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ABSTRACT 

The type II secretion system (T2SS) is a major virulence factor in Gram-negative 

bacteria due to the involvement of this system in the pathogenesis of numerous species. This 

specialized macromolecular apparatus spans the cell envelope and functions to translocate 

folded proteins located in the periplasm across the outer membrane. In the pathogens 

enterotoxigenic Escherichia coli (ETEC) and Vibrio cholerae, the T2SS is integral for infection 

of the host because it serves as the conduit for secretion of the heat-labile enterotoxin (LT) and 

the cholera toxin respectively.  

The objective of this study was to assess the assembly and function of the T2SSs in 

ETEC and Vibrio cholerae by genetic, physiological and molecular biological techniques. In 

silico analysis of the ETEC H10407 genome identified two T2SSs designated alpha and beta. 

The T2SSα is not assembled in ETEC under standard laboratory conditions. Replacement of the 

cryptic endogenous gspAα and gspCα promoters with inducible ones resulted in assembly of the 

T2SSα, however the system remained incapable of secreting LT. Under laboratory conditions 

the GspDβ secretin of the T2SSβ was readily detectable and expression of a functional T2SSβ 

was required for secretion of LT into culture supernatant.  

The requirement for T2SS accessory proteins GspA, GspB, GspS and LeoA in GspDβ 

secretin assembly was investigated. The hypothetical lipoprotein YghG (renamed GspSβ) 

encoded in the T2SSβ operon of ETEC was characterized as a pilotin protein required for 

localization of the secretin protein GspDβ to the outer membrane, since in the absence of the 

lipoprotein GspDβ was localized to the inner membrane in monomeric form and mostly 

degraded. The hypothetical virulence factor LeoA was shown to be not required for GspDβ 

secretin assembly or LT secretion. In Vibrio cholerae, the peptidoglycan-remodeling complex 

GspAB was shown to be partially required for GspD
Vc

 secretin assembly, suggesting the 

possibility that another protein, possibly the ETEC YghG homologue, is also required for 

GspD
Vc

 secretin assembly in Vibrio species.  

Lastly, a novel application of the bacterial two hybrid technique was developed that 

enabled screening for interactions with a protein of interest with proteins encoded by the entire 

coding capacity of the ETEC H10407 genome. In particular, a library composed of 6.2 x 10
5
 

plasmids comprised of overlapping ETEC genomic fragments was encoded in the bacterial two-

hybrid pTRG vector and was screened for interactions with members of the ETEC T2SS.  
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1. INTRODUCTION 

1.1 Gram-negative gastrointestinal pathogens  

 The accessibility of the gastrointestinal (GI) tract has made it an attractive niche for 

bacteria as evidenced by the wide variety of species that comprise the normal flora of the 

human intestine. It is estimated that the human intestine contains 10-100 trillion bacteria 

belonging to 15,000 to 36,000 species (Frank et. al., 2007; Xu et. al., 2007). Species of the 

normal flora have a symbiotic relationship with the host whereby the host provides a stable 

environment and a constant supply of nutrients, and the flora prevent colonization by pathogens 

(Hudault et. al., 2001; Schamberger et. al., 2004). Alteration of intestinal homeostasis between 

the host and flora can lead to the development of chronic intestinal inflammatory disorders 

including Crohn’s disease, inflammatory bowel disease and ulcerative colitis thereby 

highlighting the importance of the host-flora interaction (Mizoguchi et. al., 2003; Sadlack et. 

al., 1993; Rath et. al., 1996). In many instances, homeostasis in the intestine is changed by the 

introduction of an intestinal pathogen. Intestinal pathogens have evolved and acquired specific 

mechanisms that enable these species to colonize and dominate the environment, in the process 

causing disease. Gram-negative pathogens utilize an arsenal of virulence factors to give them a 

competitive advantage over the normal flora of the intestine. Specialized appendages for 

adherence, toxin secretion, toxin injection among others are utilized by pathogens to proliferate 

in the intestinal environment and rid itself of its competitors.  

 In several Gram-negative species, the type II secretion system (T2SS) is utilized by the 

pathogen to secrete a diarrheagenic toxin into the lumen of the host intestine. It is hypothesized 

that the competitive advantage of toxin secretion is that by causing diarrhea, the pathogen is 

able to flush out its competitors from the intestine from which it remains attached. Therefore 

the T2SS is considered a major virulence factor of several Gram-negative species including the 

enterotoxigenic Escherichia coli that secretes the heat-labile enterotoxin, Vibrio cholerae that 

secretes the cholera toxin and Aeromonas hydrophila that secretes the aerolysin toxin.  

   

1.1.1 Enterotoxigenic Escherichia coli   

Escherichia coli (E. coli) serve as integral members of the gut microbiota that are 

therefore important in maintenance of healthy gastrointestinal tract function (Tenaillon et. al., 

2010). However, some strains have evolved or acquired genetic factors that enable the 
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bacterium to disseminate into a variety of niches in the host, in the process causing disease. 

From urinary tract infections caused by uropathogenic E. coli to colonization of the lower 

intestine by enterotoxigenic E. coli and systemic infections generated by enteroinvasive E coli, 

members of this species have developed their own niches when colonizing the host.  

The enterotoxigenic E. coli (ETEC) are one of six diarrheagenic E. coli pathotypes 

(Black, 1993), capable of colonizing the small intestine of humans and animals. In humans, 

ETEC is most common cause of traveller’s diarrhea (Coster, et. al., 2007) and in areas of the 

world where ETEC is endemic, is estimated to cause 200 million diarrheal episodes and 

approximately 400,000 deaths of children under the age of five annually (Wenneras and Erling, 

2004; Qadri et. al., 2005). In endemic areas, ETEC is found mainly in surface waters (Ohno et 

al., 1997), leading to contamination of food and water sources. In animals, ETEC is a major 

cause of secretory diarrhea in pigs (Berberov et. al., 2004) therefore posing a significant threat 

to the farming industry. 

ETEC is transmitted via a fecal-oral route and cause an infection of the epithelial layer 

of the small intestine, thereby leading to the development of severe diarrhea and bacterial 

shedding. To colonize the small bowel, ETEC produce a wide variety of colonization factors 

that facilitate adherence of the bacterium to the intestinal mucosa (reviewed by Qadri et. al., 

2005) and a variety of toxins that when secreted by ETEC, are internalized by the intestinal 

epithelial cells thereby causing diarrhea. In human ETEC, 25 colonization factors including 

adhesins and fimbriae have been characterized. Those most commonly expressed in 

diarrheagenic strains include CFA/1, CS1, CS2, CS3, CS4, CS5, CS6, CS7, CS14, CS17 and 

CS21 (Reviewed by Walker et. al., 2007) of which several have been the target of vaccines 

(Svennerholm et al., 1988; Tobias et al., 2010).  

Human ETEC also elicit a variety of toxins that when secreted from the cell generate a 

variety of pathogenic effects upon the intestinal epithelial cells of the host. Of these toxins are 

two enterotoxins known as the heat-labile enterotoxin (LT) and the heat-stable enterotoxin 

(ST).  Human ETEC strains will produce one or both of these enterotoxins, with the prevalence 

of strains expressing one or both toxins varying around the world. For example, of 1,220 

children in India with diarrhea symptoms caused by ETEC, 27% of ETEC strains were positive 

for both LT and ST, 41% were positive for LT only and 32% were positive for ST only (Qadri 

et. al., 2005).  
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ETEC can secrete two structurally and functionally distinct heat-stable enterotoxins, 

STa and STb (Kennedy et. al., 1984) of which only STa performs a role in disease in humans. 

ST is synthesized as a pre-pro-protein of 72 amino acids that during export is processed to 

generate an active toxin of 18 to 19 amino acids (2 kDa). The toxin is transported across the 

inner membrane by the Sec system, three disulfide bonds are generated by disulfide bond 

isomerase (DsbA), the pro-region is removed and the pre-protein is exported through the TolC 

outer membrane transporter (Tamanaka et. al., 1998). Extracellular STa binds and stimulates 

the guanylate cyclase receptor (GC-C) of the intestinal epithelium, resulting in intracellular 

accumulation of cGMP, phosphorylation of CFTR and secretion of chloride ions and water, 

thereby causing diarrhea (Forte et. al., 1992; reviewed by Turner et. al., 2006). 

LT is a member of the AB5 family of enterotoxins, composed of five 11.6 kDa B 

subunits (LTb) and one 28 kDa  A subunit  (LTa) that are assembled into an 84 kDa protein 

(Reviewed by Spangler, 1992). The holotoxin is secreted by the T2SS across the outer 

membrane and binds to the GM1-ganglioside receptor on the surface of the intestinal 

epithelium. Once internalized, LTa activates adenylate cyclase by ribosylating the stimulatory 

G protein. This activation leads to an increased concentration of cellular cAMP that ultimately 

results in the loss of water by the cell, thereby causing diarrhea (Reviewed by Nataro and 

Kaper, 1998). The ETEC pathotype, characterized by strain H10407 that was isolated from a 

patient with severe cholera-like disease in Bangladesh  (Evans et. al., 1975), contains two 

chromosomally encoded type II secretion systems (T2SS) designated as T2SSα and T2SSβ, 

both of which have been implicated as responsible for secretion of the heat labile enterotoxin 

(LT) (Horstman and Kuehn, 2002; Tauschek et. al., 2002).   

 

1.1.2 Vibrio cholerae and other pathogenic Vibrio species 

 Vibrio cholerae (V. cholerae) is a non-invasive Gram-negative species with a single 

polar flagellum. It is classified in the γ subdivision of the Proteobacteriaceae family and is 

comprised of more than 200 serogroups (Chatterjee and Chaudhuri, 2003) of which only two 

strains O1 and O139 cause the disease cholera. Annually 100,000 cholera cases resulting in 

20000-30000 deaths are reported to the WHO with an estimated 90% of cases that are 

unreported (Sanchez and Holmgren, 2005). The natural resevoir for V. cholerae are bodies of 

water including brackish water and estuarine environments whereby it has been found in 
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association with various aquatic species including; cyanobacteria (Islam et al., 1989), diatoms 

(Martin and Bianchi, 1980) and blue crab (Huq et al., 1986), among others. The disease is rare 

in industrialized nations but remains a significant threat mostly to young children in developing 

nations (Deen et. al., 2008). Seven cholera pandemics have spread throughout the world since 

1817, the latest being caused of the El Tor biotype (Sack et. al., 2004; Faruque et. al., 1998) 

which contains the CTX (cholera toxin) prophage that encodes the major virulence factor of V. 

cholerae, the cholera toxin.  

 The ctxAB genes encoding the cholera toxin are encoded within the genome of a 

filamentous bacteriophage CTXφ that lysogenizes V. cholerae at specific integration sites 

thereby converting non-pathogenic strains to toxigenic ones (Waldor and Mekalanos, 1996). 

Following ingestion by the host, Vibrio travel to the small intestine where they form micro-

colonies. Construction of micro-colonies is mediated by lateral interactions between long fibers 

of the toxin-coregulated pili (TCP) (Taylor et. al., 1987; Kirn et al., 2000). This bundle-forming 

pilus is essential for intestinal colonization, serves as the receptor for CTXφ attachment and is 

expressed concurrently with ctxAB (Taylor et. al., 1987; Waldor and Mekalanos, 1996) 

 The cholera toxin (CT), like LT, is a member of the AB5-type toxins composed of a 

pentameric ring of B subunits and an active A subunit (Zhang et. al., 1995). Similar to LT, the 

B-subunit binds to the GM1-ganglioside of the intestinal epithelium whereby the A subunit is 

internalized, ultimately resulting in development of diarrhea (reviewed by De Haan and Hirst, 

2004).  Interestingly, both CTXφ and CT are actively secreted from the cell by the T2SS 

(Sandkvist et. al., 1997; Davis et. al., 2000)  

 Vibrio species V. vulnificus and V. parahaemolyticus are invasive pathogenic species 

that are capable of generating a systemic infection. Similar to V. cholerae, these species are also 

waterborne pathogens whose main routes of transmission into humans occur by ingestion of 

raw contaminated seafood and contamination of wounds. V. vulnificus is the more dangerous 

pathogen of the two species since a hallmark of a septicemic V. vulnificus infection is rapid 

progression that results in mortality rates as high as 75% in as little as 24 hours post-infection 

(Hlady and Klontz, 1996; Strom and Paranjpye, 2000).  The main virulence factors of V. 

vulnificus include the T2SS secreted proteins hemolysin/cytolysin (Kreger and Lockwood, 

1981) and metalloprotease (Smith and Merkel, 1982) (Paranjpye et. al., 1998), and the RtxA 

toxin (Rhee et. al., 2001). In V. parahaemolyticus, the main virulence factors are a thermostable 
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hemolysin (TDH) and a thermostable-related hemolysin (TRH) (Honda and Iida, 1993; Shirai 

et. al., 1990). 

 

1.2 The Type II secretion system  

The type II secretion system (T2SS), previously known as the main terminal branch of 

the general secretory pathway (GSP), is a large complex composed of 12-16 proteins that span 

both the inner and outer membranes of Gram-negative bacteria and is utilized by many Gram-

negative bacteria to translocate folded proteins across the outer membrane from the periplasm 

to the extracellular milieu.   

T2SS substrates reach the periplasm by protein translocation across the inner membrane 

via the  secretion (Sec) or twin-arginine translocation (Tat) pathways. In the Sec pathway, pre-

proteins that contain an N-terminal signal peptide are processed by the Sec machinery whereby 

the signal peptide is cleaved and proteins are translocated into the periplasm (Pugsley et. al., 

1991) through successive rounds of binding between SecA and the preprotein followed by 

ATPase hydrolysis that is used to translocate the preprotein in a stepwise fashion through the 

export pore composed of the heterotrimeric complex SecYEG (Tomkiewicz et. al., 2008). In 

the Tat pathway, folded substrates complexed with their chaperones bind to the inner 

membrane receptor complex composed of TatB and TatC (Bolhuis et. al., 2001) via an N-

terminal signal peptide (Cline et. al., 2001; Alami et. al., 2003).  This interaction initiates 

formation of an inner membrane complex composed only of TatA that forms the active 

translocon (Cline and Theg, 2007; Dabney-Smith et. al., 2006) thereby leading to substrate 

translocation (Yahr and Wickner, 2001).   

The T2SS has been identified in many Gram-negative species and consequently genes 

and proteins of these systems have been given their own designations as a result. For instance 

the T2SS of Aeromonas hydrophila is referred to as the extracellular secretion system (Exe) and 

proteins are designated as ExeA, ExeB etc. For the purpose of clarity, all proteins and genes 

will be referred to in the general secretory pathway designation used for the T2SS in E. coli 

strains and the abbreviation of the species name will be denoted in superscript, for example, 

ExeA will be referred to as GspA
Ah

. In the absence of superscript, the protein or gene is 

designated as from E. coli.   
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1.2.1 Genetic organization of T2SS operons 

In most species, the genes that encode the T2SS proteins are arranged in a major operon 

composed of genes gspC,D,E,F,G,H,I,J,K,L,M,N and O, and in some cases a minor operon 

composed of gspA and gspB or an independently encoded gspS (Fig. 1). The promoter for the 

operon is usually encoded upstream of gspC for the major operon and upstream of gspA for the 

minor operon. In the operons that encode the T2SSα of ETEC, divergent promoters are located 

adjacent to one another that control expression of gspAB and gspC-O operons. In the operon 

that encodes the T2SSβ of ETEC, the promoter is located upstream of yghJ instead of being 

encoded upstream of gspC.    

 

1.2.2 Structure of the T2SS macromolecular complex 

 The T2SS is a multisubunit complex that spans both the inner and outer membranes in 

Gram-negative species. The number and identity of members of the T2SS vary among species 

as 12-16 proteins have been observed to comprise the system. The identity of T2SS proteins 

and their proposed functions in several Gram-negative species are provided in Table 1. As is 

evident from this table, not all species encode the same complement of T2SS proteins. For 

instance, the ETEC T2SSβ does not encode GspAB or GspN homologues. Likewise, the ETEC 

T2SSα does not encode a GspS or GspN homologue but does encode a GspAB homologue.  

Subcellular localization studies of the T2SS components suggest that the system is 

composed of four parts: an inner membrane platform, a periplasmic pseudopilus, an outer 

membrane complex and the cytoplasmic secretion ATPase (Fig. 2). The inner membrane 

platform complex is composed of proteins GspC, F, L and M and forms the core of the system 

from which interactions with the pseudopilus, the secretin and the cytoplasmic ATPase are 

generated. Proteins GspC, L and M each have one transmembrane domain and form a complex 

in the inner membrane that is required for protection from degradation (Michel et. al., 1998; 

Sandkvist et. al., 1999; Robert et. al., 2005; Lybarger et. al., 2009). In Erwinia chrsyanthemi 

and Pseudomonas aeruginosa, inner membrane complexes composed of GspE, GspF, GspL 

and GspM have been identified directly by co-purification and yeast two-hybrid analysis (Py et. 

al., 2001; Robert et. al., 2005). GspF contains three transmembrane helicies and has two 

cytoplasmic domains with ~28% sequence identity (Abendroth et. al., 2009). GspL contains a 

cytosolic domain, a transmembrane helix and a periplasmic domain and  functions in recruiting  



7 

 

 

 

 

 

 

 

 

 

 

 

FIG. 1. Genetic organization of the T2SS operons in V. cholerae, A. hydrophila, K. oxytoca 

and E. chrysanthemi species. Note that the alpha and beta T2SS operons in E. coli are a new 

designation proposed in this study. Homologous genes are designated by colour, promoters are 

identified by arrows.  
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FIG. 2. Schematic diagram of the T2SS. The macromolecular T2SS spans the inner and outer 

membranes of the cell envelope. Subcellular localization studies of the core T2SS components 

suggest that the system is composed of four parts: an inner membrane platform (GspC, F, L, 

M), a periplasmic pseudopilus (GspG, H, I, J, K) , an outer membrane complex (GspD) and the 

cytoplasmic secretion ATPase (GspE). Accessory proteins that are not highly conserved in 

T2SSs include the GspAB complex as shown in the inner membrane, the GspS pilotin that may 

remain associated with the secretin following secretin assembly and GspN whose function is 

not known (not shown). Note that the prepilin peptidase (GspO/PppA/TapD) is also not shown.  
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the cytoplasmic ATPase GspE to the inner membrane (Sandkvist et. al., 1995). A highly 

conserved interface that exists between GspE and GspL suggests that conformational changes 

generated by GspE upon ATP hydrolysis might be translated to the rest of the system through 

GspL (Sandkvist et. al., 1995; Patrick et. al., 2011).  

 GspC consists of a small cytoplasmic domain, a transmembrane helix and two 

periplasmic domains designated as the homology region (HR) domain and the PDZ (post 

synaptic/ Drosophila/ zonula occludens-1 protein) domain that in some species is replaced by a 

coiled-coil domain. The function of the PDZ domain has not been clarified however deletion of 

this domain causes the Erwinia chrysanthemi T2SS to be selectively functional by allowing 

secretion of three exoproteins but not enabling the secretion of several pectate lyases (Bouley 

et. al., 2001). As a result, the PDZ domain of GspC may regulate T2SS substrate specificity. 

The HR domain of GspC is involved in mediating an interaction with the N0 domain of GspD 

(Korotkov et. al., 2011B). In this manner, GspC acts as a tether between the outer membrane 

complex composed of GspD and the inner membrane complex (Gerard-Vincent et. al., 2002; 

Lee et. al., 2004; Possot et. al., 1999). The stoichiometry of proteins that comprise the inner 

membrane complex is not known but has been suggested to contain an equal number of GspL, 

GspM and GspC proteins. Since GspE and GspL interact with a ratio of 1:1 (Abendroth et. al., 

2005) and GspE forms a hexamer as described below, an inner membrane complex comprised 

of six subunits of GspL, GspM, GspC and GspE may exist with an unknown number of GspF 

subunits (Korotkov et. al., 2011A). However, the 1:1 complex observed in crystal structures 

composed of GspC and GspD together with the electron microscopy evidence that GspD forms 

a dodecamer suggest that GspC may also form a dodecamer  (Chami et. al., 2005; Reichow et. 

al., 2010). In a study by Korotkov, 2011A, it was suggested that due to space constraints, every 

second subunit in the dodecameric ring of GspD may form an interaction with the HR domain 

of GspC, thereby suggesting a hexameric ring of GspC proteins exist which that would 

theoretically be consistent with the stoichiometry of the inner membrane complex.      

GspE is a Zn-containing Type II/IV secretion ATPase that likely forms hexamers at the 

interface with the inner membrane (Camberg et. al., 2007; Patrick et. al., 2011) since similar 

ATPase proteins HP0525 of Helicobacter pylori and PilT of the type IV pilus have been shown 

to form hexamers by crystallographic studies (Yeo et. al., 2000; Forest et. al., 2004). The 

function of the ATPase is integral to the function of the T2SS since in its absence the T2SS is 
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not functional (Possot et. al., 2000). The mechanism in which GspE powers the T2SS is 

unknown, it may couple energy derived from ATP hydrolysis to drive assembly/disassembly of 

the pseudopilus since GspE interacts with GspL which in turn interacts with the major 

pseudopilin GspG (Gray et. al., 2011). The function of the ATPase GspE is not the only source 

of energy required for T2SS function however, since in some species including the 

Aeromonads, energy derived from the proton motive force is also required (Letellier et. al., 

1997). 

 The periplasmic pseudopilus is composed of five proteins GspG, H, I, J and GspK and 

is designated as a pseudopilus due to the shared sequence identity of this group of proteins with 

pilins of the Type IV pilus (Nunn and Lory, 1992 and 1993; Pugsley, 1993). The most abundant 

protein in the pseudopilus is GspG (the major pseudopilin) whereas the other pseudopilins are 

referred to as minor ones (Nunn and Lory, 1993; Pugsley, 1993b: Hu et. al., 2002). All 

pseudopilins contain an N-terminal signal peptide that localizes the protein for translocation 

across the inner membrane by the Sec system through the signal recognition particle (SRP) 

pathway (Francetic et. al., 2007; Arts et. al., 2007). Specialized prepilin peptidases such as 

GspO or in some species a T4P prepilin peptidase, function in cleavage of the signal peptide 

and methylation of the N-terminal amino acid, a function necessary for pilus assembly 

(Lapointe and Taylor, 2000). In addition to the signal peptide, pseudopilins also contain a long 

N-terminal α-helix, a variable region and a C-terminal semi-conserved β-sheet. The crystal 

structure of GspG identified the pseudopilus as right-handed, with the N-terminal α-helix 

located in the core of the structure (Kohler et. al., 2004). A conserved glutamic acid residue at 

position 5 (with the exception of GspK) is hypothesized to be involved in an interaction with 

the N-terminal amino group of the next subunit in the structure (Campos et. al., 2010; Craig et. 

al., 2006; Korotkov and Hol, 2008). The tip of the pseudopilus is likely composed of a trimer of 

GspK, GspI and GspJ in a triangular arrangement with GspK located at the top because GspK 

contains a large C-terminal alpha-helical domain instead of a semi-conserved β-sheet structure 

required for addition of pseudopilins (Campos et. al., 2010; Douzi et. al., 2009; Korotkov and 

Hol, 2008). In this way, GspK in complex with GspI and GspJ may form the “arrow head” of 

the pseudopilus whereby the large C-terminal alpha-helical domain of GspK may interact with 

the outer membrane secretin or substrates of the T2SS (Forest, 2008). Interestingly, when 

GspG
Pa

 was overexpressed in P. aeruginosa, a type II surface-exposed pseudopilus structure 
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was observed and could be assembled by its endogenous Xcp T2SS, the Hxc T2SS (another 

T2SS encoded in P. aeruginosa) and the type IV pilus assembly system (Durand et. al., 2003). 

However, if GspK was overproduced together with GspG, shorter pseudopilin structures were 

observed (Durand et. al., 2005). Lastly, the function of GspI may be in initiation of pseudopilin 

assembly since in the absence of GspI, assembly of surface-exposed pseudopili by 

overproduction of GspG was severely negatively affected (Sauvonnet et. al., 2000). 

 The final complex that comprises an assembled T2SS resides in the outer membrane. 

The major protein in the outer membrane is a megadalton-sized complex termed the secretin 

that is composed of 12-14 subunits of the GspD protein (Chen et. al., 1996; Hardie et. al., 1996; 

Sandkvist 2001). This complex is a remarkably stable macromolecular structure that is both 

heat and detergent resistant and requires treatment with organic solvents such as phenol for 

dissociation (Hardie et. al., 1996; Ast et. al., 2002). The T2SS secretin is a member of a family 

of outer membrane secretin transporters that are present in other cell envelope systems 

including the type III secretion system (T3SS), toxin co-regulated pili, type IV pilus, type IV 

bundle-forming pili, and filamentous phage (Burkhardt et. al., 2011; Collins et. al., 2003; Jain 

et. al., 2011; Korotkov et. al., 2011; Opalka et. al., 2003; Schraidt and Marlovitz, 2011). In 

each system, the secretin functions as the outer membrane pore through which proteins or 

macromolecular complexes are translocated.  

GspD proteins contain several domains that include; the Sec-dependent N-terminal 

signal peptide that targets the protein to the periplasm, followed by four N-terminal domains 

(N0, N1, N2 and N3), a conserved C-terminal domain and an S-domain recognized by the 

pilotin (Reviewed by Korotkov et. al., 2011). The N0-N1 domain of GspD is thought to interact 

with the homology region (HR) of GspC as stated above (Korotkov et. al., 2011). The 

conserved C-terminal domain forms the β-barrel in the outer membrane that creates the pore 

through which substrates or macromolecular complexes are passed through (Chami et. al., 

2005; Guilvout et. al., 1999). Cryo-electron microscopy of the V. cholerae GspD
Vc

 secretin 

revealed a cylindrical structure with 12-fold symmetry with a diameter of 155 Å and length of 

200 Å (Reichow et. al., 2010) (Fig. 3). The outer membrane surface is relatively smooth 

whereas the periplasmic domain exhibits three concentric rings. A cross-section of the secretin 

identified a large periplasmic vestibule composed of the N0, N1 and N2 domains with an 

opening of 70 Å that narrows to 55 Å approximately two-thirds of the way into the pore. This 
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constriction site is composed of the N3 domain of GspD. There also exists a small extracellular 

chamber with an extracellular gate opening of only 10 Å  (Fig. 3).  

Assembly of the secretin and function of the T2SS require the activity of additional 

accessory proteins, the identity of which are species-dependent. In some systems, localization 

of the secretin in the outer membrane requires the function of a small lipoprotein that serves as 

a pilotin to direct the secretin to the outer membrane and protect the multimer from 

degradation. To date, two highly similar pilotin lipoproteins involved in localization and 

protection of a T2SS secretin have been elucidated, these include GspS
Ko

 (PulS) of Klebsiella 

oxytoca (Hardie et. al., 1996; Nouwen et. al., 1999) and GspS
Ec

 (OutS) of Erwinia 

chrysanthemi (Shevchik and Condemine, 1998). In other T2SSs, notably that of Aeromonas 

species A. hydrophila and A. salmonicida, the peptidoglycan-binding and ATPase functions of 

the inner membrane complex GspAB are absolutely required for secretin assembly (Ast et. al., 

2002; Howard et. al., 2006; Jahagirdar and Howard, 1994; Li and Howard, 2010). In several 

Vibrio species V. cholerae, V. vulnificus and V. parahaemolyticus, the absence of the GspAB 

complex significantly decreases but does not eliminate the assembly of the secretin, indicating 

that other factors, possibly including an unidentified pilotin are involved in its assembly 

(Chapter 5; Strozen et. al., 2011).  In Erwinia chrysanthemi and Klebsiella oxytoca that contain 

GspB and GspS proteins, GspS is required for assembly and protection of the GspD secretin 

multimer from degradation (Hardie et. al., 1996A; Shevchik and Condemine, 1998; Hardie et. 

al., 1996B) and GspB is required for secretion of pectinases by E. chrysanthemi (Pugsley et. al., 

1990; Condemine and Shevchik, 2000). Lastly, the inner membrane GTPase LeoA (labile 

enterotoxin output A) (Brown and Hardwidge, 2007) could also be involved in assembly and/or 

function of the T2SS since it is required for efficient secretion of LT in H10407 (Fleckenstein 

et. al., 2000). As a result, several accessory proteins and combinations of accessory proteins are 

involved in secretin assembly, the identity of which are species-dependent. 

Once localized to the outer membrane, the T2SS secretin like the Type IV pilin secretin 

PilQ of P. aeruginosa, likely requires the function of the β-barrel assembly machinery (the 

BAM complex) for assembly of the multimeric secretin in the outer membrane (reviewed by 

Knowles et. al., 2009; Voulhoux et. al., 2003). Interestingly however, assembly of the K. 

oxytoca T2SS secretin upon expression of GspD
Ko

 in E. coli does not require the activity of the  
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FIG. 3 Structure of the GspD
Vc

 secretin of V. cholerae proposed in a study by Reichow et. 

al., 2010. (A) A 12-member ring model of the GspD
Vc

 N-terminal periplasmic domains N0, N1, 

N2 and N3 were placed into a GspD
Vc

 density map. (B) The location of structures in the 

secretin protein.  (C) A proposed piston-driven model of protein secretion. The figure at left is 

the secretin in its closed state, when substrates of the T2SS such as the cholera toxin interact 

with the pseudopilus or the secretin itself, the pseudopilus would extend (middle figure) to push 

the toxin into the periplasmic vestibule. By pushing the toxin to the vestibule, extension of the 

pseudopilus would push the toxin through the constriction site created by the N3 domain which 

in turn generates the conformational changes required for the toxin to pass through the 

periplasmic gate and enter the extracellular chamber of the secretin (figure on the right), 

ultimately leading to release of the toxin. These figures from Reichow et al., (2010) were 

reprinted with permission from the Nature Publishing Group.   

B.  
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BAM complex (Collin et. al., 2007), and thereby serves as the only example of an outer 

membrane protein that supposedly does not require the BAM complex for assembly. 

 

1.2.3 Mechanism of T2SS secretion  

 The precise series of events that take place during extrusion of substrates through the 

T2SS are not well characterized. The current theory suggests that T2SS substrates bind to the 

periplasmic domains of GspD, GspC or the pseudopilus tip and in doing so the ATPase activity 

of GspE is activated, thereby providing energy to power extension of the pseudopilus by adding 

subunits to the pseudopilus. The pseudopilus would then function in a piston-like manner by 

pushing substrates through the pore created by the secretin (Shevchik et. al., 1997; Hobbs and 

Mattick, 1993). In a series of studies by Reichow et. al., (2010; 2011), a model of T2SS 

function was described based on structural data obtained by cryoelectron microscopy and X-ray 

crystallography of the V. cholerae T2SS secretin GspD
Vc

. As shown in Fig. 3 parts B and C, the 

piston-model of protein extrusion suggests that when the substrate (cholera toxin) binds to the 

psuedopilus or the secretin, the pseudopilus extends to push the substrate into the periplasmic 

vestibule of the secretin. Further extension of the pseudopilus pushes the substrate past the 

constriction site created by the N3 periplasmic domain of the secretin, ultimately leading to 

conformational changes in the structure of the secretin that results in transfer of the substrate to 

the extracellular chamber and subsequent secretion.  

 

1.3 The type II secretion systems of Escherichia coli 

 In several E. coli pathotypes the T2SS has been shown to be required for pathogenesis 

of human and animal hosts, thereby signifying this system as a major virulence factor in this 

species. Examples of the requirement for the T2SS in E. coli pathogenesis include; colonization 

of the mouse small intestine by ETEC strain H10407 is facilitated by T2SS secretion of LT 

(Tauschek et. al., 2002), intimate adherence of EHEC strain O157:H7 to epithelial cells is 

promoted by T2SS secretory proteins including the metalloprotease StcE (Grys et. al., 2005) 

and YodA (Ho et. al., 2008), colonization of the urinary tract and persistence in the mouse 

bladder requires a T2SS in UPEC (Kulkarni et. al., 2009), the T2SS in EPEC strain E2348/69 is 
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required for virulence, and E. coli O157:H7 strains cured of the T2SS-encoding pO157 plasmid 

did not colonize the bovine terminal rectal mucosa as efficiently as wild-type (Sheng et. al., 

2006).  

In addition to the substrates secreted by the E. coli T2SS mentioned above, the E. coli 

T2SS of UPEC is also involved in secretion of an adhesin protein. The Dr fimbriae are a family 

of adhesin proteins expressed on the surface of UPEC strains that are involved in attachment to 

urinary tract cells (Le Bouguenec et. al., 2001).  The fimbriae are composed of repeating 

monomers of the DraE subunit assembled by the chaperone/usher pathway with a minor subunit 

DraD that functions as the tip adhesin (Anderson et. al., 2004). Surprisingly the T2SS of UPEC 

was shown to secrete the DraD tip adhesin since in the absence of the chaperone/usher 

pathway, the fimbriae composed of DraE is not formed but DraD remains secreted. Inactivation 

of the T2SS rendered the cell incapable of secreting DraD (Zalewska-Piatek et. al., 2008). 

Unbeknownst to the scientific community, many E. coli pathotypes actually encode two 

T2SSs that have been designated as T2SSα and T2SSβ in this thesis (Fig. 1). The presence of 

more than one T2SS in E. coli is not surprising given that the existence of multiple T2SSs has 

been described in other species including the Yts1 and Yts2 systems of Yersinia enterolitica 

8081 and the Xcp and Hxc systems of Pseudomonas aeruginosa. An in-depth analysis of the 

T2SSα and T2SSβ systems of ETEC is given in chapter 3.  

 

1.4 The T2SS of Vibrio cholerae 

 The operons that encode the T2SS of V. cholerae include a major operon gspC-N and a 

minor operon gspAB that are not located adjacent to one another as in the T2SSα operon of E. 

coli (Fig. 1). The T2SS has been shown as capable of secreting a variety of proteins including a 

lipase and protease (Strozen et. al., 2011), an endochitinase, hemagglutinin-protease and 

neuraminidase (Ali et. al., 2000; Sandkvist et. al., 1997) with the most notable substrate of the 

V. cholerae T2SS being the cholera toxin (Sandkvist et. al., 1997) responsible for the 

diarrheagenic phenotype of V. cholerae. Interestingly, V. cholerae is also capable of secreting 

the structurally related ETEC heat-labile enterotoxin B-subunit (Sandkvist 1997). An in-depth 

discussion of the V. cholera T2SS is provided in chapter 5.   

  

1.5 The heat-labile enterotoxin and cholera toxin 
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 The major virulence factors of ETEC and V. cholerae are the heat-labile enterotoxin 

(LT) and cholera toxin (CT) respectively. These toxins are similar in both amino acid sequence 

and structure and are part of the AB5 family of enterotoxins in which the holotoxin is composed 

of one A and five B subunits. LT is considered a heat-labile enterotoxin due to the ability to 

inactivate the toxin by incubation in temperatures above 60
o
C (Giannella and Mann, 2003). The 

cholera toxin A subunit (CT-A) is denatured irreversibly at temperatures greater than 51
o
C, 

whereas the cholera toxin B subunit (CT-B) pentamer will dissociate at a temperature of 74
o
C 

(Goins and Freire, 1988) yet remains stable in 1% SDS (Gill, 1976). The LT-A, LT-B, CT-A 

and CT-B subunits are translocated across the inner membrane via the Sec machinery into the 

periplasm where they are assembled into the AB5 holotoxin that requires the activity of the 

disulfide oxidoreductase protein DsbA to form disulfide bonds (Yu et. al., 1992).  

CT is secreted from the cell by the sole T2SS of V. cholerae (Sandkvist et. al., 1997) 

whereas in ETEC, both the T2SSα and T2SSβ have been shown as capable of secreting LT. The 

T2SSα functions in secretion of LT that remains cell-associated by binding to LPS on the 

extracellular surface of the bacterium via its B-subunit, and is released upon formation of outer 

membrane vesicles (Horstman and Keuhn, 2002; Horstman et. al., 2004). The T2SSβ has been 

shown to secrete soluble LT into culture supernatant since in the absence of GspDβ (Taushek et. 

al., 2002), GspEβ and GspMβ (Dorsey et. al., 2006), LT toxin was not detected in culture 

supernatant.  

 Once secreted, CT in soluble form and LT in soluble and vesicle-associated forms bind 

to the GM-1 ganglioside on the surface of the intestinal epithelium and are endocytosed by lipid 

rafts. The toxin is then trafficked in a retrograde manner to the Golgi apparatus and ER. Once 

inside the cytosol, CT-A and LT-A permanently activate adenylate cyclase by ribosylating the 

stimulatory G protein. Permanent activation of adenylate cyclase leads to an increased 

concentration of cellular cAMP that translates into the loss of water by the cell, thereby causing 

diarrhea (Nataro and Kaper, 1998).  

 

1.6 Lipoproteins and the Lol system 

 Lipoproteins are a diverse group of proteins that perform integral functions in cellular 

metabolism including the construction and maintenance of cell surface structures, substrate 

transport, drug efflux and a protein sorting function that includes the β-barrel proteins as 
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substrates (Bernadac et. al., 1998; Clavel et. al., 1998; Ehrmann et. al., 1998; Nikaido, 1998). 

In silico analysis of the E. coli K-12 proteome suggested that E. coli encodes at least 90 

lipoproteins, the majority of which perform unknown functions and are are likely localized to 

the inner leaflet of the outer membrane (Tokuda et. al., 2007). To date, three essential 

lipoproteins have been identified, these include; BamD that is a component of the BAM 

complex (Wu et. al., 2005), LptE that is involved in the transport of LPS to the surface of the 

cell envelope (Bos et. al., 2004) and LolB that is a component of the Lol (localization of 

lipoproteins) pathway required for lipoprotein sorting as described below (Matsuyama et. al., 

1997).  

Lipoproteins encode an N-terminal signal peptide, which targets the protein for 

transport across the inner membrane by the Sec system, followed by a lipobox domain (Fig. 4). 

The lipobox domain is a four amino acid consensus domain of the sequence L-A/S-G/A-C that 

is required for lipoprotein maturation. The maturation process is performed at the outer leaflet 

of the inner membrane in three steps. In the first step, diacylglycerol is added to the Cys residue 

of the lipobox motif by phosphatidylglycerol/prolipoprotein diacylglyceryl transferase (Lgt). 

Addition of the lipid moiety to the N-terminal Cys residue of the mature lipoprotein allows the 

lipoprotein to be anchored in the inner or outer membrane. Next, the signal peptide is cleaved 

by signal peptidase II (LspA) and in the final step, the Cys residue is aminoacylated by the 

protein phospholipid/apolipoprotein transacylase (Lnt).   

Once processed, lipoproteins are sorted to the inner or outer membrane by the Lol 

system according to the identity of the amino acids located at the +2 and +3 positions of the 

mature lipoprotein (directly adjacent to the lipidated Cys residue). In E. coli, Asp residues at 

positions 2 (Yamaguchi et. al., 1988) and 3 (Seydel et. al., 1999) ensure retention of the 

lipoprotein in the inner membrane by evading the LolCDE complex responsible for lipoprotein 

transport to the outer membrane  (Fig. 5). Most other combinations of amino acids at positions 

2 and 3 result in complex formation of the lipoprotein with the ATP-binding cassette 

transporter (ABC transporter) LolCDE that catalyzes the release of the N-terminal lipid moiety 

of the lipoprotein from the outer leaflet of the inner membrane (Yakushi et. al., 2000). Once 

removed from the inner membrane, the lipoprotein is transported across the periplasm via its 

hydrophobic lipid moiety on its N-terminus by the chaperone LolA  (Matsuyama et. al., 1995). 

When shuttled to the outer membrane, the lolA-lipoprotein complex interacts with the outer  
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FIG. 4. The lipoprotein maturation process in Gram-negative bacteria. (a) The N-terminus 

of lipoproteins consist of a signal peptide  and a four amino acid lipobox of the consensus 

sequence L-A/S-G/A-C. (b) Lipoprotein maturation involves addition of a diacylglycerol 

moiety to the sulfur atom of the conserved cysteine via a thioether linkage by the protein Lgt, 

cleavage of the signal peptide by LspA and (c) addition of a fatty-acid to the amino group of the 

N-terminal cysteine by Lnt. (d) A schematic diagram of the lipoprotein processing in the inner 

membrane is given. This figure from Okuda and Tokuda, (2011) was reprinted with permission 

from the journal Annual Reviews in Microbiology.  
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FIG. 5. Lipoprotein sorting by the localization of lipoprotein (Lol) system. Lipoproteins 

processed by Lgt/LspA/Lnt are localized to the inner membrane via the N-terminal lipid 

moiety. If the +2 (and +3) amino acid of the mature lipoprotein is Asp, the protein avoids the 

Lol system. Lipoproteins destined for localization to the outer membrane are bound by the ABC 

transporter LolCDE complex that functions in catalyzing removal of the hydrophobic N-

terminal lipid from the outer leaflet of the inner membrane and transfer to the periplasmic 

chaperone LolA. The LolA-lipoprotein is shuttled to the outer membrane whereupon the 

hydrophobic lipid moiety of the lipoprotein is transferred to LolB and inserted into the inner 

leaflet of the outer membrane. This figure from Okuda and Tokuda, (2011) was reprinted with 

permission from the journal Annual Reviews in Microbiology.  
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membrane lipoprotein LolB (Matsuyama et. al., 1997) whereby a “mouth to mouth” transfer of 

the hydrophobic lipid moiety of the lipoprotein is transferred from LolA to LolB which displays 

a higher affinity for the hydrophobic lipid than LolA (Okuda and Tokuda, 2009). Once 

transferred to LolB, the lipoprotein is localized to the outer membrane via insertion of the N-

terminal lipid modification in the outer membrane (reviewed by Tokuda and Matsuyama, 

2004). 

1.7 The pilotin family of outer membrane lipoproteins  

In many cell envelope systems that utilize an outer membrane secretin, assembly of the 

secretin in the outer membrane requires the function of an outer membrane lipoprotein termed 

the pilotin to localize the components of the secretin to the outer membrane for assembly. The 

pilotin proteins are relatively small (approximately 150 amino acids) and have been shown to 

recognize the C-terminal S-domain of the secretin monomer (Hardie et. al., 1996; Daefler et. 

al., 1997, Okon et. al., 2008). To date, several pilotins have been identified as required for 

GspD protein localization in the outer membrane, these include; GspS
Ko

 required for 

localization of T2SS GspD
Ko

 of Klebsiella oxytoca (Hardie et. al., 1996; Nouwen et. al., 1999), 

GspS
Ec

 required for localization of T2SS GspD
Ec

 of Erwinia chrysanthemi (Shevchik and 

Condemine, 1998), MxiM required for localization of the T3SS MxiD in Shigella flexneri 

(Schuch an Maurelli, 1999), YscW for assembly of the T3SS YscC secretin in Yersinia 

enterocolitica (Burghout et. al., 2004) and SciN for assembly of the T6SS SciD secretin in 

EAEC (Aschtgen et. al., 2008). 

Secretin proteins exhibit significant sequence conservation with exception of the C-

terminal variable S-domain recognized by the pilotin protein (Burghout et. al., 2004; Daefler et. 

al., 1997; Okon et. al., 2008). Due to the heterogeneous nature of the pilotin binding site of 

secretins, pilotin proteins themselves exhibit a large degree of heterogeneity, thereby making in 

silico identification of these proteins difficult.  As a result, pilotin proteins are classified as such 

based on the similarity of the function of the protein and not on amino acid similarity. 

Consistent with the sequence diversity of pilotin proteins, the structures of pilotins are also 

diverse. For instance, the EHEC pilotin EtpO (a member of the PulS family) is not similar in 

structure to pilotins MxiM of the T3SS or PilF of the T4P (Lario et. al., 2005; Izore et. al., 

2011; Kim et. al., 2006; Koo et. al., 2008; Trindade et. al., 2008).  
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Since outer membrane-localized lipoproteins that include pilotin proteins require the 

function of the Lol system for localization, it is hypothesized that the pilotin and its bound 

secretin monomer are also localized to the outer membrane by the Lol system (Okon et. al., 

2008) (Fig. 6). Involvement of the Lol system in secretin assembly would suggest that a ternary 

complex composed of LolA-pilotin-secretin monomer would be assembled in the periplasm, the 

complex would move to the outer membrane whereupon the pilotin-secretin monomer complex 

would be transferred to LolB thereby resulting in insertion of the N-terminal hydrophobic lipid 

moiety of the pilotin into the inner leaflet of the outer membrane. Since the pilotin is bound to 

the secretin monomer, the secretin would also be localized to the inner leaflet of the outer 

membrane. In a recent study by Collin et. al., 2011, the Klebsiella oxytoca T2SS secretin 

GspD
Ko

 could not be localized in the outer membrane of E. coli if a mutant LolA protein 

incapable of lipoprotein transfer to LolB was expressed, thereby identifying the requirement for 

the Lol system in secretin assembly. Whether or not the pilotin remains associated with the 

secretin monomer following assembly of the secretin has not been elucidated, although in a 

study by Nouwen et. al., 1999, GspS
Ko

 was thought to co-purify with GspD
Ko

 when co-

expressed in E. coli.   

1.8 The GspAB complex 

Previous studies of the 60 kDa GspA
Ah

 and 25 kDa GspB
Ah

 (Fig. 2) proteins in A. 

hydrophila demonstrated the requirement for co-ordinated expression of both GspA
Ah

 and 

GspB
Ah

 such that deletion of either protein prevented detection of the other (Jahagirdar and 

Howard., 1994). GspA
Ah

 and GspB
Ah

 span the inner membrane once and form a large 

heteromultimeric complex (Howard et. al., 1996; Jahagirdar and Howard., 1994) that interacts 

with peptidoglycan (Li and Howard, 2010) and has been demonstrated to be required for 

localization and multimerization of the GspD secretin multimer in the outer membrane of A. 

hydrophila (Ast et. al., 2002).  In addition, GspA
Ah 

contains a novel cytoplasmic ATPase 

domain (Schoenhofen et. al., 2005) and a periplasmic peptidoglycan-binding domain that are 

both required for assembly of the secretin multimer (Howard et. al., 2006; Li and Howard, 

2010). Therefore, the GspAB complex is hypothesized to reorganize the peptidoglycan matrix, 

a function presumably necessitated by the 50 kDa size constraint imposed by the peptidoglycan 

mesh (Demchick and Kock, 1996) for assembly of the T2SS by binding to peptidoglycan and 

forming a multimeric structure (Li and Howard, 2010; Li et. al., 2011). In Aeromonas species  
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FIG. 6. Localization of the secretin to the outer membrane by the pilotin likely involves 

the Lol system. In this figure reproduced from Okon et. al., 2008, the T3SS pilotin of Shigella 

flexneri is bound by LolA in the periplasm. The interaction with LolA reveals a binding site 

within MxiM specific for the C-terminal S-domain of the secretin protein MxiD. A ternary 

complex composed of LolA-MxiM-MxiD is constructed and shuttled to the outer membrane 

whereby MxiM is transferred to LolB and inserted into the inner leaflet of the outer membrane, 

in doing so MxiD is also localized to the outer membrane and forms a secretin multimer. This 

figure was reprinted with permission from the Elsevier publishing group.   
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this function is absolutely required for assembly of the secretin such that deletion of GspAB
Ah

 

results in no secretin multimer observed. These data do not disprove the existence of a pilotin 

protein that may exist in Aeromonads but instead that the peptidoglycan-binding activity of 

GspAB
Ah

 is integral to assembly of the GspD
Ah

 secretin in Aeromonads. An interesting 

conundrum exists for the requirement for proteins GspA, GspB and GspS  in assembly and 

function of the T2SS in Gram-negative species. As evident in Table 1,  in the T2SS of many 

species identified thus far, the presence of gspS and gspA is mutually exclusive and in no 

species identified thus far has gspA been encoded without gspB, but species have been 

identified that encode gspB with gspS instead of gspA. Due to the mutual exclusivity of  GspA 

and GspS, one would expect these proteins to perform similar functions and as such exhibit 

extensive amino acid similarity. However, these proteins are not at all similar since GspS is an 

outer membrane lipoprotein and GspA is part of an inner membrane complex with a 

cytoplasmic ATPase domain and a periplasmic peptidoglycan-binding domain. What is similar 

though is that both proteins have been shown to be absolutely required for assembly of the 

T2SS secretin multimer in species that encode these proteins.  

  

1.9 Purpose of this dissertation 

Previous studies in Dr. Howard’s laboratory had identified the requirement for GspAB 

in the assembly and function of the T2SS in A. hydrophila. I wanted to further extend this 

analysis by determining the requirement for GspAB in another Aeromonas species A. 

salmonicida to determine if the requirement for GspAB in secretin assembly is a property 

specific to the A. hydrophila species or the Aeromonas genus. In addition, since Vibrio species 

also encode a GspAB complex, I wanted to investigate the requirement for these proteins in 

assembly and function of the T2SS in the major human pathogen Vibrio cholerae and extend 

the analysis to include Vibrio species V. parahaemolyticus and V. vulnificus.  

Another main focus of my research has been to investigate the T2SS in an 

enterotoxigenic E. coli species. A great deal of investigation described in the literature has dealt 

with the Type III secretion system that is utilized by E. coli species to adhere to the intestinal 

cell wall and translocate toxic effector proteins into cells of the intestinal epithelium. However, 

there is a surprising lack of knowledge concerning the T2SS in E. coli even though the T2SS 

has been characterized as a major virulence factor in this and other species. To this end, I have 



25 

 

investigated several aspects of the virulence mechanism of the enterotoxigenic E. coli strain 

H10407 that include; analysis of the mode in which the heat-labile enterotoxin is secreted by 

the cell, the involvement of the putative virulence factor LeoA (labile enterotoxin output A) in 

secretion of the heat-labile enterotoxin and characterization of the function of YghG (renamed 

GspSβ) as a pilotin protein required for assembly of the ETEC GspDβ secretin in the outer 

membrane.  

Lastly, a minor focus of my study has been to extrapolate the widely utilized bacterial II 

hybrid method by developing a library of target library clones to be used in the technique with 

the hypothesis that this library would enable efficient detection of interactions involving T2SS 

proteins and the entire proteome of ETEC strain H10407.   

 

2. EXPERIMENTAL PROCEDURES 

2.1 Bacterial strains, primers, plasmids and culture conditions  

A list of the strains used in this study is provided in Table 2. E. coli H10407 was 

routinely grown in CAYE media [2% Casamino acids, 0.15% yeast extract, 43 mM NaCl, 50 

mM K2HPO4, 0.25% glucose, 0.1% trace salts (0.415 M MgSO4, 40 mM MnCl2, 30 mM 

FeCl3)] until mid-exponential phase of growth at 37
o
C. E. coli DH5α was cultured in Luria-

Bertani media (LB). A. salmonicida was grown in LB with Davis salts (Miller, 1972) at 22
o
C 

until mid-exponential phase of growth. A. hydrophila was grown in LB supplemented with 30 

mM Na2HPO4, 30 mM K2HPO4, 16.5 mM NaH2PO4, 16.5 mM KH2PO4, 0.75 mM (NH4)2SO4, 

0.4 mM MgSO4 pH 7.0 at 30
o
C until mid-log phase. Vibrio species were grown in LB at a 

temperature of 37
o
C for V. cholerae and 30

o
C for V. vulnificus and V. parahaemolyticus until 

mid to late logarithmic phase of growth. Antibiotics were used at the following concentrations: 

rifampicin (rif), 50µg/mL; kanamycin (kan), 50µg/mL; chloramphenicol (cat), 1.25 µg/mL and 

streptomycin (str), 20µg/mL, unless specified otherwise.   

 

2.2 Purification of genomic and plasmid DNA, the polymerase chain reaction method 

 Minipreparations of plasmid DNA were conducted by use of the alkaline lysis method 

(Sambrook et. al., 1989). Midipreparations of plasmid DNA were isolated using a Midiprep kit 

(Qiagen). Genomic DNA was isolated by use of the DNeasy kit (Qiagen). DNA from PCR 

amplifications, restriction digestions and ligations was purified by use of the QIAquick DNA  
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TABLE 2: List of strains used in this study 

 

Strains                   relevant phenotype/genotype and description  Source or reference  

 
Escherichia coli 

H10407   wild-type ETEC serotype O78:H11, LT+ ST+    Evans et al., 1975 

H10407 gspDα
   H10407 gspDα  mutant     This study 

H10407 gspDβ
  H10407 gspDβ  mutant     This study 

H10407 yghJ   H10407 yghJ mutant     This study 

H10407 pppA  H10407 pppA mutant     This study 

H10407 yghG  H10407 yghG mutant     This study 

H10407 eltAB   H10407 eltAB mutant      Dorsey et al., 2006 

TGS48   KanR,CmR; H10407 Pbad-gspABα,
 Ptac-gspC-Oα   This study 

TGS49   KanR,CmR; H10407 Ptac-gspABα, Pbad- gspC-Oα    This study 

TGS59   KanR,CmR; H10407 Ptac-gspABα, Pbad- gspC-Oα, gspDβ  This study 

TGS60   KanR,CmR; H10407 Pbad-gspABα,
 Ptac-gspC-Oα, gspDβ  This study 

DH5α   F- φ80dlacZΔM15 Δ(lacZYA-argF)U169 deoR recA1 endA1 New England Biolabs 

hsdR17 (rK
- mK

-) phoA supE44 λ- thi-1 gyrA96 ΔrelA     

SM10λpir                          thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu;KanR  Miller et al., 1988 

S17-1                                 recA thi pro hsdR, RP4::2-Tc::Mu::KmTn7 pir          Simon et al., 1983 

XL1-Blue  recA1  lac endA1 gyrA96 thi-1 hsdR17 supE44    Bullock et al., 1987 

   relA1[F' proAB lacIq ZΔM15 Tn10]  

Bacteriomatch reporter  KanR; ΔmcrA 183 Δ(mcrCB-hsdSMR-mrr)173 endA1 hisB supE44 Stratagene 

   thi1 recA1 gyrA96 relA1 lac[F’laqIq HIS3 aadA] 

 

A. hydrophila                              

Ah65                   Wild-type                                                       Howard lab                

C5.84                               Ah65 gspA::Tn5-751                                         Jahagirdar and Howard, 

1994 

 

V. cholerae 

Bah2                                E7946 derivative, TCP+, ∆TLC ∆attRS ∆CTXΦ ∆RTX  Pearson et al., 1993 

Bah2-R                            RifR mutant of Bah-2                                         Howard laboratory 

Bah2-gspA                      gspA mutant of Bah-2R                                   Howard laboratory 

TRH7000  El Tor O1 biotype, thy HgR ctxAB    Overbye et al., 1993 

TRH7000 gspA  gspA mutant of TRH7000                                   Howard laboratory 

TRH7000 gspD  gspD mutant of TRH7000; KanR    Lybarger et al., 2009 

 

V. vulnificus  

V. vul. 67181283          Saskatchewan Disease 

           Control Lab  

VvR                                 RifR mutant of V. vulnificus 67181283                    Howard laboratory           

Vv-gspA                          gspA::kan mutant of VvR                              Howard laboratory 

 

V. parahaemolyticus  

V.para US32052027         Saskatchewan Disease 

           Control Lab 

VpR                           RifR mutant of  V. parahemolyticus US32052027    Howard laboratory 

Vp-gspA                        gspA::kan mutant of VpR                                           Howard laboratory 

 

A. salmonicida 

As449                               wild-type,      Kay et al., 1981 

AsR                                   As449; RifR                                                       Howard laboratory 

As-gspA                          AsR gspA::kan                                                       Howard laboratory 

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
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purification kit (Qiagen). Polymerase chain reactions (PCR) were conducted with use of the 

Phusion DNA polymerase (New England Biolabs).  

  

2.3 Plasmid construction 

A list of plasmids and primers used in this study are provided in Tables 3 and 4 

respectively. Recombinant plasmids constructed in this study were designated with the prefix  

TS as given in Table 3. The yghG open reading frame (ORF) was amplified from the H10407 

genome with primers US420 and US398 for cloning into vector pBAD322C to construct 

complementation plasmid pBAD322C/yghG. Primers US420 and US400 were used to amplify 

yghG and introduce a 10 amino acid myc tag at the C-terminus of YghG when cloned into 

pBAD322C (to construct plasmid pBAD322C/yghG-myc). Overlapping PCR was used to 

create substitution mutations in the yghG ORF. The YghG C25A mutation was generated by 

overlapping PCR using templates created by primer sets US459/US462 and US460/US461 for 

amplification. Likewise, amplification with templates created with primers US459/US464 and 

primers US460/US463 was used to create the YghG A26D S27D substitution mutation.  

The leoA open reading frame (ORF) was amplified from the H10407 genome with 

primers US263 and US258 for cloning into vector pBAD322C to construct complementation 

plasmid pBAD322C/leoA (TS51). An N-terminal Myc-tag was incorporated onto LeoA by 

amplification of H10407 genomic DNA with primers US265/US258 (TS53) and a C-terminal 

Myc tag added by amplification with primers US263/US264 (TS52).  

Plasmids TS18 and TS19 that encode the periplasmic domains of GspDα (amino acids 

26-349) or GspDβ (amino acids 39-364) that when expressed contain an N-terminal 6x Histidine 

tag were constructed by amplification of the H10407 genome with primers sets US161/US162 

for gspDα and US163/US164 for gspDβ and cloning into plasmid pET47B with restriction 

enzymes SacII and XhoI. Plasmid TS76 that encodes eltB in plasmid pMAL-p4X was 

constructed with an amplicon generated by amplification with primers US280/281.   

A set of vectors used for screening against the bacterial two hybrid library consisted of 

the periplasmic domains of various T2SS proteins and LeoA fused to the cI repressor protein in 

the vector pBT. A portion of the gspDα gene that encodes amino acids 26 to 349 was amplified 

with primers US216 and and US162 and cloned into pBT to create plasmid TS32. The portion 

of the gspDβ gene that encodes amino acids 39 to 364 was amplified with primers US217 and  
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TABLE 3: List of pasmids used in this study 

 
 

Plasmids   TS-designation Relevant description phenotype/genotype   Reference 

 

pMMB/gspAepsA       TS1 CamR; deletion of C-terminal half of gspBVc from  This work 

    pMMB/gspABVc 

pTS12    TS12  AmpR; pGEM-T containing gspCDα::FRT-kan-FRTb This study 

pET47B/gspDα
26-324 TS18 KanR; pET47B/gspDα encoding amino acids 26-324  This study 

of GspDα with N-terminal His-tag   

pET47B/gspDβ
 39-364 TS19 KanR; pET47B/gspDβ

 encoding amino acids 39-364  This study  

of GspDβ and N-terminal His-tag  

pBT/gspDα  TS32 CamR; encodes amino acids 26-324 of GspDα  This study 

pBT/gspDβ  TS33 CamR; encodes amino acids 39-364 of GspDβ  This study 

pBT/gspA  TS38 CamR; encodes amino acids 262-489 of GspA   This study 

pBT/gspB  TS39 CamR; encodes amino acids 64-139 of GspB  This study 

pBT/leoA   TS43 CamR; encodes amino acids 283-577 of LeoA  This study 
pBAD322C/leoA  TS51 CamR; encodes full-length LeoA    This study 

pBAD322C/leoA-myc  TS52 CamR; full-length LeoA with C-terminal myc-tag  This study 

pBAD322C/myc-leoA  TS53 CamR; full-length LeoA with N-terminal myc-tag  This study 

pMAL-p4X/eltB   TS76 CamR; encodes LT-B subunit    This study 

pTS100   TS100 AmpR, CamR, KanR; TS12 gspCDα::FRT-cat-kan-FRTb This study 

TS101    TS101 CamR, KanR; BstEII fragment of TS100 containing  This study 

FRT-cat-kan-FRT   

pBAD/yghG   TS130 CamR; yghG cloned into NcoI/SphI of pBAD322C This study 

pBAD/yghG -myc    TS131 CamR; 30 bp sequence encoding a myc tag at C-terminus This study  

of YghG   

pBAD/yghG C25A-myc TS132 CamR; encodes yghG Cys 25 Ala     This study 

pBAD/yghG A26D   TS133 CamR; encodes yghG Ala 26 Asp, Ser 27 Asp    This study 

 S27D-myc   

pBAD322C   CamR; araC, rop, cat, Pbad promoter upstream of MCSa Cronan, 2006 

pRED/AMP   AmpR; Red+, Gam+, Exo+, Repts   Genebridges 

pCP20    AmpR CmR; FLP+, λ cI857+, λ pR Repts    Cherepanov et. al., 1995 

pGEM-T    AmpR; high copy number vector   Promega 

pMAL-p4X   AmpR; M13ori, creation of MalE fusion proteins  New England Biolabs 

pET47B    KanR; encodes N-terminal His-tag    Novagen  

pMMB207                          CamR; Ptac promoter, wide host range vector             Morales et. al.,1991 

pRJ31.1                              CamR; 2.5kb BstXI fragment containing gspABAh   Jahagirdar and Howard, 

1994 

    in SmaI of pMMB207;                  

pMMB/gspABAh                    CamR; 5.6 kb EcoRI fragment containing gspABAh  Strozen et. al., 2011 

    in EcoRI of pMMB207  

pMMB/gspDepsD                AmpR; gspDVc cloned into pMMB67;       Lybarger et. al., 2009 

pMMB68                           Ampr; Ptac mob+, etxB under Ptac control              Sandkvist et. al., 1987 

pMRS101                          AmpR, StR ; oriR6K, sacBR, pir                                Sarker and Cornelis, 1997 

pUC4K    AmpR, KmR; lacZα     Amersham 

pBluescript SK   AmpR; Plac, lacZα, f1, ColE1;    Stratagene 

pBT    CamR; p15A ori, creation of lambda cI fusion protein Agilent 

pTRG    TetR; ColE1 ori, creation of RNAP-α fusion proteins Agilent 

pUT/Cam   CamR; R6K ori, contains a transposon   DeLorenzo, 1994 

 
a
MCS, multiple cloning site 

b
FRT, flippase recognition target 
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Table 4. Primers used in this study 

 

Name  Sequence 
 

US30  GTACAGCTGGCCGCTATCAT 

US31  TGGTTGGGTTCAAAGCAAGT 

US32  GCTGGGTTCAAGCAAAATTC 

US33  TGACACATGGCGCAAAATAC 

US42  ATCTCAACTACGGGTTGCAG 

US43  CATCACATTGAGACGCAGCAG 

UR70  GAATTTGAGGTCAGCTATCCGA 

UR71  GCATAAGCGGAATTCATCGCA 

US107RAN GAATCTAGCGGCCGCATTGXXXXXXXXX 

US108RAN   CTGGCACCTAGGACTTAGTTACXXXXXXXXX 

US109  GAATCTAGCGGCCGCATTG 

US110  CTGGCACCTAGGACTTAGTTAC 

US147  TACGATCGGATCCATTGCGCTAAATCAG 

US148      AAGCTCTTTACCGCGCAACAACTG 

US162  TTAATCTCGAGTTACAGCACCTGTGCACGGCGAATG 

US164  TTAATCTCGAGTTAATGCACCTGAGCACGGCGAATATC 

US216  TCATCGGAATTCTGAACAATACGGCGCGAACTTC 

US217  TACGATGAATTCGGTTGAAGAAGCCACTTTCACCGCTA 

US218  ACTGGTGAATTTGAACGCCGTATC 

US219  AAACCGGGAAGCGACTATGTAAGG 

US243  TGACTGAATTCTGCTACGTTACCCGTTCCTG 

US244  TTTCACTCGAGTCATTTCCCCTTCACTGTTG 

US245  TGCTAGAATTCTGTCACTGTAGAGGCTGAAAC 

US246  TGCTACTCGAGTTATCTCTCAAGTTCGTTCAG 

US251  TGACTGAATTCTATTCAGCGTGTCACCCTGGCCAG 

US252  TTTCACTCGAGCTATCTGGCAGTATGGTTTTCTGTG 

US257  GAACAATTCAAACAGTTCAGTATTG 

US258  CAGCTAGCATGCCTATCTGGCAGTATGGTTTTCTG 

US260  TGATGTTCATGAAATTAAATATATTTACTAAATCTATG 

US261  TACGCTTGCATGCTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCTTGCTTAGTA 

AACGGCGCGAAG 

US263  TACGTAGAATTCACCATGGAACAATTCAAACAGTTCAGTATTG 

US264  TACGCTTGCATGCTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCTCTGGCAGTATG 

GTTTTCTGTGGCAG 

US265  TACGTAGAATTCACCATGGAAGAACAAAAACTCATCTCAGAAGAGGATCTGCAAT  

TCAAACAGTTCAGTATTGAAAAACAG 

US280  TATAGCTTCATATGAATAAAGTAAAATGTTATGTTTTATTTAC 

US281  TACAGCTAGGATCCCTAGTTTTCCATACTGATTGCC 

US325  CTTCTCGTAGACATGGTGAATTCCTCC 

US326  CAACCAGGAAAGAATAACTTCTCTTCTCGTAG 

US327  ACGCCAGGTTTGACGTTTCTCACACAACCAGG 

US329  GAGAATAGGAACTTCAAGAAACCAATTGTCCATA 

US330  GAAAGTATAGGAACTTCAAGAAACCAATTGTCC 

US332  ACGTAGTGTGGGCACGGTGAATTCC 

US333  GATTCGCCAGATGGAAGGGGAAACGTAGTGTG 

US334  ATTGATGGCAGCATCTTTATTATGATTCGCCAG 

US337  CTTCTCGTAGACATATGCTATGGTCCTTG 

US339  GAGAATAGGAACTTCGCACAATTCTCATGTTTG 

US340  GAAAGTATAGGAACTTCGCACAATTCTCATG 

US342  GGAAACGTAGTGTGGGCACATGCTATGGTCCTTGTTG 

US355  GTTTCCGTCGGGGAACTTACAGGAATGAATGGACTGCGTCATGAAAGGACTCA 

  ATAAAATCACCACTAAAGGGCGGCCGCGAAG 
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US356  CAGCGCCCAACTGGCGGGGTACGGTGAGTGAATTCTCATATGAATGCCTCACCG 

  TGACGACTCACTATAGGGCTCGAGGA 

US357  TTCCATCGCGCTGCGCTAACCGCATTTAATCCAGGAGAATCATTCATCGTGTTTT 

  GGCGTACTAAAGGGCGGCCGCGAAG 

US358  ACGGTGTTGGCGGTGGTTTCCTGTGCTACAGGCACCATTAACGCGTTCTCC 

CGGCATTGACTCACTATAGGGCTCGAGGA 

US359   GTTTCCGTCGGGGAACTTACAGGAATGAATG 

US360  CAGCGCCCAACTGGCGGGGTACGGTGAGTG 

US361  TTCCATCGCGCTGCGCTAACCGCATTTAATC 

US362  ACGGTGTTGGCGGTGGTTTCCTGTGCTAC 

US369     CAACTGGAGGGCATGCCTTATGGAACAATTCAAACAGTTCAGTATTGAAAAACA 

     GACTAAAGGGCGGCCGCGAAG 

US370     TACGGAACTGCATTATGCATCTATCTGGCAGTATGGTTTTCTGTGGCAGGTACCCTCACT 

     ATAGGGCTCGAGGAAGTTC 

US371  CAACTGGAGGGCATGCCTTATGGAACAATTC 

US372   ATAGCTATCCCGGGGAGCTCGCGAATTTCTGCCATTC 

US373   ATAGCTATCCCGGGGAGCTCTTGAAATAAGATCACTACC 

US381  TTTTGTCACTTGCGTTATTAATGAATAAGAAATTTAAATATAAGAAATC 

  GACTAAAGG GCGGCCGCGAAG 

US382     TTTAACATTGTTTTGTCACTTGCG 

US383      ACAACAAATAACCTTTAGCCATGCTTTTTGATGTTTTTCAGCAATACCCTACT 

     AAAGGGCGGCCGCGAAG 

US384  CCAGCAAGTTACAACAAATAACCTTTAG 

US385       AACCTTAGAGATTATTTACCATGTCGATAAAACAAATGCCAGGGAGGGTAA 

     CTAAAGGGCGGCCGCGAAG 

US386       TCTTATTAATAACCTTAGAGATTA 

US387  GCCTTATCCGGCCTACGGGCTTACTCGGCAGACATCTTATGCTCGG 

  TAACCTCACTATAGGGCTCGAGGAAG 

US388       CGGCGCGAGCGCCTTATCCGGCCTAC 

US389       TGATAATGACGTTGTTATCATTAAAACAATGCCTGTAGATAAATTGTTGCCTCA 

     CTATAGGGCTCGAGGAAG 

US390       AATGTCACTTTGATAATGACGTTGTT 

US391       CAATTTATATCTACCCGACGTTATGCTTTGACTATTCCACAGGTGGTACG 

            CTCACTATAGGGCTCGAGGAAG 

US392       CAACCCGCGCCAATTTATATCTACC 

US398      TACGCTTGCATGCTTATGCTTTGACTATTCCACAG 

US400       TACGCTTGCATGCTTACAGATCCTCTTCTGAGATGAGTTTTTGTTC      

       TGCTTTGACTATTCCACAG 

US420       TGATGTTCATGAGCATAAAACAAATGCCAGGGAGGGTATTAATATC 

US459       ACCATTCGCGAGCCTCCGGATGAC 

US460       GAATGCTCATCCGGAATTTCGTATG 

US461       GGATTATTAAGTGGCGCCGCCAGCCATAATG  

US462       CATTATGGCTGGCGGCGCCACTTAATAATCC 

US463       AAGTGGCTGTGACGACCATAATGAAAATGCCAG 

US464       TTCATTATGGTCGTCACAGCCACTTAATAATCC 
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US164 and cloned into pBT to create plasmid TS33. The portion of the gspA gene that encodes 

amino acids 262 to 489 was amplified with primers US243  and US244 and cloned into pBT to 

create plasmid TS38.  The portion of the gspB gene that encodes amino acids 64 to 139 was 

amplified with primers US245 and US246 and cloned into pBT to create plasmid TS39. The 

leoA gene was amplified with primers US251/US252 and cloned into pBT to create plasmid 

TS43. 

2.4 Creation of genomic deletion mutants in ETEC and Vibrio cholerae  

2.4.1 Suicide-vector based recombination method  

Alleles gspA
Ah

::kan and gspA
Ah

::kan were introduced into Aeromonas and Vibrio species 

by marker exchange mutagenesis using the suicide vector pMRS101 (Sarker and Cornelis, 

1997). A 1429 bp fragment of the A. salmonicida gspA gene was amplified by PCR utilizing the 

primers US42 and US43, blunt-end ligated into the EcoRV site of pBluescript II SK(+) and 

electroporated into E. coli XL-Blue. The aminoglycoside 3’-phosphotransferase gene 

conferring kanamycin resistance was excised from plasmid pUC4K via a HincII digestion and 

inserted into an EcoRV site located within gspA (nt position 780) of a recombinant plasmid 

clone. The gspA
Ah

::kan gene was transferred from pSK into the suicide vector pMRS101 by 

ApaI/XbaI digestion. Recombinant plasmids were digested with NotI to remove the pBR322 

origin of replication of the plasmid, self-ligated and electroporated into E. coli SM10λpir by 

selecting for streptomycin and kanamycin resistance. The donor strain (SM10λpir containing 

pMRS101/exeA::kan) and recipient strain AsR were grown overnight, subcultured 1:10 in brain 

heart infusion (BHI) broth without antibiotics and incubated at 22
o
C for 1 hour prior to 

conjugation. 500 µL volumes of donor and recipient cells were mixed and collected by 

centrifugation. The pellet was resuspended in 100 µL BHI, applied to a pre-warmed BHI plate 

and incubated for 3.5 hrs at 30
o
C. Half of the conjugation pool plate was scraped off and 

streaked onto LB containing kanamycin, rifampicin and sucrose (10%) and incubated at 22
o
C to 

directly screen for recombinant recipient colonies. The exchange of alleles was verified by 

PCR.  

 Marker exchange mutagenesis of Vibrio species was conducted as described above 

except that 2100-3300 bp fragments containing all or part of gspAB were amplified from the 

following species using specific primer sets: UR70 and UR71 for V. cholerae; US30 and US31  

for V. parahaemolyticus strain US32052027 and US32  and US33 for  V. vulnificus strain 
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67181283. The aminoglycoside-phosphotransferase gene conferring kanamycin resistance was 

inserted into an EcoRV site located at positions 1106 and 1088 of the V. vulnificus and V. 

parahaemolyticus gspA genes respectively and into a SphI site located at position 1040 of V. 

cholerae gspA. gspA::kan fragments were transferred into pMRS101 from pSK using 

BamHI/ApaI sites for V. vulnificus and V. parahaemolyticus gspA::kan and BamHI/SalI for V. 

cholerae gspA::kan.  

The A. hydrophila gspAB clone pRJ31.1 was described previously (Jahagirdar and 

Howard, 1994). A 5.6 kb EcoRI fragment containing the entire gspAB operon of V. cholerae 

including the presumed promoter was cloned into pMMB207 to create plasmid 

pMMB/gspAB
Vc

.  The plasmids were conjugated into V. cholerae and A. hydrophila strains 

from E. coli S17-1 as described above for complementation assays. 

 

2.4.2 Lambda RED recombination system 

Non-polar deletion mutations were constructed in the ETEC genome by use of the 

λRED recombination system (GeneBridges). Three clones of wild-type H10407 were 

transformed with the temperature-sensitive plasmids  pRED ET/AMP and pRED ET/Tet 

(transformants selected on LB containing Amp 30 μg/mL and Tet 10 μg/mL respectively) and 

were utilized in triplicate to construct the various deletion mutants. Deletion mutations were 

created by removal of the entire open reading frame (ORF) with exception of 30 bp at the 

beginning and end of the gene, with insertion of a 69 bp "scar" sequence encoding a flippase 

recombination target (FRT) in the middle. By this method, a 53 amino acid protein was 

encoded that is composed of 10 amino acids of the N-terminus of the protein, 10 amino acids of 

the C-terminus of the protein and 33 amino acids encoded by the scar sequence.  

  Linear DNA encoding chloramphenicol acetyltransferase (cat) and aminoglycoside 3’ 

phosphotransferase (kan) genes that confer chloramphenicol and kanamycin resistance 

respectively flanked by FRT sequences were constructed for replacement into the ETEC 

genome by lambda RED recombination. The cat gene encoded within pBAD322C was 

amplified with primers US372 and US373 and inserted into the BspEI site of FRT-kan-FRT 

encoded within plasmid TS12. The resultant plasmid TS100 was digested with BstEII to 

remove the FRT-cat-kan-FRT fragment (TS101) to be used as the template for amplification 

with primers outlined in Table 3. As shown in Table 4, two primers were used to amplify each 
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end of the FRT-cat-kan-FRT fragment and added 60 bp of H10407 genomic target sequence of 

the gene to be deleted. PCR reactions were performed using a 100 fold molar excess of "short" 

primers to "long" primers. Primers used for amplification of FRT-cat-kan-FRT and 

subsequently for λRed recombination are as follows: US355, US356, US359 and US360 for 

gspDα, US357, US358, US361 and US362 for gspDβ, US 381, US387, US382 and US388 for 

yghJ, US383, US389, US384 and US390 for pppA, US385, US391, US386 and US392 for 

gspSβ and US369, US370, US371 and US372 for leoA. Routinely 100-200 ng of amplified 

product was used for electroporation into competent H10407 pRED ET/AMP made competent 

according to the method of Murphy and Campellone, 2003. Briefly, a 25 mL culture of H10407 

pRED ET/AMP was grown in LB containing ampicillin at a concentration of 50 µg/mL to an 

OD600 of 0.1 at 30
o
C. Arabinose was added to a final concentration of 0.3% and growth was 

continued at 30
o
C until the OD reached approximately 0.6. The culture was then placed in a 

42
o
C water bath for 15 minutes and transferred to an ice water bath for 10 minutes. The cells 

were pelleted by centrifugation at 6,000 x g for 5 minutes and washed three times in 20% 

glycerol containing 1 mM MOPS. The final pellet was resuspended in 200 μL 20% glycerol 

containing 1 mM MOPS, using 50µL per electroporation. Following electroporation, 

transformation cultures were grown at 37
o
C for 4 hours and plated onto LB containing 

kanamycin at a concentration of 30 µg/mL and chloramphenicol at a concentration of 2.5 

µg/mL and grown at 37
o
C. Chloramphenicol and kanamycin-resistance cassettes were removed 

from the genome by recombination by the FLP recombinase encoded within plasmid pCP20 

(Cherepanov and Wackernagel, 1995). pCP20 was electroporated into chloramphenicol and 

kanamycin-resistant H10407 and transformants selected for ampicillin resistance at 30
o
C. 

Ampicillin-resistant colonies were re-streaked and grown at 42
o
C overnight, re-streaked onto 

LB and grown at 37
o
C and then tested for kanamycin, chloramphenicol and ampicillin 

resistance. Deletion mutations that included the 69 bp scar sequence were verified by PCR and 

sequencing analysis.  

   

2.4.3 Construction of H10407 strains containing alternate gspAα and gspCα
 
promoters 

The H10407 strain TGS59 contains a replacement of the nascent gspAα and gspCα 

promoters with an IPTG-inducible Ptac promoter and an arabinose-inducible Pbad promoter. This 

strain was constructed by a set of overlapping PCR reactions to generate an FRT-cat-kan-FRT 
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cassette flanked with Ptac and Pbad promoters on either end with 60 bp of sequence specific to 

gspAα on one end and gspCα on the other. The Ptac promoter from plasmid pMAL-p4X was 

amplified in succession by primer sets US337/US339, US326/US339 and US327/US329 to 

generate a 390 bp sequence that included gspA sequence on the upstream end and FRT-cat-kan-

FRT sequence on the downstream end. Likewise, Pbad promoter was introduced upstream of 

gspC by a set of overlapping PCR reactions with primer sets US330/US332, US330/US333 and 

US330/US334. A final amplification with primers US327 and US334 generated a 3105 bp 

fragment that was used for lambda red recombination to construct the Ptac gspA and Pbad gspC 

strain.  

H10407 strain TGS60 contains gspA and gspC operons inducible by arabinose and 

IPTG respectively. This strain was constructed by a set of overlapping PCR reactions to 

generate an FRT-cat-kan-FRT cassette flanked with Pbad and Ptac promoters on either end with 

60 bp of sequence specific to gspAα on one end and gspCα on the other. The Pbad promoter from 

plasmid pMAL-p4X was amplified in succession by primer sets US325/US329, US326/US329 

and US327/US329 to generate a 319 bp sequence that included gspA sequence on the upstream 

end and FRT-cat-kan-FRT sequence on the downstream end. Likewise, Ptac promoter was 

introduced upstream of gspC by a set of overlapping PCR reactions with primer sets 

US340/US332, US340/US333 and US340/US334. A final amplification with primers US327 

and US334 generated a 3105 bp fragment that was used for lambda red recombination to 

construct the Ptac gspA and Pbad gspC strain.  

 

2.5 Gel electrophoresis and immunodetection 

 Samples of whole cells were taken from broth culture and added to an equal volume of 

2X sample buffer (125 mM Tris-HCl pH 6.8, 20% glycerol, 4% SDS, 0.01% bromophenol 

blue, 10% β-mercaptoethanol) and heated 5 min at 95
o
C.  

 Samples of protein were routinely electrophoresed in 10-12% SDS-PAGE gels 

(Laemmli, 1970) and either soaked in Coomassie Brilliant Blue R250 stain (CBB) or 

transferred to PVDF membrane for immunoblotting. For CBB staining, gels were soaked in 

stain solution (0.125% CBB, 25% v/v isopropanol, 10% v/v acetic acid) for 1 hour, destain 

solution 1 (0.0025% CBB, 25% isopropanol, 10% acetic acid) for 1 hour, destain solution 2 

(0.0005% CBB, 10% isopropanol, 10% acetic acid) for 1 hour (or overnight) and destain 
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solution 3 (10% acetic acid) until destaining was satisfactory. For immunoblotting, proteins 

were transferred to PVDF membranes in Tris-glycine transfer buffer. Immunoblots were 

visualized by blocking with 2% ECL blocking reagent (GE healthcare) for 1 hour, primary 

antibody in 2% blocking agent for 1 hour, goat anti-rabbit IgG-HRP conjugate (Bio-rad) 

secondary antibody (1/100 000 dilution) in 2% blocking agent for 1 hour and visualized by 

chemiluminescent detection with ECL advance (GE healthcare).  

 Proteins approximately 20 kDa and smaller (including YghG) were separated by 16% 

Tricine SDS-PAGE (Schaegger and von Jagow, 1987) and stained or transferred to PVDF 

membrane for immunoblotting as described above. Gels were composed of a separating gel 

composed of the following components: 4 mL AB3 (48% acrylamide, 1.5% bis-acrylamide), 4 

mL 3 x gel buffer (37% Tris, 0.3% SDS, pH 8.45), 960 μL glycerol, 3.04 mL ddH20, 40 μL 

10% ammonium persulfate and 4 μL TEMED. The stacking gel was composed of the following 

components: 417 μL AB3, 1.25 mL 3 x gel buffer, 3.33 mL ddH20, 38 μL 10% APS and 3.75 

μL TEMED. Gels were electrophoresed in a 1X gradient gel running buffer composed of the 

following components: 6.05% Tris, 8.95 % Tricine and 1% SDS.  

  GspDα and GspDβ multimeric and monomeric proteins were detected by immunoblot 

analysis of whole cell and cell fractionated samples. Samples were electrophoresed in a 3-8% 

SDS gradient PAGE gel (Biorad) until an 84 kDa protein standard was approximately 1 cm 

from the bottom of the gel and transferred to PVDF membrane. Proteins were visualized using 

primary rabbit anti-GspDα
 
or anti-GspDβ antisera (concentrations routinely used are given in 

Table 5), a peroxidase-conjugated anti-rabbit IgG secondary antibody (Sigma) and a 

chemiluminescent substrate (GE healthcare) detected with Hyper film (GE healthcare).  

 

2.6 Isopycnic sucrose gradient fractionation 

Separation of inner and outer membranes by isopycnic sucrose-density-gradient 

centrifugation was performed as described previously (Howard et. al., 1996, Ishidate et. al., 

1986). Cells were grown in 100 mL CAYE media, centrifuged and resuspended in 10 mL 10 

mM HEPES pH 8.0 containing 0.2 mM PMSF, 4 μg/mL DNase, 4 μg/mL RNase and 400 μL 

protease cocktail inhibitor (Roche) and broken by passage through a French pressure cell. 

Following breakage, EDTA was added to a concentration of 3 mM and whole cells were 

pelleted by centrifugation at  6000 x g 10 minutes at 4
o
C. Supernatant was applied to the top of 
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the SG0 gradient composed of 0.2 mL 60% sucrose and 2.8 mL 10% sucrose in 10 mM HEPES 

containing 0.2 mM PMSF and centrifuged at ore 40,000 rpm 3 hours at 4
o
C. Pelleted cell 

membranes located on top of the 60% sucrose bed were applied to the SG1 gradient composed 

of the following concentrations of sucrose in 10 mM HEPES containing 0.2 mM PMSF: 1 mL 

of 55%, 3 mL of 50%, 1.8 mL of 45%, 3 mL of 40%, 1.2 mL of 35%  and 1.2 mL of 30% 

sucrose. The resultant SG1 gradient was centrifuged at 39,000 rpm 16 hrs at 4
o
C. The SG1 was 

routinely separated into 14 or 15 fractions and analyzed for separation of inner and outer 

membrane material. Fractions containing inner membrane were identified by assay of the 

activity of the inner membrane protein NADH oxidase (Osborn et. al., 1972). Fractions 

containing outer membrane material were identified by coomassie staining following SDS-

PAGE to locate major outer membrane porin proteins OmpC and OmpF.    

2.7 Enzyme-linked immunosorbent assay of heat-labile enterotoxin  

Detection of LT in H10407 culture supernatant was performed by GM1 ganglioside 

enzyme-linked immunosorbent assay (ELISA) as previously described (Ristaino et. al., 1983).  

In this protocol, 0.1 μg GM1 monosialoganglioside (Sigma G7641) in 60 mM bicarbonate 

buffer pH 9.6 was added to 96 well polystyrene plates and incubated overnight at 4
o
C. Unbound 

GM1 was removed by three washes with 100 μL PBS-T buffer (phosphate buffered saline 

containing 0.5% (v/v) Tween-20). A 100 µL volume of block solution [PBS containing 5% 

(v/v) Fetal bovine serum (FBS)] was added to each well and incubated at 37
o
C 1 hr. Following 

a set of washes, standard amounts of purified LT-B subunit (Sigma E8656) or culture 

supernatant was added and incubated for 2 hrs at 37
o
C. Following another set of washes, 100 

μL of primary antibody consisting of 1/5000 dilution of anti-cholera toxin antibody (Sigma 

C3062) in PBS-T containing 1% (v/v) FBS was added and incubated at 37
o
C 1 hr. After 

washing, 100 µL of 1/1000 diluted HRP-conjugated goat anti-rabbit IgG in PBS-T 1% FBS was 

added and incubated at 37
o
C 1 hour. Following another set of washes, 100 µL of developing 

solution (KPL) was added, the blue-green colour of the substrate was allowed to develop and 

was stopped prior to saturation by addition of 100 µL 1% SDS. The colour intensity was 

determined by the absorbance read at 410 nm.  

2.8 The bacterial two-hybrid method 

 The Bacteriomatch II reporter strain (Table 2) (Stratagene, catalog number 200195) was 

transformed with the bait plasmid encoding the bait protein of interest. The resultant strain was  
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Table 5. List of antibodies used in immunoblot analysis  

 

Specificity   Source    Concentration   

Anti-GspDα   Howard laboratory  1/20 000 

Anti-GspDβ   Howard laboratory  1/200 000 

Anti-GspD
Vc

   Sandkvist laboratory  1/100 000 

Anti-GspD
Ah

   Howard laboratory  1/50  000  

Anti-myc    Cell-signalling   1/10 000 

Anti-cI    Stratagene   1/10 000 
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made electrocompetent and electroporated with the pTRG B2H library. Following 

electroporation, 450 μL SOC media (2% tryptone, 0.5% yeast extract, 0.05% NaCl, 10 mM 

MgCl2, 10 mM MgSO4) was added to cells and grown at 37
o
C for 2 hours at 225 rpm. Cells 

were spun at 2000 x g 5 min, the supernatant was removed and the pellet was resuspended in 1 

mL M9+ His dropout broth, washed again in 500 μL M9+ His dropout broth and grown for 2 

hours at 37
o
C. A volume of 100 μL of cells were routinely spread on  selective screening media 

with and without steptomycin (according to manufacturer’s instructions). 

2.9 Construction of the B2H library 

 First-strand extension reactions consisted of 10 μg of ETEC strain H10407 genomic 

DNA mixed with 15 μM  primer US107ran (Table 4), 1X NEB 2 buffer  (50 mM NaCl, 10 mM 

NaCl, 10 mM MgCl2, 1 mM DTT, pH 7.9), 300 μM each dNTP and 45 Units of the Klenow 

fragment of E. coli DNA polymerase I (exo+) (New England Biolabs) in a 50 μL reaction 

volume. The genomic DNA and primer were denatured for 3 minutes at 93oC then incubated 

on ice for 5 minutes during which the remaining components of the reaction were added. The 

mixture was then incubated for 25 minutes at 25oC and 5 minutes at 50oC. Inactivation of the 

Klenow enzyme was achieved by the addition of 1.5 μL 0.5 M EDTA and incubation at 75oC 

for 10 minutes.  

 Second strand extension reactions were carried out in the same way as that of the first 

extension reaction except that the US108ran primer (Table 4) was used with 15 μL of purified 

first strand extension reaction (purified with QIAquick spin purification column).  One-third of 

the volume (100 μL) of second-strand extension product was added to an equal volume of 2X 

urea gel loading buffer [4M urea, 10 mM EDTA, 2.5 mM Tris-HCl pH 7.5, 0.25% (w/v) 

bromophenol blue] and electrophoresed using two 8 M urea/4% polyacrylamide denaturing gels 

(20μL per well, 10 wells per gel). Three segments of the gel were excised that corresponded to 

regions 3-4 cm, 4-5 cm and 5-6 cm from the top of the gel. Per 100 mg of gel, 200 μL of  

diffusion buffer  (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA pH 8.0, 

0.1 % SDS) was added and incubated at 50
o
C 1 hour. The supernatant was taken and purified 

with a QIAquick spin column. Purified second-strand extension product was PCR amplified 

with primers US109 and US110, digested with NotI and AvrII and ligated into plasmid pTRG 

digested with NotI and SpeI. Approximately 60 electroporations of purified ligation product 

was performed with electrocompetent E. coli strain DH5α to generate a library of 
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approximately 7 x 10
6
 plasmids.  

2.10 In vivo cross-linking 

  The crosslinker dithiobis(succinylpropionate) (DSP) (Pierce) was used to assess the 

state of the GspDβ protein (in either monomeric or multimeric form) by crosslinking in vivo. 

Briefly, a culture volume of 1 mL (cells grown to an OD600 of approximately 2.0) was washed 

three times with phosphate-buffered saline (PBS), crosslinker was added to 100 μL of cells at a 

final concentration of 0.05 mM and incubated at 25
o
C for 30 minutes. The crosslinker was 

saturated by addition of Tris-HCl to a concentration of 50 mM and incubated at 25
o
C 15 

minutes, selected samples were extracted once with phenol as previously described (Miller, 

1972). 

2.11 Enzyme assay of culture supernatant  

Cultures were centrifuged at 31,000 x g 15 minutes and 10 mL of supernatant was 

taken, filter-sterilized and stored at -20
o
C and used to assay culture supernatant enzyme 

activity. When required, supernatant was concentrated approximately 10 fold by use of a 

Microcon-10 concentrator (10 kDa molecular weight cut-off). 

 Lipase activity in culture supernatants was determined by assaying the release of p-

nitrophenol (pNP) from p-nitrophenol caprylate (pNPC) (Aragon et. al., 2000) whereby 100 µL 

of culture supernatant was added to 900 µL of substrate containing 100 mM Tris pH 8.0, 0.2% 

Triton X-100 and 1 mM pNPC. The reaction was incubated at 25
o
C for 30 minutes while the 

absorbance at 410 nm was measured at 5 minute intervals. A unit of lipase activity equals 1 

nmol pNPC hydrolyzed per minute. All enzymatic activities are expressed as units/mL 

supernatant per OD600 of culture.    

 The amylase activity in supernatants from cultures of Vibrio species was determined 

according to the protocol of Jiang and Howard, 1991, used to assay the T2SS-dependent 

amylase activity in A. hydrophila culture supernatants. 100 µL of supernatant was added to 250 

µL 5% starch azure in 20 mM Na2HPO4 (pH 7), 50 mM NaCl pH 7.0 and incubated at 37
o
C 

with vigorous shaking for 16 hours. The reaction was stopped by addition of 50 µL 2.5M 

sodium acetate, and the supernatant was collected by 5 min centrifugation at 21000 x g and the 

absorbance at 595 nm was determined. Units are defined as the change in absorbance at 595 

nm/hour.    
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Protease activity in culture supernatants was determined using azocasein as  substrate. A 

100 µL volume of supernatant was incubated with 300 µL of 1% azocasein in 60 mM 

phosphate buffer (pH 7.2). The reaction was incubated at 37
o
C with shaking for 2 hours and 

stopped by addition of 133 µL 30% trichloroacetic acid and incubation on ice for 30 minutes. 

Samples were then centrifuged at 21000 x g for 5 min and 400 µL of supernatant was 

recovered. An equal volume of 1 M NaOH was added to the supernatant and the absorbance at 

450 nm was determined. Units of protease activity are expressed as the change in absorbance at 

450 nm/hour.   

2.12 Transposon mutagenesis of V. cholerae 

 Transposon  mutagenesis of V. cholerae utilized a modified conjugation protocol found 

to generate more transconjugants than by standard methods. SM10λpir containing pUT/Cam 

and V. cholerae Bah2 gspA
Vc

 were cultured in LB containing Amp (200 μg/mL), Cam (10 

μg/mL) and LB containing Kan (50 μg/mL) respectively for 4 hours. A volume of 100 μL of 

each culture was plated on LB containing the same concentration of antibiotics and grown at 

37
o
C overnight. A mixture of ½ of the cell mass of Bah2 gspA

Vc
 was mixed with ¼ of the cell 

mass of the donor (SM10λpir pUT/Chl) on LB and incubated at 37
o
C 4 hours. The cell mixture 

was resuspended in 1 mL LB, 50 μL of resuspension was plated onto TCBS (Thiosulfate citrate 

bile sucrose) agar (EMD) containing 1 μg/mL Cam and incubated at 37oC for approximately 32 

hrs. This protocol generated approximately 100 Cam-resistant V. cholerae Bah2 gspA
Vc

 mutants 

per plate (2000 mutants per conjugation). Cam-resistant mutants were patched onto LB agar 

containing 1% skim milk to assess protease secretion competency. Those mutants that were 

protease-secretion negative were investigated further. 

2.13 Statistical analysis 

An unpaired two-sided student's t test was used for all statistical analysis. Values were 

considered significantly different at P<0.05. 

3. Involvement of the two ETEC T2SSs in secretion of heat-labile enterotoxin  

3.1 Introduction 

The majority of Escherichia coli strains serve as integral members of the gut 

microbiota, although some strains have evolved or acquired genetic factors that render them 

capable of generating a pathogenic infection. In the non-invasive E. coli pathotype ETEC, 
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characterized by the prototypical strain H10407, the main virulence factor of the bacterium is 

the heat-labile enterotoxin, a toxin that is secreted by the T2SS. 

In silico analysis of the H10407 genome identified that this strain encodes two T2SSs 

designated alpha and beta as mentioned in the introduction (Fig. 1).  The T2SSα is encoded 

within a divergent operon composed of a minor operon that encodes GspAB and a major 

operon that encodes proteins GspC-O. Both T2SSα operons in ETEC strain H10407 are 

identical in nucleotide sequence to that previously described in E. coli K-12 (Francetic et. al., 

2000). The operon that encodes the T2SSβ
 
contains genes gspC-M, however whereas most 

T2SS operons encoded in other species are transcribed from a promoter upstream of gspC 

(reviewed by Filloux, 2004), this system is atypical in comparison to that of other species by 

including three genes (yghJ, pppA and yghG) upstream of gspC (Yang et. al., 2007) (Fig. 7). 

The functions of the proteins encoded by these genes are unknown thereby suggesting that 

additional uncharacterized factors could be involved in the assembly and function of  the T2SSβ 

in comparison to the T2SSs encoded in other species.  

Analysis of the genome of various E. coli pathotypes revealed that the T2SSα and/or 

T2SSβ operons are prevalent in pathogenic E. coli strains. As shown in Fig. 7, LT+ ETEC 

strains E24377A and B7A do not encode a T2SSα operon but encode complete T2SSβ operons. 

The non-pathogenic E. coli strain K-12 encodes the T2SSα but has a large deletion in the 

operon encoding T2SSβ that encompasses genes gspD-K. Enterohemorrhagic E. coli (EHEC) 

strain O157:H7 does not encode T2SSα or T2SSβ but does encode a T2SS within plasmid 

pO157. Adherent-invasive E. coli (AIEC) strain LF82, enteropathogenic E. coli (EPEC) strain 

O127:H6 and enteroaggregative E. coli (EAEC) strain 55989 only encode the gspO gene of the 

T2SSα system and encode a complete T2SSβ system. Finally, uropathogenic E. coli (UPEC) 

strain UTI89, the avian pathogenic E. coli (APEC) strain O1 and extraintestinal pathogenic E. 

coli (ExPEC) strain IHE3034 are similar to that of H10407 by encoding complete T2SSα and 

T2SSβ systems. This analysis showed that the T2SSα and T2SSβ systems are prevalent among 

E. coli pathotypes. Interestingly, the T2SS encoded on pO157 is neither an E. coli T2SSα nor 

T2SSβ and instead most closely resembles the T2SS of Klebsiella oxytoca (Genin and Boucher, 

1994).  

The gspAα and gspCα operons in E. coli K-12 MG1655 are cryptic due to repression by 

the histone-like nucleoid-structuring protein (H-NS) when cultured in laboratory conditions 
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FIG. 7. Genetic organization of T2SS operons and surrounding genes in representative 

strains of pathogenic and non-pathogenic Escherichia coli.  The enterotoxigenic E. coli 

(ETEC) H10407 genome (Crossman et. al., 2010) encodes two T2SSs termed alpha (yellow) 

and beta (red). The corresponding area of the genome that encodes the T2SSα and T2SSβ of 

H10407 is given for the following strains: LT-positive ETEC strains E24377A and B7A (Rasko 

et. al., 2008), E. coli strain K-12 (Blattner al., 1997), enterohaemorrhagic strain (EHEC) 

O157:H7 (Perna et. al., 2001), adherent-invasive strain (AIEC) LF82 (Peyretaillade et al., 

2010), enteropathogenic strain (EPEC) O127:H6, enteroaggregative strain (EAEC) 55989 

(Touchon et. al., 2009), uropathogenic strain (UPEC) UTI89 (Chen et. al., 2006), (APEC) avian 

pathogenic strain O1 (Johnson et. al., 2007) and extra-intestinal pathogenic strain (ExPEC) 

IHE3034.  Note that the T2SS encoded on plasmid pO157 is also shown (blue) (Burland et. al., 

1998). Genes flanking the T2SS operons are given (white). 
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(Francetic and Pugsley, 1996). However, when the gspA and gspC-N operons were encoded on 

plasmids and expressed in MG1655 hns, the T2SSα was assembled and functional in secretion 

of substrates such as an endochitinase ChiA (Francetic et. al., 2000). Interestingly, T2SSα has 

also been shown to be capable of secreting LT. Expression of plasmid-encoded gspABα and 

gspC-Oα operons in an hns strain of K-12 supported secretion of plasmid-encoded LT, the 

majority of which remained associated with lipopolysaccharide on the surface of the cell, and 

within and on the surface of membrane vesicles (Horstman and Kuehn, 2002). The T2SSβ has 

also been shown in ETEC strain H10407 to be responsible for secretion of soluble LT since 

deletion of gspDβ renders the cell incapable of secreting LT into culture supernatant (Tauschek 

et. al., 2002). Therefore, it is possible that T2SSα could be involved in secretion of LT that 

remains associated with the outer membrane whereas T2SSβ could be involved in secretion of 

LT into culture supernatant.  

In this study, I wanted to determine the relative involvement of both the T2SSα and 

T2SSβ in secretion of LT. Since the studies used to identify the LT secretion capability of 

T2SSα and the vesicle-mediated mechanism of LT secretion were performed in E. coli K-12, I 

wanted to investigate the requirement for T2SSα in LT secretion in a wild-type E. coli strain. In 

addition, most reviews on the subject of LT secretion suggest that the vast majority of LT that 

is secreted by ETEC is vesicle associated and not soluble. Therefore I wanted to confirm if this 

was in fact the case and determine the relative amount of LT secreted in soluble and vesicle-

associated forms.  

 

3.2 Results   

3.2.1 Involvement of T2SSα and T2SSβ in secretion of LT into culture supernatant  

To determine if LT secretion into culture supernatant is entirely dependent upon the 

T2SSβ as previously shown by Tauschek et. al., 2002, or if the T2SSα could also be involved in 

secretion, immunodectection of LT from culture superntatant was initially used to assess the 

ability of wild-type, gspDα and gspDβ strains to secrete LT. Efforts to detect the endogenous 

level of LT secreted in culture supernatant from H10407 when cultured in CAYE media by 

immunoblot with anti-cholera toxin antibody were unsuccessful since LT could not be detected 

in samples of 60 fold concentrated cell supernatant (data not shown). Therefore the amount of 

toxin made and secreted by the cell was increased by expressing a copy of the eltB gene (that 
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encodes the B subunit of LT) in ETEC. To verify that LT-B was expressed from this plasmid 

and could be detected by immunoblot with anti-CT antibody, whole cell samples from E. coli 

DH5α containing TS76 (pMAL-p4X/eltB) or empty vector pMAL-p4X were taken from 

cultures grown in the presence and absence of inducer molecule IPTG. As shown in Fig. 8,  

induction of eltB expression encoded on plasmid TS76 resulted in detection of two bands that 

likely correspond to monomers and dimers of LT-B, therefore this plasmid was used for further 

analysis.   

Plasmid TS76 was electroporated into ETEC strains wild-type, gspABα, gspDα and 

gspDβ and the relative amount of LT-B in concentrated samples of supernatant was detected by 

immunoblot. LT-B was detected in whole cell samples of wild-type, gspDα and gspDβ strains 

containing TS76 upon induction (Fig. 9A) and in concentrated supernatant from WT (TS76), 

gspAB (TS76) and gspDα (TS76) strains but not in supernatant from gspDβ  (TS76) (Fig. 9B). 

This result suggested that T2SSβ was required for secretion of LT. A perplexing result however 

was that the amount of LT-B in supernatant in strains gspABα (TS76) and gspDα (TS76) was 

similar, and less than that observed from wild-type (TS76) supernatant. This result would 

suggest that the T2SSα would be at least partially involved in secretion of LT-B, however in the 

gspDβ (TS76) strain that is wild-type for the T2SSα, no secretion was observed. If T2SSα was at 

least partially responsible for secretion of LT, then it would be expected that some LT-B would 

be observed in supernatant from the gspDβ  (TS76) strain.  

Further analysis of the involvement of T2SSα and T2SSβ in LT secretion was conducted 

by assay of LT in supernatant directly by a GM1-ganglioside based ELISA. This technique was 

sensitive enough to allow assay of endogenous levels of LT in culture supernatant, thereby 

bypassing the requirement to use LT-B producing plasmids and immunoblot analyses. As 

shown in Fig. 10, supernatant from triplicate cultures of wild-type H10407, gspDα, gspDβ and 

eltAB were isolated and the concentration of LT was determined by ELISA. The concentration 

of LT detected from wild-type H10407 supernatant is approximately 2.5 ng/mL. Absence of a 

functional T2SSα by deletion of gspDα had no effect on the LT secretion capability of H10407 

whereas inactivation of T2SSβ by deletion of gspDβ abrogated secretion of LT into culture 

supernatant to levels observed in the eltAB strain. This result confirmed that T2SSβ was 

required for secretion of soluble LT into culture supernatant as suggested by immunoblot 

analysis of LT-B in culture supernatant.  
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FIG. 8. Induction of eltB expression from plasmids TS70 and TS76 allow 

immunodetection of LT-B. Whole cell samples of E. coli DH5α containing empty vector 

pMAL-p4X and TS76 when cultured in the presence or absence of the inducer IPTG (as 

shown), were separated on 14% Tricine SDS-PAGE and immunoblotted with anti-CT antibody. 

The location of LT-B protomers are indicated on the right side of the panels whereas the 

location of protein markers is given on the left of the panel. 
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FIG. 9. Both T2SSs may be involved in secretion of LT into culture supernatant. (A) The 

relative amount of LT-B in whole cell samples of wild-type H10407 (WT), gspDα and gspDβ 

strains containing empty vector (pMAL-p4X) or TS76 (pMAL-p4X/eltB) cultured in the 

presence or absence of IPTG (as shown) was determined by immunoblot with anti-CT 

antibody. (B) Supernatant taken from cultures of wild-type, eltAB, gspAB, gspDα and gspDβ 

strains containing pMAL-p4X, TS76 or neither were concentrated 60 fold by TCA precipitation 

and immunoblotted with anti-CT antibody. The location of pre-stained standard protein markers 

is given on the left of each panel.   
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FIG. 10. The T2SSβ is required for secretion of soluble LT into culture supernatant. The 

amount of LT assayed in supernatants of triplicate cultures of wild-type H10407, gspDα, gspDβ 

and eltAB strains was assessed by ELISA. Significant difference († denotes non-significance 

and * denotes significance where p<0.05) was calculated based on comparison of each value 

against that observed in wild-type culture.  
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3.2.2 Immunoblot detection of GspDα and GspDβ secretin and monomer 

To determine the relative level of assembly of each T2SS system in ETEC, immunoblot 

detection of GspDα and GspDβ
 
secretin multimers was used. To detect GspDα or GspDβ

 

independently by immunoblot, antibodies were raised against the periplasmic domains of 

GspDα (amino acids 26-349) or GspDβ (amino acids 39-364) (Fig. 11) (47% identity between 

GspDα and GspDβ protein fragments) since the periplasmic domain exhibits a considerable 

degree of heterogeneity in secretin proteins due to its possible involvement in substrate 

selection  (reviewed by Korotkov et. al., 2011). The GspDα
26-349

  and GspDβ 
39-364

  proteins were 

encoded in plasmids TS18 and TS19 respectively and expression was induced in BL21(DE3). 

As shown in  Fig. 12, induction of protein expression allowed detection of GspDα
26-349

  and 

GspDβ 
39-364

 by coomassie-blue staining following SDS-PAGE (Fig. 12A). Antibodies were 

raised against these proteins and tested for cross-reactivity. Anti-GspDβ
 
antibody was verified 

to not cross-react with GspDα (Fig. 12B, lane 3) whereas anti-GspDα did cross-react with 

GspDβ (Fig. 12B, lane 2), therefore requiring further purification of anti-GspDα that rendered 

the purified antibody capable of detecting GspDα (Fig. 12C) and  incapable of recognizing 

GspDβ (Fig. 12D).  

  To determine the relative level of assembly of each system by immunoblot detection of 

GspDα and GspDβ
 
secretin multimers in ETEC, cultures were grown in conditions previously 

shown to induce secretion of LT (CAYE media), since presumably under these conditions 

expression of the T2SS(s) would be induced (Sack et. al., 1980). Immunoblot analysis of whole 

cell samples revealed that GspDα
 
could not be detected in multimeric or monomeric form (Fig. 

13A). Inability to detect the GspDα protein was not due to use of an insufficient anti-GspDα 

antibody since the antibody was capable of detecting the GspDα
 
secretin and GspDα monomer 

in strains in which the gspABα and gspC-Oα operons were replaced by arabinose-inducible or 

IPTG-inducible operons (refer to section 3.2.4). These results suggested that under standard 

laboratory conditions the T2SSα is not assembled. Attempts to identify a condition in which 

GspDα could be detected in wild-type ETEC were not successful since variation of temperature, 

osmolarity and growth media did not result in detection of GspDα (data not shown). In contrast  

to T2SSα, T2SSβ
 
was assembled in ETEC under standard laboratory conditions since the GspDβ 

secretin multimer and monomer were detectable by immunoblot with anti-GspDβ  antibody (Fig.  
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FIG. 11. Amino acid alignment of the N-terminal His-tagged putative periplasmic domain 

of GspDα (amino acids 26-349, encoded by TS18) with the N-terminal His-tagged putative 

periplasmic domain of  GspDβ (amino acids 39-364, encoded by TS19).  Percent identity 

(47%), percent similarity (69%) and score (793) of this pairwise global sequence alignment was 

calculated by the  Needleman-Wunsch global alignment algorithm employed by the program 

EMBOSS (European bioinformatics institute). Identical (*) and similar (:) amino acids in the 

alignment are designated as shown. 
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FIG. 12. Testing of anti-GspDα  and anti-GspDβ  antibodies for cross-reaction specificity. 

(A) Whole cell samples of E. coli BL21(DE3) containing TS18 [expressing amino acids 26-349 

of GspDα, (GspDα
peri

), sample 1] or TS19 [expressing amino acids 39-364 of GspDβ, 

(GspDβ
peri

), sample 2) and induced with 0.1 mM IPTG, were separated by SDS-PAGE and 

stained with coomassie blue to detect induced expression of GspDα
peri 

and GspDβ
peri

. (B) The 

same strains as described in A were induced with 0.01 mM IPTG and immunoblotted with non-

purified anti-GspDα and anti-GspDβ antibodies (1/100 000 dilution) as shown. Whole cell 

samples of E. coli BL21(DE3) containing TS18 (C) or TS19 (D) induced with 0.2 mM IPTG 

were diluted as shown and immunoblotted with purified anti-GspDα (1/10 000 dilution). The 

position of GspDα
peri

 and GspDβ
peri

 is shown on the right and the location of protein markers is 

given on the left.  
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FIG. 13. In ETEC strain H10407 the T2SSβ is assembled whereas the T2SSα is not.  The 

amount of secretin multimer and monomer in whole cell samples of H10407, gspDα and gspDβ
 

strains was determined by immunoblot with (A) anti-GspDα and (B) anti-GspDβ antibody. The 

location of GspDα and GspDβ multimer and monomer is given at the right side of immunoblot 

and the location of standard protein markers is given on the left. 
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13B). Therefore according to these data, although H10407 encodes two T2SSs, under standard 

laboratory conditions the T2SSβ
 
is assembled and functional whereas the T2SSα

 
is not.  

 

3.2.3 Assembly of the GspDβ secretin is growth condition-dependent 

The amount of LT secreted by ETEC is highly dependent upon growth conditions used 

for culture in vitro. Maximal secretion levels were observed at a temperature of 37
o
C (Kunkel 

and Robertson, 1979) and in a pH range of 7.5-8.0 (Mundell et. al., 1976). Addition of glucose 

to the growth media has also been shown to induce secretion of LT (Kunkel and Robertson, 

1979; Gibert and Barbe, 1990) as well as microaerophilic conditions and increased salt 

concentrations (greater than 171 mM) (Trachman and Yasmin, 2004). In general, in vitro 

conditions that simulate the environment of the human small intestine have been shown to 

induce LT secretion, with culture in CAYE media as the standard growth condition for 

investigation of LT secretion by E. coli (Sack et. al., 1980). In a study by Dorsey et. al., 2006, 

the concentration of LT in culture supernatant was shown to be much greater when ETEC strain 

H10407 was cultured in CAYE media than in LB as had been previously described, but that the 

difference in secretion was not due to differential expression of the T2SSβ operon or eltAB 

when cultured in these media since a constitutive level of transcription of gspEβ, gspMβ and 

eltB was observed. The authors therefore contributed the difference in LT secretion to a post-

transcriptional event that regulates LT secretion. As shown in Fig. 14, the amount of GspDβ 

secretin detected in wild-type and gspDα strains of H10407 when cultured in CAYE media is 

much greater than that observed when cultured in LB. Therefore it is likely that a post-

transcriptional event that regulates expression or assembly of the GspDβ secretin and the T2SSβ 

is responsible for the difference in LT secretion observed when ETEC is cultured in LB and 

CAYE media.  

 

3.2.4 Ability of T2SSα-inducible strains to assemble GspDα secretin  

The inability to detect the GspDα secretin multimer or monomer in ETEC (Fig. 13) 

suggested that similar to E. coli K-12, the H10407 T2SSα operon is not expressed in conditions 

utilized in the laboratory. In K-12, the gspAα and gspCα operons are cryptic due to repression by 

the heat-stable nucleoid-structuring protein (H-NS) when grown under laboratory conditions 

(Francetic and Pugsley, 1996). In a study by Francetic et. al., (2000), attempts to identify a  
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FIG. 14. In ETEC strain H10407 the amount of assembled T2SSβ is growth condition-

dependent. The amount of secretin multimer in whole cell samples of H10407, gspDα and 

gspDβ
 
strains cultured in LB and CAYE media was determined by immunoblot with anti-GspDβ 

antibody. The location of the GspDβ multimer is given at the right side of immunoblot and the 

location of standard protein markers is given on the left. 
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condition that would induce expression of gspABα and gspC-Oα operons identifiable by 

expression of gspA-lacZ and gspC-lacZ reporter fusions were unsuccessful since a variety of 

conditions tested including anaerobiosis, carbon source variation, serum or tissue culture 

medium, and iron starvation did not affect transcription of the reporter fusion genes. However, 

when the gspAB and gspC-N operons were encoded on plasmids and expressed in an hns strain 

of MG1655, the T2SS was assembled and functional in secretion of substrates such as an 

endochitinase ChiA (Francetic et. al., 2000) and LT that remained associated with outer 

membrane vesicles (OMVs) (Horstman and Kuehn, 2002).  

Investigation of the role the T2SSα may perform in secretion of LT would require a 

T2SSα-positive strain. Therefore to create a strain capable of assembling the T2SSα, the cryptic 

gspAα and gspCα promoters of the T2SSα operon were replaced with inducible promoters Ptac 

and/or Pbad in the genome. Promoter replacement was used instead of introducing plasmids 

that encode the gspAB and gspC-O operons into ETEC because promoter replacement would 

allow more stringent control over assembly of the T2SSα and because expression of the T2SSα 

from plasmids would likely require expression in an hns mutant of ETEC since previous studies 

(as described above) have shown that T2SSα assembly that is plasmid-encoded required 

expression in an hns strain of E. coli MG1655 (Francetic et. al., 2000; Horstman and Kuehn, 

2002). Since hns is a global regulator of the transcriptome, deletion of hns would introduce a 

non-physiologically relevant situation that would have a profound effect on the physiology of 

the cell. Therefore, lambda Red recombination was used to create T2SSα positive strains by 

replacement of the nascent gspAα and gspCα promoters with IPTG-inducible Ptac and 

arabinose-inducible Pbad promoters respectively in strain TGS49. In strain TGS48, gspAα and 

gspCα promoters were replaced by Pbad and Ptac promoters respectively. To create strains that 

were T2SSα positive and T2SSβ negative, the gspDβ gene was deleted in strains TGS49 and 

TGS48 to create strains TGS59 and TGS60 respectively. As shown in Fig. 15, in strains TGS49 

and TGS59 detection of GspDα in both monomeric and multimeric form was under stringent 

induction control since in the absence of arabinose that serves as the inducer for the Pbad-gspC 

promoter, GspDα was not observed by immunodetection. In the presence of 0.1% Ara, a small 

amount of GspDα monomer was detectable and upon increased induction with Ara to 1%, 

GspDα was detected in both multimeric and monomeric forms (Fig. 15A lane 6; Fig. 15B, lane 

3). In strains TGS48 and TGS60 however, the GspDα monomer was observed both in the  
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FIG. 15.  Replacement of cryptic gspA and gspC T2SSα promoters with inducible Ptac and 

Pbad promoters allows induction of GspDα expression and secretin assembly. The anti-

GspDα antibody is shown to be capable of detecting the GspDα monomer and multimer in 

strains  in which the cryptic T2SSα promoters have been replaced by Ptac and Pbad promoters 

(induction levels are given at top of figure).  Whole cell samples were taken from strains (A) 

wild-type (WT), TGS48 (Pbad-gspABα,
 
Ptac-gspC-Oα), TGS49 (Ptac-gspABα, Pbad-gspC-Oα)  

and (B) TGS59 (Ptac-gspABα, Pbad-gspC-Oα, gspDβ) and TGS60 (Pbad-gspABα,
 
Ptac-gspC-Oα, 

gspDβ) grown in the presence or absence of inducer molecules arabinose and IPTG as shown. 

The positions of GspDα and GspDβ secretin and monomer are labeled at the right side of the 

panel (where applicable) and the location of standard protein markers is given at the left side of 

each panel.  
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presence or absence of the gspC-O inducer IPTG. Therefore expression from the Ptac-gspCα 

promoter was leaky and did not allow stringent control over expression of the gspC-O operon. 

These data identified that by replacement of the endogenous gspAα and gspCα promoters with 

inducible ones, the T2SSα was assembled (as detected by GspDα secretin assembly) and that the 

antibody raised against the putative periplasmic domain of GspDα was successful in detection 

of GspDα in multimeric form. 

 

3.2.5  The majority of LT secreted by ETEC is soluble and the T2SSα does not secrete LT. 

Most reviews on the subject of LT secretion state that the majority of LT remains 

associated with the outer membrane and outer membrane vesicles following secretion by the 

T2SSα. The results presented in Fig. 10 suggest the contrary since the T2SSβ was absolutely 

required for LT secretion. Since the T2SSα is not expressed in laboratory conditions, assay to 

determine the potential involvement of T2SSα in secretion of LT would require a T2SSα-

positive strain. As shown in Fig. 16, growth of T2SSα-expressing strain TGS59 in conditions 

shown to result in GspDα secretin assembly did not result in the secretion of LT in both soluble 

and vesicle-associated forms. As a result, the T2SSα is likely not capable of secreting LT. 

 To assess the amount of LT in soluble and vesicle-complexed forms, culture supernatant 

from wild-type, TGS59 (cultured in the presence and absence of inducer), gspDα, gspDβ and 

eltAB strains were assayed for LT by GM1-ELISA before and after removal of vesicles from 

the supernatant. Vesicles were removed from cell supernatant both by ultracentrifugation at 

100,000 x g and by passage through a 300 kDa filter. The filtration step was added to ensure 

that all vesicles would be removed from cell supernatant since the 300 kDa molecular weight 

cut-off of the filter would not allow vesicular material to pass through. As shown in Fig. 16, 

removal of vesicles from cell supernatant from wild-type culture did affect the level of LT 

detected. Ultracentrifugation to remove vesicles decreased the amount of LT assayed from 

supernatant from wild-type culture by 10% whereas passage through a 300 kDa filter decreased 

the amount of LT assayed by 19.8% in comparison to wild-type. In supernatant taken from the 

gspDα strain, ultracentrifugation removed 5.9% of LT from supernatant whereas passage 

through a 300 kDa filter removed 19.5%. As a result, an appreciable amount of LT is present in 

a complexed form that is greater than 300 kDa and likely in vesicle-associated form. These data  
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FIG. 16. The majority of LT is soluble and not vesicle-associated. The amount of LT 

assayed in supernatant from triplicate cultures of wild-type H10407 (WT), TGS59, TGS59 

(cultured in inducing conditions; 1% Ara and 0.5 mM IPTG), gspDα, gspDβ and eltAB strains 

was assessed by ELISA.  Significant difference († denotes non-significance and * denotes 

significance where p<0.05) was calculated based on comparison of each value against the result 

from non-filtered supernatant.  
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also demonstrated that approximately 80% of LT secreted by ETEC was soluble and therefore 

soluble LT exists as the dominant form of LT secreted by the cell.  

 The results in Fig. 16 also identified that the T2SSβ was absolutely required for 

secretion of LT in both soluble and vesicle-associated (>300 kDa) forms since only in the wild-

type and gspDα strains was LT observed in supernatant and not in T2SSβ-negative strains 

TGS59 and gspDβ. Therefore it is likely that a portion of LT is associated with vesicles as 

previously suggested but that the vast majority of LT remains soluble. In both cases however, 

the T2SSβ is solely responsible for LT secretion.   

 

3.3 Discussion  

In numerous E. coli pathotypes the T2SS has been shown to be required for 

pathogenesis of human and animal hosts, thereby signifying this system as a major virulence 

factor in this species. In silico analysis of the H10407 genome revealed that this ETEC strain 

encodes two T2SSs, designated alpha and beta (Fig. 7), both of which have been identified as 

capable of secreting the major ETEC virulence factor LT albeit by different mechanisms 

(Horstman and Kuehn, 2002; Tauschek et. al., 2002). The T2SSα when expressed in an hns 

(histone-like nucleoid structuring protein) strain of E. coli K-12 containing a plasmid-encoded 

copy of eltAB was capable of secreting LT that remained associated with the outer membrane 

and became loaded onto outer membrane vesicles (Horstman and Kuehn, 2002). The T2SSβ has 

been shown in ETEC strain H10407 to be responsible for secretion of LT into culture 

supernatant (Tauschek et. al., 2002).  

Since both systems had been shown in the literature as capable of secreting LT and 

conflicting reports on the dominant mode of LT secretion (soluble or vesicle-associated) exists 

in the literature, the subject of this study was to determine which T2SS and which mode of 

secretion was responsible for secretion of LT. To investigate these topics, the ETEC strain 

H10407 was used because the strain was a wild-type isolate, was available from ATCC and 

because the genome of this strain had been sequenced, thereby facilitating genetic manipulation 

of this strain. 

Detection of the level of LT in culture supernatant was assessed initially by  

immunodetection and later by GM1-ELISA.  Initial attempts to detect LT in culture supernatant 

by immunoblot were not successful (data not shown) even following concentration of 
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supernatant 50 to 60 fold by TCA precipitation. Therefore to increase the amount of LT to 

levels detectable by immunoblot, eltB was also expressed from a plasmid (in addition to the 

endogenous levels of LT expression) in trans in ETEC strains and the requirement for each 

T2SS in secretion of LT-B was determined by immunoblot (Fig. 9). The result of this analysis 

was perplexing since the absence of T2SSβ abrogated detection of LT-B in supernatant yet the 

relative amount of LT-B in gspABα and gspDα mutants were similar and less than wild-type, 

thereby suggesting that both systems could be involved in LT secretion. However, assay of 

endogenous levels of LT in culture supernatant by GM1-ELISA in gspDα and gspDβ strains 

confirmed that the T2SSβ was solely required for secretion of LT when ETEC was cultured in 

laboratory conditions and that the T2SSα was not required for this function (Fig. 10).  

The T2SSα operon of H10407 is identical at the nucleotide level to that of E. coli K-12 

and similar to K-12, the T2SSα is not assembled in H10407 under standard laboratory 

conditions (Fig. 13) presumably due to repression of the gspA and gspC promoters by HNS 

(Francetic and Pugsley, 1996). This scenario likely exists in ETEC since replacement of gspAα 

and gspCα promoters with IPTG and/or arabinose-inducible promoters enabled detection of 

GspDα in both monomeric and multimeric forms (Fig. 15). It is therefore most likely that the 

specific in vivo or environmental conditions required for T2SSα expression have not been 

duplicated in the laboratory. In silico analysis of representative strains of E. coli pathotypes 

identified that presence of a complete T2SSα operon in the genome is not highly conserved 

since EHEC strain O157:H7, AIEC strain LF82, EPEC strain O127:H6 and EAEC strain 55989 

do not encode this system whereas UPEC strain UTI89, APEC strain O1 strains and ExPEC 

strain IHE3034 do (Fig. 7).  

 The T2SSβ is assembled and functional in ETEC when grown in laboratory conditions, 

since GspDβ is readily detectable in both multimeric (secretin) and monomeric forms (Fig. 13) 

and deletion of gspDβ rendered the strain incapable of secreting soluble LT into culture 

supernatant (Fig. 10). In silico analysis revealed that T2SSβ
 
is prevalent among other E .coli 

pathotypes because it is encoded in the genomes of AIEC strain LF82, EPEC strain O127:H6, 

EAEC strain 55898, UPEC strain UTI89, APEC strain O1 and ExPEC strain IHE3034, thereby 

suggesting this T2SS could function as a virulence factor in these pathotypes (Fig. 7).  

 The work done by Meta Kuehn’s laboratory identified an ability of the T2SSα when 

expressed in E. coli K-12 to secrete LT that remained bound to the cell via an interaction with 
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LPS on the surface of ETEC cells by binding to the outer core (Horstman and Kuehn, 2002) 

and the Kdo sugar (Horstman et. al., 2004) of LPS. In this manner, LT would be released by the 

cell when vesicles bud from the outer membrane of ETEC, thereby constituting a virulence 

mechanism of ETEC pathogenesis that involves release of toxic packets of outer membrane 

material loaded with LT. Several reviews on the subject of the heat-labile enterotoxin (Mudrak 

and Kuehn, 2010; Patrick et. al., 2010) suggest that release of LT-loaded outer membrane 

vesicles constitute the main virulence mechanism of ETEC. In direct contrast to the these 

studies and consistent with that described by Tauschek et. al., 2002, the T2SSβ was solely 

required for secretion of LT (Figs. 10 and 16), even when the T2SSα was assembled in ETEC 

(Figs. 15 and 16). In addition, the majority of LT secreted was in soluble form and not vesicle-

associated (Fig. 16).  Therefore two possibilities exist to explain these findings. The first is that 

in vivo conditions are not recapitulated in the laboratory and in fact the T2SSα is induced and 

functional in secretion of LT in vesicle-mediated form, the major mode of LT transmission in 

vivo. This possibility is unlikely however since the inability to assemble a functional T2SSβ by 

deletion of gspMβ in ETEC strain H10407 rendered the cell incapable of colonizing the mouse 

intestine (Dorsey et. al., 2006). Therefore a second possibility is more likely, that the T2SSβ is 

solely responsible for secretion of LT in both soluble and vesicle-associated forms in vivo and 

that the soluble form of LT is the predominant mode of LT transmission. Given that CT does 

not bind to the surface of V. cholerae due to the phosphorylation of Vibrio LPS (Horstman et. 

al., 2004) and therefore a vesicle-mediated mechanism of CT transmission does not exist, it is 

more likely that similar to CT, soluble LT constitutes the major mode of LT transmission 

whereas vesicle-associated LT is a minor mode of LT transmission.  

 

Chapter 4. Investigation of the pilotin function of YghG 

4.1 Introduction  

The GspD protein of the T2SS is a member of a family of outer membrane transporters 

termed the secretins. Other members of this family include those of the type III secretion 

system (T3SS), toxin co-regulated pili, type IV pili, type IV bundle-forming pili, and 

filamentous phage secretion systems (reviewed by Thanassi and Hultgren, 2000). In each 

system, the secretin functions as the outer membrane pore through which proteins or 

macromolecular complexes are translocated. In some systems, localization of the secretin in the 
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outer membrane requires the function of a small lipoprotein that serves as a pilotin to direct the 

secretin to the outer membrane and protect the multimer from degradation. To date, two highly 

similar pilotins involved in localization and protection of a T2SS secretin have been elucidated, 

these are GspS
Ko

 of Klebsiella oxytoca (Hardie et. al., 1996; Nouwen et. al., 1999) and GspS
Ec

 

of Erwinia chrysanthemi (Shevchik and Condemine, 1998). Other pilotins involved in secretin 

assembly of other systems have been described and include the pilotin MxiM for assembly of 

the MxiD secretin of the Shigella flexneri type III secretion system (T3SS) (Schuch and 

Maurelli, 1999) and the pilotin YscW for assembly of the YscC secretin of the Yersinia 

enterocolitica T3SS (Burghout et. al., 2004). The requirement for a pilotin in assembly of the 

T2SS secretin may not be entirely conserved in Gram-negative species since several species 

that encode a T2SS including A. hydrophila and A. salmonicida absolutely require the 

peptidoglycan-binding and ATPase functions of the inner membrane complex GspAB for 

secretin assembly and do not encode a recognized pilotin protein in the T2SS operon (Ast et. 

al., 2002; Howard et. al., 2006; Jahagirdar. and Howard, 1994; Li and Howard, 2010; Strozen 

et. al., 2011).   

Assembly of the GspDβ secretin of the T2SSβ in ETEC likely requires the function of a 

GspAB homologue or a pilotin protein, consistent with the requirement for these proteins in 

secretin assembly of other systems. In silico analysis of the T2SSβ operon of ETEC strain 

H10407 did not reveal a GspS T2SS pilotin-homologue nor does it encode gspAB. Therefore I 

initially hypothesized that gspAB encoded in the T2SSα operon could perform a redundant 

function in assembly of the secretin in both T2SSα and T2SSβ systems. Another possibility was 

that a gene encoded upstream of gspC in the atypical T2SSβ operon, named yghG, could encode 

a pilotin protein since the amino acid sequence of YghG suggested that similar to pilotin 

proteins, YghG was an outer membrane lipoprotein.  

 

4.2 Results  

4.2.1 GspABα is not required for GspDβ secretin assembly 

 I had initially hypothesized that since the T2SSβ operon does not encode a protein with 

amino acid similarity to the GspS family of pilotins nor does it encode a GspAB homologue, 

that the GspAB complex encoded in the T2SSα operon (Fig. 7) could be required for assembly 

of the GspDβ secretin in ETEC. Immunoblot analysis of the GspDβ secretin in a deletion mutant 
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of gspABα in ETEC however, identified that GspAB was not required for GspDβ secretin 

assembly since the lack of GspAB had no effect on GspDβ secretin assembly (Fig. 17).   

 

4.2.2 Requirement for YghJ, PppA and YghG in secretin assembly and T2SSβ function 

 The T2SSβ operon is atypical (in comparison to T2SS operons encoded in other species) 

by including expression of genes yghJ, pppA and yghG as part of the operon encoded upstream 

of gspC (Yang et. al., 2006). Since these genes are part of the T2SSβ operon, they likely encode 

structural components or substrates of the T2SSβ. Therefore to more fully define the 

components of this system and the role these proteins perform in both assembly and function of 

T2SSβ, non-polar deletion mutants of yghJ, pppA and yghG were constructed by use of the 

lambda RED recombination system and the ability of these strains to assemble the GspDβ 

secretin (indicative of T2SSβ assembly) and secrete LT (to assess the function of T2SSβ) was 

assessed. As shown in Fig. 18, deletion of the yghJ gene had no effect on assembly of the 

GspDβ
 
secretin or secretion of LT. Deletion of pppA did not affect secretin assembly but did 

abrogate secretion of LT. This result suggested that PppA is the pre-pilin peptidase of the 

T2SSβ. Lastly, deletion of the hypothetical gene encoding the small lipoprotein YghG 

drastically decreased the amount of GspDβ secretin assembled and amount of GspDβ monomer 

observed, accompanied by an inability to secrete LT.   

 

4.2.3 Complementation of the yghG secretin assembly-negative and LT secretion-negative 

phenotypes  

Deletion of yghG
 
resulted in nearly complete lack of GspDβ

 
in both multimeric 

(secretin) and monomeric forms, concomitant with abrogation of LT secretion (Fig. 18). To 

confirm that the secretin assembly-negative and secretion-negative phenotypes resulted from 

the absence of YghG, YghG and a version of YghG that contains a 10 amino acid myc 

sequence at the C-terminal end of the protein (to be used for immunodetection) were expressed 

in trans and the amount of secretin assembled and secretion of LT into culture supernatant was 

examined. Expression of YghG
 
or YghG

 
-myc in trans resulted in re-establishment of GspDβ 

secretin and monomer levels to that of wild-type in a gradient manner such that the amount of 

both monomer and multimer observed increased with the amount of arabinose used to induce 

expression of YghG
 
and YghG-myc (Fig. 19). Likewise, secretion of LT was re-established to  
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FIG. 17. Deletion of gspAB does not affect assembly of the GspDβ secretin in ETEC 

H10407. Anti-GspDβ immunoblot analysis of whole cell samples of H10407 wild-type (WT),  

gspAB, gspDα and gspDβ strains. The location of protein standard markers is given at left side 

of figure and the location of GspDβ secretin multimer and monomer is given at right side of 

figure. 
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FIG. 18. Effect of mutations in hypothetical genes encoded upstream of the core gspC-N 

genes of the T2SSβ operon. (A) Immunoblot analysis of whole cell samples of H10407 wild-

type, gspDβ, yghJ, pppA and yghG strains with anti-GspDβ
 
antibody. The location of protein 

standard markers is given at left side of figure and the location of GspDβ secretin multimer and 

monomer is given at right side of figure. (B) The amount of LT in supernatant taken from 

cultures of H10407 wild-type, gspDβ, yghJ, pppA, yghG and eltAB was assayed by ELISA. 

Values are shown as the average amount of LT assayed in triplicate cultures for each strain. 

Significant difference († denotes non-significance and * denotes significance where p<0.05) 

was calculated based on comparison of each value against that observed in wild-type culture.   
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FIG. 19. The secretin assembly-negative and LT secretion-negative phenotypes of the 

yghG strain can be complemented by expression of YghG and YghG-myc in trans.  (A) 

Immunoblot analysis of whole cell samples of H10407, yghG, yghG (pBAD/yghG) and yghG 

(pBAD/yghG-myc) with anti-GspDβ antibody. The concentration of arabinose and standard 

protein markers are shown. The location of GspDβ secretin multimer and monomer is given at 

right side of figure.  (B) The amount of LT in supernatants from cultures of H10407, yghG, 

yghG  (pBAD/yghG) and yghG  (pBAD/yghG-myc) was assayed by ELISA. Values are shown 

as the average of triplicate assays for each strain. Significant difference († denotes non-

significance and * denotes significance where p<0.05) was calculated based on comparison of 

each value against that observed in wild-type culture.   
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wild-type levels upon expression of YghG
 
and YghG-myc (Fig. 19B). These results verified 

that the secretin assembly-negative and secretion-negative phenotypes of the yghG strain are 

due to the lack of YghG. In addition, these results also indicated that the C-terminal myc tag of 

YghG-myc does not interfere with the function of YghG.  

 

4.2.4 YghG is an outer membrane lipoprotein 

The secretin assembly-negative and LT secretion-negative phenotypes of the yghG 

strain suggested that YghG could be involved in assembly of the GspDβ secretin multimer in a 

manner similar to the GspS family of outer membrane lipoproteins that are required for 

assembly of the T2SS secretin in the outer membrane of Klebsiella pneumoniae and Erwinia 

chrysanthemi species (Hardie et. al., 1996A; Nouwen et. al., 1999; Shevchik and Condemine, 

1998). Analysis of the N-terminal sequence of YghG revealed that like GspS
Ko

 (PulS) and 

GspS
Ec

 (OutS) of the T2SS and other outer membrane lipoproteins required for secretin 

assembly including YscW of the Yersinia enterolitica type III secretion system (T3SS) and 

MxiM of the Shigella flexneri T3SS, YghG is likely a lipoprotein because it contains a 

lipoprotein signal sequence comprised of a lipobox motif of the consensus sequence is L-A/S-

G/A-C (Fig. 20A). As mentioned in the introduction,  maturation of lipoproteins is performed at 

the outer leaflet of the inner membrane by addition of diacylglycerol to the Cys residue of the 

lipobox motif by phosphatidylglycerol/prolipoprotein diacylglyceryl transferase (Lgt), cleavage 

of the signal peptide by signal peptidase II (LspA) and aminoacylation of the Cys residue by 

phospholipid/apolipoprotein transacylase (Lnt). Therefore, to confirm that YghG was a 

lipoprotein, a substitution mutation was constructed to replace the cysteine located at position  

25 within the lipobox motif with alanine. This substitution would be expected to prevent 

processing of the pre-protein by signal peptidase II due to the inability of LspA to recognize the 

unlipidated protein. As shown in Fig. 20B, anti-myc immunoblot of whole cell samples of cells 

expressing YghG C25A-myc in trans showed that the vast majority of YghG C25A-myc 

remains as a pre-protein presumably due to the inability of LspA to cleave the signal sequence. 

In addition, increased expression of YghG C25A-myc (generated by induction with 0.5% 

arabinose) conferred a growth defective phenotype possibly due to sequestration of LspA 

complexes with the mutant protein (data not shown).  
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FIG. 20. YghG is an outer membrane lipoprotein. (A) Alignment of the N-terminal region of 

YghG with other lipoproteins known to be involved in secretin assembly including PulS from 

Klebsiella pneumoniae (P20440), OutS of Erwinia chrysanthemi (Q01567), YscW of Yersinia 

enterolitica (Q56851) and MxiM of  Shigella flexneri (P0A1X2). The location of the signal 

sequence is indicated, with the lipobox (L A/S G/A C) highlighted in grey. The location of 

substitution mutations C25A, A26D and S27D in YghG are shown.  (B) Myc-tagged proteins 

present in whole cell samples of WT (lane 1), yghG (lane 2), yghG expressing in trans; YghG
 
–

myc (lane 3), YghG C25A
 
–myc (lane 4)  and YghG A26D S27D

 
–myc (lane 5) are detected by 

anti-myc immunoblot. The location of the unprocessed YghG C25A variant that retains the 

signal peptide is indicated by an asterisk.  (C) YghG
 
is localized to the outer membrane and 

YghG A26D S27D  is localized to the inner membrane in ETEC. YghG-myc and A26D S27D 

YghG
 
were detected by anti-myc immunoblot of inner and outer membranes fractions (1-14) 

isolated by sucrose density gradient fractionation. Fractions containing inner and outer 

membrane material were determined by NADH oxidase activity and the presence of outer 

membrane porins respectively. The concentration of sucrose in fractions isolated from the strain 

expressing YghG-myc is given. 

 

A.  

B.  

C.  
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The amino acid sequence of YghG suggested that the protein would be located in the 

inner leaflet of the outer membrane since residues +2 and +3 of the mature lipoprotein are not 

Asp residues as shown in Fig. 20A. During lipoprotein maturation, lipoproteins are sorted to the 

inner or outer membrane according to the lipoprotein sorting signal located at positions 2 and 3 

of the mature protein. In general, Asp residues at position 2 (Yamaguchi et. al., 1988) and 3 

(Seydel et. al., 1999) ensure retention of the lipoprotein in the inner membrane by evading the 

LolCDE complex in the inner membrane. Most other combinations of amino acids at positions 

2 and 3 result in complex formation of the lipoprotein with LolCDE, transport across the 

periplasm by the chaperone LolA, interaction with the outer membrane lipoprotein LolB and 

localization to the outer membrane via the N-terminal lipid modification (reviewed by Tokuda 

and Matsuyama, 2004). To confirm that YghG is localized to the outer membrane, samples of 

inner and outer membranes from a yghG strain expressing YghG-myc in trans were separated 

by sucrose gradient fractionation and the location of YghG was determined by immunoblot 

(Fig. 20C). Although YghG-myc was present in most fractions including those of the inner 

membrane, the majority of YghG-myc was observed in the intermediate and outer membrane 

fractions. In addition, substitution of residues +2 and +3 of the mature lipoprotein with Asp 

residues caused YghG-myc to strongly localize within the inner membrane (Fig. 20C). These 

data confirmed that YghG is an outer membrane lipoprotein.  

 

4.2.5 GspDβ requires YghG for localization to the outer membrane 

Pilot proteins function in localizing and protecting the secretin, therefore to determine if 

YghG is a pilot protein the location of the secretin when outer membrane localized (YghG-

myc) and inner membrane localized (YghG A26D S27D-myc) versions of YghG
 

were 

expressed in a yghG strain was assessed. The location of GspDβ was determined by immunoblot 

of inner and outer membrane fractions following sucrose gradient fractionation of cell envelope 

preparations. As shown in Fig. 21, sucrose gradient ultracentrifugation generated 14 fractions. 

Fractions that contained mostly inner membrane (fractions 3 and 4) were identified by assay of 

the activity of the inner membrane protein NADH oxidase (Fig. 21A), whereas fractions that 

contained mostly outer membrane material (fractions 11 and 12) were identified by detection of 

outer membrane porin proteins OmpC and OmpF in samples of fractions separated by SDS-

PAGE and visualized by coomassie-blue staining (Fig. 21B). It was evident from panel B that  
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FIG. 21. GspDβ requires outer membrane-localized YghG for localization in the outer 

membrane. (A) NADH oxidase activity and (B) whole protein profile of sucrose gradient 

ultracentrifugation fractions of inner and outer membranes of wild-type E.coli H10407. The 

concentration of sucrose observed in each fraction is given. The location of outer membrane 

proteins OmpC and OmpF are shown. (C) Immunoblot analysis of fractions isolated from wild-

type H10407 (WT), yghG, yghG expressing yghG-myc in trans and yghG expressing  yghG 

A26D S27D-myc in trans with anti GspDβ antibody. Only the top portion of each immunoblot 

that corresponds to the location of secretin multimer is included due to the negligible amount of 

GspDβ monomer observed after french press cell breakage (refer to results section). Fractions 

that contain predominantly inner (fractions 3 and 4) or outer membranes (fractions 11 and 12) 

are outlined.  
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the intermediate fractions 5 to 10 contain a mixture of both inner and outer membrane material 

with more inner membrane material present in fractions 5, 6 and 7 and mostly outer membrane 

material in fractions 8, 9 and 10. In panel C, it was observed that GspDβ
 
in wild-type H10407 

mostly fractionates with the outer membrane however there was a relatively minor amount of  

GspDβ present in the inner membrane fraction number 4. In a yghG mutant however, GspDβ 

fractionated strongly with the inner membrane fractions. Expression of YghG -myc in the yghG 

strain re-establishes localization of GspDβ to the outer membrane fractions, thereby modeling 

the situation observed in wild-type. When the inner membrane localized YghG A26D S27D 

was expressed in a yghG strain, no affect was observed in comparison to the yghG strain. These 

results showed that GspDβ can only localize to the outer membrane in the presence of outer 

membrane-localized YghG. In the absence of YghG, GspDβ was detectable and present 

predominantly in inner membrane fractions. These data confirm that the outer membrane 

localized YghG is required for localization of GspDβ to the outer membrane. 

The immunoblots shown in Fig. 21C are that of the GspDβ
 
secretin multimer only and 

do not include the area of the immunoblot that shows the GspDβ
 
monomer. This was done due 

to the observation that french pressure cell breakage causes spontaneous GspDβ multimerization 

and therefore immunoblot analysis detects nearly all GspDβ
 
protein present as a multimeric 

complex only. As a result, this cell fractionation data could be used to determine the location of 

the protein as present in the inner membrane, outer membrane or neither but could not provide 

information regarding the relative amount of secretin multimer and monomer observed. 

Investigation of the relative amount of GspDβ
 
in monomeric and multimeric forms required 

immunoblot of whole cell samples only, as described below. Also note that although GspDβ 

was barely detectable as monomer and multimer by immunoblot of whole cell samples in the 

yghG strain (Figs. 18 and 19), preparation of inner and outer membranes concentrates inner and 

outer membrane proteins considerably. As a result, relatively minor amounts of GspDβ were 

readily detectable by immunoblot of inner and outer membranes.  

 

4.2.6 GspDβ secretin assembly requires localization to the outer membrane 

Comparison of the amount of GspDβ
 
present in whole cell samples in yghG strains 

expressing inner (YghG A26D S27D-myc) or outer (YghG-myc) membrane versions of YghG 

revealed that the amount of GspDβ
 
observed in multimeric and monomeric form was much 
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greater when GspDβ is localized to the outer membrane than when present in the inner 

membrane (Fig. 22A). In addition, expression of the inner membrane version of YghG did not 

alter the negligible amount of secretin multimer and monomer in the yghG strain. These results 

were not explained by a difference in amount of inner and outer membrane-localized YghG
 

present in the cell since immunoblot detection revealed similar levels of each protein in their 

respective strains upon induction with arabinose (Fig. 22B). As expected, LT was not detected 

in culture supernatant if YghG
 
is localized to the inner membrane, due to an absence of 

assembled secretin and thus functional T2SSβ (Fig. 22C).   

The results shown in Fig.  21 and Fig. 22 revealed that outer membrane localization of 

GspDβ is dependent upon YghG and localization to the outer membrane is required for GspDβ 

secretin assembly since only in the wild-type H10407 strain or in the yghG strain 

complemented with YghG-myc is GspDβ present in the outer membrane fractions (Fig. 21) and 

detected as a multimer (Fig. 22). Therefore to confirm that localization of GspDβ to the outer 

membrane is required for secretin assembly and to determine if the inability to detect secretin 

multimer when GspDβ is localized to the inner membrane is not due to degradation of an inner 

membrane secretin that is more prone to degradation (during preparation of whole cell 

samples), secretin multimers of GspDβ were crosslinked in vivo and analyzed following 

treatment with phenol. As an initial test, the concentration of the crosslinker DSP was varied to 

determine the optimal concentration required for detection of GspDβ protomers. As shown in 

Fig. 23, addition of phenol to whole cell samples of wild-type H10407 destabilizes the GspDβ 

secretin (lane 1) into its monomeric components (lane 2). However, addition of the crosslinker 

DSP to whole cells prior to treatment with phenol caused multiple bands that correspond to 

protomers of GspDβ (likely dimers and tetramers) to be observed (lanes 3 and 4). Note that 

crosslinking with 0.05 mM DSP enabled the greatest amount of GspDβ protomers to be 

observed whereas addition of 0.5 mM DSP likely saturated the cell with crosslinks since no 

protomers of GspDβ and a minimal amount of GspDβ monomer was observed in this sample. In 

the gspDβ strain, the absence of DSP or presence of 0.005, 0.05 and 0.5 mM DSP did not result 

in the detection of any bands by immunoblot. Therefore, all bands observed in the immunoblot 

correspond to the GspDβ protein. Crosslinking of samples from yghG expressing yghG-myc or 

yghG A26D S27D–myc in trans also identified that use of 0.05 mM DSP was the optimal 

concentration of crosslinker for detection of GspDβ protomers.    
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FIG. 22. GspDβ is not detectable in the absence of outer membrane-localized YghG. 

Immunoblot analysis of whole cell samples of wild-type H10407 (WT), yghG, yghG expressing 

outer membrane localized YghG-myc or inner membrane localized YghG A26D S27D-myc 

with  (A) anti-GspDβ antibody or anti-myc (B) antibodies. The concentration of arabinose used 

for induction of plasmid-encoded proteins is given. The location of GspDβ multimer and 

monomer are given. (C) Amount of LT detected in supernatant as determined by LT-ELISA. 

Assays of supernatant from triplicate cultures were performed with the standard deviations 

indicated. Significant difference († denotes non-significance and * denotes significance where 

p<0.05) was calculated based on comparison of each value against that observed in wild-type 

culture.   
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FIG. 23. Protomers indicative of GspDβ secretin assembly are observed upon crosslinking 

with DSP. Immunoblot analysis with anti-GspDβ antibody of whole cell samples of; wild-type 

H10407 (WT), gspDβ, yghG expressing outer membrane localized YghG-myc in trans or inner 

membrane localized YghG A26D S27D-myc in trans. Whole cells were treated with different 

concentrations of the crosslinker DSP as shown and phenol as indicated. The location of GspDβ 

secretin multimer and monomer are given, asterisks indicate the positions of GspDβ protomers.   
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Once the optimal concentration of the crosslinker was determined, the ability to 

assemble the GspDβ secretin upon expression of inner membrane and outer membrane versions 

of YghG was determined. As shown in Fig. 24, in the absence of the crosslinker and phenol, 

GspDβ is detectable in monomeric and multimeric forms that upon addition of phenol caused 

the GspDβ secretin to dissociate (lane 2). Addition of the crosslinker enabled protomers of 

GspDβ to be observed (lane 3).  In the yghG strain, the protomers of GspDβ were not detected 

(lane 4), however expression of YghG-myc in the yghG strain re-established detection of 

GspDβ protomers in a gradient fashion whereby increased expression of YghG-myc (induced 

with arabinose) resulted in an increased amount of GspDβ protomers observed (lanes 5-8). In 

the absence of outer membrane-localized YghG-myc as such is the case in the yghG strain (lane 

4) and when the the inner membrane variant YghG A26D S27D-myc was expressed (lanes 9-

12), GspDβ protomers were not detected and only GspDβ monomer was evident. These data 

therefore show that outer membrane localization of GspDβ is required for secretin formation 

and that the GspDβ that is present in the absence of outer membrane localized YghG is not 

present in multimeric form, that is, GspDβ does not form a multimer when localized to the inner 

membrane.   

 

4.2.7 YghG is a novel pilotin protein and is renamed GspSβ 

 Since YghG is encoded within the T2SSβ operon, is required for assembly of the GspDβ
 

secretin and is localized to the outer membrane, YghG likely functions in a manner similar to 

the T2SS GspS family of pilot proteins in protection and localization of the secretin in the outer 

membrane. Interestingly however, amino acid alignment of YghG
 
with the T2SS proteins 

GspS
Ko

 (PulS), GspS
Ec

 (OutS) and EtpO revealed that YghG does not share significant 

homology with these proteins by displaying low sequence identity (16.9), similarity (25.3) and 

global alignment scores (25.5) with PulS (Fig. 25A). Instead, YghG is likely part of a group of 

pilotins from V. cholerae (Q9KRD9), Hamiltonella defensa (C4K3F8) and Photobacterium sp 

SKA34 (Q2BX31) since these proteins exhibit significant amino acid identity, similarity and 

global alignment scores with YghG.  

Interestingly, an alignment of the C-terminus of secretin proteins from species of the 

PulS/OutS and YghG families of pilotins identifies sequence conservation within PulS/OutS 

members and within YghG family members and not between families (Fig. 25B). Since the  
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FIG. 24. Crosslinked protomers indicative of GspDβ secretin assembly are observed only 

when GspDβ is localized to the outer membrane. Immunoblot analysis with anti-GspDβ 

antibody of whole cell samples of; wild-type H10407 (WT), yghG, yghG expressing outer 

membrane localized YghG-myc in trans or inner membrane localized  YghG A26D S27D-myc 

in trans. Samples were treated with the crosslinker DSP and phenol as indicated. The location 

of GspDβ secretin multimer and monomer are given, asterisks indicate the positions of GspDβ 

protomers.  
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FIG. 25. Amino acid comparison of  members of the YghG family with the  PulS/OutS 

family of T2SS pilot proteins. (A) Full length sequence alignment of members of the 

PulS/OutS family of proteins including PulS from Klebsiella oxytoca, OutS of Erwinia 

chrysanthemi and EtpO from E. coli O157:H7 in addition to putative uncharacterized 

lipoproteins C4K3F8 from Hamiltonella defensa, Q2BX31 of Photobacterium sp. SKA34 and 

Q9KRD9 from Vibrio cholerae with YghG of H10407.  (B) Amino acid alignment of the C-

terminal region of secretin proteins PulD from Klebsiella oxytoca, OutD from Erwinia 

chrysanthemi, EtpD from E. coli O157:H7, EpsD from Vibrio cholerae, Q1YW23 from 

Photobacterium sp. SKA34, C4K366 from Hamiltonella defensa and GspD
β 

of H10407. 

Percent identity, percent similarity and score were determined for each sequence in comparison 

to PulS by a global sequence alignment using the Needleman-Wunsch global alignment 

algorithm derived from the program EMBOSS (European bioinformatics institute). Identical 

amino acids are shown in reverse type with black background and similar amino acids are 

shown in reverse type with  a grey background. 

B.  

A.  



77 

 

pilotin binding site for secretin proteins is located at the C-terminus of the secretin, this 

alignment identified that it is likely that the YghG homologues in V. cholerae, Hamiltonella 

defensa and Photobacterium sp SKA34 perform the same function in secretin assembly in their 

respective species as YghG performs in ETEC.   

 Due to the heterogeneous nature of the pilotin binding site of secretins, pilotin proteins 

themselves exhibit a large degree of heterogeneity, thereby making in silico identification of 

these proteins difficult. As a result, pilotin proteins are classified as such based on the similarity 

of the function of the protein and not solely on amino acid similarity. Therefore although YghG 

does not exhibit significant amino acid sequence homology with the PulS/OutS family of 

pilotins, the function of these proteins is similar by being required for localization of a T2SS 

secretin in the outer membrane, therefore a re-designation of the hypothetical protein YghG to 

the T2SSβ pilotin protein GspSβ is suggested.   

 

4.3 Discussion 

 There exists an interesting conundrum in Gram-negative species regarding the 

requirement for accessory proteins in T2SS secretin assembly. In several species including A. 

hydrophila, A. salmonicida and Vibrio species V. cholerae, V. vulnificus and V. 

parahaemolyticus (discussed in the next section), the activity of the peptidoglycan-remodeling 

complex GspAB is important in T2SS secretin assembly whereby loss of GspAB causes a 

significant decrease in GspD secretin assembly. In secretin-containing cell envelope systems 

encoded within other species however, including the T2SS of Klebsiella oxytoca and Erwinia 

chrysanthemi, the T3SS of Shigella flexneri and the T4P of Pseudomonas aeruginosa, a GspAB 

homologue is not present and instead an outer membrane lipoprotein termed a pilotin is 

required for secretin assembly. 

 I was interested in the requirement for accessory proteins in assembly of the GspDβ 

secretin in ETEC and initially thought that the gspAB complex encoded in the T2SSα operon 

that had been previously shown as required for GspDα secretin assembly and secretion of a 

chitinase in E. coli K-12 (Francetic and Pugsley, 1996) could perform a redundant function in 

ETEC by being involved in assembly of both the GspDα and GspDβbeta secretins. The GspAB 

complex of T2SSα however is not involved in GspDβ secretin assembly since deletion of 

gspABα did not have an effect on secretin assembly (Fig. 17). Therefore another factor, possibly 
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a pilotin could be involved in GspDβ secretin assembly. In a study by Yang et. al., 2006, three 

hypothetical ORFs located upstream of the gspCβ gene were identified as part of the T2SSβ 

operon. These genes yghJ, pppA and yghG encoded a large lipoprotein, a putative pre-pilin 

peptidase and a small lipoprotein respectively. In silico analysis of the yghG lipoprotein 

revealed that it is a small lipoprotein (comparable in size to other pilotins) that is likely 

localized to the outer membrane. Therefore, I hypothesized that similar to other T2SSs that do 

not encode a GspAB complex but instead express a pilotin that is absolutely required for 

secretin assembly, YghG could function as a pilotin for GspDβ secretin assembly in ETEC.  

 The  yghG ORF encodes a putative 136 amino acid lipoprotein likely localized to the 

inner leaflet of the outer membrane due to the presence of an N-terminal signal sequence, a 

lipobox domain and amino acids that are not Asp residues at positions +2 and +3 of the 

hypothetical mature lipoprotein (Fig. 20A).  Immunoblot detection of YghG in outer membrane 

fractions (Fig. 20C) following separation of inner and outer membranes of a yghG strain 

expressing YghG-myc in trans, confirmed that the protein is localized to the outer membrane.  

Substitution of the lipid-modified Cys residue of the mature lipoprotein with Ala prevented 

processing of the pre-protein (Fig. 20B), presumably by an inability of signal peptidase II 

(LspA) (Gonnet et. al., 2004) to cleave the signal peptide. Lastly, YghG could be localized to 

the inner membrane by substitution of amino acids 2 and 3 of the mature lipoprotein with Asp 

residues (Fig. 20C), an alteration known to prevent detection of the protein by the LolCDE 

system required for transport of lipoproteins to the outer membrane. Together these results 

verified that YghG is an outer membrane lipoprotein. 

 The functions of the proteins encoded upstream of yghG in the T2SSβ operon (yghJ and  

pppA) are also unknown. The yghJ gene encodes a large 1520 aa putative lipoprotein that is 

homologous to the accessory colonization factor D (AcfD) of Vibrio cholerae required for 

colonization of the mouse intestine (Peterson and Mekalanos, 1988) and resistance to the 

vibriocidal activity of anti-vibrio whole cell antibodies and complement (Parsot et. al., 1991). 

Interestingly in a study by Moriel et. al., 2010,  anti-YghJ antibodies were found to be highly 

immunoprotective in mice upon challenge with ExPEC strain IHE3034. In this strain, the 

T2SSβ was shown to be capable of secreting YghJ into culture supernatant. These data suggest 

that YghJ could be a substrate of the T2SSβ and is not likely a structural component of T2SSβ. 

The putative designation of YghJ as a secreted protein is consistent with the results described in 
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this study since deletion of yghJ did not affect assembly of the GspDβ secretin or function of 

T2SSβ (Fig. 18). 

 The T2SSβ pppA gene encodes a protein homolog of T2SS prepilin peptidases that are 

required for processing of T2SS pseudopilin subunits GspG, H, I, J, and K. Deletion of PppA 

did not affect assembly of the T2SSβ (Fig. 18A) since the secretin multimer remained 

assembled in the pppA strain but loss of PppA did prevent secretion of LT (Fig. 18B). These 

results suggested that PppA is likely the pre-pilin peptidase of T2SSβ
 
since presumably the 

pseudopilus was not assembled thereby rendering the system non-functional. In fact, the 

vestigial T2SSβ PppA of E. coli K-12 has been shown as capable of processing the 

evolutionarily similar type IV prepilin subunits of Neisseria gonorrhoeae and Klebsiella 

oxytoca (Francetic et. al., 1998). This finding was not surprising given some species including 

P. aeruginosa and A. hydrophila encode one prepilin peptidase (GspO) that is required for 

processing of both T2SS pseudopilins and type IV pilins (Pepe et. al., 1996).   

  Non-polar chromosomal deletion of yghG prevented assembly of the GspDβ secretin 

(Fig. 18A) thereby rendering the T2SSβ non-functional
 
and resulting in the inability to secrete 

LT (Fig. 18B). Confirmation that the secretin assembly-negative and secretion-negative 

phenotypes of the yghG strain are attributable to a lack of YghG was verified by 

complementation with YghG or YghG-myc in trans (Fig. 19), thereby suggesting that the 

protein functions as a pilot protein required for GspDβ secretin assembly. Consistent with the 

function of pilotin proteins, YghG is required for localization of GspDβ to the outer membrane 

and in the absence of YghG, GspDβ is localized to the inner membrane (Fig. 21). 

Mislocalization of secretin proteins due to the absence of the pilotin protein has been 

previously shown to result in multimeric complexes observed in the inner membrane (Hardie et. 

al., 1996B). In the ETEC strain H10407 however, the vast majority of the GspDβ is degraded 

when not localized to the outer membrane and does not form a secretin in the inner membrane 

in the absence of its pilotin YghG. In whole cell samples of strains expressing the inner 

membrane or outer membrane variant of YghG (Fig. 22), it was evident that the total amount of 

GspDβ present in secretin and monomeric forms was much greater when the outer membrane 

version of YghG was expressed (which localizes GspDβ to the outer membrane) than when the 

inner membrane version of YghG was expressed. Unlike PulS that is capable of preventing 

PulD degradation when localized to the inner membrane (Hardie et. al., 1996A), expression of 
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an inner membrane version of YghG (YghG A26D S27D) is incapable of preventing 

degradation of GspDβ since the negligible amount of multimer and monomer observed in the 

yghG strain remained unchanged upon increased expression of YghG A26D S27D-myc. As a 

result, it is likely that localization of GspDβ to the outer membrane and not YghG per se, is 

required to prevent degradation of GspDβ. In this manner, YghG is similar to the Yersinia 

enterocolitica T3SS pilot protein YscW that does not prevent proteolytic degradation of YscC 

unassembled monomers prior to secretin assembly but is solely required for localization of 

YscC to the outer membrane (Burghout et. al., 2004). In addition, the GspDβ secretin is not 

observed in the inner membrane in the absence of the pilotin YghG. As shown in Fig. 24, 

crosslinked protomers of GspDβ were only observed when GspDβ is localized to the outer 

membrane upon expression of YghG and were observed solely in monomeric form when not 

localized to the outer membrane. This situation is similar to that observed for the type IV pilus 

secretin PilQ of Pseudomonas aeruginosa that in the absence of its pilotin PilF, does not form 

secretin multimers in the inner membrane (Koo et. al., 2008). 

The mechanism in which GspDβ
 
is localized to the outer membrane by YghG

 
 likely 

involves the Lol system that is required for transfer of lipoproteins to the outer membrane. A 

model proposed by Okon  et. al., 2008 describes the putative mechanism used in localization of 

the T3SS secretin MxiD to the outer membrane by the pilotin protein MxiM in Shigella flexneri 

as described in the introduction (Fig. 8). This mechanism is based on structural changes that 

were observed upon binding of the "cracked" β-barrel type MxiM to the C-terminal 18 residues 

of MxiD that presumably lead to formation of a ternary complex composed of LolA-MxiM-

MxiD and subsequent localization of MxiD to the outer membrane. This model is intriguing 

because it incorporates the known function of LolA and LolB in localization of lipoproteins to 

the outer membrane to explain how the secretin protein is localized by a pilotin protein. A 

schematic diagram that depicts the theoretical mechanism of GspDβ localization via a LolA-

YghG-GspDβ ternary complex is given in Fig. 26.  In the absence of YghG or in the presence of 

inner membrane localized YghG (YghG A26D S27D), GspDβ is localized to the inner 

membrane, does not form a multimer and the majority of GspDβ is degraded (scenario A). If 

YghG
 
is localized to the outer membrane, GspDβ

 
is also localized to the outer membrane, the 

secretin is assembled, and a large amount of GspDβ
 
 present as both monomer and multimer is 

observed. In this way, localization of GspDβ to the outer membrane requires the activity of  



81 

 

 

 

 

 

FIG. 26. Schematic diagram of the state of GspDβ
 
 (in monomeric and multimeric forms) 

observed in the absence of YghG
 
and in the presence of inner or outer membrane-

localized YghG. (A) When YghG is absent or  localized to the inner membrane (YghG A26D 

S27D), GspDβ fractionates with the inner membrane, does not form a secretin multimer and is 

largely degraded. (B) If YghG is localized to the outer membrane, GspDβ is also localized to 

the outer membrane whereupon  it assembles the secretin and thereby is protected from 

degradation. A model based on the proposed mechanism of the pilotin MxiM in localization of 

the secretin protein MxiD of the Shigella flexneri  T3SS (Okon et al., 2008) is given in whereby 

a ternary complex of LolA-YghG-GspDβ would form in the periplasm. By lipoprotein transfer 

of the periplasmic chaperone LolA to the outer membrane lipoprotein insertion protein LolB, 

YghG and GspDβ are localized to the outer membrane and the secretin is formed. 
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YghG
 
 and it is this localization rather than the presence of YghG that is required for protection 

of GspDβ
 
 from degradation.  

 Pilot proteins are classified as such based on the similarity of the function of the protein 

and not solely on amino acid similarity. Although YghG is not similar in amino acid sequence 

to the PulS/OutS family of T2SS pilotin proteins (Fig. 25), YghG performs a pilotin function 

similar to PulS and OutS in localization of a T2SS GspD protein to the outer membrane and 

therefore should be re-designated as GspSβ
 
. However, for the purposes of simplicity, the 

original designation of YghG will continue to be used in this thesis.  

Instead of exhibiting similarity to the PulS/OutS family of T2SS pilotins, YghG is more 

similar to a group of small uncharacterized hypothetical lipoproteins including C4K3F8 from 

Hamiltonella defensa, Q2BX31 from Photobacterium profundum and Q9KRD9 from Vibrio 

cholerae as evident from the greater percent identity/similarity and Needleman-Wunsch global 

alignment score between YghG and C4K3F8, Q2BX31 and Q9KRD9 than between PulS, OutS 

and EtpO (Fig. 25). To explain this finding the amino acid similarity of the C-terminal ends of 

secretin proteins was analyzed to determine if similarity exists between GspD proteins within 

the S-domain along pilotin family-type (either the PulS/OutS or YghG families) since pilotins 

have been characterized to bind to the C-terminal S-domain of the secretin protein (Daefler et. 

al., 1997; Burghout et. al., 2004A; Okon et. al., 2008). As shown in Fig. 25B, GspD proteins 

exhibit sequence conservation that terminates in the sequence TIIRD. The sequence of GspD 

proteins C-terminal to the amino acids TIIRD can be divided in two groups.  The first group is 

comprised of PulD from Klebsiella oxytoca, OutD from Erwinia chrysanthemi and EtpD 

encoded on the pO157 plasmid of E. coli O157. The second group is composed of GspDβ from 

H10407, EpsD from V. cholerae, Q1YWZ3 from Photobacterium profundum and C4K366 

from Hamiltonella defensa. Therefore a correlation exists that species with similar pilotin 

proteins also exhibit similarity at the C-terminal end of their respective GspD target proteins.  

As a result, it is likely that secretin assembly in V. cholerae, Hamiltonella defensa and 

Photobacterium profundum require the function of a YghG-like pilotin for localization and 

subsequent secretin assembly in the outer membrane in a manner similar to the T2SSβ of ETEC. 
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5. Requirement for GspAB in assembly of the GspD secretin in A. salmonicida and Vibrio 

species cholerae, vulnificus and parahaemolyticus 

5.1 Introduction 

Members of the Aeromonas and Vibrio genera are significant human and animal 

pathogens. These species, classified as part of the same clade of gammaproteobacteria 

(Williams et. al., 2010), include Vibrio cholerae that is the causative agent of the 

gastrointestinal disease cholera, and the fish, amphibian and opportunistic human pathogen A. 

hydrophila. The T2SS encoded within these species is composed of Gsp proteins C-N, the 

prepilin peptidase TapD, and an additional set of proteins GspA and GspB but no identifiable 

GspS homologue (Jahagirdar and Howard, 1994; Jiang and Howard, 1991; Pepe et. al., 1996). 

The GspA and GspB proteins encoded in Aeromonas hydrophila and Vibrio cholerae are alike, 

with GspA proteins being 40% identical and 54% similar and GspB proteins 27% identical and 

44% similar. Interestingly, V. vulnificus encodes a 718 aa protein that contains a GspA domain 

within the N-terminal 530 aa of the protein and a GspB domain within the C-terminal 188 aa 

(Figures 27 and 28). Identification of a GspAB fusion protein is perhaps not surprising since 

according to the "Rosetta Stone" hypothesis for evolution of protein interactions, a propensity 

exists for interacting pairs of proteins to evolve into one because fusion greatly increases the 

affinity of each protein for the other and is therefore thermodynamically favourable (Marcotte 

et. al., 1999).     

Previous studies of GspA
Ah 

and GspB
Ah

 proteins in A. hydrophila demonstrated that 

these proteins span the inner membrane once and form a large heteromultimeric complex 

(Howard et. al., 1996; Jahagirdar et. al., 1994) that in some way modifies or organizes the 

peptidoglycan (PG) to allow assembly of the GspD secretin in the outer membrane (reviewed in 

section 1.8).  Therefore GspAB
Ah

 is required for transport and assembly of the secretin in A. 

hydrophila.  In other bacteria with a functional T2SS however, the role of the GspAB complex 

remains unclear. In some bacteria no identifiable GspAB homologue is present, in other 

bacteria a GspB but no GspA is present (Condemine et. al., 1992) and in others GspAB 

homologs have been identified in silico but have not been studied with respect to their role in 

T2SS secretion or secretin assembly.  

In this study, the involvement of the GspAB complex in assembly of the T2SS secretin 

multimer in A. salmonicida and several Vibrio species was analyzed. Previous studies have  
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P45754    1 MYTQFFGLSEPPFSISPNPKYLYMSERHGEALAHLNYGLQDGGGFVLLTGEVGTGKTTVS 

A4SIG0    1 MYTQFFGLSEPPFSISPNPKYLYMSERHGEALAHLNYGLQDGGGFVLLTGEVGTGKTTVS 

Q9KPC7    1 MYLNFFGFDELPFSIVPNARYLYLSQRHQEAIVHLQAGLGDGGGFAMLTGEVGTGKTTVA 

Q87SK8    1 MYKDFFGFVEQPFSIVPNSRYLYLSQRHKEAITHLNAGLGDGGGFAMLTGEVGTGKTTVA 

Q8DEG9    1 MYKDFFGFSELPFSIVPNSRYLYLSQRHREAITHLQAGLGDGGGFAMLTGEVGTGKTTVA 

 

P45754   61 RCLLQQLPTETEIAYILNPSLTERDLLAAICDEFQLPYDKDAGLKLLFDLIRDHLLANLA 

A4SIG0   61 RCLLQQLPAKTEIAYILNPSLTERDLLAAICDEFQLSYDKDAGLKLLFDLIRDHLLANLA 

Q9KPC7   61 RAILASLPGKTRAGMILNPTFSDLELLEAICDEFEVSYPKKATLKKLTQVLHEFLLAEHA 

Q87SK8   61 KAMLANLDESTKAGLILNPTFSSRDLLEAICDEFKISYPQDATLKQLNQVIHHYLLRNHK 

Q8DEG9   61 KSMLANLDGQTCAALLLNPTFSSVELLEAICDEFGLSYTANASLKQLNQRIYQFLLENHQ 

 

P45754  121 AGKRSVVLVDEAQHLLPGVLEQLRLLTNLETDEKKLLQVVLIGQPELQQMLRQPLLRQLA 

A4SIG0  121 AGKRSVVLVDEAQHLLPGVLEQLRLLTNLETDEKKLLQVVLIGQPELQQMLRQPLLRQLA 

Q9KPC7  121 QGIQVLLMIDEAQHLAPDVLEQLRLLTNLETESHKLLKVLLIGQPELQEKLRLPQLRQLA 

Q87SK8  121 VGWQTLLVIDEAQHLAADVLEQLRLLTNLETDTRKLLKVLLVGQPELQRLLQTTQLRQLA 

Q8DEG9  121 QNIQTLLVIDEAQHLAADVLEQLRLLTNLETETRKLLKVLLVGQPELQQLLQTTQLRQLA 

 

P45754  181 QRITARYHLLPLSHQDVDAYVRFRLQVAGCVQPIFTPKALQTLHRLSGGIPRLINLICDR 

A4SIG0  181 QRITARYHLLPLSHQDVDAYVRFRLQVAGCVQPIFTPKATQTLHRLSGGIPRLINLICDR 

Q9KPC7  181 QRITGRYHLLPLNEEQTADYIRFRIEQASGNPELFNRKACQWIAEQTHGIPRLINLVCDA 

Q87SK8  181 QRITGRYHLLPLDEKETADYIAFRLHTAGGDQQLFHRSSSKLIAKYSHGIPRLINLICDK 

Q8DEG9  181 QRITGRYHLLPLNPQETADYIAFRIHTAGGNRTLFDHASAKVIAQYSHGIPRLINLICDK 

 

P45754  241 ALIAAFARGSHKIVHGDISLAAYEVSGIRDEGTWQSG------------LMVALAGALLV 

A4SIG0  241 ALIAAFARGSHKIVHGDISLAAYEVSGIRDEGTWQSG------------LMVALAGALLV 

Q9KPC7  241 ALKQAYQAGEPTLSLARIKLACQEVMSFQSSVYQVASAKPPVPKLSYLSSALG-GIALAV 

Q87SK8  241 ALNMSYHQGSVVVDKQTVQQACEEVMQFQADIYQQDKPRQSFTWPAWGSAAIGVMAAVGV 

Q8DEG9  241 ALQLSYHQGDKKITKATVERACQNVMAFQAEIYQQTSNRLSFPWGKVSVLAVCVAGVLAM 

 

P45754  289 ATGWWGWQFFGFFPERP-----------VIKVEVPVKVDDTPEQQEQLTRAINQALEPDS 

A4SIG0  289 ATGWWGWQFFGFFPERP-----------VIKVEVPVKVDDTPEQQEQLTRAINQALEPDS 

Q9KPC7  300 VLAWQLPPQLDRVMQH----------YFPLPEVVPP--TEQRVFPQALRSALLNATSSEH 

Q87SK8  301 G--WAAINYMPMKPKAPMSEVP-----VAASSSTPAPLMATEQLTDAQRDMLLAQKQSNL 

Q8DEG9  301 AAYWPLIPTDNVVSTAPQVELDRPATELPVPASVPAILVNDEQWLGESAVARMTTR--AQ 

 

P45754  338 AMQNLYKVWGYQTELEEATCDNAPRAGLRCQEGDASLAELQALQHPALISLTDETGGIYY 

A4SIG0  338 AMQNLYKVWGYQTELEEATCDNAPRAGLRCQEGDASLADLQPLQHPALISLTDETGGIYY 

Q9KPC7  348 ALETLYAVWGYQASVLEQFCQTQADAVLWCEEQTGDWSTLQTYDLPAVLTLMMD-DVPTY 

Q87SK8  354 AVNDLYRLWGYRASVRDNLCLSEPQSTMRCERKMATWPLLMQQNRPVILELNYQ-GDVGY 

Q8DEG9  359 GLEELYKLWGYRATRIDTLCEQPSTSIFQCQVRQLNWQELQQTPHPLLLTLQHE-GQRAY 

 

P45754  398 ATLVNLGPDKANLLIGNQSWQVDRQWLSDFWGGSYTLLWRMPKGGVALIGNNAGATQVQW 

A4SIG0  398 ATLVSLGPDKANLLIGNQSWQVDRQWLSDFWGGSYTLLWRMPKGGVALIGNNAGATQVQW 

Q9KPC7  407 AVLYRLTGDQAELLVGGERYRIARQWLEPLWNGQFSLLWQASFSRTLKQGMQG--ADVAL 

Q87SK8  413 VILYAVGNDQVEVLNGKQRLRLPVSWLKPMWQGNIIELWQAPLKETLRLDMEG--PAIEV 

Q8DEG9  418 VVLLEVNSERVVLLTGEQRLTFTVPQLMSLWRGEVTDLWPMPLRETLRLGMHG--EAIEV 

 

P45754  458 LDNALSRALQQPDRKVRRFDAELKNKLQQFQREQGLNPDGIAGSNTLLRLNVMAGEP--- 

A4SIG0  458 LDNALSRALQQPDRKVRRFDAELKNKLQQFQREQGLNPDGIAGSNTLLRLNVMAGEP--- 

Q9KPC7  465 LESKLAQVLGEPERPREQFDKDLSRKVELFQRWQNMHVDGIAGRQTLRRLELLTQQ---- 

Q87SK8  471 LDQLLAKAVSESPLETSIFDGALKERVELFQRWQGIGVDGIAGHRTLERLQQSVQP---- 

Q8DEG9  476 LDQLLAKALNDEPLMTTQFNAELMQRVEWFQRWQAMTEDGIAGQRTLARLQHMVSLSEPW 

 

P45754  515 ---------------------------------------------MPKLED---ESQRAS 

A4SIG0  515 ---------------------------------------------MPRLED---ESKRTG 

Q9KPC7  521 --------------------------------------------QAPSLKE-------EG 

Q87SK8  527 --------------------------------------------NAPTLAS---INKEEA 

Q8DEG9  536 RELSQAEKQGEEQVMRYPEFPSLAPLLRTYPLAETGDVINVADQTSPTLVASPSIPSEEK 

 

P45754  527 TPATPDTMNDEPMVTLSEEAS--------------------------------------- 

A4SIG0  527 TPAKLDAMDDESMVTLSEEAS--------------------------------------- 

Q9KPC7  530 ------------------------------------------------------------ 
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Q87SK8  540 ------------------------------------------------------------ 

Q8DEG9  596 KTEDERLFENLDLSGLSPELAQKVENALLVETQTDNSPQAESTVSRLDLSAEKWHGRLPP 

 

P45754      ------------------------------------------------------------ 

A4SIG0      ------------------------------------------------------------ 

Q9KPC7      ------------------------------------------------------------ 

Q87SK8      ------------------------------------------------------------ 

Q8DEG9  656 LNLQTHMYSSDPKRRWLKINGAEFHQGEWIDNQIQLVEISAQSVIVEFQGEQIEIPALYE 

 

P45754      --- 

A4SIG0      --- 

Q9KPC7      --- 

Q87SK8      --- 

Q8DEG9  716 WKG 

 

FIG. 27. Amino acid alignment of GspA proteins. GspA proteins from Aeromonas 

hydrophila (P45754), Aeromonas salmonicida (A4SIG0), Vibrio cholerae (Q9KPC7), Vibrio 

parahaemolyticus (Q87SK8) are aligned with the GspAB protein of Vibrio vulnificus 

(Q8DEG9).  
 

 

P45755    1 -----------------------------MSTLLKALRRAEQPQFTPHIPAMGLPVTQEE 

A4SIF9    1 -----------------------------MSTLLKALRRADQPQFTSHIPAMGLPVTQEE 

Q9KPC8    1 MSKVMNALKQSQQKYLQAQPVSRRTYTEQEPTAMNPSRWLHLALWLVPGLVTAGVMTYQR 

Q87SK7    1 -------------------------MSVIKHVGLFLVPISVSAIAVAWHLDLLTPETQAV 

Q8DEG9  464 LRLGMHGEAIEVLDQLLAKALNDEPLMTTQFNAELMQRVEWFQRWQAMTEDGIAGQRTLA 

 

P45755   32 EQNRRWIWWLLAPLALLMGAGANYGWHLLNNRPIEKTVEVKEVVTPPFVRVEPRPMITRP 

A4SIF9   32 EQNRRWIWWLLAPFALLMGAGANYGWHLLNNRPIEKTIEVKEVVTPPFVRIEPRPMITRP 

Q9KPC8   61 YELVQQEVANRQTEPTTVQVDAPLERLAYPEFQDLQPTFVESGLDEPYPEEDVTALADNI 

Q87SK7   36 TPEVVVAEVVQPFEVLDYPESTDLAQLPREWPSAELSRDIGTFLQPSEYANEGGAPDPTT 

Q8DEG9  524 RLQHMVSLSEPWRELSQAEKQGEEQVMRYPEFPSLAPLLRTYPLAETGDVINVADQTSPT 

 

P45755   92 LPPPLPEPVVRPRVTPNDSAPAANGSQGLAERIMNALNSTP-LMEETAPQAQSESQAMPI 

A4SIF9   92 LPPPLPEPVVRPRAVPENKTPAADSSQGLAERIMNALNNTP-LMEEAVPQAQPEAQAMPI 

Q9KPC8  121 VAPPATIQASGQQSASNKALGDLDLTQLSPELALRVQAIMRDQSSEPATPSTPTSAAVSL 

Q87SK7   96 ATPVTSTASTHRRDDLGLSLDDLDLSSLSPDLAKKVENALS-QNDAPTSAP---SQVNDL 

Q8DEG9  584 LVASPSIPSEEKKTEDERLFENLDLSGLSPELAQKVENALL-VETQTDNSPQAESTVSRL 

 

P45755  151 SALPLELKQRVPPLAYGSHVFSSNPAKRAVMLNGREFREGSEVAPGVTLIAIAQDYIILQ 

A4SIF9  151 SALPLELKQRIPALSYGSHVFSSNPAKRAVMLNGREFREGSEVASGVTLIAIAQDYIILQ 

Q9KPC8  181 TQHSDRYQGQLPALNFQMHAFSSNEQKRWIKVNGVEYREGDMLTPEVKLESIKPQSSVII 

Q87SK7  152 ERNAQQWQGRLPALNLQTHMYASDANRRWVKINNVEYHQGDVVDGQVTLKEIQPQAVIVE 

Q8DEG9  643 DLSAEKWHGRLPPLNLQTHMYSSDPKRRWLKINGAEFHQGEWIDNQIQLVEISAQSVIVE 

 

P45755  211 VAGQNVSLKALQDWRG 

A4SIF9  211 VAGQNASLKALQDWRG 

Q9KPC8  241 FGGEEIEIPALYDWKG 

Q87SK7  212 FQGEQIRIPALYEWDG 

Q8DEG9  703 FQGEQIEIPALYEWKG 

 

 

FIG.  28. Amino acid alignment of GspB proteins. GspB proteins from Aeromonas hydrophila 

(P45755), Aeromonas salmonicida (A4SIF9), Vibrio cholerae (Q9KPC8), Vibrio parahaemolyticus 

(Q87SK7) are aligned with GspAB protein (amino acids 464-718) of Vibrio vulnificus (Q8DEG9).  
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shown strong similarities between the T2SS systems of this genus, such that hybrid T2SS-

component proteins between A. hydrophila and V. cholerae are often functional (Sandkvist et. 

al., 2000), and the genomes of all sequenced Vibrio species contain homologous gspAB genes.  

Similar to results of previous studies in A. hydrophila, GspAB was found to be absolutely 

required in A. salmonicida for both assembly of the secretin multimer and secretion of T2SS 

substrates. Conversely, the presence of GspAB was not an absolute requirement for function of 

the T2SS in V. cholerae, V. vulnificus and V. parahaemolyticus. Insertional inactivation of gspA 

in these bacteria resulted in minor decreases in secretion of T2SS substrates.  However a 

significant decrease in the amount of secretin multimer formed was observed for each of the 

gspA mutants, suggesting that the GspAB complex is involved in assembly of the secretin in 

Vibrionaceae.  The minimal effect on secretion despite the clear role of GspAB in secretin 

assembly in V. cholerae was explained when expression of gspD
Vc

 in trans in a gspD
Vc

 mutant 

demonstrated that native levels of secretin expression in this bacterium substantially exceed the 

required capacity for secretion.  Expression of the V. cholerae gspAB genes in trans in A 

hydrophila gspAB mutants resulted in partial complementation of secretin assembly. These 

results suggest that similar to the T2SS of Aeromonads, GspAB of Vibrios facilitates the 

assembly of the secretin, however unlike in Aeromonas species, other unidentified factors may 

exist that provide redundancy for secretin assembly in Vibrio species.   

 

5.2 Results 

5.2.1 Effect of gspA inactivation on assembly of the GspD secretin 

To investigate the requirement for GspAB in the assembly and function of the T2SS in 

A. salmonicida, the relative amount of secretin assembled and glycerophospholipid:cholesterol 

acyl transferase (GCAT) activity in culture supernatant (as a measure of T2SS activity) were 

compared in wild-type  and a gspA mutant strain of As449.  GCAT has been previously shown 

to be secreted by the T2SS and therefore was a reliable indicator of T2SS secretion capability 

(Brumlik et. al., 1997).  

 The GCAT assay results indicated that secretion was severely affected by the loss of 

GspA
As

, as evidenced by the low lipase activity in culture supernatants from As-gspA in 

comparison to that from AsR (Table 6). As expected from previous results in A. hydrophila, the  
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loss of T2SS function in the A. salmonicida gspA mutant was accompanied and presumably 

caused by the failure to assemble the GspD secretin since the amount of secretin multimer from 

whole cell samples was almost nonexistent in the gspA mutant when compared to wild-type 

(Fig. 29). Although a small amount of multimer was evident in concentrated samples of the 

gspA strain, the amount was negligible in comparison to wild-type (Fig. 29, lanes 3 and 4).  It 

should be noted that the failure to assemble the secretin multimer in A. hydrophila gspA 

mutants was accompanied by the accumulation of monomer GspD in the inner membrane (Ast 

et. al., 2002), although in A. salmonicida no accumulation of the monomer could be observed in 

the gspA mutant. This may result from degradation of the monomer when it cannot be 

assembled into the multimer in A. salmonicida. These results clearly demonstrated the essential 

requirement for GspAB in the assembly of the secretin in A. salmonicida, and suggested that 

the absolute requirement for GspAB in secretin assembly is not specific to A. hydrophila but is 

a characteristic of the Aeromonas species. 

In order to examine the involvement of GspAB in secretin assembly in Vibrio species, 

lipase, protease and amylase activities were assayed in culture supernatant from wild-type and 

gspA
Vc

 strains. Lipase and protease activity were detected in V. cholerae supernatant whereby 

an equivalent amount of lipase activity and 26% lower protease activity was observed in the 

gspA strain in comparison to wild-type (Table 6). Lipase, protease and amylase activities in 

culture supernatants of the V. vulnificus gspA mutant (Vv-gspA) were not significantly different 

from that observed in supernatant from wild-type culture (Table 6).  Lipase and amylase 

activities were detected in V. parahaemolyticus culture supernatants, and the gspA mutant (Vp-

gspA) secreted 24% less lipase activity than wild-type and an equivalent amount of amylase 

activity in comparison to wild-type. The mostly insignificant decrease in lipase and protease 

activities observed in supernatant from gspA strains in comparison to wild-type from Vibrio 

species could not be explained by the possibility that these proteins are not T2SS substrates 

since deletion of gspD in V. cholerae abrogated secretion of lipase and protease activities into 

culture supernatant (refer to section 5.2.2).     

Although mutation of gspA had a minimal effect (if any) on secretion of T2SS 

substrates, a substantial reduction in the amount of assembled gspD secretin was observed in 

the gspA mutant of V. cholerae (Fig. 30A), V. parahaemolyticus (Fig. 30B) and V. vulnificus 

(Fig. 30C) when compared to wild-type. Due to the difficulty in quantifying the relative  
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FIG. 29. In A. salmonicida, loss of GspA
As 

 abrogates assembly of the GspD secretin 

multimer. Anti-GspD
Ah

 immunoblot of 0.5 and 5-fold concentrated whole cell samples taken 

from AsR and As-gspA strains grown in liquid culture to an OD600 of 2.0. Locations of pre-

stained standard protein markers and the GspD
As

 secretin multimer are given. 
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FIG. 30. Effect of gspA mutation on assembly of the GspD secretin in Vibrio species. Anti-

GspD
Vc

 immunoblot of whole cell samples taken from liquid culture at various stages of growth 

from early-exponential phase  to late-exponential phase (OD600 nm at the top of each lane) of (A) 

wild-type (Bah2-R) and gspA V. cholerae (Bah2-gspA) (B) wild-type (VpR)and gspA V. 

parahaemolyticus (Vp-gspA) and (C) wild-type (VvR) and gspA V. vulnificus (Vv-gspA).  

Locations of pre-stained standard protein markers are given 
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difference in amount of protein by immunoblotting techniques, multiple points were provided 

for comparison by repeatedly sampling cultures of the gspA mutant and wild type over the 

entire growth curve. At each point in the growth curve a lower amount of assembled secretin 

and increased amount of unassembled GspD monomer was observed in samples taken from the 

gspA mutant compared to the wild-type (Fig. 30). This phenotype could be complemented in V. 

cholerae since secretin levels increased in response to expression of gspAB
Vc

 in trans  and not if 

the complementing plasmid only encoded gspA
Vc

 (Fig. 31). Apparently the gspA mutation also 

decreased the level of GspB in the cell, either through a direct polarity effect, or possibly 

because GspB is unstable in absence of GspA, as was previously found in A. hydrophila 

(Howard et. al., 1996).  In any case, this result confirmed the involvement for both GspA and 

GspB in secretin assembly in Vibrio species.  

 

5.2.2 V. cholerae exhibits an excess secretion capacity 

The absence of GspAB
Vc

 in V. cholerae resulted in a substantial decrease in secretin 

assembly (Fig. 30A) that was not accompanied by a concomitant decrease in lipase and 

protease activities in culture supernatants (Table 6). This result suggested that wild-type levels 

of secretin are not required for efficient secretion of lipase and protease from the cell, in other 

words, that wild-type V. cholerae exhibits an excess secretion capacity. In order to assay 

secretion capacity, the gspD strain was complemented by expression of gspD in trans at various 

levels of induction.  The results as shown in Fig. 32, revealed that a relatively low level of 

secretin in comparison to the amount expressed in wild-type cells is sufficient for full secretion, 

since wild-type levels of lipase were present in supernatants from cells without induction (Fig. 

32B) and wild-type levels of protease were present in supernatant from cells induced with 0.002 

mM IPTG (Fig. 32C). In the absence of induction and at an induction level of 0.002 mM IPTG, 

much less secretin was observed in the complemented gspD strain than in wild-type cells (Fig. 

32A). These data demonstrate that at least under the growth conditions used in these 

experiments, there is a natural overexpression of the secretin relative to the amount of 

extracellular secretion, such that more secretin is assembled than is required for secretion of 

substrates into the media, a situation that may exist due to differential expression of genes that 

encode the T2SS and the substrates of the system.  
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FIG. 31. Complementation of the partial secretin-negative phenotype of V. cholerae Bah2-

gspA by expression of GspAB
Vc 

or GspA
Vc

 in trans from plasmids pMMB207/gspAB
Vc 

and 

pMMB207/gspA
Vc

. The cultures were grown to an OD600 nm of 2.0  in the absence or presence 

of IPTG (0.1 and 1.0 mM) and whole cell samples were electrophoresed and immunoblotted 

with anti-GspD
Vc

. Locations of standard protein markers are given. 
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FIG. 32. Wild-type amount of GspD
Vc

 secretin is not required for secretion of lipase and 

protease to wild-type levels. (A) The amount of secretin multimer assembled in Vibrio 

cholerae TRH7000, gspD
Vc 

and gspD
Vc

 expressing gspD
Vc 

in trans (induced with 0 - 0.02mM 

IPTG from plasmid pMMB/gspD
Vc

) was assessed by immunoblot with anti-GspD
Vc

 antibody. 

Triplicate assays of lipase (B) and protease (C) activity in supernatant taken from cultures of 

TRH7000,  gspD
Vc

  and gspD
Vc

 expressing gspD
Vc 

in trans (induced with 0 - 0.02mM IPTG) are 

shown. Significant difference († denotes non-significance and * denotes significance where 

p<0.05) was determined based on comparison of each value against activity observed in 

supernatant from wild-type culture. 
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5.2.3 State of GspD
Ah

 secretin assembly upon expression of GspAB
Vc

 in A. hydrophila 

The secretion and secretin assembly results suggested that although the Vibrio GspAB is 

not essential for function of the T2SS, it is nevertheless involved in assembly of the secretin. 

However, since the lack of GspAB in Vibrio species does not result in a secretin-negative 

phenotype such as that observed in Aeromonas species, the GspAB complex of Vibrios may not 

function in a similar manner as the GspAB of Aeromonads. Therefore to determine if GspAB
Vc

 

performs the same function in Vibrios as GspAB
Ah

 in Aeromonads, GspAB
Vc 

was expressed in 

the A. hydrophila gspA mutant and the amount of secretin was analyzed to determine if 

complementation had taken place. The GspAB
Vc

-expressing plasmid pMMB/gspAB
Vc

 was 

introduced into Ah65 and Ah65 gspA (C5.84) and analyzed for T2SS function and assembly. 

The recombinant plasmid contained the presumed gspAB
Vc

 promoter and a vector-encoded tac 

promoter to allow increased expression. Expression of gspAB
Vc

 in trans partially complemented 

the secretin assembly defect of C5.84 as indicated by the re-establishment of secretin multimer 

assembly in C5.84 (pMMB/gspAB
Vc

) (Fig. 33A). The amount of secretin multimer assembled 

was somewhat dependent upon the level of gspAB
Vc

 expression since induction with 0.1 mM 

IPTG resulted in a slightly greater amount of ExeD multimer formed. As has been previously 

demonstrated, in the control experiment expression of gspAB
Ah

 encoded in plasmid pRJ31.1 in 

strain C5.84 completely restored secretin assembly (Fig. 33A) (Ast et. al., 2002).   

The C5.84 secretion negative phenotype was nearly fully complemented by expression 

of gspAB
Vc

 in trans. As shown in Fig. 34, the lipase activity in supernatants from the uninduced 

C5.84 (pMMB/gspAB
Vc

) culture was 90% of the wild-type amount, and did not increase with 

further induction. In the control experiment wild type gspAB
Ah

 completely complemented the 

lipase secretion defect of the gspA mutant even without induction.  

Interestingly, expression of gspAB
Vc

 in wild-type A. hydrophila decreased the amount of 

assembled secretin multimer and increased the amount of GspD monomer as visualized by 

immunoblot when compared to cells containing the vector only (Fig. 33B). This effect was not 

observed for Ah65(pRJ31.1) cells overexpressing the gspAB
Ah

 genes, since expression of 

gspAB
Ah

 resulted in more secretin multimer and less unassembled monomer than observed in 

wild type. Likewise, the amount of lipase activity in Ah65(pMMB/gspAB
Vc

) culture supernatant 

was significantly decreased upon induction of gspAB
Vc

 with 0.1 mM IPTG to 45% (Fig. 34) of 

the lipase activity in Ah65 culture supernatant.  
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FIG. 33. Secretin assembly in A. hydrophila gspAB and wild-type upon expression of V. 

cholerae gspAB in trans. The amount of secretin multimer assembled upon induced expression 

(0.1mM IPTG) of gspAB
Ah

, gspAB
Vc

 or neither (pMMB207) in (A) C5.84 and (B) Ah65 was 

assessed by anti-GspD
Ah

 immunoblot. Locations of pre-stained standard protein markers are 

given. 
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FIG. 34. Lipase activity in supernatant from cultures of A. hydrophila wild-type and gspA 

upon expression of gspAB
Ah

 and gspAB
Vc

 in trans. Lipase activity was assayed in supernatant 

taken from wild-type A. hydrophila (Ah65) and gspA (C5.84) cultures expressing gspAB
Ah

 

(from plasmid pRJ31.1) or gspAB
Vc

 (from plasmid pMMB/gspAB
Vc

) with or without induction 

with IPTG. Assays of culture supernatant were performed in triplicate with the standard 

deviations indicated. The results shown are representative of those obtained in multiple 

experiments. Significant difference († denotes non-significance and * denotes significance 

where p<0.05) was calculated based on comparison of each value against lipase activity 

observed in wild-type (Ah65) culture.   
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5.2.4 Transposon mutagenesis of V. cholerae to identify the GspAB redundant function 

In Vibrio species cholerae, parahaemolyticus and vulnificus, the absence of GspAB 

only slightly affected secretion of T2SS-substrates but caused a significant deficiency in the 

amount of assembled secretin multimer observed (Fig. 30). However, since the secretin 

multimer was still formed in gspAB
Vc

 strains of all three Vibrio species, these species may 

contain another protein(s) involved in assembly of the secretin. Identification of other proteins 

involved in assembly of the secretin would be of interest because it would provide more 

information regarding the protein requirements for GspD multimer assembly and T2SS function 

in Vibrio and further characterize the functional overlap that likely exists between proteins of 

multiple systems that span the periplasm in Gram-negative bacteria.  

To identify the protein(s) responsible for assembly of secretin in the absence of GspAB, 

transposon mutagenesis was performed employing a minitransposon Tn5 derivative that 

contains the chloramphenicol acetyltransferase (chl) gene. The minitransposon was encoded 

within plasmid pUT (DeLorenzo and Timmins, 1994) which contains an R6K origin of 

replication that allowed the plasmid to be propagated in a strain such as SM10 lambda pir 

(Miller and Mekalanos, 1988) that contains the R6K-specified replication protein π (Kolter et. 

al., 1978) (Fig. 35). The plasmid also contains an RP4oriT origin of transfer region from the 

R6K conjugative promiscuous plasmid RP4 thereby allowing the plasmid to be introduced into 

most genera of Gram-negative bacteria.  

The pUT/Chl plasmid was introduced into an epsA strain of V. cholerae Bah2 

(recipient) by conjugation with SM10 lambda pir (donor) and counterselected against the donor 

by growth on thiosulfate citrate bile salts sucrose (TCBS) agar that allows growth of 

Vibrionaceae species and does not allow growth of Enterobacteriaceae.. Transconjugants of 

Bah2 gspA cells were selected on TCBS containing chloramphenicol (Cam). Ten thousand 

cam-resistant colonies were patched onto LB agar containing 1% skim milk to identify clones 

that no longer exhibited the capacity to secrete a casein-degrading T2SS substrate protease into 

the media (Overbye et. al., 1993) (Fig. 36). Thirty-nine of ten thousand Cam
R
 colonies were 

identified as deficient in secretion of the protease and were further tested for the ability to 

assemble the secretin multimer by anti-GspD
Vc

 immunodetection of whole cell samples. The 

majority of clones (36) did not exhibit a secretin assembly defective phenotype whereas three 

mutants (numbers 15, 32 and 38) were identified as partially unable to assemble the secretin  
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FIG. 35. Schematic diagram of the pUT-based suicide vector system utilized for 

transposon mutagenesis of V. cholerae Bah2 epsA. This figure was modified from the 

original figure published by DeLorenzo and Timmins, 1994. The location of BamHI, XbaI and 

PstI restriction endonuclease sites used in Southern blot hybridization (Fig. 38) are shown. A 

biotin-labeled Southern blot hybridization probe was constructed from a PCR fragment 

generated by amplification of pUT/Chl with primers US157 and US158 as shown. 
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FIG. 36. Identification of potential GspD
Vc

 secretin assembly-negative mutants by patch 

growth of transposon mutants on skim milk agar. Ability to secrete the casein-degrading 

protease was assessed by a ring of clearance around the colony. Clones that did not secrete the 

protease were selected for further testing. 
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multimer and were selected for further study (Fig. 37). The ability to isolate transposon-mutated 

clones able to express GspD
Vc

 yet deficient in secretin assembly (clones 32 and 38) suggested 

that GspD
Vc

 secretin assembly in V. cholerae involved the function of another protein. Note 

that since the level of GspD
Vc

 monomer in clone 15 was nearly undetectable, this clone was 

likely protease secretion and secretin-assembly deficient due to the lack of gspD
Vc

 expression.     

Attempts to determine the location of the transposon in the three protease-secretion 

negative clones were not successful. The initial attempt was to clone the Cam
R
 gene and 

surrounding genomic sequence from the genome into plasmid pSK by digestion of genomic 

DNA isolated from clones 15, 32 and 38 with three restriction enzymes that do not have a 

restriction site in the transposon. This attempt was unsuccessful except for 1 colony derived 

from cloning genomic DNA isolated from protease-secretion negative mutant 15 into pSK. 

However, in this case the entire “suicide” vector pUT/Chl was cloned into pSK. This result 

suggested that the plasmid was able to replicate or remain independent of the chromosome in 

this clone. Theoretically this result was not possible since the plasmid is a suicide vector that is 

dependent upon the pi protein encoded within the F’ episome of the donor strain for replication. 

Next, genomic DNA was isolated from each clone and digested with various restriction 

enzymes that do or do not have sites within pUT/Chl. The resultant DNA was used in southern 

hybridization detection with a probe specific to the transposon. The banding pattern obtained 

from digested genomic DNA from each clone was compared to that of pUT/Chl and genomic 

DNA from the recipient strain (Bah2 epsA::kan). The results as shown in Fig. 38 demonstrated 

that clone 15 contains the suicide vector in addition to a high molecular weight band that 

hybridizes to the transposon-specific probe. Clones 32 and 38 contain one band that would be 

consistent with a random transposon insertion event into the chromosome however a 

transposon-specific band was not generated upon digestion of genomic DNA with BamHI 

which contains restriction sites inside of the I and O ends of the transposon and generates a 

2105 bp band observed in the pUT/Chl control digest and in the BamHI digest of genomic 

DNA from clone 15. Note that non-specific hybridization of the probe to the genome was not 

observed since in the absence of pUT/Chl (the Bah-2 gspA strain) no bands were detected by 

southern blot.    

Lastly, an arbitrary PCR method was used to identify the location of the transposon 

insertion. In this method, a partially degenerate oligonucleotide is used that is capable of  
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FIG. 37. Identification of GspD
Vc

 secretin-assembly deficient strains in the pool of 

protease-secretion negative mutants identified by transposon mutagenesis. Anti-GspD
Vc

 

immunoblot of whole cell samples taken from  Bah2 gspAB
Vc

 and eight protease-secretion 

negative strains as shown.  
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FIG. 38. Southern blot detection of the transposon. Protease secretion-negative strains 15, 

32 and 38 likely contain a transposon insertion in the genome however strain 15 also contains 

self-replicating plasmid. Samples of undigested pUT/Chl in addition to pUT/Chl digested with 

BamHI (cuts out the transposon), ClaI (does not have a restriction site in pUT/Chl), PstI 

(generates a 7265 bp fragment recognized by the probe) and XbaI (one site that linearizes the 

plasmid) were electrophoresed together with genomic DNA was isolated from Bah2 gspAB, 

protease secretion-negative strains 15, 32 and 38 (digested with the enzymes as shown). The 

southern blot was probed with a 2105 bp fragment specific for the CamR cassette (amplified 

with primers US157/158) located between the I and O end of the transposon.    
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hybridizing randomly to the template genomic DNA and is extended by Klenow polymerase 

(Fig. 39). Using this single-stranded DNA (ssDNA) as template, PCR was performed with 

primers specific to the non-randomized portion of the degenerate oligonuleotide and the 

transposon. In this method, genomic DNA flanking the transposon and a portion of the 

transposon are amplified by PCR, is sequenced and the genomic DNA identified. The lone 

amplifiable product was generated from clone 38 that contained portions of the pUT/Chl 

suicide vector that had been interrupted by a 12 kb V. cholerae genomic fragment that encoded 

numerous open reading frames, one of which encoded a transposase. This result suggested that 

a transposon has been inserted into the suicide vector or that the plasmid had integrated into the 

genome and in some mutants had been excised from the genome, therefore excising with it a 

portion of the genome. Regardless of the mechanism involved, this ambiguous result did not 

provide information regarding the location of the transposon insertion in any of the three 

protease secretion-negative and secretin-deficient strains. 

In characterizing the pilotin function of YghG in ETEC as described in chapter 4, a 

YghG-homologue in Vibrio species encoded by the Vc1703 gene (protein C4K3F8)  in V. 

cholerae N16961 was identified (Fig. 25). In a final attempt to determine the location of the 

transposon in clones 15, 32 and 38, a PCR reaction amplifying the region surrounding yghG
Vc

 

was employed to determine if this locus could have been mutated in clones 15, 32 and 38. As 

shown in Fig. 40, PCR amplification of the recipient strain Bah2 gspAB generated a 2076 bp 

band indicative of the wild-type Vc1703 gene. In clone 15, the same sized product was 

generated, thereby identifying that this clone is not a yghG
Vc

 mutant. Surprisingly, in clone 32 a 

much larger PCR product was amplified. This result was repeated several times and therefore 

suggested that the transposon (or the pUT/Chl plasmid) could be inserted into the genome 

within or in the vicinity of the Vc1703 gene in this mutant. Note that since the size of the 

amplified product was greater than 10 kB it is likely that the entire vector had been inserted 

within or near the Vc1703 gene. PCR amplification of the same region in clone 38 did not result 

in creation of an amplified product, therefore suggesting that the Vc1703 locus may also not be 

wild-type in this mutant. These very preliminary yet interesting results suggested that the 

Vc1703 gene may not be wild-type in clone 32 and therefore the lack of YghG
Vc

 could be 

responsible for the protease-secretion negative and secretin-assembly negative phenotypes of 

clone 32. Therefore, YghG
Vc

 could perform the same function in Vibrio species as YghG in  



104 

 

 

 

 

 

 

 
 

 

FIG. 39. Schematic diagram of the arbitrary PCR method employed in an attempt to 

identify the location of the transposon insertion in protease secretion negative clones 15, 

32 and 38. (A) If the transposon is inserted into the genome (flanked by I and O sequences as 

shown) primer extension from a partially degenerate primer able to bind randomly to genomic 

DNA (US107) would generate a ssDNA product (B) that can serve as template for PCR with 

primers US109 (specific for the fixed sequence of primer US107) and US159 to generate a PCR 

product (C) with genomic sequence located adjacent to the insertion sequence of the 

transposon.  
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FIG. 40. PCR amplification of the region of the genome encompassing gene Vc1703 in 

transposon mutagenesis clones 15, 32 and 38. The region of the V. cholerae genome 

encompassing gene Vc1703 was amplified with primers US521 and US522 in samples from 

wild-type (WT) and transposon mutagenesis clones 15, 32 and 38.  
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ETEC. In fact, in a study performed in Dr. Howard’s laboratory, expression of yghG
Vc

 in trans 

complemented the secretin-assembly deficient phenotype of the ETEC yghG strain 

(unpublished data). These data suggest that YghG
Vc

 also performs a pilotin function in GspD
Vc 

secretin assembly similar to YghG in assembly of the ETEC GspDβ secretin and thereby 

potentially serves as the first example of a Gram-negative species that requires both GspAB and 

GspS for assembly of a T2SS secretin. 

 

5.3 Discussion 

In Gram-negative bacteria that contain a T2SS, the presence of the gspAB operon in 

addition to the set of “core” gsp genes is not well conserved, therefore suggesting that the role 

of GspAB is not integral to assembly of the T2SS. However, in some bacteria that contain 

gspAB such as A. hydrophila, the GspAB
Ah

 complex is absolutely required for construction of 

the T2SS (Ast et. al., 2002), characterized by assembly of the megadalton-sized GspD secretin 

multimer in the outer membrane. The function of the GspAB
Ah

 complex (Schoenhofen et. al., 

2005) may involve reorganization of the peptidoglycan meshwork to allow monomeric GspD 

subunits or the secretin multimer itself to pass through to reach the outer membrane, or may 

possibly provide a scaffold for assembly of the secretin. This activity is mediated at least in part 

by the C-terminal peptidoglycan-binding motif of GspA
Ah

 (Howard et. al., 2006; Li and 

Howard, 2010). In this study, I analyzed if the requirement for the GspAB complex in assembly 

of the secretin in A. hydrophila also applies to another species of Aeromonas, A. salmonicida, 

as well as three Vibrio species, V. cholerae, V. parahaemolyticus and V. vulnificus, by detecting 

the amount of assembled GspD secretin and secretion of T2SS-substrates in culture 

supernatants isolated from strains with and without a functional GspAB complex.  

The requirement for the GspAB
As

 complex in assembly of the secretin and function of 

the T2SS in A. salmonicida was verified since a significant reduction in lipase activity (75%) 

was detected in the gspA mutant in comparison to wild-type (Table 6) presumably caused by 

the lack of assembled GspD secretin multimer observed in the gspA strain (Fig. 29). This 

finding was consistent with that described by Ast et. al., 2002 whereby loss of the GspAB
Ah

 

complex abrogated both secretion of aerolysin and assembly of the secretin multimer in A. 
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hydrophila. Together, these data suggest that GspAB is generally required for assembly of the 

GspD secretin in Aeromonas species. 

Surprisingly, contrary to the essential role for GspAB in assembly of the secretin in 

Aeromonas species hydrophila and salmonicida, GspAB was not an absolute requirement for 

function of the T2SS in Vibrio species because mutation of gspA did not prevent secretion of 

T2SS substrates including lipase, amylase and protease (Table 6) in V. cholerae, V. 

parahaemolyticus and V. vulnificus species. However, although the secretion of T2SS-

substrates remained largely unchanged in gspA compared to wild-type strains, a significant 

reduction in the amount of assembled secretin multimer in the absence of GspAB in V. 

cholerae, V. parahaemolyticus and V. vulnificus
 
was observed (Fig. 30). The dichotomy that 

substantial decreases in secretin multimer formation had only minimal effects on secretion was 

explained by an apparent excess in T2SS secretion capacity at normal GspD levels, since 

minimal expression of gspD was shown to fully complement secretion in the V. cholerae gspD 

mutant (Fig. 32). In any case, the significant reduction in assembled secretin multimer in the 

absence of GspA suggested that the GspAB complexes of the Vibrio strains perform an 

important role in assembly of their respective secretins.   

In order to more definitively determine if GspAB performs the same role in Vibrio and  

Aeromonas species, a plasmid-encoded copy of gspAB
Vc

 was expressed in the A. hydrophila 

gspAB strain C5.84 to determine if GspAB
Vc

 could complement the secretin assembly-negative 

and secretion-negative phenotypes of this strain. Expression of GspAB
Vc

 re-established 

assembly of the GspD
Ah

 secretin multimer (Fig. 33A) and secretion of lipase (Fig. 34) in strain 

C5.84.  Although complementation was not complete, it is perhaps not surprising given that 

GspAB
Ah

 and GspAB
Vc

 are 36% identical and 51% similar. Therefore, although GspAB
Vc

 did 

not completely complement the gspAB phenotype of C5.84, partial complementation did show 

that GspAB
Vc

 and GspAB
Ah

 likely perform the same function in their respective species.    

Although similar enough for partial complementation of the gspAB
Ah

 secretion and 

secretin assembly negative phenotypes of C5.84, GspAB
Vc

 and GspAB
Ah

 are apparently not 

sufficiently identical to function together as a heteromultimer composed of both complexes. 

When expressed in wild-type strain Ah65, expression of GspAB
Vc

 decreased the amount of 

assembled secretin (Fig. 33B) and secretion of T2SS-substrates (Fig. 34) in a dose-dependent 

manner. Since GspAB functions as a heteromultimeric complex (Schoenhofen et. al., 2005), 
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this phenotype was likely caused by a dominant-negative effect of GspAB
Vc

 whereby assembly 

of an inactive heteromultimeric complex composed of GspAB
Ah

 and GspAB
Vc

 reduced the 

ability of the strain to assemble a functional secretin multimer and thus secrete T2SS-substrates 

into the growth media. The dominant-negative effect of GspAB
Vc

 expression was consistent 

with the ability to inactivate the function of a multimeric protein by expression of a mutant 

subunit in trans, a hallmark of multi-subunit proteins.  

The difference in the requirement for GspAB in assembly of the T2SS secretin in Vibrio 

and Aeromonas species suggested that a redundant GspAB function exists in the Vibrio genus 

that is absent in the Aeromonas genus. The most likely candidate to possess a GspAB redundant 

function would be a peptidoglycan-binding protein involved in assembly and/or function of 

another system that spans the periplasm. Peptidoglycan-binding proteins have been shown to be 

involved in assembly of systems such as the flagellar apparatus (Nambu et. al., 1999), type IV 

pili (Rambow-Larsen and Weiss, 2002) and type III secretion system (Zarhl et. al., 2005) and 

therefore members of these systems could perform a function analogous to GspAB for 

assembly of the T2SS.  

Conversely, the transposon mutagenesis screen of the Bah2 gspA
Vc

 strain identified the 

possibility that yghG encoded by the gene Vc1703 could also be involved in secretin assembly 

by performing a pilotin role. If this were the case, it would be the first example of a Gram-

negative species that encodes both a GspAB complex and a GspS pilotin. Since the absence of 

GspAB in Vibrio species does not result in the complete abrogation of T2SS secretin assembly 

and function as is observed in Aeromonas species, and Aeromonas species do not encode an 

obvious yghG homologue, does it mean that YghG performs the redundant GspAB function in 

Vibrio species? This possibility is difficult to imagine given that YghG is an outer membrane 

lipoprotein and GspAB are an inner membrane peptidoglycan-binding complex. However, it 

could be that although both proteins perform their functions in drastically different ways, the 

end result is the same in that both proteins are involved in localizing the GspD protein to the 

outer membrane for assembly of the secretin (that likely involves the BAM complex). The 

pilotin would accomplish this task by binding directly to the S-domain of the C-terminus of the 

GspD protein, forming a complex with LolA, and shuttling GspD to the outer membrane. The 

GspAB complex however would perform the task of shuttling GspD to the outer membrane by 

creating a hole through the peptidoglycan through which GspD can pass, a function that could 
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involve interactions directly between GspA or GspB and GspD. The possibility that GspAB and 

GspS do perform redundant functions would explain why most species do not encode both 

proteins. It is also possible however that given the heterogeneity of pilotin proteins, the lack of 

an identified GspS protein in species such as Aeromonas hydrophila that encode the GspAB 

complex is due to the inability to detect the presence of the pilotin protein in silico.  

It is also entirely plausible that the function of YghG is “downstream” that of GspAB 

such that deletion of YghG generates a secretin-assembly negative phenotype regardless of the 

presence or absence of GspAB. Therefore, in future studies, a comparison of the secretion and 

secretin-assembly status of yghG and yghG gspAB V. cholerae strains will likely provide 

valuable information regarding whether YghG and GspAB perform separate or redundant 

functions.    
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Chapter 6. LeoA is not required for GspDβ secretin assembly  

6.1 Introduction 

 In a study by Fleckenstein et. al., 2000, inactivation of a gene encoded within a 

pathogenicity island encoded downstream of the adhesin Tia in the genome of ETEC strain 

H10407 resulted in the inability of the strain to secrete LT. This gene was correspondingly 

named leoA for labile enterotoxin output A. Since the initial study, LeoA has been 

characterized as an inner membrane protein with an N-terminal GTPase domain and a C-

terminal domain that likely interacts with outer membrane proteins such as OmpA (Brown and 

Hardwidge, 2004). Given that LeoA exhibits some homology with GspA from H10407 (32% 

similarity and 17% identity) and is required for secretion of LT, a hypothesis was conceived 

that LeoA could be required for assembly of the GspDβ secretin by performing a function 

analogous to that of GspAB
Ah

 for assembly of the GspD
Ah

 secretin. The theory was that since 

the T2SSβ does not encode a GspAB complex, the LeoA protein could perform the function of 

GspAB in peptidoglycan remodeling required for GspDβ secretin assembly in ETEC. 

 

6.2 Results  

6.2.1 The H10407 leoA
UT 

strain is LT secretion-negative due to the lack of GspDβ secretin 

The in-frame leoA deletion mutant of ETEC strain H10407 used in studies by 

Fleckenstein et. al., 2000 and Brown and Hardwidge 2004, was provided by Dr. James 

Fleckenstein from the University of Tennessee (strain designation H10407 leoA
UT

). Consistent 

with the hypothesis that leoA could perform a function similar to GspAB in GspDβ secretin 

assembly, the leoA
UT

 strain was deficient in GspDβ secretin assembly since the relative amount 

of both GspDβ secretin multimer and monomer were nearly undetectable in the leoA strain in 

comparison to wild-type (Fig. 41).  

 

6.2.2 Expression of leoA in trans does not complement the leoA secretin-assembly negative  

To complement the secretin-assembly negative phenotype of the leoA
UT

 strain, three 

versions of the leoA gene were cloned into the medium copy number expression vector 

pBAD322C and expressed in the leoA
UT

 strain. The first plasmid expressed wild-type LeoA 

(pBAD/leoA), the second version encoded a C-terminal myc-tag (to be used for 

immunodetection) (pBAD/leoA-myc) and the third version encoded an N-terminal myc tag  
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FIG. 41.  GspDβ secretin-assembly deficient phenotype of a leoA strain. The GspDβ secretin 

and monomer in whole cell samples taken from cultures of wild-type H10407 (WT), gspDβ and 

leoA were detected by immunoblot with anti-GspDβ antibody.  The position of standard protein 

molecular weight markers is given on the left of the panel. 
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(pBAD/myc-leoA). Anti-myc immunoblot detection of whole cell samples revealed induced 

expression of the 65 kDa LeoA-myc and myc-LeoA proteins upon induction with 0.02% 

arabinose when expressed in the leoA
UT

 strain (Fig. 42). The wild-type protein required 

confirmation of expression by induction with arabinose by coomassie staining of whole cell 

samples. As shown in Fig. 42B, induction with 0.2% arabinose allowed detection of LeoA, 

LeoA-myc and Myc-LeoA proteins. Note that expression of the N-terminal tagged LeoA 

resulted in protein degradation (Fig. 42A) that was not observed in the C-terminal myc-tagged 

version of LeoA.   

 Although LeoA, LeoA-myc and myc-LeoA were expressed in strain leoA
UT

 upon 

induction of plasmids encoding these proteins, expression in trans was not successful in 

complementing the GspDβ secretin-deficient phenotype of the leoA
UT

 strain since an identical 

amount of GspDβ secretin and monomer was observed in leoA
UT

 strains that contained empty 

vector (pBAD322C) with those that contained pBAD/leoA, pBAD/leoA-myc and pBAD/myc-

leoA plasmids (Fig. 43). To ensure that a sufficient level of LeoA protein was expressed, a 

relatively high induction level (0.2% arabinose) was one of the conditions utilized in the 

complementation experiment. Therefore, the secretin-assembly defect of the leoA
UT

 strain could 

not be complemented by expression of LeoA in trans.     

 

6.2.3 leoA deletion mutants do not exhibit an LT secretion-negative GspDβ secretin-

negative phenotype 

 The inability to complement the leoA
UT

 secretin-assembly negative phenotype by 

expression of LeoA in trans suggested that leoA
UT

 contains a secondary mutation that is 

responsible for the GspDβ secretin assembly-negative phenotype of this strain. To confirm this 

possibility, leoA deletion mutations in ETEC strain H10407 were constructed in duplicate and 

the state of GspDβ secretin assembly was determined by anti-GspDβ immunoblot. As shown in 

Fig. 44, deletion of leoA had no effect on GspDβ secretin assembly since the amount of GspDβ 

secretin and monomer in the leoA strains were identical to that observed in wild-type.   
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FIG. 42. Expression of LeoA variants can be detected upon expression in vivo. (A) Anti-

myc immunoblot detection of N-terminal and C-terminal myc-tagged versions of LeoA 

expressed in trans from plasmids TS51 (pBAD/leoA), TS52 (pBAD/leoA-myc) and TS53 

(pBAD/myc-leoA). (B) Coomassie-stain SDS-PAGE of whole cell samples from strains 

expressing leoA, leoA-myc and myc-leoA. The location of bands corresponding to LeoA and 

myc-tagged variants of LeoA is indicated by an asterisk. The concentration of arabinose used 

for induction of plasmid-encoded protein expression is given.  
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FIG. 43. Expression of LeoA in trans does not complement the GspD
Vc 

secretin-deficient 

phenotype of H10407 leoA
UT

. Anti-GspDβ immunoblot of whole cell samples taken from wild-

type H10407 (WT), gspDβ, leoA
UT 

 (pBAD322C), leoA
UT 

 (pBAD/leoA), leoA
UT 

 (pBAD/leoA-

myc) and leoA
UT 

 (pBAD/myc-leoA). The location of standard protein markers is given on the 

left. 
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FIG. 44. Deletion of leoA in H10407 did not confer a secretin-deficient phenotype. The 

leoA deletion was constructed in H10407 in duplicate (leoA 1 and 2 as shown). Whole cell 

samples from wild-type H10407 (WT), gspD
β
, leoA 1 and leoA 2 were immunoblotted with 

anti-GspD
β
 antibody. The location of standard protein markers is given on the left. 
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6.3 Discussion 

 The leoA (labile enterotoxin output) gene is part of a pathogenicity island in the ETEC 

strain H10407 that also encodes the adhesin protein Tia (Fleckenstein et. al., 2000). This gene 

was originally discovered in a mutational screen used to identify ETEC genes required for 

invasion of intestinal cells in vitro. A mutation in leoA generated an LT-secretion negative 

phenotype and a decrease in fluid accumulation in a rabbit ileal loop model of infection 

(Fleckenstein et. al., 2000), therefore suggesting that leoA is involved in the LT secretion 

mechanism of ETEC. Further analysis identified LeoA as possessing a cytoplasmic GTPase 

activity that was required for wild-type outer membrane vesicle production possibly due to an 

interaction with OmpA (Brown and Hardwidge, 2007). The finding that LeoA possesses 

GTPase activity suggested that LeoA could perform a function analogous to GspE in powering 

the T2SS for secretion of LT. I had hypothesized the LeoA could also perform the function of 

GspAB in peptidoglycan remodeling required for assembly of the GspDβ secretin in ETEC 

since the T2SSβ operon does not encode a GspAB homologue.  

Consistent with my initial hypothesis, in the same H10407 leoA strain used in the 

studies described above (received the strain from Dr. James Fleckenstein from the University of 

Tennessee and have named it leoA
UT

), this strain was found in fact to be GspDβ secretin 

negative (Fig. 41). Therefore the inability to secrete LT in the leoA
UT 

strain was due to the 

absence of assembled GspDβ secretin,  presumably due to the absence of LeoA. To confirm that 

the lack of LeoA was responsible for the GspDβ secretin-negative phenotype, the leoA gene was 

cloned into the vector pBAD322C in three forms; one was wild-type, another encoded a C-

terminal myc tag and the last encoded an N-terminal myc tag. Anti-myc immunodetection of 

whole cell samples from cultures of the leoA
UT

 strain expressing the three versions of leoA 

identified myc-specific inducible bands that corresponded to expression of the N-terminal and 

C-terminal myc tagged versions of LeoA (Fig. 42A). Coomassie-stained whole protein profiles 

of the same samples confirmed induced expression of LeoA without the myc-tag (Fig. 42B). 

Unfortunately however, expression of any of the versions of LeoA did not complement the 

GspDβ secretin-negative phenotype of the H10407 leoA
UT

 strain (Fig. 43). This result suggested 

that the inability to secrete LT due to the absence of the GspDβ secretin was not caused by the 

lack of LeoA and instead was caused by an unknown secondary mutation.  
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To confirm that the GspDβ secretin assembly-negative phenotype of the leoA
UT

 strain 

was not actually due to the lack of leoA, two leoA mutant strains were constructed by lambda 

Red recombination that deleted the entire leoA ORF with exception of the N-terminal and C-

terminal 10 amino acids encoded by the ORF. In these strains, the GspDβ secretin remained 

assembled, therefore confirming that the GspDβ secretin-negative phenotype was not caused by 

the lack of LeoA. 

Although disappointing, the apparent non-requirement for LeoA in secretion of LT in 

ETEC strain H10407 was not surprising in retrospect given that in a study by Turner et. al., 

(2006), of 116 ETEC strains isolated from humans with diarrhea (from Mexico, Guatemala and 

India), 34 ETEC strains isolated from cattle and several ETEC strains from the Escherichia coli 

Reference Collection, only 3% of strains contained the leoA gene. Therefore the vast majority 

of ETEC isolates that secrete LT do not encode leoA.   
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Chapter 7. Construction and use of a Bacterial II hybrid target library for identification 

of proteins that interact with the T2SS 

7.1 Introduction 

 Yeast two hybrid and bacterial two hybrid methods are effective techniques used to 

investigate the binding characteristics between proteins. These techniques are generally used to 

confirm that an interaction exists between proteins and determine the relative strength of an 

interaction, whereby two putative interacting proteins are encoded on two plasmids and the 

ability of those proteins to interact is assessed. In this study, I was interested in developing a 

technique to utilize the capability of the bacterial II hybrid technique to screen for interactions 

between members of the T2SS and to identify potential interactions with members of the T2SS 

with all proteins in the ETEC proteome. To accomplish this, a library of overlapping ETEC 

strain H10407 genomic sequences was cloned into a bacterial II hybrid vector (hereafter 

referred to as the B2H library) and this library was used to identify potential interactions 

involving members of the T2SS.   

The principles of the bacterial two-hybrid system as developed by Stratagene 

(Bacteriomatch II) are shown in Fig. 45. The gene that encodes one protein of interest (the bait) 

is fused to the cI lambda repressor encoded in the bait plasmid and the gene encoding the target 

protein is fused to the gene encoding the alpha-subunit of RNA polymerase in the target vector. 

Therefore, upon an interaction with the bait and the target proteins, the cI repressor and alpha-

RNA polymerase are sequestered to locations adjacent to one another on the promoter of the 

reporter gene cassette located on the F' episome of the reporter E. coli strain. The promoter of 

the reporter gene cassette is a modified lac promoter whereby the CRP site has been replaced 

by a lambda operator (OR2). Therefore, upon recruitment of the cI repressor to OR2 and RNA 

polymerase to the transcriptional start via an interaction between bait and target proteins, 

transcription of reporter genes his3 and aadA is activated. The his3 gene encodes a protein 

involved in the biosynthesis of histidine that enables an E. coli hisB strain to grow on minimal 

media without histidine in the presence of the His3 competitive inhibitor 3-AT. The aadA gene 

serves as a secondary reporter gene and confers resistance to spectinomycin. By this method, 

clones that contain putative target-bait interactions are selected on minimal media containing 

3AT and spectinomycin. 
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FIG. 45. The strategy used by the bacteriomatch II bacterial II hybrid system for selection 

of interacting proteins. (A) The bait and target proteins are cloned into plasmids pBT and 

pTRG respectively and co-transformed into the reporter strain. (B) The reporter strain encodes 

a set of  reporter genes (his3 and aadA) whose transcription is activated by recruitment of RNA 

polymerase (RNAP) mediated by the interaction between the bait and target proteins. Note that 

the promoter also encodes an operator sequence specific for recognition by the cI repressor 

protein fused to the bait protein. This figure was reproduced from the bacteriomatch II manual 

(Stratagene).  

 

 

 

 

B.  

A.  



120 

 

The advantages of using a prokaryotic two hybrid system over a yeast-two hybrid for 

selection of bacterial protein-protein interactions is that a bacterial cell is used to identify 

interactions that naturally occur in bacteria. One would expect that the likelihood of the tertiary 

structure of a prokaryotic protein and thus its ability to interact with other proteins would be 

considered to be more closely resembling wild-type when expressed in a prokaryote as opposed 

to a eukaryote since differences in post-translational modifications between kingdoms may 

seriously alter the activity of the protein of interest. 

The bacterial II hybrid (B2H) technique has also been used to screen for interactions 

that exist involving a bait protein of interest and a library of target proteins. When attempting to 

identify putative target proteins, the success of the technique is dependent upon the quality of 

the library in terms of the representation of the proteome of the organism in the library. 

Traditionally, the library of DNA molecules that are cloned into the target vector for two-hybrid 

analysis have been constructed by random digestion of genomic DNA with frequent-cutting 

restriction endonucleases (Dyer et al., 2010). Although this method is relatively simple, the 

number of translatable library molecules that can be generated in this manner is severely 

limited by the number of restriction sites in the genome. Therefore to increase the number of 

genomic sequences in the library and thus greatly enhance the representation of the proteome in 

the target vector, a technique previously employed in the genomic SELEX method was used to 

copy the ETEC genome for the B2H library.   

 Genomic SELEX (systematic evolution of ligands by exponential enrichment) is a 

method that determines the nucleic acid binding specificity of a DNA or RNA-binding protein 

(Singer, 1997). The process involves multiple rounds of selection whereby a library of nucleic 

acids molecules (DNA or RNA) derived from the genome of the organism of interest are 

incubated in vitro with the protein in question. Nucleic acids bound by the protein are separated 

from the protein, amplified by PCR (DNA) or RT-PCR (RNA), and incubated again with 

protein. With each successive round of selection, sequences recognized by the protein comprise 

a larger proportion of the total amplified pool of molecules. This method has been used to 

identify the nucleic acid binding specificity of proteins including the bacteriophage MS2 coat 

protein (Shtatland et. al., 2000), human TAP(NXF1) (Zolotukin et. al., 2001) Drosophila pre-

mRNA splicing factor B52 (Kim et. al., 2003) and the Synechococcus 7942 RNA-binding 

protein A (Strozen, 2005). 
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 The libraries used in the genomic SELEX method are derived from the genome by 

copying the DNA with partially-degenerate oligonucleotides. By this method, libraries of 

overlapping DNA molecules (typically 2-4 x 10
6
 molecules) that encode genomic sequences 

from the organism of interest are generated (Singer et. al., 1997; Strozen, 2005). As an 

extrapolation of this technique, partially degenerate oligonucleotides were used to copy the 

H10407 genome into a set of overlapping genomic sequences that were cloned into the target 

vector to create the B2H library. In doing so, the sensitivity of the two-hybrid technique would 

be greatly enhanced due to greater representation of the proteome in the library in comparison 

to libraries created by restriction digestion of the genome. In addition, use of this library in the 

bacterial two-hybrid system could identify regions of proteins that are involved in mediating an 

interaction with the bait protein since the library would encode a range of overlapping DNA 

fragments that subsequently encode overlapping protein sequences within a specified size 

range. Therefore it is conceivable that the bait protein would interact with numerous protein 

fragments that all have in common a specific amino acid sequence. This sequence would thus 

serve as a putative motif involved in mediating the interaction of the target protein with the bait 

protein.  

 

7.2 Results 

7.2.1 pTRG library construction  

The first step in construction of the B2H library was copying the H10407 genome (Fig. 

46). This was accomplished by extension of the partially degenerate primer US107ran (random) 

(Table 4) by the Klenow fragment of E. coli DNA polymerase following hybridization of the 

primer to template (genomic) DNA, a procedure termed “first-strand” extension. The US107ran 

primer consists of a 19 nucleotide fixed sequence at the 5’ end and a nine nucleotide single-

stranded DNA random sequence located at the 3’ end of the molecule. During first-strand 

extension, US107ran molecules are theoretically capable of hybridizing randomly to the 

genome via the degenerate portion of the primer. Following hybridization, the 3’ end of the 

primer was extended by Klenow enzyme in the reaction mixture. Excess US107ran primer 

molecules that were not extended during first-strand extension were removed by spin column 

filtration (Qiagen). This procedure was required because in the next step (second-strand 

extension) a different primer, US108ran, was used instead of US107ran. The presence of excess  
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FIG. 46. Construction of the B2H H10407 library. In the first-strand extension reaction the 

partially degenerate primer US107ran hybridizes to the genomic template randomly via the 9 bp 

random nucleotide binding site (ran). The primer is extended by Klenow polymerase to 

generate ssDNA with the US107 sequence on the 5’ end. The product of first-strand extension 

was used as template for the second-strand extension. Single-stranded DNA of various sizes are 

purified by urea SDS-PAGE. Purified ssDNA was amplified by PCR and cloned into pTRG via 

NotI and SpeI restriction sites. 
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US107ran primer molecules would interfere with US108ran extension by acting as a competitor 

for extension by Klenow enzyme and therefore excess first-extension primer had to be 

removed. The US107ran primer had encoded within it several features for construction of the 

library. The first was the 3’ randomized end of the primer for random hybridization of the 

primer to the genomic template. The second was a NotI site encoded within the primer, this 

NotI site was introduced for cloning into pTRG such that a 6 amino acid linker would be 

encoded between the RNAP and the random protein fragment encoded within the H10407 

genomic fragment. NotI was chosen for the cloning step because it recognizes an 8 bp 

restriction site which minimizes digestion of the genome during cloning into pTRG in 

comparison to that expected from a restriction enzyme with a standard 6 bp recognition site.   

The second-strand extension reaction (Fig. 46) was performed using the partially 

degenerate primer US108ran (Table 4) that, like US107ran, consists of a fixed sequence at the 

5’ end of the molecule and a random sequence within the nine nucleotide positions on the 3’ 

end of the molecule. The purpose of the second extension reaction was to introduce a second 

fixed sequence on the opposite 5’ end of the US107ran extended products generated by first-

strand synthesis, thereby creating molecules with H10407 genomic DNA sequences flanked by 

two different fixed sequences.  The fixed sequence on the 5’ end of US108ran encodes an AvrII 

site for cloning into pTRG and two stop codons encoded upstream of the AvrII site to ensure 

that upon expression of the RNAP-H10407 proteome fusion, translation will be terminated.  

 Once the H10407 genome was copied by the first and second strand extension 

reactions, ssDNA extension products of a specific size were separated from  the genomic DNA 

template by denaturing urea polyacrylamide gel electrophoresis (PAGE) (Fig. 46). In this way 

the molecular size of the library and thus the length of H10407 genomic sequence encoded 

within each library molecule was selected.  

The purified 2
nd

 strand extension product was amplified by PCR with primers US109 

and US110 to generate enough DNA for cloning into B2H target vector pTRG. Amplification 

of the 2
nd

 strand product revealed that the size of the library of molecules were approximately 

400-500 bp on average. Therefore, once cloned, these genomic fragments would encode protein 

fragments approximately 150 aa in size. Following 60 electroporations of ligation mixtures of 

pTRG with B2H library molecules into highly competent DH5α, the library was estimated to 

contain approximately 7x10
6
 clones.  
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7.2.2 Representation of the H10407 genome in the pTRG library 

 The B2H library contained approximately 7 x 10
6
 clones of random fragments of the 

H10407 genome cloned into plasmid pTRG. To determine if the B2H library was sufficiently 

large enough to ensure that all proteins encoded by the genome are encoded in the library, the 

representation of a portion of the gspA gene in the B2H library was identified by nested-PCR. 

As shown in Fig. 47, primers US212 (specific for gspA) and US206 (specific for pTRG) were 

used to amplify members of the pTRG library that contained nucleotides 541 to 563 of gspA. 

To ensure that the products generated were in fact gspA-specific and not due to background 

amplification, a nested PCR reaction with primers specific for regions encoded upstream of 

US212 (primer US211) and US206 (US208) was used to recognize bases 473 to 497 of gspA. In 

this manner, nested PCR products were generated, cloned into plasmid pJET and sequenced. 

Fourteen different starting points over a span of 182 bp in the gspA gene were encoded adjacent 

to the NotI site in pTRG (Fig. 47). Therefore on average, a fragment of gspA would be encoded 

in the pTRG plasmid for every 13 bp in the gspA gene.  If the two outlying clones were 

excluded from the analysis, there would be 12 clones over a span of 100 bp, translating into one 

clone per 8.3 bp of the genome. Since one clone of every 6 encoded in the pTRG library is 

translatable (due to three frames and two DNA strands) the library would contain 

approximately one translatable clone encoding a portion of the H10407 genome fused to the 

rpoA gene in pTRG per 49.8 bp. Therefore for the gspA gene that is 1470 bp in length, 

approximately 29 translatable fragments of gspA would be encoded in the pTRG library. 

If one can assume that the representation of gspA in the B2H library is the same as the 

rest of the genome in the pTRG vector, then the size of the B2H library (assuming one genomic 

fragment per 8.3 bp of the genome) would be 6.18 x 10
5
 given the size of the ETEC H10407 

genome (5,153,435 bp) (Crossman et. al., 2011). Since during construction of the library, 

approximately 7 x 10
6
 plasmids were isolated, each clone would be present 11 times in the 

library. In a study by Lander and Waterman (1985) that described the likelihood of obtaining a 

complete genomic sequence when sequencing whole genomes by shotgun approaches, a nine-

fold coverage depth would be required to be 99% certain of obtaining the complete sequence 

assuming a poisson distribution of each base in the sequence. If that analysis can be  
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FIG. 47. Identification of the representation of the H10407 genome in the B2H library. (A) 

Theoretical member of the B2H library that contains a portion of the gspA gene fused to the 

rpoA gene encoding the alpha-subunit of RNA polymerase in plasmid pTRG. (B) Examples of 

products generated by nested PCR amplification of the pTRG library. Nested PCR used primer 

sets US206/US212 and US208/US211 to amplify members of the pTRG library that encoded a 

portion of the gspA gene in plasmid pTRG. (C) Nucleotides 1 to 600 of the gspA gene, bases 

identified with a yellow background are those shown to be encoded adjacent to the NotI site in 

the pTRG library. For instance, the first underlined base T in the sequence TATTAT was 

encoded directly adjacent to the NotI site in a clone of the pTRG library and is shown in part B. 

Sequences recognized by primers US212 and US211 are shown in blue and red respectively.    

 

 

atgTCTACGA GAAGAGAAGT TATTCTTTCC TGGTTGTGTG AGAAACGTCA AACCTGGCGT 

CTATGCTATT TGTTGGGTGA GGCTGGAAGT GGAAAAACCT GGCTGGCGCA GCAACTGCAA 

AAAGATAAAC ATCGCCGTGT GATTACTTTA AGCCTCGTTG TTTCCTGGCA AGGTAAGGCC 

GCATGGATCG TTACCGACGA TAACGCGGCT GAACAGGGCT GCCGTGACAG CGCCTGGACG 

CGAGATGAGA TGGCGGGGCA ATTACTGCAT GCGCTTCATC GAACTGATAG TCGCTGCCCT 

CTTATTATTA TTGAAAATGC TCACCTGAAT CACCGCCGCA TACTTGATGA TCTCCAACGC 

GCAATATCTC TTATTCCTGA CGGTCAATTT TTGCTGATCG GCAGACCCGA TCGAAAAGTC 

GAACGTGATT TTAAAAAACA GGGCATTGAA CTTGTCTCGA TAGGACGTCT GACGGAGCAC 

GAACTTAAGG CAAGCATCCT TGAAGGTCAG AATATTGACC AACCCGATCT CCTTTTAACC 

GCCAGAGTTC TGAAACGGAT AGCTTTATTA TGTCGGGGCG ATCGCAGAAA GCTGGCGCTT 

  

B.  

A.  
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extrapolated to this study, then coverage of each genomic fragment 11 fold in the library would 

ensure complete coverage of the ETEC genome (99% probability).  

 

7.2.3 Screening of the pTRG library with T2SS proteins  

 The periplasmic domains of GspDα, GspDβ, GspA, GspB and LeoA were used as bait 

proteins in screens to detect members of the ETEC proteome that interact with these T2SS 

proteins. The most notable interactions identified include an interaction between GspDβ as bait 

and three different overlapping clones of GspDα, as well as an interaction between GspDα and 

GspA. Other proteins identified as potential interactors with GspDα or GspDβ
 
include proteins 

involved in synthesis of LPS, the periplasmic protein FliY involved in cystine transport and the 

YjgP permease that is involved in the transport of LPS from the inner membrane to the outer 

membrane. Interestingly, both GspDα and GspDβ proteins have identified the highly conserved 

yet uncharacterized protein YdiA as a potential interactor. Although this work was preliminary, 

these results identify numerous interactions between components of the T2SS and other cell 

envelope proteins.  

 

7.2.3.1 Screens with GspDα and GspDβ 

 The periplasmic domains of GspDα and GspDβ encompassing  subdomains N0, N1, N2 

and N3 were cloned into plasmid pBT to create plasmids TS32 and TS33 respectively. TS32 

encodes a 567 amino acid protein comprised of residues 26-349 of GspDα fused to the 237 

amino acid bacteriophage λ repressor (cI repressor) with a theoretical molecular weight of 62.3 

kDa. The TS33 plasmid encodes a 568 amino acid protein comprised of residues 41-364 of 

GspDβ fused to the cI repressor with a theoretical molecular weight of 62.2 kDa. The 

expression of cI-GspDα and cI-GspDβ fusions upon induction of TS32 and TS33 with IPTG was 

confirmed by immunoblot with anti-cI repressor antibody. As shown in Fig. 48, induction with 

10 μM IPTG resulted in increased expression of cI-GspDα and cI-GspDβ fusion proteins.    

 Reporter strains containing TS32 or TS33 were electroporated with the pTRG library 

and the resultant transformation was spread on minimal media lacking histidine and containing 

3AT with or without streptomycin. The absence or presence of streptomycin allowed selection 

of weak and strong interactors respectively, since the aadA is encoded downstream of his3 in  
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FIG. 48. Immunoblot detection of cI fusion proteins encoded in plasmids TS32 and TS33. 

Whole cell samples of bacteriomatch II reporter strain containing TS32 (pBT/cI-gspDα 
26-349

) 

and TS33 (pBT/cI-gspDβ
41-364

) were taken from culture grown in LB with or without the 

transcriptional inducer IPTG (as shown) and immunoblotted with anti-cI antibody. The location 

of fusion proteins cI-GspDα and cI-GspDβ are given on the right side of the panel and the 

location of standard protein markers are given on the left. 
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the reporter gene construct. Screens for interactors revealed several interesting results as 

described below.  

 In several screens for interactors with GspDβ 41-364, a total of seven overlapping 

fragments of GspDα were identified in a total of 30 clones (Fig. 49). Surprisingly, fragments of 

GspDα were not identified in the GspDα 26-349 screen nor were clones corresponding to GspDβ 

observed in the GspDβ 41-364 screen. As shown in Fig. 50, the portion of GspDα identified in 

the screen with GspDβ corresponds to the N1 domain of GspDα, therefore suggesting that the 

N1 domain is involved in mediating interactions between monomers in the secretin. As 

mentioned in the introduction, the N1 domain of the secretin is involved in an interaction with 

the N0 subdomain to form a globular lobe of the secretin periplasmic domain (Korotkov et. al., 

2009). The N0 subdomain has been shown to interact with GspC (Korotkov et. al., 2009), 

whereas the N1 subdomain has not been designated as involved in any specific function other 

than interacting with N0. This result suggests that interactions between N1 subdomains are part 

of the interactions between monomers necessary for secretin assembly. Note that identification 

of overlapping fragments of GspDα in the screen enabled refinement of the amino acids 

involved in putative interaction with GspDβ (Fig. 49).  

 The amino acid similarity between GspDα and GspDβ suggests that a screen of potential 

interactors with each protein should reveal proteins common to both screens. Only one protein 

however, YdiA, was identified in a screen with both GspDα and GspDβ. This protein was not 

identified in screens with other proteins or in the control screen (the cI repressor without a 

fusion protein attached to it) therefore proving that it was not selected independent of GspDα or 

GspDβ. As shown in Fig. 51, three overlapping clones corresponding to the C-terminal end of 

YdiA were identified in screens with GspDα and GspDβ. Although these interactions are 

interesting, the YdiA protein is considered a putative cytoplasmic phosphotransferase, thereby 

suggesting that the interaction with the GspD bait proteins may not be biologically relevant.   

 Interestingly, a screen with GspDα identified one clone that encoded a portion of the 

GspA protein. The region of GspA identified in the screen is encoded within the periplasmic 

domain immediately adjacent to and within the peptidoglycan-binding site of GspA (Fig. 51). 

The GspA family of proteins, characterized by the GspA
Ah  

protein in A. hydrophila and 

GspA
Vc

 in Vibrio species are required for secretin assembly by functioning in peptidoglycan 

remodeling (Li and Howard, 2011; Li et. al., 2011), a function required for assembly of the  
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FIG. 49. Amino acid alignment of the seven different fragments of GspDα identified in a 

screen with GspDβ 
41-364

. Identical amino acids in comparison to amino acids 120-193 of 

GspDα are given in reverse type.  
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FIG. 50. The GspDα fragment identified in a B2H library screen with GspDβ corresponds 

to the N1 domain of secretin proteins. The N0, N1, N2 and N3 periplasmic domains of 

secretin proteins GspDα (alpha) and GspDβ (beta) are designated with coloured boxes yellow, 

blue, green and orange respectively. The S domain is identified by a black coloured box. Amino 

acids 121-193 of GspDα identified in the GspDβ B2H screen are designated by red lettering. 

The fragments of GspDα and GspDβ encoded in plasmids TS32 and TS33 are comprised of the 

amino acids between and including the area designated by arrows. 
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Selected by GspDα 

 

Clone   Sequence 
 

E12-02          -----------YRKNQIPWINSTNYSVEEIATKILDIMGLSRRMY 34 

F02-02          SRKEVAEVEALYRKNQIPWINSTNYSVEEIATKILDIMGLSRRMY 45 

A02-03          -QVEVAEVEALYRKNQIPWINSTNYSVEEIATKILDIMGLSRRMY 44 

                             

 

Selected by GspDβ 

 

Clone   Sequence 
 

A08             -----------LRKNQIPWINSTNYSVEEIATKILDIMGLSRRMY 34 

9               SRKEVAEVEALYRKNQIPWINSTNYSVEEIATKILDIMGLSRRMY 45 

1               -QVEVAEVEALYRKNQIPWINSTNYSVEEIATKILDIMGLSRRMY 44 

 

 

 

YdiA 

MDNAVDRHVF YISDGTAITA EVLGHAVMSQ FPVTISSITL PFVENESRAR 

AVKDQIDAIY HQTGVRPLVF YSIVLPEIRA IILQSEGFCQ DIVQALVAPL 

QQEMKLDPTP IAHRTHGLNP NNLNKYDARI AAIDYTLAHD DGISLRNLDQ 

AQVILLGVSR CGKTPTSLYL AMQFGIRAAN YPFIADDMDN LVLPASLKPL 

QHKLFGLTID PERLAAIREE RRENSRYASL RQCRMEVAEV EALYRKNQIP 

WINSTNYSVE EIATKILDIM GLSRRMY 

 

 

 

GspA 

MSTRREVILS WLCEKRQTWR LCYLLGEAGS GKTWLAQQLQ KDKHRRVITL SLVVSWQGKA 

AWIVTDDNAA EQGCRDSAWT RDEMAGQLLH ALHRTDSRCP LIIIENAHLN HRRILDDLQR 

AISLIPDGQF LLIGRPDRKV ERDFKKQGIE LVSIGRLTEH ELKASILEGQ NIDQPDLLLT 

ARVLKRIALL CRGDRRKLAL AGETIRLLQQ AEQTSVFTAK QWRMIYRILG DNRPRKMQLA 

VVMSGTIIAL TCGWLLLSSF TATLPVPAWL IPVTPVVKQD MTKDIAHVVM RDSEALSVLY 

GVWGYEVPAD SAWCDQAVRA GLACKSGNAS LQTLVDQNLP WIASLKVGDK KLPVVVVRVG 

EASVDVLVGQ QTWTLTHKWF ESVWTGDYLL LWKMSPEGES TITRDSSEEE ILWLETMLNR 

ALHISTEPSA EWRPLLVEKI KQFQKSHHLK TDGVVGFSTL VHLWQVAGES AYLYRDEANI 

SPETTVKGK 

 

 

FIG. 51. A portion of the putative phosphotransferase protein YdiA was identified in a 

B2H screen using both GspDα and GspDβ as bait proteins. The same three overlapping 

clones were selected in screens with (A) GspDα and GspDβ. (B) The location of the GspD-

binding site in YdiA (in red lettering) is located at the C-terminus of the protein. (C) The amino 

acid sequence of GspA, in red is the domain recognized by GspDα in a B2H screen. The 

location of the peptidoglycan-binding domain is underlined. 

 

 

B.  

C.  

A.  
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GspD
Ah

 secretin in the outer membrane. The GspA-containing clone identified in this screen 

suggested that GspA could physically interact with the GspD secretin, thereby providing a 

tether between proteins of the inner membrane complex and the secretin. 

 As shown in Table 7, screening with the GspDα and GspDβ periplasmic domains 

revealed interactions with numerous proteins that are theoretically impossible in vivo due to the 

cellular location of target proteins in the cytoplasm. One possibility therefore is that these 

proteins were selected independent of an interaction with the bait protein. This possibility 

however is not likely because only one protein has been identified in a screen with an empty 

bait vector (cI repressor expressed only) and in every screen performed regardless of the bait 

protein attached to cI. This protein as shown in Table 7 is a putative prophage protein with no 

identifiable conserved domains that likely binds to the cI repressor. Therefore, the interactions 

between proteins shown in Table 7 are likely legitimate B2H interactions. Note that deletion of 

genes fliY, wecF, kdtA, fliE, cdaR, ydiA and mdlA did not affect the amount of GspDβ secretin 

observed in ETEC or affect the ability of ETEC to secrete LT (analysis performed by Jeff 

Elder, unpublished), thereby providing evidence that these proteins are not involved in GspDβ 

secretin assembly or function. The most likely scenario as to why this group of proteins were 

selected in these screens is that these proteins have in common a tertiary structure recognized 

by the KH-like domains encoded in domains N1, N2 and N3 of GspDα and GspDβ.  

    

7.2.3.2 Screens with GspA, GspB and LeoA 

 The periplasmic domains of GspA (residues 244-271) and GspB (residues 64-139) were 

cloned into pBT to create plasmids TS38 and TS39 respectively. Amino acids 283-577 of LeoA 

were cloned into pBT to create plasmid TS43. Screens with GspA and GspB revealed several 

interesting interactors located in the inner membrane, the most interesting was a putative 

interaction between GspB and YfhM. Screens with GspB identified four overlapping clones of 

the protein YfhM (Fig. 52A). YfhM is a large (1653 amino acid) lipoprotein localized to the 

outer leaflet of the inner membrane that likely forms a homo-oligomeric complex (Maddalo et. 

al., 2011) and an alpha2-macroglobulin (α2M) domain (consensus sequence CxEQ) that has 

been characterized in eukaryotes and  exists in a wide variety of species from corals to humans. 

Proteins with α2M domains function to entrap attacking proteases by creating a cage-like 

structure whereby proteases activate the α2M domain by degrading the “bait” region of the  
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A.  
 

H01/1-171    1 GKGWVIEMETNGTIDPEEVIRRAATILAEQLEAFVDLRDVRQTEVKEEKPEAVGSAVALIWAGYSWQDNSDGRGAVRPDR 

E10/1-116    1 -------------------------------------------------------AAALLWAGYSWQDNSDGSGAVRPDR 

G09/1-114    1 -------------------------------------------------------AAALLWAGYSWQDNSEGGGAVRPDR 

F02/1-68     1 -------------------------------------------------------AAALLWAGYSWEDNREGRGAVGPDR 

 

H01/1-171   81 VTLKLDKASYRPGDTLKLHIAAPTAGKGYAMVESSEGPLWWQEIDVPAQGLDLTIPVDKTWNRHDVYLSTLVVRPGDKS- 

E10/1-116   26 VTLKLDKASYRPGDTIKLHIAAPTAGKGYAMVESSEGPLWWQEIDVPAQGLDLTIPVDKTWNRHDLYLSTLVVRPGDKS- 

G09/1-114   26 VTLKLDKASYRPGDTIKLHIAAPTAGKGYAMVESSEGPLWWQEIDVPAQGLDLTIPVDKTWNRHDLYLSTLVVRPGDKSP 

F02/1-68    26 VPLKLDKASYRPGDTIKLDIAAP--------------------------------------------------------- 

 

H01/1-171  160 -RSATPKRGVTKS 

E10/1-116  105 -RSATPKRGVTKS 

G09/1-114  106 LRDAQTRGN---- 

F02/1-68       ------------- 

 

B.  
 

MKKLRVAACMLMLALAGCDNNDNAPTAVKKDAPSEVTKAASSENASSAKLSVPERQKLAQQSAGKVLTLLDLSEVQLDGAATLVLTFSIPLDPDQD

FSRVIHVVDKKSGKVDGAWELSDNLKELRLRHLEPKRDLIVTIGKEVKALNNATFSKDYEKTITTRDIQPSVGFASRGSLLPGKVVEGLPVMALNV

NNVDVNFFRVKPESLPAFISQWEYRNSLANWQSDKLLQMADLVYTGRFDLNPARNTREKLLLPLGDIKPLQQAGVYLAVMNQAGRYDYSNPATLFT

LSDIGVSAHRYHNRLDIFTQSLENGAAQQGIEVSLLNEKGQTLTQATSDAQGHVQLENDKNAALLLARKDGQTTLLDLKLPALDLAEFNIAGAPGY

SKQFFMFGPRDLYRPGETVILNGLLRDADGKALPNQPIKLDVIKPDGQVLRSVVSQPENGLYHFTWPLDSNAATGMWHIRANTGDNQYRMWDFHVE

DFMPERMALNLTGEKTPLTPKDEVKFSVVGYYLYGAPANGNTLQGQLFLRPLREAVSALPGFEFGDIAAENLSRTLDEVQLTLDDKGRGEVSTESQ

WKETHSPLQVIFQGSLLESGGRPVTRRAEQAIWPADALPGIRPQFASKSVYDYRTDSTVKQPIVDEGSNAAFDIVYSDAQGVKKAVSGLQVRLIRE

RRDYYWNWSEDEGWQSQFDQKDLIENEQTLDLKADETGKVSFPVEWGAYRLEVKAPNEAVSSVRFWAGYSWQDNSDGSGAVRPDRVTLKLDKASYR

PGDTIKLHIAAPTAGKGYAMVESSEGPLWWQEIDVRAQGLDLTIPVDKTWNRHDLYLSTLVVRPGDKSRSATPKRAVGVLHLPLGDENRRLDLALE

TPAKMRPNQPLTVKIKASTKNGEKPKQVNVLVSAVDSGVLNITDYVTPDPWQAFFGQKRYGADIYDIYGQVIEGQGRLAALRFGGDGDELKRGGKP

PVNHVNIVVQQALPVTLNEQGEGSVTLPIGDFNGELRVMAQAWTADDFGSNESKVIVAAPVIAELNMPRFMASGDTSRLTLDITNLTDKPQKLNVA

LTASGLLELVSDSPAAVELAPGVRTTLFIPVRALPGYGDGEIQATISGLALPGETVADQHKQWKIGVRPAFPAQTVNYGTALQPGETWAIPADGLQ

NFSPVTLEGQLLLSGKPPLNIARYIKELKAYPYGCLEQTASGLFPSLYTNAAQLQALGIKGDSDEKRRASVDIGISRLLQMQRDNGGFALWDKNGD

EEYWLTAYVMDFLVRAGEQGYSVPTDAINRGNERLLRYLQDPGMMSIPYADNLKASKFAVQSYAALVLARQQKAPLGALREIWEHRADAASGLPLL

QLGVALKTMGDATRGEEAIALALKTPRNSDERIWLGDYGSSLRDNALMLSLLEENKLLPDEQYTLLNTLSQQAFGERWLSTQESNALFLAARTIQD

LPGKWQAQTSFSAEQLTGEKAQNSNLNSDQLVTLQVSNSGDQPLWLRMDASGYPQSAPLPANNVLQIERHILGTDGKSKSLDSLRSGDLVLVWLQV

KASNSVPDALVVDLLPAGLELENQNLANGSASLEQSGGEVQNLLNQMQQASIKHIEFRDDRFVAAVAVDEYQPVTLVYLARAVTPGTYQVPQPMVE

SMYVPQWRATGAAEDLLIVRP 

 

C.  

 

 
 

Fig. 52. YfhM was identified in a B2H screen using GspB as the bait protein. (A) Four 

overlapping clones were identified in screens with GspB. (B) The amino acid sequence of 

YfhM. YfhM is a 1653 amino acid protein with a signal peptide (red) and lipobox domain 

(mature N+1 Cys residue in green). The location of residues in the protein involved in an 

interaction with GspB are given in blue. The alpha-2 macroglobulin domain CxEQ is shown in 

orange. (C) The putative function of YfhM as a periplasmic defense system. Host defenses 
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(antimicrobial peptides, antibody or complement) have removed outer membrane material, 

thereby allowing lysozyme and host proteases access to the periplasmic space, leading to 

destruction of peptidoglycan. The bacterial alpha2-macroglobulin protein YfhM functions to 

entrap proteases  thereby giving PBP 1C an opportunity to repair the peptidoglycan. The 

schematic diagram was reprinted from Budd et. al., (2004) with permission from the journal 

Genome Biology.  

 

α2M protein that in turn activates the thioester motif of the protein. The thioester motif in turn 

functions to crosslink and thereby sequester proteases in the structure. In bacteria such as E. 

coli, yfhM is always encoded in the same operon with the pbp1C gene encoding penicillin-

binding protein 1C (PBP1C) (Budd et. al., 2004). PBP1C is a paralog of the peptidoglycan 

biosynthesis proteins PBP1A and PBP1B that contain amino-terminal transglycosylase and 

carboxy-terminal transpeptidase domains but also includes a C-terminal 100 amino acid 

extension of unknown function (Budd et. al., 2004) . PBP1C cannot substitute for PBP1A or 

PBP1B during vegetative growth since it is responsible for 3% of de novo peptidoglycan 

biosynthesis (Schiffer and Holtje, 1999). As a result, it is hypothesized that YfhM functions 

together with PBP1C to protect the cell envelope from degradation by sequestering invading 

proteases and repairing the peptidoglycan (Fig. 52). How the T2SS protein GspB would utilize 

the large YfhM multimer is not readily apparent, however if the GspB-YfhM interaction were 

valid, the GspAB complex would function in a manner similar to PBP1C by localizing YfhM to 

a specific region in the cell envelope given the peptidoglycan binding activity of GspA and the 

fact that GspA and GspB form a complex.  

  

7.3 Discussion 

 The B2H library of overlapping ETEC genomic fragments represents a novel 

mechanism of identifying protein interactions. The usefulness of the technique lies in the fact 

that it employs the widely utilized technique of bacterial II hybrid to identify proteins that 

potentially interact with a target protein of interest. Following construction of the library itself, 

screening for potential interactions is simple by only requiring electroporation of the library in 

cells containing the bait plasmid.  

Construction of the library was proven to be successful by enabling detection of gene 

fragments encoding multiple overlapping fragments of a protein that interacts with the target of 
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interest to be identified in the screen (Figs. 49, 51 and 52), thereby enabling one to define the 

site involved in the interaction simply by sequencing more clones grown in the screen.   

The most notable interactions identified in screens using GspDα, GspDβ, GspA, GspB 

and LeoA were interactions between T2SS proteins GspDα and GspDβ in addition to GspA and 

GspDα. In addition to interactions between T2SS proteins, the screens identified numerous 

target proteins that potentially interact with the bait proteins however many of the target 

proteins identified are cytoplasmic proteins and therefore would not represent a physiologically 

relevant interaction. However, although many of these interactions would not be exhibited in 

the cell, it is likely that the target proteins identified in the screens represent real interactions 

between target and bait proteins in the B2H system since only one protein was identified in all 

screens including the control (Table 7). If a target protein was selected independently of the bait 

protein, this protein would be expected to be detected in several screens with several different 

bait proteins. Interestingly, only one protein was identified in the control screen and in every 

screen regardless of the bait protein expressed. This protein was an prophage protein of 

unknown function. Therefore it is likely that this putative prophage protein could interact with 

the cI phage repressor protein such that regardless of the bait protein fused to the cI repressor, 

the prophage protein of unknown function was capable of interacting with cI and therefore 

generate expression of the reporter genes. 

The functional representation of the ETEC genome in the library, defined as the number 

of base-pairs in the genome required to encode an in-frame, translatable protein fused to the cI 

repressor of the bait vector was calculated at 1 clone per 49.8 bp of the ETEC genome (section 

7.2.2). This is likely an effective representation of the genome in the pTRG library since this 

would translate into approximately 30 translatable fragments for a protein such as GspA that 

would be available for screening with the bait protein of interest.  

To summarize, use of the B2H library of H10407 genomic fragments in the 

Bacteriomatch II bacterial II hybrid technique was successful in identifying interactions that 

involved members of the T2SS. As originally hypothesized, screening of the B2H library 

against a bait protein of interest readily resulted in the selection of overlapping fragments of 

target protein sequences that enabled refinement of the binding site involved in the interaction 

to be achieved. 
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8. CONCLUSION 

 When this study was initiated, information concerning the structure and function of the 

T2SS was limited to that of several species including; Aeromonas hydrophila, Vibrio cholerae, 

Klebsiella oxytoca and Erwinia carotovora. I had soon noticed that although Escherichia coli  

is a major human pathogen and is the most intensely studied bacterial species historically, a 

surprising lack of knowledge concerning the T2SS in E. coli species was evident in the 

literature. Also, the information that was present in the literature concerning the T2SS in E. coli 

was confusing since two independent studies identified separate T2SSs responsible for 

secretion of the major virulence factor LT by two different mechanisms. As a result, I initiated 

a study to determine the relative involvement of both T2SSs in the secretion of LT in both 

soluble and vesicle-associated means. This study identified that it is likely that the T2SSβ is 

solely required for secretion of LT in both soluble and vesicle-mediated forms and that the 

T2SSα is not required. However, a significant amount of investigation remains to be conducted 

to prove that a functional T2SSα does not secrete LT in either soluble or vesicle-associated 

forms since although I was able to confirm that the GspDα secretin is assembled in T2SSα-

inducible strains, the function of the system must be verified. These data, in combination with 

in vivo studies using T2SSα and/or T2SSβ positive strains in a mouse model of infection would 

be successful in determining the requirement for T2SSα and/or T2SSβ in secretion of LT and in 

determining the relative involvement of soluble and vesicle-associated LT in ETEC 

pathogenesis. 

 The remaining topics of my work dealt with the function of accessory proteins in the 

assembly of the secretin in the T2SSs of ETEC and Vibrio cholerae. In ETEC, the putative 

hypothetical lipoprotein YghG was characterized to function as the pilotin of the GspDβ 

secretin of the T2SSβ. This investigation revealed aspects of secretin assemly that are 

contradictory to the current dogma of secretin assembly research that suggest that the pilotin 

performs a role in protecting the secretin monomer from degradation and in the absence of the 

pilotin the secretin still forms but is mislocalized to the inner membrane. In most studies 

whereupon the current dogma of secretin assembly is based, T2SS proteins from species that 

are not E. coli are expressed in trans at levels that are not physiologically relevant in E. coli 

strains. However in this study, I made a concerted effort to conduct experiments in biologically 

relevant manner by using a wild-type E. coli strain, by constructing in-frame deletions of genes 
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in the chromosome and by using the endogenous levels of T2SSβ and LT to investigate the 

system in E. coli. As a result, the results that I have shown in this study reveal that the secretin 

does not form in the inner membrane in the absence of its pilotin and that the pilotin does not 

perform a role in protecting the secretin but instead is solely responsible for localization of the 

secretin monomer to the outer membrane. This data has recently been accepted for publication 

in the journal Infection and Immunity (Strozen et. al., 2012). 

 In Vibrio cholerae the GspAB complex was shown to only be partially required for 

T2SS secretin assembly unlike that in Aeromonads whereby GspAB are absolutely required for 

secretin assembly. This data was published in the May 2011 issue of the Journal of 

Bacteriology. Further investigation using a transoposon mutagenesis screen identified the 

possibility that both GspAB and a previously unknown pilotin could be involved in secretin 

assembly. This result would be the first in T2SS research to show the requirement for both the 

peptidoglycan-remodeling function of GspAB and the localization function of a pilotin in 

assembly of a T2SS secretin. 

  

9. FUTURE STUDIES 

9.1 Requirement for T2SSα and T2SSβ in secretion of LT in vitro 

 Construction of H10407 strains that contained inducible gspAα and gspCα promoters 

enabled the GspDα to be detected in secretin form, thereby suggesting that the T2SSα could be 

assembled in these strains. A critical control experiment however is to confirm that the T2SSα 

system also functions normally in the cell. To accomplish this the T2SSα substrate ChiA should 

be expressed in trans and the amount of ChiA secreted should be assayed by immunoblot. Once 

an assembled and functional T2SSα is confirmed in H10407, the amount of LT secreted in 

soluble and vesicle-associated forms in T2SSα and T2SSβ strains can be compared.  

 

9.2 Requirement for T2SSα and T2SSβ in ETEC pathogenesis 

 In vitro studies of the requirement for T2SSα and T2SSβ in secretion of LT revealed that 

the T2SSβ is solely responsible for LT secretion and that LT is predominantly in soluble form. 

Although these results coupled with the finding that gspM mutants of H10407 are incapable of 

colonizing the mouse intestine (Dorsey et. al. 2006) suggest that the T2SSβ is the major T2SS 

virulence factor in ETEC, the involvement of the T2SSα in ETEC pathogenesis should also be 
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determined in vivo. It is likely that the T2SSα is not required for secretion of LT in vesicle-

associated form in vivo but it may be involved in colonization by secreting the known T2SSα 

substrate, endochitinase ChiA. Several studies have suggested that chitinases are not only 

involved in the catabolism of chitin but may also be involved in colonization (reviewed by Tran 

et. al., 2011). In Pseudomonas aeruginosa, the chitinase CbpD was shown to be important in 

the initial stages of attachment to lung epithelial cells (Folders et. al., 2000; Folders et. al., 

2001) possibly in response to the presence of mucin in the lung (Fung et. al., 2010). Expression 

of the Serratia marcescens chitinase CBP21 in E. coli conferred an increased rate of adhesion 

to colonic epithelial cells (Kawada et. al., 2008). In fact, preliminary data by Tran et. al., 2011 

suggested that in AIEC E. coli strain LF82, the same ChiA protein that is a substrate of the 

T2SSα is important in adhesion to intestinal epithelial cells. As a result, a mouse intestinal 

colonization study using wild-type H10407, gspDα, gspDβ, eltAB and chiA strains would 

provide valuable information regarding the requirement for both systems in ETEC 

pathogenesis.    

  

  9.3 Requirement for soluble and vesicle-associated LT in ETEC pathogenesis 

 To identify which mode of LT transmission (soluble or vesicle-associated) is required 

for ETEC pathogenicity, further experiments must be conducted in vivo to compare the ability 

of wild-type strains with strains incapable of producing outer membrane vesicles loaded with 

LT to colonize the intestine of the animal model. Since the binding sites on LPS for LT exist in 

the core and KDO sugars and these sugars are essential for cell viability, creation of a LT-

vesicle deficient strain by deletion of the LT-binding sites in LPS is not an option. However in 

a study by Mudrak et. al., 2009, a T47A substitution mutation in LT-B rendered the LT 

holotoxin unable to bind to the bacterial surface yet did not affect expression, assembly, 

secretion and activity of LT. Therefore, an in vivo study of ETEC H10407 expressing wild-type 

LT in comparison to that expressing the T47A LT holotoxin that cannot bind to the surface of 

the ETEC cell will provide valuable information regarding the requirement for soluble and 

vesicle-associated LT in ETEC pathogenesis.  

 

9.4 Characterization of the function of YghG
Vc

 in assembly of the GspD
Vc

 secretin in V.    

     cholerae 



140 

 

 Assembly of the GspD
Vc

 secretin in Vibrio cholerae may involve the function of both a 

GspAB complex and the lipoprotein YghG. The finding that V. cholerae gene Vc1703 encodes 

a putative YghG homologue that may have been insertionally inactivated in a transposon 

mutagenesis screen to identify a protein that serves in a GspAB redundant function, coupled 

with the finding that expression of YghG
Vc

 can complement the GspDβ secretin-deficient 

phenotype of an H10407 yghG strain suggests that YghG
Vc

 likely performs a pilotin function 

for localization of GspD
Vc

 to the outer membrane. To determine if YghG
Vc

 performs a GspAB 

redundant or downstream function will require a comparison of the GspD
Vc

 secretin assembly 

phenotype in yghG
Vc

 and yghG
Vc

 gspAB
Vc

 strains. If YghG and GspAB perform redundant 

functions, then deletion of YghG in a strain that is GspAB positive will allow the GspD secretin 

to remain assembled. However if YghG
Vc

 performs a function downstream of GspAB, deletion 

of YghG
Vc

 would abrogate assembly of the GspD
Vc

 secretin regardless of the presence or 

absence of GspAB. It is entirely plausible that this analysis will be the first to identify and 

characterize a T2SS that requires both GspAB and GspS for assembly and function.   

 

9.5 Validation and use of the Bacterial II hybrid target library for assessing protein 

interactions in vivo 

 The bacterial II hybrid target library has the potential to be useful in identifying 

interactions between proteins however several important controls need to be conducted to 

validate the library. Due to time constraints the genomic representation of the library was not 

validated fully and should be investigated further by indentifying the representation of several 

more genes or genomic sequences in the library. Also, it would be interesting to confirm the 

effectiveness of the library in identifying protein interactions by using cytoplasmic proteins 

known to be involved in well characterized interactions in several screens to determine if their 

protein partner could be identified in the screen.    
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