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The T3SS is a needle-like nanomachine that injects virulence proteins (exotoxins) directly into eukaryotic cells to initiate
infection. Fore effector proteins of P. aeruginosa, ExoS, Exo T, Exo U, and ExoY, modulate a variety of cellular functions
for the pathogen's benefit via their enzymatic activity. P. aeruginosa is invasive or cytotoxic to host cells, depending on
the T3SS effectors encoded. We pay special attention to data related to biochemical activities and cellular targets of T3SS
effectors, and known molecular mechanisms leading to cytotoxicity and blocking of phagocytosis, two most proven
consequences of enzymatic activity of fore exoenzymes.
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1. Epidemiology and pathogenesis of Pseudomonas aeruginosa infection
1.1 Pseudomonades are opportunistic pathogens in debilitated patients
Members of the genus Pseudomonas are found in soil, decaying organic matter, vegetation and water but are
uncommon in humans as part of the normal microbiota. Though healthy people can carry pseudomonades without
having any problems, the bacteria are recognized as serious opportunistic pathogens in immunocompromised patients,
i. e. persons having an immune system that has been impaired by evoked diseases (e.g. AIDS [1]), inherited diseases
that affect the immune system [2] or medical treatment [3, 4].
Infection resulting from Pseudomonas aeruginosa is the most common. Other pseudomonades, viz., Pseudomonas
putida [5, 6], Pseudomonas fluorescens [7, 8], Pseudomonas stutzeri [9, 10] Sphingomonas paucimobilis (formerly
known as Pseudomonas paucimobilis) [11, 12], and Delftia acidovorans (formerly known as Pseudomonas
acidovorans) [13, 14] are rare in humans.
P. aeruginosa is the most common cause of respiratory failure in cystic fibrosis (CF) patients. CF is genetic disease
caused by mutations in the CF transmembrane conductance regulator (CFTR) gene [15], which encodes a protein whose
primary function is regulation of ions conductance in and out of cells. The lungs of individuals with CF are colonized
and infected by bacteria from an early age via thick, sticky mucus. In CF pacients, P. aeruginosa does not invade the
bronchial tissue, but remains in the airways forming a biofilm. The phenotype, known as "mucoid" pseudomonades, is
rarely seen in people that do not have CF [16]; it develops resistance to commonly used antibiotics and drives the vast
majority of morbidity encountered in this disease [17].
1.2 Community acquired infections
Since P. aeruginosa is common in the environment, especially in water [18, 19], the bacterium is a cause of community
acquired infections. They include folliculitis (due to hot tubs, whirlpools, or contaminated sponges) [20, 21], puncture
wound osteomyelitis [22, 23], otitis externa in swimmers [24, 25], corneal ulcers, keratitis associated with soft contactlens wear [26], pneumonia [27, 28], endocarditis (mainly in intravenous drug abusers) [29], peritonitis infection in
patients undergoing continuous ambulatory peritoneal dialysis [30, 31], and community-acquired bacteremia and
pneumonia (mainly in patients with AIDS) [32, 33].
1.3 Nosocomial infections
P. aeruginosa is responsible for an increasing proportion of infections acquired in the modern hospital setting
(nosocomial infections), especially in intensive care units (ICU) and in urology patients [34], and has held a nearly
unchanged position in the rank order of pathogens causing ICU infections during the last 4 decades [35].
The application of molecular typing methods allowed identifying ICU tap water as a significant source of exogenous
P. aeruginosa isolates [36]. Hospital reservoirs for the microorganism include respiratory equipment, bronchoscopes,
antiseptics, disinfectants, soaps, sinks and faucets, and physiotherapy/hydrotherapy pools. Horizontal transmissions
between patients have long been considered the most frequent source of P. aeruginosa infections, including direct
patient contact and spread from patient to patient on the hand of hospital personnel [35]. Specific interaction between
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both patient colonization pressure and selective antibiotic pressure is the most relevant factor for P. aeruginosa
acquisition in an ICU [37].
P. aeruginosa has a remarkable capability to colonize certain subgroups of patients. Risk factors in ICU include
length of stay; mechanical ventilation, acute respiratory failure or source of infection in respiratory tract; widespread
use of antibiotics; use of invasive medical devices, e.g. central vein catheter and urinary catheters; and wounds from
surgery or from burns [38, 39]. In centers for disease control and prevention, risk factors of P. aeruginosa infection are
some diagnostic procedures, e.g. transrectal ultrasound-guided prostate biopsies [40] and endoscopic retrograde
cholangiopancreatography [41].
1.5 Antibiotic resistance
Of all the infections caused by P. aeruginosa, bacteremia (an invasion of the bloodstream by bacteria) is one of the
most severe [42]. P. aeruginosa has been consistently associated with the highest case-fatality rate for any of the
bacteraemic gram-negative infections [43]. The major risk factor associated with an increased mortality rate in patients
with P. aeruginosa bacteremia is antimicrobial resistance [44, 38]. A number of mechanisms of antibiotic resistance in
P. aeruginosa have been studied, including: (i) AmpC type -lactamases, enzymes (EC 3.5.2.6 ) that provide resistance
to -lactam antibiotics by breaking a common element in their molecular structure, viz., a four-atom ring, and thereby
deactivating the molecule's antibacterial properties [45]; (ii) downregulation of the outer membrane protein OprD, a
carbapenem-specific porin [46]; (iii) multi-drug efflux pumps [47]; (iv) ability of the organism to form a biofilm, i.e.
community of microorganisms embedded in extracellular polymeric substances matrix [48, 49]; (v) possible transfer of
a 16S rRNA methylase gene from Actinomycetes [50].
1.6 Virulence factors
It is surprising, that pseudomonades are not more common pathogens, considering their ubiquitous presence, ability to
grow in virtually any environment, resistance to many antibiotics and virulence factors. The latter means specific
substances (cell-associated and extracellular) that enable a microorganism to establish itself on or within a host and
enhance its potential to cause disease via adhesion, colonization, invasion, inhibition of immune response and ability to
cause tissue damage. Virulence in P. aeruginosa is both multifactorial and combinatorial, the result of a pool of
pathogenicity-related genes that interact in various combinations in different genetic backgrounds [51].
In accordance with data base 'Virulence factors of pathogenic bacteria' (http://www.mgc.ac.cn/cgibin/VFs/genus.cgi?Genus=Pseudomonas), main virulence factors of P. aeruginosa include those implicated in
adherence (flagella, type IV pili, lypopolysaccharides), antiphagocytosis (alginate) and iron uptake (siderophores
pyochelin and pyoverdine). Besides, virulence factors include three secretion systems (type III secretion system (T3SS)
for secretion of fore exotoxins, type VI secretion system known also as a hexameric protein (Hcp1) secretion island I
(HSI-I) and type II secretion system known also as Xcp secretion system). In addition, virulence factors include toxins
proper (ExoA (ADP-ribosyltransferase secreted by type II secretion system), highly related ADP-ribosyltransferases
ExoS and ExoT, phospholipase ExoU and adenylate cyclase ExoY (all are secreted by T3SS), phospholipases C (PlcH,
PlcN and PlcB) known as haemolysins and toxic pigment pyocyanin. The list of virulence factors is completed by
proteases (alkaline protease secreted by type I secretion system; serine protease LasA and zinc metalloproteinase LasB,
both secreted by type II secretion system), and biosurfactants rhamnolipids. Two different types of regulation systems
control the expression of the majority of these virulence factors: the two-component transcriptional regulatory system
and the quorum sensing system.
T3SS and related effector toxins, viz., ExoS, ExoT, ExoU and ExoY, are the subjects of the review. We pay special
attention to data, related to biochemical activities and cellular targets of T3SS effectors, and molecular mechanisms
leading to cytotoxicity and blocking of phagocytosis, two most proven consequences of enzymatic activity of fore
exoenzymes.

2. T3SS
Six different classes of secretion systems have been described in Gram-negative bacteria, five of them are in
P. aeruginosa [52].
The type III secretion system (T3SS) is a needle-like nanomachine that injects virulence proteins (exotoxins) directly
into eukaryotic cells to initiate infection. Injected exotoxins initiate and maintain infection by manipulating host cell
biology, such as cell signaling, secretory trafficking, cytoskeletal dynamics, and the inflammatory response. T3SS is
essential for survival and pathogenesis of many Gram-negative bacteria, including Pseudomonas, Salmonella,
Escherichia, Shigella, Yersinia, and Chlamydia spp.
This complex macromolecular machine works in a highly regulated manner and can manipulate the host cell in many
different ways. Since P. aeruginosa is an opportunistic pathogen in humans, it is unlikely that the T3SS evolved as the
result of pressures to survive within host. The natural target of the P. aeruginosa T3SS is unclear. Probably, this system
may have evolved to ward off environmental predators (e.g. amoebae [53] that inhabit the soil and water), and broad
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conservation of targeted substrates across eukaryotic organisms resulted in a system that also is active against human
cells.
The current knowledge of the structure and function of the P. aeruginosa T3SS is summarized in reviews of Galle M.
et al. [54] and Hauser A.R. [55]. In addition, T3SS recognition by the immune system was reviewed by Galle M. et al.
[54].
The P. aeruginosa T3SS consists of five functional parts [55]:
(i) numerous proteins that comprise the secretion machine itself (the needle complex);
(ii) three translocator proteins, PopB, PopD, and PcrV, that comprise the targeting apparatus translocating secreted
proteins into host cells;
(iii) fore regulatory proteins, ExsA, ExsC, ExsD, and ExsE, that regulate the secretion process;
(iv) chaperones, small bacterial cytosolic proteins that assist the assembly and operation of the T3SS; class I, class II
and class III chaperones assist the pore forming proteins, the needle-like structure, and the effector toxins, respectively;
(v) fore effector proteins (exotoxins), ExoS, ExoT, ExoU, and ExoY, that are actually injected into host cells.
The needle complex (also known as the injectisome), is composed of a basal body spanning both bacterial
membranes and the periplasm, and an external needle protruding from the bacterial surface. A set of three translocator
proteins is required to allow translocation of exotoxins from the bacterium to the host cell cytoplasm. These
translocators are themselves secreted by the needle complex and involved in the formation of a translocation pore (also
known as the translocon) in the host cell membrane. The two hydrophobic translocators, PopB and PopD, insert into the
target cell membrane. The hydrophilic translocator, PcrV, forms a complex on the distal end of the injectisome needle,
the tip complex, and serves as an assembly platform for the two hydrophobic translocators [56]. Importantly, though
much of the T3SS mediated damage is caused by the translocated exotoxins, there is increasing evidence that insertion
of the needle complex itself can contribute to host cell injury [57].
Linkage of T3SS transcription to protein secretion is achieved through the interactions of four regulatory proteins:
ExsA (that directly binds the promoters of T3SS genes), ExsC, ExsD, and ExsE. When secretion is turned off, ExsE
accumulates within the bacterium and binds ExsC, allowing ExsD to bind ExsA, and thus preventing transcription of
T3SS genes. When secretion is activated, the regulatory protein ExsE is secreted from the cell, allowing ExsC to bind
ExsD. Sequestration of ExsD frees the transcriptional activator ExsA, resulting in unimpeded transcription of T3SS
genes [55]. The detailed discussion of transcriptional regulation of the P. aeruginosa T3SS is in review of Yahr T.L.
and Wolfgang M.C. [58].
The signal that triggers the expression of T3SS genes is commonly known as direct host cell contact sensed by the
T3SS needle, but the exact signaling mechanism is not known [54]. It was shown that induction of T3SS is a part of
P. aeruginosa response to limiting oxygen stress in host. Microaerobic induction of the T3SS is dependent on global
anaerobic stress response regulator Anr that triggers gene expression of a range of target genes, including the response
regulator narL. Microaerobic induction of the T3SS is mediated through direct NarL transcriptional repression of the
small RNAs, rsmY and rsmZ, which allow the global post-transcriptional regulator RsmA protein to regulate the T3SS
[59]. The mechanisms that may control type 3 secretion are reviewed by Barison N. et al. [60].
Recent evidences suggest that the proton motive force is the primary energy source for T3SS; possible mechanisms
wherewith the proton motive force is converted to protein export were discussed in review of Lee P.C. and Rietsch A.
[61].
2.1 Distribution of secretion toxins-encoding genes in nosocomial/environmental isolates and relative
contributions of toxins to virulence of P. aeruginosa
Effector proteins secreted by T3SS have been shown to contribute significantly to the virulence of P. aeruginosa in
multiple in vivo animal models [62 - 69]. Furthermore, analysis of P. aeruginosa clinical isolates has also shown a clear
correlation between expression of T3SS effectors and increased disease severity and patient mortality [70].
Interestingly, despite the importance of T3SS in dictating clinical outcomes and promoting disease in animal models of
infections, clinical isolates often do not express T3SS in vitro and can cause disease in a T3SS-independent manner
[71].
Commonly accepted, that acute P. aeruginosa infections are associated with planktonic or free-floating cells, high
virulence and fast growth. Conversely, chronic infections are associated with the biofilm mode of growth, low virulence
and slow growth that resembles that of planktonic cells in stationary phase. Acute bacterial infections are associated
with motility and cytotoxicity via T3SS, while chronic infections are linked to reduced virulence. In other words,
biofilm formation and T3SS are reciprocally regulated, and virulence factors related to acute infection may be
incompatible with biofilm formation.
It was shown recently [72] that biofilms are more similar to planktonic cells in exponential phase than to those in
stationary phase. Moreover, biofilms express T3SS, whereas planktonic cells do not. Thus, biofilm formation and T3SS
are not mutually exclusive in P. aeruginosa. In other study [66], comparison of strains from the same CF patient
isolated at the initial onset of P. aeruginosa infection and more than a decade later was performed. It was shown that
initial strains were more cytotoxic than chronic strains that have evolved to reduce T3SS. Moreover, constitutive
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expression of genes for T3SS restored ExoS secretion but did not always reestablish cytotoxicity, which suggests that
CF strains accumulate a number of mutations to reduce bacterial toxicity to the host.
In study of Feltman et al. [73] southern hybridization analyses and PCR were performed on over 100 P. aeruginosa
isolates (clinical isolates obtained from urine, endotracheal, blood and wound specimens, from the sputum of CF
patients, and environmental isolates) to determine the distribution of secretion toxins-encoding genes. Each isolate
contained the popB gene that was used as a marker for the large chromosomal locus encoding the T3SS proteins. The
exoS, exoU and exoY genes were detected in 72%, 28% and 89% isolates, respectively. An inverse correlation was
noted between the presence of the exoS and exoU genes since all isolates except two contained either exoS or exoU but
not both. No significant difference in exoS, exoU or exoY prevalence was observed between clinical and environmental
isolates or between isolates cultured from different disease sites except for CF respiratory isolates. CF isolates harbored
the exoU gene less frequently and the exoS gene more frequently than did isolates from other sites of infection. These
results suggest that the P. aeruginosa T3SS is present in nearly all clinical and environmental isolates but that
individual isolates and populations of isolates from distinct disease sites differ in their effector genotypes.
In other study [74] multiplex PCR was performed on the 85 P. aeruginosa isolates (68 nosocomial and 17
environmental isolates) to detect the secretion toxins-encoding genes. The prevalence of the genes among all isolates
was as follows; exoT - 100%, exoS - 40%, exoY - 83.5% and exoU - 62.4%. No significant differences in exoS, exoY and
exoU prevalence were observed between nosocomial and environmental isolates or between isolates from different sites
of infection. ExoS and exoU genes were mutually exclusive; almost all isolates contain either exoS without exoU or
exoU without exoS.
While almost no strain encodes or secretes all four effectors, the commonly found combinations of ExoU/ExoT or
ExoS/ExoT provides redundant and failsafe mechanisms to cause mucosal barrier injury, inhibit many arms of the
innate immune response, and prevent wound repair [75]. The data are consistent with other studies showing that the
T3SS phenotype of most clinical isolates of P. aeruginosa is ExoS–/ExoTlow/ExoUlow/ExoY– or
ExoSlow/ExoTlow/ExoU–/ExoYlow. The latter phenotype tends to be more invasive but less cytotoxic in the lung [76 78].
Comparison of the relative contributions of ExoU, ExoS and ExoT effector toxins to mortality, bacterial persistence
in the lung, and dissemination in a mouse model of acute pneumonia indicated that secretion of ExoU had the greatest
impact, ExoS had an intermediate effect, and ExoT had a minor effect [64]. The data are consistent with those obtained
in an analogous animal model [66]. In strain PAK, ExoS was identified as the major cytotoxin required for colonization
and dissemination during infection. ExoT conferred protection of tissue culture cells from T3SS -dependent lysis, while
ExoY had little effect on cytotoxicity. ExoU was over 100-fold more cytotoxic than ExoS [66].
ExoS, ExoT, ExoY, and ExoU all possess enzymatic activities that disrupt host cellular physiology and prevent
bacterial clearance by host defense mechanisms. Commonly accepted that each of three effectors, ExoS, ExoT, and
ExoY, alter mammalian cell morphology in culture without causing a loss of cell viability. ExoU is the most toxic and
destructive effector that causes rapid necrotic death in many cell types [55]. Cooperation between ExoS, ExoT and
ExoU does not translate into a synergistically significant enhancement of disease severity in a mouse model of
pneumonia; indeed, in vitro cytotoxicity and anti-internalization activities were not enhanced when effector proteins
were secreted in combinations rather than alone [65].
2.2 Structure of T3SS exotoxins, their enzymatic activity and consequences for target human cells
2.2.1 ExoS and Exo T
ExoS is a 49 kDa protein, bifunctional toxin with GTPase activating protein (GAP) activity and ADP-ribosyltransferase
(ADPRT) activity. Besides two domains responsible for enzymatic activity, ExoS contains the C-terminal chaperone
binding site, membrane localization domain and N-terminal cofactor binding site. Human cofactor for ExoS activation
known as FAS, factor activating ExoS, belongs to 14-3-3 protein family. Substrates for GAP activity are small
GTPases, RhoA, Rac1, and Cdc42; substrates for ADPRT activity are ezrin, radixin, moesin, vimentin, cyclophilin A,
apolipoprotein A1 and numerous members of small GTFases (Rho family, Ras, Rac1, Cdc42; Rab family, Rabs 1, 3, 5,
7, 8, and 11; Ras family, RalA, Rap1, Rap2) [55].
ExoT is a 53 kDa protein that demonstrates 76% homology with ExoS. Similarly to ExoS, ExoT has both GAP and
ADPRT activities and use the cofactor for activation that belongs to 14-3-3 protein family [55]. The GAP activity of
ExoT is directed against substrates identical to that of ExoS. Substrates for ADPRT activity of ExoT are Crk (CT10
(chicken tumor virus number 10) regulator of kinase) adaptor proteins, Crk-I and Crk-II [55].
Interestingly, ExoS and ExoT share 76% amino acid identity but ADP-ribosylate different substrates. It was shown
by protein modeling and site-directed mutagenesis that regions B, C and E of ExoS are necessary and sufficient to
recognize ExoS targets, whereas analogous regions of ExoT are necessary but not sufficient to recognize ExoT targets,
such as the Crk proteins. A specific Crk recognition motif on ExoT was defined as region A [79]. The data can explain
how ExoS and ExoT recognize their unique substrates.
Human cofactors for ExoS/ExoT activation, 14-3-3 proteins, serve as regulatory factors that modulate a wide variety
of cellular functions, including cell cycle progression, protein trafficking, and apoptosis [80]. These cofactors are
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absolutely required for ADPRT activity of ExoS and ExoT, which implies that their ADPRT activity is inhibited until
exotoxins are injected in the host cell cytosol to prevent them from harming the bacteria.
For each exotoxin, a consequence of enzymatic activity depends on biological function of substances accepted as
substrates. For this reason, we indicate the biological function of the above mentioned substrates of ExoS and ExoT and
describe in details some of the known mechanisms explaining how ExoS and ExoT enzymatic activity results in
disturbance of human cell morphology and functions.
Regulatory GTPases, RhoA, Rac1, and Cdc42 (substrates of ExoS and ExoT GAP activity) are the three most
common members of the Rho family. They maintain the organization of the actin cytoskeleton [81]. In addition, Rho,
Rac and Cdc42 are implicated in the regulation of epithelial apical junctional complex that plays a role in barrier
function of epithelia [82]. Moreover, Rho GTPases control multiple cellular processes through their ability to bind to
downstream effectors, which leads to diverse parallel signaling pathways [83]. In fact, over 60 targets of the three
common Rho GTPases have been found [84].
These regulatory GTPases normally switch between an active GTP-bound form and an inactive GDP-bound form;
the former binds effector(s) and the latter releases the bound effector(s). In this way, small GTPases transduce an
upstream signal to a downstream effector(s) [81]. Importantly, regulatory GTPases are implicated in two distinct
mechanisms of phagocytosis: type I mechanism, used by the immunoglobulin receptor, is mediated by Cdc42 and Rac,
and type II mechanism, used by the complement receptor, is mediated by Rho [85]. The ExoS/ExoT GAP domain
biases the switch towards inactive form of GTPases, which leads to disruption of the actin cytoskeleton in phagocytes
and results in decreased internalization of P. aeruginosa. Thus, GAP activity of ExoS/ExoT is important in preventing
phagocytosis of the pathogen.
Substrates of ExoS ADPRT activity are more diversible [55]. Ezrin, radixin and moesin, known as ERM proteins, are
closely related members of the band 4.1 superfamily that crosslink the actin cytoskeleton to several transmembrane
proteins [86]. Vimentin is a type III intermediate filament protein that comprises the cytoskeleton along with tubulinbased microtubules and actin-based microfilaments [87]. Cyclophilin A is peptidyl prolyl cis-trans isomerase that
regulates protein folding and trafficking [88]. Apolipoprotein A1 has a specific role in lipid metabolism and is the major
protein component of high density lipoprotein in plasma [89]. All small GTPases identified as targets of ExoS ADPRT
activity belong to Ras superfamily. The Ras family regulates gene expression and cell proliferation, the Rho family
regulates cytoskeletal reorganization and cell morphology, the Rab family regulates vesicle trafficking [81, 90].
Substrates of ExoT ADPRT activity, Crk adaptor proteins, play an important role during cellular signaling by
mediating the formation of protein complexes; Crk-activated signal transduction cascades include the modulation of cell
adhesion, cell migration and immune cell responses [91], in particular, immune responses mediated by T, B and natural
killer cells [92]. Moreover, CrkI and CrkII function as key signaling integrators for migration and invasion of cancer
cells [93].
In theory, ADP-ribosylation (the addition of one or more ADP-ribose moieties to a protein) alters the function of
substrate protein dramatically and is involved in many cellular processes, including cell signaling, DNA repair, gene
regulation and apoptosis [94].
Next, we give two examples to illustrate how ADPRT activity of ExoS and ExoT leads to disruption of the
cytoskeleton; moesin and Crk adaptor proteins are used as substrates, respectively.
A possible mechanism explaining the role of ExoS ADPRT activity in modification of the actin cytoskeleton was
proposed by Maresso A.W. et al. [95]. In the study, moesin was identified as a target of ExoS in cultured cells. It was
shown that ExoS ADP-ribosylates moesin at three C-terminal arginines, which clusters Thr558, the site of
phosphorylation of the protein by kinase C and Rho kinase. Phosphorylation of moesin and other ERM proteins at the
conserved threonine residues leads to disruption of interactions between N and C domains and exposure of the high
affinity F-actin binding site, which promotes F-actin binding. ADP-ribosylated moesin becomes a poor target for
phosphorylation by two kinases that results in actin cytoskeleton reorganization and cell rounding.
The ADP ribosylation of identified ExoS substrates results in inhibition of DNA synthesis, endocytosis and vesicular
trafficking, and apoptotic-like cell death [55].
Functional mechanisms explaining the role of Crk adaptor proteins in actin cytoskeleton dynamics were elucidated in
study of Sato M. et al. [96]. Crk proteins comprise SH2 and SH3 domains that are components of the integrin signaling
pathway leading to Rac1 and Rap1 functions. Crk binds and activates abelson murine leukemia viral oncogene homolog
1 (Abl) kinase, a protein implicated in cell differentiation, cell division, cell adhesion, and stress response. It induces
increased tyrosine phosphorylation of Crk-associated substrate, p130Cas, a docking protein that plays a central
coordinating role for tyrosine-kinase-based signaling related to cell adhesion. The phosphorylated p130Cas then binds
the Crk SH2 domain, while dedicator of cytokinesis, DOCK180, a protein involved in intracellular signaling, binds the
Crk SH3 domain, resulting in ternary complex p130Cas-Crk-DOCK180. Formation of the complex is sufficient to
activate Rac1 and localize it to focal adhesion (FA) sites, the sub-cellular structures that connect the cell cytoskeleton to
the extracellular matrix and mediate the regulatory effects of a cell in response to environment [97]. The Arg20 located
within the SH2 domain of CrkI was identified as the site of ADP-ribosylation by ExoT. ADP-ribosylated CrkI failed to
bind upstream signaling molecule p130Cas. Thus, the ADP-ribosylation of Crk uncouples integrin signaling by direct
inhibition of the binding of Crk to FA proteins, that results in inhibition of cell migration and cell rounding [98, 99].
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Both domains of ExoT cooperate to inhibit mammalian cytokinesis. GAP-mediated inhibition of cytokinesis occurs
early, likely as a consequence of its inhibitory effect on RhoA. The domain of ExoT with ADPRT activity inhibits late
steps of cytokinesis by blocking syntaxin-2 localization to the midbody (a transient structure that connects two daughter
cells at the end of cytokinesis), an event essential for completion of cytokinesis [100]. Thus, each of ExoT enzymatic
domains inhibits cytokinesis in a kinetically, morphologically, and mechanistically distinct manner. It results in delayed
wound healing [101], which allows P. aeruginisa to invade through breaches in the mucosal barriers.
It was shown that ADPRT activity of ExoT is both necessary and sufficient to cause apoptosis in HeLa cells via
activation of the mitochondrial/cytochrome c-dependent apoptotic pathway [102]. Similarly, the virulence of ExoS was
largely dependent on its ADP-ribosyltransferase activity; the GAP activity of this protein had only a minor effect in
vivo. It was proven by comparison of infection with isogenic P. aeruginosa mutants secreting wild-type ExoS, ExoS
defective in GAP activity and ExoS defective in ADPRT activity [64].
In sum, both GAP and ADPRT activities of ExoS/ExoT lead to disruption of the actin cytoskeleton and apoptosislike cell death. The apoptosis induced by ExoT occurs later than ExoS-induced apoptosis [102]. Impact of ADPRT
activity on toxic properties of ExoS/ExoT is more substantial than such of GAP activity. In addition, ADPRT activity of
ExoS mediates cytotoxicity while such of ExoT interferes mainly with host cell phagocytic activity. Since phagocytes
are targets of ExoT GAP activity, this exotoxin is important in preventing phagocytic uptake of P. aeruginosa.
Mutations in the gene encoding ExoS were used to differentiate the mechanisms underlying the effects of ExoS
enzymatic activities on P. aeruginosa internalization and ExoS translocation in model of highly migratory T24
epithelial cells [103]. Inactivation of ExoS GAP activity allowed P. aeruginosa to be internalized and secrete ExoS
within T24 cells, but as with wild-type ExoS, translocation of ExoS was limited in association with disruption of actin
anchoring. Inactivation of ExoS ADPRT activity resulted in significantly enhanced ExoS translocation by bacterial cells
that remained extracellular, and this occurred in conjunction with maintenance of actin-plasma membrane association.
Infection with P. aeruginosa expressing ExoS lacking both GAP and ADPRT activities resulted in the highest level of
T3SS translocation, and this occurred in conjunction with the entry and alignment of P. aeruginosa and ExoS along
actin filaments. The data suggest that ExoS ADPRT activity contributes to the opportunistic nature of P. aeruginosa
infection through its ability to exert cytotoxic effects that interrupt ExoS translocation and P. aeruginosa internalization,
which in turn limit the P. aeruginosa infectious process.
In other study was shown that invasive P. aeruginosa can enter epithelial cells wherein they mediate formation of
plasma membrane bleb-niches for intracellular compartmentalization using ADPRT activity of ExoS [104]. The
mutants lacking the capacity to induce bleb-niches are located in perinuclear vacuoles and their viability is suppressed
by vacuolar acidification. Indeed, the ADP-ribosylation domain of ExoS is important for intracellular replication of P.
aeruginosa [105]. In sum, T3SS effectors can participate in pathogenesis without translocon-mediated translocation
across host membranes and ADPRT activity of ExoS contributes to P. aeruginosa pathogenesis within epithelial cells.
Moreover, the pathogenesis of P. aeruginosa keratitis in ExoS- and ExoT-producing strains is almost entirely due to
their ADPR activities, which subvert the host response by targeting the antibacterial activity of infiltrating neutrophils
[106]. Indeed, the ADP-ribosyltransferase activity of ExoS was responsible for inhibition of phagocytosis in mouse
model of pneumonia, which led to bacterial persistence and decreased host survival [69]; blocking the activity of ExoS
may have potential therapeutic benefit.
More recently it was shown that ExoT induces potent apoptosis in host epithelial cells in a manner that primarily
depends on its ADPRT activity. The mechanism underlying apoptosis includes ExoT/ADPRT disruption of focal FA
sites, and activation of p38 (mitogen-activated protein kinase, MAPK) and JNK (c-Jun N-terminal kinase, other
member of MAPK family), two kinases that regulate apoptosis. It interferes with integrin-mediated survival signaling
and leads to atypical anoikis mediated by the Crk adaptor protein [107]. Crk is generally believed to be a component of
FA but it is not required for FA assembly or for host cell survival per se. However, when Crk is modified by ExoT, it
transforms to a cytotoxin that induces anoikis by disrupting FA sites and interfering with integrin survival signaling.
This is the first example whereby a bacterial toxin exerts its cytotoxicity by subverting the function of an innocuous
host cellular protein and turning it against the host cell.
Interestingly, ExoS not only has a T3SS contact-dependent intracellular function in cytotoxicity but can also interact
as a soluble extracellular protein with T cells and monocytes [108, 109]. This results in T cell apoptosis and
proinflammatory cytokine and chemokine production by activated monocytes [110, 111]. ExoS has been reported to
activate monocytic cells via a MyD88-dependent pathway, using both TLR2 and TLR4; TLR2 and TLR4 activities
were localized to C-terminal and N-terminal domains of ExoS, respectively [112]. In contrast, T3SS-mediated injection
of ExoS in macrophages negatively regulates P. aeruginosa induced proteolytic maturation and secretion of the
proinflammatory cytokine IL-1 [113], indicating that ExoS has different immune regulatory functions dependent on its
location. Moreover, ExoS deficiency also switched the mode of macrophage death from apoptosis to pro-inflammatory
pyroptosis [113].
One more function of ExoS is support of translocation of endogenous P. aeruginosa from the colonized intestinal
tract that is considered the most important reservoir of the bacterium in ICU. It was shown that the translocation is
mediated by the binding of ExoS to an Na,K-ATPase regulator, FXYD3. In turn, Na,K-ATPase controls the structure
and barrier function of tight junctions in epithelial cells. Thus, ExoS impairs the defense function of tight junctions
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against bacterial penetration [114]. ExoS has been linked to a higher incidence of dissemination to the bloodstream in
patients with hospital-acquired pneumonia [115]. It was shown that phagocytic cells, primarily neutrophils, were
targeted for injection with ExoS early during infection, but type I pneumocytes became increasingly injected at later
time points. The increased size of discrete regions designated as fields of cell injection (FOCI) was associated with
enhanced disruption of the pulmonary-vascular barrier and increased bacterial dissemination into the blood, both of
which were dependent on the ADPRT activity of ExoS [115].
Unexpected result was that ExoT targets six proteins that are required for survival and proliferation of tumour cells
[116], which suggests that ExoT is a possible chemotherapeutic candidate for the treatment of cancer resistant to current
chemotherapeutic drugs.
2.2.2 ExoU
ExoU is a 74 kDa protein. Besides potation-like domain responsible for phospholipase A2 activity, ExoU contains the
N-terminal chaperone binding site and C-terminal membrane localization domain. Indeed, ExoU contains the bridging
domain that consists of two subdomains; the first part of the bridging domain precedes the catalytic region and the
second part connects phospholipase and membrane-binding domains, the latter of which displays specificity to
phosphatidylinositol 4,5-bisphosphate, PI(4,5)P2 [117]. ExoU shaperone, SpcU, maintains the N-terminus of ExoU in
an unfolded state, required for secretion. The phospholipase domain carries an embedded catalytic site whose position
within ExoU does not permit direct interaction with the bilayer, which suggests that ExoU must undergo a
conformational rearrangement in order to access lipids within the target membrane [117].
ExoU has been shown to carry phospholipase activity with broad substrate specificity which relies on an essential
catalytic dyad (Ser142/Asp344) [118 - 120], as is the case for other phospholipases. Enzymes with phospholipase A2
activity hydrolyze the sn-2 ester bond of phospholipids, major components of host cell membranes, and thus play a role
in membrane disruption, fatty acid release, and in many cases, signal transduction [121-123]. Indeed, enzymatic activity
of ExoU leads to production of lysophospholipids, metabolites that modify the function of membrane proteins including
ion channels [124].
Initially, the Cu2+, Zn2+-superoxide dismutase (SOD1) was identified as a cofactor for ExoU activation, though its
enzymatic activity was not required [125]. It was shown later, that ExoU was activated by ubiquitylated SOD1 and
other ubiquitylated mammalian proteins, and ubiquitin was recognized as a true activator of ExoU [126].  model for
complex formation between ExoU and monoubiquitin was proposed by Anderson DM. et al. [127]. ExoU becomes
ubiquitinated on Lys178 (in catalytic domain), a modification which has a small effect on its intracellular turnover rate
[128]. Both transfection experiments and infection of eukaryotic cells with ExoU-secreting bacteria show that ExoU
ubiquitination results in its co-localization with endosomal markers. This could reflect an attempt of the infected cell to
target ExoU for degradation in order to protect itself from its toxic action [117]. The PI(4,5)P2 was identified as another
important coactivator of ExoU [129]. PI(4,5)P2 works synergistically with ubiquitin to greatly enhance the
phospholipase A2 activity of ExoU. Distinct residues of ExoU were critical for activation by PI(4,5)P2 and by
ubiquitin, indicating that these factors activate ExoU by discrete mechanisms. In support of the biological relevance of
PI(4,5)P2 coactivation, a yeast mutant with reduced PI(4,5)P2 levels was less susceptible to the cytotoxic activity of
ExoU. Further elucidation of the structural mechanism of ExoU activation may provide a rational approach to the
design of inhibitors that can diminish tissue damage during infection by ExoU-producing strains of P. aeruginosa.
Unlike ExoS, when administered extracellularly, ExoU is unable to intoxicate epithelial cells in culture, even in the
presence of the cofactor. Injection or transfection of ExoU is necessary to observe the acute cytotoxic response.
Biochemical approaches indicated that ExoU is capable of utilizing PI(4,5)P2 as a substrate. In eukaryotic cells,
PI(4,5)P2 is mainly located in the cytoplasmic side of the plasma membrane and anchors adaptor proteins that are
involved in cytoskeletal structures, focal adhesions, and plasma membranes. Time-lapse fluorescent microscopy
analyses of infected live cells demonstrated that in the early phases of infection ExoU intoxication correlated with
intracellular damage, such as disruption of focal adhesions, cytoskeletal collapse, actin depolymerization, and cell
rounding. At later time points, a membrane blebbing phenotype was prominent prior to the loss of the plasma
membrane integrity [130].
ExoU enzymatic activity results in rapid lysis of many mammalian cell types. Isogenic mutants of P. aeruginosa
secreting catalytically inactive ExoU were noncytotoxic and did not cause acute lung injury or death of the infected
mice, as opposed to wild-type bacteria [131]. In a mouse model of acute pneumonia, delaying expression of exoU
enhanced clearance of bacteria and survival of infected mice [68]. In other study [132] it was shown that P. aeruginosa
persists in the lungs of acutely infected mice by an ExoU- and neutrophil-dependent mechanism. The recruited
phagocytes were identified as a major target of ExoU intoxication. Seemingly, inhibition of the ability of these cells to
eradicate pathogen (i.e. immunosupression) contributes to both the high mortality and the frequency of polymicrobial
infections associated with P. aeruginosa human acute pneumonia.
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2.2.3 ExoY
ExoY is a 41 kDa protein with adenylate cyclase activity. Substrate of ExoY is ATP; host cofactor for activation still is
not identified. Injection of ExoY into mammalian cells results in an elevation of intracellular 3',5'-cyclic adenosine
monophosphate (cAMP) concentration [78] and differential expression of multiple genes, including many known to be
regulated by cAMP. This leads to disruption of the actin cytoskeleton [129], increased endothelial permeability [134]
and inhibition of bacterial uptake by host immune cells [132]. Such activities would be predicted to lead to more severe
disease.
The immune effector cells appear to be the primary target of ExoY and other known bacterial adenylate cyclase
toxins, which facilitate the survival of the pathogenic bacteria in the host [135].
Another target of ExoY is edothelial cells. ExoY was identified as an edema factor that chronically impairs
endothelial cell barrier integrity following lung injury [136]. In this in vitro study, microtubule breakdown and
interendothelial cell gap formation caused by ExoY were detected, and gaps were not repaired even 3-5 days after
removal of bacteria.
Since ExoY increases the cytoplasmic levels of cAMP [78], it decreases endothelial barrier integrity in accordance
with the concept of cAMP compartmentalization proposed by Sayner SL [137]. Cyclic AMP generated in the subplasma
membrane compartment acts through two ubiquitously expressed intracellular cAMP receptors, the classic protein
kinase A/cAMP-dependent protein kinase (PKA/cAPK) and the recently discovered exchange protein directly activated
by cAMP/cAMP-regulated guanine nucleotide exchange factors (Epac/cAMP-GEF) [138], to tighten cell adhesions,
strengthen cortical actin, reduce actomyosin contraction, and decrease permeability. Confining cAMP within the
subplasma membrane space is critical to its barrier-protective properties. When cAMP gains access to the cytosolic
compartment, or when soluble adenylyl cyclases generate cAMP within the cytosolic compartment, this second
messenger activates established cytosolic cAMP signaling cascades to perturb the endothelial barrier through PKAmediated disruption of microtubules.
Other mechanism is hyperphosphorylation of endothelial Tau proteins mediated by intracellular cAMP. It leads to
accumulation of insoluble Tau proteins dissociated from microtubules and results in large inter-endothelial gaps and
increased permeability in pulmonary microvascular endothelial cells [139, 140].
In sum, the disruption of epithelial/endothelial barriers by effector toxins allows P. aeruginosa to disseminate into
the bloodstream and pro-inflammatory mediators to leak into the systemic circulation, which leads to septic shock
[141]. Indeed, T3SS enhances the pro-inflammatory response, for example by triggering IL-1 maturation [113], and
this leads to acute lung injury. The death or impairment of alveolar neutrophils and macrophages mediated by exotoxins
leads to impairment of bacterial clearance from the lungs [132]. When P. aeruginosa are not eradicated from the
airway, there is a greater opportunity for T3SS to produce and/or inject more effector toxins into the host cells, which
results in characteristic symptoms of pneumonia induced by P. aeruginosa. This explains why T3SS-expressing
bacterial strains are associated with high mortality and bad prognosis.

3. onclusion
The T3SS is a needle-like nanomachine to inject virulence proteins (exotoxins) directly into eukaryotic cells to initiate
infection. Fore effector proteins of P. aeruginosa modulate a variety of cellular functions for the pathogen's benefit.
P. aeruginosa is invasive or cytotoxic to host cells, depending on the T3SS effectors encoded. ExoS is a 49-kDa form of
exoenzyme S, a bifunctional toxin that exerts ADPRT and GAP activity to disrupt the actin cytoskeleton, disturb
endocytosis and cell proliferation, induce apoptosis and mediate formation of plasma membrane bleb-niches for
intracellular compartmentalization of the bacterium. ExoT, a 53-kDa protein with 75% sequence homology to ExoS,
also exerts ADPRT and GAP activity to interfere with cell morphology and phagocytic activity of host immune cells.
ExoY is a nucleotidal cyclase that increases the intracellular levels of cyclic adenosine and guanosine monophosphates,
resulting in edema formation. ExoU, which exhibits phospholipase A2 activity is a major pathogenic cytotoxin that
causes alveolar epithelial injury and macrophage necrosis. The central role of T3SS effectors in pathogenesis of P.
aeruginosa infection makes them great targets for novel antimicrobial strategies. Antibody-mediated blocking of
proteins involved in translocation of T3SS exotoxins or inhibition of the enzymatic activity of exotoxins have the
potential to improve clinical outcome.
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