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CHAPTER ONE 

 BACKGROUND 

Review of Literature 

Overview 

Pseudomonas aeruginosa is a gram-negative environmental bacterium that uses its 

intrinsic and acquired antibiotic resistance to infect patients with compromised epithelium, such 

as in cystic fibrosis and burn wounds. It is also a common hospital acquired infection (1). P. 

aeruginosa is also one of the leading causes of corneal infections, termed keratitis. (2, 3). The 

healthy ocular surface normally provides robust antimicrobial protection against pathogens. 

Corneal infection is often the result of either injury (introducing bacteria directly into the corneal 

stroma), or improper contact lens hygiene practices, both of which compromise epithelial health 

and barrier function (4). In order to cause disease, most strains of P. aeruginosa typically use a 

virulence factor, the type three secretion system (T3SS), to disrupt cellular signaling or for 

cytotoxicity (5). In addition, if the corneal epithelium is compromised, P. aeruginosa can become 

intracellular to establish cytosolic niches. During cellular invasion, the expression of the T3SS is 

first required for P. aeruginosa to escape from membrane bound vacuoles (Fig 1A) (6). P. 

aeruginosa then secretes exotoxins, from inside vacuoles or once cytosolic, to prolong host cell 

death (6). This delay of host cell lysis seems to be necessary for P. aeruginosa to establish 

intracellular niches. Of the T3 secreted effector toxins, ExoS, specifically the ADP-

ribosyltransferase activity of ExoS, was shown to prolong the death of invaded corneal cells (7). 
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Moreover, ExoS becomes dispensable for maintaining intact intracellular niches when 

caspase-4 is knocked out, suggesting ExoS interferes with the completion of caspase-4 mediated 

pyroptosis (8). While ExoS has no known substrates involved in caspase-4 mediated cell death, 

other groups have demonstrated that many potential ExoS substrates remain uncategorized (9, 

10).  

  

Figure 1. P. aeruginosa Lifestyle and T3SS. (A) Diagram of the P. aeruginosa intracellular and extracellular 

lifestyle. (B) Diagram of the type three secretion system (T3SS). Adapted from Galle M, et al. Curr Protein Pept Sci. 

2012 Dec;13(8):831-42.  
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Introduction to the Type Three Secretion System and Exotoxins 

 P. aeruginosa utilizes its Type Three Secretion System (T3SS) for both acute virulence 

and, more recently shown, to accomplish intracellular replication within several types of 

epithelial cells (7). The T3SS is a needle-like structure spanning the inner and outer membranes 

of bacteria, extracellular space, and to the host plasma membrane (Fig.1 B) (11). Critical 

components of the T3SS include PscF, the needle; PopB/D, the needle tip; and PscN, an ATPase 

that pushes the exotoxins through the needle (Fig 1B) (12).  

Using the T3SS, P. aeruginosa secretes four known effector toxins: ExoS, ExoT, ExoY, 

and ExoU. ExoU is a phospholipase that can lyse the host cell membrane and is only found in 

cytotoxic P. aeruginosa strains, which do not exhibit an intracellular lifestyle due to rapidly 

killing target host cells (13-15). ExoY is a nucleotidyl cyclase that contributes to both the 

rounding of host cells as well as reducing cytotoxicity in some contexts (16-18). ExoS and ExoT 

are bifunctional enzymes with an N-terminal Rho GTPase Activating Protein (Rho GAP) domain 

and a C-terminal mono ADP-ribosyl transferase (ADPr) domain (19-23). The Rho GAP domain 

of both toxins targets the proteins Rho, Rac, and Cdc42 resulting in the disruption of the actin 

cytoskeleton (24). ExoT mono ADP-ribosylates Crk1 and Crk2, which disrupts focal adhesion 

assembly during infection (25, 26). The ADPr domain of ExoS has a broader range of substrates 

including small GTPases (Ras, Rap1, Rab proteins: 5 ,7, 8, and 11) to disturb intracellular 

trafficking (Table 1) (27-32). ExoS also targets Ezrin, Radixin, and Moesin (ERM proteins) 

which impacts cytoskeletal connections to plasma membrane (33, 34). Other ExoS substrates 

include vimentin, cyclophilin A, and Cdc42 (10, 24, 35).    
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Table 1. Known ExoS ADP-ribosylation Substrates.  

  

During the initial finding of ADP-ribosylated substrates, other groups have shown and 

theorized about unidentified substrates. Coburn et al. and Riese et al. showed ExoS substrates of 

molecular weights outside of the known substates via Coomassie staining and autoradiography, 

respectively. Of these unknown substrates, we hypothesize that one or more play a role in 

caspase-4 mediated cell death, as well as other potential roles in bacterial pathogenesis yet to be 

identified (8). 

Pseudomonas aeruginosa is both an Intracellular and Extracellular Pathogen 

P. aeruginosa has been primarily thought to be an extracellular pathogen. This is based on the 

exoenzyme functions. Cytotoxic strains, encoding ExoU, predominantly act as extracellular 

pathogens (14). This includes many clinical isolates of P. aeruginosa, thus establishing the idea 

that P. aeruginosa is an extracellular pathogen (36, 37). In addition, ExoT also has RhoGAP 

Substrate Weight kDa Site Reference

Cyclophilin A 18 R55, R69 DiNovo et al, 2006

Rap1b 21 R41 Riese et al, 2001

N-Ras 21 R41 Vincent et al, 1999

Cdc42 21 Goehring et al, 1999

H-Ras 21 R41 Vincent et al, 1999

Rac1 21 Rocha et al, 2005

K-Ras 21 R41 Vincent et al, 1999

Rab7 23 Fraylick et al, 2002

RalA 23 Fraylick et al, 2002

Rab5 23 R81,91,110,120,195,197 Barbieri of al, 2001 

Rab8 24 Fraylick et al, 2002

Rab11 24 Rocha et al, 2005

Vimentin 53 Coburn et al, 1989

Moesin 68 Maresso et al, 2004

Radixin 68 Maresso et al, 2004

Ezrin 69 Maresso et al, 2004
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activity and is encoded in almost all known T3SS-encoding strains, which is known to keep 

bacteria extracellular (13, 36). On the other hand, strains that encode ExoS can establish and 

maintain multiple intracellular niches (38). P. aeruginosa was first shown to internalize in human 

pulmonary carcinoma cells in vitro in 1991 (39). Chi et. al. also found that intracellular bacteria 

were contained inside intracellular vesicles. Three years later, Fleiszig et. al. showed that P. 

aeruginosa invades corneal cells during in vivo experiments using mice (40). The following 

year, the same group demonstrated that P. aeruginosa can also invade and replicate in cultured 

primary corneal cells (41). P. aeruginosa internalizes into nonphagocytic cells in a manner 

dependent on phosphoinositide 3-kinase (PI3K): a family of lipid kinases that control adhesion 

and phagocytosis (42, 43). In the presence of PI3K inhibitors, such as LY294002 and 

Wortmannin, P. aeruginosa internalization has been shown to be significantly reduced (42). The 

ADP-ribosylation domain of ExoS is also required for bacterial survival and to induce membrane 

blebs in epithelial cells, which bacteria occupy (7). 

During invasion of corneal epithelial cells, P. aeruginosa uses its effector toxins to prolong 

the integrity of invaded cells and maintain a niche (7, 44). When P. aeruginosa lacks the effector 

toxins ExoS, ExoT, and ExoY, there is a significant decrease in how long invaded cells survive 

(45). When the ADPr domain of ExoS is reintroduced via a plasmid, the survival time of invaded 

cells is restored back to wild type (wt) levels (7) (Fig. 2A). 
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Figure 2. ExoS ADPr Domain Prolongs Invaded Host Cell Life and Likely Interferes with Caspase-4 

Mediated Pyroptosis. (A) Corneal epithelial cells were infected with PAO1, PAO1ΔexoSTY or PAO1ΔexoSTY 

complemented with ExoS on a plasmid with indicating enzymatic activities for 3hrs. Data from Kroken, A. R., et al 

2022 (4). (B) Caspase-4 knockout corneal epithelial cells were infected with PAO1 or PAO1ΔexoSTY for 3hrs. 

Unpublished data collected by AR Kroken and KA Klein. Host cell survival data expressed as the median with IQR. 

Kolmogorov-Smirnov (KS) significance values versus PAO1, * P < 0.05, ** P < 0.01, **** P < 0.001. 

 

Introduction to Host Response of Intracellular Pathogens 

Host cells first respond to bacterial infection through innate immunity, to control the 

pathogenic infection. Host pattern recognition receptors (PRRs) trigger innate immunity by 

recognizing common pathogenic features. While primarily studied in antigen presenting myeloid 

cells, PRRs are also expressed in epithelial cells such as corneal and skin cells. PRRs recognize 

microbes extracellularly by membrane bound Toll-like receptors (TLRs) and intracellularly 

through NOD-like receptors (NLRs) and inflammatory caspases. Recognition of intracellular 

pathogenic damage, via NLRs and other intracellular PRRs, leads to the formation of the 

canonical inflammasome. Each NLR recognizes a specific pathogenic response resulting in 

inflammasome assembly (46). The inflammasome was first identified as a multiprotein complex 

of an NLR, a pyrin domain (PYD)-containing protein, an adaptor protein containing a caspase 
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recruitment domain (CARD), and caspase-1 (47). The multiprotein complex acts as a platform 

which allows for the cleavage and activation of caspase-1 (48). TLR4 recognizes 

lipopolysaccharides (LPS) in the outer layer of gram-negative bacteria, including P. aeruginosa 

(49), which allows for the production of inflammatory cytokines, chemokines and proteins. 

 Intracellular LPS is detected by caspase-4/11 (50, 51) through guanylate-binding proteins 

(GBPs) that assemble on and coat the outside of gram-negative bacteria (52) by binding LPS 

(53). This GBP coat allows for the recruitment and activation of caspase-4/11. Active caspase-

4/11 can then initiate pyroptosis through the cleavage of full length Gasdermin-D (GSDMD) into 

GSDMD p30, which goes on to form membrane pores (54). This caspase-4/11 induced 

pyroptosis is termed the non-canonical inflammasome. Alternatively, active caspase-1 can also 

cleave GSDMD through the canonical inflammasome (55). Data collected by others in the 

Kroken lab shows that when caspase-4 is knocked out from host cells, cells invaded by the P. 

aeruginosa mutant lacking exotoxins have increased survival times and permit more bacterial 

replication (Fig 2B) (8). Since ExoS lacks any known substrates involved in the caspase-4 

inflammasome pathway, we decided to identify novel ExoS ADPr substrates as a method to 

identify how ExoS delays pyroptosis.  

Aims and Hypothesis 

We hypothesized that among its uncategorized substrates, ExoS ADP-ribosylates a target in 

the noncanonical inflammasome pathway to delay host cell death. In the course of this study, we 

also tested whether detecting ADP-ribosylation by immunofluorescence could be used to ask 

whether P. aeruginosa internalization into corneal epithelial cells is needed for T3 secretion and 

toxin delivery.   
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In Aim 1, we attempted to characterize the “ADP-ribosyl-ome” of ExoS through mass 

spectrometry, flow cytometry, immunoprecipitation, and the creation of an ExoS-BirA fusion 

protein. During the mass spectrometry data collection on whole cell lysates, we noticed that 

during P. aeruginosa infection protein expression is similar to that of Shigella infection. The 

method development for this aim remains ongoing.  

In Aim 2, we investigated if a correlation exists between P. aeruginosa internalization and 

whether cells receive ExoS. Results from this aim show that there is a correlation between 

internalized bacteria and how many cells become ADPr-positive. This correlation differs between 

the corneal and HeLa cell models. When bacterial internalization is blocked through PI3K 

inhibitors, no ADP-ribosylation is detected. This approach will be extended to other models and 

allow us to investigate the relative importance of invasion in bacterial delivery of T3SS toxins. 
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CHAPTER TWO 

 MATERIALS AND METHODS 

Bacterial Strains and Plasmids 

P. aeruginosa strain PAO1 and isogenic T3SS mutants were provided by Dr. Arne Rietsch 

(Case Western Reserve University) (56).The T3SS-GFP reporter pJNE05 and pUC18 Tn7 

PrhaexsA  plasmids were provided by Dr. Timothy Yahr (Bellin College) (57). Exogenous 

expression of ExoS and ExoT was accomplished with pUCP18 vectors provided by Dr. Joseph 

Barbieri (Medical College of Wisconsin). The BirA fusion plasmid PA0709-birA was provided 

by Dr Andy Ulijasz (Loyola University Chicago). 

 The ExoS-BirA fusion plasmid was generated by cloning the BirA insert from PA0709-

birA into the pUCP18 ExoS backbone. The BirA insert was generated via PCR from primers 

flanking both the glycine linker region and the FLAG tag. The BirA PCR product was purified 

using the QIAquick PCR Purification kit (Qiagen). The pUCP18 vector was digested through 

Sal1 and Kpn1 restriction sites, then recovered using the QIAquick Gel Extraction kit (Qiagen). 

The vector and insert were ligated together using the Quick Ligation Kit (NEB M2200). The 

plasmid was heat shocked into DH5α E. coli (NEB C2987I) and isolated using the QIAquick 

Spin miniprepped kit (Qiagen). 50ng of plasmid was then electroporated in P. aeruginosa 

suspended in 300 mM sucrose in a 0.2 cm gap cuvette (BioRad 1652086) for 2 seconds. Bacteria 

were cultured in LB media for 1 hour before being plated on tryptic soy agar (TSA) plates with 

antibiotic selection.  
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Table 2. Strains and Plasmids Used. 

 

Table 3. List of Primers Used. 

Primer Name  Sequence 

BirA_Sal1_F 5'-catgtcgtcgacaGGTGGCGGCGGCAGCGGG-3' 

BirA_Kpn1_R 5'-ggggatccTCATTTGTCATCATCATCCTTATAGTCGGAGCGCCGC-3' 

 

Cell Culture 

HeLa cells were cultured in DMEM (Gibco) plus 10% fetal bovine serum (Avantor). 

Human telomerase-immortalized corneal epithelial cells (hTCEpi) were provided by Dr. Daniel 

Robertson (University of Texas Southwestern)(58) and were maintained in KGM-2 media (0.15 

mM calcium) (Lonza) in an undifferentiated state. For differentiation, KGM-2 containing 1.15 

mM calcium was added to hTCEpi. The corneal cells were seeded at ~ 70% confluence to 

enhance P. aeruginosa internalization via basolateral surfaces. 

Infection of Cultured Cells 

P. aeruginosa cells were grown as a lawn on TSA containing selective antibiotics 

overnight at 37°C. Bacteria were suspended in sterile phosphate-buffered saline (PBS) by gentle 

pipetting. Multiplicities of infection (MOIs) were calculated using an A540 of 1(4X108 CFU). 

An MOI of 10 was used for all experiments.  
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Western Blot 

Cells were infected with bacteria for 3 hours, then lysed in Pierce IP lysis buffer (pH 7.4, 

25mM Tris, 150mM NaCl, 1mM EDTA, 1% NP40, 5% glycerol) (Fisher Scientific PI87787) and 

Mammalian ProteaseArrest 100X (VWR 78000-036). Nuclei and insoluble material were 

removed by centrifugation at 4C for 20 minutes at 12000g. Samples were resolved in 4x 

Laemmli buffer using 4–20% gradient Tris Glycine gels (Bio-Rad 4568095) with stain free label. 

Total protein was visualized in gel on a Bio-Rad ChemiDoc instrument prior- and post-transfer to 

PVDF membrane (Bio-Rad 1620177). ADP-ribosylated protein was detected using the rabbit 

anti-mono-ADP-ribose binding reagent (Sigma-Aldrich mabe1076, 1:6000) in 5% BSA (Fisher 

Scientific) in TBST (20mM Tris, 150mM NaCl, 0.1% Tween-20, pH 7.5), and secondary goat 

anti-rabbit HRP (BioRad 1706515, 1:3000). Biotin labelled NAD+ was detected using Pierce 

High Sensitivity Streptavidin-HRP (Fischer Scientific PI21130, 1:4000) in EveryBlot Blocking 

Buffer (BioRad 12010020). FLAG tag was detected using mouse Monoclonal ANTI-FLAG M2 

antibody (Sigma-Aldrich F3165, 1:10000) in 2.5% milk in TBST, and secondary goat anti-mouse 

HRP (BioRad 1706515, 1:3000). Clarity Western ECL Substrate (Biorad 1705061) was used to 

view the HRP secondary. 

Immunoprecipitation 

 Initial attempts at immunoprecipitation were conducted using protein A agarose (Sigma-

Aldrich PROTAA-RO) and the mono ADPr binding reagent (Sigma-Aldrich mabe1076). hTCEpi 

cells were lysed as described previously for western blots and incubated with 1ug or 3ug of the 

anti-mono-ADPr binding reagent alongside binding buffer (800ul Peirce IP lysis buffer, 1mM 

DTT) for 3 hours with gentle mixing at 4C. This ADPr binding reagent incubated lysate was then 

added to binding buffer washed protein A beads and incubated for 3 hours at 4C. The unbound 

fraction was then collected, and the beads were washed three times with binding buffer. After 
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boiling in 4x Laemmli sample buffer (BioRad 1610747), samples were run in buffer on 4–20% 

gradient Tris Glycine gels. 

Crosslinked IPs were conducted using a Pierce™ Crosslink Magnetic IP/Co-IP Kit 

(Fisher Scientific PI88805). 1X Modified Coupling Buffer was preprepared by diluting both IP 

Lysis/Wash Buffer (pH 7.4, 25mM Tris, 150mM NaCl, 1mM EDTA, 1% NP40, 5% glycerol) and 

20X Coupling buffer (10mM sodium phosphate, 150mM NaCl; pH 7.2) into ultrapure water at a 

1:10 ratio. This buffer was used to prewash the Pierce Protein A/G Magnetic Beads. 5ug to 10ug 

of mono ADPr binding was diluted 1:20 with 20X Coupling Buffer and 1:20 with IP Lysis/Wash 

Buffer, before being incubated on the magnetic protein A/G beads for 15 minutes at room 

temperature. The magnetic beads were then washed three times using a 1X Modified Coupling 

Buffer. Bound mono ADPr binding reagent was then crosslinked to the beads using 0.25mM 

DSS for 30 minutes at room temperature. The beads were first washed three times with Elution 

Buffer (pH 2.0), and again washed twice with IP Lysis/Wash Buffer. hTCEpi cell lysate was 

diluted to 500ul using the IP Lysis/Wash Buffer and incubated with the crosslinked beads for 1 

hour at room temperature. The unbound fraction was collected, and the beads were washed twice 

with IP Lysis/Wash Buffer, along with a final ultrapure water wash. The antigen was eluted using 

the Elution buffer and the pH was neutralized using the Neutralization Buffer (pH 8.5). After 

boiling in 4x Laemmli sample buffer, samples were run in buffer on 4–20% gradient Tris Glycine 

gels. 

Biotinylated APD Ribosylation Assay 

Methods were adapted from Riese et al. (2002) (9). hTCEpi cells were infected at an 

MOI of 10 for three hours, then cooled down to 4C with cold water at 1:3 ratio with S buffer 

(130mM sucrose, 50mM KCl, 50mM Potassium acetate, 20mM HEPES pH 7.4) Saponin (Fisher 
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Scientific AAA1882014) at 75ug/ml was added with cold 1:3 S buffer for 10 minutes at 4C. The 

saponin solution was removed, and buffer warmed to 37˚C containing 4 uM biotinylated NAD 

(Tocris 6573) was added, and cells incubated at 37˚C for 40 minutes. Solution was removed and 

the cells were lysed in RIPA buffer (Sigma-Aldrich R0278). Nuclei and insoluble material were 

removed by centrifugation 4C for 20 minutes at 12000g. Samples were resolved in 4x Laemmli 

buffer on 4–20% gradient Tris Glycine gels (Bio-Rad 4568095) with stain free label. 

 Immunoprecipitation of Biotinylated ExoS Substrates 

Lysate from the Biotinylated APD ribosylation assay was diluted with PBS, before being 

incubated with Pierce NeutrAvidin Agarose (Thermo Fisher Scientific 29201) for 1 hour at 4C. 

The unbound fraction was collected before the NeutrAvidin beads were washed four times with 

PBS. After boiling in 4x Laemmli sample buffer (BioRad 1610747), samples were run on buffer 

on 4–20% gradient Tris Glycine gels. 

Fluorescence Activated Cell Sorting (FACS) of Invaded Cells 

hTCEpi cells were infected with T3SS inducible P. aeruginosa strains, PrhaexsA pJNE05, 

for 3 hours to allow for bacterial internalization. The cells were then treated with 100μL/mL 

amikacin for 30 min to eliminate extracellular bacteria. 2% Rhamnose was added for three hours 

to allow for the induction of the T3SS and secretion of ExoS. The cells were then lifted using 

0.05% Trypsin-EDTA. Cells were sorted for GFP signal by the FACS core using the FACSAria 

IIIu. Cells positive for GFP signal were then spun down and given to the proteomics core for 

analysis.  

Mass Spectrometry 

Mass spectrometry of ADP-ribosylated substrates were conducted by the proteomics core 

and in collaboration with the Kirk lab. The following methods were provided by Seby Edassery:  
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Cell pellets were resuspended in 150 μl of 50mM Tris buffer containing 8M Urea and protease 

inhibitors. Proteins were extracted by agitating with glass beads at high-speed using TissueLyser 

LT(Qiagen). SDS and NP40 were added to get a final concentration of 0.1 % detergent each and 

incubated in ice for 30 min. The protein sample was then purified using chloroform-methanol 

purification, and the protein precipitate was solubilized in 100 ul of 8 M urea/50 mM 

Ammonium bicarbonate (ABC), pH 8.0 solution, reduced with five mM DTT for 30 min, and 

alkylated with 15 mM iodoacetamide for 20 min in the dark. The protein solution was diluted 

(1:4) with 50mM ABC to reduce the urea concentration and digested overnight at 37 °C with 

mass spec grade Trypsin (1:50, Thermoscientific 90305). Digestion was stopped with formic acid 

0.1% final concentration, centrifuged, and the supernatant was used to purify peptides using C18 

spin columns (G-Biosciences 786-931) as per manufacture protocol. Purified peptides were dried 

using speed vac and resolubilized in 20 ul of 2.5% acetonitrile and 0.1% of FA, 4 ul of 

resolubilized peptides loaded onto a Vanquish Neo UHPLC system (Thermo Fisher) with a 

heated trap and elute workflow with a c18 PrepMap, 5mm, trap column(P/N 160454)  in a 

forward-flush configuration connected to a 25cm Easyspray analytical column(P/N ES802A 

rev2)  2u,100A,75um x 25 with 100% Buffer A (0.1% Formic acid in water) and the column 

oven operating at 40  °C. Peptides were eluted over a 150 min gradient using 80% acetonitrile, 

and 0.1% formic acid (buffer B), going from 4 % to 12% over 10 min, to 45% over the next  120 

min, then to 99% over 13 min, and then kept at 99% for 7 min, after which all peptides were 

eluted. Spectra were acquired with an Orbitrap Eclipse Tribrid mass spectrometer with FAIMS 

Pro interface (Thermo Fisher Scientific) running Tune 3.5 and Xcalibur 4.5. For all acquisition 

methods, spray voltage set to 1900V, and ion transfer tube temperature set at 300 o C, FAIMS 

switched between CVs of −45 V, – 55 V, and −65 V with cycle times of 1.5sec. MS1 spectra 
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were acquired at 120,000 resolutions with a scan range from 375 to 1600 m/z, normalized AGC 

target of 300%, and maximum injection time of 50ms, S-lens RF level set to 30, without source 

fragmentation and datatype positive and profile; Precursors were filtered using monoisotopic 

peak determination set to peptide; included charge states, 2-7 (reject unassigned); dynamic 

exclusion enabled, with n = 1 for 60s exclusion duration at ten ppm for high and low. DDMS2 

scan using isolation mode Quadrupole, Isolation Window (m/z):  1.6; activation Type set to HCD 

with 30%   Collision Energy (CE), IonTrap as a detector with scan rate Turbo, AGC target set to 

10,000; maximum Injection Time set to 35ms, micro scans: 1 and data type set to Centroid. 

Raw data were analyzed using Proteom Discoveror 2.5 (Thermo Fisher) using Sequest 

HT search engines. The data were searched against the human Uniprot protein sequence database 

(Home Sapiens Proteome ID UP000005640). The search parameters included precursor mass 

tolerance of 10 ppm and 0.06 Da for fragments, allowing two missed trypsin cleavages, 

oxidation (Met) and acetylation (protein N-term), and Phosphorylation (S, T, Y) as variable 

modifications, and carbamidomethylation (Cys) as a static modification. Percolator PSM 

validation was used with the following parameters: strict false discover rate (FDR) of 0.01, 

relaxed FDR of 0.05, maximum ΔCn of 0.05, and validation based on q-value. Precursor Ions 

Quantifier settings were to use Unique + Razor for peptides; precursor abundance was based on 

Intensity, normalization based on total peptide amount, protein abundance was calculated by the 

summed intensity of connected peptides, and protein ratios were calculated based on protein 

abundance and a background based T-test was used to calculate statistical significance. 

Mass Spectrometry Analysis 

 Data were analyzed using the Database for Annotation, Visualization, and Integrated 

Discovery (DAVID) (59, 60). Data were first sorted to have an Abundance Ratio P-Value 
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(sample/control) of less than 0.05. The negative log P-Value and the fold change (Log2 Ratio) 

were then calculated using the Abundance Ratio P-Value. Upregulated proteins, Abundance 

Ratio (sample/control) greater than 1, were uploaded as a gene list into DAVID. The Functional 

Annotation Tool was then used to find the Biology Process (BP) Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathways that were upregulated upon P. 

aeruginosa infection of hTCEpi cells compared to uninfected controls. The Venn diagram 

comparing the protein expression profile of infections was generated using InteractiVenn. 

Immunofluorescence 

For Immunofluorescence of the mono ADPr binding reagent, hTCEpi cells were seeded onto 

glass coverslips, and infected with strains of P. aeruginosa containing the fluorescent T3SS 

reporter plasmid pJNE05. For HeLa cells, coverslips were coated with rat tail collagen I (Thermo 

Fischer Scientific A1048301) for 1 hour prior to seeding. Cells were infected at an MOI of 10 for 

3 hours to allow for bacterial internalization. The cells then were treated with 100μL/mL 

amikacin for 1 to 2 hours to eliminate extracellular bacteria. Cells were fixed using 4% 

paraformaldehyde for 10 minutes. The fixation was quenched using 50mM glycine in PBS for 10 

minutes. Cells were covered and blocking reagent (5% FBS, 2.5% gelatin, 0.1% TritonX-100, 

0.05% Tween-20 in PBS) was added for 1 hour at room temperature. 1ug of mono ADPr binding 

reagent was added 1:1000 to antibody solution (2.5% FBS, 1.25% gelatin, 0.1% TritonX-100, 

0.05% Tween-20 in PBS) and covered overnight at 4C. Cells were washed using PBS, and 

secondary goat anti-mouse IgG Alexa 555 antibody (Thermo Fisher Scientific, 1:1000) in 

antibody solution was added at room temperature for an hour. The cells were washed again 

before DAPI solution in PBS was added for 5 minutes. The cells were washed one time before 

being mounted onto microscope slides using prolong glass (Fisher Scientific P36982). 
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For immunofluorescence of the cells treated with PI3K inhibitors, hTCEpi cells were seeded 

onto glass coverslips. Cells were infected with a strain of P. aeruginosa that has a deletion of the 

main transcription factor for the T3SS, ΔExsA, and with inducible fluorescent plasmid pBAD-

GFP. Cells were pretreated with 5mM 3-Methyladenine (InvivoGen inh-3ma-2), 50uM 

LY294002 (Cell Signaling 9901), or 0.2uM Wortmannin (Cell Signaling 9951) for 1 hour. The 

pretreated cells were infected at an MOI of 10 for 3 hours to allow for bacterial internalization. 

The cells were then treated with 100μL/mL amikacin as well as 10% arabinose in KGM2 for 3 

hours to eliminate any extracellular bacteria and visualize bacteria. The coverslips were fixed 

and stained according to the previous immunofluorescence protocol, without the addition of 

primary and secondary antibody. 

Microscopy and Image analysis 

Images were captured on a Nikon Ti2-E with X-Cite XYLIS Broad Spectrum LED 

Illumination System using a CFI Plan Apo Lambda 40X NA 0.95 or 60x CFI Plan Apo Lambda 

60X oil objective. ADP-ribose signal was quantified using ImageJ. First, the nuclei were 

thresholded from background signal and segmented (Fig 3B). The selection area of each nucleus 

was expanded to include perinuclear cytoplasm (Fig 3C). Then the mono ADPr signal was 

mapped back to the corresponding nucleus and quantified as the mean intensity per cell (Fig 3 D 

and E). 
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Figure 3. Visualization of Intensity Quantification. For each image captured (A), nuclei were detected and 

thresholded from the background (B). Individual nuclei were assigned as a region of interest (ROI), and each ROI 

was expanded to include the perinuclear cytoplasm (C). Mean signal intensity from the ADPr was then determined 

for each ROI (D, E). 

 

Statistics 

Statistical analyses were performed, and data presented using Graph Pad Prism 9. Data 

were shown as a mean ± standard deviation (SD) of at least three independent experiments 

unless otherwise indicated. For host cell survival data, non-parametric data were shown as a 

median with inter-quartile range (IQR) for each group. A non-parametric Kolmogorov Smirnov 

(KS) test was performed against the PAO1 condition for complementation experiments. For 

immunofluorescence of the mono ADPr binding reagent, fluorescence intensity of each nucleus 

expressed as the mean with SD. Unpaired t test with Welch’s coefficient was used to determine 

significance. In each instance, * P < 0.05, ** P < 0.01, **** P < 0.001.
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CHAPTER THREE 

 AIM ONE RESULTS 

Immunoprecipitation Approaches to Enrich ADP-ribosylated Proteins 

Our first approach was to capture total ExoS substrates using immunoprecipitation. ExoS 

substrates were captured using a commercially available mono ADPr binding reagent. This 

reagent, described by Gibson, B. A., et al 2017, is a recombinant protein made from the fusion of 

macrodomain 2 and 3 from mammalian PARP14 to the Fc region of rabbit IgG (61). This reagent 

was first confirmed to recognize mono-ADP ribosylated proteins via western blotting. Corneal 

epithelial cells were infected with wt PAO1 (expresses ExoS, T, and Y) or a mutant missing all 

three toxins or left uninfected (Fig. 4B). Lysates were collected at 4 hours and total protein is 

shown as a loading control (Fig. 4A).  

 

Figure 4. Detection of Potential ExoS Substrates using the mono ADP-ribosylation Binding Reagent. (A) total 

protein gel and (B)immunoblot of lysed cells infected with ΔTY or Δ STY P. aeruginosa using the mono ADPr 

binding reagent. 
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We then adapted the mono ADPr binding protein for immunoprecipitation (IP). The ADPr 

binding protein was bound to protein A/G beads first, and then incubated with lysate from cells 

infected with either ∆exoTY (only expresses ExoS) or ∆exoSTY (expresses no toxins). There were 

no detected substrates in the elution (Fig. 5A and B). Thus, we attempted several types of 

optimizations. These optimizations included a change in IP methods, from a pre-immobilized 

antibody approach to a free antibody approach, and the addition of 1mM DTT. Potential 

substrates were pulled down when the reducing agent DTT was added, but addition of DTT also 

resulted in the detection of ADP-ribosylated proteins eluted in ∆exoSTY negative control, despite 

no proteins present in the input (Fig. 5C and D). This was attributed to the ADPr binding reagent 

dissociating from the agarose beads into the elution, because when run on its own, a smear is 

detected above 150 kDa (Fig. 6A and B, lane 1). To solve this problem, DSS was used to 

covalently crosslink the binding reagent to magnetic protein A/G beads. While this did solve the 

issue of detecting mono ADPr binding protein in the elution, no ADP ribosylated substrates were 

obtained in the elution (Fig. 7A and B). Additional efforts were made to optimize, including 

increasing the amount of protein A/G breads and mono ADPr binding reagent used; however, 

there was no improvement.  

We investigated the size and stability of the mono ADPr binding protein. In the initial paper 

describing the reagent, the mono ADPr binding protein ran on a Coomassie gel at 100 kDa, with 

degradation products detected between 75 and 50 kDa (61). This differed from what we saw 

when visualizing the reagent during IP attempts (Fig. 6B, lane 1). We then ran boiled and 

unboiled ADPr binding protein in 4% sample buffer on a gel by itself. Neither method of 

preparation resulted in the detection of ADPr binding protein at its known size (Fig. 8A and B), 
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suggesting the binding protein may be unstable. In sum, the mono ADPr binding reagent appears 

unsuitable for immunoprecipitation in our hands, possibly due to stability and reagent quality.  

 

Figure 5. Initial Immunoprecipitation Attempts of Potential ExoS Substrates Using a mono ADP-ribosylation 

Binding Reagent. (A) total protein gel and (B) blot of the first immunoprecipitation using the binding reagent for 

protein collection and detection. (C) total protein gel and (D) blot of the optimized immunoprecipitation using the 

binding reagent for protein collection and detection.   
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Figure 6. The mono ADPr Binding Reagent is Detected in the Elution. (A) total protein gel and (B) blot of 

Immunoprecipitation using the binding reagent for protein collection and detection. The ADPr binding reagent was 

detected in the elution.  

 

Figure 7. Crosslinking the mono ADPr Binding Reagent to Magnetic Protein A/G Beads Did Not Result in 

Any Elution. (A) total protein gel and (B) blot of the DSS crosslinked immunoprecipitation using the binding 

reagent for protein collection and detection. Crosslinking the ADPr binding reagent to protein A/G did not result in 

eluted protein. 
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Figure 8. The mono ADPr Binding Reagent is Unsuitable for Immunoprecipitation. (A) 1 ug of the ADPr 

binding reagent ran on a total protein gel and (B) immunoblot of using antirabbit IgG. The ADPr binding reagent 

appears to be degraded, as it runs at a different size than the literature described (61). 

 

An alternative method to detect ExoS substrates was to pulse in biotin-labeled NAD+ and 

perform immunoprecipitation for the biotin label using neutravidin beads. This method originally 

used the pore-forming reagent tetanolysin to permeabilize the cell membrane (9). Unfortunately, 

tetanolysin is no longer commercially available. Saponin, a plant derived surfactant, along with 

hypotonic buffer was shown to be a decent alternative to pulse biotinylated-NAD+ into HeLa 

cells via blotting with HRP conjugated streptavidin, as bands were detected in an ExoS-

dependent manner (Fig. 9A). One downside of this method is a dominant nonspecific band 

independent of ExoS (Fig. 9A). When immunoprecipitating biotin using neutravidin beads, only 

this nonspecific band was detected in the elution (Fig 9B). Protocol modifications to detergent 

and bead quantity did not improve results. Considering the protein profile is different using this 
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method than when we used mono ADPr binding protein (Fig. 9A), we had additional concerns 

that a subset of substrates may be unable to accept a biotin-ADPr moiety.  

   

Figure 9. Detection and Immunoprecipitation of Potential ExoS Substrates using Biotin-labelled NAD. (A) 

Biotin-labelled NAD and/or the pore forming toxin saponin were added to corneal epithelial cells, which were then 

infected with ΔexoTY or ΔexoSTY P. aeruginosa. Lysates were collected and used to immunoblot for the biotin label. 

(B) Immunoprecipitation was performed using streptavidin beads. 

 

Total Protein and Enriched Mass Spectrometry 

We elected to run total protein lysates without enrichment for ADP-ribosylated proteins in an 

attempt to detect post translational modifications among the total proteome. Corneal cells were 

infected with ∆exoTY or ∆exoSTY P. aeruginosa for 4 hours, and lysates collected. Mass 

spectrometry was run in collaboration with the Kirk lab and performed by Seby Edassery. After 

the preliminary round of mass spectrometry, a total of 5,641 proteins were identified. Nine 

proteins were detected with ADP ribosyl modification on arginine residues; however, none were 

known ExoS substates (Table 4). If any ExoS substrates were detected, we expected to only find 
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modification in the ∆exoTY infection. Additionally of the nine proteins identified, two proteins, 

28 ribosomal protein S11 and YLP motif-containing protein 1, were found to have ADP ribosyl 

modifications in both ∆exoTY and ∆exoSTY infections, while another protein only had 

modification upon ∆exoSTY infection. This suggests that only background signal was detected 

via mass spectrometry. Overall, these results suggest that enrichment for the ADP ribosyl 

modification is required prior to mass spectrometry. 

Table 4. ADP Ribosylated Proteins Identified by Preliminary Mass Spectrometry on Total 

Cell Lysates. Proteins highlighted in green were highly ADP-ribosylated upon both ∆exoTY and 

∆exoSTY infections. Proteins highlighted in orange were highly ADP-ribosylated upon ∆exoSTY 

infection. 

 

 

One reason ADP ribosylated proteins may be difficult to detect is that many cells remain 

unintoxicated by ExoS during infection. Thus, unmodified substrates might outnumber the ExoS 

modified protein. We decided to enrich cells with internalized P. aeruginosa first through FACS 

sorting. We first asked if corneal cells infected with the T3SS reporter pJEN05 could be sorted 

for GFP fluorescence when compared to wild type infected or uninfected cells. When collecting 

intact cells, we observed that corneal cells infected with P. aeruginosa are not as effectively 

trypsinized, when compared to uninfected cells. Infected cells took longer to lift, over 15 minutes 

Proteins identified with ADP-Ribosyl Modification

Terminal uridylyl transferase 4 

Protein BTG4 (Fragment) 

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase

Myosin-13 

Non-homologous end joining factor IFFO1 

Transmembrane protein 59-like 

28S ribosomal protein S11

Ras-associating and dilute domain-containing protein

YLP motif-containing protein 1 
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rather than 7 minutes, with only 50% of cells being lifted. Despite this, corneal cells infected 

with fluorescence P. aeruginosa (Fig. 10C) were suitable for FACS sorting (Fig. 10A and B).  

 

Figure 10. FACS Sorting of Corneal Epithelial Cells. Corneal epithelial cells infected with fluorescent P. 

aeruginosa (C) were able to be sorted from uninfected (A) and wild type P. aeruginosa (B). 

  

 To increase the number of sortable cells, we decided to maximize the odds of bacterial 

internalization. This was done by first infecting corneal cells with P. aeruginosa containing a 

plasmid inducible T3SS. This rhamnose-inducible exsA construct, the master transcription factor 

of T3SS, has been shown to mimic wild type P. aeruginosa infection in ΔexsA strains (6). 

Corneal cells were infected with the T3 inducible fluorescent P. aeruginosa or T3 inducible 

fluorescent ∆exoSTY P. aeruginosa for a total of six and a half hours. Once the bacteria were 

intracellular and extracellular bacteria were killed with amikacin, media containing rhamnose 

was added for three hours to trigger T3 secretion. Corneal cells were then sorted for GFP signal. 

Around 900,000 total cells were sorted for each infection (Table 5). 17 to 20% of the cells were 

sorted for intracellular P. aeruginosa via GFP signal. Cells positive for GFP signal, along with an 

uninfected control, were then given to Seby Edassery for sample preparation and mass 

spectrometry. 

Table 5. FACS Sorting of Corneal Epithelial Cells Infected with Type Three Inducible P. 

aeruginosa.  

 

# GFP Negative Cells # GFP Positive Cells Total Cells # % GFP Positive Cells

ΔExsA  Prha
ExsA  

pJNE05 720708 151688 872396 17

ΔSTY  ΔExsA  Prha
ExsA  

pJNE05 710886 172735 883621 20
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Mass spectrometry of corneal cells enriched for intracellular P. aeruginosa was 

performed by Seby Edassery. After enrichment, a total of 4,700 proteins were identified. 

Unfortunately, only ten proteins were found to be ADP-ribosylated on arginine residues (Table 

6), without any of the proteins being known ExoS ADPr substrates. None of the newly identified 

proteins were detected in the preliminary mass spectrometry. Eight of the ten identified proteins 

were found in the uninfected control sample, with the tenth being found only in the ΔSTY ΔexsA 

PrhaExsA pJNE05 negative control infection. Overall, this suggests that again only background 

signal was detected. Despite some enrichment for intracellular P. aeruginosa using FACS, a 

greater form of enrichment is required prior to mass spectrometry. 

Table 6. ADP Ribosylated Proteins Identified by FACS Sorting for Internalize P. 

aeruginosa. Proteins highlighted in green were highly ADP-ribosylated in both infections and 

the uninfected sample. Proteins highlighted in yellow were only ADP-ribosylated in the 

uninfected sample. Proteins highlighted in orange were highly ADP-ribosylated in only ∆exoSTY 

ΔExsA PrhaExsA infection.  

 

Cloning ExoS-BirA fusion to investigate ExoS interactome 

Another strategy for enrichment for ExoS substrates was attempted through the creation of an 

ExoS-BirA fusion protein for Bio-Id. This system would allow for the identification of substrates 

Proteins identified with ADP-Ribosyl Modification

TATA element modulatory factor 

Rab GDP dissociation inhibitor alpha 

Cadherin EGF LAG seven-pass G-type receptor 3 

Protein FAM171A1 

Neutral amino acid transporter A 

Annexin A2 

TBC1 domain family member 2B 

Protein S100-A11 

Rab GDP dissociation inhibitor beta 

Putative uncharacterized protein encoded by LINC00869
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by using a promiscuous biotin ligase, BirA, that biotinylates nearby proteins (62)Error! 

Bookmark not defined.. By fusing BirA to ExoS, any proteins that ExoS interacts with would 

also be biotinylated. While we were successful in cloning a plasmid containing an ExoS-BirA 

fusion, the resulting fusion protein was not able to be expressed (Fig. 11A). We were unable to 

detect the FLAG tagged fusion protein in control or T3SS inducing media, finding only 

background bands equivalent in negative control samples (Fig. 11B). This was unexpected as 

ExoS fusion proteins have been made prior (63, 64). In the future, we might consider expressing 

this construct in mammalian cells directly.  

 

Figure 11: Creation and Expression of an ExoS-BirA Fusion Protein. (A) Sequence of created fusion 

plasmid. (B) Immunoblot of FLAG tagged proteins from ΔSTY P. aeruginosa either containing or lacking the 

fusion plasmid.  

 

Analysis of Mass Spectrometry Results 

After conducting mass spectrometry on corneal cells enriched for intracellular P. aeruginosa, 

we analyzed how protein expression changes during infection when compared to the uninfected 
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control. In corneal cells infected with a strain of P. aeruginosa containing ExoS, several protein 

expression pathways were upregulated (Fig 12A). Moreover, epigenetic histone markers of DNA 

expression, such as H2A2 and H2AX, were found to be highly upregulated upon P. aeruginosa 

infection (Fig 12A, and E). Additional proteins involved in membrane ruffling and actin 

polymerization were upregulated in a manner like that of Shigella infection (Fig 12B). This 

upregulation includes the Arp2/3 complex, as well as some upstream proteins, that is required for 

Shigella actin-based motility (65). While P. aeruginosa uses a different mechanism, for 

intracellular motility (66), some of the proteins upregulated in Shigella actin-based motility are 

also involved in immune responses (67). During P. aeruginosa infection, some metabolic 

processes and signaling pathways are down-regulated (Fig. 12 C and D).  

 Corneal cells responded similarly to the ExoS infection when infected with P. aeruginosa 

lacking ExoS (Fig. 13A, B, and E). When comparing the gene ontology of the corneal cells 

infected with or without ExoS, protein expression does not drastically differ. However, during 

both infection conditions, protein expression was similar to a shigellosis infection. Upregulated 

proteins include Actin, the Arp2/3 complex, as well as Crk and Cortactin which have been shown 

to trigger actin polymerization upon Shigella infection (68). Upon P. aeruginosa infection, some 

proteins involved in metabolic processes were downregulated (Fig. 13C and D). These data 

further reinforce the intracellular nature of P. aeruginosa, demonstrating that P. aeruginosa 

infection changes protein expression in an equivalent manner to other intracellular pathogens. 

When comparing protein expression between the two infections, protein translation is 

upregulated upon both infections (Fig. 14). However, the location of translation varies between 

infections. In the ΔexoSTY infection, endoplasmic translation is mostly highly upregulated (Fig. 
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14C). This differs in P. aeruginosa containing ExoS infection, as cytoplasmic translation is the 

most upregulated (Fig. 14A).  
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Figure 12: Corneal Cell Protein Expression Changes upon ExoS P. aeruginosa Infection. (A) GO terms and (B) 

pathways upregulated upon infection. (C) GO terms and (D) pathways downregulated upon infection. (E) annotated 

volcano plot. 
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Figure 13: Corneal Cell Protein Expression Changes upon ΔSTY P. aeruginosa Infection. (A) GO terms and (B) 

pathways upregulated upon infection. (C) GO terms and (D) pathways downregulated upon infection. (E) annotated 

volcano plot. 
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Figure 14: Corneal Cell Protein Expression varies upon ExoS P. aeruginosa and ΔSTY P. aeruginosa 

Infections. (A) GO terms and (B) pathways upregulated upon induced wild-type infection. (C) GO terms and (D) 

pathways upregulated upon induced ΔexoSTY infection. (E) Venn diagram comparing protein profile of both 

infections. 
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CHAPTER FOUR 

 AIM TWO RESULTS 

 While characterizing the utility of the mono ADPr binding reagent, immunofluorescence 

of infected corneal epithelial cells was performed using this reagent as a primary probe. Corneal 

epithelial cells were grown on coverslips and infected with strains of P. aeruginosa containing a 

fluorescent T3SS plasmid. Surprisingly, an intense signal was detected in a subset of cells, only 

when corneal cells with P. aeruginosa expressing ExoS (Fig. 15). This ADP-ribose signal was 

quantified using ImageJ to measure how many cells had mono ADPr signal (see methods for a 

description of the analysis macro). The percentage of cells positive for ADPr signal varies 

between 18 and 54% (Table 7). This variance is biologically relevant as P. aeruginosa 

preferentially invades the basolateral side of polarized epithelial cells (69). Additionally, the 

ADPr signal is visually associated with P. aeruginosa inside corneal epithelial cells. Noticeably, 

the number of cells positive for ADPr signal was increased to almost the entire population when 

staining HeLa cells, a cell line widely used by earlier P. aeruginosa researchers and consistent 

with their prior findings based on cell rounding (70) (Fig. 16). These results were consistent over 

multiple experiments (Table 7).  
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Table 7. The percentage of Cells Positive for ADP-ribose Signal was Consist Across 

Experiments.  

  

 

 

 

 

 

 

 

 

 

Figure 15. Detection of Potential ExoS Substrates via Immunofluorescence of mono ADP-ribosylation Binding 

Reagent. (A) 60x Fluorescence microscopy of corneal epithelial cells infected with P. aeruginosa (cyan) for 3hr. 

The cells then were treated with 100μL/mL amikacin for 30 min. ADP-ribosylation (yellow) was visualized by 

immunostaining with the mono ADPr binding reagent. Nuclei were stained with DAPI (magenta). (B) Mean 

intensity of ADP-ribosylation signal for each nucleus was determined in ImageJ. **** P<0.001, Unpaired t test with 

Welch’s coefficient. 

Total Cell Count

Number of 

Cells Positive 

for ADP-

ribose signal

Percentage 

hTCEpi 255 49 19

201 110 54

429 77 18

802 426 53

821 241 29

HeLa 62 61 98

362 337 93
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Figure 16: Detection of Potential ExoS Substrates via Immunofluorescence of mono ADP-ribosylation 

Binding Reagent in HeLa Cells. 40x Fluorescence microscopy of corneal epithelial cells infected with P. 

aeruginosa (cyan) for 3hr. The cells then were treated with 100μL/mL amikacin for 1 hour. ADP-ribosylation 

(yellow) was visualized by immunostaining with the mono ADPr binding reagent. Nuclei were stained with DAPI 

(magenta). (B) Mean intensity of ADP-ribosylation signal for each nucleus was determined in ImageJ. 

 

The importance of intracellular P. aeruginosa during infection is not well understood. 

Immunofluorescence of the mono ADPr binding reagent has provided a new way to study the 

frequency of intracellular T3SS intoxication vs invasion by P. aeruginosa. To better understand 

the role of intracellular T3 secretion, we tested if intracellular P. aeruginosa is required for ExoS 

intoxication. To do so, we first treated corneal epithelial cells with the known PI3K inhibitor, 

inhibitor 3-Methyladedine (3MA), previously shown to block P. aeruginosa internalization (42, 

43). To visualize intracellular P. aeruginosa, we infected cells with ΔexsA pBAD GFP, a strain 

lacking the main T3SS transcription factor that become trapped within cellular vacuoles and can 

be easily observed with arabinose induction of GFP. We observed that upon 3MA treatment, the 

number of intracellular bacteria was reduced (Fig. 17). We next tested if inhibition of P. 

aeruginosa internalization would reduce the number of cells positive for ADPr signal. By 
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pretreating corneal cells with 3-Methyladenine (3MA), a PI3K inhibitor, we saw a complete lack 

of ADPr signal (Fig. 18), suggesting that bacterial internalization is necessary for ExoS 

intoxication. 

While performing immunofluorescence of the mono ADPr binding reagent, we noticed 

that cells positive for ADP ribose signal usually contained intracellular P. aeruginosa. By hand 

counting, we determine that 50% of corneal cells positive for ADP-ribose signal contained 

intracellular P. aeruginosa (n=2). While we have demonstrated that cellular ExoS intoxication 

can be used to identify intracellular P. aeruginosa in vitro, we want to see if this relationship is 

maintained in mouse cornea in future experiments. 

 

Figure 17: Treatment of 3-Methyladenine Reduces the Number of Intracellular P. aeruginosa via 

Immunofluorescence. Fluorescence microscopy of corneal epithelial cells pretreated with 5mM 3MA for 1hr. Cells 

were infected with P. aeruginosa (cyan) for 3hr. The cells were treated with 100μL/mL amikacin and 10% arabinose 

for 2 hours. Nuclei were stained with DAPI (magenta). 
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Figure 18: Treatment of 3-Methyladenine Diminishes ADP-ribosylation Signal via Immunofluorescence. 

Fluorescence microscopy of corneal epithelial cells pretreated with 5mM 3MA for 1hr. Cells were infected with P. 

aeruginosa (cyan) for 3hr. The cells were treated with 100μL/mL amikacin for 2 hours. ADP-ribosylation (yellow) 

was visualized by immunostaining with the mono ADPr binding reagent. Nuclei were stained with DAPI (magenta). 

(B) Mean intensity of ADP-ribosylation signal for each nucleus was determined in ImageJ
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 CHAPTER FIVE  

 DISSCUSSION 

P. aeruginosa uses its T3SS to delay host corneal epithelial cell death in an ExoS ADP-

ribosyl transferase dependent manner. In caspase-4 KO corneal cells, ExoS is not required to 

delay cell death. Of the known ExoS ADP-ribosylation substrates, none are known to be 

involved in caspase-4 mediated pyroptosis. This suggests a new ExoS ADP-ribosyl transferase 

function to block host cell pyroptosis and maintain an intracellular niche. ExoS lacks overall 

amino acid homology to other bacterial ADP ribosyltransferases, and has a uniquely broad 

substrate specificity including small GTP-binding proteins and structural proteins (71). This 

multi substrate specificity is similar to that of multidrug transporters (72), and the hydrophobic 

reactions between ExoS and its ADP-ribosylated substrates has been previously compared to the 

interaction of a multidrug transporter and its ligand (23). We and other groups have shown ExoS 

still has unknown substrates (9, 10).  

Here, we sought to identify new ExoS substrates using biochemical techniques, such as 

protein immunoprecipitation and mass spectrometry. During the characterization of the mono 

ADPr binding reagent, we were able to confirm the existence of unidentified ExoS substrates. In 

the initial ADPr binding reagent western blot, we observed bands outside the known range of 

ExoS substrates (Fig. 4). One third of the known ExoS substrates are around sixty-eight kDa, 

while most of the rest run around 23 kDa. We observed bands above and between these sizes, 

confirming the existence of unidentified ExoS substrates in corneal epithelial cells.
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 While the mono ADPr binding protein was suitable for western blotting and 

immunofluorescence, it was unsuitable for immunoprecipitation in our hands. This may be due 

to the mono ADPr binding reagent not appearing as previously described when run on total 

protein gels (Figs. 6 and 8), which may be the result of reagent degradation. Attempts at 

optimization were made, including using DSS to crosslink the mono ADPr binding reagent to 

magnetic protein A/G beads (Fig. 7). However, we were unable to pull down any ADP-

ribosylated proteins.  

While we were unable to identify new ExoS substrates through immunoprecipitating total 

corneal cell lysates, targeted immunoprecipitation may provide more success. As caspase-4 

expression is required for ExoS ADP-ribosyltransferase-mediated delay of cell death, ExoS 

potentially ADP-ribosylates a protein in the caspase-4 inflammasome pathway. As an alternative 

strategy, we plan to express GFP-tagged noncanonical inflammasome components in 

mammalian cells. We can then immunoprecipitate for the GFP tag, and directly check for ADP-

ribosylation. 

In an attempt to identify uncategorized ExoS substrates without protein enrichment, mass 

spectrometry was conducted in collaboration with the Kirk lab and performed by Seby Edassery. 

In our preliminary round of mass spectrometry, we identified nine proteins with ADP-ribosyl 

modifications of arginine residues. Unfortunately, we identified no known ExoS substates, and 

not all post translational modifications were detected upon ExoS intoxication, suggesting only 

background signal was detected (Table 3). Intracellular T3SS was used to FACS sort corneal 

epithelial cells to enrich for internalized P. aeruginosa at the cellular level (Fig. 10). We then 

enriched cells for mass spectrometry through FACS sorting via an inducible intracellular T3SS 

construct (Table 4). This enrichment was not enough as again, we were unable to identify any 
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known ExoS substrates and the ADP ribosyl modification was found in samples lacking ExoS 

(Table 5). As an alternative method of enrichment, we plan to purify ExoS and perform invitro 

reaction of corneal epithelia cell lysate. Potential caveats for this experiment include unique 

ADP-ribosyl modifications in vitro than observed in corneal epithelial cells.  

We also tested alternative methods of protein enrichment through immunoprecipitation. 

Previously, labeled NAD has been used to tag ExoS ADP-ribosylated substrates. While we were 

able to detect biotin-labeled NAD+, we found downsides with this approach. A dominant 

nonspecific band was observed in all treatments using biotin-labeled NAD+. We also observed a 

less robust banding pattern when infected with P. aeruginosa that expresses ExoS (Fig. 9). This 

is consistent with the idea of ExoS being unable to use modified NAD to ADP-ribosylate all 

substrates. Thus, this would not be an ideal approach to identify all ExoS substrates.  

We then sought to detect new substrates through the creation of a BioId ExoS-BirA 

fusion protein. BirA, a promiscuous biotin ligase, when fused to ExoS would biotinylate any 

protein interacting with ExoS. Biotinylated proteins could then be captured via 

immunoprecipitation and identified via mass spectrometry. While we were able to create an 

ExoS-BirA fusion plasmid, we were unable to express the fusion protein (Fig.11). In the future, 

we plan to express the ExoS-BirA fusion protein directly in mammalian cells.  

Because mass spectrometry on the cell lysates also shows total protein changes, we 

sought to analyze the data and identify how protein expression changes upon P. aeruginosa 

infection when compared to an uninfected control. We identified that protein expression, through 

translation and indicators of epigenetic modification, was upregulated upon infection (Figs. 12 

and 13). General metabolic processes and some cell signaling pathways were downregulated 

upon infection. These findings suggest that upon infection corneal cells shift away from general 
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metabolism to upregulate protein expression, potentially to generate immune responses. We also 

identified many proteins upregulated upon P. aeruginosa infection were also upregulated during 

infection by other intracellular enteric pathogens, such as Salmonella and Shigella. Many of 

these proteins were also upregulated independently of ExoS, potentially illustrating the nature of 

P. aeruginosa as an intracellular pathogen. This finding could be clinically relevant, potentially 

allowing for targeted treatment options similar to other intracellular pathogens. We then 

compared the difference in protein expression during P. aeruginosa infection with or without 

ExoS. We identified a broad list of proteins uniquely regulated by infection with or without ExoS 

(Fig. 14). These findings further demonstrate host cell responses particular to P. aeruginosa 

infection modified by ExoS. 

In the course of investigating new tools to detect ADP-ribosylation, we were also able to 

develop a method to visualize T3SS-targeted cells simultaneously with intracellular P. 

aeruginosa (Figs. 3 and 15). During immunofluorescence of the mono ADP-ribose binding 

reagent, we identified robust and textured fluorescence, suggesting that the signal is localized to 

cytoskeletal proteins. This is consistent with the literature, as ExoS ADP-ribosylates some 

structural and vesicle transport proteins (28, 31-33). By developing an ImageJ macro, we 

determined that the percentage of T3 intoxicated cells varies across cell type (Fig. 16 and Table 

6). In HeLa cells, upwards of 90% cells are intoxicated via ExoS, which is vastly greater than the 

amount of intoxication seen in corneal epithelial cells. This higher intoxication is consistent with  

prior findings based on HeLa cell rounding as a way to measure ExoS delivery (70). Also 

contributing to the intoxication difference, P. aeruginosa preferentially invades the basolateral 

edge of polarized cells (69); access to the basolateral side is dependent on cell confluency. To 

determine the effect that intracellular P. aeruginosa has on T3 intoxication, we decided to treat 
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corneal epithelial cells with PI3 kinase inhibitors, which are known to block internalization. We 

found that when bacterial internalization is prevented, the delivery of T3SS effectors into corneal 

epithelial cells vastly diminishes (Fig. 17). In the future, we plan to use this method to determine 

the importance of internalization in vivo, and of cytotoxic strains of P. aeruginosa. 

Together, our aims and findings support the importance of P. aeruginosa taking on an 

intracellular lifestyle. We show evidence of unidentified ExoS substrates that interfere with host 

cell pyroptosis in response to intracellular bacteria. We also show the necessity of P. aeruginosa 

internalization prior to T3 intoxication. As the intracellular nature of P. aeruginosa remains 

understudied, more research is needed to understand how P. aeruginosa infects the cornea and 

other epithelial sites. 
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