogenic Yeast Virulence. The opportunistic hu-
man pathogen, Candida albicans, is troublesome in immune-
compromised individuals and often results in lethal septic
shock. C. albicans is a dimorphic fungus that transitions
through several morphogenic states in response to extracellular
stimuli.’>® Dimorphic fungi reproduce in either a yeast or a
hyphal form. The yeast form divides via daughter cell budding
from a mother cell, whereas pathogenic hyphal cells elongate
and divide by a septum that pinches off the daughter cell. PLD
catalysis has been implicated in regulating C. albicans morpho-
genic transition from the yeast to hyphal form.>”*3% Similar to
Spol4, caPLD1 activity is increased in response to nonfermen-
table carbon source.*’® While vegetative yeast growth is un-
changed for caPLD1 deletion mutants, C. albicans deficient for
this PLD activity (due to either mutant caPLD1 or the
presence of alcohol results in transphosphatidylation product
rather than hydrolytic product) do not form hyphae and are
not capable of tissue invasion and eépithelial cell penetration
during host organism colonization.””*3% As such, caPLD1 has
been referred to as a virulence factor.””® Kanoh et al. cloned
caPLD1 from this pathogenic fungus and demonstrate this
enzyme shares significant sequence identity and biochemical
properties with that of Spo14.>7

6.2. Fission Yeast: PLD1

Similar to Spo14/PLD1 in budding yeast, a 157 kDa 2-HKD
PLD enzyme has also been identified in fission yeast, Schizo-
saccharomyces pombe.269 This enzyme, called PLD1, bears
significant sequence homology to Spol4, but with unique
biochemical characteristics that have been linked to amino acid
differences between the two enzymes. S. pombe PLD1 is oleate-
stimulated (maximal activity at S mM) and PI(4,5)P,-indepen-
dent. Harkins et al. postulate the absence of requisite PI(4,5)P,
activation may be due to proline to glycine point mutation
in the putative polybasic PI(4,5)P, binding domain.”®® The
proline is highly conserved in this polybasic region in other
P1(4,5)P,-dependent PLD enzymes, including Spo14. Similar
to requisite PLD activity during budding yeast sporulaiton,
S. pombe PLD1 catalysis is integral for fission yeast sporula-
tion and is involved in mating. Also similar to Spo14, this enzyme
is capable of performing transphosphatidylation with branched
chain alcohols as well as primary.®” However, calcium insensitive
S. pombe PLD1 is differentially regulated and cannot compensate
for nor rescue PLD-dependent functions in Spol4-deficient
S. cerevisiae. This is likely due to differences in PI(4,5)P, binding
requirements.269

6.3. Dictyostelium PLD

Another type of fungi that is extensively studied is the unique
slime mold Dictyostelium discoideum. This model organism
possesses PLD activity, and similar to budding yeast Spol4/
PLD1, this activity has proven integral for critical developmental
processes. This slime mold is found in soil of Eastern North
America and Eastern China and is studied as a model organism
because it exhibits several distinct life cycles dependent on
environmental growth conditions.>*” Also, Dictyostelium bears
many signaling pathways and mechanisms similar to those of
eukaryotes in which PLD participates.

Slime mold grows in monolayer or suspension cultures and
feeds on bacteria. In the presence of ample nutrients, Dictyos-
telium exists as a haploid unicellular form that mitotically
replicates. In response to low nutrients or high density, uni-
cellular cells replicate in one of two cycles: sexual or asexual.

These replication cycles are the reason that Dictyostelium is so
intensely studied. Dictyostelium is referred to as social amoeba
that exhibit social cooperation or altruism by sacrificing some
individual cells for the benefit of the species.’®” Sexual replica-
tion occurs upon contact with a haploid cell of opposite mat-
ing type, and the cells and nudlei fuse to form a diploid zygote.***
The zygote secretes cAMP and other chemoattractant mole-
cules to coercively draw other cells near, whereupon the zygote
cannibalizes them to harvest nutrients and form the cellulose-
bound macrocyst structure.’®” The macrocyst replicates via
meiosis and then germinates. Signaling pathways and mechan-
isms in the sexual reproduction pathways have not been char-
acterized, but this has been because the emphasis has been on the
asexual cycle.

In the absence of fusion with opposite mating type cells,
Dictyostelium responds to low nutrient and high cell density by
secreting chemoattractant molecules. This facilitates quorum
sensing and triggers cell signaling responses in neighboring cells.
Unicellular forms constitutively express a glycoprotein, condi-
tioned medium factor (CMF), which is only secreted in response
to low nutrient starvation conditions. In response to quorum
sensing molecule CMF, heterotrimeric G protein signaling path-
ways ensue. Under low nutrient and high density conditions,
Dictyostelium secretes waves of cyclic adenosine monophosphate
(cAMP).*®® The waves of cAMP bind cyclic AMP-receptors
(cAR), GPCRs at the surface of neighboring cells. Binding elicits
signaling pathways that trigger cell migration and aggregation
toward one another. A mound of cells forms, and continued
waves of cAMP and bioactive molecule secretion, such as
differentiation inducing factor (DIF-1), generate a molecular
gradient of small molecules. This gradient elicits polarization of
the cooperative cells into anterior and posterior regions, and
DIF-1 induces nonuniform cell differentiation into one of two
types of precells that ultimately generate either a stalk or a spore-
harboring fruiting body. The polarized cell aggregate, called a
slug, is able to migrate greater distances than unicellular forms
and is protective from predatory consumption (e.g., C. elegans).
Once a new location is selected, the prestalk and prespore forms
further differentiate into mature stalk and spore, destined for cell
death, or dispersal and germination, respectively.

PLD activity has been described in Dictyostelium for the
different growth stages of the three distinct reproductive cycles.
Three PLD transcripts were identified, plda, pldb, and pldc.**%3*
The plda is constitutively expressed at unaltered levels in
vegetative and reproductive cell types, whereas pldb mRNA
message and protein levels fluctuate with changes in growth or
reproductive cycle. As such, pldb is the most extensively studied
isoform and has been shown to participate in quorum sensing
and facilitate polarized cell migration. This 867 aa enzyme is 32%
similar and 21% identical to human PLDI, with conserved
PH and CRI-IV domains, and loop and tail regions. The pldb
is PI(4,5)P,-dependent and performs transphosphatidylation
with primary alcohols. However, in contrast to human PLD,
Dictyostelium pldb preferentially hydrolyzes ether-containing PE
species.311

The pldb negatively regulates quorum sensing in two ways.
First, PLD-generated PA counteracts cell responses to CMF
by modulating heterotrimeric G protein signaling responses
and RGS (regulatory of G protein signaling) regulation.’*”'*
Also, pldb-generated PA is su§§ested to facilitate cAR receptor
internalization and recycling.***'**"> Unicellular Dictyostelium
treated with primary alcohol or pldb deletion mutants aggregates
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at lower densities independently of CMF. This is likely due to
enhanced cAR levels at the plasma membrane (lack of receptor
internalization or recycling) and increased G protein signaling in
the absence of RGS modulation. The pldb overexpression
mutants increase the density and CMF s'égnaling threshold
necessary to trigger unicellular aggregation.*’

The pldb is also necessary for actin localization and actin-
based motility in two ways. Pldb localizes to the leading
pseudopodia extensions of the slug, and PLD-generated PA
levels are highest at the leading edge, with a decreasing gradient
toward the posterior.>'® PA facilitates membrane curvature
necessary for pseudopodia formation, but PA also activates
PI4PSK, which generates P1(4,5)P, in a positive feedback loop
on pldb.*"! In addition to activating PLD, PI(4,5)P, localizes
actin nucleating factors (Arp2/3 complex) to the leading edge
of pseudopodia for F-actin polymerization.>'' As a result of
primary alcohol treatment, actin assembles in the nucleus and
results in aberrant morphologies. In light of the importance of
PA in specific signaling and structural capacities, pldb activity is
integral to asexual reproduction in Dictyostelium. Further study
will determine the role of PLD in vegetative or sexual reproduc-
tion cycles.

7. C. ELEGANS PLD

A single PLD isoform has been cloned from the nematode
Caenorhabditis elegans (C. elegans). This large 1427 aa enzyme
maintains the conserved domains I—1IV, similar to other PLD
superfamily members, but the HKD motifs are separated by an
exceptionally long loop region (300 aa). This PLD enzyme is
ubiquitously expressed in pharyngeal muscles and neurons.>'*
However, a functional role for this enzyme has not been
demonstrated. C. elegans PLD is not necessary for development
or sensory neuron signaling, and PLD knockout animals do not
demonstrate a visible phenotype.>'>*'® Recent studies suggest
this enzyme may participate in dynamic changes in phagosome
structure.®’” The function of this enzyme is the subject of
ongoing investigation in whole animal studies.

8. DROSOPHILA PLD

Similar to C. elegans, the fruit fly Drosophila melanogaster
expresses a single dPLD protein (see a recent thorough
review>'?) that maintains domain architecture similar to mam-
malian PLD enzymes: 2-HKD catalytic domains separated by
an extended loop region (170 aa), PX and PH domains, and
requisite PI(4,5)P, lipid cofactor for lipid hydrolysis. dPLD
activity was initially described in larvae grown on ethanol-
containing food. GTPyS and calcium stimulated phosphatidy-
lethanol formation was attributed to the transphosphatidylation
activity of a drosophila PLD, which was later cloned from the
complete Drosophila cDNA library. In zygotes, PLD transcript
is maternally derived, and native dPLD expression is subse-
quently observed throughout embryonic development and in
adult tissues.®'® In addition to the classic role of PLD in
Drosophila Golgi secretory vesicle trafficking,®'® dPLD has
been implicated in rhabdomeres formation, which is important
for phototransduction.’'**** In Drosophila, photoreceptors
present at the apex (i.e., the rhabodomere region) of polarized
cells transduce sensory signals to the intracellular domain.
dPLD deficient animals demonstrate aberrant rhabdomere
formation®'? and decreased signal transduction rendering the
animal less sensitive to light stimulus.**°

9. ZEBRAFISH PLD

Seminal work in characterizing the function of PLD in the
context of a whole vertebrate was recently performed using
zebrafish, Danio rerio. In 2003, Ghosh et al. partially cloned a
PLD enzyme (aa 380—916) from zebrafish embryos and deter-
mined it was expressed during gastrulation.”*' Zeng et al. followed
up this study with cloning the complete zPld1 sequence.’*
This 1042 aa enzyme contains the two HKD motifs present in
most eukaryotic PLDs and is 64—68% and 50% homologous to
mammalian PLD1 and PLD2, respectively. zPld1 regulation
is also similar to mammalian PLD, with conserved PKC
(1—314 aa) and Rho (859—1010 aa) binding domains. In
vitro characterization shows this enzyme is activated by Arfl
and PKCa. A second zebrafish PLD isoform, 927 aa zP1d2,
has been partially cloned.

Zebrafish are uniquely suited to whole organism studies of
PLD activity and function because, as Zeng et al. demonstrated,
PLD activity can be stimulated and measured with whole
organism treatment of phorbol ester (PMA) and deuterated
n-butanol. zPld1 activity was monitored using MS by monitoring
deuterated phosphatidylbutanol formation (cell-based MS assay
described in section 2.2.6, and detailed'?®). Similar to other
zebrafish phospholipases, in whole animal studies, zPld1 was
determined to be involved in vascular development. This was
determined using two parallel methods: (1) zPld1 was either
knocked down using targeted morpholinos to disrupt zPld1
translation and mRNA splicing, or (2) zebrafish were treated
with n-butanol to divert zP1d1 activity to transphosphatidylation.
Unlike the development of other systems including motor
neuron organization, there was a severe deficiency in interseg-
mental blood vessel formation. More recent studies have ob-
served zPld1 mediates Golgi secretory vesicle formation.**’
Aberrant zPldl activity due to unregulated Arf-stimulation
results in decreased lipid absorption in the intestine. Utility of
zebrafish in measuring PLD activity and monitoring substrate
and product localization in a whole vertebrate animal will
facilitate determination of the function of PLD with respect to
the whole organism.

10. MAMMALIAN PLD

While PLD was first identified in plants in 1947,'* PLD
activity was not described in mammalian tissues until 1973 by
Kanfer and colleagues.*** Subsequently, multiple mammalian
PLD enzymes and isoforms have been cloned, rigorous bio-
chemical characterization performed, and extensive cell signal-
ing studies undertaken. From this, mammalian PLD enzymes
have been implicated in critical cell signaling pathways in-
volved in development and cell death. These pathways mod-
ulate cell growth, proliferation, survival, and migration. As
such, aberrant PLD activity has been detected in disease states,
including cancer, inflammation, pathogenic infection, and
neurodegeneration.

10.1. Isoforms

Cloning of plant and yeast PLD enzymes facilitated cloning of
a full length PLD enzyme from HeLa cell cDNA** and rat®*®
PLDI1. Shortly thereafter, a second mammalian PLD enzyme,
PLD2, was cloned.3** 3% These two isoforms share 50%
sequence homology, mostly at the catalytic domain that includes
two conserved HxKsoaDxooooxG(G/S)xN catalytic motifs se-
parated by variable length of sequence predicted to form a
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Figure 8. Conserved domains in mammalian PLD include HKD motifs responsible for catalytic activity, and phox homology (PX) and pleckstrin
homology (PH) lipid binding domains thought to be involved in regulation of the enzyme. Other known sites of protein interaction are illustrated as well.

thermolabile loop. N-terminal to a conserved polybasic PI-
(4,5)P, binding domain,*”® the loop region differs for these
two PLD isoforms. PLD1 harbors an extended thermolabile loop
prone to proteolytic cleavage.”>® The length of this loop region is
variable dependent on the splice variant®*® (PLD1a = 116 aa
versus PLD1b = 78 aa), while PLD2 does not possess a significant
loop region (4 aa predicted loop). Shortened splice variants of
both PLD1 and PLD2 have been identified that compose
catalytically inactive enzyme.>*® Expression of these inactive
enzymes is observed in different tissues, including the brain,
but their function is unknown (see section 10.3.2.4).

At the amino-terminus, PLD1 and PLD2 share regulatory
domains similar to those of PLD{ and Spo14, including PX and
PH lipid binding domains. The PX domain binds polypho-
sphoinositides with high specificity, and anionic lipids with lower
specificity®>" (see section 10.3.3 for details), but this domain has
also been implicated in protein interactions with regulatory
proteins, including dynamin and Grb2 (see section 10.3.4 for
details). Tyrosine residues in the PLD2 PX domain can be
phosphorylated. The PH domain binds anionic phospholipids
with low specificity. This domain is palmitoylated at two con-
served cysteine residues that facilitate protein localization and do
not impact catalytic activity (Figure 8).

Despite similarities between the regulatory domain architec-
ture of the classic PLD isoforms, the majority of the sequence
divergence between these two mammalian PLD isoforms exists
at the amino-terminus. Deletion of the PX domain enhances
PLD1 activity. Truncation of the PLD1 PX domain and a portion
of the PH domain further increases activity. However, conserved
residues in a predicted a-helix at the C-terminal end of the PH
domain are necessary for catalysis in the liposome activity
assay>>” (unpublished data, Henage, Selvy, and Brown). Cell-
based studies demonstrate that N-terminally truncated PLD1
enzymes maintain high activity levels upon cellular stimulation
(see section 10.3.4 for details). This suggests, similar to the
extended loop region of PLD1, the amino terminus of PLD1 is
autoinhibitory, whereas deletion of the amino-terminus of PLD2
decreases activity and suggests PLD2 amino-terminus might
facilitate increased basal activity.

PLD1 and PLD2 share homologous C-terminal sequences.
The specific identity of the residues in this sequence must be
maintained for mammalian PLD activity. Nonconserved point
mutation or deletion impairs catalytic activity.***> The C-terminal

residues are suggested to interact with the catalytic core.**?

Studies by Steed et al. support this with identification of naturally
occurring PLD2 splice variants with truncated C-termini that
result in significantly decreased activity.**®

The bulk of mammalian PLD activity is attributed to these
classical PLD isoforms. These two isoforms, and subsequent
splice variants, hydrolyze phospholipids to generate phosphatidic
acid, and readily perform transphosphatidylation in the presence
of low concentrations of alcohol to perform headgroup exchange
and phosphatidylalcohol formation. Both isoforms are capable of
hydrolyzing PC, PE, PS, LPC, and LPS, but are not capable of
hydrolyzing PI, PG, or cardiolipin. Although PA is the major
hydrolytic product, hydrolysis of a lyso-lipid generates LPA.
Recently, mammalian PLD was proposed to generate cLPA from
lyso-lipids.>** cLPA could be formed similar to the transpho-
sphatidylation of LPC observed with autotaxin, where the
internal sn-2 hydroxyl group serves as the secondary nucleophile
to cyclize the product (see section 2.1.2.6).

In addition to PLD1 and PLD2, two mammalian enzymes
have been identified with significant sequence homology to viral
and prokaryotic PLD. PLD3, also called Hu-K4, bears significant
sequence homology to viral PLD enzymes K4 (48%) and p37
(25—30%)3*° (see section 3 for details on viral PLDs). This
enzyme has two HxKxxxxD/E motifs (in one motif the aspartate
is mutated to glutamate) and was recently shown to harbor a
predicted N-terminal type II transmembrane domain.**® This
facilitates protein insertion into the ER, with 38 aa exposed to the
cytosol, and the large C-terminus, including the HKD motifs and
multiple glycosylation motifs, exposed to the ER lumen. Catalytic
activity has not been detected for this PLD isoform, but it has
been postulated that this enzyme might hydrolyze lipids at the
lumenal phase of the ER, or may not bear lipase activity, similar to
the endonuclease activity of viral K4.**® The murine homologue
of this enzyme, Sam9, is expressed in the forebrain during late
neural development.**” Catalytic activity has yet to be defined for
this enzyme as well.

A single-HKD enzyme with homology to Nuc endonuclease,
called mitoPLD, was described.**® This enzyme bears an N-term-
inal mitochondrial localization sequence (MLS) in place of PX or
PH lipid binding domains. However, this localization sequence is
not processed and instead may facilitate insertion or anchoring
into the outer mitochondrial membrane. This enzyme is pre-
dicted to homodimerize, similar to Nuc. This is not the first
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description of PLD activity localized at the mitochondria,*” but
previous reports suggested mitochondrial PLD hydrolyzed PE to
generate PA. Instead, mitoPLD hydrolyzes cardiolipin, an abun-
dant mitochondrial lipid, to generate PA. This product facilitates
mitochondrial fusion events, because overexpression of mi-
toPLD results in formation of a single large perinuclear mito-
chondrion, whereas expression of a catalytically inactive mutant
resulted in fragmented mitochondria.**’

10.2. Tissue Expression and Subcellular Localization

The classic PLD isoforms, PLD1 and PLD?2, are expressed in
nearly all mammalian tissues. Because of the lack of clean, specific
antibodies, Northern blot analysis has routinely been used to
characterize PLD expression patterns. PLD1 and PLD2 are both
robustly expressed in heart, brain, and spleen. PLD1 exhibits low
expression in peripheral blood leukocytes, and PLD2 is poorly
expressed in liver and skeletal muscle.

While classic PLD isoforms, PLD1 and PLD2, catalyze the
same reaction, and utilize similar substrates to generate PA or
transphosphatidylation species, these enzymes are differentially
localized within the cell. There have been some discrepancies in
reports of subcellular localization of each PLD isoform, but this
could be due to differences in the cellular systems, growth
conditions, or the methods of detection (i.e., subcellular fractio-
nation or immunofluorescence of native versus tagged proteins;
note that tags can impact localization).

10.2.1. PLD1 Subcellular Localization. It is generally
accepted that PLD1 is localized to perinuclear membranes,
including early endosomes, and Golgi under basal con-
ditions,”****" with no reported difference in localization for
splice variants PLD1a and PLD1b.>*! Different regions of the
protein contribute to basal subcellular localization. Truncation
and point mutations have been used to identify the contribution
of these different regions. Sugars et al. determined PLD1 basal
localization is dependent on the PH domain, specifically an
acidic region (residues 252 and 253) thought to be important
for IP; binding, and conserved tryptophan residues in a
predicted a-helix that is critical for catalytic activity’** (see
section 10.4 for details). PLD1 is palmitoylated on two cysteine
residues in the PH domain (see section 10.3.3 for details), and
this lipid modification su;)ports basal protein localization at
intracellular membranes.>*> Point mutation of these cysteine
residues impairs palmitoylation and results in aberrant protein
localization. In the presence of serum, protein basally localized
to plasma membrane,*** whereas in the absence of serum, these
palmitoylation mutants are dispersed in the cytosol and trans-
location is tri§gered to the plasma membrane only upon serum
stimulation.’™ Hughes and Parker suggested the C-terminal
residues of PLD1 might also be necessary for endosomal
localization.*" This region of the enzyme is certainly necessary
for catalytic activity, and native splice variants of PLD1a and
PLD1b that lack these C-terminal residues do not basally
localize to endosomes. However, it has been suggested that
the C-terminus is integral for catalysis because it supports the
structure of the active site.”*> Therefore, enzymes lacking this
region may not in fact be folded properly, and this could result
in aberrant localization rather than the C-terminus itself directly
participating in protein localization. Catalytic activity is not
requisite for protein localization. Catalytically inactive point
mutants (PLD1b K466E and K860E) localize to perinuclear
endosomes similar to wild-type enzyme.>*' It should be noted
that individual domains of PLD1 expressed in isolation do not

localize similar to the full enzyme.***”>* This suggests that
multiple components and regions of the enzyme participate in
basal localization.

Upon cell stimulation, PLD1 translocates to the plasma
membrane or late endosomes. However, the type of stimulation
results in differences in translocation; for example, serum stimu-
lation in Cos7 cells results in translocation to late endosomes and
plasma membrane, whereas PMA stimulation triggers transloca-
tion to the plasma membrane®* (unpublished data Selvy and
Brown). PLD1 translocation to the plasma membrane in re-
sponse to cell stimulation is thought to be due to PI(4,5)P,
binding at the polybasic binding region between the HKD
motifs.”*’ Point mutations in this polybasic region, including
mutation of highly conserved arginine residues 691 and 695,
impair PLD1 translocation to the plasma membrane upon
stimulation. These data are supported by evidence that produc-
tion of PI(4,5)P, positively increases PLD activity. Finally,
N-terminal PX and PH domains facilitate recycling to specific
intracellular membranes.>*}

Nuclear PLD activity that responds to GTPyS via Rho
GTPase, but not Arf activation, has been described.>** A recent
report suggests this activity is due to nuclear imgort of PLD1 via
direct protein interaction with importin-3.>** A highly con-
served putative nuclear localization sequence (NLS) was iden-
tified between residues 553 and 564 for PLDb (KxRKxx-
KxxxxK). Importin-3 binds the NLS and facilitates active
transport into the nucleus. The NLS sequence exists in the
loop region between the catalytic HKD motifs and is not
present in PLD2. Mutation of any or all of the conserved
residues in this NLS sequence impairs nuclear localization.
Similar to the plasma membrane, PC is the major phospholipid
present in nuclear membrane. Nuclear PLD activity generates
PA that is rapidly metabolized to DAG. Jang et al. report this
PLD activity stimulates nuclear PKCa and ERK phosphoryla-
tion and activation.**® Catalytically inactive PLD1 point mu-
tants and PLD-selective small molecule inhibitors (section 11)
disrupt nuclear PKCa and ERK activation, supporting the
lipase-dependent activation mechanism. Immunofluoresence
microscopy and subcellular fractionation analysis have also
identified a nuclear PLD2 population; however, a putative
NLS has not been identified in PLD2 sequence,346 and further
study is necessary to determine the mechanism for PLD2
nuclear import. The intriguing report of a PLD1 nuclear import
mechanism begs further investigation to determine the poten-
tial signaling pathways modulated by nuclear PA production.

10.2.2. PLD2 Subcellular Localization. In contrast to the
intricate regulation of PLD1 via protein translocation, PLD2 is
generally observed to be constitutively localized to the plasma
membrane under basal conditions and translocates to recycled
vesicles with agonist-stimulated and desensitized receptors.*>®
PLD2 also binds to and localizes with 3-actin,>*” and in response
to EGF-stimulation localizes at membrane ruffles.**® Instead of
translocation upon cell stimulation, PLD2 activity and protein
interactions are modulated via phosphorylation at multiple
residues (see section 10.3.2.2 for details).

PLD activity has also been described for crude prep-
arations of mitochondria. Biochemically, this PLD activity
differs from that attributed to mitoPLD. In these mitochon-
drial fractions, calcium stimulation of an unknown enzyme
hydrolyzes PE to generate PA. This enzyme may not be a
member of the PLD superfamily because it is unable to
perform transphosphatidylation.>*’
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In some studies, PLD1 and PLD2 were observed to colocalize
at perinuclear and plasma membrane under basal conditions. The
finding that PLD isoforms may form intracellular complexes
might explain why introducing catalytic point mutants results in
dominant negative effects and reduces basal PLD activity.""***

10.3. Regulation

PA is a critical lipid second messenger for a range of
signaling cascades, but makes up 1—4% total lipid in the
cell.>*! PLD contributes to signaling pools of PA, and therefore
this enzyme is under tight regulation by elaborate mechanisms
including cofactor availability, signal induced subcellular translo-
cation, post-translational modifications, and protein—protein
interactions.

10.3.1. Divalent Cations. Similar to other PLD superfamily
members, mammalian PLD catalysis responds to divalent cation
concentrations. However, in contrast to other superfamily mem-
bers, including many plant enzymes, mammalian PLD catalysis is
largely unresponsive to calcium concentration in vitro.>* In vivo,
however, PLD activity is mediated by cellular calcium fluctua-
tions, which suggests calcium facilitates protein-activator activa-
tion, such as PKC, and indirectly modulates PLD activity. In
contrast, optimal catalysis levels require the presence of magne-
sium. In vitro PLD activity responds to changes in magnesium
concentration, with half maximal Arf-activated PLD activity at
100 4M magnesium. This concentration of magnesium may
facilitate catalysis directly, because this divalent cation does not
impact in vitro protein—lipid binding (unpublished data Selvy
and Brown).

10.3.2. Post-translational Modification. Shortly after
cloning of the first mammalian PLD enzymes, reports emerged
that these enzymes were post-translationally modified in re-
sponse to specific signaling pathways. Further characterization
highlights lipid modification, phosphorylation, ubiquitination, and
proteolytic mechanisms of PLD regulation.

10.3.2.1. Lipid Modification. PLD1°** and PLD2%” are post-
translationally palmitoylated at two cysteine residues in the PH
domain. In vitro, this modification does not significantly impact
catalytic activity, su§§esting palmitoylation serves to regulate
protein localization. 323%2 11 the cell, however, this lipid mod-
ification facilitates protein sorting into specific intracellular and
plasma membrane domains including lipid rafts (as mentioned in
section 10.2). In PLD1, Cys240 and Cys241 are palmitoylated,
with Cys241 the dominant modification site. As determined by
modeling the PLD1 PH domain onto the crystal structure of the
PLCO PH domain, these residues exist in a region predicted to be
an extended loop of the PH domain.>**** Lipid modification
requires expression of full length, catalytically competent PLD1.
Expression of the PH domain in isolation or of severely truncated
constructs of the enzyme does not result in modification.>** APX
PLD1 construct, lacking first 210 amino acids, is the shortest
truncation that can be expressed that yields localization and
catalytic activity similar to that of wild-type PLD1, and this
truncation construct is lipid modified.

10.3.2.2. Phosphorylation. Mammalian PLD isoforms PLD1
and PLD2 are phosphorylated in response to signal transduction
as a regulatory mechanism. PLD was originally determined to be
phosphorylated when it was immunoprecipitated with polyclonal
phospho-tyrosine antibodies.’*® Since this initial discovery,
rigorous biochemical and molecular biology techniques have
been employed to determine specific residues that are modified
and the resulting impact on PLD activity and signal transduction.

PLD1 regulatory mechanisms reported to date largely center
on protein translocation, while multiple PLD2 phosphorylation
sites have been described. Therefore, few reports of PLD1
phosphorylation exist. Early studies used sequence analysis to
identify two putative tyrosine phosphorylation sites [RK](x),,
3[DE](x),,3Y in PLD1 (aa 288—295 and aa 807—815). Evi-
dence of phosphorylation at these residues does not exist. PLD1
phosphorylation occurs in response to H,O, stimulation, and
increased phosphorylation has been shown to correlate to
increased lipase activity.>>* c-Src has also been reported to
phosphorylate PLD1, but this does not modulate lipase activity;
rather it modulates c-Src activity for downstream protein
substrate.”>> PKC isoforms are also known to modulate PLD1
activity.>*® Despite the evidence that PKC activation of PLD1 is
phosphorylation-independent, three residues are phosphory-
lated by PKC (Ser2, Thrl47, Ser 561).>*7 In vitro catalytic
analysis demonstrates that PKC phosphorylation of PLD1 likely
serves as an inhibitory mechanism.>>® Maximal PKC-stimulated
PLD activity is observed roughly 1 min following PLD—PKC
mixing. The time-course of this activation suggests protein—
protein interactions induce PLD activation (further discussed
in section 10.3.4.2). Maximal PLD1 phosphorylation at threo-
nine 147, however, occurs nearly 60 min after PLD—PKC
mixing.>** Maximal PLD1 localization to the membrane also
occurs at 60 min.

Multiple PLD2 residues are reportedly capable of being
phosphorylated by numerous kinases. Gomez-Cambronero and
colleagues have characterized tyrosine residues in the PLD2 PX
domain that mediate lipase activity and binding with SH2
domains. Tyr169 is highly conserved in all eukaryotic PLD and
is proposed to be important for high PLD2 basal activity.**’
Tyrl79 is present only in mammalian PLD and has been
proposed to negatively regulate Ras signaling®® (Ras/MAPK
signaling is increased nearly 2-fold with Y179F mutation).
Phosphorylation at these residues recruits the SH2 domain of
Grb2, which binds the Ras GEF, Sos, via its SH3 domain, to
activate MAPK pathway.**® The kinase responsible for phos-
phorylation of these residues has not been identified. However,
kinases responsible for phosphorylation at other PLD2 residues
have been identified. Tyr17S exists in a consensus Akt phosphor-
ylation site and was identified using a polyclonal antibody for
tyrosine phosphorylation at these consensus sequences.**® Phos-
phorylation at Tyr175 reportedly increases DNA synthesis via
MEK activation.

Recently, a better understanding of the regulation of PLD2
activity via phosphorylation was reported.*®’ Cycling of phos-
phorylation and dephosphorylation of PLD2 results in differ-
ences in lipase activity and downstream signaling conse-
quences. PLD2 binding Grb2 via phosphorylated tyrosine
residues in the PX domain results in increased lipase activity
(see section 10.3.4.3 for details), while dephosphorylation
of these residues by tyrosine phosphatase, CD4S5, increases
cell proliferation.®*" Further studies have used MS-based
proteomic analysis to identify other modified residues.*®>
Epidermal growth factor receptor (EGFR) negatively regu-
lates PLD2 lipase activity via phosphorylation at Tyr296.
In contrast, JAK3 increases PLD?2 lipase activity via Tyr415
phosphorylation. Finally, Src, also shown to modify PLDI,
phosphorylates Tyr511 on PLD2. The latter modification
does not directly modulate lipase activity, but instead likely
impacts protein interaction with Src and facilitates down-
stream events, similar to Src interaction with PLD 1. Multiple
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phosphorylation modifications can be integrated to finely
tune the activity level of PLD2 dependent on signaling
requirements.

10.3.2.3. Ubiquitination. A recent report demonstrated a
previously uncharacterized post-translational modification of
PLD1, but not PLD2, important for modulating both protein
localization and curbing lipase activity.**> PLD1 is multimo-
noubiquitinated at the PH domain in a catalytic and palmitoyla-
tion-dependent manner. Catalytically inactive point mutants
are not ubiquitinated, and treatment with PLD-selective phar-
macological inhibitors (see section 11), but not primary alco-
hol, disrupts PLD1 ubiquitination. Also, disruption of PLD1
palmitoylation impairs ubiquitination. Taken together, this
suggests that properly localized and catalytically competent
PLD1 allows ubiquitination, and this modification is not a
substrate—product feedback mechanism. The precise E3 ubi-
quitin ligase responsible for this modification is unknown, but
following ubiquitination PLD1 is shuttled to the proteasome for
degradation rather than the lysosome. Also, this modification
translocates protein from endosomal membranes to an en-
larged vesicle structure present in all cells transfected with
stably ubiquitinated PLD. These stably ubiquitinated con-
structs are not processed by deubiquitinating enzymes. As this
modification results in changes in PLD1 localization and marks
PLD1 for proteosomal degradation, ubiquitination of PLD1 is
likely an important regulatory mechanism to change or curb
lipase activity.’

10.3.2.4. Proteolysis. Classic mammalian PLD isoforms
PLD1 and PLD2 have been implicated in pro- and antiapopto-
tic signaling mechanisms and were recently reported to be
substrates for proteolytic caspase cleavage. Caspase cleavage of
the PLD isoforms appears to divergently regulate these en-
zymes during apoptotic signaling. In vitro*** and in vivo***3%°
studies demonstrate PLD1 is cleaved in multiple locations by
activated caspase 3, 7, and 8, while PLD2 is cleaved at several
sites by caspase 3 and 8. During apoptosis initiation, caspase 8
cleaves pro-caspase 3 to generate active caspase 3. Caspase 3
cleaves amyloid f4a precursor protein, making this enzyme the
dominant caspase in neuronal cell death mechanisms in Alzhei-
mer’s disease. Caspase-3 cleavage of PLD2 occurs at two or
three sites near the N-terminus (aa 13—28, a region N-terminal
to the PX domain) and does not result in significant changes to
molecular w é%ht, catalytic activity, localization, or apoptotic
signaling.329’3 PLD2 renders an antiapoptotic response, likely
via induction of antiapoptotic protein expression (Bcl-2 and
Bcl-XI) and down-regulation of pro-apoptotic proteins (Egr-1
and PTEN). Inhibition or RNAi knockdown of PLD2 increases
apoptotic signaling.

In contrast, caspase proteolysis appears to be a significant
regulatory mechanism for PLD1. In vitro, PLD1 is cleaved by
caspase 3 in three positions (Asp41, AspS4S, Asp581).364 In
vivo, position 545 is the dominant cleavage site.>*” This residue
lies in the PLD1 loop region that separates the two catalytic
HKD motifs. Cleavage at this position produces a 56 kDa
C-terminal fragment (CF-PLD1), which localizes to the nu-
cleus via an exposed nuclear localization sequence (see section
10.2.1 for details), and a 60 kDa N-terminal fragment (NF-
PLD1) that remains in the cytosol.>* Full length PLD1 activity
is protective against apoptosis by suppressing pS3 signaling.
NF-PLD1 acts as a dominant negative for full length PLD1 (via
hydrophobic interactions), inhibiting PLD1 activity, and result-
ing in derepression of p53.*> Therefore, caspase cleavage of

PLD1 decreases in vivo activity and induces pS3-dependent
apoptotic signaling. Steed et al. identified a PLD1 splice variant,
PLDIc, that expresses a PLD1 enzyme with an early stop codon
at residue 513.7*® This protein is expressed in human brain and
may function in a pro-apoptotic mechanism, similar to NF-
PLD1. Further study of this truncated splice-variant and NF-
PLD1 induced signaling is necessary. Jang et al. demonstrated
PLDI proteolytic processing is pathologically relevant.**’
Analysis of post-mortem brain tissue from Alzheimer’s patients
demonstrated increased active caspase 3 and evidence for caspase-
proteolyzed PLD1 fragments, as compared to age-matched brain
tissue.

10.3.3. Lipid Cofactors. PLD localization and subsequent
post-translational modification have a significant impact on lipase
activity. In cells, lipid cofactors are thought to mediate subcellular
localization through directly interacting with lipid binding do-
mains of the enzyme (see section 10.2.2), as deletion or mutation
of these domains changes subcellular localization. In some cases,
the mutant constructs change the ability of the enzyme to interact
with membranes basally or change translocation of the enzyme to
membranes upon cell stimulation. Recruitment of PLD upon
PIP, or PIP; production allows upstream lipid kinases or phos-
phatases to mediate PLD lipase activity. It has been observed that
when PLD fails to localize properly or be recruited to the proper
membrane substrate upon stimulation total lipase activity is
impaired.

In vitro, phospholipids directly and indirectly modulate lipase
activity. Many of the observed in vitro effects of specific lipid
species must be rigorously confirmed, because, as discussed in
section 2.2.4, the properties of the lipid substrate presentation
can modulate PLD activity in ways that may be physiologically
relevant. For example, inclusion of high concentrations of
negatively charged phospholipid may impair the ability of the
enzyme to interact with the lipid interface or with substrate
headgroup. Also, lipase activity on lysolipid substrates is signifi-
cantly enhanced when presented in a lyso-lipid micelle when
compared to more complex presentations, such as lyso-lipids in a
diacyl phospholipid liposome (unpublished observations Spen-
cer, Scott, and Brown). As discussed in section 2.2.4, this is likely
due to headgroup access, rather than a direct allosteric modula-
tory affect on the enzyme.

The presence of some lipid species can directly affect
protein—interface binding (K,) by directly binding the en-
zyme. Separate from the active site, three other allosteric lipid
binding sites have been described for PLD1 and PLD2,
including the PX, PH, and polybasic P1(4,5)P, lipid bind-
ing motif. The PX domain binds polyphosphoinositides
[P1(3,4,5)P; > PI(3)P > PI(S)P > other PIs] with high spec-
ificity at the putative primary binding Pocket composed of
conserved lysine and arginine residues.”®' At a secondary site,
likely in the form of an exposed protein surface rather than a
binding pocket including a conserved arginine (present in PLD1
and not PLD2), anionic lipids including PA and PS also bind.
However, in comparison to the other two lipid binding domains,
the PLD PX domain binds lipids with poor affinity. This suggests
the PX domain likely acts as a tertiary regulatory domain, to
fine-tune protein—lipid interactions initiated by another lipid
binding site.

The PH lipid binding domain binds PI(3,4)P, and PI(4,5)P,
with specificity over other phosphoinositides.”****® However, as
discussed in section 10.2.2, this domain is lipid modified, and
many of the observed effects of deletion of this domain may be
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Table 5. Mammalian PLD Regulatory Proteins

class activator PLD isoform consequence
small GTPase  Arf PLD1,PLD2  activate (k)
RhoA PLD1 activate (K,,)
Racl PLD1 activate (K,,)
Rac2 PLD2 activate
Cdc42 PLD1 activate (K,,)
kinase PKC PLD1 (PLD2) activate (ke and Kj,,)
Src PLD2 phosphorylate
other Gpy inhibit
Grb2 PLD2 activate
F-actin activate
G-actin inhibit
Amphiphysin II inhibit
AP3/AP180 inhibit

due to the absence of this palmitoylation. In vitro, the entire PH
domain is not requisite for PLD activity, although deletion of a
conserved o helix at the C-terminus of the PH domain does
impair lipase activity.

Finally, the polybasic PI(4,5)P, binding motif binds P1(4,5)P,
with high specificity and affinity.””” Lipid binding at this motif
facilitates interfacial lipid interaction and enhances catalytic
activity. Human PLD1 bulk lipid binding constant (K, = 10
UM) for PE:PC:PI(4,5)P, lipid vesicles (87:8:5 mol %) is more
than 7-fold higher than bulk lipid binding constant for PE:PC
vesicles (unpublished data Selvy and Brown). Optimal P1(4,5)P,
mol %, 5—8%, in a phospholipid vesicle enhances stimulation by
regulatory proteins including Arf GTPase'* (see section
10.3.4.1). Some reports of in vitro lipase activity can be measured
for full length PLD in the absence of PI(4,5)P, with the addition
of molar concentrations of ammonium sulfate (optimal activity
at 1—1.6 M). 36738

Other reports of modulatory phospholipids are scattered in
early PLD literature, but have not been followed up on. An
intriguing observation by Nakayama et al. suggested that PE,
including dioleoyl and plasmalogen-rich species but not dipal-
mitoyl-containing species, enhances PC hydrolytic activity of
PLD isolated from bovine kidney.>*” Another report suggested
that that PI, LPI, and LPS, but not PS, negatively impact PLD
activity.*® It is unknown whether these effects are direct or
indirect and whether they were specific to the in vitro assay
format.

10.3.4. Regulatory Proteins. With increased ease of re-
combinant PLD expression (see section 10.4) and measurement
of in vitro PLD activity (see section 2.2.5), a growing number of
proteins have been reported to modulate PLD activity. Some of
these proteins have been shown to directly modulate mammalian
PLD activity through a protein—protein interaction, and those
are described here, whereas others may indirectly regulate PLD
and participate in PLD signaling pathways, and these proteins are
detailed in section 10.5 and Table S.

10.3.4.1. Small GTPases. Small GTPases were the first
proteins demonstrated to directly modulate PLD activity
through allosterically binding PLD. These enzymes are confor-
mationally activated upon binding GTP in place of constitutively
bound GDP, sometimes with the aid of guanine exchange factors
(GEF) proteins, in response to signal transduction (see section
10.5 for example of functional consequences of small GTPase

activation). GTPase activating proteins (GAPs) functionally
inactivate the GTPases through facilitating intrinsic GTP hydro-
lysis. Subfamily members of the Ras GTPase superfamily,
including Arf'>**”® and Rho family of GTPases,****"*"* stimulate
PLD activity in vitro.

Arf GTPases, including Arfl and Arf6, stimulate PLD
activity.'”® These were the first proteins demonstrated to
activate mammalian PLD in an in vitro reconstitution system.
Early in vitro characterization of PLD1 and PLD2 suggested
that PLD1 alone was stimulated by Arf.**® Subsequent studies
have shown that PLD2, while not activated to the same extent,
can be stimulated 2-fold over the already high basal activity with
GTPyS-activated Arf.>*”*”> Henage et al. demonstrated that
Arfl increases total maximal activity (k.,) in a concentration-
dependent manner. At 150 nM Arfl, PLD1 activity increased
4—6-fold over basal levels.'*> Arf stimulation is strongly de-
pendent on the PI(4,5)P, mol %. This has led some to speculate
that Arf may indirectly activate PLD by rearranging the phospho-
lipid head groups at the interface in a PI(4,5)P,-dependent
fashion.””* We and others have demonstrated that Arf activates
PLD in the absence of PI(4,5)P,%">%7° (unpublished data
Selvy and Brown), suggesting possibly a second mechanism of
activation for Arf. Intriguingly, synergistic stimulation of
PLD1 activity is observed when Arf is combined with PKCa
or Rho family GTPases.'*® This demonstrates that Arf acts
in concert with other modulatory enzymes to titrate the
PLD response, and this finding could be of immense con-
sequence in vivo. Some groups have attempted to identify
the precise PLD binding site for Arf,*”” but to this date the site
has not been unambiguously determined. In vitro, Arf acti-
vates N-terminally truncated PLD1'** and PLD2;*”* there-
fore, the site likely exists somewhere in the catalytic domain.
Arf is myristoylated at its amino-terminus. Arf-activation
of PLD does not require this lipid modification, but stimula-
tion is enhanced with N-myristolated of Arf. In fact, the
N-terminus of Arf is the specific region implicated in PLD
interactions.*”®

The Rho family of GTPases, including RhoA, Cdc42, Racl,
and Rac2, directly activates mammalian PLD. Rho, Cdc42, and
Racl are binding activators of PLD1 and stimulate substrate
binding affinity (1/K,,).">* Arf and Rho family GTPases syner-
gize to significantly increase PLD1 activity beyond an additive
response. PLD1 does not have a putative CRIB (Cdc42 and Rac-
interactive binding) motif, but using truncation deletions, the
Rho family-PLD1 binding site was mapped to a region in conserved
domain IV in the carboxy-terminus of PLD1.>”” In a GTP-
dependent mechanism, the Rho family GTPases bind PLD
through the switch I region.304 However, binding occurs inde-
pendently from activation. Geranylgeranylation of Cdc42 is not
required for PLD binding, but is required for PLD activation.”**
Cdc42 activation of PLD1 is mediated through the Rho-insert
region, an « helix conserved in all Rho GTPases. However, this
insert is not necessary for RhoA or Rac activation of PLD1.**°
Rho, Cdc42, and Racl selectively activate PLD1. However, a
recent report suggests that Rac2 may activate PLD2 via a
previously uncharacterized mechanism.”®" This report identifies
two poorly conserved CRIB motifs (CRIB1 aa 255—270, and
CRIB2 aa 306—326) in or near the PH domain of PLD2. Rac2
coimmunoprecipitates with PLD2, and mutation within these
regions disrupts this interaction.”®'

Two other Ras GTPases have been proposed to directly
modulate PLD. RalA, a Ras-like GTPase implicated in cancer
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cell transformation, coimmunoprecipitated with PLD1 but not
PLD2.*** In another study, identification of the RalA binding site
on PLD1 was attempted.’”” This study suggested that RalA binds
at a site independent of Arf, allowing Arf and RalA to synergis-
tically activate PLD1.*”” In vitro, RalA enhanced PLD1 activity in
a GTP-dependent mechanism.>””*** Rheb, a member of the Ras
GTPase family, has also been reported to directly activate PLD1
in vitro.**?

10.3.4.2. Kinases. As mentioned in section 10.3.2.2, PLD is
phosphorylated post-translationally as a regulatory mechanism.
Therefore, it is not surprising that kinases directly interact with
PLD to regulate activity. Protein kinase C (PKC) isoforms are
the most well-studied kinases that directly interact with PLD.
Classic PKC isoforms @, f3, and y are stimulated by calcium and
DAG and are therefore responsive to PMA-stimulation. In cells,
these classic isoforms stimulate PLD1 and PLD?2 activity down-
stream of PLC activation. PKCa phosphorylates PLD1**7 and
PLD2%** at serine and threonine residues, but activation is not
phosphorylation-dependent. In time-course studies, PMA-in-
duced PLD activity occurs immediately, and phosphorylation
only occurs later with a concomitant decrease in lipase activity,
suggesting phosphorylation decreases PLD activity.****** The
PKC binding domain was mapped to the amino-terminus of
PLD1;**° however, PKC is able to activate N-terminally trun-
cated PLD1 in a phosphorylation-independent mechanism.">*
PKC modulates PLD activity in a bimodal fashion. PKC
enhances k., as well as substrate binding (Ky,), and therefore
synergistically activates PLD1 in combination with catalytic
activator Arf GTPase.'>® However, amino-terminally truncated
PLD1 constructs only show enhanced K, in response to PKC.

10.3.4.3. Other Regulatory Proteins. Numerous proteins
have been reported to modulate PLD activity in response to
signaling pathway activation, and a number of them have been
demonstrated to do so directly. PED/PEA-15 (phosphoprotein
enriched in diabetes/phosphoprotein enriched in astrocytes) is
overexpressed in many tissues in type II diabetes patients. This
protein directly binds conserved re§i0n IV (CRIV) of PLD and
enhances PKC-activation of PLD.*® This interaction impairs
insulin regulation of the glucose transporter and insulin secre-
tion, whereas competing for the PED/PEA-15 protein interac-
tion with exgression of the PLD1 CR IV domain restores insulin
secretion.”®® This interaction is suggested by the authors to be a
novel therapeutic target for type II diabetes. Grb2 is another
protein that positively regulates PLD activity. Grb2 serves as a
scaffolding protein to recruit signaling proteins including Sos, the
Ras GEF, to the plasma membrane. As discussed in section
10.3.2.2, the Grb2 SH2 domain binds PLD2 through phospho-
tyrosine residues.”” The SH3 domains that flank the SH2
domain have been suggested to stimulate PLD activity.

Direct protein interactions that curb lipase activity have also
been described. The heterotrimeric G/ subunits, dissociated
from the Ga subunit upon GPCR stimulation, directly interact
with the catalytic domain of PLD1 and PLD2 to inhibit
activity.**” PLD has been implicated in synaptic vesicle traffick-
ing. Two synaptic vesicle-associated proteins, amphiphysin I and
AP3 (also called AP180), directly bind PLD and inhibit lipase
activity. Amphiphysin I heterodimerizes with Amphiphysin II to
associate with clathrin coated vesicles. The N-terminus of
Amphiphysin I directly binds PLD1 and PLD2 with affinities
of roughly 15 nM, inhibiting catalytic activity. Assembly protein 3
(AP3, also called AP180) binds clathrin-coated vesicles and the
C-terminus of PLD1 to inhibit lipase activity.

Cytoskeletal components directly modulate PLD activity.
Monomeric G-actin inhibits PLD activity. Conversely, PLD
activity triggers actin polymerization, and polymerized F-actin
stimulates PLD activity. This divergent signaling mechanism
may enhance cytoskeletal reorganization in localized subdo-
mains of the cell. PLD2 has also been shown to directly bind
microtubules, again suggesting that these interactions sequester
the protein as a means of ensuring phospholipase activity is
limited to the correct locations within the cell. Other proteins
originally thought to directly interact with PLD and inhibit
activity include a-synuclein, which has subsequently been
shown to not inhibit PLD activity in vitro or in cells over-
expressing this protein.388

10.4. Recombinant Protein Expression and Purification

A limiting factor in studying the biochemical and structural
character of mammalian PLD enzymes is that, to date, the
enzymes have proven tremendously difficult to express and
purify recombinantly. In contrast to plant and fungal enzymes,
which are readily expressed and isolated from bacterial expres-
sion systems, mammalian PLD enzymes have not, to date, been
expressed as catalytically active proteins in prokaryotic expres-
sion systems. Even plant and yeast enzymes with highly con-
served regulatory and catalytic domains, such as PLD{ and
Spol4, are catalytically active when expressed and purified from
bacteria, whereas catalytically competent mammalian PLD
enzymes have not been expressed or isolated from bacteria.**’
In Escherichia coli, mammalian PLD protein is highly proteo-
lyzed and localizes to inclusion bodies, where insoluble, un-
folded, aggregate protein is collected. Attempts to purify and
refold mammalian PLD from inclusion bodies have not been
reported.

However, there are multiple instances of recombinant mam-
malian PLD expression in eukaryotic systems, including insect
cells, Spodoptera frugiperda,129’2°5 yeast, and Schizosaccharo-
myces pombe.”*® Catalytically active mammalian PLD1 and
PLD2 can be expressed and partially purified from these
eukaryotic recombinant systems. Because post-translational
modifications, including lipid modification and phosphoryla-
tion, are not necessary for catalysis (see section 10.3.2), and
refolding from inclusion bodies has never been successful, this
suggests eukaryotic protein chaperones may be integral for
proper folding of mammalian PLD enzymes. Intriguing studies
from John Exton’s group support this by demonstrating that
the amino and carboxy terminal domains can be expressed
on separate plasmids and copurified as catalytically active
complex.>** However, mixing of amino and carboxy termini
that were expressed and purified in isolation does not yield
catalytically active protein.

When expressed in insect cells (monolayer cultures of $f21 or
Sf9 cells), the bulk of mammalian PLD1 protein is soluble or
loosely membrane-associate and is easily extracted with mid ionic
strength buffers and can be purified in the absence of detergent.
Mammalian PLD2, however, is mostly membrane-associated,
and efficient protein extraction requires high salt and detergent.
Throughout purification, this enzyme is not stable without
detergent, which can be used at concentrations below the critical
micelle concentration (cmc).

Purification of mammalian PLD1 and PLD2 using classic
chromatographic methods, such as ion exchange, heparin, and
size-exclusion, yields partially pure fractions. Purity is further
enhanced when mammalian PLD is expressed with affinity-tags;
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the best results are obtained through the use of multiple tandem
affinity purification steps coupled with classic chromatographic
methods. However, placement of the affinity tag at the amino-
terminus is critical. Modification to the carboxy terminus sig-
nificantly decreases catalytic activity, as would be expected on the
basis of PLD2 splice variants with truncated carboxy termini that

yield proteins with 8 —12% of the activity of full length PLD2
enzyme.””®

Despite the increased purity afforded by tandem affinity tags,
mammalian PLD, particularly PLD1, is poorly expressed in insect
cells. Low expression levels may be due to the fact that expression
of catalytically active PLD enzymes is deleterious to insect cell
viability. Supporting this is evidence that expression is signifi-
cantly increased for catalytically inactive mutants or amino-
terminally truncated constructs that do not exhibit proper
localization or catalytic activity in cells. Recent studies demon-
strate that truncation of the amino terminus of PLD1 coupled

with use of a large affinity tag (bacterial maltose binding protein,
commonly used to enhance solubility of recombinant proteins)
significantly increase expression and enable one-step affinity
purification of homogeneous PLD."*>'*

10.5. Signaling Pathways

More than 15 years after the cloning of the first mammalian
PLD, this enzyme, its activity, and products continue to be
implicated in a wide range of signaling pathways and cellular
functions. These pathways include receptor-mediated re-
sponses, growth and survival pathways, and vesicular trafficking.
PLD-mediated cytoskeletal reorganization in response to che-
moattractants and pathogenic infection are critical immunologic
functions. Only recently have potent and isoenzyme selective
small molecule inhibitors of mammalian PLD isoforms be-
come available. Many studies continue to utilize primary
alcohols to implicate PLD in different signaling pathways.
As described in section 2.2, in the presence of low concentra-
tions (<3%) of primary alcohol, mammalian PLD will perform
transphosphatidylation and generate a metabolically stable
phosphatidylalcohol instead of phosphatidic acid. Discrepan-
cies are now emerging between functions of PLD previously
reported using alcohols, and those demonstrated using RNAi
knockdown, small molecule inhibitors, or those observed in
knockout animals.>*! Signaling roles for PLD mentioned here
include those determined using primary alcohols as well as
knockdown or pharmacological inhibition. However, further
characterization of PLD activity using these newer methods is
necessary to clarify and validate previously defined roles of
mammalian PLD.

10.5.1. Receptor-Mediated Signaling. Extracellular stimu-
li trigger intracellular responses via cell receptors present at the
plasma membrane. These include GPCRs, receptor tyrosine
kinases (RTKs), and integrins, all of which mediate signaling
through PLD activation. The specific mechanisms for receptor-
mediated PLD activation differ between cell types, but the
canonical pathways are described here.

10.5.1.1. GPCR Signaling. G protein-coupled receptors
(GPCRs) trigger dissociation of Ga and Gfy heterotrimeric G
proteins upon agonist stimulation. Uncoupled heterotrimer
subunits elicit signaling cascades through downstream effector
proteins. Many of these pathways elicit functional responses
through signaling to PLD in multiple ways (Figure 9). In the
canonical pathway, upon agonist stimulation, GTP-Ga, stimu-
lates PLC/3 hydrolysis of P1(4,5)P,, producing DAG and IP; (see
excellent reviews by Rhee 2001 on PLC subtype activation,*”*
Hubbard and Hepler 2006 for review on Gq family,* and
Harden review in this issue). IP; triggers calcium release from
the ER, and this coupled with DAG synergistically activates
PKCa, which in turn bimodally activates PLD (discussed in
section 10.3.4.2). Litosch and colleagues recently showed that
this PLCJ signaling is potentiated by PLD-produced PA.*****°
Dissociated Gfy also activates PLCJ3, to indirectly activate PLD
in a PKC-dependent manner. Additionally, Preninger et al.
demonstrated that the Gy subunit of the heterotrimer can
directly inhibit PLD activity via interactions through the PLD
catalytic domain.*®” Gfy interaction disrupts both basal and Arf-
stimulated activity.**”**® As illustrated in Figure 9, levels of PLD
activation are intricately titrated in response to specific agonist-
mediated or intracellular circumstances.

The Gy,/15 class of heterotrimers activates PLD in a small
GTPase-dependent manner. Ga, activates RhoA via Pyk2, a
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Figure 10. Activation of PLD through epidermal growth factor receptor
(EGFR), a canonical receptor tyrosine kinase. Activated EGFR and
PLCy regulate PLD (panel A); EGFR activation of Grb2 and Sos
induces PLD activation (panel B); and EGFR activation of PI3K
regulates PLD and mTOR signaling (panel C).

focal adhesion tyrosine kinase, which directly stimulates PLD1
activity. As shown in Figure 9C, Ga ; activates the y subtype of
PI3K to generate PIP;. Upon PIP; binding, ARNO and Rho
GEF trigger GDP for GTP exchange on Arf and RhoA,
respectively.””” These activated small GTPases then directly
activate PLD (as discussed in section 10.3.4.1). Ggand Gy, also
stimulate Src, which tyrosine-phosphorylates both PLD at the

PH domain and the receptor tyrosine kinase, EGFR (Figure 10;
see section 10.5.1.2 for signaling details). PLD phosphorylation
does not affect cellular phospholipase activity, but the direct
interaction does enhance Src kinase activity.>>> EGFR phos-
phorylation results in homodimerization, autophosphorylation,
and GPCR-EGFR transactivation in the absence of EGFR
agonist.398’399

Roles for PLD in pathogenic response have been reported,
many of which are GPCR-mediated and result in changes in
reactive oxygen species formation, vesicular trafficking, or tran-
scription. In leukocytes, PLD1 expression is induced in response
to pathogenic and pro-inflammatory stimuli through activation
of membrane receptors including the Gj-coupled f-Met-Leu-Phe
receptor (fMLPR). PLD activity in macrophages and neutrophils
is implicated in respiratory burst,**° engulfment of bacteria, and
reorganization of cytoskeletal elements. Recently, PLD was
shown to be involved in HIV replication via CCRS, an MIP-1
chemokine receptor that interacts with an HIV glycoprotein.**"
In response to CCRS agonist stimulation, PLD is activated in an
ERK1/2-dependent manner to activate transcription factors,
including NFxB, which facilitate replication of the latent HIV
genome integrated into the host genome.

PLD is a major source of PA generated by cell surface
receptor-mediated signaling pathways. Its primary substrate
in mammalian cells is PC, but consistent with its catalytic
mechanism it can also utilize other amine containing glycer-
ophospholipids as substrates (e.g., PE and PS). The molecular
species of PA generated by PLD are predominantly mono- and
diunsaturated species, particularly 16:0/18:1 containing fatty
acyl species. Work from Michael Wakelam’s laboratory pro-
vided an insightful comparison of DAG and PA species gener-
ated from PLC and PLD sources, respectively.**>**> The
authors reported differences in cellular targets modulated by
these distinct signaling pathways, such as the lack of PKC
activation by molecular species of DAGs generated downstream
of PLD. Activated in parallel by many of the same cell surface
receptors, PLC isoenzymes generate two second messengers
from the hydrolysis of P1(4,5)P,, DAG and IP;. The DAG
generated via the PLC pathway is typically polyunsaturated
(e.g, 38:4 DAG) reflecting the major species of the PIP,
substrate available in mammalian cells.*** The polyunsaturated
DAG generated from PLC provides a second and distinct
signaling source of cellular PA via the transfer of a phosphate
from ATP to DAG through the action of a DAG kinase. An
excellent review of DAG kinase isoenzymes types and regula-
tion is provided in this thematic issue by Richard Epand and
coauthors.*® Different isoenzymes of DAG kinases have dis-
tinct substrate specificities. Recent advances in electrospray
ionization mass spectrometry have identified a surprising
diversity of DAG molecular species that can now be resolved
and quantitated using a linear regression algorithm.**® This
type of analysis has revealed that DAG kinase isoenzymes have
extremely diverse functionalities and substrate preferences
leading to differences in the array and relative concentrations
of acyl species of DAGs in cells followin_g erturbations, such as
overexpression or genetic knockouts.*””**® For example, DAG
kinase epsilon shows the ability to select acyl chains on both the
sn-1 and sn-2 positions of the glycerol backbone of the DAG
substrate as well as on its product, PA, which modulates a
feedback inhibition of this isoenzyme.** This PLC-DAG
kinase pathway provides a distinct phase of PA that appears
later in the temporal sequence of receptor-mediated PA
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generation. By contrast, the PA molecular species generated by
PLD appear rapidly after receptor activation, but are also
rapidly metabolized into DAG via the actions of lipid phospha-
tases. The ultimate metabolic fates and functional distinctions
of these two sources of signaling PA species are not as yet fully
defined, but the recent development of new types of lipid
probes that utilize alkyne-cobalt chemistry'** provides oppor-
tunities to track and identify lipid metabolites even after
multiple biotransformations. This will facilitate identification
of distant metabolites and allow the functional consequences of
different sources of PA production to be unambiguously
determined.

10.5.1.2. Canonical RTK Signaling via EGFR. The EGFR is
highly conserved in eukaryotic organisms and is a representative
member of the ERBb family of growth factor receptors with
intrinsic tyrosine kinase activity. EGFR activates downstream
signaling pathways including those responsible for growth,
survival, and cytoskeletal reorganization. Aberrant EGFR signal-
ing has been implicated in tumorigenesis.

Upon GPCR transactivation or binding epidermal growth
factor (EGF), EGFR homodimerizes and tyrosine phosphory-
lates the adjacent receptor in the cytosolic region to generate an
active receptor complex (activation mechanism reviewed410).
These phosphotyrosine residues serve as docking sites for down-
stream effector proteins, including PLCy1, Grb2, and PI3K.
Even prior to cloning the mammalian PLD isoforms, PLD
activity was shown to be activated by EGFR stimulation. Critical
characterization of the multiple, and sometimes overlapping,
mechanisms in which EGFR signaling activates PLD activity has
been performed. For simplification, these are illustrated and
described in separate schematics.

PLD2 can be localized to EGFR via its PX domain. In
Figure 10A, the PX domain of PLD2 binds the SH3 domain of
PLCy1, which directly localizes to the EGFR. PLCy 1 hydrolyzes
P1(4,5)P, to generate DAG ad IP;. Similar to GPCR-activation
of PLCf, PLC-derived products induce PKCa activation of
PLD. Changes in actin polymerization can occur in response
to GPCR or RTK signaling. PLD has been shown to directly bind
actin, resulting in mutual regulatory interactions (see section
10.3.4.3).

In a separate mechanism of PLD activation, PLD2 directly
interacts with the EGFR. At the receptor, phosphotyrosine
residues in the PLD2 PH domain bind the Grb2 SH2 domain.*""
This interaction enhances phospholipase activity, via Grb2 SH3
interaction, to generate PA (see section 10.3.4 for details on
regulatory interaction). Recently, Zhao et al. demonstrated that
the Ras GEF, Sos localizes the PLD2-produced PA, where it is
activated by Grb2.*'> Subsequent Ras activation elicits a host of
signaling cascades. Ras activates PI3K, which generates PIP; and
induces Akt translocation and activation. Ral GEF is also a Ras
effector protein, which results in GTP-Ral activation of
PLD 382413 Finally, Ras activates Raf, which localizes to the
plasma membrane via PLD-produced PA interactions. Ras
signaling through Raf triggers activation of the MAPK pathway
and, via NFkB, subsequently upregulates transcription of genes
involved in survival, proliferation, and differentiation.

Somewhat more controversial is the role of PLD in EGFR-
stimulated mTOR signaling (reviewed*'**'%) illustrated in
Figure 10C. Several reports suggest PLD generated PA com-
petes for raépamycin and FKBP binding in the FRB domain of
mTOR>*'® These studies were performed using primary
alcohols to show mTORCI kinase activity was significantly
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Figure 11. The role of PLD in endocytosis and receptor internalization.

decreased upon diverting PLD activity to generation of trans-
phosphatidylation product. A follow-up study used NMR to
map the PA binding site within the FRB domain.*'” The small
GTPase Rheb was recently suggested to stimulate PLD1 as a
feed forward mechanism of mTORCI activation.*®* Again,
these studies relied heavily on the use of primary alcohols,
RNAi knockdowns, and a somewhat incomplete biochemical
analysis. Subsequent use of PLD-selective small molecule
inhibitors and genetic knockouts may illuminate that the role
of PLD in mTOR regulation is considerably more complex with
both feedforward and feedback modulation.

10.5.1.3. Integrin Signaling. Integrins support cell adhesion
as well as growth and survival by functioning as both an anchor to
the extracellular matrix (ECM) as well as a signaling receptor.
Although integrins do not possess intrinsic enzymatic activity,
upon ligand binding, these receptors elicit signaling pathways
similar to those of growth factor receptors by heterodimerizing
and binding various effector proteins at their cytosolic face.
Integrins heterodimers can signal independently or complex
with growth factor receptors to trigger chemotaxis, cell differ-
entiation, proliferation, and survival (reviewed*'®). As in EGFR
signaling pathways, PLD is activated downstream of integrin
receptors via multiple mechanisms.

Focal adhesion kinase (FAK) directly binds the integrin
receptor to induce Ras-mediated signaling and MAPK activation.
Ras activates PI3K to generate PIP;. In response, the Rho
GTPase, Rac, undergoes guanine nucleotide exchange, thereby
triggering PLD activation.*'? Canonically, PLD1 is directly
stimulated by C-terminal interaction with Racl. However, Pang
et al. have shown that Rac2 directly interacts with PLD2 via CRIB
domains in the PLD N-terminal regulatory domain.*®' In vitro
the C-terminus of Rac selectively binds PA. In cells, PLD-
produced PA triggers Rac translocation to membrane ruffles
and lamellipodia.*" Treatment with n-butanol results in cyto-
solic localization of GTP-bound Rac, supporting the role of PLD
in Rac translocation. At regions of membrane protrusion and
lamellipodiae formation, Rac facilitates cytoskeletal reorganiza-
tion. PLD colocalizes at these membrane microdomains and
induces actin polymerization (see section 10.3.4.3 for regulatory
mechanisms).

Integrin signaling also mediates Arf activation of PLD. Integrin
effector proteins elicit Arf GAP, ASAP, localization to the leading
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edge of migrating cells to attenuate Arf signalin: (reviewed**)
and perturb Arf-activation of PLD (reviewed).**' This bimodal
mechanism of small GTPase regulation titrates levels of phos-
pholipase activity during integrin-mediated membrane ruffling,
cell migration, and invasion.

Similar to the role of PLD in Dictyostelium migration (see
section 6.3), mammalian PLD isoforms have been implicated in
chemotaxis. These enzymes, stimulated by Rho GTPases down-
stream of integrin, chemokine, and growth factor receptors,
trigger cytoskeletal rearrangement and membrane ruffling. Pri-
mary butanol and PLD-selective inhibitors disrupt these path-
ways, suggesting PA formation as well as protein—protein
interactions participate in these signaling responses.

As discussed in section 10.5.1.2, PLD-produced PA has been
suggested to directly activate mTOR and facilitate mTOR
complex formation and signaling, including mTORC2 and
subsequent Akt phosphorylation. Akt and mTORC?2 signaling
not only support pro-survival signaling via MDM?2 stabilization,
and BAD and Bdl-XI activation, but also induce cytoskeletal
reorganization. mTORC2 induces actin polymerization and
triggers myosin II assembly and cell migration via PAK and
myosin phosphorylation. PLD activity also induces secretion of
proteolytic matrix metalloproteases that degrade surrounding
ECM to facilitate cellular movement.

10.5.2. Vesicular Trafficking. Mammalian PLD enzymes
differentially localize to cellular membranes to directly and
indirectly induce changes in membrane curvature and fusion
that facilitate endocytosis/exocytosis and vesicular trafficking. As
discussed in section 10.2.1, PLD1 primarily localizes to intracel-
lular membranes including TGN and endosomal membranes and
has constitutively low basal activity. Upon cell stimulation, PLD1
translocates to plasma membrane and is activated. PLD2 is
generally constitutively localized to the plasma membrane and
has high basal activity.

Arf GTPases activate the otherwise low basal activity of
PLD1. Arfl stimulates Golgi-localized PLD,** while Arf6
stimulates PLD1 at the plasma membrane.**? In an indepen-
dent mechanism, Arf present at either membrane cooperates
with Arf-stimulated PA to facilitate vesicle formation.****** In
contrast to the Sec14 bypass mechanism in yeast, PA accumu-
lation, rather than DAG, facilitates vesicle budding. This may

be due to several PA-related mechanisms. PA is a cone shaped
lipid and induces changes in membrane curvature. Arf and PA
also trizgéger recruitment of coatomer proteins, including
COPL***7 PA activates PI4PSK, which generates PI(4,5)P,
and induces translocation of coatomer proteins and proteins
involved in vesicle budding, including dynamin (a GTPase
involved in endocytosis and membrane scission) and AP180
(a clathrin assembly protein) (Figure 11). Following recruit-
ment, AP180 directly inhibits PLD activity.****** Recently,
PLD was also reported to directly interact with dynamin. This
interaction occurred in a GTP-dependent manner, and it was
suggested that the PX domain of PLD2 might serve as a GAP
for dynamin.**°

PLD and PA-dependent mechanisms function in vesicle
formation to facilitate receptor internalization and recycling
(Figure 11), SNARE-mediated synaptic vesicle fusion (similar
to that observed in Spol4-mediated prospore membrane forma-
tion, see section 6.1.2.1), and exocytic mechanisms including
respiratory burst*' and degranulation.*>

11. PLD INHIBITORS

Until recently, there were few chemical tools to study PLD
function, and no small molecules existed to dissect the indivi-
dual roles of PLD1 and PLD2. Historically, the field relied on
the overexpression of catalytically active or inactive forms of
either PLD1 or PLD2 in vivo, or employed RNAi for the
individual isoforms in an effort to discern discrete roles for
PLD1 and PLD2. To assess the therapeutic potential of the
inhibition of PLD1, PLD2, and/or dual inhibition of both
isoforms, the genetic and biological data must be verified with
a small molecule inhibitor. Until recently, direct, small molecule
PLD inhibitors were not available, and none of the early
inhibitors afforded isoform selectivity. Moreover, the most
utilized class of molecule to study PLD function over the past
20 years has been primary alcohols (e.g., n-butanol). Alcohols
are often inaccurately described in the literature as “PLD
inhibitors”. It is important to emphasize that alcohols are not
PLD inhibitors; rather n-butanol (as well as other primary
alcohols) blocks PLD-catalyzed PA production by competing
with water as a nucleophile, thereby causing the formation of
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phosphatidylbutanol in a transphosphatidylation reaction. Ad-
ditionally, there are concerns that n-butanol may not fully block
PA production and it may also be promiscuous in cell-based
assays affecting multiple pathways in addition to transpho-
sphatidylation. Thus, conclusions reached in the literature from
studies employing n-butanol alone should be viewed with
caution, and the data generated require further confirmation
with isoform-selective, small molecule PLD inhibitors, RNA
interference (RNAi), knockdowns, and/or genetic knockouts.

Over the past 20 years, a diverse range of chemotypes 1—20
have been reported as inhibitors of either PLD or PLD signaling
(Figures 12 and 13) based on activity in an equally diverse array
of PLD assays. Thus, quantitative, and in some instances
qualitative, comparisons with regards to PLD activity are not
possible. As a result, early PLD inhibitors fall into two categories,
direct and indirect inhibitors. As many of these inhibitors have
not been thoroughly studied, these divisions by mechanism of
action must be interpreted with caution.

11.1. Indirect Inhibitors of PLD Activity

Several compounds, 1—10, have been identified that inhibit
PLD enzymatic activity in cells and/or decrease PLD protein
expression in cells, but do not directly inhibit PLD enzymatic
activity in vitro (Figure 12). These compounds are not ideal
chemical probes, because many of them are not potent and/or
have a large number of known molecular targets in a variety of

different signaling pathways. Resveratrol (1), a polyphenol
found in the skin of red grapes, inhibits the production of PA
by human neutrophils with an ICs, of approximately 50 ©M.
Additionally, in experiments where cells were treated with 1%
ethanol, resveratrol blocked the formation of phosphatidyletha-
nol, which suggests that resveratrol decreases PLD enzymatic
activity.***> Honokiol (2), a natural product that was isolated
from the seed cones of Magnolia grandiflora, has been shown to
have antimicrobial,*** antiangiogenic,*** and proapoptotic**®
properties. Honokiol (20 #M) was shown to block the forma-
tion of phosphatidylbutanol in MDA-MB-231 cells treated with
0.8% n-butanol, indicating that honokiol decreases PLD activity
in cells. However, honokiol (concentrations up to 50 uM) had
no effect on PLD enzymatic activity in vitro. 7 trans-Diethyl-
stilbestrol (3), a synthetic compound that is structurally similar
to resveratrol, inhibits the formation of both PA and phospha-
tidylethanol (in cells treated with 1% ethanol) slightly more
potently than resveratrol.**® Triptolide (4), a diterpene triep-
oxide isolated from Triptergium wilfordii that has been used in
traditional Chinese medicine for centuries, and is currently
entering clinical trials™® (semisynthetic derivative), was a hit
in a screen des?ned to identify compounds that decrease
PLD expression.”° However, triptolide was also a hit in an
earlier screen designed to identify compounds that suppress the
human heat shock response,™" and more recently Titov et al.
identified XPB, a subunit of the transcription factor TFIIH, as a
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Figure 14. Structure of halopemide 21 and an optimized analogue 22, also known as FIPI.

molecular target of triptolide.**> Triptolide’s indirect mechan-
ism of action and other known molecular targets render the
compound inadequate as a chemical probe for studying the
cellular functions of PLD.

In the mid 1990s, Schering-Plough reported on the isolation of
a series of polycyclic ketoepoxide metabolites from fungal
cultures. SCH49211 (5) and SCH49212 (6), isolated from
cultures of Nattrassia mangiferae, were shown to inhibit PLD
activation with ICsy’s of 11 and 12 uM, respectively, in HL60
cells treated with fMLP (formyl-Met-Leu-Phe).*** Shortly after
this first report, the same group disclosed SCHS3823 (7),
isolated from the dead leaves of Ruercus virginiana, and then
prepared the corresponding acylated derivative, SCH53827 (8),
to enable structure determination. Interestingly, the unnatural
product 8 inhibited PLD activation, with an ICsy of 17 #M in
HL60 cells employing the fMLP PLD assay.*** Around the same
time, Hedge and co-workers described the isolation and char-
acterization of saponin 1 (9) and sag)onin 2 (10) from the extract
of the leaves of Myrsine australis.**> Both natural products were
shown to inhibit fMLP stimulated PLD with ICsy’s of 8 and
24 uM, respectively. It has previously been observed that certain
ceramide lipids and the aminoglycoside antibiotic neomycin also
inhibit PLD activity.

11.2. First Generation Direct Inhibitors of PLD Activity

Over the past 10 years, several compounds that inhibit PLD
directly have been identified. These compounds decrease PLD
enzymatic activity measured by transphosphatidylation in cells
and measured by the hydrolysis of [H]-PC in an in vitro
reconstitution assay (Figure 13). These direct-acting compounds
can be categorized into three classes: (1) phosphate mimetics,
(2) natural products, and (3) synthetic, drug-like small mol-
ecules. The identification and subsequent optimization of some
of these compounds was a major advance in the field of lipid cell
signaling. Indeed, the lack of small molecule ligands to use as
tools to probe both the cellular and the in vivo roles of each PLD
isoform has arguably hindered the validation of PLD as a
potential therapeutic target, and studies with n-butanol (11)
have clearly provided some erroneous data.

Crystal structures have not been determined for either
human PLD1 or PLD2, but a crystal structure of a bacterial
PLD, Streptomyces sp. strain PMF, was published in 2000, and
this structure contains a phosphate molecule bound in the
enzyme’s active site.'”> In 2002, Davies et al. reported that
tungstate (12) and vanadate (13) inhibit a PLD superfamily
member, tyrosyl- DNA phosphodiesterase, as evidenced by
both an in vitro enzyme activity assay and multiple crystal
structures.'***¢ Subsequently, tungstate and vanadate, both
phosphate mimetics, were identified as PLD inhibitors via
the in vitro reconstitution assay of PLD. Gomez-Cambro-
nero reported that during purification of PLD from human

granulocytes a standard protease cocktail inhibited PLD
activity.**” Deconvolution of the six inhibitor cocktail identified
the serine protease inhibitor 4-(2-aminoethyl)benzene sulfonyl
fluoride, AEBSF (14), as the chemical blocker of PLD activity,
with no affect on PLA, or PLC. AEBSF inhibits both basal and
stimulated PLD activity with an ICso of 75 M. Interestingly,
AEBSF is an electrophilic compound with the capacity to
covalently modify proteins, limiting its potential as a PLD
inhibitor. Moreover, the S—F bond may be hydrolyzed to the
corresponding sulfonic acid by water to generate a phosphate
mimetic. SCH420789 (15), a fungal metabolite, was isolated
and shown to inhibit PLD in vitro with an ICgy value of
approximately 10 #M.**® Calphostin-c (16), a perylenequinone
compound from the fungus Cladosporium caldosporoides, was
identified as a direct-acting inhibitor of PLD and previously
shown to inhibit protein kinase C directly in vitro.*** Protein
kinase C activates PLD in cells and directly in vitro'* so it could
be reasonably inferred that the most plausible explanation for
calphostin-c’s ability to inhibit PLD activity in cells would be its
ability to block PKC activation of PLD. However, calphostin-c
inhibits both PLD1 and PLD2 directly with reported ICsq
values of 100—200 nM for both isoforms.*** Presqualene
diphosphate (17), a constituent of human leukocyte mem-
branes, was shown to inhibit both Streptomyces chromofucscus
PLD (ICso = 100 nM) and human PLD1b (ICsy > 1 uM) in
vitro.**! Curcumin (18), the predominant yellow pigment in
turmeric (Curcuma longa), is a polyphenolic compound that
has been used in Ayurvedic medicine for thousands of years
and currently is the subject of a large number of basic and
clinical research studies.*®> Yamamoto et al. showed that
curcumin inhibits the PLD activity present in a membrane pre-
paration with an ICsy of 10 ,LLM.453 Furthermore, we have
observed that curcumin inhibits recombinant, purified PLD1
and PLD2 in vitro (Scott, Armstrong, and Brown, unpublished
observations).

Two selective estrogen receptor modulators (SERMs), ralox-
ifene (19) and 4-OH tamoxifen (20), were identified as direct
modulators of human PLD1 and PLD2.*** Their identification as
modulators of PLD activity is consistent with an interesting,
continuing trend that SERMs appear to have a myriad of estrogen
receptor-independent effects. SERMs have hydroxyl groups
positioned so as to mimic the structure of estradiol; this allows
SERM:s to bind to the estrogen receptor and block activation of
the receptor by its endogenous ligand. Therefore, SERMs are
typically used to treat estrogen receptor-positive breast cancer.
However, an interesting observation is that tamoxifen decreases
tumor growth in about 10—15% of estrogen receptor-negative
tumors.">> Additionally, tamoxifen inhibits the growth of estro-
gen receptor-negative cancer cell lines and induces apoptosis in
these cells.**® PLD activity and/or expression is frequently
increased in breast cancer,™” so it is plausible that one of the

6101 dx.doi.org/10.1021/cr200296t |Chem. Rev. 2011, 111, 6064-6119



Chemical Reviews

estrogen receptor-independent effects of SERMs could be PLD
inhibition. Indeed, raloxifene inhibits PLD1 (ICs = 4.3 M) and
PLD2 (ICso = 3.4 uM) directly in vitro and in several different
cell lines (ICg = 5—10 uM).*>**8

The actions of tamoxifen on PLD both in vitro and in cells are
more complicated. Tamoxifen is a prodrug; the actions of
tamoxifen are realized primarily through its active metabolites,
including 4-OH tamoxifen.*” 4-OH tamoxifen is 100-fold more
potent than tamoxifen at suppressing estrogen receptor-depen-
dent cell proliferation, and 4-OH tamoxifen binds to the estrogen
receptor with 20—30-fold higher affinity than tamoxifen.****¢!
Tamoxifen actually stimulates PLD1 and PLD2 activity in vitro
and in some cell lines (during a 30 min treatment); however, the
active metabolite of tamoxifen, 4-OH tamoxifen, stimulates
PLD1 in vitro yet inhibits PLD2 in vitro, albeit with poor potency
(ICso > 20 uM). 4-OH tamoxifen inhibits PLD1 and PLD2 in
cells with an ICg, of about 5 M on each isoform.*** Interest-
ingly, tamoxifen blocked phorbol ester stimulated PLD activity in
an estrogen receptor-negative human breast cancer cell line
(MCF-7) at concentrations of 2—S uM only during longer (24 h)
treatments and did not block phorbol ester stimulated PLD
activity during a short (0.5 h) treatment.**>

11.3. Second Generation Direct Inhibitors of PLD Activity:
The Identification of Halopemide as a PLD Inhibitor

A renaissance in the PLD inhibitor field began in 2007 with a
brief report from a group at Novartis on a high throughput screen
to identify PLD2 inhibitors for use as inflammatory mediators.
This effort identified halopemide (21), a psychotropic agent
originally reported by Janssen in the late 1970s and early 1980s
for numerous neuroscience indications (Figure 14) as a PLD2
inhibitor with an ICs value of 1.5 «M.**® This short report was
limited to a succinct description of the synthesis of 14 halope-
mide analogues where alternative amide moieties were surveyed,
resulting in the discovery of 22, later coined FIPI, with an ICsq of
200 nM and good rat pharmacokinetics. However, there was no
mention of PLDI inhibition in this initial paper, but it was
subsequently found that halopemide (21) potently inhibits both
PLD1 (cellular ICs, = 21 nM, in vitro ICso = 220 nM) and PLD2
(cellular ICso = 300 nM, in vitro ICsy = 310 nM) as does 22
(PLD1 cellular ICso = 1 nM, in vitro ICsq = 9.5 nM; PLD2
cellular ICso = 44 nM, in vitro ICso = 17 nM).**® Thus,
halopemide (21) and all of the halopemide analogues presented
in this manuscript are more accurately described as dual PLD1/2
inhibitors and even show a slight preference for PLD1 inhibition.
Despite these issues, the halopemide (21) scaffold is an excellent
starting point for a PLD inhibitor development campaign due to
the potent PLD inhibition, favorable preclinical drug metabolism
and pharmacokinetic profile, and, most importantly, extensive
history in multiple clinical trials.***

Halopemide (21), also known as R 34301, is related to the
butyrphenone-based neuroleptics such as spirerone and halo-
peridol and was originally developed as an antiemetic drug, but
was later found to possess unique psychotropic effects as a
dopamine antagonist.*** 21 was found to be a “psychic en-
ergizer” having effects on the negative symptoms, as well as the
positive symptoms of schizophrenia without the extrapyramidal
side effects common to standard atypical antipsychotic
agents.465 As eluded above, halopemide was evaluated in five
separate clinical trials with over 100 schizophrenic, oligophre-
nic, and autistic patients receiving the drug.*** Efficacy was
observed in the majority of patients, and, importantly, no
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Figure 15. Matrix library approach (3 x 3 x 30) for optimization of
halopemide 21 for isoform-specific PLD inhibition. This effort afforded
the first isoform-selective PLD inhbitiors: VU0155069 (23), 163-fold
PLD1-selective; and VU0285655 (24), 10-fold PLD2-selective.

adverse side effects or toxicities were noted, despite achiev-
ing plasma exposures of 100—360 ng/mL from the 20 and
60 mg/kg doses of 21, respectively.**® At these plasma concen-
trations, PLD1 was clearly inhibited, suggesting inhibition of PLD
by this chemotype is safe in humans and a therapeutically viable
mechanism.

11.4. Optimization of Halopemide for Isoform-Selective PLD
Inhibition

Human PLD1 and PLD2 respond to different stimuli both
in vitro and in vivo."** Additionally, in some cancer types, only
one PLD isoform is upregulated at the protein expression
and/or enzymatic activity level.**”**” More recently, studies
in PLD knockout animals have clearly defined, nonoverlap-
ping roles and therapeutic potential for both PLD1 and PLD2.
For these reasons, the development of isoform-selective PLD
inhibitors is a desirable goal not only from a discovery science
perspective, but also from the vantage point of a drug
discovery effort. After the initial report on halopemide synth-
esis and inhibitor properties, numerous analogues have been
synthesized and assayed in an effort to develop isoform-
specific PLD inhibitors, **%48 470

Since the group from Novartis reported that halopemide is a
PLD inhibitor, the Brown and Lindsley groups at Vanderbilt have
synthesized and assayed hundreds of halopemide analogues in an
effort to develop isoform-specific PLD inhibitors,*>®*%~#70
The first phase of isoform-specific PLD inhibitor development
was reported in early 2009."*® As shown in Figure 15, a matrix
library approach was employed to survey three regions of 21
simultaneously to afford a 3 x 3 X 30 library of ~270
halopemide analogues employing standard solution-phase par-
allel synthesis techniques combined with mass-directed pre-
parative LC—MS. Rigorous pharmacological characterization
of a representative subset of the ~270 compounds was per-
formed; ICs values were reported in cell systems engineered to
give onlya PLD1 or a PLD2 response as wells as ICs, values that
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groups shown in red conferred significant PLD1 selectivity.

were determined on recombinant PLD1 and PLD2 enzymes
purified from insect cells. Data from both an in vitro enzyme
activity assay and a cellular activity assay show that the
compounds inhibit PLD1/2 directly and that the compounds
effectively permeate the cell membrane. Many of the com-
pounds display low nanomolar potency values, and this library
produced a number of dual PLD1/2 inhibitors and a number of
moderately preferring PLD1 analogues. This first generation
effort did afford the first PLD 1-selective inhibitor, VU0155069
(23), where the chiral (S)-methyl group significantly enhanced
PLD1 preference to ~163-fold over PLD2 in a cell-based assay.
Subsequent iterations of lead optimization found the chiral (S)-
methyl group as a general moiety that increased PLD1 inhibi-
tion. While the piperidinyl benzimidazolone-containing analo-
gues failed to display any preference for PLD2 inhibition, a
triazaspirone congener uniformly increased PLD2 inhibition to
provide the first PLD2 (10-fold PLD2 preferring) selective
inhibitor, VU0155072 (24). Additionally, some of the com-
pounds decreased the ability of several breast cancer cell lines to
invade through a Matrigel membrane in a transwell migration
assay, which is consistent with earlier studies showing this
enzyme’s role in regulating cell migration.*>**' %73

11.5. Development of Highly Selective PLD1 and PLD2
Inhibitors

While the first generation libraries were diversity-oriented in
an effort to explore chemical space and identify molecular
entities that would engender PLD isoform-selective inhibition,
subsequent optimization strategies were more focused and
driven from a medicinal chemistry perspective (Figure 16) to
improve PLD1 and PLD2 potency and selectivity within 25 and
26, respectively. Several important pieces of information were
discovered or confirmed in this round of analogue synthesis

based on 25: (1) homologation of the ethyl diamine linker of an
analogue by just one carbon to a propyl chain eliminated all
activity; (2) heteroaromatic and aromatic amides on the right
side of analogs confer excellent potency; (3) a racemic trans-
cyclopropyl phenyl amide dramatically increased PLD1 selec-
tivity; and (4) a S-bromo-substituted benzimidazolone in-
creased potency and PLD1 selectivity.

The confluence of several fortuitous discoveries, primarily the
fact that the (S)-methyl group adjacent to the amide nitrogen
and the racemic trans-cyclopropyl phenyl amide both dramati-
cally enhance PLD1 selectivity, led to the discovery (Figures 17
and 18) of a potent (cellular PLD1 ICs, = 3.7 nM), 1700-fold
PLD1-selective inhibitor, VU0359595 (28).

With a highly PLD1-selective inhibitor in hand, the focus of
the synthesis became the development of a PLD2-selective
inhibitor based on 26. Developing a PLD2-selective inhibitor
proved to be significantly more challenging for at least three
reasons: (1) halopemide itself is a slightly PLD1-preferring
compound; (2) no structural features in the ethyl diamine
linker or amide cap had been identified that improved PLD2
selectivity; and (3) PLD2-preferring inhibitors were sparse
until the triazaspirone moiety was identified and require multi-
step syntheses to access functionalized congeners. Once again,
parallel synthesis afforded quick identification of molecular
features that engendered PLD2 inhibition, identifying VUO-
364739 (36), a PLD2 inhibitor displaying over 75-fold selec-
tivity versus PLD1 inhibition in both biochemical and cell-
based assays (Figures 19 and 20). Interestingly, the chiral (S)-
methyl group proved to be a “molecular switch” in this scaffold
provoking PLD1 preference, converting a 75-fold PLD2-selec-
tive inhibitor 36 (cellular PLD1 ICs, = 1500 nM, PLD2 ICg, =
20 nM), into a 6-fold PLD 1-selective inhibitor (PLD1 ICs,= 10 nM,
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conferred significant PLD2 selectivity.

PLD2 ICs, = 60 nM), by virtue of increasing potency for PLD1
by 150-fold.

In vitro anticancer activity data and rat pharmacokinetic data
were also reported for the PLD2 inhibitor VU0364739 (36) and
the 1700-fold PLD1-selective inhibitor VU0359595 (28). In a
triple negative breast cancer cell line (MDA-MB-231), the
PLD2-selective inhibitor VU0364739 decreased cell prolifera-
tion significantly more than the PLDI-selective inhibitor
VU0359595 and caused a much larger increase in caspase 3/7
activity than the PLD1-selective inhibitor VU0359595. Addi-
tionally, the PLD2-selective inhibitor VU0364739 caused a
much larger increase in caspase 3/7 activity than the PLDI-
selective inhibitor VU035959S in MDA-MB-231 cells. While

the pharmacokinetic properties of both VU0364739 and
VU0359595 would need to be optimized for robust in vivo
proof-of-concept experiments, the compounds are certainly
acceptable starting points for an optimization campaign focused
on drug metabolism. Both compounds are highly cleared
(approximately Cl = 60 mL/min/kg for both compounds),
yet display reasonable half-lives (VU0359595 = 0.78 h and
VU0364739 = 1.2 h) due to the relatively large volume of
distribution of each compound (VU0359595 = 4.7 L/kg and
VU0364739 =8.1 L/kg). The most interesting drug disposition
data obtained is that while VU0359595 was below the level of
quantification in the rat brain when administered orally at 10
mg/kg, VU0364739 partitions almost equally between brain
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and plasma (brain/plasma = 0.73) at the same dose.*”® Given

recent reports that have suggested the thera Speutic potential of
PLD inhibition in Alzheimer’s disease”*”**”> and stroke,*’® the
discovery of this centrally penetrant PLD 1nh1b1tor should
facilitate target validation in animal models of disease.

A patent application has been published claiming comgosmon
of matter for novel, small molecule PLD inhibitors.*’”” The
markush structure 44 is shown in Figure 21, and the compound
is based on a diazaspirone core, a des-aza analogue of 36, where
the chirality at the benzylic carbon is reported to impact PLD
isoform specificity. This is the first example where a common
core can provide potent and selective PLD1 and PLD2 inhibitors
as well as dual PLD1/2 inhibitors.

12. FUNCTIONAL CONSEQUENCES OF PLD INHIBITION
OR OVEREXPRESSION

Prior to the use of small molecules, various groups studied the
cell signaling roles of PLD using traditional methods such as

dominant-negative mutations, overexpression, and, more re-
cently, RNAi. Additionally, it has been known since the mid
1960s that short, primary alcohols can compete with water as a
nucleophile in the PLD-catalyzed transphosphatidylation reac-
tion, thereby causing the formation of a phosphatidylalcohol
species, and preventing the formation of phosphatidic acid.''?
Although clearly an imperfect tool and not a viable starting point
for a medicinal chemistry strategy, n-butanol has long been used
to study the effects of blocking the production of PA produced by
PLD. There is a growing appreciation that the “classic differ-
ences” in effects between n-butanol and t-butanol are not simply
accounted for by their effects on PLD activity. This traditional
tool has likely led to spurious conclusions as to the functional
roles of PLD. While most of the information about PLD’s role in
cell signaling networks has been produced by a combination of
biochemical approaches (including the use of n-butanol) and
RNAi-mediated knockdowns, reports using small molecule in-
hibitors and genetic knockouts are now being added to look at
systematic effects in whole organisms.

12.1. Respiratory Burst

Nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH oxidase) is a membrane bound enzyme complex that
sits quiescently in neutrophils, eosinophils, and mononuclear
phagocytes until activated during respiratory burst. Upon activa-
tion, NADPH oxidase generates superoxide by transferring
electrons from NADPH inside the cell across the cell membrane
and then coupling the electrons to molecular oxygen. The
superoxide radical is further transformed into hydrogen peroxide
and hypohalous acids (e.g., hypochlorous acid), which are used as
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a form of “chemical warfare” by human cells to attack human
pathogens.*”®

A host of experiments done in cells have indicated a role for
PLD in NADPH oxidase activation. When PA production in
cultured human neutrophils is blocked via the use of n-butanol,
the respiratory burst as measured by O, production was almost
completely blocked.*”” There is additional evidence that PLD is
involved in regulating NADPH oxidase activity both in cells and
in vitro: when the leukotriene By receptor is activated, levels of
presqualene diphosphate rapidly decline, thereby removing a
negative regulatory element from inhibiting PLD’s capacity to
stimulate NADPH oxidase activity.**°

Agwu and colleagues gathered the first evidence suggesting
that didecanoyl-PA activates NADPH oxidase in vitro by com-
bining subcellular fractions to reconstitute NADPH oxidase
activity and showing that didecanoyl-PA activated this combina-
tion of subcellular fractions.**" Almost a decade later, McPhail
et al. showed that, in vitro, PA activates a protein kinase that
phosphorylates and activates a component of the NADPH
oxidase complex, p47-phox.*** In 2011, Norton et al. utilized
small molecule PLD inhibitors and PLD2 knockout mice to show
that PLD1 (and not PLD2) regulates the production of reactive
oxygen species in neutrophils.*' An excellent review of PLD
function in respiratory physiology was provided by Cummings
and colleagues.483

12.2. Transport and Endocytosis

Vesicles are the primary means by which cells store, move, and
dispose of a multitude of cellular components. Eukaryotic cells
are composed of various organelles that effectively share infor-
mation and cargo via vesicular trafficking, which involves three
steps: budding from the donor compartment, transport and/or
targeting to a specific acceptor compartment, and fusion of the
vesicle with the acceptor compartment. Vesicular trafficking is
one of the most fundamental processes in cell biology, and an
excellent review is available from Bonifacino and Glick.*** For a
concise review of the role of PLD in membrane trafficking, the
reader is referred to a review by Roth.**> Previous efforts to
elucidate the role of PLD in vesicular trafficking relied heavily on
primary alcohols to block PLD-mediated PA formation, but
more recently drug-like, small molecules have been utilized to
study the role of PLD in vesicular trafficking.

The use of primary alcohols to block PLD-mediated PA
formation or monitor product formation in cells by several
groups yielded the first evidence supporting arole for PLD in
exocytosis. Xie et al. measured significant increases in the
amount of phosphatidylethanol formed by HL60 granulo-
cytes treated with ethanol during primary granule secretion.
Additionally, ethanol dose-dependently decreased the re-
lease of myeloperoxidase from the HL60 granulocytes,486
and ethanol also blocked IgE-receptor-mediated mast cell
degranulation.**” Chen et al. showed that 1% n-butanol was
sufficient to decrease the release of nascent secretory vesicles
from the trans-golgi network, which they independently
confirmed in parallel by treating permeabilized cells with a
catalytically inactive PLD mutant (K898R). PLD also in-
creases the release of nascent secretory vesicles in permabil-
ized cells.*”® Additional evidence that PLD plays an
important role in exocytosis was acquired via genetic manip-
ulations in Saccharomyces cerevisiae. Ella et al. discovered a
PLD gene in yeast and generated a genetic knockout, noting
that diploid yeast lacking the PLD gene was unable to

sporulate.”*® Therefore, these results suggest a broader role
for PLD in regulating cell growth and division.

A role for PLD in endocytosis has been described and
supported by the use of n-butanol, catalytically inactive mu-
tants, and RNAi. PLD activity is required for agonist mediated-
epidermal growth factor receptor internalization: (1) n-butanol
decreases the agonist-stimulated internalization of the epider-
mal growth factor receptor; (2) overexpression of PLD1 or
PLD2 increases the agonist-stimulated internalization of the
epidermal growth factor receptor; and (3) overexpression of
catalytically inactive PLD1 or PLD2 decreases the agonist-
stimulated internalization of the epidermal growth factor
receptor.*®® PLD activity is also required for u-opioid receptor
internalization: (1) n-butanol decreases the internalization of
the u-opioid receptor, and (2) overexpression of catalytically
inactive PLD2 decreases the internalization of the u-opioid
receptor.**”*° Recently, studies have taken advantage of RNAi
as a means to examine the effects of PLD inhibition on
endocytosis. Bhattacharya et al. showed that n-butanol, over-
expression of a catalytically inactive PLD2, or PLD2 RNAi
treatment all decrease the internalization of the mGluRla
metabotropic glutamate receptor.*”' Du et al. also utilized
RNAi to show that overexpression of a dominant-negative
PLD2 (K758R) or transfection with PLD2 RNAi decreased
the internalization of the angiotensin II type 1 receptor.*”>

Arole for PLD1 in macroautophagy has been established by a
rigorous set of experiments employing n-butanol, a pharmaco-
logical inhibitor, RNAIi treatment, and knockout of PLD1 in a
mouse. All of these treatments decreased autophagy as mea-
sured by a variety of different readouts.*”* Inhibition of autophagy
via PLD1 inhibition may be desirable in some disease states and
not others; the recent development of a 1700-fold PLD1-
selective inhibitor**® should facilitate answering this question.
PLD2 ablation via gene targeting in mice rescues memory deficits
in a mouse model of Alzheimer’s disease.” The recent develop-
ment of a centrally penetrant PLD2-selective inhibitor*”® should
facilitate the rigorous target validation of PLD2 for Alzheimer’s
disease.

12.3. Platelet Aggregation

A role for PLD in platelet activation has been previously
suggested.w4 Because of the lack of small molecule inhibitors,
previous studies had to utilize imprecise tools that could not
address how inhibiting PLD activity affected platelet
aggregation.495 However, in 2009, Disse et al. determined that
PLD1 regulates the secretion of von Willebrand factor from
endothelial cells utilizing either n-butanol or RNAL.**® Von
Willebrand factor is one of the major procoagulant and proin-
flammatory proteins required for hemostasis, and a deficiency
of von Willebrand factor (von Willebrand disease) is the most
common inherited bleeding disorder. Disse et al. first suggested
that PLD might be involved in regulating the secretion of von
Willebrand factor from vascular endothelial cells by showing
that n-butanol decreased its histamine-induced secretion from
vascular endothelial cells. Using an independent method of
decreasing PLD activity, RNAi, Sadler et al. showed that PLD1
knockdown dramatically decreased the histamine-induced se-
cretion of von Willebrand factor, whereas PLD2 RNAi had no
effect on its histamine-induced secretion.*”

12.4. Neuronal Physiology
There has long been an association between PLD and
neuronal physiology and pathology, but some truly provocative

6106 dx.doi.org/10.1021/cr200296t |Chem. Rev. 2011, 111, 6064-6119



Chemical Reviews

animal model data facilitated by gene targeting have recently
emerged. A comprehensive review of the role of PLD in brain
function is provided by Oliveira.” In the 1970s, PLD activity was
reported in mammalian brain tissue.”****® Reports have impli-
cated PLD in the process of neurite outgrowth*”” and functional
roles for PLD in receptor trafficking; specifically the internaliza-
tion of opioid receptors and metabotropic glutamate receptors
have also been reported.****"

A possible pathophysiological role for PLD in Alzheimer’s
disease has been suggested. Two groups independently reported
increased PLD activity in brain tissue homogenates from Alzhei-
mer’s patients as compared to controls.*’”>* Overexpressing
amyloid precursor protein causes an increase in PLD activity in
P19 mouse embryonic carcinoma cells.’®’ The amyloid /3
(1—40)-stimulated increase in PLD activity was correlated with
the release of lactate dehydrogenase, which makes it reasonable
to speculate that some of the neurotoxic actions of amyloid 3
(1—40) are mediated by PLD.>”

The neurotoxic peptide a-synuclein has been implicated in the
pathophysiology of both Parkinson’s disease and Alzheimer’s
disease.>”* Additionally, two point mutations in a-synuclein are
genetically linked to familial Parkinson’s disease.”***** All three
naturally occurring synuclein isoforms a-, 8-, and 7y-synuclein
were reported to inhibit PLD2 in vitro.**® Ahn et al. reported that
PLD1 and PLD2 coimmunoprecipitate with a-synuclein, but
also showed that PLD does not appear to impact the physiolo-
gical lesions caused by a-synuclein.*”” By contrast, a collabora-
tive investigation by the Selkoe and Brown laboratories found
that under numerous experimental conditions a-synuclein does
not inhibit PLD in cells or in vitro.>*®

12.5. Cell Invasion and Metastasis

Cancer cell invasion and metastasis are distinct, but not
unrelated processes. Invasion refers to the ability of cancer cells
to invade adjacent normal tissue, whereas metastasis refers to the
ability of cancer cells to gain access to a circulatory system (blood
or the lymphatic system) and colonize distinct and spatially
distant physiological environments.>®® One of the critical early
steps in metastasis is the invasion of surrounding tissue to gain
access to either the blood or the lymphatic system.>*” Some of
the hallmarks of this invasion process include rearrangement of
the actin cytoskeleton, increased cell motility, and secretion of
matrix metalloproteinases.”” PLD has been shown to play a role
in regulating all of these processes.’

Experiments utilizing inactivating mutations of PLD suggest
that inhibiting PLD enzymatic activity decreases cancer cell
invasion*’” and cells transfected with a dominant-negative
PLD1 were unable to form actin stress fibers when stimulated
with either phorbol myristate acetate (PMA) or lysophospha-
tidic acid (LPA), whereas wild-type cells were able to form actin
stress fibers.”>® A number of studies have shown that increased
PLD activity leads to an increase in the invasion of cancer cells
as measured by transwell migration assays and decreased
PLD activity leads to a decrease in the invasion of cancer
cells. #>8#7147331051L L Dy activity also regulates the expression
of MMP-2 and MMP-9, the 72 and 92 kDa gelatinases,
respectively 71475512513

The signaling pathways that connect PLD enzymatic activity
to MMP expression need to be more clearly elucidated in cancer
cells. A more complete understanding of how PLD drives MMP
expression in specific cancers may lead to a better understanding
of how to tailor antimetastatic therapies. To date, the vast

majority of evidence implicating PLD in cell invasion comes
from experiments utilizing n-butanol, overexpression of wild-
type or dominant-negative PLD1/2, and/or RNAI. Furthermore,
pharmacological inhibition of PLD1 and PLD2 with a dual-
isoform inhibitor, VU0155056, decreases the invasion of several
cancer cell lines in a Matrigel transwell invasion assay.**® Another
group used the halopemide analog (FIPI), which was originally
reported by Monovich et al.,*** and showed that PLD inhibition
blocked actin cytoskeleton reorganization, cell spreading, and
chemotaxis."*°

12.6. Cell Proliferation and Apoptosis

Increased PLD expression and enzymatic activity have been
observed in a variety of human cancers including breast,**”
renal,®"* brain,*”" and colorectal.**” Overexpression of PLD is
able to promote cell growth and proliferation despite the
presence of a variety of apoptotic stimuli.”"**'® Furthermore,
PLD activity is required for mutant Ras driven tumorigenesis
in mice.>"’ Experiments utilizing inactivating mutations of
PLD suggest that inhibiting PLD enzymatic activity increases
cancer cell apoptosis.”*® On a molecular level, PLD has been
implicated in oncogenic signaling pathways involving the
epidermal growth factor receptor,””” matrix metalloprotei-
nase (MMP) expression,”l’473 53,5292 the mammalian
target of rapamycin (mTOR),>** and Ras.’** The signaling
network interactions between PLD and the various Ras
signaling pathways constitute a series of complex interactions.
One such example is the observation that the recruitment of
Raf-1 kinase (which is activated by Ras) to the plasma
membrane is dependent upon a direct interaction with
PA.**** PLD activity contributes to key events in the onco-
genic process including growth signaling, §atekeeper override,
suppression of apoptosis, and metastasis.

A wide variety of extracellular factors that stimulate cell
proliferation have been shown to increase PLD activity. Platelet
derived growth factor (PDGF),>* fibroblast growth factor
(EGF),>*® and EGF**’ are able to significantly increase PLD
activity in a variety of different cell lines under physiological
conditions. Additionally, cells that are transformed by mutations
in several robustly validated oncogenes also display increased
PLD activity. Notably, cells transformed by v-Ras®'” or v-Raf>**
display PLD activity that is several-fold higher than untrans-
formed cells. PLD also facilitates the activation of the mitogen-
activated protein kinase (MAPK) cascade.’ Treatment of cells
with PA (the enzymatic product of PLD) suppresses pS3
expression.’®® PLD also acts to suppress the expression of pS3
by stabilizing the MDM2—p33 complex.>*® There are studies
suggesting that PLD regulates the activity of mTOR, but the
exact molecular mechanism of the PLD-mTOR interaction is
being interrogated.*"

The laboratory of David Foster and others has reported that
PLD activity regulates hypoxia inducible factor (HIF) expres-
sion. Under normoxic conditions, the von Hippel—Lindau
(VHL) tumor suppressor gene is expressed and encodes part
of an E3 ubiquitin ligase that tar§ets the a subunits of HIF for
degradation by the proteasome.>” There are two known condi-
tions in which overexpression of HIF occurs and provides a
survival advantage to cancer cells: (1) von Hippel—Lindau
disease and (2) in the hypoxic tumor microenvironment of an
individual with cancer who does not have von Hippel—Lindau
disease. The result is that unregulated overexpression of HIF
leads to angiogenesis, increased red blood cell production, and a
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shift to anaerobic metabolism.>*° Toschi et al. utilized two VHL-
deficient renal cancer cell lines (786-0 and RCC4) to show that
HIF20 expression is dependent on PLD. The authors provide
evidence for this conclusion by using three independent ap-
proaches: (1) treating cells with n-butanol, (2) the expression of
dominant-negative PLD constructs, and (3) the use of RNAi
targeted to PLD1 and/or PLD2.5!

It has been shown that decreasing PLD activity via genetic or
biochemical approaches can increase cancer cell apoptosis.”*'
There are also 3Previous reports linking PLD to changes in
caspase activity.”>”*®® However, few accounts exist of how
pharmacological inhibition of PLD affects cancer cell apoptosis.
In 2010, Lavieri et al. showed that a PLD2-selective inhibitor,
VUO0364739, decreased the proliferation of MDA-MB-231 cells
in a dose- and time-dependent manner. VU0364739 also caused
a several-fold increase in caspase 3/7-activity, indicating that
VUO0364739 likely causes a decrease in cell proliferation by
inducing apoptosis.*”’

The Wnt signaling pathway has emerged as a central regulator
of cell proliferation, and mutations in this pathway are clearly
linked to oncogenesis. Briefly, there are several known Wnt
signaling pathways (for reviews of the other Wnt pathways, see
refs 532, 533), and the canonical Wnt signaling pathway leads to
the stabilization of [3-catenin, which in turn activates T-cell
factor-dependent transcription of a variety of target genes.>>*
Kang et al. utilized n-butanol, RNAi, and pharmacological
inhibitors to provide good evidence of a relationship between
PLD and the Wnt signaling pathway. Their principal findings
were that (1) Wnt3a increases PLD1 expression and activity
in cultured cells, and f-catenin and TCF4 were required for
this effect; (2) decreasing PLD activity decreases the ability of
P-catenin to increase the transcription of PLD1 and other Wnt
target genes; (3) PLDI is necessary for Wnt-driven anchorage-
independent growth and [3-catenin/TCF4 are necessary for
PLD1-driven anchorage-independent growth; and (4) the ex-
pression levels of PLD1 and PLD2 were substantially increased in
the colon, liver, and stomach tissues of mice after injection with
LiCl (a known Wnt pathway agonist).>*> %%

The mitogen activated protein kinase (MAPK) pathway is a
well-studied mechanism by which cells transmit extracellular
signals from the cell surface to the nucleus and ultimately alter
gene transcription. Several components of the MAPK pathway
are frequently mutated, overexpressed, and/or hyperactivated
in human cancers.>*® The three known mammalian Raf is-
forms, A-Raf, B-Raf, and C-Raf, are serine/threonine kinases
that lie in the middle of the MAPK pathway and have normal
physiological roles as well as roles as oncogenes. All three Raf
isoforms have been studied extensively in vitro and in cells.
Additionally, all three Raf isoforms have been knocked out in
mice.>*” A-Raf knockout mice die within days of birth,>* while
both B-Raf**' and C-Raf*** knockouts are lethal in utero. Raf
kinase signaling has also been exploited into FDA approved
drugs. At the time of this Review, sorafenib, a small molecule
C-Raf inhibitor developed by Bayer and Onyx, is approved
for the treatment of advanced renal cell carcinoma®® and ad-
vanced hepatocellular carcinoma.*** Additionally, several other
companies have Raf inhibitors at various stages of development in
their pipelines.**

Recent work done by several different groups has provided
evidence for a strong link between PLD and C-Raf kinase.
In 1996, Ghosh et al. reported several findings that have been
confirmed and expanded by other groups. They found that

(1) C-Raf binds to PA; (2) the PA binding site of C-Raf is
between residues 389 and 423; (3) C-Raf does not bind
phosphatidylalcohols; and (4) treatment of Madin-darby ca-
nine kidney cells (MDCK) with 1% ethanol reduced the
translocation of C-Raf from the cytosol to the plasma mem-
brane following treatment with 12-O-tetradecanoylphorbol-
13-acetate.® In agreement with earlier findings, Rizzo et al.
showed that C-Raf binds PA and found that mutating arginine
398 to an alanine substantially reduced C-Raf’s ability to bind
PA. Phosphatidic acid does not activate C-Raf kinase either in
vitro or in vivo.”** Mutations that disrupt the C-Raf—PA
interaction prevent the recruitment of C-Raf to membranes,
but disruption of the Ras—Raf interaction does not prevent the
recruitment of C-Raf to membranes. Expression of a dominant-
negative Ras mutant did not prevent insulin-dependent C-Raf
translocation to the plasma membrane, but did inhibit the
phosphorylation of MAPK, and the PA binding region of C-Raf
was sufficient to target green fluoresecent protein to mem-
branes. Taken together, these results suggest a model whereby
PA is both necessary and sufficient to target C-Raf to mem-
branes, whereas Ras is not required to target C-Raf to mem-
branes. However, for C-Raf to be activated, Ras must be
present. Therefore, PA is required to bring C-Raf into proxi-
mity of Ras, and then Ras activates C-Raf.* Much of the data in
support of this paradigm were gathered via dominant-negative,
overexpression, and mutation experiments, because RNAi and
pharmacological inhibitors were not widely available at the
time. Two reports have also shown that overexpression of
C-Raf can either stimulate or inhibit PLD activity depending
on the level of C-Raf activity. Low intensity C-Raf activity
stimulates PLD activity,”*® whereas high intensity C-Raf
activity inhibits PLD activity.>">

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase that belongs to the phosphoinositide 3-kinase
(PI3K)-related kinase family and serves as one of the master
regulators of cell growth and division.**® The ability of PI3K to
modulate mTOR activity is well established,**” but a detailed, well-
substantiated understanding of the interaction between PLD and
mTOR is being explored.415 In 2001, Fang et al. showed that the
treatment of cells with n-butanol decreases mTOR downstream
signaling, as measured by the activity of p70S6K. In the same
studies, n-butanol blocked a serum-induced increase in p70S6K
activity, suggesting that PLD might be involved in mTOR signaling,
It should be noted that the PA produced by PLD appears to be
necessary, but not sufficient, for mTOR signaling. In experiments
where cells were deprived of amino acids, PA was not able to
stimulate mTOR signaling.® This original report linking PLD to
mTOR provides relatively modest evidence in favor of the conclu-
sion that PLD regulates mTOR signaling, because n-butanol was
the only tool used to block PLD-mediated PA production.

In 2003, Chen et al. noted that PLD appears to confer resistance
to rapamycin-induced cell death. They showed that the ICs, value
for rapamycin-induced cell death in a cell line with relatively low
PLD activity was about 10 nM, whereas the ICsq in rapamycin-
induced cell death in a cell line with relatively high PLD activity
was about 10 #M. Additionally, when a dominant-negative PLD2
was transfected into cells with high PLD activity, the cells showed
increased sensitivity to rapamycin.*** A different group showed
that PLD1 RNAi decreases the amount of phosphorylated p70S6K
in B16 melanoma cells.>*® Interestingly, Veverka et al. published
a solution NMR structure of phosphatidic acid bound to the
FKBP12-rapamycin binding domain of mTOR.**® This is
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compelling evidence that PA binds to mTOR, but in and of itself
does not provide definitive information as to whether or not the
PA that binds mTOR in vivo is made by PLD. Data from two
different reports suggest the role PLD may play in mTOR
signaling. Sun et al. showed that the suppression of TSC2 (via
the transfection of a dominant-negative TSC2) strongly activates
PLD in cells. They subsequently showed that recombinant Rheb
purified from bacteria activates PLD 1-immunocomplexes pulled
down from CHO cells. This suggests a model where the small
GTPase Rheb (known to be regulated by TSC2°*) either
activates PLD directly or activates a protein pulled-down with
PLD, which then in turn activates PLD.**® Toschi et al,, through
the use of n-butanol and dominant-negative PLD constructs,
showed that PA produced by PLD is required for the formation
of mTORC1 and mTORC2 complexes in 786-0 cells.*'® Re-
cently, Xu et al. showed that when T24 cells are treated with a
combination of both a PLD1 (VU0379595) inhibitor and a
PLD?2 inhibitor (VU0364739), there is a decrease in mTOR
activation as measured by phosphorylated p70S6K.>*° Interest-
ingly, Lehman et al. observed that PA produced by PLD can
directly activate p70S6K independently of mTOR signaling.>>!
In 2011, Arous et al. reported that oleic acid activated mTOR in
cultured cells, suggesting a possible mechanistic explanation for
the increase in liver cancer seen in the obese population. Arous
et al. claim that the oleic acid activation of mTOR is dependent
on PLD, but provided only indirect evidence for this claim by
using n-butanol as a “PLD inhibitor”. Furthermore, the effect of
n-butanol on well-validated readouts of mTOR activation, such
as p70S6K phosphorylation, is relatively small.>**

A preponderance of evidence collected by independent groups
indicates that PLD provides a survival signal in human cancer cells.
Most of this evidence is from experiments in cultured cells that
utilized n-butanol. Some groups have used primary cells isolated
from humans, and more recently groups have begun using RNAj,
dominant-negatives, overexpression, and small molecule inhibi-
tors. Additionally, animal model experiments have only recently
been published.>*>*'” Many of the cell signaling details about both
PLD1 and PLD2 can now be more rigorously investigated through
the use of molecular genetic techniques and small molecule
inhibitors in both cell culture and animal models of disease.

13. PLD AS A POTENTIAL THERAPEUTIC TARGET

Although the biochemistry, enzymology, and pharmacology of
PLD have been studied for more than half a century, the
systematic investigation of PLD as a therapeutic target began
only within the past few years. With the advent and commercia-
lization of RNAi technology, a generally better, more direct and
more specific method to inhibit PLD has become available. The
report of small molecule PLD inhibitors**® and the extensive
effort that resulted in the development of drug-like, isoform-
selective PLD inhibitors present a new opportunity for research
in the field of lipid signaling.458’4687470

While the exact mechanism of action of these small molecule
PLD inhibitors is still under investigation, the traditional view of
PLD signaling is that PLD signals through production of PA, but
there are still protein—protein and protein—lipid interactions to
be taken into account. In 2011, Doti et al. showed that amino
acids 762—801 of PLD1 interact with phosphoprotein enriched
in diabetes/phosphoprotein enriched in astrocytes (PED/
PEA15).%>* This PED/PEAL1S protein is overexpressed in several
tissues in individuals with type 2 diabetes, and its overexpression

in cultured cells and transgenic animals impairs insulin regulation
of glucose transport by a mechanism that is dependent on its
physical interaction with PLD.** It is interesting to consider the
possibility of pharmacological agents that would act not on PLD
catalytic activity, but rather block interactions between PLD and
PED/PEALS.

In 2010, PLD1 /™ and PLD2 /" mice were reported for the
first time.*”"***> The recent publication of viable PLD1 and
PLD2 knockout mice and the report of isoform-selective, small
molecule PLD inhibitors made PLD a target of interest in several
diseases.

13.1. Cancer

Buchanan et al. reported a provocative set of experiments
utilizing xenograft tumor models in mice. To explore how
decreasing PLD activity would affect the ability of oncogenic
Ras to transform cells, Buchanan generated rat fibroblasts that
stably overexpress a dominant-negative PLD, referred to as Rat-2
V25 cells.**® They showed that PLD activity is necessary for the
H-Ras induced transformation of Rat-2 fibroblasts. Wild-type Rat-
2 fibroblasts transfected with H-Ras""* grow in soft agar and form
tumors in nude mice, but Rat-2 V25 cells (that overexpress a
dominant-negative PLD) do not form colonies in soft agar and do
not form tumors in nude mice when transfected with H-Ras""%.
Additionally, when exogenous PA was added to the Rat-2 V25
cells, these cells were able to grow in soft agar and form tumors in
nude mice.’"” This study provided some of the first in vivo
validation of PLD as a viable cancer target situated downstream
of one of the most commonly mutated genes in human cancer.

Using a zebrafish vertebrate model organism, Zeng et al.
showed that zPld1 is required for angiogenesis.”*> Zebrafish
treated with morpholino oligonucleotides targeted to zPld1
showed impaired intersegmental blood vessel development.
While clearly a less specific approach, zebrafish embryos incu-
bated with n-butanol also showed impaired intersegmental blood
vessel development. Although intended to investigate the role of
PLD in vertebrate development, the major finding of these
studies is certainly additional evidence that inhibiting PLD may
be a useful therapeutic approach in the treatment of cancer. The
identification of PLD as a possible cancer drug target is based on
observations of increased PLD activity or exgression in tissue
samples obtained from cancer patients,*7#67314317:55%555
Furthermore, PLD1 ™/~ and PLD2 /™ mice are viable, develop
normally, are fertile, and exhibit behavior indistinguishable from
wild-type littermates,*"*"#** suggesting that prolonged inhibi-
tion of one PLD isoform would be therapeutically viable.

13.2. Alzheimer’s Disease

The recent reports of PLD1 and PLD2 knockout mice
described viable animals with protection of disease states.>*7+%%3
The PLD2 ™/~ mice (generated via gene targeting) facilitated
research on a possible role of PLD in Alzheimer’s disease.”’*
Oligomeric amyloid S stimulates PLD activity in cultured
neurons, and ablation of PLD2 via gene targeting blocks this
effect. In vivo PLD activity is increased in the brain of a mouse
model of Alzheimer’s disease, and PLD2 ablation via gene
targeting rescues memory deficits and confers neuronal pro-
tection in a mouse model of Alzheimer’s disease despite a
significant amyloid 8 load. Mass spectrometry-based analysis
of lipids in the brains of animals with PLD2 knocked out in
the background of a wild-type or Alzheimer’s mouse model
show striking acyl chain specificity and compensatory mechan-
isms in PA metabolism. Interestingly, the total amount of PA
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present in either the mouse model of Alzheimer’s disease or
the mouse model of Alzheimer’s disease crossed with a PLD2
knockout mouse (ADxPLD2KO) is essentially the same, but
specific PA molecular species change by as much as 50% in the
ADxPLD2KO.*”* The preparation of a PLD2 knockout mouse
and the cross between a PLD2 knockout mouse and a mouse
model of Alzheimer’s disease yielded excellent in vivo data on
the role of PLD in a neurodegenerative disease. Additionally,
the recent report of a centrally penetrant PLD?2 inhibitor sets
the stage for potential, preclinical target validation.*”°

13.3. Thrombotic Disease

In 2010, Elvers et al. reported the generation of PLDI1
homozygous knockout mice. The PLD1 /™ mice display im-
paired ayp,; integrin activation in response to major agonists
and show defective glycoprotein 1b-dependent aggregate forma-
tion under “high shear” conditions. These molecular alterations
resulted in protection from thrombosis and ischemic brain injury
without increasing bleeding time. Blood flow was monitored in
two arterial thrombosis models triggered by chemical or mechan-
ical perturbations and showed decreased occlusion in the
PLD1 /" mice as compared to wild-type mice, thus showing
protection against thrombosis. This impressive study also re-
ported no difference in bleeding time between wild-type mice
and PLD1~/" mice. The implications of this work are exciting as
the current pharmacological approaches used to prevent stroke
and other thrombotic events (e.g, aspirin, clopidogrel, and
warfarin) increase bleeding times, which can be problematic. In
summary, Elvers et al. showed that PLD1 is not required for
normal hemostasis, but PLD1 is required for occlusive thrombus
formation.*" Clearly, mouse model data must be extrapolated to
human physiology with caution, but this study provides excep-
tionally strong evidence that PLD1 should be interrogated as a
therapeutic target in thrombotic disease. The development of a
drug that protects against thrombosis and ischemic brain injury
without affecting a patient’s ability to form clots in the case of
trauma would be a major advancement.
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