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Our laboratory first reported the complete sequence of the type III secretion system 
(T3SS) from a diarrheal isolate SSU of A. hydrophila. We identified an effector protein 
(designated as AexU) of the T3SS, which exhibited ADP-ribosyltransferase (ADPRT) 
and GTPase-activating protein (GAP) activity. AexU was successfully expressed in the 
HeLa cell Tet-Off system and I provided evidence that cells expressing and producing the 
full length AexU showed actin reorganization followed by apoptosis. Earlier, we showed 
that the ΔaexU null mutant was attenuated in a mouse model, and I now demonstrated 
that while the parental A. hydrophila strain could be detected in the lung, liver, and spleen 
of infected mice, the ΔaexU mutant was rapidly cleared from these organs resulting in 
increased survivability of animals. The GAP activity of AexU was mainly responsible for 
host cell apoptosis and disruption of actin filaments. Further, AexU prevented 
phosphorylation of c-Jun, JNK and IκBα and inhibited IL-6 and IL-8 secretion from 
HeLa cells. Our data indicated that AexU operated by inhibiting NF-κB and inactivating 
Rho GTPases. Importantly, however, when the ΔaexU null mutant was complemented 
with the mutated aexU gene devoid of ADPRT and GAP activities, a higher mortality 
rate in mice with concomitant increase in the production of proinflammatory 
cytokines/chemokines was noted. These data indicated that either such a mutated AexU is 
a potent inducer of them or that AexU possesses yet another unknown activity that is 
modulated by ADPRT and GAP activities and results in this aberrant cytokine/chemokine 
production responsible for increased animal death. 
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Introduction 

Aeromonas hydrophila is a Gram-negative bacterium associated with a variety of 

human diseases, such as gastroenteritis, cellulitis, bacteremia, soft tissue infection, 

peritonitis and hemolytic-uremic syndrome (19, 78, 83). Human infections can be 

acquired by contact with contaminated water or soil, and this organism has also been 

isolated from food samples, which has suggested its importance as a food-borne pathogen 

(8, 42, 81, 102). In addition to being prevalent in water sources, this bacterial pathogen is 

highly resistant to water chlorination especially when in biofilms and to multiple 

antibiotics (102). Consequently, A. hydrophila was included on the Environmental 

Protection Agency’s “Contaminant Candidate List” (27). 

Numerous virulence factors have been identified in the diarrheal isolate SSU of A. 

hydrophila, including enterotoxins, hemolysins, proteases, and most recently, an effector 

protein secreted via the type 3 secretion system (T3SS), refered to as AexU (119, 121, 

123).  The T3SS apparatus allows the translocation of bacterial effectors into the 

cytoplasm of eukaryotic cells. Once injected into the cytoplasm, these effectors can 

induce alterations of the cytoskeleton, signaling pathways, apoptosis, and in general, 

manipulate the host cells to the advantage of the bacteria.  

Previous studies showed that mice infected with the ΔaexU deletion mutant were 

significantly protected from mortality, indicating that AexU contributed to the virulence 

of A. hydrophila (123). Additionally, immunization of mice with the recombinant AexU 

protected them from subsequent lethal challenge dose of the WT bacterium (123). 

Increased phagocytosis was observed in murine macrophages infected with an ΔaexU 

mutant of A. hydrophila as compared to macrophages infected with the parental strain 

(123). 
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After the initial identification of AexU, I started studies to biologically 

characterize this T3SS effector protein. Sequence analysis of AexU showed that the NH2-

terminal domain has homology with other T3SS effectors, like AexT from A. salmonicida 

and ExoS/T from Pseudomonas aeruginosa, but the COOH-terminal domain of AexU 

was unique, with no homology to any known proteins in the NCBI database. Initial 

experiments indicated that AexU possessed ADP-ribosyltransferase (ADPRT) activity 

and once translocated into the host cell cytoplasm, was able to disrupt the actin 

cytoskeleton and apoptosis by the activation of caspase 3 (126). 

In the following study, I provided evidence that AexU also possessed GTPase-

activating protein (GAP) activity, prevented the phosphorylation of c-Jun, JNK and IκBα 

and inhibited IL-6 and IL-8 secretion from HeLa cells. Earlier, we showed that the ΔaexU 

mutant was attenuated in a mouse model, and now I have demonstrated that while the 

parental A. hydrophila strain could be detected in the lung, liver, and spleen of infected 

mice, the ΔaexU mutant was rapidly cleared from these organs resulting in increased 

survival of the animals. Importantly, however, when the ΔaexU mutant was 

complemented with the aexU gene devoid of ADPRT and GAP activities, a higher 

mortality rate with a concomitant increase in the production of proinflammatory 

cytokines was noted. These data indicated that either such a mutated AexU is a potent 

inducer of them or that AexU possesses yet another unknown activity that is modulated 

by ADPRT and GAP activities and results in aberrant cytokine production responsible for 

increased animal death. 
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Chapter 1:  Literature Review 

THE GENUS AEROMONAS 

The genus Aeromonas consists of 27 species that are motile Gram-negative rods 

and produce oxidase, catalase and nitrate reductase. They have the ability to ferment D-

glucose and trehalose (1). Initially, the genus Aeromonas was included in the family 

Vibrionaceae together with Vibrio and Pleisomonas, because of some shared 

characteristics like the presence in the ecosystems, disease spectra and phenotypic 

features (76). However, with the availability of new molecular techniques, in particular 

based on the 16S rRNA gene sequencing, the genus Aeromonas now has its own family 

(Aeromonadaceae) (77).  

At first, aeromonads were broken in two distinctive groups: the mesophilic and 

the psychrophilic group. Aeromonas hydrophila typified the mesophilic group, 

characterized by motile strains that grew well at temperatures between 35 and 37°C and 

caused human infections (77). The psychrophilic group comprises non-motile strains that 

grow at temperatures between 22 and 25°C and cause disease in fish (77). Later, there 

was an effort to redefine the mesophilic group through DNA studies; it was established 

that multiple hybridization groups existed within this group (106). Each one of these 

hybridization groups (HG) has numbers for defined species (for example, A. hydrophila 

was classified as HG1) (77). 

Aeromonads habitat is very diverse; they can be isolated from multiple aquatic 

habitats like freshwater bodies, estuarine waters, raw sewage, treated sewage and can also 

be found in chlorine-treated municipal drinking water (62). Additionally, they have been 

found in fish, foods, domesticated pets, invertebrate species and soil (77).    
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A. hydrophila, A. caviae and A. veronii species have been mainly isolated from 

clinical samples and are responsible for multiple human infections, including intestinal, 

extraintestinal and systemic infections (76). 

CLINICAL INFECTIONS ASSOCIATED WITH AEROMONAS 

Gastroenteritis 

The most common site for the isolation of aeromonads is the gastrointestinal tract, 

and diarrhea due to Aeromonas is a phenomenon described in both developing and 

industrialized countries. Aeromonas gastroenteritis usually presents as watery and self-

limited diarrhea accompanied by low fever, abdominal pain, vomiting and mild to 

moderate dehydration. This form accounts for 75% to 89% of all cases of Aeromonas 

gastroenteritis (77, 140). On the other hand, a dysenteric form is less common with 

frequencies between 3% and 22%, the symptoms include cramping abdominal pain 

together with mucus and blood in the stools (140). Aeromonas can also be responsible for 

subacute or chronic diarrhea, the symptoms are nonspecific and include multiple watery 

bowel movements per day, leading to a significant weight loss (77). Although not often,  

cholera-like disease has also been associated with Aeromonas characterized by non-

bloody rice-water diarrhea (62).  

Epidemiological studies have found that cultures from symptomatic and control 

individuals are positive for the three main species, A. hydrophila, A. caviae and A. veronii 

(76). The association of Aeromonas with traveler’s diarrhea was evaluated among Finnish 

tourist visiting Morocco, and Aeromonas spp. were isolated from 8.7% of the samples 

from the patients with diarrhea and from 1.4% of the non-diarrheal group (69). In the 

same study, Aeromonas was identified as the sole pathogen in 5.5% of the patients. These 

differences varied widely between studies, for example, 52.4% of Peruvian children with 
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diarrhea were positive for Aeromonas in contrast just 8.7% of the controls tested were 

positive. However, 50% of the children positive for Aeromonas had other 

enteropathogens present as well (103). In a prospective study of children in Chicago, 

Aeromonas spp. were isolated from 7.3% of the patients with diarrhea and from 2.2% of 

the controls (25). Recently, a cross-sectional survey in South Africa identified 

Aeromonas spp. as one of the five most common bacterial causes of diarrhea in patients 

attending public hospitals, with Aeromonas spp. isolated from 20.8% of the cases (115).  

Septicemia 

More than 80% of the cases of Aeromonas septicemia occur in 

immunocompromised individuals. In this group of patients the usual portal of entry is the 

gastrointestinal tract and those with myeloproliferative disorders or chronic liver disease 

are at the greatest risk (77). Also less common, Aeromonas septicemia could develop as a 

result of severe wound infection in trauma patients; in this case the infection is acquired 

from an exogenous source, most commonly by exposure to contaminated water, and the 

mortality rate is approximately 60% (76). In very rare cases, healthy individuals with no 

recognized risk factors and without major trauma can develop septicemia by Aeromonas 

and in this group of individuals the mortality rate is less than 20% (77). Also, the 

occurrence of Aeromonas-associated septicemia in burn patients that sustained injuries in 

38% to 80% of their body has been reported and in these cases the source of infection 

could be contaminated soil or water (12, 110). There are four species of Aeromonas 

recognized to cause septicemia, A. hydrophila, A. veronii, A caviae and A. jandei, and 

from these A. hydrophila is responsible for 65% of the mono-microbic infections (76). 
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Hemolytic Uremic Syndrome (HUS) 

A small number of HUS cases have been reported in the literature, the first case 

was reported in 1988 and A. sobria was identified as the causative agent (51). However, 

the first well documented case occurred in 1991, a 23 month old child developed HUS 

after an episode of bloody diarrhea caused by A. hydrophila. This strain showed 

cytotoxicity on Vero cells and the patient’s serum had high titers of cytotoxin 

neutralizing antibodies (17). A review of 82 cases of HUS by a Canadian group showed 

that 2 of these cases were caused by A. hydrophila, supporting the fact that Aeromonas 

can cause HUS (113). The latest case was reported in 2007, where a 40 year old male was 

infected with A. veronii and developed HUS after an episode of non-bloody watery 

diarrhea (51).  

Skin and soft tissue infection 

After the gastrointestinal tract, the integument and deeper soft tissues underlying 

the epidermis are the second most common anatomical sites from where Aeromonas spp. 

are isolated (76). The wound infections can range from mild pathologies affecting the 

subcutaneous surface like cellulitis to more serious illnesses affecting fascia, tendons, 

muscle, joints and bone (65, 77). Usually individuals are infected with Aeromonas after 

an abrasion or penetrating injury that allows the exposure of the tissue to environmental 

sources like soil or water. Most of the time, the lesions are located on the extremities. 

Another category includes individuals that suffer major trauma like airplane, automobile 

and boating accidents where pronounced tissue damage allows the introduction of soil, 

wood or metal contaminated with Aeromonas (65). Lately, the importance of Aeromonas 

as an emerging pathogen was recognized after natural disasters like the ones in New 

Orleans after hurricane Katrina and in Thailand after the tsunami in 2004 (73, 108). 
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Between December 2004 and January 2005, cultures from wounds and/or pus 

specimens were performed from patients with traumatic injuries that were transferred 

from 6 provinces of southern Thailand after the tsunami (73). The most commonly 

isolated pathogen from individuals with skin and soft tissue infections was Aeromonas 

spp. accounting for 22.6% of the infections, and within this group A. hydrophila was the 

predominant species followed by A. veronii biovar sobria (73). In the same study, the 

sensitivity to different antibiotics was tested and the data showed that only 21% of 

Aeromonas isolates were susceptible to cefazolin and only 23% were susceptible to 

amoxicilin-clavulanate. In contrast, those isolates were susceptible to amikacin, 

gentamicin, cefepime, cefotaxime, ceftazidime, ciprofloxacin, imipenem, and 

trimethoprim-sulfamethoxazole (73). 

In September 2005, environmental samples were collected within New Orleans 

after hurricane Katrina. The aim of the study was to determine hazards for humans and 

wildlife from pathogens and toxic materials in the floodwaters (108). Water samples were 

analyzed for the presence of coliforms as well as members of the genera Aeromonas and 

Vibrio. Two sampling locations, the Superdome and Charity Hospital, showed 

particularly high levels of Aeromonas spp. with bacterial densities of 2.6 x 107 and 5.6 x 

106 CFU/mL, respectively, and approximately 50% of these isolates corresponded to A. 

hydrophila (108). Due to the high levels of Aeromonas in the water samples, the authors 

indicated the high risk for contact and opportunistic infections after skin abrasions or 

cuts.  

Peritonitis 

Aeromonas-associated peritonitis is more frequent in Southeast Asia than in 

America or Europe (77). This kind of infection is usually found in middle-aged males 

with an underlying disease. Primary Aeromonas peritonitis, which results from the spread 
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of an infection from the blood or lymph to the peritoneum, is often detected in patients 

with liver disease (77). A retrospective study from January 1997 to December 2006 of 

patients with spontaneous bacterial peritonitis due to Aeromonas spp. showed that most 

of the infections were observed during the summer months and diarrheal episodes were 

more frequent in this group when compared with the subjects with spontaneous bacterial 

peritonitis caused by other bacteria (28). Within the group with peritonitis caused by 

Aeromonas, 93% had A. hydrophila and 7% A. sobria infection. 

Respiratory tract infections 

Respiratory infections caused by Aeromonas spp. include epiglottitis, empyema, 

lung abscesses and pneumonia and these infections have been described both in 

immunocompetent and immunocompromised individuals. The most common respiratory 

alteration due to infection with Aeromonas is pneumonia. In immunocompetent 

individuals, the infection usually appears after contact with an aquatic environment 

involving major trauma, as in near-drowning experiences (98). On the other hand, in 

patients with a preexisting condition, the respiratory infection appears to come from 

hematogenous dissemination from the gastrointestinal tract to the respiratory tract (98). 

For both groups, the patient’s condition deteriorates rapidly the and rapid demise is 

common (77).  

VIRULENCE FACTORS PRODUCED BY AEROMONAS 

Enterotoxins 

Aeromonas spp. produce multiple enterotoxins, including cytotonic and cytotoxic.  

Up to this time, two cytotonic enterotoxins have been identified in Aeromonas isolates, 

heat-labile (Alt) and heat-stable (Ast), which do not cause degeneration of the crypts and 
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villi of the small intestine (29). Additionally, a cytotoxic enterotoxin, called Act, also was 

identified and characterized from a diarrheal isolate SSU of A. hydrophila (114). 

The heat-labile cytotonic enterotoxin, Alt, from A. hydrophila SSU consists of a 

single polypeptide chain (33). This toxin was active when tested in in vivo and in vitro 

assays. Immunization of mice with purified recombinant Alt induced a significant 

decrease in the fluid secretory response when animals were challenged with WT A. 

hydrophila (33). Treatment of Chinese Ovary Hamster (CHO) cells with recombinant Alt 

elevated the levels of Ca2+; however, pretreatment with a phospholipase C inhibitor 

blocked this Ca2+ release (33). Latter studies showed that prostaglandin (PGE2) levels in 

CHO cells treated with Alt were regulated by phospholipase A2-activating protein 

(PLAA) (112).  

The heat-stable enterotoxin, Ast, was also identified in the SSU isolate of A. 

hydrophila (31). The recombinant form of Ast was biologically active in vivo as 

determined by the rat ligated ileal loop assay and it induced elongation of CHO cells 

along with the elevation of cAMP in in vitro assays (119). 

The cytotoxic enterotoxin (Act) was purified from a diarrheal isolate SSU of A. 

hydrophila. It is produced as a pre-toxin and conversion to active toxin requires the 

removal of 23 amino acids at the NH2-terminal end and the proteolytic cleavage of a 4-5 

kDa peptide from the COOH-terminal end (32). Two regions in the protein, amino acid 

residues 245-274 and 361-405, were identified as important for the biological activity of 

the toxin. Antibodies generated against these peptides significantly reduced the cytotoxic 

and hemolytic activity of the native toxin (49). The mechanism of action of Act involves 

the formation of 1.14-2.8 nm pores in host cells; this allows the entry of water from the 

external milieu inducing cell swelling and later lysis (50). Act aggregates in the cellular 

membrane once in contact with erythrocytes, but  pre-incubation of the toxin with 
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cholesterol reduces the hemolytic activity of Act by inducing aggregation of the toxin 

prior to the binding with the erythrocytes (50). Act plays an important role in the 

pathogenesis of Aeromonas infection because of its ability to induce the infiltration of 

macrophages and mononuclear cells at the site of infection, and at the same time, in 

stimulating the production of TNF-α, IL-6, IL-8 and inducible nitric oxide synthase 

(iNOS) (34). The response of murine macrophages to Act has been evaluated by 

Affymetrix GeneChips, and multiple immune-related genes were up-regulated, in 

particular those genes that were associated with inflammation or stress response, like 

TNF, G-CSF, MIP and Glutaredoxin, among others (57). Act also increased the 

expression of multiple pro-apoptotic encoding genes, like Bcl-10, BimEL, GADD45 and 

TDAG51 in murine macrophages (57). The promoter activity of the act gene was 

increased in the presence of Ca2+ and inhibited by glucose and iron (121). The search for 

additional regulatory genes that modulated the expression of the act gene in our 

laboratory lead to the identification of the glucose-inhibited division gene (gidA). The 

gidA isogenic mutant of A. hydrophila possessed reduced hemolytic and cytotoxic 

activity associated with Act (120). The DNA adenine methyltransferase (dam) gene from 

A. hydrophila was also characterized, showing that Dam altered the levels of Act which 

was secreted via the type II secretion system (44).  

Quorum sensing 

The quorum sensing process allows bacteria to act co-operatively by producing 

and detecting small compounds, inducing or repressing the expression of specific genes 

when the concentration of the signaling molecule reaches a specific threshold via the 

LuxR family of transcriptional activators. This process has been described in Aeromonas 

spp. and the principal quorum sensing molecule synthesized by the ahyI locus (encoding 

an auto-inducer) in A. hydrophila is N-(butanoyl)-L-homoserine lactone (BHL) (136). 
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Deletion of the ahyI gene in A. hydrophila abolishes BHL production resulting in reduced 

production of two exoproteases (serine protease and metalloprotease), but their 

production could be restored by the addition of exogenous BHL (136). On the contrary, 

mutation in the ahyR gene (luxR homolog) resulted in the loss of these two protease 

activities, which could not be restored by the addition of BHL (136). Also, it was shown 

that ahyI mutants that could not produce BHL failed to produce a mature biofilm, making 

bacteria more susceptible to host defenses and antimicrobial agents (89). 

Other virulence factors 

Recent studies in A. hydrophila SSU identified a functional type 6 secretion 

system (134). Until now, two virulence factors secreted via the T6SS have been 

identified, Hcp (Haemolysin co-regulated protein) and Vgr (Valine-glycine repeats) G1 

family of proteins (132, 134). Hcp is translocated into the cytoplasm of eukaryotic cells 

and induces apoptosis mediated via caspase 3 activation (134). Additionally, Hcp is 

secreted into the extracellular media where it is able to interfere with the activation of 

macrophages, leading to inhibition of A. hydrophila phagocytosis (125). Our laboratory 

also reported the existence of the VgrG1 protein in A. hydrophila. This bacterial effector 

possesses ADPRT activity towards actin and once translocated into the host cells, induces 

disruption of the actin cytoskeleton and apoptosis (132).  

SECRETION SYSTEMS IN GRAM-NEGATIVE BACTERIA 

Gram-negative bacteria have evolved multiple pathways to transport proteins 

across their inner and outer membranes. Six different secretion systems (Type 1 to 6) 

have been described in these pathogens and this classification is based on the 

characteristics of the secretion mechanism.  Figure 1.1 shows a representative diagram of 

different secretion systems in various gram-negative bacteria. 
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The type 1 secretion system (T1SS) or the ATP-binding cassette (ABC) 

transporter possesses three components that include: the inner membrane ABC exporter, 

a membrane fusion protein, and a pore forming protein in the outer membrane (61). 

Secretion occurs in a single step from the cytoplasm of the bacteria to the extracellular 

media and most of the proteins secreted have a loosely conserved secondary structure in 

the C-terminal signaling sequence (127).  

The type 2 secretion system (T2SS) is a multi-subunit complex that includes a 

component in the cytoplasm with extensive cytoplasmic domains, an inner membrane 

Figure 1.1: Overview of secretion systems in Gram negative bacteria. The Sec 
dependent secretion systems include: the chaperon usher pathway, the autotransporter (T5SS) and the 
T2SS. Among the Sec independent systems include: T1SS, T3SS and T4SS. The presence of a channel 
spanning the inner and outer bacterial membrane is a common characteristic of the Sec independent 
pathway. T3SS and T4SS allow the translocation of effectors into the cytoplasm of eukaryotic cells. 
“This article was published in the International Journal of Medical Microbiology, Vol 297 (6), Roman 
G. Gerlach and Michael Helsen, Protein secretion systems and adhesins: The molecular armory of 
Gram negative pathogens, Page 401-415, © Copyright Elsevier (2007).” Permission granted by 
Elsevier. 
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complex that reaches into the periplasm, and a secretion pore in the outer membrane (79). 

Secretion occurs in two steps; first the proteins are targeted to the Sec machinery by the 

signal peptide and are transported into the periplasm, the second step includes the 

removal of the signal peptide and transport of the fully folded protein across the outer 

membrane (79). 

The type 4 secretion system (T4SS) allows the translocation of proteins or 

complexes of protein and single stranded DNA. The T4SS in gram-negative bacteria is 

believed to have evolved from bacterial conjugation machineries; the recipients for the 

transported substrate can be bacteria of the same or different species, or organisms from a 

different kingdom like fungi, plant or mammalian cells (9). The majority of the 

complexes transported by the T4SS are not secreted into the extracellular media but 

directly translocated into the cytoplasm of the host (23). 

The type 5 secretion system (T5SS) is also called autotransporter. Its primary 

structure is modular and possesses three domains: the signal sequence, the passenger 

domain, and the translocation unit. The signal sequence located at the NH2-terminal end 

allows targeting of the protein to the inner membrane. The passenger domain harbors the 

specific effector function. The translocation unit, located at the COOH-terminal end of 

the effector, is inserted into the outer membrane and forms a β-barrel secondary structure 

that allows the secretion of the passenger domain into the extracellular media (61). 

The type 6 secretion system (T6SS) has been recently described and its cluster 

contains between 12-to-25 genes, the composition and organization of which vary among 

different bacteria (109). Most of the components of the cluster are not secreted and only 

Hcp and VgrG proteins have been identified in the supernatant of bacteria carrying the 

T6SS cluster (22). It remains unclear if the secretion process occurs in one or two steps 

because there are no canonical NH2-terminal signal sequences identified and the 
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macromolecular structure of the system has not been resolved. The published data 

support a model that mimics the mechanism of the T4 bacteriophage (109). One of the 

hypothetical models proposes that the tail of VgrG is inserted into the outer membrane 

through the NH2-terminal domain and punctures the host cell through the needle like 

structure formed by the central domains, releasing the active domain into the extracellular 

medium or the cytosol of the host cell  (22). 

Type 3 secretion system (T3SS) 

The T3SS structure and function are conserved among different gram negative 

bacteria and it consists of more than 20 proteins from which many show homology to the 

flagellar system components (97). Bioinformatics studies have shown that nearly one 

billion years ago, bacteria already had genes highly homologous to the modern T3SS 

(90). The T3SS machinery is designed to translocate bacterial proteins, called effectors, 

to the cytoplasm of the host cells to modulate the host biochemical functions like 

cytoskeleton architecture, programmed cell death, cell cycle progression, endocytic 

trafficking, and gene expression. 

The secretion machinery is composed of the basal body, a needle-like projection 

and the translocon as depicted in Figure 1.2. The basal body provides a structural 

framework for the other components. Studies from Salmonella, Shigella and E. coli 

showed that this structure consists of only three proteins that assemble into a 

supramolecular structure forming oligomers of high symmetry (90). A long filamentous 

structure, the needle-like projection, composed of a single protein, protrudes from the 

outer membrane and is anchored about halfway through the basal body in the inner ring 

structure (90). This needle complex is traversed by a channel (~28Å in diameter) that 

allows transport of the effector proteins (55). The translocon is located at the tip of the 
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needle structure and this is a complex of several proteins that forms a pore in the host cell 

allowing injection of the bacterial effectors (90). 

Assembly of the T3SS is a highly regulated process, in which assembly of the 

base structure leads to the recruitment of a series of highly conserved inner membrane 

proteins that include an ATPase and a set of more than five integral membrane proteins 

that are critical for the functioning of the system (90). Once the base is fully assembled, 

this structure begins the transport of components that are necessary for the assembly of 

the inner rod and needle-like projection (55). Then the apparatus becomes competent for 

Figure 1.2: Architecture of the T3SS. Left figure, crystal structure of the known protein 
components docked in a cryo EM map of the Salmonella typhimurium apparatus. Right figure, model of 
the T3SS displaying the main components (basal body, needle-like projection and translocon). 
“Reprinted from Current Opinion in Structural Biology, Vol 18 (2) , Trevor F. Moraes, Thomas Spreter, 
and Natalie CJ Strynadka, Piecing together the type III injectisome of bacterial pathogens, Pages 258-
266, © Copyright (2008), with permission from Elsevier.” 
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the translocation of the effector proteins (55). The bacteria possesses a mechanism to 

recognize the substrates that will be translocated via the T3SS, most of the effectors have 

a secretion signal within the first 20-to-30 amino acids but these are not cleaved upon 

secretion (55). Another layer of specificity may be conferred by cytosolic chaperones that 

bind some of the T3SS effector proteins. These chaperones interact with a 50-to-100 

amino acid domain on the secreted protein that is located downstream of the secretion 

signal (55). Co-crystal structures of chaperons bound to the secreted protein have showed 

that the effector protein is in a non-globular conformation but maintains its secondary 

structure (14, 128). It has been proposed that the chaperons play a dual function, first they 

may “prime” the effector proteins for unfolding before secretion, and second, they 

prevent the premature interaction of the effector with other components of the T3SS 

machinery (129, 141). After the effector protein in complex with the chaperon is targeted 

to the secretion machinery, the chaperon must be removed from the effector to allow its 

secretion. In vitro studies using highly conserved ATPase associated with the T3SS 

showed that interaction of the ATPase with the effector-chaperon complex results in the 

dissociation of the complex and unfolding of the effector (3). The mechanism by which 

the T3SS delivers the effector protein into the eukaryotic cells is poorly understood. In 

addition to the needle complex, the bacteria also need a subset of proteins known as 

translocators that are inserted in the cell membrane and form a channel that allows the 

transport of the effector protein into the cytosol of the host cell (66, 137). Bacterial 

strains lacking the tranlocators are able to secrete effector proteins to the extracellular 

media but are unable to deliver them into the target cells, indicating that the needle 

complex is insufficient to mediate translocation (66). It has been proposed that the needle 

“docks” onto the pore made by the translocators, allowing the delivery of the effector 

protein into the host cell cytoplasm (55). 
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The T3SS regulatory mechanism controls the assembly and activation of the 

machinery; this regulation is mainly transcriptional and occurs in two steps. First, the 

expression of the genes necessary for the assembly of the apparatus and second the 

expression of the genes encoding the effector proteins (53). Environmental signals, like 

temperature, acidity and presence of divalent cations, can control the expression of genes 

necessary for the assembly of the T3SS. Multiple pathogenic bacteria reside in the 

environment and once they encounter an animal host, there is an increase in the 

temperature of their surroundings. For Shigella and Yersinia, it has been shown that 

temperature increase leads to the expression of the T3SS genes (91, 107). Studies in 

Shigella showed that an AraC-like transcriptional activator (VirF) responds by activating 

a regulatory cascade, leading to the activation of genes necessary for the assembly of the 

T3SS apparatus (139).  

IDENTIFICATION OF THE aexU GENE IN AEROMONAS HYDROPHILA SSU 

Cloning of the aexU gene from A. hydrophila SSU 

The T3SS operon of A. hydrophila SSU contains 26,855 bp, encoding 35 genes 

(123). When compared with the T3SS genes of A. salmonicida and Y. enterocolitica, 

conservation was observed in some genes of A. hydrophila SSU, however, the sequences 

differed significantly in certain genes. 

Based on Southern blot analysis using A. salmonicida aexT (encodes a T3SS 

effector protein) gene probe under low-stringency conditions, a 4.2-kb band was 

ORF2
(1414-1770) 

 ORF1 
(1-818) 

ORF3
(1969-3507)  ORF4 

(3605-4081) 

Figure 1.3: Genetic organization of the 4150 bp DNA fragment of A. hydrophila 
cloned in the plasmid pBlue-aexU. Diagram of ORFs from a plasmid obtained after screening 
chromosomal DNA of A. hydrophila with the aexT gene probe. ORF1: portion of amino acid permease, 
ORF2: homolog of YopE chaperon SycE, ORF3: AexT homolog of AexU, ORF4: a hypothetical 
protein. ORFs are not drawn to scale. 
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visualized when the chromosomal DNA of A. hydrophila SSU was digested with XmaI 

restriction enzyme. Subsequently, DNA fragments were recovered in the size range of 3.8 

to 4.6 kb, and ligated into a pBluescript vector at the XmaI site to generate a plasmid 

library in Escherichia coli DH5α (123). 

SSUAexU MQIQTHTSGLQAVAQHNDATAEVGRLGQLEARQVATSQDALQLGNRSEPQKGQGLLSRLG 60   
HM21AexU  MQIQANTVGTQAVAHHSDATTGVGQMGQLEARQVATGQDAILLGNRSEPQKGQGQLSRSE 60   
AexT MQIQANTVGTQAVAHHSDATTGVGRMGQMEARQVATGQDAILLGSRSEPQKGQGLLSRLG 60   

****  * * **** * ***  **  ** ******* ***  ** ********* *** 

SSUAexU AQLARPFVALKEWIGNLLGARSEAPAHSAPPADSLSLADQKRLLLQKALPFTLGGLDKAN 120  
HM21AexU  SRPARVLAAIKEWIGNLLGSGKSAAAPKVQTATSP--EDLQRLMKQAAFGSSLGGFAKAD 118  
AexT AQLARPFVAIKEWISNLLGTDKRAAAPKAQTAVSP--EDLQRLMKQAAFGSSLGGFAKAD 118  

**   * **** ****    * *     * *    *  **  * *    ***  ** 

SSUAexU ELNNIDAQQLGQEHARLATGNGALRSLATSLNGIKDGSMRQESQTLAAGLLERPIAGIPL 180  
HM21AexU  VLNNIAAEQLGKDHATLATGNGPLRSLCTALQAVVVGSEQPQLRELAAGLLARPIAGIPL 178  
AexT VLNNITGEQLGKDHASLATGNGPLRSLCTALQAVVIGSQQPQLRELATGLLARPIAGIPL 178  

****   ***  ** ****** **** * *     **       ** *** ******** 

SSUAexU QQWGTVGGKVTELIANATPEQLQEAMSQLHAVMAEVADLQRAVKAEVAGEPLP-AVTSAE 239  
HM21AexU  QQWGTVGGKVTELLASATPELLQEAMSQLHTAMGEVADLQRAVKAEIAGEPAQSATTKAD 238  
AexT QQWGSVGGKVTELLTSAPPELLKEAMSQLHTAMGEVADLQRAVKAEVAGEPARSATTAAA 238  

**** ********   * ** * *******  * ************ ****   * * * 

SSUAexU VVAAPHGEAKPAARETVAMARQTEVTGYKQALELISYQASYLLRDQASTEVTLSSDDLNA 299  
HM21AexU  AAPVQSGESKGAAREQVAMARQTPATGYKLALDLISYQASYLLRDQTSTEVTLSSSDLNA 298  
AexT VAPLQSGESE—-VNVEPADKALAEGLQEQFGLEAEQYLGEQPHGTYSDAEVMALGLYTNG 296  

**         *             *    *            **       * 

SSUAexU LHQHIADGSINGSHMAKLQTRGDLQILRTLALSLASGSDANGASLGNALDSLASARPNQR 359  
HM21AexU  LHQHIADGSINSSHMAKLQTRGDLQTLRTLALSLASGSDAKGSSLGHALDSLASVRPNQR 358  
AexT EYQHLNRSLRQEKQLDAGQALIDQGMSTAFEKSTPTEQLIKTFRGTHGGDAFNEVAEGQV 356  

**              *   *         *                *        * 

SSUAexU LVLGGLMQFAGQTDQAWADQTAGKP-EDRLDAGARLRFDTGHMKAELARLDDSAARQVLQ 418  
HM21AexU  LVLGGLMQFAGQTEQAWVDHTALKPREERLDAGARLRFDTGHMQAELGRLGDSEARQVLQ 418  
AexT GHDVAYLSTSRDPKVATNFGGSGSISTIFGRSGIDVSDISVEGDEQEILYNKETDMRVLL 416  

*                *                        ** 

SSUAexU QLEGDFGDRAKAVCDFAVAQVSTFADSESSPEAVLVSRLTRMGNLVGSLTDELKVRLQLP 478  
HM21AexU  QLEGAFGDRARAICDFAVAQVSGFADSESSPEAVLVSRLTRMGNLVGSLTDALKERLQLP 478  
AexT SAKDERGVTRRVLEEASLGEQSGHSKGLLDG-----------------------LDLARG 453  

*              *                                  * 

SSUAexU ESARGEPTMIDSVSQLTPLELAALAHIGVGADYL 512

HM21AexU  ESARGEPTMIDSVSQLTPLELAALAHIGVDESYL 512

AexT AGGADKPQEQDIRLKMRGLDLA------------ 475                            
*   *       * ** 

Figure 1.4: Amino acid sequence comparison between AexU and AexT. Comparison 
of amino acid sequence of AexU from A. hydrophila SSU, AexU from A. veronii HM21 and AexT from 
A. salmonicida. * Denotes fully conserved amino acid residues. 
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By screening this library with the aexT gene probe, 5 positive clones were 

obtained from a total of 350 colonies screened. The DNA sequence from one of this 

recombinant plasmid (designated as pBlueaexU) contained a 4,150-bp DNA fragment 

with 4 opening read frames (ORFs). The ORF1 (position 1 to 818 bp) represented a 

portion of the amino acid permease gene; the ORF2 (position 1414 to 1770 bp), which 

was on the complementary DNA strand, encoded a protein that had 38% homology with 

the YopE chaperone SycE of Yersinia; the ORF3 (position 1969 to 3507 bp) revealed a 

39% identity with the aexT gene from A. salmonicida, and the ORF4 (position 3605 to 

4081 bp) on the complementary DNA strand encoded a hypothetical protein (Figure 1.3) 

(123). 

The ORF3 (designated as AexU) encoded a protein of 512 aa residues. The NH2-

terminus of AexU (aa residues 1-231) shared 24%, 67%, and 54% homology with the 

YopE of Y. enterocolitica, the NH2-terminus of AexT from A. salmonicida, and the NH2-

terminus of ExoT from P. aeruginosa, respectively. However, the COOH-terminus of 

this protein (aa residues 232-512) differed entirely from that of AexT of A. salmonicida 

(Figure 1.4) and had no sequence similarity to any known protein in the database. 

AexU is secreted and translocated via T3SS 

Based on DNA sequence analysis, several pieces of evidence suggested that the 

expression and secretion of AexU were coupled to the T3SS. First, the T3SS effectors 

usually are genetically linked with their chaperones (38, 63). In A. hydrophila SSU, the 

ORF2, which was only 200 bp upstream of the aexU gene, encoded a protein that had 

homology with the YopE chaperone SycE (Figure 1.3). Second, a DNA consensus 

sequence (TGCAAAAA) which is required for binding of the master T3SS 

transcriptional activator ExsA of P. aeruginosa, was identified upstream of the aexU 
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gene (18, 54), and finally ExsA homolog AscA was identified in the T3SS operon of A. 

hydrophila (122).  

To confirm that AexU was indeed secreted through the T3SS, human colonic 

epithelial cells (HT-29) were exposed to the WT A. hydrophila and its various mutants. 

After 2 h infection, the HT-29 cells were osmotically lysed with water and fractionated 

into soluble and insoluble fractions. As shown in Figure 1.5 Panel I, AexU was detected 

in the bacterial cell pellet fraction (lanes 1-7) from all of the tested strains except for the 

ΔaexU mutant (lane 5). The secreted form of AexU (lanes 8-14) was detected in the 

tissue culture supernatant of HT-29 cells infected with only the ΔacrV mutant (lane 11), 

and the translocated form of AexU (lanes 15-21) was observed from the WT (lane 15), 

ΔaopB (lane 17), ΔacrV (lane 18), and ΔaexU/C (lane 20), but not from the ΔascV (lane 

16) and ΔaexU (lane 19)-infected host cells. The ascV gene of A. hydrophila represents 

an yscV homolog of Yersinia spp, which encodes an inner-membrane component of the 

T3SS channel, and deletion of the ascV gene blocked the entire T3SS secretion channel 

(20). Therefore, the inability of AexU to be translocated in the ΔascV mutant (lane 16) 

indicated that this effector was secreted and translocated via the T3SS. 

Antibodies to calnexin (CNX), β-actin, and DnaK were used as fractionation 

controls. The CNX is a 90-kDa integral protein of the endoplasmic reticulum and linked 

to the membrane fraction of eukaryotic cells, while the non-polymerized actin (45 kDa) is 

associated with the cytoplasmic fraction. However, the polymerized actin forms filament 

that is attached to the membrane fraction. The DnaK is a 70 kDa heat shock protein 

which is conserved among many bacteria and was used to show how intact the bacterial 

cells were (37, 43). As shown in Figure 1.5 Panel II, CNX was only detected in the 

insoluble fraction (lanes 1-7), while actin was primarily associated with the soluble 

fraction (lanes 15-21). Only a small amount of actin was detected in the insoluble fraction 
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(lanes 1-7). Further, DnaK could only be detected in the fraction associated with bacterial 

cells (Panel III, lanes 1-7) but not in the supernatant and soluble fractions (Panel III, lanes 

8-21). These data indicated that CNX, actin, and DnaK were fractionated into their 

expected locations in the experiment. 

To further study translocation of AexU in different bacterial mutant strains, the 

COOH-terminus of full length AexU was fused in-frame with a 13-aa residue glycogen 

synthase kinase (GSK) tag (60). The GSK-tagged protein is not phosphorylated when 

inside the bacteria; however, translocation of a GSK-tagged protein into eukaryotic cells 

resulted in host cell protein kinase-dependent phosphorylation of the tag at a specific 

serine residue, which could subsequently be detected with phosphospecific GSK 

antibodies (60). 
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Figure 1.5: Translocation of AexU from A. hydrophila SSU. HT-29 human colonic 
epithelial cells were infected with different A. hydrophila strains (MOI of 10) for 2 h at 37°C. The 
culture supernatants were collected, filtered and TCA precipitated (supernatant). The infected host cells 
were osmotically lysed with water and centrifuged to separate soluble (cytoplasm) and insoluble (pellet) 
fractions. The collected samples were run on an SDS-10% PAGE and subjected to Western blot 
analyses using antibodies to AexU (Panel I), Calnexin and actin (Panel II), and to DnaK (Panel III). 
Lanes 1, 8 and 15: WT A. hydrophila; Lanes 2, 9 and 16: ΔascV mutant; Lanes 3, 10 and 17: ΔaopB 
mutant; Lanes 4, 11 and 18: ΔacrV mutant; Lanes 5, 12 and 19: ΔaexU mutant; Lanes 6, 13 and 20: 
ΔaexU/C complemented strain; Lanes 7, 14 and 21: ΔascV/pBRaexU. “Reprinted from Microbial 
Pathogenesis, Vol 43 (4), Sha J, Wang SF, Suarez G, Sierra JC, Fadl AA, Erova TE, Foltz SM, 
Khajanchi BK, Silver A, Graf J, Schein CH, Chopra AK., Further characterization of a type III 
secretion system (T3SS) and of a new effector protein from a clinical isolate of Aeromonas hydrophila--
part I., Pages 127-146, © Copyright (2007), with permission from Elsevier.” 
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As shown in Figure 1.6 Panel I, non-phosphorylated and/or phosphorylated 

forms of GSK-tagged AexU (AexU::GSK) were detected from the WT/pBRaexUGSK 

(lanes 1 and 15), ΔaopB/pBRaexUGSK (lanes 3 and 17), ΔacrV/pBRaexUGSK (lanes 4 and 

18), and ΔaexU/pBRaexUGSK (lanes 5 and 19) infected groups of HT-29 cells. The ability 

to detect phosphorylated AexU::GSK suggested translocation of AexU::GSK in these 

groups of host cells infected with the designated mutants. As noted, only the non-

phosphorylated form of AexU::GSK was detected from the ΔascV/pBRaexUGSK infected 

HT-29 cells (Panel I, lanes 2 and 16), indicating the translocation of AexU::GSK was 
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Figure 1.6: Translocation of GSK-tagged AexU (AexU::GSK) from A. hydrophila 
SSU. HT-29 human colonic epithelial cells were infected with different A. hydrophila strains 
transformed with the plasmid pBRaexUGSK (MOI of 10) for 2 h at 37°C. The culture supernatants 
were collected, filtered and TCA precipitated (supernatant). The infected host cells were osmotically 
lysed with water and centrifuged to separate soluble (cytoplasm) and insoluble (pellet) fractions. The 
collected samples were run on an SDS-10% PAGE and subjected to Western blot analyses with 
antibodies to GSK-3β (Panel I, lanes 1-14), phosphospecific GSK-3β (Panel I, lanes 15-21) and AexU 
(Panel II), the latter detected both native and GSK-tagged AexU. Lanes 1, 8 and 15: 
WT/pBRaexUGSK; Lanes 2, 9 and 16: ΔascV/pBRaexUGSK; Lanes 3, 10 and 17: 
ΔaopB/pBRaexUGSK; Lanes 4, 11 and 18: ΔacrV/pBRaexUGSK; Lanes 5, 12 and 19: 
ΔaexU/pBRaexUGSK; Lanes 6, 13 and 20: WT/pBR322; Lanes 7, 14 and 21: Uninfected cells. The 
GSK-3β from HT-29 cells was shown as a control to demonstrate specificity of the GSK antibodies. 
“Reprinted from Microbial Pathogenesis, Vol 43 (4), Sha J, Wang SF, Suarez G, Sierra JC, Fadl AA, 
Erova TE, Foltz SM, Khajanchi BK, Silver A, Graf J, Schein CH, Chopra AK., Further characterization 
of a type III secretion system (T3SS) and of a new effector protein from a clinical isolate of Aeromonas 
hydrophila--part I., Pages 127-146, © Copyright (2007), with permission from Elsevier.” 
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blocked in the ΔascV mutant. The secretion of AexU::GSK was detected only in the 

supernatant of ΔacrV/pBRaexUGSK infected HT-29 cells (lane 11). These data are in 

agreement with the results shown in Figure 1.5. The AexU::GSK was not detected from 

the control groups in which HT-29 cells were either infected with the WT/pBR322 or 

were not infected (lanes 6, 7, 20 and 21). Anti-AexU antibodies were also employed to 

probe the blots (panel II), and a similar pattern as shown in panel I was obtained except 

that the native form of AexU was detected in the insoluble and soluble fractions from the 

WT/pBR322 infected HT-29 cells (Panel II, lanes 6 and 20). The GSK-3β from HT-29 

cells reacted with anti-GSK antibodies (panel I, lanes 1-7) but not with its 

phosphospecific antibodies (panel I, lanes 15-21), indicating specificity of the GSK 
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Figure 1.7: AexU-associated cytotoxicity. HeLa cells were infected with the Δact/ΔaexU 
double-knockout mutant (open circles) and its parent strain Δact (solid circles) at an MOI of 0.5 for 
about 6 h. At various time points during the infection, cytotoxicity was measured by the lactate 
dehydrogenase (LDH) enzyme release assay. “***” Denotes statistically significant values (p ≤ 0.001) 
compared to the parental strain Δact using Student's t test. Three independent experiments in duplicate 
wells were performed. “Reprinted from Microbial Pathogenesis, Vol 43 (4), Sha J, Wang SF, Suarez G, 
Sierra JC, Fadl AA, Erova TE, Foltz SM, Khajanchi BK, Silver A, Graf J, Schein CH, Chopra AK., 
Further characterization of a type III secretion system (T3SS) and of a new effector protein from a 
clinical isolate of Aeromonas hydrophila--part I., Pages 127-146, © Copyright (2007), with permission 
from Elsevier.” 
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antibodies. 

Effects of AexU on cytotoxicity and phagocytosis 

To test for cytotoxicity associated with AexU, RAW264.7 murine macrophages, 

along with both HT-29 and HeLa cells were infected with various Aeromonas strains at a 

MOI of 0.5. There were not apparent differences between the WT bacterium and its 

∆aexU mutant in terms of their ability to induce cell morphological changes and 

cytotoxicity in host cells as measured by the release of lactate dehydrogenase (LDH) 

enzyme (data not shown). However, compared to its parental Δact strain (142), the 

double knockout mutant Δact/ΔaexU was significantly less cytotoxic to the HeLa cells, a 

finding that was most pronounced up to 5.5 h of infection (Figure 1.7). These data 

indicated a masking effect caused by the cytotoxic nature of Act (122, 142). 

In the phagocytosis assay, macrophages engulfed approximately 11% and 10.4% 

of bacteria in ΔascV- and ΔaopB/ΔaexU-infected cells, while only 2.8% and 2.9% of the 

ΔaopB mutant and ΔaopB/ΔaexU-complemented strain, respectively, were taken up by 

the phagocytes (Figure 1.8). These data indicated that AexU had an anti-phagocytic 

activity. Importantly, as T3SS effectors only exhibited their biological functions when 

they were translocated into eukaryotic cells (38, 104, 135), the phagocytosis data were in 

agreement with the findings that the ΔaopB mutant was still able to translocate AexU into 

eukaryotic cells (Figures 1.5 and 1.6). As no difference was observed between the T3SS 

secretion channel negative mutant ΔascV and the double-knockout mutant ΔaopB/ΔaexU, 

in term of phagocytosis (Figure 1.8), it appeared that AexU was mainly responsible for 

anti-phagocytic activity. 
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AexU contributes to the virulence of A. hydrophila SSU in mice 

To assess the role of AexU during A. hydrophila infections, mice were infected 

with WT A. hydrophila, with and without the pBR322 vector, the ∆aexU toxin mutant 

and its complemented strain ∆aexU/C. Between 90 to 100% of the animals infected with 

the WT A. hydrophila SSU died at a 2-3 LD50s dose within 48 h. However, mice infected 

with the ∆aexU mutant revealed a 60% survival rate (Figure 1.9), indicating AexU 

contributed to the virulence of A. hydrophila. Then, mice were immunized with rAexU 

for one month and challenged with a 2-3 LD50 dose of WT A. hydrophila. As shown in 

Figure 1.8: Anti-phagocytic activity of AexU. RAW264.7 murine macrophages were 
infected with different A. hydrophila strains (MOI of 0.5): the single- knockout mutants ΔaopB and 
ΔascV, the double-knockout mutant ΔaopB/ΔaexU and its complemented strain ΔaopB/ΔaexU/C. Three 
hours after infection, the infected phagocytes were washed and treated with 200 µg/ml of gentamicin 
for 1 h. Subsequently, the macrophages were washed with PBS and lysed with 1% TX-100 to release 
intracellular bacteria. The bacteria were titrated, and the percentage of phagocytosis was calculated by 
dividing the viable bacterial count after gentamicin treatment by the initial bacterial count. The values 
are the arithmetic means ± S.D. from three independent experiments (shown as percentage of engulfed 
bacteria). “*” Denotes statistically significant values (p ≤ 0.05) when compared with the ΔaopB mutant 
using the Student’s t test. “Reprinted from Microbial Pathogenesis, Vol 43 (4), Sha J, Wang SF, Suarez 
G, Sierra JC, Fadl AA, Erova TE, Foltz SM, Khajanchi BK, Silver A, Graf J, Schein CH, Chopra AK., 
Further characterization of a type III secretion system (T3SS) and of a new effector protein from a 
clinical isolate of Aeromonas hydrophila--part I., Pages 127-146, © Copyright (2007), with permission 
from Elsevier.” 
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Figure 1.10, mice immunized with rAexU were 100% protected. In contrast, 90% of the 

mice died in the unimmunized group (Figure 1.10). 
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Figure 1.9: The role of AexU during A. hydrophila infection in a septicemic mouse 
model. Groups of 10 Swiss Webster mice were infected i.p. with WT A. hydrophila (solid dots), WT 
A. hydrophila transformed with plasmid pBR322 alone (square), ∆aexU mutant (triangle), and its 
complemented strain ∆aexU/C (diamond). Deaths were recorded for 3 weeks post-infection. The 
bacterial doses used represented approximately 2-3 LD50s of WT A. hydrophila. “*” Denotes 
statistically significant values (p ≤ 0.05) compared to the WT bacterium using Fisher’s exact test. Three 
independent experiments were performed, and data from a typical experiment are shown. “Reprinted 
from Microbial Pathogenesis, Vol 43 (4), Sha J, Wang SF, Suarez G, Sierra JC, Fadl AA, Erova TE, 
Foltz SM, Khajanchi BK, Silver A, Graf J, Schein CH, Chopra AK., Further characterization of a type 
III secretion system (T3SS) and of a new effector protein from a clinical isolate of Aeromonas 
hydrophila--part I., Pages 127-146, © Copyright (2007), with permission from Elsevier.” 
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Figure 1.10: Immunization of mice with rAexU. 10 Swiss Webster mice were immunized 
i.p. with 10 µg of purified rAexU (open circle) before challenge with the WT A. hydrophila at a dose of 
2-3 LD50s. A group of 10 unimmunized mice that were given the adjuvant alone were used as a control 
(solid circle) before challenge with the WT bacterium. Deaths were recorded for 3 weeks post-infection. 
“*” Denotes statistically significant values (p ≤ 0.05) compared to unimmunized group of mice using 
the Fisher’s exact test. Three independent experiments were performed, and data from a typical 
experiment are shown. “Reprinted from Microbial Pathogenesis, Vol 43 (4), Sha J, Wang SF, Suarez G, 
Sierra JC, Fadl AA, Erova TE, Foltz SM, Khajanchi BK, Silver A, Graf J, Schein CH, Chopra AK., 
Further characterization of a type III secretion system (T3SS) and of a new effector protein from a 
clinical isolate of Aeromonas hydrophila--part I., Pages 127-146, © Copyright (2007), with permission 
from Elsevier.” 
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Chapter 2:  Materials and Methods 

CELL LINES AND TRANSFECTIONS 

HT-29, a human colonic intestinal epithelial cell line, was obtained from 

American Type Culture Collection (Manassas, VA). HeLa Tet-OffTM, a human cervical 

epithelial cell line, was obtained from Clontech (Mountain View, CA). Cells were grown 

in Dulbecco’s modified eagle medium (DMEM) with high glucose (Invitrogen-Gibco, 

Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS) Tet approved 

(Clontech) and 100 μg/ml of G-418 (Cellgro, Herndon, VA) under standard tissue culture 

conditions at 37ºC and 5% CO2 in a humid atmosphere.  

HeLa Tet-off™ cells were stably transfected with a plasmid containing 

tetracycline-controlled transactivator (tTA) (Clontech). The cells were subsequently 

transfected by electroporation with a pBI-EGFP plasmid (Clontech) containing a 

bidirectional promoter (Tetracycline Response Element, TRE) that separately controls 

expression of the gene encoding EGFP (enhanced green fluorescent protein) and the gene 

of interest. In the HeLa Tet-OffTM system, addition of tetracycline or doxycycline 

prevents the binding of tTA to TRE, thus inhibiting any expression of the gene of interest 

and that of EGFP. The DNA fragments encoding the full-length (512 aa residues), NH2-

terminus (aa residues 1-231), COOH-terminal domain (aa residues 232-512), and the 

mutated versions [ADPRT123- (with no ADP Ribosyltransferase activity) or GAP- (with 

no GTPase activating protein activity)] of AexU were cloned at the NheI and MluI 

restriction enzyme sites of the vector pBI-EGFP. The efficiency of transfection was 

determined as the percentage of cells expressing the gene coding for EGFP by fluorescent 

microscopy (Axiovert 200M, Carl Zeiss, Thornwood, NY) and flow cytometry 

(FACScan, Becton Dickinson, San Diego, CA). HeLa Tet-Off cells transfected with the 
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pBI-EGFP vector alone (without any insert) served as a negative control. Western blot 

analysis and flow cytometry, as well as confocal miscroscopy after intracellular staining 

using specific antibodies, were also performed to examine the production of the various 

forms of AexU in HeLa Tet-Off cells. 

BACTERIAL CULTURES AND VECTORS 

Escherichia coli HMS174-DE3 cells (with IPTG-inducible lac promoter-based 

bacteriophage T7 RNA polymerase gene on the chromosome) were obtained from 

Novagen (Madison, WI). These cells were grown, after transformation with appropriate 

recombinant plasmid DNA (in pET-30a vector with the bacteriophage T7 promoter 

gene), in Luria Bertani (LB) medium supplemented with 100 μg/ml of kanamycin (Sigma 

St. Louis, MO) at 37ºC with continuous shaking (180 rpm). The plasmid DNA was 

isolated from E. coli DH5α clones transformed with pBI-EGFP recombinant plasmids, 

which were grown in LB medium supplemented with ampicillin (100 μg/ml) at 37ºC with 

continuous shaking (180 rpm). The genes encoding the full-length, NH2-terminus, or 

COOH-terminus of AexU were cloned into a bacteriophage T7 RNA 

polymerase/promoter-based pET-30a vector for hyper-expression and purification 

purposes. Briefly, the appropriate DNA fragments were cloned at the XhoI and BglII 

restriction enzyme sites of the vector pET-30a, resulting in fusion of the various forms of 

AexU at the NH2-terminal end with the histidine (His)-tag.  

A. hydrophila SSU, a diarrheal isolate, was grown in LB medium supplemented 

with 100 μg/ml rifamicin (a spontaneous antibiotic-resistant strain) (123). The single 

deletion isogenic mutant strains, namely Δact and ΔaexU, were grown in the presence of 

100 μg/ml kanamycin, while the Δact/ΔaexU double isogenic mutant was cultivated in 

the presence of both kanamycin and 40 μg/ml each of spectimomycin and streptomycin 

(123).  
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ELECTROPORATION 

For electroporation of E. coli cells with various plasmids, 1 ml of bacterial 

cultures in LB medium was washed 3 times in chilled, sterile water followed by 1 wash 

in chilled 10% glycerol. The cells were resuspended in 10% glycerol, mixed with 100 ng 

of appropriate plasmids and electroporated in a Gene Pulser Xcell (BioRad, Hercules, 

CA) using an exponential protocol at 3000 V, capacitance of 25 μF, and resistance of 200 

Ω in 2 mm cuvettes (BioRad). After electroporation, the cells were allowed to recover in 

2 ml of LB medium without antibiotics for 1 h. Subsequently, the cells were plated on LB 

agar plates containing appropriate antibiotics and grown overnight. Well-isolated 

colonies were then selected and grown in LB medium with appropriate antibiotics. The 

plasmid DNA was isolated using QIAprep® Miniprep Kit (Qiagen, Inc., Valencia, CA) 

and subjected to restriction enzyme analysis and DNA sequencing at the Biomolecular 

Resource Facility at UTMB to confirm target gene sequences. 

For electroporation of HeLa Tet-Off cells, they were grown in T75 flasks to ~70-

80% confluency. The cells were detached using 0.25% trypsin-EDTA (Invitrogen-Gibco) 

and washed 3 times in chilled DMEM without serum, before resuspending in chilled 

serum- free DMEM at a density of 5 x 106 cells/ml. The various plasmids (100 ng) were 

then transfected by electroporation using an exponential protocol at a voltage of 350, 

capacitance of 950 μF and unlimited resistance (∞ Ω) in 4 mm cuvettes (BioRad). The 

cells were then recovered in complete medium (DMEM/10% FBS/G-418), plated, and 

grown under standard tissue culture conditions. 

SITE-DIRECTED MUTAGENESIS OF THE aexU GENE 

To obtain different mutated versions of the aexU gene, I used the Altered Sites in 

vitro Mutagenesis System (Promega, Madison, WI). The encoding region of the gene for 

native AexU was amplified by polymerase chain reaction (PCR) and by using the primers 



 31

listed in Table 1. This gene was then cloned into the pALTER-1 vector, which is 

tetracycline resistant (TcR) and ampicillin sensitive (ApS), and used to transform E. coli 

JM109 cells, which subsequently were infected with the R408 helper phage. The 

phagemic, single-stranded DNA was isolated by following the manufacturer’s 

instructions. This DNA was used as a template for the mutagenesis reaction with different 

mutagenic primers (Table 1). For generating the ADPRT123- mutated version of AexU, 

consecutive rounds of mutations were performed using the three mutagenic primers. Each 

mutagenesis reaction generated a different mutated form of the aexU gene in pALTER-1, 

which was then transformed into E. coli ES1301 mutS-competent cells. Plasmid DNA 

was isolated from E. coli ES1301 cells and then transformed into E. coli JM109 cells 

which were screened for TcS and ApR phenotype. All of the mutations were confirmed by 

DNA sequence analysis. In the ADPRT123- mutated AexU, following mutations were 

made E30A, E263A, and E421A (Figure 3.2). 

Table 1: Primers used for cloning and site-directed mutagenesis of AexU.  

Underlining indicates restriction enzyme sites in the primers. Lower case and underlining indicate the 
codon used to replace glutamate by alanine or arginine by alanine. 

Primer 
name Sequence Purpose 

 
aexU-EcoRI 
aexU-BamHI 
 
aexU-E30A 
 
 
aexU-E263A 
 
 
aexU-E421A 
 
 
aexU-R145A 
 
 
aexU-NheI 
aexU-SalI  
 
aexU-MluI 
aexU-NheI 
 

 
5’-CCGGAATTCATGCAGATTCAAACACATACCAGC-3’ 
5’-CGCGGATCCTTACAGATAGTCAGCCCCGACACCG-3’ 
 
5’-GGCCAGCTGgccGCTCGTCAGG -3’ 
 
 
5’-GCGCCAGACCgccGTCACCGGTT-3’ 
 
 
5’-GCAACAGCTGgccGGGGATTTTGG -3’ 
 
 
5’-TGGCGCCCTGgccTCGCTGGCA -3’ 
 
 
5’-GGTCGCTAGCATGCAGATTCAAACACATACCAGC-3’ 
5’-GGTCGTCGACTTACAGATAGTCAGCCCCGACACC-3’ 
 
5’-TCACACGCGTATGCAGATTCAAACACATACCAGC-3’ 
5’-GGTCGCTAGCTTACAGATAGTCAGCCCCGACACCG-3’ 

 
PCR amplification of the full length aexU 
gene for cloning in pALTER 
 
Mutagenic oligonucleotide to replace 
glutamate at position 30 by alanine  
 
Mutagenic oligonucleotide to replace 
glutamate at position 263 by alanine  
 
Mutagenic oligonucleotide to replace 
glutamate at position 421 by alanine  
 
Mutagenic oligonucleotide to replace 
arginine at position 145 by alanine  
 
PCR amplification of the full length aexU 
gene for cloning in pBR322 
 
PCR amplification of the full length aexU 
gene for cloning in pBI-EGFP 
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COMPLEMENTATION OF THE A. HYDROPHILA SSU Δact/ΔaexU ISOGENIC MUTANT IN 
TRANS WITH THE NATIVE aexU OR aexU DEVOID OF ADPRT OR GAP AND/OR BOTH 
ACTIVITIES 

The genes encoding the native and mutated versions of AexU (e.g., ADPRT123-, 

GAP- and ADPRT123-/GAP-) were PCR amplified from the pALTER plasmids prepared 

for the site directed mutagenesis using primers listed in Table 1. These DNA fragments 

were cloned in the pBR322 vector at SalI and EcoRI sites and transformed into E. coli 

DH5α cells. The pBR322-aexUnative, pBR322-aexUADPRT123
-, pBR322-aexUGAP

-, and 

pBR322-aexUADPRT123
-
/GAP

- recombinant plasmids (Tcs and Apr) were isolated from the 

corresponding E. coli strains and electroporated in A. hydrophila Δact/ΔaexU isogenic 

mutant. The presence of different plasmids in A. hydrophila Δact/ΔaexU isogenic mutant 

was confirmed by digestion of the isolated plasmid DNA using appropriate restriction 

endonucleases. The production of various forms of AexU from the pBR322 vector in A. 

hydrophila Δact/ΔaexU isogenic mutant was confirmed by Western blot analysis by using 

antibodies to AexU, which were previously developed in the laboratory (123). 

RECOMBINANT PROTEIN PURIFICATION 

Both the full length and COOH-terminus of the aexU toxin gene, expressed in E. 

coli from the pET-30a system, were used for purification of the toxin (as a His-tag) and 

subsequent antibody production. Purification of the toxins was achieved using the 

Probond™ purification system (Invitrogen-Gibco) following the hybrid protocol as 

described by the manufacturer. Briefly, after induction with 1 mM IPTG for 4 h, E. coli 

cells (in 100 ml volume) were washed twice in phosphate-buffered saline (PBS). The 

cells were lysed in binding buffer containing 4 M urea, pH 7.8, overnight at 4ºC. The 

suspension was centrifuged at 7000 rpm for 10 min, and the supernatant was incubated 

for 30 min to 1 h with nickel resin that was previously stabilized under denaturing 
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conditions. The resin was washed twice with denaturing binding buffer-4 M urea, pH 7.8, 

twice with denaturing wash buffer-4 M urea, pH 6.0, and four times with native wash 

buffer, pH 8.0. The proteins from the column were eluted with 250 mM imidazole. 

Fractions (1 ml) were collected, and an aliquot (20 μl) of each fraction, was subjected to 

sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) to verify 

identity of hyper-produced AexU (full length and its COOH-terminal domain) by 

performing Coomassie blue staining of the gels. Fractions containing the toxins were 

mixed and dialyzed against PBS overnight at 4ºC. The protein concentration was 

measured by Bradford Assay (BioRad) and the samples stored at -20ºC.  

The native full length AexU, its NH2- and COOH-terminal domains and the 

mutated versions (ADPRT123- or GAP-) were purified for the ADP ribosyltransferase 

assay following the non-denaturing protocol for the Probond™ purification system 

(Invitrogen-Gibco). Briefly, cells prepared as described above were sonicated and 

centrifuged, and the supernatant was incubated with nickel resin that had previously been 

stabilized for native conditions. The resin was washed four times with native wash buffer, 

pH 8.0, containing 0.1% Triton X-100, and the proteins were eluted with a gradient of 

imidazole from 100 mM to 1 M. Fractions were collected and the presence of the various 

domains of AexU verified by SDS-PAGE and Coomassie blue staining. Fractions 

containing purified rAexU were mixed and dialyzed against 10 mM phosphate buffer, pH 

7.4, overnight at 4ºC. The proteins were concentrated using 10 kDa cutoff centricons 

(Millipore, Bedford, MA) to 1 mg/ml and used immediately for the ADP-ribosylation 

assay. 

ANTIBODY PRODUCTION. 

Swiss Webster mice (Taconic Farms, Germantown, NY) were immunized 

intraperitoneally (i.p.) with 10 μg of rAexU (10 mice each for full length and its COOH 
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terminal domain) mixed with a synthetic adjuvant derived from Salmonella minnesota 

monophosphoryl-lipid A (MPL)/ trehalose dicorynomycolate (TDM)/ tubercule bacillus 

cell wall skeleton (CWS) (Sigma) in 2% Tween 80 at day 0, with a booster dose of 

respective antigens (10 μg) on day 15. Sera were obtained from mice after bleeding them 

via the retro-orbital route at weeks 2 and 4 after immunization, and the antibody titers 

were determined by enzyme-linked immunosorbent assay (ELISA) using appropriate 

rAexU as the source of the antigens. 

Briefly, ELISA plates were coated with 100 μl of rAexU (10 ng/mL) in carbonate 

buffer, pH 9.0, overnight at 4ºC. The plates were washed 5X with 300 μl of PBS/0.05% 

Tween 20, pH 7.6, and then the plates were blocked with 250 μl of 1% bovine serum 

albumin (BSA) in PBS for 1 h. The sera were diluted in PBS/0.1% BSA in a range from 

1:5 to 1:10240 and incubated with the antigen for 1 h at room temperature. Next, the 

plates were washed 5X, followed by 1 h incubation with horse-radish peroxidase (HRP)-

conjugated goat α-mouse IgG (Southern Biotechnology Associates, Inc., Birmingham, 

AL) at a dilution of 1:5000, and 100 μl of 3,3’,5,5’-tetramethyl-benzidine (TMB, Sigma) 

was used as the substrate. The reaction was stopped with 50 μl of 1 N H2SO4 and the 

plates were read at 450 nm in a VERSAmax tunable microplate reader (Molecular 

Devices Corporation, Sunnyvale, CA). Dilutions of the sera that were in the middle of the 

logarithmic portion (~1:1000) of the ELISA titration curves were tested for their 

reactivity to the respective antigens by performing Western blot analysis.  

ADP-RIBOSYLTRANSFERASE ASSAYS 

The reaction mixture for each sample contained 100 μM of nicotinamide [U-14C] 

adenine dinucleotide (specific activity 265 mCi/mmol) (GE Healthcare, Piscataway, NJ) 

and 0.2 M sodium acetate buffer, pH 6.0, in a total volume of 20 μl. HT-29 cells (5 x 107 

cells/ml) were sonicated for 4 cycles of 10 sec each on ice at 80 W in sodium acetate 
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buffer, pH 6.0, and 4 μl was added to the reaction mixture for each sample. The reaction 

was started by the addition of whole cell lysates from E. coli hyper-producing the full-

length, NH2-terminus, or COOH-terminal domain of AexU or 4 μg of their respective 

purified protein. After incubation at room temperature for 1 h, the reaction was stopped 

with trichloroacetic acid (TCA, final concentration 10%) in 0.2 M sodium acetate, pH 

6.0, and the mixture blotted onto nitrocellulose membranes and allowed to dry. The 

membranes were washed 5X with 10% TCA and again air-dried before adding 5 ml of 

scintillation liquid (ScintiVerse, Fisher Scientific, Pittsburgh, PA) and the radioactivity 

measured as counts per minute using a liquid scintillation counter (LS 6500, Beckman 

Coulter, Inc. Fullerton, CA). Background radioactive counts from the reaction mixture 

without the rAexU toxins were subtracted from the experimental values to evaluate 

ADPRT activity of the various forms of the toxin.  

Normal HeLa cells were washed twice with ice cold PBS and resuspended in 20 

mM Tris-HCl (pH 7.5) containing 1 mM EDTA, 1 mM dithiothreitol (DTT), and 5 mM 

MgCl2. HeLa cells were sonicated for 3 cycles of 10 sec each on ice and then centrifuged 

at 14,000 rpm for 10 min. Protein concentration of the supernatant was measured by the 

Bradford assay. An aliquot (25 μg) of the lysates was incubated with 2 μg of rAexU and 

10 μM of biotinylated NAD (R&D Systems, Minneapolis, MN) for 30 min at 37°C. 

Additionally, as a positive control, I used 2 μg of rVegetative Insecticidal Protein (VIP)-2 

domain of VgrG1 from A. hydrophila ATCC 7966, which is a T6SS effector and recently 

characterized in our laboratory (132). The reaction mixture without the addition of rAexU 

served as a negative control in our assays. The reaction was stopped by adding SDS 

sample buffer, and the samples were subjected to SDS-PAGE and then transferred to a 

nitrocellulose membrane. After blocking non-specific sites with TBS and 1% bovine 

serum albumin (BSA), I incubated the membrane with streptavidin-horseradish 
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peroxidase (HRP), followed by three washes with TBS + 0.1% Tween-20 and substrate 

addition (ECL Western Blotting Detection, GE Healthcare). 

WESTERN BLOT ANALYSIS 

For assessment of antibody reactivity in sera, rAexU (2 μg/lane of full length or 

its COOH terminal domain) was subjected to SDS-10% PAGE and transferred to 

Hybond™-ECL™ nitrocellulose membranes (GE Healthcare) following the standard 

Western blot procedure (36). Membranes were cut into strips corresponding to the lanes 

of the gel, blocked with 1% BSA/5% skim milk, and were subsequently incubated with 

anti-AexU sera from individual mice (1:1000) diluted in Tris-buffered saline (TBS), pH 

7.6, and 0.5% skim milk for 1 h with constant shaking at room temperature. The strips 

were then incubated for 1 h with secondary antibody (Goat α-mouse IgG [diluted 

1:10000] conjugated with HRP [Southern Biotechnology Associates, Inc.]). Five washes 

of strips were performed between various steps using TBS/0.05% Tween 20 for 10 min 

each. The blots were developed with Super Signal® West Pico Chemiluminescent 

substrate (Pierce, Rockford, IL) followed by X-ray film exposure.  

Likewise, HeLa cells were lysed in SDS-Tris-Glycine buffer (36) after 24 h of 

transfection and subjected to electrophoresis and Western blot analysis as described 

above. Subsequent to blocking of the membranes, they were incubated for 1 h with α-

AexU antibodies (a mixture of antibodies [equal amounts] to the full length and COOH- 

terminal domain; diluted 1:1000). This was followed by incubation with the secondary 

antibodies and substrate before X-ray film exposure as described above. 

The phosphorylation status of c-Jun and IκBα degradation was also confirmed by 

Western blot analysis. Briefly, HeLa cells were infected (multiplicity of infection [MOI] 

of 2) with either the Δact or the Δact/ΔaexU mutant strain of A. hydrophila SSU for 

different time points. Cells were washed with PBS and then resuspended in RIPA buffer 
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(Pierce, Rockford, IL). Samples were subjected to SDS-4-20% PAGE and Western blot 

analysis. Specific antibodies to β-tubulin, c-Jun, phospho c-Jun (Ser63), and IκBα were 

used in these assays.  

INTRACELLULAR STAINING 

HeLa Tet-Off cells after 24 h of transfection were washed twice in PBS, pH 7.6, 

and then permeabilized using CytoFix™/CytoPerm™ (Becton Dickinson) for 20 min on 

ice in the dark. The α-AexU antibody containing hyper-immune serum (diluted 1:100), as 

well as the pre-immune serum (diluted 1:100), was used as the source of primary 

antibodies. The antibodies against both the full length and COOH-terminus of AexU 

were mixed in equal proportion for intracellular staining. After incubation with the cells 

at room temperature for 2 h, various forms of AexU in HeLa cells were visualized using 

phycoerythrin (PE)-conjugated α-mouse IgG antibody (Santa Cruz, Santa Cruz, CA) for 1 

h. Between steps, the cells were washed 3X with Permwash™ (Becton Dickinson) and 

centrifuged between washes at 400 x g for 5 min. Finally, the cells were fixed with 2% 

paraformaldehyde and stored at 4ºC in the dark until analyzed. The samples were 

acquired in a FACScan™ (Becton Dickinson) and analyzed using CellQuest™ (Becton 

Dickinson) software and WinMDI©. 

For confocal microscopy, cells that were stained for flow cytometric analysis 

were placed on glass slides and centrifuged, using a Shandon Cytospin cytocentrifuge 

(Thermo Scientific, Waltham, MA) at 1500 rpm for 5 min. The cover slips were mounted 

with mounting medium containing DAPI for fluorescence (Vector, Burlingame, CA) and 

the images acquired in a 1.0 Zeiss LSM 510 UV Meta laser scanning confocal 

microscope system (Carl Zeiss). For fluorescence microscopy, the cells were placed on 

glass slides and the images were acquired in a fluorescence microscope (Olympus 

BX51/DPManager v.1.2.1.107/DPController v.1.2.1.108, Olympus Optical CO. LTD). 
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 HOST CELL MORPHOLOGY 

Changes in the morphology of HeLa cells were visualized under light microscopy, 

as well as by confocal microscopy using phalloidin staining. Cells electroporated with 

various constructs expressing different forms of aexU gene were grown in a chambered 

cover glass system (Nalge-Nunc™, Naperville, IL) and stained with Alexa-fluor® 568 

phalloidin (Invitrogen-Gibco) following the manufacturer’s instructions. Briefly, the cells 

were fixed with 3.7% buffered formaldehyde for 10 min, followed by incubation with 

0.1% Triton X-100 in PBS for 5 min. Then, the samples were incubated with Alexa-

fluor® 568 phalloidin (diluted 1:40) for 30 min. Finally, the cells were kept in PBS in the 

dark at 4ºC. Each step was followed by 3 PBS washes. The images were acquired in a 1.0 

Zeiss LSM 510 UV Meta laser scanning confocal microscope system. 

TRANSMISSION ELECTRON MICROSCOPY 

HeLa cell monolayers, after 30 h of transfection with various constructs as 

described above, were fixed in a mixture of 2.5% formaldehyde and 0.1% glutaraldehyde 

in 0.05 M of cacodylate buffer, pH 7.2, containing 0.03% trinitrophenol and 0.03% CaCl2 

for 1 h at room temperature. After washing in 0.1 M cacodylate buffer, the cells were 

scraped and pelleted. The pellets were post-fixed in 1% OsO4 in 0.1 cacodylate buffer, en 

bloc stained with 2% aqueous uranyl acetate, dehydrated in graded series of ethanol and 

embedded in Poly/Bed 812 (Polysciences, Warrington, PE). Ultrathin sections were cut 

on a Reichert-Leica Ultracut S ultramicrotome (Leica, Wetzlar, Germany), stained with 

lead citrate and examined in a Philips 201 electron microscope (Philips, Eindhoven, The 

Netherlands) at 60 kV.  
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HOST CELL APOPTOSIS 

Induction of apoptosis in HeLa Tet-Off cells expressing the native or the mutated 

version of the aexU gene was evaluated by detection of cytoplasmic nucleosomes and 

caspase 3 activation. HeLa Tet-Off cells transfected with the empty vector were treated 

overnight with 10 μM camptothecin as a positive control for both the assays. For the 

detection of nucleosomes, I used the cell death detection ELISA kit (Roche, Indianapolis, 

IN). Lysates (1 x 105 cells) from the HeLa cells were prepared after 24 h of transfection 

by following the manufacturer’s instructions. The color reaction was measured in a 

microplate reader at 405 nm. 

The caspase 3 activation was evaluated with a colorimetric assay from BioVision 

Inc. Mountain View, CA). After 24 h of transfection, whole lysates (200 μg) of HeLa 

Tet-Off cells were incubated with 50 μl of 2X reaction buffer containing 10 mM DTT 

and 5 μl of peptide substrate (N-acetyl-Asp-Glu-Val-Asp-7-amino-4-p-nitroalanine 

[DEVD-pNA]) for 2-24 h at 37°C and read at 405 nm in a microplate reader.  

HOST CELL VIABILITY 

To determine host cell viability, incorporation of 7-amino actinomycin D (7-

AAD) and colorimetric MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium 

bromide] assay for cell survival were performed. For 7-AAD assays, electroporated HeLa 

cells with various constructs at different time points were detached from the tissue culture 

plates with 0.25% trypsin-EDTA, washed, and then incubated for 10 min with 7-AAD (5 

μl per tube) (Becton Dickinson). Flow cytometry acquisition was performed immediately 

after the incubation, and the percentage of positive cells was determined using 

CellQuest™ software. For MTT assays, HeLa cells at a concentration of 3 x 105 cells/ml 

were plated in 96-well plates, after transfection with various constructs, and grown under 

normal tissue culture conditions. After 24 h, 10 μl (5 mg/ml) of MTT (Chemicon-
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Millipore, Billerica, MA) was added and the plates incubated for 3 h at 37ºC. Any 

crystals that formed were dissolved by adding 100 μl of 0.04 N HCl in isopropanol. The 

color reaction was acquired with a microplate reader at 570 nm. 

IN VITRO GTP-ASE ACTIVATING PROTEIN ACTIVITY (GAP) ASSAY 

GAP activity of purified native and mutated rAexU was evaluated by using the 

RhoGAP Assay Biochem Kit (Cytoskeleton, Denver, CO). Small GTPase proteins (Ras, 

RhoA, Rac1 and Cdc42) were incubated with either 4 μg of rAexU (native and GAP 

mutant) or 6 μg of p50 Rho GAP as a positive control, reaction buffer, and 200 μM of 

GTP in a 96-well plate. Additionally, I evaluated the intrinsic activity of the small 

GTPase proteins and did not detect any significant increase in the absorbance in these 

samples (absorbance in the range of 0.01). The reaction was incubated for 20 min at 

37°C, and then 120 μl of the CytoPhos reagent was added to each well. The color 

reaction was measured at 650 nm in a microplate reader. 

PHOSPHO-PROTEIN DETECTION 

Bio-Plex Phosphoprotein Testing Assay (BioRad) was employed for the detection 

of phosphorylated proteins in HeLa cells infected with various strains of A. hydrophila. 

Briefly, HeLa cells were infected with the WT A. hydrophila SSU and its ΔaexU isogenic 

mutant strain at a multiplicity of infection (MOI) of 2 for 30, 60 and 90 min. At these 

time points, the monolayers were intact with minimal number of floating cells. After 

centrifugation to recover cells in suspension, the supernatants were aspirated. Then the 

host cells (including the ones in the culture supernatant) were washed with cell wash 

buffer (BioRad), resuspended in lysis buffer, and processed as described by the 

manufacturer. The protein concentration of each sample was measured by Lowry’s 
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method (36) and same concentration of proteins (25μL of a 500 μg/mL cell lysate) was 

used for each sample in the assay. 

The phosphorylation status of c-Jun and IκBα degradation was confirmed by 

Western blot analysis. HeLa cells were infected (MOI of 2) with either the Δact or the 

Δact/ΔaexU isogenic mutant strain of A. hydrophila SSU for 15, 30, 60 and 120 min. 

Cells were washed with PBS and then resuspended in RIPA buffer (Pierce, Rockford, 

IL). Samples were subjected to SDS-4-20% PAGE and Western blot analysis as 

described earlier. Specific antibodies to c-Jun, phospho c-Jun (Ser63), and IκBα were 

used in these assays.  

CYTOKINE/CHEMOKINE DETECTION 

Normal HeLa cells were infected with either the Δact or the Δact/ΔaexU isogenic 

mutant strain of A. hydrophila SSU at an MOI of 2 at 37°C. After 1 h of incubation, 100 

μg/ml of gentamicin (Cellgro, Manassas, VA) was added to the culture, and the 

supernatants recovered at 4, 6 and 24 h after the initial infection. IL-6 and IL-8 secretion 

was measured with a BioPlex Cytokine detection kit (BioRad). 

ANIMAL INFECTIONS AND DETECTION OF BACTERIA IN PERIPHERAL TISSUES 

Groups of 15 Swiss Webster mice were infected via the i.p. route with either the 

Δact or the Δact/ΔaexU isogenic mutant strain of A. hydrophila SSU at a dose of 8 x 105 

(representing approximately 1 LD50) colony forming units (cfu) (142). After 24 h and 48 

h of infection, five mice from each group were euthanized and a portion of the lungs, 

livers and the spleens were weighed and homogenized in 1 mL of sterile water for 

evaluating bacterial load. Serial dilutions of the homogenized tissues were plated on LB 

agar plates, and after overnight incubation at 37°C, bacteria were enumerated and the 

results presented as cfu per gram of tissue. 
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For the animal survival experiments, groups of 10 mice were infected via the i.p. 

route with 3 x 107 cfu of A. hydrophila Δact/ΔaexU isogenic mutant complemented in 

trans with either pBR322-aexUnative, pBR322-aexUADPRT123
-, pBR322-aexUGAP

- or 

pBR322-aexUADPRT123
-
/GAP

_ plasmids. Deaths were recorded for 15 days post-infection. In 

another experiment, animals (n=15) were infected with 3 x 107 cfu of A. hydrophila 

Δact/ΔaexU isogenic mutant complemented with either the native or the ADPRT123-

/GAP- mutant of AexU. After 48 h of infection, mice were euthanized and a portion of 

the spleen was weighed and homogenized in 1 mL of sterile water for evaluating bacterial 

load. An aliquot of the homogenate was also used for the detection of 

cytokines/chemokines by a multiplex bead array (Millipore). 

HISTOPATHOLOGY 

In parallel with the detection of the Δact or the Δact/ΔaexU isogenic mutant strain 

of A. hydrophila SSU in peripheral tissues, portions of the tissues were fixed in 10% 

buffered formalin, mounted on glass slides and stained with hematoxylin and eosin for 

light microscopic analysis. The lesions were scored based on a scale correlating with the 

extent of lesion severity: minimal (2-10%), mild (>10-20%), moderate (>20-50%), and 

severe (>50%).  

STATISTICS 

The Tukey’s multiple comparison test and Bonferroni post-test were used for 

statistical analyses of the data by using GraphPad Prism (Software MacKiev, San Diego, 

CA). For animal studies, I used Kaplan-Meier survival estimates for data analysis. Three 

independent experiments were performed unless otherwise stated, and arithmetic means 

with standard deviations were plotted. 
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Chapter 3: Biological Characterization of a New Type III Secretion 
System Effector from a Clinical Isolate of Aeromonas hydrophila1 

INTRODUCTION 

Aeromonas species produce a wide range of virulence factors, including 

hemolysins, cytotonic and cytotoxic enterotoxins, proteases, lipases, adhesins, and an S-

layer (30, 92, 93). More recently a T3SS, which allows bacteria to translocate effector 

proteins into the cytosol of eukaryotic cells through needle-like structures, was identified 

in fish and human isolates of Aeromonas species (20, 21, 46, 122). While in A. 

salmonicida, the T3SS operon is located on a plasmid, its location is on the chromosome 

in fish and clinical isolates of A. hydrophila (122, 131, 143). T3SS-secreted effector 

proteins have the ability to affect a variety of different host biological functions, 

including alteration of intracellular signaling pathways and disruption of the cytoskeleton 

(46, 122). For example, ExoT/S from Pseudomonas aeruginosa and AexT, a homolog of 

ExoT, in A. salmonicida, have been shown to possess ADPRT activity (18, 59). AexT 

from A. salmonicida has also been shown to induce morphological changes in fish cells, 

including cell rounding and subsequent lysis (18).  

Toxin-mediated ADP-ribosylation involves hydrolysis of the substrate 

nicotinamide adenine dinucleotide (NAD) to nicotinamide and ADP-ribose, and then 

selective linking of the ADP-ribose to a target protein(s) of the eukaryotic cell (74). In 

most cases, toxins ADP-ribosylate key regulators of cellular functions and interfere with 

vital processes that can sometimes lead to host cell death. Some examples include cholera 

toxin from Vibrio cholerae, which ADP-ribosylates small G-proteins in host cells leading 

                                                 
1 126. Sierra, J. C., G. Suarez, J. Sha, S. M. Foltz, V. L. Popov, C. L. Galindo, H. R. Garner, and A. 
K. Chopra. 2007. Biological characterization of a new type III secretion system effector from a clinical 
isolate of Aeromonas hydrophila-part II. Microb Pathog 43:147-160. 
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to alteration in cyclic AMP-associated signaling, ExoS from P. aeruginosa that ADP-

ribosylates Ras and vimentin leading to cell toxicity, and Iota toxin from Clostridium 

perfringens, which prevents actin polymerization due to actin ADP-ribosylation (5, 74, 

130). A common characteristic of ADP-ribosylating toxins is the presence of a conserved 

glutamate/glutamine residue (E/Q) located two residues upstream of the catalytic 

glutamate (74). In both EXE and QXE motifs, for instance, the catalytic residue is the C-

terminally located glutamate (E) EXE or glutamine (Q) QXE situated two positions 

upstream of the glutamate (E/Q)XE (74). These specific motifs have been shown to be 

associated with the ADP ribosyltransferase activity of C. limosum exoenzyme C3 and C. 

botulinum C2 toxin (74). 

So far, four T3SS effector proteins (AexT, AopP, AopH, and AopO) have been 

described in A. salmonicida (21, 40, 48). Interestingly, all of these effector genes, except 

for aexT, are located on plasmids, and the majority of the clinical isolates of Aeromonas 

species do not possess such extra-chromosomal elements (Chopra et al., unpublished 

data). Our laboratory recently molecularly characterized a T3SS from a diarrheal isolate 

SSU of A. hydrophila (122). We subsequently reported regulation of the T3SS and 

existence of a new T3SS effector protein in A. hydrophila SSU (123). Our laboratory 

designated this effector toxin AexU, due to its 67% homology with AexT from A. 

salmonicida at the NH2-terminal portion (amino acid [aa] residues 1-231). The aexU gene 

is 1,539 bp in length and encodes a protein with 512 aa residues (GenBank accession 

number DQ837530). This new effector protein, AexU, differs entirely from AexT in the 

COOH-terminal region (aa residues 232-512); and this domain has no homology with any 

known proteins in the NCBI database.  

Here I reported initial characterization of the biological effects induced by AexU 

from A. hydrophila SSU. I demonstrate that ADPRT activity was associated with the full 
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length, NH2-terminal, and COOH-terminal domains of AexU toxin, with the NH2-

terminal domain exhibiting ADPRT activity similar to that of the full length protein. 

Accordingly, I observed rounding of HeLa Tet-Off cells expressing and producing the 

full length or NH2-terminal domain of AexU from a pBI-EGFP vector. On the contrary, 

HeLa cells that produced only the COOH-terminal domain of the toxin exhibited minimal 

cell rounding. These alterations in cell morphology were related to disruption of actin 

filament organization, as evidenced by phalloidin staining. In addition, I found increased 

levels of apoptosis in HeLa Tet-Off cells producing the AexU full length toxin or its 

NH2-terminal domain, compared to cells that were transfected with the vector alone or a 

recombinant plasmid expressing the COOH terminal domain-encoding portion of the 

toxin. 

 

RESULTS 

Purification of rAexU full length and its NH2-terminal and COOH-terminal 
domains and antibody production 

Our laboratory recently reported that the aexU gene from A. hydrophila SSU had 39% 

identity with the aexT gene of A. salmonicida over the entire length of these two genes 

(Figure 3.1) (123). Based on sequence analysis, I divided AexU into two portions; the 

NH2-terminal domain was represented by aa residues 1-231, while the COOH-terminal 

domain consisted of aa residues 232-512 (Figure 3.2). The NH2-terminal domains of 

AexT and AexU exhibited a homology of 67%, and the COOH-terminal domains had no 

similarity (Figure 3.1). Further, the homology of AexU with ExoT (54%) from P. 

aeruginosa was also restricted to the NH2-terminal portion (124). Recombinant toxins 

were over-produced (full length, and its NH2- and COOH-terminal domains) as His-tag 

fusion proteins in E. coli using the pET-30a system, purified by nickel affinity 
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chromatography, and verified for the purity of the various domains by Coomassie blue 

staining (Figure 3.3 Panel A).  

Initially, the rAexU full length toxin was used to generate antibodies in mice. 

Serum from individual animals was analyzed for antibody titers by performing ELISA 

and Western blot analysis against rAexU antigen, and pooled sera from mice with high 

antibody titers were used for all further assays. However, when these antibodies were 

AexT      MQIQANTVGTQAVAHHSDATTGVGRMGQMEARQVATGQDAILLGSRSEPQKGQGLLSRLG 60 

AexU MQIQTHTSGLQAVAQHNDATAEVGRLGQLEARQVATSQDALQLGNRSEPQKGQGLLSRLG 60 

****  * * **** * ***  *** ** ******* ***  ** *************** 

AexT      AQLARPFVAIKEWISNLLGTDKRAAAPKAQTAVSP—EDLQRLMKQAAFGSSLGGFAKAD  118 

AexU AQLARPFVALKEWIGNLLGARSEAPAHSAPPADSLSLADQKRLLLQKALPFTLGGLDKAN 120  

********* **** ****    * *  *  * *    *  **  * *    ***  **

AexT      VLNNITGEQLGKDHASLATGNGPLRSLCTALQAVVIGSQQPQLRELATGLLARPIAGIPL 178 

AexU ELNNIDAQQLGQEHARLATGNGALRSLATSLNGIKDGSMRQESQTLAAGLLERPIAGIPL 180

****   ***  ** ****** **** * *     **       ** *** ********

AexT      QQWGSVGGKVTELLTSAPPELLKEAMSQLHTAMGEVADLQRAVKAEVAGEPARSATTAAA 238

AexU QQWGTVGGKVTELIANATPEQLQEAMSQLHAVMAEVADLQRAVKAEVAGEPLPAVTSAEV 240

**** ********   * ** * *******  * *****************   * *   

AexT      VAPLQ-SGESEVNVEPADKALAEGLQEQFGLEAEQYLGEQPHGTYSDAEVMALGLYTNGE 297 

AexU VAAPHGEAKPAARETVAMARQTEVTGYKQALELISYQASYLLRDQASTEVTLSSDDLNAL 300

**              *     *       **   *            **    *  

AexT      YQHLNRSLRQEKQLDAGQALIDQGMSTAFEKSTPTEQLIKTFRGTHGGDAFNEVAEGQVG 357

AexU HQHIADGSINGSHMAKLQTRGDLQILRTLALSLASGSDANGASLGNALDSLASARPNQRL 360

**              *   *         *                *     * 

AexT      HDVAYLSTSRDPKVATNFGGSGSISTIFGRSGIDVSDISVEGDEQEILYN---------- 407

AexU VLGGLMQFAGQTDQAWADQTAGKPEDRLDAGARLRFDTGHMKAELARLDDSAARQVLQQL 420

*      *              *      *   *   

AexT      -----------------KETDMRVLLSAKDERGVTRRVLEEASLGEQSGHSKGLLDGLDL 450

AexU EGDFGDRAKAVCDFAVAQVSTFADSESSPEAVLVSRLTRMGNLVGSLTDELKVRLQLPES 480

*      * *        *      *  *     

AexT      ARGAGGADKPQEQDIRLKMRGLDLA------- 475

AexU ARGEPTMIDSVSQLTPLELAALAHIGVGADYL 512 

***         *   *    * 

AexT      MQIQANTVGTQAVAHHSDATTGVGRMGQMEARQVATGQDAILLGSRSEPQKGQGLLSRLG 60 

AexU MQIQTHTSGLQAVAQHNDATAEVGRLGQLEARQVATSQDALQLGNRSEPQKGQGLLSRLG 60 

****  * * **** * ***  *** ** ******* ***  ** *************** 

AexT      AQLARPFVAIKEWISNLLGTDKRAAAPKAQTAVSP—EDLQRLMKQAAFGSSLGGFAKAD  118 

AexU AQLARPFVALKEWIGNLLGARSEAPAHSAPPADSLSLADQKRLLLQKALPFTLGGLDKAN 120  

********* **** ****    * *  *  * *    *  **  * *    ***  **

AexT      VLNNITGEQLGKDHASLATGNGPLRSLCTALQAVVIGSQQPQLRELATGLLARPIAGIPL 178 

AexU ELNNIDAQQLGQEHARLATGNGALRSLATSLNGIKDGSMRQESQTLAAGLLERPIAGIPL 180

****   ***  ** ****** **** * *     **       ** *** ********

AexT      QQWGSVGGKVTELLTSAPPELLKEAMSQLHTAMGEVADLQRAVKAEVAGEPARSATTAAA 238

AexU QQWGTVGGKVTELIANATPEQLQEAMSQLHAVMAEVADLQRAVKAEVAGEPLPAVTSAEV 240

**** ********   * ** * *******  * *****************   * *   

AexT      VAPLQ-SGESEVNVEPADKALAEGLQEQFGLEAEQYLGEQPHGTYSDAEVMALGLYTNGE 297 

AexU VAAPHGEAKPAARETVAMARQTEVTGYKQALELISYQASYLLRDQASTEVTLSSDDLNAL 300

**              *     *       **   *            **    *  

AexT      YQHLNRSLRQEKQLDAGQALIDQGMSTAFEKSTPTEQLIKTFRGTHGGDAFNEVAEGQVG 357

AexU HQHIADGSINGSHMAKLQTRGDLQILRTLALSLASGSDANGASLGNALDSLASARPNQRL 360

**              *   *         *                *     * 

AexT      HDVAYLSTSRDPKVATNFGGSGSISTIFGRSGIDVSDISVEGDEQEILYN---------- 407

AexU VLGGLMQFAGQTDQAWADQTAGKPEDRLDAGARLRFDTGHMKAELARLDDSAARQVLQQL 420

*      *              *      *   *   

AexT      -----------------KETDMRVLLSAKDERGVTRRVLEEASLGEQSGHSKGLLDGLDL 450

AexU EGDFGDRAKAVCDFAVAQVSTFADSESSPEAVLVSRLTRMGNLVGSLTDELKVRLQLPES 480

*      * *        *      *  *     

AexT      ARGAGGADKPQEQDIRLKMRGLDLA------- 475

AexU ARGEPTMIDSVSQLTPLELAALAHIGVGADYL 512 

***         *   *    * 

Figure 3.1: Amino acid sequence alignment of AexT from A. salmonicida and 
AexU from A. hydrophila SSU. Conserved aa residues are represented by asterisks (*), and 
ADP-ribosylation motifs are shown in continuous-line open boxes for A. hydrophila, and dotted-line 
open boxes for A. salmonicida. Arginine finger motif of RhoGAPs is shown in a gray box. “Reprinted 
from Microbial Pathogenesis, Vol 43 (4), Sierra JC, Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, 
Garner HR, Chopra AK., Biological characterization of a new type III secretion system effector from a 
clinical isolate of Aeromonas hydrophila-part II., Pages 147-160, © Copyright (2007), with permission 
from Elsevier.” 
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tested against the purified NH2-terminal and COOH-terminal domains of AexU by 

Western blot analysis, the COOH-terminal domain reacted weakly (data not shown). 

Therefore mice were immunized only with the purified COOH-terminal domain of AexU. 

The sera from these animals showed much higher specificity for the COOH-terminal 

domain, as well as to the full length of AexU (data not shown). In all subsequent 

experiments to evaluate expression of different domains of AexU, an equal mixture of 

anti-AexU full length and anti-AexU COOH-terminal toxin domain antibodies were used 

(Figure 3.3 Panel B). 

Purified rAexU possesses ADP-ribosyltransferase activity 

Our previous study indicated that the purified full length AexU possessed ADP 

ribosyltransferase activity (124), and based on amino acid sequence analysis of the toxin, 

I identified three QXE motifs, one located within the NH2-terminal domain (Q28/E30) 

and the other two (Q261/E263 and Q419/E421) within the COOH-terminal domain of 

AexU, that might contribute to this ADPRT activity (Figure 3.2). I therefore evaluated 

ADP ribosyltransferase activity of native purified AexU full-length toxin and its NH2- 

Figure 3.2:  Schematic representation of AexU. The schematic representation shows motifs 
(QXE) associated with ADP-ribosylation (grey boxes) and the arginine finger (red box) with the 
catalytic arginine residue (R145). The NH2- (aa residues 1–231), and COOH-(aa residues 232–512) 
terminal domains of AexU are also shown. 
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and COOH-terminal domains. As shown in Figure 3.4, purified AexU full-length toxin 

and its NH2-terminal domain showed much higher ADP-ribosylating activity (~8000 cpm 

[∼40% above control]), compared to the COOH-terminal domain (~3800 cpm [∼18% 

above the control]), and these differences were statistically significant. The purity of 

various forms of recombinant AexU by Coomassie blue staining is shown in Figure 3.3 

Panel A, and the identity of the recombinant proteins was verified by Western blot 

analysis using anti-AexU specific antibodies (Figure 3.3 Panel B). The sizes of full-

length AexU toxin and its NH2- and COOH-terminal domains were 58, 26, and 31 kDa, 

respectively. 
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Figure 3.3: Recombinant purified AexU. (A) Coomassie blue staining of SDS–10% 
polyacrylamide gel containing various forms of purified rAexU. (B) Western blot analysis of purified 
rAexU toxins. Full=AexU full-length toxin; NH2=AexU toxin NH2-terminal domain; COOH=AexU 
toxin COOH-terminal domain. . “Reprinted from Microbial Pathogenesis, Vol 43 (4), Sierra JC, Suarez 
G, Sha J, Foltz SM, Popov VL, Galindo CL, Garner HR, Chopra AK., Biological characterization of a 
new type III secretion system effector from a clinical isolate of Aeromonas hydrophila-part II., Pages 
147-160, © Copyright (2007), with permission from Elsevier.”
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Expression of the aexU gene in HeLa Tet-Off cells 

Since it was recently shown that AexU is translocated into eukaryotic cells 

through the T3SS (124), I decided to mimic translocation by producing the toxin from a 

pBI-EGFP vector directly into HeLa cells using the Tet-Off system. HeLa Tet-Off cells 

were transfected by electroporation with a pBI-EGFP vector containing genes for aexU 

full length (1539 bp), the NH2-terminal domain (1 to 693 bp) or the COOH-terminus (694 

to 1539 bp), and transfection efficiency was evaluated by flow cytometry as the 

percentage of EGFP positive cells over a period of 48 h (data not shown). Within 8 h 

after transfection, it was possible to observe expression of the gene encoding EGFP in 

approximately 10% of the cells, which reached a maximum (~53% for the vector control, 
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Figure 3.4: ADP-ribosyltransferase activity of AexU as evidenced by hydrolysis 
of [14C]NAD. Various domains of affinity purified AexU (4 μg) were incubated with [14C]NAD and 
HT-29 whole-cell lysates as a source of target proteins for 1 h at room temperature. The [14C]ADP-
ribose incorporation in the target protein(s) was measured as counts per minute (cpm) in a scintillation 
counter. The background control contained [14C]NAD and HT-29 whole cell lysates. The background 
counts were subtracted from that of the experimental samples. The figure depicts arithmetic 
means±standard deviations from three independent experiments. The data were analyzed using Tukey's 
multiple group comparison test. The data were also presented to demonstrate percentage increase in 
counts by AexU over the control. “Reprinted from Microbial Pathogenesis, Vol 43 (4), Sierra JC, 
Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, Garner HR, Chopra AK., Biological 
characterization of a new type III secretion system effector from a clinical isolate of Aeromonas 
hydrophila-part II., Pages 147-160, © Copyright (2007), with permission from Elsevier.” 
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~39% for the full length AexU, and ~48% each for its NH2- and COOH-terminal 

domains) between 36 and 48 h. After 48 h, the percentages of EGFP positive cells started 

to decrease (~30% for HeLa cells transfected with the vector alone or the COOH-terminal 

domain of AexU) by day 5. However cultures transfected with plasmids carrying genes 

for the full length or NH2-terminal domain of AexU exhibited a low (~3%) percentage of 

EGFP positive cells, suggesting a toxic effect caused by the NH2-terminus of the toxin 

(data not shown).  

Expression and production of the full length and separate domains of AexU at 24 
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Figure 3.5: Expression and production of AexU in transfected HeLa Tet-Off cells. 
(A) Western blot analysis showing production of AexU in whole cell lysates of HeLa Tet-off cells after 
24 h of transfection with pBI-EGFP-aexU NH2-terminal (NH2-ter), full-length (Full), COOH-terminal 
(COOH-ter) domain encoding region of AexU, or pBI-EGFP empty vector (Empty vector). (B) 
Expression of three aexU gene constructs (recombinant plasmids harboring the full-length, NH2- or 
COOH-terminal domain) after permeabilization and intracellular staining using α-AexU full-length 
toxin and α-AexU COOH-terminal toxin domain specific sera. Mouse pre-immune serum was used as 
an isotype control. The cells were acquired using a FACScan flow cytometer and analyzed using 
WinMDI software, gated on EGFP-positive cells. “Reprinted from Microbial Pathogenesis, Vol 43 (4), 
Sierra JC, Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, Garner HR, Chopra AK., Biological 
characterization of a new type III secretion system effector from a clinical isolate of Aeromonas 
hydrophila-part II., Pages 147-160, © Copyright (2007), with permission from Elsevier.” 
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h post-transfection in HeLa Tet-Off cells was confirmed by Western blot analysis 

(Figure 3.5 Panel A). Bands of sizes 58, 26, and 31 kDa corresponded to the full length, 

NH2-terminus, and COOH-terminal domain of AexU, respectively. Some degradation of 

the various domains of AexU was observed. Production of AexU at 24 h post-transfection 

was also evaluated by flow cytometry using α-AexU-specific antibodies, followed by PE- 

conjugated anti-mouse IgG. As shown in Figure 3.5 Panel B, transfected HeLa Tet-Off 

cells expressed and produced the full length, as well as the NH2- and the COOH-terminal 

domain of AexU, which was evident by shifting in FL2 fluorescence against cells 

transfected with the vector alone or when pre-immune serum was used instead of hyper-

immune serum containing anti-AexU antibodies.  

HeLa Tet-Off cells were also evaluated at 24 h post-transfection for the 

production of AexU by confocal microscopy after immunochemical and DAPI staining. 

Production of EGFP (green) was detected in HeLa cells that were transfected with the 

vector alone (Figure 3.6 Panel A) and with the different constructs containing either the 

full-length (Figure 3.6 Panel B), the NH2- (Figure 3.6 Panel C) or COOH-terminal 

(Figure 3.6 Panel D) domains of AexU. Each of the various forms of AexU (stained with 

PE) was clearly visible (red color) (Figure 3.6 Panels B-D), except when HeLa cells 

were transfected with the vector alone (Figure 3.6 Panel A). Co-expression of EGFP and 

AexU was also observed in some HeLa cells (Figure 3.6, merge, yellow color). The 

presence of cells negative for EGFP and the recombinant proteins represented those that 

were not successfully transfected with the recombinant plasmids, which were visualized 

by DAPI staining (blue) of the nuclei.  
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Figure 3.6: Fluorescent staining of HeLa Tet-Off cells transfected with plasmids 
enconding the aexU gene. Expression and production of AexU in HeLa Tet-Off cells as 
determined by confocal microcopy. After intracellular staining, the cells were bound to glass slides by 
cytospin/cytocentrifugation and analyzed using a laser scanning confocal microscope. Transfected cells 
are shown in green (EGFP positive), labeled AexU is shown in red, and nuclei of host cells are in blue 
(DAPI). HeLa Tet-Off cells transfected with: (A) pBI-EGFP alone (empty vector); (B) pBI-EGFP-aexU 
encoding full-length; (C) pBI-EGFP-aexU encoding NH2-terminal domain; (D) pBI-EGFP-aexU 
encoding COOH-terminal domain. The image shown (magnification 63×) is a representative from three 
independent experiments. Full-length=AexU full-length; NH2-ter=AexU NH2-terminal domain; COOH-
ter=AexU COOH-terminal domain; Empty vector=pBI-EGFP (vector alone). “Reprinted from 
Microbial Pathogenesis, Vol 43 (4), Sierra JC, Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, 
Garner HR, Chopra AK., Biological characterization of a new type III secretion system effector from a 
clinical isolate of Aeromonas hydrophila-part II., Pages 147-160, © Copyright (2007), with permission 
from Elsevier.” 
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Cell morphology and actin filament evaluation in HeLa Tet-Off cells transfected 
with the aexU gene 

ExoS toxin from P. aeruginosa induces rounding of the host cells which is 

characterized by disruption in the polymerization of G-actin into F-actin (104). ExoS and 

AexU share 31% homology, and HeLa cells transfected with different aexU gene 

constructs exhibited rounded cell morphology with detachment from the tissue culture 

plates, based on light microscopy observations, after 24 h of transfection. I therefore 

investigated actin filament architecture by laser confocal microscopy using Alexa-Fluor 

568-conjugated phalloidin. Phalloidin binds and stabilizes F-actin molecules, and as a 

result, cells stained with phalloidin should show only actin filaments and not actin 

monomers or G-actin. After 24 h of transfection, the rounded cell morphology was more 

pronounced in HeLa cells transfected with the genes encoding full length AexU (Figure 

3.7 (I) Panel c) or its NH2-terminal domain (Figure 3.7 (I) Panel d) than those 

transfected with the DNA fragment encoding the COOH-terminal portion (Figure 3.7 (I) 

Panel b). Cells transfected with the control vector (Figure 3.7 (I) Panel a) or the COOH-

terminal domain of the gene (Figure 3.7 (I) Panel b) exhibited an actin filament network 

pattern similar to untransfected cells. The actin filament cytoskeleton of cells transfected 

with the full length or NH2-terminal domain of the gene encoding AexU, on the other 

hand, was almost completely disrupted (Figure 3.7 (I) Panel c and d). Reorganization of 

actin by phalliodin staining was quantified by flow cytometry, showing a decrease in the 

mean fluorescence intensity (MFI) in HeLa cells expressing and producing the full-length 

and NH2-terminal domain of AexU, when compared to host cells expressing only the 

vector alone or the COOH-terminal domain of AexU. These changes were more 

prominent at 60 h post-transfection (Figure 3.7 (II)). 
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HeLa Tet-off cells transfected with the vector alone or the plasmid containing the 

aexU full length gene were also processed for transmission electron microscopy. At 30 h 

post-tranfection, cells producing AexU showed significant chromatin condensation and 

fragmentation (Figure 3.8 Panel B and D), cytoplasmic vacuolization and separation of 

the nuclear membrane resulting in expansion of perinuclear space (Figure 3.8 Panel B), 

cellular membrane disruption, and changes in the morphology and density of the 

mitochondria (Figure 3.8 Panel B and C), an overall phenotype most probably 

associated with late apoptotic events or necrosis. None of these changes were observed in 
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Figure 3.7: Phallodin staining of HeLa Tet-Off cells transfected with plasmids 
encoding the aexU gene. (I) Evaluation of actin filaments by phalloidin staining in HeLa Tet-Off 
cells transfected with aexU encoding genes. After 24 h, HeLa Tet-Off cells transfected with empty 
vector (pBI-EGFP, panel a); AexU full-length (panel c); NH2-(panel d); and COOH-terminal domains 
(panel b) were stained with Alexa-Fluor 568 phalloidin to visualize F-actin molecules and analyzed by 
laser confocal microscopy. The actin filaments (red) were intact in cells transfected with the empty 
vector or aexU encoding the COOH-terminal domain. In contrast, cells transfected with aexU full-
length or its NH2-terminal domain showed a drastic alteration in actin filament network. Transfected 
cells were distinguishable from un-transfected ones by EFGP production (green). The images shown 
(magnification 63×) are representative of three independent experiments. (II) Quantification by flow 
cytometry of the phalloidin staining in HeLa cells transfected with empty vector, and the AexU full-
length, NH2- and COOH-terminal domains of AexU. Ratio of mean fluorescence intensity (MFI) 
between each sample (pBI-EGFP vector with the aexU gene) and the empty vector was calculated. The 
figure shows a representative experiment from two different assays. “Reprinted from Microbial 
Pathogenesis, Vol 43 (4), Sierra JC, Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, Garner HR, 
Chopra AK., Biological characterization of a new type III secretion system effector from a clinical 
isolate of Aeromonas hydrophila-part II., Pages 147-160, © Copyright (2007), with permission from 
Elsevier.” 
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HeLa cells transfected with the vector alone (Figure 3.8 Panel A). 

AexU induces apoptosis in transfected HeLa Tet-Off cells 

I analyzed cell viability, the rate of apoptosis, and cytotoxicity levels in HeLa 

cells transfected with the various gene constructs. The incorporation of 7-amino 

actinomycin D (7-AAD) which permeates the membranes of dead and dying cells and 

stains their DNA (100, 117), was assessed by flow cytometry. After 24 h of transfection, 

double positive EGFP/7-AAD HeLa Tet-Off cells were much higher in number (~40%) 

when the full length or NH2-terminal domain of AexU was expressed and produced, 

compared to HeLa cells that expressed and produced the COOH-terminal portion of 

AexU (~28%) or HeLa cells expressing the vector alone (∼23%) (Figure 3.9 Panel A). I 
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Figure 3.8: Transmission electron microscopy of HeLa Tet-Off cells transfected 
with plasmids encoding the aexU gene. HeLa Tet-Off cells were transfected with vector alone 
(panel A) or with plasmids encoding aexU full-length (panels B–D). HeLa Tet-Off cells transfected 
with aexU gene showed a dramatic cytotoxic effect caused by production of the toxin, including 
chromatin condensation and fragmentation (panels B and D), changes in mitochondrial density and 
morphology (panels B and C), separation of the perinuclear membrane (panel B), and expanded 
endoplasmic reticulum (panel C and D). c=chromatin; m=mitochondria; nm=nuclear membranes; 
er=endoplasmic reticulum. The images shown are representative of multiple fields. “Reprinted from 
Microbial Pathogenesis, Vol 43 (4), Sierra JC, Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, 
Garner HR, Chopra AK., Biological characterization of a new type III secretion system effector from a 
clinical isolate of Aeromonas hydrophila-part II., Pages 147-160, © Copyright (2007), with permission 
from Elsevier.” 



 56

also performed colorimetric MTT assays to measure cytotoxicity and mitochondrial 

activity in cells transfected with the various aexU gene constructs or the vector alone. 

Results of this assay showed that HeLa Tet-Off cells transfected with plasmids containing 

aexU full length toxin or its NH2-terminal domain genes had less mitochondrial activity 

than cells transfected with the vector alone (p<0.001) or pBI-EGFP plasmid containing 

the COOH-terminal domain of the toxin gene (p<0.001 and p<0.01, respectively) (Figure 

3.9 Panel B). Importantly, the differences in cell cytotoxicity as determined by the MTT 

assay was statistically significant (p<0.01) between HeLa cells transfected with the vector 

alone and those transfected with the plasmid harboring the gene for the COOH-terminus 

of AexU.  

In order to further confirm the cytotoxic effect of AexU and evaluate the 

apoptotic rate, I measured the cytoplasmic histone-associated DNA fragments 

(nucleosomes) by ELISA in HeLa Tet-Off cell lysates after 24 h of transfection with pBI-

EGFP plasmids harboring the genes encoding the full length, NH2-terminus, or COOH-

terminal domain of the toxin. As shown in Figure 3.9 Panel C, cells producing the 

AexU-full length or its NH2-terminal domain had higher rates of apoptosis compared to 

HeLa cells transfected with the vector alone (p<0.01 and p<0.001, respectively). The 

apoptotic rates of HeLa cells expressing and producing full length versus COOH-terminal 

(p<0.01) and NH2-terminal versus COOH-terminus of AexU (p<0.001) were also 

statistically significant. On the other hand, HeLa cells transfected with the plasmid that 

contained the COOH-terminal portion of the toxin had apoptotic levels similar to those 

transfected with the vector alone (p>0.05).  

Based on the increased rate of apoptosis evidenced by nucleosome detection in 

HeLa cells expressing and producing AexU, I decided to evaluate the caspase activity in 

these cells. Caspase 3 is a key mediator of apoptosis in mammalian cells; this effector 
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caspase is downstream of the activator caspases 8 and 9 (41). Activation of caspase 3 was 

Figure 3.9: Induction of apoptosis in HeLa Tet-Off cells transfected with aexU
gene. (A) Incorporation of 7-amino actinomycin D (7-AAD) as measured by flow cytometry in HeLa 
cells after 8 and 24 h of transfection with empty vector and the aexU gene constructs. A representative 
experiment from a total of three is shown in the figure. (B) Cytotoxicity associated with the expression
and production of AexU was evaluated by the MTT assay. Mitochondrial activity was reduced in cells
transfected with genes encoding the full-length or NH2-terminal domain of AexU. In contrast, cells 
transfected with the DNA fragment encoding the COOH-terminal domain of AexU or with the empty 
vector had higher levels of mitochondrial activity. (C) Detection by ELISA of cytoplasmic nucleosomes 
in HeLa Tet-Off cell lysates transfected with genes encoding full-length, NH2- or COOH-terminal 
domains of AexU after 24 h. An increased rate of apoptosis was evident in cells producing the full-
length or NH2-terminal domain of AexU compared to cells transfected with the empty vector or the 
COOH-terminal domain. (D) Colorimetric caspase 3 (Black bars) and 9 (white bars) detection in total
lysates of HeLa cells transfected with different aexU constructs after 24 h. Caspase 3 and 9 activity was
increased in HeLa cells producing full-length, NH2-terminal or COOH-terminal domain of AexU, 
compared to HeLa cells expressing the vector alone. For caspase 3, significant differences are evident
for all of the three constructs (full-length, NH2- and COOH-terminal domain of AexU), when compared 
to HeLa cells transfected with the vector alone. An increase in caspase 9 activation was statistically
significant in cells producing full-length and NH2-terminal domain of AexU but not in cells producing 
the COOH-terminal fragment of AexU when compared to HeLa cells transfected with the vector alone.
Figures are representative of three independent experiments. Standard deviations were calculated from
duplicate assays from one experiment. “Reprinted from Microbial Pathogenesis, Vol 43 (4), Sierra JC, 
Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, Garner HR, Chopra AK., Biological
characterization of a new type III secretion system effector from a clinical isolate of Aeromonas 
hydrophila-part II., Pages 147-160, © Copyright (2007), with permission from Elsevier.” 
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significantly increased after 24 h in HeLa cells producing AexU full length toxin 

(p<0.01), its NH2-terminus (p<0.05), or the COOH-terminal domain (p<0.05) when 

compared to HeLa cells transfected with the vector alone (Figure 3.9 Panel D). 

Likewise, after 48 h of transfection with different plasmid constructs, there was a 

significant increase in active caspase 3 in HeLa cells. Additionally, the increased 

activation of caspase 3 in HeLa cells producing AexU full length after 48 h of 

transfection was statistically significant when compared with cells producing the NH2-

terminal (p<0.01) or the COOH-terminal (p<0.001) domain of AexU. I also detected 

significant differences in caspase 3 activation in cells producing the NH2-terminal and 

COOH-terminal domains of AexU (p<0.001) (Figure 3.10).  

Caspase 3 can be activated by caspase 9 in cells undergoing apoptosis by the 

mitochondrial stress pathway (2, 41). Induction of apoptosis in this case could be 

mediated by perturbation of the mitochondria resulting in caspase 9 activation. I assessed 

activation of caspase 9 in HeLa cells transfected with the various forms of AexU. 

Activation of caspase 9 was evident 24 and 48 h after transfection with the different 

AexU constructs. Significant differences after 24 h were observed in HeLa cells 

producing AexU full length toxin (p<0.01) or its NH2-terminal domain (p<0.05), 

compared to HeLa cells expressing vector alone (Figure 3.9 Panel D). A significant 

difference was also detected between HeLa cells producing AexU full length (p<0.05) 

and cells producing the COOH-terminal domain of the toxin (Figure 3.9 Panel D). 

However, caspase 9 levels were barely statistically significant (p=0.053) when 

comparisons were made between HeLa Tet-Off cells expressing the full length when 

compared to the NH2-terminal domain of AexU encoding gene.  

Similarly, after 48 h of transfection, increased activation of caspase 9 was evident 

in cells producing full length (p<0.001), NH2-terminal (p<0.001) and COOH-terminal 
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(p<0.05) domains of AexU, compared to HeLa cells transfected with the vector alone 

(Figure 3.10). In addition, significant differences in caspase 9 activation were observed 

between cells producing full length (p<0.01) or the NH2-terminal (p<0.01) domain of 

AexU when compared to cells producing the COOH-terminal domain of the toxin. At 48 

h, I also noted statistically significant differences (p<0.05) in caspase 9 production in 

HeLa cells producing COOH-terminal portion of AexU toxin compared to host cells 

expressing only the vector (Figure 3.10). 

 

DISCUSSION 

Previous studies from our laboratory provided evidence for the production of 

several virulence factors from diarrheal isolate SSU of A. hydrophila (44, 46, 50, 57, 119, 

122). More recently, our laboratory described a novel T3SS effector protein, AexU, and 
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Figure 3.10: Caspase 3 and 9 detection in HeLa Tet-Off cells transfected with 
aexU gene for 48 h. Colorimetric caspase 3 (Black bars) and 9 (white bars) detection in total 
lysates of HeLa cells transfected with different aexU constructs after 48 h. Caspase 3 and 9 activity was 
increased in HeLa cells producing full-length, NH2-terminal or COOH-terminal domain of AexU, 
compared to HeLa cells expressing the vector alone. For caspase 3 and 9, significant differences are 
evident for all of the three constructs (full-length, NH2- and COOH-terminal domain of AexU), when 
compared to HeLa cells transfected with the vector alone. Figure is representative of three independent 
experiments. Standard deviations were calculated from duplicate assays from one experiment.  
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demonstrated that an A. hydrophila ΔaexU mutant strain was avirulent in a mouse model 

of lethality and that mice immunized with rAexU were resistant to infection with wild 

type A. hydrophila (124). In this study, I investigated the biological effects associated 

with AexU and presented an initial characterization of this toxin in eukaryotic cells. We 

provided evidence that the NH2-terminal domain of AexU had more ADPRT activity than 

its COOH-terminus, even though the COOH-terminal domain possessed two QXE 

motifs. This could possibly be attributed to the tertiary structure of the recombinant 

protein making those motifs inaccessible, if these motifs indeed contributed to the 

enzymatic activity. On the other hand, amino acid sequence analysis search for ADP-

ribosylation motifs ([Q/E]XE) in other toxins with ADPRT activity showed the presence 

of more than one motif that could be associated with this enzymatic activity. For 

example, AexT has three QXE motifs (Figure 3.1), ExoS has five motifs (three QXE and 

two EXE), ExoT has four motifs (three EXE and one QXE), and Iota toxin has seven 

motifs (four EXE and three QXE) (data not shown). However the ADP-ribosylating 

activity in these toxins could be associated with only one of the above-mentioned motifs, 

or all could contribute to the enzymatic activity. Therefore, structural and functional 

analysis will be required to confirm which of the AexU QXE motif(s) is associated with 

the ADP-ribosylation activity. 

Microscopic analysis revealed a characteristic rounded morphology of HeLa Tet-

Off cells transfected with plasmids containing either the full length or the NH2-terminal 

domain of aexU gene. Further, most of these cells did not attach to the culture flask and 

remained in suspension. In contrast, this phenotype was not observed for cells producing 

the COOH-terminal domain of AexU, which resembled cells producing EGFP alone 

(control vector) or those that were not transfected. These results suggested that AexU 

exerted a cytotoxic effect involving disruption of host cell cytoskeletal activities, which 
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was attributed mainly to the NH2-terminal portion of the toxin. Indeed, direct assessment 

of the actin filament network (based on phalloidin staining) confirmed a dramatic 

disruption of actin polymerization only when the NH2-terminus of AexU was produced, 

alone or as part of the full-length protein.  

In addition to the induction of cell rounding and alterations in the actin filament 

network, ADPRT activity was much more pronounced for the full length and NH2-

terminal domain of AexU, compared to the COOH-terminus. ADPRT activity associated 

with C. perfringens iota toxin, botulinum C2 toxin, and the Salmonella plasmid virulence 

protein (SpvB) has been reported to lead to cell rounding by targeting actin, which after 

ADP-ribosylation, is unable to form filaments (7, 84). Such morphological changes were 

clearly evident in eukaryotic cell lines, such as Vero (African green monkey kidney 

epithelial cells), CHO (Chinese hamster ovary cells), and mouse fibroblastic cells (7, 84, 

86). These toxins ADP-ribosylate G-actin, which caps the barbed end of F-actin and 

hence blocks its further polymerization, leading to cell collapse (7). It is therefore 

possible that AexU toxin’s ADP-ribosyltranferase activity plays a similar role in the 

induction of rounded cell morphology. Such alterations in the actin cytoskeleton induced 

by AexU toxin could interfere with important host cell functions, such as motility, 

phagocytosis, secretion, proliferation, and mitosis, and ultimately lead to cell death (10). 

Alternatively, ADP-ribosylation of RhoC by C3 from C. botulinum has been related to 

actin cytoskeleton disruption and subsequent morphological changes of host cells (26, 

67). Thus, ADP-ribosylating toxins can disrupt the actin cytoskeleton not only by 

targeting G-actin but also by targeting other proteins related to actin polymerization (26, 

67). There is therefore a broad range of possible target protein(s) for AexU that could be 

ADP-ribosylated, underscoring the importance of identifying such targets in the future in 

order to elucidate in-depth the mechanism of action of AexU. Recently, GTPase-



 62

activating protein (GAP) activity was described for AexT from A. salmonicida, which 

was associated with alterations in the actin cytoskeleton of host cells (87). Therefore, 

actin reorganization seen with AexU in HeLa-Tet-Off cells could be related to both GAP 

and ADP-ribosyltransferase activities. The presence of an arginine finger motif in the 

NH2-terminal domain of AexU points to the fact that this domain may have GAP activity 

(Figure 3.1). 

In addition to AexU, A. hydrophila produces the T2SS-Act toxin, which we 

previously reported to exert a variety of effects in vitro and in vivo, including cytotoxicity 

to intestinal and non intestinal cells, an acute inflammatory response, intestinal fluid 

secretion, up-regulation of the expression of genes encoding proinflammatory cytokines, 

activation of MAPK signaling, and classical caspase-associated apoptosis (30, 50, 56, 57, 

119). Additionally, an Δact mutant of A. hydrophila SSU was less virulent in mice than 

the wild-type bacteria. However, host cells infected with Δact mutant bacteria exhibited 

changes in their morphology, such as vacuolation in colonic intestinal epithelial cells 

(HT-29), rounded cell morphology in murine macrophages (RAW264.7), and detachment 

of host cells from tissue culture plates (122). These results suggested the presence of an 

effector protein(s) that was different from Act and could be responsible for this 

phenotype. Based on the results presented in this study, I suggested that AexU toxin 

could be one of those effector proteins.  

Evaluation by transmission electron microscopy of HeLa Tet-Off cells producing 

different forms of AexU allowed us to identify morphological changes at the ultra-

structural level. I observed alterations such as chromatin condensation and fragmentation, 

vacuolization, membrane disruption, and changes in mitochondrial morphology 

associated with the expression and production of AexU in HeLa cells. These cytotoxic 

changes were characteristic of early and/or late apoptosis, suggesting a role of AexU in 
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an apoptotic or necrotic process. Increased cell death accompanied by a decrease in 

mitochondrial activity in cells that were producing the full length or NH2-terminal 

domain of AexU was confirmed by 7-ADD staining, detection of cytoplasmic 

nucleosomes, and MTT assays. AexU toxin-induced cell death was caspase-associated, as 

demonstrated by colorimetric assays for caspase 3 and 9. These data correlated with the 

observed morphological changes, cytotoxicity, and DNA fragmentation and indicated 

that AexU induced apoptosis. Furthermore, induction of apoptosis was higher in response 

to the NH2-terminal domain compared to the COOH-terminal portion of AexU, 

correlating with ADPRT activity, nucleosome detection, actin polymerization disruption 

and mitochondrial activity. Detection of activated caspase 9, together with alteration in 

the density and morphology of the mitochondria (evidenced by electron microscopy), 

suggested that the induction of apoptosis as a result of AexU production was mainly 

mediated via the mitochondrial stress pathway. 

In the context of A. hydrophila infection, the host cell targets for AexU might 

include immune and intestinal cells, and/or other cells in the body, depending on the 

route and progression of infection. It is therefore important to investigate the potential for 

AexU to affect other cells, such as macrophages, which are known to be important in 

Aeromonas-associated gastroenteritis and wound infections. Our previous studies with 

Δact mutant bacteria combined with the results of this study make AexU a strong 

candidate for previously observed host effects, such as cell rounding, apoptosis, and some 

signaling events evoked by A. hydrophila, that are not attributed solely to Act.  

In summary, these findings indicated that AexU had ADPRT activity, which is 

primarily associated with the NH2-terminal domain. Interestingly, the COOH-terminal 

domain of AexU also had ADPRT activity, although this domain is quite unique with no 

homology to any known proteins in the NCBI database. Further, in ExoS/T, ADPRT 
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activity was associated with the COOH-terminus (18, 111), while in AexU this activity 

was associated with both the NH2- and COOH-terminal domains. I observed alterations 

in the actin cytoskeleton of HeLa cells expressing the aexU gene that could be linked to 

apoptotic processes in the host cells. The discovery and characterization of AexU are 

initial steps in delineating the mechanism of action of this new virulence factor, and with 

further studies could allow a better understanding of the pathogenicity of A. hydrophila 

and possibly other bacteria that produce similar toxins. 
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Chapter 4: Unraveling the mechanism of action of a new type III 
secretion system effector AexU from Aeromonas hydrophila2 

INTRODUCTION 

Previously, I characterized the T3SS-associated effector AexU (with 512 amino 

acid [aa] residues), that possessed ADPRT activity (126). AexU inhibited phagocytosis of 

bacteria by macrophages, and it eventually led to host cell death by apoptosis (123, 126). 

We also demonstrated that AexU played an important role during the infection process, 

as 60% of mice infected with the ΔaexU isogenic mutant survived a minimal lethal 

challenge dose, which killed 90-100% of animals infected with the wild-type (WT) A. 

hydrophila SSU (123). 

Studies on the T3SS-secreted effector proteins (e.g., ExoS/T and AexT) from 

other bacteria, such as Pseudomonas aeruginosa and a fish pathogen Aeromonas 

salmonicida, respectively, indicated that they were bifunctional toxins, with the NH2-

terminal domain having GTPase activating protein (GAP) activity, while the COOH-

terminal domain had ADPRT activity (11, 18, 47, 71, 82). Importantly, however, was our 

finding that although the NH2-terminal domain of AexU (aa residues 1-231) shared 54-

67% homology in the corresponding domains of P. aeruginosa ExoS (aa residues 1-233) 

and A. salmonicida AexT (aa residues 1-255), respectively, the COOH-terminal domain 

of AexU (aa residues 232-512) was unique with no homology to any functional protein in 

the NCBI database. Because of this novel domain, the overall homology of AexU with 

ExoT/S and AexT dropped to 31 and 40%, respectively. Further, while AexU is 512 aa 

                                                 
2 125. Sierra, J. C., G. Suarez, J. Sha, W. B. Baze, S. M. Foltz, and A. K. Chopra. 2010. Unraveling 
the mechanism of action of a new type III secretion system effector AexU from Aeromonas hydrophila. 
Ibid. doi:10.1016/j.micpath.2010.05.011  
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residues in length, ExoS and AexT are comprised of 453 and 475 aa residues, 

respectively (20, 126, 144).  

Within the NH2-terminal domain of AexU, I identified an arginine-finger motif 

(GALRSLA), similar to that of ExoS (GALRSLS) and AexT (GPLRSLC). Earlier studies 

based on site-directed mutagenesis indicated an essential role of an arginine residue in the 

GAP activity of these bacterial toxins (47, 64); however, whether AexU possesses a 

similar activity is unknown. 

In this study, I evaluated the GAP activity of native and mutated versions of 

AexU from A. hydrophila SSU and examined various signaling pathways mediated by 

AexU in the host cell. Further, I studied the ability of the ΔaexU null mutant strain to be 

detected in the peripheral organs of mice after intraperitoneal (i.p.) infection. Overall, our 

data indicated that AexU operated by inhibiting the activation of NF-κB by down-

regulating the phosphorylation of IκBα and, thereby, negatively modulating the 

production of key cytokines/chemokines.  

In addition, I provided the first evidence that AexU devoid of ADPRT and GAP 

activities when produced in trans from A. hydrophila SSU ∆aexU strain, was able to 

trigger significant production of cytokines/chemokines in spleens of infected mice when 

compared to animals infected with the ∆aexU strain expressing the native aexU gene with 

intact ADPRT and GAP activities. These data indicated that AexU devoid of its intrinsic 

activities was even more potent in activating genes for cytokines and chemokines and 

their overwhelming production resulted in increased mortality in mice in a septicemic 

mouse model. To our knowledge, this is the first detailed mechanistic study unraveling 

the mechanism of action of AexU. 
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RESULTS 

AexU functions as a GTPase-activating protein (GAP) for RhoA, Rac1 and Cdc42, 
and this activity is dependent on the arginine residue located at position 145 

Multiple bacterial toxins target GTP-binding proteins, and a particular subset of 

toxins mimic the action of eukaryotic GAPs by promoting the hydrolysis of bound GTP 

(4, 52). Sequence analysis and site-directed mutagenesis studies have shown the 

importance of an essential arginine residue in all of the bacterial GAPs, and this residue is 

believed to function as the arginine finger already described for GAP activity of 

eukaryotic proteins (6). By sequence analysis of AexU, I identified a region in the NH2-

terminal domain that exhibited homology to other bacterial proteins with GAP activity, 

and this region is referred to as arginine finger sequence motif (116). In particular, the 

arginine residue located at position 145 in AexU could serve as the catalytic aa residue 

mediating the GAP activity (Figure 4.1 Panel A).  

Consequently, I performed an in vitro GTP-hydrolysis assay of the small 

GTPases, such as RhoA, Rac1, Cdc42, and Ras. The GAP activity of native recombinant 

AexU (rAexU) towards RhoA, Rac1, and Cdc42 was confirmed by this assay (Figure 4.1 

Panel C); however, no activity was detected towards Ras (data not shown). Additionally, 

I over-produced and purified the mutated version of rAexU (GAP-), and evaluated its 

GAP activity. Importantly, rAexUGAP
- showed a significant reduction in its capacity to 

hydrolyze GTP, when I compared it with the native form of rAexU and the positive 

control p50 Rho GAP that was used in this assay (Figure 4.1 Panel C), using the same 

substrates. These data confirmed that arginine 145 indeed was responsible for the GAP 

activity of rAexU. The stability of the mutated versus the native form of rAexU based on 

Coomassie blue staining of the gel is shown in Figure 4.1 Panel B. 
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Alterations in actin cytoskeleton of HeLa Tet-Off cells transfected with the aexU 
gene are associated with GAP activity 

Several bacterial toxins target GTP-binding proteins to alter host cellular 

functions, such as chemotaxis, phagocytosis, and secretion and proliferation necessary to 

eliminate the pathogen from the host (4, 6). One particular strategy is the inhibition of 
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Figure 4.1: In vitro GAP activity of AexU. (A) Schematic representation of AexU showing 
the catalytic arginine residue associated with GAP activity and the potential motifs (QXE) associated 
with ADPRT activity. (B) Coomassie blue staining of native and different mutated versions of rAexU, 
with GAP− indicating the mutated version for GAP activity in which arginine residue at position 145 
was replaced with alanine and ADPRT123− representing the mutated version for ADPRT activity in 
which three glutamate residues at positions 30, 263 and 421 were replaced with alanine. (C) In vitro 
GAP activity towards RhoA, Rac1, and Cdc42 by affinity purified rAexU (native and mutated GAP- 
version). Recombinant RhoA, Rac1, and Cdc42 (25 μg) were incubated with purified rAexU (4 μg) and 
GTP for 20 min at 37°C. As a positive control, recombinant p50 RhoGAP (6 μg) was added to the 
reaction instead of rAexU. Additionally, in order to account for the intrinsic GAP activity, each small 
GTPase (RhoA, Rac1 and Cdc42) was tested in the absence of the GAP protein (last column in each 
graph). The phosphate groups generated by GAP activity of AexU were quantified by adding the 
CytoPhos reagent and colorimetric analysis. The values shown are the mean absorbances ±_standard 
deviations from three independent experiments. ANOVA with Tukey’s multiple comparison test was 
used for statistical analyses of the data. “Reprinted from Microbial Pathogenesis, Sierra JC, Suarez G, 
Sha J, Baze W., Foltz SM,, Chopra AK., Unraveling the mechanism of action of a new type III 
secretion system effector AexU from Aeromonas hydrophila., doi:10.1016/j.micpath.2010.05.011 © 
Copyright (2010), with permission from Elsevier.” 
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small GTPases by bacterial toxins having a GAP-like activity. Small GTPases, in 

particular the Rho GTPases, are involved in regulating host cell polarity, cell adhesion, 

and the contractile actin/myosin stress fiber formation (4, 52). Since rAexU possesses 

GAP activity, I investigated whether alterations in the cellular cytoskeleton induced by 

native AexU were related to GAP activity. The actin filament architecture was evaluated 

by immunofluorescence and flow cytometry using Alexa-Fluor 568-conjugated 

phalloidin.  

The rounded cell morphology was evident in HeLa Tet-Off cells transfected with 

the gene encoding native AexU (Figure 4.2 Panel A-II); the actin cytoskeleton was 

almost completely disrupted (at arrow). In contrast, HeLa cells transfected with the gene 

encoding the mutated version of AexU (GAP-) (Figure 4.2 Panel A-III) exhibited an 

actin filament network which was much improved compared to in HeLa Tet-Off cells that 

were transfected with the native aexU gene, although not reaching to the level seen in 

HeLa cells transfected with the vector alone (Figure 4.2 Panels A-I and 4.2 B & C). 

HeLa cells expressing the gene encoding GFP were clearly seen in these three panels. 

These data indicated that GAP activity contributed to the alteration of the actin 

cytoskeleton of the host cells. 

I then quantified the reorganization of actin by flow cytometry using fluorescently 

labeled phalloidin, and for this analysis, I used only the GFP+ population. The phalloidin 

mean fluorescence intensity (MFI) of the HeLa Tet-Off cells transfected with the gene 

encoding GAP-AexU was significantly higher (doubled) compared to the MFI of the host 

cells transfected with the gene encoding native AexU (Figure 4.2 Panels B & C). The 

expression and production of native AexU as well its mutated version after transfection 

into HeLa Tet-Off cells were evaluated by Western blot analysis that used anti-AexU 

antibodies to ensure that the effects observed in the actin cytoskeleton were not 
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Induction of apoptosis by AexU in transfected HeLa Tet-Off cells is dependent on 
GAP activity 

I previously reported an increase in the apoptosis of HeLa Tet-Off cells 

expressing and producing AexU (126). I measured cytoplasmic histone-associated DNA 

fragments (nucleosomes) by ELISA in HeLa cells after 24 h of transfection with genes 

encoding native AexU and the GAP mutant (GAP-). The apoptotic rates of HeLa Tet-off 

cells transfected with genes encoding AexUGAP
- were significantly lower compared to 

those in HeLa cells transfected with the gene encoding native AexU (Figure 4.3 Panel 

A). Additionally, I evaluated the activation of caspase 3 in HeLa Tet-Off cells in response 

to the mutated version of AexU. As shown in Figure 4.3 Panel B, there was a significant 
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Figure 4.3: Assessment of the apoptotic rate in HeLa Tet-Off cells expressing the 
genes encoding native and mutated version (GAP−) of AexU. (A) Detection of 
cytoplasmic nucleosomes by ELISA in HeLa Tet-Off cells after 24 h of transfection. (B) Caspase 3 
activation measured by colorimetric assay in lysates of transfected HeLa Tet-Off cells. HeLa Tet-Off 
cells transfected with the empty vector and then treated with Camptothecin were used as a positive 
control for both assays. The values shown are mean absorbances ± standard deviations from three 
independent experiments. ANOVA with Tukey’s multiple comparison test was used for statistical 
analyses of the data. “Reprinted from Microbial Pathogenesis, Sierra JC, Suarez G, Sha J, Baze W., 
Foltz SM,, Chopra AK., Unraveling the mechanism of action of a new type III secretion system effector 
AexU from Aeromonas hydrophila., doi:10.1016/j.micpath.2010.05.011 © Copyright (2010), with 
permission from Elsevier.” 
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decrease in the activation of caspase 3 in the HeLa cells transfected with gene encoding 

AexUGAP
- compared to HeLa cells transfected with the native version of AexU. As a 

positive control, I used HeLa Tet-Off cells transfected with vector alone and treated with 

camptothecin and it showed similar levels of cytoplasmic nucleosomes and caspase 3 

activation as in HeLa Tet-Off cells tranfected with the native aexU gene. 

AexU interferes with the phosphorylation of c-Jun and IκBα in normal HeLa cells 
co-cultured with A. hydrophila SSU 

In addition to controlling the assembly and disassembly of the host actin 

cytoskeleton, members of the Rho family of small GTPases activate nuclear factor κB 

(NF-κB) (95, 105). There is evidence that constitutively activated forms of Rac1 and 

Cdc42 are able to induce the activation of c-Jun N-terminal kinase/stress-activated 

protein kinase (JNK/SAPK) (39, 94). Given that AexU possesses GAP activity towards 

RhoA, Rac1, and Cdc42, I evaluated the effects of either WT A. hydrophila or its ∆aexU 

null mutant on the signaling cascades leading to the activation of transcription factors c-

Jun and NF-κB.  
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Figure 4.4: Phosphorylation of c-jun, IκBα, and JNK in HeLa cells co-cultured
with WT A. hydrophila SSU or its ΔaexU mutant. HeLa cells were co-cultured with with 
WT A. hydrophila SSU (Grey bars) or its ΔaexU mutant (Black bars) and phophorylation status of c-
jun, IκBα, and JNK was determined by using a BioPlex phosphoprotein assay. Cell lysates were 
obtained at different indicated time points. The values shown are the mean fluorescence intensities ± 
standard deviations from two independent experiments. ANOVA with Bonferroni post-test was used for 
statistical analyses of the data. “Reprinted from Microbial Pathogenesis, Sierra JC, Suarez G, Sha J, 
Baze W., Foltz SM,, Chopra AK., Unraveling the mechanism of action of a new type III secretion 
system effector AexU from Aeromonas hydrophila., doi:10.1016/j.micpath.2010.05.011 © Copyright 
(2010), with permission from Elsevier.”
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I observed an increase in the phosphorylation of c-Jun, IκBα, and JNK in HeLa 

cells infected with the ΔaexU mutant of A. hydrophila at different time points when 

compared to HeLa cells infected with the WT strain (Figure 4.4), with statistically 

significant differences observed at 60 min for phospho c-Jun, at 30 and 60 min for 

phospho IκBα, and at 60 and 90 min for phospho JNK. These results were confirmed by 

Western blot analysis using antibodies specific for the phosphorylated form of c-Jun and 

densitometric analysis of the Western blot (Figure 4.5 Panels A & B). For data presented 

in Figure 4.5, I used A. hydrophila with an Δact background to eliminate the strong 

biological effects associated with this toxin. As shown in Figure 4.5 Panel B, the 

intensity value of the bands (represented as fold increase) for phosphorylated c-Jun was 

lower in HeLa cells infected with the Δact mutant of A. hydrophila, when compared with 

findings in HeLa cells infected with the Δact/ΔaexU double mutant. Specifically between 

time points 30-120 min (approximately 4-5 fold increase), I observed statistically 

significant increases in phosphorylation of c-Jun when the aexU gene was deleted from 

A. hydrophila. These results supported our earlier observation (Figure 4.4) of AexU’s 

involvement in down regulation of the JNK pathway. 

Additionally, I measured IκBα degradation pattern in HeLa cells infected with the 

Δact and Δact/ΔaexU mutant strains of A. hydrophila SSU (Figure 4.5 Panels C & D). 

After 40-80 min of co-culture, the intensity of the bands (represented as fold change and 

% decrease) for IκBα was approximately 70-80% lower in HeLa cells infected with the 

Δact/ΔaexU mutant compared to that in host cells infected with the parental strain (p < 

0.01). These data indicated higher degradation of IκBα in Δact/ΔaexU mutant-infected 

HeLa cells and therefore correlating with a higher activation of NF-κB (Figure 4.5 Panel 

D). 
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Figure 4.5: Phophoprotein detection in HeLa cells by Western blot analysis. (A) 
Phosphorylated and total c-Jun was determined by Western blot analysis in lysates (10 μg) of HeLa 
cells co-cultured with either the Δact or the Δact/ΔaexU mutant strain of A. hydrophila SSU at different 
time points. Also a Western Blot for β-tubulin is shown as a loading control. (B) The numbers shown 
on Y-axis represent the fold increase in density values of the bands for the phosphorylated c-Jun, 
normalized with the density values for the total c-Jun. The grey bars represent HeLa cells co-cultured 
with the Δact mutant of A. hydrophila SSU and the black bars represent cells co-cultured with the 
Δact/ΔaexU mutant. The figure represents mean fold increases in phospho c-jun ± standard deviations 
from three independent experiments. ANOVA with Bonferroni post-test was used for statistical 
analyses of the data. (C) IκBα degradation was assessed by Western blot analysis using specific 
antibodies against IκBα. HeLa cells were co-cultured with indicated strains of A. hydrophila SSU and 
lysates (10 μg) obtained at different time points were subjected to SDS-4–15% PAGE and Western blot 
analysis. Western blot for β-tubulin was used as a loading control. (D) The density values of the bands 
for IκBα were normalized with the density for β-tubulin and then 0 min time point was used as a base 
line to calculate the fold changes. The Y-axis values shown on the left side are the mean fold changes ± 
standard deviations from three independent experiments and the Y-axis values on the right side 
represent percent decrease in IκBα degradation compared to the 0 min time point. ANOVA with 
Bonferroni post-test was used for statistical analyses of the data. “Reprinted from Microbial 
Pathogenesis, Sierra JC, Suarez G, Sha J, Baze W., Foltz SM,, Chopra AK., Unraveling the mechanism 
of action of a new type III secretion system effector AexU from Aeromonas hydrophila., 
doi:10.1016/j.micpath.2010.05.011 © Copyright (2010), with permission from Elsevier.” 
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AexU inhibits secretion of IL-6 and IL-8 by HeLa cells co-cultured with A. 
hydrophila SSU 

Non-immune cells, like epithelial cells, produce cytokines/chemokines and are the 

first line of defense against infections (70, 99). Pathogens have developed strategies to 

interfere with the NF-κB signal transduction pathway, thus reducing the secretion of 

inflammatory cytokines/chemokines, such as  IL-6, IL-8 and IL-1β (99). Based on the 

ability of AexU to delay the degradation of IκBα in HeLa cells (Figure 4.5 Panels C & 

D), I decided to measure the secretion of IL-6 and IL-8 by HeLa cells co-cultured with 

either the Δact or the Δact/ΔaexU mutant strain of A. hydrophila. As can be seen from 

Figure 4.6, IL-6 and IL-8 secretion was reduced in the HeLa cells co-cultured with the 

parental A. hydrophila (act-minus background) when compared to the secretion of these 

cytokines/chemokines by host cells infected with the double mutant Δact/ΔaexU. These 

differences were statistically significant at 24 h after addition of the bacteria. 
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Figure 4.6: Secretion of IL-6 and IL-8 was evaluated in supernatants of HeLa 
cells co-cultured with either the Δact mutant of A. hydrophila SSU or its 
Δact/ΔaexU mutant. The figure shows mean concentrations in pg/mL of each of the 
cytokines/chemokines from three independent experiments ± standard deviations. ANOVA with 
Bonferroni post-test was used for statistical analyses of the data. “Reprinted from Microbial 
Pathogenesis, Sierra JC, Suarez G, Sha J, Baze W., Foltz SM,, Chopra AK., Unraveling the mechanism 
of action of a new type III secretion system effector AexU from Aeromonas hydrophila., 
doi:10.1016/j.micpath.2010.05.011 © Copyright (2010), with permission from Elsevier.” 
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Detection of A. hydrophila SSU in peripheral organs of mice resulting in tissue 
injury is mediated by AexU 

To evaluate the role of AexU during in vivo infection, I challenged mice with a 

sub-lethal dose of either the Δact or the Δact/ΔaexU double mutant of A. hydrophila. 

Additionally, a group of mice that did not receive any bacteria (but given phosphate 

buffered saline [PBS]) was used as a negative control. Our earlier data indicated that the 

LD50 of the Δact mutant bacteria was almost two logarithmic doses higher than the LD50 

of WT A. hydrophila (142). After 24 h and 48 h of infection, lungs, livers and spleens 

were collected, homogenized, and plated to measure the bacterial load. As seen in Figure 

4.7, at the 48 h time point, there were no bacteria present in the organs of the animals 

infected with the Δact/ΔaexU mutant of A. hydrophila. In contrast, I recovered bacteria 

from the lungs, livers and spleens of mice infected with the parental strain. The number 

of parental strain bacteria recovered from different organs at 48 h was higher than the 

ones detected at 24 h post infection (data not shown).  
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Figure 4.7: Detection of either the Δact mutant of A. hydrophila SSU (parental 
strain) or its Δact/ΔaexU mutant in mice after 48 h of i.p. injection with 8 × 105 
cfu. The tissues from five animals per group were weighed and homogenized in water, and the serial 
dilutions were prepared and plated on LB agar plates. After overnight incubation at 37°C, the number of 
bacteria was quantified and the cfu per gram of tissue calculated. The data shown represent means with 
error bars from 5 animals. “Reprinted from Microbial Pathogenesis, Sierra JC, Suarez G, Sha J, Baze 
W., Foltz SM,, Chopra AK., Unraveling the mechanism of action of a new type III secretion system 
effector AexU from Aeromonas hydrophila., doi:10.1016/j.micpath.2010.05.011 © Copyright (2010), 
with permission from Elsevier.” 
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Tissues from the animals infected with either the parental or the ∆act/ΔaexU 

mutant of A. hydrophila were also collected for histopathological analysis. The control 

group of mice (uninfected) exhibited normal pathology of liver, lung, and spleen (Figure 

4.8 A-C). Various manifestations of tissue pathology were noted in the livers of mice 

infected with the parental (Δact) strain including minimal necrosis (Figure 4.8 A, middle 

A
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Control Δact Δact/ΔaexU

A

C

B

Control Δact Δact/ΔaexU

Figure 4.8: Histopathological analysis of tissues. Histopathological analysis of tissues from 
mice infected with 8 × 105 cfu of either the Δact mutant of A. hydrophila SSU (parental strain) or its 
Δact/ΔaexU mutant strain. Panel A shows tissue section from the liver, and the arrow indicates 
subcapsular necrosis (middle panel) present in animals infected with the Δact mutant strain. Panel B 
shows tissue section from the lung, and the expanded interstitium due to acute inflammatory infiltrates 
of mostly polymorphonuclear cells is indicated with the arrow (middle panel) in animal infected with 
the Δact mutant bacteria. Panel C shows tissue sections of the spleen, and lymphoid necrosis is 
indicated by the arrow in mice infected with the Δact mutant strain. No significant alterations were 
observed in the control group or the Δact/ΔaexU-infected animals. Magnification is represented by the 
bars (200 and 500 μm). “Reprinted from Microbial Pathogenesis, Sierra JC, Suarez G, Sha J, Baze W., 
Foltz SM,, Chopra AK., Unraveling the mechanism of action of a new type III secretion system effector 
AexU from Aeromonas hydrophila., doi:10.1016/j.micpath.2010.05.011 © Copyright (2010), with 
permission from Elsevier.” 
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panel arrow) or inflammation of the capsule, minimal parenchymal inflammation and 

granuloma formation. In the lungs of mice infected with the parental strain, the most 

predominant findings were minimal to mild inflammation in the interstitium with 

infiltrates of polymorphonuclear cells (Figure 4.8 middle panel arrow). Bacteria were 

also observed in the perivascular region of the lungs. In the spleens, mild to moderate 

lymphoid necrosis of the white pulp and mild myeloid hyperplasia in the red pulp was 

noted in mice infected with the parental A. hydrophila strain (Figure 4.8 C middle panel 

arrow). The group of mice infected with the Δact/ΔaexU mutant presented significantly 

much reduced histopathological lesions in the liver, lung, and spleen when compared 

with the tissues from animals infected with the parental strain. 

A. hydrophila Δact/ΔaexU isogenic mutant complemented with the ADPRT-/GAP- 
mutated version of the aexU gene is more virulent than the one producing the native 
form of the aexU gene 

Previously, I reported the ability of AexU to ADP ribosylate eukaryotic proteins 

(126). One of the key structural features of ADPRTs is the Q/E-X-E motif, in which the 

catalytic glutamate (E) is located two residues downstream of a conserved glutamine (Q) 

or glutamate (E) residue (68, 74). It was shown that substituting catalytic glutamate to 

alanine significantly reduced the activity of multiple ADPRTs (47, 88). However, our 

studies with AexU indicated the presence of three Q-X-E motifs, one in the NH2-terminal 

domain (aa residues 28-30) and two in the COOH-terminal domain (aa residues 261-263 

and 419-421) (Figure 4.1 Panel A) (126).  Based on this sequence analysis, I generated 

by site directed mutagenesis a mutated version of AexU in which all of the three 

glutamates were replaced by alanine. The recombinant protein with these three 

substitutions (AexU ADPRT123-) was tested by an in vitro ADPRT assay, as I previously 

described (133). No ADPRT activity was found to be associated with this mutated 

version of rAexU (data not shown).  The stability of the mutated rAexU devoid of 
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ADPRT activity compared to that of the native protein was confirmed by Coomassie blue 

staining of the gel (Figure 4.1 Panel B). 

In order to assess the contribution of ADPRT and GAP activity of AexU to the 

virulence of A. hydrophila in vivo, I expressed and produced the native and mutated 

versions of AexU in trans from A. hydrophila Δact/ΔaexU mutant by using the pBR322 

vector. Mice were infected via the i.p. route with different strains of parental A. 

hydrophila that were complemented with either the native or the mutated form of AexU. 

As can be seen from Figure 4.9 Panel A, infection with bacteria producing the native 

Figure 4.9: Survival curve and bacterial counts from mice infected with A.
hydrophila Δact/ΔaexU mutant strains complemented with native, ADPRT123−, 
GAP− or ADPRT123−/GAP− versions of AexU. (A) Survival curves for mice infected with 
A. hydrophila Δact/ΔaexU mutant strains complemented with native, ADPRT123−, GAP− or 
ADPRT123−/GAP− versions of AexU. Deaths were recorded for 15 days. For statistical analysis, 
survival curves for each of the mutated version of AexU complemented strain was compared with A. 
hydrophila Δact/ΔaexU mutant complemented with the native version of AexU using the Kaplan–Meier 
survival estimates. These experiments were repeated three times with n = 10 in each group and a 
representative experiment is shown here. (B) Bacterial counts from the spleens of mice infected with A. 
hydrophila Δact/ΔaexU mutant strains complemented with the native or ADPRT123−/GAP− mutant 
form of AexU. The tissues were homogenized, serial dilutions plated, the number of bacteria was 
quantified and the cfu per gram of tissue calculated. The bacterial counts in individual mouse spleen are 
shown and a horizontal line represents mean cfu. “Reprinted from Microbial Pathogenesis, Sierra JC, 
Suarez G, Sha J, Baze W., Foltz SM,, Chopra AK., Unraveling the mechanism of action of a new type 
III secretion system effector AexU from Aeromonas hydrophila., doi:10.1016/j.micpath.2010.05.011 © 
Copyright (2010), with permission from Elsevier.” 
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form of AexU resulted in 90% survival of mice at a dose of 3 x 107 cfu. In contrast, only 

20% (p=0.0025) survival of mice was observed in the group infected with A. hydrophila 

expressing the aexU gene that was devoid of ADPRT and GAP activities. Mice infected 

with the A. hydrophila strain producing AexU without ADPRT or GAP activity exhibited 

60% (p=0.13) and 50% (p=0.06) survival, respectively. Although these percentages did 

not reach statistical significance, increased virulence of both ADPRT- and GAP- mutants 

compared to that of the parental bacteria was noted in at least three independent 

experiments with 10 animals per group. 

Since our results in Figure 4.7 indicated that AexU mediated spreading of A. 

hydrophila to peripheral organs (possibly by inhibiting bacterial phagocytosis and killing) 

(123), I decided to investigate the ability of A. hydrophila Δact/ΔaexU mutant producing 

the mutated form of AexU (ADPRT123-/GAP-) to be detected in the spleens of infected 

mice. After 48 h of infection, Δact/ΔaexU parental strain producing either the native or 

the mutated form of AexU could be detected in the spleen with latter in more numbers 

than the former, although the data did not reach statistical significance (Figure 4.9 Panel 

B).  

Finally, I assessed cytokine/chemokine profiles in the spleens of mice infected 

with Δact/ΔaexU strain of A. hydrophila expressing gene for the native or mutated 

version of AexU (ADPRT123-/GAP-) by a multiplex bead array. As shown in Figure 

4.10, I detected significant increases in amounts of IL-6, KC (human equivalent of IL-8), 

macrophage- inflammatory protein (MIP-2), IL-1α, macrophage-colony stimulating 

factor (M-CSF), regulated upon activation, normal T cell expressed and secreted 

(RANTES), macrophage-chemoattractant protein (MCP-1), and MIP-1α in spleens of 

animals infected with A. hydrophila ∆act/∆aexU mutant that produced AexU from 

pBR322 but devoid of ADDRT and GAP activities compared to animals that were 
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infected with the ∆act/∆aexU strain producing the native version of AexU from the 

vector pBR322. The levels of cytokines/chemokines in the latter group of animals were 

minimal and similar to the levels detected in animals which were uninfected and served 

as a negative control (data not shown). These data indicated that AexU devoid of intrinsic 

ADPRT and GAP activities triggered expression of several cytokine/chemokine genes. 

 

DISCUSSION 

In this study, I showed that the T3SS effector AexU from A. hydrophila SSU has 

GAP activity towards RhoA, Rac1, and Cdc42, and that this activity was dependent on 

the arginine residue 145 located in a conserved motif shared by multiple GAPs.  
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Figure 4.10: Cytokine/chemokine profile from the spleens of mice infected with 
A. hydrophila Δact/ΔaexU mutant complemented with the native or 
ADPRT123−/GAP− mutant form of AexU. Spleen homogenates were analyzed by a 
multiplex bead array for mouse cytokines/chemokines. The concentration of each cytokine/chemokine 
was normalized based of the weight of the tissue for each animal. All of the values are expressed as 
pg/mL except for IL-6 and KC that are expressed as μg/mL. Minimal cytokine production was observed 
in tissues from uninfected mice (data not shown). The data for each mouse was plotted and the 
horizontal line represents mean values. Two-way ANOVA was used for statistical analyses of the data. 
“Reprinted from Microbial Pathogenesis, Sierra JC, Suarez G, Sha J, Baze W., Foltz SM,, Chopra AK., 
Unraveling the mechanism of action of a new type III secretion system effector AexU from Aeromonas 
hydrophila., doi:10.1016/j.micpath.2010.05.011 © Copyright (2010), with permission from Elsevier.” 
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Bacteria have developed strategies to alter the activation of host Rho GTPases, 

and, in the case of toxins with GAP activity, the inhibition of the small GTPases lead to 

alterations in the assembly and disassembly of the host actin cytoskeleton that is 

necessary for cell migration, phagocytosis or cell contraction (67, 75). Additionally, it has 

been reported that Rho GTPases control other cellular functions, such as JNK and p38 

MAPK cascades and the transcription factors NF-κB and SRF (serum-response factor) 

(75). Our data indicated that the down-regulation in the activity of this GTPase led to 

alterations in the actin cytoskeleton of HeLa Tet-Off cells transfected with the gene for 

AexU (Figure 4.2). These cells were rounded and detached from the culture plates.  

When the HeLa Tet-Off cells were transfected with the plasmid encoding a 

mutated AexUGAP
-, the disruption of the actin cytoskeleton was significantly reduced, 

indicating that the GAP activity of AexU mediated the alterations in cell morphology. 

However, the MFI of the phalloidin staining did not reach the same level of the cells 

transfected with the empty vector (Figure 4.2), suggesting that AexU devoid of GAP 

activity possibly could trigger some other cell signaling events (possibly via ADPRT or 

other activity) in the host cells which might be contributing to actin reorganization as 

well. We will pursue such studies in the future. Indeed studies have shown that although 

the ADPRT activity associated with ExoS of P. aeruginosa contributed to host cell 

apoptosis (via caspase 3 activation) (80), mutant of ExoS devoid of this activity still 

induced apoptosis in host cells through a different pathway of IL-1β maturation and 

secretion (58).  

Our previous studies showed that the expression of the aexU gene in HeLa Tet-

Off cells led to apoptosis mediated by caspase 3 and 9 (126). Here, I observed that HeLa 

Tet-Off cells expressing the gene encoding the mutated version of AexU (GAP-) had a 

significant decrease in the cytoplasmic nucleosomes as well as caspase 3 activation 
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compared to HeLa Tet-Off cells expressing the gene encoding native AexU (Figure 4.3). 

Based on these results, I deduced that GAP activity contributed to the induction of 

apoptosis, although the residual activity might be contributed by the ADPRT activity or 

other yet unidentified activity of AexU and will be tested in the future. Indeed, it has been 

reported that inhibition of the Rho function in different cell types induces apoptosis, as 

evidenced by the reduced expression of anti-apoptotic Bcl-2, increased levels of 

proaoptotic Bid, and the activation of caspase 3 (15, 16, 72, 96). Since AexU increases 

the intrinsic rate of GTP hydrolysis of Rho GTPases, specifically inactivating RhoA, 

Rac1, and Cdc42, our results supported the correlation between Rho protein inactivation 

and induction of apoptosis.  

In addition to their important roles in the assembly and disassembly of the host 

actin cytoskeleton, Rho GTPases also regulate multiple biochemical pathways like 

JNK/SAPK and transcription factors, such as SRF, activator protein 1 (AP-1), and NF-κB 

(39, 94, 95, 105). I provided evidence that AexU interfered with the phosphorylation of c-

Jun, IκBα and JNK, increasing them in HeLa cells co-cultured with the ΔaexU null 

mutant of A. hydrophila, when compared to the phosphorylation levels in host cells co-

cultured with the parental bacteria (Figures 4.4 and 4.5). The ability to interfere with the 

degradation of IκBα is an important strategy used by bacterial pathogens to inhibit the 

activation of NF-κB (138). Additionally, alterations in the activation state of RhoA, 

Rac1, and Cdc42 can also inhibit the activity of NF-κB (105).  

Here I reported the ability of AexU from A. hydrophila to inhibit the activation of 

NF-κB through inactivation of Rho GTPases, as well as through the inhibition of IκBα 

degradation. This is an important tool for bacteria because NF-κB regulates the 

transcription of a large number of genes involved in immune and inflammatory 

responses. In agreement with this, I observed a significant decrease in the secretion of IL-
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6 and IL-8 from HeLa cells co-cultured with the parental bacteria, when compared to 

findings with the mutant strain lacking the aexU gene (Figure 4.6). One of the functional 

consequences of this repression in the secretion of proinflamatory cytokines/chemokines 

could be a delay in the recruitment of phagocytic cells to the infection site and the 

development of a protective immune response allowing bacteria to multiply and 

subsequently to invade other tissues. This scenario is supported by our previous studies 

showing a significant increase in the survival of mice infected with an ΔaexU isogenic 

mutant strain of A. hydrophila, when compared to that of animals infected with the WT 

strain (123). 

Histopathological analysis and bacterial load of the tissues from mice infected 

with either the parental or the ΔaexU mutant of A. hydrophila showed significant 

differences (Figures 4.7 and 4.8), with rapid clearing of the mutant from mouse organs 

and exhibiting minimal histological lesions. On the other hand, organs from the parental 

bacteria-infected animals showed inflammation of the interstitium of the lungs and 

necrosis of the spleens and livers, as we reported earlier in mice infected with WT A. 

hydrophila (118, 120). Our findings supported an important role of AexU in bacterial 

survival during in vivo infection with A. hydrophila.  

By using the Δact/ΔaexU mutant strain of A. hydrophila complemented with the 

native or the mutated form of AexU, I was able to show that elimination of ADPRT and 

GAP activities from AexU resulted in increased virulence of the bacteria (Figure 4.9 A). 

These data suggested there could be an additional activity(ies) that is modulated by the 

two known intrinsic activities of AexU (i.e., ADPRT and GAP) and needs to be further 

studied. We were intrigued by our data showing that animals infected with the 

Δact/ΔaexU mutant complemented with the aexU gene devoid of ADPRT and GAP 

activities had bacteria present in the spleens (Figure 4.9 B). 
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These were surprising results, considering our earlier data showing that the 

Δact/ΔaexU mutant of A. hydrophila was rapidly cleared from mouse organs (Figure 

4.7). Generally speaking, this Δact/ΔaexU mutant should behave similar to the 

complemented strain in which the aexU gene devoid of ADPRT and GAP activities was 

expressed in trans. However, it must be kept in mind that in the Δact/ΔaexU null mutant, 

AexU synthesis is abrogated, while in the complemented strain, AexU, albeit missing 

ADPRT and GAP activities, was still present. Since, we previously showed that AexU 

inhibits the phagocytic activity of murine macrophages (123), it is conceivable that 

mutated AexU without its intrinsic ADPRT and GAP activities still retains its 

antiphagocytic ability, resulting in spreading of the complemented strain to the spleen 

(Figure 4.9 B). 

At the same time, those mice infected with the ADPRT123-/GAP- mutant of 

AexU producing strain of A. hydrophila had increased production of IL-1α, IL-6, KC, 

MCP-1, M-CSF, MIP-1α, MIP-2, and RANTES in the spleen when compared to mice 

infected with the strain expressing and producing the native form of AexU. However, this 

increased cytokine/chemokine production did not have a beneficial effect during the 

infection in terms of increasing the survivability of animals but had a detrimental effect 

resulting in high mortality in mice.  

It is known that the pro-inflammatory cytokine IL-1 increases the ability of 

endothelial cells, macrophages, and fibroblast to secrete chemokines like IL-8 and MCP-

1 that enhance the migration of macrophages and granulocytes to the site of infection 

(45). Likewise, RANTES is a chemoattractant and mediates the trafficking and homing of 

T cells, granulocytes, NK cells and monocytes, and MIP-1α promotes the local influx of 

neutrophils (24, 85). Although, the induction of pro-inflammatory responses mediated by 

cytokines/chemokines is one of the strategies used by the host to overcome infections, 
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when this kind of response is excessive and uncontrolled, it could lead to detrimental 

effects (45).  

In particular, the systemic inflammatory syndrome is characterized by excessive 

production of pro-inflammatory mediators that include IL-6, MIP-2, MCP-1, KC, eotaxin 

and tumor necrosis factor (101). During sepsis, an increased synthesis and secretion of 

these mediators can cause an elevated systemic inflammation resulting in tissue injury 

and multiple organ failure leading to septic shock and finally death (35). As I previously 

mentioned, AexU is able to down-regulate the secretion of cytokines in vitro and also 

hinders the activation of NF-κB. Consequently, by eliminating the two known activities 

associated with AexU (ADPRT and GAP) there is an increased production of pro-

inflammatory cytokines/chemokines, resulting in increased mortality of the mice. 

Another example of the activation of pro-inflammatory cytokines, like IL-1β, 

mediated by the T3SS effector devoid of ADPRT activity is ExoS produced by P. 

aeruginosa (58). It has been shown that ExoS negatively regulates the maturation of IL-

1β mediated by Caspase 1, and this effect is dependent on the presence of its ADPRT 

activity. Consequently, mature IL-1β could be detected in the bronchoalveolar lavage 

fluid (BALF) samples of mice infected with P. aeruginosa ΔexoS mutant and in samples 

from mice infected with the ∆exoS  mutant of P. aeruginosa that was complemented with 

ExoS defective in ADPRT activity (58). In this context, caspase 1 is activated through the 

Nod-like receptors that are part of a multiprotein complex called “inflammasomes”. 

Activation of caspase 1 leads to pyroptosis, which is a cell death program characterized 

by cell membrane permeabilization and IL-1β secretion (13). Importantly, AexU devoid 

of ADPRT and GAP activities of A. hydrophila behaved differently compared to that of 

ExoS without the ADPRT activity. The former upregulated the production of several 

cytokines/chemokines with no effect on IL-1β secretion. 
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In summary, I observed a reduction in apoptosis and in the alterations of the actin 

cytoskeleton of HeLa cells in response to inactivation of GAP activity of AexU. I 

provided first evidence that loss in ADPRT and GAP activities of AexU resulted in 

increased virulence of the ∆aexU mutant of A. hydrophila that expressed this mutated 

version of the aexU gene, by triggering production of several cytokines/chemokines in 

mice. 
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Conclusions 

• Recombinant purified AexU full-length and its NH2- and COOH-terminal 

domains possess ADRT activity. 

• AexU functions as a GTPase-activating protein for RhoA, Rac1 and Cdc42. Site 

directed mutagenesis in the arginine finger of AexU showed that arginine residue at 

position 145 is responsible for the catalytic activity of AexU. 

• Microscopic analysis after staining with fluorescent phalloidin showed that HeLa 

Tet-Off cells expressing and producing AexU had rounded cell morphology. This 

alteration in the actin cytoskeleton of HeLa Tet-Off cells is associated with the GAP 

activity because HeLa cells transfected with the gene encoding the mutated version of 

AexU for GAP activity exhibited an actin filament network similar to the cells 

transfected with the vector alone. 

• Evaluation by transmission electron microscopy indicated cytotoxic changes 

characteristic of early and/or late apoptosis in HeLa Tet-Off cells producing AexU. In 

agreement with these changes, there was decreased mitochondrial activity, increased 

cytoplasmic nucleosomes and increased activation of caspase 3 and caspase 9 as 

compared to HeLa Tet-Off cells transfected with the empty vector. 

• Significant reduction in the cytoplasmic nucleosomes as well as in caspase 3 

activation was evident in HeLa Tet-Off cells transfected with the mutated version of 

AexU for GAP activity when compared with cells transfected with the gene encoding 

native AexU. 

• AexU inhibits the phosphorylation of c-jun and IκBα in normal HeLa cells co-

cultured with A. hydrophila SSU. In agreement with the delay in the degradation of IκBα 
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mediated by AexU, there was also an inhibition in the secretion of IL-6 and IL-8 from 

HeLa cells. 

• Rapid clearance from lung, liver and spleen was evident in mice infected with the 

ΔaexU mutant of A. hydrophila. In contrast, there was a high number of bacteria in the 

organs of mice infected with the parental strain. The organs from mice infected with the 

parental strain showed inflammation of the interstitium of the lungs and necrosis of the 

spleens and livers. On the other hand, organs from mice infected with the ΔaexU mutant 

exhibited minimal histological lesions. 

• A. hydrophila Δact/ΔaexU isogenic mutant complemented with the mutated 

version of the aexU gene for ADPRT- and GAP- activities is more virulent in the mice 

model of infection than the one producing the native form of the aexU gene. At the same 

time, there was a significant increase in the production of multiple cytokines (IL-6, KC, 

MIP-2, IL-1α, M-CSF RANTES, MCP-1 and MIP-1α) in the spleens of mice infected 

with A. hydrophila Δact/ΔaexU that produced AexU devoid of ADPRT and GAP 

activities compared with animals infected with the strain producing the native version of 

AexU. These data indicated that either such a mutated AexU is a potent inducer of them 

or that AexU possesses yet another unknown activity that is modulated by ADPRT and 

GAP activities and results in this aberrant cytokine/chemokine production responsible for 

increased animal death. 
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Future Directions 

 

• To identify the mechanism of action mediating an increased virulence of A. 

hydrophila producing the mutated form of AexU, which is devoid of ADPRT and 

GAP activities. This could be the result of a still unidentified activity associated with 

the toxin. 

 

• To identify the host cell protein target(s) for the ADPRT activity of AexU. Such 

studies will help us in determining if AexU could selectively target a particular cell 

type and also if a particular signaling pathway is being altered by the ADPRT activity 

of AexU. 

 

• To determine the specific intracellular localization of AexU once translocated by the 

T3SS of A. hydrophila. Identification of trafficking pathways used by AexU will 

allow a better understanding of the biological effects associated with this toxin as 

well as the target protein(s) in eukaryotic cells with which AexU interacts. 
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