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CHAPTER 1
INTRODUCTION

Phospholipase D

Phospholipase D, or PLD, is a ubiquitous enzyme found in bacteria, fungi, plants, and
mammals. PLD is a member of the PLD superfamily that consists of phosphodiesterases that
hydrolyzes lipids or nucleic acids. There are several classifications for phospholipases,
depending on the type of bond cleaved on phospholipids (Figure 1). Phospholipase Al and A2
(PLA1 and PLA2) generate a lysophospholipid and a fatty acid by cleaving the ester bond
linking the fatty acyl and glycerol backbone at the Sx1 and Sx2 positions, respectively.
Phospholipase B (PLB) cleaves both ester bonds at Sy1 and Snx2 positions. Phospholipase C
(PLC) cleaves the phosphodiester bond between the glycerol backbone and the phosphate to
generate diacylglycerol (DAG) and a phosphate -containing headgroup. Finally, PLD cleaves the
bond between the phosphate and the headgroup to generate phosphatidic acid and a free

headgroup.

Phospholipase A1

o l
\/\/\/\/\/\/\/\/\/U:’{’; Phospholipase C

o
1N,
I 0 N
Phospholipase A2 Phospholipase D
Ve
N+

I ~

Figure 1. Comparison of phospholipase cleavage sites.



Enzymes were initially designated as PLD superfamily members based on their ability to
hydrolyze phosphatidylcholine (PC), however with advancements in genome sequencing and
bioinformatics, the PLD superfamily has grown to include more than just enzymes that
hydrolyze PC. Now, classification as a PLD family member is based on conservation of a
characteristic HxKx4Dx¢G(G/S) catalytic motif known simply as an HKD motif. HKD-
containing family members include phospholipases but also cardiolipin synthase,
phosphatidylserine synthases, and endonucleases.” Several non-HKD containing enzymes are
also included in the family based on their ability to hydrolyze lipids to generate phosphatidic
acid (PtdOH). Non-HKD family members include N-acyl phosphatidylethanolamine PLD, or
NAPE-PLD’, sphingomyelinases’, glycosylphosphatidylinositol PLD? or GPI-PLD, and
autotaxin’.

Most HKD-containing PLDs possess two HKD motifs that, based on crystal structures of
PLD superfamily members, come together to form one active site. Crystal structures of several
endonucleases and bacterial PLDs including Streptomyces sp. PMF® ’, Streptomyces antibioticus
(PDB deposited, but unpublished), Yersinia murine toxin’, and Nuc endonuclease from
Salmonella typhimurium’ have been determined. Bacterial PLDs containing 2 HKD motifs have
a bi-lobal structure with a pseudo 2-fold axis of symmetry, while the 1 HKD-containing Nuc
protein crystallized as a homodimer. Based on structural and biochemical data, one histidine
residue serves as the nucleophile to attack and cleave the phosphodiester bond in the substrate

forming a phosphatidyl histidine covalent intermediate.” * '

The second histidine hydrogen
bonds to and activates water, which facilitates a nucleophile attack on the phosphatidyl histidine

intermediate to generate PtdOH. Although PLDs primarily generate phosphatidic acid; many

enzymes are also capable of using primary alcohols preferentially over water as a nucleophile to



produce a transphosphatidylation product. The transphosphatidylation reaction is commonly
exploited to measure PLD generated PtdOH in cells. Phosphatidylalcohols are significantly more
stable in cells than phosphatidic acid, which undergoes rapid turnover. Unfortunately no crystal
structures have been solved for the larger and more complex PLDs from higher order eukaryotic
organisms.

Eukaryotic PLDs are often much larger than their bacterial counterparts with more regulatory
domains. Plant PLDs contain either a C2 domain or pair of PX and PH domains. C2 domains are
only found in plants while mammalian PLDs contain PX and PH domains. C2 domains are lipid
binding domains found in a variety of eukaryotic proteins, but most wide studied in Protein
kinase C (PKC), with membrane recruitment often mediated in a calcium-dependent manner.”’
PX, or phox, domains bind phosphoinositides, primarily PI(3)P, but also PI(3,4)P,, PI(3,5)P, and
PI(3,4,5)P; and are found in proteins that mediate vesicular trafficking and protein sorting.’? PH,
or pleckstrin homology, domains bind phosphoinositides including PI(3,4)P,, PI(4,5)P, and
PI(3,4,5)P; and mediate protein-protein interactions.’’

Human PLD isoforms 1 and 2 are the most studied HKD-containing PLD enzymes. Human
PLD plays critical roles in cell signaling pathways that modulate vesicular trafficking, cell
proliferation, and cell survival.””’® As such PLD has been studied in a variety of
pathophysiological conditions including, cancer, inflammation, neurodegeneration, and
pathogenic infections.”” Here I will focus on the roles identified for PLD in infection.

PLD is expressed in a variety of mammalian tissues, including leukocytes. At least one PLD
isoform is expressed in monocytes’®, macrophages’®, eosinophils”’, basophils®’, dendritic cells’®

23,24

?? and lymphocytes™ *’. PLD expressed in human leukocytes is associated with antimicrobial

30, 31

- . 19,22, 25,26 . 27-29 - - -
mechanisms such as phagocytosis’'” “~ “> “°, degranulation”™", respiratory burst™” **, microbial



32-34 35, 36

killing™™”, and chemotaxis . PLD activity is highly correlated with these antimicrobial
functions however the intracellular mechanism by which PLD mediates these processes is poorly
understood. Phagocytosis, chemotaxis, degranulation, and microbial killing involve actin
polymerization and membrane trafficking, processes known to be regulated by PLD. PtdOH has

also been shown to directly stimulate NADPH oxidase’” *

and may be a mechanism by which
reactive oxygen species generation is stimulated.
Bacterial phospholipase D proteins

Although human PLD is associated with anti-microbial processes, several intracellular
pathogens are known to secrete their own PLD enzymes to promote virulence through increased

. . . . . 38-45
internalization or intracellular survival.

Virulence determinants are factors produced by a
pathogen that serve to increase fitness during infection of a host. They are non-essential to cell
viability, but are essential for pathogenesis, or the ability to cause disease. Virulence mechanisms
may function to mediate entry into or colonization of the host, evasion or inhibition of the host
immune defenses, and acquisition of nutrients from the host. Generally the processes mediated
by bacterial phospholipases during infection are either (1) cytolytic by sensitizing or degrading
host cell membranes or (2) via modulation of host signaling networks. PLD virulence factors are
usually produced by obligate or facultative intracellular Gram-negative bacteria and they are less
common than PLA or PLC virulence factors. Only a handful of bacterial PLDs have been

characterized in terms of their role in pathogenesis. Table 1 summarizes the bacterial PLDs

highlighted below.



Phospholipase D Bacterium Function

Ymt Yersinia pestis Flea colonization
Cell adhesi di i
NgPLD Neiserria gonorroheae ella eSlO.n an. invasion
Akt signaling

Exacerbate cell toxicity of LecE
Increasing DAG accumulation
PZ-PLDs Chlamydia genus Intracellular survival
Serum survival

LpdA Legionella monocytogenes

A1S 2989 Acinetobacter baumannii ] .
- Persistent colonization
Cell invasion
Chronic infection
PIdA Pseudomonas aeruginosa

Akt signaling
Bacterial competition
Cell internalization

PldB Pseudomonas aeruginosa Akt signaling
Bacterial competition

Table 1. Bacterial PLD virulence factors and their associated functions

Yersinia pestis

Yersinia pestis is a Gram-negative bacterium that is the causative agent of bubonic plague.
Yersinia murine toxin (Ymt) is a PLD that contains 2 HKD motifs. Recombinant Ymt was
purified from E. coli and found to hydrolyze phosphatidylethanolamine (PE) and to lesser extents
phosphatidylcholine (PC) and phosphatidylserine (PS), however it was not stimulated by
canonical human PLD activators, phosphatidylinositol-4,5-bisphosphate (PIP;) or the small
GTPase, ADP-ribosylation factor 1, or Arfl.? Ymt is one of a few bacterial PLDs for which in
vitro substrates have been characterized, however the in vivo substrates have not been identified.

Purified Ymt was highly toxic to mice when directly injected but not required for virulence of Y.



pestis in mice.”” Y. pestis is transmitted to its host by the flea vector and Ymt expression was
higher at 26 °C than 37 °C, suggesting a role in flea transmission. Ymt was found to be
important for colonization of the flea digestive tract.”” Y. pestis colonizes the midgut and forms
cohesive aggregates that eventually block normal feeding. With continued attempts to feed,
bacteria are dislodged into the bite site and transmitted to the host. By increasing survival in the
flea midgut, Ymt promotes vector colonization required for transmission to the host.
Interestingly, heterologous expression of Ymt was able to increase colonization of the flea
midgut by Yersinia pseudotuberculosis and Escherichia coli.’’ Wild type Y. pestis cells
expressing Ymt could not rescue survival of Ymt mutant cells in fleas even with co-inoculation
of both strains. This coupled with the lack of detectable secretion of Ymt, suggests that the
effects of Ymt are mediated intracellularly, in constrast to most other bacterial PLDs studied to
date which are secreted.”’
Neisseria gonorrhoeae

Neisseria gonorrhoeae, an exclusively human pathogen, is a Gram-negative bacterium that is
the causative agent of the sexually transmitted disease gonorrhea. N. gomnorrhoeae invades
human cervical epithelial cells by binding the complement CR3 receptor.” Engagement of the
CR3 receptor triggers membrane ruffling to mediate endocytosis.”® Upon cervical cell infection
by N. gonorrhoeae, a subset of proteins are released. Proteomic analysis of the culture
supernatant identified a secreted 55 kDa PLD homolog termed NgPLD, however the mechanism
of secretion has not been identified.” Loss of NgPLD resulted in decreased cell association and
invasion by N. gonorrhoeae. The exogenous addition of an unrelated PLD from Streptomyces sp.
did not rescue the decrease in association and invasion, suggesting function specific to NgPLD.

This PLD was found to increase recruitment of the CR3 receptor to the cervical cell surface and



promote cytoskeletal rearrangement to induce membrane ruffling. Upon cell infection, human
Akt, a serine/threonine kinase important for mediating a number of different cellular processes
including cell proliferation and survival, nutrient metabolism, endocytosis and vesicular
trafficking, is activated in a phosphatidylinositol-3-phosphate kinase (PI3K) independent
manner. PI3K is the canonical upstream activator of Akt signaling. PI3K converts
phosphatidylinositol-4,5-bisphosphate (PIP,) to phosphatidylinositol-3,4,5-triphosphate (PIPs).
Akt binds PIP; with high affinity within its PH domain allowing for recruitment of Akt to the
plasma membrane. Upon translocation, phosphoinositide dependent kinase 1 (PDK1)
phosphorylates Akt at T308. Akt is subsequently phosphorylated at S437 by mammalian target
of rapamycin complex 2 (mTORC2) leading to full activation of Akt kinase activity. Akt
signaling is also known to be activated during infection by a number of pathogens.” ¥ NgPLD
was found to interact with Akt in infected cell lysates and directly bind the PH domain of Akt in
vitro.”” Akt was the first host factor demonstrated to interact with a bacterial PLD during
infection.
Legionella pneumophila

Legionella pnemuophila, a gram-negative facultative intracellular pathogen, is the cause of
Legionnaires’ disease, a severe form of pneumonia. Bacteria gain access to the lungs through
contaminated water droplets and invade lung macrophages and epithelial cells to replicate. This
leads to lung damage and subsequently pneumonia. L. pneumophila virulence is associated with
a Type IV secretion system for which over 300 effectors have been identified.”* Many effectors
have redundant functions and target similar pathways in the host to evade phagosomal
degradation and redirection of endoplasmic reticulum and mitochondria derived vesicles to

Legionella-containing vacuoles (LCV) for LCV biogenesis and maturation.”’ L. pneumophila



replicates inside LCVs until membrane rupture and release of bacteria into the cytosol for further
replication. Functional redundancy of these effectors makes identification of effectors and their
mechanism difficult using tradition single gene manipulations. To expand identification of the
Type IV effectors, a screen was performed to detect translocation of all open reading frames
genes larger than 300 base pairs using a p—lactamase reporter assay.”> Almost 800 gene products
were analyzed for translocation and 70 new genes were identified as effectors. Several
phospholipase genes were identified in this screen, including a PLD named LpdA for which the
function later characterized. Unlike most of the phospholipase A effectors identified, LpdA did
not induce cell toxicity in wild type yeast when overexpressed, however deletion of the host
diacylglycerol kinase 1, dgkl, gene with LpdA expression was lethal to cells.’® Co-expression of
another Type IV effector, LecE, also promoted lethality in yeast. Although LecE was lethal when
expressed alone, LpdA was able to exacerbate the toxicity suggesting synergy. LecE was found
to stimulate the yeast phosphatidic acid phosphatase, Pahl, the enzyme that converts PtdOH to
diacylglycerol (DAG). The increase in PtdOH by LpdA promoted an increase in DAG mediated

by LecE activation of Pahl.*

DAG generation is thought to promote recruitment of Protein
Kinase D (PKD) and PKC to LCV to modulate phosphoinositides on the LCV membrane, which
serve to anchor Type IV secretion system effectors to the LCV.
Chlamydia trachomatis

Chlamydia trachomatis is an obligate intracellular Gram-negative bacterium that infects
ocular and genital tract epithelial cells causing conjunctivitis and sexually transmitted infections.
C. trachomatis has a biphasic developmental cycle.” Elementary bodies (EB) are metabolically

inactive and infectious. EBs invade host cells and remain within inclusions, or membrane bound

vacuoles. EBs then differentiate into reticulate bodies (RBs) which divide by binary fission but



are not infectious. C. trachomatis is able to inhibit degradation within host cells by prohibiting
maturation of inclusions into lysosomes. After replication, RBs differentiate back into EBs,
which exit from host cells to repeat the cycle of infection. The core genome of Chlamydia strains
is highly conserved, despite the range of hosts and tissue types infected. The plasticity zone (PZ)
is a region of genetic diversity thought to be important for mediating the host, tissue, and disease
diversity observed for Chlamydia species. C. trachomatis encodes several PLD homologs within
the PZ (PZ-PLDs) and two PLDs found outside of the PZ, referred to as chromosomal PLDs.
One chromosomal PLD, CT284, was found expressed early during the developmental cycle in
EBs. While the other chromosomal PLD (CT084) and all PZ-PLDs were upregulated in mid- to
late-cycle (CT154, CT155, CT156 — a protein truncated before the first HKD motif, CT157,
CT158).55 Protein expression of one PZ-PLD, CT155, was confirmed in the mid- to late-
developmental cycle. CT155 was also found selectively localized to RBs adjacent to the
inclusion membrane.” Primary alcohols have been used for years to investigate the roles of PLD
in cellular processes. PLD utilizes primary alcohols such as ethanol or butanol thereby
generating phosphatidylalcohol products and inhibiting PtdOH production. Viability of
Chlamydia strains that encoded PZ-PLDs was decreased with primary alcohol treatment, while a
strain of Chlamydia caviae that does not contain PZ-PLDs were not sensitive to primary
alcohols.” There are caveats to this study. Primary alcohols would have inhibited the host PLD
also, but no control experiments were performed to analyze the contribution of host PLD in C.
trachomatis viability. Also no direct confirmation of PLD activity was performed for any PZ-
PLDs and consequently no direct confirmation of primary alcohol inhibition of PtdOH

production.



Acinetobacter baumannii

Acinetobacter baumannii is an emerging opportunistic pathogen for which multi-drug
resistance has emerged. A. baumannii primarily infects the immunocompromised causing skin
infections, ventilator-associated pneumonia, and bacteremia. A PLD gene, A1S 2989, has been
implicated in modulation of serum survival of 4. baumannii.”’ In agreement with its ability to
contribute to serum survival, in a murine model of pneumonia, p/d mutant strains exhibited
decreased bacteremia. In vitro cell invasion and colonization of visceral organs were also
decreased with genetic ablation of A1S 2989. Although lung bacterial burden and colonization
of heart and liver tissue was not different between wild type and p/d mutant strains 24 h after
infection, colonization after 48 h was significantly lower for mutant strains, suggesting a role in
persistence but not colonization for A1S_2989.%
Pseudomonas aeruginosa

Bacterial PLD enzymes produced by human pathogens generally have poor sequence
homology to the mammalian host PLD, but one exception is PIdA produced by Pseudomonas
aeruginosa which contains up to 23-31% sequence identity and 39-50% sequence similarity, in
the regions including and surrounding both HKD motifs.”® Early characterization of PIdA
demonstrated that PIdA could hydrolyze PC to generate PtdOH and perform the characteristic
PLD reaction, transphosphatidylation, using ethanol and butanol, although weakly.”’ PIdA was
found localized to the periplasm, and its activity was stimulated by millimolar concentrations of
calcium.”® Genomic analysis of several environmental and clinical isolates revealed that only
30% of the examined strains encoded the plda gene. One important observation was that an
upstream vgr gene and downstream open reading frame 4 (ORF4) were invariably present in

only strains that also contained plda.’® This tight genetic association suggests possible functional
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association that was later confirmed by other groups.”” Using a murine pulmonary infection
model, plda deficient cells were outcompeted by the wild type cells after two weeks but not
initially when co-infected, suggesting that PIdA was important for persistent infections.”® The
mechanism for this was at the time unclear.

In 2006, the function of VgrG proteins was identified as a required, secreted component of a
newly identified protein secretion system, referred to as the Type VI secretion system (T6SS) in
P. aeruginosa.j& Y PIdA, also named Tle5™, has since been confirmed as a secreted factor of the

T6SS that facilitates bacterial killing and cell invasion by P. aeruginosa.”””’

P. aeruginosa
encodes three distinct T6SS loci, H1, H2, and H3. The PldA-mediated interspecies growth
advantage of P. aeruginosa with Pseudomonas putida required a functional H2-T6SS,
suggesting that the H2-T6SS mediates PIdA secretion into bacterial target cells.”” The
downstream ORF4 gene was also identified to encode an immunity protein, termed T1i5"* that
protects P. aeruginosa from the toxicity associated with PIdA.”” The exact mechanism has not
been elucidated, but is hypothesized to be mediated by a direct protein-protein interaction.
Subsequent analysis confirmed PIdA translocation of PIdA into human epithelial cells and
induction of cell internalization of P. aeruginosa.52 Another PLD, P1dB, was established as an
H3-T6SS effector that also contributed to bacterial killing and cell invasion, in a similar manner
to PIdA.”’ Although only H2-T6SS and PIdA were upregulated and expressed in exponential
phase bacteria, stationary phase bacteria expressed both H2- and H3-T6SS gene clusters and both
PLDs resulting in redundancy requiring gene ablation of both T6SS or both PLD for decreased
cell invasion. This correlates well with previously described roles and redundancy of H2- and

H3-T6SS in modulation of eukaryotic infection by P. aeruginosa.”” * Both PIdA and PIdB

directly interacted with Akt isoforms 1 and 2, but not 3 and induced activation of Akt as
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evidenced by increased phosphorylation. Unlike NgPLD described earlier”, PIdA/P1dB
activation of Akt was PI3K-dependent’”. PIdA and PIdB are two of only three T6SS effectors
identified so far with dual functions modulating bacterial and eukaryotic cells.

Type Six Secretion system

The Type Six secretion system, T6SS, is the most recently discovered protein secretion
system of Gram-negative bacteria. T6SS gene clusters have been identified in over 25% of
bacterial genomes sequenced and are primarily concentrated in Proteobacteria.”” About one third
of bacteria encoding a T6SS have more than one T6SS locus with Y. pestis and Burkholderia
pseudomallei having the most with 6 loci.”” Most of these do not appear to be derived from
recent duplication events. The evolutionarily distinct and conserved nature of these gene clusters
suggests that they have evolved to serve particular niche functions.

A functional T6SS locus contains at minimum of 13 genes and upwards of 38 genes within
the cluster.”” These 13 genes comprise the core components. Nine genes encode proteins that are
structurally similar to the bacteriophage tail, a needle-like injection complex. The T6SS is
proposed to function like an inverted phage tail. Shown in Figure 2 is a depiction of structural
components of the T6SS in comparison to a phage tail. The Hcp protein is a structural homolog
of the phage lambda tail tube protein and forms hexameric rings thought to generate a tube-like

58, 65
d.

structure serving as a conduit by which effectors may be translocate The VgrG protein

forms a trimer and is thought to serve as the cap of the Hcp tube that functions as the tail spike-

like puncturing device.” VipA and VipB oligomerize to assemble long tubes thought to form a

67, 68

contractile tail sheath-like structure in the cytoplasm. VipA/B contraction may propel the

168

Hcp/VgrG tube out the bacterial cell and into the target cell.” ClpV ATPase activity regulates

the assembly and disassembly of the VipA/B contractile sheath.”” ®® A four-gene cluster, zssJ,
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tssK, tssL, and tssM, are thought to form a membrane-bound complex that anchors the phage-
related complex to the cell envelope. The role of other core components has not been clearly

defined but may serve a function similar to the phage baseplate.
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Figure 2. Comparison of bacteriophage tail structure and proposed T6SS structure. (Reproduced

with permission from Ho, B. et al.”)

Besides these core components, T6SS loci also may encode accessory proteins that post-
translationally regulate T6SS activity. Some loci encode a threonine kinase (PpkA) and
phosphatase (PppA) pair. PpkA phosphorylates another accessory protein Fha to trigger ClpV

70, 71

recruitment and T6SS assembly. The specific signal detected for PpkA activation is
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unknown. Post-translational regulation allows for controlled and productive T6SS activity. The
presence of various accessory proteins is highly variable across species suggesting that they have
evolved to suit the particular needs of the organism.

P. aeruginosa encodes three evolutionarily distinct T6SS loci referred to as H1, H2, and H3.
Like other bacteria with multiple T6SS gene clusters, they differ in transcriptional regulation,
biological function, and associated effectors. In some bacteria T6SS are constitutively active,”
7273 while in other bacteria, such as P. aeruginosa, expression is tightly regulated. Various
environmental cues and transcription factors modulate T6SS activity. In P. aeruginosa, the three
T6SS gene clusters are differentially regulated by quorum sensing (QS), a cell-to-cell means of
communication between bacteria discussed later. The HI-T6SS expression is suppressed by the
LasR/Lasl signaling, while H2- and H3-T6SS are upregulated.”” ” The RetS and LadS, two
orphan hybrid sensor kinases, also regulate H1-T6SS expression.”””” RetS suppresses H1-T6SS
and biofilm expression, whereas LadS counteracts these effects. RetS deletion is a commonly
used method of inducing constitutive H1-T6SS activation. QS and two component systems are
commonly used regulatory mechanism of T6SS expression for most bacteria.”® Environmental
conditions such as pH, temperature, osmolarity, phosphate, and iron have been shown to regulate
T6SS expression.”

T6SS biological function

Initial characterization identified roles for the T6SS in virulence, however a growing body of
research clearly demonstrates a role in intra- and inter-species bacterial competition. In some
cases, the same T6SS can deliver both anti-eukaryotic and anti-bacterial effectors, while in other
cases, a particular T6SS locus is associated with only one function. The T6SS of V. cholerae

promotes killing of Dictyostelium discoideum amoebae and human macrophages and impaired
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727230 a5 well as cell-to-cell contact dependent bacterial killing"’. Cell invasion of

phagocytosis,
epithelial cells and virulence in Arabidopsis thaliana, C. elegans, and mouse infection models
are mediated by the H2- and H3-T6SS of P. aeruginosa,”” > %' while H1-, H2-, and H3-T6SS all
secrete toxins that facilitate bacterial competition. The H1-T6SS is also important for infection
based on a rat model of chronic infections.” Loss of T6SS activity of avian pathogenic E. coli
and Edwardsiella tarda resulted in reduced pathogenesis in chicks and fish, respectively.*
The killing of red blood cells, but not macrophages by Campylobacter jejuni, a major cause of
food-borne infection, was mediated by the T6SS.”” The T6SS-5 gene cluster in Burkholderia
mallei, B. pseudomallei, and B. thailandensis is required for virulence in a hamster model of
infection,”” mnormal intracellular growth, proper actin cytoskeleton based motility after
internalization and formation of multinucleated giant cells (MNGC) which are proposed to
enable host immune system evasion and persistence.’”*® The T6SS-1 cluster in B. thailandensis
mediates bacterial competition in mixed bacterial cultures by protecting B. thailandensis from

73

killing or stasis by other bacteria.”” The T6SS of Aeromonas hydrophila, a cause of

gastroenteritis, skin infections, and septicemia, modulates macrophage and epithelial toxicity,
macrophage endocytosis, and septicemia in mice.*”
T6SS VerG effectors

Although Hcp and VgrG were the first identified secreted proteins of the T6SS, these
primarily function as structural proteins and are not secreted substrates in the truest sense.
Because the Hep/VgrG components are propelled out of the bacterial cell with T6SS activation,
these proteins can be broken off into the culture supernatant or into target cells. There may be

more than one VgrG protein associated with a particular T6SS locus. All T6SS have at least one

associated ‘core’ VgrG, or VgrG proteins without an effector domain. A limited subset of T6SS
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are also associated with an ‘evolved’ VgrG protein that has dual functions as a structural element
as well as containing an effector domain.*” *** A particular T6SS may also be associated with
orphan Hcp and VgrG genes distally located in the genome separate from the T6SS locus. P.
aeruginosa encodes 10 different VgrG proteins, but only 3 T6SS loci. All 10 vgr genes are
transcriptionally co-regulated with at least one T6SS locus.”” Genes downstream of orphan Hep
and Ver genes are hypothesized to encode for effectors.” * Some genes downstream of orphan
VerG genes have been confirmed as T6SS effectors, including PIdA.””*” ¥

T6SS bacteria targeting effectors

Identification of T6SS effectors has been a difficult and slow process, as effector secretion
often requires cell-to-cell contact. Only then are proteins translocated and often at very low
detectable levels. The wide range of functions displayed by T6SS effectors in part mediates the
versatility of the T6SS. Confirmed effectors identified to date that mediate bacterial competition
modulate one of three cellular components: (1) cell walls (2) membrane lipids, or (3) nucleic
acids. Bacteria that encode bacteria-targeting effectors are also susceptible to the effectors they
produce. To avoid this problem, cells concomitantly produce an ‘immunity protein’ that serves to
neutralize the activity of the effect preventing autotoxicity, through a direct binding
interaction.” "’

Cell wall targeting effectors have been confirmed as peptidoglycan amidases and
muramidases. Peptidoglycan amidases were first identified in P. aeruginosa as Tsel and Tse3.’”
Tsel, renamed Tael, is a peptidoglycan amidase whereas Tse3, renamed Tgil, is a muramidase.
Peptidoglycan is an integral component of the cell wall of most bacteria. Peptidoglycan provides

structural integrity and acts as an anchoring scaffold for cell envelope components.

Peptidoglycan consists of linear glycan strands composed of alternating N-acetylglucosamine
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(GIcNAc) and N-acetylmuramic acid (MurNAc) cross-linked by short peptides, which may
include L- and D- amino acids and non-protein amino acid, commonly mDAP, or meso-
diaminopimelic acid.’” (Figure 3)

N-acetylglucosaminidase lytic transglycosylase

GlcNac MurNac GlcNac MurNac GlcNac MurNac

(L

@ DD-endopeptidase @

e_
mDAP mDAP ‘ mD AP

mDAP

mDAP

@ DL-endopeptidase

GlcNac <_ MurNac > GlcNac MurNac GlcNac

Figure 3. Structure of peptidoglycan and sites of cleavage by amidases and glycoside hydrolases.
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GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid; mDAP, meso-diaminopimelic

acid; D-Ala, D-alanine; L-Ala, L-alanine; D-Glu, y-D-glutamic acid.

Using bioinformatics, 51 total amidase-immunity protein pairs were identified in different
bacteria and grouped into four clades, Tael-4. Based on biochemical characterization, Tael and

Tae4 members function as DL-endopeptidases, cleaving the bond between D-Glu and -mDAP,
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whereas Tae2 and Tae3 are DD-endopeptidases, which hydrolyze the mDAP/D-Ala cross-

104

bridges.””” Muramidases, or Tge proteins, have peptidoglycan glycoside hydrolase activity
meaning they cleave the glycan strand. Based on bioinformatics analysis of T6SS" bacterial
genomes, three phylogenetically distinct families of predicted glycoside hydrolase effectors were
identified.’” Tgel of P. aeruginosa was found to have lytic transglycosylase activity (cleavage
of B-1,4-glycosidic bond between MurNAC, and GIcNAc) similar to lysozyme. Tge3 family
members possess a Glu-Asp-Thr catalytic triads found in T4 lysozyme suggesting lytic
transglycosylase activity as well. Based on crystallographic analysis, Tge2 family members in
contrast are more structurally related the muramidases with N-acetylglucosaminidase activity
(cleavage of B-1,4-glycosidic bond between GlcNac and MurNAC).

Lipases and phospholipases are confirmed effectors that target bacterial cell membranes.
These proteins were separated into five families (tlel-5) depending on sequence homology and
phylogenetic distribution.”” Tlel-4 contained a GxSxG catalytic motif commonly found in
esterase, lipases, and phospholipases. The Tle5 family contained HxKx4D catalytic motifs found
in PLD superfamily members. The presence of immunity genes adjacent to #/e genes suggested
that they also target bacterial cells. However some Tle members facilitate bacterial competition
while others are associated with virulence. Only members of the Tlel, Tle2, and Tle5 family
have been enzymatically characterized to date. Tlel from Burkholderia thailandensis (Tle1®")
was found to have phospholipase A2 activity, while a Tle2 from Vibrio cholerae (Tle2"°)
possessed phospholipase A1l activity in vitro.”” PIdA, or Tle5™, and PIdB of P. aeruginosa have
been demonstrated to have PLD activity.”> °*°” Genetic oblation of the PIdA immunity protein
resulted in decreased PE levels in P. aeruginosa, suggesting PE is the predominant substrate in

bacterial cells.””
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Interestingly, PIdA and P1dB have dual roles in mediating eukaryotic virulence and bacterial
competition. PIdA and P1dB have been shown to promote cell internalization of P. aeruginosa

.. . 56
and chronic infection.’”

PIdA as noted earlier is more related to eukaryotic PLDs and is
believed to have been acquired through horizontal gene transfer from a eukaryotic source,
while PIdB is evolutionarily more similar to other bacterial PLDs’’. PIdA is specifically secreted
by the H2-T6SS, while PIdB is secreted by the H3-T6SS of P. aeruginosa.”” The H2- and H3-
T6SS are transcriptionally regulated in a similar manner and appear to have redundant

606519 No role in bacterial killing has been shown for Tle2"" but it is required for

functions.
amoeba killing and to escape predation.’’” Deletion of Tle5*" of Klebsiella pneumoniae rendered
the bacterium avirulent in a mouse model of acute pneumonia.’”

Some predicted T6SS effectors contain a predicted nuclease domain linked to an Rhs
(rearrangement host-spot) domain. Rhs domains have been found fused to a variety of predicted
domains. RhsA and RhsB of Dickeya dadantii when overexpressed in E. coli caused degradation
of cellular DNA and data suggest a T6SS-dependent secretion mechanism.'” Tse2 of P.
aeruginosa induces quiescence of targeted bacterial cells and inhibited growth of yeast cells,

suggesting a conserved target.”” /%

Tse2 is predicted to be an endonuclease, however no
experimental confirmation of this is available. Other predicted endonuclease T6SS effector genes
include PA0099 of P. aeruginosa and VP1415 and VP1263 of Vibrio parahaemolyticus.”” "’
Downstream of two different VgrG proteins in Agrobacterium tumefaciens, two confirmed
nuclease effectors were identified, Tdel and Tde2.””’ Purified Tdel demonstrated Mg
dependent DNase activity. Intracellular DNA fragmentation by Tdel was confirmed using

TUNEL staining. Tdel- and Tde2-mediated competition is the first case of an environmentally

specific T6SS-associated competition between different species.’’’ Interspecies competition with
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E. coli on agar plates was Tdel-, Tde2- or T6SS-dependent, however no intraspecies competitive
advantage was observed between wild type and T6SS deficient A. tumefaciens cells. However
when bacterial competition was assessed using a plant co-infection model system, which more
closely mimics a relevant in vivo environment than commonly used in vitro bacterial competition
assays on agar, intraspecies competition was dependent on a functional T6SS and the Tdel and
Tde2 effectors. Interestingly, when bacterial competition with P. aeruginosa was assessed using
the in vitro competition assay, P. aeruginosa outcompeted 4. tumefaciens and the presence of a
functional T6SS of A. tumefaciens actually induced increased killing by P. aeruginosa
suggesting that a T6SS strike by 4. tumefaciens could induce a toxic T6SS counterattack by P.
aeruginosa under these conditions. This phenomenon, described as T6SS-dueling behavior, has
been previously seen between P. aeruginosa and V. cholerae or Acinetobacter baylyi.'’? When
bacterial competition of A. tumefaciens and P. aeruginosa was examined in the plant co-
infection model, P. aeruginosa survival was reduced in the presence of wild type A. tumefaciens
in a Tdel-, Tde2-, and T6SS-dependent manner.

For years, because of the large variability in regulation, biological function, and effector
activities, context and niche specific functionality has been proposed for the T6SS. This study
with A. tumefaciens highlights and confirms the role environmental settings have on observed
bacterial competition mediated by the T6SS. This work also shows that T6SS-mediated bacterial
competition can directly modulate populations of other bacterial species during infection.
Bacterial competition may be an indirect virulence mechanism to promote colonization by
eliminating competitors during infection. This is particularly interesting in the context of P.
aeruginosa infections in cystic fibrosis (CF) patients. Staphylococcus aureus is an earlier

colonizer of CF patients, however over time and with development of chronic infections, P.
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aeruginosa becomes the primary colonizer outcompeting other bacteria, however the exact
mechanisms by which this occurs are unclear.
T6SS eukaryote targeting effectors

Most T6SS effectors currently known to target eukaryotic cells are evolved VgrG proteins
with catalytic activity via their CTD, or C-terminal domains. VgrG1l of V. cholerae induces G-
actin cross-linking both in vitro and within host cells thereby disrupting actin filament formation

92,113

and host cell morphology. When acting upon phagocytic cells, VgrG1 disruption of actin
dynamics inhibits phagocytosis to promote bacterial evasion of immune cells.”” //* A vegetative
insecticidal domain comprises the CTD of VgrGl of A. hydrophila. In vitro, this CTD possesses
ADP-ribosyltransferase (ADPRT) activity against actin. VgrGl overexpressed in HeLa cells
inhibited actin polymerization and induced cell rounding and apoptosis.”” VgrG5 of B.
pseudomallei and B. thailandensis is required for host cell fusion and MNGC formation to
mediate cell-to-cell spreading, however the specific mechanism by which VgrG5 mediates fusion
is unknown.” **

T6SS and effectors such as PIdA are just one mechanism of virulence utilized by P.
aeruginosa. Antibiotic resistance and disease severity associated with P. aeruginosa infections
coupled with a lack of novel anti-bactericidal therapeutics highlights the importance of
identifying and understanding mechanisms of pathogenesis in order to develop alternative
therapeutic targets.

Pseudomonas aeruginosa pathogenesis
Pseudomonas aeruginosa causes nosocomial, or hospital-acquired infections, in primarily

immunocompromised individuals, such as those with CF, severe burns, open wounds, pre-

existing infections, or patients on ventilators. P. aeruginosa causes most commonly respiratory

21



. . . . . .. . 115 .
infections, but also soft tissue infections, keratitis, and bacteremia.”’~ Severe P. aeruginosa

116

infections are associated with high morbidity and mortality.””” The genetic diversity and

plasticity afford P. aeruginosa affords the ability to survive in an array of natural and artificial
environments.’’’

Respiratory infections by P. aeruginosa can be classified as either acute or chronic. A
common acute infection is ventilator-associated pneumonia. Acute lung infections are also seen
in patients in hospitals with impaired immune response, such as patients taking
immunosuppression medications for surgery, or chemotherapy for cancer, or the elderly.”’’ If
acute infections are not properly cleared, chronic infections can develop. This is most often seen
in CF patients. CF is a genetic disorder in which a mutation in a chloride channel, the cystic
fibrosis transmembrane receptor (CFTR), results in improper chloride, sodium, and water
transport in the lungs resulting in thickened mucous secretion and aberrant lung function.”’® P.
aeruginosa colonizes the lung and causes acute infections that are initially cleared using
antibiotic therapies. Over time however, therapeutics become ineffective and chronic infection
develops. A persistent immunological response leads to excessive inflammation in the lung and
in conjunction with secreted bacterial toxins results in deterioration of lung tissue and function,

N7 The transition from acute to chronic infections is

ultimately leading to respiratory failure.
associated with phenotypic and genetic changes in P. aeruginosa over time.'’*”'? Strains isolated
during chronic infection are less cytotoxic and inflammatory than bacteria found in early acute
infections of CF patients. This has been attributed to factors such as the downregulation of the

Type III secretion system (T3SS), loss of flagellum and pili, increased biofilm and alginate

production, and development of antibiotic resistance.’*’
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P. aeruginosa employs a plethora of virulence determinants that mediate both acute and
chronic infections. Flagella and Type 4 pili are important for mediating cell adherence and
motility. Upon cell contact the T3SS is activated and can translocate various effectors that cause
host tissue damage as well as modulate host signaling networks. Quorum sensing (QS) regulates
the expression of a number of virulence determinants. Biofilm and alginate production is
associated with increased antibiotic resistance and chronic infections. This list is by no means
exhaustive. The focus here is on the most characterized mechanisms of virulence of P.
aeruginosa and those for which small-molecule modulators have been developed to abrogate
pathogenesis. Several studies have shown proof-of-concept that modulation of virulence is an
alternative strategy to attenuate bacterial infections. Progress is in the very preliminary stages
and far more work is needed to fully vet the potential of these strategies.

Cell adherence

P. aeruginosa possesses a single polar flagellum and several Type 4 pili at each cell pole.

These structures mediate swimming and twitching motility, respectively, and are also stimulators

'2? Flagellum is a whip-like protrusion composed of over 30 proteins that

of the immune system.
rotates to facilitate motility. Pili, through a process of extension and retraction of long protein
fibers, facilitate twitching motility across solid surfaces.””” In concerted movement with flagella,

!26 These are also the major cell adhesins of P. aeruginosa.

pili also facilitate swarming motility.
Flagella bind the host asialyated glycolipid asialoGM1 on epithelial cells and stimulate NF-xB
signaling.””” Flagella are important for initial colonization and inducing acute infections,

however flagella are downregulated in chronic infection isolates. Pili promote aggregation and

microcolony formation, early required stages for biofilm formation.’**
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Type Il secretion system

The T3SS of P. aeruginosa is a primary mechanism of protein toxin secretion. The T3SS is
primarily associated with acute infections and cytotoxicity.”’" /** Several Gram-negative
bacterial pathogens encode a T3SS. The T3SS is a needle-like projection that directly
translocates effectors into the host cytosol. Four T3SS effectors have been identified for P.
aeruginosa, ExoS, ExoU, ExoT, and ExoY. ExoS and ExoU are the major exotoxins and are
usually mutually exclusive. Cells either encode ExoS or ExoU, but rarely both. ExoS modulates
host actin cytoskeletal organization through N-terminal GTPase-activating protein (GAP)
activity targeting host small GTPases Rho, Rac, and Cdc42,”” * and C-terminal ADP-
ribosyltransferase activity targeting several host proteins’*’. ExoU is a phospholipase A2 that
causes significant phospholipid, lysophospholipids, and neutral lipid degradation. ExoU is highly
cytotoxic to host cells due to extensive membrane degradation resulting a necrotic-like
phenotype’?, whereas ExoS cytotoxicity is slower and induces an apoptotic-like phenotype.’”
Quorum sensing

QS is a mechanism of cell-to-cell communication between bacteria that is mediated by
synthesized small molecules called autoinducers.”” Each bacterium constitutively produces these
autoinducers, but at low cell density the autoinducer remains at insufficient concentrations to
induce receptor binding and activation. When the bacterial population increases, autoinducer
concentrations increase above a threshold level and autoinducers bind their transcription
activator receptors inducing changes in gene expression of many virulence determinants.

N-Acyl homoserine lactones (AHLs) and 4-quinolone autoinducers are both produced by P.
aeruginosa. AHLs 3-oxo-dodecanoyl homoserine lactone (3-oxo-C12 HSL) and butyryl

homoserine lactone (C4-HSL) are synthesized by Lasl and Rhll, respectively and activate their
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particular receptors, LasR and RhIR. The 4-quinolone signal 2-heptyl-3-hydroxy-4-quinolone
(PQS) is synthesized by the proteins encoded in the pgsABCDE and phnAB operons and PqsH
and activates its receptor PqsR. Hierarchical regulation of the QS systems exists. The /as system
stimulates the rhl system, which in term stimulates PQS synthesis. PQS can feedback and

135

stimulate the Al system.””” The three systems regulate biofilm, rhamnolipid, alkaline protease,

elastase, lipase, pyocyanin, and exotoxin A production and secretion, and motility ¥

QS regulates production of biofilms, a matrix composed primarily of polysaccharides,
nucleic acids, proteins, and lipids that surrounds cell aggregates and serves as a physical barrier
to protect from environmental stresses. Biofilms are a major virulence determinant and cause of
antibiotic resistance. Biofilm production leads to antimicrobial drug resistance by multiple
mechanisms. There are three main hypotheses to explain the increase antibiotic resistance of

bacteria in biofilms.”*’

(1) Penetration of antibiotics through the biofilm is retarded. Antibiotics,
such as f-lactams, may be inactivated or positively charged antibiotics, such as aminoglycosides,
may be absorbed onto the negatively charged polymers within the matrix. (2) Changes in the
microenvironment reduce antibiotic efficacy. Bacteria within deeper layers of the biofilm are
anaerobic due to low oxygen levels within the matrix. Aminoglycosides are less effective against
anaerobic bacteria than aerobic bacteria. Changes in the osmotic environment may trigger
osmotic stress to modulate porin levels and decrease cell permeability. Bacteria may enter a non-
replicative state that makes them resistant to antibiotics that target replicating cells, such as
penicillin. Although speculative, (3) a small sub-population may develop a unique phenotypic
state allowing persistence even with continued antibiotic exposure.

These mechanism along with the genetic flexibility of P. aeruginosa provides the ability

develop antibiotic resistance and establish both acute and chronic infections. Because of the
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importance these mechanisms play in pathogenesis, more intensive efforts to identify novel
virulence targets and therapeutics are underway by several groups.
Therapeutic targeting of virulence factors of P. aeruginosa

With the problem of growing multi-drug resistant P. aeruginosa infections and the lack of
novel antibiotics in the drug pipeline, identification of novel targets and therapeutics are critical
to treating these problematic infections. Targeting of virulence factors is a novel strategy for
developing small molecule antibacterial compounds. Modulation of virulence mechanisms may
avoid the pitfalls of current antimicrobials by targeting a system that is not required for viability.
There is high selective pressure to develop resistance mechanisms of traditional antibiotics
because they target essential processes required for viability. By targeting virulence mechanisms,
there is presumably less selective pressure and resistance mechanism presumably less likely to
develop or at least develop more slowly. The diversity of virulence mechanisms utilized by
bacterial pathogens presents a large array of pharmacological targets with varied functions.
Inhibition of virulence factors that are secreted and function outside of bacterium avoids issues
with bacterial cell wall penetration and drug efflux. Virulence inhibitors can be used in
combination with antibiotic therapies to sensitize bacteria to current therapeutic thereby
increasing and prolonging the utility of antibiotics.

Targeting of virulence mechanisms also has its potential obstacles. Previous growth or
viability assays used for screening traditional bactericidal compounds are not appropriate for
screening inhibitors of virulence, as they will not directly affect viability. New screening
methodologies will be required and may need to be highly specific to a particular mechanism or
pathogen. For example, the assay conditions must mimic the appropriate in vivo environment and

conditions necessary for expression and activity of the factor in an in vitro assay system and this
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may limit the ability to develop screening assays. Inhibitors for some mechanisms, such as
quorum sensing, may have broad-spectrum applicability while others may have a very narrow
spectrum of activity, like those that target a particular secreted toxin due to variability between
species. On the other hand, increased specificity may also lead to reduced cross-resistance
mechanism. The temporal variability of virulence factor expression could also limit efficacy of
some inhibitors in vivo.

Small-molecule inhibitors targeting quorum sensing and the T3SS have been developed as
novel therapeutics candidates for P. aeruginosa infections. Vaccine therapies have also been

developed for targeting flagella’®, type 4 pili’**
P getng flag ype 4 p

, and alkaline protease, elastase, and exotoxin A
chimeric proteins’*’ but are not the focus here.
OS inhibitors

Because QS is a major regulator of many virulence determinants, including biofilm
production, efforts by several groups have focused on developing inhibitors of QS. Small-
molecule inhibitors of autoinducer synthesis, degradation of autoinducers, or inhibition of the

S The most

autoinducer-receptor interaction have all been developed to modulate Q
commonly employed strategy is disruption of autoinducer binding to its receptor. Several
published accounts of synthesized AHL and quinolone analogs demonstrate antagonism QS
systems and the downstream processes that they regulate, like biofilm formation. N-
phenoxyacetyl and N-phenylpropionyl HSL potent analogs have been synthesized and shown to

inhibit P. aeruginosa biofilm production.’* '*

N-acyl cyclopentylamides also inhibit the /as and
rhl QS systems and also biofilm, pyocyanin, and rhamnolipid production.’** Furanone

derivatives have successfully inhibited QS in the lungs of infected mice, decreased bacterial

burden, improved lung pathology, and prolonged survival time of mice infected with P.
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aeruginosa."” Halogenated furanones increased sensitivity of biofilms to tobramycin treatment
and decreased bacterial load in a mouse pulmonary model of infection, however bioavailability
may be a limitation to their use.’*’

Screening of natural products has also identified QS inhibitors in grapeftuit juice, garlic, and
plant extracts. Bergamottin and dihydroxybergamottin, two furocoumarins found in grapefruit
juice, inhibited P. aeruginosa, E. coli, and S. typhimurium biofilm formation.’*” Garlic extracts
downregulated las, rhl, and PQS QS genes, as well as the genes regulated by QS.’** Although
treatment with garlic extracts alone did not inhibit biofilm production, garlic extracts increased
sensitivity of P. aeruginosa to tobramycin treatment. Biofilm architecture was altered with garlic
treatment alone with a flatter, more undifferentiated biofilm than the classical mushroom
architecture of control biofilms. In a Caenorhabditis elegans model of infection, garlic extracts
decreased lethality of P. aeruginosa. Using a mouse model of pathogenesis, garlic extract was
found to increase the host inflammatory response and improve bacterial clearance.’*

Although potent small-molecule inhibitors of virulence factors have been identified and
shown efficacious in vitro and in some animal models, more preclinical and clinical data is still
needed to validate the effectiveness of targeting QS to alleviate P. aeruginosa infections. More
analysis of the bioavailability and pharmacokinetic parameters of these compounds are needed to
fully evaluate potential of these compounds as therapeutics. Commensal bacteria also use similar
QS systems. Data on effects of QS inhibitors on commensal flora are also lacking.
13SS inhibitors

The T3SS plays an essential role in P. aeruginosa pathogenesis. Although small-molecule
inhibitors of the T3SS of other pathogenic bacteria, including Yersinia, Salmonella, and

Chlamydia species, and E. coli,””’ few studies have been performed to identify inhibitors of the
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T3SS cytotoxicity by P. aeruginosa. In the first screen published, pseudolipasin A, an inhibitor
of the T3SS effector ExoU was discovery, but directly inhibited ExoU and not T3SS function.””’
A phenoxyacetamide, MBX 1641, was found to inhibit translocation of T3SS effectors into host
cells and have broad spectrum active against Yersinia and Chlamydia.”? PscF, the needle protein
of the T3SS, is the proposed target of MBX 1641 and its analogs.””” Hopeaphenol, a resveratrol
tetramer, was identified as a Yesinia pseudotuberculosis T3SS inhibitor in an irreversible
manner.””* Hopeaphenol also inhibited secretion of the T3SS effector, ExoS, by P. aeruginosa
and attenuated cytotoxic in HeLa cells. Cross species inhibition suggest a conserved target. Lack
of broad-spectrum activity for inhibitors of virulence factors is a drawback to inhibitor utility.
The T3SS of many pathogens have highly conserved elements, making broad-spectrum
therapeutics possible.

Although quorum sensing and T3SS inhibitors are the primary virulence mechanisms
targeted so far for P. aeruginosa infections, proof of efficacy has been demonstrated for other
virulence determinants of other Gram-negative bacteria. Inhibitors of toxins and bacterial
adhesion have demonstrated efficacy in vitro and using animal models of infection. Virstatin was
identified as a small-molecule inhibitor of cholera toxin production by inhibiting ToxT, the
transcription factor responsible for cholera toxin expression, in V. cholerae. When administered
prophylactically, virstatin treatment resulted in protection of infant mice from intestinal
colonization.”” When administered late after onset of diarrhea systems, virstatin could still
reduce bacterial intestinal burden. Inhibitors of both primary toxins secreted by the T3SS, ExoU
and ExoS, of P. aeruginosa have also been identified. The molecule exosin directly inhibited
ADPRT of ExoS to protect CHO cells from ExoS-induced toxicity upon P. aeruginosa

156

infection.””” Pseudolipasin A directly inhibited the PLA; activity of ExoU in vitro and protected
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CHO cells from ExoU-mediated cell toxicity upon P. aeruginosa infection. Importantly,
pseudolipasin A is an Exo specific inhibitor as it did not inhibit a panel of eukaryotic PLA,.

Adhesion is a critical initial step for host colonization by many bacteria and as such a
bacterial adhesins are potential therapeutic targets. Gram-negative adhesion is primarily
mediated by pili. Pilicides are compounds that inhibit pili biogenesis by disrupting chaperone-
pilin complexes required for trafficking of pilin monomers to the outer membrane for
oligomerization and pili formation. Bicyclic 2-pyridones competitively inhibit chaperone to pilin
binding and greatly reduce bacterial adhesion of E. coli to bladder carcinoma cells.””” " The
chaperone-usher pathway for pili synthesis is highly conserved across bacteria, suggesting
potential broad-spectrum efficacy.

In this introduction, I have presented a brief overview of PLD enzymes, specifically focusing
on bacterial PLD that have been identified as virulence factors and briefly mentioning points of
interest with respect to eukaryotic PLDs that are of relevance in subsequent chapters. As the
focus of this project is centered around the enzyme, PIdA, which is a secreted effector of the
T6SS of P. aeruginosa, a summarized description of the T6SS and many of the effectors
identified to date is presented here as the T6SS is integral to PIdA function and relevance. Efforts
to understand microbial pathogenesis have resulted in discovery of several mechanisms of
virulence highlighted here for which the T6SS and PIdA are included. Issue of drug resistance
and unproductive antibiotic development has caused a shift in attention and focus towards
targeting virulence mechanism rather than bacterial cell viability. Several studies aimed at
virulence inhibitor for P. aeruginosa were discussed above.

Of importance to note was the lack attention and understanding of the enzymatic properties

of previously described bacterial PLD. There is a significant gap in information about the
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catalytic activity and molecular mechanisms by which bacterial PLD induce processes such as
cell invasion and survival. In this body of work, I characterize various enzymatic properties of
the P. aeruginosa PLD, PIdA in vitro (Chapter II) and upon interaction with human epithelial
cells (Chapter III) with the purpose of recognizing potential molecular mechanism involved
during PIdA interaction with eukaryotic cells. As PIdA is important for P. aeruginosa infectivity,
a second goal of this project discussed in Chapter IV was to develop small-molecule inhibitors of

PIdA as potential therapeutics.
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CHAPTER II
IN VITRO CHARACTERIZATION OF PLDA ACTIVITY AND REGULATION

Introduction

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’* "',
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
chemotaxis™. Several intracellular pathogens are known to secrete one or more PLD enzymes
to promote cell internalization, intracellular survival, or in vivo infectivity”®** . Cell invasion
and intracellular survival for these bacteria often require endocytosis, cytoskeletal
rearrangements and membrane trafficking and reorganization, processes hPLD is known to
regulate.”” PLD and phosphatidic acid regulate elements important for bacterial colonization,
however host PLD activation often induces microbial killing, bacteria may secrete their own
PLD to mimic specific or limited host PLD processes to their advantage.

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

" Reproduced with permission from Spencer, C. T. and Brown, H. A. (2014) Biochemical
characterization of a Pseudomonas aeruginosa phospholipase D, Biochemistry, in press.
Copyright 2015 American Chemical Society.
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domain. PIdA is comparatively large for a bacterial PLD at 122kDa, 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’ .
The enzyme has been associated with promoting chronic infection®, mediating intra- and inter-
species bacterial competition */, and targeting eukaryotic cells to promote cell invasion by P.
aeruginosa®. Given the sequence similarity of PIdA to hPLD isoforms and that PIdA targets
eukaryotic cells, I hypothesize that PIdA will share some critical properties or regulation with
human PLD. Those differences may provide insights into the mechanism by which PIdA
mediates virulence. Although enzymatic activity of PIdA has been directly®, an extensive
analysis of catalytic activity and in vitro regulation has not previously been performed. In fact,
very few PLD virulence factors have been enzymatically characterized. The in vitro and in vivo
substrates are generally not defined. Regulators of protein activity are not evaluated and rarely
are the molecular mechanisms by which host cells modulation occurs determined.

Here in Chapter II, I detail my in vitro characterization of PIdA, identifying its substrate
specificities, transphosphatidylation capabilities, divalent cation sensitivity, and lipid and protein
activator and interactions. Understandings of the enzymology and regulation of PIdA provide a
framework from which to investigate its mechanistic roles during infection. Identification of
interactions or regulatory mechanisms conserved between PIdA and the host PLD provides
insights into possible pathways involved or mimicked by PIdA during infection.

Experimental Methods
Recombinant expression and purification of PldA
The PIdA gene, provided by Dr. Michael Vasil (University of Colorado), was amplified by

PCR using a forward primer containing a BamHI site and the reverse primer containing a HindIII
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site. The amplified PCR product and pET32b vector were digested with BamHI and HindIII,
then ligated using T4 DNA ligase to generate plasmid pET32b.PIdA. The plda gene is in frame
with the N-terminal thioredoxin fusion protein and His6 tag to generate a Trx-His6-P1dA fusion
protein. The PIdA K169E mutant construct was generated using QuikChange II mutagenesis kit
following the manufacturer’s protocol. The PIdA wild type and K169E mutant sequences were
confirmed by sequencing.

E. coli 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 100ug/ml ampicillin and 50pg/ml
chloramphenicol. Protein expression was induced at 16°C with 0.1 mM IPTG for 12-16h. Cells
were lysed by treating with 0.5 mg/ ml lysozyme for 20 min and sonication in wash buffer (8
mM Na,PO4, 2 mM KH,PO, (pH 7.5), and 500 mM NacCl) in the presence of Roche protease
inhibitor cocktail on ice. PIdA was purified using a HiTrap chelating column. Protein was eluted
using an imidazole gradient. Elution fractions were concentrated and further purified by size
exclusion chromatography using a HilLoad 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 analyzed 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 PMSEF.
Tag removal was complete based on coomassie staining. Thrombin was separated from PIdA
using a HiTrap chelating column. Untagged PIdA was tightly bound to the column even in the
presence of 40 mM imidazole despite cleavage of the polyhistidine tag. Cleaved PIdA and the

6his-thioredoxin tag were co-eluted with an imidazole gradient. Protein separation was
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performed by ultrafiltration using a 50,000 kDa Amicon centrifugal concentrator to remove the
thioredoxin tag and imidazole.
Mass spectrometry assay

1.1. General protocol

Purified PIdA (50 ng) was incubated with lipids 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 an N, stream in a glass test tube and resuspended in reaction buffer using bath
sonication. PIdA, lipid, and cations were combined on ice and reactions initiated by incubating at
37 °C. Reactions were quenched with 2:1 acidified methanol (0.1 N HCIL:CH3;0H,
1:1)/chloroform. Lipids were extracted and mass spectrometric analysis of the organic layer was

d'®. At least three independent experiments were performed in

performed as previously describe
triplicate.

1.2. Substrate profile analysis

PIdA was incubated with 25 pM of each lipid and 3 mM MgCl,. For DOPE and 18:0p/18:1
PE conditions, liposomes were composed of PE and 18:1 SM in a 10:1 ratio.

1.3. Substrate fatty acyl chain saturation 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 PS
and PG were not assayed. PIdA was incubated with 6 pM of each lipid (30uM total PC or PG
and 24 puM total PG) and 3 mM MgCl,.

1.4. Divalent cation regulation

PIdA was incubated with 50 uM 10:1 DOPE/SM, DOPG, or DOPC liposomes in the

presence of 0.1-10 mM MgCl, or CaCls,.
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1.5. Transphosphatidylation analysis

PIdA was incubated with 50uM 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,.

1.6. 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 PLD assay’®’. In brief,
50ng purified PIdA was incubated with liposomes containing 50 uM DOPC, 2.5 uCi *H-DPPC,
and any other indicated lipids added for 10-30 min at 37 °C. To assay the effect of human PLD
protein activators on PIdA activity, a range of concentrations (1-100 nM) of Protein Kinase Cf
II, Arfl, or Cdc42 were added. Protein Kinase Cf 11, Arfl, or Cdc42 were purified as described
previously.’” Final reaction conditions contained 50 mM HEPES (pH 7.5), 100 mM KCl, and 3
mM MgCl. The reaction was quenched with 10% trichloroacetic acid and bovine serum albumin
on ice. Protein and lipid were removed by centrifugation. Supernatant was removed and free
tritiated choline was measured by scintillation counting. At least three independent experiments
were performed in triplicate.
Modified Amplex Red assay

Steady state kinetics was determined using a modified version of the Phospholipase D
Amplex Red kit. In a 96-black well plate, the following components were combined on ice to
yield final concentrations of: 50 ng PIdA, 50 mM Tris (pH 7.5), 80 mM KCI, 5 mM MgCl,, 5

mM CaCl,, 50 uM Amplex Red reagent, 0.1U/ml choline oxidase, and 1U/ml horseradish
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peroxidase. Substrate, 12:0 PC or 14:0 PC, in chloroform was dried down under a N, stream and
resuspended in 50 mM Tris (pH 7.5) and 80 mM KCI buffer. Lipid was added to the reaction
mixture and fluorescence emission at 590nm (excitation = 530nm) was read continuously at 90s
intervals for 60 min at 37 °C using a fluorescence plate reader. Background signal was removed
by subtracting the signal at each lipid concentration without PIdA. All reactions were performed
in triplicate. Initial velocity was determined from the linear component of the fluorescence
signal. Fluorescence units were converted to nmol choline by comparison to a choline chloride
standard curve.

All kinetic analyses were performed using GraphPad 6.0. Initial velocity versus substrate
concentration plots were analyzed using the Michaelis-Menten model (Equation 1) or substrate

inhibition model (Equation 2)

_ Vinax*[S]
" Km+Is] 1
Vinax*[S]
V= 2)

Ku+(s1(1+)
PIdA thermal stability was measured using the Amplex Red assay described above with some
modifications. Two different concentrations of PIdA, a dilute solution of 0.5 pug/ml and a
concentrated solution of 0.5 mg/ml were incubated at various temperatures for 30 min. All
reaction components and concentrations are the same as above, except a single concentration of
0.5 mM 14:0 PC was used. Activity was normalized to samples incubated at 0 °C.
Liposome binding assay
Lipids in chloroform and 3.2 uCi [’H]-DPPC were dried under a stream of nitrogen. Lipid
was suspended in 50 mM HEPES (pH 7.5), and 176 mM sucrose buffer by vortexing vigorously.

Lipids were allowed to hydrate for 1 hour at room temperature. Lipids were subjected to 5 cycles
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of freezing in liquid N, and thawing in a warm water bath. Vesicles were diluted 1:5 in an
isotonic buffer (50 mM HEPES (pH 7.5), 100 mM KCl) and pelleted by centrifugation at 15,000
x g for 20 min at room temperature. Lipids were resuspended in the isotonic buffer. Final lipid
concentrations were calculated based on [’H]DPPC radioactivity.

For the binding assay, PIdA was added to vesicles in a 1 ml reaction and incubated at room
temperature for 5 minutes. Samples containing PIdA without lipids were used as controls to
determine background. The final reaction conditions were 2ug PIdA 50 mM HEPES (pH 7.5),
100 mM KCI, 3 mM MgCl,, and 100 uM lipid. Lipid-bound protein was isolated by
centrifugation at 15,000 x g for 20 min at 4°C. The supernatant was removed and the lipid and
protein resuspended in 1X SDS loading buffer.

For Western analysis, protein was transferred to a nitrocellulose membrane. The membrane
was blocked with TBST containing 5% non-fat milk and incubated with anti-PIdA rabbit
polyclonal antibody. After washing, membranes were probed with HRP conjugated rabbit
secondary antibody and developed using ECL reagent.

Akt kinase assay

The Akt phosphorylation of PIdA was measured using a non-radioactive in vitro kinase
assay. Aktl was overexpressed with a polyhistidine tag in Sf21 insect cells, as described
previously.’” Briefly, 0.5 ug recombinant Akt was used with 0.5 ug PIdA or 0.5 ug GSK3a/p
fusion protein (Cell Signaling #9237) as substrates in the presence of 200 uM ATP in a kinase
assay buffer [20 mM Tris (pH 7.5), 5 mM B-glycerophosphate, 2 mM DTT, 0.1 mM NazVOy,
and 10 mM MgCl,]. The reaction was incubated at 30°C for 30 minutes. Reactions were

terminated with SDS-PAGE sample buffer. Phosphorylation of PIdA and GSK3o/f fusion
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protein was detected by immunoblotting with a phospho-Akt substrate antibody (Cell Signaling
#9614). Aktl was detected using a pan-Akt antibody (Cells Signaling #9272)
Results and Discussion
Expression and purification of PldA

In order to perform in vitro studies, PIdA was overexpressed in E. coli and purified. The
PIdA gene was cloned into the pET32b vector to produce a PIdA fusion protein with N-terminal
thioredoxin and polyhistidine tags (Figure 4A). 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. Protein was concentrated and further
purified using size exclusion chromatography. Protein yields after IMAC and SEC were 8.1
mg/L and 6.4 mg/L, respectively. For select experiments, a catalytically dead mutant was needed
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 4B. All experiments were formed with the wild type Trx-His6-PldA
fusion protein, hereafter referred to as PIdA, unless otherwise stated. Efficient expression and
purification of PIdA was somewhat surprising, as active, recombinant hPLD has never been
accomplished using E. coli expression systems. Heterologous expression of bacterial PLDs is

also difficult to achieve in E. coli.’®*
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Figure 4. Purified recombinant PIdA. (A) Scheme of PIdA fusion protein construct. (B) SDS-
PAGE analysis of recombinant PIdA. Lane 1, molecular weight marker; lane 2, wild type PldA;

lane 3, K169E PI1dA; lane 4, tagless wild type PIdA; and lane 5, tagless K169E PIdA.

pH and thermal stability of PldA

As little characterization of PIdA has previously been performed, optimal reaction pH was
determined. pH stability of PIdA was assessed by measuring PC hydrolysis by PIdA in reaction
mixtures of various pH values (Figure 5A). Five difference buffer systems were used to obtain
the desired pH of each reaction. Analysis of the pH stability of PIdA reveals PIdA activity over a
range of pH values (5 — 9) with maximal activity at pH 7, however a precipitous decline in
activity was observed at pH of 10. PIdA activity was subsequently assayed at pH 7.4 for all in
vitro experiments. PIdA is active over a wide pH range, suggesting it can have activity in a

variety of neutral and acidic suborganelles.
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Figure 5. pH and thermal stability of PIdA. (A) PLD activity was measured using exogenous
assay. pH values were obtained using following buffer systems: pH 5, sodium acetate; pH 7,
HEPES; pH 8, Tris; pH 9, imidazole; pH 10, sodium bicarbonate. (B) Dilute (0.5 ug/ml) or
concentrated (0.5 mg/ml) PIdA solutions were pre-incubated at indicated temperatures for 30

min prior to assaying PLD activity. Activity is normalized to samples incubated at 0 °C.

Initial characterization of PIdA thermal stability was performed by pre-incubating PIdA for
30 min at various temperatures prior to measuring PC hydrolysis at 37 °C using the exogenous

assay. When dilute samples of PIdA at 0.5 ug/ml were pre-incubated at elevated temperatures a
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gradual decline in PIdA activity occurred over a broad range of temperatures (Figure 5B). Upon
further analysis, 1,000-fold more concentrated protein samples (0.5 mg/ml) showed a very sharp
loss of activity only between 50 °C and 60 °C. For either dilute or concentrated PIdA solutions
complete loss of activity was observed at 60 °C. Protein concentration clearly has a significant
impact on PIdA thermal stability.
In vitro substrate analysis

Next, a fairly exhaustive analysis of potential PLD substrates was performed. 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. Shown in Figure 6 are the structures of lipids assayed for
hydrolysis by PIdA. 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 (dioleoyl PE) 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 PI, with variable hydrolysis rates (Table 2). 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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Figure 6. Structures of lipids analyzed for hydrolysis by PIdA.

Table 2. Specific activity of recombinant PIdA with various lipids®

Specific activity
(nmol/min/mg)

DOPC 15.3+3.6
DOPG 344.1+22.0
DOPE 2871.9+218.1
DOPS 2293 £25.8
DOPI ND
18:1 LPC 130.4+17.9
18:1 LPG 57.3+£2.6
18:1 LPE 1345.6+94.9
18:1 LPS 9.0+5.9
18:1 LPI ND
18:0p/18:1 PC 46.3+£5.6
16:0e/18:1 PC 12.3+2.8
18:0p/18:1 PE 1714.6£79.2
18:1 SM ND

ND- not detected, * Values are given as mean + SEM.

Substrate
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Despite the protein sequence similarity between P1dA and eukaryotic PLD family members””
7% the substrate preference of PIdA is noticeably different from that of the human isoforms and
explains how PIdA is able to significantly modulate bacterial and eukaryotic cellular lipids.
Human PLDI and PLD2 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. PE is the second most
abundant phospholipid of most human cells thereby providing a significant substrate pool.'” If
PC were the primary substrate of PIdA like human PLD, PIdA would not be able to induce cell
toxicity of bacteria, which generally contain little to no PC.

In order to further evaluate substrate specificity, alkenyl, or plasmalogen, and alkyl 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.
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Figure 7. 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. Statistical analysis
performed using One-way ANOVA with Tukey post-hoc test. Groups not differing (p>0.05)

share common letters.

We next examined whether PIdA 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 7). 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, etc 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 di-saturated PE lipids. As for PG

substrates, little preference in hydrolysis was observed based on fatty acid unsaturation.
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Whether PIdA recognizes specific structural features of phospholipids or whether biophysical
properties of these lipids, such as membrane fluidity and headgroup accessibility, directly
modulate activity is unclear. P. aeruginosa lung infections over time significantly impact lung
function in part by decreasing surfactant function, which is composed of roughly 90% lipid of
which DPPC, dipalmitoyl PC, constitutes approximately 40%'%/%. The major lipid components
of surfactant, PC and PG, are all PIdA substrates. Over time, PIdA could contribute to
destruction of surfactant lipids further reducing lung function.

Transphosphatidylation

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 8A). 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 2). 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. But
when DOPG served as the substrate, transphosphatidylation rates with BuOH were slightly
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.
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Figure 8. 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. Statistical

analysis performed using One-way ANOVA with Tukey post-hoc test. *p<0.05
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The effects of MeOH, EtOH, and BuOH on PIdA substrate hydrolysis are summarized in
Figure 8B. 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 using PC and PE were only 2-6% of
the hydrolysis rates. Butanol between 0.1%-1% is commonly used to inhibit cellular hPLD
mediated PtdOH production to probe the function of PLD in various cellular processes, 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 (Figure 8C). The
order of inhibition of PtdOH formation correlated with the order of substrate preference
(ethanolamine>glycerol>choline). Essentially, the headgroup of a preferred substrate, such as
ethanolamine of PE, inhibits the hydrolysis of the poorer lipid substrates. 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.
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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 2). So even with
physiologically relevant alcohols PIdA transphosphatidylation is low.

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. For some PLDs, primary alcohols like EtOH and BuOH are better

nucleophiles than water, resulting in higher transphosphatidylation than hydrolysis activity.'”’ T

n
most cases assayed here, MeOH, EtOH, and BuOH were poor inhibitors of PtdOH production
suggesting that these primary alcohols would likely be ineffective tools to study and modulate
PIdA activity in cells. Primary alcohols have been used as tools in the literature to investigate the
role of bacterial PLD in virulence without verifying hydrolysis or transphosphatidylation
activity.” It is important to perform these kinds of analyses, rather than assume all HKD-
containing PLDs can perform the transphosphatidylation reaction and that the primary alcohols
will decrease PtdOH production, as both these properties can be highly variable across different
PLDs. /7175
Phosphatidylcholine substrate inhibition

Efforts were made to calculate kinetic parameters for PIdA substrates, but proved complex.
Interfacial enzymes, such as PLD, that interact with their substrate at an interface, in this case, a
lipid membrane, do not follow Michaelis-Menten kinetics. Instead surface dilution kinetics is

used to calculate the kinetic parameters associated with the enzyme.’’® This requires a bulk

diluent, which can be a lipid or detergent, that does not interact at the substrate binding site but
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can be mixed with substrate at an interface. Since most glycerophospholipids are substrates for
this enzyme, interfacial kinetic analysis was complicated to perform due to the lack of a suitable
bulk phospholipid diluent. Efforts to assay enzyme activity using lipid/detergent micelles
resulted in very low activity and large error within replicates. Instead, we initially chose to define
apparent kinetic constants (Kniapp and Vmaxapp) for DPPC. Hydrolysis rates were plotted as a
function of substrate concentration for DPPC liposomes (Figure 9A). When analyzed with non-
linear regression, the substrate inhibition model (Equation 2) was a better fit to the data than the
Michaelis-Menten model (Equation 1), however, this simple substrate inhibition model is still
not the best fit for this system, suggesting that a more complex inhibition is occurring. To
determine if this observation was specific for DPPC, we analyzed short chain lipids, 14:0 PC and
12:0 PC (Figure 9B and 9C, respectively) using a fluorescence assay. Although the decrease in
activity was less pronounced than with DPPC, both of these substrates also produced data more

amenable to the substrate inhibition model.
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Figure 9. Phosphatidylcholine induces substrate inhibition of PIdA. Steady state kinetics analysis
was performed using (A) DPPC, (B) 14:0 PC, and (C) 12:0 PC and the Amplex Red assay. Solid

line, Substrate inhibition model fitting; dotted line, Michealis-Menten model fitting.
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The fit of the substrate inhibition model was not sufficient for generating kinetic parameters
for DPPC. The confidence intervals were very large for the 12:0 PC data set, despite the high R
value bringing into question the accuracy of the values. For 14:0 PC, the fit was sufficient to
calculate a Vpax of 16.4 umol/min/mg, a K, of 0.58 mM, and a K; was 57.2 mM.

Efforts to characterize the kinetic parameters for DOPG and DOPE were also problematic.
As the fluorescence assay used for PC is specific to PC hydrolysis, mass spectrometry (MS) is
required for measuring PG and PE turnover. Because of the micromolar to millimolar range of
lipids needed, there were technical issues in quantitation of product formation by MS. The large
excess of substrate relative to product leads to ion suppression and inaccurate quantitation. With
large amounts of lipids, it is possible to saturate the LC column. To deal with this the samples
can be diluted, but there is still the issue of low product to substrate ratio. For these reasons, we
did not determine the kinetic parameters for DOPG and DOPE.

Overall attempts to generate kinetic rate constants for PIdA proved to be technically
challenging. Because most phospholipids were substrates of PIdA, a suitable bulk diluent was
not identified. Lipid-detergent micelles were unreliable and MS analysis of PtdOH in the
presence of high concentrations of substrate was impractical. PC hydrolysis was instead
characterized using a fluorescence assay, but appeared to induce complex substrate inhibition
independent of lipid presentation. The underlying mechanism or physiological significance of
substrate inhibition by PC is unknown.

Divalent cation stimulation
For some PLD enzymes, activity is stimulated by or dependent on divalent cations, such as

177-179

magnesium and calcium . PIdA activity as a function of Ca®" and Mg*" concentrations was

subsequently measured. Robust hydrolysis of DOPE did not require either of these ions and only
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a modest 1.6-fold increase in activity at 10 mM MgCl, was observed (Figure 10A). 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 seen above 2.5 mM MgCl, and CaCl, (Figure
10B and 10C). DOPC activity did require Mg”" and Ca®*, however PG hydrolysis was barely
detectable without the ions present. Interestingly, for DOPG, Mg®" and Ca®" produced similar
changes in the absolute specific activity at comparable concentrations, however, for DOPC,
Mg®" and Ca®" produced similar patterns of stimulation, but Mg®" was more effective at

stimulating higher specific activity at comparable cation concentrations.
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Figure 10. 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. Statistical analysis performed using One-way ANOVA with Tukey post-hoc

test. *p<0.05

171,177, 178

Divalent cations often stimulate catalytic activity of PLDs . PIdA 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
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Mg”" (0.5-1 mM) and Ca*"(0.3-0.5 mM)’® 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 P1dA-
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 by host PLD regulators

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 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 PKC and small GTPases, such as Arf and
Cdc420% 181715 - Activators were used in a range of 1:6 to 16:1 activator/PIdA. Stimulation of
PIdA activity in vitro was not observed for these small GTPases or PK C, even with 16-fold
excess at 100 nM (Figure 11). At most, a 50% increase in activity was seen with Arfl at the two

highest concentrations, in contrast to the potent >70-fold stimulation of hPLD by Arfl'%,
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Figure 11. Human PLD activators do not stimulate PIdA activity in vitro. PLD activity was
measured using exogenous assay in the presence of Protein kinase CP II, Arfl, or Cdc42 at

indicated activator concentrations. Mean values are shown + SEM.

In many cell types, hPLD1 and hPLD2 basal activity is very low or not detectable without
activation by a signaling event, which activates PKC or small GTPases, such as RhoA, Cdc42,
and Arf. No stimulation of PIdA was observed in vitro by these protein activators over a range of
concentrations; however, this isn’t too unexpected as most of the mapped interactions between
the hPLD isoforms and these regulators are localized to regions not conserved in PIdA, such as

184156 1 speculate that by secreting a PLD

the PX and PH domains or C-terminus of human PLD.
that is not as tightly regulated as the host PLD, P. aeruginosa can directly induce PLD signaling
networks while circumventing unnecessary or potentially disadvantageous signaling networks.
Perhaps only specific protein-protein interactions or regulatory mechanisms are conserved

between the bacterial PLD and the host PLD affording only a limited subset of signaling

pathways to be activated by PIdA. This theory draws on the observation with C. trachomatis, in
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which activation of the host PLD in epithelial cells decreased intracellular bacterial viability
however whereas C. trachomatis PZ-PLD increased survival.”” >
Phosphoinositide stimulation

Phosphatidylinositol-4,5-bisphosphate, PI(4,5)P,, is a potent lipid stimulator of hPLD
activity both in vitro and in vivo.”””"* hPLD contain N-terminal PH and PX homology domains
that are important for binding phosphoinositides’®” however, based on sequence analysis PIdA
does not appear to contain either of these domains. Here PI(4,5)P, stimulation of PIdA was also

examined. Based on sequence alignment using ClustalW’*’

, PIdA does possess a partially
conserved PI(4,5)P; binding domain between its two HKD motifs that was identified in the
catalytic domain of eukaryotic PLDs’*’, but there are number of clusters of basic amino acid
throughout PIdA that may facilitate phosphoinositide binding and stimulation (Figure 12A). 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 of 100
mol% DOPC or 95 mol% DOPC: 5 mol% PI(4,5)P, was assessed. Based on the Western

blotting results in Figure 12B, PI(4,5)P, caused a significant increase in binding to DOPC

liposomes.
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A

PLdA LAADQPRMPWQDVHCRIEGPSVYDLARNFIDRWNGQQAYLAKTPA

hPLD1 DRYSTPRMPWHDIASAVHGKAARDVARHFIQRWNFTKTIMKSKYRS

hPLD2 DRETTPRMPWRDVGVVVHGLPARDLARHFIQRWNFTKTTKAKYKT
PIP, - +

Figure 12. PIdA contains partially conserved PI(4,5)P, binding site. (A) Sequence alignment of
phosphatidylinositol-4,5-bisphosphate binding site of human PLD1 (hPLD1) and human PLD2
(hPLD2) with corresponding homologous region in PIdA. (B) PIP; increases PIdA binding to

DOPC liposomes

As shown in Figure 13, the addition of 5 mol% PI(4,5)P,to DOPC liposomes resulted in an
8-fold stimulation of PC hydrolysis. To determine if this stimulation is specific for DOPC,
hydrolysis of DOPG and DOPE liposomes in the absence and presence of 5 mol% PI1(4,5)P, was
compared. (Figure 13) The addition of PI(4,5)P, to DOPG liposomes, resulted in a modest 1.2-
fold increase in PIdA activity, while PI(4,5)P, caused a 20% reduction in DOPE hydrolysis.
PI(4,5)P, stimulation of PC hydrolysis by PIdA was also concentration dependent as seen in

Figure 14.
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Figure 13. PIP;, stimulates PIdA hydrolysis of PC and PG in vitro. PLD activity was measured

using LC-MS. Mean values are shown = SEM. Statistical analysis performed using student’s t-

test. *p<0.05
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Figure 14. PI(4,5)P, stimulation of DOPC hydrolysis is concentration dependent. PLD activity

measured using exogenous assay. Statistical analysis performed using One-way ANOVA with

Tukey post-hoc test. Groups not differing (p>0.05) share common letters.
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We also investigated the specificity of the PI(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. DGPP was
included as another anionic lipid control. PI did not stimulate PC hydrolysis, however all
phosphoinositides stimulated hydrolysis to varying extents (Figure 15). The order of potency for
phosphoinositides was PIP;>PIP,>PIP. The difference in stimulation was not dependent on the
location of phosphate on the inositol head group, but rather the overall number of charges. DGPP

also stimulated P1dA activity to a similar extent as the mono-phosphorylated phosphoinositides.
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Figure 15. Phosphoinositides stimulate DOPC hydrolysis. All phosphoinositides were 36:2
species, except for brain PI(4)P. PC and phosphoinositides were in 20:1 ratio. PLD activity was
measured using exogenous assay. Statistical analysis performed using One-way ANOVA with

Tukey post-hoc test. Groups not differing (p>0.05) share common letters.
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As a strong divalent cation requirement was seen with hydrolysis of the anionic lipid PG
(Figure 10), leading me to speculate that divalent cations may be needed to facilitate interactions
with anionic lipids, this hypothesis was extended to PI4,5)P, stimulation of PIdA. Is PI1(4,5)P;
stimulation of PIdA Mg*" or Ca*" dependent? In fact, no stimulation of PC or PG hydrolysis by
PI(4,5)P, occurs in the absence of a divalent cation supporting the notion of divalent cations

mediating protein-lipid binding. (Figure 16)
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Figure 16. Divalent cations are required for PIP; stimulation of PC and PG hydrolysis. Substrates
are designated at top of graph. PLD activity was measured with LC-MS. 5 mol% PIP, and 3 mM

MgCl, were used in +PIP, and +Mg”" treated samples.

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’®’. hPLD1 in a variety of cell lines has a basal localization at perinuclear

%% 1% and upon stimulation hPLDI

vesicles that is dependent on phosphoinositide binding
mediates vesicular trafficking that is dependent on catalytic activity’*’. Both P1dA lipid binding

and activity are increased in the presence of phosphoinositides, as they are for hPLD.

Phosphoinositides may modulate PIdA activity and localization once the enzyme is translocated
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into a host cell. 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. This effect is studied later in Chapter III.
Phosphoinositide stimulation is also very interesting in the context of PC hydrolysis. It is unclear
if PC substrate inhibition (Figure 9) is physiologically relevant however if significant
suppression of activity occurs in the presence of PC, phosphoinositides may serve as a potential
mechanism to increase enzyme activity. This is particularly relevant in infected cells. PC is the

most abundant cellular lipid of most human cells’®”

and as such PIdA binding and hydrolysis at
PC-rich membranes may be very low. I speculate that phosphoinositides serve as means of
localizing PIdA and modulating P1dA activity within PC-rich eukaryotic cells.
Phosphorylation and activation by Akt

Akt is serine/threonine kinase that regulates a wide array of cellular processes including
endocytosis, vesicular trafficking, and cell proliferation.””® P. aeruginosa cell invasion was

°1- 9 Interestingly, hPLD2 directly binds

previously demonstrated to be PI3K- and Akt-dependent.
Akt and stimulates Akt activity through PtdOH production.’” It was previously published that
Akt can bind PIdA, and Akt activation upon P. aeruginosa infection of epithelial cells was P1dA-

> A Scansite search’”’ was used to identify putative protein binding and

dependent.
phosphorylation motifs. Based on this search, PIdA contains the Akt phosphorylation consensus
sequence RXRXXS/T and is predicted to be phosphorylated at threonine 55. To determine if Akt
can phosphorylate PIdA, PIdA was assayed as a substrate in an in vitro Akt kinase assay with
recombinant, purified human Aktl. GSK3o/p fusion protein was also included as a positive

control. Akt phosphorylation was probed using a phospho Akt substrate antibody. Using

recombinant Aktl and PIdA, Akt phosphorylates PIdA in an ATP-dependent manner. (Figure 17)
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Figure 17. Aktl phosphorylates PIdA in vitro. Western blot analysis of Akt kinase assay with

PIdA and GSK3a/f fusion protein. PAS, phospho Akt substrate.

Recombinant purified Aktl phosphorylates PIdA in vitro, however the significance is unclear
and whether this occurs in cells is unknown. To determine if Akt phosphorylation alters PIdA
activity, PIdA was treated with Akt in a 1:1 molar ratio with PIdA in the presence and absence of
ATP to identify phosphorylation and non-phosphorylation dependent effects on PIdA activity.
Addition of Akt increased PIdA activity 3-fold even in the absence of ATP (Figure 18A). The
addition of ATP and hence phosphorylation of PIdA did not further increase PIdA activity.
Because of the nature of the fluorescence assay used DTT present in the Akt purification buffer
and kinase reaction buffer caused significant increase in background noise negatively affecting
the signal-to-noise. Because of this interference it cannot be confirmed that PIdA activity was
still linear and the standard error was large across conditions, so there is uncertainty as to the

accuracy of the activity measured.
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under the conditions indicated. PLD activity was subsequently measured using the Amplex Red
with (A) 14:0 PC or exogenous assay with (B) DPPC liposomes or (C) 1:1 DOPG/DPPC

liposomes.

This experiment was repeated using the exogenous assay, another PLD assay for which DTT
interference is not an issue. The results were not consistent across two different vesicle
compositions used. For DPPC vesicles, the results modestly recapitulated the Amplex Red data
with Akt stimulating PIdA activity in an ATP-independent manner (Figure 18B) although very
modestly. For PG/PC mixed liposomes, however, Akt did not stimulate PC hydrolysis above the

control condition without ATP and Akt (Figure 18C). Addition of Akt without ATP actually
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decreased PIdA activity, however the addition of ATP increased PIdA activity back to control
conditions. Anionic lipids such as PIPs;, PtdOH'”  and PS’*® increase Akt lipid binding to PC
liposomes. With PC/PG liposomes, perhaps Akt has some low affinity for the anionic PG lipid
and Akt binding of liposomes interfered with PIdA binding under these conditions. The effects of
Akt on PIdA activity in these experiments are inconsistent and significantly more work is needed
to determine what effect if any Akt binding has on PIdA activity. Through binding, Akt could
also affect localization of PIdA, and vice versa, within cells. This possibility also needs to be
explored.

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, and
despite homology to eukaryotic PLD, such as hPLD, the substrate preference is very different.
The preference for PE, instead of PC, perfectly positions PIdA to hydrolyze cellular lipids over
prokaryotic and eukaryotic organisms. PC, a relatively poor substrate, is capable of inducing
substrate inhibition in vitro, however the significance remains to be determined. PIdA activity is
stimulated in vitro by divalent cations and phosphoinositides; both of which may be factors in
regulating PIdA localization and/or activity when targeting eukaryotic cells. Unlike many HKD-
containing PLDs, transphosphatidylation by PIdA is highly inefficient and highlights the
importance of confirmation of specific catalytic properties of PLDs. Understanding both the
differences and similarities between the host PLD and the bacterial homologue provide rational
vantage points from which the role of PIdA in virulence can be assessed. Some hypotheses and
future directions this in vitro characterization has inspired have been briefly alluded to

throughout the text and are discussed in more detail later (Chapter V).
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CHAPTER III
EFFECTS OF PLDA ON HUMAN LUNG EPITHELIAL CELLS AND E. COLI"

Introduction

PIdA has been shown to target both bacterial’” and eukaryotic™ cells, factors that may both
play a role in promoting P. aeruginosa infections. 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. In Chapter II, an extensive analysis of catalytic activity
and in vitro regulation was detailed. Here in Chapter III, I continue analysis of PIdA activity
when expressed in bacterial cells, in particular E. coli, and after uptake into human lung
epithelial cells, specifically the A549 cell line. No previous identification of cellular substrates of
a PLD virulence factor has been characterized for eukaryotic hosts. Changes in P. aeruginosa
lipids due to PIdA have been previously published.”” Because of the sequence similarities
between PIdA and hPLD and partial conservation of regulatory mechanisms, such as
phosphoinositide stimulation and Akt interactions my next objective was to identify hPLD-
associated functions recapitulated by PIdA. Cell viability, modulation of cellular lipids, and
effects on cellular signaling were assessed for E. coli and A549 cells. This work details the first
characterization of the eukaryotic cellular substrates of a bacterial PLD. Lipid product species
generated by PIdA in A549 cells closely resembled those of hPLD, despite the difference in
substrates compositions within cells and substrate hydrolyzed. Despite producing significant
increases in PtdOH with E. coli when overexpressed, PIdA does not induce cell toxicity further

supporting the observed requirement of periplasmic localization for toxicity. Based on imaging

"Reproduced with permission from Spencer, C. T. and Brown, H. A. (2014) Biochemical
characterization of a Pseudomonas aeruginosa phospholipase D, Biochemistry, in press.
Copyright 2015 American Chemical Society.
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studies internalized PIdA was capable of mediating activity-dependent translocation of
intracellular vesicles that eventually resulted in vesicle secretion. Here I also expand on in vitro
studies, which demonstrated interactions between human Akt and P1dA to look at the effects of
PIdA uptake on Akt activation. Data here identify the changes to cellular lipids induced by PIdA,
which may directly affect vesicular trafficking and Akt signaling processes also associated with
hPLD activity.
Experimental Methods
Plasmid generation

The PIdA sequence was amplified by PCR using a forward primer containing a EcoRI site
and the reverse primer containing a Bglll site. The amplified PCR product and pCMV-HA
mammalian expression vector were digested with EcoRI and Bglll, then ligated using T4 DNA
ligase to generate plasmid pCMV.HA PIdA. The plda gene is in frame with the N-terminal HA
tag. The PIdA HI67N mutant plasmid (pCMV.HA.PIdA.H167N) was generated using
QuikChange II mutagenesis kit following the manufacturer’s protocol. The PIdA wild type and
H167N mutant sequences were confirmed by sequencing.
Cell culture

A549 cells were maintained in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin at 37 °C in 5% CO..
E. coli cell viability assay

BL21 Codon Plus (DE3) RIPL E. coli transformed with plasmids expressing wild type PIdA
(pET32b.PIdA) or catalytically dead PIdA (pET32b.PIdA.HI67N) were grown from frozen

glycerol stocks in LB media with 100 ug/ml ampicillin and 50 ug/ml chloramphenicol at 37 °C.
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Cells were adjusted to an OD600 of 0.5 at time 0 h. OD600 was measured 1, 2, and 3 h after
induction with 0.1 mM IPTG at 25 °C.
E. coli mass spectrometric analysis

BL21 Codon Plus RIPL E. coli transformed with plasmids expressing wild type PIdA
(pET32b.PIdA) or catalytically dead PIdA (pET32b.PIdA.HI67N) were grown from frozen
glycerol stocks in LB media with 100 ug/ml ampicillin and 50 ug/ml chloramphenicol at 37 °C.
Cells were adjusted to an OD600 of 0.5 at time 0 h. Cells uninduced at time 0 h and cells induced
with 0.1 mM IPTG 1, 2, and 3 h post-induction were collected. Cells were pelleted at 6,000 x g
and then washed with 1X PBS and pelleted again. Cells were resuspended in 1X PBS and lipids
extracted in 800 ul 1:1 0.1 N HCI/MeOH and 400 ul CHCls. Samples were analyzed by mass
spectrometry as described earlier (Chapter II).
Trypan blue cell viability assay

A549 cells were seeded into a 12-well plate at 1.5 x 10° cells/well in media containing
DMEM, 10% FBS, and 1% penicillin/streptomycin 18 h before transfection. The medium was
changed to DMEM and 10% FBS before transfection. Cells were transfected in triplicate witb
Lipofectamine 2000 in Opti-MEM according to manufacturer’s protocol. Each sample was
transfected with 0.5 ug empty vector control (pCMV.HA) or plasmids expressing HA tagged
wild type PIdA (pCMV.HA.PIdA) or catalytically dead PIdA (pCMV.HA.PIdA.H167N). Cells
were trypsinized and cell viability was measured 48 h and 72 h post-transfection by trypan blue
staining. Cells were lysed in 10 mM Tris, 150 mM NaCl, and 1% SDS buffer. Protein expression
was monitored by western blotting using anti-HA primary antibody and anti-mouse secondary
antibody. B-actin was probed as a loading control using an anti-f-actin primary antibody and

anti-mouse secondary antibody.
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WST-1 cell viability assay

A549 cells were seeded into a 96-well plate at 1.5 x 10" cells/well in media containing
DMEM, 10% FBS, and 1% penicillin/streptomycin 18 h before transfection. The medium was
changed to DMEM and 10% FBS before transfection. Cells were transfected in triplicate witb
Lipofectamine 2000 in Opti-MEM according to manufacturer’s protocol. Each sample was
transfected with 0.2 ug empty vector control (pCMV.HA) or plasmids expressing HA tagged
wild type PIdA (pCMV.HA.PIdA) or catalytically dead PIdA (pCMV.HA.PIdA.H167N). Cells
viability was measured 24 h, 48 h, and 72 h post-transfection using the WST-1 assay following
the manufacturer’s protocol.
PldA internalization

In a 12-well plate, A549 cells were seeded at 1.5x10° cells/well in DMEM, 10% FBS, and
1% penicillin/streptomycin 18h prior to treatment. 2 uM PIdA, PIdA K169E, tagless PIdA, or
tagless PIdA K169E was incubated with A549 cells in DMEM, 10% FBS 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 pg/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. For time course, PIdA was detected by western blotting as
described earlier using a rabbit anti-PIdA polyclonal antibody and HRP conjugated anti-rabbit
secondary antibody. B-actin was used as a loading control.
Mass spectrometry analysis of A549 cells

For mass spectrometric analysis, in a 12-well plate, A549 cells were seeded at 1.5x10°
cells/well in DMEM, 10% FBS, and 1% penicillin/streptomycin 18h prior to treatment. 2 uM

PIdA or PIdA K169E was incubated with A549 cells for 3.5 h at 37 °C in 5% CO,. Cells were
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washed three times with PBS and lysed in 800 pl 1:1 0.1 N HCl/methanol. Lipids were extracted
with 400ul chloroform. LC-MS analysis was performed as previously published.’*’
Confocal microscopy
A549 cells were seeded at 1.5x10" 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 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 h and 7 h post-incubation using a 63x 1.4 N.A.
(Plan-Apochromat) oil immersion objective. Acquisition settings were held constant unless noted
otherwise.
Liposome binding assay

The liposome binding assay was adapted from the procedure of Buser and McLaughlin.’”
Lipids in chloroform and 3.2 uCi *H-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 hour at room temperature. Vesicles were subjected to 5 cycles of
freezing in liquid N, 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 KClI), pelleted by centrifugation at 100,000 x g for 1h at room

temperature and resuspended in isotonic buffer. Final lipid concentrations were calculated based

on [’'H]DPPC radioactivity.
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PIdA or PIdA K169E was added to vesicles in a 1ml reaction and incubated at room
temperature for 5 minutes. Samples containing PIdA without lipids were used as controls to
determine background. The final reaction conditions were 2 pug PIdA, 50 mM HEPES (pH 7.5),

100 mM KCI, 3 mM MgCl,, and 100 uM lipid. Lipid-bound protein was isolated by

centrifugation at 15,000 x g for 20 min at 4 °C. The supernatant was removed and the lipid and
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% non-fat 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.

Results and Discussion
Effects of PldA on E. coli cell viability and lipid composition

PIdA has been demonstrated to induce membrane lysis and cellular death of P. aeruginosa’”,
Pseudomonas putida’’, and E. coli’’. PIdA is proposed to be translocated into the periplasmic
space of targeted cells. Significant hydrolysis of PE and accumulation of PtdOH was observed in
P. aeruginosa cells in which PIdA was expressed, but without an “immunity protein” that was
genetically deleted’’. Many T6SS effectors are localized within the genome adjacent to an
immunity protein that is co-expressed with the effector that serves to neutralize the effector
within the cell to prevent deleterious results before the effector is secreted.””” Without the PIdA
immunity protein, P. aeruginosa itself is susceptible to lysis induced by PIdA.

Despite the observed membrane sensitization and cell death associated with PIdA in bacterial

cells, PIdA can be overexpressed in E. coli to produce significant yields of recombinant protein
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with no obvious cell toxicity issues. (Figure 3) To directly address whether overexpression of
PIdA in E. coli promotes cell toxicity, wild type (WT) and catalytically dead (H167N) PIdA were
overexpressed in E. coli BL21 CodonPlus (DE3) RIPL cells at 25 °C over several hours (Figure
19). Cell density prior to IPTG induction was the same for both constructs. No difference in cell
growth post-induction was observed for several repeated trials. (Figure 19) This discrepancy in
observed toxicity by PIdA may be explained by the localization of PIdA during expression. Here,
the expression construct allows for only cytoplasmic localization of PIdA. Most T6SS effectors,
including PIdA, are thought to be translocated into the periplasmic space of other bacterial cells.
In earlier studies, it also note that PIdA overexpression in E. coli cytoplasms did not induce cell
death, however if PIdA was expressed with a localization signal that directs it into the
periplasmic space, cell viability was impaired.”” This implies that modulation of cellular lipids
on the cytoplasmic leaflet of E. coli does not induce membrane disruption; instead specific

hydrolysis of phospholipids on the periplasmic leaflets impairs viability.
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Figure 19. Wild type cytosolic PIdA is not toxic to E. coli. PIdA wild type (WT) or catalytic
mutant (K169E) expression was induced with IPTG for 1 h to 3 h. Cell viability was measured

by OD600.

Another alternative explanation is that PIdA is not catalytically active within the bacterial
cytoplasm. To evaluate this possibility, the lipid composition of E. coli overexpressing either
wild type (WT) or mutant (H167N) PIdA before and after protein induction were compared
(Figure 20). Although there was leaky expression of both WT and H167N PIdA prior to
induction (data not shown), the proportions of the lipid classes were comparable. After 3 h of
induction, PtdOH comprised 12% of the total cellular lipids of WT expressing cells, while
PtdOH of H167N expressing cells remained low at 1%. In vitro analysis of PIdA substrates
shows that PE is the preferred PIdA substrate, but PG is also very efficient hydrolyzed. In E. coli,
PE appears to be the only substrate used for PtdOH production. In fact, absolute picomoles of PG
were higher in WT cells than H167N cells. These data clearly demonstrate that PIdA

overexpressed in the E. coli cytoplasm is catalytically active and causes significant changes in
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PE and PtdOH levels in cells, however elevated PtdOH on the cytoplasmic leaflet is not
sufficient to perturb cell viability.

Perturbation of cell viability seems heavily dependent on the localization of PIdA and either
the degradation of the phospholipid bilayer of the periplasmic face or the accumulation of PtdOH
in this region. Perhaps degradation of PE or accumulation of PtdOH causes significant changes
in the membrane properties of the phospholipid bilayer that induces a more porous or leaky

membrane.
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Figure 20. Overexpression of PIdA in E. coli causes a significant changes in cellular lipids. PIdA

wild type (WT) or catalytic mutant (H167N) expressing cells were uninduced or induced with
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IPTG for 3 h. E. coli lipids were extracted and analyzed by LC-MS. The distribution of each

lipid class is presented as a percentage of the total.

Effects of PldA on human lung epithelial cell viability

As PIdA also targets eukaryotic cells, I chose to assess whether PIdA has an effect on human
cell viability using A549 cells, a human lung adenocarcinoma epithelial cell line. For these
experiments, A549 cells were transfected with a CMV-promoter based mammalian expression
vector. Cell viability was measured using WST-1 reagent (Figure 21) and trypan blue staining
(Figure 22). Initially viability was measured using the WST-1 assay, which is a colorimetric
assay that gauges cell metabolism, however due to the nature of the effects of PIdA on bacterial
membrane stability, trypan blue staining was also performed to analyze membrane integrity of
A549 cells. Cells were transfected with an empty vector control to account for effects on cell
viability due to the transfection process and vectors containing wild type (WT) or catalytically
dead (H167N) PIdA. As seen with E. coli, no difference in A549 cell viability was observed with

expression of PIdA based on both cell viability assays.
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Figure 21. Overexpression of PIdA in A549 cells does not induce cell death. A549 cells were
transfected with an empty vector control or vector expressing wild type PIdA (WT) or catalytic
mutant (H167N) PIdA. Cell viability was measured using WST-1 assay 24 — 72 h post-

transfection. Mean values are shown + SEM.
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Figure 22. Overexpression of PIdA in A549 cells does not induce membrane rupture. A549 cells
were transfected with an empty vector control or vector expressing wild type PIdA (WT) or
catalytic mutant (H167N) PIdA. Cell viability was measured using trypan blue staining 48 — 72 h

post-transfection. Mean values are shown + SEM.
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Once again, I looked to confirm PIdA activity was present after transfection. Unlike E. coli,
no detectable increase in PtdOH was observed 24 to 72 h post-transfection (data not shown).
Earlier time points (6 h and 12 h) were also screened for PIdA activity, however expression of
PIdA was very low and again no change in PtdOH was observed. The lack of detectable activity
may be due to several factors. Transfection efficiency is very poor with A549 cells. PIdA may be
active under these conditions however low signal to noise may have prevented detection of
activity. Over several days, cells may have been able to compensate for any increased PLD
activity in the cells, either by neutralizing PIdA itself or increasing turnover of PtdOH.
Intracellular uptake and localization of PldA in A549 cells

The ability of PIdA to promote epithelial cell internalization of P. aeruginosa’ is presumably
due to catalytic activity as most functions of PLDs are thought to be mediated by PtdOH. As
transfection was not an efficient means of measuring the effects of PIdA on human cells, instead,
I 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

201,202 T determine whether

shown to translocate across the plasma membrane of human cells
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-PldA
fusion proteins were analyzed by western blotting (Figure 23). Based on Western analysis of cell
cytosolic and membrane fractions, PIdA levels are significantly higher than PIdA K169E levels
after several hours of incubation. Tagless PIdA and tagless PIdA K169E were detected in the

cytosolic and membrane fractions at levels lower than the PIdA wild type fusion protein,

suggesting that the thioredoxin tag promotes a significantly higher level of internalization of
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PIdA. Low digitonin concentrations were used to selectively permeabilize the plasma membrane
without rupturing intracellular organelle membranes. Cell fraction purity was assessed using
cytosolic, plasma membrane, and lysosomal markers, CAD, or carbamoyl-phosphate synthetase
2, aspartate transcarbamylase, and dihydroorotase, Na'/K™ ATPase, and LAMPI, respectively.
No or low contamination of the cytosolic fraction with Na'/K" ATPase or LAMP1 suggests that
the PIdA observed in the cytosolic fraction was not leached from intracellular organelles or due

to membrane contamination.
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Figure 23. The thiodoxin tag mediates efficient uptake of recombinant, exogenous PIdA by A549
cells. Cells were treated with PIdA construct for 3.5 h. PIdA in cytosolic and membrane fractions
was analyzed using western blotting. CAD, Na'/K"™ ATPase, and LAMPI served as cytosolic,

plasma membrane, and lysosomal markers.
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The large discrepancy in protein levels of PIdA and PIdA K169E fusion proteins led us to
investigate whether the loss of catalytic activity was affecting internalization or stability of PIdA
K169E. To answer this question, internalization of PIdA and PIdA KI169E over time was
determined by Western blotting (Figure 24). At early time points, (30 min to 2 h post-
incubation), wild type and K169E PIdA proteins are present at comparable levels within A549
cells, however by 4 h post-incubation, protein levels for PIdA are still increasing while those for
PIdA KI169E have significantly declined, suggesting that catalytic activity is important for

stability after internalization, but not for internalization itself.
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Figure 24. Intracellular stability of internalized PIdA is activity dependent. Cells were treated
with wild type (WT) or mutant (K169E) PIdA for 30 min to 4 h. Top panel, representative

western blot of experiment. Bottom panel, quantitation using densitometry of three independent
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experiments. WT and K169E data normalized to actin loading control and respective signals at
30 min. Mean values are shown + SEM. Statistical analysis performed using student’s t-test.
*p<0.05

To visually confirm internalization of exogenous recombinant PIdA, A549 cells were treated
with Alexa Fluor 488 labeled PIdA and PIdA K169E and imaged using confocal microscopy
(Figure 25). 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 were observed. At 5 h and 7 h post-
incubation WT-488 fluorescence intensity are 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 24.
Both wild type and mutant PIdA initially localize to perinuclear vesicles, but over time wild type
PIdA vesicles disperse towards the plasma membrane and extracellular vesicles were detected
that co-localize with PIdA (data not shown). Localization of mutant PIdA however remained

constant over time and no vesicle secretion was observed.
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Figure 25. Intracellular localization and stability of PIdA are activity dependent. Fluorescence
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and DIC overlay images of A549 cells treated for 4 h with wild type and mutant PIdA labeled

with Alexa Fluor 488. Cells were imaged 5 h and 7 h post-treatment.

PldA induced vesicle secretion by A549 cells

If PIdA is added in the absence of serum, vesicle secretion into the media was further
accelerated (Figure 26). The physiological significance of this vesicle secretion is unclear. There
are no references in the literature of P. aeruginosa induced vesicle secretion of infected cells.
There is a published report of P. aeruginosa inducing membrane blebbing and shedding
resembling apoptotic blebbing after cell internalization’””, however visually that phenomenon

appears different from this observed membrane release.

79



Untreated PIdA treated

Figure 26. PIdA induces vesicle secretion of A549 cells. A549 cells were left A) untreated or B)

treated with wild type PIdA in the absence of serum for 2 h.

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.’”” hPLD1 in a variety of cell lines has a basal localization at perinuclear

194195 and upon stimulation hPLD]1

vesicles that is dependent on phosphoinositide binding
mediates vesicular trafficking that is dependent on catalytic activity.*> Both PIdA lipid binding
and activity are increased in the presence of phosphoinositides (Figures 12 and 13), as they are
for human PLD. I speculate that 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 associated with both the membrane and cytosolic fractions. As little

diffuse cytosolic localization was seen in A549 cells after exogenous uptake (Figure 25), or after

overexpression with transfection in HeLa cells™, cytosolic PIdA appear to concentrate at

80



punctate vesicular structures and based on in vitro characterization (Chapter II) this localization
may be regulated 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.””* Human PLD also promotes vesicle release and secretion of a variety of secretory
cells.”” Although it is unknown whether vesicle release by A549 cells is physiologically relevant
in this case, PIdA was capable inducing vesicle secretion of A549 cells. Based on these findings,
one can hypothesize that PIdA is able to mimic host PLD mediated vesicular trafficking during
infection after translocation into host cells as well. The nature of these intracellular vesicles co-
localized with PIdA and the effects of PIdA on various components of vesicular trafficking
networks requires further description.

Effects of PldA on human lipid composition

Once internalization was confirmed visually, the effects of PIdA on A549 cellular lipids was
evaluated. The lipid composition of A549 cells treated with PIdA or PIdA KI169E was
determined by LC-MS analysis (Figure 27). Unlike the transfection experiments, exogenous
treatment of A549 cells with PIdA caused significant changes to host lipids. The primary PtdOH
species generated (32:1, 34:2, 34:1, and 36:2 PtdOH) correlated 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 also 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 KI169E treatment was DPPC, although the change was also not
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statistically significant. It is interesting to note here that DPPC was observed to be the preferred

PC substrate in vitro as well (Figure 7).
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Figure 27. Exogenous treatment of A549 cells causes significant changes in cellular lipids. A549
cells were treated with wild type or mutant (K169E) PIdA for 3.5 h. A549 cellular lipids were
extracted and analyzed by LC-MS. Lipids levels are normalized to cells treated with PIdA

K169E. Mean values are shown + SEM. Statistical analysis performed using student’s t-test.

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.””” *** 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
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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 this specific LC-MS
method, quantification of sphingomyelin was possible. Treatment of A549 cells with wild type
PIdA caused an increase in SM levels, although not significant, 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, eventually resulting in vesicle
secretion. 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 trafficking changes and 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.

In A549 cells treated with PldA, increased production of only four species of PtdOH was
detected. Interestingly, these PtdOH species are the same characteristic signaling species of

PtdOH produced by the human isoforms in cells.”’” ?%*

This selectivity is not based on substrate
species abundance. The most abundant PE species contain polyunsaturated fatty acids (PUFAS).
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 PUFAs, constituted 55% of total PE (Figure
28). By mimicking host PLD signaling lipids, PIdA may be able to induce PLD-associated

signaling pathways, such as vesicle trafficking (Figure 25) or Akt signaling (Figure29).”” /%
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Figure 28. PIdA treatment of A549 cells induces redistribution of lipids species for PtdOH and
PE. Species distribution of A) PtdOH B) PG and C) PE in A549 cells after treatment with wild
type (WT) or mutant (K169E) PIdA. Mean values are shown = SEM. Statistical analysis

performed using student’s t-test.

PldA induced Akt activation requires PldA activity
Previous accounts demonstrated a link between PIdA and human Akt that served to mediate

cell internalization of P. aeruginosa.””>>° Herein, we assessed whether PIdA internalized from
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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 29A). No significant difference was in Akt phosphorylation 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 29B) Independent of the
mechanism for internalization, either the T6SS™ or thioredoxin induced exogenous uptake, PIdA

stimulates Akt activation in epithelial cells.
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Figure 29. PIdA induces a transient stimulation of Akt in A549 cells upon exogenous treatment.
A) Wild type PIdA stimulates Akt phosphorylation 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 total Akt and PIdA K169E treated samples. Mean values are shown +

SEM. Statistical analysis performed using one sample t-test. * p <0.05
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The Neisseria gonorrhoeae PLD, NgPLD, was observed to directly bind and stimulate host

43, 44

Akt signaling. Previous findings confirm that PIdA also interacts with Akt and stimulates its
phosphorylation and activation upon in vitro P. aeruginosa epithelial cell infection. Here, we
reproduce these earlier findings of PIdA inducing Akt phosphorylation using exogenous PIdA
that is capable of internalizing A549 cells. The ability to reproduce these earlier findings of Akt
activation support the notion that other observed effects, vesicular trafficking and lipid changes,
in A549 cells are relevant despite the difference in the method of delivery of PIdA into cells.
Understanding of the parallels between the human isoforms of PLD and PIdA contribute 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 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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CHAPTER IV
SCREENING OF SMALL MOLECULE INHIBITOR OF PLDA"

Introduction

Based on phylogenetic analysis, PIdA is closely related to eukaryotic PLD.”?*® In fact, PIdA
has regions of high homology with the mammalian enzyme including possessing two catalytic
HKD motifs, but does not share much homology with those enzymes from prokaryotes.
Decreasing success in development of novel antibacterial compounds inhibiting traditional
antibiotic targets along with increased drug resistance of many bacteria have caused a shift in
antibacterial drug discovery towards modulation of virulence factors, factors produced by
pathogens that contribute to disease progression. PIdA is as a secreted effector of the T6SS of P.
aeruginosa that targets human epithelial cells to promote bacterial internalization’” and bacterial
cells to promote intra- and inter-bacterial species competition’’, both of which may be important
components for establishing and maintaining infection. Efforts to target virulence mechanism
such as quorum sensing and T3SS have confirmed that small-molecule inhibitors of virulence
mechanisms can abrogate bacterial infections in vitro and in vivo. Genetic ablation of PIdA is
associated with decreased persistence of P. aeruginosa in lung infections, but can PIdA be
targeted pharmacologically to decrease P. aeruginosa infectivity.

Over the past decade isoform selective, direct small-molecule inhibitors of mammalian PLD1
and PLD2 have been generated.”” ' Compounds 1-3 (Figure 30) have been used to elucidate

new roles for human PLD in cancer and neurodegeneration’® *’*; however, these potent and

) Reproduced in part with permission from Scott, S. A., Spencer, C. T., O’Reilly, M. C., Brown,
K. A., Lavieri, R. R., Cho, C.-H., Jung, D.-1., Larock, R. C., Brown, H. A., and Lindsley, C. W.
(2014) Discovery of Desketoraloxifene Analogues as Inhibitors of Mammalian, Pseudomonas
aeruginosa, and NAPE Phospholipase D Enzymes, ACS Chem. Biol. in press. Copyright 2014
American Chemical Society
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highly selective inhibitors of human PLD have never been tested against PIdA or other non-HKD

containing PLDs.
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Figure 30. Efficacy of potent human PLD inhibitors on PIdA. ICs values of previously identified
human PLD inhibitors for hPLD1, hPLD2, and PIdA. hPLD values were previously published

for 1-3 209-212

NAPE-PLD, or N-acyl phosphatidylethanolamine phospholipase D, which hydrolyzes N-acyl
phosphatidylethanolamine to generate N-acylethanolamines (NAE), such as anandamide, and
phosphatidic acid, is a representative non-HKD PLD of great interest.” Anandamide is a major
endocannabinoid shown to have antinociceptive and analgesic properties, play a role in several
neurodegenerative disorders, and to have anti-proliferative, anti-metastatic and pro-apoptotic

. . . 214
effects of cancer cells in culture and in vivo.
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These four enzymes are divergent, yet the identification of a ligand that could bind and
inhibit, with broad-spectrum activity would be highly desirable to dissect their physiological
roles and assess therapeutic potential. Very few published accounts of bacterial PLD inhibition
currently exist. Early work on the non-HKD containing Streptomyces chromofuscus PLD utilized
a non-hydrolyzable phosphoramidate substrate mimic to modestly inhibit enzymatic activity,”’”
and the literature does not contain any subsequent reports on small molecule inhibitor
development for bacterial HKD or non-HKD PLDs. In the case of NAPE-PLD, most insights
have been garnered through studies in NAPE-PLD (-/-) mice.”’’

In Chapter IV, my goal was to identify potent small-molecule inhibitors of PIdA. Although
previous identified human PLD inhibitors containing benzimidazole and triazaspirone scaffolds
were comparably poor inhibitors of PIdA, we identified lead compounds based on selective
estrogen receptor modulators with modest micromolar potency against recombinant PIdA.
Several analogs of desketoraloxifene were synthesized and parallel screening against PIdA,
hPLDI1, hPLD2, and human NAPE-PLD was undertaken. Although PldA-selective compounds
were not identified, this work is the first step towards developing potent inhibitors of PIdA for

assessing PIdA as a viable therapeutic target of P. aeruginosa. Further steps needed to

demonstrate proof of efficacy are discussed in more detailed in Chapter V.
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Experimental Methods
Modified Amplex Red assay.

Amplex Red assay kit was purchased from Invitrogen (Cat#A12219) and used with
modifications detailed below. In a 96-black well plate, in a final reaction volume of 200 pL the
following components were combined on ice to yield final concentrations of: 50 mM Tris (pH
7.5), 80 mM KCI, 5 mM MgCl,, 5 mM CaCl,, 50 uM Amplex Red reagent, 0.1 U/mL choline
oxidase, 1 U/mL horseradish peroxidase, 1.9 nM PIdA, 20 uM (or 5 pg/mL) test compound and
0.5 mM 14:0 PC. Recombinant PIdA was expressed in E. coli and purified as described earlier.
(Chapter II) Lipid in chloroform was dried under a N2 stream in a glass test tube and
resuspended in 50 mM Tris (pH 7.5) and 80 mM KCI buffer. All components were combined on
ice and the reaction was initiated by incubating at 37° C and reading fluorescence emission at
590 nm (excitation = 530 nm) continuously at 90s intervals for 60 min using a fluorescence plate
reader. The signal was normalized by subtracting the background signal produced in the presence
of DMSO and absence of PIdA. Initial velocities were determined from the linear component of
the fluorescence signal. Data are presented as percent total activity normalized to vehicle control.
All experiments were performed once in triplicate.

To detect false positive hits, each compound was tested again under identical conditions
described above, except PIdA and PC substrate were removed and substituted with 50 uM
choline chloride. This experimental setting provides a way of assessing the ability of the
compounds to inhibit either the choline oxidase of horseradish peroxidase enzymes independent
of their effect on PIdA. Compounds that were potential false positives were screened at 20 pM in

the exogenous PLD assay to confirm PIdA inhibition.
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To generate concentration response curves for each hit, the assay as described above was
used except a range of concentrations (0.1 pM-50 uM) were assayed for each compound.
Exogenous measurement of human PLD activity.

In vitro PLD activity was measured with an exogenous substrate assay as previously
described.’®” /%% For a detailed procedure, see supporting information. Briefly, PLD activity was
measured as the release of free [*H]-choline from [choline-methyl-’H] dipalmitoyl-
phosphatidylcholine ([*’H]-DPPC). 3—50 nM PLD1 or PLD2 was reconstituted with phospholipid
vesicle substrates composed of 10 uM dipalmitoyl-PC, 100 uM PE (bovine liver), 6.2 uM PIP2
(porcine brain), 1.4 uM cholesterol and 2.5 pCi [*’H]-DPPC. Reactions were stopped with the
addition of trichloroacetic acid and bovine serum albumin. Free [*H]-choline was separated from
precipitated lipids and proteins by centrifugation, and was analyzed by liquid scintillation
counting. Experiments were performed once in triplicate. The data were analyzed by nonlinear
curve fitting and statistical analysis using GraphPad Prism 6.0. Data are plotted as mean + SEM
unless otherwise stated.

Exogenous measurement of PIdA activity. Phospholipase D activity was measured using a

. 161, 162
modified exogenous assay. "

In brief, 6 nM purified PIdA was incubated with liposomes
containing 90 uM 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol), 10 uM 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine, and 2.5 pCi [’H]-DPPC. The reaction was quenched with 10%
trichloroacetic acid and bovine serum albumin on ice. Free [’H]-choline was measured by
scintillation counting. Experiments were performed once in triplicate. Data are presented as
percent total activity normalized to vehicle control. Data were analyzed by non-linear regression

and IC50 values generated using GraphPad Prism 6.0. Data are plotted as mean +SEM unless

otherwise stated.
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Endogenous PLD assay of cell lines.

Endogenous PLD activity was determined using a modified in vivo deuterated 1-butanol (1-
butanol-d10) PLD assay.’®" #? Cells were seeded into 12-well tissue culture plates to reach 90%
confluence at time of assay. Cells were pretreated in the presence of test compound (5 nM to 50
uM) or DMSO (vehicle control) in DMEM for 5 minutes at room temperature. After
pretreatment media was removed, cells were treated with DMEM + 1 uM PMA + 0.3% 1-
butanol-d10 and either test compound or DMSO vehicle control, or DMEM alone for 30 minutes
at 37 °C. After treatment, samples were extracted, internal standard added, and samples analyzed
by mass spectrometry. Experiments were performed once in triplicate. IC50 values were
determined using a concentration response curve and nonlinear curve fitting and statistical
analysis performed using GraphPad Prism 6.0. Data are plotted as mean + SEM unless otherwise
stated. Data were collected and analyzed by Dr. Sarah Scott.

Steady state kinetics of PldA in the presence of raloxifene.

Amplex Red assay kit was purchased from Invitrogen and used with modifications detailed
below. In a 96-black well plate, in a final reaction volume of 200 pL the following components
were combined on ice to yield final concentrations of: 50 mM Tris (pH 7.5), 80 mM KCI, 5 mM
MgCl,, 5 mM CaCl,, 50 uM Amplex Red reagent, 0.1 U/mL choline oxidase, 1 U/mL
horseradish peroxidase, 1.9 nM PIdA. 14:0 PC in chloroform was dried under a N2 stream in a
glass test tube and resuspended in 50 mM Tris (pH 7.5) and 80 mM KCI buffer. PIdA activity
was measured over a range of 14:0 PC concentrations (0.1-4 mM) in the presence of a single
concentration of raloxifene at OuM, 1uM, or 10uM). All components were combined on ice and
the reaction was initiated by incubating at 37° C and reading fluorescence emission at 590 nm

(excitation = 530 nm) continuously at 90s intervals for 60 min using a fluorescence plate reader.

92



The signal was normalized by subtracting the background signal produced in the presence
absence of PIdA at each different substrate concentration. Initial velocities were determined from
the linear component of the fluorescence signal. Data are presented as the change in fluorescence
intensity over time. All experiments were performed once in triplicate. Non-linear regression and
statistical analyses were performed using GraphPad Prism 6.0.

Recombinant NAPE-PLD expression and purification.

E. coli expressing the plasmid pQE-80-PLDHis encoding C terminus 6% His tagged human
NAPE-PLD was provided by Dr. Sean Davies (Vanderbilt University). Protein purification was
performed as described previously.”’” Protein was concentrated and buffer exchanged into 10
mM Na,HPO,4 500 mM NaCl.

NAPE-PLD activity assay.

In a final reaction volume of 100 pL, the following components were combined: 50 mM Tris,
pH 7.5, 10 uM 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-nonadecanoyl (diC18:1, C19
NAPE), 1% N-octylglucoside or 0.1% Triton X-100, 0.5 pg partially purified NAPE-PLD and
incubated at 37 °C for 30 min — 1 hr. At the end of the reaction the lipid products were extracted
with 2:1 chloroform/methanol solution. The lipids were analyzed using previously described
glycerophospholipid mass spectrometric methodology.’*” /!

E. coli mass spectrometric analysis

BL21 Codon Plus (DE3) RIPL E. coli transformed with plasmids expressing wild type PIdA
(pET32b.PIdA) or catalytically dead PIdA (pET32b.PIdA.H167N) were grown from frozen
glycerol stocks in LB media with 100 pg/ml ampicillin and 50 pg/ml chloramphenicol at 37 °C.
Cells were adjusted to an OD600 of 0.5 at time 0 h. Cells uninduced at time 0 and cells induced

with 0.1 mM IPTG 1, 2, and 3 h post-induction were collected. Cells were pelleted at 6,000 x g
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and then washed with 1X PBS and pelleted again. Cells were resuspended in 1X PBS and lipids
extracted in 800 pl 1:1 1 N HCI/MeOH and 400 pul CHCI3. Samples were analyzed by mass
spectrometry as described earlier.
E. coli mass spectrometric analysis after raloxifene treatment

BL21 Codon Plus RIPL E. coli transformed with plasmids expressing wild type PIdA
(pET32b.PIdA) were grown from frozen glycerol stocks in LB media with 100 ug/ml ampicillin
and 50 ug/ml chloramphenicol at 37 °C. Cells were adjusted to an OD600 of 0.5 at time O h.
Cells were treated with 20 uM raloxifene or DMSO at time 0 h. Cells uninduced at time 0 and
cells induced with 0.1 mM IPTG 1, 2, and 3 h post-induction were collected. Cells were pelleted
at 6,000 x g and then washed with 1X PBS and pelleted again. Cells were resuspended in 1X
PBS and lipids extracted in 800 ul 1:1 0.1 N HCI/MeOH and 400 ul CHCI;. Samples were

analyzed by mass spectrometry as described earlier (Chapter II).

Results and Discussion
PLD Fluorescence assay development

In order to screen compounds for inhibition of recombinant PIdA, a modified version of the
commercially available Amplex Red kit was used due to its convenience and high throughput
potential. This assay allows for detection of direct modulators of PIdA activity in a simple
reconstitution assay. The Amplex Red assay utilizes a three-step enzymatic process to produce
the fluorescent compound, resorufin. (Figure 31) Free choline liberated from PC by a PLD is
then used by choline oxidase (CO) to generate H,O,. Horseradish peroxidase (HRP) in turn uses
H,0, to oxidize the Amplex Red compound to generate resorufin. The production of resorufin
over time serves as a proxy for choline liberation and hence PLD activity. The most reproducible
activity using the Amplex Red assay was with the synthetic short chain 1,2-diheptanoyl-sn-
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glycero-3-phosphocholine (14:0 PC) substrate used below its critical micelle concentration, as
opposed to a long chain PC in liposomes.

The strategy for addressing and identifying compounds with off-target effects during
screening was to test each compound in the presence of choline chloride without PIdA present to
ensure that changes in the observed fluorescence were not attributable to inhibition of CO or
HRP. For this reason it is important to further validate leads using the previously published and
well established exogenous PLD assay as an alternative assay system.’”’ The Amplex Red assay
was developed to assess phospholipase activity and could be useful to screen large libraries of
compounds for possible PLD inhibition; however it is critical to fully investigate the possibility

of false positives through inhibition of CO or HRP.
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Figure 31. Amplex Red PIdA inhibitor screening assay reaction scheme.

The exogenous PLD assay measures hydrolysis of PC in liposomes by recombinant, purified
PLD enzymes in an in vitro system. Each assay system has its own merits and limitations. The
Amplex Red assay uses monomeric substrate, while substrate is presented as a liposome in the
exogenous assay. Hydrophobic compounds can intercalate into membranes causing inhibition

due to disruption of the interaction with the lipid interface as opposed to directly altering
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catalytic activity, leading to false positives. The use of a monomeric, soluble substrate allows
examination of the effects of the small molecules on PIdA activity independent of protein
binding to lipid membrane, and enables selection of molecules that directly impact PIdA activity.
These compounds are highly hydrophobic with limited water solubility. Decrease in potency in
the exogenous assay may be attributable to inhibitor sequestration in liposomal membranes or
within vesicles that alter the concentration of inhibitor accessible to PIdA.
Inhibitor screening of human PLD inhibitors against PldA

Potent isoform selective and dual inhibitors of hPLD1 and hPLD2 containing benzimidazole

209-212
Because of the

and triazaspirone scaffolds 1-3 have been previously reported (Figure 30).
homology between the human isoforms and PIdA, these compounds were screened for inhibition
of PIdA. Concentration response curves (CRCs) of representative hPLD1-, hPLD2-, or dual
hPLD1/2-selective PLD inhibitors 1-3 were generated to evaluate their potency against PIdA. A
1,000 to 10,000-fold discrepancy exists between potency against PIdA and hPLD isoforms.
These compounds, which inhibit hPLD1 and hPLD2 in the low nanomolar range, are comparably
poor inhibitors of PIdA, suggesting that these compounds bind to a region of the hPLD that is
lacking or not well conserved in PIdA.

Although the benzimidazole and triazaspirone inhibitor scaffolds are ineffective against
PIdA, there are other reported inhibitors of human PLD, including resveratrol, honokiol,

12823 one of which is the selective

polyisoprenyl phosphate, halopemide, and diethylstilbestro
estrogen receptor modulator (SERM), raloxifene (4). Selective estrogen receptor modulators
(SERMs) (4-7) have long been used for the successful treatment of breast cancer. Raloxifene is

often used in the treatment of osteoporosis in post-menopausal women and is also used as a

preventative measure for women at a high risk for breast cancer development. Raloxifene was

96



developed as an anti-estrogen, but SERMs have since been shown to have differential effects
based on findings of anti-proliferative effects in ER negative breast cancer, suggesting an
ancillary mechanism of action for these compounds.””® A previous report from our lab suggests
off-target inhibition of human PLD as a potential ER-independent mechanism for the efficacy of
these SERMs. "

Raloxifene was also tested for inhibition of PIdA, and interestingly the raloxifene ICso (3.9
uM) was 5- to 10-fold more potent than the hPLDI1-selective, hPLD2-selective, and dual
hPLD1/2 inhibitors, 2 (26.1 uM), 3 (19.1 uM), and 1 (40 uM), respectively. In contrast to the
benzimidazole and triazaspirone scaffolds, the ICsy of raloxifene against hPLD1 and hPLD2, (12
uM and 5 uM, respectively) was very similar to the potency against PIdA. In fact, all SERMs
tested (4- 7) inhibited PIdA (IC50” s 4 — 18 uM) (Figure 30). This data further suggest that
although PIdA is evolutionarily similar to the human PLD isoforms, there is differential
conservation of inhibitor binding sites for these varied scaffolds. The identification of two
variable lead scaffolds with differential binding sites supports the possibility of developing
specific inhibitors of PIdA.

To further characterize the effects of raloxifene on PIdA, I performed steady state kinetics
analysis in the presence of various concentrations of raloxifene to determine its mechanism of
inhibition. (Figure 32) Substrate concentration was varied in the presence of a single
concentration of raloxifene to generate dose response curves. PIdA activity was measured using,
14:0 PC below its CMC, in the Amplex Red assay in order to perform Michaelis-Menten
kinetics. With increasing concentrations of raloxifene, the Vuya.x decreased, however the Ky

remained constant for the substrate suggesting non-competitive inhibition.
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Figure 32. Raloxifene acts as a non-competitive inhibitor of PIdA. Steady state kinetics analysis
was performed in the presence of DMSO or raloxifene at 1 uM or 10 uM using Amplex Red

assay. Mean values are shown = SEM.

These finding led us consider that other SERM analogues may also exhibit broader spectrum
PLD inhibitory activity and prompted a more thorough investigation of structure-activity
relationships within scaffold 5. The use of the well-characterized SERMs 4-7 as starting points
for inhibitor development aimed at human PLD and PIdA proves attractive due to the vast
amount of preclinical, clinical, and pharmacokinetics information already known about these
compounds. Here, we report a novel desketoraloxifene-based scaffold that inhibited not only two

human PLDs but also PIdA and NAPE-PLD by a multifaceted chemical biology approach.
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Novel scaffold PLD inhibitor screening and hit validation

To follow-up on the unique PLD inhibitory profile of 5, we began to design analogue
libraries; however, we took note of a library of analogues of 8 reported (Figure 33) by Larock
and co-workers in conjunction with the Kansas University Center for Methodology and Library

Development that surveyed three regions of the core. **/

Desketoraloxifene was developed by
Eli Lily in the late 90s as a raloxifene analog that lacked the important carbonyl hinge in the

parent molecule.””® We not only screened PIdA using the Amplex Red and exogenous assays, but

also hPLD1 and hPLD2 using a cellular assay along with the exogenous assay.

Desketoraloxifene (5) 77 analogs (8)

Figure 33. Three regions of 5 surveyed in a diversity library of desketoraloxifene analogues 8.

Cellular hPLD activity was assessed using a PLD transphosphatidylation reaction unique to

this enzyme.’’”

Instead of the traditional biological nucleophile water, in the presence of a
primary alcohol (n-butanol), PLD will alternatively use the alcohol to produce a metabolically

stable transphosphatidylation product, phosphatidylbutanol (PtdBuOH), instead of producing

PA. PtdBuOHs were then isolated and detected using mass spectrometry (Figure 34).
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Figure 34. Mammalian PLD inhibitor screening assay scheme.

The cellular model systems for human PLD1 and PLD2 require that the molecules be cell
penetrant, which is both a positive and a negative requirement, and the system is more complex
allowing for indirect effects on PLD activity. The exogenous PLD assay utilizes recombinant
purified human PLD enzyme and reconstituted liposomes in an in vitro system. Cell penetrance
is no longer an issue and effects are likely more direct. The exogenous assay with human PLD
isoforms also has the same caveats as discussed with PIdA inhibitor screening.

We were graciously provided 77 analogues (8), and we first screened the library for
inhibition of PIdA using the Amplex Red assay tested at 5 pg/mL and inhibition of cellular

hPLD1 and hPLD?2 at tested at 10 pg/mL. From the single-point data, a number of analogues 8
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displayed inhibition of PIdA. A number of analogues 8 possessed human PLD inhibitory activity,

with a general preference toward inhibition of hPLD1 over hPLD2 (Figure 35A and 35B).

Excitingly, as shown in Figure 35C, a number of analogues 8 displayed inhibition of PIdA also.

Data from the three assays enabled the assessment of favorable structure activity relationship

(SAR) trends for inhibition of PLD1/2, PIdA, or both (Figure 36).

% PLD1 Activity

DMSO

PLD Inhibitor

1751

150

1254

504 {---

10045 - -

% PLD2 Activ
g a3
Fe

N
a
!

T
DMSO

PLD Inhibitor

1759

1504

1254

ity

=]
3
!

% PIdA Activ

B2
B3
B4
BS
B6
B7
B8
B9
10
1
c2
C3
c4
C6

OO 000

N O RO TN DO PPN IO ORO = NOHDON 0
LU UL L 00000000, s TTTTITT

LOONODOTNMTONDRNO=NMFOON BRO—NMFOON DO —NM T
[SI8I8lale) e atalalatalalala) 3 S NN Iy y TR g U TOIG)

NOHOON DO

Qu QZR2CR 2 2 20 TN 2T BT 2
224232922, = <cn:n§r.ncu:nmmmeOUOUOOOOUQDQDDDQDDDLIJLL.II.IJU.II.IJLuuJLuLuwu_\.Lu.u.u_u.u_u.u_u_gowooowoooIIIIIII

Figure 35. Single-point screen of analogs 8. (A) Desketoraloxifene analog 8 inhibition of cellular

PLDI cells (B) or cellular PLD2 when tested at 10 ug/mL. (C) Single point desketoraloxifene

analogs 8 inhibition of PIdA when tested at 5 ug/mL.
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Figure 36. Structure activity relationship of hits of analogues 8 for (A) hPLD and (B) PIdA.

Using the SAR trends observed from the initial desketoraloxifene analogue library, additional
targeted compounds were synthesized for the further development of small molecule mammalian
and bacterial PLD inhibitors, but due to unfavorable DMPK (drug metabolism and
pharmacokinetics) properties and potential safety concerns, the acetylenic analogues were not
pursued further; rather, synthesis was focused on aryl substitution patterns not represented in the

provided library of analogues 8.
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Figure 37. Desketoraloxifene analogues 9-11 synthesized based on analogues 8 SAR trends.

Novel analogues 9-11 were synthesized based on the SAR trends observed in the initial
published library and were assessed for their ability to inhibit PIdA, hPLD1, and hPLD2. (Figure
37) Analogues 9-11 were synthesized in the Dr. Craig Lindsley lab by Matthew O’Reilly and
Kyle Brown as published.””” Compounds were also screened against PIdA at 20 uM using the
modified Amplex Red assay. They were further validated as hits using the exogenous PIdA assay
and found to inhibit PIdA activity >50% at 20 uM. Human isoform inhibition was again assessed
in the PLD1 and PLD2 model cellular systems at a single set 20 pM concentration. Inhibitory
activity was determined by comparison with DMSO vehicle control and hits were identified as
compounds that inhibited >50% activity or showed an isoform selective profile between PLD1
and PLD2 (Figure 38). Many compounds that significantly inhibited PIdA activity were similar
to those that inhibited the human enzymes (Figure 38). Thus, we were excited to find novel
desketoraloxifene analogs that inhibited both human PLD and PIdA from this parallel library

effort.

103



]

[ 95055 L0NA
F OSNa

125+

e v o ®»
0 7 5 2
1

Auajoy Lad semniied %

=

>

125+

T T T T
(=3 n o n
0 7 5 2
1

Aunpoy zad semniisd %

1
o

e
N
Compound

9506G10NA
OSIa

| Uajixoley
F OSNa

125+

@)

T T T T
(=3 n (=3 ['e]
=] ~ U] N
1

Aoy wpid %

=

-]

Figure 38. Single point screen of analogues 9-11 against (A) hPLDI, (B) hPLD2, and (C) PIdA.

Compounds were screened at 20 uM.

As mentioned earlier, because of the enzyme-coupled system used in the Amplex Red assay,

off-target inhibition of CO or HRP is possible. To illustrate this, analogues 9-11 were screened in

the Amplex Red assay in the presence of choline chloride but absence of PIdA and PC (Figure

39). Choline as a positive control induces an increase in resorufin production. Analogs 11e-11h

104



inhibited resorufin production independent of PIdA suggesting off-target inhibition of CO or
HRP. These compounds were later screened using the exogenous assay with PIdA and found to

inhibit PIdA activity (Table 3).
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Figure 39. Amplex Red off-target screen of analogues 9-11 using choline chloride. Compounds

screened at 20 uM. *Inhibition of fluorescence signal in the absence of PIdA.

Concentration response curves of lead compounds were generated using the cellular model
systems and exogenous assay for the human isoforms, or using the modified Amplex Red assay
and exogenous assay for PIdA (Table 3). These compounds are highly hydrophobic with limited
water solubility. Decrease in potency in the exogenous assay may be attributable to inhibitor
sequestration in liposomal membranes or within vesicles that alter the concentration of inhibitor
accessible to PIdA. A similar phenomenon seems to occur for the human isoforms. There was a
selective inhibition of PLD1 over PLD2 using the cellular screening assay, however analysis
with recombinant protein using the exogenous assay demonstrates that the compounds directly

affect the activity of both PLD isoforms. Differences in the subcellular localization, and
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therefore accessibility, of these compounds to PLD1 and PLD2 within these cells may also

explain this discrepancy.
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R N\ R
Tl Ay LY
11
Cellular Exogenous Exogenous  Amplex
Cmpd R R, Rs PLD1 PLD2 PLD1 PLD2 PIdA PIdA
ICsy  ICsp ICsy  ICs ICsp ICs0
(uM)a  (uM)2 - (uM)2 (uM)? (uM)?@ (uM)?@
11a H  3-OMe H 13.4+0.9 >20 >20 20 73+10  6.4+1.1
(1M39)
11b H  30Me & ~NMe2 56,03 520 47422 7.1+24 161417  7.5+0.7
(22GW)
11c H 3-OMe %/\)O 11.3+1.5 >20 7.6+2.2 1.8+0.6 17.6+2.1 >20
(22GK)
o
11d H 3-OMe %/\/N\) 12.1+0.6 >20 >20 >20 >30 >20
(22GY)
Me 50H 40H % ~NMe2 9406 156422 19.7+451 58+1.0  10.6+0.9 ND
(24F1)
Mf 504 4-0H H%/\/D 7.3+2.0 >20  10.8+1.5 4.7+0.7 12.0+1.2 ND
(24DY)
N
M9 504 4-0H E/VQ 58+26 >20  2.9+0.6 3.5+0.6 6.8+0.9 ND
(23VK) 5
o
(21:;‘0) 50H 4-0H 5 ~N_’J 101+09 >20 112+016 3.3+05 12.1+05 ND
(21218'1) H  3-OH H 56+0.9 >20 11.5+01.5 62407 17.8+1.0  2.1+0.2
11j
233 H  4OMe H 15.4+27 >20  10.1+11 3.2+15 >30 >20
11k NMe
2345y H  4OMe >~ NMe: >20  >20 >20 >20 224412  5.5+0.2
11 D
(234H) H  4OMe "~ >20  >20  17.6+53 82+34 22411  2.95+03
: )
50H 4-0H @p~UN 101417 >20 6.1+0.5 2.6+2.4 9.9+0.8  8.7+0.7

8Each ICxq is the average of three experiments and expressed with +SEM; ND = not determined.

Table 3. IC50 values against PIdA and human PLD
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In general, compounds closely related to the desketoraloxifene parent structure 5 were the
most favorable pan-PLD inhibitors. These compounds contained modest modifications to the C
ring of the scaffold but retained hydroxyl substitutions in the A and B rings. Many compounds
that inhibited mammalian PLDs also inhibited the bacterial enzyme (11a-¢, 11e-i, 11k, 111)
although the overall SAR trends were not completely conserved. Several compounds, e.g., 11a
and 111, displayed enhanced inhibition of PIdA compared to the mammalian PLD1 and PLD2.
Alternatively, 11¢ and 11j preferentially inhibited mammalian PLD1 and PLD2 over PIdA
(Table 1). However, the SAR was far from robust, and highlights the power of preparing libraries

of analogs to capture serendipitous bioactivity.
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Figure 40. Raloxifene inhibits PIdA in E. coli overexpressing PIdA. Cells were treated with
DMSO or 20 uM raloxifene and induced with IPTG for the times indicated. E. coli lipids were

extracted and analyzed by LC-MS. Statistical analysis performed using student’s t-test. *p < 0.01

108



One limitation of these studies is the lack of a physiologically relevant assay for PIdA. We
could utilize a cellular based assay for evaluating PLD inhibition by SERM analogues, however
we did not have a cellular system to look at PIdA activity. Instead, I chose to use the E. coli
overexpression system used for production of recombinant PIdA. E. coli cells were pre-treated
with 20 uM raloxifene and left uninduced or induced with IPTG to express PIdA over 3 h
(Figure 40). PtdOH was measured at various time points by LC-MS. PtdOH levels increased in
cells expressing wild type PIdA over time. The treatment of cells with raloxifene inhibited PIdA
activity at each time point. The data suggest that raloxifene is E. coli cell-penetrant and can
inhibit PIdA in bacterial cells. The next steps would be to determine these inhibitors can augment
PIdA activity during infection and augment P. aeruginosa infectivity.

Effect of human PLD and desketoraloxifene inhibitors on NAPE-PLD enzymes.

As previously mentioned, other enzymes, such as NAPE-PLD, exhibit phospholipase D-like
phosphodiesterase activity; however they are not structurally related to HKD-containing PLD
family, which include human PLD1 and PLD2 and PIdA. The potency of various structural
classes of PLD inhibitors developed against HKD-containing PLD proteins were evaluated on
recombinant human NAPE-PLD. Each compound was assayed at a single 20 uM final
concentration (Figure 41A). PtdOH production by NAPE-PLD was assessed utilizing mass
spectrometry.’”” The PLD1-selective, PLD2-selective, and dual PLD1/2 inhibitors 1-3 have poor
potency against NAPE-PLD under these conditions, and like the data for PIdA, suggest the
mammalian allosteric site is absent in this PLD enzyme as well. Raloxifene (4) was also
observed to not inhibit NAPE-PLD activity (at 20 uM) although it was capable of inhibiting
PLDI1, PLD2 and PIdA. We also evaluated desketoraloxifene as an inhibitor of the highly

structurally divergent NAPE-PLD and discovered that it also inhibited NAPE-PLD (ICsp = 58
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uM), albeit weakly. Moreover, the desketoraloxifene analog 11b also displayed inhibition of
NAPE-PLD, with an ICsy of 67 uM (Figure 41B). Inhibition of NAPE-PLD by other documented
inhibitors, such as MAFP, or methyl arachidonyl fluorophosphates, was likely due to
perturbations of the lipid-detergent micelles disrupting protein-lipid interactions attributable to
the high concentrations required for inhibition (ICso = ImM). Due to the hydrophobicity of these
compounds and the high concentrations required for inhibition of NAPE-PLD, the inhibition
may be indirect. The compounds may be perturbing the detergent-lipid micelles to inhibit the
protein-lipid interaction. No assay with soluble protein is available to test this effect. While
weak, 5 and 17b are rare examples of NAPE-PLD inhibitors, and the first examples of a
chemotype that can universally inhibit human PLD1/2, bacterial PIdA and human NAPE-PLD,

suggesting a potential common binding site amongst structurally and phylogenetically distinct

PLD enzymes.
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Figure 41. Screening of unique structural PLD inhibitors against human NAPE-PLD.
Compounds were screened against NAPE-PLD via a mass spectrometry assay at 20 pM, except

for MAFP, which was used at 500 uM. (C) CRC for 11b on human NAPE-PLD (ICso = 67 uM).
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A new class of PLD inhibitors has been classified based on the SERM desketoraloxifene 5.
Herein we identify the first published inhibitors of an important bacterial PLD, Pseudomonas
aeruginosa P1dA, as well as weak, yet improved, inhibitors of NAPE-PLD. The compounds are
modest dual hPLD1/2 inhibitors, but the first to inhibit a diverse range of structurally and
phylogenetically diverse PLDs. PIdA, has been implicated in promoting chronic infection of the
opportunistic pathogen Pseudomonas aeruginosa.’® Therapeutics targeting this bacterial PLD
may serve as viable strategies for treating infections. The identification of a sub-millimolar
inhibitor of NAPE-PLD will help to better define the role of this enzyme in cellular processes.
SERM compounds are often well tolerated in the patients, have good pharmacokinetics and have
been used for decades in the clinic, which makes this class of analogs an ideal starting point for
the development of novel, universal inhibitors of mammalian (PLD1/2, NAPE-PLD) and
bacterial PLD (PIdA). These are significant findings, which have provided a lead series for

further, focused optimization efforts towards potent pan-PLD inhibitors for in vivo studies.
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CHAPTER V
SUMMARY AND FUTURE DIRECTIONS

Several PLD have been identified as virulence factors of bacterial pathogens crucial for host
colonization, cell adherence, cell invasion, and altering host cell signaling.® ***% 7297 P1dA is
one such example, which is important for establishing persistent infection’®, but also functions to
enable intra- and inter-species bacterial competition’ ", Although bacterial PLD contribute to
the infectivity of a range of pathogens, little characterization regarding their enzymatic activity,
regulation, and direct molecular mechanism by which they contribute to virulence has been
thoroughly examined.

The objective of this study was to biochemically characterize the enzymatic properties of
PIdA in vitro and from these studies identify potential protein and lipid regulatory factors in
eukaryotic cells. Although preliminary studies of PIdA activity have been performed’, an
extensive analysis of PIdA substrates in vitro and in host cells is lacking. Given the sequence
similarity of PIdA to mammalian PLD and that PIdA targets eukaryotic cells, I hypothesized that
during infection PIdA serves to mimic host PLD in some capacity during infection. In order to do
this, PIdA may need to share some critical properties or regulation with hPLD. Therefore in
Chapter II, I began by examining the substrate specificity, transphosphatidylation capabilities,
divalent cation sensitivity, and potential lipid and protein activators and interactions of PIdA.
Interesting deviations between hPLD and PIdA were observed, specifically, substrate preference
(Table 2), transphosphatidylation efficiency (Figure 8), and stimulation by human PLD protein
activators (Figure 11), however noteworthy similarities were also identified, including divalent
cation simulation (Figure 10), phosphoinositide stimulation (Figure 12-16), and Akt binding

(Figure 17). Identification of interactions or regulatory mechanisms conserved between PIdA and
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the host PLD provides insights into possible pathways involved or mimicked by PIdA during
infection.

PIdA was observed to have differential substrate preference relative to hPLD isoforms, but
despite this, the products generated are remarkably similar (Table 2, Figure 27). hPLD primarily

207, 208

hydrolyzes PC in cells to generate mono- and di-unsaturated PtdOH. The predominant PC

species in most human cells are the corresponding PtdOH species generated by hPLD””

making
it difficult to assess whether hPLD displays substrate preference based on acyl chain composition
in cells. PIdA on the other hand displays preference for mono- and di-unsaturated PE in A549
cells (Figure 27) even though these species are significantly less abundant than PUFA containing
PE species (Figure 28). PIdA produces hPLD-like PtdOH species, in spite of the lower
abundance of corresponding PE substrate species. The ability to mimic hPLD generated PtdOH
may be crucial as the acyl composition may be important for downstream signaling cascades and
proteins that directly bind PtdOH.

Transphosphatidylation is a trademark reaction performed by HKD-containing PLD. Most
PLD are capable for utilizing primary alcohols, such as ethanol and butanol, to generate
phosphatidylalcohols, however this is not completely generalizable.’”’ Historically these primary
alcohols have been used to investigate the cellular processes regulated by PLD activity, however
off-target effects are possible that may be attributed to PLD.”” The ability of butanol to inhibit C.
trachomatis cell invasion and survival was used as evidence that PZ-PLDs function as true PLDs
without characterization of hydrolysis of transphosphatidylation activity.” These effects of
butanol could be ascribed to off-target effects by unknown mechanisms. Here, I show that

primary alcohols do not efficiently inhibit PtdOH production by PIdA (Figure 8). This was

somewhat unexpected as the catalytic sites of PIdA and hPLD are significantly homologous.
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Based on these substrate preference and transphosphatidylation studies with PIdA, caution
should be taken not to assume that general properties ascribed to highly characterized PLD apply
to all PLD superfamily members. HKD-containing PLD superfamily members generally
assumed to possess PLD activity, however endonuclease activity is also possible, but seems to
rarely be considered. This is another reason why biochemical characterization is important for
PLD enzymes.

Substrate kinetic analysis was intended to be a significant component of this project, however
calculating kinetic parameters, such as Viax and Ky, for PIdA proved challenging. As PIdA is an
interfacial enzyme, simple Michealis-Menten kinetics do not accurately describe the kinetic
properties of PIdA. Instead substrate dilution kinetics must be used, which require a suitable
detergent or neutral, non-substrate, phospholipid to form an aggregated membrane in which
substrate concentrations can be varied.””’ Identification of a suitable bulk diluent was
unsuccessful for PIdA. In the course of these studies, an apparent PC substrate inhibition was
observed (Figure 9). The physiological significance is unclear, however as PIdA interacts with
and hydrolyzes eukaryotic cellular membranes, most of which are composed primarily of PC'®,
this is a potentially relevant phenomenon.

Interestingly, PIdA was found to contain a partially conserved PIP, binding motif'** /> found
in eukaryotic PLD (Figure 56). All phosphoinositides found in eukaryotic cells were capable of
stimulating PIdA hydrolysis with the most profound effect on PC hydrolysis and binding.

(Figures 12-16) Phosphoinositides are major regulators of hPLD localization and activity’®” /**

90195 and conservation of this PIP, binding site and stimulation by phosphoinositides suggest

that PIdA function within eukaryotic cells can be regulated similarly. Through conserving this

interaction, PIdA localization and signaling may mimic that of the host PLD more effectively.
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Future studies are needed to address whether PIdA localization is determined by
phosphoinositides. Identification of the phosphoinositide binding site and subsequent
mutagenesis and imaging studies can be used to answer this question.

PIdA is not the first example of a secreted bacterial protein that targets eukaryotic cells that
interact with phosphoinositides. Phosphoinositides, including PIP,, were shown to directly bind
and stimulate PLA2 activity of the P. aeruginosa T3SS effector, ExoU.”’ The V. cholera T6SS
effector, VasX, also interacts with an array of phosphoinositides. Along with PIdA and PldB of
P. aeruginosa, VasX is a T6SS effector that targets bacterial and eukaryotic cells.*” */ What is
still to be determined for all three of these effectors is what role if any phosphoinositides play in
terms of effector function during infection.

The conservation of the PIP, binding motif and the structural similarity between PIdA and
hPLD isoforms also prompted me to investigate whether the upstream protein activators of hPLD
also modulated PIdA activity (Figure 11). PKC nor the small GTPase, Cdc42 and Arfl,
stimulated PIdA activity even when present at several fold excess of PIdA. Upon further
examination, regions of homology between hPLD and PIdA do not overlap the mapped regions
of interaction for these activators with hPLD.”” "** /** Since these interactions were not
conserved, I used a Scansite 3 search’”” to look for other putative protein-protein binding motifs
and phosphorylation sites within the PIdA protein sequence. Several interesting high and
medium stringency sites were identified, including high conservation the Akt phosphorylation
motif. PIdA was confirmed as an in vitro substrate for Akt using a non-radioactive Akt kinase
assay (Figure 17). Previous published accounts demonstrated binding of Akt with PIdA.”
Although I was not able to co-immunoprecipitate Akt with PIdA from cellular lysates, this in

vitro kinase assay also confirms an interaction between PIdA and Akt, although the significance
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of this phosphorylation is unknown. Threonine 55 is the predicted phosphorylation site.
Determining whether phosphorylation at TS5 occurs within human cells and whether this affects
cell invasion are important next steps.

The effects of PIdA on P. aeruginosa lipids have been previously investigated and
published,”” however investigation of the eukaryotic cellular substrates and products of a PLD
virulence factor has never been performed. In Chapter III, I continue analysis by assessing PIdA
activity in bacterial and lung epithelial cells. Understanding of the parallels between the human
isoforms of PLD and PIdA in this work have contributed to predictions of its regulation and
function as a virulence factor. This work details the first characterization of the eukaryotic
cellular substrates hydrolyzed and products generated by PIdA. Intriguingly the lipid product
species generated by PIdA in A549 cells closely resembled those of hPLD (Figure 27), despite
the difference in substrate preference of these two enzymes. The PldA-activity dependent
changes to endosomal lipids (Figure 27) and intracellular stability (Figures 24) prompted an
examination of the intracellular localization of PIdA over time. Visually PIdA labeled puncta,
likely intracellular vesicles translocated across the cell body over time in an activity dependent
manner (Figure 25), resembling vesicular trafficking, a cellular process commonly associated
with eukaryotic PLD activity.”* ** /*/ Conservation of regulatory mechanisms, such as
phosphoinositide stimulation, and interactions with human Akt may be involved in these
vesicular trafficking events and are points of interest for future study.

I was able to recapitulate the previous observation of PIdA stimulation of Akt
phosphorylation®” with exogenously applied PIdA (Figure 29). Despite the difference in delivery,
uptake from the medium versus direct translocation by the T6SS, PIdA could induce Akt

activation. Akt regulates a wide array of downstream signaling pathways that control cellular
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metabolism, cell migration and invasion, and cell survival, growth, and proli’fer21tion.232 Further
experiments are needed to map out the specific downstream pathways important for inducing cell
invasion of P. aeruginosa. The molecular mechanism by which PIdA stimulates Akt
phosphorylation has not been determined. PtdOH by hPLD2 has been shown to increase PIP;
binding and membrane recruitment of Akt, which in turn leads to increased phosphorylation and
activation.’” Another anionic lipid, PS has been shown to increase Akt-PIP; membrane binding
and promote increased Akt phosphorylation through changes in Akt conformation upon PS
binding.”” hPLD can also modulate phosphoinositide synthesis to promote endocytosis,
summarized in Figure 42. PtdOH produced by hPLD stimulates the lipid kinase, PI4P5K, which
phosphorylates PI(4)P to generate PI(4,5)P,.>*> #** hPLD is then recruited and stimulated by PIP,
and Arf6 to generate more PtdOH creating a feed forward loop to increase PIP, levels.”” PIP,

. . . . . 193
serves to recruit an array of proteins needed to induce endocytosis and actin rearrangement.”

236237 PI3K can then phosphorylate PI(4,5)P, to generate PIP; which recruits Akt to membranes
for phosphorylation. Akt can then also participate in cytoskeletal rearrangement and endocytosis.

I propose two mechanisms by which PIdA may increase Akt activation upon P. aeruginosa
cell infection. (1) PIdA is co-localized to PIP; rich membranes and PtdOH produced by PIdA by
direct binding increases Akt membrane recruitment and binding to PIP;; and (2) PIP, binding by
PIdA serves to localize PIdA to the plasma membrane setting off a feed forward cascade of PIP;
and PIP; accumulation resulting in Akt membrane recruitment. Both of these hypotheses are

consistent with the observed requirement for PI3K activity’> for cell invasion and are not

mutually exclusive.
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Figure 42. PLD/PI4P5K/PIP, feed forward loop increases PI(4,5)P, to mediate endocytosis.
PtdOH produced by hPLD is a cofactor for PI4P5K activation causing PI(4,5)P, to accumulate
at the plasma membrane. PI(4,5)P, then recruits cellular components of both clathrin-dependent

and clathrin-independent endocytosis. Reproduced with permission from D’Souza-Schorey, et

31.237

As the mechanism of PIdA delivery in these experiments with A549 cells was not the
physiologically relevant means of entry, further studies are needed to confirm whether changes
in phospholipids or vesicular trafficking observed here are the same during infection with P.
aeruginosa. Many of the changes in PldA-associated vesicle localization occurred over several
hours (Figure 25). It would be interesting to assess the fate of P. aeruginosa and cellular vesicles

upon P. aeruginosa infection over an extended time period, and whether those changes are PIdA
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specific. More work is also needed to identify the intracellular organelles co-localized with PIdA.
Are those structures of the endolysosomal pathway or perhaps autophagosomes or other
organelles? Co-localization studies using confocal microscopy and a range of organelle markers
can be used to address this question. As PIdA co-localized puncta move throughout the cell over
time, the mechanism by which this occurs is also unknown. Likely significant cytoskeletal
changes occur. Endocytosis of P. aeruginosa also requires cytoskeletal changes. Effects of PIdA
on actin rearrangement still need to be examined.

Most of this work was conducted using recombinant PIdA allowing for recognition of factors
that directly modulated PIdA activity. One limitation of these in vitro studies was the lack of
studies using a more physiologically relevant system. The primary downstream cellular
consequence of interest identified so far is cell invasion. To fully understand the relevance of the
findings presented here, they must be confirmed within the context of cell infectivity. P.
aeruginosa potentially secretes multiple effectors along with PIdA that may interact or influence
PIdA activity. Other factors may have combinatorial effects on targeted cells with PIdA that
cannot be assessed in these studies. For example, the full significance of the Legionella PLD,
LpdA, could not be properly evaluated without the presence of a corresponding effector, LecE.
The data suggested that LpdA induced PtdOH generation served to further exacerbate an
increase in DAG production by LecE. DAG accumulation was proposed to be the relevant effect
of interest. LpdA functional relevance is intrinsically tied to another bacterial effector. Although
PIdA is necessary, it is likely not the only factor that influences cell invasion of P. aeruginosa;
multiple bacterial elements likely work in tandem to facilitate this effect.

Targeting of virulence factors is an emerging trend in antibacterial drug discovery. Many

human pathogenic bacteria have acquired multi-drug resistance and with a lack of next
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generation bactericidal agents in the drug pipeline, virulence factors provide a previously
untapped source of new therapeutic targets. As virulence factors are not required for cell
viability, but are significant contributors to pathogenesis, development of drug resistance to
virulence inhibitors may occur more slowly than bactericidal compounds due to less selective
pressure. The first limitation to targeting virulence mechanisms is a lack of small-molecule
modulators. Chapter IV details identification of the first published inhibitors of a PLD virulence
factor. Our starting points were SERM compounds, which have good pharmacokinetics, and for
which extensive preclinical and clinical data exists. Not only could these SERM analogs inhibit
PIdA, they were found to be pan-PLD inhibitors of hPLD1, hPLD2, and human NAPE-PLD, a
non-HKD PLD. This study generated a lead series for further, focused optimization efforts
towards potent PIdA inhibitors to study the viability of targeting PIdA in in vivo infection
studies.

This was a successful preliminary study to identify PIdA inhibitors, however significantly
more work is necessary to vet PIdA as a viable therapeutic target, but this study is a necessary
initial step. Improved solubility is needed as many analogues had poor water solubility and
frequently precipitated at concentrations above 40 uM. Potency is another area that needs
improvement, as no sub-micromolar inhibitors were identified (Table 3). We did not identify
PIdA-selective compounds, which would be highly advantageous. hPLD in leukocytes is

associated with microbial killing’**

, so inhibition of the host PLD may negate any positive
benefits of inhibiting PIdA during infection and convolute interpretations of efficacy. Once more

potent, selective PIdA inhibitors are developed; the compounds must be tested in various in vitro

and in vivo infection assays to confirm a PldA-dependent inhibitor mechanism.
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Significantly more analysis of how PldA-mediated bacterial competition in vivo is also
needed to understand how PIdA inhibition could affect infections. What roles does PIdA-
mediated bacterial competition play in colonization by P. aeruginosa? Although PIdA has been
shown to induce killing of bacterial competitors in a laboratory setting, is this competition
relevant during infection? Does PIdA bacterial competition contribute to the evolution of P.
aeruginosa as the primary bacterial colonizer in the lungs of CF patients? Are PIdA expressing
strains more or less virulent and do they outcompete comparatively more or less virulent strains?
Would PIdA inhibition lead to colonization with strains resulting in more severe infections? One
issue of virulence inhibitors is also narrow spectrum of activity, which is also a potential problem
with targeting PIdA. Only 30% of environmental and clinical isolates of P. aeruginosa were
found to contain the PIdA gene’®, and P1dA expression may only occur during specific stages of

infection, thereby potentially limiting efficacy of a PIdA inhibitor.
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