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Phospholipase D is a ubiquitous protein in eukaryotes that hydrolyzes phospholipids to generate
the signaling lipid phosphatidic acid (PtdOH). PIdA, a Pseudomonas aeruginosa PLD, is a
secreted protein that targets bacterial and eukaryotic cells. Here we have characterized the in vitro
factors that modulate enzymatic activity of PIdA, including divalent cations and
phosphoinositides. We have identified several similarities between the eukaryotic-like PIdA and
the human PLD isoforms, as well as several properties in which the enzymes diverge. Notable
differences include the substrate preference and transphosphatidylation efficiency for PIdA. These
findings offer new insights into potential regulatory mechanisms of PIdA and its role in
pathogenesis.

Phospholipase D, or PLD, is a ubiquitous eukaryotic protein that produces the signaling lipid
phosphatidic acid (PtdOH). Roles for human PLD (hPLD) in a variety of signaling processes
include cytoskeleton rearrangement, vesicular trafficking, endocytosis, and cell survival 13
The involvement of hPLD in bacterial infections has long been recognized, but details on its
function are lacking. PLD expressed in human leukocytes has been proposed to function in
antimicrobial mechanism such as phagocytosis, degranulation, respiratory burst, and chemo-
taxis.#~” However, host PLD can be manipulated to promote internalization and intracellular
survival of bacterial pathogens also.8:9 Several intracellular pathogens are known to secrete
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one or more phospholipase D enzymes to promote cell internalization, intracellular survival,
or in vivo infectivity.10-17

Bacterial PLDs produced by human pathogens generally have poor sequence homology to
the host PLD, but one exception is PIdA produced by Pseudomonas aeruginosa. Higher
order eukaryotic PLDs are generally larger than prokaryotic PLDs and contain one or more
regulatory domains, such as phox and pleckstrin homology lipid binding domains or a C2
calcium binding domain. PIdA is comparatively large for a bacterial PLD at 122 kDa, but
based on primary sequence analysis does not appear to contain these regulatory domains.

PIdA is a secreted effector of the H2 Type VI secretion system (H2-T6SS) of P. aeruginosa,
an opportunistic pathogen that is a major cause of hospital acquired infections. Cystic
fibrosis patients are particularly disposed to developing chronic infections that ultimately
lead to respiratory failure. PIdA has been associated with mediating intra- and interspecies
bacterial competition8 promoting chronic infection,9, and targeting eukaryotic cells to
promote cell invasion by P. aeruginosa.29 Given the sequence similarity of PIdA to hPLD
isoforms and that PIdA targets eukaryotic cells, it is of interest to determine similarities and
differences between the enzymes. Although enzymatic activity of PIdA has been directly
confirmed,19 an extensive analysis of catalytic activity and in vitro regulation has not
previously been performed.

Here we are reporting a detailed in vitro characterization of PIdA identifying its substrate
specificities, transphosphatidylation capabilities, divalent cation sensitivity, and lipid and
protein activation. We were also able to promote uptake of exogenous PIdA into A549 cells
to study its direct effects on host cellular lipid composition. Understanding the enzymology
and regulation of PIdA provides a framework from which to investigate its mechanistic roles
during infection.

EXPERIMENTAL PROCEDURES

Materials

Human lung adenocarcinoma epithelial cells (A549) were purchased from ATCC
(Manassas, VA). Lipids were obtained from Avanti Polar Lipids (Alabaster, AL) unless
otherwise stated. Phosphatidylcholine, .-a-dipalmitoyl, [cholinemethyl-3H] (3H-DPPC) was
purchased from PerkinElmer Life Science (Boston, MA). PIdA polyclonal antibody was
generated by the Vanderbilt Protein and Antibody Resource. All organic solvents were
HPLC grade from EMD Millipore, used without further purification.

Cell Culture

A549 cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin at 37 °C in 5% CO».

Recombinant Expression and Purification of PIdA

The PIdA gene, provided by Michael Vasil (University of Colorado), was amplified by PCR.
The amplified PCR product and pET32b vector were digested with BamHI and Hindlll, then
ligated using T4 DNA ligase to generate plasmid pET32b.PIdA. PIdA is expressed as a
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fusion protein with an N-terminal thioredoxin fusion protein and His6 tag. The PIdA K169E
mutant construct was generated using QuikChange Il mutagenesis kit following the
manufacturer's protocol. BL21 CodonPlus (DE3) RIPL cells were transformed with
pET32b.PIdA. Bacteria were grown at 37 °C to OD600 of 0.6 in the presence of 100 ug/mL
ampicillin and 50 pg/mL chloramphenicol. Protein expression was induced at 16 °C with 0.1
mM IPTG for 12-16 h. Cells were lysed by treating with 0.5 mg/mL lysozyme for 20 min
and sonication in wash buffer (8 mM NayPO,4, 2 mM KH,PO4 (pH 7.5), 500 mM NacCl) in
the presence of protease inhibitor cocktail on ice. PIdA was purified using HiTrap chelating
column. Elution fractions were combined and further purified by size exclusion
chromatography using a HiLoad 16/600 Superdex 200 column. Fractions were concentrated
and stored at —20 °C. PIdA K169E mutant was expressed and purified the same as wild type
PIdA. Protein concentrations were determined using Bradford reagent. Protein purity was
determined by SDS-PAGE. To generate tagless wild type and K169 PIdA, 10 mU
thrombin/pg PIdA was incubated with purified PIdA fusion protein overnight at 4 °C. The
reaction was quenched with 1 mM PMSF. Cleaved PIdA was purified using a HiTrap
chelating column followed by ultra-filtration to remove thrombin, the cleaved tag, and
imidazole.

Mass Spectrometry Assay

General Protocol—Purified PIdA (4 nM) was incubated with liposomes as indicated for
each experiment at 37 °C for 10-30 min in reaction buffer (50 mM HEPES (pH 7.5), 100
mM KCI). Lipids in chloroform were dried under a nitrogen stream in a glass test tube and
resuspended in reaction buffer using bath sonication. PIdA, lipid, and cation solutions were
combined on ice and reactions initiated by incubating at 37 °C. Reactions were quenched
with 2:1 acidified methanol (0.1 N HCI/CH30H, 1:1)/chloroform. Lipids were extracted in
the organic layer and analyzed by mass spectrometry as previously described.? Briefly, to
the organic layer, a cocktail of 24 odd-carbon phospholipid standards of 200 ng each and for
transphosphatidylation experiments 100 ng of 32:0 phosphatidylmethanol standard was
added (detailed list in Supporting Information Table 1) and solvent was evaporated under
vacuum. The resulting lipid film was dissolved in 100 uL of isopropanol (IPA)/hexane/100
MM NH4COOH o) 58:40:2. MS analysis of hydrolysis or transphosphatidylation products
was performed on an Applied Biosystems/MDX SCIEX 4000QTRAP hybrid triple
quadrupole/linear ion trap instrument, connected to a Shimadzu HPLC system. Phospholipid
classes were separated on a Phenomenex Luna Silica column (2 x 250 mm, 5 pm particle
size). Gradient elution was used for class and species separation consisting of IPA/
hexane/100 mM NH4COOH q) 58:40:2 (mobile phase A) and IPA/hexane/100 mM
NH4COOH(aq) 50:40:10 (mobile phase B) and the following program: 0 to 5 min, B = 50%;
5to 30 min, B = 50 to 100%; 30 to 40 min, B = 100%; 40 to 41 min, B = 100 to 50%; and
41 to 50 min, B = 50%. Flow rate was 0.3 mL/min, and spectra were acquired in negative
ionization mode, using turbo spray at 450 °C, and —3500 V ion voltage. Identification of the
lipid species was based on LC-MS/MS data using chromatographic resolution of
phospholipid classes and mass spectral fragmentation patterns. Quantitation of phospholipid
and phosphatidylalcohol molecular species was achieved by applying algorithms using
calculated slopes from standard curves developed for each molecular species. At least three
independent experiments were performed in triplicate.
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Substrate Profile Analysis—PIdA was incubated with 25 uM of each lipid and 3 mM
MgCls. For dioleoylphosphatidylethanolamine (DOPE) and 18:0p/18:1 PE conditions,
liposomes were composed of PE and 18:1 sphingomyelin (SM) in a 10:1 ratio.

Substrate Fatty Acyl Chain Analysis—Lipids of various acyl chain compositions
(16:0/16:0, 16:0/18:1, 18:1/18:1, 18:0/ 18:0, and 18:0/20:4) were combined to generate
liposomes composed of a single lipid class. 18:0/20:4 PG was not assayed. PIdA was
incubated with 6 pM of each lipid (30 pM total PC or PG and 24 uM total PG) and 3 mM
MgClz.

Divalent Cation Regulation—PIdA was incubated with 50 pM 10:1 DOPE/SM, DOPG,
or DOPC liposomes in the presence of 0.1-10 mM MgCl, or CaCls.

Transphosphatidylation Reaction Analysis—PIdA was incubated with 50 pM 10:1
DOPE/SM, DOPG, or DOPC liposomes and 0.3% methanol, ethanol, n-butanol,
ethanolamine, or glycerol, or 50 mM choline chloride and 3 mM MgCl,. Quantitation of
phosphatidylmethanol, phosphatidylethanol, and phosphatidylbutanol produced was
calculated based on offine calibration using 36:2 phosphatidylbutanol standard curves.

Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,) Regulation—PIdA was
incubated with 50 uM 10:1 DOPE/SM or DOPG liposomes in the absence and presence of 5
mol % porcine brain P1(4,5)P, and 3 mM MgCl,.

Exogenous PLD Assay—Phospholipase D activity was measured using the modified
exogenous substrate PLD assay.22 In brief, 6 nM purified PIdA was incubated with
liposomes containing 50 uM DOPC, 2.5 pCi 3H-DPPC, and any indicated added lipids for
10-30 min at 37 °C. Final reaction conditions contained 50 mM HEPES (pH 7.5), 100 mM
KCI, and 3 mM MgCls,. The reaction was quenched with addition of 10% trichloroacetic
acid and bovine serum albumin on ice. Protein and lipid were removed by centrifugation.
Supernatant was collected and free 3H-choline was measured by scintillation counting. At
least three independent experiments were performed in triplicate.

Liposome Binding Assay—The liposome binding assay was adapted from the
procedure of Buser and McLaughlin.23 Lipids in chloroform and 3.2 pCi [3H]-DPPC were
dried under a stream of nitrogen. Lipids were suspended in 50 mM HEPES (pH 7.5), and
176 mM sucrose buffer by vortexing vigorously and allowed to hydrate for 1 h at room
temperature. Vesicles were subjected to five cycles of freezing in liquid N5 and thawing in a
warm water bath after which, vesicles were extruded through two 0.1 um polycarbonate
filters. Vesicles were diluted 1:5 in an isotonic buffer (50 mM HEPES (pH 7.5), 100 mM
KCI), pelleted by centrifugation at 100 000g for 1 h at room temperature and resuspended in
isotonic buffer. Final lipid concentrations were calculated based on [3H]DPPC radioactivity.
PIdA (15 nM) was added to vesicles in a 1 mL reaction and incubated at room temperature
for 5 min. Samples containing PIdA without liposomes were used as controls to determine
background. The final reaction conditions were 15 nM PIdA, 50 mM HEPES (pH 7.5), 100
mM KCI, 3 mM MgCl,, and 100 puM lipid. Lipid-bound protein was isolated by
centrifugation at 15 000g for 20 min at 4 °C. The supernatant was removed and the lipid and
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protein resuspended in 1x SDS loading buffer. For Western blot analysis, protein was
transferred to a nitrocellulose membrane. The membrane was blocked with TBST containing
5% nonfat milk and incubated with anti-PIdA rabbit polyclonal antibody. After washing,
blots were probed with HRP conjugated rabbit secondary antibody and developed using
ECL reagent.

Exogenous PIdA Internalization Assay—To compare internalization of tagged and
tagless PIdA, in a 12-well plate, A549 cells were seeded at 1.5 x 10° cells/well in DMEM,
10% FBS, and 1% penicillin/streptomycin 18 h prior to treatment. Two pM PIdA, PIdA
K169E, tagless PIdA, or tagless PIdA K169E was incubated with A549 cells in DMEM and
0.05% FBS containing medium for 3.5 h at 37 °C in 5% CO,. Control cells were vehicle
treated. Cells were washed three times with PBS and lysed on the plate with 100 ug/mL
digitonin in PBS with protease inhibitor cocktail at room temperature for 10 min. Cytosol
was collected, and cell membranes scraped in PBS with protease inhibitor to collect
membrane fraction. PIdA was detected by Western blotting as described earlier using a
rabbit anti-PIdA polyclonal antibody and HRP conjugated antirabbit secondary antibody. f-
Actin (Sigma) was used as a loading control. CAD, carbamoyl-phosphate synthetase 2,
aspartate transcarbamylase, and dihydroorotase (Abcam), and Na*/K* ATPase (Cell
Signaling) were used as cytosolic and membrane protein markers.

To measure PIdA internalization over time, A549 cells were seeded at 1.5 x 10° cells/well in
DMEM, 10% FBS, and 1% penicillin/streptomycin 18 h prior to treatment in a 12-well
plate. Two UM wild type PIdA or K169E PIdA was incubated with A549 cells in DMEM
and 0.05% FBS containing medium for 30 min to 4 h at 37 °C in 5% CO,. Control cells
were vehicle treated. Cells were washed three times with PBS and lysed on the plate with 1x
SDS loading buffer with protease inhibitor cocktail. Cells were scraped and lysates analyzed
by Western blotting. PIdA was detected by Western blotting as described earlier using a
rabbit anti-PIdA polyclonal antibody and HRP conjugated anti-rabbit secondary antibody. -
Actin was used as a loading control.

To measure the effects of PIdA on Akt, cells were treated as described above with wild type
or K169E PIdA treated cells for 30 min or 4 h. Cells were washed three times with PBS and
lysed on the plate with 1x SDS loading buffer with protease inhibitor cocktail. Cells were
scraped and lysates analyzed by Western blotting. PIdA was detected as described earlier.
Akt was probed using anti-phospho Akt S473 and anti-pan Akt antibodies (Cell Signaling).

For mass spectrometric analysis, in a 12-well plate, A549 cells were seeded at 1.5 x 10°
cells/well in DMEM, 10% FBS, and 1% penicillin/streptomycin medium 18 h prior to
treatment. Two uM PIdA or PIdA K169E was incubated with A549 cells for 3.5 h at 37 °C
in 5% CO,. Cells were washed three times with PBS and lysed in 800 uL 0.1 N
HCl:methanol (1:1). Lipids were extracted with 400 pL chloroform. LC-MS analysis was
performed as previously published.?!

Confocal Microscopy—A549 cells were seeded at 1.5 x 10 cells/well in a 35 mm glass
bottom plate (MatTek) in DMEM, 10% FBS, and 1% penicillin/streptomycin 18 h prior to
treatment. PIdA and PIdA K169E were labeled using the Alexa Fluor 488 Protein labeling
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kit according to the manufacturer's protocol to generate WT-488 or K169E-488. 1 uM
WT-488 or K169E-488 was incubated with A549 cells for 4 h at 37 °C in 5% CO,.
Extracellular PIdA was removed by washing three times with PBS followed by addition of
10% FBS in DMEM. Cells were imaged using Zeiss LSM 510 inverted microscope at 5 and
7 h postincubation using a 63x 1.4 N.A. (Plan-Apochromat) oil immersion objective.
Acquisition settings were held constant unless noted otherwise.

Expression, Optimization and Purification of Recombinant PIdA

The PIdA gene sequence was cloned into the pET32b vector to produce a PIdA fusion
protein with N-terminal thioredoxin and polyhistidine tags. Optimal protein expression
required incubations at temperature below 18 °C. Lowering the induction temperature
enhanced the stability of the enzyme by reducing accumulation of protein fragments. The
Trx-His6-PIdA fusion protein was isolated using immobilized metal affinity
chromatography (IMAC). Protein was concentrated and further purified using size exclusion
chromatography (SEC). Protein yields after IMAC and SEC were 8.1 and 6.4 mg/L,
respectively. For select experiments, a catalytically dead mutant was used as a negative
control. Site directed mutagenesis was used to generate mutant PIdA K169E to render PIdA
catalytically inactive. For some experiments, tagless PIdA was required. The thrombin
cleavage site of the PIdA fusion protein was utilized to remove the thioredoxin and
polyhistidine tags and generate tagless wild type PIdA and tagless PIdA K169E constructs.
SDS-PAGE analysis after purification for wild type PIdA, PIdA K169E, tagless PIdA, and
tagless PIdA K169E is shown in Figure 1A. All experiments were formed with the wild type
Trx-His6-PIdA fusion protein, hereafter referred to as PIdA, unless otherwise stated.

PIdA Has a Wide Substrate Profile in Vitro

The ability of diverse glycerophospholipids to serve as PIdA substrates was assessed based
on various chemical lipid features, including headgroup composition, fatty acyl chain
unsaturation, and acyl or ether linkage to the glycerol backbone. The ability of PIdA to
hydrolyze the major glycerophospholipids, phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), and
phosphatidylserine (PS) at a single concentration was determined. Due to the inherent
instability of PE in aqueous solutions, DOPE and 18:1 sphingomyelin (SM) in a 10:1 ratio
was used to generate stable lipid solutions. All further experiments with DOPE shown also
include 18:1 SM. PIdA utilizes all of these lipids as substrates, except Pl, with variable
hydrolysis rates (Table 1). The order of substrate preference was DOPE >> DOPG > DOPS
> DOPC. Lysolipids were also observed to be substrates for PIdA, but the order of
preference does not mirror that of the diacyl lipids (LPE >> LPC > LPG > LPS). Most
lysolipids were also hydrolyzed to a lesser extent than their diacyl counterpart, except LPC.
The hydrolysis rate of 18:1 LPC was significantly higher (8.6-fold) than hydrolysis of
DOPC. PIdA was not found to have any detectable sphingomyelinase activity. No hydrolysis
of 18:1 SM was observed under any conditions including 10:1 PE/SM liposomes.
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In order to further evaluate substrate specificity, alkenyl, or plasmalogen, and alky! ether
phospholipids were assessed as potential substrates. The hydrolysis rate of 18:0p/18:1
plasmenylethanolamine and 18:0p/18:1 plasmenylcholine was 50% and 300% that of the
corresponding diacyl-linked lipids, DOPE and DOPC, respectively. To improve solubility of
18:0p/18:1 plasmenylethanolamine in solution, 18:1 SM was added in a 10:1 ratio of PE to
SM. The alkyl-linked lipid 16:0e/18:1 PC also displayed a similar hydrolysis rate relative to
DOPC. In vitro PIdA can hydrolyze acyl-linked phospholipids as well as ether-linked lipids
commonly found in eukaryotic cells.

We next examined whether PIJA has preference for substrates of particular fatty acyl
compositions. The effects of fatty acid unsaturation on PIdA lipid hydrolysis were evaluated
for three lipid substrate classes (Figure 1B). PIdA was incubated with mixed liposomes
containing a single lipid class, such as PC, but a variety of fatty acyl moiety combination,
such as 18:1/18:1, 16:0/18:1, 16:0/16:0, and so forth in equal proportions. In terms of PC
hydrolysis, lipids with two saturated acyl chains were preferentially hydrolyzed over species
containing one or more unsaturated acyl chains. This trend is opposite that of PE substrates,
in which lipids containing unsaturated acyl chains were preferentially hydrolyzed over
disaturated PE lipids. As for PG substrates, little preference in hydrolysis was observed
based on fatty acid unsaturation.

PIdA Has Low Transphosphatidylation Activity

PLD hydrolyzes phospholipids to generate phosphatidic acid; however, many enzymes are
capable of using primary alcohols as a nucleophile to produce a transphosphatidylation
product. The ability of PIdA to perform transphosphatidylation using a series of primary
alcohols was evaluated (Figure 2). PIdA was capable of using methanol (MeOH), ethanol
(EtOH), and n-butanol (BuOH) to produce transphosphatidylation products. The order of
transphosphatidylation rates correlated with the order of hydrolysis rates in the absence of
primary alcohols for the lipid classes (DOPE > DOPG > DOPC) (Table 1). Interestingly, the
trends for transphosphatidylation rates for the alcohols varied for each substrate. When using
DOPC as a substrate, transphosphatidylation rates with BuOH were slightly lower than with
MeOH or EtOH, although not significant. But when DOPG served as the substrate,
transphosphatidylation rates with BUOH were significantly higher than with MeOH or
EtOH. And finally, when DOPE served as the substrate, transphosphatidylation rates were
significantly higher with MeOH than other two alcohols.

The effects of MeOH, EtOH, and BUOH on PIdA substrate hydrolysis are summarized in
Figure 2B. Changes in hydrolysis rates of DOPC and DOPG in the presence of MeOH,
EtOH, and BuOH trended with phosphatidylalcohol production. A major difference was the
stimulation of DOPC hydrolysis by MeOH and EtOH, but an inhibition of DOPG hydrolysis
by MeOH and EtOH. In the case of DOPE hydrolysis, the addition of any of the alcohols
resulted in a slight increase in hydrolysis rates that was not significant. Most interestingly, in
many cases, these primary alcohols were ineffective at inhibiting PtdOH production,
especially PE, which is the major substrate of PIdA. Observed transphosphatidylation rates
were low relative to hydrolysis rates. Transphosphatidylation rates for PG were only 1.5-
1.8% of the hydrolysis rates in the presence of the alcohols, and transphosphatidylation rates
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using PC and PE were only 2-6% of the hydrolysis rates. Butanol is a commonly used tool
for inhibiting hPLD mediated PtdOH production, but 0.3% alcohol was ineffective
inhibiting in vitro PIdA activity.

Because of the transphosphatidylation efficiency of some bacterial PLDs, many have been
studied for use as biocatalysts for industrial production of phospholipids, such as PG, PE,
and PS, from PC. Transphosphatidylation activity of PIdA with physiologically relevant
headgroups, like choline, ethanolamine, and glycerol was also investigated for PIdA (Figure
2C). The order of inhibition of PtdOH formation correlated to the order of substrate
preference (ethanolamine > glycerol > choline). In the presence of 0.3% ethanolamine,
hydrolysis of both DOPG and DOPC was significantly inhibited. The addition of 0.3%
glycerol produced a modest decrease in DOPC hydrolysis, while DOPE hydrolysis was not
altered. The addition of 50 mM choline chloride had no impact on DOPG or DOPE
hydrolysis. Glycerol was the only headgroup used by PIdA under these conditions to
generate a transphosphatidylation product and only from DOPE substrate with a
transphosphatidylation rate of 114.2 + 10.5 nmol/min/mg, which is only 5% of the
hydrolysis reaction (Table 1).

Divalent Cations Stimulate PIdA Activity

For some PLD enzymes, activity is stimulated by or dependent on divalent cations, such as
magnesium and calcium.24-26 PIdA activity as a function of Ca?* and Mg?* concentrations
was measured. Robust hydrolysis of DOPE did not require either of these ions and only a
modest 1.6-fold increase in activity at 10 mM MgCl, was observed (Figure 3A). Increasing
concentrations of CaCl, produced a modest, but significant decrease in DOPE hydrolysis at
5 mM and 10 mM. In contrast, a large concentration dependent stimulation of DOPC and
DOPG hydrolysis was observed with maximal activity observed above 2.5 mM MgCl, and
CaCl, (Figure 3B, C). DOPC activity did require Mg2* and Ca2*; however, PG hydrolysis
was barely detectable without the ions present. Interestingly, for DOPG, Mg?* and Ca2*
produced similar changes in the absolute specific activity at comparable concentrations;
however, for DOPC, Mg2* and Ca2* produced similar patterns of stimulation but Mg2* was
more effective at stimulating higher specific activity at comparable cation concentrations.

Phosphoinositides Stimulate PIdA Activity in Vitro

Eukaryotic PLDs are regulated through a variety of protein—protein and protein-lipid
interactions. Since PIdA is a secreted protein and due to the significant sequence homology
of PIdA to the hPLD isoforms, some of these interactions for hPLD were investigated as
regulators of PIdA. hPLD activity is stimulated in vitro and in vivo by protein kinase C and
small GTPases, such as Arf and Cdc42.27-31 Stimulation of PIdA activity in vitro was not
observed for these small GTPases or protein kinase C (data not shown).

Phosphatidylinositol-4,5-bisphosphate, P1(4,5)P,, is a potent lipid stimulator of human
PLD1 and PLD?2 activity. Here P1(4,5)P, stimulation of PIdA was also examined. Based on
sequence analysis, the PI(4,5)P, binding site located in the catalytic domain of hPLD is
partially conserved within PIdA (Figure 4A). As shown in Figure 4B, the addition of 5 mol
% PI1(4,5)P, to DOPC liposomes resulted in an 8-fold stimulation of PC hydrolysis. To
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determine if this stimulation is specific for DOPC, hydrolysis of DOPG and DOPE
liposomes in the absence and presence of 5 mol % P1(4,5)P, was compared (Figure 4B). The
addition of P1(4,5)P, to DOPG liposomes resulted in a modest 1.2-fold increase in PIdA
activity, while P1(4,5)P, caused a 20% reduction in DOPE hydrolysis. P1(4,5)P, stimulation
of PC hydrolysis by PIdA was also concentration dependent as seen in Figure 4C.

We also investigated the specificity of the P1(4,5)P, stimulation by assaying the effects of
other phosphoinositides on PIdA activity. PIdA hydrolysis of DOPC liposomes containing 5
mol % PI, phosphoinositides, or diacylglycerol pyrophosphate (DGPP) was measured. Pl
did not stimulate PC hydrolysis; however, all phosphoinositides stimulated hydrolysis to
varying extents (Figure 4D). The order of potency for phosphoinositides was PIP3 > PIP, >
PIP. The difference in stimulation was not dependent on the location of phosphate on the
inositol headgroup, but rather the overall number of charges. DGPP also stimulated PIdA
activity to a similar extent as monophosphorylated phosphoinositides.

One potential mechanism by which PI(4,5)P, can increase PLD activity is to increase lipid
binding affinity. To examine this possibility, protein binding of PIdA to liposomes
comprised 100 mol % DOPC or 95 mol % DOPC/5 mol % PI(4,5)P, was assessed. Based on
the Western blotting results in Figure 4E, P1(4,5)P, caused a significant increase in binding
to DOPC liposomes.

Thioredoxin Tagged PIdA Internalizes into A549 Cells

The H2-T6SS of P. aeruginosa and PIdA have been shown to be involved in eukaryotic
infections and to promote epithelial cell internalization of P. aeruginosa.1920:32.33 Although
translocation of PIdA into eukaryotic cells has been demonstrated, its catalytic activity
within human cells has not been characterized. Overexpression of PIdA by transfection
within a variety of cell lines resulted in modest and transient changes in PtdOH despite
appreciable levels of protein expression (data not shown). Compensatory mechanisms or
protein inactivation over the course of a 6-72 h transfection may explain the lack of
observed changes in lipid composition.

Instead, we explored the effects of introducing exogenous PIdA and determining if it was
capable of internalizing into human cells and eliciting changes in lipid composition. PIdA
used throughout the in vitro studies was generated as a fusion protein with thioredoxin, a
protein that has been shown to translocate across the plasma membrane of human cells.343%
To examine whether the thioredoxin tag promotes PIdA internalization, the thioredoxin tags
of PIdA and PIdA K169E were removed utilizing thrombin, and internalization of tagless
PIdA and thioredoxin-PIdA fusion proteins were analyzed by Western blotting (Figure 5A).
Based on Western blot analysis of cell cytosolic and membrane fractions, PIdA levels are
significantly higher than PIdA K169E levels after several hours of incubation. Tagless PIdA
and PIdA K169E were detected in the cell membrane and cytosolic fractions at levels
comparable to the PIdA K169E fusion protein, suggesting that the thioredoxin tag promotes
a significantly higher level of internalization of PIdA. The large discrepancy in protein
levels of PIdA and PIdA K169E fusion proteins led us to investigate whether the loss of
catalytic activity for PIJA K169E was affecting internalization or stability of PIJA K169E.
To answer this question, internalization of PIdA and PIdA K169E over time was determined
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by Western blotting (shown in Figure 5B) and quantitated (shown in Figure 5C). At early
time points, (30 min), wild type and K169E PIdA proteins are present at equal levels within
Ab549 cells; however, by 3 h postincubation, protein levels for PIdA are still increasing while
those for PIdA K169E have significantly declined, suggesting that catalytic activity is
important for stability after internalization, but not for internalization itself.

To confirm internalization of exogenous recombinant PIdA into A549 cells, PIdA and PIdA
K169E were covalently labeled with Alexa Fluor 488 and imaged using confocal
microscopy (Figure 5D). Based on confocal imaging, both catalytically competent
fluorophore-labeled (WT-488) and incompetent (K169E-488) PIdA were localized to the
perinuclear space within A549 cells 5 h post-treatment; however, over time differences are
observed. At 5 and 7 h postincubation, WT-488 fluorescence intensity is comparably robust.
Using the same acquisition settings, K169E-488 fluorescence intensity was much lower at 7
h compared to 5 h post-K169E-488 treatment or 7 h post-WT-488 treatment. This is
consistent with results shown in Figure 5B. Both wild type and mutant PIdA initially
localize to perinuclear vesicles, but over time wild type PIdA vesicles disperse toward the
plasma membrane. Localization of mutant PIdA however remained constant over time.

Internalized PIdA Induces Changes in A549 Cellular Lipids

Once internalization was confirmed, we evaluated the effects of PIdA on A549 cellular
lipids. The lipid composition of A549 cells treated with PIdA or PIdA K169E was
determined by LC-MS analysis (Figure 6). A complete list and species distribution of
phospholipids and sphingolipids detected and quantitated is included in Supporting
Information Table 2. The primary PtdOH species generated (32:1, 34:2, 34:1, and 36:2
PtdOH) correlate nicely with significant reductions in the corresponding species of PE (32:1,
34:2, 34:1, and 36:2) and PG (34:1 and 36:2). In vitro, PIdA was observed to hydrolyze
plasmalogen PE. In A549 cells, the 36:1p PE species was the only plasmalogen whose levels
were reduced with wild type PIdA treatment, although the change was not significant. The
only PC species whose level decreased with PIdA treatment relative to PIdA K169E
treatment was dipalmitoyl PC (DPPC) although the change was also not statistically
significant. It is interesting to note here that DPPC was observed to be the preferred PC
substrate in vitro as well (Figure 1B).

Bis(monoacylglycero)phosphate, or BMP, was the only lipid class that significantly
decreased with PIdA treatment that was not a substrate. BMP is specifically and exclusively
localized to the late endosome or lysosome within cells and is important for intraluminal
vesicle formation of late endosomes, sphingolipid metabolism, and cholesterol
trafficking.36:37 BMP is a highly stable lipid and PIdA likely does not directly hydrolyze
BMP; instead the significant loss of PG, the starting material for BMP de novo synthesis,
most likely limited biosynthesis of BMP. The decline in BMP with wild type PIdA treatment
suggests that PIdA can alter the lipid membranes of endosomal vesicles. Changes to BMP
would be expected to have an impact on sphingolipid metabolism, as BMP is an activator of
many sphingolipid metabolizing enzymes. Although we could not analyze most
sphingolipids using our LC-MS method, sphingomyelin was quantifiable. Treatment of
A549 cells with wild type PIdA caused an increase in SM levels, although not significant,
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suggesting a reduction in lipid turnover or an increase in SM synthesis. The decrease in
BMP, which normally stimulates acid sphingomyelinase hydrolysis of sphingomyelin,
suggests that the increase is due to a decline in SM turnover. As noted earlier, with confocal
microscopy, PIdA localized puncta appears to transition from the perinuclear region closer
to the cell periphery. This effect is dependent on catalytic activity. The synthesis of PtdOH,
a lipid that promotes vesicular trafficking in human cells, and/or the modulation of
endosomal lipids such as BMP may mediate these changes and may promote stability of
PIdA. Based on confocal imaging and mass spectrometry, internalized PIdA is capable of
altering vesicle trafficking and lipid signaling within A549 cells.

Previous accounts demonstrated a link between PIdA and human Akt that served to mediate
cell internalization of P. aeruginosa.2? Herein, we assessed whether PIdA internalized from
the medium also induces Akt activation in A549 cells. Initial efforts focused at the 3.5 h
time point, as that was where the most profound difference in wild type and mutant PIdA
levels were observed (Figure 7A). No significant difference was observed between WT and
K169E treated cells. However, at earlier time points (30 min to 1 h) post-treatment, a
reproducible and quantified increase in Akt phosphorylation was observed with WT treated
cells, while K169E treated cells resembled control, or vehicle, treated cells (Figure 7B).
Independent of the mechanism for internalization, either the T6SS20 or thioredoxin induced
exogenous uptake, PIdA stimulates Akt activation.

DISCUSSION

PIdA is a secreted effector of the H2-T6SS of Pseudomonas aeruginosa that targets bacterial
and eukaryotic cells, however little characterization of its catalytic activity has been
performed. Our findings demonstrate that PIdA hydrolyzes a wide variety of phospholipids
in vitro, however a limited and specific set of products is generated in lung epithelial cells.
PIdA activity is stimulated in vitro by divalent cations and phosphoinositides; both may be
factors in regulating PIdA activity in human cells. Unlike many HKD-containing PLDs,
transphosphatidylation by PIdA is highly inefficient. We also observed that exogenous PIdA
translocated into epithelial cells induces changes in endosomal lipids and alters vesicular
trafficking.

Despite the protein sequence similarity between PIdA and eukaryotic PLD family
members,19-20 the substrate preference of PIdA is noticeably different from that of the
human isoforms. Human PLD1 and PLD?2 utilize PC as the primary substrate in vitro and in
vivo, while PIdA hydrolyzes PE and PG more readily than PC in a reconstitution assay and
within A549 cells. The preference for PE instead of PC as the primary substrate correlates
with the observed sensitization and disruption of bacterial membranes, which generally
contain little to no PC.

In A549 cells treated with PIdA, increased production of only four species of PtdOH (32:1,
34:2, 34:1, 36:2) was detected. Interestingly, these PtdOH species are the same characteristic
signaling species of PtdOH produced by the human isoforms in cells.38:39 This selectivity is
not based on species abundance. The PE species that were PIdA substrates constituted only
17% of the total cellular PE, while the five most abundant PE species, all of which contain
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PUFAs, constituted 55% of total PE (Supporting Information Table 2). By mimicking host
PLD signaling lipids, PIdA may be able to induce host signaling pathways, such as vesicle
trafficking (Figure 5D) or Akt signaling.20:40

The transphosphatidylation reaction is a commonly observed property of HKD-containing
PLDs. Although PIdA can perform this reaction, the hydrolysis rates are significantly higher
than the transphosphatidylation rates. n-Butanol is commonly used to inhibit cellular PtdOH
production by hPLD isoforms. In most cases assayed here, MeOH, EtOH, and BuOH were
poor inhibitors of the production of PtdOH, suggesting that these primary alcohols would
likely be ineffective tools to study and modulate PIdA activity in cells.

Divalent cations often stimulate catalytic activity of PLDs.242541 P|dA does not display an
absolute requirement of divalent cations for catalytic activity; however, robust stimulation
does occur in a concentration dependent manner. Although the concentrations of free
intracellular Mg2* (0.5-1 mM)*2 and Ca2*(0.3-0.5 uM)*3 in human cells are below the
levels observed for PIdA stimulation in this study, the effects of the cations may be
primarily due to increased PIdA-lipid interactions rather than direct modulation of PIdA. If
divalent cations were required for catalysis, all substrates would be expected to be equally
effected, but divalent cations were required only for the hydrolysis of the anionic substrate,
PG. Stimulation of PC hydrolysis by the anionic lipid, P1(4,5)P; is also divalent cation
dependent (data not shown).

In eukaryotic cells, phosphoinositides commonly serve as unique docking sites for proteins
and help to delineate various intracellular membrane compartments, primarily those
involved in vesicular trafficking.# PLD1 in a variety of cell lines has a basal localization at
perinuclear vesicles that is dependent on phosphoinositide binding*>46 and upon stimulation
PLD1 mediates vesicular trafficking that is dependent on catalytic activity.*> Both PIdA
lipid binding and activity are increased in the presence of phosphoinositides, as they are for
human PLD. Phosphoinositides may modulate PIdA activity and localization once the
enzyme is translocated into the host cell cytosol. In this study, exogenous PIdA was taken up
into A549 cells and was associated with both the membrane and cytosolic fractions.
Localization of cytosolic PIdA to intracellular vesicles may be mediated by
phosphoinositides.

Internalized active, but not mutant, PIdA induced changes in vesicular trafficking in A549
cells. Many pathogens hijack host vesicular trafficking during infection to promote bacterial
survival.#” Based on these findings, one can hypothesize that PIdA is able to mimic host
PLD mediated vesicular trafficking as well. The nature of these intracellular vesicles
colocalized with PIdA and the effects of PIdA on various components of vesicular
trafficking networks is the focus of future studies. The gonococcal PLD, NgPLD, was
observed to directly bind and stimulate host Akt signaling. Previous findings suggest PIdA
also interacts with Akt and stimulates its phosphorylation and activation. Here, we
reproduce the earlier findings with PIdA using exogenous PIdA that is capable of
internalizing into A549 cells. The ability to reproduce these earlier findings of Akt
activation support the notion that other observed effects in A549 cells are relevant despite
the difference in the method of delivery of PIdA into cells.
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Understanding of the parallels between the human isoforms of PLD and PIdA contributes to
predictions of its mechanism of activity as a virulence factor. In this work, we have
identified, for the first time, the substrate specificity of PIdA in eukaryotic cells, as well as
the products produced, which closely match those of the host PLD. Several similarities
between hPLD isoforms and PIdA suggest that PIdA may mimic some of the functions of
the host PLD, such as vesicular trafficking or Akt activation. Of particular interest for future
studies is the putative role of phosphoinositides in regulating PIdA localization and activity
in eukaryotic cells. Further investigation is needed to confirm the physiological relevance of
these in vitro regulators of PIdA activity and to better understand the function of PIdA
during P. aeruginosa infection. Given the central importance of this bacterial virulence
factor, such studies are likely to be illuminating.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
PLD phospholipase D
PC phosphatidylcholine
PE phosphatidylethanolamine
PG phosphatidylglycerol
PS phosphatidylserine
PtdOH phosphatidic acid
Pl phosphatidylinositol
LPE lysophosphatidylethanolamine
LPG lysophosphatidylglycerol
LPC lysophosphatidylcholine
LPS lysophosphatidylserine
LPI lysophosphatidylinositol
DO dioleoyl
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DP dipalmitoyl
H2-T6SS H2-Type Six Secretion System
LC-MS liquid chromatography—mass spectrometry
IMAC immobilized affinity chromatography
SEC size exclusion chromatography
MeOH methanol
EtOH ethanol
BuOH n-butanol
P1(4,5)P, phosphatidylinositol-4,5-bisphosphate
hPLD human PLD
FBS fetal bovine serum
PBS phosphate buffered saline
PUFA polyunsaturated fatty acid
SM sphingomyelin
BMP bis(monoacylglycero)phosphate
PIP3 phosphatidylinositol-3,4,5-triphosphate
PIP phosphatidylinositol phosphate
DAG diacylglycerol
TBST Tris buffered saline with 0.1% Tween 20
HRP horseradish peroxidase
SEM standard error of the mean
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Figure 1.
(A) SDS-PAGE analysis of purified recombinant PIdA. Lane 1, molecular weight ladder;

lane 2, wild type PIdA; lane 3, PIdA K169E; lane 4, tagless wild type PIdA; lane 5, tagless
PIdA K169E. (B) PIdA displays variable substrate hydrolysis based on phospholipid fatty
acyl chain composition. 18:0/20:4 PG was not assayed. Mean values are shown + SEM (n =
9). Statistical analysis performed using one-way ANOVA with Tukey's post hoc test.
Groups differing (p < 0.05) have different letters.
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PIdA transphosphatidylation and hydrolysis activity in the presence of primary alcohols. (A)

PIdA transphosphatidylation and (B) hydrolysis activity in the presence of methanol,
ethanol, or n-butanol. (C) Effects of free phospholipid headgroups on PIdA hydrolysis

activity. Substrates are shown above each panel. Mean values are shown + SEM (n = 9).
Statistical analysis performed using one-way ANOVA with Tukey's post hoc test. *p < 0.01.
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Figure 3.
Divalent cations stimulate PIdA activity in vitro in a concentration dependent manner.

MgCl, (black bar) and CaCl, (white bar). Substrates are shown above each panel. Mean
values are shown + SEM (n = 9-12). Statistical analysis performed using one-way ANOVA
with Tukey's post hoc test. *Significantly different from control, p < 0.01.
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Figure 4.
Phosphoinositides stimulate PIdA activity and promote lipid binding in vitro. (A) Alignment

of putative PI(4,5)P, binding domain of PIdA and P1(4,5)P, binding domain of human
PLD1 and PLD2. (B) Brain P1(4,5)P, stimulates PC substrate hydrolysis by PIdA. Statistical
analysis performed using Student's t test. *p < 0.01. (C) Brain PI(4,5)P, stimulation of
DOPC hydrolysis is concentration dependent. Statistical analysis performed using one-way
ANOVA with Tukey's post hoc test. Groups differing (p < 0.01) have different letters. (D)
Phosphoinositides stimulate DOPC hydrolysis. All phosphoinositides were 36:2, except for
brain PI1(4)P. Statistical analysis performed using one-way ANOVA with Tukey's post hoc
test. Groups differing (p < 0.01) have different letters. (E) Brain PI(4,5)P, increases DOPC
liposome binding of PIdA. All experiments performed in triplicate. Shown are representative
data. All mean values are shown + SEM (n = 3).
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Figure 5.
Recombinant PIdA internalizes into A549 cells. (A) PIdA fusion protein translocates into

Ab49 cells. (B) Stability of catalytically dead PIdA (K169E) decreases over time, while wild
type PIdA accumulates. Statistical analysis performed using unpaired t test. *p < 0.05.
Shown is a representative experiment. (C) Quantitation of WT and K169E PIdA levels in
experiment in panel (B) normalized to f-actin and protein levels at 30 min. Results are
combined from three independent experiments (n = 3). (D) Changes in localization of PIdA
in A549 cells are activity dependent. Fluorescence and DIC overlay images of A549 cells
treated with PIdA.
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Figure 6.

Ci?anges to (A) PtdOH, (B) PE, (C) PG, (D) PC, (E) BMP, and (F) SM lipids of A549 cells
associated with PIdA treatment. Fold change was normalized to PIdA K169E treated
samples. All mean values are shown £ SEM (n = 4). Statistical analysis performed using
unpaired t test. *p < 0.01.
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Figure 7.
PIdA induces a transient stimulation of Akt in A549 cells upon exogenous treatment. (A)

Wild type PIdA stimulates Akt phosphor-ylation 30 min after exogenous addition and
uptake, but not after 3 h. Representative experiment shown. (B) Quantification of difference
in Akt phosphorylation between WT and K169E treated cells after 30 min using
densitometry. Fold change was normalized to PIdA K169E treated samples. Mean values are
shown + SEM (n = 3). Statistical analysis performed using one-sample t test. *p < 0.05.
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Specific Activity of Recombinant PIdA with Various Lipids®

Table 1

substrate
DOPC
DOPG
DOPE
DOPS
DOPI

18:1LPC
18:1 LPG
18:1 LPE
18:1LPS
18:1 LPI

18:0p/18:1 PC
16:0e/18:1 PC
18:0p/18:1 PE
18:1 SM

specific activity (nmol/min/mg)
15.3+3.6

344.1+22.0

2871.9+218.1

229.3+25.8

NDb

130.4+17.9
57.3+2.6
1345.6 +94.9
9.0+59

NDb

46.3+5.6
123+28
17146 +79.2

NDb

a\/alues are given as mean £ SEM (n = 7-9).

bND: not detected.
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