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 ِبْسِم الّلِه الرَّْحمـَِن الرَِّحيِم.
In the Name of ALLAH, the Most Beneficent, the Most Merciful. 

 
 

 َفِبَأيِّ آَلاء َربُِّكَما ُتَكذَِّباِن.
Then which of the Blessings of your Lord will you deny. 

 
Sura Ar-Rahman (The Quran) 
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1. ABSTRACT 
 

Exoenzyme S of Pseudomonas aeruginosa: cellular targets and interaction 
with 14-3-3 
 
Pseudomonas aeruginosa is an opportunistic pathogen that is a serious problem 
for immuno-compromised patients. Toxins such as exoenzyme (Exo) S, ExoT, 
ExoY and ExoU are secreted and translocated from the bacteria into the 
eukaryotic cell via the bacterial encoded type III secretion system. Our research 
focuses on ExoS, a bifunctional toxin comprising a Rho-GTPase-activating 
protein domain (RhoGAP) and a 14-3-3 dependent ADP-ribosyltransferase 
domain. In addition, ExoS contains a membrane localization domain termed 
MLD. In this study, cell lines expressing activated forms of various components 
of the Ras signaling pathway have been used to understand the functional and 
mechanical activation of ExoS-ADP-ribosyltransferase activity and to reveal its 
cellular targets in the cell. Our observations suggested that Ras GTPase is the 
dominant target by which ExoS mediates cell death and activated Ras is able to 
protect cells against cell death, regardless of whether it has been ADP-
ribosylated by ExoS.  

 

It has been reported that the 14-3-3 cofactor protein is required for ADP-
ribosyltransferase activity of ExoS and a phosphorylation-independent 
interaction occurs between 14-3-3 and the C-terminal part of ExoS. We have 
undertaken a deeper analysis including structural and biological investigation of 
this interaction. Our results suggested that leucine-428 of ExoS is the most 
critical residue for ExoS enzymatic activity. Structural analysis showed that 
ExoS binds to 14-3-3 in a novel binding mode mostly relying on hydrophobic 
contacts. Our structure was supported by biochemical and cytotoxicity analyses, 
which revealed that the substitution of important residues of ExoS significantly 
weakens the ability of ExoS to modify endogenous targets such as RAS/RAP1 
and to induce cell death. Further, mutation of key residues within the ExoS 
binding site for 14-3-3 impairs virulence in a mouse pneumonia model. Leucine 
residues-422, 423, 426, and 428 of ExoS are important for the interaction with 
the ″roof″ of the amphiphatic groove of 14-3-3. 

 

In conclusion, we show the mechanism of cell signal transduction 
pathways affected upon ExoS infection and also demonstrate that the 
hydrophobic residues of ExoS in 14-3-3 interaction motif have a significant role 
for ExoS enzymatic activity.  
 

Keywords: ExoS, ADP-ribosylation, 14-3-3 protein, Pseudomonas aeruginosa, 
Small GTPases, RAS, RAP 
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2. PAPERS IN THIS THESIS 
 
This thesis includes the following papers referred to in the text by their roman 
numerals (I-IV) and is reprinted with permission of the publishers.  
 
Paper I. 
Yasmin, L.*, Jansson, .L.*, Downward, J., Warne, P., Palmer, R.H., and 
Hallberg, B.  
Exoenzyme S of Pseudomonas aeruginosa is not able to induce apoptosis when 
cells express activated proteins, such as Ras or protein kinase B/Akt. 
Cellular Microbiology, 8(5):815-22, May 2006 
 
Paper II  
Yasmin, L.*, Jansson, A.L.*, Panahandeh, T., Palmer, R.H., Francis, M.S., and 
Hallberg, B. 
Delineation of Exoenzyme S residues that mediate the interaction with 14-3-3 
and its biological activity.  
FEBS J. 273(3):638-46, Feb 2006  
 
Paper III  
Ottmann, C., Yasmin, L., Weyand, M., Veesenmeyer, J.L., Diaz, M.H., Palmer, 
R.H., Francis, M.S., Hauser, A.R., Wittinghofer, A., and Hallberg, B. 
Phosphorylation independent interaction between 14-3-3-Exoenzyme S: from 
structure to pathogenesis.  
EMBO J. 26(3):902-13, Feb 2007 
 
Paper IV  
Yasmin, L., Francis, M.S., and Hallberg, B. 
Electrostatic interaction is of secondary importance for the interaction between 
ExoS and 14-3-3. 
Manuscript 2007 
 
 
*Equal contribution 
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3. ABBREVIATIONS 
 
AANAT  Arylalkylamine N-acetyltransferase  
ADP    Adenosine diphosphate 
ADPRT  ADP-ribosyltransferase  
AIDS   Acquired immuno-deficiency syndrome 
Apaf-1   Apoptosis proteases-activating factor -1 
ASK1    Apoptosis signal-regulating kinase 1 
Asp   Aspartate 
ATP   Adenosine triphosphate 
BAD   Bcl- XL /Bcl-2-associated death promoter 
Bak    Bcl-2 homologous antagonist/killer 
Bax   Bcl-2 -associated x protein 
Bcl-2   B cell leukaemia-2 
cAMP    Cyclic adenosine monophosphate 
CARD   Caspase recruitment domain 
Caspases   Cysteine aspartate-specific proteases  
CF   Cystic fibrosis 
CHO   Chinese Hamster Ovary 
CNF1    Cytotoxic necrotizing factor 1 
CpA   Cyclophilin A  
Crk    CT10-regulator of kinase 
CRMP1  Chromosomal regional maintenance protein 1 
DED   Death effector domain 
DISC   Death-inducing signalling complex 
EGF    Epidermal growth factor 
EPAC   Exchange protein activated by cAMP 
ERK    Extracellular signal-regulated kinase 
ERM   Ezrin, radixin and moesin  
ETA   Exotoxin A 
ExoS   Exoenzyme S 
F-actin   Filamentous actin 
FADD   Fas associated protein with death domain 
FAS    Factor activating exoenzyme S 
FOXO   Forkhead Box, class O 
Ftase   Farnesyltransferase  
FTIs   FTase inihibitors  
GAP    GTPase activating proteins 
GDP    Guanine diphosphate 
GEF    Guanine nucleotide exchange factor 
GGTaseI  Geranylgeranyltransferase I  
Grb2    Growth factor receptor-bound protein 2 
GSK3    Glycogen synthase kinase 3 
GTP   Guanine triphosphate  
GTPase  Guanosine triphosphatase 
HeLa   Cell line taken from Henrietta Lacks alias Helen Lane   
ICMT   Isoprenylcysteine carboxyl methyltransferase  
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IgA   Immunoglobulin A 
IgG   Immunoglobulin G 
KSR    Kinase suppressor of Ras 
LPA    Lysophosphatidic acid 
LPS   Lipopolysaccharide 
MAPK   Mitogen-activated protein kinase 
Mcl-1   Myeloid cell leukaemia-1 
MDCK   Madin-Darby canine kidney cells  
MEK    Mitogen-activated protein kinase/ Erk kinase 
MLD   Membrane localization domain  
MP1    MEK partner 1 
NAD    Nicotinamide adenine dinucleotide 
NES   Nuclear export signal 
NF-kB   Nuclear factor-kappa Beta 
NGF   Nerve growth factor 
PAK    p21-associated kinase 
PDB   Protein data bank 
PDGF    Platelet-derived growth factor 
PDK    PI3-K dependent Kinase 
PH    Pleckstrin homology 
PI3-K    Phosphoinositide 3-kinase 
PIP2    Phosphatidyl inositol 4,5-bisphosphate 
PIP3   Phosphatidyl inositol 3,4,5-triphosphate 
PKA   Protein kinase A 
PKB    Protein kinase B 
PKC   Protein kinase C 
PTEN   Phosphatase and tensin homologue deleted on chromosome ten 
PUMA   p53 upregulated modulator of apoptosis 
Raf   Rapidly growing fibrosarcomas 
RalGDS   Ral GDP dissociation stimulator 
Rap   Ras-related protein  
Ras   Rat sarcoma 
Rce1   Ras converting enzyme I 
Rho   Rhodopsin 
RKIP   Raf kinase inhibitor protein 
RTK   Receptor tyrosine kinase 
S   Serine 
SH2   Src –homology 2 
Shc    Src homology 2 domain containing 
SOS   Son-of-sevenless 
T   Threonine 
Tfp   Type IV pili  
TLR4   Toll-like receptor 4  
TNF   Tumor necrosis factor    
TPR   Tetratricopeptide repeat 
TRAIL   TNF-related apoptosis inducing ligand 
TTSS   Type III secretion system  
Y   Tyrosine 
14-3-3   Protein eluted fraction 14 and migration position 3.3 on starch gel   

electrophoresis 
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Figure 1. Pseudomonas aeruginosa

 

4. INTRODUCTION 
 

4.1 Pseudomonas aeruginosa 
 

Pseudomonas aeruginosa is a Gram-negative, aerobic, rod-shaped bacterium 
(Figure 1: Yahoo image) with unipolar motility and is an opportunistic human 
and plants pathogen. In plants, P. aeruginosa induces symptoms of soft rot in 
Arabidopsis thaliana (Thale cress) and Letuca 
sativa (Lettuce). The associations of virulence 
factors are the same for plant and animal 
infections [1-3]. P. aeruginosa survives in 
almost any environment including water, soil, 
and plants and is known for its nutritional and 
ecological flexibility [4]. In humans, P. 
aeruginosa is one of the leading causes of 
nosocomical infections particularly in the 
settings of epithelial cell injury and immuno-
compromised patients such as those with 
severe burns, injuries, leukaemia, acquired immuno-deficiency syndrome 
(AIDS) and cystic fibrosis (CF) [5] and has become one of the leading causes of 
hospital-acquired infections. P. aeruginosa is naturally resistant to a large range 
of antibiotics. The inducible AmpC chromosomal β-lactamase contributes to the 
resistance against ampicillin and most cephalosporins [6]. The P. aeruginosa 
outer membrane has low permeability and the presence of the several multidrug 
efflux systems contribute to its intrinsic resistance or reduced vulnerability to 
several antimicrobial agents. Due to the various resistance mechanisms of P. 
aeruginosa, the selection of effective antimicrobial agents is relatively limited 
making sustained infections even more difficult to treat [7, 8].  
 

  P. aeruginosa can be easily identified by a number of phenotypic markers 
such as production of pigments including pyocyanin (the blue pigment is used as 
diagnostic marker) and pyoverdin (the fluorescent pigment most often 
produced), denitrification ability, and growth at 41°C [9-11]. P. aeruginosa may 
also be able to produce several additional pigments, including the reddish 
pigment pyorubrin (production enhanced by the addition of glutamate to the 
medium) and a brown pigment, pyomelanin [12]. Colonies of P. aeruginosa are 
grayish, flat with irregular edges and tend to spread on the agar surface with 
time. Mucoid colonies frequently appear among isolates from the respiratory 
tract of CF patients showing the mucoid extracellular substance alginate [13].  
 

The complete genome sequence of P. aeruginosa (published in 2000) is 
6.3 Mb with 5570 predicted open reading frames and a high (G+C) content of 
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66.6% [14]. The P. aeruginosa genome contains an extremely high number of 
regulatory genes that are involved in catabolism, transport, efflux of organic 
materials, distinct secretion, and motility. This reflects the ability of P. 
aeruginosa to adapt and survive in many different environments and to resist 
antimicrobial agents.  
 

4.1.1. Severity of diseases 
 

P. aeruginosa  causes serious infections including bacteremia, septicemia, 
pneumonia, endocarditis, otitis, keratitisis, osteomyelitis, osteochondritis, 
meningitis, and brain abscesses in immuno-compromised patients [5]. P. 
aeruginosa is responsible for 16% of nosocomial pneumonia cases, 12% of 
hospital-acquired urinary tract infections, 8% of surgical wound infection, and 
10% of bloodstream infections. In addition, neutropenic cancer and bone 
marrow transplant patients are particularly susceptible to opportunistic 
infections such as pneumonia and septicemia caused by P. aeruginosa with 
attributable deaths reaching 30% [5]. P. aeruginosa is also one of the most 
common and lethal pathogens responsible for ventilator-associated pneumonia 
in intubated patients with directly attributable death rates reaching 38%. P. 
aeruginosa infections in patients with burn injuries are associated with 60% 
death rates due to local deficiency of antibody medicated immunity and a 
decreased level of complement factors in the burn wounds [15]. In addition, P. 
aeruginosa bacteremia is associated with 50% of deaths in the expanding AIDS 
population. CF patients are characteristically susceptible to chronic infection 
(with approximately 70-80% incidence in the lungs) [16], leading to high rates 
of illness and death in this population [5, 17]. The illness causes include 
persistence of bacterial infection, lung damage, and gastrointestinal 
abnormalities leading to malabsorption and nutritional deficits [17-19]. P. 
aeruginosa causes severe eye infections in both healthy individuals and 
immuno-compromised patients such as ulcerative keratitis, a severe 
inflammatory infection in the cornea [4]. P. aeruginosa is also often found to be 
the dominant bacteria in poly microbial infections. Infection and inflammation 
such as microbial keratitis in contact lens wear is often associated with microbial 
contamination and colonization of lenses caused by several different types of 
microbes including P. aeruginosa [20]. All these reports demonstrate the 
importance of basic and functional research of P. aeruginosa for the future 
healthcare. 
 

4.1.2. Virulence factors of Pseudomonas aeruginosa 
 

To initiate infection, P. aeruginosa usually requires a substantial break in first-
line defenses. Such a break can result from: (i) operation or bypass of normal 
cutaneous or mucosal barriers due to trauma, surgery, serious burns, or 
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indwelling devices; (ii) disruption of the protective balance of normal mucosal 
flora by broad-spectrum antibiotics; or (iii) alteration of the immunologic 
defense mechanisms such as in chemotherapy-induced neutropenia, mucosal 
clearance defects from cystic fibrosis, AIDS, and diabetes mellitus. The capacity 
of P. aeruginosa to produce such diverse, often overwhelming infections is due 
to an arsenal of virulence factors [5, 21]. Many extracellular virulence factors 
secreted by P. aeruginosa have been shown to be controlled by a complex 
regulatory circuit involving cell-to-cell signaling systems that allow the bacteria 
to produce these factors in a coordinated, cell-density-dependent manner [22]. 
The most aggressive virulence factors are ADP-ribosyltransferases, elastase, 
lipases, phopholipase C, alkaline protease and neuraminidase expressed during 
acute infections [23]. Adherence to host cells/tissues is an essential step in 
establishing infection and this step is mediated by major adhesins such as pili, 
flagella, lipopolysaccharide (LPS), and a variety of other fimbrial-related 
molecules [24-26].  
 

LPS, an important virulence factor for both innate and acquired host 
responses to infection. LPS demonstrates a fair degree of heterogeneity in its 
lipid A- and O-antigen structure and has two different outer-core glycoforms 
(one of which is ligated to the O-antigen). The lipid A can be penta-, hexa-, or 
hepta-acylated and these isoforms have varying potencies for host innate 
immunity which is activated by binding to Toll-like receptor 4 (TLR4). LPS 
causes inflammation and bacterial dissemination [27]. 
 

Proteases, including LasB elastase, LasA elastase and alkaline protease 
are assumed to play a major role during acute P. aeruginosa infection [5]. P. 
aeruginosa destroys the protein elastin during acute infection [28] by the action 
of LasB and LasA elastases that are believed to destroy elastin-containing 
human lung tissue and thus cause the pulmonary hemorrhages [29]. LasA is a 
serine protease that acts synergistically with LasB to degrade elastin. LasB is a 
zinc metalloprotease that acts on a number of proteins including elastin, fibrin, 
and collagen and inhibits human IgG , IgA, airway lysozyme, and complement 
components leading to tissue damage through interference with the host defense 
mechanism [30, 31].  
 

Exotoxin A (ETA) is a type II secreted, 66-kDa protein toxin. Like 
diphtheria toxin, ETA inhibits protein synthesis in eukaryotes by irreversibly 
transferring the ADP-ribosyl moiety of NAD+ into elongation factor 2, leading to 
cell death [32, 33]. ETA is chromosomally encoded by a single copy gene that is 
present in 95% of P. aeruginosa strains [34] and plays a role in local tissue 
damage, bacterial invasion, and immuno-suppression [35, 36]. 
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Hemolysin, including phospholipase C and rhamnolipid that can act 
synergistically to break down lipids and lecithin and contribute to cytotoxic 
effects during tissue invasion [37]. The rhamnose-containing glycolipid 
biosurfactant rhamnolipid has a detergent like structure that is believed to 
solubilize the phospholipids of lung surfactant, causing the lung surfactant to be 
more accessible to cleavage by phospholipase C [38]. The resulting loss of lung 
surfactant may be responsible for the atelectasis associated with chronic and 
acute P. aeruginosa lung infection. Rhamnolipid also inhibits the mucociliary 
transport and ciliary function of human respiratory epithelium [39].  
 

Biofilms protect bacteria from extracellular stress including antibacterial 
agents, host phagocytic clearance, protease defense and oxygen radicals [40]. 
One hypothesis for the antibiotic resistance of P. aeruginosa in the CF lung is 
that this bacterium exists as a biofilm that renders the cells resistant to 
antimicrobial treatment. Alginate slime forms the matrix of the P. aeruginosa 
biofilm where bacteria attach to the host surface and to each other [41].  
 

Type IV pili (Tfp), proteinaceous retractable hair-like surface structures 
found in P. aeruginosa that are defined by their shared structural, biochemical, 
and morphological features and have a highly conserved biogenesis pathway 
[42] . Tfp plays a central role in motility, multicellular behavior, natural genetic 
transformation, and adherence. Bacterial attachment is a critical first step in both 
tissue colonization and biofilm formation [43]. The P. aeruginosa surface Tfp is 
important in biofilm development via their role in bacterial 'twitching' motility 
[44].  
 

Type III secretion system (TTSS) is one of the virulence regulators of 
P. aeruginosa that likely plays a role to avoid innate immune clearance in 
mammals [45, 46]. Upon cellular contact, the P. aeruginosa TTSS is capable of 
delivering a combination of at least four different effector proteins, named 
exoenzyme S (ExoS), ExoT, ExoU, and ExoY [47, 48]. The translocated 
proteins ExoS and ExoU are cytotoxic to cells during infection and transfection 
[49]. Host cell contact or low environmental Ca2+ causes P. aeruginosa to 
secrete TTSS effectors either by direct injection into the host cell cytoplasm or 
secretion to the external environment, respectively [50].  

 

ExoY, an adenylate cyclase activated by an unknown host cell factor that 
mediates rounding of cultured mammalian cells without causing loss of viability 
[51]. ExoY promotes cyclic AMP accumulation in vascular endothelial cells and 
increases vascular permeability [52]. Although the majority of P. aeruginosa 
isolates contain the exoY gene, little else is known about the function(s) of this 
effector [53]. Based on its previously described effects, it was hypothesized that 
ExoY would cause disruption of the epithelial cell cytoskeleton, probably 
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leading to significant changes in actin distribution and cytoskeleton integrity 
[50]. 

 

ExoU, a member of the phospholipase A family of enzymes possessing 
phospholipase A2 activity [54]. ExoU requires either a eukaryotic specific 
modification or a cofactor for its activity in vitro and recently superoxide 
dismutase (SOD) is proposed as a cofactor for ExoU in vitro [55]. The 
biological effects of minimal expression of ExoU in yeast can be visualized by 
membrane damage to different organelles and fragmentation of the vacuole [54, 
56]. In mammalian cells, the direct injection of ExoU causes irreversible 
damage to cellular membranes and rapid necrotic death. ExoU likely represents 
a unique enzyme and is the first identified phopholipase virulence factor that is 
translocated into the cytosol by TTSS [54]. ExoU is the major virulence factor in 
mice with acute pneumonia [57]. A recent study has observed that ExoU is more 
common in the blood from infected patients [58].  

 

ExoT shares 76% sequence homology with ExoS [59]. Like ExoS, ExoT 
encodes an N terminal GTPase-activating protein (GAP) domain targeting the 
small GTPases Rho, Rac, and Cdc42 and a C terminal ADP-ribosyltransferase 
(ADPRT) domain that interacts with Crk family proteins and phosphoglycerate 
kinase [60-62]. ExoT only possesses 0.2-1% of 14-3-3 dependent ADP-
ribosyltransferase activity in vitro and the active catalytic site E385 is 
homologous to E381 of ExoS [49, 59]. In contrast, the substrate specificity of 
the ExoT-C terminal ADPRT domain is distinct from ExoS [63]. ExoT is 
thought to be particularly important in the pathogenesis of P. aeruginosa 
infections since all strains encode this type III effector and isogenic mutants 
lacking ExoT showed reduced virulence in several disease models [57, 64]. 
Recently, the host ubiquitin ligase Cbl-b has been proposed as an interaction 
partner of ExoT [65]. 

 

4.1.3. Pseudomonas aeruginosa ExoS  
 

ExoS was first described as a secreted ADP-ribosyltransferase isolated from P. 
aeruginosa strain 388 that possesses properties distinct from Exotoxin A [66]. 
ExoS ADP-ribosylated several proteins in crude extracts of wheat germ or rabbit 
reticulocytes without modifying elongation factor 2 which is ADP ribosylated 
by Exotoxin A and diphtheria toxin [66]. In addition, the ADP-ribosyltransferase 
activity of ExoS was not neutralized by α-Exotoxin A antibody and relative to 
Exotoxin A, ExoS is heat stable. Together these properties indicated ExoS to be 
different from the previously described Exotoxin A [66, 67].  

 

ExoS was originally purified from the culture supernatant of P. 
aeruginosa strain 388 as a protein aggregates consisting of two ADP-
ribosyltransferase proteins with molecular weight of 53-kDa and 49-kDa [68]. 
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Both the 53- and 49-kDa proteins had similar N-terminal amino acid sequences, 
immunoreactivity, and peptides upon proteolytic cleavage [69, 70] are encoded 
by two distinct genes exoT and exoS, respectively [71]. 

 

ExoS toxin is an important virulent factor in a mouse model of acute 
pneumonia and a significant contributor of increased mortality, decreased 
bacterial clearance from the lung, and more frequent bacterial dissemination to 
peripheral organs [72]. A recent study showed that secreted ExoS facilitates 
invasion and internalization and is associated with chronic infection in CF 
patients [73].  
 

4.1.3.1. ExoS secretion and translocation domain  
 

ExoS has a membrane localization domain (MLD) at residues 51–77, necessary 
for trafficking of ExoS within host cells [74]. A leucine-rich motif within the 
MLD contributes to intracellular localization of type III-delivered ExoS to the 
plasma membrane and subsequently to the perinuclear region of cultured cells 
[75]. Other type III cytotoxins also possess a leucine-rich motif within their 
respective MLDs, including ExoT, Yersinia pseudotuberculosis outer protein E 
(YopE), and Salmonella typhimurium type III-secreted protein (SptP) [61, 76]. It 
has been proposed that the presence of the MLD allows type III-delivered ExoS 
to ADP-ribosylate specific subsets of host proteins, including the Ras GTPases 
[74]. However, it has also been proposed that 14-3-3 proteins translocate ExoS 
toxins to the membrane [77, 78]. 
 

4.1.3.2. ExoS-GAP domain  
 

The GAP domain (residues 96–219) of ExoS stimulates the hydrolysis of 
guanine triphosphate (GTP) on GTP-bound Rho GTPases and thus inactivate 
RhoA, Rac1, and Cdc42 both in vivo and in vitro [76, 79]. The GAP activity of 
ExoS abrogates the activation of RhoA, Cdc42, and Rap1 [80]. Arg146 is a 
catalytic residue of Rho GAP activity and functions as an arginine finger in 
stabilizing the transition state of the Rac-GTPase reaction [76]. Consistent with 
the functions of Rho GTPases as regulators of the actin cytoskeleton, the N 
terminus GAP of ExoS induces actin rearrangement in cultured cells. 
Intracellular expression of the GAP domain of ExoS causes rounding of Chinese 
Hamster Ovary (CHO) cells by disrupting the actin cytoskeleton [81]. The GAP 
domain activity is inhibited by the ADP-ribosyltransferase domain along with 
NAD and factor activating ExoS (FAS). In addition, auto-ADP-ribosylation of 
the Rho-GAP domain reduces its activity by about one order of magnitude [82]. 
Crystallographic studies revealed that the GAP domain of ExoS comprises seven 
α helices linked by two loop regions. The Rho GAP domain of ExoS stabilizes 
the transition state of the GTPase reaction indicating that RhoGAP is the 
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Figure 2.  ADP-ribosylation of a target host protein
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functional mimic of eukaryotic Rho GAPs, even though their structures in the 
protein data bank (PDB) are different [83, 84]. 
 

4.1.3.3. ExoS-ADP-ribosyltransferase domain  
 

The C-terminal ADP-ribosyltransferase domain (residues 234–453) of ExoS is 
involved in P. aeruginosa virulence [85]. The 14-3-3-dependent ADP-
ribosyltransferase domain of ExoS is multi-substrate specific and transfers ADP-
ribose from NAD+ onto several substrates (Figure 2), including the small 
monomeric GTPases such as Ras superfamily, vimentin, and the anti-stress 
protein Hsp27 [80, 86]. ADP-ribosylation of Ras at Arg41 and Arg128 interferes 
with its ability to be reactivated in vitro by guanine nucleotide exchange factor 
(GEF) and it was further shown that ExoS is able to inhibit nerve growth factor 
(NGF) stimulated neurite formation in PC-12 cells [87]. ExoS also ADP-
ribosylates Rap at position Arg41 that inhibits RapGEF to stimulate nucleotide 
exchange [88]. In addition, ezrin, radixin, and moesin (ERM) are also identified 
as high-affinity substrates for ExoS ADP-ribosyltransferase [60]. Recently it has 
been shown that ExoS-ADP-ribosylates and affects the function of the cytosolic 
protein cyclophilin A (CpA) [89]. 
 

The ADP-ribosyltransferase activity of ExoS has been shown to be 
dependent on the eukaryotic co-factor FAS, which has been identified as a 
member of the 14-3-3 family [90, 91]. Mutation in the C-terminal region of 
ExoS (which is responsible for its interaction with 14-3-3) reduces the ability of 
ExoS to ADP-ribosylate cytoplasmic proteins, both in vitro and in cell lines [78, 
80]. Glu381 is a catalytic residue for the ADP-ribosyltransferase activity and a 
point mutation at glutamic acid 381 reduces the enzymatic activity by 
approximately 2000-fold [92]. Subsequent studies have identified Glu379 which 
is required for efficient ADP-ribosyltransferase activity [93]. Expression of 
ExoS in HeLa cells results in cell rounding due to expression of ADP-



INTRODUCTION 
 

18 

Secr/Transl GAP

R146 E381
1 453

ADP-ribosyl transferase 

Figure 3. Schematic overview of ExoS

ribosylation activity and has also been shown to be independent of the 
expression of Rho GAP activity [60]. In vitro, ExoS is auto-ADP-ribosylated, 
resulting in a reduction of GAP activity of ExoS and auto-ADP-ribosylation of 
ExoS in CHO cells, suggesting an intra-molecular regulation for ExoS function 
in intact cells [82].  
 

4.1.3.4. ExoS-ADP-ribosyltransferase structure  
 

There are no available crystal structures of ExoS-ADP-ribosylation domains in 
the PDB. However, Jianjun Sun and Joseph Barbier have compared different 
ADP-ribosylation proteins with ExoS [94] (Figure 3). Using protein modeling 

based analysis of known structures of other bacterial ADP-ribosylation toxins 
they suggested that ExoS regions B (active site loop), C (ARTT motif) and E 
(PN loop) are necessary and sufficient to recognize target proteins. ExoS ADP-
riboylation domains, similar to other ADP-ribosylating toxins, share an identical 
three-dimensional structural topology and a conserved NAD-binding pocket. 
Different electrostatic potentials in the enzyme-substrate interface determines 
the substrate specificity and the ExoS enzyme-substrate interface is a mixture of 
basic, hydrophobic and acidic clusters. ExoS region A is rich in basic charged 
residues (Lys243, Arg244, Lys251, and Arg255), region C contains hydrophobic 
(Tyr376) and basic residues (Lys377, Asn378, and Lys380), and region B 
contains His276. Region E is conserved between ExoS and ExoT. In addition, 
different electrostatic potentials within regions A, B, C and E may play a role in 
the ability of the members of bacterial ADP-ribosylating toxins to target specific 
host proteins to express their unique pathology [94]. 
 

4.2 Small GTPase 
 

The small GTPase superfamily comprises monomeric GTP-binding proteins 
with molecular masses usually in the range of 20-25 kDa, are found in all 
eukaryotic organisms, ranging from yeast to human and consisting of more than 
100 members. Members of the superfamily share approximately 30% amino 
acid sequence identity, mostly derived from four highly conserved domains 
required for the recognition of guanine diphosphate (GDP), GTP, and for 
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Figure 4.  Regulation of Small GTP binding proteins
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GTPase activity. The small GTPase superfamily is synonymous with the Ras 
superfamily [95].  
 

Small GTPases exist as monomers, which function as molecular switches 
in intracellular signaling to control a wide variety of cellular functions [96]. In 
general, the GDP-bound form is the inactive configuration of the molecular 
switch while the GTP-
bound form is active. 
The switch is activated 
by the exchange of GDP 
for GTP and catalyzed 
by GEFs in response to a 
variety of upstream 
signals. Activated 
GTPases interact with 
one or more effector 
proteins, leading to 
activation of downstream 
signaling pathways. 
Otherwise, GAPs 
stimulate the intrinsic 
GTPase activity that 
results in changing the conformation back to the inactive GDP-bound form 
(Figure 4). The process of activation and inactivation is transient and repeated 
as long as the upstream stimulatory signal is present [96, 97]. Most of the small 
GTPase superfamily members are structurally classified into 5 distinct 
subfamilies: Ras, Rho/Rac, Rab, Arf/Sar1, and Ran [95, 98].  
 

4.2.1. Ras small GTPases  
 

The members of the Ras family (H-, K-Ras4A/4B, and N-Ras) are critical 
regulators of cell proliferation and differentiation [99]. Ras proteins function as 
a GDP/GTP-regulated switch, which is regulated by guanine nucleotide 
exchange factors such as RasGEFs [e.g. son of sevenless (SOS)] that promote 
the formation of active Ras-GTP, whereas GAPs; [e.g. neurofibromin (NF1)] 
stimulate GTP hydrolysis and formation of inactive Ras-GDP. In normal 
quiescent cells, Ras is GDP-bound and inactive. Extracellular stimuli such as 
epidermal growth factor (EGF) cause transient formation of the active, GTP-
bound form of Ras [100].  
 

Ras is mutationally activated in 30% of all cancers, with pancreas (90%), 
colon (50%), thyroid (50%), lung (30%), and melanoma (25%) having the 
highest prevalence. K-Ras is the more frequently mutated Ras isoform in human 
cancer [101]. Mutant Ras proteins are GAP-insensitive, rendering the proteins 
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constitutively GTP-bound and activated, leading to stimulus-independent, 
persistent activation of downstream effectors and in particular, the Raf-MEK-
ERK cascade [102].  

 

For proper signaling, Ras proteins localize to the inner surface of the 
plasma membrane where they interact with upstream activators receptor tyrosine 
kinase complexes and downstream effectors. Ras proteins are synthesized as 
inactive, cytosolic proteins that quickly undergo a series of post-translational 
modifications that target Ras to the plasma membrane [103, 104]. This series of 
modifications is initiated by the enzymes cytosolic farnesyltransferase (FTase), 
which recognizes the Ras carboxyl-terminal CAAX motif (where a cysteine is 
followed by two aliphatic residues and one random amino acid) causing the 
covalent addition of a farnesyl isoprenoid lipid to the cysteine residue of the 
CAAX sequence, followed by proteolysis of the AAX peptide with the Ras 
converting enzyme I (Rce1). Finally, isoprenylcysteine carboxyl 
methyltransferase (ICMT) covalently attaches a methyl group to the farnesylated 
cysteine residue [105, 106]. Both Rce1 and ICMT are associated with the 
endoplasmic reticulum. K-Ras and N-Ras undergo alternative prenylation by a 
related enzyme geranylgeranyltransferase I (GGTaseI) and FTase activity is 
inhibited by FTase inhibitors (FTIs). Therefore, each modification is important 
to increase Ras membrane affinity and if the initial farnesylation step is 
inhibited, all subsequent steps will be inhibited [107, 108].  

 

Ras protein controls a classical membrane localized signaling pathway 
known as the RAS-MEK-ERK kinase cascade that regulates proliferation and 
differentiation [102]. Recent studies using electron microscopy and single 
flurophore video tracking analysis have shown that Ras activation triggers the 
formation of discrete signaling nanoclusters that are critically important for Ras 
function. Removal of critical scaffold proteins such as Sur-8, galectin-1, or 
galectin-3 block the formation of Ras nanoclusters and disrupt Ras-dependent 
MAPK activation [109].  

 

4.2.2. Rap small GTPases 
 

Rap proteins (Rap1 and Rap2 in mammals) are members of the Ras family and 
are important regulators of fundamental cellular functions such as adhesion, 
secretion, and vesicle trafficking [110]. Rap1A was described in 1989 as an 
antagonist of Ras (Krev-1) and it was shown that over-expression of Rap1a can 
reverse the transformed phenotype of cells harboring an oncogenic K-Ras 
mutation [111]. Five isoforms of Rap protein have been identified to date: 
Rap1A, Rap1B, Rap2A, Rap2B, and Rap2c [112]. Like Ras, Rap1 is directed to 
the plasma and the endosomal membranes, via the C-terminal CAAX motif that 
provides sites for lipid modification [113]. Rap1 is ubiquitously expressed and is 
specially prevalent in hematopoietic cells [114, 115]. In its GTP-bound active 
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form, Rap1 interacts with various effector molecules to initiate downstream 
signaling pathways. Initial studies showed that Rap1 interferes with Ras 
signaling by directly interacting with Ras effectors, but more recent results 
indicate that Rap1 functions in independent signaling pathways controlling 
diverse processes, such as cell adhesion, cell-cell junction formation and cell 
polarity [116]. The Rap1 small GTPase has been implicated in regulation of 
integrin-mediated leukocyte adhesion downstream of various chemokines and 
cytokines in many aspects of inflammatory and immune responses [117, 118].  

 

It is now evident that over 30 GEFs are responsible for activating various 
Ras family proteins and that many of these activate Rap1 and Rap2 [119]. These 
GEFs share a catalytic domain consisting of a CDC25 homology domain and a 
Ras exchange motif. The diversity of additional regulatory domains results in 
many extracellular-generated signals converging on Rap1 activators. The 
activation of Rap1 in response to various upstream signals is mediated by GEFs 
such as C3G (the first identified Rap1 GEF), which associates with the adaptor 
protein Crk, and forms a complex with receptor and non-receptor protein 
tyrosine kinases in response to extracellular stimuli [120]. cAMP-dependent 
Rap1 activation is regulated by Epac1 (known as cAMP-GEFI) and Epac2 
(known as cAMP-GEFII) that are activated by direct binding of cAMP [121].  
 

4.3. Signaling pathways affected by ExoS 
 

Ras is an in vivo target for ExoS-ADP-ribosyltransferase activity. ExoS modifies 
members of the Ras super family such as H-Ras, N-Ras, K-Ras, R-Ras, Rap1, 
Rap2, RalA, Rac1, Rab5, Rab8, Rab11, and cdc42 in vivo [80, 87]. This result is 
supported by the findings of Fraylick et al, who identified ADP-ribosylated 
target molecules using 2-dimentional electrophoresis [122, 123]. To understand 
the effect of ExoS, we have focused on the Ras mediated signaling by which we 
could search the putative in vivo targets of ExoS. Furthermore, it has been 
proposed that ExoS-ADP-ribosylation activity induces caspase-3 acitvity in 
infected cells [124] 
   

4.3.1. Ras activation and downstream signaling 
 

Ras is the common upstream molecule of several signaling pathways including 
Raf/MEK/ERK, PI3-K/Akt, and Ral-EGF signaling cascades [125]. Ras proteins 
show varying abilities to activate the Raf/MEK/ERK and PI3-K/Akt cascades. 
For example, K-Ras has been associated with the Raf/MEK/ERK pathway while 
H-Ras is associated with PI3-K/Akt activation [126]. Following binding and 
activation of EGF, growth factors or mitogens to their appropriate receptors, 
then activation of the coupling complex SHC/GRB2/SOS occurs in the cytosol. 
Activation occurs by phosphorylation of tyrosine residues that serve as docking 
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sites for the adapter proteins such as GRB2/SHC which recuit SOS. Upon 
stimulation by the Shc/Grb2/SOS complex, the inactive Ras exchanges GDP for 

GTP in the plasma membrane and undergoes a conformational change through 
post-translational modification to becomes active. This results in membrane 
translocation where Ras can interact with a variety of downstream effector 
proteins (Figure 5) [127]. Down stream cell signaling by two effector proteins 
has been studied in this thesis: RAF/MEK/ERK and PI3-kinase pathway.   
 

4.3.2. The Raf pathway (RAF/MEK/ERK cascade)  
 

The initial step of the RAF/MEK/ERK cascade is the activation of Raf-1 by 
direct interaction with a GTP-Ras protein [127]. The GTP-bound active Ras can 
then recruit Raf to the cell membrane by binding to the Ras-binding domain of 
Raf-1 (C-Raf). Raf is a serine/threonine (S/T) kinase and the mammalian Raf 
gene family consists of A-Raf, B-Raf and Raf-1 (C-Raf). Raf is normally 
activated by a complex series of events including: (i) recruitment to the plasma 
membrane mediated by interaction with Ras; (ii) dimerization of Raf proteins; 
(iii) phosphorylation/ dephosphorylation of different domains; (iv) 
disassociation with the Raf kinase inhibitory protein (RKIP); and (v) association 
with scaffolding complexes such as kinase suppressor of Ras (KSR) [126-130]. 
Therefore, Raf-1 is phosphorylated and activated by kinases (PAK, Src family 
kinases, and potentially PKC). Raf-1 then binds ATP and phosphorylates 
mitogen-activated protein kinase (MEK), which in turn phosphorylates the 
extracellular signal-regulated kinase (ERK) (Figure 6) [127]. B-Raf may be 
temporally activated before C-Raf. However, there may be different subcellular 
localizations of B-Raf and C-Raf within the cell that exert different roles in 
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signaling and apoptotic pathways [131]. Raf-1 is inactivated by protein 
dephosphorylation and binds to 14-3-3, resulting in a conformational change and 
translocation to the cytoplasm as an inactive form. Raf-1 also associates with 
RKIP leading to its inactivation. The phosphorylation/dephosphorylation events 
alter the configuration of Raf-1 and can result in the disassociation of the 14-3-3 
protein, which unlocks the Raf-1 protein allowing it to be phosphorylated by 
other kinases [127].  
 

MEK1/MEK2 are dual specificity protein kinases that target tyrosine (Y) 
and serine/threonine residues for phosphorylation. All three Raf family members 
are able to phosphorylate and activate MEK with different biochemical 
potencies such as B-Raf > C-Raf >>A-Raf [132]. The predominant downstream 
target of MEK1/MEK2 is ERK, which is an S/T kinase existing in two isoforms 
ERK1 and ERK 2. The activities of ERK1 and ERK2 are positively regulated by 
phosphorylation of both T202 and T204 in the activation loop and is mediated 
by MEK1 and MEK2 [133]. ERKs can directly phosphorylate many 
transcription factors including Ets-1, c-Jun, c-Myc, S6 kinase (p90Rsk), and NF-
kB [134]. ERK2 has been positively associated with proliferation while ERK1 
may inhibit the effects of ERK2 in certain cells [135]. MEK and ERK also 
interact with RKIP, which prevents interaction with Raf-1.  
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4.3.3. Rap1 signaling cascade 
 
 

Rap1 is activated by distinct types of Rap1-GEFs coupled with various receptors 
or secondary messengers in response to diverse extra-cellular stimuli in many 
cell types. Activated Rap1 is down-regulated by Rap1 GAP proteins, through 
which Rap1 activation is controlled spatio-temporally. RapGEFs including C3G 
associates with the family of Crk adaptor proteins and are recruited to the 
perinuclear membrane where C3G is activated via phosphorylation  that in turn 
activates Rap1 by receptor tyrosine kinase activation [136, 137]. Epac family 
proteins such as Epac-1 and Epac-2 (GEFs for the Rap1 and Rap2 ) are capable 
of binding c-AMP that results in the activation of their GEF activity via a 

conformational change that leads to Rap1 activation [138]. Under the 
appropriate conditions, Rap1 is also a downstream target of Ras through the 
ability of Ras-GTP to recruit Epac2 to the plasma membrane and activate a 
specific pool of Rap1 [138]. Rap1-GTP specifically interacts with various 
effectors (including Rac, Ral, and Raf) in order to exert its biological functions 
(Figure 7) [116].  
 

4.3.4. The PI3-Kinase pathway 
 

The class IA subset of PI3-Kinases are heterodimers made up of a 110 kDa 
catalytic subunit (p110α, p110β, and p110δ) in a complex with one of five 
regulatory subunits (collectively called the ‘p85s’) [139].  p110α and p110β are 
found in most tissues whereas the expression of p110δ is most abundant in 
leukocytes [140]. 



INTRODUCTION 
 

25 

Survival

Figure 8. ThePI3-kinase cascade

GTP

Ras

PI3-kinase

PKB/AKT

14-3-3 

PIP2
PIP3

PDK1

P

P

P
Cytoplasm

P

Prevention of apoptotic gene transcription

Nucleus

Foxo3

 

Activation of the PI3-Kinase pathway can occur in response to a variety 
of extracellular signals through either growth factor activation or integrin 
receptor pathways [127]. After ligand-induced activation of specific receptors, 
PI3-Kinase can be activated by two mechanisms. First, a phosphorylated 
tyrosine residue on the receptor serves as a docking site for the p85 regulatory 
subunit of PI3-Kinase via its Src-homology 2 (SH2) domains and thus, recruits 
the p110 catalytic subunit of PI3-Kinase to this complex resulting in 
translocation to the membrane [141]. Alternatively, upon activation of the 
cytokine receptor by the appropriate ligand, the Shc protein binds to the receptor 
to enable the Grb-2 and SOS proteins to form a complex, which results in the 
activation of Ras. Ras is then able to induce the membrane translocation and 
activation of the p110 subunit of PI3-Kinase [133]. Activated PI3-Kinase 
phosphorylates phosphatidylinositol-4,5- phosphate (PIP2) at the 3' position of 
the inositol ring and generates phosphatidylinositol-3,4,5-phosphate (PIP3), 
which acts as a secondary messenger by facilitating binding sites for protein 
with pleckstrin homology (PH) domain. Thus, PIP3 results in localization of the 
phospholipid-binding domain containing proteins PDK1 via its PH domain in 
the membrane. Protein kinase B (Akt/ PKB) is also recruited to the lipid-rich 
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plasma membrane by its PH domain and is phosphorylated at residues T308 in 
the activation loop and S473 in the C-terminal regulatory region by PDK1 and 
PDK2, respectively resulting in full activation of Akt/ PKB [142]. The 
Akt/PKB family of serine-threonine kinases consists of three members: 
Akt1/PKBα, Akt2/PKBβ, and Akt3/PKBγ. The Akt family has been shown to be 
the primary downstream mediator of PI3-Kinase and regulates a variety of 
cellular processes through the phosphorylation of a wide spectrum of 
downstream substrates [141]. Upon activation, PKB/Akt moves to the cytoplasm 
and nucleus, where it phosphorylates a plethora of downstream targets (Figure 
8).  

 

In addition, the activity of PI3-Kinase is negatively regulated by lipid 
phosphatases (including SHIP-1/2 and PTEN) that removes the 3' phosphate of 
PIP3 and thus, regenerate PIP2 and attenuates downstream signaling of activated 
PI3-Kinase [143]. The coordinated regulation of PIP3 levels in the cell provides 
a means of intricately controlling downstream signaling activity that is essential 
to maintain the fine balance required for controlled cell growth. Further study 
showed that activation of the c-Kit receptor in HSC-like cell lines lead to a PI3-
Kinase-dependent Raf/MEK/ERK activation and PI3-Kinase inhibitors block 
phosphorylation of PKB, Raf-1 and Erk without affecting the activation of Ras 
and upstream signaling molecules such as Shc and Grb2 [144].  Ras proteins 
signal through direct interaction with PI3-Kinases and binding of Ras to PI-3 
kinase p110α is required for ras-driven tumorigenesis in mice [145]. 
 

4.3.5. Regulation of apoptosis by RAF/MEK/ERK and PI3-KINASE 
cascades 
 

Apoptosis is a distinctive form of cell death exhibiting specific morphological 
and biochemical characteristics including cell membrane blebbing, chromatin 
condensation, genomic DNA fragmentation, and exposure of specific 
phagocytosis signaling molecules on the cell surface [146]. Initial understanding 
of the molecular mechanisms that control apoptosis come from early studies in 
the nematode Caenorhabditis elegans and then further studies to extend the 
mechanisms to mammalian systems [146, 147].  
 

A multitude of proteins and enzymes are involved in the initiation, 
amplification, or suppression of apoptosis. In most cells, apoptosis triggers 
usually lead to the activation of caspases, which ultimately mediate cell death. 
The Raf/MEK/ERK and PI3-Kinase pathway may also induce the 
phosphorylation of apoptototic regulator molecules including Bcl-2, Bad, Bim, 
Mcl-1, Caspase 9, and Foxo3A involved in the regulation of apoptosis [148, 
149]. In conclusion, phosphorylation of these molecules is involved in 
regulating apoptosis by either stimulating or inhibiting transcriptional activity 
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[133, 150]. The following molecules play a main role in the regulation of 
apoptosis;  

  
 AKT/PKB can be regarded as a cellular master switch to integrate 
incoming signals on cell growth and apoptosis. For example, activation of 
Akt results in a direct phosphorylation and consecutive inhibition of the pro-
apoptotic factor Bad [151]. The anti-apoptotic effects of Akt may also be 
mediated via activation of the transcription factor NF-κB by an interaction of 
Akt with IκB kinase (IKK) that stimulates degradation of IκBα (a potent 
repressor of NF-κB) [152]. Activated Akt regulates transcription of FOXO3a 
target genes through modulation of FOXO3a activity by phosphorylating it at 
three conserved serine/threonine residues (Thr32, Ser253, and Ser315), 
leading to the release of FOXO3a from DNA which then translocates to 
cytoplasm [153].  

 
 FOXO proteins trigger apoptosis. FoxO transcription factors belong to the 
large Forkhead family of proteins, present in all eukaryotes. FoxO 
transcription factors are characterized by a conserved DNA-binding domain 
termed the Forkhead box (Fox). The ‘O’ subgroup FoxO contains four 
members FoxoO1 (FKHR), FoxoO2 (FoxO6), FoxO3 (FKHRL1), and 
FoxO4 (AFX) [154]. FOXO proteins play an important role in the control of 
cell cycle, cell death, cell metabolism, longevity, aging, cellular stress 
response, and development [155-157]. Both, FOXO1 and FOXO3a can 
induce apoptosis by stimulating the expression of the pro-apoptotic Bcl-2 
interacting mediator of cell death. Foxo3A controls the expression of several 
genes involved in regulating apoptosis through interactions with Mcl-1 and 
Bax/Bak [155]. Akt-dependent phosphorylation is crucial to regulate the 
function of FOXO proteins. The phosphorylated FoxO transcription factors 
bind to 14-3-3 proteins that facilitate the translocation of FoxO from the 
nucleus into the cytoplasm (Figure 8). This nuclear exclusion and 
translocation of FoxO into the cytoplasm inhibits FoxO-dependent 
transcription which in turn prevents apoptosis [155, 158-160].  

 

4.3.5.1. Caspases 
 

Cysteine aspartate-specific proteases (caspases) are a family of cysteine 
proteases that normally exist as inactive precursors called procaspases, which 
are cleaved to give rise to the active form. The preferred cleavage site for the 
known caspases is at the C-terminal side of a four amino-acid motif, X-X-X-Asp 
(where X can be any amino acid). Activated caspases cleave various 
intracellular and cytoplasmic membrane substrates leading to cellular 
disintegration [161]. The 11 known human caspases are extremely specific with 
a difference in their P2–P4 specificity, cleaving their substrates exclusively after 
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Asp residues [162]. Some caspases are implicated in apoptosis such as caspases 
2, 3, 6, 7, 8, 9, and 10; while others are involved in activation of 
proinflammatory cytokines such as caspases 1, 4, and 5 or in keratinocyte 
differentiation such as caspase 14. Based on their role in apoptosis, proapoptotic 
caspases can be divided into the initiator caspases (2, 8, 9, and 10) and the 
executioner caspases (3, 6, and 7). The initiator caspases have long prodomains 
such as death effector domain (DED) and caspase recruitment domain (CARD), 
occur as inactive monomers in the cytosol and are activated via recruitment to 
signaling complexes. However, the executioner caspases exist as dimers in the 
zymogen form and require cleavage by activated initiator caspases [163, 164].  
  

4.3.5.2. Apoptosis signaling cascade  
 

There are two major pathways leading to apoptosis in the mammalian system: (i) 
an extrinsic pathway initiated by death receptors and (ii) an intrinsic pathway 
occurring through the mitochondria [146].  
 

 In the extrinsic pathway, ligands and receptors of the tumor necrosis factor 
(TNF) family are essential and they include: (i) Fas and Fas ligand FasL; (ii) 
"death receptors" (DR4 and DR5) and TRAIL; and (iii) TNFα and the TNF 
receptor (TNF-R1). 
Binding of the 
ligands to these 
receptors, leads to 
oligomerization of 
the death receptors. 
These in turn bind 
the adapter proteins 
such as fas 
associated protein 
with death domain 
(FADD) and 
thereby forming the 
death-inducing 
signaling complex 
(DISC). The DISC 
serves as an 
activation platform 
for caspases 8 and 
10, which in turn 
activate Caspase-3 
by proteolytic activation [165].  
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 The intrinsic or mitochondrial pathway is triggered by cell stress (such as 
growth factor withdrawal, mitochondrial stress, and DNA damage) leading to 
activation of proapoptotic molecules of the Bcl-2 family such as Bim, Noxa, 
Puma, Bid, and Bad. Activated Bax and Bak form pores in the mitochondrial 
membrane, leading to the recruitment of proapoptogenic factors such as 
cytochrome c (Cyto C). Released Cyto C can complex with apoptosis 
proteases-activating factor 1 (Apaf-1), resulting in a conformational change 
to Apaf-1 by oligomerization. In addition, procaspase-9 binds to this complex 
to form the apoptosome. The apoptosome then, serves as an activation 
platform for caspase-9, which is activated by self process and thus, activates 
Caspase-3 by proteolytic activation [146, 166] (Figure 9).  

 

4.4. The 14-3-3 proteins 
 

14-3-3 proteins are a family of highly conserved, 28-33 kDa acidic, intracellular 
cytosolic proteins, ubiquitously produced in all eukaryotes with no intrinsic 
enzymatic activity. The 14-3-3 protein was originally identified in 1967 by 
Moore and Perez during a systematic classification of mammalian brain proteins 
family [246]. In fact, the name ′14-3-3′ denotes the elution fraction (14th 
fraction) containing these proteins in bovine brain homogenate following 
DEAE-cellulose chromatography and their migration position are fractions 3.3 
after subsequent starch gel electrophoresis. Further, members of the family have 
been renamed after discovery by other researchers based on their involvement in 
novel regulatory roles.  
 

The human genome contains several distinct 14-3-3 genes, denoted beta 
(β), epsilon (ε), eta (η), gamma (γ), tau (τ) (also called θ), sigma (σ), and zeta (ζ) 
according to their respective positions in eluted HPLC fractions [167-169]. Up 
to 15 isoforms are present in plants and two isoforms have been identified in 
Yeast, Drosophila melanogaster, and Caenorhabditis elegans [170, 171]. In 
almost every known organism, multiple (at least two) isoforms of 14-3-3 have 
been observed [172] and 12 to 15 isoforms are expressed in Arabidopsis [173]. 
There is no novel human or mouse 14-3-3 isoforms identified in the genome 
sequencing projects. The majority of 14-3-3 molecules are present in the 
cytoplasm. Further study has shown that in the absence of bound ligands 14-3-3 
locates to the nucleus [174].  
 

4.4.1. The mechanisms of 14-3-3 action  
 

The mechanism of 14-3-3 interaction with target proteins can be classified into 
several generic modes-of-action [175, 176] (Figure 10: 14-3-3 protein dimers 
shown in shades of grey and interacting proteins in shades of yellow and blue). 
The mechanisms of 14-3-3 action include the following: (I) altering the activity 
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Figure 10. Mode of action  attributed by 14-3-3 

of the target through changes to the specific activity or the half-life of an 
enzyme; (II) a scaffolding function, in which 14-3-3 brings together two other 
proteins [177]; (III) inducing conformational changes of the target protein by 
interactions at multiple sites on a target protein [178]; (IV) binding of 14-3-3s to 
cleavable signaling peptides (light-blue region) of nuclear-encoded animal 
mitochondria /plant chloroplast proteins that stimulate their import into these 
organelles [179]; (V) modulation of nuclear import and export [180]; (VI) 
protein transport in the endomembrane system in animal cells; and (VII) 
changing cellular localization of interacting partner [176].  

 

4.4.2. Structures of 14-3-3 dimers  
 

Previously, crystal structures of three 14-3-3 isoforms (ζ, σ, and τ) have been 
reported. Structural data of σ and ζ are deposited in the PDB. The ζ isoforn is 
deposited in its apo form [181], as peptide complexes [182-185], and in complex 
with serotonin N-acetyltransferase (AANAT) [186]; whereas the σ isoform is in 
apo- and peptide-bound states [187, 188]. In addition, the structure of τ was 
published although it has not been deposited in the PDB [189]. These structural 
data showed that the 14-3-3 proteins adopt a similar conformation in the 
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Figure 11. Schematic representation of a monomer of 
14-3-3 with side chains lining the amphipathic groove 
indicated. Side chains are coloured according to type: 
hydrophobic (green), basic (blue), acidic (red) and polar 
(grey). A schematic model of an alpha-helix (main chain 
only) docked into the groove is shown in yellow. The 
location of the phosphorylation site, S184, is indicated. 
The disordered loop formed by residues 203 to 216 is 
shown schematically as a thin ribbon. 
From: Liu: Nature, Volume 376(6536).July 13, 1995.191-
194

unliganded and peptide/protein-bound structures. Therefore, the structural 
analysis suggests that the 14-3-3 proteins may act as molecular anvils [178].  

Native 14-3-3 proteins are present in the form of homo- and hetero-
dimers. The most structurally variable N- and C-termini are responsible for 
isoform specific protein-protein interactions and cellular localization. The first 
14-3-3 (ζ and τ isoforms) crystal structures were determined at resolution 2.9 Å 
and 2.6 Å resolution, respectively 
[181, 189]. Studies by Haina Fu 
and Alastair Aitken showed that 
each 14-3-3 monomer is 
composed of nine antiparallel α-
helices (α1-α9), organised into an 
N-terminal and a C-terminal 
domain. The helices form a 
palisade that clearly shows an 
amphipathic groove lined with 
residues from helices α3, α5, α7, 
and α9 (Figure 11; with 
permission from publisher). On 
one side of the groove, α7 and α9 
present a hydrophobic surface 
including four exposed leucine 
side chains (L172, L216, L220, 
and L227) along with residues 
(V176, I217, and W228). On the 
other side (right side in the 
figure), α3 includes three basic 
side chains (K49, R56, and R60) 
and α5 includes polar and 
charged groups (K120, D124, 
Y128, and R127). The three-arginine residues (R56, R60, and R127) form a 
basic cluster near the top of the groove. The final 15 residues of the protein (231 
to 245) form a poorly ordered loop, the end of which rests on the surface of the 
groove and partly obscures the basic cluster [181]. The dimer creates large 
negatively charged channels where the invariant residues (throughout all the 
isoforms) are found lining the interior of this channel, while the variable 
residues are located on the surface of the protein. This channel would recognize 
common features of target proteins and thus the specificity of interaction for 
specific 14-3-3 isoforms with diverse target proteins may involve the outer 
surface of the protein [181, 190]. The N-terminal residues of all 14-3-3 isoforms 
are highly variable which are important for homo- or hetero-dimer formation 
with a limit restriction [172, 191].  
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4.4.3. 14-3-3/client molecule interactions 
 

14-3-3 proteins interact via phosphorylated and non-phosphorylated binding 
motifs with client partners [183, 185, 192-194]. Phosphorylation-dependent and 
-independent binding have been shown to be targeted at the same site of the 14-
3-3 proteins [182].  
 

4.4.3.1. The phosphorylated 14-3-3 binding motif  
 

A prominent feature of the 14-3-3 proteins is their ability to bind a very large 
amount of client proteins, mostly through a phosphorylated serine or threonine 
motif on the target proteins [192]. A novel phosphoserine containing motif  with 
structural details of the14-3-3/peptides has been identified in Raf kinase, 
demonstrated by Muslin and co-workers [192] Further, the motif is refined into 
two subtypes Mode I and II, elucidated by Yaffe et al. [184] and Rittinger et al. 
[185]. Therefore, each 14-3-3 dimer with two binding pockets interacts with 
canonical binding motifs, defined as;  
 

 Mode I (RSXpSXP: where X is any type of residue and pS is phosphoserine) 
and Mode II (RXΦXpSXP: where Φ is an aromatic or aliphatic residue) 
[184, 185]. The crystal structure of 14-3-3 ζ(zeta) homo-dimers complexed 
with short peptides or native binding partners has been determined at 2 Å or 
2.6 Å resolutions, where each monomer contains an amphipathic groove that 
acts as a ligand-binding channel [184, 185, 192] . Each dimer contains two 
binding pockets, which can simultaneously interact with two phosphoserine 
binding motifs on a single target or on separate binding partners. 14-3-3 
residues (important for phospho-peptide binding) are conserved within all 
14-3-3 isoforms. The binding site for the phophoserine consists of a basic 
pocket composed of Lys-49, Arg-56, Arg-127, Tyr-128, and Tyr-129 within 
the C and E helices. The proline residues are in different conformations such 
that the proline has a cis [184] and trans-conformation [185] in the mode I 
and mode II phosphopeptide, respectively. Both proline conformations result 
in a sharp alteration in chain direction that allows the peptide to exit the 
binding groove. This is also clear in the determination of co-crystal structure 
between 14-3-3 and arylalkylamine N-acetyltransferase (AANAT) [186]. The 
ligand binding groove runs in opposite directions in the stable dimer that 
results in an isoform specific interaction and the capacity to bind with two 
distinct target proteins. The involvement of the hydrophobic residues of the 
phosphoserine binding motif may be particularly relevant to the R18 peptide 
binding, whose co-crystal structure has also been characterized and 5 amino 
acids out of 15 bind in a similar way as mode I e.g. phospho-mimicking 
[183]. It is also suggested that the binding of phospho- and 
nonphosphorylated motifs appear to share the same binding groove [185, 
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195]. After the initial description of the mode I and II binding motifs, target 
proteins such as BAD, Raf-1, and Cbl are found to have two clearly defined 
high-affinity 14-3-3-binding sites [184] and proteins that interact with 14-3-3 
through multiple sites have been identified such as the cell-cycle regulator 
Cdc25B [196]. In addition, a phosphopeptide containing two motifs binds 
14-3-3 with a 30-fold greater affinity than a phosphopeptide containing one 
motif [184]. Furthermore, a synthetic peptide with the sequence WLDLE 
isolated from a phage display library, bound the 14-3-3 amphipathic groove 
in a similar manner to a phosphorylated mode-I peptide of pS-RAF-1-259 
[184]. 

 
 Mode-III (pS/pT X1-2-CO2 H  or SWpTX-COOH, C-terminal binding 
motif) has recently been demonstrated by the structural study of fungal toxin 
fusicoccin in activation of the plant plasma membrane H+-ATPase [197]. In 
this study, the crystal structure demonstrated that the 4-3-3/the C-terminus of 
the H+-ATPase complex is stabilized by fusicoccin and therefore, releases the 
auto-inhibitory activity of the regulatory domain. Based on the homology 
between the C-terminal 14-3-3 binding motif of the serotonin-N-
acetyltransferase (AANAT, arylalkylamine-N-acetyltransferase) and H+-
ATPase proteins, a so-called mode III binding motif has been proposed 
[197]. One further example of a mode III was revealed by the study of RKR 
amino acid motif endoplasmic reticulum localization signal and membrane 
proteins movement to the cell surface [198, 199]. In addition, interactions 
between 14-3-3 proteins and their target partner(s) can also occur on the 14-
3-3 dimer outer surface, which probably contributes to a stable three-
dimensional configuration and provides an opportunity for conformational 
modulation of the target [200].  

 

4.4.3.2. Non-phosphorylated 14-3-3 binding motifs  
 

14-3-3 also interacts in a phosphorylation-independent manner with some target 
proteins including human telomerase (hTERT) [201], the enteropathogenic 
Escherichia coli Tir protein [202], the amyloid β-protein precursor intracellular 
domain fragment [203], unpalmitoylated CD81 (a member of the tetraspanin 
superfamily of proteins) [204], histone H3 peptide (both phosphorylated and 
phospho-acetylated) [205] and ExoS toxin [78, 206] . 

 

ExoS interacts with 14-3-3 in a phosphorylation-independent mechanism 
[77, 78] for which  the 27 most C-terminal amino acids of ExoS are important 
for 14-3-3 binding. ExoS lacking the interaction motif is significantly less 
cytotoxic than ExoS wild type verifying the in vivo importance of this 
interaction. Although 14-3-3 clearly binds ExoS in the absence of 
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phosphorylation, the nature of the structural interaction between these two 
proteins is unclear.  

 

The best-studied example of a non-phosphorylated interaction with 14-3-3 
is with the R18 artificial peptide isolated from a phage library displaying 
random peptides [182]. This peptide specifically binds to multiple isoforms of 
purified 14-3-3 proteins and is found to interact with only a single band of 
proteins from total cell lysates. Functionally, the R18 peptide blocks the 
association of 14-3-3 with Raf-1, resulting inactivation of Raf-1 [181, 183, 184, 
189, 207]. In the co-crystal structure of 14-3-3ζ in complex with R18, the 
pentapeptide WLDLE of R18 occupies the phosphoserine recognition site in the 
groove [183]. Acidic residues of the pentapeptide (Asp and Glu) mimic the 
phosphate group of phosphoserine-containing ligands and are placed next to the 
basic cluster of 14-3-3ζ containing residues Lys-49, Arg-56, Arg-60, and Arg-
127. Consistent with this model, a charge-reversal mutation K49E of 14-3-3ζ 
drastically decreases 14-3-3ζ binding to R18. Competition between R18 and 
Raf-1 for the same set of residues in the binding amphipathic groove of 14-3-3 
may account for the inhibitory effect of R18 on the 14-3-3/Raf-1 interaction. 
The conserved amphipathic groove that binds R18 is also involved in binding to 
diverse protein ligands and R18 may also block the 14-3-3/proteins interaction. 
Furthermore, R18 effectively inhibits the interaction of 14-3-3ζ with 
unphosphorylated ExoS [206, 208]. The R18 motif (WLDLE) interacts with 
Lysine49 on 14-3-3 that is important for ExoS/14-3-3 interaction. Similar to the 
binding motif WLDLE in R18, Hallberg B et al showed that ExoS contain a 
DALDL sequence at position 424-428 that is required for interaction between 
ExoS and 14-3-3. Moreover, the ExoS-DALDL binding motif appears to be 
necessary for both in vivo ADP-ribosylation and cytotoxic activities [77]. For 
the R18 peptide,  the negatively charged Asp12 and Glu14 residues within 
WLDLE sequence interact in the amphipathic groove of 14-3-3 and form a 
negative charge density in a  manner similar to phosphorylated mode-I peptide 
of pS-RAF-1-259 [182, 183, 206, 207]. Further examples have shown that 
inositol polyphosphate 5-phosphatase containing the motif RSESEE binds 14-3-
3 proteins via multiple negatively charged amino acids [193, 209] and 
Glycoprotein b-α is a 14-3-3 binding protein, which contains a reported 
interaction domain with the motif QDLLSTVS has a weak resemblance towards 
ExoS and R18 [210]. Based on these studies, it has been speculated that 
negatively charged ExoS residues such as Asp424 and Asp427 may be able to 
mimic the Raf-1 phosphorylated serine motif, which would perhaps explain the 
binding of 14-3-3 proteins to this motif. Therefore, based on the reported 
speculation, we investigated the question regarding phosphorylation-
independent interactions mediated by phospho-mimicking acidic residues of 
ExoS (Papers II-IV).  
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4.4.4. Comparative structural analysis of the seven 14-3-3 protein isoforms  
 

Xiaowen Yang et al demonstrated a comparative structural analysis of the seven 
14-3-3 proteins, which revealed specificity determinants for binding of 
phosphopeptides in a specific orientation, target domain interaction surfaces, 
and flexible adaptation of 14-3-3 proteins through domain movements  [211]. 
This study provided structural details for five 14-3-3 isoforms bound to ligands 
and structural coverage for all isoforms of a human protein family. Specifically, 
the structures of the beta isoform in its apo and peptide bound forms showed that 
its binding site can exhibit structural flexibility to facilitate binding of its protein 
and peptide partners. The authors suggest that conformational flexibility in both 
the peptide binding site and in the dimer interface facilitates binding of 14-3-3 
proteins to diverse peptides and proteins of varying sizes and sequences. The 
initial interaction involves conformational changes of the three C-terminal 
helices (αG to αI). Through these changes, the 14-3-3 protein could adapt to the 
type of bound peptide whether it is phosphorylated and extended or 
nonphosphorylated and helical. The flexibility at the dimerization interface 
provides a mechanism for the 14-3-3 proteins to bind proteins of varying size. 
This versatility is most likely enhanced by the presence of desolvation sites (S1b 
and S2) providing nonspecific protein-protein interaction motifs, with specificity 
features primarily from the variable (V1 and V2) regions. Further specificity in 
14-3-3 regulation of intracellular signaling is most likely provided by its tissue, 
temporal distribution, and subcellular localization that allows this small protein 
family to be a central and specific regulator through its ability to adapt its 
conformation to interact with a variety of binding partners [211].  
 

4.4.5. Function of 14-3-3 
 

14-3-3 interacts with more than 200 partners with a broad range of functions 
[212]. In plants, 14-3-3 binding partners are involved in biosynthetic 
metabolism, transport of ions, and regulation of growth [175]. In humans, these 
partners play a role in physiological processes such as mitogenic signal 
transduction, cell proliferation, cell cycle progression, protein trafficking, 
rearrangement of the cytoskeleton, oncogenesis, apoptosis, and survival [212, 
213]. 
 

 Survival and apoptosis pathways are integrated by the dynamic 14-3-
3/client protein interactions to determine cell fate. 14-3-3 targets the 
mitochondrial apoptotic machinery by interacting with BCL2 family 
members (i.e. BAD, BIM, and BAX), as well as a staggering number of 
signaling molecules that mediate survival and death to the mitochondrial 
death machinery [213, 214].  
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 Cell cycle regulation is a pivotal role of 14-3-3 proteins that act as integral 
components in several checkpoints and play a role during uncontrolled cell 
cycle progression. 14-3-3 proteins regulate the onset and timing of mitosis in 
cycling cells, are involved in maintaining a stable G1-arrest in non-cycling 
cells and are also necessary for the S-phase checkpoint after DNA-damage 
by UV. 14-3-3σ regulates entry into mitosis downstream of CDC25C, 
presumably by sequestration of CDC2-cyclin B complexes. In addition to 
regulating kinases and phosphatases, 14-3-3 proteins affect the cell cycle by 
regulating the activity of transcription factors such as p53, FOXO, MIZI etc, 
causing inhibition of cell cycle progression [215].  

 
 Oncogenic transformation in all four major lung cancer histologies is 
promoted by 14-3-3 over-expression [216]. 14-3-3 proteins bind and regulate 
proteins involved in each of the cancerous processes including Raf, Bcr, Bcr-
Abl, polyomavirus middle tumor antigen, Bad, Bax, ASK-1, forkhead 
transcription factors, p53, TSC2, p27, Cdc25 A, Cdc25B, Cdc25C, Wee1, 
Chk1, p130 Cas, integrins β1, integrins β2, integrins β3, and Ron [217, 218]. 
The role of 14-3-3 proteins in cancer remains unclear as both tumor 
suppressing and tumor promoting activities are attributed to 14-3-3. Thus, 
targeting 14-3-3 may provide an effective strategy to sensitize tumor cells for 
therapy-induced cell death in cancer [218]. 

 
 Metabolic regulation appears to be regulated by 14-3-3 proteins. In plants, 
14-3-3 affects the activity of various primary metabolic enzymes and ion 
channels of central importance in plant biochemistry. Well-known examples 
are nitrate reductase and the plasma membrane H+-ATPase, which are 
inhibited and activated by 14-3-3, respectively [175, 219, 220]. 

 

4.5. P. aeruginosa pathogenesis in a mouse model  
 

Shaver and Hauser have evaluated the relative contributions of ExoS, ExoT, and 
ExoU to virulence in the lung with a mouse model of acute pneumonia caused 
by P. aeruginosa  [57]. In this study, genetically modified clinical bacterial 
strains that naturally secrete ExoU, ExoS, and ExoT were constructed to 
evaluate the relative roles of each effector protein to pathogenesis. By measuring 
mortality, bacterial persistence in the lung, and dissemination, it was elucidated 
that ExoU has a major effect, ExoS has an intermediate effect, and ExoT has a 
minor effect on virulence in acute pneumonia. It has also been demonstrated that 
the ExoS virulence is largely dependent on its ADP-ribosyltransferase activity 
and minor effect is attributed to its GAP activity [57]. Surprisingly, it has been 
observed that ExoS, ExoT, and ExoU are not synergistically increased when 
combinations of these effector proteins are secreted together [72]. 
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4.6. Cell lines used for this study  
 

Olson et al demonstrated the functional effects of ExoS on human epithelial and 
murine fibroblastic cells and showed that human epithelial cells exhibit an 
overall increased sensitivity to the effects of translocated ExoS on cell 
proliferation, morphology, and re-adherence. ExoS is also found to ADP-
ribosylate a greater number of low-molecular-mass G (LMMG) proteins in 
human epithelial cells compared to murine fibroblast [221]. The Olson study 
also suggested that eukaryotic cell properties of different animal origins affect 
the substrate targeting of ExoS-ADP-ribosyltransferase activity which in turn 
can influence the severity effects of ExoS on host-cell function [221]. To 
understand the mechanism of ExoS mediated cell death, we have used various 
cell lines for cytotoxicity analysis. Usually P. aeruginosa adhere lungs and other 
organ epithelial cells before colonizing and invasion. The Madin-Darby canine 
kidney (MDCK) epithelial cell line was chosen as P. aeruginosa infect kidneys 
and form monolayers similar to in vivo epithelial sheets (Paper I). Human 
epithelial cells (HeLa) were used to study actin depolymerization and 
cytotoxicity by infection with bacteria expressing ExoS variants (Paper II-IV). 
The HeLa cells were taken from a fatal cervical carcinoma with adherent cells to 
maintain contact inihibition. The mouse embryonic fibroblast cell line NIH3T3 
was used for transfection / transformation assays (Paper I). The mouse 
macrophage cell line J774A.1 was chosen for cytotoxicity analysis as P. 
aeruginosa causes lungs infection in mice resulting in damage to mouse 
macrophage (Paper III).  
 

4.7. ExoS constructs used for this study 
 

The type III secretion system is utilized by numerous Gram-negative bacteria 
[46, 222]. The type III apparatus of Yersinia pseudotuberculosis is one of the 
most intensely studied among the Gram negative pathogens. At least 20 proteins 
function together to form a channel through the bacterial double envelope that 
allows the secretion of virulence factors in one step from the bacterial cytoplasm 
to the cytosol of the target cell [46]. At least three translocator proteins LcrV, 
YopB, and YopD that aid the effectors to cross the eukaryotic cell membrane are 
required for the translocation of Yop proteins into the host cell [223-225]. It has 
been proposed that a complex of LcrV, YopB, and YopD forms a pore in the 
eukaryotic cell membrane through which the virulence factors are delivered into 
the eukaryotic cytosol [223, 226-229]. The secreted proteins are not processed 
during secretion and the sequences targeting them for secretion are located in the 
N-terminal of the protein [230, 231]. The secreted proteins require small 
cytoplasmic proteins (termed chaperones) that interact with the type III system 
to ensure stabilization and efficient secretion [232-237]. Immediately 
downstream of the secretion signal resides the recognition sequence for 
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translocation into the host cell [238]. The delivery of proteins is dependent on 
physical contact between the bacterium and the eukaryotic cell and the 
translocation process appears to be polarized [239]. The translocation apparatus 
of P. aeruginosa shows high sequence and functional similarity to that of Y. 
pseudotuberculosis at the level of the individual protein components as well as 
for genetic organization [59, 232, 240]. Individual selected components of the 
secretion system have been shown to be exchangeable between P. aeruginosa 
and Y. pseudotuberculosis [241]. We have used Y. pseudotuberculosis model 
system for ExoS infection in the Paper I-IV.  
 

ExoS is secreted and translocated into the target cell by the Y. 
pseudotuberculosis type III secretion system in a similar manner for its normal 
cytotoxins [77, 79, 242]. Therefore, we used the type III secretion system of a 
genetically defined secretion and translocation mutant of Y. pseudotuberculosis 
to express and translocate ExoS into the eukaryotic cell (Paper I). The 
advantage of this approach is that it allows us to study the effect(s) of ExoS in 
the absence of other toxins and proteases secreted by P. aeruginosa. Moreover, 
Y. pseudotuberculosis expresses and delivers ExoS protein with higher 
efficiency than P. aeruginosa. 

 

We used different variants of bacteria to translocate ExoS into the 
eukaryotic cell. To control the expression and translocation of ExoS from the 
bacteria into the target cell, a Y. pseudotuberculosis strain which expresses and 
translocates ExoS under the control of an arabinose inducible promoter was 
constructed [77, 243]. A controlled expression and translocation of ExoS into 
eukaryotic cells at a similar to the P. aeruginosa wild type was achieved by 
growing the bacteria in the presence of 0.1% arabinose (Paper II, III, and IV).  
 

E.coli strains harboring the pGEX plasmid encoding for different GST-
ExoS variants were used for pull down analysis in this study.  
 

Table 1: Summary of various GST-fusion proteins constructs of ExoS used 
(Paper II, III, and IV)  
 
 

Plasmid Substituted amino acid(s) Reference 
or source 

1. GST alone Amersham  

2. GST-ExoS(88–453), wild type S419QGLLDALDL428 [78] 

3. GST-ExoS(88–453; S∆) M419AAAA428 [77] 

4. GST-ExoS(LDL426–428AAA) S419QGLLDAAAA428 This study 
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5. GST-
ExoS(HDD418,424,427AAA) 

S416GASQGLLAALAL428 This study 

6. GST-
ExoS(LLLL422,423,426,428AAAA)

S419QGAADAADA428 This study 

7. GST-ExoS(DALDL424–
428AAAAA) 

S419QGLLAAAAA428 [77] 

8. GST-ExoS(D424A; D427A) S419QGLLAALAL428 This study 

9. GST-ExoS(S416A) A416GHSQGLLDALDL428 This study 

10. GST-ExoS(H418A) S416GASQGLLDALDL428 This study 

11. GST-ExoS(S419I) I419QGLLDALDL428 This study 

12.GST-ExoS(Q420A) S419AGLLDALDL428 This study 

13.GST-ExoS(G421A) S419QALLDALDL428 This study 

14. GST-ExoS(L422A) S419QGALDALDL428 This study 

15. GST-ExoS(L423A) S419QGLADALDL428 This study 

16. GST-ExoS(D424A) S419QGLLAALDL428 This study 

17. GST-ExoS(A425K) S419QGLLDKLDL428 This study 

18. GST-ExoS(L426A) S419QGLLDAADL428 This study 

19. GST-ExoS(D427A) S419QGLLDALAL428 This study 

20. GST-ExoS(L428A) S419QGLLDALDA428 This study 

21. GST-ExoS(LD426–427AA) S419QGLLDAAAL428 This study 
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5. AIMS 
 
The general aim was to study the ExoS interaction with 14-3-3 using structural 
analysis, biochemical observation for survival or death, and pathogenesis 
experiments in mice. We also aimed to identify the cellular target molecule(s) 
for enzymatic activity of ExoS using a cell culture system. Specific aims were as 
follows;  
 

 To identify the important ExoS amino acid(s) for interaction with 14-3-3 and 
enzymatic activity using single amino acid mutational analysis.  

 
 To analyze the toxicity of ExoS mutants in cell culture system and in a 
mouse model which are able or unable to interact with 14-3-3.  

 
 To study the effects of ExoS variants in signal transduction downstream 
targets after infection.  

 
 To study the induction of apoptosis upon ExoS infection 

 
 To analyze the structure of ExoS/14-3-3 complex.    
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6. RESULTS AND DISCUSSION  
 

6.1. Cells expressing activated Ras or PKB/Akt survive upon ExoS infection 
(Paper I) 
 

 ExoS toxin is a promiscuous ADP-ribosyltransferase, able to ADP-ribosylate 
Ras and other small GTP-binding proteins after translocation from bacteria into 
the cell [80]. Specially transformed cell lines expressing oncogenic proteins 
important in proliferation and survival together with control cell lines were used 
to investigate the ExoS cellular target that induces apoptosis after ExoS 
translocation. The cell lines used were NIH3T3(wt), NIH3T3(K-RasV12) 
expressing a constitutively activated K-Ras protein, MDCK(wt), MDCK (Er-
Raf) expressing a tamoxifen-inducible oncogenic Raf-1 gene, and MDCK (gag-
PKB/Akt) expressing activated PKB/Akt protein. The Y. pseudotuberculosis 
type III secretion system was employed as a tool to express and translocate the 
P. aeruginosa toxin ExoS(wt) or ExoS mutant ExoS-E381A (mutated at Glu-
381) proteins through the host cell membrane .  
 

6.1.1. Ras is an important cellular target and determinant of cell survival 
 

We showed that activated Ras is able to transmit signals to downstream targets 
efficiently even if ADP-ribosylation of Ras occurred by exogenous ExoS 
proteins (Figure 12) and ExoS is unable to downregulate activated PKB/Akt or 
Raf-1 proteins. This pinpointed that the cellular target of ExoS is located higher 
in the signal transduction cascade than the level of Raf-1 and PKB/Akt. 
Infection analysis with Y. pseudotuberculosis expressing ExoS(wt) and 
ExoS(E381A) in cell lines NIH3T3(K-RasV12),  MDCK (Er-Raf), and MDCK 
(gag-PKB/Akt) showed that Ras proteins in all cell lines were modified 
efficiently by ExoS (Paper I, Fig 1D and 2D). However, Ras was still able to 
signal to downstream targets such as Erk 1/2 and PKB/Akt proteins, which were 
not inhibited upon ExoS infection (Paper I, Fig 1A, 1B and 2A, 2B).  In 
contrast, upon ExoS infection in both NIH3T3(wt) and MDCK(wt) cell lines, 
Ras downstream signaling e.g. Erk 1/2 and PKB/Akt was inhibited upon 
stimulation with EGF (Paper I, Fig 1A, 1B and 2A, 2B). 
 

Our results suggested that, expression of activated K-RasV12 is able to 
efficiently protect cells from ExoS-induced cell death (Paper I, Fig 3). Cell 
survival assays showed that after 5 h of infection with ExoS, approximately 85% 
of NIH3T3(K-RasV12) cells were viable that was similar to the non-infected 
NIH3T3 cells and in the control approximately 25% of NIH3T3(wt) cells were 
viable (Paper I, Fig 3 and 4A, 4B). The cells were rounded up and semi-
detached from the Petri dish surface due to the N-terminal GAP domain activity 
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of ExoS (Paper I, Fig 4A and 4B). We also suggested that activated K-Ras and 
PKB/Akt expressed in NIH3T3 and MDCK cells have the ability to mediate a 
proper survival signal even after infection and modification of cellular targets. 
By using a similar cell survival assay as above, we showed that approximately 
80% of MDCK(gag-Akt) cells were survived and more resistant to ExoS 
infection. This was compared with control MDCK-wt cells which were viable at 
approximately 50% upon ExoS infection indicating less sensitivity to ExoS 
infection as compared with NIH3T3 cells (Paper I, Fig 3). MDCK(Er-Raf-1) 
cells showed a slight reduction in cell death with a 60% survival rate upon 
infection with ExoS as compared with control MDCK cells (Paper I, Fig 3). 
Therefore, we suggest that Ras protein is important for cell survival in response 
to ExoS infection, and down-regulation of Ras mediates a faster cell death upon 
infection with ExoS.  

 

6.1.2. ExoS mediates caspase-3 activity 
 

Our results suggested that activated Ras and activated PKB/Akt are more potent 
survival determinants than activated Raf-1. Upon infection with ExoS(wt), the 
caspase-3 activity(after 6h) in NIH3T3 (K-RasV12 ) cells did not increased above 
the basal level (Paper I, Fig 5). This was similar to non-infected controls or cells 
infected with the bacteria expressing ExoS(E381A). In contrast, NIH3T3-wt 
cells showed a significantly increased caspase-3 activity upon infection with 
ExoS (Paper I, Fig 5). Similar results for caspase-3 activity were obtained in 

Figure 12. Mode of action attributed by ExoS upon infection into host cell

Pseudomonas aeruginosa/ 
Yersinia pseudotuberculosis

Type III secretion system

MDCK / NIH3T3( wt) cell

ExoS

NIH3T3(K-Rasv12)  
MDCK(gag-
AKT/PKB), 
MDCK(Er-Raf) cell

14-3-3
ExoS

activated

Raf-1
P

activated
PKB/AKT

P
P

activated

P
Foxo3ERK

P

Survival

Inactive

Apoptosis

Induce Caspase-3

ERK
P

PKB/AKT
P

P

Ras ADP-Ribose

14-3-3
ExoS

K-RasV12 ADP-Ribose



RESULTS AND DISCUSSION 
 

43 

Secr/Transl GAP

ADP-ribosyltransferase

Exoenzyme S
R146 E381

1 453

14-3-3

SGHSQGLLDALDL416 429

Figure 13. ExoS Sequence important for 14-3-3 interaction

MDCK(wt) cells infected with ExoS. However, MDCK(gag-PKB/Akt) cells and 
MDCK(Er-Raf-1) showed reduced caspase-3 activity upon infection with 
ExoS(wt) in a similar manner to non-infected MDCK cells or cells infected with 
ExoS(E381A). Several findings [244, 245] support our evidence that activation 
of the Raf-1 cascade suppresses apoptosis in other experimental cell systems. 
Moreover, by measuring the apoptosis inducing potential FOXO3a, no 
inhibition of FOXO3a phosphorylation was observed in the NIH3T3(K-RasV12), 
MDCK(gag-PKB/Akt) and MDCK(Er-Raf-1) cells upon stimulation with EGF 
(Paper I, Fig 1E and 2E). In contrast, upon infection with ExoS, NIH3T3(wt) 
and MDCK(wt) cell showed reduced FOXO3a phosporylation (Paper I, Fig 1E 
and 2E). In conclusion, the observed cell death induced by ExoS in cell lines 
correlates with reduced phosphorylation of FOXO3a protein and increased 
caspase-3 activity.  Expression of an activated variant of Ras or downstream 
mediators, such as PKB/Akt, efficiently prevents cell death, correlates with lack 
of caspase-3 activity, and FOXO3a protein phosphorylation (Figure 12).   
 

6.2. Phosphorylation independent interaction between 14-3-3/ExoS (Papers 
II, III, and IV)  
 

A phosphorylation-independent interaction has been reported to occur between 
14-3-3 and a C-terminal domain within ExoS [78]. We investigated the effect of 
amino acid mutations in the C-terminal domain of ExoS on ADP-
ribosyltransferase activity and interaction with 14-3-3. To address exactly which 
amino acid residues in the ExoS sequence were critical for 14-3-3 binding 
(Figure 13), a set of single substitution ExoS mutants were constructed together 
with some additional variants (Table 1). 

 

6.2.1. ExoS-LDL motif is important for interaction and enzymatic activity 
 

By employing a GST-ExoS fusion protein pull down experiement (Papers II 
and IV) we showed that ExoS amino acid substitutions at positions 426-428 
significantly  reduce the in vitro interaction potential of 14-3-3 with ExoS 
(Paper II, Fig 1) and both ExoS Asp424 and Asp427 are not strictly necessary 
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for the interaction (Paper II, Fig 1).  Cytotoxicity and Ras modification assays 
were carried out in infected HeLa cells with the Y.  pseudotuberculosis 
arabinose inducible strains expressing ExoS wild type as well as several single, 
double, triple, and quadruple amino acid substitution variants. The data showed 
that ExoS-LDL appears to be necessary for both ADP-ribosylation and cytotoxic 
activities of ExoS in vivo. This was demonstrated by ExoS variants lacking the 
LDL motif showing no cytotoxic response (Figure 14) and no ADP ribosylation 
of Ras (Paper II, Fig 3A-D and Fig 4). During the course of this study, Shaver 
and Hauser published evidence that activation of the ADP-ribosyltransferase 
activity of ExoS results in cell death in an animal pneumonia model, with 
increased bacterial persistence in the lung and decreased host survival [57]. P. 
aeruginosa pathogenesis was investigated in a mouse acute pneumonia model 
by intranasally infecting mice with clinical isolates of P. aeruginosa expressing 
ExoS-wt, ExoS(LDL-AAA) and ExoS(E379A/E381A). The results showed that 
mutation of key residues (LDL) within the ExoS binding site for 14-3-3 impairs 
virulence as 50% of the mice was survived after 7 days of infection and the 
bacterial load in the lungs was cleared at 18h post infection (Paper III, Fig 6). In 
conclusion, we showed that residues L426, D427, and L428 of ExoS are critical 
for the virulence of ExoS. Further, we extended our study through joint 
collaboration with Christian Ottmann and Alfred Wittinghofer to demonstrate 
structural analysis and biological investigation of ExoS/14-3-3 interaction. Our 
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structural analysis predicted that this phosphorylation independent interaction by 
L426, D427, and L428 is crucial for the function of ExoS (Paper III).  
 

6.2.2. 14-3-3/ExoS structure (the novel binding mode IV)  
 

In Paper III, the 14-3-3 dimer revealed the characteristic W-like shape with each 
monomer constituting an amphipathic groove that harbored the ExoS peptide, 
which was extended in a conformation occupying more than two-thirds of the 
14-3-3 binding groove (Paper III, Fig. 1A and 1B). Our findings designated the 
novel phosphorylation-independent binding geometry as mode IV and suggested 
that ExoS binds to 14-3-3 in a novel binding mode mostly relying on 
hydrophobic contacts by L422, 423, 426, and 428. The manner by which ExoS 
binds 14-3-3 is also distinct from binding modes I–III of 14-3-3 with other 
known client partners due to following reasons:  
 

 ExoS binds to 14-3-3 mainly via hydrophobic contacts involving leucines 
422, 423, 426, and 428 that form an extensive hydrophobic interaction 
surface with the 'roof' of the amphipathic groove by the 14-3-3 residues 
Pro165, Ile166, Leu216, Ile217, Leu220, and Leu172 (Paper III, Fig. 2). In 
addition, the peptide was coordinated by several H-bonds or electrostatic 
contacts involving His418, Asp424, and Asp427 of ExoS peptide and 
Asp213, Lys49, and Tyr 128 of 14-3-3ζ (Paper III, Fig. 2).  

 

 Based on Haina Fu, Aitken, and Rittiger findings on motifs I–III of 14-3-3 
[181, 184, 185], it was suggested that the 14-3-3 residues Lys49, Arg56, and 
Arg127 were involved in the  accommodation of a phosphorylated residue 
within the basic cluster of 14-3-3 [181, 184, 185]. Our crystal analysis 
showed that Asp427 of ExoS was too far away from the basic cluster of 14-3-
3 for significant interaction and that Asp424 of ExoS only contacts Lys49 of 
14-3-3 (Paper III, Fig. 3).  

 

 The binding mode of ExoS/14-3-3 differs in respect to the nature of binding 
forces and the general geometry of binding in that previously observed 14-3-
3/client complexes were oriented from N- to C-terminus direction, which was 
in an opposite orientation to the ExoS/14-3-3 binding mode. The 
corresponding 14-3-3 binding motif from serotonin-N-acetyltransferase 
(AANAT) was crossed the amphipathic groove in an N- to C-terminal 
direction from right to left [186]. However, ExoS was orientated in an 
antiparallel fashion to this, starting with the N-terminal part from left to right 
(Paper III, Fig 4A). The 'entry point' of the AANAT N-terminus and the 
ExoS C-terminus were located at nearly exactly the same position and the 
other ends of the polypeptide chain were emerged at different locations; 
ExoS leaves the groove at the far end while keeping close contact to 14-3-3 
whereas the AANAT peptide leaves the groove perpendicular to the groove's 
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base after the proline-induced kink in its polypeptide chain (Paper III, Fig 
4A and 4B). 
 

Our structural analysis was supported by Yang et al [211]. However, in 
contrast to our model, Yang et al showed that the ExoS peptide is bound to the 
conserved binding groove with both 14-3-3 subunits (β isoform) adopting a 
closed conformation and the conformational change that takes place in the 
crystalline form results in a change of crystal symmetry. Both ExoS and R18 
bind with their N to C termini in the opposite direction compared with 
phosphorylated peptides. In addition, the ExoS/14-3-3 complex forms a helical 
structure, showing a secondary structural element in the 14-3-3 peptide-binding 
groove [211].  
 

6.2.3. Hydrophobic interaction is important for both interaction and 
enzymatic activity 
 

In papers III and IV, we suggested that hydrophobic interactions (contributed by 
L422, 423, 426, and 428 of ExoS) are important for both ExoS/14-3-3 
interaction and ExoS ADP-ribosyltrasferasase activity (Figure 15). Our 
cytotoxicity and biochemical analyses showed that cells infected with bacteria 
producing and translocating ExoS(L422A) and ExoS(L423A) were 59 and 54% 
viable respectively (Figure 14). However, over 90% of the cells survived upon 
infection with bacteria producing and translocating 
ExoS(L422:L423:L426:L428-AAAA), (Figure 14). Cytotoxicity analysis 
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L426L423
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Figure 15. Schematic overview of binding mode IV



RESULTS AND DISCUSSION 
 

47 

showed <10% cell viability upon infection with ExoS variants with single, 
double, and triple substitutions of the residues in electrostatic contacts such as 
single mutants ExoS(S416A), ExoS(H418A), ExoS(D424A), and 
ExoS(D427A); the double mutant ExoS(S416:H418-AA); and triple mutant 
ExoS(H418:D424:D427-AAA) and they were as aggressive as wild-type ExoS 
in their ability to induce cell death (Paper IV, Fig 2 and Figure 14). By 
biochemical analysis, it was observed that substitution of the hydrophobic 
residues of ExoS (L422:L423:L426:L428-AAAA) significantly reduced its 
ability to modify the endogenous targets such as small GTPases RAS/RAP1 
which were able to signal downstream through activation of ERK and PKB 
(Paper III, Fig 5 and paper IV, Fig 3). ExoS variants with electrostatic residue 
substitutions including S416, H418, D424, and D427 were as aggressive as 
ExoS-wt in their ability to modify RAS/RAP1 within the cell and impaired 
downstream signaling targets (Paper IV, Fig 3). In conclusion, electrostatic 
interaction between ExoS and 14-3-3 via Ser416, His418, Asp424, and Asp427 
residues are of secondary importance as they are not sufficiently strong to 
significantly contribute to induce cell death after ExoS infection.  
 

6.2.4. Leu428 is an important determinant of cell death induction 
 

Using cytotoxicity analysis and Ras modification assay, we showed that Leu428 
of ExoS is the critical residue for ExoS enzymatic activity and for modifying the 
eukaryotic endogenous target Ras (Paper II, Fig 3). As the GST-ExoS pull down 
experiments showed a strong interaction, it was evident that the substitution of 
Leu428 significantly weakened the ability of ExoS to mediate cell death (Figure 
14) without altering ExoS/14-3-3 interaction (Paper II, Fig. 1 and Paper IV, Fig. 
1). 
 

6.2.5. Asp424 and Asp427 are not important for ExoS enzymatic activity 
 

In papers II, III, and IV, we showed that negatively charged aspartate residues at 
positions 424 and 427 of ExoS do not mimic phosphorylated serine motifs for 
the ExoS/14-3-3 interaction as single substitutions including  ExoS(D424A) or 
ExoS(D427A) and the double mutant ExoS(DD424:427AA) were as aggressive 
as wild-type ExoS in their ability to induce cell death (Figure 14). 
 

6.2.6. Leu428 is critical for ExoS auto-ADP-ribosylation 
 

As previously demonstrated, ExoS is auto-ADP-ribosylated [82]. Interestingly, 
we found that substitution in Leu428 result in loss of ExoS-ADP-ribosylation 
activity which may result in a lack of auto-ADP-ribosylation of the GAP domain 
in ExoS and resulting in faster GAP function than the ExoS-wt during infection 
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Figure 16. Rounded up after infection of HeLa cells with Y. pseudotuberculosis 
expressing different ExoS variants

analysis. To test this, we measured the rounded up morphology (in percentage 
per minute) of cells upon infection with Y. pseudotuberculosis expressing 
different ExoS variants. Cells infected with bacteria expressing ExoS(L428A) 
were 100% rounded up by 60 minutes post infection. Cells infected with 
bacteria expressing ExoS-LDL(426-428)AAA and ExoS-
LLLL(422,423,426,428)AAAA were rounded up by 90 minutes post infection 
whereas cells infected with bacteria expressing ExoS-wt were rounded up by 
300 minutes. Cells infected with the rest of the mutants were rounded up by 180 
minutes, respectively (L.Y. and B.H. unpublished observations).    
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7. CONCLUSIONS 

 
 Activated Ras is able to protect cells against cell death even if it has been 
ADP ribosylated by ExoS. Ras may be an important cellular target for the P. 
aeruginosa toxin ExoS. ExoS infection leads to cell death, which correlates 
with dephosphorylation of FOXO3a and increased of caspase-3activity 
(Paper I). 

 
 The LDL(426-428) binding motif of ExoS is important for both the 
interaction of 14-3-3/ExoS and ExoS ADP-ribosylation activity (Papers II 
and III). 

 
 Leucine428 of ExoS may be a critical residue for ExoS enzymatic activity as 
substitution of this leucine significantly weakens the ability of ExoS to 
mediate cell death. Leu428 of ExoS is also required to modify the eukaryotic 
endogenous target Ras (Paper II). Leucine-428 of ExoS may also be critical 
for ExoS auto-ADP-ribosylation activity in vivo (unpublished data).  

 
 Structural analysis of the 14-3-3/ExoS suggests a novel binding mode (IV) 
where the important attractive force is mainly contributed by hydrophobic 
contacts: Leu422, Leu423, Leu426, and Leu428 residues, extended within 
the ″roof″ of the 14-3-3 groove. The 14-3-3 binding motif of ExoS runs in an 
opposite orientation compared with the consensus peptide binding mode I-III. 
The 14-3-3/ExoS structural interaction analysis is supported by biological, 
functional and infection assays in a mouse model with acute pneumonia 
(Papers III and IV). 

 
 Leucine residues-422, 423, 426, and 428 are important for ExoS ADP-
ribosyltrasferasase activity as ExoS with substitution of these corresponding 
Leucine amino acids is unabled to induce cell death or modify endogenous 
RAS/RAP1 (Papers III and IV).  

 
 Interaction between ExoS and 14-3-3 via electrostatic residues Serine416, 
Histidine418, Aspartate424 and Aspartate427 are of secondary importance. 
ExoS mutants with substituion in Ser416, His418, Asp424, and Asp427 are 
as aggressive as wild type ExoS in their ability to induce cell death and to 
modify endogenous ExoS targets in infected host cells (Paper IV).    
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