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Abstract 

Enterotoxigenic Escherichia coli (ETEC) employs a number of secretion systems for efficient 

translocation of a number of virulence factors during infection. Studies of the relationship 

between substrates and specific secretion pathways suggested that secretion substrates are 

identified and are targeted to their proper secretion pathway via inherent amino acid sequences, 

or secretion signals, within each substrate. ETEC utilizes the Sec-dependent pathway of the type 

two secretion system (T2SS) to secrete the Heat-Stable Enterotoxin B (STb), in addition to 

several other toxins, to the extracellular milieu. In this work, the nature of the nucleotide 

sequence of STb’s mRNA, rather than the amino acid sequence of its signal sequence, was 

investigated for its effect on STb secretion. Additionally, the interaction of STb with the gut 

hormone secreting cells (STC-1 cells) was investigated to elucidate the nature and consequences 

of such interaction. In the first study, the N-terminal signal sequence of premature STb (at the 

mRNA level) was subjected to various mutations (a number of accumulative silent mutations and 

a number of non-silent point mutations) to test whether or not its mRNA secondary structure 

affects its targeting for secretion. In the second study, the two main key secretion factors of Sec-

dependant pathway, ffh and secb, were separately knocked out and overexpressed to uncover 

their potential involvement in pro-STb targeting and secretion processes. In the final study, an in 

vitro approach was devised to identify and characterize the STb cell surface receptor on STC-1 

cells (mouse intestinal enteroendocrine cell line). The results indicated that the nucleotide 

sequence of the STb mRNA (within the N-terminal amino acid signal sequence of the toxin) can 

affect toxin secretion. Reducing the AU richness within the 5′ end of the STb mRNA (without 

altering the translated amino acid sequence of this region) significantly reduced toxin secretion. 

From the second study, deletion of FFh, the protein component of the signal recognition particle 
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in E. coli, resulted in significant effects on targeting and translocation of pro-STb and STb to the 

cytoplasmic membrane and the extracellular milieu more so than SecB deletion. Overexpression 

of FFh, not SecB, was shown to enhance STb synthesis and secretion. Finally, the results of the 

third study confirm a direct disruption to the tight junction of STC-1 cells. The results strongly 

suggest that STb interaction with these cells is mediated, at least in part, by the tight junction 

associated protein occludin. This interaction ultimately led to Caspase 3-mediated apoptosis.  
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Chapter 1  

1 Literature Review 

1.1 Introduction  

According to the World Health Organization (WHO) diarrheal infection is the second primary 

cause of death for individuals under the age of five and/or with impaired immune systems. It has 

been estimated that about 2.5 billion diarrheal cases are being reported annually with the death of 

roughly 500 000 children world-wide. The majority of these reports come from countries around 

the globe that particularly suffer from limited access to clean water. Diarrheal infection may last 

a few days depending on the immunity of the individual which potentially would leave the body 

highly dehydrated and result in a lack of minerals that are necessary for survival. There are 

numerous symptoms which accompany diarrheal infection including dry mouth, dizziness, 

irritability, fatigue, and dark-colored urine; in unique cases, some individuals may exhibit 

dysentery and fever. Some microbes can lead to acute diarrheal infection as there are three 

clinical characterizations to classify acute diarrheal infection including, acute watery, bloody and 

persistent diarrhea which can last for over 14 days. Diarrheal infection is typical caused by the 

most commonly and well characterized strains of bacteria including, Escherichia coli, Vibrio 

cholerae, Shigella, Salmonella, Staphylococcus aureus, etc. For over two centuries, Escherichia 

coli has been one of the most well-studied family of bacteria to date that is mainly found in the 

intestinal microbiome of human and animals as they rarely cause disease  (Clements et al., 2012; 

Nataro & Kaper, 1998). Despite the fact that some strains of E. coli colonize human and animal 

intestines as part of the microbiome, a number of ETEC strains have evolved pathogenic 
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mechanisms through horizontal gene transfer to cause disease of the digestive tract including 

diarrheal illness, and many other intestinal disorders in both healthy and immunocompromised 

individuals (J. Daniel Dubreuil, 2008; Gomes et al., 2016; Kennedy et al., 1984) . 

There are six strains of E. coli characterized as pathogenic E. coli. One of these strains is known 

as Enterotoxigenic E. coli (ETEC) that is the leading cause of substantial morbidity and mortality 

worldwide - especially in developing countries – following the ingestion of contaminated food 

and water (Nassour & Dubreuil, 2014). Once the ETEC strain reaches the digestive tract; it 

ultimately triggers the lumen of the small intestine to secrete fluids which leads to an imbalance 

of electrolytes. For ETEC to cause diarrhea and death to an individual, it must produce fimbriae 

to allow ETEC to adhere and start colonization since fimbrial vaccine studies have shown a slow 

to abolished adhesion by fimbriae knockout ETEC strain (Beveridge, 1999). ETEC is a Gram-

negative bacterium possessing three distinct cell wall layers with a thin peptidoglycan layer 

found in between an outer membrane and the plasma membrane (Beveridge, 1999). The thin 

peptidoglycan layer allows the cell wall to have a periplasmic space, this compartment is 

imperative due to the fact that it contains a reduced environment for the maturation of secreted 

proteins including enterotoxins (Nataro & Kaper, 1998). ETEC mainly utilize Type Two 

Secretion System (T2SS) to secrete a number of extracellular polypeptides, among these 

polypeptides are the enterotoxins that work to alter normal intestinal function by interfering with 

enterocyte fluid homeostasis which causes fluid and electrolyte secretion and reduced absorption, 

ultimately leading to diarrhea (Klein et al., 1998). These enterotoxins have shown to possess a 

targeting signal peptide that is mainly required for targeting to the inner-membrane translocon. It 

can be cleavable or non-cleavable and located at the amino- or carboxyl- terminal of the 

polypeptides. Other precursors have shown to lack a targeting signal peptide or have been 

https://www.sciencedirect.com/topics/immunology-and-microbiology/horizontal-gene-transfer
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attributed to the carboxy-terminal region of the molecule (Gomes et al., 2016; Nataro & Kaper, 

1998). The two distinct types of enterotoxins produced are a heat-labile enterotoxin (LT) with 

two subtypes known as LTI and LTII that cannot withstand elevated temperatures, and another 

family of heat-stable enterotoxins (ST) to which STa and STb toxins belong to that can maintain 

toxic activity in temperatures of up to 100oC (Klein et al., 1998). Research have shown that STb 

is one of the major pathogenic factors produced to evoke diarrheal infection by stimulating 

intestinal discomfort in its own way, utilizing unique molecular mechanisms and cell secretion 

pathways to elicit symptoms (Clements et al., 2012; J. Daniel Dubreuil, 2008; Fleckenstein et al., 

2010; Loos et al., 2012).  

1.2 ETEC Cell Envelope 

It is common for Gram-negative bacteria to display a unique cell envelop architecture that 

supports the structure of the cell and allows it to maintain its shape (Huang et al., 2008; Osborn, 

1969). In contrast to Gram-negative organisms, Gram-positive cells have no outer membrane and 

a peptidoglycan layer that is quite thicker. According to electron cryotomographic analysis, the 

average profile measurement of two Gram-negative bacterial cell envelop (E. coli and 

Caulobacter crescentus) is about ~4 nm (Harz et al., 1990; Yao et al., 1999). Interestingly, 

studies in cell envelope measurements has reported that E. coli cell envelops average to be larger 

than 9 nm due to the length of glycan strands and the peptidoglycan layer; in contrast, those of C. 

crescentus are smaller (only 7 nm). Therefore, the variation in the cell envelop measurements 

may be an indication of variation in protein abundance and composition (Gan et al., 2008; Harz 

et al., 1990; Yao et al., 1999).  
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ETEC cell envelope is composed of three layers, an outer membrane (OM) and an inner, 

cytoplasmic, membrane (IM)  sandwiching a thin peptidoglycan layer (Figure 1.1) (Beveridge, 

1999; Edouard Kellenberger & Ryter, 1956). The composition of the IM is mainly phospholipids 

that is about 75% of phosphatidyl-ethanolamine, 17% phosphatidylglycerol, <5% cardiolipin and 

membrane proteins. Whereas the OM is asymmetric in that the inner leaflet is enriched with 

saturated fatty acids and phosphatidylethanolamine while the outer leaflet composed of 

lipopolysaccharide (LPS). The periplasmic space between the two membranes contains the 

periplasm, a matrix that is distinct in composition from the cytoplasm and the outer milieu (E. 

Kellenberger & Ryter, 1956; Manting & Driessen, 2000; Osborn, 1969). The periplasmic space 

contains the peptidoglycan layer that is covalently linked to the outer membrane lipoprotein. It 

contributes to the cytoskeleton of the cell shape and structure which prevents cells from lysing in 

dilute environments. Collectively, the extracellular membrane, peptidoglycan layer and inner 

membrane comprise the ETEC cell envelope (Beveridge, 1999; Edouard Kellenberger & Ryter, 

1956). 
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Figure 1.1: The cell-envelope structure of Gram Negative bacteria. The diagram shows a 

magnified general characterization of Gram negative bacteria cell envelope. It is separated into 

the three different main barriers including outer membrane, inner membrane, and the periplasmic 

space. This diagram was created in BioRender.com. 
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Despite the complexity of the cell wall, research has shown that the passage of secretory proteins 

through the different cell wall barriers is performed without compromising protein structure and 

function. This is because secreted proteins are controlled by various specialized designed 

transportation systems (Costa et al., 2015; Schnaitman, 1970). In ETEC, most proteins (secreted 

or cytoplasmic) are synthesized within the cytoplasm and can be targeted and/or exported 

according to the signal peptide. Exportation to the correct compartment is critical, every exported 

substrate is targeted to one of three destinations; it can anchor to the outer or inner membrane, it 

can remain within the periplasm, or it can be released into the extracellular milieu as a secreted 

protein (Gerlach & Hensel, 2007). ETEC targeting system employs a few distinct pathways that 

can be utilized to translocate the secretory proteins. Some secretory proteins are also known as 

effector proteins because they have the ability to affect the host cell hemostasis negatively and 

allow the adherence of virulent bacteria onto host cells (Gerlach & Hensel, 2007).  

It is estimated that up to 40% of all ETEC cellular proteins are either exported into the periplasm, 

reside in the OM, or are freely secreted into the extracellular environment. Research has shown 

that the main proteomic composition of the IM are integral membrane proteins, lipoproteins and 

peripheral proteins. Some of the IM protein can participate in the signaling transduction system 

and conformational change that is mainly activated by specific outer stimuli (Mitra et al., 2006). 

The main periplasmic proteome is composed of enzymes, carbohydrates, binding proteins etc. It 

has been shown that maturation for some exported proteins prior to secretion occurs within the 

periplasmic space. The periplasmic space is featured with an oxidizing environment to facilitate 

a redox reaction that is catalyzed by a chaperon to form disulfide bonds and maintain the proper 

folding and maturation of proteins (Messens & Collet, 2006). The outer membrane is composed 

of lipoproteins and integral proteins. It has been shown that the outer member of ETEC is mainly 
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covered by aqueous porin proteins that are crucial for passive diffusion of small molecules 

through the membrane including, OmpA which allows for slow penetration of small solutes. 

Based on ETEC genetic modeling, the outer membrane contains over 200 proteins that are 

important for bacterial survivability (Xie et al., 2006). 

1.3 Protein Biogenesis and Targeting  

Proteins are macromolecules that have various functions within or outside the cellular 

compartment ranging from catalytic enzymes to the formation of the cell cytoskeleton. All 

proteins in ETEC are synthesized or translated by the ribosomal machinery within the 

cytoplasmic compartment. It is defined as the process by which messenger RNA (mRNA) as a 

template is translated into a particular protein according to the genetic information stored within 

the DNA (Pelletier & Sonenberg, 1987; Thanaraj & Pandit, 1989). Despite the fact that the 

whole processes of protein synthesis takes place simultaneously within ETEC, the translation 

processes are divided into three steps: initiation, elongation, and termination. As initiation is 

considered the first step of translation in ETEC, it requires a number of factors including the 30S 

ribosomal subunit, tRNA, mRNA, etc (de Smit & van Duin, 1990; Marintchev & Wagner, 2004). 

Following that translation begins when the 16S Ribosomal RNA (rRNA) recognizes the Shine-

Dalgarno (SD) sequence which promotes the binding of the complementary ribosomal subunit 

(50S) to form a complete functional ribosomal complex (de Smit & van Duin, 1990; 

Kaczanowska & Rydén-Aulin, 2007; Pape et al., 1998).  

The full assembly of the 70s ribosomal RNA exhibit two functional domains including the 

translational domain and the exit domain. The translational domain that interacts with tRNA 

requires both ribosomal subunits whereas the exit domain in located solely in the larger subunit 
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of the ribosomal RNA. Three sites are normally formed once the translational domain is formed 

including the A site (Aminoacyl or acceptor), P site (Peptidyl or donor), and E site (Exit). The A 

site (Aminoacyl or acceptor) mainly receives tRNA carrying an amino acid to be added to the 

newly growing polypeptide. The P site (Peptidyl or donor) holds the attached tRNA to the 

growing polypeptide whereas, the E site (Exit) allows empty tRNA to leave the ribosome (de 

Smit & van Duin, 1990; Kaczanowska & Rydén-Aulin, 2007; Pape et al., 1998).  

Briefly, the ribosome assembles on the mRNA and the tRNA-fmet, which is linked to a 

formylated methionine residue, interacts with the starting codon (AUG) at the P-site of the 

ribosome complex to initiate the beginning of protein synthesis. After that the protein elongation 

begins with sequential addition of amino acids to the growing polypeptide (5’ – 3’). This 

involves the incorporation of amino acids linked to aminoacylated tRNA into the A-site of the 

ribosome complex and peptide bond formation between adjacent amino acids. This allows the 

growing peptide to be transferred to the P-site of the ribosome complex to accommodate the next 

amino acyl-tRNA to be incorporated into the A-site. Finally, the termination step of protein 

synthesis takes place when the (Stop) codon (UAA, UAG, and UGA) arrives at the A-site. This 

allows the releasing factors (RF1 and RF2) to be incorporated again into the ribosomal complex 

because they bind to the termination codons. This results in the termination of protein synthesis 

and the disruption of the ribosomal complex and release of the 30S and 50S subunits in the 

cytoplasm (de Smit & van Duin, 1990; Marintchev & Wagner, 2004).   

Most secretory proteins destined for translocation are recognized by targeting factors that allows 

the proteins to be delivered to the correct translocation/insertion machinery at the plasma/inner 

membrane. All targeting factors in ETEC are employed by specific or multiple highly complex 

secretion systems to facilitate the exportation of the newly synthesized polypeptide to its correct 
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destination including small molecules, proteins, and DNA (Arsène et al., 2000; Rêgo et al., 

2010). Research has shown that there are seven well studied secretion systems (T1SS through 

T7SS) thus far in bacteria. They are characterized based on their actual mechanism into two 

categories, one-step or two-step secretion systems. T1SS, T3SS, T4SS and T6SS fall under the 

one-step secretion systems, since they have shown the ability to translocate polypeptides 

extracellularly directly from the cytoplasmic compartment; T5SS is an outer membrane channel 

while T7SS has been reported only in Mycobacteria thus far (Costa et al., 2015; Gerlach & 

Hensel, 2007). 

T2SS is the only system that research has shown to utilize the two-step secretion system; where 

the newly synthesized polypeptide has to be translocated into the periplasmic space then 

subsequently to the extracellular space through the outer membrane secretion channel (Costa et 

al., 2015; Gerlach & Hensel, 2007; Natale et al., 2008). One of the main differences between 

one-step and two-step secretion systems is that the one-step system translocates/secretes partially 

or fully folded cytoplasmic proteins, whereas the two-step system translocates/secretes only 

unfolded/partially folded proteins to the periplasmic space for proper folding before secretion 

(Costa et al., 2015; Gerlach & Hensel, 2007). 

ETEC relies heavily on T2SS, also known as the general secretory system (Sec-Translocon), for 

translocation and exportation of most secretory proteins including periplasmic proteins, 

lipoproteins and outer and inner membrane proteins. T2SS targeting system for protein 

translocation is still quite controversial; studies have reported that the targeting system of T2SS 

employs a few distinct pathways and factors including Signal Recognition Particles (SRP), SecB 

chaperon, and Tween-Arginine Transporter (TAT). They are mainly involved in the recognition 

of the N-terminal peptide amino acid of the newly exported synthesized protein (Figure 1.2). 
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Research has shown that Sec-translocon translocates substrates in an unfolded state, whereas, 

TAT-translocon allows the targeting of folded proteins and oligomers across the plasma 

membrane (Costa et al., 2015; Natale et al., 2008). Alternatively, various studies have 

demonstrated that intracellular mRNA localization can effectively regulate translation and target 

proteins to certain subcellular locations (Palacios & St. Johnston, 2001). Therefore, mRNA 

localized translation of proteins also regulates their function by restricting their location (Martin 

& Ephrussi, 2009). It has been reported that eukaryotic systems contain up to 100 mRNAs 

localized in various intracellular regions. In yeast cells, at least 25 transcripts are shown to be 

differentially localized (Palacios, 2007). For example, Saccharomyces cerevisiae ASH1 mRNA 

is specifically localized to the bud tips of the daughters during cell division (Glisovic et al., 2008; 

Martin & Ephrussi, 2009). Another example of the localization of transcripts is the targeting of 

β-actin mRNA to the lamellar region of the fibroblast. Additionally, mRNA sorting process has 

also been reported in the growing oocyte or embryo of the Drosophila. A focus on mRNA 

targeting in these cases was found to play a critical role in defining the oocyte and in specifying 

embryonic axes during embryonic development (Lasko, 2016; Martin & Ephrussi, 2009). 

Similarly, RNA localization has also been demonstrated in prokaryotes for instance in E. coli. 

Numerous proteins are localized into the cytoplasm, the inner membrane, and the poles of the 

cells due to their mRNA localization process (Martin & Ephrussi, 2009; Nevo-Dinur et al., 

2011). ElF4A RNA-binding protein, for example, was shown to localize to different regions 

within the cell depending on the bound RNA including, lacZ mRNA, 5S RNA, and a short 

artificial untranslated RNA (Broude, 2011; Nevo-Dinur et al., 2011). The LacZ mRNA was 

found predominant in the cytoplasm, while 5S RNA and the short non-coding RNA are 

predominantly localized at the cell poles or in focal regions (Nevo-Dinur et al., 2011). Together, 
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this suggests that an mRNA has possible recognition signals that direct its sorting and targeting 

within the cells. 
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Figure 1.2: The three different recognized pathways of the T2SS in Gram-negative 

bacteria. The diagram shows the possible translocation processes of proteins requiring T2SS 

secretion system, as the translocation can be facilitated by one of three different pathways: (1) 

Sec-dependent pathway regulated by SecB/SecA (Post-translational translocation), (2) Sec-

dependent pathway regulated by signal recognition particle (SRP) (Co-translational 

translocation), (3) Sec-Independent pathway regulated by Twin-Arginine Translocation (TAT) 

system. This diagram was created in BioRender.com. 
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1.4 Type Two Secretion System of ETEC 

When proteins are exported across the membrane of E. coli through T2SS systems, two distinct 

pathways are employed (Sec-dependent and Sec-independent pathways). Sec-dependent pathway 

follows a two-step secretion system by which unfolded substrates are first translocated into the 

periplasm, and then anchored into the OM or secreted into the extracellular space via a dedicated 

OM-spanning system and ABC transporters (Lycklama a Nijeholt & Driessen, 2012; 

Nivaskumar & Francetic, 2014; Palmer & Berks, 2012). Research has shown a heterotrimeric 

protein complex known as SecYEG (Sec-translocon) is utilized during Sec-dependent pathway 

to transport secretory proteins across the IM. During proteins translocation process, Signal 

Recognition Particles (SRP) (ribonucleoprotein complexes) or SecB (targeting chaperone) are 

involved in targeting proteins to the SecYEG channel while maintaining the proteins in their 

unfolded state (Brundage et al., 1990; A J M Driessen et al., 2001).  

The SecYEG complex consists of three proteins (SecY, SecE, and SecG) that form the central 

component of the translocation machinery. ETEC employs a number of associates including 

cytosolic ATPase, SecA, the ribosome, YidC, and SecDFyajC, another heterotrimeric membrane 

protein complex to achieve the optimal polypeptide translocation and insertion (Duong & 

Wickner, 1997; Xie et al., 2006). It has been suggested that SecY demonstrates a structure that 

has about ten transmembrane (TM) segments as they are separated into two halves (TM 1-5 and 

TM 6-10). Both halves clamp into each other with the help of SecE because it has been 

demonstrated that SecY degradation by the integral membrane protease FtsH occurs when SecE 

is depleted. An x-ray structure report suggested that SecY is shown as a funnel shaped 

“hourglass” with a central constriction formed by the presence of the six hydrophobic amino acid 
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residues pointing towards the interior. It was proposed that during post-translational 

translocation, newly synthesized signal peptide interacts with TM 2 and TM 7 at the channel gate 

since it is located between the two halves of the TM segments which allows the channel to seal 

towards the bilayer (Berg et al., 2004). On the other hand, during the co-translational 

translocation, the exposure of the hydrophobic signal peptide to the inner membrane bilayer 

allows them to equilibrate into the lipid phase (Berg et al., 2004; Osborne & Rapoport, 2007).  

Additionally, SecYEG channel has the ability to control the movement of ions and other 

molecules due to the presence of the plug-domain. It was suggested that the interaction of newly 

synthesized signal sequence with the pocket at the channel triggers the displacement of the plug-

domain. This controls the movement of secretory proteins as they are synthesized within the 

cytoplasm and then transported into the periplasmic space where they can be properly folded 

before being secreted into the extracellular environment. The system requires between twelve 

and sixteen different proteins and enzymes (Brundage et al., 1990; Costa et al., 2015; A J M 

Driessen et al., 2001; Natale et al., 2008). Studies have also identified a secondary proteins 

transportation system in ETEC that falls under T2SS known as the Tat system (twin-arginine 

translocase) or the Sec-independent pathway. This system is more restricted in scope and nature 

than the Sec-dependent pathway because it is utilized for about ~6% of total targeted proteins as 

it transports only certain folded proteins (those containing cofactors) across the IM (Natale et al., 

2008; Palmer & Berks, 2012) (Figure 1.2).  

ETEC has a very sophisticated T2SS which requires the presence of a signal sequence for the 

proper sorting and targeting of proteins to their final cellular destination. Upon translocation 

across the IM, most secretory proteins carry a cleavable signal sequence at their N-termini to 

guide them to the periplasmic space. As part of the IM translocation step, the signal peptidase 
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normally cleaves off the N-terminal signal peptide from the rest of the secreted protein. This 

allows the maturation step to occur for proper folding and subsequent secretion into the 

extracellular environment. The presence of the N-terminal signal peptide for a T2SS recognition 

is a requirement for its activation. 

1.4.1 N-Terminal Signal Peptide 

The N-terminal region of the secreted substrate’s signal peptide is normally divided into three 

regions with a length between 5 and 30 amino acids (Luirink & Sinning, 2004; Papanikou et al., 

2007). It starts with a positively charged region at the 5’-end past the formylated methionine 

residue of the newly synthesized polypeptide’s N-terminus. This is called the N-region. It is 

believed that the N-region could possibly be involved in enforcing a proper structure on the 

signal peptide during translocation. This is followed by the second region, known as the 

hydrophobic core (H-region). Structure-wise, the H-region is always in the center of the signal 

peptide which stretches up to ~16 amino acids depending on the length of the signal peptide. 

Finally, the C-region consisting of polar residues and the consensus cleavage sequence (Luirink 

& Sinning, 2004; Papanikou et al., 2007; L L Randall & Hardy, 2002; Ullers et al., 2004a). The 

consensus cleavage sequence is recognized by the signal peptidase that is responsible for 

cleaving the N-terminal signal peptide upon the translocation process (Figure 1.3) (Luirink & 

Sinning, 2004; Papanikou et al., 2007). Analytical studies have reported that the consensus 

cleavage sequence is located immediately before the cleavage site containing neutral residues, 

including Ser, Cys, Gly, and Ala, to formulate (-1,-3) rules. Due to Ala's constant prevalence at 

position -1 and -3, the signal peptidase recognition motif is known as Ala-X-Ala (Auclair et al., 

2012; A J M Driessen et al., 2001; Korotkov et al., 2013; Luirink & Sinning, 2004). 
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Figure 1.3: N-terminal signal peptide for Type 2 Secretion System of E. coli. The diagram 

maps out the N-terminal signal peptide section by section and the red arrow points at the 

expected site where the signal peptidase activities take place.  
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Although, studies have shown that protein targeting with T2SS secretion system depends on the 

synthesis and length of the hydrophobic region of the signal peptide, bioinformatic analyses of a 

number of signal peptide sequences of T2SS secreted proteins have demonstrated significant 

variations. In this study, it was demonstrated that T2SS tolerates significant variations within the 

sequence of signal peptides. (Samander et al., 2013). Interestingly, the study also has shown a 

conserved composition of equivalent sequences within the 5' end of the mRNA for the secreted 

proteins. Another study in T3SS has shown the significance of the mRNA secondary structure in 

targeting exported proteins through type 3 secretion system (Anderson & Schneewind, 1999). 

Collectively, this suggests ETEC may potentially possess a pre-translational signaling system 

that allows for a higher level of efficiency in recognizing, sorting, and targeting the mRNA-

ribosome complex to the SecYEG translocon.  

1.4.1.1 Signal Recognition Particle (SRP) 

Protein selection for targeting and secretion is determined by the signal sequence and takes place 

immediately following the emergence of the signal sequence from the ribosomal complex. It was 

suggested that in E. coli, the signal recognition particle (SRP) binds to the hydrophobic signal 

peptide and transmembrane segments. On the other hand, competition may occur between SRP 

and the ribosomal-associated chaperone SecB. Both targeting pathways converge at the 

translocase in the cytoplasmic compartment (Beck, Wu, Brunner, & Mu, 2000; A J M Driessen 

et al., 2001; Luirink & Sinning, 2004). In E. coli, the SRP, a ribonucleoprotein complex, consists 

of the Fifty-four homolog (FFh), a GTPase, and 4.5S RNA (A J M Driessen et al., 2001; 

Herskovits et al., 2000; Peluso et al., 2000; Zheng & Gierasch, 1997). The 453 amino acid long 

protein, FFh (SRP54 eukaryotic homology), is composed of an N-terminal alpha-helical domain, 
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a Ras-like GTPase domain (NG domain), and a C-terminal methionine-rich (M domain) that is 

shown to have a pico-molar affinity level to 4.5S RNA. The M-domain was also believed to have 

a role in the direct SRP interaction with the nascent N-terminal signal peptide of the polypeptide 

(NPP). Interestingly, the Ras-like GTPase domain is referred to as an NG domain due to the 

constant interaction between the N-domain and the G-domain to maintain GTPase functionality. 

Despite the fact that the mechanism by which FFh executes its function has not yet been fully 

characterized, it has been shown that FFh catalytic activity is dependent on the presence of Mg2+ 

(Mg2+-GTP) (A J M Driessen et al., 2001; Freymann et al., 1997; Keenan et al., 1998; Montoya 

et al., 1997). It is assumed that as the N-terminal signal peptide emerges of the ribosome during 

the co-translational translocation process, the SRP (NG- and M- domains) recognizes and binds 

to it, forming a complex by a flanking loop known as fingerloop to stabilize its hydrophobic 

feature (SRP-NPP). Consequently, the complex is then directed to SRP membrane receptor (SR), 

FtsY, where the conformational transition between SRP and SR complex occurs which induces 

the complex to move towards and activates SecYEG translocation channel (Collier, 1994; Low et 

al., 2013; Papanikou et al., 2007). SRP-NPP disassociation occurs through the 

heterodimerization between the NG domains of SRP and SR, since FtsY possess an NG domain 

as well. This allows Sec translocon to bind to SRP-SR-NPP and form an active state that 

includes the GTP hydrolysis and spontaneously releases the nascent polypeptide within the 

channel (A J M Driessen et al., 2001; Keenan et al., 1998; Montoya et al., 1997). Despite not 

having a complete understanding of how the nascent polypeptide interacts with SRP, studies 

have assumed that the 4.5SRNA contributes to the binding and release of the signal peptide from 

the SRP complex (A J M Driessen et al., 2001; Freymann et al., 1997; Keenan et al., 1998; 

Montoya et al., 1997; Zheng & Gierasch, 1997) 
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1.4.1.2 SecB 

The cytoplasmic chaperone SecB plays a major role in the biogenesis of cellular secretome 

mainly in Gram-negative bacteria whereas SecB-like protein was shown to be expressed in 

Gram-positive bacteria with alternative activity (Sala et al., 2014). In Gram-negative bacteria 

SecB was shown to have the ability to maintain a newly emerging pre-polypeptide from the 

ribosomes subunit in an unfolded state. SecB, the small tetrameric chaperone is found in alpha-, 

beta-, and gamma proteo-bacteria, including the Gram-negative model bacterium Escherichia 

coli (Laskowska et al., 2004). SecB is about 18kD (tetramer 68.6 kDa) organized as a dimer of 

dimers and acts early in the export process. SecB assembly creates two long channels, each 

contains two peptide binding sites. One of them is located in a deep cleft and surrounded by 

aromatic residues, while the other one has an open groove with a hydrophobic surface. Studies 

have shown that SecB is capable of directing the associated ligand onto the transmembrane 

channel formed by SecYEG via its interaction with the peripheral translocon subunit SecA. This 

indicates the involvement of SecA during the post translational translocation process. Although 

SecB-SecA interaction is not fully understood, the majority of research have shown that SecB 

binds primarily in the zinc containing region at the C-terminal of SecA (Huber et al., 2017; 

Topping & Randall, 1994).  

Interestingly, it has been reported that SecB requires at least 150 amino acid residues to be 

translated or exposed from the ribosome before it interacts with the newly synthesized 

polypeptide. Additionally, studies have identified that multiple binding sites for SecB on a 

number of newly synthesized polypeptides with a low specificity which is assumed to have a 

high contribution to SecB’s high binding affinity. Besides, the disassociation of SecB-preprotein 
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complex the preprotein insertion into the Sec-translocon depends on the ATP hydrolysis which is 

driven by SecA. Therefore, considering SecB has low affinity for the N-terminal signal sequence 

of the preprotein, it is hypothesized that SecA binds with high specificity to the N-terminal signal 

sequence upon its direct interaction with SecB (Baars et al., 2006; Arnold J.M. Driessen & 

Nouwen, 2007, 2008; Huber et al., 2017).  

1.5 Endo- vs Exo- Toxins 

Generally, the toxins produce by pathogenic bacteria are usually small molecules in the form of 

peptides or proteins that are capable of inflicting diseases. When the interaction occurs within the 

respective cells or tissues, they can also cause morphological or structural damage to the infected 

cells. Toxins can be proteins or enzymes that play a critical role in the pathogenicity of the 

pathogenic bacteria. Microbial pathogens produce a variety of toxins that are generally 

categorized based on their production and localization within the bacterial cell into two types 

including Endotoxins and Exotoxins. Even though research has shown that both type of toxins 

shares some toxicity level that can easily trigger the immune response, there are number of basic 

differences between them but the main and the most important difference is that endotoxins are 

not expressed or produced by Gram positive bacteria while both Gram positive and Gram 

negative produce exotoxins. Research has shown that endotoxin is linked to the cell wall of 

Gram negative bacteria (Gerlach & Hensel, 2007).  

It is known as LPS that can cause multiple well known disease and infections including urinary 

tract infections, coronary artery disease, and meningococcal meningitis since it cannot be 

converted into a toxoid. On the other hand, exotoxins are fully synthesized proteins that are 

mainly secreted to the extracellular space where they show their impacts when interaction occurs 



21 

 

between them and their targeted tissue sites however, they can be easily converted into toxoids.  

Since they can also help in the colonization and pathogenicity of the bacteria, they have shown to 

cause a variety of diseases including Scarlet fever, Botulism, Scalded skin syndrome (Gerlach & 

Hensel, 2007). 

1.5.1 Heat-Labile Enterotoxins (LTI and LTII) 

The heat-labile enterotoxins produced by ETEC are proteins high in molecular mass (88-kDa) 

that are functionally and structurally homologous to cholera toxin (CT) when comparing the 

primary and tertiary structures (J. Daniel Dubreuil, 2008; Klein et al., 1998). This class of toxin 

is composed of a pentameric ring of an A and a B subunit linked by disulfide bonds. However, 

the B subunit determines which cell surface receptor the LT toxin interacts with (Joffré et al., 

2015). After binding to the enterocyte, the subunits dissociate by reduction where the A subunit 

proceeds to activate the adenylate cyclase complex, thus increasing intracellular concentrations 

of cyclic adenosine monophosphate (cAMP). This in turn stimulates increased levels of chloride 

ion secretion, and inhibited sodium ion reabsorption, ultimately resulting in secretory diarrhea (J. 

Daniel Dubreuil, 2008; Klein et al., 1998). 

1.5.2 Heat-Stable Enterotoxins (STa and STb) 

Two considerably different forms of heat-stable enterotoxin that ETEC secretes are STa and 

STb. STa comprises a family of polypeptides of about 18-19 amino acids in length, with 

molecular weights varying from 15-kDa to 20-kDa (J. Daniel Dubreuil, 2008; Kennedy et al., 

1984). STa is known to be methanol insoluble and functionally active in suckling mice. Studies 

have shown that STa utilizes a trans-membrane guanylate cyclase C receptor in order to activate 
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the guanylate cyclase domain in enterocytes, thus leading to intracellular accumulation of cyclic 

guanosine monophosphate (cGMP) (J. Daniel Dubreuil, 2008; Klein et al., 1998). Increased 

cGMP levels in turn activate cGMP-dependent protein kinase II, leading to cystic fibrosis 

transmembrane regulator (CTFR) phosphorylation. This ultimately enhances chloride ion and 

water secretion and inhibits sodium ion reabsorption in the intestinal lumen (J. Daniel Dubreuil, 

2008; Fleckenstein et al., 2010).  

ETEC has the ability to produce and secrete STb, a low-molecular weight polypeptide that alters 

the intestinal electrolyte balance in animals to elicit secretory diarrhea (Labrie et al., 2002). STb 

is known to stimulate cyclic nucleotide-independent secretion with a short onset of action in vivo 

(J. Daniel Dubreuil, 2008; Kennedy et al., 1984; Labrie et al., 2002). The mature form of STb is 

comprised of 48 amino acids with two disulfide bonds; the disulfide bridge between residues 21 

and 36 is thought to be responsible for the toxigenic properties of the enterotoxin (Figure 1.4) 

(Klein et al., 1998; Labrie et al., 2002; Lortie et al., 1991). Unlike the other enterotoxins secreted 

by ETEC, STb is protease-sensitive, thus it is sensitive to enzyme degradation within cells 

(Whipp et al., 1987).  However, STb does cause diarrheal symptoms in vivo, its effects 

specifically studied in weaned piglets, calves, and lambs.  Furthermore, the STb gene, eSTb, is 

the most prevalent enterotoxin gene found in ETEC samples of infected piglets (Burgess et al., 

1978; Kennedy et al., 1984; Rose et al., 1987; Urban et al., 1990). A previous study by Dreyfus 

et al. (1993) investigated the interaction between STb and intracellular calcium levels.  They 

completed in vitro fluorescence video microscopy using canine kidney, human intestinal, and rat 

pituitary cell lines, measuring the fluorescence of intracellular calcium ions to study the 

hypothesized relationship between STb and calcium. They found a positive dose-dependent 

relationship between intracellular calcium levels and the dose of STb, following a logarithmic 
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growth curve (Dreyfus, Harville, et al., 1993).  Dreyfus et al. (1993) had determined that an 

extracellular source of calcium was required for the positive relationship to occur, where 

immediately after the addition of 3mM calcium, the intracellular calcium levels increased 2- to 

4-fold, peaking after approximately 2 minutes, and then decreased back to initial levels (Dreyfus, 

Harville, et al., 1993). 

It has been hypothesized in previous studies that STb binds to a receptor located in brush-border 

membranes that contains a functional sulfatide portion, due to its high binding affinity for 

sulfatide (Labrie et al., 2002). Also it has been reported STb interacts with glycoprotein receptors 

in rat intestinal cell membrane (Hirayama et al., 1992; Hitotsubashi et al., 1994).  Moreover, 

another study suggests that STb utilizes a G protein-coupled receptor in the enterocyte 

membrane, and may remain internalized or extracellular (Dreyfus, Harville, et al., 1993; Labrie 

et al., 2002). The dissociation of G-protein results in an intracellular calcium elevation through 

the stimulation of a receptor-dependent ligand-gated calcium channel (Dreyfus, Harville, et al., 

1993; Labrie et al., 2002; Mukiza & Dubreuil, 2013). The elevated level of intracellular calcium 

is presumed to be involved in activation of a Calmodulin-Dependent Protein Kinase II and 

Protein Kinase C which may cause enterocytes to secrete chloride ions (Clements et al., 2012; 

Dreyfus, Harville, et al., 1993). In addition, these elevated levels of intracellular calcium may 

result in the regulation of phospholipases that ultimately form prostaglandin E2 that is known as 

a water and bicarbonate ion secretory agent (Figure 1.5) (J. Daniel Dubreuil, 2008). 
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Figure 1.4: Amino acid sequence of mature heat-stable enterotoxin B. (A) The diagram 

shows the signal peptide at the N-terminus begins from amino acid 1 to amino acid 23. The 

positions of the disulfide bridges are noted with orange lines between the cysteine residues; the 

disulfide bond to the right is responsible for active STb toxicity. (B) Represents the crystal 

structure of the mature form of STb containing the disulfide bonds [1ehs]. 
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Figure 1.5: A proposed signaling pathway model for STb, leading to calcium influx and 

water and ion secretion. The diagram shows Heat-stable enterotoxin B binds to a G protein-

coupled receptor in the membrane of host cells to cause conformational change to the calcium 

channel to open it and allow an influx of extracellular calcium into the cytosol (Dreyfus, 

Harville, et al., 1993; Labrie et al., 2002). This calcium influx leads to activation of Calmodulin-

Dependent Protein Kinase II and Protein Kinase C which may cause enterocytes to secrete 

chloride ions (Clements et al., 2012; Dreyfus, Harville, et al., 1993; Weikel et al., 1986). This 

calcium influx may also result in the regulation of phospholipases that ultimately form 

prostaglandin E2 that is known as a water and bicarbonate ion secretory agent (Dreyfus, Harville, 

et al., 1993; J. Daniel Dubreuil, 2008; Weikel et al., 1986). 
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Objectives  

Chapter 2 

 Generate several silent mutations within the 5′ coding region of the E. coli heat-stable 

enterotoxin b (STb). 

 Introduce non-silent mutations in the N-terminal signal sequence of STb.   

 look at the effects of AU richness within the coding region of mRNA on secretion by 

testing whether or not the silent mutations affect the targeting of the toxin for secretion.  

Chapter 3 

 Generate gene knockout of each of ffh and secB in E. coli-BL21.  

 Transform clones with a sTb-expressing plasmid and investigate effects on secretion of 

STb. 

 Overexpress each of ffh and secB, independently, and investigate effects on STb 

secretion. 

Chapter 4 

 Utilize in vitro approach in order to characterize an STb cell surface receptor upon STC-1 

mouse intestinal cell line. 

 Separate and identify the receptor using different molecular techniques. 

 Determine STb toxic effects upon its interaction with the cell line. 
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2 AU richness within the 5′ coding region of the Escherichia coli 

heat-stable enterotoxin b mRNA affects toxin secretion 
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ABSTRACT  

The majority of protein secretion in bacteria is mediated by the Type II secretion pathway. 

Substrates processed through this pathway are guided by the N-terminal signal sequence within 

the nascent polypeptide. Recent experimental evidence suggests that in similar secretory 

pathways, such as the Type III secretion, information in the 5′ coding region of the mRNA 

affects secretion and may also participate in mRNA localization. The majority of studies on the 

effects of AU richness on translation have focused on the 5′ UTR in mRNAs. We have generated 

several silent mutations within the 5′ coding region of the E. coli heat-stable enterotoxin b (STb) 

to look at such effects in Type-II secretion. The mutations were generated such that AU richness 

within the 5′ coding region (corresponding to the N-terminal signal sequence) was gradually 

reduced. Reduction of AU richness within the first 15 codons resulted in reduced secretion of the 

toxin as the AU/GC ratio was reduced from 2.13 for the WT STb to 1.65 (S-I) and subsequently 

to 1.30 (S-II). This reduction did not correlate with mRNA accumulation and decreased stability 

of the transcripts could not account for the reduced secretion observed. Reduction of AU 

richness beyond the first 15 codons recovered secretion efficiency of the toxin (S-III). To 

validate the experimental approach a positive control was used in which a mutation involving the 

insertion of a positive charge within the hydrophobic domain of the N-terminal signal sequence 

was constructed. As expected, this mutation abolished secretion of the toxin. 
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2.1 Introduction 

Translation of mRNA in bacteria can be regulated through several mechanisms. These include 

mRNA stability and its susceptibility to exo- and endonuclease attack, mRNA binding proteins, 

or conformational masking of the initiation site. Endonucleolytic attack of mRNAs is not random 

because of the absence of a correlation between the length of mRNA and half-life (Chen & 

Belasco, 1990). Stabilization of mRNA involves specific sequences within the 5′ UTR of the 

mRNA, or presence of stem-loop structures in the 3′ UTR of the mRNA or intercistronic regions 

(Richards et al., 2008). Conformational masking involves presence of stem-loop structures 

within the ribosome binding site (RBS) of the mRNA. Conformational changes within the 

mRNA can then unmask this site and initiate translation. Proteins that bind and sequester specific 

mRNAs bind to their target without affecting mRNA folding. Hairpins normally slow down or 

inhibit the assembly of the ribosome-mRNA complex as the RBS is masked. Unmasking the 

RBS may involve specific factors that bind to and unfold the mRNA near the RBS, as in the case 

of certain regulatory small RNAs, or indirectly by binding to a protein factor. Examples of 

regulation through binding of an inhibitory RNA have been documented for the bacterial OxyS 

RNA (Altuvia et al., 1998) and the DsrA RNA (Lease et al., 1998). An example of the latter 

mode of regulation, binding of a protein factor, has been reported for the carbon storage 

regulator A (CsrA), whereby it’s binding to the target mRNA is inhibited by small RNAs (Baker 

et al., 2002).  

Protein synthesis efficiency, specifically, can be regulated through codon use. Codons that are 

rare or certain abundant codons can slow down or enhance translation on the ribosome. Genes 

with high levels of expression tend to be enriched in codons ending in A/U (Altuvia et al., 1998). 
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This is more evident in the first 18 nucleotides (nt), which are normally shielded within the 

ribosome during the initiation step. In this region, A increases the probability of high expression 

but G reduces it (Boël et al., 2016). The effects of C and U in this region are intermediate. 

Control of protein synthesis in this manner is particularly common in polycistronic transcripts 

and large polypeptides. In the former, slowing down translation has been hypothesized to 

minimize ribosome collision during translation (Baker et al., 2011). In the case of larger 

polypeptides, particularly those containing separate domains, the slowing down could potentially 

provide time for the translated regions to fold properly (Zhang et al., 2009). Slow translating 

segments have been shown to be particularly enriched in folded proteins destined for secretion 

through the Tat pathway (Berks et al., 2005; Zhang et al., 2009) compared with those secreted in 

an extended form through the Sec pathway (Arnold J.M. Driessen & Nouwen, 2008; Zhang et 

al., 2009). Then, what about the effects of AU richness in single, not polycistronic transcripts, 

and not within the 5′ UTR, and that encode for small rather than large proteins? In this case, one 

can reasonably predict that none of these mechanisms would explain any effects observed in this 

hypothetical situation. 

Effects of codon usage and AU richness on protein translation have been investigated in several 

proteins but all such studies focused on cytoplasmic and membrane proteins. Additionally, codon 

changes in those studies involved segments of the mRNA not involved in targeting the protein 

product of those transcripts. One study however involved changes in codons within the 5′ coding 

region of the mRNA that produces a Type III secretion system (T3SS) substrate (Anderson & 

Schneewind, 1999). In that study Anderson and Schneewind have shown that the mRNA 

sequence, and not the amino acid sequence, in the T3SS substrate affect targeting for secretion. 

There are no reports of such effects on a Type II secretion system (T2SS) substrate. To look at 
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the role that codons and AU richness may play in translation efficiency of a T2SS substrate, we 

used the E. coli heat stable enterotoxin b (STb) as a test protein. This toxin is composed of 71 

amino acids and contains a cleavable N-terminal signal sequence. Gradual decrease in AU 

richness within the 5′ coding region of the mRNA was applied in three sub-regions of the 

secretion signal sequence, separately. The effects of these mutations on secretion efficiency of 

the toxin and the corresponding levels of their mRNAs were investigated. For purposes of this 

study, we define secretion efficiency as the ratio of the secreted protein level to the level of its 

mRNA transcript.      
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2.2 Materials and Methods 

The sequence of the STb gene was obtained from the protein data bank (PDB) version 4 

(http://www.rcsb.org/pdb/explore/explore.do?structureId=1EHS). The coding region of stb was 

synthesized by Invitrogen (Thermo Fisher Scientific Inc., Toronto, Canada) in plasmid pDS32. 

All bacterial culture media and chemicals for gel electrophoresis and western blots were 

purchased from Sigma-Aldrich Chemical Co. (Oakville, Canada), unless otherwise indicated. 

Chemi-competent E. coli BL21 (DE3) were purchased from Bio-Rad Laboratories (Mississauga, 

Canada). All plasmids used in this study are identified in Appendix 1. 

2.2.1 RNA Structure Simulations 

To aid in the analysis of the results, RNA secondary structure simulations were generated using 

the RNAstructure (Mathews et al., 2004) program at 

http://rna.urmc.rochester.edu/RNAstructureWeb/ with the following conditions: temperature (K) 

at 310.15°, maximum loop size of 30, and a window size of 3.  

2.2.2 Plasmid DNA Manipulations 

Generally, E. coli was cultivated in selective Luria-Bertani (LB) agar plate and liquid medium. 

The LB contains (10g of Tryptone, 5g of Yeast extract and 10g Sodium chloride per liter) and for 

plates 15g agar was added to give a 1.5% per liter final concentration. Media were prepared with 

100µg/ml Ampicillin (Amp) for selection. The pD444-SR, an expression vector from DNA2.0 

(Menlo Park, CA), was used in this study. The apparent molecular weight of STb thus obtained 

is expected at ~6.6 kDa by the addition of 6 amino acids (glycine) as a linker as well as 6xHis-

tag at the C-terminus (Figure 2.1). The WT stb was cloned between SapI sites and the fragment 

http://www.rcsb.org/pdb/explore/explore.do?structureId=1EHS
http://rna.urmc.rochester.edu/RNAstructureWeb/


33 

 

was linked to the His-tag sequence by a six- glycine linker at the C-terminal of the STb gene 

product. Mutations in this WT construct were created by a site directed mutagenesis according to 

the manufacturer's recommendations of Q5 high fidelity polymerase kit from New England 

Biolabs. E. coli BL21 (DE3) were transformed by heat-shock. Clones were screened by PCR and 

positive clones were sequenced by The Center for Applied Genomic (TCAG DNA Sequencing 

Facility, Sick Kids Hospital, Toronto, Canada). 
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Figure 2.1: The Primary Structure of STb and The Mutations Constructed Within the N-

terminal Signal Sequence. The diagram shows (A) The amino acid sequence of STb showing 

its signal sequence as the N-terminal 23 amino acid residues and the signal peptidase cleavage 

site at Ala 23 (arrow). (B) The mRNA sequences of the signal sequence in the WT and the 

mutants S-I, S-II, S-III, NS-I, and NS-II. Boxed nucleotides outline the changes in the WT 

mRNA sequence in the mutant constructs. 
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2.2.3 Site Directed Mutagenesis 

The silent mutations were generated manually based on increasing the GC ratio in the signal 

peptide mRNA sequence without any effect on the amino acids structure. The silent mutations 

were applied gradually as an additive substitution mutation to a total of three different mutated 

sequences of a WT STb signal peptide. All silent mutations were generated by site directed 

mutagenesis. Mutants S-I, S-II, and S-III were constructed as silent mutants with the third 

nucleotide in the codons were changed from an A/T to G/C to change the AU richness within the 

5’ end of the mRNA that codes for the signal sequence. The NS-I mutant was designed to replace 

the second and the third amino acids (Lys) with Arg as well as increasing the GC content. The 

NS-II was designed to create an effect on the secondary structure of the mRNA as well as the 

hydrophobic region. Thus, a hydrophobic amino acid was replaced with a charged amino acid 

(Leucine at position 8 was replaced with Arginine). All non-silent mutations were generated by 

site directed mutagenesis. The Q5® Site-Directed Mutagenesis Kit was purchased from New 

England Biolabs and followed the recommended instructions for the PCR reactions.  

2.2.4 Subcellular Fractionation 

Localization of expressed STb constructs was followed in three cellular fractions: culture 

supernatant (secreted), osmotic shock (periplasmic), and cytosolic. The supernatant fractions 

were collected by removal of cells through centrifugation at 5000 xg for 10 minutes. The 

collected cells were then subjected to osmotic shock according to the protocol of Heppel, L.A. 

(Heppel, 1969) with some modification. Briefly, the washed cells were suspended in minimal 

volume of 25 mM Tris, pH 7.4 containing 1 mM EDTA and 20% sucrose and incubated on ice 

for 30 minutes. The cells were then collected and resuspended in 5.0 ml of cold MgCl2 solution 
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(0.5 mM) and incubated on ice for an additional 20 minutes. The treated cells were finally 

centrifuged at 14000 xg for 30 minutes. The supernatant, representing the osmotic shock, was 

collected and the pellet was used to prepare the cytosolic fractions. Treated cells were 

resuspended in 5.0 ml of cold TBS containing 1 mM EDTA and subjected to 10 cycles of 

ultrasonic bursts at 16 V using a W208 Sonicator (Heat Systems UltraSonic Inc.) equipped with 

a micro tip.  Each cycle consisted of 5 seconds on followed by a 30 seconds rest on ice. The 

resulting suspension was centrifuged at 14,000 xg for 30 minutes. The resulting supernatant was 

used as the cytosolic fraction. 

2.2.5 Tricine-SDS-PAGE and Western Blots 

Tricine Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE) gels 

were used to detect STb because of its small size. 16% SDS-PAGE gels were prepared as 

recommended by Schagger (Schägger, 2006). Following electrophoresis, the proteins were 

transferred to a PVDF membrane and developed with mouse anti-6xHis antibodies followed by 

goat anti-mouse IgG-horseradish peroxidase antibody conjugate [GenScript, lot #A109704] for 

one hour at ambient temperature. Then the membrane was washed three times with PBS, 

developed using chemiluminescence substrate [Bio-RAD, USA], and visualized using a 

Chemidoc XRS [Bio-RAD, USA] documentation system.  

2.2.6 Acid phosphatase assay 

Acid phosphatase activity in the subcellular fractions were evaluated using p-nitrophenyl 

phosphate as substrate at pH 4.0 according to a previous protocol (Saleh & Belisle, 2000) and 

using a microtitre plate format. Briefly, 200 μl reactions were set up containing acetate buffer (40 
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mM, pH 4.0), p-NPP (2 mM), and 10 μg of protein extracts. Reactions were incubated at ambient 

temperature for 2 hours followed by addition of 50 μl of 5N NaOH. Produced p-NP was then 

measured at 405 nm in a microplate reader (GeneSpec III spectrophotometer, Hitachi Genetic 

Systems, San Francisco, CA). 

2.2.7 STb Quantification  

Secreted STb was quantified using a competitive ELISA assay. The His-Tag ELISA Detection 

Kit [GenScript, lot no. L00436] was used according to the recommended protocol of the 

manufacturer.  

2.2.8 mRNA Quantification  

The samples were prepared by transferring about 2 x 109 to 2 x 1010 cells into 1.5 eppendorf tube 

from a logarithmic growth culture. Centrifuged at 12000 xg for 30s using AccuSpinTM Micro 

[Fisher Scientific, Germany] and discarded the supernatant. Then the cells were suspended 

thoroughly in 100μl of a fresh Lysozyme solution (400 μg/ml in RNase-free water) and 

incubated at 37° C for 5 min. After that RNase-free pipette filtered tips were used to add 1 ml of 

lysis buffer (Buffer-B) and mixed gently by inverting then incubated at room temperature for 5 

minutes. A 200 μl of chloroform was added to each sample and mixed by inverting. Then the 

samples were centrifuged at 12,000 xg for 5 minutes at 4° C using AccuSpinTM Micro [Fisher 

Scientific, Germany] and the supernatants were transferred to a new RNase-free 1.5 ml 

eppendorf tube. A 200 µl of 100% ethanol was added to each sample and vortexed for 30 

seconds then incubated at -80° C for 45 minutes for a higher RNA yield. After the samples were 

centrifuged at 12,000 xg for 5 min at 4°C using AccuSpinTM Micro [Fisher Scientific, Germany] 
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and discarded the supernatants carefully. Then the pellets were washed with RNase-free 75% 

ethanol twice by inverting for 10 times. After the samples were spun at 12,000 xg for 1 min 

using AccuSpinTM Micro [Fisher Scientific, Germany], discarded the supernatant and air-dried 

the pellet for 15 min at room temperature. Finally, 30 μl of RNase-free water was added to 

dissolve each RNA pellet and stored at -80°C for long term storage. Then 1.0 µl of total RNA 

extraction was resuspended in 499 µl of RNase-free water in 0.5ml quartz cuvette to be 

quantified using a Shimadzu UV-2401PC Spectrophotometer [Hitachi, Japan].  

2.2.9 Quantitative RT-PCR 

The rapid bacterial RNA isolation kit [Bio-Basic Inc.] was used to isolate total RNA. For the 

qRT-PCR, the reactions were carried out using in The Chromo4 Real Time PCR Thermocycler 

[Bio-Rad, USA] and according to the recommended protocol of 2x QuantiTect SYBR Green 

PCR kit [Qiagen]. Primer pairs were designed computationally using Primer-BLAST web-sever 

based on 50° C minimum and 65° C maximum melting temperature with a 3° maximum 

difference between each pair to create 70bp to 180bp products and synthesized by Invitrogen 

(Appendix 2). As an internal standard, the 16S rRNA was used (Appendix 2).  

2.2.10 Statistical Analysis 

Unless otherwise stated, error bars in the Figures represent standard error of the means. Values 

were compared by one-way ANOVA. The post hoc test was done using tukey test. 
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2.3 Results 

2.3.1 mRNA Secondary Structure Simulations  

Single-stranded RNA forms secondary structures through the interactions of complementary 

segments. These secondary structures may influence many cellular processes, including mRNA 

stability and localization, transcription, RNA processing, and translation (Heppel, 1969; 

Schägger, 2006). To assist with the analysis of our experimental observations, simulations of the 

secondary structures were carried out for the WT and the mutant STb mRNA transcripts. A 

previous computational study proposed a possible specific recognition and mediating role in 

targeting secreted protein for secretion via the T2SS by the AU richness of the mRNA sequence 

within the 5′ end of the molecule (Baker et al., 2011). The study concluded that secretion 

efficiency increases with higher AU richness. In this work the AU richness in the first 75 

nucleotides of the STb mRNA was decreased step-wise by constructing three mutants, S-I, S-II, 

and S-III. Two additional mutants, NS-I and NS-II, were constructed as controls (Table 2.1). The 

simulations of all STb mRNA secondary structures were carried out using the RNAstructure web 

server. The simulations were carried out on the STb mRNA transcripts including 29 nt upstream 

of the start codon (5′ UTR). The signal sequence of the STb is composed of the 23 N-terminal 

amino acids (Figure 2.1). The mutations in this study were contained within the first 23 codons 

of the transcripts. From the simulations (Figure 2.2), it was observed that a stem-loop structure 

between nt 100-130 is present in all 6 transcripts used in this study. This sequence falls within 

the N-terminal region of the mature STb protein and after the cleavage site of the signal 

sequence. Mutant construct S-II shows an additional stem-loop structure between nt 36-50 

(Figure 2.2B), which falls within the mutated 5′ coding sequence of STb. The limited non-silent 
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mutations in the NS-I and NS-II do not appear to impact the secondary structure in any 

significant way (Figure 2.2C). The structures have minimum free energies (MFE) similar to that 

of the WT STb (E= -46 Kcal/mol) and similar overall folding. The silent mutations in constructs 

S-I, S-II, and S-III had more pronounced effects on the other hand. The overall structures of 

these constructs were significantly different than that of WT STb and different MFEs. The MFE 

of S-I construct is -51.6, increased to -56.1 for S-II construct, and further to -62.1 for construct S-

III. This is consistent with the gradual increase in the GC content in the mutated 5′ coding region 

of STb mRNA (Figure 2.1). 
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Figure 2.2: Simulations of mRNA Fold Using RNA structure. The entire STb transcript was 

used in the simulations, including 29 nt upstream of the start codon. The 5′ end of each transcript 

is identified by the arrow and the AUG start codon is boxed starting with nt 30. (A) WT, (B) S-I 

& S-I, (C) NS-I & NS-II. Colours reflect base pairing probabilities (red >= 99%, Orange >=95%, 

Yellow >=90%). 
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Table 2.1: Summary of observed effects of mutations on secretion of WT and mutant STb 

constructs. 

 

 

 

 

Construct AU/GC A.A. 

mutation 

Secreted 

STb 

mRNA 

level 

GroWT

h 

Secretion 

Efficiency 

WT 2.13 -- 1.00 1.00 1.00 1 

S-I 1.65 -- 0.88 1.25 1.02 0.70 

S-II 1.30 -- 0.06 3.21 1.02 0.02 

S-III 0.97 -- 0.75 1.01 1.00 0.75 

NS-I 1.55 K2→R2 

K3→R3 

0.94 0.58 0.95 1.62 

NS-II 2.00 L8→R8 0.02 4.49 0.51 0.002 
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2.3.2 Mutant clones secrete different levels of STb 

Cytosolic, periplasmic, and supernatant fractions were separated using SDS-Tricine gels and 

replica western blots developed with anti-6xHis tag were used to assess qualitatively the relative 

amounts of STb in those fractions. Presence of STb was evident in the culture supernatant but 

absent from the other subcellular fractions (data not shown). It appears to have a very short 

periplasmic transit time. Variations in STb levels in the culture supernatant is also evident in the 

various constructs. A competitive ELISA assay was used to quantify the relative levels of STb 

secreted by the WT and the mutant clones (Figure 2.3). Lowest levels were observed in mutants 

S-II and NS-II. Reducing AU richness (expressed as the fraction AU/GC) from 2.13 to 1.65 in S-

I mutant resulted in a 12% decrease in secretion of STb (Figure 2.3, Table 2.1). Reducing the AU 

richness further to 1.3 in S-II mutant reduced secretion levels of STb to only 6% of the WT 

control. Curiously, the third mutant construct (S-III) with an AU richness of 0.97 displayed 

recovery of secretion to 75% of the WT control. The non-silent mutations in NS-I converted the 

2 Lys at positions 2 and 3 to Arg, a change that would not be expected to impact the structure of 

the signal peptide and as shown in Figure 2.3 and Table 2.1, secretion of this mutant was 

comparable to that of the WT (94%). This was included as a control and an additional control, 

NS-II, show that changes to the signal peptide’s basic structural organization (charged N-

terminus and hydrophobic domain) can affect secretion of the target protein. In NS-II, the 

hydrophobic domain is interrupted by a positive charge from Arg at position 8 in place of Leu. In 

this case, secretion of STb was abolished (2%). 
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Figure 2.3: Competitive ELISA for Secreted STb From Culture Medium of Mutated STb 

Clones. The results illustrate the concentration of STb from each clone that were calculated 

based on the His-tag standard carve. The overall results indicate an overall reduction in the 

presence of mature STb in the culture media relative to the WT as well as evident variations of 

mature STb secretion. The results indicate that a significant decrease in the secretion of STb 

from S-II and NS-II but the secretion of STb from S-I and S-III clones was slightly decreased 

relatively to the WT. However, NS-I clone secreted close to the level of mature WT STb. The 

standard error bars represent the variations of five triplicates. The statistical results of One-Way 

ANOVA showed a significant difference with p-value of <0.001. The post hoc test was done 

using tukey test. 
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2.3.3 STb mRNA levels are affected by changes in AU richness 

Since STb is produced and secreted through a co-translations translocation process, the entire 

pathway of translation, translocation, and secretion through the outer membrane is synchronized 

and interruption of any of these steps will affect secretion of the toxin. Accumulation of mRNA 

could reflect processing issues in the recognition and sorting step of the nascent signal sequence 

or its cognate mRNA sequence. It may also reflect issues with insertion of the signal sequence 

into the Sec translocon. The levels of mRNA transcripts of the WT were compared to the mutant 

constructs in order to uncover possible points of interruptions in this process. Where there was 

reduction in secretion of the toxin observed, there was an opposite effect on the levels of their 

mRNA. Going from high AU richness for the WT to low AU richness in S-I and S-II, secretion 

levels were lower (Figures 2.3 and 2.5) but mRNA levels increased (Figure 2.5). Since the amino 

acid signal sequence did not change in these mutants, this effect must be attributed to reduced 

efficiency in the recognition/sorting of the mRNA-ribosome complex and not due to 

interruptions in the membrane insertion step or the subsequent folding of the mature toxin in the 

periplasm. In the S-III mutant however, where the AU richness was further reduced in the 

mRNA, toxin secretion level was comparable with that of S-I instead of declining below the 

levels of S-II. The mRNA level of this mutant was also comparable to that of the WT construct. 

The NS-I mutant, in which the N-terminal Lys were converted to Arg, did not show significant 

effects on secretion or mRNA levels, observations that were anticipated. Production and 

secretion of the mature toxin was almost negligible in the NS-II mutant, a result that was also 

anticipated as the signal sequence was modified with a positive charge within the hydrophobic 

domain. Accumulation of the mRNA transcript for this construct was the highest of all constructs 

(Figure 2.5). Furthermore, the host BL-21 for this construct displayed general growth retardation 
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effects as compared to all other constructs (Figure 2.6). One may speculate that this growth 

retardation can be caused by the documented accumulation of the NS-II mRNA, possibly causing 

toxic effects and general growth retardation. This accumulation could be due to ‘pausing’ and 

incomplete translation of the NS-II mRNA caused by buildup of STb protein.    

2.3.4 STb accumulates in the cytoplasm in the S-II mutant 

To define the exact step that caused the defect in the observed secretion of STb in S-II mutant, an 

analysis of the levels of STb in the cytoplasmic fraction was carried out. The results showed a 

clear accumulation of STb in the cytoplasmic fraction of the S-II mutant (Figure 2.4). The WT 

and all other constructs showed comparable levels of STb in this fraction. In contrast, the NS-II 

mutant, which showed a clear accumulation of its mRNA in this fraction (Figure 2.5), showed 

comparable levels of STb to the WT. 
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Figure 2.4: Expression Levels of STb in The Cytoplasmic Fraction of The Cells. STb levels 

following induction were quantified using anti-6xHis antibodies in an ELISA assay. The data 

shown represent the averages of three analyses and the asterisk represents statistical significance 

with p < 0.05 (for each value with respect to WT). 
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Figure 2.5: Abundance of mRNA Transcripts Measurements. The bar graph shows the 

mRNA abundance for the WT and mutant constructs following induction of expression, total 

mRNA was extracted from the cells and subjected to qRT-PCR using the primers identified in 

Table S2. The relative abundance of mutant STb mRNA to that of WT is shown in the figure. 

Asterisks denote statistical significance with p < 0.05 with respect to the WT. Assay was 

repeated three times. 
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Figure 2.6: Strains Growth Curves. The graph shows the growth carve for E. coli BL-21 

expressing WT STb, and clones containing the various mutations and the growth retardation in 

the mutant construct NS-II. 
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2.4 Discussion 

The E. coli STb is a small polypeptide composed of 72 amino acids. It contains a prototypical 

T2SS signal in the first 23 residues ending in AYA cleavage site. This signal sequence is cleaved 

off following translocation across the cytoplasmic membrane and the mature toxin, 49 residues 

long, is released to the extracellular milieu. We wanted to examine the effect of modification of 

the AU richness level within the STb mRNA 5′ region (corresponding to the translated signal 

sequence) on secretion in the native host of the toxin. A number of silent mutations were 

introduced so as to reduce the AU richness in three stages: (1) in S-I construct codons at 

positions 2, 4, 6 & 7 were modified, (2) in S-II construct the same codons as in S-I construct plus 

codons 8-11, 14 &15, were modified, and (3) in S-III construct the same codons as S-II plus 

codons 16-20, 22 &23 were modified. All mutations involved changing the A/U at position 3 in 

each codon with G/C. As positive controls, two additional constructs were generated, NS-I in 

which the codons at positions 2&3 (coding for Lys) were changed to codons for Arg, and NS-II 

in which the amino acid Leu at position 8 was replaced with the charged amino acid Arg. The 

results from the two positive controls validated our experimental approach and provided 

anticipated results. The mutations in NS-I did not change the basic structure of the signal 

sequence (positively charged N-terminus remains) and the secretion levels observed for this 

construct were slightly lower than that of the WT construct (88% compared to WT, Table 1). In 

the two codons modified in NS-I, AU richness (expressed as AU/GC ratio) was reduced from 

2.13 to 1.65 (Table 2.1) and codon abundance changed from 0.76 (AAA) and 0.24 (AAG) to 

0.08 (CGG). These changes however did not appear to significantly affect the level of secretion 

of the toxin. Correspondingly, the mRNA level of this construct was somewhat lower than that 

of the WT construct (Figure 2.5).  
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Secondary structure simulation of this construct is consistent with these experimental results. 

The calculated MFE for NS-I is -49.3 (for WT STb it is -46.0) and the overall folding is 

qualitatively similar to that of WT STb (Figure 2.2C). In construct NS-II, the hydrophobic 

domain of the signal sequence in the N-terminus was interrupted by replacing the hydrophobic 

Leu at position 8 with the positively charged Arg; a modification that is expected to interrupt 

recognition by the signal recognition particle as the signal peptide emerges from the ribosome 

and/or the insertion of this signal sequence through the Sec translocon in the cytoplasmic 

membrane. Indeed, this construct was defective in several aspects. Induction of the construct 

proved to be toxic to the bacteria and caused severe growth retardation (Figure 2.6). These 

effects were anticipated for this construct and was included in this study to confirm the validity 

of our experimental approach and methods of analysis. Interrupting the hydrophobic domain of 

the secretion signal sequence with charged amino acids has been documented to interrupt 

secretion of the protein (von Heijne, 1985). An effect that has been attributed to the 

incompatibility of this type of modified signal sequence with the channel of the SecYEG 

translocon. The outcome of this incompatibility is the ‘clogging’ of the channel, causing build-up 

of the protein in the cytoplasm and eventually triggering a stress response and overall growth 

retardation. Halting protein synthesis in this manner will then lead to accumulation of the mRNA 

for this construct, and this is indeed what was observed in our study (Figure 2.5). 

The silent mutations in the S-I, S-II, & S-III constructs did not modify the primary structure of 

the signal sequence of the toxin but some interesting results were obtained, particularly with S-II 

and S-III constructs. Mutations in S-I caused a reduction of secretion of STb by approximately 

12% that of the WT (Figure 2.3). A corresponding increase in mRNA levels were observed for 

this construct (Figure 2.5). Since the signal sequence of the toxin was not modified in any way 
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the insertion of this sequence within the Sec translocon is not expected to be affected as in the 

NS-II mutant construct. Since the mRNA levels were elevated it points to an inefficient 

translation as a possible cause for the observed effects. For our purposes, translation efficiency 

here is referred to the ability of the cell to process and translate the mRNA and can be evaluated 

by looking at the ratio of mRNA concentration and its protein product concentration, normalized 

to the values in the WT STb construct.  Further reduction in the AU richness in S-II produced 

compounded effect. Secretion of this construct was severely reduced, down to about 6% of that 

of the WT STb construct (Figure 2.3). As in S-I, a corresponding build-up in S-II mRNA was 

observed (Figure 2.5). Here again inefficient translation, and not secretion itself, is a possible 

cause for the observed reduction in mRNA translation and secretion of the toxin. Examination of 

the secondary structure simulation (Figure 2.2B) show that this construct has an additional stem-

loop structure within the 5′ coding region affected by the mutations (nt 36-50, codons 3-7), and 

an increase in the MFE value in comparison to the WT and the S-II STb constructs. The change 

in MFE calculations was expected as we increased the GC content beyond those changes in S-II 

construct. These differences may explain the decreased efficiency of mRNA translation observed 

for this construct. Further reduction of AU richness in S-III however complicated the picture. 

Instead of further reduction in secretion a rebound of secretion efficiency was observed. This 

construct provided a secretion level equivalent to about 75% of that of the WT STb (Figure 2.3). 

The mRNA level of this construct was accordingly reduced (Figure 2.5), indicating that the 

translation and subsequent secretion of the toxin has recovered. This was surprising given that 

the calculated MFE value for this construct was higher than those of S-I and S-II constructs (-

62.1 compared to -51.6 and -56.1, respectively). Energy calculations alone, however, do not 

necessarily correlate with translation efficiency (Kozak, 1986; Somogyi et al., 1993). The 
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secondary structure simulations also show that the stem-loop structure predicted in S-II between 

nt 36-50 is released in the S-III construct (Figure 2.2B). This may explain the recovery of 

secretion in this construct even with further reduction of AU richness.  

Codon abundance, tRNA abundance, or susceptibility to endonuclease attack of the mRNA are 

factors that also need to be considered. However, analysis of our data reveals that such effects 

cannot explain our observations with S-I and S-II. The secondary structure of the mRNA and 

endonuclease susceptibility is an unlikely cause of such effects because in S-I and S-II the 

mutations are accumulative (Figure 2.5). Reduced susceptibility of an mRNA to endonuclease 

attack would mean accumulation of mRNA but will not be expected to reduce the levels of 

secreted toxin in comparison to the WT STb, and this not observed in our study. Codon and 

tRNA abundance effects due to the mutations that were introduced in the constructs are 

summarized in Table 2.2. In S-I, all the mutations were generated at position 3 (wobble position) 

and all four modified codons pair with the same tRNA, negating possible codon and tRNA 

abundance as possible causes for the observed reduced secretion. In this construct the codon 

modifications result in a net gain of 1 Watson·Crick (W·C) pairing. It is recognized that W·C 

pairing promotes more efficient translation whereas wobble pairing slows it down (Boël et al., 

2016). In S-I one would expect an enhancement rather than a reduction in translation and 

secretion. This also the case for S-II, where there is a net gain of 2 W·C pairing as compared to 

the WT construct but instead, translation and secretion was almost abolished. This supports our 

analysis above, attributing the observed effects to changes in the secondary structure of the 

transcripts. Changes to codons 8 & 9 in S-II produced codons and tRNAs with higher abundance 

(Table 2.2), but toxin secretion was reduced, nonetheless. This is supported by the results shown 

in Figure 2.4, where STb accumulates in the cytoplasm. In the S-III construct, a net gain of 5 
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W⋅C pairings with no effect on codon/tRNA abundance was introduced. This, possibly combined 

with the release of the stem-loop structure between nt 36–50 introduced in S-II, could explain the 

rebound in translation/secretion efficiency of this construct. Secretion of both S-II and NS-II 

constructs were reduced but the cytoplasmic accumulation of NS-II was similar to that of WT 

STb (Figure 2.4). This was expected because in NS-II construct translation on the ribosome 

should not have been affected (insignificant change to the mRNA compared to WT). This means 

that this mutant STb will be produced in the cytoplasm at a comparable rate to that of WT STb 

and the cytoplasmic fraction would be expected to have comparable levels of STb protein. In the 

S-II construct, the changes in the mRNA were more significant and AU richness was changed to 

a level such that its translation was affected, thus increasing the amount of STb in the 

cytoplasmic fraction. A possible explanation for this effect could be the increased stability, and 

therefore half-life, of the S-II mRNA (Figure 2.5). This increased stability in the mRNA can then 

be translated into increased levels of STb in the cytoplasm. 
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Table 2.2: Summary of codon change effects in mutant constructs on codon and tRNA 

abundance as well as effects on wobble pairing. 

Clone Codon # WT codon Mutant codon Δ tRNA Abundance1 Δ in pairing2 Overall change 

S-I 2 AAA AAG 0 W·C → Wbl  

+1 W·C pairing 
4 AAU AAC 0 Wbl → W·C 

6 GCA GCG 0 Wbl → Wbl 

7 UUU UUC 0 Wbl →W·C 

S-II 8 CUU CUG +3.87 Wbl → Wbl  

 

+2 W·C pairing 

9 CUU CUG +3.87 Wbl → Wbl 

10 GCA GCG 0 Wbl → Wbl 

11 UCU UCG 0 Wbl → Wbl 

14 GUU GUG 0 Wbl → Wbl 

15 UUU UUC 0 Wbl → W·C 

S-III 16 UCU UCG 0 Wbl → Wbl  

 

 

+5 W·C pairing 

17 AUU AUC 0 Wbl → W·C 

18 GCU GCG 0 W·C → Wbl 

19 ACA ACG 0 W·C → Wbl 

20 AAU AAC 0 Wbl → W·C 

22 UAU UAC 0 Wbl → W·C 

23 GCA GCG 0 Wbl → Wbl 

1 change in abundance is calculated as: mutant codon abundance x new tRNA abundance/WT 

codon abundance x WT tRNA abundance. Where the same tRNA is used for both codons 

(mutant and WT), the change is given a value of zero. 

2 Change in pairing reflects the change in codon pairing (at the third nucleotide position) with 

cognate tRNA. Watson·Crick pairing is presented as W·C and wobble pairing is presented as 

Wbl. 
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In E. coli, there are 8 rare codons (CUA, UCC, UCA, CCU, CCC, CCA, ACA, and AGG) and 2 

codons limited by their tRNA levels (UUA and GUC) (Zhang et al., 2009). None of these codons 

were used in the constructs. Formation of the mRNA-ribosome complex and initiation of 

translation is another mechanism for control of translation. In E. coli, this process involves 

mRNA regions upstream of the start codon, a region of the mRNA that was not altered in our 

constructs. Within the coding region of the mRNA downstream of the start codon, AU richness 

may still enhance translation. Codons ending in G/C give higher folding energies than codons 

ending in A/U (Boël et al., 2016). According to this effect, the reduced secretion efficiency 

observed for S-I and S-II due to reduction of AU richness can be explained. This, combined with 

the stem-loop structure in S-II may explain the severe reduction of secretion observed in our 

study. The factors involved in regulating translation differ somewhat between those proteins that 

are translated and fold within the cytoplasm from those that are translocated across the 

membrane in a co-translational process. This has been shown to be the case for slow-translating 

segments in Tat substrates as compared with Sec substrates (Berks et al., 2005; Arnold J.M. 

Driessen & Nouwen, 2007; Zhang et al., 2009). Since it is highly unlikely that the insertion of 

the signal sequence of STb into the Sec translocon to be the cause of the observed decrease in 

secretion (the signal sequence was not altered), it leaves two possibilities: either the changes to 

the codons produced slow-translating segments or the initiation of the mRNA-ribosome complex 

was affected. Slow-translating segments involve segments of the mRNA where rare codons are 

present (Zhang et al., 2009). This is not the case in the constructs used in this study and one 

therefore may eliminate this possibility. This leaves the latter, mRNA-ribosome complex 

formation, as a possible step in the process of translation where the changes in AU richness 

produced their effect. This analysis is consistent with observations of Brock et al. where 
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downstream adenines influence expression through their effects on mRNA-ribosome association 

rates (Brock et al., 2007). The rebound in secretion of the S-III constructs maybe explained by 

the possibility that codon changes beyond codon 15 has shifted secondary structure elements 

away from the start codon, thus recovering the efficiency of mRNA-ribosome complex 

formation.   
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2.5 Conclusion 

As a model substrate of the T2SS the E. coli STb was used to determine the effects of AU 

richness within the 5′ coding region of the mRNA. A series of mutations were created within the 

5′-end of the STb mRNA (a region of 69 nucleotides) that corresponds to the 23 amino acid 

signal sequence for the T2SS. Converting the N-terminal pair of Lys to Arg showed no 

significant effect on the levels of secreted STb. A more significant mutation however, whereby 

the Leu at position 8 was converted to Arg, essentially abolished secretion of STb. This result 

was anticipated as the positive charge on Arg at position 8 disrupts the hydrophobic domain of 

the signal peptide and potentially pauses the secretion process during the membrane insertion 

step within the Sec translocon. Significantly, sequential decrease in the AU richness within the 

first 15 codons showed sequential decrease in the levels of secreted STb. These mutations were 

silent and did not alter the identity of the amino acid signal sequence of the toxin. Reduction in 

AU richness beyond the first 15 codons reverted secretion levels of the toxin. Codon and tRNA 

abundance was excluded as possible causes for the observed effects. Secondary structure of the 

constructs and possibly the mRNA-ribosome association rates may explain the effects of AU 

richness observed in our study, although the latter was not specifically examined in this study. 
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ABSTRACT 

Enterotoxigenic Escherichia coli (ETEC) utilizes the Sec-dependant pathway of the type two 

secretion system (T2SS) to target the Heat-Stable Enterotoxin B (STb) to the inner membrane 

(IM). All targeted substrates, including STb, that require the Sec-dependant pathway are 

translocated across the plasma membrane via a N-terminus signal sequence. In ETEC, T2SS 

targets secretory proteins across the IM by the heterotrimeric SecYEG channel complex. This 

process is directed by the Signal Recognition Particle (SRP), a ribonucleoprotein complex, or by 

SecB, a chaperone that is specific for secretion. SRP is known to bind to the hydrophobic N-

terminal signal sequence and internal transmembrane segments in membrane proteins. However, 

in some cases competition may occur between SRP and SecB. Previous research has shown that 

targeting the precursor, or pro-STb, to the IM requires SecA. Recently, it was reported that SecA 

interacts directly with nascent polypeptides when as short as 166 residues have been translated 

from the protein’s N-terminal signal sequence. Since the possibility of interaction between the 

pro-STb N-terminal signal sequence and SecA still remains unclear, this chapter investigates the 

involvement of other factors of T2SS (SRP and SecB) in the secretion of STb. Therefore, we 

knocked out FFh and SecB, separately, to test this hypothesis. Our results suggest a strong 

interaction between pro-STb and FFh which signifies the role of FFh during STb targeting and 

secretion. At the same time, they demonstrated the FFh knockout strain’s ability to abolish or 

limit the secretion of the toxin more than SecB knockout strain. This may indicate the direct 

interaction between FFh and pro-STb for targeting and secretion but does not eliminate SecB 

involvement in the process either directly or indirectly.  
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3.1 Introduction 

Suggested first in the 1800s, Escherichia coli (E. coli) has been studied extensively as the 

etiological agent of diarrheal illness, as well as the cause for many other intestinal disorders such 

as inflammatory bowel disease (IBD). Heat-stable enterotoxin B is one of many exotoxins that 

ETEC secretes which contributes to many intestinal disorders (Beveridge, 1999; Kennedy et al., 

1984; Rhodes, 2007). The secretion and interaction of STb with the cell surface of the 

enterocytes disrupts normal fluid homeostasis within the intestines. This disruption negatively 

affects the overall function of the enterocytes, promoting the release of crucial fluids and 

electrolytes from the cells and into the intestinal lumen for secretion, leading to septic shock 

followed by death if not treated (J. Daniel Dubreuil, 2008; J D Dubreuil et al., 2016; Nassour & 

Dubreuil, 2014). 

The precursor (pro-STb) is comprised of 71-amino acid residues includes 23 residues of the N-

terminal signal peptide and 48-amino-acids of a mature STb. The proteolytic conversion of pro-

STb to mature STb was shown by the formation of two antiparallel alpha-helices motifs 

connected by two disulfide bonds as nuclear magnetic resonance (NMR) have revealed (Dreyfus, 

Harville, et al., 1993; J. Daniel Dubreuil, 2008, 2016; Labrie et al., 2002). The 5.2-kDa mature 

STb is suggested to be secreted through the well characterized T2SS based upon the recognition 

of the N-terminal sequence. This signal sequence is cleaved off by the membrane-associated 

signal peptidase following translocation across the IM (Foreman et al., 1995; Gerlach & Hensel, 

2007). Following formation of the mRNA-ribosome complex during protein translation, the 

complex is directed to the IM by the Signal Recognition Particle (SRP) (a ribonucleoprotein 

complex) or by SecB (a chaperone that is specific for secretion) while maintaining the proteins in 
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their unfolded state  (Brundage et al., 1990; A J M Driessen et al., 2001). Secreted proteins 

within the periplasmic space then becomes properly folded and secreted into the extracellular 

milieu (A J M Driessen et al., 2001).  

Recent research has shown that pro-STb requires the presence of SecA chaperone to be targeted 

to the IM during secretion, even though direct interaction between SecA and the signal sequence 

of pro-STb remains to be determined experimentally. To cross the OM of the bacterium, it has 

been indicated that STb requires an OM channel called TolC (Krogh et al., 2001; Yamanaka et 

al., 2008a). DsbA, a periplasmic disulfide oxidoreductase, and MacAB,  an ABC transporter, 

have also been shown to be important for the toxin maturation and transport from the periplasmic 

space into the extracellular milieu (Yamanaka et al., 2008b) (Figure 3.1).  

Interestingly in 1983, Randall reported that posttranslational pathway initiation begins when 

about 200 amino acids are translated and the translocation occurs when about ∼300 residue have 

been synthesized (Linda L Randall, 1983). Further analysis on SecA has shown its ability to 

interact with as short as 166 residues co-translationally (Huber et al., 2011). One may question 

the exact interaction between pro-STb and SecA since total size of pro-STb is only 71-amino-

acids. Therefore, in this study, we examined whether SRP and/or SecB are also required to be 

present during pro-STb targeting to SecYEG. Our results suggest that pro-STb requires FFh for 

its efficient secretion. 
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Figure 3.1: Targeting and Secretion Process of STb. The diagram illustrates the hypothesized 

model of SecA binding to the precursor of STb for the IM targeting and the activation of 

SecYEG. Once the pro-STb passes through SecYEG to the periplasmic space, DsbA helps the 

formation of disulfide bonds for its maturation. This allows the ABC transporter to move the 

mature form of STb to the MacA channel where TolC is located to facilitate its secretion to the 

extracellular space (Kupersztoch et al., 1990; Yamanaka et al., 2008a). This diagram was created 

in BioRender.com. 
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3.2 Material and Methods 

The sequence of stb, secB, and ffh genes were obtained from the protein data bank (PDB) version 

4 (http://www.rcsb.org/pdb/explore/explore.do?structureId=1EHS) 

(http://www.rcsb.org/structure/1QYN) and (https://www.rcsb.org/structure/2ffh) then the 

sequence was confirmed using NCBI website. stb, secb, and ffh gene sequences were synthesised 

by Invitrogen (Thermo Fisher Scientific Inc., Toronto, Canada) and placed into pUC51. secb, 

and ffh were also cloned by Invitrogen (Thermo Fisher Scientific Inc., Toronto, Canada) into 

pET21-b expression vector. The gene-fragments were linked to the His-tag sequence by a six- 

glycine linker at the C-terminal of each gene. All bacterial culture media and chemicals for gel 

electrophoresis and western blots were purchased from Sigma-Aldrich Chemical Co. (Oakville, 

Canada) unless stated otherwise. 

3.2.1 Cloning stb 

STb cloning was done as previously mentioned in Chapter 2.  

3.2.2 Bacteria and Transformation 

The E. coli BL21 (DE3) strain, a protein expression host, was purchased as Chemi competent 

cells from Bio-Rad cat. no. 1563003. Bacterial cells were transformed with different plasmids as 

described previously in Chapter 2.  

3.2.3 Single Knock Out 

We knocked out ffh and secb genes of E. coli BL21 (DE3) strain separately as described in 

Murphy K. and Campellone K (2003) (Murphy & Campellone, 2003). We replaced ffh sequence 

http://www.rcsb.org/pdb/explore/explore.do?structureId=1EHS
http://www.rcsb.org/structure/1QYN
https://www.rcsb.org/structure/2ffh
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with Zeocin sequence and secb gene with Kanamycin sequence through homologous 

recombination using Lambda Red plasmid (pKM201) which was obtain from Addgene. The 

plasmid pKM201 was a gift from Kenan Murphy (Addgene plasmid # 13078; 

http://n2t.net/addgene:13078; RRID: Addgene_13078). Briefly, a single fresh colony of BL21/ 

pKM201 was placed into 100µg/ml ampicillin LB and shaken at 30°C/150rpm in a 100ml flask. 

At a concentration of ~107 cells/ml, IPTG (Isopropyl β-D-1-thiogalactopyranoside) was added to 

a final concentration of 1mM. When the culture reached a density of ~0.5 – 1 × 108 cells/ml, the 

cells were pelleted and resuspended in 1ml of ice-cold 20% glycerol - 1mM unbuffered MOPS 

then transferred to a 1.5ml sterile Eppendorf tube, and spun down for 30 seconds at 10000xg to 

wash the cells. This step was repeated twice and the cells were finally resuspended in 100µl of 

the same buffer. Electroporation cuvettes 2mm (Bio-Rad) were cooled in an ice-water bath for at 

least 10 minutes prior to use. The DNA fragments were gel purified by QIAquck Gel Extraction 

Kit [Qiagen]. Gel purified DNA samples contained 0.5μg of targeted fragments mixed with a 

50μl of cells (0.5 – 1 × 104), then transferred to the electroporation chilled cuvette, and incubated 

again on ice for 1min before electroporation. The cells were electroporated using GenePulser 

Xcell (Biorad) at 2.5 KV with 25µF capacitance and 200 Ω twice for 5sec each time. Following 

electroporation, the cells were recovered by suspending in 0.8ml of SOC shaking at 37°C for 

45mins then plated on selective LB plates containing either 100μg/ml kanamycin or 100μg/ml 

zeocin for overnight at 37°C. Various numbers of knocked-out cells that successfully streaked 

again on to fresh selective plates were analyzed by PCR to verify the successful chromosomal 

replacement of the target gene(s) to generate DE3-∆ffh and DE3-∆secb. Primer pair designed by 

the Primer-BLAST web-server based software to have a maximum melting temperature of 50-

55°C with a maximum difference of 3°C to create 1307bp and 450bp amplicon of ffh, and secb 
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respectively, or for the successful homologous recombinations Zeo (524bp) and Kan (951bp) 

products (Appendix 3). In brief, PCR was carried out with an initial denaturing step for 15min at 

95°C followed with 35 cycles of: 1min at 95°C, 1-1.5min at 55°C and 2min at 72°C, and final 

extension period of 10min at 72°C. 

3.2.4 Bacterial Cultures 

E. coli BL21 strains (DE3-∆ffh and DE3-∆secb) were cultivated in selective LB agar plates and 

liquid medium. The LB media contains 10g of Tryptone, 5g of Yeast extract and 10g Sodium 

chloride per liter. The bacterial plates, contained LB with 15g agar added per liter. The medium 

was autoclaved at 121°C for 15min. then placed into 55°C water bath to adjust the medium 

temperature for the appropriate antibiotic additive then pouring different selective plates. Cells in 

frozen stocks were stored at -80°C in a mixture of LB medium, 10% glycerol, and 1µg/ml of the 

selective antibiotic. From the frozen stock, selective plates were streaked with bacteria and 

incubated at 35°C. A single colony from the overnight plates was picked and cultured in liquid 

medium in an Erlenmeyer flask at 35°C in an orbital shaker [Forma Scientific, Inc.] at 150 rpm 

and was the source of bacterial growth, bacterial DNA, and protein extracts.  

3.2.5 Transformation of the Knocked-out strains with Constructs 

Both E. coli BL21 DE3-∆ffh and DE3-∆secb strains were transformed with the STb-expressing 

construct and separately with secB-, and ffh- expressing constructs using the method described 

previously. Briefly, a single successful colony of DE3-∆ffh and DE3-∆secb were grown in 5ml 

LB to an OD600 of 0.1 then spun down at 5000xg for 5min. The pelleted cells were resuspended 

in 10ml iced-cold 0.1M CaCl2 and incubated on ice for 30min. Cells then were spun down at 
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5000xg for 5min and resuspended in 200µl of iced-cold 0.1M CaCl2 to make cells competent for 

transformation. After transformation the cells were then plated on 10cm LB/Amp/Kan and 

LB/Amp/Zeo agar plates and then incubated at 35°C in a New Brunswick Scientific [USA] 

incubator for 16 hours for a successful transformation of STb-expressing construct in both 

strains. Clones that grew on the plates were picked and individually screened for the presence of 

245bp fragment of STb by PCR as described previously. In terms of knock-out reconstitution, 

each knocked-out gene was reintroduced to the corresponding knock-out. A successful plasmid 

transformation in each knock-out was confirmed by PCR as described previously.  

3.2.6 Cell Fractionation 

3.2.6.1 Culture medium fraction 

Each DE3 created strain in this paper was inoculated into 50ml LB in a 250ml flask and induced 

for 5h with 20µg/ml IPTG. Each 50ml culture was centrifuged at 20000xg for 15min at 4°C 

using a model J-25I Coulter Centrifuge [Beckman, Germany]. The culture media was separated 

from the pellet and filtered using a disposable vacuum 0.22µm filter system [Sarstedt] then 

fractionated into 5mls and stored immediately at -80°C and used as the source for culture 

medium proteins. 

3.2.6.2 Cytoplasmic fraction 

Cytoplasmic crude extraction was done as previously mentioned in Chapter 2.    
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3.2.6.3 Inclusion Bodies Extraction 

The pellet samples from the cytoplasmic extraction were washed three times using buffer A, B, 

and C. 5ml of buffer A (50mM Tris, pH7.5, 50mM NaCl, 50mM EDTA, and 1%Triton) for 

5mins. 5ml of buffer B (50mM Tris, pH7.5, 1M NaCl, 50mM EDTA, and 1%Triton) for 5mins. 

5ml of buffer C (50mM Tris, pH7.5, 50mM NaCl, 50mM EDTA) for 5mins. Then pellets were 

resuspended in 5ml solubilisation buffer containing 8M Urea, 10mM phenylmethane sulfonyl 

fluoride (PMSF), 50mM Tris-HCl pH7.5, and 5mM dithiothreitol (DTT) for 12 hours at room 

temperature with continues agitation. Samples were spun down and the supernatants were stored 

immediately at -80°C and used as the source for inclusion body proteins.    

3.2.7 Tricine-SDS-PAGE 

Tricine Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE) gels 

was used to detect recombinant STb protein based on the protein size. 16% ,18% or 20% SDS-

PAGE resolving gels and 4% PAGE stacking gels were prepared as recommended by Schagger, 

2006 protocol (Schägger, 2006). Briefly, 16% ,18% or 20% gels were prepared by 1.6-2ml of 

AB-3stock solution mixed with a gel buffer (0.3M Tris, 0.03% SDS, pH8.9) and 0.1% Glycerol. 

Then adding 0.75% ammonium persulfate and 0.03% TEMED to be polymerized in a final 

volume of 5ml.  The gel was overlaid with 300µl of 70% isopropanol between two glass plates 

with measurement (1mm x 80mm x 70mm). Once the separating gel was polymerized 4% 

stacking gel was added containing (0.16% of AB-3stock solution, 0.3M Tris-HCL, 0.03% SDS, 

pH8.9, 0.75% ammonium persulfate, 0.03% TEMED in final volume of 2ml). All of the STb 

samples were mixed with 4X Laemmli buffer at a ratio of 1:3 (buffer to sample) (277.8mM Tris 

pH 6.8, 4.4% SDS, 44.4% Glycerol, 0.02% Bromphenol blue, and 10% v/v β-mercaptoethanol) 
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and boiled at 95°C for 5 min. Electrophoresis was performed in running buffer (0.1M Tris Base, 

0.1M Tricine and 0.1% SDS) in a Bio-Rad mini protean 2-unit, at a constant 35mA and 150V for 

1h at 4°C.  

3.2.8 Coomassie Staining 

Once the electrophoresis was complete separating gels were incubated in ~25ml of fixation 

buffer (10% acetic acid and 50% methanol) for 30 min at room temperature on a low speed on a 

Roto Mix type 50800 shaker [Thermolyne, USA]. Gels were soaked in Coomassie stain buffer 

(10% acetic acid, 40% methanol and 0.1% Coomassie Brilliant Blue) overnight at room 

temperature. Then de-stained in de-staining buffer (35% methanol and 10% acetic acid).  

3.2.9 Silver Stain 

Once the electrophoresis was complete the Thermo Fisher Scientific Pierce® Silver Stain Kit was 

utilized according to recommended protocol for silver staining. Briefly, the gel was washed 

twice for 5min in dH2O, then fixed within ethanol:acetic acid solution (30%:10%), followed by 

washing twice for 5min. The gel was then sensitized within Sensitizer Working Solution (50µl 

Sensitizer in 25ml dH2O) for 1min, and then washed twice for 1min. The gel was then stained 

within Stain Working Solution (0.5ml Enhancer in 25ml Silver Stain) for 30min, and then 

washed twice for 20sec with dH2O. Then gel was placed within Developer Working Solution 

(0.5ml Enhancer with 25ml Developer) for 3min until the bands appeared, then halted with 5% 

acetic acid for 10min. 
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3.2.10 Agarose Electrophoresis 

Gels were composed of 1% high purity agarose in 1x TAE (Tris-acetate EDTA) buffer 

containing 0.5μg/ml Ethidium bromide. DNA samples were mixed with 6x loading buffer 

(10mM Tris-HCl (pH 7.6) 0.03% bromophenol blue, 60% glycerol, and 60mM EDTA). The 

genomic materials were separated using electrophoresis in a QS-710 Quick Screen [IBI 

Scientific, USA] at 55V constant for 45 min and then visualized using a Chemidoc XRS [Bio-

RAD, USA].          

3.2.11 Western Blot  

The western blot was performed as described by Mahmood & Yang (2012) with some 

modifications (Mahmood & Yang, 2012). 0.22µm Polyvinylidene Fluoride (PVDF) membrane 

[GElifesciences] was cut 6cm x 8cm and activated by 100% methanol. Once the electrophoresis 

was complete, the proteins on the gel were semi-dried transferred using Trans-Blot SD [Bio-Rad] 

on the PVDF membrane. Briefly, gel was placed on the top of PVDF transfer membrane between 

two layers of filter paper pads wetted in 1x transfer buffer (2.5mM Tris-HCL and 19.5mM 

Glycine pH8.0) for 25min at constant 240mAmp and 20V. Once the transfer was done, the 

proteins on the membrane were cross-linked by 0.1% paraformaldehyde in 1x PBS for 10mins 

then washed 3 times. After that, the membrane was blocked in 2% PBSTM (2% skim milk in 1x 

PBST buffer contains 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4 and 0.05% 

Tween-20) for 1 hour at room temperature on a Roto Mix type 50800 shaker [Thermolyne, in 

USA]. The membrane then was washed with 1x PBST for three times 5min each time and then 

incubated with primary antibody in 2% PBSTM for 2h at room temperature. In this study we 

used two different primary mouse antibodies (anti-His antibody (GenScript, cat. no. A00186-
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100) and anti-FFh antibody (Albert-Ludwigs-University Freiburg)). The membrane was washed 

3 times with PBST 5min each time and incubated with a goat anti-mouse IgG M&L HRP 

conjugated secondary antibody in 2% PBSTM for an hour at the room temperature. Then the 

membrane was washed three times with 1x PBST 5min each time and then developed using 3ml 

of One-Solution TMB substrate from GenScript. The membrane was incubated in substrate until 

the purple color appeared between 1min-30min.  

3.2.12 Pull down Assay  

The cytoplasmic crude extract from a 5h induction about (100 x 106 cells) was supplemented 

with the Ni-column conditioning buffer (20mM Na2HPO4, 0.5M NaCl₂, 20mM Imidazole, pH 

7.4). The sample was applied to a 1ml Nickel column (1 x 5 cm) purchased from GE Lifescience 

[lot no. 10239469]. The recommended purification protocol was followed in order to pull down 

pro-His-tagged STb from the cytoplasmic extract. The 1ml Ni column was conditioned with 

20ml of conditioning buffer. The sample was loaded onto the column at a flow rate of 0.5ml/min 

and was then washed with the conditioning buffer. Pro-His-tagged STb was eluted with elution 

buffer (20mM Na2HPO4, 0.5M NaCl₂, 500mM Imidazole) and the fractions containing pro-STb 

were combined and then applied to an Amicon spin column with 1000Da NMWL cut off 

[Millipore] to equilibrate the buffer with 1x PBS (pH 7.4). 

3.2.13 Protein Assay  

The Bradford Protein Assay was used to determine the concentration of the protein in the various 

fractions throughout this project. The assay was performed according to the manufacturer’s 

instructions [Bio-Basic]. In brief, 20µl of the sample was mixed with 180µl substrate for 10 min 
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in a clear 96-well plate [Corning]. The absorbance at 595nM was determined using a FluoStar 

Optima plate reader [BMG Labtech, Germany]. 

3.2.14 Simi-Quantitative RT-PCR 

The reactions were carried out using in the Chromo4 Real Time PCR Thermocycler [Bio-Rad, 

USA] and according to the recommended protocol of 2x QuantiTect SYBR Green PCR kit 

[Qiagen]. Primer pairs were designed using the Primer-BLAST web-server with the melting 

temperatures set to 50 to 65°C with a 3° maximum difference between each pair (Appendix 4). 

The total reaction was 20μL including 10μL total master mix per reaction (10μl from 2x 

QuantiTect SYBR Green PCR buffer, 2μl from 10μM primer stock, 6μL Nuclease-free H2O) 

and 10 μl RNA. In brief, PCR was carried out with an initial denaturing step for 15 min at 98°C, 

followed by 40 cycles of: 1 min at 95°C, 1 min at 50°C and 2 min at 72°C, and then the final 

extension period of 10 min at 72°C.  

The Double Delta Ct Calculation was performed to determine the expression fold change.  

Briefly, the average of Ct values for four targets including, the gene being tested experimental 

(TE), the gene being tested control (TC), housekeeping gene experimental (HE), and 

housekeeping gene control (HC) were calculated. The differences between experimental and 

control values were subtracted from each other to have the delta Ct (∆Ct) values (TE – HE) = 

(∆CTE) and (TC – HC) = (∆CTC). After that the subtracted difference between ΔCTE – ΔCTC 

led to the double delta Ct value (∆∆Ct). finally, since all calculations are on a logarithmic base 2, 

the data was subjected to 2^-2ΔΔCt to calculate the change in the gene expression. 
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3.2.15 Statistical Analysis 

The statistical analysis for all measurements was carried out using two-way ANOVA software 

[http://turner.faculty.swau.edu/mathematics/math241/materials/anova/]. The raw data for three 

independent experiments performed in triplicates were uploaded on two-way ANOVA. Tukey’s 

post hoc test [http://faculty.vassar.edu/lowry/hsd.html] was then used to determine the actual 

differences between the results. All data uploaded are the mean ± of standard error.  
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3.3 Results 

3.3.1 Knocking out of ffh or secb is not lethal 

Gene knockout strategy used in this work involves the homologous recombination using the 

Lambda red pKM201 plasmid. This plasmid is based on a bacteriophage recombination system 

and it consisting of a ssDNA annealing protein (Bet) and a 5'-3' dsDNA exonuclease (Exo) 

which promote gene replacement of electroporated linear DNA fragments into the E. coli 

chromosome with high efficiency  (Datsenko & Wanner, 2000; Murphy, 1998; Murphy et al., 

2000; Savage et al., 2006; Yu et al., 2000). The specific primers used in this strategy inactivates 

the ffh gene by inserting a zeocin resistance gene within ffh and a PCR test produces a 524 bp 

fragment of this antibiotic resistance gene within the bacterial chromosome (Figure 3.2). 

Similarly, a PCR test yields a 951 bp fragment of the kanamycin resistance gene used in 

knocking out the secb gene (Figure 3.2). Measurement of mRNA transcriptional levels were also 

used to confirm deletion of ffh and secb expression in the recombinant clones (Figure 3.3). 

Absence of the FFh protein in the knockout was confirmed using anti-FFh antibodies on Western 

blot (Figure 3.4). Unavailability of a similar antibody against SecB made a similar analysis not 

possible for the SecB protein. Recombinant clones were cultured initially on selective LB agar. 

In comparison to the WT, the colonies of the knockouts grew at a slower rate and included 

changes in colony morphology. Colonies of DE3-∆ffh were more similar to the host E. coli DE3 

but were smaller in size (when plated at the same time). The DE3-∆secb colonies on the other 

hand were smaller and had an umbonate elevation and an undulate edge (Figure 3.5).  
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3.3.2 DE3-∆ffh and DE3-∆secb exhibit changes in cell morphology and growth 

rate. 

The changes in colony morphology described in the previous section reflect changes at the 

microscopic level. Examination of bacterial smears from liquid cultures revealed that both 

knockout mutants grow to different cell lengths and divide anomalously.  The DE3-∆ffh cells 

grew longer than the WT and there appeared to be a delay in cells breaking apart following cell 

division, displaying what appears as short filaments (Figure 3.6). The DE3-∆secb cells on the 

other hand were shorter and rapidly break apart following cell division, displaying well scattered 

small coccobacillus-like cells (Figure 3.6). These differences were also reflected in their growth 

rates in liquid media. Both mutant clones grew at a lower rate than WT (Figure 3.7). 

Reconstitution of the clones with plasmid-encoded ffh and secb were able to significantly recover 

growth rates, albeit not to the same level as WT.   
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Figure 3.2: PCR Fragment Analysis on Agarose Gel. The figures show (A) DE3-∆ffh. (B) 

DE3-∆secb. The red arrows point at the (A) 524bp and (B) 951bp size of the PCR product after 

homologous recombination knockout of each gene. Homology control DNA from plasmid 

containing the antibiotic cassette, WT control genomic E. coli DNA from BL21 and PCR control 

no template control. 
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Figure 3.3: The Relative Measurement of mRNA Transcriptional Level for Each Knockout 

at Hour 5. The graph shows that Sigma 32 (an internal control) is ~30% higher among all 

clones. Sigma 70 (another internal control) shows a ~15-20% increase over all. ffh and secb data 

show fluctuated mRNA expression between the clones. The results were normalized to 16S 

mRNA transcriptional level and subtracted from the E. coli BL21 (DE3) strain. The overall 

statistical results of Two-Way ANOVA showed a significant difference with p-value = <0.05 

(N=9). The post hoc test was done using Tukey’s test. 
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Figure 3.4: Western Blot Analysis of Recombinant Clones. The figures show (A) Western 

blot for the presence of FFh in the cytoplasmic fraction of E. coli BL21 DE3-WT/STb, DE3-∆ffh 

and DE3-∆ffh/STb transferred from a 16% tricine gel to a 0.22µm PVDF membrane. (B) 

Western Blot showing the purified STb toxin profile transferred from a 20% tricine gel to a 

0.22µm PVDF membrane. Values on the left of each figure indicate the molecular mass of 

marker proteins. Both membranes were developed with TMB substrate chromogenic detection 

for HRP for 15min.  
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Figure 3.5: Colony Morphology of WT and Recombinant Clones Grown on LB Selective 

Medium. (A) E. coli BL21 (DE3), (B) DE3-∆ffh and (C) DE3-∆secb strain. 
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Figure 3.6: Brighfield Micrographs. (A) E. coli BL21 (DE3), (B) DE3-∆ffh and (C) DE3-

∆secb strains under 1000x magnification. The red arrows indicate zoomed area of interest of 

individual bacterial cell of each knockout strain stained by Gram stain. 
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Figure 3.7: Comparison of WT and Recombinant Clones Growth Pattern. Growth curves of 

the knockouts strains ∆FFh/STb and ∆SecB/STb and the over expressed strains WTSTb/FFh and 

WTSTb/SecB during 2h pre-IPTG induction and 5h IPTG induction. Starting culture started 

from 0min to 120min and induced culture started from 120min to 420min. 
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3.3.3 DE3-∆ffh and DE3-∆secb exhibit defects in secretion of STb. 

Plasmid-encoded STb levels were monitored in WT and mutant clones for various times post 

induction with IPTG. Up to 4 hours post induction with IPTG, only negligible levels of STb were 

detected in both mutant clones compared to WT (Figure 3.8), in both the cytoplasmic and the 

culture filtrate proteins (CFP; contains the mature secreted STb). With longer incubation periods, 

higher levels of STb, albeit much lower than the WT control, were detected and mostly in the 

cytoplasmic fraction of the ∆SecB mutant. Both mutants were defective in STb secretion 

(Figures 3.8, 3.9). Significantly higher levels of STb were detected in the ∆SecB mutant culture 

media 24 hours post induction (Figure 3.9). However, since these results are based on an ELISA 

assay, the form of STb detected in this case (pro-STb vs mature) is not known. Western blot 

analysis was carried out and confirmed that in this case STb was present in its pro-STb form, 

indicating that the observed increase in STb levels the culture media following long incubation is 

highly likely to be due not to active secretion but rather due to cell lysis.   
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Figure 3.8: Competitive ELISA for the quantification of STb. A relative STb concentration 

from a competitive ELISA for the presence of pro-STb and STb in the knockouts (FFh and 

SecB) during the 5 hours of induction with IPTG. (A) Total cytoplasmic protein fraction, (B) 

Total culture medium protein fraction. The data were normalized to the pre-induction results and 

expressed as relative to WT STb levels for each fraction. The statistical results of Two-Way 

ANOVA showed significant differences with p-value ≤0.05 (N=9). The post hoc test was done 

using tukey’s test. 
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Figure 3.9: Comparison of STb Levels in the CFP Fraction 24 Hour Post Induction. (A) 

Western blot analysis indicates the form of detected STb within the culture medium 24h post 

induction. Values on the left of each figure indicate the molecular mass of marker proteins. The 

red arrows indicate the presence of the pre-mature form of STb. (B) The data were normalized to 

the pre-induction results and expressed as relative to wild type (WT) STb concentration for each 

fraction. The statistical results of Two-Way ANOVA showed significant differences with p-

value ≤0.05 (N=9). The post hoc test was done using tukey’s test. 
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3.3.4 Overexpression of FFh and SecB enhance the synthesis and secretion of 

STb. 

The role of FFh and SecB in the synthesis and secretion of STb can also be indirectly assessed by 

looking at the ability of these factors to affect the process when overexpressed. This is 

particularly useful when the model being used involves a test protein being expressed from a 

plasmid. To look at this, levels of FFh and SecB were elevated during STb synthesis by co-

transfecting the WT/STb with FFh- and SecB-plasmids. STb levels were enhanced significantly 

when either of FFh or SecB are co-expressed, in the cytoplasmic, periplasmic, and the CFP 

fractions (Figure 3.10). There were some differences however between the overexpressed factors 

and also between the different subcellular fractions. Compared to WT, co-expression of FFh with 

STb showed significant enhancement of STb levels in all three subcellular fractions. In contrast, 

co-expression of SecB only showed an effect on the periplasmic fraction, where STb levels were 

higher than WT, but also showed both the pro-STb and the mature forms.   

3.3.5 Role of FFh in the secretion of STb. 

To investigate the direct role of FFh in the secretion of STb, a pull-down assay was developed 

using the anti-6xHis antibodies. The 6xHis tag on STb is located at the carboxy end of the toxin 

and is separated from the toxin amino acids by a 6xGly sequence. This was designed to ensure 

exposure of the His tag for antibody detection. This His tag was used to pull down STb-

interacting proteins from the cytoplasmic fraction. The eluted interacting proteins were enriched 

with a protein of approximately 57 kDa in size (Figure 3.11). Western blot analysis using anti-

FFh antibodies revealed that FFh is present in the pull-down fraction (Figure 3.11B). Although 
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this result does not indicate that FFh directly interacts with STb, it shows that FFh is directly 

involved in the synthesis and processing of STb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Western Blot Analysis of STb Levels in Various Cellular Compartments. (A) 

periplasmic protein fraction, (B) cytoplasmic protein fraction, (C) culture medium protein 

fraction. Values on the left of each figure indicate the molecular mass of marker proteins. The 

red arrows indicate the presence of the pre-mature form of STb in each figure. The green arrows 

point at the mature form of STb in each figure. 
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Figure 3.11: Pull-Down Assay and Western Blot Analysis. The figures show (A) Coomassie 

stained Tricine-SDS-PAGE gel showing profile of pro-STb pull-down assay from the 

cytoplasmic compartment. Values on the left indicate molecular mass of marker proteins (kDa); 

Lane 1, pre-stained protein ladder; Lane 2, WT STb cytoplasmic crude extract; Lane 3, Flow 

Through; Lane 4, pro-STb-Captured proteins (B) Western blot on PVDF membrane using Anti-

FFh. Values on the left indicate molecular mass of marker proteins (kDa). Lane 1, Pull-down 

assay elution using (Goat anti-mouse); Lane 2, pre-stained ladder, Lane 3, Pull-down assay 

elution (using anti-FFh antibody and Goat anti-mouse); The green arrow points at FFh protein 

detected by anti-FFh antibody. (C) Western blot on PVDF membrane using Anti-His antibody. 

Values on the left indicate molecular mass of marker proteins (kDa). Lane 1, pre-stained ladder; 

Lane 2, Pull-down assay elution using anti-His antibody. The red arrow indicates pro-STb 

detected by anti-His antibody.  



89 

 

3.4 Discussion 

In this chapter our main focus was to investigate STb targeting process to the inner membrane, 

which is critical to understanding pro-STb translocation mechanism in ETEC. In this study, STb 

is linked to a glycine linker and His-tag at the C-terminal which increased its molecular weight to 

about ~6.6-kDa. STb has a functional cysteine at the C terminal that is involved in the disulfide 

linkage within the toxin protein. Therefore, adding any extra amino acid might interfere with this 

linkage, causing the misfolding of the protein and affecting its transport. We solved this issue by 

the addition of the glycine linker which was necessary to minimize the interference with 

disulfide linkage and creating an accessible His-tag for the purpose of identification and 

purification (Figure 1.4). It was shown previously and we confirmed by N-terminal protein 

sequencing that the transition of pro-STb to the mature form resulted in the cleavage of 23-

amino-acid signal peptides of 71-residue pro-STb precursor molecules, done at Sick Kids 

hospital Toronto lab.  

In this study, we used the knock out approach to identify the factors that are participating in the 

SecYEG-dependent translocation of STb from the cytosol to the inner membrane since STb’s 

targeting process to the translocon SecYEG channel is still unclear. Research has shown that 

TolC flex pump involvement in facilitating the mature form of STb to the extracellular space by 

forming a tripartite transport system with the IM translocator (Foreman et al., 1995; Yamanaka et 

al., 2008a). To characterize the targeting pathway of pro-STb to the inner membrane and the role 

of the type two secretion system in the targeting process, we used the knock out approach of each 

gene involved in Sec-dependent pathway independently (SecB null mutant strain and FFh null 
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mutant strain). E.coli BL21, protein expression host, was used as a model in this study since it is 

a descendant of E.coli B12  to have a fully comprehensive understanding of its secretion. 

The Gram stain figures clearly show a significant knock out impact on the cell structurally and 

phenotypically; DE3-∆ffh cells are slightly longer and thinner whereas DE3-Δsecb cells became 

spherical and much smaller in comparison to DE3-WT cells (Figure 3.6). Beside the phenotype 

differences there are noted observations on each knock out for example DE3-∆ffh cells growth 

on the LB agar plate showed an oxidization impact that turned the medium color from clear 

amber into dark brown coloration around the cells (Appendix 5).  In contrast, DE3-Δsecb cells 

did not show any type of oxidization on the agar plates during incubation. Moreover, DE3-Δsecb 

cells seemed to grow slower than DE3-∆ffh cells on their selective medium plate as they take 

between 24-48h at 37°C whereas DE3-∆ffh cells take about 24h to grow on their selective agar 

plate at the same conditions. Statistically, both strains seem slightly smaller and show a slow 

growing rate during the 5h of induction in a liquid culture than the WT. DE3-∆ffh cells growth 

rate was lower by about 2 fold than the WT but 1.5 fold higher than DE3-Δsecb cells growth 

(Figure 3.7). This seems be a strong indication of the important roles of both genes in E. coli’s 

overall fitness. Previously it was shown that E. coli secb null mutant showed no significant 

impact on the growth level as this could be attributed to the use of different strains of E. coli 

Bl21 vs E. coli EK413 (Baars et al., 2006).  

Interestingly, the morphological description of DE3-Δsecb cells that we have observed in this 

study showed the same features that have been described in literature. The colonies shaped as a 

bottleneck that is due to the sorting efficiency of the outer membrane proteins across the inner 

membrane rather than across the cell envelope (Figure 3.5C). Whereas, DE3-Δffh cells looked 

quite similar to E. coli BL21 (DE3) but a lot smaller morphologically. In the present study we 
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managed to confirm the absence of both genes (ffh and secb) at the genomic level using different 

molecular techniques. End point PCR was used to confirm the absence of the wild type form and 

the successful homology knockout for each gene (Appendix 3). Figure 3.2A clearly indicates the 

absence of ffh wild type from DE3-∆ffh strain and the presence of the homology antibiotic 

replacement (Zeocin); Figure 3.2B shows the absence of secb wild type from DE3-∆secb strain 

and the presence of the homology antibiotic replacement (Kanamycin). Besides that, we also 

used RT-PCR to confirm their absolute mRNA disappearance from each knock out (Appendix 4) 

(Figure 3.3). The data clearly indicate a significant depletion of the wild type sequence of each 

targeted gene since the RT-PCR primers were specifically designed to target an amplicon from 

the middle section of each knock out gene sequence. Furthermore, we also confirmed the 

presence of FFh in the control lane (WT) and its absence from both DE3-∆ffh and DE3-∆ffh/STb 

strains (Figure 3.4A). In the present study we aimed to target a single gene knock out, therefore 

we performed a restoration analysis by transforming each knockout strain with a plasmid 

harboring the missing gene (ffh or secb). This further confirms that the specificity of the 

knockout technique that was used in this study and eliminating the possibility of double or triple 

knockouts that are unwanted. Indeed, the data validated Lambda-Red knockout system by the 

observed restoration of the secretion of STb back again to a relative level to the WT. This 

validation allowed for further investigation into the targeting mechanism of pro-STb.   

3.4.1 secb Knockout Impact on STb Targeting and Secretion Mechanism 

Studies suggested that secb depletion affects total cytoplasmic protein homeostasis which leads 

to the accumulation of 0.5% aggregated/misfolded secretory proteins in the cytoplasmic 

compartment. It was reported that SecB has the ability to associate efficiently with both secretory 
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and cytosolic newly synthesized polypeptides in both DnaK (Hsp70) and TF (Triger Factor) 

depleted E. coli strains (Ullers et al., 2004a). DnaK and TF are cytoplasmic chaperons whose 

main function is to fold nascent cytoplasmic polypeptide properly and maintain the homeostasis 

of the cytoplasmic compartment free of protein aggregates (Bukau et al., 2000; Hartl & Hayer-

Hartl, 2002). Prior to 1999 it was generally assumed that Sec-dependent pathway of T2SS in E. 

coli utilizes SecB/SecA for post-translational translocation. As illustrated by STb not all secreted 

proteins that utilize T2SS require SecB/SecA. Furthermore, it was shown that SecB has a high 

affinity to bind to about ~9 aromatic and charged residues with in the targeted polypeptide as the 

study also showed its inability to differentiate between the secreted from non-secreted substrates, 

but its ability to bind to multiple sites on the newly synthesized polypeptide (Dekker et al., 2003; 

Knoblauch et al., 1999). Therefore, in this case one would speculate that secretory proteins 

synthesis does not always necessary require the presence of a sufficient amount of chaperons 

because ETEC will employ an alternative system to compensate for the chaperons’ depletion 

during co- or post- translational translocation.  

The fact that the detected STb in this case (Figure 3.9) was in the pro-STb form was indicative of 

this release as being due to cell lysis and not due to active secretion. This novel finding may add 

a critical element to the overall dynamic of STb secretion mechanism since it shows a perfect 

alignment with the study proposed that the absence of secb disturbs the targeting kinetics of 

secretory proteins within the cells because of the delay in the outer membrane assembly which 

led to about 20 identified secretory protein aggregates including TolC, TolB, and OmpA (Baars 

et al., 2006). This study also confirms that the core components of SecYEG system including 

SecA -Y, or -E levels as well as the outer membrane proteome were not compromised in the 

absence of secb. Another study suggested that the aggregates in the secb null mutant are actively 
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reactivated for translocation rather than being degraded due to the presence of Ibp/ClpB/DnaK-

mediated reactivation of cytoplasmic chaperons. This may explain our competitive ELISA 

analysis that STb is being translated and translocated to specific area in an undetectable amount 

by the western but detectable by the competitive ELISA at hour 3, 4 and 5 (Figure 3.8A).  

Interestingly the cytoplasmic competitive ELISA analysis indicates a significant reduction of 

STb translation within the first 2 hours of its induction. This could possibly be explained by the 

inadequate growth rate of DE3-Δsecb/STb strain during induction (Figure 3.7). However, the 

slow growth rate does not necessarily justify the inability to detect pro-STb from the cytoplasmic 

compartment with in the first 2 hours of induction since loading of the total cytoplasmic protein 

concentration for the competitive ELISA was relatively identical.  The slow growth rate is an 

indication of significant stress on DE3-Δsecb/STb due to the knockout and the over expression 

of STb. Indeed, when we examine the transcriptional level of σ32 (heat-shock gene) and σ70 

(housekeeping gene) the graph shows both genes were significantly overexpressed with about 

~30%- and ~15-20% respectively to compensate for secb depletion and maintain the strains 

survivability during STb induction time (Figure 3.3). At the same time, it explains the important 

role of secb within the cell since it was shown to be involved in many intracellular activities 

beside spectrum targeting (Ullers et al., 2004b).   

Kupersztoch, 1990, reported that Pro-STb requires SecA as the energy source for targeting to the 

IM translocon. Research has reported that SecA is shown to supply SecB with energy because 

SecA is considered to be the energy source (ATPase) of T2SS. This means Pro-STb N-terminal 

signal peptide falls under less hydrophobic signal sequence categories which elicits a post-

translational targeting mode. Post-translational targeting system involves chaperones including 

SecB and a trigger factor to protect the signal peptide until the motor protein (SecA) interaction 
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occurs. However, it may not be the case, because the competitive ELISA/western blot shows the 

mature form of STb present in culture medium after 24h of induction (Figure 3.9). This finding 

could potential exclude the involvement of SecB in Pro-STb targeting mechanism and suggests 

the involvement of alternative translocation mechanism that may involve SRP especially, since 

SecA was found to be involved in the assembly of SRP-dependent inner membrane proteins 

during IM translocation. SecA was shown to help facilitating the hydrophilic loop across the 

SecYEG translocon of the nascent polypeptide during co-translational translocation (Zhou et al., 

2014).  

This can be the case since a recent study pointed out that SecA anchors itself to the L23 located 

by the nascent polypeptide emergence channel on the ribosome (Huber et al., 2011). This also 

allows SecA to interact with nascent polypeptide and control the translation process of the 

secretory proteins as an advantage for the cell to avoid irreversible folding of newly synthesized 

proteins in the cytoplasm. This study also suggested that SecA co-translocation through the 

posttranslational pathway typically begins when roughly 160 amino acids in length are 

synthesized but the total amino acids of the pro-STb is 71 amino acids including the N-terminal 

signal peptide.  

3.4.2 ffh Knockout Impact on STb Targeting and Secretion Mechanism 

We realized that ffh knock out cells had slightly different morphological characteristics and 

growth rate in contrast to the wild type. However, a proteomic study shows that ffh knock out 

had absolutely no effects on the abundance and function of the SecYEG translocon as well as the 

abundance of YidC and the SRP receptor (FtsY) (Xie et al., 2006). Studies previously have 

shown as well as in the present study (Figure 3.3) that ffh depletion led to a significant induction 
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of the σ32 heat-shock stress response; this normally occurs due to protein misfolding or 

aggregation within the cytoplasmic compartment, which also explains the relative overall growth 

rate from 98% to 52% reduction during STb induction time (Figure 3.7) (Xie et al., 2006). This 

possibly can also be due to the disruption in the oxygen consumption rates which is in keeping 

with the decreased levels of respiratory complexes and leads to hampering the proton motive 

force rate. Research has managed to identify that almost all the isolated cytoplasmic aggregates 

where SRP-dependent proteins as some cytoplasmic membrane proteins were included 

(Wickström et al., 2011). 

Research has assumed that the depletion of ffh allows the cells to partially use DnaK and GroEL 

chaperones to substitute SRP absences (Wickström et al., 2011). One would speculate that if 

DnaK and GroEL chaperones substitute SRP then pro-STb should be at least translocated or 

secreted as in the case of DE3-Δsecb/STb (Figure 3.9). Instead, the 4h and 5h inclusion body 

western blot results clearly suggests that DE3-∆ffh/STb strain rather aggregates pro-STb in the 

cytoplasmic compartment in a form of inclusion bodies than being translocated in contrast to 

DE3-∆secb/STb (Appendix 7). Interestingly, the laddering pattern indicated by the red arrows on 

the figure showed similarities between the WTSTb stain and DE3-∆ffh/STb strain. This suggests 

that the overexpression of STb overwhelms the cells, which in turn is strong indicative evidence 

for an active protein degradation process on pro-STb due to cytoplasmic accumulation 

(Appendix 7). This indeed explains the cytoplasmic competitive ELISA results which show a 

significant absence-reduction in pro-STb presence post STb induction until after the 4h mark 

when the graph indicated a negligible pro-STb presence a soluble form of pro-STb within the 

cytoplasmic compartment (Figure 3.8A). The 24h culture medium competitive ELISA is also 
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strong evidence suggesting that pro-STb is being translocated to different compartments within 

the cell (Figure 3.9).  

Collectively, thus far data seems to point at FFh involvement in regulating pro-STb translocation 

and secretion. Therefore, we decided to confirm the direct interaction between pro-STb and FFh 

through a cytoplasmic pull-down assay. The pro-STb pull down assay strongly suggests that FFh 

is involved in the translocation process of pro-STb within the cytoplasmic compartment (Figure 

3.11). The green arrow on the western blot is strong evidence confirming the presence of FFh in 

the pro-STb pull down assay from the WTSTb strain. It is quite surprising since research 

categorized pro-STb signal peptide under a less hydrophobic signal peptide category which 

theoretically is not compatible for SRP interaction. Since we could not obtain an anti-SecB 

antibody in this study we cannot exclude the possible interaction or an overlapping function 

between FFh and SecB during pro-STb translocation. These observations strongly exclude the 

possibility of SecA sole involvement in pro-STb targeting and translocation to the periplasmic 

space as previous study suggested (Kupersztoch et al., 1990). 

3.4.3 secb and ffh Overexpression Impacts on STb Targeting and Secretion 

Mechanism 

The overexpression of both genes (ffh and secb) independently shows a significant variation in 

the secretion mechanism of STb. The cytoplasmic western blots seem to show a relative high 

translation rate when each targeted gene (ffh and secb) is been overexpressed independently in 

comparison to the control (Figure 3.10B). This indicates that both genes are probably involved in 

boosting the translational process within the cell during induction either directly or indirectly. 

Whereas, the periplasmic western blot results show a significant impact on pro-STb translocation 
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to the periplasmic space. Overexpressing ffh shows a better translocation of pro-STb to the 

periplasmic space in contrast to the WT. Similarly, secb overexpression shows a quite similar 

translocation speed of pro-STb but, interestingly, both STb forms (pro-STb and Mature STb) 

were present within the periplasmic space (Figure 3.10A). The results suggest that secb 

overexpression shows some sort of protective effect on mature STb secretion. Indeed, the culture 

medium western blots strongly suggest the involvement of FFh in STb secretion as it shows a 

significant amount of mature STb in the culture medium at hour one in comparison to secb 

overexpression. Surprisingly hour one shows a significant reduction of secreted STb from 

WTSTb/SecB strain relative to the control which leads to questioning of the presence of the 

mature form of STb with in the periplasmic space of the WTSTb/SecB strain (Figure 3.10C). 

Collectively, the results are strongly indicative of the involvement of FFh in pro-STb 

translocation and STb secretion mechanism more than SecB considering the total protein loading 

were identical for each compartment. It seems that the over expression of FFh either enhances 

the transcriptional level or increases the mRNA stability of STb in comparison to the SecB 

overexpression.  
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3.5 Conclusion  

Research has proposed that SecA might play a role in SRP-dependent co-translational 

translocation giving the fact that the exact role of SecA in SRP-dependent translocation is still 

unclear. Our results suggested that ffh and secB knockout and overexpression analysis implicate 

a central role for both factors in the membrane targeting and secretion of STb. However, the 

overall results indicate that STb membrane targeting and secretion is an SRP-dependent process, 

but the cell may also utilize SecB as an alternate pathway. Moreover, the data in this work tend 

to exclude the theory of STb secretion as solely dependent on SecA but does not completely 

exclude SecA involvement from pro-STb translocation within the cell.  
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A Proposed Targeting Model for pro-STb. This diagram shows the sole involvement of SRP 

instead of SecA in targeting the pro-STb to SecYEG.  This diagram was created in 

BioRender.com. 
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ABSTRACT  

Enterotoxigenic Escherichia coli (ETEC) may express several virulence factors during infection. 

Such factors include four toxins: heat-labile I (LTI), heat-labile II (LTII), heat stable enterotoxin 

A (STa), and heat-stable enterotoxin B (STb). Research has shown STb to be involved in 

infections leading to diarrhea in domestic animals; specifically farm animals. Although the 

molecular mechanisms on the cellular targets and subsequent intracellular signaling related to 

LTs and STa are well established, they have not been well studied in the case of the STb toxin 

since a great variation has been observed regarding the exact intestinal cell receptor STb utilizes 

to elicit enterocyte fluid secretion, all possessing different molecular weights and compositions. 

Therefore, identifying the potential receptor of STb on intestinal enteroendocrine cell, STC-1 

cells, may shed a light on hormone regulation during ETEC infection. The results indicated a 

potential interaction between STb and STC-1 intestinal endocrine cell line through a ±57-kDa 

receptor. This receptor was of a different molecular weight than any receptor previously 

identified. The internalization of STb may have been plausible, with the toxicity assay indicating 

that STb was causing harm to STC-1 cell line over time. These findings may contribute to 

uncovering the toxigenic mechanism involved with STb, as the issue may have become more 

complex then we once thought. 
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4.1 Introduction 

One of the main causative agents of watery diarrhea is the enterotoxigenic Escherichia coli 

(ETEC). Members of the ETEC group infect both humans and animals with various degrees of 

virulence. Virulent isolates elaborate a number of exotoxins including a heat-labile I&II (LT) 

enterotoxins, heat-stable enterotoxin A (STa), and Heat-stable enterotoxin B (STb). When 

present, STb is synthesized by the pathogen as a pre-toxin composed of 71 amino acids with a 23 

amino acids long cleavable N-terminal signal sequence. The mature toxin is secreted into the 

media following cleavage of the signal sequence. The toxin is small and compact, being made up 

of 48 amino acids with mostly alpha helical secondary structure stabilized by two disulfide bonds 

(Dreyfus, Harville, et al., 1993; Dreyfus, Urban, et al., 1993).  

STb appears to interact with various cell types and in different ways. Since the early 90’s, 

extensive research has been conducted on what form of cell receptor STb actually binds to upon 

the intestinal cell surface in various organisms. Hirayama et al., (1992) identified two potential 

glycoprotein receptors for STb secreted by ETEC within the rat intestinal membrane. The first 

potential receptor, designated as STR-200A, was characterized with a molecular weight of 70-

kDa. The second receptor, denoted as STR-200B, was found to possess two protein molecules 

with weights of 53-kDa and 77-kDa. Hitotsubashi et al., (1994) identified a potential 25-kDa cell 

receptor upon a mouse intestinal cell membrane through STb labelling, column chromatography 

purification and SDS-PAGE (Hitotsubashi et al., 1994).  

Rousset et al., (1998) found that STb showed a great binding affinity to sulfatide, a form a 

glycolipid derived from porcine jejunum brush-border membranes (Figure 4.1) (Rousset et al., 

1998). Observing the binding effects to pure sulfatide, they found that the binding occurred in a 
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dose-dependent, saturable fashion, suggesting that sulfatide could in fact mediate the binding of 

STb to target enterocytes. Early report by Dreyfus et al., (1993) suggested that STb binds to a G 

protein-coupled cell-surface receptor within the intestinal cell membrane. The coupled receptor 

was then found to dissociate in order to activate a receptor-dependent ligand-gated calcium 

channel embedded within the membrane. The consequences of such interactions have been 

determined to be activation of a G-protein-coupled receptor and calcium ion influx into the cell 

(Figure 1.5) (Dreyfus, Harville, et al., 1993; Swulius & Waxham, 2008).  

Hormone secreting cells in the lining of the intestine may also be a target of these toxins during 

infection with ETEC. A suitable cell line to look at such possible interactions is the STC-1.  

STC-1 is a murine intestinal secreting tumor cell line with several physiological features of 

native intestinal enteroendocrine cells (Chang et al., 1998; McCarthy et al., 2015). We 

investigated the nature of the interaction between purified STb and STC-1 cells and report that 

the effects of STb treatment on these cells are similar to what was observed in other cell lines, 

suggesting the interaction with ±57-kDa membrane protein (occludin) and the induction of 

apoptosis through activation of caspases.  

 

 

 

 

 

 



104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: STb Interaction with Sulfatide Receptor. This diagram was created in 

BioRender.com. 
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4.2 Material and Methods 

4.2.1 Culture Media and Reagents 

All bacterial culture media and chemicals reagents are the same as previously mentioned in 

Chapter 3 unless stated otherwise.  

4.2.2 Cloning stb 

STb cloning was done as previously mentioned in Chapter 2.  

4.2.3 Transformation of E. coli BL21(DE3) with pD444SR-stb Construct 

E. coli BL21 DE3 was transformed with pD444SR-stb construct using the method that is 

described in Chapter 2.  

4.2.4 Bacterial Cultures 

E. coli BL21 (DE3) cultivation was done as previously mentioned in Chapter 2 with some 

modifications. E.coli was cultivated in selective Luria-Broth (LB) agar plates and liquid medium 

containing 100µg/ml ampicillin. From the frozen stock, selective plates were streaked with 

bacteria and incubated at 30°C. A single colony from the overnight plates was picked and 

cultured in liquid medium in an Erlenmeyer flask at 30°C/200 rpm and was the source of 

bacterial growth, bacterial DNA, and proteins.  
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Induction and Culture medium fractionation  

A single colony was inoculated into 50ml LB/Amp in a 250ml flask as an overnight culture. An 

OD600nm of 0.1 from the overnight growth was washed and re-suspended into 500ml LB/Amp in 

a 2L flask and induced for 5 hours with 20µg/ml IPTG (Isopropyl β-D-1-thiogalactopyranoside). 

Cells were spun down at 16000xg for 30 min at 4°C. The culture media was separated from the 

pellet and filtered using a disposable vacuum 0.22µm filter system [Sarstedt] then aliquoted into 

50mls and stored immediately at -80°C and used as the source for STb protein. 

4.2.5 Ni-Agarose Chromatography 

The induced separated culture medium was applied to a 1ml Nickel column purchased from GE 

Lifescience [lot no. 10239469]. The recommended purification protocol was followed in order to 

purify His-tagged STb from the culture medium. The culture media proteins were desalted using 

a 60ml HiPrep 26/10 desalting column [GElifescinse, lot no. 305139] into the1ml Nickel column 

conditioning buffer (NaCl 500mM, Tris 25mM (pH 7.5), and imidazole 25mM (pH 7.5)). Using 

the flow rate of 1ml/min to load and wash the sample and then the STb protein was eluted by the 

recommended elution buffer (NaCl 100mM, Tris 25mM (pH 7.5), and imidazole 500mM (pH 

7.5). Elution fractions containing STb were desalted against water and then PBS, (137mM NaCl, 

2.7mM KCl, 10mM Na2HPO4, 2mM KH2PO4, pH 7.4), using an Amicon spin column with 

1000Da NMWL cut off [Millipore]. 

4.2.6 Tricine SDS-PAGE  

Tricine-SDS-PAGE was done as previously mentioned in Chapter 2.  
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4.2.7 Silver Stain  

The silver staining protocol was performed as described in Chapter 3. 

4.2.8 Coomassie stain  

Coomassie staining was performed as described in Chapter 3. 

4.2.9 N-Terminal Amino Acid Sequencing 

After running 16% Tricine-SDS-PAGE gel, proteins were transferred to 7x7cm PVDF 

membrane [Millipore] activated by 100% methanol, then washed with 1x transfer buffer 

(25mMTris pH 8.3, 192mM Glycine) three times to remove methanol residue. The proteins were 

transferred using the semi-dry transfer technique. Briefly, the gel was placed on the top of PVDF 

membrane and sandwiched between wetted filter paper pads with 1x transfer buffer. A 

25V/90mAmp voltage was applied to the membrane for 30 minutes, then the membrane was 

immersed in PBS for further processing (N-terminal Amino Acid Sequencing). The respective 

band was cut out of the membrane and sent for sequencing by The Center for Applied Genomic 

(TCAG DNA Sequencing Facility, Sick Kids Hospital, Toronto, Canada). 

4.2.10 STC-1 Cell Line Culturing 

The cell model in this paper is mouse intestinal neuroendocrine tumor adherent cells known as 

STC-1 cells (ATCC® CRL-3254™). Liquid nitrogen frozen cells were defrosted at 37°C then 

centrifuged at room temperature at 1000xg for 2min. Cells were propagated in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Sigma® Life Science) with 1% penicillin/streptomycin and 

10% fetal bovine serum (Culturing Medium). The cells were gently resuspended with 10ml of 
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culturing medium in 10cm plates in 5% CO2 at 37oC incubator until a confluency of 

approximately 90% before a passage. 

4.2.11 Cytoplasmic/Membrane Protein Extraction 

For the cytoplasmic fraction, cells were collected by mechanical scraping in 25mM Tris-HCl, 

50mM NaCl pH 8 and 5mM EDTA. After that cells were exposed to freeze-thaw cycles of a total 

of three cycles in order to weaken the cells membrane. Frozen cells were then sonicated for 20 

seconds a cycle for a total of five cycles, and vortexed for 20 seconds through five cycles. The 

cell lysate was then spun down at 14000xg for 30 min to separate the cytoplasmic proteins from 

the pellet and saved at -80°C for future use. For the membrane fraction, the pellet was 

resuspended in membrane extraction buffer (50mM Tris HCl, 50mM NaCl pH 8, 0.25% Sodium 

deoxycholate and 0.5% Triton X) and rotated at 4°C overnight. The membrane lysate was then 

centrifuged at 60,000xg for 100min then separated from the cells debris and saved at -80°C for 

future use. 

4.2.12 Pull down Assay  

The membrane crude extract of 100 x 106 cells was desalted against PBS to eliminate the 

detergents from the extraction buffer. 2µg of purified STb was added to the desalted membrane 

protein extract and incubated at room temperature for 1 hour then moved to 4°C with slow 

agitation motion for 18 hours. We then purified STb-captured proteins with Ni-column as 

describe previously. The pull-down-proteins were then desalted against water then stored at -

80°C.  
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4.2.13 Western Blot  

The western blot was performed as described in Chapter 3.  

4.2.14 Far Western  

500µg of total pull-down-proteins was run in 16% Tricine SDS-PAGE as previously described. 

Following the electrophoresis we performed a far-western procedure as outlined by Wu et al. 

(2007). In brief, the gel was semi-dry transferred to a [Millipore Sigma] 0.2µm PVDF membrane 

using Trans-Blot SD [Bio-Rad], following that the transferred protein were denatured with 8M of 

guanidine hydrochloride then perform a gradual renaturing process of the transferred proteins on 

the membrane to 0M concentration of the guanidine hydrochloride. The membrane was then 

blocked in 2% milk-PBST for an hour after that in 0.1µg/ml STb blocking buffer for overnight. 

After that an incubation of the member in 6x-His Tag primary antibody (MA1-135) 

[ThermoFisher] for 2h, the membrane was washed three times with PBST, followed by Goat 

anti-Mouse IgG H&L (Horseradish Peroxidase) (ab97020) secondary antibody [abcam]. The 

membrane was then developed with horseradish peroxidase chromogenic detection using TMP 

Substrate (ChromoSensorTM One Solution TMB Substrate) [GenScript]. 

4.2.15 Immunofluorescence microscopy  

Approximately 1x106 cells were seeded onto each coverslip and incubated in culture medium for 

30 hours at 37°C and 5% CO2. Seeded coverslips were then transferred to fresh 6-well plates, 

washed twice with 1X PBS and 0.5ml of neutral buffered formalin (NBF) (4% formaldehyde in 

1X PBS) was used to fix the cells for 20min at room temperature. Coverslips were then 

incubated with and without 1µg/ml STb solution for 30mins. 
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Coverslips were then washed three times for 5min each time then blocked in 0.1% gelatin in 

PBST solution for 1h followed by washing three times for 5min each time. Then, the coverslips 

were exposed to different primary antibody solutions (0.1% gelatin in PBST and 0.1µg/ml 6x-

His Tag antibody (MA1-135) [ThermoFisher]) for 18h at 4°C, followed by washing three times 

for 5min each time. Then, incubating within an appropriate secondary antibody solution (0.1% 

gelatin in PBST with 0.05µg/ml Goat anti-Mouse IgG Alexa Fluor®488 or 0.05µg/ml Goat anti-

Mouse IgG H&L Alexa Fluor®647 antibodies) for 2h at room temperature. After, the coverslips 

were washed again three times for 5min each time, and then mounted onto microscope slides 

using mounting medium with DAPI-Aqueous, Fluoroshield (ab104139). The slides were air 

dried, and then visualized using 40x objective of a florescent microscope [Ziess axiovert 200M].   

4.2.16 Cell Viability   

Resazurin cell viability assay was used to evaluate STC-1 cell viability during STb interaction. 

In brief, 6-well plate was seeded with 500 000 cells in each well and kept at 37°C/5% CO2 for 

36-48h to reach 80% confluency before treatment. Treatments were 3 replicates of 0µg/ml of 

STb vehicle controls, and 3 replicates of different concentrations of purified STb (0.014, 0.02, 

0.08, 0.14, 0.2µg/ml) were added to STC-1 cells for a total of 48hours time in a serum free 

culturing medium. The florescence was read with excitation and emission 571nm and 584nm 

respectively using FluoStar Optima plate reader [BMG Labtech, Germany].  

4.2.17 Cell Viability for occludin Epitope availability   

Approximately 3x105 STC-1 cells were seeded and grown at 37°C/5% CO2 for 48h. The cells 

were washed 3 times with PBS then subjected to the treatments in serum free medium. Briefly, 
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the treatment was 1:1 STb to occludin based on 1.3333x10-11 moles/ml (85ng STb/ml / 

1000ng/ml occludin). Cell viability was tested using resazurin indicator at a concentration of 

0.15 µg/ml for 24h. The florescence was read with excitation and emission 571nm and 584nm 

respectively using FluoStar Optima plate reader [BMG Labtech, Germany]. 

4.2.18 Fluorescence-Activated Cell Sorting (FACS) 

Cells were grown in 6-well plates until 80-90% confluency.  Whole medium was replaced, and 

70 μL of fluo-4ff AM in a total of 2 ml of DMEM medium was added to incubate for 30 minutes 

at 37ºC, 5% CO2.  Cells were incubated with 1μg/ml STb for five minutes, and were trypsinized 

for approximately twenty seconds to resuspend. Cells were loaded into the flow cytometer (BD 

FACSCantoTM ii, USA) to read the fluorescence outputs for calcium levels of 10,000 cells while 

the cells were supplemented with 30 μM CaCl2 as a source of extracellular calcium. Forward 

scatter and side scatter lasers were optimized to 868 and 527 volts, respectively.  We excited the 

fluo-4ff AM with a FITC, 488/530nm laser optimized to 934 volts. 

4.2.19 Protein Assay  

The Bradford assay was performed as described in Chapter 3. 
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4.3 Results 

4.3.1 Cloned stb is expressed and secreted as mature STb. 

The insert in the pD444-SR expression vector consisted of the stb ORF with coding sequences 

for a 6xGly spacer and a 6xHis tag at the C-terminus of the toxin (Appendix 8). The pro-STb 

(plus the spacer and the tag) has a calculated molecular weight of 8.7 kDa. The mature form, 

lacking the 23 amino acids N-terminal signal sequence, has a calculated molecular weight of 6.2 

kDa. Culture medium proteins, following induction of STb expression, fractionated on Ni-

agarose yielded a single band at approximately 5.7 kDa (Figure 4.2A). The band represented the 

expressed STb as confirmed by anti-6xHis antibodies (Figure 4.2B). The identity of purified STb 

was further confirmed using N-terminal amino acid sequencing, confirming cleavage of the N-

terminal 23 amino acid residues that represent the signal sequence.  

4.3.2 Purified STb interacts with STC-1 cells. 

The purified STb contains a C-terminal 6xHis tag and this was utilized to visually inspect the 

interaction of STb with STC-1 cells. Immunofluorescence images show that STb interacts with 

STC-1 cells and the staining pattern indicates a cytoplasmic localization, rather than a surface 

localization (Figures 4.3, 4.4).  

4.3.3 Pull down assay isolates a 57 kDa protein from the membrane fraction of 

STC-1. 

Making use of the C-terminal 6xHis tag of STb, a pull down assay was developed to isolate and 

identify the receptor of STb on STC-1 cells. When this assay was performed, a fraction enriched 
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in several bands was obtained (Figure 4.5A, lane 4). A far Western assay on those bands 

revealed a positive reaction with a 57 kDa band (Figure 4.5B, lane 2). The positive band was 

subsequently cut-out from the PVDF membrane and sent off for N-terminal sequencing for 

identification. The results of the N-terminal sequencing identified the positive band as occludin. 

To confirm this result, the positive band was tested with anti-occludin antibodies. This test 

showed a positive reaction with the anti-occludin antibodies and confirmed the results of the 

identification using N-terminal sequencing (Figure 4.6).  
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Figure 4.2: STb Identification. The figures show (A) Silver stained Tricine-SDS-PAGE gel, the 

values on the left indicate molecular mass of marker proteins (kDa); Lane 1, pre-stained protein 

ladder; Lane 2, shows the purified STb toxin profile on a 18% gel. (B) Western Blot using 

0.22µm PVDF membrane, the values on the left indicate molecular mass of marker proteins 

(kDa); Lane 1, pre-stained protein ladder; Lane 2. purified STb. The only band present indicated 

by the red arrow is that of STb with an apparent molecular weight of approximately ~5.7-kDa. 
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Figure 4.3: Immunofluorescence of STC-1 Cells. The figures show (A) Bright field image of 

control untreated STC-1 cells; (B) STC-1 cells treated with STb and developed with mouse anti-

6xHis tag antibodies and goat anti-Mouse IgG Alexa Fluor®488; (C) Nuclear staining of STC-1 

cells with DAPI; (D) The merged fields (400x magnification).  
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Figure 4.4: Interaction of STb and Anti-occludin Antibodies with STC-1 Cells. The figures 

show (A) Shows the bright field of STC-1 cells. (B) Shows STb interaction with STC-1 cells 

outer membrane. (C) Shows anti-occludin antibody interaction with STC-1 cells outer 

membrane. The yellow arrows indicate a similar pattern. 
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Figure 4.5: Pull Down Assay and Far-Western. The figures present (A) 16% Coomassie 

stained Tricine-SDS-PAGE gel showing Pull-down assay between total STC-1 membrane 

proteins extraction and STb. Values on the left indicate molecular mass of marker proteins 

(kDa); Lane 1, pre-stained protein ladder; Lane 2, STb purified stock control (~6.6-kDa); Lane 3, 

STC-1 membrane protein extract; Lane 4, STb-Captured proteins (100µg/ml) showing the 

proteins recovered from the pull-down assay (Elution). (B) Far Western blot on PVDF 

membrane shows STb-Captured proteins. Lane 1, STC-1 membrane protein extract; Lane 2, 

STb-captured proteins (100µg/ml) (Elution). 
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Figure 4.6: Western Blot on PVDF Membrane Using Anti-occludin Antibody. The values on 

the left indicate molecular mass of marker proteins (kDa). Lane 1, pre-stained ladder; Lane 2, 

Pull-down assay elution; Lane 3, STC-1 membrane crude extract; Lane 4, Flow through of the 

Pull-down assay; Lane 5, Wash; Lane 6, ladder. The only band present indicated by the red 

arrow is an occludin protein possessing a molecular weight of approximately ~57-kDa. 
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4.3.4 Purified STb exerts toxic effects on STC-1 cells through interaction with 

occludin. 

Purified STb was tested for its ability to exert toxic effects on STC-1 cells. Treatment of the cells 

with STb for 24 hours showed, in a dose-dependent manner, toxic effects as indicated by the 

resazurin reaction (Figure 4.7). Treatment with STb produces visible morphological changes in 

STC-1 cells prior to 24 hours of treatment and up to 48 hours of incubation. STb-treated cells 

change from a normal morphology, compared to the control treatment, to a form indicative of 

apoptosis and includes cell shrinkage and detachment from the substratum (Figure 4.8A). To test 

whether or not these changes are mediated through the interaction of STb with cell surface 

occludin, anti-occludin antibodies were used in place of STb. Strikingly, similar morphological 

changes were observed as in the case of STb (Figure 4.8A). The toxic effect of the anti-occludin 

antibodies was similar to the observed morphological changes induced by STb. It was found the 

anti-occludin antibodies indeed exert toxicity levels comparable to those observed for STb 

(Figure 4.8B). To investigate the nature of the toxic effects on STC-1 cells which lead to the 

observed morphological changes, the activation of various caspases was carried out. The results 

showed a clear cleavage and activation of caspase-3 48 hours post STb treatment (Figure 4.9). 

This result confirms that STC-1 cells are killed through apoptosis. To confirm involvement of 

occludin in the interaction of STb with STC-1 cells, the importance of cell adhesion (mediated 

through occludin) and availability of surface-exposed occludin were investigated. Treatment of 

cells with trypsin cleaves off surface-exposed STC-1 receptors and adhesion proteins and caused 

the cells to detach from substratum. It is hypothesized that such treatment would impart 

resistance to STC-1 cells to killing by STb and anti-occludin antibodies. Indeed, when this test 

was carried out, no toxic effects were detected up to 48 hours post treatment of STC-1 cells with 
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either STb or anti-occludin antibodies (Figure 4.10). In order to see if both STb and anti-occludin 

antibodies interact with STC-1 cells using the same site, STC-1 cells were also treated with a co-

mixture of STb and anti-occludin antibodies (equimolar ratio) to see if there is competition. 

Treatment of the cells with this mixture alleviated the toxic effects observed with the anti-

occludin antibodies (Figure 4.11), further supporting the proposition that STb interacts with 

occludin. 
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Figure 4.7: Dose Response of STC-1 Cells Treated With STb for 24hrs. STC-1 cells treated 

with various amounts of purified STb in serum free media for 24 hours. Cell viability was 

assessed using resazurin. The statistical results of Two-Way ANOVA showed significant 

differences with p-value ≤0.05 (N=9). The post hoc test was done using Tukey’s test. 
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Figure 4.8: Morphological Characteristics and Viability Assay 24h and 48h Post STb 

Treatments. (A) 40X micrograph of STC-1 at 2 time periods for different treatments.  The red 

arrows indicate cells with distinct morphological characteristic of STC-1 post STb and anti-

occludin antibody treatments. (B) Resazurin assay of adhered STC-1 cells shows their viability 

over a period of time post-STb and anti-occludin antibody treatments. Both treatments show a 

gradual viability decease overall. The statistical results of Two-Way ANOVA showed significant 

differences with p-value ≤0.05 (N=9). The post hoc test was done using Tukey’s test. 
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Figure 4.9: Western blot For Caspase-3 Protein Identification Post STb Treatments. The 

values on the left indicate molecular mass of marker proteins (kDa). The membrane is developed 

with alkaline phosphatase chromogenic detection. The antibody detects both pro Caspase-3 (~32-

kDa) and the large subunit of the active/cleaved form (~14-21-kDa) of Caspase-3. The only band 

present indicated by the red arrow is the large subunit of the active/cleaved form (~14-21-kDa) 

of Caspase-3. 
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Figure 4.10: Viability Assay of Suspended STC-1 Cells. The bar graph shows the viability 

(Resazurin Assay) of suspended (Trypsinization) STC-1 cells over a period of time post-STb and 

anti-occludin antibody treatments. Both treatments show a slight viability increase overall. 

Standard Deviation bars indicate no statistical significant between treatments is each time point. 

The statistical results of Two-Way ANOVA showed no significant differences between strains 

with at each time point (N=9). The post hoc test was done using Tukey’s test. 
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Figure 4.11: Viability Assay (Competitive). The bar graph shows the viability (Resazurin 

Assay) of adhered STC-1 cells at 24h post treatment with STb and anti-occludin antibody.  The 

figure shows the results of each treatment with STb and anti-occludin antibodies plus an 

equimolar mixture of both (1:1). The statistical results of Two-Way ANOVA showed significant 

differences with p-value ≤0.05 (N=9). The post hoc test was done using Tukey’s test. 
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4.4 Discussion 

In this work the main focus was to investigate STb interaction with STC-1 cells. This is critical 

to understanding STb interaction with mouse intestinal endocrine cells in general. Initially, work 

was undertaken to determine if the purified STb has the ability to bind to STC-1 mouse intestinal 

cells. The immunofluorescence assay used showed that STb does indeed bind to STC-1 cells. 

This also indicates that the addition of the 6XHis-tag and the glycine linker had no impact on its 

folding and processing (Figure 4.3, 4.4) (Dreyfus, Harville, et al., 1993). STb interaction with 

STC-1 cells was not restricted to a specific subcellular location but was detected around the cell 

membrane and in various locations within the cytoplasm. In addition, some cells showed STb 

interaction with their nuclear membrane, indicated by the yellow arrows (Figure 4.3B). It is quite 

interesting since the cells were not permeabilized prior to treatment with STb. To additionally 

confirm the proper folding and activity of the purified STb, a calcium influx assay was used. STb 

has been previously shown to induce elevation of cytoplasmic calcium levels in target cells 

(Dreyfus et al. 1993). STb used in this work induced significant increase in the levels of 

intracellular calcium 5 minutes post STb-treatment (Appendix 9), thus confirming the 

functionality of the purified STb.  

The pull down approach was used in this work to identify the targeted receptor that STb possibly 

interacted with since research has previously shown several possible receptors for STb including 

sulfatide, glycoproteins, lipoproteins, and others (Gonçalves et al., 2008). Observing the elution 

profile of the pull down assay; not only was STb present, possessing its characteristic 6.6-kDa 

molecular weight, but also several other high-resolution protein bands (Figure 4.5A). Incubating 

the STb-bound beads with the STC-1 mouse intestinal endocrine cell membrane lysate allowed 
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the toxin to be utilized as a bait protein to its specific cell receptor. This allowed for the 

pulldown of not only the potential receptor but also any other proteins or other membrane 

components that interact with the potential receptor. Several bands of varying intensities were 

obtained following western blot analysis of the captured proteins (Figure 4.5A).  

Since the elution profile shows a number of potential targets that STb initially pulled out, a far-

western blot was carried out in order to specify the targeted protein (Alegria-Schaffer et al., 

2009; Wu et al., 2007). It was crucial in this experiment that the proteins remained in their native 

state allowing the specific binding site to be available in order to properly observe the binding of 

the toxin to the protein of interest. Therefore, guanidine hydrochloride was utilized to denature 

and refold proteins on the membrane; since it was shown that at low concentrations of guanidine 

hydrochloride proteins refold in an efficient manner (Hagihara et al., 1993). The protein of 

interest from the pull-down assay was positively isolated from the rest of the eluted proteins 

through its interaction with STb and visualized by chromogenic detection upon a PVDF 

membrane (Figure 4.5B). This assay identified a protein possessing an apparent molecular 

weight of 57-kDa. The same band was present within the elution profile, as well as the STC-1 

mouse intestinal endocrine cell membrane crude extract (Figure 4.5A). Comparing the cell 

receptors identified in previous studies; no receptors of a similar molecular weight were reported. 

In 1994, Hitotsubashi et al. showed a 25-kDa potential cytoplasmic membrane receptor in a 

mouse intestinal cell line. 

All initial analytical approaches in this work set the stage for further analysis to increase the 

confidence in identifying the ~57-kDa STC-1 membrane protein. The combination of N-terminal 

amino acid sequencing and the mass spectrometry analysis of the ~57-kDa STC-1 putative 

receptor identified it as occludin protein of the tight junction. Additionally, anti-occludin 



128 

 

antibodies reacted with the same band on western blot, further confirming the identity of 

occludin (Figure 4.6). Recently, STb was shown to cause a significant redistribution of F-actin 

within the cell as well as several reports indicating STb’s ability to disrupt the cell-cell contact 

(tight junction strands) including claudin-1 (Nassour & Dubreuil, 2014).  

Research has shown that occludin is one of the critical proteins involved in tight junction 

formation. It is a tetraspan membrane protein that has two external loops with two cytoplasmic 

domains controlling the paracellular permeability (Cummins, 2012). One of the external loops is 

rich in tyrosine and glycine besides a number of charged amino acids but the second loop is 

highly reactive to protein kinases (Cummins, 2012). Studies have shown that once Vibrio 

cholera approaches the human digestive track, it produces a number of toxins that have the 

ability to compromise the human gut leading to severe diarrhea. It was shown that V. cholera 

indirectly disrupts occludin formation within the tight junction by hemagglutinin/protease 

(HA/P). HA/P is an extracellular protease that possesses the ability to cleave occludin and 

disrupt the tight junction structural integrity (Beck, Wu, Brunner, & Müller, 2000). Other studies 

have shown that intestinal cells produce a number of occludin isoforms that are mainly produced 

by alternative splicing, however their tissue distribution and functions are still unclear (Chiba et 

al., 2008). There are also some similarities between ETEC and Clostridium difficile-associated 

diarrhea (CDAD). During infection, C. difficile secrets two unique exotoxins known as TcdA and 

TcdB. TcdA was shown to effectively bind to the apical side of the host cell where its specific 

target is presently known as glycoprotein 96 (gp96)  (Na et al., 2008). TcdB targets the 

basolateral side of the cell where the tight junction is located leading C. difficile to gain access to 

and disrupt this structure. TcdB direct binding receptor is still unidentified  (Rupnik et al., 2009). 

On the other hand, research has shown that ETEC secrets similarly two unique heat-stable 
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enterotoxins known as STa and STb. The majority of studies have reported that heat-stable 

enterotoxin A (STa) interact directly with an apical receptor known as Guanylyl cyclase C (GC-

C) which is the primary receptor that is involved in mediating the stimulant of intestinal chloride 

and bicarbonate secretion system  (Sellers et al., 2008).  

It is well established that disruption or mislocalization of the tight junction proteins often lead to 

the activation of the apoptotic pathway during pathogen infection (Beeman et al., 2012). Certain 

morphological and molecular changes were observed post STb treatments of STC-1 cells in this 

work that implicated apoptosis as a likely outcome of this interaction. These included blebbing, 

granulation, and chromosomal DNA fragmentation (Figure 4.8A and Appendix 10). Observing 

the toxicity assay results morphologically after 24 hours of 50 ng/ml STb treatment; a low toxic 

effect was observed. The cells formed clumps, as they tend to, and only limited evidence was 

seen to indicate cell death (Figure 4.8A). However, after 48 hours of the STb treatment, cell 

death became very apparent, with cellular and apoptotic bodies being observed microscopically 

throughout the culture dish (Figure 4.8A). Necrosis has been described as a bioenergetic ATP 

depletion at a level which disallows cell survival through accidental cellular situations, such as 

physical or toxic damage. It can be characterized by vacuole formation within the cytoplasm, the 

destruction of the outer plasma membrane, followed by an inflammatory immune response 

(Edinger & Thompson, 2004). What was observed in this work was not necrosis. 

Surprisingly, anti-occludin antibodies dispayed a 2-fold higher toxicity compared to the control 

but only 0.5-fold higher than STb treatment at the 24h. Whereas both treatments showed a 

significantly higher toxicity at the 48h in comparison to the control. This result strongly indicates 

that occludin protein is being disturbed and the apoptotic pathway is being activated much earlier 

in the case of anti-occludin antibody than in the case of STb treatment (Figure 4.8B). Western 
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blot targeting Caspase-3 activation using anti-Caspase-3 antibody was also performed for STb-

treated cells. This assay confirmed that the apoptotic is activated at the 48h mark (Figure 4.9). 

The Caspase-3 activation in the present study potentially potentially reflects signaling through 

the disruption of the occludin C-terminal domain. Occludin C-terminal domain was shown to be 

involved in cell survival transduction pathways where once the terminal is altered apoptotic 

pathway was shown to be activated  (Saitou et al., 2000). This observation is highly relevant 

because the anti-occludin antibody in this study is a monoclonal antibody which was raised 

against an epitope containing amino acids 132 and 411. The amino acid sequence is quite close 

to the C-terminal of the protein and corresponds to the second extracellular loop. Occludin is a 

well-studied target in cancer research because of its ability to control cell survival and 

proliferation (Beeman et al., 2012). Moreover, gene-knokout studies have reported that occludin 

depletion can result in chronic inflammation in the mouse gastrointestinal tract with hyperplasia, 

suggesting that occludin plays a complex physiological role (Saitou et al., 2000). 

A dose-response curve was generated to establish the level of toxicity of STb on STC-1 cells. 

The results showed a clear toxic effec in a dose-dependent pattern (Figure 4.7). When compared 

to previous literature, Whipp et al. (1987) suggested that STb triggers the degradation and 

atrophy of villous epithelial cells in pigs. As the STC-1 cells are that of the outer most epithelial 

layer of the mouse intestine, our results correlate with these findings and suggest an interspecies 

toxic correlation. In other reports, STb was proposed to be able to spontaneously insert in and 

form pores within cellular membranes (Gonçalves et al., 2007). To investigate if this property of 

STb may have contributed to the observations in this study occludin was digested with trypsin at 

the cell surface prior to treatment with STb or anti-occludin antibodies. Trypsinizing STC-1 cells 

leads to the disruption of the tight junctions in general and occludin protein in particular since 



131 

 

occludin is important for adhesion to surfaces (Chiba et al., 2008). Theoretically, this will limit 

the possibility for STb and anti-occludin antibodies from activating the apoptotic pathway unless 

STb exhibits an alternative pathway to induce toxicity to the cells. The cell viability assay 

showed no significant toxic effects from STb or anti-occludin antibodies (Figure 4.10), thus 

supporting the idea that the observed toxic effects of both STb and the anti-occludin antibodies 

were specifically induced by binding to occludin. Finally, since anti-occludin antibody viability 

data showed faster apoptotic pathway activation than STb, it was decided to investigate if an 

equal ratio between STb and anti-occludin antibodies would lead to competition for the same 

receptor binding site. If that is the case, a delay on the apoptotic pathway activation should be 

observed. The 24h viability assay graph of the 1:1 ration (STb: anti-occludin antibody) indicates 

that the cells experience some sort of a protective effect from the mixture treatment suggesting 

that STb and anti-occludin antibody bind to the same epitope (Figure 4.11), or at least the same 

extracellular loop. This data was further investigated by the immunofluorescence assay. The 

yellow arrows on Figure 4.4 clearly show a co-localization between the two targets (STb and 

anti-occludin antibody) indicating a high possibility of binding to the same binding site on the 

second loop of occludin.  
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4.5 Conclusion  

This research encompassed theories made throughout decades of studies done on the STb toxin 

and its toxigenic mechanisms. The STb-binding cell receptor derived from the STC-1 cell line 

has an apparent molecular weight different from the intestinal mouse receptor identified in the 

past, 57kDa compared to 25kDa (Hitotsubashi, 1994). The far western blot and western blot 

results obtained in this chapter support the idea of interactions related to STb and STC-1 mouse 

endocrine intestinal cells. The overall results presented in this chapter implicate occludin as a 

receptor for STb in STC-1 cells. STb-binding cell receptors of different molecular weights have 

been found within the same species. Having this ability to bind to such a vast variety of intestinal 

cell receptors to induce fluid secretion, reveals the complex interaction between STb and the 

cells of the intestinal epithelium and the need for further studies.  
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A Proposed Model for STb/occludin Interaction. The dephosphorylation of Claudin-1 in 

response to STb interaction with the sulfatide receptor provides an opportunity for STb to 

penetrate between the cells and interact with occludin proteins. This diagram was created in 

BioRender.com. 
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Chapter 5  

5 Overall Conclusion  

This research encompassed various theories that have been developed during decades of studying 

STb toxin and its toxicogenic mechanisms. A number of unexpected findings have emerged from 

the work presented in this thesis and new questions have arisen. Despite the fact that it is 

commonly assumed that protein targeting relies on the recognition of the newly synthesized N-

terminal signal peptides, in chapter 2, we managed to show that protein targeting and secretion 

can be subjective to the nature of the exported substrate. The sequential decrease of AU/GC 

within the first 15 codons, which correspond to an even ratio of AU to GC, had led to a 

significant reduction in STb secretion. On the other hand, when the GC ratio was increased, 

which corresponded to a reduction of AU beyond the first 15 codons of STb N-terminal signal 

peptide, the secretion efficiency of the toxin was recovered. This result signifies for the first time 

the importance of the secondary structure of mRNA in targeting STb for secretion through T2SS. 

In chapter 3 we characterized the targeting and secretion mechanisms of pro-STb since research 

has shown that pro-STb requires the presence of SecA to be targeted to the periplasmic space, 

even though it still remains unclear the possible interaction between the 23 amino acids of STb’s 

N-terminal signal peptide and SecA. In fact, T2SS targets secretory proteins across the IM by a 

process that is directed by either the Signal Recognition Particle (SRP), or SecB. Thus, by 

knocking out secB of E. coli BL21 (DE3) stain, we managed to detect the pro-mature and mature 

forms of STb within the culture medium only 24h post induction. Whereas, ffh depletion led to a 

significant accumulation of pro-STb within the inclusion bodies rather than the culture medium. 

This strongly suggests the direct involvement of FFh in targeting and the secretion process of 
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pro-STb, but does not fully exclude SecB’s role in pro-STb targeting. Therefore, the direct 

involvement of SecB in targeting and translocation pro-STb has to be further studied. In chapter 

4 we identified the potential receptor of STb on STC-1 mouse endocrine intestinal cell line, since 

research have shown its ability to bind to a vast variety of intestinal cell receptors to induce fluid 

secretion. The STb-binding cell receptor derived from the STC-1 cell line possessed a molecular 

weight different from any receptor identified within the last 30 years. The results indicated that 

STb’s interaction with a protein that is part of the tight junction complex known as occludin. 

Indeed, one can justify this phenomenon on the fact that various organisms produce and react to 

various proteins quite differently; however, this cannot be the end conclusion for this miniscule 

48-amino acid protein. The potential of this toxin being a universal defensive tool secreted by 

ETEC needs to be further studied; even having the potential of being a universal offensive tool, 

allowing the bacteria to penetrate and enter any section of the gut in almost every animal studied 

thus far. Solving these issues will in turn greatly contribute to bettering the future of diarrheal 

therapeutic endeavors, saving the lives of millions.   
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Appendices  

Appendix 1: Description of plasmids used in this study.  

 

 

 

 

 

Plasmid Clone name Description 

pD444-SR/WT-STb WT pD444-SR expression vector containing wild type STb 

open reading frame. 

pD444-SR/s1-STb S-I pD444-SR expression vector containing STb open 

reading frame with silent mutations as per Figure 2.1. 

pD444-SR/s2-STb S-II pD444-SR expression vector containing STb open 

reading frame with silent mutations as per Figure 2.1. 

pD444-SR/s3-STb S-III pD444-SR expression vector containing STb open 

reading frame with silent mutations as per Figure 2.1. 

pD444-SR/ns1-STb NS-I pD444-SR expression vector containing STb open 

reading frame with non-silent mutations as per Figure 

2.1. 

pD444-SR/ns2-STb NS-II pD444-SR expression vector containing STb open 

reading frame with non-silent mutations as per Figure 

2.1. 
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Appendix 2: Primer sequences used in this study. 

 

Primer Sequence Description 

STbF1 >Forward primer 5’-GGTGGTCATATGAAAAAGAATATCGCATTTCTTC-3’ WT 

STbF2 >Forward primer 5’-ACCACCATATGAAGAAGAACATCGCGTTCCTTCTTGCATC-3’ WT 

STbR1 >Reverse primer 5’-TTAGTGGTGGTGATGGTGATGGCC-3’ WT 

STbs1F > F primer 5’-TTGCATCTATGTTCGTTTTTTC-3’ S-I 

STbs1R > R primer 5’-CAAGAAGGAACGCGATGTTCTTCTTCAT-3’ S-I 

STbs2F > F primer 5’-TCGTTTTTTCTATTGCTACAAATG-3’ S-IIa 

STbs2R > R primer 5’-CGAACATCGACGCCAGCAGGA-3’ S-IIa 

STbs2Fb > F primer 5’-ATGTTCGTGTTCTCTATTGCTAC-3’ S-IIb 

STbs2Rb > R primer 5’-CATCGACGCCAGCAGGAACGC-3’ S-IIb 

STbs3F > F primer 5’-CGCGACGAACGCGTACGCGTCTAC-3’ S-III 

STbs3R > R primer 5’-GCGATCGAGAACACGAACATCGACG-3’ S-III 

STbns1F > F primer 5’-TTCTTCTTGCATCTATGTTCG-3’ NS-I 

STbns1R > R primer 5’-GAAATGCGATATTCCGCCGCAT-3’ NS-I 

STbns2F > F primer 5’ -TCGTCTTGCATCTATGTTCG-3’ NS-II 

STbns2R > R primer 5’-GAAATGCGATATTCTTTTTCAT-3’ NS-II 

STbqF >Forward primer 5’- TCTACACAATCAAATAAAAAAG -3’ qPCR – STb 

STbqR >Reverse primer 5’- AAAGCATGCTCCAGCAGTAC -3’ qPCR – STb 

16sqF >Forward primer 5’- AGAGTTTGATCCTGGCTCAG -3’ qPCR – 16S 

rRNA 

16sqR >Reverse primer 5’- CTTGTGCGGGCCCCCGTCAATTC -3’ qPCR – 16S 

rRNA 
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Appendix 3: Primer Sequences used for the End Point PCR. 

 

Primer Sequence 

STb >Forward primer 5’-CATATGAAAAAGAATATCGCATTTCTTC-3’ 

STb >Reverse primer 5’-TTAGTGGTGGTGATGGTGATGGCC-3’ 

ffh >Forward primer 5’ATGTTTGATAATTTAACCGATCG 3’ 

ffh >Reverse primer 5’GAAAATGAAGAAGGGCGGAATGGC 

secB >Forward primer 5’ ATGTCAGAACAAAACAACACTGAAATG3’ 

secB >Reverse primer 5’ TCAGGCATCCTGATGTTCTTCAGTACC 3’ 

zeocin >Forward primer 5’ ATGGCCAAGTTGACCAGTGCCG 3’ 

zeocin >Reverse primer 5’ TCAGTCCTGCTCCTCGGCCACG 3’ 

kanamycin >Forward primer 5’ ATGATTGAACAAGATGGATTGCACG 3’ 

kanamycin >Reverse primer 5’ TCAGAAGAACTCGTCAAGAAGGCG 3’ 
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Appendix 4: Primer Sequences used for The Semi-Quantitative RT-PCR. 

 

 

Primer Sequence 

STb >Forward primer 5’- TCTACACAATCAAATAAAAAAG -3’ 

STb >Reverse primer 5’- AAAGCATGCTCCAGCAGTAC -3’ 

ffh >Forward primer 5’CCTGCAAGGTGCCGGTAAAACAAC -3’ 

ffh >Reverse primer 5’- GAAACCACCAGCACTTTCTTCTTG -3’ 

secB >Forward primer 5’- ATGTCAGAACAAAACAACACTGAAATG -3’ 

secB >Reverse primer 5’- CCACTTCGTATACGTCATCTGCCAG -3’ 

tolC >Forward primer 5’- ATGAAGAAATTGCTCCCCATTCTTATC -3’ 

tolC >Reverse primer 5’- GTGCTTGCTGATAAACTTGCATCAG -3’ 

sigma 32 >Forward primer 5’- ATGACTGACAAAATGCAAAGTTTAGC -3’ 

sigma 32 >Reverse primer 5’- CGCTCCTCGTCAGCCGACAAC -3’ 

sigma 70 >Forward primer 5’- ATGGAGCAAAACCCGCAGTCACAGC -3’ 

sigma 70 >Reverse primer 5’- TTCCGGCAGATGGTCATTGACCTCG -3’ 
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Appendix 5 

 

 

 

 

 

   

 

 

 

 

 

 

 

Knockouts gross colony morphology on selective LB Media. (A) E. coli BL21 (DE3), (B) DE3-

∆ffh and (C) DE3-∆secB. 
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Appendix 6  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Western blots of Recombinant Clones (FFh and SecB). PVDF membranes were developed using 

anti-His antibody for the presence of recombinant clones (FFh and SecB) within the cytoplasmic 

compartment. Both membranes were developed with the TMB chromogenic substrate for the 

detection of HRP-conjugated secondary antibodies. The red arrows indicate the bands 

representing each protein. 
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Appendix 7  

 

 

 

 

 

 

 

 

 

 

 

 

Inclusion Bodies Western Blot Analysis. PVDF membranes were developed using anti-His 

antibody for the detection of pre-mature STb in the inclusion bodies extracts of each knockout 

mutant (ffh and secB) at 4h and 5h post-induction, followed by treatment with HRP-conjugated 

secondary antibodies and the TMB chromogenic substrate. The red arrow indicates the size of 

the pre-mature STb. 
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Appendix 8  

 

 

 

 

 

 

 

 

 

 

 

 

The Plasmid pD444-SR Vector Map including the WT STb insert. 
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Appendix 9 

 

 

 

 

 

 

 

 

 

 

Fluorescence-activated cell sorting (FACS) measures a calcium level 5 minutes post-STb 

treatment on STC-1 cells. 
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Appendix 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chromosomal DNA Laddering. 1% Agarose gel shows DNA laddering 48h post-STb treatment 

on STC-1 cells (± serum). 

 

 


