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CHARACTERIZATION OF THE NOVEL BACTERIAL

ADENYLYL CYCLASE EFFECTOR, EXOY
Thesis Abstract — Idaho State University — 2014

Pseudomonas aeruginosa is an opportunistic pathogen that causes respiratory
tract infections in immunocompromised patients. P. aeruginosa utilizes a Type 3
Secretion System (T3SS) to secrete up to four effectors (ExoS, ExoT, ExoU, and ExoY)
directly into the eukaryotic cytosol during infection. ExoY is a class Il bacterial adenylyl
cyclase, but unlike the major members of this group, ExoY is activated by a calmodulin-
independent mechanism. The activity of rExoY in the presence of the A549 lung
epithelial cell lysate was assessed using an enzyme immunoassay (EIA) to detect the
product of ExoY, cAMP. The sediment after A549 lysate ultracentrifugation activated
rExoY five times more than the soluble lysate. To determine if rExoY was activated by a
proteinaceous factor, we optimized a digestion of the soluble lysate using Proteinase K
and observed that the activity of the fraction decreased substantially after proteolysis,

indicating that the activator is proteinaceous.



HYPOTHESIS AND SPECIFIC AIMS
My hypothesis was that ExoY is a novel bacterial adenylyl cyclase effector that is
activated by a non-calmodulin eukaryotic factor. To test my hypothesis, | proposed three
aims: the first was the cloning, expression, and purification of ExoY and the catalytic null
K81M, followed by the optimization of the ExoY activity assay and cAMP EIA, and

finally, the enrichment of the ExoY activator.



CHAPTER I: INTRODUCTION
General Characteristics

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative facultative
anaerobe and serves as the type species of the genus Pseudomonas [1, 2]. P. aeruginosa
is historically known for its secretion of pyocyanin, a blue-green pigment [3] that causes
the colony to turn blue-green. Indeed, pyocyanin is the origin of the species name
aeruginosa, which comes from the Latin aeruginosus, meaning covered in verdigris, or
copper rust [4]. Isolated colonies of P. aeruginosa appear as large, flat, greenish colonies
with irregular margins and a metallic luster, and have a distinctive fragrance reminiscent
of an artificial grape scent or tortillas. The size of an individual cell ranges from
approximately 0.5 — 0.8 by 1.5 — 3.0 um [5]. P. aeruginosa is monotrichous and is
catalase and oxidase positive; the oxidase test is used to differentiate P. aeruginosa from
Enterobacteriaceae. It is a non-fermenter of carbohydrates and is methyl red and VVoges-
Proskauer negative, indole negative, and citrate positive [2].

The ~6.3 Mbp genome of P. aeruginosa is large compared to the genomes of
other common bacteria, such as Staphylococcus aureus (~2.8 Mbp) and Escherichia coli
(~5 Mbp), and encodes 5,572 open reading frames (ORFs) — nearly as many as the
eukaryote Saccharomyces cerevisiae (6,349 ORFs) [6]. Because of its large genome, P.
aeruginosa is capable of living in a variety of environments. Such environments include a
wide range of temperatures [2], colonization of patient endotracheal tubes [7, 8], and
even harsh environments such as sites polluted by crude oil, where P. aeruginosa has
been shown to degrade hydrocarbons in tarballs [9, 10]. Additionally, P. aeruginosa is

capable of adapting to microgravity, as cultures on the Mir International Space Station



have demonstrated a new column-and-canopy biofilm architecture [11]. The ubiquity of
P. aeruginosa, in addition to its numerous virulence factors and ability to infect many

different organisms, make it a vital target for further study.

Clinical Significance

General Infections

Despite its role as an opportunistic pathogen, P. aeruginosa can also cause acute
infections in patients who are not considered immunocompromised. If P. aeruginosa is
introduced to the eye through trauma or contact lens contamination, it can cause keratitis,
or a scleral abscess [12]. Immediate treatment is necessary to prevent the host’s
inflammatory response from causing corneal scarring, which can lead to blindness [13].
More frequently, however, P. aeruginosa causes dermatitis, or “hot tub rash,” as a result
of exposure to inadequately maintained hot tub water. Symptoms include itchy spots that
become bumpy red rashes, particularly in areas covered by a swimsuit, and can progress

to pus-filled blisters around the hair follicles [12, 14].

Ventilator-Associated Pneumonia

P. aeruginosa commonly causes nosocomial infections, colonizing the
endotracheal tube of patients undergoing mechanical ventilation and resulting in
ventilator-associated pneumonia (VAP) [15]. Specifically, VAP refers to a pneumonia
that occurs more than 48 hours after patients have received mechanical ventilation. VAP
that occurs within the first 4 days of hospitalization is referred to as early-onset and

carries a good prognosis. After 4 days, it is considered late-onset VAP; which is more



likely to be caused by multi-drug resistance and an increase in patient mortality [16].
Between 250,000 and 300,000 cases occur in the United States per year, or approximately
5 to 10 cases per 1,000 hospital admissions [8]. Of these cases, P. aeruginosa is one of
the most common Gram-negative isolates from patients with VAP, along with
Acinetobacter baumannii [17, 18]. In a 2013 study conducted by Golia, et al., 40% of P.
aeruginosa isolates in an Indian tertiary care intensive care unit were resistant to all
groups of antibiotics. The reported mortality of VAP has been as high as 50%, in part due
to the natural antimicrobial resistance in many strains of P. aeruginosa, which can
significantly worsen the prognosis of VAP [8]. P. aeruginosa-associated VAP is a vital

issue in healthcare settings worldwide, particularly in underdeveloped countries.

Burns

As an opportunistic pathogen, P. aeruginosa targets damaged tissue such as burn
wounds. An open burn wound promotes the growth of a variety of microorganisms due to
the healing-induced inhibition of the immune response [19]. Generally, the burn wound is
first colonized by endogenous microorganisms from the victim’s normal skin, respiratory,
and gastrointestinal flora, followed by exogenous fungal organisms after broad-spectrum
antibiotic therapy reduces the bacterial population [7]. P. aeruginosa contaminates the
burn wound from the environment or from exposure to contaminated health care workers.
Unfortunately, many strains of P. aeruginosa that have been isolated in health care
settings are frequently resistant to a wide variety of antibiotics [16, 17, 20]. This
antibiotic resistance provides the opportunity for P. aeruginosa to establish an infection,

which only increases the mortality rate [7].



Cystic Fibrosis

Cystic fibrosis (CF) is a lethal autosomal recessive genetic disorder caused by
mutations in the gene for the CF transmembrane conductance regulator (CFTR) chloride
channel, which regulates the movement of sodium and chloride anions across epithelial
membranes [21, 22]. A lack of ion movement causes water to move from the normally
isosmotic airway surface liquid into the cell, increasing the mucus concentration, which
sticks to the epithelial surface and flattens the cilia [22]. This increased amount of mucus
creates microaerobic, or anaerobic conditions, which has been shown to upregulate
alginate production; this can limit oxygen diffusion into the alveoli, further aggravating
hypoxia [23, 24]. Young patients with CF often develop P. aeruginosa infections and by

adulthood 80% of all CF patients have chronic P. aeruginosa infections [22, 25].

Antibiotic Resistance

P. aeruginosa has a natural resistance to a wide variety of antibiotics, which is
owed to a number of factors, including B-lactamase proteins, multidrug efflux pumps,
acquisition of antibiotic resistance genes, and natural mutations. P. aeruginosa expresses
endogenous [-lactamases and has acquired exogenous [-lactamase genes through
horizontal gene transfer [26]. B-lactamases are capable of hydrolyzing B-lactam
antibiotics like the penicillins, monobactams, and cephalosporins [26]. A selected
mutation in the oprD gene results in a loss of the outer membrane porin protein OprD.
Without OprD, carbapenem antibiotics such as imipenem and meropenem are prevented

from entering the cell and inhibiting cell wall synthesis during binary fission [27, 28].



Multidrug efflux pumps in the cytoplasmic membrane are able to remove a variety of

antibiotics from the cell [29].

Virulence Factors

Exotoxin A

Exotoxin A (ETA) is a 66 kDa extracellular protein that is comprised of three
domains: receptor-binding, translocation, and catalytic [30, 31]. ETA is secreted by the P.
aeruginosa type Il secretion system (T2SS) [32]. After transportation into the periplasm
across the inner membrane, ETA is transported directly into the environment through a
pore composed of a complex of secretin proteins that make up the T2SS [33]. ETA enters
the eukaryotic host cell via receptor-mediated endocytosis, and is translocated across the
endosomal membrane into the cytosol upon the acidification of the endosome [34]. Once
in the cytosol, ETA causes cell death due to the ADP-ribosylation of eukaryotic
elongation factor 2 (eEF2), a protein that is essential to eukaryotic translation [30]. One
of P. aeruginosa’s most effective virulence factors, ETA has an LDz of 0.2 pg/animal on

intraperitoneal injection into mice [35].

Elastase

The elastase produced by P. aeruginosa was first described in 1965 [36]. Elastase
has non-specific proteolytic activity which improves P. aeruginosa motility through the
host tissue by digesting tight junction proteins [36—-38]. The proteolytic properties are

capable of digesting lysozyme to prevent bacteriolysis [39], pulmonary surfactant



protein-A to prevent phagocytosis, and antibacterial peptides, cytokines, chemokines,

and immunoglobulins to inhibit the host’s immune response [40].

Pyocyanin

Pyocyanin is a blue-green pigment produced by P. aeruginosa which has been
shown to interfere with ciliary beating [41], induce apoptosis in neutrophils [42], and
effect secretion of Ig by B-lymphocytes [43]. A redox-active compound, pyocyanin also
has antimicrobial properties due to its ability to initiate a redox cascade via NADH or

NADPH [44].

Alginate

Alginate is an exopolysaccharide secreted by mucoid strains of P. aeruginosa
[45]. Alginate production is regulated by algD, which is transcriptionally activated in the
presence of high concentrations of electrolytes and under anaerobic conditions [23, 46,
47]. As a viscous secretion, alginate is responsible for the production of biofilms and can
prevent phagocytosis of the bacterial cell during the immune response [48, 49]. Alginate
can decrease oxygen diffusion in patients with cystic fibrosis, which can further

aggravate hypoxia [23].

Bacterial Secretion Systems
There are several types of secretion systems used by Gram-negative bacteria. The

Type | Secretion System (T1SS) (Figure 1A) consists of three proteins that span the cell
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Figure 1. Bacterial Secretion Systems. A) Type 1 secretion system, B) Type 2 secretion
system, which is Sec-dependent, C) Type 3 secretion system, which secretes P. aeruginosa’s
effectors, including ExoY, D) Type 4 secretion system, E) Type 5 secretion system, which is
also Sec-dependent, F) Type 6 secretion system. Panels A — E adapted from artwork by Mike
Jones (adenosine) under the Creative Commons Attribution-Share Alike 3.0 Unported license.
Panel F adapted from Filloux, A. (2013). The rise of the Type VI secretion system.

F1000primereports, 5(52).



envelope: an outer membrane protein (OMP), an ATP-binding cassette (ABC), and a
membrane fusion protein (MFP), which assemble upon recognition of the ABC protein
by the C-terminal secretion signal on the unfolded substrate [50, 51]. Escherichia coli
hemolysisn HIyA is a substrate of the T1SS [51].

The Type 2 Secretion System (T2SS) (Figure 1B) secretes fully-folded substrates
through a pore composed of a complex of secretin proteins after the substrates are
transported into the periplasmic space by the Sec or Tat complex [33]. The T2SS is found
in Gram-negative bacteria, most notably in Pseudomonas, Klebsiella, and Vibrio [52].
The T2SS is used to secrete Vibrio cholerae’s cholera toxin (CT) as well as P.
aeruginosa’s Exotoxin A [32, 52].

A prominent mechanism of pathogenicity for P. aeruginosa is the use of a Type 3
Secretion System (T3SS) (Figure 1C) to secrete effector proteins directly into the
cytoplasm of eukaryotic cells during an infection [53]. The T3SS includes an
injectosome, a needle-like structure found in many Gram-negative bacteria, including
Yersinia pestis and Salmonella typhimurium [54], and the basal body, a structure that
shares homology with the flagellar basal body [54]. Unlike the flagellum, however, the
T3SS secretes pore-forming proteins to produce a pore, or translocon, in the host cell
membrane [54]. This translocon formation in complex with the needle structure results in
a direct channel between the bacterial cytosol and host cell cytosol, enabling the
translocation of bacterial effector proteins directly into the host cells.

The Type 4 Secretion System (T4SS) (Figure 1D) is homologous to bacterial
conjugation machinery [55], and is capable of transporting both DNA and protein directly

into the host cell through a complex of proteins that spans the cell envelope [55, 56].



Bordetella pertussis utilizes the T4SS to secrete pertussis toxin direct into the cytosol of
the host cell [56].

The Type 5 Secretion System (T5SS) (Figure 1E) is one of the most widely
distributed secretion systems [57], utilizing the Sec system to cross the inner membrane.
The B-barrel secondary structure of the substrate’s C-terminus inserts into the outer
membrane, and the N-terminal domain is allowed to go through the B-barrel. The N-
terminus is then cleaved and enters the environment [58]. Notably, Haemophilus
influenzae secretes its Hap adhesion/protease through the T5SS [58].

Finally, the Type 6 Secretion System (T6SS) (Figure 1F) has been recently
identified in V. cholerae and P. aeruginosa [59, 60]. Subunits of the T6SS share
homologies with subunits of the bacteriophage T4 tail spike and the current proposed
mechanism of action suggests that the T6SS punctures the host cell membrane much like

a bacteriophage [61-63].

Pseudomona aeruginosa T3SS Regulation

Induction of T3SS expression is under control of the ExsA regulatory cascade,
which consists not only of ExsA, but also ExsD, ExsC, and ExSE (Figure 2). ExsA is a
member of the AraC family of transcriptional activators that is activated upon contact
with the eukaryotic cell or under reduced calcium concentrations. ExsD is capable of
binding to and inhibiting ExsA, while ExsC can bind to and inhibit ExsD activity. ExsSE
inhibits ExsC and is also secreted by the T3SS. Under increased calcium concentrations,

ExsE is not secreted and binds to ExsC. Because ExsC is unavailable, it cannot inhibit
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Figure 2. ExsA Regulatory Cascade. Under high Ca?" conditions, ExsE is not secreted and sequesters
ExsC, allowing ExsD to repress ExsA, preventing transcription of the T3SS. Under low Ca?* conditions,
ExsE is secreted along with P. aeruginosa’s effectors, including ExoY. ExsC sequesters ExsD, allowing
ExsA to activate transcription of the T3SS. Image adapted from Urbanowski, Mark L. (2005). A secreted
regulatory protein couples transcription to the secretory activity of the Pseudomonas aeruginosa type 111
secretion system. Proceedings of the National Academy of Sciences of the United States of America,
102(28),9930-9935.
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ExsD, which binds to ExsA, blocking transcription. When the calcium concentration is
lowered, however, ExsE is secreted by the T3SS, which releases ExsC, sequestering

ExsD, and making ExsA available to activate T3SS transcription [64, 65].

Pseudomonas aeruginosa T3SS Effector Proteins
ExoU
ExoU is the most cytotoxic effector protein secreted by P. aeruginosa’s T3SS —as
few as 300 — 600 molecules of ExoU are enough to kill a mammalian host cell [66]. It
functions as a broad-specificity phospholipase A2 (PLA;) and lysophospholipase, and is
believed to break down the intoxicated cell’s plasma membrane [67, 68]. ExoU is

activated by the host cell’s ubiquitin and ubiquitinylated proteins [69].

ExoS

ExoS is a bifunctional enzyme with Rho GTPase-activating protein (GAP) and
ADP-ribosyltransferase activity [70, 71]. As a Rho GAP, ExoS targets the actin
cytoskeleton of the eukaryotic host cell, which results in the depolymerization of actin
microfilaments [70]. Downstream, this can inhibit phagocytosis of P. aeruginosa during
the immune response. As an ADP-ribosyltransferase, ExoS ADP-ribosylates Ras-
signaling molecules, interfering with cell growth and division and ultimately leading to
cell death [72]. Just behind ExoU, ExoS is the most cytotoxic of the effector proteins [73,
74]. Interestingly, ExoS and ExoU are mutually exclusive and rarely are the toxins
expressed in the same bacterium [75]. ExoS is activated by a eukaryotic factor designated

factor activating ExoS (FAS), which is a member of the 14-3-3 protein family [76], a

11



group of highly conserved proteins that have approximately 200 different identified

binding partners [77].

ExoT

Like ExoS, ExoT is a bifunctional enzyme with Rho GAP and ADP-
ribosyltransferase activity [78, 79]. The Rho GAP function targets the actin cytoskeleton
of the eukaryotic host cell, which results in the depolymerization of actin microfilaments
[70], inhibiting the phagocytosis of P. aeruginosa during the immune response. Unlike
ExoS, however, ExoT ADP-ribosylates the Crk family of proteins, an effect that also
inhibits phagocytosis through uncharacterized means [79]. Like ExoS, ExoT is activated
by a member of the 14-3-3 protein family [80]. ExoT is found in all strains of P.
aeruginosa, although it exhibits the greatest contribution to infection when a strain

secretes both ExoT and ExoS [81].

ExoY

As an adenylyl cyclase, ExoY converts adenosine triphosphate (ATP) to cyclic-
adenosine monophosphate (CAMP), an important secondary messenger utilized in many
biochemical pathways such as glucose and lipid metabolism [82]. cAMP is perhaps best
known for its ability to activate Protein Kinase A. This activation can have a variety of
downstream effects, including lipolysis, glycogenolysis, and vasodilation [83-85].
Recently, ExoY has been shown to have generic nucleotidyl cyclase activity, with a
strong preference for cyclic guanosine monophosphate (cGMP) and cyclic uridine

monophosphate (cUMP) production [86]. Like cAMP, cGMP is a secondary messenger,

12



playing a role in phototransduction in the human eye, signal transduction in olfactory
sensory neurons, and activation of protein kinases [87, 88]. cUMP, however, has not been
well-characterized.

Previous work with infection models revealed that, when intoxicated with ExoY,
Chinese hamster ovary (CHO) cells round off [89] and a pulmonary endothelial cell
monolayer forms spaces between cells, similar to edema [90]. These observations, as well
as the evidence indicating that the ExoY -produced cAMP stimulates Tau phosphorylation
[91], which impairs microtubule growth, indicate the involvement of host cytoskeletal
elements. It also chronically impairs cell proliferation and migration [92]. Nonetheless,
these studies have been primarily performed in vitro — in vivo work is necessary to fully
understand the contribution of ExoY to P. aeruginosa infections.

Other class Il bacterial adenylyl cyclase effectors, such as Edema Factor (EF) of
Bacillus anthracis or CyaA of Bordetella pertussis, are activated by calmodulin, a
ubiquitous calcium-binding protein that functions as a secondary messenger in pathways
involved in chemotaxis, muscle contraction, and glycogen metabolism [93]. Calmodulin
interacts with CyaA and EF in different ways: the “open” conformation of calmodulin
interacts with four different regions in CyaA to induce a conformational change, while
the “closed” conformation binds to EF to induce activity [94-96]. Calmodulin has no
effect on ExoY, since ExoY does not contain a calmodulin-binding domain; rather, ExoY
requires activation by a non-calmodulin eukaryotic factor, the identity of which is
currently unknown [97]. The goal of this research was to identify the eukaryotic activator

of ExoY.
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Significance

Although ExoY is the least cytotoxic of P. aeruginosa’s T3SS effector proteins,
there is evidence that it contributes to the virulence of P. aeruginosa during an infection
[73, 81, 92, 98]. In tissue culture, ExoY causes cell rounding and gap formation [90, 97],
which may improve the motility of P. aeruginosa through the tissues of the host during
the establishment of an infection. In a 2014 study, after infection with P. aeruginosa that
only expressed ExoY, a culture of pulmonary microvascular endothelial cells were unable
to repair gaps [92]. Consequently, ExoY may not only play a role in the establishment of
an infection, but it may also be responsible for prolonging an infection.

Other Class Il bacterial adenylyl cyclase effectors such as Edema Factor (EF) of
Bacillus anthracis and CyaA of Bordetella pertussis are activated by calmodulin [99—
101], but the activity of ExoY is not affected by calmodulin. By understanding how
ExoY is activated by a eukaryotic factor, not only can its role in pathogenesis be further
defined, but it may also change the way the bacterial adenylyl cyclase effectors are

classified.
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CHAPTER II: METHODS
Cloning and Mutagenesis

Genomic DNA was extracted from P. aeruginosa ATCC 27853 [102] using the
Puregene Genomic DNA Purification Kit (Gentra Systems, Minneapolis, MN) as per the
manufacturer’s instructions. The exoY gene (1.2 kbp) was amplified by polymerase chain
reaction (PCR) using Tag polymerase (Invitrogen, Carlsbad, CA), custom primers
(Integrated DNA Technologies, Coralville, 1A; Table 1) designed to add 5’-Nhel and 3’-
EcoRI restriction sites to the exoY PCR product. The PCR product was resolved on a
0.7% (wl/v) agarose gel and stained with ethidium bromide (1 pg/ml). The ~1.2 kbp
product was extracted from the agarose gel using the QIAquick gel extraction Kit
(Qiagen, Valencia, CA) and concentrated by NaCl/EtOH precipitation. Mutagenesis
primers (ExoYK81MFor and Rev) were designed to mutagenize lysine-81 (AAG) to
methionine (ATG) using the XL QuickChange Il Site-Directed Mutagenesis Kit (New
England Biolabs, Ipswich, MA) as per the manufacturer’s instructions (Table 1).

The exoY PCR product (1.2 kbp) was subjected to digestion with the Nhel
restriction endonuclease (New England BioLabs, Ipswich, MA) overnight at 37°C. The
reaction contents were resolved on a 0.7% agarose gel, DNA excised, and extracted using
the QIAquick gel extraction Kit. This procedure was repeated with the EcoRI restriction
endonuclease (New England BioLabs, Ipswich, MA) to produce a PCR product with
sticky ends. This sequential digestion procedure was used to linearize the pET28
expression vector (5.4 kbp). The purified exoY PCR product was ligated in the purified
pET28 with T4 DNA ligase (Fisher, Waltham, MA) according to the manufacturer’s

protocol. The product of the ligation reaction (pET28exoY) was transformed into
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chemically competent DH5a E. coli using standard methods. Transformants were
selected on solid lysogeny broth (LB) containing kanamycin (0.05 mg/ml). Colonies that
grew in the presence of kanamycin were presumed to harbor the pET28bexoY plasmid.
To verify the clone, the plasmid was isolated and the exoY insert was sequenced using the
T7F and T7R primers (Table 1). Sequences were translated and analyzed by Basic Local
Alignment Search Tool (BLAST, Table 2). The transformant with the exoY sequence
matching the accepted literature sequence (NCBI: WP_016263503.1) was streaked out on

LBxan, plasmid purified, and transformed into the E. coli expression strain BL21.

Expression of recombinant ExoY (rExoY)

BL21 pET28exoY was cultivated overnight in 10 ml LBy,, at 37°C with shaking.
The overnight culture was subcultured in 100 ml LByan (1:50 dilution) and incubated for
approximately 2 hours at 30°C with shaking. To induce rExoY expression, 1 mM
isopropyl p-D-1-thiogalactopyranoside (IPTG) was added to the culture and incubated at
16°C with shaking overnight. The culture was subjected to centrifugation at 10,000 x g
for 10 minutes to sediment the cells, the supernatant removed, and cells stored at -80°C.
Cells were suspended in Bacterial Protein Extraction Reagent (B-PER; 4 ml) (Thermo
Scientific, Waltham, MA) and incubated for 10 minutes at room temperature, or
processed by French press four times at 10,000 psi; subsequently, the lysate was
subjected to centrifugation at 15,000 x g for 15 minutes to sediment the unbroken
cells/large particles (the pellet) from the soluble cell lysate (the supernatant). The soluble

cell lysate was passaged through a 0.22 um syringe filter to remove small particulates.
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Nickel Affinity Chromatography

The processed soluble cell lysate was added to HisPur Ni-NTA resin (Thermo
Scientific) and the flow-through collected. The resin was washed twice with
approximately ten column volumes of wash buffer (20 mM Na;HPO,, 300 mM NacCl, 25
mM imidazole, pH 7.4). Bound material was eluted with elution buffer (20 mM
Na;HPO,4, 300 mM NaCl, 250 mM imidazole, pH 7.4) and eluate collected in 1 ml
fractions. The elution fractions that contained rExoY were determined by SDS-PAGE,
pooled, and dialyzed overnight at 4°C in dialysis buffer (6 mM MgCl,, 10 mM Tris HCI
pH 8.6, 2 mM DTT, 250 mM NacCl) using a 10,000 kDa cutoff membrane (Millipore,

Billerica, MA). The rExoY preparation was stored at -80°C in 15% glycerol (v/v).

rExoY Antigen Preparation

To prepare rExoY for antibody production, the histidine tag was removed from
the protein. rExoY was added to thrombin buffer (20 mM Tris, pH 8.4, 150 mM NacCl,
2.5 mM CaCl,, 2 mM DTT) and thrombin at a ratio of 50 U thrombin to 2.5 mg rExoY.
The reaction was incubated overnight at 4°C with gentle shaking. The products were
resolved by SDS-PAGE to verify cleavage.

To remove the thrombin, a 150 pl bed volume of p-aminobenzamidine resin (GE
Healthcare) was equilibrated with 2 bed volumes of thrombin buffer and the digested
rExoY was applied to the column. The flow-through was collected and passaged through
the resin twice. Removal of the poly-histidine tags was accomplished by passage through
HisPur Ni-NTA Resin (Thermo Scientific). A 300 ul bed volume was equilibrated with 2

bed volumes of equilibration buffer (20 mM Na,HPO,4, 300 mM NaCl, 10 mM imidazole,
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pH 7.4). The final p-aminobenzamidine column flow-through was applied to the HisPur
Ni-NTA column, collected, and reapplied two additional times. HisPur Ni-NTA flow-

through was subjected to SEC to further purify the digested rExoY.

SDS-PAGE and Western Blot Analysis

SDS-PAGE was performed with 10 x 8 cm discontinuous polyacrylamide gels in
running buffer (25 mM tris, 192 mM glycine, 0.1% SDS) using a Hoefer SE250
electrophoresis apparatus (stacking at 75 V and separating at 90 V). Upon completion,
gels were fixed in fixing solution (50% methanol, 10% acetic acid) for 20 min, stained in
Coomassie solution (fixing solution with 0.1% brilliant blue G-250) for 20 min, and non-
specific Coomassie stain removed in de-stain solution (30% methanol, 10% acetic acid)
overnight. Alternatively, gels were stained with silver as per the manufacturer’s
instructions (Thermo Scientific, Waltham, MA). SDS-PAGE gels intended for western
analysis were rinsed in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) in
preparation for transfer to nitrocellulose. The transfer procedure was conducted at < 400
mA for 1 hour a 4°C. Nitrocellulose membranes were blocked with 5% milk in tris-
buffered saline and probed with primary antibody (Mu a-histidine antibody, 1/2,500)
overnight at 4°C. Membranes were rinsed with tris-buffered saline and probed with
secondary antibody (Gt a-Mouse antibody-HRP, 1/10,000) for 1 hour at RT, rinsed with
tris-buffered saline, incubated in SuperSignal West Pico Chemiluminescent Substrate

(Thermo Scientific), and signal visualized on a Bio-Rad VersaDoc 3000 Imager.
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Densitometry

The concentration of rExoY was calculated using densitometry. Bovine serum
albumin (BSA; Thermo Fisher Scientific, Rockford, IL) of various concentrations was
resolved by SDS-PAGE as a standard beside various volumes of the rExoY prep. The
intensities of the bands were analyzed on the Bio-Rad VersaDoc 3000 Imager (Bio-Rad,

Philadelphia, PA), a standard curve produced, and the rExoY concentration calculated.

Cell Culture and Lysis

The A549 cell line is a human lung adenocarcinoma epithelial cell line and is
commonly used in Pseudomonas infection tissue culture models. Stock cultures were
stored in DMEM with 5% DMSO in liquid nitrogen. The A549 cell line was maintained
in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and
1x penicillin/streptomycin mixture. Cells were incubated in 75 cm? tissue culture flasks at
37°C with 5% CO, and split every 5-7 days. To split, the confluent monolayer was
washed twice with phosphate-buffered saline (PBS) followed by a trypsin rinse (0.25%
v/v) for 5 min at 37°C. The trypsin was neutralized with DMEM + 10% FBS and the cell
suspension was subjected to centrifugation at 200 x g for 5 minutes to sediment the cells,
the supernatant removed, and cells stored at -20°C. Frozen cells were thawed and
suspended in cell lysis buffer (20 mM NaCl, 20 mM Tris pH 8.6, RNase A (10 pg/ml),
DNase | (10 pg/ml), 1:100 Halt protease inhibitor cocktail without EDTA (Thermo
Scientific). Cells were lysed by passage through a 22 gauge double needle at 4°C and
subjected to centrifugation at 10,000 x g for 10 min followed by ultracentrifugation at

100,000 x g for 1 hour to collect the soluble and insoluble fractions.
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Adenylyl Cyclase Activity Assay

The fidelity of rExoY adenylyl cyclase activity was examined using an in vitro
activity assay. rExoY (15 nM) was incubated at 30°C with A549 soluble cell lysate (10
HQ) in reaction buffer containing 2 MM ATP, 2 mM DTT, 6 mM MgCl,, and 10 mM Tris
pH 9.3 at a final volume of 100 ul. The final pH of the assay was determined to be
between 8.3 and 8.6. The reaction was allowed to proceed for 30 min and quenched with
EDTA (4 mM). The quenched reaction was boiled for 5 min and subjected to
centrifugation at 13,000 x g for 5 min to sediment precipitated protein [103]. The CAMP-
containing supernatant was collected and stored at -20°C or directly added to the Cyclic

AMP Direct EIA. Reaction containing rExoY K81M served as the negative control.

Cyclic AMP Direct Enzyme Immunoassay

The cAMP-containing supernatant was analyzed using the Cyclic AMP Direct
EIA Kit (Arbor Assays, Ann Arbor, MI) according to the manufacturer’s instructions.
Briefly, primer solution was added to a-sheep antibody-coated wells of a 96 well plate.
Samples and standards were added to their designated wells. Peroxidase-conjugated
CAMP was added to each well followed by the addition of sheep a-cCAMP antibody. The
mixture was allowed to equilibrate at RT for 2 hours while shaking vigorously, followed
by four washes with wash buffer. 3,3',5,5-Tetramethylbenzidine (TMB), a peroxidase
substrate, was added to each well and the reaction was allowed to proceed at RT for 30
min, after which hydrochloric acid was added to quench the reaction. Absorbance at 450

nm was recorded using a Bio-Tek Synergy HT Microplate Reader and a standard curve
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was generated using the 4 parameter logistic nonlinear regression equation in Prism
Graphpad, a standard sigmoidal dose-response curve that plotted log cAMP

concentrations on the x-axis and absorbance on the y-axis.

Pull-Down Assay

HisPur Ni-NTA resin (50 pl bed volume) was added to two disposable columns
and washed twice with 1 ml binding buffer (20 mM Na;HPO,4, 300 mM NaCl, 10 mM
imidazole, pH 7.4, 1 mM DTT). BSA (0.3 mg) was added to each column to block. The
column was washed and rExoY (83.6 pg) added to saturation and incubated for 5 min at
room temperature before collecting flow-through. The flow-through was added back to
the resin and the process was repeated. Resin was washed (20 mM Na,HPO,4, 300 mM
NaCl, 25 mM imidazole, pH 7.4) twice to remove unbound rExoY. Soluble A549 lysate
(1.5 mg) was added to the resin in the presence of Halt protease inhibitor cocktail without
EDTA and incubated for 1 hour at 4°C. The eluate was collected and added back to the
resin for 30 min at 4°C. The resin was washed twice after which elution buffer (20 mM
Na;HPO,4, 300 mM NaCl, 250 mM imidazole, pH 7.4) was added to the resin to elute
rExoY and putative binding partner. Laemmli sample buffer was added to the resin and
boiled for 5 min to evaluate bound protein. Sample was collected at each step and

resolved by SDS-PAGE.

Size Exclusion Chromatography
To enrich for the activator, the A549 soluble lysate was subjected to size

exclusion chromatography (SEC). A glass column was packed with ~180 ml of Sephacryl
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S-200 HR resin (GE Healthcare, Little Chalfont, United Kingdom) and equilibrated with
20/20 buffer (20 mM Tris, pH 8.6, 20 mM NacCl). A volume of A549 soluble lysate equal
to ~2% of the bed volume (~3.6 ml) was applied to the top of the column.
Chromatography was performed by isocratic gravity flow and eluted fractions collected
every 10 min at 4°C. The fractions were assessed for their ability to activate rExoY using

the activity assay above and protein visualized by SDS-PAGE.

Anion Exchange Chromatography

To further enrich for the activator, the SEC fraction with the highest activity was
selected for anion exchange chromatography. A 100 ul bed volume of DEAE Sepharose
Fast Flow resin (GE Healthcare, Little Chalfont, United Kingdom) was equilibrated with
20 mM Tris, pH 8.6. The SEC fraction was applied, resin washed, and bound proteins

were eluted with increasing stepwise concentrations of NaCl (100, 250, 500, 1000 mM).

Proteinase K Digestion

A549 soluble lysate was subjected to Proteinase K digestion. Optimal Proteinase
K activity was determined in the presence or absence of sodium dodecyl sulfate (0.2%),
50 ul A549 soluble lysate (~350 ug), and varying concentrations of Proteinase K (0.005
to 0.1 pg/ul) in 20/20 reaction buffer. The reaction was performed at 60°C for 1 hour.
The reaction was quenched with the addition of either 1.6 mM AEBSF (4-(2-
aminoethyl)benzenesulfonyl  fluoride  hydrochloride) or 54 mM  PMSF

(phenylmethylsulfonyl fluoride).
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CHAPTER I1l: RESULTS
Cloning and Expression of rExoY (K81M)

A ~1.2 kbp PCR product was amplified in a polymerase chain reaction using
primers that flanked the exoY gene in P. aeruginosa ATCC 27853 (Figure 3). The vector
pET28 and the exoY PCR product were digested with Nhel and EcoRI to produce a ~5.4
kbp and a ~1.2 kbp fragment, respectively (Figure 4). The PCR product was ligated into
the multiple cloning site of pET28, fusing an N-terminal six-histidine tag separated from
exoY by a thrombin cleavage site. Using primers that flanked the multiple cloning site of
pET28, the nucleotide sequence of exoY was verified, translated, and the resulting amino
acid sequence was input into the BLAST database, which identified protein product
WP_016263503.1 (ExoY) as identical to the cloned ExoY protein encoded in pET28
(Figure 5).

In preparation for ExoY activity analysis, a recombinant ExoY negative control
that lacked activity was produced. Based on Yahr et al., lysine at the 81 amino acid
position is necessary for adenylyl cyclase activity [97]. Site-directed mutagenesis primers
for this mutation were designed and the plasmid pET28exoY was subjected to
mutagenesis to change lysine-81 to methionine-81 (Table 1). Sequence analysis
confirmed the mutation (Figure 6).

To further verify these clones, rExoY production was induced with IPTG and the
protein profile was analyzed directly by SDS-PAGE (Figure 7A). Western blot analysis
using the a-histidine antibody confirmed the expression and presence of rExoY (Figure

7B). Once verified, rExoY was isolated and purified.
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Figure 3. Polymerase Chain Reaction exoY Gene Product. Genomic DNA was
extracted from P. aeruginosa ATCC 27853 and the exoY gene was amplified by PCR
using primers that flanked the exoY gene. The products of the PCR reactions were
resolved on a 0.7% agarose gel and stained with ethidium bromide. Lane 1: DNA ladder
(kbp); Lanes 2 and 3: Amplified PCR product at ~1.2 kbp, the length of exoY.
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Figure 4. Representative Ligation Products. The exoY PCR product and the vector
pPET28 were subjected to Nhel restriction endonuclease digest overnight at 37°C.
Digestion products were resolved on a 0.7% agarose gel, and migrated at ~1.2 kbp
and ~ 5.4 kbp for exoY and pET28 respectively. Lane 1: DNA ladder (kbp); Lanes 3
and 4: exoY Nhel digestion products; Lane 5: pET28 Nhel digestion products.

27



ExoY Sequence

Database
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Database

61

61

121

121

181

181

241

241

301

301

361

361

MRIDGHRQVVSNATAQPGPLLRPADMOQARALQDLFDAQGYGYPVEHALRMQAVARQTNTV
MRIDGHRQVVSNATAQPGPLLRPADMOQARALQDLFDAQGYGYPVEHALRMQAVARQTNTV
MRIDGHRQVVSNATAQPGPLLRPADMOQARALQDLFDAQGYGYPVEHALRMQAVARQTNTV

FGIRPVERIVTTLIEEGFPTKGFSVKGKSSNWGPQAGFICVDQHLSKREDRDTAEIRKLN
FGIRPVERIVTTLIEEGFPTKGFSVKGKSSNWGPQAGFICVDQHLSKREDRDTAEIRKLN
FGIRPVERIVTTLIEEGFPTKGFSVKGKSSNWGPQAGFICVDQHLSKREDRDTAEIRKLN

LAVAKGMDGGAYTQTDLRISRQRLAELVRNFGLVADGVGPVRLLTAQGPSGKRYEFEARQ
LAVAKGMDGGAYTQTDLRISRQRLAELVRNFGLVADGVGPVRLLTAQGPSGKRYEFEARQ
LAVAKGMDGGAYTQTDLRISRQRLAELVRNFGLVADGVGPVRLLTAQGPSGKRYEFEARQ

EADGLYRISRLGRSEAVQVLASPACGLAMTADYDLFLVAPSIEAHGSGGLDARRNTAVRY
EADGLYRISRLGRSEAVQVLASPACGLAMTADYDLFLVAPSIEAHGSGGLDARRNTAVRY
EADGLYRISRLGRSEAVQVLASPACGLAMTADYDLFLVAPSIEAHGSGGLDARRNTAVRY

TPLGAKDPLSEDGFYGREDMARGNITPRTRQLVDALNDCLGRGEHREMFHHSDDAGNPGS
TPLGAKDPLSEDGFYGREDMARGNITPRTRQLVDALNDCLGRGEHREMFHHSDDAGNPGS
TPLGAKDPLSEDGFYGREDMARGNITPRTRQLVDALNDCLGRGEHREMFHHSDDAGNPGS

HMGDNFPATFYLPRAMEHRVGEESVRFDEVCVVADRKSFSLLVECIKGNGYHFTAHPDWN
HMGDNFPATFYLPRAMEHRVGEESVRFDEVCVVADRKSFSLLVECIKGNGYHFTAHPDWN
HMGDNFPATFYLPRAMEHRVGEESVRFDEVCVVADRKSFSLLVECIKGNGYHFTAHPDWN

VPLRPGFQEALDFFQRKV*
VPLRPGFQEALDFFQRKY
VPLRPGFQEALDFFQRKV*

120

120

180

180

240

240

300

300

360

360

378

378

Figure 5. Translation of exo¥ Sequence. Sequence data of the exoY gene was obtained via capillary
sequencing and translated using pDRAW software. Translation was compared with the protein BLAST
database using the BLOSUMS62 matrix.
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Plasmid sequence MGSSHHHHHHSSGLVPRGSHMAS

K81M Sequence 1 MRIDGHRQVVSNATAQPGPLLRPADMOQARALQDLFDAQGYGVPVEHALRMQAVARQTNTV 60
MRIDGHRQVVSNATAQPGPLLRPADMOQARALQDLFDAQGYGYPVEHALRMQAVARQTNTV

Database 1 MRIDGHRQVVSNATAQPGPLLRPADMOQARALQDLFDAQGYGVPVEHALRMQAVARQTNTV 60

K81M Sequence 61 FGIRPVERIVTTLIEEGFPT|M| GFSYKGKSSNWGPQAGFICVDQHLSKREDRDTAEIRKLN 120
FGIRPVERIVTTLIEEGFPT| |GFSVKGKSSNWGPQAGFICVDQHLSKREDRDTAEIRKLN

Database 61 FGIRPVERIVTTLIEEGFPT| K| GFSVKGKSSNWGPQAGFICVDQHLSKREDRDTAEIRKLN 120

K81M Sequence 121  LAVAKGMDGGAYTQTDLRISRQRLAELVRNFGLVADGVGPVRLLTAQGPSGKRYEFEARQ 180
LAVAKGMDGGAYTQTDLRISRQRLAELVRNFGLVADGVGPVRLLTAQGPSGKRYEFEARQ

Database 121  LAVAKGMDGGAYTQTDLRISRQRLAELVRNFGLVADGVGPVRLLTAQGPSGKRYEFEARQ 180

K81M Sequence 181  EADGLYRISRLGRSEAVQVLASPACGLAMTADYDLFLVAPSIEAHGSGGLDARRNTAVRY 240
EADGLYRISRLGRSEAVQVLASPACGLAMTADYDLFLVAPSIEAHGSGGLDARRNTAVRY

Database 181 EADGLYRISRLGRSEAVQVLASPACGLAMTADYDLFLVAPSIEAHGSGGLDARRNTAVRY 240

K81M Sequence 241  TPLGAKDPLSEDGFYGREDMARGNITPRTRQLYDALNDCLGRGEHREMFHHSDDAGNPGS 300
TPLGAKDPLSEDGFYGREDMARGNITPRTRQLVDALNDCLGRGEHREMFHHSDDAGNPGS

Database 241  TPLGAKDPLSEDGFYGREDMARGNITPRTROLYDALNDCLGRGEHREMFHHSDDAGNPGS 300

K81M Sequence 301  HMGDNFPATFYLPRAMEHRVGEESYRFDEVCVVADRKSFSLLVECIKGNGYHFTAHPDWN 360
HMGDNFPATFYLPRAMEHRVGEESVRFDEVCVVADRKSFSLLVECIKGNGYHFTAHPDWN

Database 301 HMGDNFPATFYLPRAMEHRVGEESVRFDEVCVVADRKSFSLLVECIKGNGYHFTAHPDWN 360

K81M Sequence 361  VPLRPGFQEALDFFQRKV* 378
VPLRPGFQEALDFFQRKY

Database 361 VPLRPGFQEALDFFQRKV* 378

Figure 6. Translation of pET28 exo¥K8IM Sequence. Sequence data of the exoYKS8IM gene was
obtained via capillary sequencing and translated using pDRAW software. Translation was compared
with the protein BLAST database using the BLOSUMG62 matrix. The mutation is highlighted with a
rectangle. Amino acid sequence of 5°-histidine tag is labeled ‘plasmid sequence’.
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Figure 7. Induction of Recombinant ExoY. A) Two replicates
of BL21 pET28b exoY whole cell lysates were resolved on a 10%
SDS-PAGE gel and subsequent western blot (B). Arrow denotes
probable location (42 kDa) of rExoY. B) Immunoblot probing
BL21 pET28b exoY whole cell lysates with mouse a-histidine
primary antibody and donkey a-mouse-HRP secondary antibody.
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After a 15,000 x g centrifugation, the induced soluble lysate from BL21
pET28exoY lysate filtrate was loaded onto a column with HisPur Ni-NTA resin for
purification. Bands at ~42 kDa were detected in Elutions 2 — 5 and Elutions 2 and 3 were
pooled and dialyzed to remove imidazole (Figure 8A). An identical protocol was
conducted to purify K81M from BL21 pET28K81M soluble lysate. Elutions 2 — 4 were
pooled and dialyzed to remove imidazole (Figure 8B).

To quantify the amounts of the rExoY and K81M preps, we performed
densitometry using BSA as a standard. The concentration of the rExoY prep was
determined to be 0.76 pg/ul (Figure 9A), while the K81M prep was calculated to be
0.577 pg/ul (Figure 9B).

As the polyclonal a-ExoY antibody recognized additional proteins, including the
actual six-histidine tag fused to rExoY, a thrombin digestion was performed to remove
the tag. The digestion products were applied to p-aminobenzamidine resin in a disposable
column to remove thrombin, followed by application to HisPur Ni-NTA resin to collect
the free poly-histidine tags or rExoY with the tag intact. rExoY was recovered from the
benzamidine column, but after being subjected to the HisPur Ni-NTA resin, the recovery
decreased dramatically (Figure 10A). rExoY without the tag appears to have an affinity
for or gets stuck within the resin, preventing efficient recovery. Despite this, the
recovered fractions were subjected to SEC to further purify the remaining rExoY (Figure
10B). These fractions were pooled and used to produce antibody to rExoY lacking the

six-histidine tag.
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Figure 8A. Recombinant ExoY Purification Scheme. The BL21 pET28b exoY soluble
lysate was passaged through a 0.22 um syringe filter and the filtrate was loaded onto a HisPur
Ni-NTA resin column. After three washes with wash buffer, rExoY was eluted from the
column in five separate elution steps.
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Figure 8B. Recombinant ExoY K81M Purification Scheme. The BL21 pET28b exoYK81M
soluble lysate was passaged through a 0.22 um syringe filter and the filtrate was loaded onto a
HisPur Ni-NTA resin column. After three washes with wash buffer, rExoY (K81M) was
eluted from the column in five separate elution steps. Only the eluted fractions are shown.
Note — no ladder was added to the gel.




Bovine Serum Albumin
Standard (pg)

025 05 10 1.5 20 25 5 10 15 20

rExoY (ul)

Bovine Serum Albumin
Standard (pg) K8IM (uh)
1.0 0.5 0.25 20 15 10 5 2.5

20 1.5

£

Figure 9. Densitometric Quantification of rExoY (K81M). A standard
curve was constructed using known concentrations of bovine serum
albumin stained with Coommassie blue and each protein band’s
densitometric load. The densitometric load of known volumes of rExoY
(K81M) was compared to the standard curve to obtain protein
concentration. A) rExoY B) rExoY K81M.
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A Benzamidine  Nickel Column
Column Elutions Elutions

kDa rExoY 1 2 3 4 5 6

B Size Exclusion Chromatography
36 37 38 39 40 41 42 43 44

Figure 10. Protein Profile of the Chromatography Steps Used to Prepare rExoY
for Antibody Production. A) The elution profile of thrombin-digested rExoY. The
first lane represents the input. Elutions 1 - 3 depict the elution profile of rExoY
passaged through thrombin-binding benzamidine resin to capture thrombin. Elutions 4
— 6 depict the elution profile of rExoY passaged through nickel resin to capture the free
histidine tag. B) The protein profile of rExoY purified by size exclusion
chromatography. Numbers depict fraction number.

34



Optimization of Cyclic AMP Direct EIA

To interpret the results of the Cyclic AMP Direct EIA, every assay is
accompanied by a set of CAMP standards. The standard curve fits to a 4 parameter
logistic nonlinear regression equation (Figure 11).

Dithiothreitol (DTT) is a reducing agent used in the ExoY activity assay to
prevent the five cysteines in rExoY from forming intra- and inter-protein disulfide bonds,
which has been shown to cause aggregation and precipitation of rExoY [97]. Because our
Cyclic AMP Direct EIA relies on antibodies for detection and quantification of CAMP,
we were concerned that the presence of DTT in our samples would affect the results. To
examine the effect of DTT on this assay, we performed this assay in the presence of
varying amounts of cCAMP (0 — 5 pmol) and DTT (0 — 2 mM). While 2 mM DTT did
appear to affect the detection capabilities of the assay, 0.2 mM DTT did not differ from
those reactions that lacked DTT (Figure 12). rExoY (5 pl) containing 2 mM DTT was
added to a final volume of 100 ul in the activity assay, yielding a final DTT concentration
of 0.1 mM. As this value is lower than our tested value of 0.2 mM, we determined that
DTT (< 0.2 mM) did not affect the Cyclic AMP Direct EIA (Figure 12).

To examine the reliability and reproducibility of the assay system, we compiled
the ExoY activity data from various replicates of the activity assay/Cyclic AMP Direct
EIA and compared them to one another. Day-to-day variability was observed when a
single individual performed the assay. The mean cAMP varied from 9017 pmol/ml to
25,185 pmol/ml (Figure 13). A student’s t-test (unpaired) applied to the replicates
performed between personnel reported a P value of 0.0589, indicating that the differences

between individuals were not quite statistically significant.
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Figure 11. Validation of the cAMP EIA Standard Curve. cCAMP
standards (0.6, 1.9, 5.6, 16.7, 50, and 150 pmol/ml) for every assay
were data fit to a 4 parameter logistic nonlinear regression equation

(variable slope) to obtain a sigmoidal dose response curve. The data
points represent the arithmetic mean and standard deviation of 18

2
individual experiments. R value = 0.92209.
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Figure 12. Effect of Dithiothreitol (DTT) on the CAMP EIA.
To test the effect of DTT on the cAMP EIA, varying amounts
of known cAMP standards (0.0, 0.05, 0.5, and 5 pmol) in the
presence (0.2 mM or 2.0 mM) or absence of DTT was
examined.
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Figure 13. Accuracy of the ExoY Activity Assay/cAMP EIA.
Reproducibility of the assays between days and among personnel is
variable. Each set of columns (ExoY +/-) represents an assay performed.
Error bars for each day represent the standard deviation of replicate data.
The last column set represents the arithmetic mean and standard deviation
for the seven independent assays.
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Biochemical Enrichment of the ExoY Activator

The six-histidine tag fused to rExoY is utilized during the purification process and
for protein-protein interaction assays. As such, we utilized the HisPur Ni-NTA resin to
immobilize rExoY as bait to capture the activator. Three putative ExoY binding partners
captured from A549 soluble lysate were identified in the elution and resin fractions in the
presence of rExoY, but not in its absence. These putative binding partners migrated at
~80, 28, and 15 kDa by SDS-PAGE (Figure 14). Immunoblotting with a-rExoY antibody
revealed that the 28 and 15 kDa proteins were contaminates within the rExoY prep and
were eliminated as bona fide candidates (data not shown). Repeated pull-down assays did
not show the ~80 kDa protein, indicating further optimization of the assay is necessary.

Size exclusion chromatography separated A549 soluble lysate proteins by size
and fractions were assayed for their ability to activate rExoY (Figure 15). The specific
activity of rExoY was greater in the early fractions of protein, which signified enrichment
of the ExoY activator in those fractions. The A549 lysate proteins that were eluted in
fraction 25 were subjected to anion exchange chromatography to separate the proteins
based on charge. The protein profile for each elution appears to have subtle differences
and a majority of the proteins were eluted by the third 500 mM NacCl elution (Figure 16).
At this point, the proteins were barely visible on a Coomassie-stained gel, and we opted
to repeat this enrichment step at a later time with higher amounts of starting material.
After the A549 soluble lysate was subjected to ultracentrifugation to remove insoluble
material, we observed a lipid film that remained on top of the supernatant. This film was
assayed for the ability to activate rExoY and a level of activity similar to that of the

soluble lysate was observed (Figure 17). When the ultracentrifugation pellet was
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Figure 16. Protein Profile of A549 Lysate Separated by Anion Exchange. Fraction 25
(Figure 15) was subjected to anion exchange chromatography and the elutions resolved on
SDS-PAGE and silver stained . FT = flow through, W = wash
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Figure 17. rExoY-Mediated cAMP Production is Highest in the A549
High Density Lipid. A549 cells were lysed and subjected to
centrifugation at 20,000 x g for 20 min and the supernatant was subjected
to ultracentrifugation at 100,000 x g for 1 hour. The resulting pellet was
termed the high density lipid fraction and the floating content termed the
low density lipid. The A549 supernatant after low speed centrifugation
served as the adenylyl cyclase activity assay positive control and a
reaction without A549 lysate served as the negative control. Data
represent the arithmetic mean and standard deviation of two independent
replicates.
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assayed for rExoY activity, a level of cAMP production nearly five times that of the
standard soluble lysate activity was observed (Figure 17).

As components in the A549 lipid pellet activated rExoY five times more than the
soluble lysate, A549 was digested with Proteinase K to determine if the activator was
proteinaceous. A protocol was planned to subject A549 soluble lysate to a Proteinase K
digestion, however, to prevent digestion of rExoY in the activity assays, the digestion
procedure had to be optimized. The manufacturer’s protocol for Proteinase K suggested
that 1% SDS would be necessary to promote activity; however, the presence of SDS
could have affected downstream steps for cAMP production and detection. The
Proteinase K digestion of the A549 soluble lysate was performed with and without 0.2%
SDS. Both reactions were successful in digesting the A549 soluble lysate and SDS was
eliminated from the protocol (Figure 18).

To determine the optimal concentration of Proteinase K that digested lysate,

various concentrations (0.005 pg/ul — 0.1 pg/pl) were tested in separate digestion
reactions. Based on the protein profile of the digestion reactions, a Proteinase K
concentration of 0.025 pg/pl was selected for all future digestions (Figure 19).
The 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF)-containing Halt
protease inhibitor cocktail was examined for its ability to inhibit Proteinase K activity.
Varying dilutions of protease inhibitor cocktail (1:12.5 — 1:200, equivalent to 0.625 g —
10 pg AEBSF) were used to quench the digestion of A549 lysate by Proteinase K (0.025
pg/ul). The protein profile demonstrated that the protease inhibitor cocktail failed to
prevent digestion of rExoY at any dilution (Figure 20).

Pure AEBSF was purchased and its efficacy of activity as a Proteinase K inhibitor
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Proteinase K — + +
SDS — + —

Figure 18. Effect of Sodium Dodecyl Sulfate (SDS) on
Proteinase K Activity. Proteinase K activity increases in the
presence of SDS. To verify whether or not SDS was required
for Proteinase K activity, the Proteinase K digestion of the
A549 soluble lysate was performed with 50 pl soluble lysate
(~325 ng), 0.1 pg/ul Proteinase K, and either 0.2% SDS or a
reaction lacking SDS. The digestion reaction was incubated at
60°C for 1 hour and the products resolved on a 13% SDS-
PAGE gel.
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Figure 19. Optimal Concentration of Proteinase K for the A549 Digestion Reaction.
Varying concentrations of Proteinase K (0.005 pg/pl — 0.1 pg/pl) were used to digest 40
pl soluble lysate (~ 300 pg) in the presence of 20/20 buffer at 60°C for 1 hour. Control
lanes include undigested soluble A549 lysate, the Pl (protease inhibitor) cocktail used to
quench the reaction, and Proteinase K alone (0.1 pg/ul). Protein was analyzed by 10 %
SDS-PAGE.
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Figure 20. Effects of the Protease Inhibitor Cocktail on Proteinase
K. Varying dilutions of protease inhibitor cocktail (1:12.5 — 1:200) were
used to quench the digestion of soluble A549 lysate (150 pg) in the
presence of 0.025 pg/ul Proteinase K and 20/20 buffer at 60°C for 1
hour. 6 pg of rExoY was added to the reaction and allowed to incubate
at 30°C for 30 minutes. rExoY served as the loading control. Protein
was analyzed by 10 % SDS-PAGE.
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was examined. The protein profile of the reaction products revealed that AEBSF did not
inhibit Proteinase K digestion of rExoY or the control protein, BSA (Figure 21A). The
failure of AEBSF as a Proteinase K inhibitor caused us to turn our attention to a different
serine protease inhibitor, phenylmethanesulfonylfluoride (PMSF, 1.8 mM). The same
control reactions were performed, and the protein fingerprint demonstrated that PMSF
had prevented BSA from digestion by Proteinase K, but surprisingly, rExoY was digested
(Figure 21B).

Because BSA had been spared when rExoY had not, we examined whether an
increased amount of PMSF could prevent rExoY digestion by Proteinase K. The products
revealed that at a concentration three times the previous concentration (5.4 mM), we
observed complete inhibition of Proteinase K, as rExoY was not digested (Figure 22A).
Even though Proteinase K is inhibited by 5.4 mM PMSF, we verified that Proteinase K
would not digest rExoY under the conditions of the assay (30°C for 30 min). To simulate
the conditions that rExoY would be under in the presence of Proteinase K in the event
that basal Proteinase K activity remained, we examined the effect of a one hour
incubation at 30°C with 1.8 mM PMSF. The protein profile demonstrated that rExoY was
spared (Figure 22B). The two conditions (5.4 mM PMSF and 30°C) were combined to
determine how well they would spare rExoY. Based on the protein profile of the reaction
products, rExoY was completely spared with the combination of a one hour, 30°C
incubation with 5.4 mM PMSF (Figure 22C).

The digested lysate was applied to the ExoY activity assay and assessed for
CAMP production with the EIA. rExoY activity was greatly reduced in the presence of

the digested lysate (Figure 23).
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Figure 21. Effect of Protease Inhibitors on Proteinase K. A) 0.025 pg/ul
Proteinase K and 1.6 mM AEBSF were incubated in 20/20 buffer at room
temperature for 30 minutes. 6 pg rExoY or BSA (unknown amount) was added and
allowed to incubate at 60°C for 1 hour. BSA served as a positive control. B) 0.025
ng/ul Proteinase K and 1.8 mM PMSF were incubated in 20/20 buffer at room
temperature for 30 minutes. 4 ug rExoY or 4 pg BSA was added and allowed to
incubate at 60°C for 1 hour. Protein was analyzed by 10% SDS-PAGE.
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Figure 22. Effect of Proteinase K and Inhibitor PMSF on rExoY. A) 0.025 pg/ul proteinase
K and 1.8 mM PMSF were incubated in 20/20 buffer at room temperature for 30 minutes. 4 pg
rExoY or 4 ug BSA was added and allowed to incubate at 30°C for 1 hour. Protein was analyzed
by 10% SDS-PAGE. B) 0.025 pg/ul Proteinase K and 5.4 mM PMSF were incubated in 20/20
buffer at room temperature for 30 minutes. 4 ng rExoY or 4 ug BSA was incubated at 60°C for
1 hour. C) 0.025 pg/ul Proteinase K and 5.4 mM PMSF were incubated in 20/20 buffer at room
temperature for 30 minutes. 4 ug rExoY or 4 pg BSA was added and allowed to incubate at
30°C for 1 hour.
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Figure 23. rExoY Activity after A549 Proteolysis. The A549 soluble lysate was subjected to
digestion by Proteinase K. The digested lysate was assessed for ExoY activity. A reaction with
A549 soluble lysate served as a positive control, and reactions without ExoY served as negative
controls. A reaction with digested lysate spiked with soluble lysate served as a control to verify
the inhibition of Proteinase K. Data represents the arithmetic mean and standard deviation of
two independent replicates.
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CHAPTER IV: DISCUSSION

ExoY is a promiscuous nucleotidyl cyclase effector secreted by the T3SS of
Pseudomonas  aeruginosa. The CcAMP  produced by ExoY  promotes
hyperphosphorylation of the protein Tau, a microtubule-associated regulatory protein, an
effect that impairs microtubule growth [91]. Cellular pathology associated with ExoY
includes disruption of the endothelial ~monolayer, cell rounding, and
migration/proliferation impairment; all of which are mediated by cytoskeletal
components [89, 90, 92, 104]. The bacterial adenylyl cyclase effectors CyaA and EF are
activated by calmodulin, a characteristic not shared with ExoY. The goal of this research
was to identify the eukaryotic activator of ExoY.

Early in the project, we intended to use high-performance liquid chromatography
(HPLC) to detect the cAMP produced by our reactions. However, technical difficulties
and the impracticality of feeding samples into the HPLC at the expense of progress
quickly caused us to look for a more efficient method of detection. A cCAMP detection kit
using radiolabeled cAMP was used by Dr. Benson and provided consistent results in the
past [103] — unfortunately, this kit is no longer produced. We elected to use an enzyme
immunoassay to detect and quantify rExoY-produced cAMP, and validation of the assay
was necessary.

At first, we were concerned that the use of DTT in our activity assay would affect
the quantification of cAMP using the Cyclic AMP Direct EIA. We tested the effects of
different amounts of DTT on the EIA, and observed that at concentrations at or below 0.2
mM DTT did not affect the assay (Figure 12). The biggest issue we faced in the progress

of this project was the variability of the Cyclic AMP Direct EIA; results varied from day
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to day and between personnel (Figure 13). Future work should focus on finding a more
consistent assay or attempt to standardize the results. We have already started running
controls in the assay using known amounts of our own stock of cCAMP.

Yahr, et al. had determined that heating eukaryotic cell lysate to 100°C for 5
minutes removed the ability to stimulate ExoY and therefore concluded that the activator
was proteinaceous in nature [97]. However, we observed a large amount of activity in the
A549 cell lysate ultracentrifuge pellet (Figure 17), which could indicate that the activator
IS a membrane-associated protein or a lipid. Additionally, it could be within a large
protein complex, which would be supported by the high level of ExoY specific activity
observed in the early SEC fractions (Figure 15). To determine whether the activator is a
protein or a lipid, we optimized a Proteinase K digestion reaction to examine whether the
activator is indeed a protein.

The control reactions performed as we optimized the Proteinase K digestion
demonstrated that AEBSF did not inhibit Proteinase K activity (Figure 21A), despite
sources that said otherwise (Gold Biotechnology, n.d.; MP Biomedicals, n.d.). Instead,
we turned to another irreversible serine protease inhibitor, PMSF. Our first control
reactions used 1.8 mM PMSF — at this concentration, we observed the digestion of
rExoY, while BSA was spared (Figure 21B). 1.8 mM PMSF was determined to be an
insufficient amount to inhibit all the Proteinase K, and different secondary structures
could explain why rExoY was completely digested, while BSA was not; rExoY may have
more accessible cut sites for Proteinase K to target. Additionally, the reaction temperature
of 60°C could destabilize rExoY, revealing even more cut sites for Proteinase K. Even

our typical use of 2 mM DTT could account for this instability — the DTT could prevent
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the formation of disulfide bonds that are necessary for stable rExoY structure. The
structures of neither native ExoY nor rExoY have been elucidated. Future studies could
be focused on learning the structure of ExoY. Circular dichroism spectroscopy is a
technique that can be used to reveal the secondary structures of a protein sample; it also
would allow us to continue working with rExoY in solution, rather than trying to
optimize a crystallization procedure that would account for aggregation and precipitation
of rExoY under non-reducing conditions. Additionally, efforts could be made to express
ExoY in P. aeruginosa, since the instability of rExoY could be due to incorrect folding in
the E. coli expression strain, BL21.

We were able to identify 5.4 mM PMSF as the optimal concentration to inhibit
Proteinase K digestion of rExoY (Figure 22B). Once the Proteinase K digestion reaction
was optimized (Figure 22C), we tested the activity level of the soluble lysate after
proteolysis, and observed that ExoY activity was completely reduced (Figure 23).
Additionally, after the digestion reaction was quenched, we spiked the reaction with
soluble lysate; because this reaction still exhibited rExoY activity, Proteinase K had been
quenched. Due to reduction in rExoY activity after lysate digestion, we concluded that
the activator was proteinaceous.

To verify the results obtained from the Proteinase K digestion, it is recommended
that the digestion be repeated. Furthermore, future efforts should be addressed toward a
lipolysis or lipid extraction procedure to test rExoY activity in the absence of lipid to
verify the Proteinase K digestion data. 1 would recommend isolating lipid from A549
lysate and purchasing common inner-leaflet phospholipids to examine in the ExoY

activity assay.
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Now that the activator has been identified as a protein, the biochemical
enrichment can be pursued. | would recommend performing an additional size exclusion
chromatography step to further separate the activator from the fraction. The fraction with
the greatest activity can then be subjected to ion exchange chromatography. However, the
salt must be removed from the elutions, as it has been shown that increased salt levels
inhibit ExoY activity [103]. Efforts must also be made to optimize the pull-down assay,
perhaps using a more specific affinity resin than Ni-NTA HisPur, such as Glutathione-S-
Transferase (GST) or a Strep-tag. An immunoprecipitation with a-rExoY antibody could
also prove fruitful.

Work is currently underway to mutagenize each of the five cysteine residues in
ExoY in order to understand the role each plays in the structure and function of ExoY.
The ultimate goal is to produce an ExoY protein mutant with one or several cysteines that
retains its activity but does not require the presence of DTT to remain in solution.

Infection models may also prove insightful into the role that ExoY plays in P.
aeruginosa virulence. We have lung epithelial and neuronal cell lines at our disposal, but
infection of other eukaryotic cells — yeast (Saccharomyces cerevisiae), frog (Xenopus
laevis), plant (Nicotiana tabacum), insect (Drosophila melanogaster), fish (Danio rerio),
even nematode (Caenorhabditis elegans) or amoeba (Dictyostelium discoideum) — could
reveal how ExoY assists in pathogenesis in non-human organisms.

Currently ExoY is classified as a class 1l adenylyl cyclase (a group of bacterial
adenylyl cyclases that utilize calmodulin as an activator) despite not being activated by
calmodulin [97, 105]. When the identity of the activator is discovered, we can reclassify

ExoY into another adenylyl cyclase group.
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The activator will ultimately be identified by mass spectroscopy, after which
efforts should be made to establish enzyme kinetics and binding data on rExoY and the
activator. Given the promiscuous nucleotidyl cyclase activity of ExoY, future work could
focus on the mutagenesis of residues in the active site to convert it into a more specific
cytidylyl or uridylyl cyclase. In doing so, work could be done to learn about the roles that
cyclic cytidine monophosphate (cCMP) or cyclic uridine monophosphate (CUMP) play,

not only in a P. aeruginosa infection, but in the eukaryotic cell in general.

Conclusion

The role of Pseudomonas aeruginosa in nosocomial infections has been well-
characterized, particularly as an opportunistic infection of patients who have been
mechanically ventilated or those who have cystic fibrosis or burn wounds. Its natural
resistance to a wide range of antibiotics, as well as its potent virulence factors, make P.
aeruginosa a significant risk to public health. Through the identification of the eukaryotic
factor that activates ExoY, not only could we more completely understand the role ExoY
plays in P. aeruginosa virulence, we could justify the reclassification of the bacterial

adenylyl cyclase effectors.
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