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POSSIBLE ROLES OF CYSTEINE RESIDUES IN THE STRUCTURE AND  

 

FUNCTION OF EXOENZYME Y FROM PSEUDOMONAS AERUGINOSA 

 

Thesis Abstract – Idaho State University – 2016 

 

 

 Pseudomonas aeruginosa is an opportunistic human pathogen responsible for 

many nosocomial infections of immune-compromised patients and is often multi-drug 

resistant. During infection, ExoY has been associated with penetration of epithelial 

barriers and inhibition of phagocytosis. Unlike similar bacterial toxins with adenylyl 

cyclase activity, ExoY is not activated by calmodulin and contains 5 cysteine residues. 

Cysteines are highly conserved and may fill a variety of roles within a protein, such as 

structural disulfide formation, catalytic participation and/or metal ion coordination. 

Cysteines at positions 331 and 345 were determined to have significant roles in structure 

and function, along with position 100 to a lesser degree. Residue 279 appears necessary 

for function alone, and residue 205 does not have a role identified by this research. 

Finally, F-actin was validated as an activator of ExoY adenylyl cyclase activity. This 

research serves to broaden the understanding of ExoY’s mechanism of action during 

infection. 
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HYPOTHESIS AND SPECIFIC AIMS 

 

 

I hypothesized that the 5 cysteine residues in ExoY, a promiscuous adenylyl 

cyclase from Pseudomonas aeruginosa, are present in the protein’s primary structure 

because they are required for cAMP production during infection of eukaryotic cells. 

Possible functions may include structural disulfide formation, catalytic participation or 

metal ion coordination. To test this hypothesis, I propose 4 aims: First, to generate 

cysteine-to-serine mutations for each of the 5 residues of interest from an existing ExoY 

clone. Second, I will evaluate the circular dichroism spectra of each mutant in an attempt 

to identify possible structural functions of each cysteine residue in the ExoY protein. 

Third, I aim to use an enzyme-linked immunoassay to determine the adenylyl cyclase 

activity of each mutated ExoY. Fourth and finally, recent research has identified F-actin 

as an activator or ExoY activity and I will use the same immunoassay to evaluate this 

possibility. 
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CHAPTER I: INTRODUCTION 

 

 

General Characteristics 

 

Pseudomonas aeruginosa is a ubiquitous, Gram-negative, motile bacillus and is 

the type species for its genus
1
. Originally identified by its blue-green growth due to 

production of the pigments pyocyanin
2
 and pyoverdine

3
, it successfully grows on 

Simmons citrate agar and tests positive in urea hydrolysis , catalase and oxidase tests. 

Production of 2-aminoacetophenone is responsible for a distinct grape-like scent that is 

still considered an identifying trait
4,5

.  Found in soil
6
, water

7
 and often human body flora

8
, 

the species is well equipped to survive in a wide variety of environments. It is a 

facultative anaerobe that can use nitrate as a terminal electron acceptor
9
, and it can also 

ferment arginine
10

 and pyruvate
11

 in the absence of preferred nutrients. P. aeruginosa has 

even been shown to degrade crude oil and gasoline in hydrocarbon-polluted sites
12,13

. 

Indeed, P. aeruginosa’s production of rhamnolipids has been utilized in a variety of 

bioremediation projects where they are exploited as powerful biosurfactants
14–16

. To 

facilitate such metabolic versatility, P. aeruginosa harbors a relatively large genome 

(~6.3Mbp)
17

 compared to other common bacteria such as Bacillus subtilis (~4.2Mbp)
18

 

and Escherichia coli (~5.5Mbp)
19

. In the P. aeruginosa lab strain, PAO1, this includes 

5,572 annotated open reading frames that provide for a variety of metabolic pathways in 

addition to a plethora of virulence factors and antimicrobial resistance mechanisms
20,21

. 
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Clinical Significance 

 

P. aeruginosa is an opportunistic pathogen responsible for a significant portion of 

nosocomial infections. Able to colonize incredibly nutrient-poor environments, P. 

aeruginosa can be rapidly spread among patients by hospital staff from a variety of 

reservoirs
22

. For example, P. aeruginosa is capable of colonizing sink drains and is then 

aerosolized during hand-washing, recontaminating hospital personnel in spite of proper 

procedure
23

. Of particular concern for immune-compromised patients, this organism is 

responsible for infection of burn wounds
24–26 

and colonization of medical equipment
27

 

such as urinary catheters
28

 and the endotracheal tubes of mechanical ventilators
29,30

. 

Chronic infection by P. aeruginosa is very common in patients with cystic fibrosis and 

causes a significant increase in morbidity and mortality for those with this disease
31–33

. 

Hospital-acquired, systemic bacteremia is also a large concern
34,35

. Further complicating 

treatment of these infections, P. aeruginosa is often multidrug-resistant
36,37

 and can also 

rapidly develop or acquire further resistances when exposed to antimicrobial 

treatment
38,39

. Study of the mechanisms through which P. aeruginosa establishes 

infection and so efficiently resists antimicrobial agents will hopefully allow discovery or 

creation of more effective methods to control its growth.  

 

Antibiotics  

Beta-lactams 

Beta-lactam antibiotics are a large class of antimicrobial agents united by the 

inclusion of a beta-lactam ring within their molecular structure. Divided into four groups 

based on their superstructure and spectrum of action, they are as follows: penicillins, 

cephalosporins, monobactams and carbapenems. Each of these groups inhibits specific 
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penicillin-binding proteins (PBPs) present in the target cell. PBPs are generally enzymes 

involved in cell wall synthesis, such as transpeptidases, or are somehow involved in 

bacterial cell growth
40,41

. Their inhibition results in lysis of the affected cell making 

penicillins bactericidal to target organisms
42

. Most penicillins and cephalosporins, with 

notable exceptions, are specific to Gram-positive bacteria. The penicillins piperacillin
43

 

and carbenicillin
44

, as well as some third- and fourth-generation cephalosporins
45,46

, are 

considered “broad spectrum” and can act against Gram-negative bacteria, including P. 

aeruginosa. The monobactam aztreonam
47

 and carbapenems like doripenem
48

 and 

imipenem
49

 are able to target PBPs and induce lysis in susceptible P. aeruginosa strains.   

 

Aminoglycosides 

Beginning with the discovery of streptomycin in 1944
50

, aminoglycosides have 

been widely used to combat infections caused by aerobic, Gram-negative bacilli, 

including P. aeruginosa. These antimicrobials are divided into two general groups based 

on their origin. Drugs with a –mycin suffix are derived from the genus Streptomyces, 

while those with the –micin suffix are produced by Micromonospora. Most 

aminoglycosides are naturally occurring in their respective genera, though amikacin
51

 and 

netilmicin
52

 are examples of synthetically modified versions of their natural compatriots. 

Common structural features of all aminoglycosides include several modified sugars 

glycosidically linked to a dibasic cyclitol
53

. Unlike beta-lactams, aminoglycosides are 

generally too large to enter a target cell through porin channels and must be actively 

transported across the membrane
54

. Once in the cytoplasm, all aminoglycosides act by 

specifically and irreversibly binding various sites on the bacterial 16S rRNA of the 30S 
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ribosomal subunit. This inhibits proper assembly of the complete ribosome, interfering 

with translational proofreading and causing production of nonsense proteins
55,56

. The 

subsequent lack of proper protein synthesis leads to cell death, making this class of 

antibiotics bactericidal.  

 

Quinolones 

The original quinolone, 1,8-naphthyridine or nalidixic acid, was limited in use to 

Gram-negative infections of the urinary tract
57

. However, this class of antibiotics has 

been greatly expanded through modification and addition of various structural elements. 

Addition of a piperazine ring conferred activity against P. aeruginosa, while fluorination 

at the 6-position along with additional modifications allowed expansion of the quinolones 

(or fluoroquinolones) to affect Gram-positive bacteria
58

. The target of all quinolones is 

bacterial topoisomerases. Under normal conditions, topoisomerases relieve positive 

supercoiling that occurs ahead of DNA helicase during DNA replication and transcription 

and introduce or remove catenation (two interlocked circles of DNA)
59,60

. They first 

create a double-stranded break in the supercoiled DNA, pass another strand through the 

break, and then seal the gap. However upon introduction, a quinolone antibiotic will bind 

a target topoisomerase, inhibiting re-ligation of the cleaved strands and keeping the 

enzyme stuck in complex with its DNA substrate
61,62

. Cell death occurs due to 

fragmentation of the genome caused by this interruption of a topoisomerase halfway 

through its enzymatic action
63

.  
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Antibiotic Resistance Mechanisms 

Reduced Permeability – Efflux Pump and Porin Regulation 

One of the most broadly effective mechanisms by which P. aeruginosa resists 

antibiotics is an array of efflux pumps. These transmembrane protein constructs 

efficiently extrude antibiotics that have entered the cell via a drug-proton antiporter 

mechanism, reducing the effective membrane permeability of affected molecules
64

. 

While multiple efflux systems have been identified in P. aeruginosa
65

, the MexAB-OprM 

system is expressed constitutively in all lab and clinical strains
66

 and is responsible for a 

broad range of intrinsic resistances. This range includes large groups of beta-lactams and 

quinolones, while aminoglycoside resistance is due to another efflux system, MexXY-

OprM
67,68

. The MexAB-OprM system is expressed at basal levels under standard 

conditions due to a repressor, MexR
69

. However, upon exposure to an antibiotic agent, P. 

aeruginosa strains with elevated MexAB-OprM expression are rapidly selected for
39,70

. 

Naturally, mexR, is often the target of mutations that prevent MexR function and allow 

such overexpression of the efflux system
71

. 

While many antibiotics can be exported from the cell, some can simply be 

prevented from entering in the first place. OprD, previously known as Protein D2, is a 

porin that allows diffusion of basic amino acids and short peptides that contain them 

through P. aeruginosa’s notoriously low-permeability outer membrane
72

. Imipinem is a 

carbapenem beta-lactam antibiotic commonly relied upon to treat P. aeruginosa 

infections and is able to diffuse through the OprD porin by utilizing basic amino acid 

binding sites within the channel
73,74

. However, strains containing mutations within the 

OprD coding or promoter regions are rapidly selected for upon antibiotic introduction, 
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reducing OprD expression
75,76

. Additionally, OprD appears to be coregulated with yet 

another efflux operon, mexEF-oprN, by MexT, a transcriptional regulator that represses 

OprD while activating expression of MexEF-OprN
77

. Such connectivity amongst 

resistance mechanisms highlights the intricacy of P. aeruginosa’s ability to mount 

significant defenses against single or multiple antibiotics. 

 

Effector Modification - Beta-lactamases 

  P. aeruginosa resists a large number of antibiotics intrinsically through the 

inducible beta-lactamase, AmpC. A broad range of beta-lactamases exist that are 

categorized based on their target spectrum, but each acts by cleaving the beta-lactam ring 

that is common to all beta-lactam antibiotics. Under normal conditions, AmpC is 

produced at low levels and is regulated by an activator, ampR, as well as a repressor, 

ampD
78

. Spontaneous point mutations in one of both of these regulator genes can result in 

hyperexpression of the AmpC beta-lactamase
79,80

. Exposure to a susceptible antibiotic 

will select for hyperexpressive P. aeruginosa strains, and the infection will quickly 

become resistant to that drug
81

. Additionally, P. aeruginosa can obtain or develop 

resistances to antibiotics to which it is usually susceptible through several mechanisms.  

Biofilm formation, particularly during lung infections, can reduce the rate at which an 

agent reaches its target and induce beta-lactamase production
82

. Horizontal transfer of 

plasmids or transposons containing additional beta-lactamases can rapidly confer 

tolerance of a drug amongst the members of a multi-organism infection. 
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Substrate Modification – Target Site Mutation 

In addition to exporting antibiotic molecules and simply degrading them, P. 

aeruginosa develops resistances through mutation of target molecules. For example, as 

previously discussed, quinolones act by targeting topoisomerases II (DNA gyrase) and IV 

and interrupting their function. DNA gyrase is composed of two subunits encoded by the 

genes gyrA and gyrB, while topoisomerase IV is produced from parC
59

. Most 

ciprofloxacin-resistant strains of P. aeruginosa have been shown to contain specific point 

mutations in the gyrA gene
83,84

. However, additional mutations in gyrB and parC  confer 

further increases in resistance to the antibiotic
85

. Upon administration of a quinolone 

antibiotic, accumulation of mutations within one or more of these “quinolone resistance-

determining regions” will be selected for, which removes the antibiotic’s affinity for its 

target
63,86,87

. Clearly this mechanism of resistance acquisition extends to any antibiotic 

and its intended target molecule, and target modification is not limited to mutation. 

Mutation of PBPs may confer resistance to beta-lactam antibiotics
88

, while methylation of 

16S ribosomal RNA has shown to provide protection against aminoglycosides
89

. 

 

Virulence Factors 

Quorum Sensing 

While P. aeruginosa encodes a large number of antibiotic resistance and virulence 

factors, chronic infection by this organism involves coordinating masses of cells to 

facilitate establishment of a successful infection. Such coordination is possible due to 

chemical pathways that communicate between nearby cells and regulate gene expression 

in a concentration-dependent manner. However, a single cell cannot produce 
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concentrations sufficient to affect gene expression, and large numbers of adjacent cells 

must produce an effector molecule in concert to experience a regulatory effect. This 

cooperative regulatory behavior is termed quorum sensing (QS), and over 6% of the P. 

aeruginosa genome responds to QS signals
90–92

. Three QS pathways have so far been 

identified and heavily characterized, though it is important to note that additional 

pathways have been identified and are currently being investigated. Two QS pathways, 

Las and Rhl, are based on signaling by N-acyl-homoserine lactone (AHL) species, while 

the third utilizes 2-alkyl-4-quinolones (AQs). AHL systems are commonly found among 

Gram-negative species, and their frequency can even enable cross-species 

communication. Both Las and Rhl effectors belong to the LuxRI family of proteins, LasI 

and RhlI being the synthases of N-3-oxo-dodecanoyl homoserine lactone (3-oxo-C12-

HSL) and N-butanoyl homoserine lactone (C4-HSL) respectively, while LasR and RhlR 

bind the AHLs and act as transcriptional regulators to affect gene expression
93–95

. A 

plethora of regulatory factors influence these two systems. Both AHL pathways are 

positively regulated by the global activator of antibiotic and cyanide synthesis (GAC) 

system, which is often credited with the switch from acute to chronic infection
96,97

. 

Consisting of a transmembrane sensor kinase (GacS) and a regulator protein (GacA), this 

system activates transcription of several small regulatory RNAs responsible for up-

regulating genes for biofilm formation and repressing genes involved in motility and 

acute virulence, including the T3SS
98

. LadS (lost adherence sensor) is another sensor 

kinase that works in parallel with GacS, while RetS (regulator of exopolysaccharide and 

type III secretion) blocks GacS by binding to it and inhibiting phosphorylation of GacA. 

The Las system itself positively affects the Rhl pathway, as LasR complexed with 3-oxo-
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C12-HSL increases expression of both RhlR and RhlI. However, LasR and RhlR differ in 

their influence when it comes to the third QS pathway often studied in P. aeruginosa. 

Known as the Psuedomonas quinolone signal (PQS), 2-heptyl-3-hydroxy-4-quinolone is 

synthesized by products of a gene quartet labeled pqsABCD
99

. PQS complexed with its 

regulator protein, PqsR, positively feeds back to the pqsABCD genes in addition to 

activating the Rhl system and production of pyocyanin, which is discussed below
100

. 

Conversely, the Rhl system down-regulates PQS, while Las has a positive effect on PQS 

expression. Additionally, several other factors have been shown to either positively or 

negatively regulate one or more of these pathways in an increasingly complex system that 

emphasizes the significance of a switch from acute to chronic infection by P. aeruginosa. 

Examination of individual virulence factors will illustrate how these pathways interact to 

regulate production of P. aeruginosa’s many effectors throughout establishment of an 

infection.  

 

Alginate and Biofilm Formation 

Overproduction of alginate is largely responsible for transformation of P. 

aeruginosa to a mucoid phenotype and establishment of chronic infection in the lungs of 

cystic fibrosis patients
101,102

, although other contributing exopolysaccharides have also 

been identified
103,104

. Alginate is a viscous, anionic exopolysaccharide composed of 

mannuronic acid and guluronic acid monomers. It is polymerized by other members of 

the alginate biosynthesis operon
105–107

. Inactivating mutations in a regulator of this 

operon, mucA, enables over-expression of the pathway and conversion of P. aeruginosa 

to a mucoid phenotype
108

. Additionally, MucB, a second negative regulator of alginate 
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synthesis, is down-regulated by the AHL QS pathways to increase alginate synthesis
91

. 

Biofilm formation also appears to be regulated by iron availability
109,110

. Oxygen 

diffusion through an established polysaccharide matrix is reduced
111

,  and has been 

correlated to a reduction in antibiotic susceptibility
112

. This protective effect may even be 

extended to other species present within the biofilm matrix, compounding the deleterious 

effects of an infection
113

. Hypoxic conditions created by biofilm formation can aggravate 

respiratory difficulties in cystic fibrosis patients, and the protection from immune 

response afforded can allow rapid establishment of chronic infections
31–33,114

. 

 

Exotoxin A 

Exotoxin A (ExoA) is a 66kDa, mono-ADP-ribosyltransferase that targets 

eukaryotic elongation factor 2 (eEF2) to cause inhibition of proper protein 

translation
115,116

. One of several type-II secreted toxins
117

, ExoA enters a host cell by 

binding the α2-macroglobulin receptor, which initiates receptor-mediated 

endocytosis
118,119

. Once internalized and acidified by an endosome, a local protease nicks 

and releases a 37kDa C-terminal fragment that is then translocated into the 

cytoplasm
120,121

. This C-terminal fragment is catalytically responsible for transfer of an 

ADP-ribosyl group from NAD
+
 to eEF2

122,123
. Introduction of ExoA to human B-cells in 

vitro inhibited IgG and IgM production at 1ug/mL
124

, while doses as low as 0.2ug have 

been shown to kill mice , making ExoA one of the most toxic effectors produced by P. 

aeruginosa
125

. 
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Elastase 

LasB, also known as pseudolysin or elastase, is a relatively non-specific zinc-

metalloprotease that, like ExoA, is secreted by P. aeruginosa’s type-II secretion 

system
117

. Originally named for its ability to break down structural proteins like elastin 

and collagen
126

, elastase has a very broad target range that enables P. aeruginosa to evade 

host immune response and penetrate epithelial and endothelial barriers. This spectrum 

includes such significant targets as IgA and IgG
127,128

, multiple complement 

components
129

, pulmonary surfactant proteins
130

 and lysozyme
131

. Elastase has also been 

shown to degrade multiple proteins associated with the endothelial barrier, such as 

fibronectin and VE-cadherin, enabling passage of P. aeruginosa into the bloodstream and 

establishment of systemic bacteremia
132–134

.  

 

Pyocyanin 

A number of pigments are produced by Pseudomonas species, but only P. 

aeruginosa secretes pyocyanin (PYO), a redox-active phenazine that gives its growth a 

characteristic, blue-ish hue. PYO is secreted during the stationary phase of growth, and 

its synthesis is regulated by the PQS pathway
100,135

. Phenazine-1-carboxylic acid (PCA), 

the precursor to PYO, is produced from two possible operons labeled phzABCDEFG 1 

and 2 that are activated by the regulatory products of phnA and phnB. PCA is then 

converted to PYO through the actions of phzM, a methyltransferase, and phzS, a 

monooxygenase
136

. PYO confers a competitive advantage by acting as an antibiotic 

against a variety of organisms including bacteria
137

 and fungi
138

 based on their ability to 

withstand oxidative stress
139

. The reduced form of PYO is a free radical that rapidly 
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produces reactive oxygen species such as superoxide (O2
-
) and, with the help of an iron 

catalyst, hydroxyl radicals (OH∙)
140

. PYO is able to affect mammalian cells
141

, causing 

apoptosis of neutrophils
142

, inhibiting Ig secretion by B-lymphocytes
143

 and disrupting 

epithelial barriers
144

.  

 

Type III Secretion System  

The type III secretion system (T3SS) is commonly expressed among Gram-

negative bacteria as a means of delivering virulence factors directly into the cytoplasm of 

a host cell
145

. In P. aeruginosa, multiple genes grouped mostly into five operons have 

been identified as affiliated with the T3SS including structural components, translocation 

machinery, regulatory proteins, effector chaperones and the secreted effectors 

themselves
146

. Four virulence effectors, ExoS, T, U and Y, are secreted through the 

T3SS. They vary in relative cytotoxicity and mechanism of action, but each contributes to 

the pathogenicity of a P. aeruginosa strain that expresses it
147,148

. The T3SS structure 

itself is composed of a ringed base and a filamentous needle that extends through the 

inner membrane, peptidoglycan layer and outer membrane and into the cytoplasm of the 

target host cell
149

. Regulation of the T3SS primarily involves the action of four proteins, 

ExsA, C, D and E
150,151

. The T3SS and ExsE are expressed at low levels under normal 

conditions, and ExsE is exported through the T3SS when secretion is activated by contact 

with a host cell or low Ca
2+

 conditions. However, under non-secretory conditions, ExsE 

accumulates in the cytoplasm and binds ExsC. ExsC is an inhibitor of ExsD, which in 

turn inhibits ExsA, the transcriptional activator of both the T3SS and its own gene. Under 

non-secretory conditions, ExsC is bound by accumulated ExsE, preventing it from 
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inhibiting ExsD. ExsD is then free to inhibit ExsA and, therefore, prevent T3SS 

transcription. Only upon activation of secretion is ExsE exported from the cytoplasm, 

freeing ExsC to bind ExsD so that ExsA is able to activate T3SS transcription. T3SS 

expression is also negatively regulated by the GAC system described previously, which is 

responsible for upregulating QS pathways
152

. It is possible that the T3SS is mostly 

involved in the initial establishment of acute infections by planktonic P. aeruginosa. It 

then becomes less useful (but not irrelevant) once bacterial populations have reached 

significant levels to coordinate expression of other virulence factors via the QS 

pathways
153,154

. If so, focus on study of the T3SS and its associated effectors may 

contribute to efforts to prevent establishment of chronic infections by providing methods 

to inhibit the activity of these early virulence factors.  

 

ExoS and ExoT 

Exotoxin S (ExoS) is a 49-kDa effector secreted by P. aeruginosa through the 

T3SS and has dual functionality during eukaryotic cell infection. The C-terminal domain 

of ExoS possesses ADP-ribosyltransferase activity with a broad set of targets including 

the Ras family of GTPases
155

, vimentin
156

, IgG and IgA
157

.  The N-terminal domain of 

ExoS has GTPase-stimulating activity that targets Rho GTPases
158

. Sensitivity to ExoS 

depends on the cell line infected, but a common mechanism is interference with proper 

cytoskeletal function
159

 causing loss of function in epithelial cells
160,161

 and induction of 

apoptosis in neutrophils
162,163

. ExoS is activated by a member of the 14-3-3 protein 

family signaling molecules termed FAS (factor-activating ExoS)
164

, which are conserved 

among eukaryotic cells
165

. Additionally, ExoS ADP-ribosyltransferase activity is most 
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efficient when the effector is localized to intracellular membranes by a leucine-rich 

motif
166–168

.  

Originally detected as a 53-kDa member of a protein aggregate with ExoS
169

, it 

was determined that ExoT shares 76% sequence homology with ExoS but is expressed 

from a separate gene. Like its counterpart, ExoT is a bifunctional effector with N-

terminal Rho GTPase-stimulating activity
170,171

 that interferes with cytoskeletal 

function
172

. Also similar to ExoS, ExoT has C-terminal ADP-ribosyltransferase activity, 

but it targets Crk adaptor proteins that are involved in the process of phagocytosis
173,174

. 

 

ExoU 

Exotoxin U (ExoU) is the most toxic effector introduced by the T3SS of P. 

aeruginosa
175

. Presence of secreted ExoU is a strong indicator of poor clinical 

outcome
148,176

 as strains encoding ExoU are significantly more virulent than strains 

without and are correlated with severe cytotoxicity. Expression of ExoU facilitates 

systemic spread of P. aeruginosa in mice
177

, outright kills the yeast Saccharomyces 

cerevisiae
178

 and is required for infection of protozoa
179

, indicating that this toxin plays a 

large role in most if not all eukaryotic infections in which it is involved. Efficient 

secretion of ExoU requires concomitant expression of a chaperone, SpcU, encoded just 

downstream of its position
180

. Weighing in at 74kDa, ExoU has been characterized as a 

potent phospholipase A2 due to its shared homology with several known lipases and 

ability to increase the membrane permeability of affected cells
181,182

. Like ExoS and 

ExoT, ExoU is also activated by a eukaryotic effector, which in this case is ubiquitin
183

. 

Conserved within the eukaryotic domain, the ubiquitin signaling system is often hijacked 
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by bacterial effectors
184

 allowing a broad spectrum of possible hosts.  The C-terminal 

domain of ExoU is necessary for its toxicity, and it has been suggested that this region is 

responsible for ubiquitin association and subsequent localization to the host cytoplasmic 

membrane
185

.  

 

ExoY  

Exotoxin Y (ExoY) is a promiscuous cyclase that that produces cyclic adenosine-

monophosphate (cAMP) as well as other cyclic nucleotides
186,187

. ExoY is often 

compared to two other bacterial adenylyl cyclase toxins that share a homologous ATP-

binding region, CyaA from Bordetella pertussis and EF from Bacillus anthracis. CyaA 

and EF are activated by Ca
+
-calmodulin, but ExoY is not

186
. During infection, ExoY is 

secreted through the T3SS directly into the cytoplasm of the target cell where, according 

to unpublished research, it is activated by interaction with F-actin
188

. Once activated, 

ExoY increases the concentration of cytoplasmic cAMP, an important second-messenger 

molecule in a wide variety of cellular signaling pathways
189,190

.  

Introduction of ExoY to an infected cell has been shown to cause cell “rounding” 

in CHO cells and an inability of epithelial cells to repair gaps
191–193

. This may be due to 

increased Tau phosphorylation caused by increased cytosolic cAMP concentrations, 

which leads to inhibition of microtubule formation and function
194

. While the various 

effects of ExoY on eukaryotic cells have been investigated, the mechanism and kinetics 

of ExoY’s cyclase activity have yet to be elucidated. Unlike similar adenylyl cyclases, 

ExoY contains five cysteine residues. This is unusual for a protein that functions within 

the eukaryotic cytoplasm due to the presence of endogenous reductases, which would 
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presumably prevent any stable disulfides from forming. If these cysteine residues do not 

have structural roles, it is possible that they are catalytically involved in ExoY’s cyclase 

activity.  

While cysteine is noted as one of the least abundant amino acids, it has been shown 

to perform a wide variety of diverse functions
195

 and is highly conserved in protein 

sequences
196

. Proteins often rely on disulfide bridges formed from two cysteine residues 

by specialized cellular machinery to stabilize their structure
197,198

. However, cysteines are 

also common metal-binding residues, and such interactions can function similarly to a 

structural disulfide
199

. Additionally, cysteine residues often function as versatile 

nucleophiles in catalytic sites, as they may participate in either redox or non-redox 

reactions depending on whether or not the residue's redox state changes
200,201

. Analysis of 

cysteine function in ExoY could lead to elucidation of the toxin’s mechanism of action, 

which may then be targeted for inhibition to affect pathogenesis. 
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CHAPTER II: METHODS 

 

Site-Directed Mutagenesis 

pET28b plasmid containing exoY with an N-terminal 6x His-tag and kanR2 to 

confer kanamycin resistance was previously stored in XL1-Blue E. coli cells kept frozen 

at -80
0
C. Plasmid isolation was performed using Wizard Plus SV DNA Purification 

minipreps (Promega, Madison, WI) according to the manufacturer’s instructions. Site-

directed mutagenesis was performed using the Change-IT Multiple Mutation kit 

(Affymetrix, Santa Clara, CA) with custom primers according to the manufacturer’s 

protocol. This produced 5 mutated plasmids, each containing single cysteine-to-serine 

mutations at positions 100, 205, 279, 331 or 345, corresponding to exoY's five cysteine 

residues. Following mutagenesis, each plasmid was then transformed into chemically 

competent JM109 E. coli cells (Fisher Scientific, Pittsburgh, PA) and plated on LB plates 

containing kanamycin (50 µg/mL) to select for successful transformants. Plasmid 

containing each mutation was then reisolated and sequenced to confirm presence of 

desired mutations and absence of unwanted modifications. Upon mutation confirmation, 

plasmids were transformed into chemically competent BL21 E. coli cells in preparation 

for protein expression.  

 

Protein Expression and Purification 

Individual colonies with each mutation were selected, cultured in LB broth with 

kanamycin (50 µg/mL) and induced to express ExoY with 0.5 mM isopropyl ß-D-1-
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thiogalactopyranoside (IPTG). Cells were collected by centrifugation (10,000 xg for 10 

mins at 4°C), resuspended and lysed using a French Press (Thermo Spectronic) set to  

100 psi. Mutated ExoY was purified from the cell lysates via nickel-affinity 

chromatography and dialyzed in buffer (10 mM Tris pH 8.6, 250 mM NaCl, 6 mM 

MgCl2, 2 mM dithiothreitol) overnight to remove excess imidazole. After removal from 

dialysis, samples were aliquoted and frozen at -20°C. 

 

Protein Quantification  

Sample protein concentrations were determined by running serial dilutions in 

parallel with bovine serum albumin (BSA) standards of known concentrations on 11% 

SDS PAGE gels. BSA standards containing 2.0, 1.5, 1.0, 0.5 and 0.25 µg of protein were 

prepared by diluting appropriate volumes of 2 mg/mL stock in nanopure water. Samples 

were prepared by performing alternating 5-fold and 2-fold serial dilutions of protein 

isolates to produce 1/5, 1/10, 1/50, 1/100 and 1/500 diluted samples. Standards and 

samples were loaded into an SDS PAGE gel and run at 75 volts through the stacking 

portion of the gel and then at 90 volts for 2 hours. The separated proteins were fixed, 

stained with Coomassie Brilliant Blue (Fisher Scientific, Pittsburgh, PA) and analyzed 

with a Chemidoc MP Imaging System (Bio-Rad, Hercules, CA). Volume analysis was 

acquired by measuring pixel density of the BSA standard bands and generating a standard 

curve, which was then used to calculate the original concentrations of each protein 

sample. 
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Circular Dichroism  

The circular dichroism (CD) spectra of ExoY mutants were evaluated using a  

J-815 combination circular dichroism-fluorescence instrument (JASCO, Easton, MD) 

along with the corresponding Spectra Manager software. ExoY samples were diluted to 4 

µM in dialysis buffer (components above), and measurements were collected at 30°C 

every 1 nm between 200 nm and 240 nm. Each sample measurement consisted of 4 

repeated collections through the range of wavelengths that were then averaged to 

generate a single spectrum. Rotation of polarized light through the sample was measured 

in molar ellipticity (θ) with the units deg∙cm
2
∙dmol

-1
. Investigation of possible association 

with calcium was attempted by combining WT or mutated ExoY with 400 µM CaCl2 and 

collecting CD spectra as described.  

 

Human Cell Culture and Lysis 

A549 human lung epithelial carcinoma cells were previously frozen at -80°C in 

Dulbecco’s modified eagle medium (DMEM) with 5% DMSO. Cells were gently thawed 

and inoculated into pre-warmed DMEM containing 10% fetal bovine serum and 1:100 

streptomycin/penicillin G (Fisher Scientific, Pittsburgh, PA). Cells were incubated in  

75 cm
2
 flasks at 37°C and 5% CO2

 
and reached confluence after about 48 hours. To 

harvest, cells were washed with phosphate-buffered saline (PBS) and detached from the 

flask surface with a 0.25% trypsin solution. Cells were then pelleted by centrifugation at 

200 xg for 5 minutes and resuspended in a lysis buffer (20 mM Tris pH 8.6, 20 mM 

NaCl, 10 µg/mL RNase A, 10 µg/mL DNase I and 1:100 Halt protease inhibitor 

cocktail). Lysis was achieved by passage between two syringes through a double-ended 
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22-gauge needle at 4°C. Whole lysate was centrifuged at 10,000 xg for 10 minutes and 

centrifuged at 100,000 xg for 1 hour to sediment cell debris. The soluble lysate was 

collected, aliquoted and stored at -20°C. Total protein concentration within the soluble 

lysate was determined with a BCA assay (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions. 

 

Calcium Quantification 

The concentration of calcium in soluble lysate of A549 lung epithelial carcinoma 

cells was determined via flame emission atomic absorption spectroscopy with a 

SpectraAA 220 instrument (Varian, Palo Alto, CA). Cell lysate was incubated at 37°C 

with proteinase K for several hours to remove any protein-metal associations. A standard 

addition method was utilized in which identical samples of cell lysate were “spiked” with 

known concentrations (0, 0.5, 1.0 or 1.5 mg/L) of calcium along with 10,000 ppm 

lanthanum chloride (LaCl3) and 2% nitric acid (HNO3). Each sample was aerosolized into 

an acetylene flame atomizer and excited by 422.7 nM emission from a calcium cathode 

lamp. Absorbance at that wavelength was measured for five 6-second intervals following 

a 3-second pre-read delay. A linear curve was constructed with the average absorbance 

for each calcium concentration and then used to calculate a calcium concentration of the 

original cell lysate. 

 

F-actin Polymerization 

 Unpolymerized rabbit skeletal muscle actin (Cytoskeleton, Denver, CO) was 

obtained as a lyophilized powder and polymerized according to the manufacturer’s 
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instructions to produce the F-actin utilized in ExoY cAMP immunoassays. Briefly, the 

lyophilized protein was reconstituted to 10 mg/mL in General Actin Buffer (5 mM Tris-

HCl pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP) supplemented with 5% (w/v) sucrose and 1% 

(w/v) dextran. Aliquots were flash-frozen in liquid nitrogen and stored at -80°C until 

thawed on ice for experimental use. Before addition to an assay, an aliquot was diluted to 

0.4 mg/mL in General Actin Buffer with 0.5 mM DTT. Addition of Polymerization 

Buffer (500 mM KCl, 20 mM MgCl2, 10 mM ATP) followed by incubation for 1 hr at 

room temperature allowed the actin to polymerize for assay use. 

 

cAMP Immunoassay 

The DetectX Direct cyclic AMP Enzyme Immunoassay Kit (Arbor Assays, Ann 

Arbor, MI) was used to measure adenylyl cyclase activity of each mutated ExoY isolate. 

cAMP production reactions were prepared in ExoY activity buffer (40 mM Tris, 12 mM 

MgCl2, 0.4 mM DTT, 4 mM ATP) with 15 nM ExoY activated by 4 µg A549 cell lysate 

protein or F-actin. Reactions were incubated for 30 minutes at 30°C and then quenched 

by adding EDTA (4 mM) and boiling for 5 minutes. Reaction mixtures were then 

centrifuged at 13,400 xg for 5 min to sediment cell debris and the supernatant was used in 

the assay as per the manufacturer's protocol. Briefly, standard cAMP solutions (150, 50, 

16.67, 5.56, 1.85, and 0.617 pmol/mL) were prepared and the supernatants from cAMP 

production reaction mixtures were diluted to concentrations experimentally determined to 

be within this range (1:10, 1:80, 1:160 and 1:320). cAMP standards and samples were 

added to wells along with a cAMP-peroxidase conjugate with which they competed for 

anti-cAMP sheep IgG in wells coated with anti-sheep IgG antibodies. After a 2-hour 
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incubation at room temperature, the wells were washed and then further incubated for 30 

minutes at room temperature with a peroxidase substrate, 3,3’,5,5’-tetramethylbenzidine 

(TMB), to produce a color change. After quenching the reaction with hydrochloric acid, 

the absorbance of each well at 450 nm wavelength was recorded. 

This assay was also used to evaluate possible effects of calcium on WT ExoY 

adenylyl cyclase activity. The assay procedure and cAMP standards were as described 

above, however sample cAMP production reactions contained either 15nM WT ExoY 

alone, with 10 µg A549 lysate only, with 15 µM Ca
+2

 only, or both lysate and calcium. 

K81M ExoY alone or with lysate and calcium was included as a negative control.  

cAMP concentrations in sample wells were calculated using GraphPad Prism 

software. First, the absorbance value of a non-specific binding well that contained no 

anti-cAMP antibody was subtracted from all other wells. Each standard and sample value 

(B) was then divided by the absorbance of a maximum binding well (Bo) that contained 

no unconjugated cAMP. This value (B/Bo) for the standards was plotted versus the log of 

their known unconjugated cAMP concentration to form a sigmoidal standard curve. 

Finally, this function was used to calculate the concentration of unconjugated cAMP in 

each sample.  

 

Statistical Analysis 

 Tests for significant difference between specific activities of the ExoY proteins 

were conducted using two-sample t-tests with assumed unequal variance in Microsoft 

Excel software. Significant differences between groups when α = 0.05 are illustrated in 

figures by differing letter assignments. 
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CHAPTER III: RESULTS 

 

Mutated ExoY Creation and Expression 

Each single cysteine-to-serine mutation was generated in recombinant exoY in a 

pET28b plasmid vector using custom primers designed to introduce a single nucleotide 

change (Figure 1). This produced five individual mutations at positions 100, 205, 279, 

331 and 345 in the exoY gene sequence. After the mutagenesis PCR reaction, plasmids 

were transformed into JM109 E. coli cells and then plated with kanamycin to confirm 

plasmid presence. Successful transformants were then selected from the plates for 

plasmid DNA isolation, and each plasmid was sequenced to confirm the desired mutation 

was definitely present. Successfully mutated plasmids were transformed into BL21 E. 

coli and production of recombinant, N-terminal 6x His-tagged ExoY was induced. 

Harvest of the ExoY protein was accomplished via French pressure cell lysis 

followed immediately by nickel-affinity chromatography to specifically purify ExoY 

from the resulting E. coli cell lysate. Elutions were evaluated for ExoY content and 

relative purity (Figure 2), and those containing significant protein at the 42 kDa position 

were pooled, dialyzed and stored. Before any experimentation, though, each sample of 

ExoY protein was quantified via densitometric comparison to BSA samples of known 

concentration run simultaneously through an SDS PAGE gel (Figure 3). Visualization 

and software analysis allowed calculation of ExoY concentrations for samples used in the 

following experiments.  
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Figure 1. Locations and Identities of ExoY Mutations. Custom primers were 

used to introduce point mutations that altered codons for cysteine residues to 

codons for serine. Relative positions of each target codon are illustrated by 

positioning between the start and stop codons, and the actual mutations are shown 

below the wild-type sequence.  
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Figure 2. Nickel-Affinity Purification Elutions. Following sample binding and 

several washes, eight 250µL elutions were collected from each nickel-affinity 

column and run on an 11% SDS-PAGE gel.  The first elution never contained 

significant protein of any size, but each following elution always contained 

dominant bands corresponding to the 42kDa size of ExoY. These seven elutions 

were pooled and dialyzed for analysis.  
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Figure 3. Example of SDS PAGE Densitometry. BSA standards (2.0, 1.5, 1.0, 

0.5 and 0.25 ug) were run on the left and compared to serial dilutions of ExoY 

C205S samples on the right. Concentrations of ExoY dilutions are expressed as 

fractions of the stock concentration. Pixel density of the BSA bands was used to 

construct a standard curve that could be used to calculate concentrations of the 

ExoY bands. 
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Structural Evaluation of Mutated ExoY 

To evaluate any effects of cysteine-to-serine mutations on the 3D structure of 

ExoY, circular dichroism (CD) spectra were obtained for WT ExoY and each mutated 

protein (Figure 4). WT ExoY exhibited a “double-dip” pattern with negative molar 

ellipticity (θ) peaks near 207 nm and 220 nm. This pattern is highly consistent with 

primarily α-helical secondary structure
202

. Each of the mutated samples exhibited the 

same double-dip pattern, but with varying magnitudes. WT ExoY displayed the greatest θ 

at both 207 nm and 220 nm, indicating a more structured conformation. All mutant 

samples appeared less structured than the WT; the C205S and C279S mutations displayed 

relatively similar structure to the WT, while the C100S, C331S and C345S mutations 

caused a clear loss of secondary structure.  

Cysteine residues are known to sometimes associate with biologically active 

metal ions in a structural or catalytic capacity
199

. Mg
+2

 was present in all ExoY storage 

and assay buffers, so ExoY could not be analyzed in its absence. Zn
+2

 was of interest due 

to its common association with cysteine
203

, but even concentrations in the nano-molar 

range caused ExoY to precipitate from solution. Ca
+2

 was investigated since similar 

adenylyl cyclase toxins are activated by calmodulin
186

, a ubiquitous calcium-binding 

protein involved in many signal-transduction pathways
204

. CD spectra of each ExoY 

sample were acquired as before, but in the presence of 400 µM CaCl2 (Figures 5). 

Comparison of θ in the presence and absence of calcium at 207 nm and 220 nm showed 

little difference in ExoY structure (Figure 6). 
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Figure 4. CD Spectra of ExoY Proteins. Each sample was diluted to 4.0 µM and 

circular dichroism spectra were collected between 200 nm and 240 nm. Rotation of 

polarized light was measured as molar ellipticity (θ) with the units deg∙cm
2
∙dmol

-1
. A 

larger magnitude θ indicates greater rotation of polarized light by the sample at the 

particular wavelength of interest. Each curve is an average of 4 measurements at each 

wavelength.  
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Figure 5. CD Spectra of ExoY Proteins with Calcium. Each sample was diluted to  

4.0 µM with 400 µM CaCl2 and circular dichroism spectra were collected between  

200 nm and 240 nm. Rotation of polarized light was measured as molar ellipticity (θ) 

with the units deg∙cm
2
∙dmol

-1
. A larger magnitude θ indicates greater rotation of 

polarized light by the sample at the particular wavelength of interest. Each curve is an 

average of 4 measurements at each wavelength.  
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Figure 6. WT and C100S Spectra With and Without Calcium. Curves are transposed 

from Figures 4 and 5 to illustrate difference between CD spectra gathered in the absence 

and presence of Ca
+2

. C100S protein clearly differs little in the presence or absence of 

metal ion. The WT spectra do display some apparent difference, but comparison of 

individual wavelength measurements yielded no significant differences at any point. 

Curves for each other mutant protein were also not significantly different. 
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Evaluation of Mutated ExoY Function 

When initial activity assays were performed, the intracellular interaction required 

to activate ExoY adenylyl cyclase activity after secretion into a eukaryotic cell was 

unknown. To induce ExoY activity, whole cell lysate harvested from A549 human lung 

epithelial carcinoma cells was used. This cell line is commonly used to evaluate P. 

aeruginosa T3S
205,206,187

, and previous research determined that introduction of this cell 

lysate induces ExoY adenylyl cyclase activity
208

.  

Using A549 lysate to activate ExoY, the adenylyl cyclase activity of each mutated 

protein was evaluated along with the known catalytic null, K81M, with respect to wild 

type ExoY. All activity assays were performed in triplicate and were interpreted with a 

set of cAMP standards that fit a 4 parameter logistic nonlinear regression equation. The 

results of these preliminary assays using A549 lysate (Figure 7) illustrated decreases in 

the activity of all mutant proteins except the C205S ExoY. Interesting pairings emerged 

between the cysteine residues at positions 100 and 209 (10-20% of WT activity), and 

those at positions 331 and 345 (40-50% WT activity). 

To see if calcium affects the adenylyl cyclase activity of ExoY, WT protein was 

evaluated using the cAMP detection kit as before. Activity assay reactions included 

combinations of WT ExoY with A549 cell lysate and/or 15 µM Ca
+2

, which was the 

concentration of calcium determined to be in the cell lysate. Specific activity of each 

sample was calculated as before (Figure 8), but showed that calcium did not significantly 

alter WT protein activity. 
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Figure 7. Normalized Specific Activity of ExoY Proteins. ExoY samples were 

activated by A549 cell lysate and allowed to produce cAMP for 30 minutes at 30°C. 

Concentration of cAMP (nM) was determined with the cAMP EIA Kit from Arbor 

Assays and then used to determine specific activity ([cAMP]/[ExoY]) of each sample. 

Due to variability in the assay, samples were normalized to the WT specific activity value 

for each replicate experiment. Values shown are averages of 3 replicates. Samples with 

the same letters are not significantly different according to a Two-Sample T-Test with α 

= 0.5. 
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Figure 8. Comparison of WT With A549 Cell Lysate and/or Calcium. Activity assays 

were performed in triplicate with WT or K81M ExoY alone, with 10 µM A549 cell 

lysate, 15 µM Ca
+2

, or both lysate and Ca
+2

. Specific activity of each sample was 

calculated and used to determine if ExoY adenylyl cyclase activity is affected by the 

presence of calcium. Samples with the same letters are not significantly different 

according to a Two-Sample T-Test with α = 0.5. 
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Confirmation of F-Actin as an Activator of ExoY 

Shortly after the data described above were acquired, an unpublished manuscript 

was made publicly available with evidence that the previously unidentified activator of 

ExoY is actually F-actin
188

. Validation of this finding was attempted by performing the 

same activity assay described above, but using F-actin to activate ExoY rather than A549 

cell lysate (Figure 9). Using F-actin increased the specific activity of the WT and C205S 

mutated proteins to levels well beyond the cAMP standard curve utilized. This was 

observed even when both the enzyme and the activator in activity reactions were 

significantly reduced, making it impossible to determine the specific activity of those 

samples without further optimization. However, the C100S, C279S, C331S and C345S 

mutant proteins remained within the standard curve, indicating significantly reduced 

specific activity consistent with the previous findings when A549 cell lysate was used as 

an activator. 
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Figure 9. Specific Activity of ExoY Activated by F-Actin. ExoY samples were 

activated by F-actin and allowed to produce cAMP for 30 minutes at 30°C. Concentration 

of cAMP (nM) was determined with the cAMP EIA Kit from Arbor Assays and then 

used to determine specific activity ([cAMP]/[ExoY]) of each sample. Increased 

variability is due to the lack of normalization to a WT value, since WT was outside the 

standard curve and could not be quantified. Samples with the same letters are not 

significantly different according to a Two-Sample T-Test with α = 0.5. 
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CHAPTER IV: DISCUSSION 

 

 ExoY is a promiscuous nucleotide cyclase toxin secreted by Pseudomonas 

aeruginosa during infection of eukaryotic cells
186

. The cAMP produced by this enzyme 

causes various negative effects in the infected cell. This includes, but is certainly not 

limited to, loss of microtubule stability due to increased Tau phosphorylation leading to 

impairment of cytoskeletal-mediated functions like endothelial barrier maintenance and 

phagocytosis
192–194,205

. Such effects enable P. aeruginosa to penetrate tissue barriers and 

evade host immune responses during infection. ExoY is similar in structure to the 

bacterial adenylyl cyclase toxins CyaA and EF, but does not share their common 

mechanism of activation. Additionally, ExoY’s primary structure contains 5 cysteine 

residues, which is odd for an intracellularly active protein. Cysteine residues are among 

the rarest of amino acids, are often highly conserved, and often play essential roles in the 

proteins that contain them
195,196,200

. The purpose of this research was to investigate the 

possible roles these cysteine residues may have in the structure or function of the ExoY 

toxin.  

 Mutated ExoY proteins were generated that each lacked a particular cysteine 

residue at position 100, 205, 279, 331 or 345 in its primary structure. These were 

replaced via a point mutation with a serine residue that mostly maintains the polar and 

steric properties of cysteine. However, this substitution removes the thiol R-group that is 

usually responsible for cysteine’s catalytic properties as well as its ability to form 

structural disulfide bonds. Evaluating the structure and function of these mutated ExoY 
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proteins could provide insight into the purpose of each cysteine residue and possibly the 

overall mechanism of ExoY. 

 Circular dichroism is a spectroscopic method that can be used to evaluate the 

secondary structure of a protein sample in solution
207

. When circularly polarized light of 

a particular wavelength is incident on an optically active molecule, it is rotated to a 

degree dependent on the identity of the active group or groups present. Rotation of the 

light can be measured as molar ellipticity (θ), which takes into account the sample 

concentration as well as the pathlength of the cuvette utilized. In this manner, protein 

secondary structures will exhibit characteristic CD spectra and can be identified if present 

in a sample. If any of ExoY’s cysteine residues are responsible for forming structural 

disulfide bonds, their absence could inhibit formation of secondary motifs in ExoY’s 

overall structure. This would manifest as a change in θ of the sample.  

To examine any structural changes, CD spectra were obtained for the wild-type 

and mutated ExoY proteins, which revealed a consistent “double-dip” pattern with two 

distinctly negative peaks near 207 nm and 220 nm (Figure 4). This pattern is indicative of 

α-helices, which appeared to be the predominant secondary structure in WT ExoY
202

. 

Each of the mutated ExoY proteins also displayed similarly patterned spectra, but they 

showed widely varying θ magnitudes (Figure 6). ExoY with C205S or C279S mutations 

retained spectra similar to the WT, so these residues likely do not participate in a 

structural capacity and may have catalytic roles instead. C331S and C345S mutations, 

however, caused almost complete loss of CD signal, indicating a strong structural role for 

those cysteines. They may indeed form a disulfide bond that is essential for overall ExoY 
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structure. The C100S mutation hovered between these two extremes, so the 100 position 

may have structural significance, but not as much as the 331 or 345 positions.  

Another common role for cysteine residues is the coordination of metal ions, 

which can simply provide structure or participate in a catalytic site
196,203

. Several 

biologically active metals can be associated with cysteine residues, including Mg
+2

, Zn
+2

 

and Ca
+2

. As an adenylyl cyclase, ExoY already requires Mg
+2

 associated with substrate 

ATP for activity. Analysis with Zn
+2

 was attempted, but was thwarted by almost 

immediate precipitation of ExoY protein even at nanomolar metal concentrations. This 

left Ca
+2

, which was also of interest because other adenylyl cyclase toxins to which ExoY 

is often compared are activated by calmodulin. ExoY is not, but may still require Ca
+2

 to 

be present for activity.  

The possibility of calcium participation was also investigated with CD analysis. 

CaCl2 was added to the same protein samples used for initial CD characterization up to a 

concentration 100 times greater than ExoY. Spectra were acquired and analyzed as before 

(Figure 5). The same pattern of structural roles was apparent in these spectra, with the 

331 and 345 cysteines appearing necessary for structure while C205S and C279S showed 

little loss of structure and C100S sat in-between. Interestingly, the C331S and C345S 

mutants did exhibit a slight increase in θ after exposure to Ca
+2

, while the other mutants 

showed no change or a slight decrease. While this could indicate that C331 and C345 

associate with Ca
+2

, the change was not significant and the lack of change otherwise 

suggests that Ca
+2

 is more likely not involved in the structure of ExoY. 

With indications of structural significance established, the focus of investigation 

became the adenylyl cyclase activity of the WT and mutated ExoY proteins. This was 
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evaluated by combining ExoY samples with all the necessities for cAMP production and 

evaluating the amount of cAMP produced with an enzyme-linked, competitive-binding 

immunoassay. At the time these assays were performed the activator of ExoY was 

unidentified, so soluble lysate of A549 lung epithelial cells was used because it 

presumably must contain the activator and did cause an increase in cAMP production. 

While ExoY is known to produce cyclic nucleotides besides cAMP, particularly cGMP 

and cUMP, its production of cAMP has been most extensively studied and established as 

a pathogenic mechanism. If removed, cysteine residues that are required for adenylyl 

cyclase activity should reduce the amount of cAMP produced during an activity assay. 

cAMP production by each mutated ExoY protein was evaluated alongside the WT 

as well as a K81M mutated ExoY that has been previously established as a catalytic null. 

Concentration of cAMP produced was calculated against the concentration of ExoY 

present to yield a specific activity value. These data were then normalized by setting the 

WT value to 1 and calculating the rest of the specific activities as percent of WT value 

(Figure 7).  

The C205S mutation caused no loss of adenylyl cyclase activity. Taken with its 

CD data, this seems to show that the cysteine residue at position 205 is not significantly 

necessary for the structure or function of ExoY in an infected cell. This does not mean it 

lacks any role, but that it may be involved in processes prior to the introduction of ExoY 

into a host cell. Like other Type-III secreted toxins, ExoY requires a chaperone protein 

that guides it to the secretion apparatus within bacterial cells, and the cysteine at position 

205 could be involved in that process. The C279S mutant, however, showed a large 

decrease in cAMP production. Like C205S, this mutant’s CD spectra was similar to the 
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WT, so it may participate in the active site of ExoY, but isn’t responsible for overall 

ExoY structure. The C100S also caused a significant decrease in cAMP production, but 

may also be involved structurally.  

The C331S and C345S mutations caused a significant and identical loss of cAMP 

production, suggesting that the structural role these residues play is also necessary for 

ExoY activity. ExoY has yet to be successfully crystallized, possibly due to a rather 

“loose” conformation. Perhaps these two residues form a disulfide bond that is necessary 

for active site formation, but is rather unstable in the cytoplasm of eukaryotic cells where 

it would be rapidly reduced. However, contact with the ExoY “activator” could allow this 

disulfide to become stable, solidifying the active site. Further research using X-ray 

crystallography and cryo-electron microscopy would lend credence to this theory, but 

have yet to be successfully performed.  

Further investigation of possible association with calcium was pursued by 

performing activity assays with the metal ion alone or alongside A549 cell lysate. 

Specific activities were calculated as before (Figure 8). The results were fairly clear, 

showing that WT ExoY has basal activity in the absence of any activator and it is not 

increased by the presence of Ca
+2

. This further supported the CD data indicating that 

calcium is not significantly involved in ExoY adenylyl cyclase structure or activity.  

Near the end of this project, an unpublished manuscript was made publicly 

available that identified F-actin as the activator of ExoY
188

. Validation of this finding was 

attempted by performing additional activity assays as before; with pure F-actin present in 

place of A549 cell lysate. Clearly, F-actin is indeed the activator of ExoY because it 

increased the activity of WT and C205S samples well beyond the assay’s standard curve 
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even after reduction of both enzyme and F-actin concentrations (data not shown). Further 

optimization would be necessary to determine proper concentrations to evaluate such 

high cAMP production. However, activity of the other mutated ExoY samples did not 

exceed the standard curve, highlighting the effect of removing the cysteine residues at 

positions 100, 279, 331 or 345. They are certainly necessary for cAMP production in a 

structural and/or catalytic capacity as described above.  
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CONCLUSIONS 

 

 The ExoY toxin secreted by Pseudomonas aeruginosa contains 5 cysteine 

residues that appear necessary for structural integrity and/or catalytic activity based on 

CD spectra and cAMP detection assays. The C331 and C345 residues are necessary for 

overall ExoY structure and active site formation, possibly due to formation of a disulfide 

bond. The C279 residue is not involved in secondary structure formation, but is necessary 

for catalytic activity. The C100 residue is involved in catalytic activity, but also plays a 

role in ExoY secondary structure to some degree. Residue C205 doesn’t appear necessary 

for secondary structure formation or cAMP production, but may be involved in 

chaperone association or some other process that occurs prior to secretion.  

Despite the association of calcium-binding calmodulin with other adenylyl 

cyclase toxins, Ca
+2

 does not seem to be directly involved in ExoY structure or function 

to any significant degree. Finally, in accordance with other unpublished research, F-actin 

does appear to be the previously unidentified activator of ExoY. These findings, while 

seemingly varied, provide a clear contribution to the understanding of a toxin secreted by 

a commonly multi-drug resistant, opportunistic pathogen.  

 

 

 

 

 

 

 

 

 

 

 



43 
 

REFERENCES 

 

1. Palleroni, N. J. The Pseudomonas Story. Environ. Microbiol. 12, 1377–1383 (2010). 

2. Frank, L. H. & DeMoss, R. D. On the biosynthesis of pyocyanine. J. Bacteriol. 77, 

776 (1959). 

3. Wendenbaum, S., Demange, P., Dell, A., Meyer, J. M. & Abdallah, M. A. The 

structure of pyoverdine Pa, the siderophore of Pseudomonas aeruginosa. 

Tetrahedron Lett. 24, 4877–4880 (1983). 

4. Scott-Thomas, A. J. et al. 2-Aminoacetophenone as a potential breath biomarker for 

Pseudomonas aeruginosa in the cystic fibrosis lung. BMC Pulm. Med. 10, 56 (2010). 

5. Cox, C. D. & Parker, J. Use of 2-aminoacetophenone production in identification of 

Pseudomonas aeruginosa. J. Clin. Microbiol. 9, 479–484 (1979). 

6. Green, S. K., Schroth, M. N., Cho, J. J., Kominos, S. D. & Vitanza-Jack, V. B. 

Agricultural Plants and Soil as a Reservoir for Pseudomonas aeruginosa. Appl. 

Microbiol. 28, 987–991 (1974). 

7. Khan, N. H. et al. Isolation of Pseudomonas aeruginosa from Open Ocean and 

Comparison with Freshwater, Clinical, and Animal Isolates. Microb. Ecol. 53, 173–

186 (2007). 

8. Cogen, A. L., Nizet, V. & Gallo, R. L. Skin microbiota: a source of disease or 

defence? Br. J. Dermatol. 158, 442–455 (2008). 

9. Palmer, K. L., Brown, S. A. & Whiteley, M. Membrane-Bound Nitrate Reductase Is 

Required for Anaerobic Growth in Cystic Fibrosis Sputum. J. Bacteriol. 189, 4449–

4455 (2007). 



44 
 

10. Vander Wauven, C., Piérard, A., Kley-Raymann, M. & Haas, D. Pseudomonas 

aeruginosa mutants affected in anaerobic growth on arginine: evidence for a four-

gene cluster encoding the arginine deiminase pathway. J. Bacteriol. 160, 928–934 

(1984). 

11. Eschbach, M. et al. Long-Term Anaerobic Survival of the Opportunistic Pathogen 

Pseudomonas aeruginosa via Pyruvate Fermentation. J. Bacteriol. 186, 4596–4604 

(2004). 

12. Das, K. & Mukherjee, A. K. Crude petroleum-oil biodegradation efficiency of 

Bacillus subtilis and Pseudomonas aeruginosa strains isolated from a petroleum-oil 

contaminated soil from North-East India. Bioresour. Technol. 98, 1339–1345 (2007). 

13. Rahman, K. S. M., Banat, I. M., Thahira, J., Thayumanavan, T. & 

Lakshmanaperumalsamy, P. Bioremediation of gasoline contaminated soil by a 

bacterial consortium amended with poultry litter, coir pith and rhamnolipid 

biosurfactant. Bioresour. Technol. 81, 25–32 (2002). 

14. Ron, E. Z. & Rosenberg, E. Biosurfactants and oil bioremediation. Curr. Opin. 

Biotechnol. 13, 249–252 (2002). 

15. Mata-Sandoval, J. C., Karns, J. & Torrents, A. Effect of nutritional and 

environmental conditions on the production and composition of rhamnolipids by P. 

aeruginosa UG2. Microbiol. Res. 155, 249–256 (2001). 

16. Samanta, S. K., Singh, O. V. & Jain, R. K. Polycyclic aromatic hydrocarbons: 

environmental pollution and bioremediation. Trends Biotechnol. 20, 243–248 (2002). 



45 
 

17. Pseudomonas aeruginosa (ID 187) - Genome - NCBI. Available at: 

http://www.ncbi.nlm.nih.gov/genome/?term=Pseudomonas+aeruginosa. (Accessed: 

3rd November 2015) 

18. Bacillus subtilis (ID 665) - Genome - NCBI. Available at: 

http://www.ncbi.nlm.nih.gov/genome/?term=bacillus+subtilis. (Accessed: 3rd 

November 2015) 

19. Escherichia coli (ID 167) - Genome - NCBI. Available at: 

http://www.ncbi.nlm.nih.gov/genome/167. (Accessed: 3rd November 2015) 

20. Mesaros, N. et al. Pseudomonas aeruginosa: resistance and therapeutic options at the 

turn of the new millennium. Clin. Microbiol. Infect. 13, 560–578 (2007). 

21. Stover, C. K. et al. Complete genome sequence of Pseudomonas aeruginosa PAO1, 

an opportunistic pathogen. Nature 406, 959–964 (2000). 

22. Trautmann, M., Lepper, P. M. & Haller, M. Ecology of Pseudomonas aeruginosa in 

the intensive care unit and the evolving role of water outlets as a reservoir of the 

organism. Am. J. Infect. Control 33, S41–S49 (2005). 

23. Doring, G. et al. Generation of Pseudomonas aeruginosa Aerosols During Hand-

washing from Contaminated Sink Drains, Transmission to Hands of Hospital 

Personnel, and its Prevention by Use of a New Heating Device. Int. J. Hyg. Environ. 

191, 494–505 (1991). 

24. Rumbaugh, K. P., Griswold, J. A., Iglewski, B. H. & Hamood, A. N. Contribution of 

Quorum Sensing to the Virulence ofPseudomonas aeruginosa in Burn Wound 

Infections. Infect. Immun. 67, 5854–5862 (1999). 



46 
 

25. Arora, S. K., Neely, A. N., Blair, B., Lory, S. & Ramphal, R. Role of Motility and 

Flagellin Glycosylation in the Pathogenesis of Pseudomonas aeruginosa Burn 

Wound Infections. Infect. Immun. 73, 4395–4398 (2005). 

26. Taneja, N. et al. Evolution of bacterial flora in burn wounds: key role of 

environmental disinfection in control of infection. Int. J. Burns Trauma 3, 102–107 

(2013). 

27. Holt, A. F. V. in ‘t, Severin, J. A., Lesaffre, E. M. E. H. & Vos, M. C. A Systematic 

Review and Meta-Analyses Show that Carbapenem Use and Medical Devices Are the 

Leading Risk Factors for Carbapenem-Resistant Pseudomonas aeruginosa. 

Antimicrob. Agents Chemother. 58, 2626–2637 (2014). 

28. Nickel, J. C., Ruseska, I., Wright, J. B. & Costerton, J. W. Tobramycin resistance of 

Pseudomonas aeruginosa cells growing as a biofilm on urinary catheter material. 

Antimicrob. Agents Chemother. 27, 619–624 (1985). 

29. Chi, S. Y. et al. Bacterial Pathogens of Ventilator Associated Pneumonia in a 

Tertiary Referral Hospital. Tuberc. Respir. Dis. 73, 32 (2012). 

30. T, S. K. Microbial Profile of Early and Late Onset Ventilator Associated Pneumonia 

in The Intensive Care Unit of A Tertiary Care Hospital in Bangalore, India. J. Clin. 

Diagn. Res. (2013). doi:10.7860/JCDR/2013/6344.3580 

31. Ahlgren, H. G. et al. Clinical outcomes associated with Staphylococcus aureus and 

Pseudomonas aeruginosa airway infections in adult cystic fibrosis patients. BMC 

Pulm. Med. 15, 67 (2015). 

32. Lyczak, J. B., Cannon, C. L. & Pier, G. B. Lung Infections Associated with Cystic 

Fibrosis. Clin. Microbiol. Rev. 15, 194–222 (2002). 



47 
 

33. Govan, J. R. & Deretic, V. Microbial pathogenesis in cystic fibrosis: mucoid 

Pseudomonas aeruginosa and Burkholderia cepacia. Microbiol. Rev. 60, 539–574 

(1996). 

34. Edmond, M. B. et al. Nosocomial Bloodstream Infections in United States Hospitals: 

A Three-Year Analysis. Clin. Infect. Dis. 29, 239–244 (1999). 

35. Wisplinghoff, H. et al. Nosocomial Bloodstream Infections in US Hospitals: Analysis 

of 24,179 Cases from a Prospective Nationwide Surveillance Study. Clin. Infect. Dis. 

39, 309–317 (2004). 

36. Hidron, A. I. et al. Antimicrobial‐Resistant Pathogens Associated With 

Healthcare‐Associated Infections: Annual Summary of Data Reported to the National 

Healthcare Safety Network at the Centers for Disease Control and Prevention, 2006–

2007 •. Infect. Control Hosp. Epidemiol. 29, 996–1011 (2008). 

37. Micek, S. T. et al. An international multicenter retrospective study of Pseudomonas 

aeruginosa nosocomial pneumonia: impact of multidrug resistance. Crit. Care 19, 

(2015). 

38. Flanagan, J. L. et al. Loss of Bacterial Diversity during Antibiotic Treatment of 

Intubated Patients Colonized with Pseudomonas aeruginosa. J. Clin. Microbiol. 45, 

1954–1962 (2007). 

39. Morita, Y., Tomida, J. & Kawamura, Y. Responses of Pseudomonas aeruginosa to 

antimicrobials. Front. Microbiol. 4, (2014). 

40. Goffin, C. & Ghuysen, J.-M. Multimodular Penicillin-Binding Proteins: An 

Enigmatic Family of Orthologs and Paralogs. Microbiol. Mol. Biol. Rev. 62, 1079–

1093 (1998). 



48 
 

41. Ghuysen, J.-M. Serine beta-lactamases and penicillin-binding proteins. Annu. Rev. 

Microbiol. 45, 37–67 (1991). 

42. Waxman, D. J. & Strominger, J. L. Penicillin-binding proteins and the mechanism of 

action of beta-lactam antibiotics 1. Annu. Rev. Biochem. 52, 825–869 (1983). 

43. Lodise, T. P., Lomaestro, B. & Drusano, G. L. Piperacillin-Tazobactam for 

Pseudomonas aeruginosa Infection: Clinical Implications of an Extended-Infusion 

Dosing Strategy. Clin. Infect. Dis. 44, 357–363 (2007). 

44. Phair, J. P., Watanakunakorn, C. & Bannister, T. In Vitro Susceptibility of 

Pseudomonas aeruginosa to Carbenicillin and the Combination of Carbenicillin and 

Gentamicin. Appl. Microbiol. 18, 303–306 (1969). 

45. Neu, H. C. & Labthavikul, P. Antibacterial activity and beta-lactamase stability of 

ceftazidime, an aminothiazolyl cephalosporin potentially active against Pseudomonas 

aeruginosa. Antimicrob. Agents Chemother. 21, 11–18 (1982). 

46. Sader, H. S., Rhomberg, P. R., Farrell, D. J. & Jones, R. N. Antimicrobial Activity of 

CXA-101, a Novel Cephalosporin Tested in Combination with Tazobactam against 

Enterobacteriaceae, Pseudomonas aeruginosa and Bacteroides fragilis Strains 

Having Various Resistance Phenotypes. Antimicrob. Agents Chemother. (2011). 

doi:10.1128/AAC.01737-10 

47. McCoy, K. S. et al. Inhaled Aztreonam Lysine for Chronic Airway Pseudomonas 

aeruginosa in Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 178, 921–928 (2008). 

48. Traczewski, M. M. & Brown, S. D. In Vitro Activity of Doripenem against 

Pseudomonas aeruginosa and Burkholderia cepacia Isolates from both Cystic 



49 
 

Fibrosis and Non-Cystic Fibrosis Patients. Antimicrob. Agents Chemother. 50, 819–

821 (2006). 

49. Bustamante, C. I., Drusano, G. L., Tatem, B. A. & Standiford, H. C. Postantibiotic 

effect of imipenem on Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 26, 

678–682 (1984). 

50. Murray, J. F. A Century of Tuberculosis. Am. J. Respir. Crit. Care Med. 169, 1181–

1186 (2004). 

51. Reynolds, A. V., Hamilton-Miller, J. M. T. & Brumfitt, W. Newer 

aminoglycosides—amikacin and tobramycin: an in-vitro comparison with kanamycin 

and gentamicin. BMJ 3, 778–780 (1974). 

52. Miller, G. H., Arcieri, G., Weinstein, M. J. & Waitz, J. A. Biological activity of 

netilmicin, a broad-spectrum semisynthetic aminoglycoside antibiotic. Antimicrob. 

Agents Chemother. 10, 827–836 (1976). 

53. Mingeot-Leclercq, M.-P., Glupczynski, Y. & Tulkens, P. M. Aminoglycosides: 

Activity and Resistance. Antimicrob. Agents Chemother. 43, 727–737 (1999). 

54. Bryan, L. E. & Kwan, S. Roles of ribosomal binding, membrane potential, and 

electron transport in bacterial uptake of streptomycin and gentamicin. Antimicrob. 

Agents Chemother. 23, 835–845 (1983). 

55. Ruusala, T. & Kurland, C. G. Streptomycin preferentially perturbs ribosomal 

proofreading. Mol. Gen. Genet. MGG 198, 100–104 (1984). 

56. Melancon, P., Tapprich, W. E. & Brakier-Gingras, L. Single-base mutations at 

position 2661 of Escherichia coli 23S rRNA increase efficiency of translational 

proofreading. J. Bacteriol. 174, 7896–7901 (1992). 



50 
 

57. Ball, P. Quinolone generations: natural history or natural selection? J. Antimicrob. 

Chemother. 46, 17–24 (2000). 

58. Wolfson, J. S. & Hooper, D. C. Fluoroquinolone antimicrobial agents. Clin. 

Microbiol. Rev. 2, 378–424 (1989). 

59. Reece, R. J., Maxwell, A. & Wang, J. C. DNA Gyrase: Structure and Function. Crit. 

Rev. Biochem. Mol. Biol. 26, 335–375 (1991). 

60. Wolfson, J. S. & Hooper, D. C. The fluoroquinolones: structures, mechanisms of 

action and resistance, and spectra of activity in vitro. Antimicrob. Agents Chemother. 

28, 581–586 (1985). 

61. Hawkey, P. M. Mechanisms of quinolone action and microbial response. J. 

Antimicrob. Chemother. 51, 29–35 (2003). 

62. Aldred, K. J., McPherson, S. A., Turnbough, C. L., Kerns, R. J. & Osheroff, N. 

Topoisomerase IV-quinolone interactions are mediated through a water-metal ion 

bridge: mechanistic basis of quinolone resistance. Nucleic Acids Res. 41, 4628–4639 

(2013). 

63. Webber, M. A. et al. Clinically Relevant Mutant DNA Gyrase Alters Supercoiling, 

Changes the Transcriptome, and Confers Multidrug Resistance. mBio 4, e00273–13 

(2013). 

64. Nikaido, H. Antibiotic resistance caused by gram-negative multidrug efflux pumps. 

Clin. Infect. Dis. 27, S32–S41 (1998). 

65. Poole, K. Multidrug efflux pumps and antimicrobial resistance in Pseudomonas 

aeruginosa and related organisms. J. Mol. Microbiol. Biotechnol. 3, 255–264 (2001). 



51 
 

66. Bianco, N., Neshat, S. & Poole, K. Conservation of the multidrug resistance efflux 

gene oprM in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 41, 853–856 

(1997). 

67. Westbrock-Wadman, S. et al. Characterization of a Pseudomonas aeruginosa Efflux 

Pump Contributing to Aminoglycoside Impermeability. Antimicrob. Agents 

Chemother. 43, 2975–2983 (1999). 

68. Masuda, N. et al. Substrate Specificities of MexAB-OprM, MexCD-OprJ, and 

MexXY-OprM Efflux Pumps in Pseudomonas aeruginosa. Antimicrob. Agents 

Chemother. 44, 3322–3327 (2000). 

69. S nchez, P.,  o o, F.   Mart  nez, J. L. Transcriptional regulation of mexR, the 

repressor of Pseudomonas aeruginosa mexAB-oprM multidrug efflux pump. FEMS 

Microbiol. Lett. 207, 63–68 (2002). 

70. Köhler, T., Michea-Hamzehpour, M., Plesiat, P., Kahr, A.-L. & Pechere, J.-C. 

Differential selection of multidrug efflux systems by quinolones in Pseudomonas 

aeruginosa. Antimicrob. Agents Chemother. 41, 2540–2543 (1997). 

71. Srikumar, R., Paul, C. J. & Poole, K. Influence of Mutations in the mexR Repressor 

Gene on Expression of the MexA-MexB-OprM Multidrug Efflux System of 

Pseudomonas aeruginosa. J. Bacteriol. 182, 1410–1414 (2000). 

72. Trias, J. & Nikaido, H. Protein D2 channel of the Pseudomonas aeruginosa outer 

membrane has a binding site for basic amino acids and peptides. J. Biol. Chem. 265, 

15680–15684 (1990). 



52 
 

73. Huang, H. & Hancock, R. E. Genetic definition of the substrate selectivity of outer 

membrane porin protein OprD of Pseudomonas aeruginosa. J. Bacteriol. 175, 7793–

7800 (1993). 

74. Li, H., Luo, Y.-F., Williams, B. J., Blackwell, T. S. & Xie, C.-M. Structure and 

function of OprD protein in Pseudomonas aeruginosa: From antibiotic resistance to 

novel therapies. Int. J. Med. Microbiol. IJMM 302, (2012). 

75. Pirnay, J.-P. et al. Analysis of the Pseudomonas aeruginosa oprD gene from clinical 

and environmental isolates. Environ. Microbiol. 4, 872–882 (2002). 

76. Fowler, R. C. & Hanson, N. D. Emergence of Carbapenem Resistance Due to the 

Novel Insertion Sequence ISPa8 in Pseudomonas aeruginosa. PLoS ONE 9, e91299 

(2014). 

77. Ochs, M. M., McCusker, M. P., Bains, M. & Hancock, R. E. W. Negative Regulation 

of the Pseudomonas aeruginosa Outer Membrane Porin OprD Selective for 

Imipenem and Basic Amino Acids. Antimicrob. Agents Chemother. 43, 1085–1090 

(1999). 

78. Juan, C. et al. Molecular Mechanisms of β-Lactam Resistance Mediated by AmpC 

Hyperproduction in Pseudomonas aeruginosa  Clinical Strains. Antimicrob. Agents 

Chemother. 49, 4733–4738 (2005). 

79. Lodge, J. M., Minchin, S. D., Piddock, L. J. & Busby, J. W. Cloning, sequencing and 

analysis of the structural gene and regulatory region of the Pseudomonas aeruginosa 

chromosomal ampC beta-lactamase. Biochem. J. 272, 627–631 (1990). 

80. Zeng, X. & Lin, J. Beta-lactamase induction and cell wall metabolism in Gram-

negative bacteria. Front. Microbiol. 4, (2013). 



53 
 

81. Lepper, P. M., Grusa, E., Reichl, H., Högel, J. & Trautmann, M. Consumption of 

Imipenem Correlates with β-Lactam Resistance in Pseudomonas aeruginosa. 

Antimicrob. Agents Chemother. 46, 2920–2925 (2002). 

82. Giwercman, B., Jensen, E. T., Høiby, N., Kharazmi, A. & Costerton, J. W. Induction 

of beta-lactamase production in Pseudomonas aeruginosa biofilm. Antimicrob. 

Agents Chemother. 35, 1008–1010 (1991). 

83. Takenouchi, T., Sakagawa, E. & Sugawara, M. Detection of gyrA Mutations among 

335 Pseudomonas aeruginosa Strains Isolated in Japan and Their Susceptibilities to 

Fluoroquinolones. Antimicrob. Agents Chemother. 43, 406–409 (1999). 

84. Hancock, R. E. W. & Speert, D. P. Antibiotic resistance in Pseudomonas aeruginosa: 

mechanisms and impact on treatment. Drug Resist. Updat. 3, 247–255 (2000). 

85. Mouneimné, H., Robert, J., Jarlier, V. & Cambau, E. Type II Topoisomerase 

Mutations in Ciprofloxacin-Resistant Strains of Pseudomonas aeruginosa. 

Antimicrob. Agents Chemother. 43, 62–66 (1999). 

86. Ruiz, J. Mechanisms of resistance to quinolones: target alterations, decreased 

accumulation and DNA gyrase protection. J. Antimicrob. Chemother. 51, 1109–1117 

(2003). 

87. Bonomo, R. A. & Szabo, D. Mechanisms of Multidrug Resistance in Acinetobacter 

Species and Pseudomonas aeruginosa. Clin. Infect. Dis. 43, S49–S56 (2006). 

88. Godfrey, A. J., Bryan, L. E. & Rabin, H. R. beta-Lactam-resistant Pseudomonas 

aeruginosa with modified penicillin-binding proteins emerging during cystic fibrosis 

treatment. Antimicrob. Agents Chemother. 19, 705–711 (1981). 



54 
 

89. Doi, Y. & Arakawa, Y. 16S Ribosomal RNA Methylation: Emerging Resistance 

Mechanism against Aminoglycosides. Clin. Infect. Dis. 45, 88–94 (2007). 

90. Whiteley, M., Lee, K. M. & Greenberg, E. P. Identification of genes controlled by 

quorum sensing in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. 96, 13904–13909 

(1999). 

91. Wagner, V. E., Bushnell, D., Passador, L., Brooks, A. I. & Iglewski, B. H. 

Microarray Analysis of Pseudomonas aeruginosa Quorum-Sensing Regulons: Effects 

of Growth Phase and Environment. J. Bacteriol. 185, 2080–2095 (2003). 

92. Schuster, M., Lostroh, C. P., Ogi, T. & Greenberg, E. P. Identification, Timing, and 

Signal Specificity of Pseudomonas aeruginosa Quorum-Controlled Genes: a 

Transcriptome Analysis. J. Bacteriol. 185, 2066–2079 (2003). 

93. Fuqua, W. C., Winans, S. C. & Greenberg, E. P. Quorum sensing in bacteria: the 

LuxR-LuxI family of cell density-responsive transcriptional regulators. J. Bacteriol. 

176, 269–275 (1994). 

94. Fuqua, C., Winans, S. C. & Greenberg, E. P. Census and consensus in bacterial 

ecosystems: the LuxR-LuxI family of quorum-sensing transcriptional regulators. 

Annu. Rev. Microbiol. 50, 727–751 (1996). 

95. Schuster, M., Urbanowski, M. L. & Greenberg, E. P. Promoter specificity in 

Pseudomonas aeruginosa quorum sensing revealed by DNA binding of purified 

LasR. Proc. Natl. Acad. Sci. U. S. A. 101, 15833–15839 (2004). 

96. Singh, P. K. et al. Quorum-sensing signals indicate that cystic fibrosis lungs are 

infected with bacterial biofilms. Nature 407, 762–764 (2000). 



55 
 

97. Williams, P. & Cámara, M. Quorum sensing and environmental adaptation in 

Pseudomonas aeruginosa: a tale of regulatory networks and multifunctional signal 

molecules. Curr. Opin. Microbiol. 12, 182–191 (2009). 

98. Jimenez, P. N. et al. The Multiple Signaling Systems Regulating Virulence in 

Pseudomonas aeruginosa. Microbiol. Mol. Biol. Rev. 76, 46–65 (2012). 

99. Dubern, J.-F. & Diggle, S. P. Quorum sensing by 2-alkyl-4-quinolones in 

Pseudomonas aeruginosa and other bacterial species. Mol. Biosyst. 4, 882–888 

(2008). 

100. Gallagher, L. A., McKnight, S. L., Kuznetsova, M. S., Pesci, E. C. & Manoil, C. 

Functions Required for Extracellular Quinolone Signaling by Pseudomonas 

aeruginosa. J. Bacteriol. 184, 6472–6480 (2002). 

101. Hentzer, M. et al. Alginate Overproduction Affects Pseudomonas aeruginosa 

Biofilm Structure and Function. J. Bacteriol. 183, 5395–5401 (2001). 

102. Nivens, D. E., Ohman, D. E., Williams, J. & Franklin, M. J. Role of Alginate and 

Its O Acetylation in Formation of Pseudomonas aeruginosa Microcolonies and 

Biofilms. J. Bacteriol. 183, 1047–1057 (2001). 

103. Billings, N. et al. The Extracellular Matrix Component Psl Provides Fast-Acting 

Antibiotic Defense in Pseudomonas aeruginosa  Biofilms. PLoS Pathog 9, e1003526 

(2013). 

104. Colvin, K. M. et al. The Pel Polysaccharide Can Serve a Structural and Protective 

Role in the Biofilm Matrix of Pseudomonas aeruginosa. PLoS Pathog 7, e1001264 

(2011). 



56 
 

105. Moradali, M. F., Donati, I., Sims, I. M., Ghods, S. & Rehm, B. H. A. Alginate 

Polymerization and Modification Are Linked in Pseudomonas aeruginosa. mBio 6, 

e00453–15 (2015). 

106. Remminghorst, U., Hay, I. D. & Rehm, B. H. A. Molecular characterization of 

Alg8, a putative glycosyltransferase, involved in alginate polymerisation. J. 

Biotechnol. 140, 176–183 (2009). 

107. Merighi, M., Lee, V. T., Hyodo, M., Hayakawa, Y. & Lory, S. The second 

messenger bis-(3′-5′)-cyclic-GMP and its PilZ domain-containing receptor Alg44 are 

required for alginate biosynthesis in Pseudomonas aeruginosa. Mol. Microbiol. 65, 

876–895 (2007). 

108. Martin, D. W. et al. Mechanism of conversion to mucoidy in Pseudomonas 

aeruginosa infecting cystic fibrosis patients. Proc. Natl. Acad. Sci. 90, 8377–8381 

(1993). 

109. Banin, E., Vasil, M. L. & Greenberg, E. P. Iron and Pseudomonas aeruginosa 

biofilm formation. Proc. Natl. Acad. Sci. U. S. A. 102, 11076–11081 (2005). 

110. Wiens, J. R., Vasil, A. I., Schurr, M. J. & Vasil, M. L. Iron-Regulated Expression 

of Alginate Production, Mucoid Phenotype, and Biofilm Formation by Pseudomonas 

aeruginosa. mBio 5, e01010–13 (2014). 

111. Hassett, D. J. Anaerobic production of alginate by Pseudomonas aeruginosa: 

alginate restricts diffusion of oxygen. J. Bacteriol. 178, 7322–7325 (1996). 

112. Borriello, G. et al. Oxygen Limitation Contributes to Antibiotic Tolerance of 

Pseudomonas aeruginosa in Biofilms. Antimicrob. Agents Chemother. 48, 2659–

2664 (2004). 



57 
 

113. Periasamy, S. et al. Pseudomonas aeruginosa PAO1 exopolysaccharides are 

important for mixed species biofilm community development and stress tolerance. 

Front. Microbiol. 6, (2015). 

114. Smith, E. E. et al. Genetic adaptation by Pseudomonas aeruginosa to the airways 

of cystic fibrosis patients. Proc. Natl. Acad. Sci. 103, 8487–8492 (2006). 

115. Allured, V. S., Collier, R. J., Carroll, S. F. & McKay, D. B. Structure of exotoxin 

A of Pseudomonas aeruginosa at 3.0-Angstrom resolution. Proc. Natl. Acad. Sci. 83, 

1320–1324 (1986). 

116. Yates, S. P. & Merrill, A. R. Elucidation of eukaryotic elongation factor-2 contact 

sites within the catalytic domain of Pseudomonas aeruginosa exotoxin A. Biochem. 

J. 379, 563–572 (2004). 

117. Durand, É. et al. Type II Protein Secretion in Pseudomonas aeruginosa: the 

Pseudopilus Is a Multifibrillar and Adhesive Structure. J. Bacteriol. 185, 2749–2758 

(2003). 

118. Eidels, L., Proia, R. L. & Hart, D. A. Membrane receptors for bacterial toxins. 

Microbiol. Rev. 47, 596–620 (1983). 

119. Kounnas, M. Z. et al. The alpha 2-macroglobulin receptor/low density lipoprotein 

receptor-related protein binds and internalizes Pseudomonas exotoxin A. J. Biol. 

Chem. 267, 12420–12423 (1992). 

120. Farahbakhsh, Z. T. & Wisnieski, B. J. The acid-triggered entry pathway of 

Pseudomonas exotoxin A. Biochemistry (Mosc.) 28, 580–585 (1989). 

121. Ogata, M., Fryling, C. M., Pastan, I. & FitzGerald, D. J. Cell-mediated cleavage 

of Pseudomonas exotoxin between Arg279 and Gly280 generates the enzymatically 



58 
 

active fragment which translocates to the cytosol. J. Biol. Chem. 267, 25396–25401 

(1992). 

122. Iglewski, B. H., Liu, P. V. & Kabat, D. Mechanism of action of Pseudomonas 

aeruginosa exotoxin A: adenosine diphosphate-ribosylation of mammalian 

elongation factor 2 in vitro and in vivo. Infect. Immun. 15, 138–144 (1977). 

123. Beattie, B. K. & Merrill, A. R. In vitro enzyme activation and folded stability of 

Pseudomonas aeruginosa exotoxin A and its C-terminal peptide. Biochemistry 

(Mosc.) 35, 9042–9051 (1996). 

124. Vidal, D. R., Garrone, P. & Banchereau, J. Immunosuppressive effects of 

Pseudomonas aeruginosa exotoxin A on human B-lymphocytes. Toxicon 31, 27–34 

(1993). 

125. Yates, S. P. et al. Structure–function analysis of water-soluble inhibitors of the 

catalytic domain of exotoxin A from Pseudomonas aeruginosa. Biochem. J. 385, 

667–675 (2005). 

126. Heck, L. W., Morihara, K., McRae, W. B. & Miller, E. J. Specific cleavage of 

human type III and IV collagens by Pseudomonas aeruginosa elastase. Infect. 

Immun. 51, 115–118 (1986). 

127. Holder, I. A. & Wheeler, R. Experimental studies of the pathogenesis of 

infections owing to Pseudomonas aeruginosa: elastase, an IgG protease. Can. J. 

Microbiol. 30, 1118–1124 (1984). 

128. Heck, L. W. et al. Degradation of IgA proteins by Pseudomonas aeruginosa 

elastase. J. Immunol. 144, 2253–2257 (1990). 



59 
 

129. Schultz, D. R. & Miller, K. D. Elastase of Pseudomonas aeruginosa: inactivation 

of complement components and complement-derived chemotactic and phagocytic 

factors. Infect. Immun. 10, 128–135 (1974). 

130. Kuang, Z. et al. Pseudomonas aeruginosa Elastase Provides an Escape from 

Phagocytosis by Degrading the Pulmonary Surfactant Protein-A. PLoS ONE 6, 

e27091 (2011). 

131. Jacquot, J., Tournier, J.-M. & Puchelle, E. In vitro evidence that human airway 

lysozyme is cleaved and inactivated by Pseudomonas aeruginosa elastase and not by 

human leukocyte elastase. Infect. Immun. 47, 555–560 (1985). 

132. Heck, L. W., Morihara, K. & Abrahamson, D. R. Degradation of soluble laminin 

and depletion of tissue-associated basement membrane laminin by Pseudomonas 

aeruginosa elastase and alkaline protease. Infect. Immun. 54, 149–153 (1986). 

133. Bejarano, P. A., Langeveld, J. P., Hudson, B. G. & Noelken, M. E. Degradation of 

basement membranes by Pseudomonas aeruginosa elastase. Infect. Immun. 57, 3783–

3787 (1989). 

134. Beaufort, N., Corvazier, E., Mlanaoindrou, S., de Bentzmann, S. & Pidard, D. 

Disruption of the Endothelial Barrier by Proteases from the Bacterial Pathogen 

Pseudomonas aeruginosa: Implication of Matrilysis and Receptor Cleavage. PLoS 

ONE 8, e75708 (2013). 

135. Dietrich, L. E. P., Price-Whelan, A., Petersen, A., Whiteley, M. & Newman, D. 

K. The phenazine pyocyanin is a terminal signalling factor in the quorum sensing 

network of Pseudomonas aeruginosa. Mol. Microbiol. 61, 1308–1321 (2006). 



60 
 

136. Mavrodi, D. V. et al. Functional Analysis of Genes for Biosynthesis of Pyocyanin 

and Phenazine-1-Carboxamide from Pseudomonas aeruginosa PAO1. J. Bacteriol. 

183, 6454–6465 (2001). 

137. Baron, S. S. & Rowe, J. J. Antibiotic action of pyocyanin. Antimicrob. Agents 

Chemother. 20, 814–820 (1981). 

138. Kerr, J. R. et al. Pseudomonas aeruginosa pyocyanin and 1-hydroxyphenazine 

inhibit fungal growth. J. Clin. Pathol. 52, 385–387 (1999). 

139. Dietrich, L. E. P., Teal, T. K., Price-Whelan, A. & Newman, D. K. Redox-Active 

Antibiotics Control Gene Expression and Community Behavior in Divergent 

Bacteria. Science 321, 1203–1206 (2008). 

140. Hassett, D. J., Charniga, L., Bean, K., Ohman, D. E. & Cohen, M. S. Response of 

Pseudomonas aeruginosa to pyocyanin: mechanisms of resistance, antioxidant 

defenses, and demonstration of a manganese-cofactored superoxide dismutase. Infect. 

Immun. 60, 328–336 (1992). 

141. Lau, G. W., Ran, H., Kong, F., Hassett, D. J. & Mavrodi, D. Pseudomonas 

aeruginosa Pyocyanin Is Critical for Lung Infection in Mice. Infect. Immun. 72, 

4275–4278 (2004). 

142. Usher, L. R. et al. Induction of Neutrophil Apoptosis by the Pseudomonas 

aeruginosa Exotoxin Pyocyanin: A Potential Mechanism of Persistent Infection. J. 

Immunol. 168, 1861–1868 (2002). 

143. Ran, H., Hassett, D. J. & Lau, G. W. Human targets of Pseudomonas aeruginosa 

pyocyanin. Proc. Natl. Acad. Sci. 100, 14315–14320 (2003). 



61 
 

144. Kanthakumar, K. et al. Mechanisms of action of Pseudomonas aeruginosa 

pyocyanin on human ciliary beat in vitro. Infect. Immun. 61, 2848–2853 (1993). 

145. Hueck, C. J. Type III protein secretion systems in bacterial pathogens of animals 

and plants. Microbiol. Mol. Biol. Rev. 62, 379–433 (1998). 

146. Hauser, A. R. The type III secretion system of Pseudomonas aeruginosa: 

infection by injection. Nat. Rev. Microbiol. 7, 654–665 (2009). 

147. Ledizet, M. et al. The Ability of Virulence Factor Expression by Pseudomonas 

aeruginosa to Predict Clinical Disease in Hospitalized Patients. PLoS ONE 7, e49578 

(2012). 

148. El-Solh, A. A., Hattemer, A., Hauser, A. R., Alhajhusain, A. & Vora, H. 

CLINICAL OUTCOMES OF TYPE III PSEUDOMONAS AERUGINOSA 

BACTEREMIA. Crit. Care Med. 40, 1157–1163 (2012). 

149. Galán, J. E., Lara-Tejero, M., Marlovits, T. C. & Wagner, S. Bacterial Type III 

Secretion Systems: Specialized Nanomachines for Protein Delivery into Target Cells. 

Annu. Rev. Microbiol. 68, 415–438 (2014). 

150. McCaw, M. L., Lykken, G. L., Singh, P. K. & Yahr, T. L. ExsD is a negative 

regulator of the Pseudomonas aeruginosa type III secretion regulon. Mol. Microbiol. 

46, 1123–1133 (2002). 

151. Yahr, T. L. & Wolfgang, M. C. Transcriptional regulation of the Pseudomonas 

aeruginosa type III secretion system. Mol. Microbiol. 62, 631–640 (2006). 

152. Bleves, S., Soscia, C., Nogueira-Orlandi, P., Lazdunski, A. & Filloux, A. Quorum 

Sensing Negatively Controls Type III Secretion Regulon Expression in Pseudomonas 

aeruginosa PAO1. J. Bacteriol. 187, 3898–3902 (2005). 



62 
 

153. Mikkelsen, H. et al. Biofilms and type III secretion are not mutually exclusive in 

Pseudomonas aeruginosa. Microbiology 155, 687–698 (2009). 

154. Diaz, M. R., King, J. M. & Yahr, T. L. Intrinsic and Extrinsic Regulation of Type 

III Secretion Gene Expression in Pseudomonas aeruginosa. Front. Microbiol. 2, 

(2011). 

155. Coburn, J., Wyatt, R. T., Iglewski, B. H. & Gill, D. M. Several GTP-binding 

proteins, including p21c-H-ras, are preferred substrates of Pseudomonas aeruginosa 

exoenzyme S. J. Biol. Chem. 264, 9004–9008 (1989). 

156. Coburn, J., Dillon, S. T., Iglewski, B. H. & Gill, D. M. Exoenzyme S of 

Pseudomonas aeruginosa ADP-ribosylates the intermediate filament protein 

vimentin. Infect. Immun. 57, 996–998 (1989). 

157. Knight, D. A. & Barbieri, J. T. Ecto-ADP-ribosyltransferase activity of 

Pseudomonas aeruginosa exoenzyme S. Infect. Immun. 65, 3304–3309 (1997). 

158. Goehring, U.-M., Schmidt, G., Pederson, K. J., Aktories, K. & Barbieri, J. T. The 

N-terminal Domain of Pseudomonas aeruginosa Exoenzyme S Is a GTPase-

activating Protein for Rho GTPases. J. Biol. Chem. 274, 36369–36372 (1999). 

159. Maresso, A. W., Baldwin, M. R. & Barbieri, J. T. Ezrin/Radixin/Moesin Proteins 

Are High Affinity Targets for ADP-ribosylation by Pseudomonas aeruginosa ExoS. 

J. Biol. Chem. 279, 38402–38408 (2004). 

160. Olson, J. C. et al. Interruption of Multiple Cellular Processes in HT-29 Epithelial 

Cells by Pseudomonas aeruginosa Exoenzyme S. Infect. Immun. 67, 2847–2854 

(1999). 



63 
 

161. Rucks, E. A. Cell line differences in bacterially translocated ExoS ADP-

ribosyltransferase substrate specificity. Microbiology 149, 319–331 (2003). 

162. Jia, J. et al. c-Jun NH2-Terminal Kinase-Mediated Signaling Is Essential for 

Pseudomonas aeruginosa ExoS-Induced Apoptosis. Infect. Immun. 71, 3361–3370 

(2003). 

163. Sun, Y., Karmakar, M., Taylor, P. R., Rietsch, A. & Pearlman, E. ExoS and ExoT 

ADP Ribosyltransferase Activities Mediate Pseudomonas aeruginosa Keratitis by 

Promoting Neutrophil Apoptosis and Bacterial Survival. J. Immunol. 188, 1884–1895 

(2012). 

164. Fu, H., Coburn, J. & Collier, R. J. The eukaryotic host factor that activates 

exoenzyme S of Pseudomonas aeruginosa is a member of the 14-3-3 protein family. 

Proc. Natl. Acad. Sci. 90, 2320–2324 (1993). 

165. Muslin, A. J., Tanner, J. W., Allen, P. M. & Shaw, A. S. Interaction of 14-3-3 

with Signaling Proteins Is Mediated by the Recognition of Phosphoserine. Cell 84, 

889–897 (1996). 

166. Pederson, K. J., Pal, S., Vallis, A. J., Frank, D. W. & Barbieri, J. T. Intracellular 

localization and processing of Pseudomonas aeruginosa ExoS in eukaryotic cells. 

Mol. Microbiol. 37, 287–299 (2000). 

167. Pederson, K. J., Krall, R., Riese, M. J. & Barbieri, J. T. Intracellular localization 

modulates targeting of ExoS, a type III cytotoxin, to eukaryotic signalling proteins. 

Mol. Microbiol. 46, 1381–1390 (2002). 

168. Zhang, Y. & Barbieri, J. T. A Leucine-Rich Motif Targets Pseudomonas 

aeruginosa ExoS within Mammalian Cells. Infect. Immun. 73, 7938–7945 (2005). 



64 
 

169. Liu, S., Yahr, T. L., Frank, D. W. & Barbieri, J. T. Biochemical relationships 

between the 53-kilodalton (Exo53) and 49-kilodalton (ExoS) forms of exoenzyme S 

of Pseudomonas aeruginosa. J. Bacteriol. 179, 1609–1613 (1997). 

170. Krall, R., Schmidt, G., Aktories, K. & Barbieri, J. T. Pseudomonas aeruginosa 

ExoT Is a Rho GTPase-Activating Protein. Infect. Immun. 68, 6066–6068 (2000). 

171. Kazmierczak, B. I. & Engel, J. N. Pseudomonas aeruginosa ExoT Acts In Vivo 

as a GTPase-Activating Protein for RhoA, Rac1, and Cdc42. Infect. Immun. 70, 

2198–2205 (2002). 

172. Geiser, T. K., Kazmierczak, B. I., Garrity-Ryan, L. K., Matthay, M. A. & Engel, 

J. N. Pseudomonas aeruginosa ExoT inhibits in vitro lung epithelial wound repair. 

Cell. Microbiol. 3, 223–236 (2001). 

173. Cowell, B. A., Chen, D. Y., Frank, D. W., Vallis, A. J. & Fleiszig, S. M. J. ExoT 

of Cytotoxic Pseudomonas aeruginosa Prevents Uptake by Corneal Epithelial Cells. 

Infect. Immun. 68, 403–406 (2000). 

174. Sun, J. & Barbieri, J. T. Pseudomonas aeruginosa ExoT ADP-ribosylates CT10 

Regulator of Kinase (Crk) Proteins. J. Biol. Chem. 278, 32794–32800 (2003). 

175. Shaver, C. M. & Hauser, A. R. Relative Contributions of Pseudomonas 

aeruginosa ExoU, ExoS, and ExoT to Virulence in the Lung. Infect. Immun. 72, 

6969–6977 (2004). 

176. Schulert, G. S. et al. Secretion of the Toxin ExoU Is a Marker for Highly Virulent 

Pseudomonas aeruginosa Isolates Obtained from Patients with Hospital-Acquired 

Pneumonia. J. Infect. Dis. 188, 1695–1706 (2003). 



65 
 

177. Allewelt, M., Coleman, F. T., Grout, M., Priebe, G. P. & Pier, G. B. Acquisition 

of Expression of the Pseudomonas aeruginosa ExoU Cytotoxin Leads to Increased 

Bacterial Virulence in a Murine Model of Acute Pneumonia and Systemic Spread. 

Infect. Immun. 68, 3998–4004 (2000). 

178. Rabin, S. D. P. & Hauser, A. R. Pseudomonas aeruginosa ExoU, a Toxin 

Transported by the Type III Secretion System, Kills Saccharomyces cerevisiae. 

Infect. Immun. 71, 4144–4150 (2003). 

179. Loper, J. E. et al. Comparative Genomics of Plant-Associated Pseudomonas spp.: 

Insights into Diversity and Inheritance of Traits Involved in Multitrophic 

Interactions. PLoS Genet. 8, e1002784 (2012). 

180. Finck-Barbançon, V., Yahr, T. L. & Frank, D. W. Identification and 

characterization of SpcU, a chaperone required for efficient secretion of the ExoU 

cytotoxin. J. Bacteriol. 180, 6224–6231 (1998). 

181. Finck-Barbançon, V. & Frank, D. W. Multiple Domains Are Required for the 

Toxic Activity of Pseudomonas aeruginosa ExoU. J. Bacteriol. 183, 4330–4344 

(2001). 

182. Sato, H. et al. The mechanism of action of the Pseudomonas aeruginosa-encoded 

type III cytotoxin, ExoU. EMBO J. 22, 2959–2969 (2003). 

183. Anderson, D. M. et al. Ubiquitin and ubiquitin-modified proteins activate the 

Pseudomonas aeruginosa T3SS cytotoxin, ExoU. Mol. Microbiol. 82, 1454–1467 

(2011). 

184. Kubori, T. & Nagai, H. Bacterial Effector-Involved Temporal and Spatial 

Regulation by Hijack of the Host Ubiquitin Pathway. Front. Microbiol. 2, (2011). 



66 
 

185. Anderson, D. M. et al. Identification of the Major Ubiquitin-binding Domain of 

the Pseudomonas aeruginosa ExoU A2 Phospholipase. J. Biol. Chem. 288, 26741–

26752 (2013). 

186. Yahr, T. L., Vallis, A. J., Hancock, M. K., Barbieri, J. T. & Frank, D. W. ExoY, 

an adenylate cyclase secreted by the Pseudomonas aeruginosa type III system. Proc. 

Natl. Acad. Sci. 95, 13899–13904 (1998). 

187. Beckert, U. et al. ExoY from Pseudomonas aeruginosa is a nucleotidyl cyclase 

with preference for cGMP and cUMP formation. Biochem. Biophys. Res. Commun. 

450, 870–874 (2014). 

188. Raoux-Barbot, D. et al. Actin activates Pseudomonas aeruginosa ExoY 

nucleotidyl cyclase toxin and ExoY-like effector domains from MARTX toxins. 

bioRxiv 032201 (2015). doi:10.1101/032201 

189. Gancedo, J. M. Biological roles of cAMP: variations on a theme in the different 

kingdoms of life: Biological roles of cAMP. Biol. Rev. 88, 645–668 (2013). 

190. Fischmeister,  . Is cAMP Good or Bad?: Depends on Where It’s Made. Circ. Res. 

98, 582–584 (2006). 

191. Vallis, A. J., Finck-Barbançon, V., Yahr, T. L. & Frank, D. W. Biological Effects 

of Pseudomonas aeruginosa Type III-Secreted Proteins on CHO Cells. Infect. 

Immun. 67, 2040–2044 (1999). 

192. Sayner, S. L. et al. Paradoxical cAMP-Induced Lung Endothelial 

Hyperpermeability Revealed by Pseudomonas aeruginosa ExoY. Circ. Res. 95, 196–

203 (2004). 



67 
 

193. Cowell, B. A., Evans, D. J. & Fleiszig, S. M. J. Actin cytoskeleton disruption by 

ExoY and its effects on Pseudomonas aeruginosa invasion. FEMS Microbiol. Lett. 

250, 71–76 (2005). 

194. Ochoa, C. D., Alexeyev, M., Pastukh, V., Balczon, R. & Stevens, T. 

Pseudomonas aeruginosa Exotoxin Y Is a Promiscuous Cyclase That Increases 

Endothelial Tau Phosphorylation and Permeability. J. Biol. Chem. 287, 25407–25418 

(2012). 

195. Marino, S. M. & Gladyshev, V. N. Analysis and Functional Prediction of 

Reactive Cysteine Residues. J. Biol. Chem. 287, 4419–4425 (2012). 

196. Marino, S. M. & Gladyshev, V. N. Cysteine Function Governs Its Conservation 

and Degeneration and Restricts Its Utilization on Protein Surfaces. J. Mol. Biol. 404, 

902–916 (2010). 

197. Collet, J.-F. & Bardwell, J. C. Oxidative protein folding in bacteria. Mol. 

Microbiol. 44, 1–8 (2002). 

198. Tu, B. P. Oxidative protein folding in eukaryotes: mechanisms and consequences. 

J. Cell Biol. 164, 341–346 (2004). 

199. Passerini, A. & Frasconi, P. Learning to discriminate between ligand-bound and 

disulfide-bound cysteines. Protein Eng. Des. Sel. 17, 367–373 (2004). 

200. Netto, L. E. S. et al. Reactive cysteine in proteins: Protein folding, antioxidant 

defense, redox signaling and more. Comp. Biochem. Physiol. Part C Toxicol. 

Pharmacol. 146, 180–193 (2007). 

201. Bulaj, G., Kortemme, T. & Goldenberg, D. P. Ionization-reactivity relationships 

for cysteine thiols in polypeptides. Biochemistry (Mosc.) 37, 8965–8972 (1998). 



68 
 

202. Reed, J. & Reed, T. A. A Set of Constructed Type Spectra for the Practical 

Estimation of Peptide Secondary Structure from Circular Dichroism. Anal. Biochem. 

254, 36–40 (1997). 

203. Pace, N. J. & Weerapana, E. Zinc-Binding Cysteines: Diverse Functions and 

Structural Motifs. Biomol. 2218-273X 4, 419–434 (2014). 

204. Tanaka, T. Calmodulin-Dependent Calcium Signal Transduction. Jpn. J. 

Pharmacol. 46, 101–107 (1988). 

205. Coburn, J. & Frank, D. W. Macrophages and Epithelial Cells Respond Differently 

to the Pseudomonas aeruginosa Type III Secretion System. Infect. Immun. 67, 3151–

3154 (1999). 

206. Vance, R. E., Rietsch, A. & Mekalanos, J. J. Role of the Type III Secreted 

Exoenzymes S, T, and Y in Systemic Spread of Pseudomonas aeruginosa PAO1 In 

Vivo. Infect. Immun. 73, 1706–1713 (2005). 

207. Greenfield, N. J. Methods to Estimate the Conformation of Proteins and 

Polypeptides from Circular Dichroism Data. Anal. Biochem. 235, 1–10 (1996). 

208.  Madrid, MS Thesis, Idaho State University. M. Characterization of the novel 

bacterial adenylyl cyclase effector, ExoY. (2014). 

 

 

 

 


