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ABSTRACT
In Vitro Characterization of the Pseudomonas aeruginosa Cytotoxin ExoU

Angelica Zhang

The Pseudomonas aeruginosa type 111 secretion system delivers effector proteins directly
into target cells, allowing the bacterium to modulate host cell functions. ExoU is the most
cytotoxic of the known effector proteins and has been associated with more severe infections in
humans. Previous studies have shown that ExoU is a patatin-like A2 phospholipase requiring the
cellular host factors phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and ubiquitin for its
activation in vitro. We demonstrated that PI(4,5)P2 also induces oligomerization of ExoU and
that this PI(4,5)P2-mediated oligomerization does not require ubiquitin. Single amino acid
substitutions in the C-terminal membrane localization domain of ExoU reduced both its activity
as well as its ability to form higher-order complexes in transfected cells and in vitro. Combining
inactive truncated ExoU proteins partially restored phospholipase activity and cytotoxicity,
indicating that ExoU oligomerization may have functional significance. Our results indicate that
PI(4,5)P2 induces oligomerization of ExoU, which may be a mechanism by which this co-

activator enhances the phospholipase activity of ExoU.



ACKNOWLEDGEMENTS

I could not have completed the work for this dissertation without the help of my
colleagues and mentors. First I want to thank the current and former members of the Hauser lab,
who taught me not only many of the techniques necessary for my work, but also were incredible
friends who made the entire graduate school experience enjoyable. In particular, I would like to
thank Greg Tyson and Ami Hughes for their countless conversations about science, sports, and
much more. [ want to thank Jeff Veesenmeyer, who allowed me to be his rotation student and
gave me tips and advice on this project well after his graduation.

I want to acknowledge Corey Janczak, Theint Aung, and Arabela Grigorescu from the
Keck Biophysics Facility for training me on the use of SEC-MALS instrumentation. I thank all
of the Rice lab and Andrei Halavaty for their help when I had biochemistry questions. I would
also like to thank the many classmates from the Medical Scientist Training Program who gave
me advice along the way.

I thank the past and present members of my thesis committee: Hank Seifert, Chyung-Ru
Wang, Sarah Rice, Scott Budinger, and Mojgan Naghavi. Their feedback and suggestions have
greatly contributed to my development as a researcher. But most of all, I want to thank my PhD
advisor Alan Hauser. Without his unwavering support, I would not be here today.

This work was supported by the National Institutes of Health grants K24 AI04831
(ARH), RO1 AI053674 (ARH), RO1 AI118257 (ARH), F30HL107092 (AZ), and T32GMO008152
(AZ). The Keck Biophysics Facility is supported in part by NCI CCSG P30CA060553 awarded

to the Robert H. Lurie Comprehensive Cancer Center.



Abstract ......ceeeeeeeen.

Acknowledgements

Table of Contents...

List of Figures ......

List of Tables ..........

TABLE OF CONTENTS

Chapter One: Introduction

Background and Clinical Significance of Pseudomonas aeruginosa ............................... 10

ANUDIOIC RESISTANICE ... vttt ettt e e e e e 11

ViIrulence DetermINants. ......uuunn ettt et e e e e e e e e e e 12

Structural VIrulence factors ... ...........c.coovii s ittt et et et e e e e

Secreted VIrulence factors ... .............ccov oo iie et it st it e e e e e e

13

14

Type TII Secretion SYSteIm ........oouiiiiiit i e eeeeeaans 18

SrUCTUTAL COMPONEILS ... ... coeeeeeeeieeieeee e et et et e et e e et e e eee eee aee aee vee e
Regulation Of SECTetion ...................coov et e e et et et e e e e aee eee e vee e o

Effector PrOteins ..........ccocooeiiee e ies e e et et et e e e e e e e e e e e

18

21

23



DIESCOVOTY ... vt et e et et et ittt e e e e e e et ettt v e eee e eee vee e 2T
Clinical SIGRIfiCaNCe... ... .......c..cooeiit st es et e et et e et e e e e . 28
Domains and SIFUCIHUTE ... ... ... ... cc. e e et eeeee e et e eee eee eee ees e ee eee eee 222230
LOCALIZALION ... ... oot et s e et e e et et et et et e e e e et e e e e e aee eee 20033
UbiQUItTRALION ... ... ... ov et is et it e et e et et et e et e e et e e cee e e 34
EXOU FUNCHIONS. ...ttt e 35
Virulence effects in Vivo ... ........c..cooeiie it it ot s s e e et e e eee e e a2 3D
Phospholipase activity ... ...........c.ccccoiiiiniiiiiiii it ee e e e e e e e 3T
Cofactors of EXOU. ... ..o oeiiiiiioiiiiit et e et e e e e e e 40

Mechanisms Of ACHIOMN ... ... ... ... cciveu ittt e et e e et e e e e e e e e A

Chapter Two: Results

ExoU forms stable complexes in mammalian cells.................ocooiiiiiiiiiiin i, 43
Purified rEXoU 1S MONOMETIC i1 VItFO..........oiuiiiiiii it 44
PI(4,5)P2 but not ubiquitin is required for ExoU complex formation......................... 47
Oligomerization of ExoU only occurs in the presence of specific phospholipids.......... 52
Single amino acid substitutions in the linker region of the PLA2 domain do not disrupt

oligomerization Of EXOU ..ot 57
MLD substitutions alter ExoU oligomerization..............o.evviiiiiiiiiiiiniiiiianiinen, 62

Truncated ExoU proteins exhibit intragenic complementation ..................c...oene.n. 69

Chapter Three: Discussion

Summary of findings.......c.ooiiiii e 74



Oligomerization of phoSpholIPases ..........c.oouiiiiiiii i 75
Lipid-mediated oligomerization ................coiiiiiiiiiiiii e 75
Functional effects of oligomerization........ .......oooiiiiiiiiiiii e, 77
Model of EXOU QCHIVILY .uvuttititiiit e et 79
Future dir€Ctions .........oo.oieiiitiit e 82

Chapter Four: Materials and Methods

Bacterial strains and plasmids...........ccoouiiiiiiiiiii e 87
Cloning of EXoU eXpression CONSIIUCES ....o.uitiietentiiteteteateetenteeeentaaneaeanaans 87
Protein purifiCation ............ooiiuiiiiiii e 89
Cell culture and transfeCtions ...........couiieiiiii e 90
Co-immunoprecipitation and Western blotting ................oooiiiiiiiiiiiiiiiiiiennen, 91
Lipid preparation ...........oeieiiitti i e e e 92
Size-exclusion chromatography/multi-angle light scattering (SEC-MALS)................ 92
Blue-native gel electrophoresis ..........ovuiieiiiii i 93
CrossSIINKING ... e 94
Lactate dehydrogenase release assays........o.evuierieniiirtitiniiiteieie e, 94
Phospholipase actiVIty @SSAYS.......uuiutententtettet ettt et et eeeateeeenaaaens 95
STALISTICS .o e ettt ettt e e e e e 96
2T o) (P 97
RETRICNCES ...t 101



APPEndix Tl ... e 128
ApPpPendix TIL. ... ..o e 129
APPENAiX [V .. 130

ADPPENAIX Ve 131



Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:
Figure 10

Figure 11

Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:

Figure 20:

List of Figures
Virulence determinants of Pseudomonas aeruginosa ..................cccoeveveninennnnn. 17
The Type 11 secretion SyStem apParatlis. ... ...o.eeueentereenreneeaneeeerreaeeneeaneenns 20
Regulation of T3SS SECIretion. .......ovuiiniiitiit i e aeenss 22
Functional domains and structure of EXoU.............cooiiiiiiiiiiiii 32
Phospholipase A2 aCtiVity.......o.uiuioriintittit it e e eeenes 39
ExoU forms complexes in transfected HeLa cells................ccooiiiiiiiiiiiiiin., 45
Purified recombinant ExoU iS @ MONOMET i1 VItFo..........c.ooviiiiiiiiiiiiiiiiiinaann. 46
Oligomerization of ExoU is ubiquitin-independent....................cooiiiiiiiiiinnnnn, 48
PI(4,5)P2 induces oligomerization of EXoU............coooiiiiiiiiiiiiiiie, 49
: BS3 crosslinking captures oligomeric species induced by PI(4,5)P2 .................... 51
: PI(4)P induces oligomerization of ExoU less effectively than PI(4,5)Pa................ 53
PC and PI(3,5)P2 do not induce oligomerization of ExoU...................c..oeen 55
Crosslinking shows oligomer-inducing capacity of phospholipids differ................ 56
Amino acid substitutions in the PLA> linker region disrupt ExoU function............ 60
Selected mutations in the PLA2 domain do not disrupt oligomerization................ 61
Substitutions in the MLD of ExoU affect oligomerization.....................c.oeevnnn. 64
BS3 crosslinking captures unstable oligomers formed by MLD variants............... 68
ExoU truncations exhibit intragenic complementation..............c..ooevveviieennne... 72
ExoU truncation variants 0ligOmeriZe. . ........ooviuiirietiiiiit et iieeieaaieeeenaens 73

A new model of EXOU aCtVILY ...ouiiniitiiiiii e ee e 80



List of Tables

Table 1: Bacterial strains and plasmids............o.oiiiiiiiiiiiiii e, 97

Table 2: Primers used in this study



10

CHAPTER ONE

INTRODUCTION

Background and Clinical Significance of Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative bacterium which can be isolated from a
variety of sources such as water, soil, and certain animal species (1-3). Genome sizes of
individual P. aeruginosa strains range from 5.5 to 7.3 million base pairs (4, 5), contributing to
the genetic diversity that may allow them to survive in different environmental niches (3, 6).
Although numerous Pseudomonas species have been described, P. aeruginosa is the most
relevant to human disease (7-10).

P. aeruginosa is considered an opportunistic pathogen, one that primarily affects
immunocompromised patients (11-13), but in rare cases it can also cause “hot tub” folliculitis
(14, 15) and contact lens-induced corneal infections (16, 17) in healthy individuals. P.
aeruginosa is also responsible for a substantial proportion of hospital-acquired infections,
including bloodstream, urinary tract, and lung infections (18). These infections are a result of
medical interventions such as catheterization or mechanical ventilation, and contribute to
morbidity and mortality in patients who already have severe illnesses (19-21).

Patients with cystic fibrosis, a congenital disorder affecting the lungs as well as the
gastrointestinal and reproductive systems (22), are particularly susceptible to Pseudomonas
infection (23). Many of these patients are colonized during childhood (24) and fail to eradicate
the organism despite antibiotic therapy (25), leading to recurrent bouts of respiratory infections

(26). While the specific molecular mechanisms that allow chronic colonization of P. aeruginosa
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and conversion to an acute illness are still being characterized, there appears to be a host of
bacterial factors that allow P. aeruginosa to better adapt to the mucus-filled cystic fibrosis lung
environment (27, 28). Advanced cases of the disease often progresses to respiratory failure and
require lung transplantation (29). Interestingly, many patients become recolonized with P.
aeruginosa post-transplant (30, 31). As lung transplantation is not available or recommended for
all patients (32), developing methods to prevent and eradicate P. aeruginosa infections are of

utmost importance.

Antibiotic Resistance

The emergence of antibiotic resistance has been a concern across bacterial species, and
Pseudomonas aeruginosa is no exception (33-36). Due to the high prevalence of P. aeruginosa
strains resistant to commonly used antibiotics, such as fluoroquinolones, carbapenems, and
extended-spectrum cephalosporins (36, 37), these infections have become increasingly difficult
to treat. Clinicians have to resort to older antibiotics such as colistin that have serious side effect
profiles (38, 39). As a result, the Infectious Diseases Society of America (IDSA) has declared
multi-drug resistant P. aeruginosa to be part of the ESKAPE pathogens (40), with the Centers
for Disease Control and Prevention (CDC) assigning it a threat level of “serious” and in need of
new therapies (41).

P. aeruginosa has multiple mechanisms of antibiotic resistance. Intrinsic resistance
towards penicillins and cephalosporins due to production of beta-lactamases have been reported
since the 1970s (42). Treatment using newer antipseudomonal penicillins such as piperacillin

has been more effective (43). However, overproduction of a mutated variant of the beta-
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lactamase AmpC has caused a subset of P. aeruginosa strains to become resistant to these
therapies as well (44). The acquisition of the OXA group of extended spectrum beta-lactamases
and carbapenemases from other Pseudomonas species (45, 46) or members of the
Enterobacteriaceae family (47, 48) has resulted in the emergence of multi-drug resistant (MDR)
strains for which this entire class of antibiotics is rendered ineffective (49, 50).

Antibiotic resistance can arise from mutations in both genes that encode target proteins as
well as those that regulate the expression of such proteins. As DNA gyrase and topoisomerase
IV are targets for fluoroquinolones, mutations in the gyr4, gyrB, and parC genes are commonly
found in resistant P. aeruginosa strains (51, 52). Additionally, the overexpression of multidrug
efflux pumps MexEF-OprN and MexAB-OprM contribute to higher levels of fluoroquinolone
resistance (53, 54). Drug efflux pumps also export aminoglycosides (55), carbapenems (56),
and beta-lactamase inhibitors (57). Finally, loss of the porin OprD confers resistance against
antibiotics that would normally enter the bacterium through this channel (58, 59).

The CDC recently reported that amongst hospital-acquired infections across the United
States, 15.9% of P. aeruginosa isolates were multi-drug resistant (60), highlighting the need for
alternative anti-infective agents. An alternate approach in drug development is the targeting of

virulence factors (61).

Virulence Determinants
We define bacterial virulence genes as those encoding factors that promote disease (62).
Pseudomonas aeruginosa harbors many such genes which contribute to its virulence to varying

degrees. Bacterial virulence and host-pathogen interactions in P. aeruginosa have been studied
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using different animal models of infection (63-65). Here I highlight a subset of both structural

and secreted virulence factors produced by P. aeruginosa that have been characterized.

Structural virulence factors

Lipopolysaccharide (LPS) is found in most Gram-negative bacteria and is a major
contributor to virulence (66, 67). LPS is part of the outer membrane and is composed of a core
oligosaccharide, O-antigen, and a lipid A tail (68). Both Toll-like receptors 2 and 4 (TLR2 and
TLR4) recognize LPS (69, 70), promoting recruitment and activation of neutrophils, clearance of
bacteria, and survival in a mouse model of pneumonia (71). Recognition of LPS is mediated by a
hyper-variable 82 amino acid portion of the TLR4 receptor; however, multiple forms of the pro-
inflammatory Lipid A component are found in P. aeruginosa and can induce differential immune
responses (70).

P. aeruginosa has a single polar flagellum which renders it capable of both swimming
and swarming motility (72). The main flagella filament is composed of flagellin subunits; the
Toll-like receptor 5 detects N-terminal amino acids of flagellin, inducing a proinflammatory IL-8
response (73). P. aeruginosa mutants defective in glycosylation or motility of flagella show
significant attenuation of virulence as measured by LDso (74). Counterintuitively, non-
swimming bacteria are better able to evade immune cells, and this phenotype is independent
from the flagellar structure itself (75). These findings highlight the complexity of host-pathogen
interactions and their contribution to overall disease.

Type IV pili are another structural component of the bacterial surface important for

motility of P. aeruginosa, specifically twitching and swarming motility (76, 77). Both flagella
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and type IV pili are necessary for the formation of biofilms, immobile communities of bacteria
that decrease susceptibility of P. aeruginosa to certain antibiotics (78, 79). Pili mediate
adherence of the bacterium to epithelial cells (80). Recent studies have shown that upon contact
with surfaces, pili can also serve as mechanosensors that increase cAMP and Vfr, a

transcriptional regulator of multiple virulence genes (81, 82).

Secreted virulence factors

Five of the six major types of secretion systems in Gram-negative bacteria have been
found in P. aeruginosa isolates (83). The majority of these secrete proteins into the extracellular
milieu. Other secreted small molecules such as siderophores utilize efflux pumps to cross the
bacterial membrane (84).

Siderophores are iron-scavanging compounds that are released then taken up again by the
bacteria. P. aeruginosa produces several virulence-associated siderophores, including pyochelin
and pyoverdine, the latter contributing to the bacterium’s characteristic green color (85-87). The
HasA/HasR hemophore system allows P. aeruginosa to further compete for available iron stores
by acquiring hemoglobin released by lysed cells (88). During infection, P. aeruginosa induces
transcription of genes involved in protein secretion system, inflammation, and the iron
acquisition process, and it is thought that they coordinately contribute to virulence in an acute
model of pneumonia in mice (89).

P. aeruginosa produces many proteases which promote disease. Of these, the elastase
LasB is one of the earliest described virulence determinants. In a mouse burn model of infection,

enhanced bacterial clearance and host survival were observed with elastase-deficient strains (90).
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Elastase also increases permeability of the epithelial lung barrier and degrades surfactant D in
lungs (91, 92). Along with the alkaline protease AprA, LasB degrades flagellin, thereby
preventing detection by the immune system (93). Protease IV also evades the immune system by
degrading surfactants and disrupting phagocytosis by alveolar macrophages (94).

Multiple toxins also contribute to the virulence of P. aeruginosa, including Exotoxin A,
phospholipase C, and RhsT (95-97). Exotoxin A is an AB toxin which ADP-ribosylates
elongation factor 2, inhibiting protein synthesis leading to host cell death (96). The hemolytic
phospholipase C decreases lung function in a mouse model of P. aeruginosa infection (98) and
suppresses oxidative burst in neutrophils in vitro (99). RhsT enters eukaryotic cells through an
unknown mechanism and activates the inflammasome pathway (95).

These virulence determinants appear to group into the following general functions:
nutrient acquisition, adherence and motility, immune cell evasion, and inflammation or cell
death. Nutrients, adherence, and motility all would be expected to help bacterial survive and
persist in the host organism. The effects of P. aeruginosa on the immune system, however, are
more complex. P. aeruginosa has acquired multiple mechanisms of evading phagocytosis or
detection by the immune system, but it also harbors many pro-inflammatory virulence factors.
Manipulation of the host immune system in a way that benefits the bacteria likely requires
balancing when and how much of each virulence determinant is expressed.

Virulence factors are not equally distributed amongst strains, so they likely contribute to
the differing phenotypes observed across P. aeruginosa isolates. Furthermore, virulence factor

production is not static, even in the same strain within the same host. Similarly, antibiotic
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resistance profiles are highly variable across strains. To combat P. aeruginosa effectively, we
may need to combine existing antibiotics with “anti-virulence factor” therapies.

Traditional antibiotics usually act by preventing replication or survival of bacteria,
allowing for selection of antibiotic resistance in hosts as well as environmental reservoirs. On
the other hand, anti-virulence therapies would only benefit the bacteria within an organism. By
improving the overall fitness of P. aeruginosa specifically during infection, selective pressure
and resistance towards new anti-virulence drugs may be delayed. Thus, virulence factors could
serve as useful targets in the era of rising antibiotic resistance.

Figure 1 only depicts a small subset of virulence factors produced by P. aeruginosa, but
the examples discussed show that a wide range of insults can be exerted on the host during

infection.
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Figure 1: Virulence determinants of Pseudomonas aeruginosa.

A selection of P. aeruginosa virulence factors is depicted. They can be classified as either
secreted factors or structural components of the bacterium. The focus of this work is on the
Type 3 Secretion System (T3SS) and its effector proteins.
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Type III Secretion System
Another important virulence determinant of P. aeruginosa is its type Il secretion system.
Type III secretion systems (T3SSs) are multi-protein complexes that form needle-like
apparatuses on the surface of bacterial cells, allowing effector proteins to be delivered directly
from the bacteria into the cytoplasm of the targeted cell. The T3SS is associated with worse
outcomes in patients with bacteremia and ventilator-associated pneumonia (100, 101). Thus, the
T3SS of P. aeruginosa and its effectors continue to be active targets of investigation in disease

pathogenesis (102).

Structural Components

The T3SS is comprised of a multi-protein base, an extracellular needle apparatus, and a
translocon (Figure 2). The base of the T3SS complex transverses the inner and outer membranes
of the bacterium. PscC is the secretin, a protein that oligomerizes into a cylindrical channel on
the outer membrane. A three-dimensional structure of the C-terminal domain of PscC generated
using cryo-electron microscopy showed that it formed a ring-shaped dodecamer similar to YscC
from Yersinia enterocolitica (103, 104). The structure and function of most proteins within the
base have been inferred from T3SS homologues in other bacterial species (102, 105). PscN, the
ATPase which provides energy for the secretion of effector proteins, has only been analyzed
computationally for binding sites, whereas Pscl is predicted to form ring-like structures in the
bacterial inner membrane based on the Escl structure from E. coil (105, 106).

The needle apparatus of the P. aeruginosa T3SS is composed of PscF and is

approximately 60-80 nm in length (107). As the hollow rod-like structure is only 7 nm wide
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(107) with an inner diameter of 2.2 nm (108), effector proteins are thought to be unfolded as they
pass through its lumen. The ruler protein PscP serves as a sensor of needle length, and its
deletion results in the assembly of aberrantly long needle apparatuses (108).

The translocon is the portion of the T3SS that allows the effectors to cross through the
eukaryotic plasma membrane. The translocators PopB and PopD assemble into hetero-oligomers
that form the transmembrane pore (109). Electron microscopy showed that these oligomeric
rings have an outer diameter of 8 nm and an inner lumen diameter of 4 nm (109). The
translocator PcrV forms similar ring-like structures in vitro and is required for translocation of
effector proteins through PopB/PopD pores inserted in the membrane (110, 111). PcrV is
thought to control secretion by forming a needle tip and altering the conformation of the needle
apparatus (112). Deletion of PcrV results in decreased lung injury and enhanced survival of rats
in a lung model of infection (113). Purified PcrV induces TNF-a release from macrophages in
vitro (114), suggesting that T3SS components can be detected by the host immune system
independently of the secreted effector proteins. Given its roles in virulence, PcrV has become a
popular target for vaccine development (115-117).

Other T3SS apparatus proteins have been implicated in triggering the immune system.
The NLRC4 inflammasome has been reported to detect PrgJ from Salmonella typhimurium,
leading to caspase-1 activation and cell death (118). Similarly, the P. aeruginosa T3SS needle
protein PscF was shown to induce NLRC4-dependent caspase-1 cleavage in human U937
macrophages (118). Together, these studies demonstrate that the T3SS from P. aeruginosa is a
complex virulence determinant, and future studies are needed to develop effective therapeutic

agents against its regulators, components, or secreted effectors.
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Figure 2: The type III secretion system apparatus.

The T3SS is a multi-protein complex consisting of a base, needle, and translocon. The base
consists of the proteins that help secrete effector proteins across the inner membrane (IM) and
outer membrane (OM) of the bacterial cell. The effectors transverse through the hollow
needle without encountering the extracellular environment. The translocon allows proteins to
cross the eukaryotic plasma membrane (PM) of targeted host cells.
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Regulation of Secretion

The exact signal that triggers secretion of the P. aeruginosa T3SS during infection is not
known, though it has been hypothesized that cell contact plays a role. In vitro, secretion is
effectively stimulated by growing the bacteria under calcium-depleted conditions (119).

Secretion and transcription of effector proteins is tightly regulated by a signaling cascade
involving ExsA, ExsC, ExsD, and ExsE (Figure 3). Under non-secreting conditions, ExsE and
ExsC form a complex in the bacterial cytosol (120). ExsD binds to ExsA, the transcriptional
activator of most T3SS genes, preventing ExsA from binding T3SS promoters (121).

When an external signal such as calcium depletion triggers the T3SS to turn on, ExsC
enables efficient secretion of ExsE out of the bacterium (120). Secretion of ExsE results in free
ExsC in the bacterial cytosol. ExsC is then able to bind ExsD and dissociate the ExsD:ExsA
complex (121). The subsequently released ExsA is then free to bind DNA sequences upstream
of the T3SS apparatus and effector genes to initiate their transcription (122, 123). This cascade
results in an autofeedback loop as the operon containing the exsA4 gene also has an upstream
ExsA-dependent promoter (124). Recently an additional promoter was discovered within the
exsCEBA operon immediately upstream of exs4 and found to be regulated by Vfr (virulence
factor regulator), a global transcriptional regulator that controls expression of multiple virulence

genes in P. aeruginosa (124).
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Figure 3: Regulation of T3SS secretion

T3SS secretion is regulated through a signaling cascade comprised of ExsA, ExsD, ExsC, and
ExsE. When secretion is off (leff), ExsE:ExsC and ExsD:ExsA complexes form in the
bacterial cytosol. When secretion is triggered (right), ExsE is exported, ExsC sequesters ExsD,
and ExsA is freed to transcriptionally activate T3SS-associated genes.
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Effector Proteins

Pseudomonas aeruginosa is known to secrete six effector proteins: ExoS, ExoT, ExoU,
ExoY, PemA, and PemB (102, 125). While ExoT and ExoY are found in 100% and 89% of P.
aeruginosa strains in a study looking at environmental and clinical isolates from a variety of
sources, the other effectors have a more variable distribution (126, 127). Interestingly, the exoU
and exoS genes are rarely found in the same strains (126), though the significance of this

observation is not known.

ExoS
ExoS is a bifunctional protein with ADP-ribosyltransferase (ADPRT) and GTPase-activating
protein (GAP) activities (128). It is present in approximately 58-72% of P. aeruginosa isolates
(102) and are particularly prevalent in isolates from chronic cystic fibrosis infections (129, 130).
ExoS requires the cofactor SpcU, a member of the 14-3-3 family of proteins, for its secretion
(131) and has a membrane localization domain for intracellular targeting after translocation into
host cells (132, 133). Substitution of the residues responsible for either ADPRT or GAP
enzymatic activities allowed for assessment of functions attributable to each domain (134).

The C-terminal ADPRT of ExoS acts upon a variety of substrates, including vimentin
(135), immunoglobulin G (IgG) (136), as well as several Ras-related GTP-binding proteins
(137-139). The ADPRT of ExoS inhibits DNA synthesis, disrupts the actin cytoskeleton, and
induces cell rounding, leading to significant cell lysis within five hours after infection (134, 140).
ExoS also ADP-ribosylates the ERM proteins (ezrin, radixin, and moesin), which are involved in

modulating the cytoskeleton during cell motility and phagocytosis (141). The N-terminal GAP



24

of ExoS similarly affects cytoskeletal organization, except through inactivation of RhoA, Racl,
and Cdc42 GTPases (142). ExoS inactivation of GTPases alters their localization, shifting them
from the membranes to the cytoplasm (143). The GAP activity of ExoS generally has lesser
effects on cell rounding, epithelial barrier permeability, and phagocytosis compared to the
ADPRT of ExoS (134, 144, 145). However, one unique GAP function is the upregulation of
wild-type CFTR (cystic fibrosis transmembrane conductance regulator) levels on the surface of
cells (146), though the significance of this effect on disease is unclear.

In addition to disrupting signal transduction and cytoskeletal pathways, ExoS induces T
lymphocyte proliferation and pro-inflammatory cytokine and chemokine expression in vitro
(147, 148). Similarly, effects of ExoS on the immune system are observed in animal models of
infection. ExoS promotes bacterial survival in neutrophils and contributes to corneal
opacification during P. aeruginosa eye infections (149). During pneumonia, ExoS has been
shown to block phagocytosis, intoxicate type I pneumocytes, and allow dissemination of

bacteria into the bloodstream of infected mice (150).

ExoT

ExoT is a 53-kD protein which shares 75% amino acid identity with ExoS, and was originally
thought to be a variant of ExoS (151, 152). ExoT also has ADPRT and GAP activities (152,
153) and shares the chaperone SpcS for type III secretion (154). As with ExoS, the GAP domain
of ExoT targets RhoA, Racl, and Cdc42, and causes cell rounding when expressed in Chinese
Hamster Ovary (CHO) cells (153, 155). ExoT ADP-ribosylates Crk-I and Crk-II, proteins which

are involved in cell adhesion and phagocytosis (156). The ADPRT functions also contribute to
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cell rounding, and both the GAP and ADPRT portions of ExoT induce cytotoxicity in yeast
(157).

ExoT has primarily been studied in the context of epithelial cell intoxication and
cytoskeletal disruption in vitro. ExoT-secreting strains of P. aeruginosa are internalized less by
macrophages and corneal epithelial cells (155, 158). ExoT was found to inhibit wound healing
when A549 lung epithelial cell monolayers were subjected to mechanical injury and infection
(159). The GAP activity of ExoT appears to be more important for its anti-internalization
function, whereas the ADRPT activity accounts for much of its effects on wound healing (157).

There have been many studies investigating the importance of ExoT in vivo. An ExoT-
deficient strain was less able to reach the liver relative to its parental strain in a murine
pneumonia model (160). ExoT also promoted dissemination of P. aeruginosa to the spleen;
however, virulence (as determined by LD50) was not increased in a mouse model of pneumonia
(161). As with ExoS, the ADPRT activity of ExoT is important for bacterial survival, neutrophil
apoptosis, and corneal opacification in P. aeruginosa keratitis in mice (149).

Due to its ability to target proteins involving the cell division and signal transduction
pathways, ExoT is being investigated as a potential therapeutic against cancer (162). The
ADPRT and GAP activities of ExoT block cytokinesis, the last step of cell division, at different
stages. Inhibition of cytokinesis by its ADPRT activity occurs through disruption of Crk and
syntaxin-2 localization to the midbody (163). ExoT also induces apoptosis through both of its
functional domains. The ADPRT interferes with integrin-mediated pro-survival signaling
through ADP-ribosylation of Crk-I and disruption of focal adhesions required for cell attachment

(164). In contrast, the GAP of ExoT induces apoptosis through the intrinsic (mitochondria-
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mediated) pathway (165). ExoT could be a promising candidate as aberrant growth and survival

are features common to most cancers.

ExoY

ExoY is a 42-kD adenylate cyclase with homology to CyaA of Bordatella pertussis and EF
(edema factor) from Bacillus anthracis (166). Like other T3SS effectors, ExoY requires a
eukaryotic cofactor for its enzymatic activity (166), which was recently identified as filamentous
actin (F-actin) (167). ExoY localizes to the host cell cytoplasm, induces intercellular gaps, and
causes cell rounding in vitro (168, 169). In a mouse model of pneumonia, ExoY-secreting P.
aeruginosa induced pulmonary edema and hemorrhage and impaired re-formation of the
endothelial barrier, but no difference in survival compared to a mutant strain (170). Other
studies have questioned the role that ExoY plays in virulence, as deletion of exoY only resulted
in minor decreases in cytotoxicity and bacterial numbers recovered from the lungs of infected
mice (171, 172).

More recently, however, ExoY was shown to mediate hyperphosphorylation of Tau, a
microtubule-associated protein, and render it insoluble (173). Infection with ExoY-producing P.
aeruginosa strains led to mislocalization of Tau and decreased assembly of microtubules (174).
ExoY is also able to bind F-actin and prevent disassembly of actin filaments (167). New studies
have found that ExoY dampens the immune response by suppressing proinflammatory cytokine
production and inflammasome activation (175, 176). These findings suggest that while ExoY
may not be the most potent virulence factor on its own, its effects can still contribute to P.

aeruginosa disease pathogenesis.
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PemA/PemB

PemA and PemB were recently shown to be translocated into host cells through the
T3SS. PemA and PemB (Pseudomonas effectors discovered by machine learning) were found
using a bioinformatic approach based on comparison of sequenced open reading frames (ORFs)
to those of other known T3SS effectors from related species (125). However, these effectors
were not cytotoxic towards HeLa cells or S. cerevisiae (125). Although PemA and PemB are not
likely to be virulence factors, they are worth recognition, as their discovery suggests there is a

possibility that more T3SS effectors are still unidentified in P. aeruginosa.

The Effector Protein ExoU

Discovery

ExoU was identified by two research groups as a novel effector protein contributing to
virulence of the P. aeruginosa PA103 strain in mice (177, 178). Hauser and colleagues
discovered the 74 kD protein in culture supernatants when comparing a non-cytotoxic transposon
mutant to its parental strain. PepA (later renamed ExoU) contained a five-amino acid peptide
sequence identical to those found at the N-terminus of the known T3SS effectors ExoS and
ExoT, and they demonstrated secretion of PepA was dependent on a functional T3SS apparatus
(177). Frank and colleagues discovered ExoU when investigating why deletion of exoT from
PA103 did not abrogate its cytotoxic effects during infection. They noted that the G+C content
of exoU was 59%, less than the flanking sequences or overall genome (65% and 67%,

respectively) and suggested that acquisition of exoU may have occurred through a transposable



28

element (178). Both groups reported that ExoU production was associated with in vitro
cytotoxicity and lung injury or mortality in infected mice (177, 178).

The region downstream of exoU contains an open reading frame that encodes for SpcU, a
15 kD protein that serves as a chaperone to ExoU (179). Chaperones have been described for
other T3SS effector proteins in P. aeruginosa as well as from other bacterial species; while they
are required for translocation of the effector, the chaperone itself remains in the bacterium (154,
180, 181).

Multiple groups have noted that ExoU is a variable trait and that clinical and
environmental strains harboring exoU typically do not have exoS (182-184). Since both ExoS
and ExoU have significant contributions to the virulence of P. aeruginosa, it is possible that
redundancy of the end effects of these toxins caused the loss of either gene. Alternatively,
ExoS+ and ExoU+ strains could have evolved independently and phylogenetically different from
each other. The exoU gene has been found within distinct genomic islands which vary
depending on the specific P. aeruginosa strain (185). The chromosomal site that harbors these
genomic islands is considered a “hot spot” for recombination and is flanked by highly conserved
sequences (182). Given that very few P. aeruginosa strain have both exoU and exoS (or have
neither), exoU was likely acquired by horizontal gene transfer independently from the rest of the

T3SS-encoding genes.

Clinical Significance
ExoU has been associated with increased morbidity and mortality in patients with

ventilator-associated pneumonia (101) and bacteremia (186). A study analyzing a diverse



29

collection of 328 P. aeruginosa clinical and environmental isolates found that 23% of those
strains contained the exoU gene (187). Another epidemiologic study found that approximately
half of the isolates obtained from eye and ear infections carried exoU (184) and that ExoU+
isolates are more prevalent in contact lens-associated keratitis compared to non-contact lens-
associated infections (188). ExoU-secreting isolates from patients with hospital-acquired
pneumonia were also more virulent than non-secreting strains when tested in mice (127),
suggesting mice may be a useful model organism for studying acute pneumonia.

Interestingly, one study reported that fluoroquinolone resistance was associated with
carriage of exoU in their collection of clinical isolates, where ExoU+ strains were more likely to
harbor gyr4 mutations and increased efflux pump phenotypes (189). Since then, multiple groups
have found significant associations between exoU presence with resistance against
fluoroquinolones in strains isolated from a variety of sources, including urinary tract infections,
otitis media, corneal ulcers, and respiratory infections (190-193). However, exoU-containing
isolates were found to have either negative or no correlation with multidrug resistance in the
most recent studies (186, 194).

Virulence factor associations with antibiotic resistance can come about either due to co-
acquisition of the genes due to proximity of the alleles (e.g. on a single plasmid) or through
independent acquisition events. The latter scenario may involve products encoded by one gene
benefiting the other. Agnello and colleagues investigated why exoU, but not exoS, is associated
with fluoroquinolone resistance by introducing parC mutations into three strains with each
genotype (195). They discovered that mutation of parC in the exoU background conferred a

fitness advantage over its parental strain during co-culture, whereas a parC mutation in the exoS
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strains resulted in fitness defects (195). Additionally, strains with both exoU and mutated parC
alleles had an increased mutation frequency, whereas the reverse was observed in their exoS
counterparts (195). Fluoroquinolone resistance conferring a fitness advantage to ExoU+ strains
is an intriguing hypothesis, and further investigation may inform both treatment and drug

development approaches.

Domains and Structure

ExoU is a 687-amino acid modular protein comprised of three domains corresponding to
three major functions: chaperone-binding, phospholipase activity, and membrane localization
(Figure 4). The boundaries of these domains and their associated functions were initially
determined by alignment to known proteins and mutagenesis of the different regions of ExoU.

Amino acid residues 3-123 mediate binding of ExoU to its chaperone SpcU, which is
necessary for efficient translocation by the T3SS (179). A large internal portion of the protein is
homologous to patatin-like phospholipases and contains a catalytic dyad consisting of S142 and
D344 (196-198), so this region we term the phospholipase (PLA2) domain. Finally, the C-
terminal region (residues 550 to 687) was found to be necessary for targeting ExoU to the plasma
membrane of host cells and was thus named the membrane localization domain (MLD) (199,
200). Truncation of either the N- or C-terminal ends of ExoU renders it noncytotoxic (201),
while transposon-based linker-insertion mutagenesis of ExoU also confirmed that multiple
regions of the protein were required for function (198, 202).

Prior to the crystallization of ExoU, structural characterization of the protein was limited.

Circular dichroism showed that ExoU was an alpha-helix rich protein (203). The conformation
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of ExoU was examined by double electron-electron resonance (DEER) and electron
paramagnetic resonance (EPR) spectroscopy with ExoU variants containing nitroxide spin-
labeled cysteine substitutions (204, 205). These studies showed that the distance between spin
labels at ExoU residue 137 (in the PLA2 domain) and residue 643 (in the MLD) ranged from 22
to 38 angstroms (204), suggesting ExoU by itself is a flexible protein that adopts multiple
conformations.

Nearly fifteen years after its discovery, ExoU was crystallized complexed to its
chaperone SpcU by two independent research groups (206, 207). The crystal structures
confirmed that ExoU had multiple domains. While the amino acid residues boundaries drawn
for each domain differed slightly between their two models, both the PLA2 domain and MLD
roughly corresponded to those proposed previously (199). However, one major difference was
observed with binding to SpcU. A series of amino acid residues between the PLA2 and MLD of
ExoU formed contacts with SpcU. Thus, we have updated our model to reflect that the
chaperone binding domain consists of two parts, one at the N-terminus and one internal peptide
within ExoU (Figure 4). Approximately 25% of ExoU remained disordered, consistent with the
previous finding that ExoU is able to adopt different conformations (206, 207). This flexibility
may explain why previous attempts to crystallize ExoU in the absence of a stabilizing chaperone

were unsuccessful.



ExoU CBD

Figure 4: Functional domains and structure of ExoU

ExoU is composed of three functional domains. The chaperone binding domain (CBD, in
yellow) is composed of two parts — the N-terminus and an internal region. The phospholipase
domain (PLA2, in red) shares homology to the patatin-like phospholipases. The membrane
localization domain (MLD in blue) mediates targeting of ExoU to the eukaryotic plasma
membrane. The catalytic residue serine-142 is resolved in this structure and shown in green.
Image was created using PyMOL. PDB ID: 3TU3
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Localization

The crystal structure also revealed that ExoU contains a four-helical bundle within the C-
terminal half of the MLD (206). Four-helical bundles are conserved motifs that mediate
membrane binding in a variety of proteins, including toxins from other bacterial species (208,
209). It was previously known that either deletion of the MLD or substitution of specific amino
acids in this domain disrupted ExoU localization, changing its distribution from mainly
membrane-associated to cytoplasmic (196, 199, 200). Unsurprisingly, many of these amino
acids are within the four-helical bundle.

Tyson and colleagues demonstrated that ExoU binds phosphatidyl-4,5-bisphosphate
(PI(4,5)P2), a plasma membrane phosphoinositide, with high affinity in vitro (Kd ~110 nM) and
that substitution of arginine-661 decreased this interaction (210). This arginine residue is found
in the L3 loop of the MLD four-helical bundle and is conserved in ExoU homologues from P.
fluorescens and Photorhabdus asymbiotica (206, 210). This interaction was observed during
expression in HeLa cells also, where wildtype ExoU localized to the plasma membrane, but the
ExoU-R661L variant did not. Disruption of PI(4,5)P2 distribution in yeast also led to
mislocalization of ExoU, confirming that PI(4,5)P: is the lipid mediator involved (210).
Together, these results show that R661 localizes ExoU to the inner leaflet of the host cell plasma
membrane through interactions with PI(4,5)P- .

PI(4,5)P2) accounts for only 1% of the total phospholipid content in mammalian plasma
membranes (211) but serves as an important factor for localizing endogenous proteins to the
plasma membrane of mammalian cells and for regulating these proteins (212-214). It appears

that ExoU has appropriated this localization system for its own benefit.



34

Ubiquitination

In mammalian cells, ExoU was discovered to be di-ubiquitinated at lysine-178 (215).
Ubiquitination, the covalent addition of ubiquitin molecules onto lysine residues of target
proteins, is a common protein modification mediated by a combination of E1 ubiquitin-activating
enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases (216). The best studied
form is Lys-48 linked poly-ubiquitination, where chains of ubiquitin molecules are added to
proteins destined for the proteosome and subsequent degradation (217). This process is essential
for maintaining desired levels of any particular protein, as well as the recycling of misfolded or
damaged proteins (217). Mono-ubiquitination is important in the localization and trafficking of
proteins, endocytosis, histone modification, and DNA damage repair (218). The roles of di-
ubiquitination are less clear, but this rare modification has been implicated in the regulation of
protein interactions and endosomal localization (219, 220).

Mutational analyses showed that the amino acid at positions 679-683 were required for
di-ubiquitination of ExoU, localization to the plasma membrane, cytotoxicity, and phospholipase
activity of ExoU (215). Substitution of tryptophan-681 was sufficient to abrogate ubiquitination
and localization of ExoU, but not cytotoxicity (215). In vitro phospholipase activity of purified
ExoU-W681A did decrease to 20% of wild-type ExoU; however, recombinant ExoU purified
from E. coli is not ubiquitinated as it is in mammalian cells. Furthermore, K178R (a variant that
is mutated at the ubiquitination site) only exhibited slightly less phospholipase activity and no
difference in cytotoxicity (215). Even though the phospholipase activity defects observed with
K178R and W681A did not translate to cytotoxicity decreases in transfected HeLa cells, but it is

still possible that di-ubiquitination of ExoU could affect virulence of P. aeruginosa in the
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context of infection. Nonetheless, these results called into question whether di-ubiquitination
was important for ExoU function in vivo.

However, recent work shows that di-ubiquitination may have subtle effects on ExoU
inside the cell (207). Gendrin and colleagues observed that non-ubiquitinated ExoU (carrying
the K178R substitution) localized to the plasma membrane as previously reported (215), but
ubiquitinated ExoU was targeted to both the plasma membrane and endosomes (207). It is still
unknown whether this translates to a virulence defect during infection, but future investigations
into which E3 ubiquitin ligases are responsible for di-ubiquitinating ExoU may shed light on

possible functions of this modification.

ExoU Function

Virulence effects in vivo

ExoU is a major virulence determinant in many models of infection. Experiments using
acute pneumonia mouse models showed that higher colony-forming units (CFUs) were
recovered from the lungs of mice infected with ExoU-producing strains compared to an isogenic
mutant, and mice infected with those ExoU+ strains succumbed to death more quickly and at
much lower inoculums (161, 221). ExoU also contributes to corneal disease severity in a
scarification model of infection (222). P. aeruginosa has also been studied in co-culture with
Acanthamoeba castellanii and Dictyostelium discoideum, where ExoU expression and
translocation is induced and contributes to necrotic cell death of these amoeba (223-225).

Howell and colleagues observed that exoU expression is induced early in the course of

acute pneumonia and that delaying it improved survival of infected mice (226). This was
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correlated with both an increase of the amount of ExoU present in the lungs of infected mice, as
well as increased bacterial burden. These results suggest the effects of ExoU on the host is rapid
and its presence has a major virulence effect.

Much of the virulence observed with ExoU in vivo is thought to be a result of its effects
on the immune system. ExoU is proinflammatory, eliciting IL-8 production through activation
of the mitogen-activated protein kinase/Jun N-terminal kinase (MAPK/JNK) pathway (227, 228).
Consistent with the function of IL-8 is a chemoattractant, a greater influx of neutrophils was
observed in the lungs of mice infected with ExoU-secreting bacteria (228, 229). However, one
would hypothesize that more neutrophils would enable the host organism to better phagocytose
and kill bacteria. Yet, all the studies mentioned previously showed the opposite phenotype,
where ExoU production was associated with both neutrophil recruitment and higher bacterial
burden.

Diaz and colleagues started to address this question by examining the immune response
to ExoU-producing strains of P. aeruginosa both in vitro and in vivo (230, 231). Using a
fluorescence resonance energy transfer (FRET)-based assay, they were able to observe and
quantify ExoU translocation into recruited immune cells. While they detected a catalytically
inactive ExoU variant in 40% of recovered cells, they could not detect any cells injected with
wild-type ExoU (230). One explanation for this finding could be that ExoU Kkills cells too
rapidly after translocation and only the remaining un-intoxicated immune cells could be isolated
from the lung tissues. Infection of primary human neutrophils in vitro showed that ExoU

induces loss of membrane integrity and host cell lysis (231), supporting the hypothesis that
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killing of phagocytic cells in vivo is what allows ExoU-producing bacteria to cause more severe
disease.

The majority of the cells injected with ExoU during murine early pneumonia are
neutrophils and macrophages, rather than lung epithelial cells (230). Interestingly, when mice
are co-infected with an ExoU-producing strain and either P. aeruginosa lacking exoU or
nonpathogenic E. coli, the latter bacteria were able to persist in the lung (231). Together, these
results show that the increased virulence of ExoU-producing P. aeruginosa results primarily

from the disruption of the innate immune system.

Phospholipase Activity

ExoU causes rapid lysis of many types of eukaryotic cells. ExoU is extremely cytotoxic
when expressed in yeast and causes their vacuole membranes to fragment (197, 232). ExoU-
secreting strains cause cell rounding and membrane damage in CHO cells (168) and cell death
within 1-3 hours of infecting J774 macrophages, A549 bronchial epithelial cells, and primary
human neutrophils (127, 233, 234).

ExoU was discovered to be a phospholipase A2 (PLA2) enzyme when two general cPLA>
and 1PLA2 phospholipase inhibitors, methyl arachidonyl fluorophosphonate (MAFP) and
haloenol lactone suicide substrate (HELSS), were found to inhibit cytotoxicity of ExoU towards
yeast and mammalian cells (196, 197). A sPLA: inhibitor was unable to prevent cell lysis (196).
ExoU was predicted to be a patatin-like PLA2 based on amino acid alignment, and substitutions

in the predicted catalytic residues serine-142 or aspartate-344 prevented ExoU from killing CHO
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cells (197). Subsequent studies showed that purified recombinant ExoU hydrolyzed lipids in the
presence of eukaryotic cell extracts (197, 203).

PLA: enzymes differ from other phospholipases in where they cleave the lipid substrate
(235) (Figure 5). Cleavage of phospholipids by ExoU releases free fatty acids, including
arachidonic acid, which generate pro-inflammatory eicosanoids and also induce oxidative stress
(229, 235, 236). Incubation with antioxidants increased cell viability after infection with ExoU+
P. aeruginosa (237), suggesting low amounts of ExoU may have non-lytic effects that contribute
to its virulence.

Indeed, a small number of studies have suggested ExoU phospholipase activity can have
effects on platelet activation through arachidonic acid and eicosanoid production. After 24 hours
of infection, increased white blood cell counts and platelet concentrations are observed in a
mouse pneumonia model (238). Thromboxane A2 (TXA2), an eicosanoid produced from
arachidonic acid that induces platelet aggregation, as well as platelet microparticles levels in the
plasma were increased in mice infected with an ExoU+ strain compared to an isogenic deletion
mutant (238). Thrombi and fibrin deposits were also detected in the lungs. These results suggest
that in addition to immunosuppression resulting from direct PLA2-mediated phagocytic cell
killing, ExoU may indirectly promote a procoagulatory state that also contributes towards P.

aeruginosa virulence during pneumonia and sepsis (238, 239).
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the sn-2 location and releases arachidonic acid. Arachidonic acid can generate oxidative stress

through non-enzymatic means, or be converted to eicosanoids by cyclo-oxygenases, which
then cause inflammation and pro-coagulatory states. Purple arrow indicates PLA> cleavage
site. Red arrows represent bonds cleaved by the other phospholipases PLA1, PLD, and PLC.
X represents the phospholipid head group, and R1 and R2 refer to the variable-length fatty

acid chains.
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Cofactors of ExoU

Previous work has shown that ExoU requires eukaryotic cell cofactors for activation,
which ensures that its toxic phospholipase activity is manifested only following injection into
host cells. Sato and colleagues were the first to discover a protein that activated ExoU in vitro
(240). The protein was identified as superoxide dismutase 1 (SOD1) by mass spectrometry on
activating fractions of cellular lysates. They demonstrated SODI1 of yeast or bovine origin were
sufficient for phospholipid hydrolysis by ExoU; however, known inhibitors of the enzymatic
function of SOD1 did not affect its ability to activate ExoU (240).

A follow-up study suggested that the main protein responsible for activating ExoU was
not SOD1, but rather ubiquitin or ubiquitinated proteins (241), which are found in mammalian
cells and as contamination in commercially available SOD1. Ubiquitin is thought to be so
widespread because it plays an important role in maintaining protein homeostasis through the
proteasome pathway, where damaged proteins are ubiquitinated and targeted for degradation
(242). However, ubiquitin is not present in bacteria. It is therefore an attractive eukaryotic host
cell activator for a T3SS effector protein, but ubiquitin by itself only weakly activates ExoU
(243).

Several research groups had shown that a cofactor for ExoU resided in the
insoluble/particulate fraction from fractionated HeLa cell extracts (215, 243). However, it was
only recently that P1(4,5)P2 was identified as this activating component (243). While P1(4,5)P
alone caused little in vitro activation of ExoU, it dramatically enhanced ExoU phospholipase
activity in the presence of ubiquitin (243). Thus ExoU has a complex mechanism of action that

involves at least two host cell factors.
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PI(4,5)P2 is an essential phospholipid found predominantly on the inner leaflet of
eukaryotic plasma membranes (244, 245). It is often enriched in microdomains within these
membranes and has a highly negatively charged headgroup at physiological pH, thus capable of
mediating strong electrostatic interactions with metal cations, basic peptides, and proteins (244).
PI(4,5)P2 binds numerous cytoskeletal proteins (e.g. gelsolin, vinculin, profilin) and is involved
in the regulation of many cellular processes dependent on cytoskeletal dynamics or membrane
trafficking, including motility, phagocytosis, and cell adhesion (246). We can now include
enhancing ExoU activity as another function of PI(4,5)P2, but the mechanisms behind this

activation are still being characterized.

Mechanisms of action

The process by which ExoU causes cell lysis after localization to the plasma membrane is
poorly defined. It may directly cleave a broad spectrum of lipids in the plasma membrane to
disrupt membrane integrity (197), or more specifically target P1(4,5)P2 and its associated
functions (247). PI(4,5)P2 negatively regulates multiple caspases (248), so it is possible that
ExoU binding disrupts its native function and indirectly induces apoptosis. However, ExoU-
induced cytotoxicity occurs within 2-3 hours (168), suggesting a mechanism independent of
PI(4,5)P2-mediated signaling is responsible.

Additional details regarding the molecular aspects of the mechanism of action of ExoU
are beginning to emerge. Addition of di-ubiquitin and liposomes containing P1(4,5)P> resulted in
significant conformational changes within the four-helical bundle of ExoU, with some portions

exhibiting increased mobility and others showing less mobility (205). These results suggested a
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model whereby contact with lipid membranes containing PI(4,5)P2 caused unfolding of the four-
helical bundle and insertion of ExoU into the lipid membrane for enhanced access to its
substrate. Whether these conformational changes associated with P1(4,5)P2 binding could have
additional effects on ExoU remains unclear.

In this regard, it is interesting that Frank and colleagues previously reported evidence of
intragenic complementation in ExoU (201). When transfected individually into CHO cells,
constructs expressing truncated variants of ExoU caused only background levels of cytotoxicity.
However, when co-transfected, certain pairs of these constructs resulted in partial reconstitution
of ExoU cytotoxicity. These observations suggested that individual ExoU molecules were

functionally interacting with each other, but the mechanism by which this occurs is unknown.
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CHAPTER TWO

RESULTS

Due to its cytotoxicity towards multiple types of immune and epithelial cells (168, 177,
178, 233) and its relevance to human disease, the mechanisms of ExoU activity are of particular
interest. In this chapter, I describe the discovery of PI(4,5)P2-induced ExoU oligomerization.
Oligomerization of ExoU and ExoU variants was characterized both in cells and in vitro.
PI(4,5)P2 mediated intragenic complementation in vitro, indicating oligomerization of ExoU is
relevant in eukaryotic cells. Together, these results describe a new role for PI(4,5)P2 in the

organization and function of ExoU.

ExoU forms stable complexes in mammalian cells.

The MLD targets ExoU to the inner leaflet of the plasma membrane following injection
into mammalian cells. Examination of transfected and infected cells using confocal microscopy
has demonstrated that this membrane localization occurs in a punctate pattern (196, 200). One
possible explanation for this pattern is that ExoU molecules interact with each other upon contact
with the plasma membrane.

To study this phenomenon, we examined HeLa cells transfected with constructs
expressing differentially tagged variants of ExoU. We used ExoU harboring a catalytic
substitution (S142A) for these experiments (196, 197), as enzymatically active ExoU rapidly
lyses cells, which precludes further examination. Constructs expressing ExoU-S142A tagged

with either an N-terminal Flag epitope (ExoU-S142A-Flag) or N-terminal GFP (ExoU-S142A-
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GFP) were transfected into HeLa cells, and immunoprecipitation experiments were then
performed. Note that a proportion of the ExoU molecules expressed within eukaryotic cells are
di-ubiquitinated, resulting in the presence of a second, more slowly migrating ExoU band on
SDS-polyacrylamide gels as seen in Figure 6 (215). We observed that ExoU-S142A-GFP co-
immunoprecipitated with ExoU-S142A-Flag, indicating that ExoU self-associates and forms

complexes within HeLa cells.

Purified rExoU is monomeric in vitro.

We next determined whether ExoU complexes occurred in vitro. Recombinant ExoU
(rExoU) with a C-terminal 6xHN tag was purified and subjected to size-exclusion
chromatography followed by multi-angle light scattering (SEC-MALS), a sensitive method for
separating and analyzing oligomeric protein species in solution (249). rExoU eluted as a single
peak at approximately 75 kD, consistent with the molar mass of this 687-amino acid protein
(Figure 7). We were not surprised by this result, as ExoU was found to be a monomer when
crystallized (206, 207). However, the structures of ExoU that have been resolved were of ExoU
in complex with its chaperone SpcU, a state that is only present in the bacteria and presumably
inactive. rExoU has phospholipase activity but is not ubiquitinated (200), so it is possible that it
cannot form complexes without this post-translational modification. Nonetheless, this result
indicates that rExoU by itself does not form stable complexes in vitro and suggests that

additional factors may be necessary to facilitate ExoU complex formation.
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Figure 6: ExoU forms complexes in transfected HeLa cells.

Constructs expressing ExoU tagged with either Flag or GFP epitopes and containing the
S142A catalytic substitution were transfected into HeLa cells. Lysates were
immunoprecipitated with Flag antibody, and eluates probed with Flag or GFP antibodies.
Expression of GFP-tagged ExoU-S142A was confirmed by examining 10% of total clarified

lysates. Some ExoU molecules are di-ubiquitinated following injection into eukaryotic cells,

resulting in the presence of a second, more slowly migrating ExoU band. a-Flag, antibody
against the Flag tag; a-GFP, antibody against the GFP tag.
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Figure 7: Purified recombinant ExoU is a monomer in vitro.
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SEC-MALS was performed on rExoU alone. Light scattering measurements indicated that the

resulting peak corresponded to proteins with a molecular mass of approximately 75 kD. At
least two independent samples were analyzed and a representative elution profile shown.
Normalized absorbance at 280 nm (A280, solid line) and molar mass (g/mol, dotted line) are

graphed.
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P1(4,5)P: but not ubiquitin is required for ExoU complex formation.

Since ExoU requires ubiquitin for phospholipase activity, we next examined whether the
addition of ubiquitin was sufficient to cause ExoU complex formation in vitro. Mono-ubiquitin
was mixed with rExoU at a 1:1 ratio and examined by SEC-MALS. rExoU and ubiquitin eluted
at separate times, and no peak corresponding to ExoU complexes was observed (Figure 8A).

No complexes were seen even when ExoU was incubated with a four or ten-fold molar excess of
ubiquitin (Appendix I). Similarly, the addition of monomeric ubiquitin to rExoU did not change
the migration of rExoU following electrophoresis through non-denaturing blue-native (BN)
polyacrylamide gels (Figure 8B). These results indicate that any association between purified
rExoU and ubiquitin under the conditions of these assays is weak or transient and that ubiquitin
does not induce ExoU complex formation.

ExoU binds to PI(4,5)P2 to localize to host cell plasma membranes, and this binding
enhances ExoU phospholipase activity in the presence of ubiquitin. We therefore examined
whether PI(4,5)P> facilitated ExoU complex formation. rExoU was incubated with PI(4,5)P; at a
1:1 molar ratio. PI(4,5)P2 induced formation of an ExoU species with a molecular weight of
approximately 450 kD, substantially higher than was observed with ExoU alone (Figure 9).
Increasing or decreasing the PI(4,5)P2 concentration relative to ExoU resulted in corresponding
changes in the magnitude of the high-molecular weight peak (Appendix II), indicating this
phenomenon is dose-dependent. The presence of a distinct, narrow peak suggests that relatively
stable complexes of ExoU can form in vitro in the presence of PI(4,5)P2. For brevity, we will
refer to these complexes as "oligomers," although it is also possible that they are less ordered

aggregates of ExoU protein.
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Figure 8: Oligomerization of ExoU is ubiquitin-independent.

(A) An equimolar mixture of rExoU and ubiquitin (Ub) was assessed by SEC-MALS for
induction of oligomerization. The graph represents elution profiles of each sample, with
normalized absorbance (solid line) and molar mass (dotted line). (B) Samples of rExoU with
or without addition of ubiquitin were examined by non-denaturing blue-native gel
electrophoresis. Gels were further washed and stained with Coomassie Blue to better visualize
separated bands. kDa values refer to the molecular weight of the proteins present in the
marker, and only reflect relative migration, not accurate masses of the bands.
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SEC-MALS was performed on samples containing rExoU with or without PI(4,5)P2. Samples

were mixed at a 1:1 ratio of lipid to protein. Light scattering measurements indicated a
molecular mass of approximately 450 kD for proteins in the earlier peak. At least two

independent samples were analyzed and a representative elution profile is shown. Normalized

absorbance at 280 nm (A280, solid lines) and molar mass (g/mol, dotted lines) are graphed.



50

To further examine these oligomers as well as complexes formed between ExoU and its
two cofactors, we used bis-sulfosuccinimidyl suberate (BS3) to irreversibly crosslink mixed
samples of rExoU, monomeric ubiquitin, and PI(4,5)P>. Since BS3 is an amine-reactive
crosslinker, it affects proteins but not lipids such as PI(4,5)P2. Crosslinked samples were run on
denaturing SDS-PAGE gels. In the absence of BS3, no higher-order bands were observed
(Figurel0). Interestingly, addition of BS3 to rExoU alone caused the appearance of a second
band that migrated at approximately 140 kDa. It is unclear what this band represents. Previous
studies have shown that ExoU is a flexible protein that can adopt multiple conformations in the
absence of cofactors (204, 205), and the BS3 crosslinking may have stabilized an otherwise
transient conformation of ExoU that migrates more slowly in gels. There is precedence for this
scenario, as a membrane-permeable analog of BS3 created intramolecular crosslinks that resulted
in monomeric Tau proteins separating into two distinct bands on SDS-polyacrylamide gels (250).
On the other hand, the recently crystallized ExoU homolog from Pseudomonas fluorescens was
found to have a dimeric structure (210), so it is possible that P. aeruginosa ExoU also transiently
dimerizes, and crosslinking captured this weak interaction.

Crosslinked samples containing both ExoU and P1(4,5)P2 formed multiple higher-ordered
species (Figure 10). The presence of ubiquitin did not alter these banding patterns, and no
diminution of the ubiquitin band was observed to suggest that ubiquitin was being incorporated
into the more slowly migrating rExoU bands, indicating that ubiquitin does not play a major
factor in ExoU oligomerization in vitro (Figure 10). Taken together, these results further support

a role for P1(4,5)P2, but not monomeric ubiquitin, in the oligomerization of ExoU.
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Figure 10: BS3 crosslinking captures oligomeric species induced by PI1(4,5)P,

Samples containing all of the possible combinations of rExoU and its cofactors Ub and
PI(4,5)P2 were incubated with the crosslinker BS3. Equal volumes of sample were loaded on
SDS-polyacrylamide gels, and bands were visualized by Coomassie Blue staining. MWM,
molecular weight marker.
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Oligomerization of ExoU only occurs in the presence of specific phospholipids.

As mentioned, ExoU is targeted to the inner leaflet of the host cell plasma membrane,
where it interacts with many different phospholipids. We therefore investigated whether ExoU
oligomerization is a phenomenon that occurs only in the presence of P1(4,5)P2 or whether it can
be triggered by other plasma membrane lipids. One possibility was that phospholipids capable
of activating the phospholipase activity of ExoU were also capable of inducing ExoU complex
formation. In this regard, previous work had shown that PI(4,5)P2 strongly co-activated ExoU in
the presence of ubiquitin, phosphatidylinositol 4-phosphate (PI(4)P) had a minor effect, and most
of the other examined phospholipids had no effect (243). We examined the ability of different
phospholipids to cause ExoU oligomerization using rExoU in SEC-MALS experiments.

PI(4)P caused a similar elution pattern as PI(4,5)P2 (Figure 11), although a smaller
proportion of rExoU was in the oligomeric form. When rExoU was incubated with ten-fold
excess PI(4)P, oligomerization was enhanced, suggesting that ExoU has a lower affinity for
PI(4)P than PI(4,5)P2. Decreased oligomerization would be consistent with previous
observations that PI(4)P activates ExoU to a much lesser degree than P1(4,5)P2 (243).

Next we tested phosphatidylcholine (PC), a neutral phospholipid that did not activate
ExoU in the presence of ubiquitin (243). Unlike the previous experiments with P1(4,5)P> and
PI1(4)P, we found that ExoU pre-incubated with PC remained in a monomeric state (Figure 12A).
Ten-fold excess of PC resulted in aggregated protein in the void volume, but no ExoU oligomers

were observed.
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Figure 11: PI(4)P induces oligomerization of ExoU less effectively than PI1(4,5)P..

rExoU was incubated with PI(4)P, which only activates ExoU slightly as compared to
PI(4,5)P2. Samples were prepared at the indicated protein to lipid ratios and analyzed by SEC-
MALS. SEC-MALS was performed on at least two independent samples; a representative
elution profile is shown.
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We were curious whether the inability of PC to induce oligomerization of ExoU was due
to its charge. At physiological pH, the headgroups of PI(4)P and P1(4,5)P2 would have net
charges of -2 and -4, respectively, whereas the headgroup of PC would be neutral. To address
this question, we chose to test phosphatidylinositol 3,5-bisphosphate [P1(3,5)P2], a second
phosphoinositide with the same number of phosphate groups as P1(4,5)P.. However, PI(3,5)P2
does not activate ExoU in vitro (243). Using SEC-MALS, we determined that like PC, PI(3,5)P2
was incapable of inducing ExoU oligomerization at any of the concentrations tested (Figure
12B).

These protein-lipid samples were also crosslinked with BS3 to stabilize intermolecular
ExoU interactions, then run on both blue native and SDS polyacrylamide gels. As expected,
samples containing PI(4)P but not those containing PC or PI(3,5)P2 showed a pattern of more
slowly migrating bands on the SDS-PAGE gel similar to those of P1(4,5)P2 (Figure 13).
However, as with the SEC-MALS findings, a larger proportion of ExoU in the PI(4)P-containing
samples remained monomeric. Similar results were seen on the BN-PAGE gel, where P1(4)P
was less effective at inducing ExoU oligomerization than PI(4,5)P2. Together, these data
indicate that only certain phospholipids have the ability to induce oligomerization of ExoU and

that phospholipids capable of activating ExoU also cause ExoU oligomerization.
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Figure 12: PC and PI(3,5)P; do not induce oligomerization of ExoU.

rExoU was incubated with either equal concentrations of or ten-fold excess of the indicated
phospholipids and analyzed by SEC-MALS. Elution profiles containing normalized
absorbance at 280 nm (A280) are graphed. (A) The elution pattern of rExoU incubated with
PC, a representative neutral lipid that does not activate ExoU. (B) The elution profile of
rExoU incubated with PI(3,5)P2, which is a polar but non-activating phosphoinositide. SEC-
MALS was performed on at least two independent samples; representative results are shown.
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Figure 13: Crosslinking shows oligomer-inducing capacity of phospholipids differ.

Samples containing rExoU and lipids P1(4,5)P2, PI(4)P, PI(3,5)P2, and PC were examined
for complex formation through crosslinking. After incubation with the crosslinker BS3,
equal volumes of samples were loaded and run on SDS and BN polyacrylamide gels. Bands
were visualized by Coomassie Blue staining.
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Single amino acid substitutions in the linker region of the PLA; domain do not disrupt
oligomerization of ExoU.

We next examined which regions or amino acid residues of ExoU were necessary for the
formation of oligomers. We first focused on the PLA2 domain of ExoU, structurally defined as
amino acids residues 102 through 471 (206). The C-terminal portion of this domain, which we
termed the "linker region" (amino acid residues 358-471), does not share homology to patatin-
like phospholipases and has no attributed function. Furthermore, the crystal structure of ExoU
shows that this region is not located on the same face of the protein predicted to interact with the
plasma membrane (206), making it a possible surface for intermolecular ExoU-ExoU
interactions. Therefore, we selected this linker region for further investigation.

As part of a study to identify residues required for ExoU cytotoxicity, error-prone PCR-
based mutagenesis on the linker region had been performed to obtain a collection of constructs
expressing ExoU variants containing single amino acid substitutions (251). This collection of
constructs had been screened for substitutions that rendered ExoU partially or fully non-
cytotoxic following transfection into HeLa cells. The three substitutions that caused the largest
decreases in cytotoxicity were A384G, V462F, and V423F (251). Since it was conceivable that
these ExoU variants were less cytotoxic because of defects in oligomerization, we investigated
them further. A384G is located in disordered part of the ExoU structure, but appears to be
located near the catalytic site and would be predicted to face the membrane following ExoU
binding to PI(4,5)P2. It may therefore play a more direct role in catalysis. V423 and V462,
however, are located in B-strand 10 and a-helix 15, which are remote from the catalytic site and

are predicted to be exposed on the side of membrane-docked ExoU monomer, where they would
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be available to interact with other ExoU monomers (206). We therefore focused on these two
valine residues.

We first verified that expression of ExoU-V423F and ExoU-V462F in HeLa cells
resulted in less cytotoxicity. Respective decreases of 71% and 42% in cell lysis relative to wild-
type ExoU were observed, as measured by lactate dehydrogenase release (Figure 14A). We
purified these ExoU variants and used them to perform in vitro phospholipase assays to confirm
that they had attenuated phospholipase activity. We observed that when supplemented with
cofactors, recombinant ExoU-V423F and ExoU-V462F exhibited very little activity compared to
wild-type rExoU, even after 4 hr of incubation with substrate (Figure 14B). These results show
that an intact linker region is necessary for full ExoU cytotoxicity and phospholipase activity in
vitro, even though this region is far removed from the active site of the PLA2 domain.

We next tested whether V423F and V462F substitutions disrupted the ability of ExoU to
oligomerize. First, we generated Flag- and GFP-tagged variants of ExoU-V423F and ExoU-
V462F that also contained the S142A substitution to render them completely non-cytotoxic for
co-immunoprecipitation experiments. These experiments showed that both ExoU-
S142A/V423F-Flag and ExoU-S142A/V462F-Flag were capable of interacting with their
respective GFP-tagged variants (Figure 15A). Interestingly, only a single ExoU band was
observed with ExoU-V423F and ExoU-V462F, indicating that these amino acid substitutions
prevented the di-ubiquitination of ExoU that normally occurs within eukaryotic cells. Since
interactions between the Flag- and GFP-tagged variants could still be detected in the absence of

this post-translational modification, we can conclude ubiquitination is not required for complex
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formation and that our in vitro experiments should not be affected by our use of non-
ubiquitinated rExoU.

When we performed SEC-MALS using purified proteins, both rExoU-V423F and
rExoU-V462F eluted in single peaks, matching our results from the wild-type rExoU
experiments. Pre-incubation of these linker region variants with PI(4,5)P2 also resulted in a
phenotype similar to that of wild-type rExoU, where a portion of the monomeric protein shifted
into an oligomeric state (Figure 15B). Given that the valine-to-phenylalanine substitutions in
these proteins would be predicted to cause a significant change in the secondary structure of the
linker region, but had no detectable effect on ExoU complex formation, we conclude that these

portions of the linker region of the PLA2 domain are not necessary for ExoU oligomerization.
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Figure 14: Amino acid substitutions in the PLA; linker region disrupt ExoU function

(A) ExoU variants with substitutions in the PLA2 domain or MLD were tested for cytotoxicity
following expression in HeLa cells by measurement of LDH release. Cell lysis was
normalized to LDH released from cells transfected with wild-type (WT) ExoU. (B) Substrate
hydrolysis of ExoU variants was analyzed relative to WT ExoU after the indicated number of
hours. Each sample was supplemented with ubiquitin and PI(4,5)P2 to allow for induction of
phospholipase activity. For both (A) and (B), experiments were performed in triplicate, results
represent means, and error bars represent standard deviations. All samples were significantly
decreased compared to wild-type (p<0.05).
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Figure 15: Selected mutations in the PLA; domain do not disrupt oligomerization.

(A) Flag- and GFP-tagged ExoU variants containing substitutions in the linker region of the
PLA> domain (V423F and V462F) were examined for the ability to interact within transfected
cells by co-immunoprecipitation. The presence of the proteins in eluates and input was
determined through immunoblotting with the indicated antibodies. The upper bands, which
represent di-ubiquitinated ExoU, were absent in the lanes containing the V423F or V462F
variant proteins. a-Flag, antibodies against the Flag tag; a-GFP, antibodies against the GFP
tag. (B) Linker region variants ExoU-V423F and ExoU-V462F were purified and samples
prepared with or without PI(4,5)P2. Samples were subjected to SEC-MALS to determine the
ability of ExoU variants to oligomerize.
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MLD substitutions alter ExoU oligomerization.

Previous work had shown that amino acid substitutions in the MLD of ExoU decrease
cytotoxicity towards mammalian cells, disrupt localization to the plasma membrane, and reduce
bacterial virulence in mice (200). Two ExoU variants in this domain, ExoU-I609N and ExoU-
R661L, show opposing phenotypes with regard to activation by the cofactors ubiquitin and
PI(4,5)P2. ExoU-I609N is relatively insensitive to activation by ubiquitin, but in excess ubiquitin
conditions still becomes synergistically activated by PI(4,5)P2. In contrast, ExoU-R661L is
activated by ubiquitin but does not respond to the co-activator PI(4,5)P2(243). As previously
demonstrated (200), both of these MLD variants exhibited a significant decrease in cell lysis
compared to wild-type ExoU when expressed via transfection in HeLa cells (Figure 14A). For
these reasons, we decided to examine whether these amino acid residues played a role in
oligomerization.

Co-immunoprecipitation experiments using Flag- or GFP-tagged ExoU MLD variants
were performed. Both ExoU-S142A/1609N-Flag and ExoU-S142A/R661L-Flag were unable to
pull down their corresponding GFP-tagged versions (Figure 16A). Interestingly, the more slowly
migrating band was faint or absent with the I609N and R661L variants, indicating that like
V423F and V462F, these amino acid substitutions affected the di-ubiquitination of ExoU.
Nonetheless, these experiments show that in a cellular context, neither ExoU-I609N nor ExoU-
R661L are able to form stable complexes.

To test whether these proteins can form oligomers in vitro, purified recombinant ExoU-
[609N and ExoU-R661L were incubated with P1(4,5)P2 and then subjected to SEC-MALS

(Figure 16B and 16C). Both MLD variants individually eluted with calculated masses
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corresponding to monomers; however, pre-incubation with P1(4,5)P2 yielded different results. In
the presence of equimolar amounts of P1(4,5)P2, the majority of ExoU-R661L remained in
monomeric form, with a very small proportion eluting in a slightly earlier peak (Figure 16B).
The protein present in the peak had a calculated mass of approximately 115 kD, less than that of
an ExoU dimer, so it is unclear whether it is an unfolded or misfolded monomer, or if it is a
mixture of unstable dimers dissociating back into monomers. The proportion of protein in this
earlier peak increased when the protein to lipid ratio was increased to 1:5 (Figure 16B).
However, unlike the oligomeric peak observed with wild-type ExoU (Figure 9), these oligomers
eluted at a later time point in a sloping, broad peak with a calculated mass ranging from 150 kD
to 300 kD. These results suggest that the R661L substitution causes defects in ExoU
oligomerization, although the presence of excess P1(4,5)P2 may allow ExoU-R661L to form
smaller complexes in vitro.

Curiously, ExoU-I609N appeared to exist in multiple states when incubated with
equimolar amounts of P1(4,5)P2 (Figure 16C). A variable proportion of the protein remained as
monomers, while the rest eluted as higher-order oligomers. These oligomers eluted at different
times across the three experiments with variable calculated molar masses. This contrasts with
wild-type ExoU, which consistently formed oligomers with a mass of around 450 kD (Figure 9).
Unlike all of the previous ExoU variants tested, ExoU-I609N also had a tendency to form large
aggregates, as indicated by the peaks detected around 15 min after sample injection
(corresponding to the void volume of the column). This suggests that in the presence of
PI(4,5)P2, ExoU-1609N partially unfolds, resulting in a less globular conformation which

aggregates and that these changes may also block earlier steps in the oligomer-forming process.
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Figure 16: Substitutions in the MLD of ExoU affect oligomerization.

(A) ExoU containing catalytic (S142A) and MLD (I609N or R661L) substitutions were used
to determine whether ExoU complexes are disrupted. Co-immunoprecipitation experiments
show that Flag-tagged ExoU variants did not pull down GFP-tagged variants co-expressed in
HeLa cells. The upper bands, which represent di-ubiquitinated ExoU, were faint or absent in
the lanes containing the [609N or R661L variant proteins. a-Flag, antibodies against the Flag
tag; a-GFP, antibodies against the GFP tag. (B) Purified recombinant ExoU-R661L was
analyzed for oligomerization in the presence or absence of PI(4,5)P2 using SEC-MALS.
Samples containing a 1:1 (top) or 1:5 (bottom) ratio of protein to lipid were tested. (C) SEC-
MALS was performed on ExoU-1609N samples with or without equimoles of PI(4,5)P-.
Three separate sets of experiments are shown. Each row represents a pair of experiments
performed on the same day. ExoU-I609N plus PI(4,5)P2> demonstrated variable elution
profiles, which was not observed with the other ExoU variants.
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Although it is clear that the I609N substitution alters oligomerization, additional experiments
will be necessary to elucidate how and why these differing oligomeric states are formed.

One explanation for the preceding results is that the MLD variants of ExoU form unstable
oligomers or monomers during the course of immunoprecipitation or SEC-MALS. To examine
this possibility, we performed BS3 crosslinking experiments on samples containing ExoU-I609N
or ExoU-R661L. We reasoned that crosslinking might stabilize weak or transient interactions
that would not otherwise be observable by co-immunoprecipitation or SEC-MALS.

WT ExoU and the two MLD variants were incubated with PI(4,5)P2 at a 1:1 protein to
lipid ratio and crosslinked with BS3. Under these conditions, SDS polyacrylamide gels showed
that ExoU-I609N formed a banding pattern indistinguishable from that of wild-type ExoU
(Figure 17A). Slightly less prominent oligomeric bands were observed with crosslinked ExoU-
R661L plus PI(4,5)P2 as compared to WT ExoU. When the same samples were run through non-
denaturing BN-PAGE, a similar trend was observed. The oligomeric band was most prominent
in the WT ExoU-containing sample, followed by ExoU-I609N, and barely detectable with ExoU-
R661L. We then repeated these experiments using a 1:5 protein to lipid ratio. This time, no
reduction of higher-order oligomer bands was observed on SDS-PAGE gels with either ExoU
MLD variant (Figure 17B). Under non-denaturing conditions, excess PI(4,5)P2 appeared to
significantly increase the amount of oligomeric ExoU-I609N and ExoU-R661L, but as seen with
the SEC-MALS experiments, the distribution or range in size of these complexes may not
completely mimic WT oligomers (Figure 17B). These results suggest that ExoU-I609N and

ExoU-R661L form unstable oligomers in the presence of P1(4,5)Px.
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Taken together, our co-immunoprecipitation, SEC-MALS, and crosslinking experiments
show that an intact MLD is necessary for both cytotoxicity and normal PI(4,5)P2-mediated

oligomerization of ExoU.
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lipid were incubated with the crosslinker BS3, then run on SDS and BN polyacrylamide gels.

(B) Proteins were mixed with PI(4,5)P2 at a 1:5 molar ratio and crosslinked. Equal volumes

of samples were loaded and separated through SDS-PAGE (lef?) or BN-PAGE (right). Bands
were visualized by Coomassie Blue staining. kDa values for BN-PAGE refer to the molecular

weight of the proteins present in the marker, and only reflect relative migration, not accurate

masses of the bands.
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Truncated ExoU proteins exhibit intragenic complementation.

Finck-Barbangon and colleagues showed that specific non-cytotoxic ExoU truncation
variants could functionally complement each other and partially restore cell lysis following
expression by co-transfection (201). Since this phenomenon, referred to as intragenic
complementation, often implies protein multimerization (252-255), we attempted to verify this
hypothesis.

Truncated variants of the 687-amino-acid ExoU protein were generated. ExoU 100-687
lacks the N-terminal 99 amino acids, and ExoU 1-550 lacks the C-terminal 137 amino acids
(Figure 18A). When constructs expressing these truncated proteins were transfected individually
into HeLa cells, both induce cytotoxicity only slightly above background levels (Figure 18B).
However, co-transfection of constructs expressing ExoU 1-550 and ExoU 100-687 resulted in
69% cell lysis relative to wild-type ExoU, indicating that intragenic complementation occurred
with these ExoU truncations. Introducing the S142A catalytic substitution into the truncation
variants reduced cytotoxicity to background levels (Figure 18B), showing that cell lysis required
the phospholipase activity of ExoU and was not occurring by some other mechanism. These
results confirm that ExoU undergoes intragenic complementation following expression in HeLa
cells.

To determine whether intragenic complementation of ExoU also occurred in vitro, the
same truncated ExoU proteins were purified recombinantly and tested for phospholipase activity.
As with wild-type ExoU, ExoU 1-550 and ExoU 100-687 individually or in combination were
inactive when ubiquitin and PI(4,5)P2 were absent (Figure 18C). When ubiquitin was added,

wild-type ExoU caused substrate hydrolysis but the truncated variants, individually or in
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combination, did not. PI(4,5)P2 alone did not activate wild-type ExoU, the individual truncation
variants, or the combination of truncation variants, as no substrate hydrolysis was observed even
after 24 hrs (Appendix III). In concordance with previous studies (243), P1(4,5)P2 dramatically
enhanced the phospholipase activity of wild-type ExoU in the presence of ubiquitin (Figure
18C). However, the individual truncated proteins remained inactive despite incubation with
both cofactors. Finally, when ExoU 1-550 and ExoU 100-687 were together incubated with both
ubiquitin and PI(4,5)P2, phospholipase activity was restored (Figure 18C). Although substrate
hydrolysis by the combined truncation variants consistently lagged behind WT ExoU, they were
always able to achieve maximal phospholipase activity after longer incubation with both co-
factors and the substrate being cleaved. Interestingly, phospholipase activity resulting from
intragenic complementation of the truncation variants was higher than that of WT ExoU
incubated with ubiquitin alone (Figure 18C). Regardless, these results are consistent with those
from the HeLa cell cytotoxicity experiments, and show that the two known ExoU cofactors are
sufficient for mediating intragenic complementation of ExoU phospholipase activity in vitro.
Finally, we wished to examine whether ExoU 1-550 and ExoU 100-687 oligomerize, as
this would be a likely mechanism by which intragenic complementation occurs. Co-
immunoprecipitation experiments were performed following transfection of HeLa cells with
constructs expressing the same two ExoU truncation variants containing catalytic mutations to
prevent cell lysis. The more slowly migrating band was absent from the samples containing the
truncated proteins, indicating that the truncations affected the di-ubiquitination of ExoU. A faint
band was reproducibly observed when ExoU S142A/1-550-Flag was used to pull down ExoU-

S142A/100-687-GFP (Figure 19). To further demonstrate this interaction, the Flag- and GFP-
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epitope tags were swapped and the experiment was repeated. Again, a faint band was
reproducibly observed (Figure 19). The faintness of this band may be the result of lower affinity
interactions between truncated ExoU molecules relative to wild-type ExoU molecules.
Consistent with this explanation is that truncated ExoU variants also exhibited only partial
restoration of cytotoxicity and phospholipase activity. It may be possible that the di-
ubiquitinated population of ExoU forms more stable complexes and thus result in higher
cytotoxicity in cells, but in vitro all of the rExoU proteins are non-ubiquitinated so the difference
between WT ExoU and the phospholipase activity resulting from intragenic complementation is
somewhat less prominent (Figure 18B and 18C).

In summary, these results show that ExoU 1-550 and ExoU 100-687 form complexes
that exhibit intragenic complementation of both cytotoxicity and phospholipase activity in vitro.

Thus, oligomerization may have functional consequences and impact ExoU activity.
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Figure 18: ExoU truncations exhibit intragenic complementation.

(A) Schematic depiction of the ExoU truncation variants. The PLA2 domain is shown in red,
the MLD is shown in blue, and the chaperone-binding domain is shown in yellow (CBD). (B)
Cytotoxicity of the truncation variants ExoU 1-550 and ExoU 100-687 was quantified by LDH
release following expression by transfection into HeLa cells. Cell lysis was normalized to
LDH released from cells transfected with WT ExoU. "S" denotes S142A catalytic
substitution. (C) Phospholipase activity of each truncated ExoU variant alone (apo), with
ubiquitin (Ub), or supplemented with both ubiquitin and PI(4,5)P> (Ub/PIP2) was measured.
Hydrolysis of a synthetic phospholipid substrate was calculated after the indicated hours of
incubation. * indicates a significant increase (p <0.05) in cytotoxicity or substrate hydrolysis
as compared to either ExoU truncation variant alone. Values represent means from three
samples and error bars represent standard deviations.
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Figure 19: ExoU truncation variants oligomerize.

Co-immunoprecipitation experiments were performed to examine interactions between
truncated ExoU variants. The upper bands, which represent di-ubiquitinated ExoU, were
absent in the lanes containing the truncated variant proteins. a-Flag, antibodies against the
Flag tag; a-GFP, antibodies against the GFP tag. “S” denotes S142A catalytic substitution.
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CHAPTER THREE

DISCUSSION

ExoU is a major virulence determinant of P. aeruginosa and plays an important role in
the progression of infections caused by this bacterium. To efficiently lyse host cells, ExoU must
localize to the host cell plasma membrane and in the process interact with two different
cofactors. We have identified another aspect to the complex mechanism of action of this
phospholipase.

Summary of Findings

Upon interaction with PI(4,5)P2 and to a lesser extent PI(4)P, ExoU undergoes
oligomerization. Co-immunoprecipitation and SEC-MALS experiments with ExoU variants
harboring single amino acid substitutions indicated that although a-helix 15 and -strand 10 of
the linker region of the PLA> domain did not directly mediate oligomer formation, the MLD was
involved. Some of the same MLD residues critical for membrane localization also affected the
oligomerization of ExoU. Finally, we examined the functional implications of ExoU
oligomerization. We confirmed previous reports that truncated ExoU proteins exhibit intragenic
complementation in transfected cells. Intragenic complementation occurred in vitro and required
both cofactors, ubiquitin and PI(4,5)P2. Lastly, these truncated ExoU proteins formed
complexes, suggesting a mechanism by which the restoration of ExoU function occurred. Taken
together, our results indicate that ExoU undergoes oligomerization during intoxication of host

cells and suggest that this oligomerization may play a role in ExoU activity.



75

Oligomerization of phospholipases

Formation of oligomers is not unique to ExoU but is widespread among phospholipases.
Crystallization studies have shown oligomerization to occur with both bacterial and eukaryotic
phospholipases, including several PLA2 enzymes found in snake venom (256-258), PIdA of
Yersinia pseudotuberculosis (259), human pancreatic phospholipase A2 (260), and calcium-
independent cytosolic phospholipase A2 (261). PIdA is a phospholipase A that forms a
homodimer which requires Ca* ions for both catalytic activity and dimerization, and the crystal
structure showed those ions coordinated with residues from both monomer subunits (259). The
oligomers formed by phospholipases from the snake venom of different species vary in size,
forming dimers, trimers, or hexamers (256, 257, 262). Interestingly, the hexamer reported for
the PLA2 from Ophiophagus hannah consisted of three homodimers (256). While calcium ions
can mediate oligomerization of some venom PLA2 enzymes, carbohydrates have also been
shown to act as an inducing ligand (262, 263).

Our SEC-MALS results show that when ExoU is incubated with PI(4,5)P2 at a 1:1 ratio,
it consistently forms oligomers approximately 450 kD in size, corresponding to the molecular
mass of six ExoU molecules. However, the exact arrangement and conformation of individual

subunits within these complexes remains unknown.

Lipid-mediated oligomerization
Our results suggest that localization to the host cell plasma membrane, and in particular
to P1(4,5)P: in the inner leaflet of the plasma membrane, causes ExoU oligomerization. This

prediction is consistent with other proteins that undergo multimerization upon contact with
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membranes (264, 265). Similar to ExoU, the Ebola virus matrix protein VP40 binds P1(4,5)P2,
which triggers oligomerization at the plasma membrane (266). Phosphatidylinositol-specific
phospholipase C (PI-PLC) of Staphylococcus aureus interacts with phosphatidylcholine in
membranes, which causes dimerization (267). In contrast, Gag protein of HIV forms oligomers
in the cytosol, and these oligomers bind to PI(4,5)P2 at the plasma membrane, which induces
further assembly (268). ExoU is therefore another example of a microbial phospholipase that
uses host cell membrane contact as a signal to undergo multimerization.

PI(4,5)P2 may trigger conformational changes in an ExoU monomer that expose surfaces
capable of forming molecular interactions with other ExoU monomers. As recently suggested
(205), the a-helices of the four-helical bundle might unfold to facilitate inter-monomer
interactions between o-helices that replace intra-monomer interactions. Alternatively, MLD
binding to PI(4,5)P2 may simply serve to colocalize a number of ExoU molecules to the same
patch of membrane. PI(4,5)P2 molecules have been observed to cluster together in the inner
leaflet of the plasma membrane (269), and binding of multiple ExoU molecules to these
PI(4,5)P2-enriched patches of membranes could by itself cause the formation of tightly packed
ExoU complexes. A similar process has been described for the phosphatidylinositol-specific
phospholipase C (PI-PLC) of Listeria monocytogenes. This PI-PLC binds to anionic
phospholipids; when anionic phospholipids are concentrated, PI-PLC aggregates form and were
readily detected by OD3s0. When the anionic phospholipids are diluted with neutral lipids prior
to incubation with PI-PLC, these aggregates are not observed (270). It remains formally possible
that the early ExoU peak observed in the SEC-MALS experiments represents multiple ExoU

monomers bound to PI(4,5)P2 micelles, but with limited ExoU: ExoU intermolecular
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interactions. However, the absence of a visible precipitate or aggregate in the void of the column
and the intragenic complementation results (showing that a ExoU truncation variant lacking the

MLD could be complemented) argue against this interpretation.

Functional effects of oligomerization

Another important question is whether PI(4,5)P2-mediated ExoU oligomerization has
functional consequences. In other words, does oligomerization enhance the overall
phospholipase activity of ExoU? Two lines of reasoning suggest that this is the case. First,
ExoU undergoes intragenic complementation, which in many proteins has been associated with
catalytic cooperativity. We confirmed previous results (201) by showing that ExoU 1-550 and
ExoU 100-687 caused little cytotoxicity when individually expressed in HeLa cells but that cell
lysis was restored to nearly two-thirds of wild-type ExoU levels when constructs expressing
these variants were co-transfected into HeLa cells. We observed that the phospholipase activities
of these individual truncated ExoU proteins were partially restored in vitro following co-
incubation with PI(4,5)P2 and ubiquitin, demonstrating that these two factors are sufficient for
ExoU intragenic complementation.

A detailed structural explanation for intragenic complementation has been determined for
several proteins, such as [-galactosidase (271) and alkaline phosphatase (252) of Escherichia
coli. In these cases, the proteins have been shown to dimerize or oligomerize, and the formation
of these complexes induces cooperative interactions between the monomers that enhance
activity. Our finding that ExoU truncation variants co-immunoprecipitated when co-expressed in

HeLa cells suggests that a similar mechanism may occur with ExoU.
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Second, many examples of functional activation by oligomerization exist in both bacterial
and eukaryotic phospholipases. Multimerization of Staphylococcus aureus PI-PLC and E. coli
outer membrane phospholipase A is associated with enhanced activity (267, 272). In
mammalian cells, group VIa calcium-independent PLA2 (iPLA2) forms an oligomeric complex
of 270-350 kD (273). Splice variants of this phospholipase bound the full-length protein and
negatively regulated its activity during the late G1 and S phases of the cell cycle (274, 275). The
authors speculated that this reduction in activity was due to the disruption of active oligomers by
the inactive truncated forms of iPLA>.

Interestingly, protein complex formation can also act to inhibit phospholipase activity.
PlaB, a phospholipase A made by Legionella pneumophila, forms dimers and tetramers of low or
no activity, but upon dissociation into monomers this enzyme becomes highly active (276).
Many snake venom phospholipases oligomerize in such a way that the active sites are turned
inwards or buried inside the oligomer (257, 277). It is thought that this arrangement prevents or
reduces the ability of substrates to engage the active site, thus rendering the phospholipase
inactive. This could be a protective mechanism for the host, as it needs to store the venom
without suffering the negative effects of the phospholipases itself.

Our results suggest that PI(4,5)P2-mediated oligomerization likely contributes to the
enhancement of ExoU activity. However, more studies are needed to determine how PI1(4,5)P2
binding causes these quaternary structural changes, why these structural conformations increase
phospholipase activity, why ubiquitin is required for PI(4,5)P2 activation of ExoU, and in what

order these events occur inside the cell.
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Model of ExoU activity

Our results add to the overall mechanism by which ExoU intoxicates host cells (Figure
20). Within the P. aeruginosa bacterium, the N-terminus of ExoU is recognized by the SpcU
chaperone and the type III secretion apparatus to facilitate secretion and injection. Once in the
host cell cytosol, ExoU coopts a host cell trafficking system by using P1(4,5)P2 as a marker for
the inner leaflet of the plasma membrane. The MLD of ExoU binds to PI(4,5)P2 to juxtapose
ExoU against the membrane. These interactions cause conformational changes in ExoU that
facilitate oligomerization. PI(4)P is also capable of inducing ExoU oligomerization in vitro;
however, it is unclear whether PI(4)P contributes to this process inside cells. In the presence of
ubiquitin (or ubiquitinated proteins), PI(4,5)P2 enhances the phospholipase activity of ExoU.
This in turn leads to cleavage of plasma membrane phospholipids and eventually cell lysis.
Additional studies will be necessary to understand the functional role played by oligomerization

in these processes.
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Figure 20: A new model of ExoU activity

We propose this new model of ExoU activity based on the results from in vitro experiments.
ExoU is injected into the host cell through the T3SS. Following translocation, ExoU binds
PI(4,5)P: at the plasma membrane, where it then becomes oligomerized. Oligomerization may
occur in multiple steps, forming dimers before assembling into higher-order oligomers. ExoU
is then ubiquitinated, and this oligomeric form of ExoU causes rapid cell lysis. Both P1(4,5)P:
and PI(4)P are capable of inducing ExoU oligomerization in vitro (gray box). However, the
phospholipase A2 (PLA2) activity of ExoU requires addition of ubiquitin (Ub) or ubiquitinated
proteins (Ub-proteins).
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Future directions

A major question that is still unanswered is what portions of ExoU are necessary for
PI(4,5)P2-mediated oligomerization to occur. Our search for these amino acid residues had
mixed results. Based upon the assumption that ExoU oligomerization was an important step in
ExoU phospholipase activation, we focused on ExoU amino acid substitution variants that
showed defects in cytotoxicity and phospholipase activity. Substitution of select residues in the
linker region of the phospholipase domain resulted in decreased cytotoxicity towards HeLa cells
but did not abrogate PI(4,5)P2-mediated oligomerization. These findings indicate that this
portion of the phospholipase domain plays an important role in the enzymatic activity of ExoU
but that this role is distinct from oligomerization.

In contrast, substitutions of residues 1609 or R661 in the MLD did result in a defect in
oligomerization. R661 extends in a disordered loop between a-helix 24 and a-helix 25 of the
MLD four-helical bundle, which plays a critical role in the interaction between ExoU and
PI(4,5)P2. It was previously postulated that the positive charge of the side chain of the arginine at
residue 661 interacted with the negatively charged phosphate group of P1(4,5)P2 to facilitate the
interaction between these two molecules (210). Consistent with this hypothesis is that ExoU-
R661L did not exhibit enhanced activation in the presence of P1(4,5)P2 (243). It is therefore
likely that the R661L substitution disrupts oligomerization by preventing ExoU from recognizing
or interacting with PI1(4,5)P2 effectively. This is supported by the observation that high
concentrations of PI(4,5)P2 were able to induce oligomerization of ExoU-R661L. While SEC-
MALS showed that ExoU-R661L oligomers formed by excess PI(4,5)P> were smaller than those

formed by wild-type ExoU, the higher-order species captured by BS3 crosslinking were not
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significantly different. This suggests that the slowly-migrating bands on SDS-PAGE gels could
represent transient oligomers or an intermediate stage of oligomerization that both WT and
ExoU-R661L undergo, but only WT ExoU can form the ~450 kD oligomer required for optimal
activity.

PI(4,5)P2 can serve as a substrate for ExoU, meaning it must be able to bind the catalytic
pocket within the phospholipase domain of ExoU. We do not know which residues in this region
are required, nor if this is a high affinity lipid-protein interaction. However, it does leave open
the possibility that PI(4,5)P2-mediated oligomerization could be induced through two distinct
binding events. Our results with ExoU-R661L are still consistent with this hypothesis. Mutation
of one residue may only reduce oligomerization partially, but if the other PI(4,5)P2-binding sites
are also mutated, it is possible that oligomerization of ExoU-R661L would be completely
abrogated.

In contrast, ExoU-I609N was still activated by PI(4,5)P2 but less effectively than wild-
type ExoU (243). It was therefore unclear what impact this substitution would have on ExoU
oligomerization. We observed variability in SEC-MALS elution profiles of ExoU-I609N across
experiments. In each case, ExoU-I609N eluted as a monomer, but after incubation with
PI(4,5)P2, much of the protein eluted as a range of peaks. The elution time of each peak was
consistent with protein complexes smaller than those in the oligomer peak observed with wild-
type ExoU.

There are several possible explanations for these peaks. First, unlike the wild-type
protein, ExoU-I609N may become unstable or disordered when incubated with P1(4,5)P-.

Although circular dichroism experiments of ExoU-I609N (in the absence of PI(4,5)P2) revealed
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no gross differences in secondary structure compared to wild-type ExoU (200), the range of
oligomer peaks could reflect different degrees of protein unfolding in the presence of PI(4,5)Px.
Second, 1609 is within a-helix 22 of the four-helical bundle of the MLD (206), so it is possible
that this helix serves as a contact point between adjacent ExoU molecules. Mutation of 1609
may disrupt a subset of interactions within a large ExoU complex, and the importance of this
disruption may vary from complex to complex, resulting in the heterogeneity of oligomers in the
elution profiles we observed. Finally, ExoU molecules may normally undergo a step-wise
progression from monomers to dimers to larger oligomers. ExoU-I609N could slightly change
the conformation of ExoU, altering the spacing, rotation, or exposure of amino acid side chains
at surfaces required for progression of oligomerization, halting this process at different steps in
different complexes. Regardless of the mechanism, these results indicate that the specific
residues within the four-helical bundle of the MLD play critical roles in the ability of ExoU to
form oligomers.

In the future, we should not only identify which amino acid residues are necessary for
ExoU oligomerization, but also determine where the interface between ExoU molecules within
the oligomer are. These residues may not be the same. This is particularly important if multiple
amino acid residues bind PI1(4,5)P2 and are independently capable of inducing ExoU
oligomerization. Identifying which portions of ExoU interact with adjacent molecules within the
oligomer will allow construction of ExoU variants that maintain the ability to bind PI(4,5)P2 but
are incapable of oligomerization. This would separate the two different functions of P1(4,5)P2

and could in turn inform the role of oligomerization in phospholipase activity. Finally, the
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elucidation of ExoU: ExoU interfaces will allow for more targeted design of drugs that directly
interfere with ExoU oligomerization.

Given the rise in antibiotic resistance, the need for alternative treatments is undisputed.
One option is to develop drugs targeting virulence factors, but so far there has only been limited
success in developing new therapeutic drugs targeting ExoU. An obvious approach is to inhibit
the phospholipase activity of ExoU. While MAFP and HELSS were effective at inhibiting ExoU
activity (196, 197), they also inhibit mammalian phospholipases and would not be viable options.
A library screen of small molecule compounds identified a candidate, which was named
pseudolipasin A, that could inhibit phospholipase activity of ExoU similarly to MAFP but did
not affect endogenous cPLA:2 activity in bone marrow-derived macrophages (278). Another
research group identified arylsulfonamides as another class of molecules that can inhibit ExoU
cytotoxicity in yeast and mammalian cell lines (279). However, no studies testing these
compounds in animal models of infection have been published thus far.

Other options are to target downstream effects of ExoU phospholipase activity, such as
signaling pathways induced by arachidonic acid (AA) release. There is some evidence that
COX-2 inhibitors can improve survival of mice infected with ExoU-producing strains (280),
presumably by decreasing production of prostaglandins and eicosanoids from AA and reducing
the overall inflammatory response induced by ExoU. However, as with the phospholipase
inhibitors, drugs that target the host cell proteins, particularly those involving the immune
system, would likely have more significant adverse side effects. Thus, we believe targeting the

toxin itself is the better approach. By aiming to disrupt oligomerization of ExoU, we can
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diminish ExoU function indirectly, avoiding the issue of enzymatic activities that are conserved
across the prokaryotic and eukaryotic domains.

In conclusion, this dissertation has described work shedding new insight on the
mechanisms of ExoU function. We discovered that in addition to localization and co-activation
of ExoU, PI1(4,5)P: is capable of inducing oligomerization of ExoU. ExoU is a virulence factor
produced by P. aeruginosa that contributes to more severe disease in patients who are
hospitalized or have underlying chronic illnesses. Though many questions still remain, this
initial characterization of PI(4,5)P2-mediated oligomerization provides another feature of ExoU

that can be exploited in the race to develop better therapies against this important pathogen.
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CHAPTER FOUR

MATERIALS AND METHODS

Bacterial strains and plasmids

Chemically competent E. coli strains Top10 (Invitrogen, Carlsbad, CA) and XL10 Gold
(Stratagene, La Jolla, CA) were used in the cloning of mammalian expression vectors expressing
ExoU variants. Chemically competent E. coli BL21 bacteria (DE3, Invitrogen) were used for
bacterial expression and purification of ExoU protein. Unless otherwise stated, all bacteria were
grown in Luria-Bertani (LB) broth with 100 pg/mL ampicillin. exoU alleles were sub-cloned
into pcDNA3.1INT-GFP (Invitrogen), pEcoli-Cterm 6xHN (Clontech, Mountain View, CA), or
p3xFlag-CMV-7.1 (Sigma-Aldrich, St. Louis, MO). Specific strain genotypes and plasmid

characteristics are listed in Table 1.

Cloning of ExoU expression constructs

All cloning procedures used are based on standard protocols for traditional restriction
enzyme-based cloning. To generate pcDNA3.1 NT-GFP constructs for expression of ExoU
truncation variants in mammalian cells, exoU alleles were amplified with primers containing
Agel and Kpnl sites using high-fidelity DNA polymerases Pfu Ultra (Agilent Technologies,
Santa Clara, CA) or Phusion (New England BioLabs, Ipswich, MA), following the
manufacturers' instructions. PCR products were separated by electrophoresis through 1%
agarose gels and desired bands were excised and purified using the QIAquick Gel Extraction kit

(Qiagen, Valencia, CA). pcDNA3.1 NT-GFP and the PCR products both were digested with
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Agel and Kpnl enzymes for two hours at 37°C, then the QIAquick PCR Purification kit (Qiagen)
was used to remove contaminating nucleotides and enzymes. The resulting fragments were
mixed at a vector to insert molar ratio of 1:3, for a combined total of 100-200 ng DNA per 10 uL
reaction, and ligated using T4 DNA ligase (Invitrogen) for 20 mins at room temperature.
Transformation into Top10 E. coli was performed by gently adding 2 uL of the ligation reaction
directly to the bacteria, then incubating the mixture for 30 min on ice, 30-45 seconds at 42°C,
then 2 min on ice. Cells were allowed to recover for 1 hr in 250 uL SOC media (provided with
competent cells from Invitrogen) at 37°C. 50-150 uL was plated on LB plates supplemented
with ampicillin for selection of transformants. Colonies after overnight incubation were
screened for presence of the exoU gene using the AmpliTaq Gold (Thermo Fisher) or AccuStart
(VWR) PCR master mixes using manufacturer-provided protocols.

To generate p3xFlag CMV-7.1 ExoU constructs, exoU alleles carrying the indicated
mutations were PCR amplified from their corresponding pcDNA3.1 NT-GFP plasmids with
primers harboring Notl and Kpnl sites. Both vector and PCR insert were digested with Notl and
Kpnl, and otherwise the same protocol for pcDNA3.1 NT-GFP cloning used.

Protein purification constructs were generated by subcloning exoU alleles from the
corresponding mammalian vectors into pEcoli-Cterm-6xHN using the same approach, except
with primers containing HindIII and Notl sites and digesting with the respective restriction
enzymes. Primers used for generating expression plasmids are listed in Table 2. All constructs

were sequence verified by the Northwestern Sequencing Core Facility.
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Protein purification

Recombinant 6xHN-tagged ExoU protein was purified using an optimized version of a
protocol previously described (243). BL21 (DE3) bacteria harboring the desired ExoU
purification constructs were grown in 10 mL of LB media overnight at 37°C, then sub-cultured
into 1 L of TPM (20 g tryptone, 15 g yeast extract, 8 g NaCl, 2 g Na2HPOs, and 1 g KH2POs4, per
liter) supplemented with ampicillin (100 pg/mL). The subculture was grown to an ODeoo of 0.6-
0.8 at 30°C. Subsequently, the bacteria were induced with isopropyl beta-D-
thiogalactopyranoside (0.25 mM) incubated at 16°C. After overnight induction, cells were
centrifuged at 6340 x g for 15-20 minutes, then resuspended in 100 mL of pre-chilled
lysis/loading buffer: 10 mM Tris (pH 8.3), 500 mM NacCl, and 5 mM beta-mercaptoethanol
containing cOmplete Mini EDTA-free Protease Inhibitor Tablets (Roche Applied Science,
Indianapolis, IN). Bacteria were lysed by sonication for 10 mins (10-second pulses with 10-
second pauses after each pulse) on ice at an amplitude of 60% using a Q500 Sonicator equipped
with a 2-inch probe (Qsonica, Newton, CT). Lysates were then centrifuged at 17600 x g to
remove insoluble debris.

Proteins was purified from the cleared lysates using an Akta protein purification system
with a 5 mL HisTrap FF nickel column connected to a HiPrep 26/60 Superdex 200 gel filtration
column (GE Healthcare Life Sciences, Marlborough, MA). Proteins were eluted from the
HisTrap nickel column using an elution buffer containing 10 mM Tris (pH 8.3), 500 mM NaCl,
and 500 mM imidazole. The gel filtration buffer used was 10 mM Tris (pH 8.3), 500 mM NaCl,
and 5 mM beta-mercaptoethanol. All steps were performed at 4°C. Eluted fractions containing

ExoU were pooled and concentrated using Vivaspin centrifugal concentrators (GE Healthcare)
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per manufacturer instructions. Purified ExoU was run on 10% SDS-polyacrylamide gels and
stained with SimplyBlue SafeStain (Invitrogen) to determine purity. Aliquots of protein were

flash frozen and stored at -80°C for future use.

Cell culture and transfections

HeLa cells (ATCC) were grown in Minimum Essential Medium (Corning, Corning, NY)
supplemented with 10% heat-inactivated fetal bovine serum (Gemini Bio Products, West
Sacramento, CA or Gibco, Gaithersburg, MD) and incubated at 37°C with 5% COaz. Cells were
passaged every 2-3 days to maintain approximately 60-90% confluency.

HeLa cells were transfected with the indicated plasmids using X-tremeGENE 9 (Roche)
at a 6:1 ratio following the manufacturer's instructions. For lactate dehydrogenase release
assays, HeLa cells were seeded at 5x10* cells/well in 24-well plates and allowed to grow
overnight pre-transfection. For each well, a transfection mixture containing 1.5 pL of
transfection reagent, 25 pL of serum free Minimal Essential Medium (Corning), and 250 ng of
each plasmid was prepared and incubated at room temperature for 30-45 min. Mixtures were
then added dropwise to cells that were newly replenished with fresh media. For co-
immunoprecipitation experiments, HeLa cells were seeded at approximately 2x10° cells per 100
mm dish one day prior to transfection. For each dish, 36 puL of transfection reagent was added to
600 pL of serum free medium, then incubated with 6 pg of each plasmid before adding dropwise

to cells.
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Co-immunoprecipitation and Western blotting

Co-immunoprecipitation was performed 48-72 hr after transfection of HeLa cells. Cells
were detached from the plates by mechanical scraping or trypsinization and washed in pre-
chilled phosphate buffered saline (PBS) three times. Cells were then resuspended in 500 uL of
the following lysis buffer: 50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100 supplemented with a cOmplete Mini Protease Inhibitor Tablet (Roche). After 30 min of
rotation at 4°C, cells were further lysed by mechanical shearing through a 27-gauge needle.
Lysates were cleared by centrifugation at 18000 x g for 15 mins. Immunoprecipitation was
performed using ANTI-FLAG M2 affinity resin (Sigma) as recommended in instruction manual.
Briefly, affinity resin was rinsed with IP wash buffer (50 mM Tris-HCI [pH 7.4], 150 mM NacCl)
three times then mixed with the cleared cell lysate, rotating at 4°C. After two hours of
incubation, resin was washed five times with IP wash buffer to remove unbound proteins.
Bound complexes were then eluted by incubating the resin with 150 uL of a 3X FLAG peptide
stock solution (150 ng/uL in IP wash buffer, Sigma) for 1 hr, rotating at 4°C.

A total of 50 pL of cell lysates (10% v/v of input) and 50 pL of eluates were run on 10%
SDS-polyacrylamide gels for 1-1.5 hr at 100 V. Proteins were then transferred to nitrocellulose
membranes for 1 hr at 250 mA using the semi-dry Trans-Blot system (Bio-Rad, Hercules, CA).
Membranes were blocked for at least 1 hr with 5% powdered milk in PBS (blocking buffer).
Western blotting was performed using a rabbit anti-Flag antibody (Sigma, 1:2500) and rabbit
anti-GFP (Invitrogen, 1:1250) or Living Colors JL-8 mouse antibody (Clontech, 1:1250) for
detection of GFP. Primary antibodies were diluted in blocking buffer containing 0.1% Tween-20

and incubated with nitrocellulose membranes for 2-24 hours, then washed three times with PBS-
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T (0.1% Tween-20 in PBS). Detection of primary antibodies was achieved using secondary
antibodies IRdye 680LT goat anti-rabbit IgG (LI-COR, Lincoln, NE) and IRdye 800CW goat
anti-mouse (LI-COR) that were diluted 1:4000 in blocking buffer containing 0.1% Tween-20.
After a 1 hr incubation with secondary antibodies, membranes were washed three times with
PBS-T. Images of the blots were acquired through the 700 nm and 800 nm channels (2 minutes

each) using the ImageStudio 3.0 software with the LI-COR Odyssey Fc imaging system.

Lipid Preparation

The phospholipids PI1(4)P, PI(3,5)P2, PI(4,5)P2 ,and PC (Avanti Polar Lipids, Alabaster,
AL) were dissolved in chloroform, and aliquots were taken from these stocks and dried under a
steady N2 stream in glass tubes. The lipid film was then dried further under vacuum for 15 min
to ensure complete evaporation of chloroform. Lipids were resuspended in the same buffers that
were used for dialysis of ExoU proteins in each experiment. Each lipid suspension was vortexed
repeatedly at room temperature, then sonicated at 20% amplitude with 10-second pulses
followed by a 50-second pause after each pulse. Suspensions were sonicated for five pulses each

or until the solution was clear using the Q500 sonicator with a 1/16” microtip probe (QSonica).

Size-exclusion chromatography/multi-angle light scattering (SEC-MALS)
PI(4)P, PI(3,5)P2, P1(4,5)P2 ,and PC (Avanti Polar Lipids) were individually reconstituted
ina 10 mM Tris (pH 7.5), 100 mM NaCl buffer as described above . Purified rExoU or its

variants were dialyzed in 1 L of the same buffer for at least 1 hr prior to preparation of samples.
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ExoU proteins were mixed with either lipids or bovine monoubiquitin (Sigma) at a 1:1 molar
ratio unless otherwise indicated in the graph. 250-300 uL of each sample was prepared.

SEC-MALS was performed on each sample after overnight incubation on ice. At least
400 pg of each sample was injected and run at a flow rate of 0.5 mL/min on a Superdex 200
10/300 GL column (GE Healthcare) for size exclusion coupled with a Wyatt DAWN HELEOS II
multi-angle light scattering detector and Wyatt T-rEx differential refractive index detector
(Wyatt Technology Corp, Santa Barbara, CA). Columns were pre-equilibrated overnight in 10
mM Tris (pH 7.5) and 100 mM NaCl, and a dn/dc of 0.194 was determined in this buffer.

Bovine serum albumin (Sigma-Aldrich) was used for calibration.

Data was collected for 60 min following sample injection using the ChemStation
software package (Agilent). SEC-MALS was performed on at least two independent samples for
each condition; however, only experimental runs performed on the same day were analyzed and
presented together. All calculations and data analysis was performed using the standard default

settings included in the ASTRA software (version 5.3.4.19, Wyatt).

Blue-native gel electrophoresis
For the experiment determining whether ubiquitin formed complexes with ExoU,
samples containing either purified ExoU alone or with bovine mono-ubiquitin (Sigma) were
prepared using equal volumes of individual 20 uM protein stocks in 20 mM HEPES (pH 7.5) and
100 mM KCI. Samples were incubated overnight on ice prior to electrophoresis.
For all BN-PAGE experiments, equal volumes of each sample were examined using the

Invitrogen BN-PAGE system. NativePAGE Novex gels (4-16% Bis-Tris) were run at a constant
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voltage (150 V) at room temperature for 2 hr using pre-chilled buffers prepared per manufacturer
instructions. The running buffer consisted of 50 mM BisTris and 50 mM Tricine, pH 6.8. Light

blue cathode buffer (running buffer containing 0.002% G-250) was chosen for these experiments
as these were non-detergent samples. Gels were subsequently stained with SimplyBlue

SafeStain (Invitrogen) and washed overnight in dH20.

Crosslinking

Purified recombinant ExoU, ExoU variants, and bovine mono-ubiquitin (Sigma) were
dialyzed in 20 mM HEPES, 100 mM KCI, pH 7.5 for 1-2 hr at 4°C. PI1(4,5)P2, PI(4)P, PI(3,5)P2,
and PC (Avanti Polar Lipids) were reconstituted in the same buffer, and samples were prepared
by mixing 20 uM of rExoU proteins with each of the ligands at a molar ratio of 1:5 unless
otherwise indicated. After overnight incubation, samples were crosslinked with
bis(sulfosuccinimidyl)suberate (BS3, Thermo Scientific, Rockford, IL) at a final crosslinker
concentration of 250 mM for 2 hr on ice, then quenched with 1M Tris, pH 7.5 for 15 min at room
temperature. Samples were electrophoresed through SDS or BN polyacrylamide gels and stained

with SimplyBlue SafeStain (Invitrogen) for visualization of proteins.

Lactate dehydrogenase release assays
Lactate dehydrogenase (LDH) release was measured using the CytoTox96 Non-
radioactive Cytotoxicity Assay Kit (Promega, Madison, WI) following manufacturer’s
instructions. Approximately 20-24 hr after transfection with the indicated plasmids, 100 puL of

supernatant was removed from each well and centrifuged in a 96-well V-bottom plate at 250 x g
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for five minutes to pellet any detached cells. 50 uL of cleared supernatant was then added to 50
pL of substrate and incubated for 30 min in the dark at room temperature. After addition of 50
pL of Stop solution, A490 was measured. All conditions were performed in triplicate. After

subtracting values from negative controls (untransfected cells), results were reported as a cell

lysis normalized to LDH release from cells transfected with wild-type ExoU (WT set as 100%).

Phospholipase activity assays

Phospholipase activity of purified ExoU proteins was assessed using a commercial
cPLA: assay kit (Cayman Chemical, Ann Arbor, MI) based on the manufacturer’s instructions
and protocols described previously (210, 243). Samples containing ExoU proteins, with or
without ubiquitin and/or P1(4,5)P2, were prepared at equimolar ratios and incubated overnight on
ice. The final reaction mixture for each sample contained 200 pL of a 1.5 mM stock substrate
(arachidonoyl thio-phosphatidylcholine), 10 uL of 25 mM DTNB (5,5°-dithio-bis (2-
nitrobenzoic acid), and 20 uL of the sample being tested.

Absorbance (A40s) was measured after addition of substrate at the times indicated.
Background absorbance (measured from wells containing the substrate and DTNB only) was
subtracted from all values obtained. Substrate hydrolysis (in units of nmol per nmol of ExoU)
was calculated using the equation A40s/10.00 % 0.230 mL/nmol of where 10.00 is the pathlength-
adjusted extinction coefficient of DTNB and 0.230 mL is the reaction volume. The final
reactions contained 100 pmol of each ExoU variant per well. Each experimental condition was

tested in triplicate.
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Statistics
For LDH release assays, a Student’s ¢ test was used to make two-sample comparisons
between each ExoU variant and wild type ExoU, or between co-expression of truncated variants
and each single truncation transfection. For phospholipase assays, Student’s ¢ tests were used to
make two-sample comparisons between each ExoU variant and wild-type ExoU, or between co-
incubated truncated variants and each truncation alone at the same time point. A p value < 0.05

was considered significant.
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Bacterial Strains

Name Description Reference
Tet" A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 Stratagene
XL10 Gold endAl supE44 thi-1 recAl gyrA96 relAl lac Hte
[F' proAB lacl® ZAM15 Tnl0 (Tet") Amy Cam']
F- merA A(mrr-hsdRMS-mcrBC) ¢80lacZAMI15 Invitrogen
Top10 AlacX74 recAl araD139 A(ara-leu)7697 galU
galK rpsL (StrR) endA1 nupG
BL21 (DE3) F-ompT hsdSs (r8-ms-) gal dcm (DE3) Invitrogen
Plasmids
Name Description Reference
pcDNA3.1 NT-GFP for expression in mammalian cells; N-terminal GFP | Invitrogen
tag
p3xFLAG-CMV-7.1 for expression in mammalian cells; N-terminal Sigma-
3xFlag tag Aldrich
pEcoli-Cterm 6xHN for purification from E. coli; C-terminal 6xHN tag | Clontech
pcDNA3.1 NT-GFP ExoU | for expression of wild-type ExoU-GFP (198)
pcDNA3.1 NT-GFP for expression of ExoU-GFP with S142A (198)
S142A substitution
pcDNA3.1 NT-GFP for expression of ExoU-GFP with V423F (251)
V423F substitution
pcDNA3.1 NT-GFP for expression of ExoU-GFP with V462F (251)
V462F substitution
pcDNA3.1 NT-GFP for expression of ExoU-GFP with I609N (200)
[1609N substitution
pcDNA3.1 NT-GFP for expression of ExoU-GFP with R661L (200)
R661L substitution
pcDNA3.1 NT-GFP for expression of ExoU-GFP with S142A and (251)

S142A/V423F

V423F substitutions
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pcDNA3.1 NT-GFP for expression of ExoU-GFP with S142A and (251)
S142A/V462F V462F substitutions

pcDNA3.1 NT-GFP for expression of ExoU-GFP with S142A and (200)
S142A/1609N I609N substitutions

pcDNA3.1 NT-GFP for expression of ExoU-GFP with S142A and (200)
S142A/R661L R661L substitutions

pcDNA3.1 NT-GFP for expression of ExoU 1-550 GFP with S142A This study
S142A/1-550 substitution

pcDNA3.1 NT-GFP for expression of ExoU 100-687 GFP with S142A | This study
S142A/100-687 substitution

p3xFLAG-CMV-7.1 for expression of wild-type ExoU-FLAG (251)
ExoU

p3xFLAG-CMV-7.1 for expression of ExoU-FLAG with S142A (251)
S142A substitution

p3xFLAG-CMV-7.1 for expression of ExoU-FLAG with S142A and This study
S142A/V423F V423F substitutions

p3xFLAG-CMV-7.1 for expression of ExoU-FLAG with S142A and This study
S142A/V462F V462F substitutions

p3xFLAG-CMV-7.1 for expression of ExoU-FLAG with S142A and This study
S142A/1609N I609N substitutions

p3xFLAG-CMV-7.1 for expression of ExoU-FLAG with S142A and This study
S142A/R661L R661L substitutions

p3xFLAG-CMV-7.1 1- for expression of ExoU 1-550 FLAG *

550

p3xFLAG-CMV-7.1 100- | for expression of ExoU 100-687 FLAG (251)

687

p3xFLAG-CMV-7.1 for expression of ExoU 1-550 FLAG with S142A This study
S142A/1-550 substitution

p3xFLAG-CMV-7.1 for expression of ExoU 100-687 FLAG with S142A | This study
S142A/100-687 substitution

pEcoli-Cterm 6xHN for purification of ExoU (200)
ExoU

pEcoli-Cterm 6xHN for purification of ExoU with S142A substitution (200)
S142A

pEcoli-Cterm 6xHN for purification of ExoU with V423F substitution (251)
V423F

pEcoli-Cterm 6xHN for purification of ExoU with V462F substitution (251)

V462F
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pEcoli-Cterm 6xHN for purification of ExoU with I609N substitution (200)
1609N

pEcoli-Cterm 6xHN for purification of ExoU with R661L substitution (200)
R661L

pEcoli-Cterm 6xHN 1- for purification of ExoU 1-550 *x

550

pEcoli-Cterm 6xHN 100- | for purification of ExoU 100-687 This study

687

* Unpublished, generated by Jeffrey Veesenmeyer
** Unpublished, generated by Gregory Tyson
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For generation of pcDNA3.1 NT-GFP and p3XFLAG-CMV7.1 constructs

Name

Primer Sequence

5' Agel ExoU

S'-AAAACCGGTACATATCCAATCGTTGG-3'

5" Agel ExoU 100

5S'-AAAACCGGTACGGCCACCATTGACCAGTCTG-3'

3' Kpnl ExoU 550

5'-AAAGGTACCTCACGCATCGAGTCGC-3'

3' Kpnl ExoU 687

5'-AAAGGTACCTCATGTGAACTCCTTATTCC-3'

5' Notl ExoU

5'-AAAGCGGCCGCAATGCATATCCAATCGTTGGGG-3'

5' Notl ExoU 100

5'-AAAGCGGCCGCAATGCGGCCACCATTGACCAGT-3'

For generation of pEcoli-Cterm 6xHN constructs

Name

Primer Sequence

5' HindIII ExoU 100

5S'-AAAAAGCTTATGCGGCCACCATTGACCAGTCTG-3'

3' Notl ExoU 687

5'-AAAGCGGCCGCCTGTGAACTCCTTATTCCG-3'
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ExoU oligomerization is not observed with excess ubiquitin.

Samples containing differing ratios of ExoU to its cofactor ubiquitin (Ub) were examined for
oligomerization. rExoU and Ub were mixed at molar ratios of 1:4 or 1:10 and assessed by
SEC-MALS. The early peak corresponds to a molecular mass of approximately 75 kD
(rExoU), and the later peak corresponds to a molecular mass of 8 kD (Ub). At least two
independent samples were analyzed and a representative elution profile is shown. Normalized
absorbance at 280 nm (A280) is graphed.
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Appendix 11

—ExoU +PI(4,5)P2 (4:1)
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PI(4,5)P;-mediated ExoU oligomerization is dose-dependent.

SEC-MALS was performed on samples containing the indicated ratios of rExoU to PI(4,5)Px.
At least two independent samples were analyzed and a representative elution profile is shown.
Normalized absorbance at 280 nm (A280) is graphed
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ExoU variant

Ubiquitin or PI(4,5)P; alone are unable to mediate intragenic complementation.

Phospholipase activity of each truncated ExoU variant alone (apo), with ubiquitin (Ub),with
PI(4,5)P2 (PIP2), or supplemented with both ubiquitin and PI(4,5)P2 (Ub/PIP2) was measured.
Hydrolysis of a synthetic phospholipid substrate was calculated after 24 hours of incubation.
Values represent means from three samples and error bars represent standard deviations.
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Appendix IV
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SEC-MALS on BS3-crosslinked ExoU samples.

Samples containing rExoU alone or with equimolar ratios of its cofactors ubiquitin (Ub) and
phosphatidylinositol 4,5-bisphosphate (PIP2) were crosslinked with BS3 then assessed by
SEC-MALS. The elution profile from a preliminary experiment is shown. Normalized
absorbance at 280 nm (A280, solid line) and molar mass (dotted line) are graphed.
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Appendix V

—G286W

—G286W + PI(4,5)P2

0.0 -+

The G286W substitution in the PLA; domain does not disrupt oligomerization.

Samples containing either purified rExoU-G286W alone or preincubated with an equimolar
ratio of PI(4,5)P2 were assessed by SEC-MALS. The elution profile from a preliminary
experiment is shown. Normalized absorbance at 280 nm (A280, solid line) and molar mass

(dotted line) are graphed.
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