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Abstract 

 

Enterohaemorrhagic Escherichia coli (EHEC) is a food-borne 

pathogen associated with outbreaks of bloody diarrhoea and haemolytic 

uraemic syndrome in humans. It originates from asymptomatic carriage 

in cattle and other ruminants. A critical step in EHEC infection of the 

human or ruminant host is attachment and effacement of the intestinal 

epithelium, which is dependent on production of a Type 3 Secretion 

System (T3SS). This is a molecular syringe encoded on the Locus of 

Enterocyte Effacement (LEE) composed of five operons LEE1,2,3,5 

and 4. The expression of the T3SS is thought to be staged with a 

checkpoint after production of the membrane-embedded basal 

apparatus and before production of the LEE4-encoded translocon 

filament (EspABD) that contacts the host cell. The first protein encoded 

on the LEE4 operon is SepL and its expression is coupled to translocon 

proteins EspABD. SepL has been established to be essential for 

production of surface translocon filaments, although its mechanism of 

action is still unknown. A recent study by Wang et al. provided evidence 

that the conformation of the sepL mRNA determined its translation and 

the RNA-binding protein Hfq was shown to negatively regulate SepL 

expression. There is evidence for a LEE1-encoded factor required to 

enable LEE4 translation. Together, the sepL mRNA secondary 

structure, Hfq and LEE1-encoded components are hypothesised to 

form a regulatory interplay that determines SepL expression. The 

research described in this thesis aimed to further characterise the 

regulatory factors and unravel the mechanism behind the proposed 

post-transcriptional control of sepL mRNA. 

Investigation into the LEE4 mRNA expression revealed a 

disconnect between the transcriptional activation and LEE4 transcript 

abundance. This was concluded to be due to rapid degradation of the 

LEE4 mRNA. The secondary structure of sepL mRNA was mapped 
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using a chemical probing technique called selective 2′-hydroxyl 

acylation analysed by primer extension (SHAPE). It revealed that the 

sepL transcript adopts a ‘closed’ conformation that likely obstructs the 

Shine-Dalgarno region from the ribosomal access. Previous research 

had shown that reporter fusions to truncated sepL mRNAs had high 

expression levels compared to fusions to the full length sepL mRNA. 

Those truncated sepL mRNA constructs were computationally 

predicted to form an ‘open’ secondary structure enabling ribosome 

binding. The ‘closed’ sepL mRNA conformation was linked to a higher 

rate of transcript decay in comparison to the sepL mRNA constructs 

predicted to form an ‘open’ secondary structure. I propose a model in 

which the ‘unfolding’ of the sepL mRNA leads to translation and 

protection from degradation. This was indicated to be EHEC 

background specific. While Hfq had a clear negative impact on sepL 

mRNA stability, deletion and complementation analyses demonstrated 

that the LEE1-encoded T3SS chaperone CesAB opposed the Hfq-

mediated degradation of sepL mRNA and is a post-transcriptional 

regulator of SepL and other LEE4-encoded proteins. CesAB was shown 

to directly interact with the sepL transcript and the mRNA signatures 

involved in the interaction were investigated. The positive impact of 

CesAB on sepL mRNA maintenance was diverted by expression of 

CesAB’s protein cargo, the LEE4-encoded T3SS filament protein EspA. 

This indicates a hierarchical feedback loop controlling expression of the 

LEE4-encoded proteins. To our knowledge this is the first reported 

instance of a T3SS protein chaperone also regulating the expression of 

its subsequent protein cargo at the mRNA level. Therefore, it acts first 

to stabilise the LEE4 transcript followed by interaction with two of LEE4 

mRNA-encoded proteins.  The switch of CesAB from protein-RNA 

interaction to protein-protein interactions would naturally lead to 

degradation of the translocon mRNA. The duality of substrates may be 

a paradigm common to other substrates and this needs evaluation. 
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The conducted study aimed to widen the knowledge of the 

mechanisms that have evolved to stage the construction of complex 

bacterial organelles. In turn this can lead to a better understanding of 

the processes underlying potentially lethal infections and indicate new 

anti-virulence drug targets.  
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Lay Summary 

 

Enterohaemorrhagic Escherichia coli (EHEC) is a bacterium 

associated with human and animal disease characterized by 

development of bloody diarrhoea. EHEC infections can lead to long 

lasting health problems and are potentially fatal. To infect and colonise 

its host EHEC attaches tightly to the cells that line the gastrointestinal 

tract. To do this, the bacterium injects the host cell with a cocktail of 

molecules called effector proteins, which bind to proteins within the cells 

and alter their function. This ultimately leads to alterations in the host 

cell’s cytoskeleton, a network of filaments and microtubules which, just 

like bones, create an internal framework of the cell responsible for 

supporting cell’s structure. The delivery of the effector proteins into the 

host cell is orchestrated by complex injection machinery called a Type 

3 Secretion System (T3SS). The T3SS is a molecular syringe 

composed of the basal apparatus, embedded in the bacterial 

membrane, which extends into a ‘injection filament’ that projects outside 

of the bacterium. On the tip of the ‘needle’ a pore forms connecting the 

bacterium to the host cell. Assembly of the syringe was shown to be 

staged with the basal apparatus considered to be produced first, 

followed by formation of the ‘needle’. One of the T3SS proteins, called 

SepL, was shown to control production of the ‘needle’ and without SepL, 

the ‘needle’ won’t be produced. However little is known about factors 

involved in control of SepL production. 

All proteins are produced from a line of code, called mRNA. The 

information encoded by the mRNA is translated into protein by the 

cellular machines called ribosomes. Those lines of code fold into 

different conformations and form 3D structures. The structure of the 

mRNA can either grant or inhibit ribosome access and thus regulate 

production of the protein. The mRNA molecules that are not translated 

by the ribosome are often unstable and prone to degradation. Some 
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proteins are able to attach to the mRNA and positively or negatively 

control its translation and maintenance.  

My project indicated that the SepL-encoding mRNA is prone to 

degradation. A negative regulator of SepL production called Hfq was 

shown to be involved in the mRNA decay. T3SS protein called CesAB 

was shown to attach to sepL mRNA and oppose the Hfq-mediated 

degradation. The structure formed by sepL mRNA was determined to 

be ‘closed’ and likely to inhibit the ribosome access. Unfolding of the 

sepL mRNA is predicted to be necessary for its translation. The Hfq-

CesAB interplay is thought to regulate the conformation of the sepL 

mRNA from a folded state that inhibits its translation and leads to 

degradation, to an unfolded state that allows ribosome binding and 

translation and protects the mRNA from decay. This mechanism 

underpins the production of the T3SS ‘needle’ and thus is crucial for 

EHEC infection. The primary finding of the work was the capacity of 

CesAB to firstly protect its mRNA target and then to be diverted from 

the mRNA by the translated products (injection filament components), 

thus providing a neat feedback loop to control production of the filament.  

Studying the assembly of complex molecular machines, such as 

the Type 3 Secretion apparatus, allows us to fully understand the 

infection process and develop new ways to stop and treat these 

potentially lethal infections.  
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   Introduction 

1 
 

Chapter 1 Introduction 

 

1.1 Translational control in pathogenic bacteria 

 

Most bacterial pathogens are extremely versatile microorganisms 

adapted to occupy different niches, overcome environmental pressures 

such as temperature, pH and osmolality change and utilise varying 

resources. In order to successfully infect the host, pathogens employ a 

multitude of virulence factors such as secretion systems or toxins, which 

aid in colonisation and immune-evasion (Mandell et al, 2015). Those 

tools are selectively deployed depending on changes in the environment 

and their expression is tightly regulated. This regulation can occur at any 

point along the continuum of gene expression: transcription of the DNA, 

translation of the messenger RNA (mRNA) or post-translationally via 

protein modification. Although transcriptional control plays a significant 

role in the regulatory cascades, a weak correlation between the transcript 

and protein abundance can be observed throughout the bacteria 

kingdom (Dressaire et al., 2010; Lu et al., 2007; Nie et al., 2006, Picard 

et al., 2013). This indicates apparent involvement of post-transcriptional 

regulation that was shown to govern all aspects of bacterial activity 

including house-keeping, metabolic and pathogenic processes (Bertram 

et al., 2014; Le Scornet et al., 2019; Romeo et al., 2013; Schiano et al., 

2012). This part of the thesis describes the factors known to 

translationally control gene expression in Gram negative bacteria with a 

focus on mRNA secondary structure, regulatory noncoding RNAs and 

RNA binding proteins.  

 

 



   Introduction 
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1.1.1 mRNA secondary structure 

 

1.1.1.1 Global regulatory characteristics of mRNA conformation 

 

mRNA carries information in a three-dimensional plane and in 

order to decode it, interpretation beyond reading of the nucleotide 

sequence is required. mRNA is by its nature prone to fold into higher-

order secondary (hairpins and stem-loops) and tertiary (3D 

conformations stabilised by interactions between distantly located 

sequences) structural motifs. Those structures are highly dynamic and 

can adapt several different complex conformations in timescales 

measured in microseconds. Specific structures adopted by the 

transcript can perform biological functions and so transitions between 

the alternative structures are critical to the regulation of gene 

expression (Chemla et al., 2020; Ermolenko et al., 2020; Mauger et al., 

2019; Meyer, 2017; Schroeder et al., 2004). 

 Comprehensive research by Del Campo et al., 2015 

investigated global trends in E. coli mRNA structures and their effect on 

translational efficiency. The study established that unstructured 

conformation of the transcript correlates with increased translational 

initiation rates and protein expression. Openness of the mRNA 

conformation around the 5’ untranslated region (UTR) of the transcript 

was shown to determine the translational efficiency, more so than the 

complementarity of the mRNA Shine-Dalgarno (SD) sequence to the 

30s subunit of the ribosome that is canonically used as a predictor of 

translational efficiency (Beck et al., 2016; Del Campo et al., 2015; 

Hockenberry et al., 2016; Jacob et al., 1987). It has been proposed that 

the unfolded 5’UTR is recognised by S1 ribosomal protein, known to 

have an affinity for mRNA binding upstream of the start codon. This 

interaction could act as primary recognition event and facilitate docking 

of the 30S subunit at the Shine-Dalgarno.  
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mRNA secondary structure adopted by the 5’UTR is often 

associated with transcript stability. Unlike ribosomal RNA and transfer 

RNA, mRNA is unstable and prone to decay (Cannistraro et al., 1985). 

RNase E is the main component of the RNA degradosome in E. coli, 

and is therefore essential for mRNA degradation and transcript 

processing. The RNase E binding motif consists of A/U-rich single-

stranded mRNA regions. Several single gene studies, as well as a 

global analysis of E. coli genome, identified a structural signature, 

composed of an unpaired sequence preceded by a stem loop that is 

proposed to facilitate recognition by RNase E and cleavage of the 

transcript. Docking of the ribosome at the 5’ UTR was shown to protect 

the mRNA from RNase E mediated cleavage (Braun et al., 1988; Choi 

et al., 2018) and inefficient ribosomal binding is typically associated with 

an increase in transcript degradation (Morris et al., 2021). This mutually 

exclusive interplay between translational machinery and the 

degradosome, utilising a specific structural signature as a recognition 

beacon, showcases the importance of sequence-independent mRNA 

structures in fine-tuned regulation of mRNA maintenance and 

translation initiation. 

Apart from its importance in ribosomal recognition, unfolding of 

the mRNA is necessary for the next step of translation, elongation. 

Decoding of the mRNA, involves feeding of the mRNA strand through a 

narrow tunnel formed by S3, S4 and S5 ribosomal proteins. The 

architecture of this channel prevents structured motifs from entering, 

therefore the mRNA strand needs to be unfolded by approximately two 

codons in order to reach ribosomal decoding site. This change in mRNA 

structure is hypothesised to utilise the free energy released by EF-G-

mediated GTP hydrolysis, during translocation. Complexity of the 

folding was shown to directly correlate with a decrease in elongation 

speed and ribosomal stalling (Choi et al., 2018). Additionally, mRNA 

structure-mediated pacing of translation is implicated in efficiency of 

recoding phenomenon, which refers to the production of alternative 
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proteins from the same nucleotide sequence. Recoding maximises 

density of encoded genetic information and can be utilised to regulate 

protein function (Chiaruttini et al., 2019).  

mRNA structure was also shown to play a role in translation 

termination. Global analysis of secondary structures in the E. coli 

transcriptome, indicated a persistent but sequence unrelated structural 

signature upstream of the stop codon. This correlated with enrichment 

of ribosomes directly upstream of the structure, suggesting involvement 

of the motif in stalling of the ribosome. The ribosome pausing at the 

persistent structure was hypothesised to ensure accurate positioning of 

the ribosomal decoding site at the stop codon and thus mediate 

successful termination of translation (Del Campo et al., 2015). 

 

1.1.1.2 Riboswitches and RNA thermometers 

 

Apart from its general involvement in translation efficiency, 

mRNA structures are prominently utilised to act as sensory switches, 

called riboswitches or RNA thermometers (RNATs) (Abduljalil, 2018; 

Loh et al., 2010; Nerberhaus, 2010). Riboswitches are able to monitor 

environmental chemical or physical cues by binding to a specific ligand 

and, depending on the availability of the signal, inhibit or promote gene 

expression without obligate involvement of other factors. This control is 

dependent on conformational changes in the riboswitch or RNATs 

mRNA, which result in mutually exclusive mRNA structures, the ‘on’ 

anti-terminator and ‘off’ terminator mRNA states in terms of expression 

(Figure 1.1) (Pavlova et al., 2019). Riboswitches can act both on 

transcriptional and translational efficiency, however in Gram negative 

bacteria the inhibition of the translation initiation by sequestration of the 

Shine-Dalgarno sequence, is the most commonly observed mode of 

riboswitch-mediated expression regulation (Nudler et al., 2004; Garst et 
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al., 2011). Riboswitches and RNATs are noncoding stretches of RNA 

localised in the 5’UTR of the monocistronic or polycistronic mRNA for 

the genes under their control. A riboswitch is composed of two 

functional domains, the aptamer and the expression platform, linked by 

an overlapping region called the switching sequence. The aptamer 

region adopts a scaffolding-like fold that acts as a ligand-binding pocket 

that interacts with the cognate ligand (if required) with extreme 

specificity, discriminating between highly related compounds, such as 

adenine and guanine or one methylene group of lysine versus ornithine. 

Docking of the ligand at the aptamer results in reorganisation of the 

aptamer region and a conformational change in the expression platform 

structure, which interacts with translational machinery and determines 

progress in terms of repression or expression (Garst et al., 2011). 

Concentrations of various metabolites, tRNAs and ions, that reflect 

things like nutrient availability, temperature or pH change, were shown 

to elicit riboswitch-mediated regulation of metabolism and transport-

related protein synthesis (Berdard et al., 2020). The architecture of 

riboswitches was shown to adhere to general patterns adopted by other 

RNAs, including loops, helices and bulges, which are then configured 

into more advanced structures such as GA3 tetraloop, pseudoknots, 

kink-turns, kissing-loop or T-loops (Garst et al., 2011).  
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Figure 1.1. RNATs mRNA conformation rearangements leading to change in 

ribosomal binding site (RBS) accessibility.  a. RNA zipper. Gradual change in 

temperature results in progressive ‘melting’ of the secondary structure.  b. RNA 

switch. mRNA adopts two different, mutually exclusive conformations 

depending on change in temperature (Garst et al., 2011).  

 

 

 

 

 

 



   Introduction 

7 
 

Due to the poor sequence conservation of riboswitches and 

RNATs, the computational prediction of such regulatory sequences 

based only on genomic information is particularly challenging (Chang et 

al., 2009). Sophisticated RNA structure probing techniques such as 

Single Molecule Kinetic Analysis of RNA Transient Structure (SiM-

KARTS), Selective 2’-Hydroxyl Acylation analysed by Primer Extension 

(SHAPE), single-molecule Fluorescence Resonance Energy Transfer 

(smFRET), PARIS (psoralen analysis of RNA interactions and 

structures), and PARS (parallel analysis of RNA structures), as well as 

computational folding predictor software can be successfully utilised in 

order to determine potential regulatory structures within mRNA and 

indicate mechanistic aspects of their action (Chang et al., 2009; 

Chauvier et al., 2019). SiM-KARTS performed on the 

Thermoanaerobacter tengcongensis 7-aminomethyl-7-deazaguanine 

(preQ1)-sensing riboswitch, was employed to follow the alternate 

structure adaptation of the riboswitch dependent on the availability of 

the ligand. Those experiments indicated the conformational changes in 

the aptamer region upon ligand binding and correlated them with the 

opening of the Shine-Dalgarno region and expression of the gene of 

interest (Rinaldi et al., 2016). In addition, SHAPE analysis of the most 

studied bacterial riboswitch, the thiamine pyrophosphate (TPP), 

demonstrated that disruption of the folded structure interferes with 

formation of a functional riboswitch domain and renders the regulatory 

mechanism dysfunctional (Haller et al., 2013; Stoddard et al., 2008). 

Programmed pausing sites described above are additional mRNA 

structure-dependent regulatory elements often positioned within the 

expression platform of the riboswitches. Those structures slow down 

the decoding machinery and allow for correct folding of the aptamer, 

crucial for ligand detection and functionality of the switch. Further 

complexity of riboswitch-mediated regulation can be achieved by 

formation of another adjacent regulatory structure. Tandem architecture 

allows for increased sensitivity for the same ligand or more fine-tuned 
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regulation responsive to more than one cognate ligand (Sherlock et al., 

2018; Sudarsan et al., 2006).  

Riboswitches and RNATs are widely distributed among 

pathogenic bacteria. One of the better studied translational mRNA-

encoded switches in Gram negative pathogens is the RNAT of Yersinia 

pestis, responsible for production of a transcriptional regulator LcrF that 

dictates production of the Yersinia type III secretion system and 

secreted Yersinia outer proteins (Yops); together these are critical 

virulence factors for infection and immune evasion. The lcrF RNAT 

occludes the Shine Dalgarno sequence and the AUG start codon, 

inhibiting the LcrF expression. At 37℃, indicative of the host 

environment, this structure melts and the Shine-Dalgarno and start 

codon are exposed which permits translation of the lcrF mRNA and 

subsequent expression of the virulence machinery (Hoe et al., 1993; 

Nuss et al., 2017). Similarly the RNATs of Shigella dysenteriae outer 

membrane heme receptor ShuA, important for acquisition of iron from 

complex molecules present in the host organism, depends on the 

conformational change of the mRNA structure that alters the access to 

the interaction sites that are critical for transcript decoding or 

processing. Alteration of transcript conformation is basis of many more 

riboswitches such as heat shock genes of Salmonella typhimurium htrA 

and σ32, rpoH in Escherichia coli and adenine riboswitch of Vibrio 

vulnificus. RNase E cleavage-mediating lycC lysine switch and pH 

sensor alx in Escherichia coli, as well as Salmonella ATP and tRNA-

sensing mgt riboswitch are also dependent on change in mRNA 

secondary structure (Barros et al., 2016; Chauvier et al., 2019; Kouse 

et al., 2013; Waldminghaus et al., 2007). 

The examples described above highlight the layered nature of 

messages carried by various elements of the nascent mRNA molecule, 

with emphasis on the extent to which the mRNA structure can have an 

impact on translation initiation and efficiency. The regulatory attributes 
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of the mRNA structure can be further utilised in mRNA-RNA and mRNA-

protein regulatory interactions as described below.  
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1.1.2 Regulatory non-coding RNAs  

 

In the past decade non-coding RNAs (ncRNA) have taken gene 

expression regulation by storm. These micro regulators are abundant in 

all bacteria, managing processes such as adaptation to change in 

temperature and nutrient availability, adherence to host cells, immune-

evasion or spread of the pathogen (Ahmed et al., 2016; Gottesman, 

2005; Moodey et al., 2013; Perez-Reytor et al., 2017). The cellular 

mechanisms that were shown to undergo ncRNA-mediated regulation 

include transcriptional reprogramming, carbon storage, toxin and 

antitoxin systems, expression of entire virulence operons, iron 

homeostasis, envelope production, SOS response, enzyme 

modulation, dual action between sugar metabolism and virulence factor 

expression, transition phases and feedback regulation (Felden et al., 

2021; Repoila et al., 2009; Perez-Reytor et al., 2017). It is likely that 

ncRNA control is standard for systems requiring responsive regulation. 

The mechanistic and physiological aspects of ncRNA-mediated 

regulation are described in more detail below.  

ncRNAs can be divided into cis-encoded antisense RNAs 

(asRNAs), that are expressed from the complementary DNA strand to 

the RNA they act upon, and trans-encoded small RNAs (sRNAs) that 

control expression of genes encoded in different genomic locations 

(Saberi et al., 2016; Millar et al., 2021). cis asRNAs are most commonly 

associated with transcriptional interference via binding to their 

reciprocal mRNA sequences, however post-transcriptional regulatory 

mechanisms involving modulation of mRNA stability and translational 

control achieved by occlusion of the mRNA ribosomal binding sites, 

have been reported (Brantl, 2007; Georg et al., 2011). One of the 

examples of translational control mediated by asRNAs is the interaction 

between the asRNA and global RNA chaperone Hfq of Legionella 

pneumophila, a Gram-negative pathogen responsible for life-
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threatening atypical pneumonia. Binding of the asRNA to hfq mRNA is 

mediated by the Hfq itself, resulting in a negative autoregulatory 

feedback loop, that inhibits Hfq expression in the outside-host 

environment (Oliva et al., 2017). Toxin-antitoxin systems are widely 

distributed in pathogenic bacteria. In Type I toxin-antitoxin systems, 

such as TisB/IstR-1 in E. coli, the asRNA is used as a neutralising agent 

that inhibits expression of the toxin, and thus represses cell killing or 

growth suppression in the organism and the daughter cells (Sarpong et 

al., 2021).  

The first mode of action of trans-encoded sRNA is to affect gene 

expression directly by sRNA-mRNA interactions with or without aid of 

RNA chaperone proteins (Millar et al., 2021). Most reported instances 

of such mechanism involve base pairing between the complementary 

sRNA and the mRNA sequences around ribosomal binding sites, which 

occludes the access of the translational machinery and inhibits protein 

production (Desnoyers et al., 2013). An example of such interaction has 

been recently described in Salmonella enterica serovar Typhimurium in 

which the PinT sRNA regulates expression of two major transcriptional 

regulators of Salmonella Pathogenicity Island 1 (SPI1) hilA and rtsA 

(Kim et al., 2019). Kim et al., 2019 showed that binding of the PinT to 

the 5’UTR Shine-Dalgarno region of those transcripts leads to impaired 

ribosomal interactions and inhibition of translational activation. 

 Instances of translation activation mediated by sRNA binding to 

the transcript were also reported. In EHEC the expression of global 

transcriptional activator PchA is autoregulated by pchA coding 

sequence (CDS) pairing with the 5′ untranslated region (UTR) of the 

mRNA, which sequesters the ribosome binding site (RBS) and inhibits 

translation. This in turn negatively regulates expression of the EHEC 

Type 3 Secretion System (T3SS), a major colonisation factor (see later 

section 1.2.1.2). Under an oxygen limiting conditions that signal 

appropriate colonisation niche, production of a sRNA DicF that binds to 

the pchA CDS and disrupts the inhibitory pchA CDS-5’UTR interaction, 
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results in activation of pchA mRNA translation that subsequently allows 

for expression of T3SS (Melson et al., 2019). 

Apart from direct competition of sRNAs with ribosomes, targeted 

degradation of the RNA duplexes by RNase E and RNase III is a widely 

utilised sRNA-mediated regulatory mechanism (De Lay et al., 2012; 

Desnoyers et al., 2012; Grutzner et al., 2021; Svensson et al., 2021). 

For example, RyhB, a sRNA involved in bacterial survival in iron-scarce 

conditions, was shown to directly mediate rapid degradation of at least 

18 mRNAs which encode proteins which require iron for activity. The 

sRNA-mediated degradation of mRNA was shown to conclude 

translational repression, often employed before the processing of the 

transcript, deeming such gene silencing irreversible (Prevost et al., 

2011). Two mechanisms are considered to play a role in sRNA-

mediated mRNA degradation. Binding of the sRNA to the ribosomal 

binding sites results in loss of mRNA shielding by the translating 

ribosome and increased sensitivity of the transcript to the RNase activity 

(Sulthana et al., 2016). The trans sRNA-mediated control of mRNA 

decay is usually assisted by the RNA chaperone Hfq, that binds to 

ncRNAs with high affinity and stabilises the sRNA-mRNA-RNase E 

interaction (Morita et al., 2011; Santiago-Fargos et al., 2018). However, 

there is no requirement for the Hfq in formation of the RNA-RNA 

duplexes and it is considered to be more of a ‘helper’ molecule. cis 

sRNA-mediated mRNA degradation does not utilise the RNA 

chaperone and in some Gram-negative bacteria that were shown to 

employ sRNA-mediated regulation, Hfq is missing altogether 

(Gottesman et al., 2011). A more detailed description of Hfq and its 

translational control in bacteria, including the relevance of 

Hfq/ncRNA/RNase E complexes, can be found in section 1.1.3. Apart 

from their role in degradation-translation inhibition coupling, sRNA 

interactions were shown to actively contribute to transcript processing. 

RNase E is known to be involved in two mRNA decay pathways: a first 

and direct pathway allowing cleavage of triphosphorylated primary 
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transcripts (described above) and a 5′-end-dependent mRNA 

degradation pathway which requires prior conversion of the 5′-

triphosphate extremity to a 5′-monophosphate by the RNA 

pyrophosphohydrolase RppH, in a manner similar to decapping of 

mRNAs in eukaryotes. RNase E favours binding on a 

monophosphorylated 5′-end (5′-P end), which can fit in a discrete 

pocket on the surface of RNase E, facilitating mRNA cleavage at a 

downstream location by the RNase E active site. Interaction of the 5′-P 

end of sRNA with a sensor pocket of RNase E aids closure of the 

catalytic domain to enhance nucleolytic activity (Lalaouna et al., 2013). 

trans-encoded sRNAs can indirectly regulate mRNA translation 

by interfering with the regulatory proteins acting on the transcript. 

Pseudomonas aeruginosa posttranscriptional regulatory system Rsm 

(regulator of secondary metabolites) and its ortholog in E. coli Csr 

(carbon storage regulator), that are responsible for shift in expression 

from planktonic lifestyle-related factors like Type 4 Secretion System 

and Pel and Psl exopolysaccharides to colonisation virulence 

mechanisms such as pilus and Type 3 Secretion System, are among 

the best studied examples of regulatory protein-sRNA interplay. In this 

interaction two sRNAs CsrB/RsmY and CsrC/RsmZ sequester the 

regulatory protein CsrA/RsmA and prevent it from binding to its target 

mRNA, therefore indirectly controlling the mRNA translation (Janssen 

et al., 2018). It is an outstanding feature of many indirectly acting sRNAs 

that they modulate the multitasking regulatory proteins such as 

CsrA/RsmA and Hfq and thus target a multitude of products at once and 

facilitate widespread changes in virulence and metabolism that are 

often intertwined. For example, the sugar-phosphate stress and 

pathogenesis T3SS effector SopD of Salmonella are both regulated by 

the SgrS sRNA, and Hfq interacting TarA sRNA of Vibrio was shown to 

link glucose acquisition with expression of a major transcriptional 

activator of virulence, ToxT (Bobrovskyy et al., 2014; Richard et al., 

2010).  
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It is worth noting that multiple sRNAs can elicit similar regulation 

with varying intensity and that the same sRNA can invoke different 

regulatory events depending on pairing compatibility with its target. 

Functional redundancy and functional overlap in sRNA repertoires are 

commonly observed and explain the difficulty in assigning a clear 

phenotype to a specific sRNA. Although effective base-pairing is crucial 

for sRNA ligand recognition, only a limited number of nucleotides are 

involved in mRNA-sRNA interactions. The secondary structures of the 

binding partners were shown to be essential for targeting of the sRNA 

cognate transcript elements. OxyS-fhlA sRNA-mRNA interaction in E. 

coli, governing formate metabolism in oxidative stress conditions, was 

demonstrated to be based on two short loop-loop base-pairing 

complexes, instead of extended RNA duplex formation (Salim et al., 

2010). Strength of the interaction between the quorum sensing-

associated Vibrio cholerae sRNA Qrr3 and its target was shown to 

determine if the mRNA is going to be translated, sequestered in an 

inactive conformation or degraded alone or along with Qrr3 (Song et al., 

2008). 

Other interesting sRNA modes of action involve but are not 

limited to membrane localisation of the translation complex, sRNAs 

binding outside of the translation initiation region that was shown to 

mediate inhibition or activation of translation without alteration of mRNA 

secondary structure, and indirect regulation of expression via mRNA 

stabilisation (Aiba, 2007). It has been also proposed that 5’ and 3’ UTR 

cis-encoded elements including riboswitches (described in section 

1.1.2) when cleaved off and released from the downstream mRNA, can 

act as a trans acting sRNAs with distinct regulatory function. For 

example, processing of the 5’ UTR of a transposase encoding tnpA of 

Salmonella typhimurium leads to release of sRNA that sequesters the 

mRNA encoding the major transcriptional regulator of SPI-1 

pathogenicity island, invF, and represses its expression, setting a 

threshold for activation of the SPI-1 virulence factors (Ellis et al., 2017).  
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In addition to the expanding work on known ncRNA systems, 

novel ncRNA classes including small CRISPR/Cas9-associated RNAs 

and antimicrobial eukaryotic long non-coding RNAs and new concepts 

such as cell-to-cell heterogeneity in ncRNA expression and 

extracellularly acting RNAs are gaining more research interest 

(Buettner et al., 2015; Hadjicharalambous et al., 2019; Lin et al., 2019). 

Global techniques such as dual RNA-seq, that provides information 

about infecting pathogen gene expression and the corresponding host 

response, are currently utilised to discover new sRNAs, asses their 

regulatory implications and mode of action. Another methodology the 

transposon insertion sequencing (TIS) can be applied to systematically 

evaluate on the fitness and virulence costs of mutations in informational 

sequences including those encoding sRNAs. Additionally, RNA-RNA 

and RNA-protein interaction detection methodologies such as UV 

cross-linking and immunoprecipitation high-throughput sequencing 

(CLIP-seq), cross-linking, ligation, and sequencing of hybrids (CLASH) 

and RNA interaction by ligation and sequencing (RIL-seq) are also 

applied to identify and study novel sRNAs. With the obvious scientific 

interest and the rapid progress in the ncRNA field, many more of 

specific ncRNA interactions as well as general mechanisms of action 

and ncRNA systems are predicted to be uncovered in the near future 

(Handzlik et al., 2020; Li et al., 2012). 
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1.1.3 RNA binding proteins 

 

The most obvious and best conserved RNA-binding proteins that 

are present in all living organisms are ribosomal proteins (r-proteins), 

essential for ribosome assembly and supporting the complex translation 

process. However, in bacteria the r-proteins constitute only a third of 

the RBPs (Smirnov et al., 2016). In the last two decades the extensive 

research on regulation of bacterial translation identified heavy 

involvement of RBPs in modulation of protein expression. This section 

is going to focus on the role of RBPs in post-transcriptional processes, 

describe the general mechanisms behind the mRNA-protein 

interactions and supply the most prominent examples of the regulatory 

RBPs in Gram negative bacteria.  

RBPs interactions range from binding of a single protein to a 

single RNA molecule, to creation of multi-factor complexes like those 

formed by the E. coli degradosome (Morita et al., 2005). Some of those 

interactions are stable, resulting in formation of ribonucleoproteins 

(RNPs), and some are transient, which allow for regulation of RNA 

function or processing. Regardless of the nature of the interaction, the 

selectivity of the target binding by the RBP is crucial, yet still not fully 

understood (Duss et al., 2019; Holmqvist et al., 2018). However, the 

biochemical underpinning of the RBP-RNA binding simmers down to 

the similarity of intramolecular forces acting on those molecules. 

Strength of the Van der Waals (VdW) interactions, hydrophobicity, 𝛑 

and stacking interactions between different combinations of protein 

residues and RNA interfaces were all shown to determine the affinity for 

RNA-RBP interactions and the stability of those complexes (Akopian et 

al., 2013; Hu et al., 2018; Teplova et al., 2011; Wilson et al., 2016). 

Analysis into patterns of amino acid sequences and nucleotides 

preferred in RBP-RNA binding as well as structural motifs of the 

interacting partners, allowed for identification of some conserved 
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protein signatures indicative of RNA-binding function; a comprehensive 

account of this can be found in the reviews by Van Assche et al., 2015 

and Buckley et al., 2009. However, those motifs serve only as a clue 

and more direct methods such as binding assays are used to identify 

novel RBP-RNA interactions. Classical in vitro binding assays are 

based on immunoprecipitation of candidate RBP and subsequent 

identification of RNA target by global RNA-sequencing (RNA-seq), 

microarray or specific RT qPCR analysis. More sophisticated in vivo 

assays that couple UV crosslinking and immunoprecipitation (CLIP) 

allow for additional determination of specific protein-RNA binding sites. 

Another advantage of the in vivo assays is their consideration for the 

pleiotropic effects such as structural changes that occur in proteins and 

transcripts depending on environmental conditions and association with 

other interacting partners. Often the regulatory function of the RBP is 

discovered before the specific interaction is mapped. Candidate RBP 

knock out or overexpression backgrounds are assayed for changes in 

global or specific transcript abundance or proteins expressed by 

techniques such as RNA-seq, microarrays, reverse transcriptase 

quantification PCR (RT qPCR), proteomics or immunoblotting 

(Ramanathan et al., 2019). Results obtained from combinations of 

those techniques can help with determination of the RBP’s mode of 

action. The most prominent post-transcriptional mechanisms mediated 

by the RBPs and the examples of the interactions are summarised in 

Figure 1.2. 
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Figure 1.2. Canonical modes of action of RNA binding proteins with focus on 

post-transcriptional regulation of mRNA. a.,b.&c.  RBP binding to the transcript 

regulates ribosomal docking. a. Interaction of the RBP (turquoise) with the 

mRNA (blue) around the ribosomal binding site (green) obstructs ribosomal 

access and inhibits translation initiation (Baker et al., 2007). b. RBP-facilitated 

change in mRNA secondary structure results in burying of the ribosomal binding 

site and stops the ribosome from attaching to the  transcript (Dubey et al., 

2005). c. Binding of the RBP results in change of the transcript conformation 

from inhibitory (ribosomal binding site buried within the mRNA secondary 

structure) to open and permissive for ribosomal docking (Patterson -Fortin et 

al., 2013).  
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Figure 1.2.(continued).  d.,e.& f.  RBP interaction affects transcript 

susceptibility to ribonucleases. d. Binding of the RBP to the RNase E binding 

site (red) or the Poly(A)-tail recognised by PNPase and RNase II (orange) 

inhibits docking of the exonuclease (red) and the endonucleases (orange) and 

protects the transcript from degradation. e. RBP interaction alters the mRNA 

conformation, burying the ribonuclease interaction site and thus inhibits 

transcript cleavage. f. RBP binding sig nals for recruitment of the degradosome 

complex that facilitates cleavage of the transcript (Bruce et al., 2017; De Lay 

et al., 2013).  
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Figure 1.2.(continued). g. RBP acts as a chaperone for a regulatory sRNA. RBP 

facilitates base-pairing (often imperfect) between the transcript and the sRNA 

(yellow) which results in sRNA-facilitated regulatory processes described in 

section 1.1.2 of this thesis. Additionally , interaction of the RBP with the 

regulatory sRNA often stabilises the sRNA and thus indirect ly affects mRNA 

translation or maintenance (Chao et al., 2012).  
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1.1.3.1 CsrA 

One of the ways RBPs modulate post-transcriptional expression 

is by altering the access of the 30S ribosomal subunit to the ribosomal 

binding site (RBS), thus either inhibiting or activating translation 

initiation. Mechanistically this is achieved either by direct obstruction of 

the RBS or instigation of a change in the secondary structure of the 

target mRNA that either exposes or buries the RBS (Figure 1.2abc). 

This mode of action is widely observed in a well-characterised RBP 

carbon storage regulator A (CsrA) of E. coli and its homologues in other 

bacteria (Finn et al., 2014). CsrA is a global post-transcriptional 

regulatory factor that absence of which was shown to affect expression 

of up to 10% of genes in Pseudomonas and Salmonella species 

(Burrowes et al., 2006; Lawhon et al., 2003). The overarching 

characteristic of CsrA is its repression of stationary phase processes 

and enhancement of the factors involved in the exponential growth 

phase of bacterial proliferation (Dubey et al., 2003; Sabnis et al.,1995). 

CsrA was shown to play a role in crucial colonisation processes such 

as biofilm formation, quorum sensing, motility, adherence to host cells, 

carbon metabolism and stress responses (Dugar et al., 2016; Jackson 

et al., 2002; Pannuri et al., 2011; Sabnis et al., 1995; Yakhnin et al., 

2011; Yakhnin et al., 2013). Analysis of the known CsrA targets and the 

binding sequences allowed for determination of a CsrA binding 

consensus, which was shown to be RUACARGGAUGU. Additionally, a 

hairpin conformation with the GGA codon at the loop of the mRNA 

structure was shown to act as another transcript signature targeted by 

CsrA (Dubey et al., 2005). CsrA functions as a homodimer with two 

identical RNA binding surfaces and dual-site binding of CsrA to its RNA 

targets was reported in multiple studies (Duss et al., 2014; Mercante et 

al., 2009).  

The CsrA target consensus sequence closely resembles that of 

the ‘optimal’ Shine-Dalgarno, AGGAGG, which explains the preferential 

mode of CsrA-mediated regulation that focuses on occlusion of the RBS 
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(Jonas et al., 2008; Yakhnin et al., 2011). For example, the first reported 

case of CsrA-mediated control was the repression of translational 

activation of glucose-1-phosphate adenylytransferase-encoding glgC 

mRNA that was shown to be achieved by binding of the CsrA at four 

sites in the glgC transcript, one of which overlaps with the Shine-

Dalgarno sequence (Mercante et al., 2009). As mentioned, multiple-site 

RNA binding is canonical for CsrA interactions, however CsrA was 

shown to modulate translational activation by binding to a single mRNA 

region around the Shine-Dalgarno. Interestingly, this is the case in 

CsrA-driven repression of translation of hfq mRNA, which encodes 

another regulatory RBP that often acts in opposition to CsrA (Baker et 

al., 2007). Another regulatory mode of CsrA involves alteration of 

mRNA secondary structure, facilitated by binding of the RBP. An 

example of such a mechanism is Pseudomonas aeruginosa RsmA 

translational repression of the psl mRNA that encodes a biofilm matrix 

component. Interaction with RsmA was shown to arrest the psl 

transcript in a conformation that sequesters the ribosomal binding site 

(Irie et al., 2010). Several studies reported that CsrA induces translation 

of mRNAs that encode factors governing bacterial pathogenesis and 

proliferation. For example Yakhnin et al., 2013 indicated that CsrA 

positively regulates the expression of the major transcriptional regulator 

of the flagellar T3SS in E. coli, FlhDC. Binding of CsrA to the flhDC 

mRNA was shown to protect it from the RNase E cleavage at the 5’ end 

of the transcript (Yakhnin et al., 2013). Additionally, CsrA is able to 

positively regulate the mRNA translation by alteration of the mRNA 

secondary structure. In E. coli the expression of the moaABCDE operon 

that encodes the molybdenum cofactor, an important metallofactor for 

the enzymatic activity, was shown to be regulated by CsrA-mediated 

destabilisation of a repressive riboswitch structure (Patterson-Fortin et 

al., 2013). Furthermore the CsrA homologue in Pseudomonas 

aeruginosa was shown to regulate formation of the biofilm by 

modulating the expression of phenazine biosynthetic gene cluster phz2. 
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This is done by destabilisation of a hairpin structure around the Shine-

Dalgarno region of a phz2 mRNA that was shown to obstruct ribosomal 

access (Ren et al., 2014). 

Several protein and sRNA antagonists have been reported with 

arguably the most notable ones being the CsrB and CsrC sRNAs. 

Homologues of those sRNAs are widely conserved throughout 

pathogenic Gram-negative bacteria (Baker et al., 2007; Fortune et al., 

2006; Kay et al., 2005; Lenz et al., 2005; Parker et al., 2017; 

Sterzenbach et al., 2013). CsrBC sRNAs act as CsrA sponges 

sequestering the RBP and deviating it from its regulatory function on 

target transcripts (Romeo et al., 2013). Interestingly Hfq, with its most 

prominent function as an sRNA chaperone, was shown to stabilise 

CsrBC and enhance binding of the sRNAs to CsrA (Sonnleitner et al., 

2006; Sorger-Domenigg et al., 2007). 

 

1.1.3.2 Hfq  

Some of the best characterised RBP-dependent regulatory 

events involve RBPs that act as chaperones for ncRNAs that localise 

the ncRNAs to the mRNA and facilitate RNA duplex formation that result 

in altered translation or stability of the transcripts (Figure 1.2g). In last 

couple of decades a nucleic-acid binding protein called Hfq has been 

extensively studied for its ability to bind imperfectly base-paired 

ncRNAs to the mRNA (Valentin-Hanses et al., 2004; Waters et al., 

2009). Hfq was first documented in 1968 in E. coli as a host factor for 

bacteriophage Qβ RNA replication (Franze de Fernandez et al., 1968). 

Since then, it has been shown to be essential for bacterial proliferation 

in Gram negative bacteria as hfq deletion mutants exhibit growth 

impairment, sensitivity to environmental stresses and a dramatic 

decrease in virulence (Chao et al., 2010; Kulesus et al., 2008; Tsui et 

al., 1994). Studies into the structure of Hfq revealed its homohexameric 

nature together with witch its sequence classifies it as a member of 
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Sm/Lsm family of proteins that regulate RNA metabolism in eukaryotes. 

Today it is the RNA-chaperone and translational regulator function that 

Hfq is most well known for. The ring-like Hfq structure provides four 

solvent exposed regions: the proximal face, distal face, rim and C-

terminal tail that were shown to facilitate Hfq-RNA interactions. The 

proximal face is associated with affinity for polyU sequences and the 

distal face binds A-rich sequences. Although of secondary importance, 

the rim and C-terminal tails were also attributed a function in Hfq-RNA 

binding.  

 Facilitation of the ncRNA-mRNA interaction by Hfq is 

multifaceted and was shown to involve changing the sRNA and mRNA 

secondary structures, targeting sRNAs to the transcript, neutralisation 

of negative charges at RNA pairing, stimulation of first base nucleation 

and stimulation of further annealing of the sequences (Fender et al., 

2010; Holmqvist et al., 2010; Soper et al., 2010; Schu et al., 2015). The 

canonical Hfq-mediated post-transcriptional regulatory mode of action 

is guidance of the sRNA to the RBS and facilitation of mRNA-sRNA 

binding that inhibits ribosomal docking and translation initiation. For 

example three Hfq-dependent sRNAs, MgrR, RyhB and McaS were 

shown to bind to the 5’UTR region of the glrA and glrR mRNA that 

encode the respectively positive and negative regulators of 

Enteropathogenic E. coli (EPEC) Type 3 Secretion System (T3SS) 

micro-injection machinery, essential for bacterial adherence to the 

epithelial cells. The interactions lead to obstruction of the transcripts’ 

Shine-Dalgarno sites, which prohibits ribosomal docking and translation 

initiation of one or the other T3SS regulator and thus dictate the 

production of the machinery and EPEC colonisation (Bhatt et al., 2017). 

Another Hfq-mediated regulatory mechanism involves alteration of the 

mRNA secondary structure upon sRNA-Hfq binding that leads to 

obstruction or exposing of the RBS. Production of the RpoS, a major 

regulator of E. coli virulence genes and enhancer of bacterial survival 

against host defences, was shown to be regulated by an Hfq-dependent 
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sRNA DsrA (Soper et al.,2009). This is mediated by a change in rpoS 

mRNA structure around the translation initiation region that was shown 

to be majorly dependent on Hfq (Peng et al., 2014; Soper et al., 2011). 

Restructuring of the transcript conformation facilitating a negative effect 

on mRNA translation by Hfq-sRNA binding was reported in regulation 

of biofilm formation factor, DgcM. Hfq-mediated structural change of the 

DgcM transcript allows for access of the Hfq-chaperoned sRNAs OmrA 

and OmrB to the early coding region of the transcript and repression of 

ribosomal binding (Hoekzema et al., 2019).  Interactions with Hfq-sRNA 

complex were reported to facilitate the cleavage of the target mRNAs. 

Recent study by Lalaouna et al., 2021 showed that induction of rapid 

RNase E-dependent decay of sodB mRNA that encodes superoxide 

dismutase, which governs the iron-dependent metabolic processes in 

E. coli, is the primary function of Hfq in the interaction between the sodB 

transcript, Hfq and regulatory RyhB sRNA. Additionally, Hfq-mediated 

interaction between a MavR sRNA and the eutR transcript that encodes 

a transcription regulator of ethanolamine metabolism-related factors, 

that play a role in colonisation by Enterohaemorrhagic E. coli, was 

shown to stabilise the mRNA. This was determined to be through 

binding of the sRNA to the mRNA region targeted by the RNase E that 

inhibits RNase E interaction and transcript cleavage (Sauder et al., 

2021). Additionally, Hfq has a stabilising function on the mRNA-

regulating sRNAs that was shown to protect them from degradation and 

thus have an indirect effect on regulation of the transcripts affected by 

the stabilised sRNAs (Udekwu et al., 2005; Moon et al., 2011; Chao et 

al., 2012). Conversely, destabilisation of regulatory sRNAs by Hfq has 

also been reported (Han et al., 2019).  

Hfq has been found to directly regulate transcript stability by 

promoting polyadenylation of the mRNA that targets the transcript for 

3’-5’ degradation. Direct binding of Hfq to 5’UTR of the transcript and 

obstruction of ribosomal access without a need for interacting sRNA 

was reported by Chen et al., 2017. Hfq was also recently shown to bind 
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to and process the pre-16S rRNAs and regulate the synthesis of mature 

70S ribosomes and thus regulate mRNA translation by modulating the 

availability of functional ribosomes (Andrade et al., 2018). tRNAs were 

indicated as another Hfq substrate with processing affecting 

translational fidelity (Lee et al., 2008). 

In Gram negative pathogenic bacteria Hfq was shown to govern 

production of crucial virulence factors such as toxin production in 

Yersinia enterocolitica, Pseudomonas aeruginosa and Vibrio 

parahaemolyticus (Nakao et al., 1995; Nakao et al., 2008; Sonnleitner 

et al., 2008). Quorum sensing that influences the timing of virulence 

gene expression was also shown to be regulated by Hfq and 

accompanying sRNAs in Vibrio cholerae and Pseudomonas aeruginosa 

(Bradill et al., 2011; Sonnleitner et al., 2006). Production of the Type 3 

Secretion System (T3SS), a major colonisation and virulence factor, 

was shown to be regulated by the Hfq in Salmonella, Escherichia, 

Shigella, Vibrio and Pseudomonas species in a positive or negative 

manner depending on the bacterial background (Hansen et al., 2009; 

Mitobe et al., 2009; Shakhnovich et al., 2009; Wang et al., 2018). The 

Hfq-mediated regulation and other factors controlling T3SS in 

pathogenic Escherichia coli are covered in more detail in the following 

sections of this thesis.  
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1.2 Enterohaemorrhagic Escherichia coli  

 

Escherichia coli is a Gram-negative, facultatively anaerobic, 

coliform bacterium from the Enterobacteriaceae family, primarily 

inhabiting the lower intestines of humans and other warm-blooded 

animals. It is bile-tolerant, lactose fermenting, nonfastidious organism 

that is easily cultured (Adamu et al., 2014; Blount et al., 2015). It was first 

described in 1885 by Dr. Theodor Escherich, an Austrian-German 

pediatrician that isolated the rod-shaped bacterium from infant stools, 

while studying the causes of neonatal dysentery (Escherich, 1885). Since 

then E. coli has become the most studied organism on the planet, it 

shaped bacterial genetics and helped give rise to an entire field of 

molecular microbiology (Blount et al., 2015). Although most E. coli are 

harmless and useful commensal organisms, acquisition of various 

virulence genes equipped the bacteria with a plethora of pathogenic 

attributes. This resulted in emergence of a number of commonly 

recognised E. coli pathotypes: enteropathogenic E. coli (EPEC), 

enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), diffusely 

adherent E. coli (DAEC), enteroaggregative E. coli (EAEC), 

uropathogenic E. coli (UPEC), neonatal meningitis E. coli (NMEC) and 

the subject of this thesis, enterohaemorrhagic E. coli (EHEC) (Kaper et 

al., 2004).  

EHEC is officially considered an emerging food-borne pathogen 

and a causative agent of bloody diarrhoea and hemolytic uremic 

syndrome (HUS) worldwide, with significant epicenters located in 

Northern America and certain parts of the United Kingdom (Goldwater et 

al., 2012). Although in many cases the disease caused by EHEC is self-

limiting, approximately 8% of the cases will develop life-threatening HUS 

that results in 5% mortality and 25% chance of permanent renal damage 

(Garg et al., 2009). The main defining feature of this E. coli pathotype is 

production of a potent virulence factor, a phage-encoded cytotoxin called 
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Shiga toxin or Vero toxin named after its identity to the toxin produced by 

Shigella dysenteriae type 1A and the capacity of these toxins to kill 

kidney epithelial cells derived from the ‘Vero’ lineage (Croxen et al., 

2010). In 1982, an outbreak of 43 severe bloody diarrhoea cases in 

United States, Michigan and Oregon, as well as 11-cases of HUS in 1983 

(Midland UK) announced the arrival of pathogenic E. coli serotype O157 

and EHEC on the list of emerging infectious diseases (Welinder-Olsson 

ety al., 2005). In the United States E. coli O157 is estimated to result in 

63,000 illnesses and 2100 hospitalisations annually, costing the 

economy around 405 million USD (Fatima et al., 2021). In the United 

Kingdom the incidence of E. coli O157 human infections was shown to 

remain stable at 1029 and 1039 cases annually in 1995 and 2012, 

indicating persistence of the pathogen in the reservoir population 

(Pennington et al., 2014). According to Public Health England in 2018 

1553 confirmed cases of Shiga-toxin producing E. coli including 607 

O157 EHEC were confirmed in England and Wales alone (Public Health 

England, 2020). Although the E. coli O157 is the better known and the 

more studied EHEC serotype, non-O157 strains are a more common 

cause of haemorrhagic colitis and have the potential to cause large 

epidemics worldwide. Unfortunately, unlike the O157 serotype which can 

usually be distinguished from most E. coli strains by its inability to ferment 

sorbitol and lack of ꞵ-glucuronidase enzyme, many of the non-O157 

shiga toxin positive strains that are a threat to human health have no 

defying phenotypic characteristics that can be reliably employed to 

isolate and identify those pathogens by standard screening (Welinder-

Olsson et al., 2002, Valilis et al., 2018). This has hindered successful 

tracking of non-O157 related disease epidemiology and containment. A 

systematic review on non-O157 E. coli by Valilis et al., 2018, highlights 

the burden of 674 outbreaks reported since 1995, involving strains such 

as O26:H11, O45, O103:H25, O104:H4, O111:H8, O121, and O145:NM.  

EHEC is a zoonotic pathogen that reaches its human host through 

consumption of contaminated goods or direct contact with infected 
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livestock, there is also the potential for human-to human spread, 

especially in nurseries and other childcare settings (Figure 1.3). 

Ruminants are a primary carrier and an asymptomatic reservoir of EHEC. 

In the European Union, 2-13.5% of cattle tested positive for EHEC 

between 2007 and 2011. Study by Henry et al., 2017, estimated that the 

prevalence of E. coli O157 in Scottish, English and Welsh cattle farms 

was 21-23% between 2014 and 2015. Transmission of EHEC is 

mediated by shedding of the pathogen in faeces. The fraction of EHEC 

carrying animals that shed more bacteria (over 103 CFU/g) than others 

are called ‘super shedders’. Despite the low ratio of super shedders 

detected in cattle populations and a limited time period of increased 

shedding of the bacteria, up to 95% of excreted EHEC can be traced 

back to super shedders (Murphy et al., 2016; Omisakin et al., 2003; 

Chase-Topping et al., 2007). Dissemination of the pathogen to food 

products occurs through seeping of the contaminated manure or water to 

food crops and faecal contamination of animal produce during milking or 

slaughter. Widespread contamination of the environment with the 

pathogen and its ability to survive outside of the host for more than seven 

days, provides a continual source of EHEC and complicates the 

prevention of its spread (Wang et al., 1996). Although the majority of 

EHEC outbreaks are related to consumption of undercooked meat and 

dairy products, with around 75% of E. coli O157:H7 cases originating 

from contaminated ground beef, raw vegetables and salad plants have 

been increasingly implicated in human disease. In 1996, an outbreak in 

Japan had almost 8000 cases and originated from EHEC contaminated 

radish sprouts. Fresh lettuce and spinach were associated with spread 

of infection through the United States and Sweden in the early 2000s. 

Globalisation of food distribution exacerbates the risk of EHEC spreading 

to a large and geographically widespread proportion of the population, 

creating obstacles in management and tracking of outbreaks (Goldwater 

et al., 2012). 
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Management of EHEC infections needs to address a multitude of 

life-threatening disease symptoms (Davis et al., 2013). Treatment of the 

disease includes general supportive approaches, use of probiotics and 

toxin neutralisers, intravenous fluid administration and in extreme cases 

dialysis and blood transfusion (Grisaru, 2014). Components of EHEC’s 

major virulence factor the Type 3 Secretion System has shown potential 

as an effective target in vaccine studies in cattle (McNeilly et al., 2015). 

However, no commercial vaccine against EHEC is currently available 

and treatment with antibiotics is discouraged as conventionally used 

drugs were shown to increase the likelihood of HUS (Soysal et al., 2016). 

Therefore, development of novel anti-virulence treatments could be an 

effective strategy for future research targeting EHEC infections (Totsika, 

2016). 
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Figure 1.3. Farm-to-fork cycle of EHEC transmission. The main amplification of 

EHEC is through circulation of the pathogen in farm animals with cattle being 

the major asymptomatic reservoir. EHEC can reach the consumers plate directly 

through meat and dairy obtained from infected animals or through produce such 

as leafy greens that get contaminated with EHEC through contaminated farm 

waste that reaches the environment and water supplies used for agriculture. 

Spread of EHEC through the contaminated environment to wildlife can further 

amplify the circulation of the pathogen. Additionally contact with infected farm 

animals or contaminated animal waste can result in direct transmission of EHEC 

to a human host. Transmission from person to person or companion  animals is 

also possible (Bolton et al., 2011; Quah et al., 2017). 
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1.2.1 EHEC pathogenesis 

 

The infectious dose of EHEC is as low as 1 to 100 colony forming 

units (CFU). Apart from stress response mechanisms that manage 

survival of EHEC in extreme acidic environments, heat, cold and 

osmotic shock, there are a multitude of virulence factors that contribute 

to EHEC pathogenicity (Mellies et al., 2007). These virulence factors 

are primarily encoded on chromosomal pathogenicity islands, plasmids 

and prophage regions, and are instrumental in the ability of the 

pathogen to successfully colonise the host and/or cause disease. The 

presence of specific combinations of virulence factors may determine 

the risk of developing severe symptoms (Nguyen et al., 2012; Welinder-

Olsson et al., 2002). The variability in virulence factors employed even 

by different EHEC strains is vast. The more strain specific virulence 

factors were shown to be encoded on the pO157 of E. coli O157 and 

the High-Pathogenicity Island present in many enterobacteria including 

certain non-O157 E. coli (Jiang et al., 2021). In E. coli O157:H7 the 

pO157 virulence plasmid encodes factors such as haemolysin, a 

bifunctional catalase-peroxidase, a Type 2 Secretion System, which 

was shown to promote EHEC adherence to gastrointestinal epithelium, 

and a secreted serine protease, EspP, that cleaves human coagulation 

factor V, metalloprotease StcE and a ToxB factor that were shown to 

promote colonisation and are thought to have an immunosuppressive 

function (Ho et al., 2008; Lim et al., 2009). Although the extent to which 

pO157 influences EHEC pathogenicity is still not fully understood, high 

prevalence of pO157 in clinical isolates was noted (Lim et al., 2010). 

Two absolutely crucial virulence strategies that actually define 

‘traditional’ EHEC are production of Shiga toxin (Stx) and formation of 

attaching and effacing (AE) lesions requiring the micro-injection 

machinery, both of which are described in more detail below (Figure 

1.4).  
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Figure 1.4. Electron microscopy image of EHEC attached to the enterocyte and 

with an induced attaching and effacing lesion (Naylor et al., 2003). Effector 

proteins delivered to the host cell through the T3SS facilitate intimate 

attachment between EHEC and the enterocyte by inducing host cell cytoskelet on 

rearrangements that result in the formation of an actin-dense cuplike pedestal 

and localised destruction of brush border micro villi (Gaytan et al., 2016).  
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Shiga toxin (Stx) is a main virulence factor and a defining feature 

of the EHEC pathotype. Production of the toxin in the colon results in 

local epithelium damage and possible spread of Stx through the 

bloodstream to the kidneys, where its action can result in development 

of HUS (Schuller et al., 2012). Stx is a family of prophage-encoded 

cytotoxins characterised by a high degree of diversity. Based on 

antigenic characterisation the Stx family members can be categorised 

into two groups Stx1 and Stx2, that are further divided into Stx variants, 

Stx1a, Stx1c and Stx1d and Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, 

Stx2g (Melton-Celsa, 2014). The subgroups associated with the highest 

disease severity are Stx2a, Stx2c and Stx2d. This observation was 

confirmed by in vitro and in vivo studies showing higher potency of 

Stx2a and Stx2d specifically as compared to other Stx1 and 2 subtypes. 

Combinations of Stx variants from both of the major Stx groups can be 

found in EHEC isolates (Melton-Celsa et al., 2014). In the United 

Kingdom the most prominent strain of O157 EHEC encodes both Stx2a 

and Stx2c, this genotype is epidemiologically associated with super-

shedding and has been linked to increased incidence of pathogen 

spread among livestock and zoonotic transmission. Recent 

transmission study by Fitzgerald et al., 2019 confirmed the association 

of Stx2a to the super shedder phenotype by showing an increase in 

pathogen transmission and significant increase in EHEC excretion in 

cattle infected with Stx2a+ strain in lower dose, in exposure conditions 

closely mimicking natural spread of the pathogen as compared with an 

isogenic background. 

The induction of Stx expression is generally coupled with 

induction of the bacteriophage by the SOS response. Classical cell lysis 

leading to bacterial death is the only conclusive toxin release system, 

although other delivery pathways such as packaging into outer 

membrane vesicles (OMVs) were proposed (Schüller, 2011). Stx mode 

of action involves inhibition of protein synthesis and cell apoptosis. Stx 
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polymeric structure consists of two major subunits catalytic subunit A 

bound to a pentamer of B subunits. B subunit (approximately 7.7 kDa) 

pentamer acts as a ligand for endothelial globotriaosylceramide-3 (Gb-

3) cellular receptors expressed by Paneth cells in the intestinal mucosa 

and kidney epithelium (Melton-Celsa, 2011, Tarr et al., 2005). 

Distribution of Gb3 receptors dictates the localisation of toxin-induced 

pathology. Binding of the toxin to the cell surface allows for absorption 

of Stx and its systemic dissemination through the bloodstream. There 

is evidence suggesting that initial damage to the mucosal epithelium 

caused by A/E lesion formation aids in Stx endocytosis (Sandvig et al., 

2010). The lack of vascular Gb3 receptors in the gastrointestinal tract 

of cattle provides an explanation for the tolerance of the infection and 

its asymptomatic outcome in the EHEC reservoir (Pruimboom-Brees et 

al., 2000).  

The cytotoxic activity of Stx is mediated by subunit A 

(approximately 32 kDa), an RNA N-glycosidase enzyme, which cleaves 

the N-glycosidic bond at A-4324 in 28S rRNA and inactivates the 

eukaryotic ribosome, which in turn blocks protein synthesis and 

promotes host cell apoptosis. The aspects of inflammatory response 

against Stx are still debated. Few studies detected an IL-8 response to 

Stx release, however other research argues that this activation is 

suppressed by anti-inflammatory factors expressed by EHEC in an 

infection setting (Bellmeyer et al., 2009; Jandhyala et al., 2008). 

Cytotoxic action of Stx and the host response to endothelial cell damage 

can lead to destruction of the endothelial and vascular lining that is 

characteristic of EHEC haemorrhage.  

The selective advantage of Stx expression in cattle is poorly 

understood, cell culture and mouse model studies linked expression of 

Stx with reorganisation of receptors recognised by the bacteria during 

initial adherence. Stx-mediated killing of grazing protozoa was 

proposed to aid in EHEC colonisation, however this relationship is not 
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conclusive as opposing results exist (Schmidt et al., 2016; Steinberg et 

al., 2007). A new phenotype observed by Fitzgerald et al. related Stx 

expression with changes in ileal proliferation. Expression of Stx2a and 

Stx2c prevented regeneration of epithelium and led to decreased 

budding of bovine ileal organoid culture, potentially leading to increase 

in persistence of the attached bacteria and thus an increase in the 

bacterial load observed in super-shedding cattle (Fitzgerald et al., 

2019). Additionally other factors encoded on Stx and other prophages, 

such as sRNAs and regulatory proteins, were shown to impact EHEC 

colonisation, granting it with a growth advantage in bovine rectal mucus 

and orchestrating T3SS expression (Tree et al., 2014; Xu et al., 2012). 

Due to the unarguable and critical involvement of Stx in EHEC 

pathogenesis, targeting the toxin via anti-virulence blocking compounds 

is an attractive avenue for treatment of EHEC inflicted disease (Huerta-

Uribe et al., 2016).  

Following sections addresses another hallmark of EHEC 

pathogensis the A/E lesions and specifically the machinery involved in 

their creaction, the Type 3 Secretion System.  
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1.3 Bacterial Secretion Systems 

 

One of the major bacterial attributes is the ability to transport 

proteins and other molecules out of the cell into the milieu, into the 

outer membrane of the bacterium or inject them directly into the host 

cell or other bacterial cells. Secretion of these substrates is necessary 

for environmental sensing, efflux of harmful substances, colonisation 

and pathogenicity among others. More than one-third of the proteins 

synthesised are targeted outside of the bacterial cytoplasm, indicating 

the need for fine-tuned delivery structures, to carefully manage this 

flow of substrates (Orfanoudaki et al., 2014). Those complexes are 

elaborate macromolecular machineries called secretion systems. In 

Gram negative bacteria at least ten secretion systems have been 

recorded to date that can be classified into single-membrane-spanning 

and double-membrane-spanning systems. The double-membrane 

spanning type 1, 2, 3, 4 and 6 secretion systems are often extremaly 

complex machineries (Figure 1.5).  Type 1 Secretion System (T1SS) 

resembles the ATP-binding cassette transporters and is mainly 

involved in Sec-independent secretion of small unfolded substrates 

such as adhesins, heme-binding factors, enzymes and toxins to the 

extracellular milieu (Symmons et al., 2009). Pathogenic bacteria can 

have multiple T1SSs dedicated to transport of one or few specific 

proteins. T1SS was shown to be important in virulence of multiple 

pathogenic bacteria, for example the common cause of nosocomial 

infection, Serratia marcescens, was shown to transport a 

haemophore, HasA, via the T1SS (Letoffe et al., 1996; Delepelaire et 

al., 2004). Type 2 Secretion Systems (T2SS) transport folded protein 

from the bacteria to the extracellular matrix. The initial step of the 

substrate transport includes Sec or Tat-dependent transport of the 

protein to the periplasm, where it is targeted to the T2S channel 

located in the outer membrane and subsequent extracellular secretion 

(Korotkov et al., 2012). Virulence factors transported through the 
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T2SS include cholera toxin, which facilitates watery diarrhoea, the 

hallmark of Vibrio cholerae infection (Sandkvist et al., 1997). Type 3 

Secretion System (T3SS) is the core of the flagella involved in 

bacterial motility and injectisome machinery that connects bacteria to 

the host cell through formation of the pore at the eukaryotic cell 

membrane. Unfolded effector proteins are transported through the 

injectisome ‘needle’ in an ATP-dependent manner and once in the 

host cell modulate cellular functions and enable bacterial colonisation. 

Salmonella enterica possesses two injectisome T3SSs (T3SS-1 and 

T3SS-2) important for different stages of colonisation (Marcus et al., 

2000). The effector proteins secreted through T3SS-1 enable 

Salmonella to initiate contact of bacteria with the host cell through 

secretion of effector proteins such as SipA, SipC, SopB, SopE, 

SopE2, and SptP that facilitate changes in the eukaryotic cell 

cytoskeleton that results in production of so-called ruffles and 

engulfment of Salmonella into the host cell in the Salmonella 

containing vacuoles (SCVs) (McGhie et al., 2001). T3SS-2 is active in 

the SCVs where it facilitates delivery of the effector proteins from the 

intracellular bacteria throughout the SCV membrane into the host cell 

cytoplasm where they inhibit the phagolysosome formation and 

manipulate SCV trafficking and maturation and promote Salmonella 

survival and replication (Bakowski et al., 2008). Type 4 Secretion 

System (T4SS) is related to bacterial DNA conjugation systems and is 

able to transport variety of complex substrates such as protein-protein 

and DNA-protein complexes. T4SSs can connect to the eukaryotic cell 

through formation of the pore and this was shown to govern processes 

such as conjugative transfer of DNA, DNA uptake and release and 

translocation of the complexes directly into host cell (Sgro et al., 

2019). An interesting example of the T4SS-mediated process is with 

Neisseria gonorrhoeae and DNA uptake, which promotes acquisition 

of new virulence genes (Hamilton et al., 2005). Type 6 Secretion 

System (T6SS) is machinery primarily utilised for competition between 
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bacteria, however it can also be utilised to target eukaryotic host cells 

(Coulthurst, 2019; Hachani et al., 2016). T6SS uses a contraction 

mechanism closely related to that of bacteriophages that shoots a 

puncturing structure out of the attacking bacteria and through the 

opponent’s membrane (Brackmann et al., 2017). The effector proteins 

are bound to the puncturing structure delivered to the rival cells and 

thus are translocated in a contact-dependent manner. The T6SS-

delivered effectors were shown to govern processes such as 

outcompeting of commensal microflora, establishment of stable 

colonies in separate niches and alteration of host organism processes 

such as intestinal movement and immunity (Anderson et al., 2017; 

Chatzidaki-Livanis et al., 2016; Fu et al., 2018; Logan et al., 2018; 

Speare et al., 2018). Interestingly the attacking bacteria evolved a 

toxin-antitoxin immunity defence system in order to neutralise the 

harmful effect of the produced antimicrobial effector compounds. This 

also protects the genetically identical cells punctured with the T6SS 

from bactericidal outcomes. In addition, a recent study by Trunk et al., 

2018 identified antifungal effectors delivered by Serratia marcescens 

T6SS that were shown to kill or inhibit S. cerevisiae and Candida 

species. T6SS was also shown to have a role in uptake of specific 

metal ions important for bacterial survival under conditions such as 

oxidative stress (Wang et al., 2015). 

Secretion systems are especially prominent in pathogenic 

bacteria, which can express a combination of those nanomachines 

throughout their lifespan (Abrusci et al., 2014). Which secretion systems 

are going to be utilised is dependent on the surrounding conditions. For 

example in Enterohaemorrhagic E. coli, expression of flagella (flagellar 

Type 3 Secretion System) is employed in the free swimming stage of 

the infection and is switched to expression of Type 3 Secretion System 

injectisome, responsible for facilitation of adherence to epithelium, 

when host cell contact is established and colonisation occurs 

(Kirkpatrick et al., 2012). Due to the specificity of expression of some of 
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these secretion systems in bacterial pathogens, antimicrobials are 

being developed against these systems to augment our current 

repertoire of antibiotics. 

 

 

 

 



   Introduction 

42 
 

  



   Introduction 

43 
 

Figure 1.5. Architecture of  double-membrane spanning secretion systems in 

Gram-negative bacteria. a. Type 1 Secretion System (T1SS), b. Type 2 Secretion 

Systems (T2SS) c. Type 3 Secretion System (T3SS), d. Type 4 Secretion System 

(T4SS), e.  Type 6 Secretion Sysem (T6SS).  T1SS and T2SS secrete their substrates 

into the extracellular milieu. T3SS, T4SS and T6SS export the effector proteins 

directly to the host cell . T3SS and T4SS achieve it  trough formation of a pore 

structure at the host membrane, while T6SS acts as a ‘spear’ that propelles itself 

from the bacterial cell and pierces the host membrane.  
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1.3.1 Type 3 Secretion System  

 

This subsection focuses on Type 3 Secretion System in Gram 

negative bacterial pathogens with a specific focus on the EHEC T3SS. 

Type 3 Secretion Systems (T3SS) are at the core of, arguably, the most 

sophisticated nanomachines employed by EHEC, the flagellum and the 

injectisome (Figure 1.6). Bacterial flagella are primarily utilised as 

swimming and swarming propellers, which can spin clockwise or anti-

clockwise at up to 10000 r.p.m.. Those rotary nanomotors are crucial 

for bacterial chemotaxis - migration of the cells towards attractant 

chemicals like nutrients and away from repellents such as toxins. 

Locomotion is only one of the flagella functions and the organelle was 

shown to also play a role in bacterial adhesion and environment 

sensing, biofilm formation, invasion and possibly host immune evasion 

(Kirov, 2003). Flagellum is considered to be an ancestor of the closely 

related injectisome machinery that assembly of is the main focus of this 

thesis. The injectisome delivery complex is commonly employed by 

EHEC and other Gram-negative pathogenic bacteria to directly 

translocate effector proteins into the host cell, where they can modulate 

the behaviour of the host in favour of the pathogen (Diepold et al., 

2015). Expression of the injectisome is crucial for a plethora of bacterial 

processes such as: intimate attachment of enteropathogenic E. coli and 

enterohaemorrhagic E. coli to host enterocytes; uptake of Salmonella 

and Shigella into nonphagocytic cells and their intracellular survival and 

replication; modulation of immune response that hinder production of 

antibodies and induce the interleukin-10 response, which contributes to 

persistence of Bordetella in the respiratory tract; cytotoxic and 

enterotoxic pathology of Pseudomonas and Vibrio parahaemolyticus 

respectively; and maturation of Chlamydia from the metabolically inert 

elementary body state to active reticulate bodies, to name a few (Betts-

Hampikian et al., 2010; Figueira et al., 2013; Gaytan et al., 2016; 

Gendrin et al., 2012; Ham et al., 2012; Nicholson et al., 2013). A more 
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extensive summary on the relation between injectosome and disease 

can be found in a comprehensive review by Coburn et al., 2007.  

 

1.3.1.1 Environmental stimuli that govern T3SS expression 

 

The stimulus for injectisome expression varies greatly between 

the bacterial species and is dependent on pathogen lifestyle. 

Environment-driven expression of the T3SS of EHEC allows it to 

establish a niche in the extremely diverse gastrointestinal environment 

and successfully colonise the host. In EHEC, quorum sensing of host-

produced hormones, epinephrine and norepinephrine, by the histidine 

kinase response regulator systems QseBC and QseEF and subsequent 

activation of Lys-R type regulator QseA was indicated to 

transcriptionally activate T3SS expression in the large intestine 

(Carlson-Banning et al., 2018; Kendall et al., 2007; Lustri et al., 2017; 

Moreira et al., 2016). Dietary signals such as availability of mucin-

derived carbohydrate N-acetyl-galactosamine and iron were also 

shown to alter expression of EHEC T3SS (Le Bihan et al., 2017; 

Sanchez et al., 2018). Apart from environmental signals that induce 

colonisation, there are factors which indicate niches that are not suitable 

for EHEC proliferation. D-serine, a metabolite prevalent in urinary tract 

and found in low concentrations in lower intestine, was shown to inhibit 

expression of the T3SS in EHEC (Connolly et al., 2016). Environmental 

stressors such as low pH and oxidative stress are known to repress 

T3SS production. Acid tolerance sensor GadE was shown to inhibit LEE 

transcription in a low pH environment. This is opposed by the GadE 

repressor of the global regulator of virulence A (GrvA), the expression 

of which depends on another regulator, RcsB (Morgan et al., 2015). 

Oxygen concentration-dependent interplay between global 

transcriptional regulator Cra and sugar sensors KdpE and FusR was 

shown to dictate expression of T3SS and determine the appropriate 
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location for aerobic EHEC colonisation in the low oxygen gut 

environment (Carlson-Banning et al., 2016).   
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Figure 1.6. a.  Schematic representation of Type 3 Secretion System. [Figure and 

figure legend continued on following pages ] 
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Figure 1.6 (continued) b. Locus of Enterocyte Effacement (LEE)  encoding the 

T3SS. LEE123-encoded proteins assemble to form an export/basal apparatus 

structure spanning the inner and outer bacterial membranes. Expression of the 

LEE123 is governed by the LEE1-encoded major transcriptional regulator , Ler, 

which is itself regulated by LEE-encoded GrlA and GrlR (Elliott et al. , 2000; 

Russell et al., 2007). The translocon proteins of the injectisome machinery that 

connect the bacteria to the host cell are encoded on the LEE4 operon, alongside 

the gatekeeper protein SepL that together with its LEE2 -encoded binding 

partner SepD governs hierarchical secretion of the translocon proteins and 

subsequent translocation of EHEC effector proteins (Deng et al., 2015; 

O’Connell et al., 2004). Additionally , LEE encodes the chaperone proteins that 

deliver the translocon and effector protei ns to the gatekeeper complex and the 

ATPase component of the basal apparatus , the LEE3-encoded EscN (Chen et al.,  

2013; Creasey et al., 2003; Little et al., 2018; Neves et al., 2003). Some of the 

T3SS-secreted effector proteins are encoded on the LEE. The LEE5 operon 

encodes the major effector protein Tir that upon injections gets targeted to the 

host membrane and acts as a receptor for the LEE5 eae-encoded intimin that 

gets embedded in the bacterial outermembrane. Interaction between Tir and 

intimin facilitates strong bacterial adherence to the host cell (DeVinney et al., 

1999; Hartland et al., 1999). Other effector proteins encoded on  the LEE include 

map,  etgA, espG, espH, sepZ and espF , the products of which are further 

involved in cytoskeletal remodelling, as well as inhibition of phagocytosis, 

mitochondrial and cellular trafficking disruption, cell apoptosis, disruption of 

ion channels and Rho GTPase modulation. A comprehensive review by Clements 

et al., describes the LEE and non-LEE encoded T3SS effector proteins involved 

in EHEC intimate attachment and formation of attaching and effacing lesions.  
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1.3.1.2 T3SS structure and function 

Once in the appropriate environment EHEC T3SS facilitates 

adherence of the bacteria to the intestinal epithelium. Fully assembled 

EHEC T3SS is composed of a basal apparatus composed of 15 

proteins that span through and across the inner and outer bacterial 

membranes. Then there are the translocon components that consist of 

an elongated hollow filament (EspA) that connects to the host cell via 

formation of a pore (EspBD) (Figure 1.6a). It is still unclear what the 

positioning and function of the smaller needle structure EscF is in EPEC 

and EHEC, it may help link the basal apparatus to the translocon. All of 

the structural T3SS proteins are essential for correct functioning of the 

apparatus (Burkinshaw et al., 2014; Puhar et al., 2014). Assembly of 

the T3SS is Sec-pathway dependent and is similar to that of flagella. 

However, export of the effector proteins is Sec-independent 

(Burkinshaw et al., 2014). Following the assembly of the basal 

apparatus, the translocon components EspABD are delivered to the 

basal apparatus with the help of LEE-encoded chaperone proteins 

CesAB, CesA2, EscA, CesD and CesD2. EspADB are then secreted 

through the basal apparatus machinery driven by the EspN ATPase 

(Creasey et al., 2003; Lodato et al., 2009; Su et al., 2008). Only after 

the translocon is formed are the other effector proteins exported. This 

hierarchical secretion of early translocon secretion substrates, and 

middle and late effector proteins is mediated via a sorting platform 

composed of SepL, SepD and CesL proteins (Díaz-Guerrero et al., 

2021). The exported effectors include the translocated intimin receptor 

(Tir) that embeds itself in the host cell membrane and binds with intimin 

expressed on the bacterial surface. Tir-intimin binding and Tir clustering 

leads to a signalling cascade, which recruits the major regulatory N-

WASP Arp2/3 complex leading to actin pedestal assembly. N-WASP 

activity requires other T3S secreted proteins, EspH involved in 

disruption of actin cytoskeleton and EspFu which forms a new 

nucleation core for actin polymerisation, in order to establish the actin 
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pedestal (Campellone et al., 2004). Changes in the host’s actin 

cytoskeleton along with downregulation of filopodia and disruption of 

the host’s microtubule network, mediated via an array of T3SS 

effectors, results in tight intimate attachment and disruption of intestinal 

microvilli, hence the term attaching & effacing (A/E) lesion. Activity of 

many T3SS proteins is shared among A/E pathogens and has been 

characterised in backgrounds closely resembling EHEC such as EPEC 

or Citrobacter rodentium (Dean et al., 2009). However notable 

differences in governing of T3SS expression in those species have 

been documented and the expression of a clone encoding the EHEC 

T3SS was shown to require an EHEC background (Elliott et al., 1999; 

Elliott et al., 2000; Hartland et al., 2013; Roe et al., 2003). T3SS is under 

finely-tuned, species and pathotype-specific regulation. Control of 

injectisome assembly and effector secretion in EHEC is further 

elaborated on below. 

 

1.3.1.3 Regulation of T3SS assembly and effector secretion hierarchy 

 

All of the T3SS structural proteins, as well as some regulators, 

chaperones and effector proteins are encoded on 35-kb chromosomal 

locus of enterocyte effacement (LEE) (Figure 1.6b). The LEE is 

composed of 5 major operons (LEE1-5) and several small 

transcriptional units, with at least 41 open reading frames (Franzin et 

al., 2015). The first gene of the LEE1 operon is ler which encodes the 

well-studied positive regulator of LEE expression, Ler (LEE-encoded 

regulator). Ler antagonizes the inhibition of LEE expression directed by 

the histone-like nucleoid-structuring protein (H-NS) by interfering with 

binding of H-NS to the promoter region of LEE operons (Shin et al., 

2017; Wan et al., 2016). Apart from its crucial role in LEE expression, 

Ler is also known to be involved in regulation of non-LEE T3S 

associated factors. It is mainly the expression of Ler that is responsive 
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to the extracellular factors known to affect expression of the T3SS 

(Carlson-Banning et al., 2018; Donnenberg, 2013; Le Bihan et al., 2017; 

Sharp et al., 2007). Ler is itself known to be transcriptionally regulated 

by expression of multiple regulators including two other LEE-encoded 

proteins GrlA and GrlR, which bind to the LEE1 promoter and 

respectively activate or repress ler expression (Laaberaki et al., 2006; 

Russell et al., 2007). Multiple non-LEE factors such as RpoS were 

found to be indirectly involved in LEE transcription regulation via control 

of Ler expression (Laaberki et al., 2006). Other known transcriptional 

regulators of LEE expression include: the family of PcH transcriptional 

activators, that similarly to Ler compete with H-NS for binding to the 

LEE1 promoter region and antagonise other global transcriptional 

repressors such as StpA, Hha and YdgT; LEE3-encoded multiple point 

controller that represses positive Ler activity; as well as factors encoded 

on an inactive secondary T3SS of EHEC (T3SS2), EtrB that positively 

regulates LEE expression via transcriptional regulation of ler and grlA, 

and negative regulators EtrA and EivF (Luzader et al., 2016). 

 Apart from the Ler-mediated transcriptional control, EHEC T3SS 

is also thought to be regulated at the post-transcriptional level, 

managing processes such as assembly of the T3SS translocon and 

setting up the hierarchy between export of the translocator and effector 

proteins. Expression of a late non-LEE encoded T3SS effector protein 

NleA was shown to be repressed by a well-known post-transcriptional 

regulator CsrA. Interestingly NleA production was shown to be activated 

by CesT, a LEE5-encoded chaperone protein of the middle secretion 

substrate, Tir. This was shown to be an effect of CesT-CsrA interaction 

that ‘sponges’ the CsrA away from the nleA transcript (Ye et al., 2018; 

Katsowitch et al., 2017). Based on the studies in the closely related 

EPEC, CsrA is thought to control LEE expression in EHEC by binding 

to and repressing translation of the grlA transcript which results in a 

decrease in production of Ler (Bhatt et al., 2009). A recent study by 

Wang et al., 2018 indicated that CsrA and Hfq-mediated sRNA Spot42 
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post-transcriptionally regulate expression of the LEE4 operon. This 

interplay is described in more detail in subsection 1.3 of this chapter. In 

addition to its function as the chaperone of regulatory sRNAs, Hfq was 

indicated to repress LEE expression independently of associated 

sRNAs. This was shown to be achieved through direct binding of the 

Hfq distal face near the grlA and ler mRNA Shine-Dalgarno regions 

therefore obstructing ribosomal access and repressing activation of 

translation (Sudo et al., 2021).  

Apart from Spot42, multiple non-coding sRNAs were indicated to 

control the assembly of T3SS in EHEC. The well-conserved GlmZ and 

GlmY sRNAs were shown to negatively regulate expression of the 

translocon through destabilisation of the LEE5-encoded transcripts and 

LEE4-encoded espABD mRNA (Gruber et al., 2014). GlmZ and GlmY 

were also shown to positively regulate production of non-LEE T3SS 

effector EspF. The GlmZ and GlmY-mediated regulation is thought to 

be important for correct ratio of structural translocon components and 

secreted effectors (Gruber et al., 2014). A study by Gruber et al., 2015 

discovered that several EHEC-specific sRNAs namely sRNA56, 

sRNA103 and sRNA350 positively regulate expression of T3SS, either 

through regulating the ler mRNA or espABD transcript translation. 

There is also an account of a negative regulation of T3SS through 

destabilisation of LEE1 mRNA and inhibition of Ler protein synthesis 

elongation by a cis anti-sense sRNA called Arl that is encoded at the 

3’UTR of ler (Tobe et al., 2014). 

Additionally, the stability of espADB transcript and thus 

production of translocon proteins was shown to be controlled by RNase 

E that recognises a small six-codon mini-open reading frame at the 5’-

end of the mRNA. This was shown to be inhibited by ribosomal-docking 

at the LEE4 Shine-Dalgarno and translation that interferes with RNase 

E interaction (Lodato et al., 2012; Lodato et al., 2017).   
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1.3.1.4 SepL - the ‘gatekeeper’ protein  

 

One of the most crucial factors orchestrating assembly of the 

functional T3SS is a ‘gatekeeper’ protein SepL (Bhatt et al., 2011) 

(Figure 1.7). This 5.4 kD protein is encoded by the first gene on LEE4 

operon, sepL and its homologues share more than 90% identity among 

A/E pathogens (Lodato et al., 2009). Multiple studies determined that 

without SepL, the EspA filament fails to be produced and the translocon 

is not assembled (Kresse et al., 2000, Deng et al., 2015; O’Connell et 

al. 2004; Wang et al., 2008). Cleavage of the LEE4 transcript by 

RNaseE, which occurs after translation of sepL mRNA, has been 

suggested to release espABD transcript and lead to translation of the 

translocon proteins only after SepL production (Lodato et al., 2009). 

Additionally, SepL along with its binding partner SepD and chaperone 

CesL form a molecular switch which controls the hierarchical transport 

of LEE-encoded effector proteins into the host cell (Younis et al., 2010). 

SepL was found to bind to the translocated intimin receptor (Tir), and 

delay effector release, allowing for prioritised secretion of translocon 

proteins EspABD (Deng et al., 2015; Tomalka et al., 2012; Tree et al., 

2009, Wang et al., 2008). Studies conducted by Tomalka et al., 2012, 

indicated that interaction between the gatekeeper protein and 

translocator-specific signals located on EspABD determine the order of 

secretion, and prioritise export of the translocator proteins. In closely 

related EPEC, SepL interaction with EscV, a structural component of 

the basal apparatus, was shown to be crucial for targeting of translocon 

protein-chaperone complexes to the membrane (Portaliou et al., 2017). 

Expression of SepL itself is thought to be tightly regulated. Ler and 

SepD were shown to have a major impact on SepL production, with up 

to 10-fold decrease in its expression in ler deletion mutants (Wang, 

2011). Despite its indubitable importance in control of T3SS assembly, 

the regulation of SepL production is still not well understood. 
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Characterisation of post-transcriptional control of SepL expression is 

the main topic of this thesis. 
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Figure 1.7. a. SepL gatekeeper structure in EPEC as solved by Burkinshaw et al., 

2015. SepL has 3 active domains, domain 1 (blue), domain 2 (orange) and 

domain 3 (green) that are composed of 15 α-helices labelled 1-15. b. Schematic 

of SepL structure. Each of the SepL domains is thought to provide protein -

protein interaction sites. Proposed effector and chaperone interaction regions 

have been labelled. Domain 3 region (around the yellow helices) was proven to 

interact with the effector protein Tir (Burkinshaw et al., 2015). [Adapted from 

Burkinshaw et al., 2015].  
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1.4 Previous studies leading to this project  

 

Studies conducted previously in the laboratory indicated a 

heterogeneity of SepL expression in EHEC O157 backgrounds, which 

was directly correlated with heterogeneity of EspA filament production 

and was independent of Ler expression (Figure 1.8) (Roe et al., 2003; 

Wang et al., 2008). It was suggested that translational regulation of SepL 

expression might be involved in heterogeneity of T3SS filament 

expression manifested by EHEC. A series of sequentially truncated 

sepL’-GFP translational fusions were created in order to test the 

hypothesis. Loss of heterogeneity and a ten-fold increase in reporter GFP 

production was observed in bacteria carrying the truncated sepL’-GFP 

constructs without an obvious change in the sepL mRNA transcript levels 

produced (Wang et al., 2018; Wawszczyk, 2017) (Figure 1.9 b&c). The 

computational prediction of secondary structure of the full-length sepL 

mRNA and truncated sepL mRNA were shown to form respectively a 

‘closed’ structure, with an obstructed ribosomal binding site (RBS), and 

more ‘open’ structure with an exposed RBS (Figure 1.9a). A recently 

published study by Wang et al., 2018 identified sepL mRNA conformation 

and mRNA-protein interactions as a determining factor in control of SepL 

expression. It was suggested that post-transcriptional changes are a 

driving factor behind regulation of SepL production and provide a 

possible lead in understanding of the observed heterogeneity (Wang et 

al., 2018). The study identified an interplay between the post-

transcriptional regulator CsrA and the Hfq-mediated Spot42 sRNA which 

was shown to repress CsrA control of sepL mRNA translational 

activation. CsrA and Hfq-Spot42 were shown to bind to sepL transcript 

and were proposed to act on divergent and mutually exclusive mRNA 

structures (Wang et al., 2018). Accessibility to the CsrA/Hfq binding site 

determined by sepL mRNA conformation may play a role in the proposed 

interplay (Wang et al., 2018). However, the factors leading to the primary 
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switch from ‘OFF’ to ‘ON’ in terms of sepL mRNA translation are still to 

be determined (Wang, 2011; Wang et al., 2018). 

There is some evidence suggesting that assembly of the T3SS 

basal body allows subsequent production of the translocon proteins, 

potentially via regulation of SepL expression (Diepold et al., 

2014). Results obtained from studying the involvement of T3SS basal 

apparatus in SepL production determined a requirement for LEE1-

encoded T3SS basal apparatus protein/s to be involved in SepL 

expression. Deletion of LEE1 operon resulted in a highly significant 

decrease in SepL expression but not sepL mRNA transcript production 

as measured using translational and transcriptional fusions. This 

indicates an involvement of LEE1-encoded proteins in post-

transcriptional regulation of SepL production (Wawszczyk, 2017). 

 

 

Figure 1.8. Heterogeneous expression of EHEC EspA filament s correlates with 

SepL expression. Production of EspA filament (mCh erry-tagged in red) in low 

(Sakai) and high (ZAP193) secretor EHEC was shown to be heterogeneous in both 

strains with only a subset of bacteria in the colony producing the T3SS 

translocon proteins. This was shown to be correlated with expression of SepL 

gatekeeper protein (GFP-tagged in green) (Roe et al., 2003; Wang et al., 2008).  
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Figure 1.9. sepL  mRNA characteristics and SepL expression. a. The 

computational prediction of sepL  transcript secondary structure indicates a 

‘clover-leaf’ conformation with the ribosomal binding site buried between the 

stem loop 2 (SL2) and stem loop 3 (SL3).  b.  Truncation of the sepL mRNA is 

predicted to expose the RBS.  
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Figure 1.9 (continued).  d.&e.  Assessment of expression of the truncated sepL  

mRNA using translational reporter  constructs indicates that sepL  mRNA 

translation is dependent on the length of the transcript as b.  visualised by 

fluorescence microscopy and c. quantified by fluorescence spectroscopy. This is 

thought to be due to alteration of the sepL  mRNA conformation in the truncated 

fusions with different levels of exposure of the  RBS (Wang et al., 2018).  
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1.5 Hypothesis and aims 

 

The hypothesis of this project states that post-transcriptional 

regulation of SepL expression is to act as a checkpoint after production 

of the basal apparatus and before expression of the EspABD 

translocon. Taking into consideration previous research including the 

impact that sepL mRNA conformation has on SepL expression, we 

hypothesise that production of LEE1-encoded factors and assembly of 

the T3SS basal apparatus drives a change in sepL mRNA secondary 

structure and triggers an ‘OFF’ to ’ON’ switch in terms of SepL mRNA 

translation (Wang et al., 2018). Therefore, we propose that LEE1-

encoded factors play an essential role in post-transcriptional regulation 

of SepL production and thus formation of the EspABD translocon. 

Using a combination of molecular biology techniques, chemical 

probing and RNA-protein binding assays, this project aimed to unravel 

new factors involved in translation of the sepL transcript and 

characterise the mechanism(s) underlying repression and activation of 

expression. The objectives of this project were as follows: 

1. We aimed to investigate if the LEE4 regulation is distinct to 

that of other LEE operons by assessing the LEE4 transcription and 

mRNA abundance and comparing it with the other LEE transcripts.  

2. We aimed to evaluate on the role of the sepL mRNA in SepL 

production via validation of the proposed computationally predicted 

mRNA secondary structure and determining its impact on mRNA 

abundance in different bacterial backgrounds.  

3. The major objective of this project was to identify the LEE1-

encoded factor/s responsible for modulation of the SepL expression, 

characterise its mode of action. 
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4. Subsequently we aimed to investigate the contact dependency 

of the proposed regulatory interaction by sepL mRNA-protein binding 

studies.  

5. We aimed to clarify the involvement of the known SepL-

regulatory factors the CsrA and the Hfq in the LEE1-mediated 

regulatory mechanism.  

6. Additionally we aimed to investigate the impact of this 

mechanism on the finely-tuned hierarchy of LEE4-expression and the 

consequences of the translocon expression on the proposed sepL 

expression regulation.  

The project ultimately aimed to better our understanding of the 

mechanisms underlying assembly of complex bacterial organelles such 

as T3SS. 
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Chapter 2 LEE4 transcription and 
maintenance 

 

2.1 Background 

 

LEE4 is the last operon on the Locus of Enterocyte Effacement 

(LEE). It encodes a translocon structure (EspADB) that connects bacteria 

to the host cell and allows for export of effector proteins and 

establishment of intimate attachment. The hallmark of EHEC 

pathogenesis, attaching/effacing lesions cannot be formed without a 

functional translocon. The first gene on the LEE4 operon is sepL, it 

encodes a 39.988 kDa protein SepL. SepL is a critical factor in 

orchestrating the assembly of the translocon and effector secretion. It 

functions as a ‘gatekeeper’ protein, which alongside its LEE2-encoded 

binding partner SepD and LEE3-encoded CesL forms a secretion switch 

that ensures formation of the translocon before effector release. SepL 

was found to bind to the translocated intimin receptor (Tir), and delay 

effector release, allowing for prioritised secretion of translocon proteins 

EspABD (Deng et al., 2015; Tomalka et al., 2012; Tree et al., 2009; Wang 

et al., 2008). Several studies indicated that sepL mutants are unable to 

secrete EspADB, which resulted in no filament formation and inability to 

produce A/E lesions. Additionally, a significant increase in effector 

proteins, such as LEE5-encoded Tir, was observed in sepL mutants, 

indicating loss of hierarchical control essential for T3SS function (Kresse 

et al., 2000, Deng et al., 2015; O’Connell et al. 2004; Wang et al., 2008).  

SepL-mediated regulation of T3SS assembly is complex and a 

crucial process and so it is fair to assume expression of LEE4 and SepL 

itself has to be tightly regulated. There is evidence suggesting that 

assembly of the T3SS basal body ensures subsequent production of the 

translocon, potentially via regulation of SepL expression (Diepold et al., 
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2014; Tree et al., 2009). Preliminary results obtained studying the 

involvement of T3SS basal apparatus in SepL production determined a 

requirement for LEE1-encoded T3SS basal apparatus protein/s in SepL 

production. Deletion of LEE1 operon but not LEE2 or LEE3 resulted in 

highly significant decrease in SepL expression (Wawszczyk, 2017). 

Previous studies carried out in our laboratory indicated 

heterogeneity in SepL expression that correlated with heterogeneity of 

EspA filament formation at the single cell level. Changes in secondary 

structure of sepL mRNA were associated with alleviation of the 

heterogeneity and highly significant increase in SepL and EspA 

expression (Wang et al., 2008). Study by Wang et al. identified an 

interplay between post-transcriptional regulator CsrA and a RNA 

chaperon Hfq loaded with a Spot42 sRNA cargo, which were shown to 

competitively bind to sepL mRNA and lead to respectively translation 

activation and repression (Wang et al., 2018). Accessibility to the 

CsrA/Hfq binding site determined by sepL mRNA conformation was 

proposed to play a role in the interplay (Wang et al., 2018).  

Taken together those observations point towards complex control 

of LEE4 expression involving the interplay of multiple factors, namely 

LEE1-encoded protein(s), sepL mRNA secondary structure, Hfq and 

CsrA. This section of my thesis aimed to characterise these 

dependencies in greater detail.  
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2.2 Results 

 

2.2.1 Role of LEE1-encoded factors in LEE4 transcript 
maintenance 

 

Positive regulation of LEE transcripts by the LEE1-encoded 

major transcriptional activation factor Ler has been previously 

documented in multiple studies in EHEC and closely related EPEC 

(Bustamante et al., 2001; Elliott et al., 2000; Shin et al., 2017). It was 

demonstrated that Ler antagonises the repression of LEE transcription 

carried out by the histone-like nucleoid-structuring protein (H-NS). Ler 

acts by interfering with H-NS binding to the promoter region of several 

LEE operons, resulting in de-repression of transcription (Shin et al., 

2017). However there is an inconsistent account of Ler regulation of the 

LEE4 transcript, with some studies reporting transcriptional 

dependency on Ler, while some showed no significant effect of Ler on 

LEE4 transcriptional activation. Several studies indicated that the 

absence of Ler results in highly significant decrease in detection of 

LEE4 transcripts (Elliott et al., 2000; Friedberg et al., 1999; Mellies et 

al., 1999; Sanchez San Martin et al., 2001; Sperandio et al., 2001). 

However Ler was shown to have no effect on expression of LEE4 

transcript as measured by LEE4::lacZ transcriptional fusion in 

laboratory E. coli background K12 (Elliott et al., 2000). Additionally it is 

important to note that the main promoter of LEE4 is located upstream 

of sepL as suggested by Goldberg et al., 2001 and confirmed in our 

laboratory, and no direct activation of sepL transcription by Ler has 

been recorded (Wang et al., 2008).  

In order to characterise the regulatory role of Ler on LEE 

transcripts the mRNA abundance of genes representative of all five LEE 

operons was determined by RT qPCR in wild type and Ler deficient 

EHEC backgrounds (Figure 2.1). Quantification of the mRNA was 
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achieved using internal calibration curves produced by serially diluting 

quantified EHEC genomic DNA. ZAP193 and Sakai strains were 

assessed to ensure the obtained results were not strain specific. These 

strains do not produce Shiga toxin and so can be used in level 2 

containment laboratories in the UK and Sakai strain has been fully 

sequenced and characterised (Hayashi, 2001). Additionally, ZAP193 

exhibits a high secretor phenotype and Sakai is a low secretor of T3SS 

effectors, which facilitates detection of both decreases and increases in 

expression of LEE-encoded factors that might not be observable with 

only one secretion level. ZAP193 and Sakai strains were the EHEC 

strains used consistently throughout this project. In order to ensure 

optimal LEE expression the bacterial cultures were grown in minimal 

essential media (MEM)-HEPES, supplemented with 0.1% glucose and 

250 nM Fe(NO3)2 that is the media previously shown to induce T3SS 

production (Roe et al., 2003). Supplemented MEM-HEPES was used to 

culture bacteria targeted for T3SS expression measurement 

experiments throughout this project unless stated otherwise. Δler 

ZAP193 (ZAP1004) and ΔLEE1 Sakai that were previously produced in 

the laboratory by Dr. Alison McIntosh and myself, were used as Ler 

deficient backgrounds (Low et al., 2006; Wawszczyk, 2017). There 

were either highly significant decreases or in some cases a lack of 

detectable mRNA for all of the tested LEE-encoded transcripts in these 

Ler negative backgrounds compared to their wild type Ler positive 

parent strains. It was concluded that the absence of Ler has a clear 

negative effect on abundance of all of the main LEE transcripts, 

LEE1,2,3,5 and 4. This was consistent with results obtained by Elliott et 

al., 2000. The transcript level as measured by RT qPCR does not 

necessarily give a conclusive account of transcriptional activity as some 

post-transcriptional processes such as transcript degradation can alter 

the levels of transcript detected.  
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Figure 2.1.  Detection of LEE transcripts in Ler deficient a.  ZAP193 high secretor 

and b.  Sakai low secretor EHEC backgrounds.  mRNA abundance of genes 

throughout the LEE (LEE1,2,3,5,4 operons) was probed in Δler ZAP193 and ΔLEE1 

Sakai (blue) and compared to transcripts produced by wild type ZAP193 and 

Sakai (grey). Highly significant decreases in LEE transcripts abundance were 

noted in the absence of Ler in both high and low secretor EHEC (biological 

repeat n=3, technical repeat n≥9, unpaired t-test analysis: ns (not significant) – 

p>0.05; ** - p<0.01; *** - p<0.001; **** - p<0.0001). It is worth noting that 

detectable amounts of transcripts (above Cq>35 threshold cut off) were 

documented in the absence of Ler  throughout the LEE, with the exception of 

LEE1.  
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In order to determine if the observed Ler dependency is based 

on transcriptional regulation, as has been documented in studies 

focusing on Ler governed de-repression from transcriptional repressor 

H-NS, expression of plasmid-based LEE2::gfp, LEE3::gfp, LEE5::gfp 

and LEE4::lacZ transcriptional fusions (Flockhart et al., 2012) was 

measured in wild type EHEC and Ler deficient backgrounds with and 

without Ler complementation in trans (Figure 2.2). In transcriptional 

fusions, reporter genes such as gfp encoding for green fluorescent 

protein (GFP) or lacZ encoding for a β-galactosidase enzyme, are fused 

directly downstream of the promoter sequence of the gene or operon of 

interest. The intensity of the fluorescence emitted by the GFP was 

measured by fluorescence spectroscopy while β-galactosidase can be 

measured by its activity on o-nitrophenyl-β-galactoside (ONPG) that 

produces yellow coloured o-nitrophenol when cleaved. Activation of the 

promoter drives expression of the reporter proteins, which can be 

measured by assessing the fluorescence in the case of GFP or 

absorbance at 420nm for the β-galactosidase assay; both allow 

measurement of the level of transcriptional activation of the gene of 

interest from the plasmid construct. In my work, the LacZ reporter was 

used instead of GFP to measure LEE4 transcription because production 

of LEE4::gfp fusion was unsuccessful. High GFP levels were previously 

shown to be toxic to the bacterial cell, leading to growth arrest and cell 

lysis, which could be a potential reason for the difficulty in producing the 

LEE4::gfp transcriptional fusion (Feilmeier et al., 2000). lacZ is a native 

E. coli gene that can be expressed at high levels without detriment to 

the cell and a LEE4::lacZ construct was successfully produced in by 

Sean McAteer (Senior Lab Technician the the Gally group) for purposes 

of this project (Matthews et al., 2005). This enabled comparison of LEE4 

transcriptional activation with transcript, protein and translational 

fusions allowing insights into different types of post-transcriptional 

regulation (Matthews et al., 2005). Transcription of LEE1,2,3 and 5 was 

determined by assessing the fluorescence intensity of the respective 
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gfp fusions, and was shown to be negatively affected by absence of Ler, 

which confirmed Ler’s function as a positive transcriptional regulator of 

those operons, likely through inhibition of repressive activity of H-NS. 

Critically, the promoter activity of LEE4, as measured using LEE4::lacZ 

transcriptional fusion, was unchanged by absence of Ler (Figure 2.2). 

This suggests that transcription of LEE4 is not regulated by Ler, unlike 

other LEE operons. However results obtained from RT qPCR analysis 

(Figure 2.1) signify that Ler is necessary for detection of all of the LEE 

operon transcripts including LEE4. This observed disconnect between 

LEE4 transcription and mRNA abundance in Δler backgrounds indicates 

direct or indirect involvement of Ler in post-transcriptional regulation of 

LEE4 transcript maintenance or transcription completion.  
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Figure 2.2.  Promoter activity of LEE operons in Ler deficient EHEC backgrounds. 

pLEE2-gfp (LEE2::gfp), pLEE3-gfp (LEE3::gfp), pLEE5-gfp (LEE5::gfp) and pLEE4-

lacZ (LEE4:: lacZ) transcriptional fusions were expressed in a.  ZAP193 and b. 

Sakai. Ler was concluded to positively regulate transcriptional activation in 

LEE2,3 and 5 operons but not LEE4 in both high and low secretor EHEC strains 

(biological repeat n=3, technical repeat n ≥6, unpaired t-test analysis: ns (not 

significant) – p>0.05; ** - p<0.01; *** - p<0.001; **** - p<0.0001). 
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As demonstrated in Figure 2.2, Ler governs transcription of 

LEE1,2,3 and 5 operons. Deletion of the entire LEE1 operon but also 

deletion of LEE1-encoded basal apparatus proteins EscRSTU have 

been previously shown to result in significant decrease in production of 

the first protein encoded on LEE4 operon – SepL (Wagner et al., 2010; 

Wawszczyk, 2017; Yerushalmi et al., 2014). This was not observed in 

ΔLEE2 and ΔLEE3 backgrounds (Wawszczyk, 2017). Therefore it is 

possible that it is the lack of Ler-regulated LEE1-encoded factors and 

not direct Ler interaction that results in the decrease in LEE4 transcript 

abundance in Ler deficient backgrounds (Figure 2.1). In order to test 

this hypothesis: (1) the ΔLEE1 Sakai background was supplemented 

with plasmid-encoded ler clone (pWSKler) previously produced in the 

laboratory by Dr. Xuefang Xu and the sepL mRNA abundance was 

measured by RT qPCR, (2) sepL mRNA abundance was also 

determined in the ΔLEE1 Sakai complemented with plasmid-based 

LEE1 clone (pWSKLEE1) produced by myself for purposes of this 

project and (3) the Δler ZAP193 (ZAP1004) strain was complemented 

with pWSKler and sepL mRNA abundance determined (Figure 2.3). 

Measured sepL mRNA abundance was compared to that detected in 

wild type Sakai and ZAP193 and ΔLEE1 Sakai and Δler ZAP193 

carrying empty pWSK29 vector used during construction of pWSKLEE1 

and pWSKler. Obtained results showed that supplementation of ΔLEE1 

with Ler alone was insufficient to restore sepL mRNA abundance as 

compared to wild type Sakai to any significant level. However 

complementation of ΔLEE1 and Δler ZAP193 backgrounds with the 

LEE1 and ler clones, respectively, resulted in complete restoration of 

sepL transcript levels. β-galactosidase assay of LEE4::lacZ 

transcriptional fusion was carried out in all of the tested backgrounds to 

ensure that the observed differences were due to post-transcriptional 

regulation and not changes in transcriptional activity (Figure 2.3). 

Promoter activity was unchanged in all of the tested backgrounds as 

compared to wild type strains. Taken together it is evident from the data 
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that LEE1-encoded factors other than Ler are responsible for the post-

transcriptional regulation of LEE4 transcript maintenance.  
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Figure 2.3.  The impact of Ler and other LEE1-encoded factors on sepL  transcript 

abundance. a.  Supplementation of Sakai ΔLEE1 background with pWSK ler  (pler) 

did not result in significant change in sepL  mRNA levels. Supplementation with 

pWSKLEE1 (pLEE1) did significantly increase the sepL  transcript abundance to 

the levels comparable to wild type Sakai background (biological  repeat n=3, 

technical repeat n=9). b.  Supplementation of Δler  ZAP193 background with 

pWSK ler  (pler) restored sepL  mRNA to levels akin to wild type ZAP193 (biological 

repeat n=3, technical repeat n=9). c.  Transcriptional activation of LEE4 

promoter was shown to be unchanged by absence of Ler or LEE1 -encoded 

factors as observed before and supplementation with pWSK ler  (pler) and 

pWSKLEE1 (pLEE1) did not affect the promoter activity either (biological repeat 

n=3, technical repeat n≥6). (unpaired t-test analysis: ns (not significant) – 

p>0.05; *** - p<0.001; **** - p<0.0001). 
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Additionally translation of SepL was determined in the same 

backgrounds utilising a SepL-GFP translational fusion (pDW6) 

previously produced in the laboratory by Dr. Dai Wang (Wang et al., 

2018). Translational reporters fuse the reporter gene in-frame with the 

gene of interest, translation of the protein of interest leads to production 

of the reporter, concentration of which can be assessed by measuring 

fluorescence intensity by fluorescence spectroscopy, and give a 

quantifiable account of fused protein production. A significant decrease 

in SepL-GFP expression was observed in ΔLEE1 Sakai and Δler 

ZAP193 backgrounds compared to wild type backgrounds. 

Supplementation with pWSKler resulted in restoration of protein 

expression only in the Δler ZAP193 with no change in ΔLEE1 Sakai 

strain. In the ΔLEE1 background complementation, with pWSKLEE1 

was required to restore SepL-GFP production (Figure 2.4a&b). Taken 

together these results indicate that the LEE1-dependent changes in 

transcript abundance feed through to translation of a SepL-GFP 

reporter. Obtained results were additionally validated by Western blot 

analysis using serum raised against purified SepL (Figure 2.4 c&d).  

Regulation of LEE4 transcript degradation is a potential post-

transcriptional mechanism to account for the observed disconnect 

between LEE4 transcription and sepL mRNA levels. Stability of the 

LEE4 transcript was assayed in ZAP193 and Sakai backgrounds by 

inhibiting transcription through addition of rifampicin to the cell culture 

and a 10 minute time course of RT qPCR examined post-rifampicin 

treatment (Figure 2.5) (Mosaei et al., 2020). Rapid degradation of sepL 

mRNA was noted in both background with a higher rate of decline in 

Sakai background. This could be due to the lower starting levels of the 

sepL mRNA in the low secretor background or potentially enhanced 

processing/negative regulation of transcript stability in Sakai as 

compared to ZAP193. The following sections of this thesis assess the 

factors involved in maintenance of the sepL transcript. 
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Figure 2.4.  The impact of Ler and other LEE1-encoded factors on SepL protein 

expression. SepL expression was measured by fluorescence spectroscopy 

detecting the SepL-GFP produced from a translational fusion construct (pDW6) 

in the a.  low secretor Sakai and b.  high secretor ZAP193 backgrounds. SepL-GFP 

was measured in background lacking Ler ( Δler  and ΔLEE1) and the Ler-

complemented backgrounds. Significant decrease in SepL -GFP production was 

noted in both Ler negative backgrounds. SepL -GFP expression was only restored 

by Ler complementation (p ler) in the Δ ler ZAP193. ΔLEE1 Sakai required 

complementation with entire LEE1 clone (pLEE1) in order for SepL -GFP 

expression to be restored. (unpaired t -test analysis: ns (not significant) – 

p>0.05; * - p<0.05; *** - p<0.001; **** - p<0.0001). (biological repeat n=3, 

technical repeat n=9). Immunoblotting analysis in c.  Sakai and d.  ZAP193 

backgrounds detected the 40kD band corresponding to SepL protein in p ler  

supplemented Δler  ZAP193 and pLEE1 supplemented ΔLEE1 backgrounds but not 

the ΔLEE1 Sakai background supplemented with p ler . This validated SepL-GFP 

results. ΔsepL  ZAP193 background acted as a negative control for SepL 

production (biological repeat n=3, technical repea t n≥3). 
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Figure 2.5.  sepL  transcript degradation in wild type a.  ZAP193 and b.  Sakai EHEC 

backgrounds. RNA samples were collected throughout 10 minute time course 

with time 0 indicating the starting quantity of the transcript before additio n of 

transcription inhibitor rifampicin. Percentage of the transcript detected as 

compared to the starting quantity was plotted (biological repeat n=3, technical 

repeat n=9). 
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2.2.2 sepL mRNA structure affects LEE4 transcript stability 

 

2.2.2.1 Validation of sepL mRNA secondary structure 

 

The conformation adopted by mRNA is known to play a role in 

transcript maintenance, which refers to the stability of the transcript 

within the cellular environment and translation efficiency, including by 

determining access to ribosomal binding sites, ribosomal enhancers 

and binding and recruitment of interacting regulatory factors and 

processing complexes such as the degradosome (Chen et al., 2008; 

Del Campo et al., 2015). The computational prediction of sepL mRNA 

secondary structure indicated that its ribosomal binding site is likely to 

be obstructed and thus negatively regulate translation initiation (Wang 

et al., 2018). Truncation of the sepL transcript that is predicted to disrupt 

the folding of the mRNA, and expose the Shine-Dalgarno site, and this 

was shown to increase SepL expression. Thus further indicating that 

the conformation of the full-length sepL transcript is inhibitory to SepL 

expression (Wang et al., 2018; Wawszczyk 2017).  

In order to validate the computational prediction, the secondary 

structure of the sepL transcript was mapped and the accessibility to the 

ribosomal binding site was determined using a chemical probing 

technique called selective 2’-hydroxyl acylation analysed by primer 

extension (SHAPE). SHAPE has been previously used to successfully 

map an entire genome of HIV-1 and STMV to a single-nucleotide 

resolution level as well as determine RNA-protein interactions and 

structural transitions (Archer et al., 2013; Grohman et al., 2013; 

McGinnis et al., 2012; Watts et al., 2019; Wilkinson et al., 2008). SHAPE 

utilises small hydroxyl-selective electrophilic reagents that acylate the 

2’hydroxyl group of RNA nucleotides. Reactivity of the 2’-hydroxyl 

groups varies depending on the nucleotide flexibility, with more flexible 

residues, such as single stranded, loop and clip RNA regions, sampling 
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wide variety of conformation, some of them being more nucleophilic, 

which results in enhanced modification of the more dynamic RNA 

regions (McGinnis et al., 2012). The modifications can then be analysed 

by reverse transcription and primer extension of the treated sample 

(Figure 2.6) (Rice et al., 2014).  
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Figure 2.6.  Selective 2’-hydroxyl acylation of probed RNA by acylation reagent 

NAI (1H-Imidazol-1-yl(2-methyl-3-pyridinyl)methanone) at the most flexible 

RNA regions (loops and single stranded RNA) followed by primer extension with 

radioactive marker 3 2Phosphorus oligonucleotides and cDNA synthesis. Reverse 

transcriptase pauses at the nucleotides modified by NAI and  thus the cDNA 

library produced is marked with reverse transcription stops at the sites of SHAPE 

modifications, which indirectly maps the RNA structure to a single nucleotide 

resolution. The modified regions can then be identified by running a gel of the 

RNA sequencing ladders (Rice et al., 2014).  
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SHAPE can be utilised to probe RNA structures both in vitro and 

in vivo (Watters et al., 2016). sepL mRNA was modified in vivo in order 

to ensure that the structure mapped is the closest to that naturally 

occurring in the bacterial cell. Several SHAPE acylation reagents can 

be used to modify the probed RNA. A comparative study by Lee et al. 

determined that acylimidazole reagent NAI produces the sharpest 

signal with the lowest background with an in vivo modification procedure 

(Lee et al., 2017). Additionally NAI was previously shown to 

successfully modify bacterial RNA, including transiently expressed 

sepL mRNA, therefore NAI was the reagent chosen to map sepL UTR 

and 5’ region (Wawszczyk 2017). The radioactive marker 32Phosphorus 

was used to tag the oligonucleotides for sequencing ladder production 

and primer extension of NAI-modified mRNA as opposed to newly 

employed fluorescent labels. 32P is far more sensitive and stable than 

fluorescent tags, thus is more likely to detect the scarcely expressed 

sepL mRNA. Factors known to influence the efficiency of the probing 

such as optical density of the cells modified, urea PAA gel 

concentration, exposure time, and primer extension temperature and 

time were previously optimised (Wawszczyk, 2017). The samples were 

treated with exonuclease (ExoI) and ribonuclease (RNAse If) in order to 

degrade residual DNA and dinucleotide RNA bonds, which was shown 

to improve the detectability of the modifications. Overexpression of full-

length SepL (pDW6), was shown to further enhance the detectability of 

the modifications due to an increase in the concentration of sepL mRNA 

(Wawszczyk, 2017). The Sakai background supplemented with pDW6 

was used to probe sepL mRNA due to its low SepL expression profile, 

which under the working model at the time, was thought to increase 

detection of the ‘folded’ and ‘untranslated’ sepL mRNA. 

Results obtained from probing of sepL mRNA secondary 

structure confirmed the computational prediction (Figure 2.7). 
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Modifications detected were representative of the predicted single 

stranded and more flexible regions of the mRNA. Analysis and 

quantification of the observed modifications indicate the presence of a 

‘folded’, ‘cloverleaf’ secondary structure, with a major stem loop (SL2). 

The mapped conformation of the mRNA and especially the region 

proximal to the SL2 is likely to bury the ribosomal binding site and 

obstruct ribosomal access. Thus indicating that the observed naturally 

occurring sepL mRNA secondary structure is a potential limiting factor 

in mRNA translation and plays an important role in the switch from 

“OFF” to “ON” in terms of SepL production. This finding was published 

in Wang et al., 2018. 
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Figure 2.7.  Predicted and structural analysis of the sepL  5’UTR and early coding 

region. a.  RNAfold software prediction of sepL mRNA region from base -82 to 

+78, including ribosomal binding site and start codon (AUG). Four predicted 

stem loops were identified and are designated as SL1 -4. RBS is predicted to be 

buried between SL2 and SL3. b.  in vivo  structural probing of the RBS and AUG 

sepL  mRNA region (base -53 to +2) using SHAPE. pDW6 (SepL-GFP) supplemented 

Sakai culture was treated with SHAPE reagent NAI or control DMSO. The 

modified regions indicated by higher intensity radio-labelling bands can be 

identified by reading them to the produced sequencing ladder. Natural reverse 

transcriptase stops that can be identified in both DMSO con trol and NAI treated 

samples do not indicate the flexibility of the RNA regions mapped. The traces 

on the right handside indicate radio -labelling intensity. [As published in Wang 

et al., 2018] 
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2.2.2.2 Conformation of sepL mRNA affects transcript stability 

 

Wang et al., 2018 demonstrated that changes in the sepL mRNA 

structure result in differential SepL expression. It was proposed that a 

conformational change in the initially repressive sepL mRNA structure 

is necessary for the translation to occur (Wang et al., 2018). My work 

combined with previous published and unpublished studies lead to an 

updated working model of the regulation, with transcript being produced 

at high levels and the conformation of the sepL mRNA determines its 

stability and the initially formed ‘folded’ secondary structure is rapidly 

degraded. Fundamentally, I propose its translation is a competition 

between rapid degradation of the mapped structure and positive 

intervention of a factor to enable translation, most likely by opening up 

the structure to allow translation, possibly inhibiting degradation at the 

same time. 

In order to test this, sepL transcript abundance was measured 

by RT qPCR in ΔsepL ZAP193 EHEC strain complemented with a full-

length SepL-GFP expression construct (pDW6) predicted to form the 

inhibitory ‘folded’ mRNA structure, and a truncated SepL-GFP (pDW26) 

that was shown to be more readily expressed than the full-length SepL 

and is predicted to form a different, ‘open’ transcript conformation with 

exposed RBS (Wang et al., 2018). The measurements were compared 

to sepL mRNA abundance in wild type ZAP193 and ΔsepL ZAP193 

backgrounds supplemented with pACYC184 cloning vector used in 

creation of pDW6 and pDW26 SepL-GFP expression fusions (Wang et 

al., 2018) 

Despite a naturally high abundance of sepL mRNA in ZAP193, 

highly significant increase in the detected transcript was measured for 

the truncated SepL-GFP construct compared to the full-length SepL-
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GFP fusion (Figure 2.8a.). Subsequently the stability of the full-length 

and truncated sepL mRNA was assayed as described in section 1.2.1. 

Percentages of the detectable mRNA as compared to the starting 

quantities at time 0 were plotted to allow for the comparison of 

degradation patterns between transcripts of different abundance levels. 

mRNA decay rate in the ZAP193 and ΔsepL ZAP193 supplemented 

with full-length SepL-GFP fusion was comparable, which provided 

confidence that the SepL-GFP fusion constructs are suitable tools for 

assessing the behaviour of the sepL transcript. In comparison the 

truncated ‘open’ sepL mRNA was shown to be degraded at a decreased 

rate and appeared more stable throughout the performed RT qPCR 

time course post-rifampicin treatment (Figure 2.8b.). Taken together 

obtained results indicate that the secondary structure of the sepL mRNA 

determines transcript stability and thus transcript availability for 

translation.  
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Figure 2.8.  Maintenance of sepL  transcripts predicted to form different 

secondary structures. a.  sepL  mRNA abundance in ZAP193, ZAP193 ΔsepL  and 

ZAP193 ΔsepL supplemented with constructs producing full -length ‘folded’ sepL  

transcript (pDW6) and ‘open’ sepL  transcript (pDW26). The ‘open’ sepL 

transcript (193 ΔsepL/pDW26) was shown to be detected at  significantly higher 

levels than the ‘folded’ sepL mRNA (193 and 193 ΔsepL/pDW6) (biological 

repeat n=3, technical repeat n=9; unpaired t -test analysis: ns (not significant) – 

p>0.05; ** - p<0.01; **** - p<0.0001). b.  Degradation assay of sepL mRNA 

throughout a 10 minutes time course after transc ription inhibitor addition. 

Folded full-length sepL mRNA from wild type ZAP193 and full -length SepL-GFP 

construct (193 and 193 ΔsepL/pDW6 respectively) was shown to have 

comparable degradation pattern. ‘Open’ sepL  mRNA (193 ΔsepL/pDW26) 

exhibited higher stability with easily detectable transcript levels at the last time 

point. By contrast, the ‘folded’ sepL mRNA was not detectable at 10 minutes 

past transcription inhibitor treatment (biological repeat n=3, technical repeat 

n=9). 
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2.2.3 Rapid degradation of the LEE4 transcript is background 
specific 

 

The extent of T3SS expression and its regulation is markedly 

different depending on the bacterial background the machinery is 

produced in. Multiple examples have been published including the 

comparative studies of closely related EHEC and EPEC E. coli 

pathotypes (Mellies et al., 2007; Roe et al., 2000; Spears et al., 2006; 

Turner et al., 2019). Recently Ruano-Gallego et al., demonstrated that 

functional injectisome can be produced by laboratory E. coli strain K12 

(Ruano-Gallego et al., 2015). A study by Elliott et al. showed that a 

laboratory E. coli strain K12 is able to express LEE4 transcript despite 

lack of other LEE-encoded components, including Ler. However the 

study suggested that an specific regulatory factors that are not encoded 

on the core E. coli genome are necessary for production of SepL protein 

(Elliott et al., 2000). 

In order to determine if the observed structurally-dependent 

stability of sepL mRNA is specific to an EHEC O157 background the 

degradation of full-length ‘folded’ (pDW6) and truncated ‘open’ (pDW26) 

SepL-GFP expression constructs were assayed in laboratory E. coli 

strain DH5α and ΔsepL ZAP193 (Figure 2.9a). ΔsepL ZAP193 was 

used to ensure the sepL mRNA produced was only from the plasmid 

constructs. This allowed us to compare the expression of the 

structurally different sepL transcripts in EHEC and nonEHEC E. coli 

backgrounds. Transcript abundance as measured by RT qPCR time 

course indicated that both full-length and truncated sepL mRNA can be 

expressed and were detected in similar quantities in the DH5α 

background. This is in contrast to the EHEC background in which the 

abundance of truncated ‘open’ sepL mRNA was significantly higher 

than that of full-length ‘folded’ sepL transcript. The degradation time 

course demonstrated that in the DH5α background the ‘folded’ and the 
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‘open’ sepL transcripts follow the same degradation pattern, 

comparable to that of the ‘open’ sepL transcript in EHEC background 

(Figure 2.9b). Taken together it is evident that the change in the 

secondary structure of the sepL mRNA does not affect the maintenance 

of the transcript to the same extent in the non-EHEC background 

(DH5α) and therefore there is a rapid degradation of the full-length, 

‘folded’ sepL transcript in the EHEC O157 background. 

Interestingly the high availability of the full-length sepL transcript 

in the laboratory E. coli background does not translate to production of 

the SepL protein. Expression of SepL-GFP full-length and truncated 

translational fusions (pDW6 and pDW26 respectively) in DH5α 

background were previously assayed by myself during my MRes and 

the experiments were repeated for the purposes of this thesis (Figure 

2.10) (Wawszczyk, 2017). Despite comparable levels of sepL mRNA 

produced from the full-length and truncated constructs, only the ‘open’ 

truncated construct produced detectable SepL-GFP protein in the DH5α 

background, while none was detectable from the full-length SepL-GFP 

construct. This aligns with the working model in terms of additional SepL 

post-transcriptional regulation, in addition to the clear results 

concerning the transcript maintenance. This additional control is also 

dependent on the sepL mRNA structure and requires factors present in 

EHEC O157 and absent in DH5α. 
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Figure 2.9.  sepL  mRNA transcripts in nonT3SS E. coli  (DH5α) background. a.  

Abundance of ‘folded’ (pDW6) and ‘open’ (pDW26) sepL  mRNA in DH5α 

background compared to ZAP193.  Significantly higher ‘folded’ sepL  transcript 

levels were noted in the DH5α background and were comparable to those of the 

‘open’ transcript in both ZAP193 and DH5α (biological repeat n=3, technical 

repeat n≥6; unpaired t-test analysis: ns (not significant) – p>0.05; *** - 

p<0.001). b.  Stability of the ‘folded’ and ‘open’ sepL  mRNA in the DH5α 

background as measured with a degradation time course assay. The degradation 

pattern of the ‘folded’ (pDW6) and ‘open’ (pDW26) transcript in DH5 α 

background was akin to that of the ‘open’ sepL  transcript in the EHEC ZAP193 

background and was more stable than the ‘folded’ mRNA ( biological repeat n=3, 

technical repeat n=6).  
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Figure 2.10.  Expression of SepL-GFP translational fusions predicted to form 

‘folded’ (pDW6) and ‘open’ (pDW26) mRNA conformations in nonT3SS E. coli  

background. SepL-GFP protein production was assayed using fluorescence 

spectroscopy at OD6 0 0=0.8, that was shown to be the optimal growth stage for 

T3SS expression. Only sepL  transcript that formed the ‘open’ conformation 

(pDW26) produced detectable levels of SepL-GFP (biological repeat n=3, 

technical repeat n=9; unpaired t-test analysis: ns (not significant) – p>0.05; *** 

- p<0.001) 
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2.2.4 Hfq but not CsrA regulates LEE4 transcript maintenance 

 

In order to determine if the regulatory role of Hfq and CsrA on 

SepL expression involves manipulation of the sepL transcript 

maintenance, sepL mRNA abundance was determined using RT qPCR 

in ZAP193 and Sakai backgrounds supplemented with combinations of 

overexpressed hfq (pWSK-hfq) produced by Sean McAteer and csrA 

(pDW66) (Wang, 2011). The results obtained were compared to Sakai 

and ZAP193 backgrounds supplemented with empty pWSK29 and 

pACYC184 vectors used in creation of respectively pWSK-hfq and 

pDW66. Overexpression constructs of the regulators and not the hfq 

and csrA deletion backgrounds were utilised because viable hfq 

deletion mutants that did not harbour compensatory mutations was 

unable to be produced. Difficulty in generation of hfq mutants without 

compensatory mutations has been previously noted and is likely due to 

the absolutely crucial function of Hfq in a plethora of bacterial 

housekeeping processes (Ding et al., 2004; Shakhnovich et al., 2009; 

Sonnleitner et al., 2003; Tsui et al., 1994). The impact of Hfq and CsrA 

on sepL mRNA stability was additionally assessed by rifampicin 

degradation assay. Transcription of LEE4 was assessed in all of the 

backgrounds using the LEE4::lacZ fusion and showed no significant 

differences, thus ensuring that the obtained observations are due to 

post-transcriptional changes in sepL mRNA processing (Figure 2.11). 

Overexpression of Hfq was shown to highly decrease sepL 

transcript abundance in both ZAP193 and Sakai, while overexpression 

of CsrA had no effect on the levels of sepL mRNA detected as 

measured by RT qPCR. Backgrounds that were supplemented with 

both phfq and pcsrA, produced sepL mRNA levels akin to that of 

backgrounds supplemented only with phfq (Figure 2.12). The already 

rapid rate of sepL transcript degradation was shown to be further 

enhanced by Hfq overexpression with no detectable mRNA two minutes 
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after rifampicin-induced inhibition of transcription. pcsrA 

supplementation did not alter sepL mRNA stability and overexpression 

of both Hfq and CsrA resulted in degradation pattern statistically 

indifferent to that of backgrounds supplemented with phfq alone. 
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Figure 2.11. Impact of Hfq and CsrA on LEE4 transcription. Transcriptional 

activation of LEE4 promoter as measured by LEE4:: lacZ  transcriptional fusion 

indicated no significant differences in LEE4 transcription in EHEC ZAP193 

background supplemented with combinations of pWSK hfq construct expressing 

Hfq (phfq) and pDW66 construct expressing CsrA (p csrA) (biological repeat n=3, 

technical repeat n=6; unpaired t-test analysis: ns (not significant) – p>0.05) 
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Figure 2.12.  Role of known SepL expression regulators Hfq and CsrA in  sepL  

transcript maintenance. a.  sepL  mRNA abundance in overexpression of Hfq from 

a plasmid-based hfq clone pWSKhfq (phfq) and CsrA from the pDW66 (pcsrA) 

construct. Significant decrease in sepL  mRNA detected was noted in Hfq-

overexpression (193/phfq). Supplementation with extra CsrA did not result in a 

change in sepL  mRNA abundance (193/pcsrA) and did not restore the sepL mRNA 

in the Hfq overexpression background (193/phfq pcsrA). (biological repeat n=3, 

technical repeat n≥6; unpaired t-test analysis: ns (not significant) – p>0.05; *** 

- p<0.001). b.  Stability of the sepL  mRNA in backgrounds supplemented with 

pWSKhfq (phfq) and pDW66 (pcsrA) as measured with a degradation time course 

assay. Overexpression of Hfq (193/phfq) resulted in change in sepL  mRNA decay 

pattern. sepL  mRNA stability in EHEC O157 background overexpressing CsrA 

(193/pcsrA) was akin to that of wild type strain (193). Supplementation with 

pDW66 (pcsra) did not result in restoration of the sepL  mRNA stability in the 

hfq overexpression background (193/phfq pcsrA) (biological repeat n=3, 

technical repeat n=6).  
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A negative effect of Hfq on sepL transcript abundance has been 

previously noted but was attributed to Hfq-driven negative regulation of 

Ler expression and hypothesised effect of Ler on LEE4 transcription 

(Shakhnovich et al., 2009). However the involvement of Ler or Hfq on 

transcription of LEE4 was not assessed in the Shakhnovich study. As 

indicated in subsection 2.2.1 of this thesis transcription of LEE4 in 

EHEC is distinct to that of other LEE operons and was shown to not be 

dependent on Ler and overexpression of Hfq was shown to have no 

effect on LEE4 promoter activity (Figure 2.11). However Ler-dependent 

LEE1-encoded factors were confirmed to be implicated in positive post-

transcriptional regulation of sepL transcript maintenance (Figure 2.12). 

It is possible that Hfq-driven downregulation of Ler expression and thus 

downregulation of LEE1-encoded factors that stabilise the sepL mRNA 

is the mechanism behind the observed negative effect of Hfq on sepL 

transcript abundance. Alternatively a direct interaction of Hfq and 

potential Hfq-bound sRNA cargo with the LEE4 transcript leading to 

sepL mRNA degradation can be at play. A direct role of Hfq in transcript 

degradation is well documented and involves multiple modes of action 

such as translation inhibition, alteration of Poly(A) tails formation and 

RNase E access and aid in PNPase-driven decay, that were described 

in more detail in the subsection 1.1.3. (Cole et al., 1986; Hajnsdorf et 

al, 2000; Lalaouna et al., 2021; Masse et al., 2003; Park et al., 2021; 

Sledjeski et al., 2001; Vytvytska et al., 2000). A study by Tree et al., 

2014, documented multiple Hfq-sepL mRNA binding sites across the 

LEE mRNAs including two main sites in the UTR end of sepL and other 

throughout the LEE4 transcript. Many of these interactions have yet to 

be further characterised and could potentially be involved in control of 

sepL transcript degradation. Based on the results obtained in this 

thesis, which demonstrate highly significant decrease in sepL mRNA 

abundance but not LEE4 transcription we propose a previously 

unreported function of Hfq as a negative regulator of sepL mRNA 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2765575/#R27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2765575/#R77
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maintenance. However the specific mechanism underlying this control 

is yet to be revealed.  

Despite its known positive impact on SepL expression 

overexpression of CsrA did not impact sepL mRNA transcription, 

abundance or stability and was unable to counter the Hfq-driven 

decrease in sepL transcript maintenance. Thus it was concluded that 

CsrA mode of action centres around translational regulation and not a 

positive modulation of sepL transcript stability and is likely a subsequent 

step in complex regulatory network controlling SepL expression. My 

results indicate that other regulatory players that counter the negative 

effect of Hfq have an important role in sepL transcript maintenance and 

in turn govern EspABD translocon production.  
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2.3 Discussion 

  

Investigation of LEE4 expression has unravelled a discrepancy 

between transcriptional activation of LEE4 and other LEE operons. In 

contrast to LEE1,2,3 and 5, the LEE4 transcript was shown to be readily 

produced without requirement for the major transcriptional regulator 

Ler. High LEE4 promoter activity was also observed in DH5α, an E. coli 

background that does not encode a T3SS. This itself is an intriguing 

observation that indicates a need for the LEE4 transcript to be readily 

available prior to expression of the T3SS basal apparatus. It is possible 

that LEE4-encoded substrates are involved in processes other than 

secretion through the T3SS basal apparatus and translocon formation. 

There is evidence suggesting that T3SS pore forming proteins of 

Salmonella enterica SipB and SipC (homologues of LEE4-encoded 

EspDB) can be transported to the host cell via outer membrane vesicles 

(OMVs) without establishment of bacterial attachment. Translocon 

proteins of multiple pathogenic bacteria including EHEC have been 

previously shown to elicit changes in host immune response and 

rearrangements in the architecture of the host cytoskeleton (Chatterjee 

et al., 2015; Dewoody et al., 2013). It is possible that the LEE4-encoded 

proteins delivered to the host cell via OMVs might have alternative 

functions to their well characterised T3SS translocator role. However 

my work shows the requirement of LEE1-encoded factors for LEE4 

transcript maintenance, which suggests that without the T3SS (LEE1) 

the LEE4 proteins cannot be produced. It would be interesting to 

determine if other factors are able to elicit LEE4 transcript maintenance 

and translocon protein expression and thereby allow T3SS-

independent use of LEE4 effectors.  

Another potential reason for independent transcription of LEE4 

involves the tightly regulated timing of the hierarchical expression of the 

injectisome. My results indicated that maintenance of the LEE4 
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transcript and expression of the first LEE4-encoded protein SepL is 

dependent on a LEE1-encoded factor, or factors, other than Ler. 

Unpublished results produced in our laboratory show that LEE2-

encoded CesD - a chaperone of LEE4-encoded EspD, negatively 

regulates SepL expression. Availability of the LEE4 transcript prior to 

production of its LEE1 and LEE2-encoded regulators might be 

necessary for the correct order of those LEE-dependent regulatory 

interactions. However this has not been determined and more research 

into the timing of T3SS expression and affinity of the sepL mRNA for its 

interacting partners is necessary to explore this hypothesis.  

As described at length in section 1.1.1, the secondary structure 

of mRNA is a major player in determining transcript maintenance and 

translation. Modulation of the accessibility to the RBS being one of the 

most notable regulatory features. Ribosomal docking is a well-

documented enhancer of transcript stability. Binding of the translation 

machinery is thought to competitively inhibit interaction with factors that 

mark the mRNA for degradation and the degradosome itself. Mapping 

of the sepL mRNA conformation using SHAPE methodology confirmed 

the in silico prediction proposing that the full-length sepL mRNA forms 

a ‘folded’ secondary structure with RBS buried between two stem loops. 

Although in order to obtain a fully mapped sepL mRNA structure, 

probing of further fragments of the LEE4 transcript is necessary. 

Experimental confirmation of the in silico prediction of the full-length 

sepL mRNA conformation gave us confidence that other in silico 

generated structures of sepL constructs that were predicted to disrupt 

the sepL mRNA secondary structure were likely correct. One such 

construct - pDW26 produces a SepL-GFP translational fusion of sepL 

mRNA truncated at base 51’ and was predicted to form an ‘open’ 

conformation with an exposed RBS. Both the transcript maintenance 

and SepL-GFP protein production of the ‘open’ construct were shown 

to be markedly increased compared to the full-length SepL-GFP fusion. 

This indicated that the full-length sepL transcript ‘folded’ conformation 
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is likely inhibitory to translation and requires ‘opening’ to allow for 

translation (likely through enhancement in ribosomal binding) and 

without a change in the conformation the ‘folded’ transcript will be 

targeted for degradation. However it is also possible that the truncation 

of the sepL mRNA removed parts of the mRNA sequence or a structural 

signature, other to that affecting ribosomal access, that is necessary for 

interaction with a negative regulator of sepL mRNA stability and thus 

resulting in an increase in transcript maintenance.  

The latter hypothesis is supported by the results obtained from 

study of sepL mRNA maintenance in different E. coli backgrounds. The 

inhibitory feature of the sepL mRNA secondary structure was noted in 

EHEC backgrounds but not the laboratory E. coli strain DH5α that was 

able to produce and maintain full-length sepL mRNA in quantities 

comparable to that of the ‘open’ transcript. However despite the high 

transcript abundance no SepL-GFP protein was produced in DH5α 

background from the ‘folded’ mRNA. This shows that folded sepL 

mRNA can be maintained without translational activation and thus 

without ribosomal docking-driven transcript stabilisation. This implicates 

some EHEC-encoded factors, that are absent in DH5α, as responsible 

for rapid degradation of ‘folded’ sepL mRNA in the EHEC O157 

background. Prophage-encoded sRNAs unique to EHEC are plausible 

candidates for the degradation promoting function. Multiple pathways 

involving prophage-encoded sRNAs were shown to post-

transcriptionally regulate bacterial mRNA abundance by altering its 

susceptibility to degradation machinery (Bandyra et al., 2012). It is 

possible that apart from the obstruction of the RBS by the ‘folded’ 

conformation of the sepL mRNA, sepL mRNA conformation-dependent 

binding of an EHEC-encoded factor antagonises translation initiation 

and results in loss of the ribosome docking-driven stabilisation of the 

transcript. This mode of action of prophage-encoded sRNA has been 

recently documented in study by Waters et al., that assayed RNA-RNA 

interactions on the scaffold component of mRNA degradation 
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machinery - RNase E, and revealed that a prophage encoded sRNA 

Esr41 binds to RBS of multiple distinct mRNAs, inhibits their translation 

and targets the bound transcript for RNase E-mediated cleavage 

(Waters et al., 2017). In order to determine if sepL transcript 

maintenance is under such sRNA-driven control it would be interesting 

to assay sepL mRNA-sRNA interactome via methodologies such as 

cross-linking, ligation, and sequencing of hybrids (CLASH), select the 

EHEC-specific sRNA hits and characterise them for their impact on 

sepL mRNA maintenance (Liu et al., 2017). 

Taken together results obtained from studying sepL transcript 

expression and maintenance in a non-EHEC O157 background suggest 

that dependence of sepL transcript stability on the adopted 

conformation is an EHEC-specific trait. However, it is worth noting that 

the ‘folded’ sepL mRNA was unable to be translated in the nonEHEC 

background, while the ‘open’ sepL mRNA construct produced high 

levels of SepL protein. This suggests an additional positive regulation 

of sepL mRNA translation that is also governed by EHEC-specific 

factors. 

The hypothesised sRNA-driven alteration of transcript stability 

could be facilitated by the estabilished RNA chaperone Hfq. Binding of 

Hfq to the sepL transcript was demonstrated by Tree et al. and Wang 

et al. (Tree et al., 2014, Wang et al., 2018). Two principal and one minor 

Hfq-sepL mRNA binding sites have been mapped at the 5’UTR of sepL 

transcript. The study by Wang et al. proposed that Hfq-recruited sRNA 

Spot42 acts as an off switch in sepL mRNA translation. However that 

interaction was indicated to take place after initial translational 

activation by a positive regulator of SepL expression - CsrA. Wang et 

al. suggested that the ‘folded’ conformation of sepL mRNA is the 

primary factor responsible for translational repression. My study 

confirms that statement and elaborates on it by indicating that the 

‘folded’ sepL mRNA structure is targeted for degradation unless LEE1-
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encoded factors are expressed. Interestingly investigation of sepL 

mRNA stability in Hfq overexpression backgrounds indicated that the 

observed degradation process is Hfq-dependent and was shown to 

involve factors encoded by EHEC but not DH5α background. This 

indicates that apart from the previously documented Hfq-Spot42-

dependent mechanism of sepL mRNA translational repression, Hfq is 

also involved in the initial post-transcriptional regulation of sepL mRNA 

maintenance that requires the ‘folded’ transcript conformation. 

Crossover assessment of Hfq-sRNA interactions, previously mapped by 

Tree et al., 2014, that overlap with the proposed EHEC background-

specific sRNA-sepL mRNA interactome study, could further narrow 

down the pool of potential sRNAs involved in sepL mRNA degradation. 

A general yet major take away from studying LEE4 expression is 

the necessity to consider all stages of the transcript life before 

concluding the nature of regulatory interactions acting upon it. 

Transcriptional activation does not always translate into transcript 

availability and protein production often doesn’t mirror transcript 

abundance. Assaying promoter activity is a powerful tool in determining 

changes in gene expression dependent on different environmental 

conditions, stages in the life cycle or bacterial background. It also allows 

for identification of transcriptional regulators such as Ler. However as 

demonstrated in this chapter and in many other studies measuring of 

transcriptional activation using tools such as transcriptional fusions, 

gene expression does not necessarily give an accurate account of 

transcript abundance. I consider that the debate over the impact of Ler 

on LEE4 expression stemmed from such an assumption. Additionally it 

is worth highlighting the importance of distinguishing between the post-

transcriptional and the translational control. This is crucial for 

determining the complexity of expression control. Results obtained in 

this study suggest that LEE4 mRNA is under layered regulation 

involving alteration of transcript stability and translational control. 
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The following chapters investigate the potential involvement of 

LEE1-encoded factors in the proposed mechanism controlling sepL 

transcript degradation and address the characteristics of the sepL 

mRNA that are utilised in the regulatory interplay. 
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Chapter 3 CesAB-mediated post-
transcriptional regulation of SepL 
expression 

 

3.1 Background 

 

Investigation into regulation of LEE4 transcript stability indicated 

a necessity for LEE1-encoded factor/s in sepL mRNA maintenance. As 

demonstrated in Chapter 2, the transcriptional regulator Ler is not 

directly involved in post-transcriptional control of the LEE4 transcript. 

Apart from Ler, the LEE1 operon encodes several structural proteins of 

the basal apparatus, the EscE T3SS needle chaperone, and notably 

CesAB a chaperone of T3SS translocon components (Figure 3.1a). 

CesAB is a non-structural cytoplasmic protein that associates with 

LEE4-encoded EspA filament and EspD pore-forming proteins as well 

as SepL. Given this association, it was considered to be the most likely 

LEE1-encoded candidate for an intrinsic regulatory function on the 

LEE4 transcript (Figure 3.1b).  

CesAB is a 12.298 kDa protein that belongs to the family of T3SS 

translocator chaperones, which mediate secretion and stabilisation of 

one or more translocon proteins (Menard et al., 1994; Neyt et al., 1999; 

Tucker et al., 2000). Most of the research concerning CesAB has been 

conducted in an EPEC background, E2348/69. Secretion of the LEE4-

encoded filament forming protein EspA and pore-forming EspB were 

shown to be CesAB-dependent. Both EspA and EspB require other 

chaperones to be secreted - CesA2 and EscA for EspA and CesD for 

EspB. CesAB is considered to be a primary chaperone for EspA but 

was concluded to be auxiliary for EspB translocation (Creasey et al., 

2003; Portaliou et al., 2017). Studies on CesAB-dependent 

translocation of EspA filaments revealed that binding of EspA to CesAB 
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results in CesAB conformational changes that expose the CesAB C-tail 

(Chen et al., 2013). The LEE4-encoded SepL gatekeeper protein and 

LEE3-encoded EscV were shown to form a bipartite receptor for 

CesAB-bound EspA (Portaliou et al., 2017). The interaction between 

the C-tail of EspA-bound CesAB and EscV-associated SepL is 

necessary for EspA targeting to the basal apparatus. Recognition of the 

SepL-EscV receptor precedes the CesAB-dependent docking of the 

CesAB-EspA complex to the T3SS translocase - EscN ATPase, which 

is followed by dissociation of the translocon protein from the chaperone 

and finally EspA secretion (Portaliou et al., 2017). Additionally CesAB 

plays a role in inhibition of aggregation and premature degradation of 

EspA filament protein (Chen et al., 2013). However apart from its post-

translational stabilising action on EspA, no account of CesAB-mediated 

regulation of protein expression has been documented to date. 

This thesis chapter examines the involvement of CesAB in 

control of LEE4 mRNA stability in EHEC and contemplates the 

chaperone’s duality as a translational regulator of the transcript that 

encodes the CesAB’s protein cargo. 
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Figure 3.1.  a.  Schematic of the LEE1 operon arrangement. Third gene encoded 

on LEE1 is 314 base pair cesAB . cesAB  encodes a chaperone of T3SS translocon 

components EspA and EspB (Creasey et al., 2003). b.  Schematic of CesAB from 

EPEC. CesAB is composed of 3 α-helixes and forms a dimer.  The dimer interface 

is populated by hydrophobic residues (green) that project into the centre of the 

dimer to form a hydrophobic core. The CesAB dimer monomerises once in 

contact with its binding partner, EspA (Chen et al., 201 3). [Adapted from Chen 

et al., 2011]. 
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3.2 Results  

 

3.2.1 CesAB promotes sepL mRNA maintenance 

 

In order to determine if CesAB is the LEE1-encoded factor 

involved in sepL transcript maintenance, a plasmid encoding  cesAB 

(pWSKcesAB) was produced using the NEBuilder HiFi DNA assembly 

kit the ΔLEE1 Sakai as well as Δler ZAP193 low and high secretor 

EHEC strains respectively were transformed with the produced 

construct. This experiment was intended to investigate if this CesAB 

complementation is able to increase SepL expression, potentially by 

stabilising the sepL transcript. The pWSK expression vector was 

chosen due to its low copy number and that isopropyl-β-d-

thiogalactopyranoside (IPTG) can be used to induce expression of the 

cloned genes. LEE4 transcript maintenance was determined by 

assessing sepL mRNA abundance by RT qPCR in these backgrounds 

with and without supplementation with pWSKcesAB (Figure 3.2). The 

backgrounds that were not supplemented with pWSKcesAB were 

transformed with empty pWSK29 vector to ensure any observed 

differences were solely due to complementation with cesAB. Significant 

increases in sepL mRNA levels were noted in both backgrounds 

supplemented with pWSKcesAB. However the restoration was not full 

when compared to the original wild type Sakai and ZAP193 

background. The incomplete complementation of sepL mRNA in ΔLEE1 

and Δler backgrounds might be due to the impact of those deletions on 

additional regulatory pathways controlling sepL mRNA expression or 

RNA stability. Additionally other factors such as absence of T3SS basal 

apparatus that localisation to might be important for CesAB-sepL mRNA 

interaction can potentially result in lack of full complementation of the 

sepL mRNA abundance in ΔLEE1 and Δler backgrounds.  
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Figure 3.2.  Detection of sepL  mRNA in Ler deficient a.  ΔLEE1 Sakai and b.  Δler  

ZAP193 backgrounds supplemented with pWSK cesAB  (pcesAB) CesAB 

overexpression construct. Supplementation with CesAB alone was sufficient to 

significantly increase the sepL  transcript abundance in both Ler deficient EHEC 

backgrounds (biological repeat n=3, technical repeat n ≥9). (unpaired t-test 

analysis: ns (not significant) – p>0.05; ** - p<0.01; *** - p<0.001; **** - 

p<0.0001).   
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In order to determine if the observed changes in sepL transcript 

abundance are due to hypothesised post-transcriptional changes in 

sepL mRNA maintenance or the transcriptional regulation, LEE4::lacZ 

transcriptional activation with and without pWSKcesAB 

supplementation was measured (Figure 3.3). LEE4 transcription was 

shown to be comparable in all of the tested backgrounds and thus the 

observed differences in sepL mRNA abundance in ΔLEE1/Δler EHEC 

supplemented with pWSKcesAB are likely due to the impact of CesAB 

on sepL mRNA stability. This is consistent with findings by Creasey et 

al., 2003, which concluded that CesAB does not transcriptionally 

regulate the LEE4 operon. 
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Figure 3.3.  Transcriptional activation of LEE4 promoter in Ler defincient a. Sakai 

and b. ZAP193 EHEC backgrounds supplemented with pWSK cesAB  

(ΔLEE1/pcesAB and Δler/pcesAB). The LEE4::lacZ  promoter activity was 

concluded to be unchanged by LEE1  and ler  deletion with or without pWSKcesAB  

supplementation (biological repeat n=3, technical repeat n ≥6). (unpaired t-test 

analysis: ns (not significant) – p>0.05) 
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In order to determine the necessity for CesAB in sepL transcript 

maintenance ZAP193 and Sakai cesAB knock-out deletion mutants 

(ΔcesAB) were produced by allelic exchange as originally described by 

Link et al., and optimised by Merlin et al.. This recombineering method 

makes use of the naturally occurring allelic exchange between 

homologous sequences of the region targeted for deletion (cesAB) and 

regions flanking the deletion sequence that were cloned into a 

supplemented replacement vector (pTOF25) carrying chloramphenicol 

resistance (cat), temperature sensitivity (repA101TS) and sucrose 

sensitivity (sacB) markers. Tetracycline resistance cassette (tet) that 

was inserted in between the flanking regions, as well as 

chloramphenicol resistance marker (cat) on the pTOF25 vector allow 

for selection of the initial transformants. The incorporation into 

chromosome protects the recombinants from temperature sensitive 

phenotype. Therefore the bacteria undergoing first homologeous 

recombination were selected by incubation at 42 ºC using the 

temperature sensitivity marker carried on pTOF25 (repA101TS). 

Secondary recombinants were selected by incubation at 42 ºC in 

presence of sucrose and tetracycline. The colonies obtained were 

screened for chloramphenicol sensitivity and tetracycline resistance 

indicative of the excision of the pTOF25 plasmid and incorporation of 

the tetracycline cassette in place of the sequence targeted for the 

deletion. The tetracycline cassette can be excissed using flippase and 

the homologeous flippase recognistion target sequences and 

subsequent screening of the colonies for tetracycline resistance (Figure 

3.4). A tetracycline resistance cassette (tet) was used instead of the 

kanamycin resistance marker originally suggested by Merlin et al., 

because of the kanamycin resistance in Sakai strain, present due to 

original modification used to make the strain Stx negative. After careful 

selection and confirmation of the obtained recombinants by PCR 

targeting internal cesAB sequence and sequences flanking the cesAB 

region, as well as subsequent sequencing of the produced 
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backgrounds, the described approach yielded ΔcesAB ZAP193 and 

Sakai backgrounds. 
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Figure 3.4.  Schematic of the plasmidic allelic exchange between genomic cesAB  

and replacement vector construct. a.  amplification of DNA flanking cesAB 

(fragments of escE and escK genes)  from N and C terminals with primers 

containing sequences of NotI, SmaI and SalI restriction sites (Ni – N-terminus 

internal and No – N-terminus outer, Ci – C-terminus outer and Ci – C-terminus 

internal). Subsequent crossover amplification of the  amplification products with 

No and Co primers to join the cesAB  flanking fragments containing SmaI and SalI 

restrictions sites and NotI restriction site in between the N -terminus and C-

terminus fragments. Followed by cloning of the NoCo product into pTOF2 5 

vector using the SalI and SmaI restriction sites, replacing the pTOF25 ampicillin 

resistance gene (amp). Insertion of the tetracycline cassette with FRT flanked 

with NotI restriction site sequence (from pTOF1) in between the cesAB flanking 

fragments. The markers on the pTOF25 replacement vector allow for selection 

of b.  replacement vector transformants ( tet  and cat);  c.  first homologous 

recombinants with the entire replacement vector incorporated into the 

genome, which prevents temperature sensitivity ( repA101TS); d.  secondary 

homologous recombinants, that no longer contain the replacement vector and 

thus are tetracycline resistant ( tet), chloramphenicol sensitive and are not 

affected by sucrose or higher temperatures. e.  the tetracycline resistance 

cassette can then be excised using FLP-FRT system [Adapted from Merlin et al.,  

2010]. 
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sepL mRNA abundance in ΔcesAB backgrounds as measured 

by RT qPCR was shown to significantly decrease in levels similar to 

those reported in Δler ZAP193 and ΔLEE1 Sakai. This was fully 

reversible by complementation with the CesAB expression construct 

(pWSKcesAB) (Figure 3.5a&b). Additionally overexpression of CesAB 

(pWSKcesAB) resulted in significant increase in sepL mRNA 

abundance in both backgrounds, including ZAP193, despite having 

already high native ZAP193 sepL mRNA levels. In order to determine if 

the CesAB-dependent post-transcriptional regulation of sepL mRNA is 

due to a change in mRNA degradation pattern, sepL transcript was 

probed in ΔcesAB and pWSKcesAB supplemented backgrounds by RT 

qPCR over a time course after addition of the transcriptional antagonist 

rifampicin (Figure 3.5c). Deletion of cesAB was shown to result in more 

rapid degradation of sepL transcript while CesAB overexpression 

prolonged sepL mRNA maintenance in both EHEC strains. All of the 

tested backgrounds exhibited the same LEE4 promoter activity as 

tested using LEE4::lacZ transcriptional fusion, which again ensured that 

observed differences in sepL mRNA abundance and stability are due to 

CesAB-dependent post-transcriptional regulation of sepL mRNA 

(Figure 3.6).  
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Figure 3.5. sepL  mRNA abundance in a. low secretor Sakai  and b. high secretor 

ZAP193 EHEC backgrounds with knock-out mutations of cesAB  (ΔcesAB), cesAB 

complementation with pWSKcesAB (ΔcesAB  /pcesAB) and CesAB overexpression 

(pcesAB) from pWSKcesAB  construct. As compared to wild type sepL  mRNA 

levels detected in Sakai and ZAP193. Significant decreases in sepL  mRNA levels 

was measured in ΔcesAB backgrounds and the levels were restored by 

pWSKcesAB  supplementation. Overexpression of CesAB (pcesAB) enhanced the 

sepL  mRNA levels in both low and high secretor EHEC backgrounds. (unpaired t -

test analysis: ns (not significant) – p>0.05; ** - p<0.01; *** - p<0.001; **** - 

p<0.0001). (biological repeat n=3, technical repeat n≥9)  c. stability of  sepL  

mRNA in ΔcesAB  ZAP193, ΔcesAB  ZAP193 supplemented with pWSKcesAB  

(ΔcesAB/pcesAB) and CesAB overexpression background (pcesAB). Increased 

rate of sepL  transcript decay was noted in ΔcesAB. Supplementation of ΔcesAB  

with pWSKcesAB  (ΔcesAB/pcesAB) reverted the pattern of sepL  mRNA 

degradation to that documented in wild type ZAP193. Overexpression of CesAB 

(pcesAB) resulted in enhanced maintenance of the  sepL  mRNA (biological repeat 

n=3, technical repeat n≥6).  
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Figure 3.6.  LEE4  promoter activity in ΔcesAB  a. Sakai and b. ZAP193 EHEC 

backgrounds supplemented with pWSKcesAB  (ΔcesAB/pcesAB) and under CesAB 

overexpression (pcesAB). The LEE4::lacZ  transcription was concluded to be 

unchanged in the cesAB  deletion backgrounds, or with ΔcesAB  complementation 

or with CesAB overexpression (pcesAB) (biological repeat n=3, technical repeat 

n≥6). (unpaired t-test analysis: ns (not significant) – p>0.05) 
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In order to determine if CesAB-induced changes in sepL transcript 

abundance translate into expression of functional SepL protein, 

production of SepL-GFP translational fusion (pDW6) as well as 

expression of native SepL protein, measured by immunoblotting, were 

assayed in ΔcesAB and pWSKcesAB supplemented backgrounds. SepL-

GFP expression was shown to mirror the decrease in sepL mRNA 

abundance in ΔcesAB that can be entirely (Sakai) or almost entirely 

(ZAP193) restored by complementation with pWSKcesAB. 

Overexpression of CesAB (pWSKcesAB) resulted in significant 

increases in SepL-GFP levels detected as compared to wild type for the 

ZAP193 and Sakai backgrounds (Figure 3.7a&b). This was validated by 

immunoblotting of SepL protein in all of the tested wild type background 

(no GFP reporter) using anti-SepL polyclonal rabbit serum antibody 

previously produced in the laboratory (Figure 3.7c&d). ΔsepL ZAP193 is 

a useful negative control in immune-detection of SepL. Due to the 

polyclonal nature of the SepL antibody, many unspecific bands appear 

on the western blot, some in close proximity to SepL and therefore the 

sepL deletion control allows for correct localisation of the SepL band in 

other tested backgrounds. SepL expression in the low secretor Sakai 

background is problematic to detect due to very low expression levels 

and so the blotting required extensive optimisation including changes in 

blocking time, primary antibody concentration, amount of protein loaded 

and exposure time. Typically for the purpose of detection of SepL via 

immunoblotting the expression of SepL in low secretor background is 

enhanced by supplementation with a Ler overexpression construct. 

However as of our understanding the positive effect of Ler 

overexpression on production of LEE4-encoded proteins is due to a Ler-

mediated increase in CesAB production. Overexpression of Ler would 

result in detectable EspA from wild type Sakai background, however the 

ΔcesAB would not be affected by the supplementation. This would create 

an additional variable in the comparison between the wild type and 

ΔcesAB backgrounds that could not be accounted for.  
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Figure 3.7. SepL  protein  production in absence and overexpression of CesAB. 

SepL expression was measured by fluorescence spectroscopy detecting the 

SepL-GFP translational fusion (pDW6) in the a.  high secretor ZAP193 and b.  low 

secretor Sakai backgrounds. SepL-GFP was measured in cesAB  knock-out 

mutants (ΔcesAB) and the knock-out backgrounds complemented with 

pWSKcesAB expression construct (ΔcesAB/pcesAB). Significant decrease in SepL-

GFP production was noted that could be restored by pcesAB complementation. 

Additionally significant increase in SepL -GFP production in CesAB 

overexpression backgrounds (pcesAB) was documented (unpaired t -test 

analysis: ns (not significant) – p>0.05; * - p<0.05; *** - p<0.001; **** - 

p<0.0001). (biological repeat n=3, technical repeat n=9). Immunoblotting 

analysis in c.  ZAP193 and d.  Sakai backgrounds detected a ~40kD band 

corresponding to SepL in the pWSKcesAB  supplemented background, which 

validated SepL-GFP results. ΔsepL  ZAP193 background acted as a negative 

control for SepL production (biological repeat n=3, technical repeat n ≥3). 
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Additionally the impact of CesAB supplementation 

(pWSKcesAB) on SepL expression in Δler ZAP193, ΔLEE1 Sakai and 

DH5α backgrounds that were previously shown to be unable to express 

SepL protein was investigated. Supplementation with pWSKcesAB was 

shown to significantly increase SepL-GFP translational fusion 

production in Δler/ΔLEE1 EHEC strains (Figure 3.8a&b). Interestingly 

despite only partial restoration in sepL mRNA abundance in ΔLEE1 

Sakai pcesAB background, expression of SepL-GFP was fully restored 

upon CesAB supplementation. This could be due to proximity to the 

detection threshold of the SepL-GFP levels produced by the low 

secretor profile of Sakai strain, which can decrease the accuracy of the 

read-outs. However the immunoblotting of SepL protein in both Δler 

ZAP193 and ΔLEE1 Sakai backgrounds showed restoration of SepL 

production upon supplementation with pcesAB (Figure 3.8c&d). 

Strikingly a laboratory E. coli background DH5α that does not encode 

for any other T3SS elements was able to produce detectable levels of 

SepL-GFP when supplemented with pWSKcesAB (Figure 3.9a). 

Supplementation of DH5α with the whole LEE1 operon resulted in an 

even higher increase in SepL-GFP expression (Figure 3.9a). After 

extensive optimisation necessary due to the low levels of the SepL 

protein produced this was validated by anti-SepL immunoblotting 

(Figure 3.9b). As shown previously full-length sepL mRNA is highly 

abundant but not translated in DH5 background (Figure 2.9a and 2.10 

respectively). Expression of SepL-GFP upon supplementation with 

pWSKcesAB in DH5α background suggests potential involvement of 

CesAB in translational activation on top of its demonstrated role in 

regulation of sepL transcript stability. 

Taken together the observed results indicate that CesAB is a 

positive regulator of sepL mRNA maintenance and potentially 

translation initiation. Following sections of this chapter investigate the 

implications of this control on other known regulatory pathways and its 

impact on the translocon expression. 
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Figure 3.8. SepL  protein production in Ler deficient backgrounds supplemented 

with CesAB. SepL expression was measured by fluorescence spectroscopy 

detecting the SepL-GFP translational fusion (pDW6) in the a.  high secretor 

ZAP193 and b.  low secretor Sakai backgrounds. SepL-GFP was measured in Δler 

ZAP193 and ΔLEE1 Sakai and the backgrounds compleented with pWSKcesAB 

expression construct (Δler/pcesAB  and ΔLEE1/pcesAB). Significant increase in 

SepL-GFP production was documented upon supplementation with pWSK cesAB 

in both backgrounds (unpaired t-test analysis: ns (not significant) – p>0.05; ** 

- p<0.01; *** - p<0.001; **** - p<0.0001). (biological repeat n=3, technical 

repeat n=9). Immunoblotting analysis in c.  ZAP193 and d.  Sakai backgrounds 

detected 40kD band corresponding to SepL  protein in pWSKcesAB  supplemented 

background, which validated SepL -GFP results. ΔsepL  ZAP193 background acted 

as a negative control for SepL production (biological repeat n=3, technical 

repeat n=3). 
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Figure 3.9. SepL protein production in nonT3SS E. coli background DH5α supplemented with 

LEE1 and CesAB. a. SepL expression was measured by fluorescence spectroscopy detecting 

the SepL-GFP translational fusion (pDW6) in the DH5α background with or without 

pWSKLEE1 (pLEE1) or pWSKcesAB (pcesAB). Significant increases in SepL-GFP were detected 

in the pWSKLEE1 and pWSKcesAB supplemented DH5α. (unpaired t-test analysis: ns (not 

significant) – p>0.05; * - p<0.05; *** - p<0.001; **** - p<0.0001). (biological repeat n=3, 

technical repeat n=9). b. Immunoblotting of the SepL protein documented two bands 

appearing in the supplemented backgrounds, the sizes of which correspond to SepL-GFP 

fusion (67 kD) and SepL (40 kD). SepL-GFP fusion was previously reported to be unstable and 

result in production of separate SepL and GFP proteins. (biological repeat n=2, technical 

repeat n=2). 
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3.2.2 CesAB counters Hfq-induced degradation of sepL 
transcripts 

 

Results obtained studying the mode of action underlying the Hfq-

driven regulation of SepL expression uncovered a role for Hfq in 

promoting sepL transcript degradation (section 2.2.4). As stated above 

CesAB has a positive effect on sepL mRNA stability. Therefore it was 

interesting to determine if those two regulatory interactions are 

intertwined. In order to test this, CesAB-driven antagonism of Hfq 

activity was investigated. Expression and stability of sepL transcripts in 

EHEC background ZAP193 with different combinations of CesAB and 

Hfq overexpression were assayed by end-point RT qPCR and RT qPCR 

over a time-course after inhibition of transcription as described in 

previous sections. The ZAP193 background was chosen due to its high 

secretor profile that enables identification of Hfq-driven reductions in 

sepL mRNA levels and potentially the hypothesised restoration 

following supplementation with extra CesAB. Previously constructed 

CesAB and Hfq expression vectors were utilised in the pWSK29 

backbone, which uses ampicillin (ApR) resistance as a selection marker. 

In order to select for successful transformation with both hfq and cesAB 

clones, a different vector, that harbours chloramphenicol resistance 

(cat), which was previously shown to be compatible with pWSK29-

based vectors was used to produce a new CesAB expression construct 

(pACYCcesAB). 

Results obtained showed that overexpression of CesAB 

(pACYCcesAB) in the EHEC ZAP193 background supplemented with 

pWSKhfq significantly increased sepL mRNA levels detected, that were 

shown to be reduced in backgrounds with only Hfq overexpression 

(Figure 3.10a). Additionally stability of sepL mRNA as measured by the 

RT qPCR time-course post rifampicin treatment indicated that 

supplementation with pACYCcesAB countered the negative effects of 
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Hfq overexpression on sepL transcript maintenance (Figure 3.10b). 

This control was again shown to be strictly post-transcriptional by 

measuring LEE4 promoter activity using the LEE4::lacZ transcriptional 

fusion, which remained unchanged in all pWSKhfq and pACYCcesAB 

supplemented backgrounds (Figure 3.10c). Taken together it can be 

concluded that Hfq-mediated degradation of sepL mRNA can be 

counteracted by CesAB and that antagonism of Hfq is a likely mode of 

action behind the CesAB-mediated positive post-transcriptional 

regulation of SepL expression. This could be achieved by CesAB in 

multiple ways: competitive binding to the Hfq-targeted sepL mRNA 

sequence; facilitation of a change in sepL transcript structure that leads 

to obstruction of Hfq-binding site or ‘sponging’ of Hfq away from its 

action on the sepL mRNA by direct protein-protein interaction. The 

specifics of the proposed CesAB-Hfq interplay could be further clarified 

by sepL mRNA-CesAB and CesAB-Hfq interaction studies, some of 

which were undertaken and are described in the following chapter of 

this thesis. 
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Figure 3.10. a. sepL  mRNA abundance in ZAP193 EHEC background 

supplemented with pWSKhfq and overexpressing the negative post -

transcriptional regulator Hfq with or without supplementation with 

pACYCcesAB. Expression of extra CesAB resulted in significant increase in sepL  

mRNA levels (193 phfq vs. 193/phfq pcesAB). b.  the pattern of sepL  mRNA 

degradation in backgrounds overexpressing Hfq (phfq) with or without CesAB 

overexpression (phfq  pcesAB). sepL  mRNA maintenance in Hfq overexpression 

background was prolonged by supplementation with extra CesAB. c.  LEE4 

promoter activity in backgrounds overexpressing Hfq (193/phfq and 193/phfq 

pcesAB) and CesAB (193/phfq pcesAB). The LEE4 ::lacZ  transcription was 

unchanged by Hfq or   CesAB overexpression. (unpaired t -test analysis: ns (not 

significant) – p>0.05; ** - p<0.01; *** - p<0.001). (biological repeat n=3, 

technical repeat n≥6). 
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Additionally evidence for Hfq and CesAB interplay comes from 

unpublished results obtained by Sean McAteer that showed an increase 

in SepL-GFP translational fusion production (pDW6) in Δhfq K12 E. coli 

background that was comparable to that detected in K12 background 

supplemented with CesAB overexpression vector (pWSKcesAB). 

Overexpression of CesAB in Δhfq K12 E. coli did not result in further 

increase in SepL-GFP production. The lack of synergistic effect of Δhfq 

and CesAB overexpression suggests that the positive effect of CesAB 

on SepL-GFP expression is through action involving Hfq. Similar 

dependency was observed by Katsowitch et al. 2017. In EPEC CsrA is 

a negative regulator of T3SS effector NleA and CesT a T3SS 

chaperone positively regulates NleA expression. The study showed that 

in absence of CsrA, the CesT is no longer needed for NleA production 

(Katsowitch et al., 2017). 

As previously indicated in DH5a background, sepL mRNA levels 

are high and not readily degraded as it is the case in EHEC 

backgrounds. However the mRNA is not translated. Detectable levels 

of SepL-GFP in Δhfq and pWSKcesAB supplemented backgrounds 

would suggest translational activation is achieved. This could be 

explained by Hfq ‘locking’ the sepL mRNA secondary structure in 

untranslatable state that can be derepressed by CesAB. In EHEC 

backgrounds there is the additional step of sepL mRNA degradation if 

the sepL mRNA is locked in the untranslatable secondary structure. 

However this is only a speculation and more in depth examination of 

Hfq and CesAB effects on sepL mRNA structure are necessary to 

investigate the hypothesis.  
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3.2.3 CesAB-dependent regulation of sepL mRNA impacts 
expression of translocon components 

 

Apart from SepL, the LEE4 operon encodes the T3SS translocon 

proteins EspABD. The only confirmed promoter at which initiation of 

transcription of the entire LEE4 mRNA is thought to take place is situated 

at position -5 to -36 upstream of the sepL coding region (Kresse et al., 

2000). However, there is an evidence for processing of the LEE4 

transcript with RNase E cleavage in the 3’ end of the sepL mRNA and 

before the espA transcript. Expression of the T3SS filament building 

block, EspA, was previously shown to mirror the unique heterogeneous 

expression of the SepL protein in EHEC backgrounds and this is thought 

to be controlled at a post-transcriptional level (Roe et al., 2003). In order 

to determine if the CesAB-induced changes in sepL mRNA maintenance 

result in a knock-on effect on EspA expression, espA mRNA abundance 

and EspA-GFP translational fusion expression and EspA protein 

expression as measured by anti-EspA immunoblotting, were determined 

in the absence and with supplementation of CesAB. Again 

immunoblotting of EspA was carried out only in the ZAP193 high secretor 

strain due to the low production and difficulty with detection of EspA in 

the low secretor Sakai strain.  

RT qPCR of espA mRNA in ΔcesAB ZAP193 and Sakai 

backgrounds indicated a significant decrease in espA transcript 

abundance, that was proportionally akin to that of sepL mRNA. This was 

reversible by complementation of the ΔcesAB backgrounds with 

pWSKcesAB (Figure 3.11). As demonstrated previously the LEE4 

promoter activity remains unchanged by deletion of cesAB (Figure 3.6), 

and thus the observed decline in espA transcript measured is concluded 

to be an effect of post-transcriptional changes. In order to determine if 

the observed decline in espA mRNA abundance in absence of CesAB 

has an effect on EspA protein production, expression of EspA-GFP 
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translational fusion (pAJR-EspA) that has been previously produced in 

the laboratory by Sean McAteer was measured (Figure 3.12a&b). 

Abolishment of EspA-GFP expression in ΔcesAB backgrounds was fully 

restored by complementation with pWSKcesAB in both high secretor 

ZAP193 and low secretor Sakai strains. Additionally anti-EspA 

immunoblotting using rabbit polyclonal anti-EspA antibody produced as 

described in McNeilly et al., 2010 was carried out in ΔcesAB ZAP193 with 

and without pWSKcesAB complementation. Obtained results confirmed 

that CesAB is necessary for EspA protein expression (Figure 3.12c). This 

is likely predominately due to the observed positive effect of CesAB on 

the availability of the LEE4 transcript.  
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Figure 3.11. espA mRNA abundance in a. high secretor  ZAP193 EHEC and b.  low 

secretor Sakai backgrounds with a cesAB  knock-out mutation with and without 

cesAB  complementation. Deletion of cesAB  (ΔcesAB) resulted in highly 

significant decrease in espA  mRNA detected which was fully restored by 

supplementation with pWSKcesAB (ΔcesAB/pcesAB) (unpaired t-test analysis: ns 

(not significant) – p>0.05; ** - p<0.01; *** - p<0.001; **** - p<0.0001). 

(biological repeat n=3, technical repeat n=9). 
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Figure 3.12. EspA-GFP (pAJR-EspA) translational fusion production in a. ZAP193 high secretor 

and b. Sakai low secretor EHEC cesAB knock-out backgrounds with and without CesAB 

complementation (pWSKcesAB) measured by fluorescence spectroscopy. Abolishment of 

EspA-GFP production was recorded in the cesAB deletion backgrounds (ΔcesAB) and was fully 

restored by complementation with pWSKcesAB (ΔcesAB/pcesAB). (unpaired t-test analysis: 

ns (not significant) – p>0.05; ** - p<0.01; *** - p<0.001; **** - p<0.0001). (biological repeat 

n=3, technical repeat n=6). c. Immunoblotting of the EspA protein documented loss of a band 

corresponding to the 20.6kD EspA protein in ΔcesAB ZAP193 backgrounds and restoration of 

the band and thus EspA protein production in ΔcesAB ZAP193 complemented with 

pWSKcesAB (193 ΔcesAB/pcesAB) (biological repeat n=2, technical repeat n=2). 
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However, CesAB is a well-documented protein-protein interacting 

partner of EspA that was shown to positively influence EspA protein 

stability and thus the observed decrease in EspA protein detection in 

ΔcesAB backgrounds cannot be solely attributed to the role of CesAB in 

the LEE4 transcript maintenance (Creasey et al., 2003). Therefore it was 

interesting to determine if expression of other LEE4-encoded 

components is affected by the chaperone. EspD is a pore-forming protein 

of the T3SS translocon that does not have any known links to CesAB. 

espD transcript abundance and EspD-GFP translational fusion (pAJR-

EspD, produced by Sean McAteer) expression was determined in 

ΔcesAB ZAP193 and Sakai backgrounds with and without CesAB 

complementation (pWSKcesAB). Effect of absence and restoration of 

CesAB on espD mRNA abundance mirrored that of sepL and espA 

(Figure 3.13a&b). Although significantly reduced, production of EspD-

GFP was not entirely abolished in ΔcesAB backgrounds as it was the 

case for EspA-GFP (Figure 3.13c&d). This indicated additional CesAB-

mediated regulation of EspA protein abundance, likely through previously 

documented effect on EspA stability (Creasey et al., 2003).  
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Figure 3.13. a-b. espD mRNA abundance in high secretor ZAP193 EHEC and low secretor Sakai 

backgrounds with a cesAB knock-out mutation with and without cesAB complementation. 

Deletion of cesAB (ΔcesAB) resulted in highly significant decrease in espA mRNA, which was 

fully restored by supplementation with pWSKcesAB (ΔcesAB/pcesAB). c-d. EspD-GFP (pAJR-

EspD) translational fusion production in ZAP193 and Sakai cesAB knock-out backgrounds with 

and without CesAB complementation (pWSKcesAB) measured by fluorescence spectroscopy.  

Significant decrease in EspD-GFP detected was documented in cesAB deletion backgrounds 

(ΔcesAB) and was fully restored by complementation with pWSKcesAB (ΔcesAB/pcesAB). 

(unpaired t-test analysis: ns (not significant) – p>0.05; * - p<0.05; *** - p<0.001; **** - 

p<0.0001). (biological repeat n=3, technical repeat n≥6).  
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The possibility that CesAB regulates espA and espD transcripts 

stability directly and independently and not as a knock-on effect of 

antagonism of sepL mRNA degradation cannot be excluded. CRAC UV-

crosslinking study by Tree et al., deposited at NCBI GEO under the 

accession number GSE46118, indicated multiple Hfq binding sites 

throughout the espADB region of the LEE4 transcript (Tree et al., 2014). 

It is possible that those sites are involved in Hfq-mediated transcript 

degradation that is opposed by CesAB, as is the case in the 

demonstrated regulatory interplay of Hfq and CesAB controlling sepL 

transcript maintenance (see section 2.2.4). However this is only a 

speculation and further studies concerning maintenance of espAD 

mRNA and other LEE4 transcripts are necessary to elaborate on this 

hypothesis.  

Taken together it is apparent that expression of CesAB is 

necessary for maintenance of different regions of the LEE4 transcript 

(sepL, espA and espD) and that this mRNA-centred regulation has a 

significant impact on final concentration of T3SS translocon proteins. 

However if the observed regulation stems from CesAB-mediated 

regulation of the sepL mRNA or individual interaction of CesAB with 

different parts of LEE4 transcript is yet to be determined. Probing of 

potential interactions between CesAB and specific regions of LEE4 

mRNA, with or without other interacting partners like Hfq, would be a 

clear next step in order to characterise this CesAB-mediated regulation. 
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3.2.4 EspA competes with sepL mRNA for CesAB interaction 

 

CesAB is a well-known chaperon of EspA protein that binds to 

EspA with high affinity (Portaliou et al., 2017). Therefore it was 

interesting to determine if the CesAB-EspA interaction is able to divert 

CesAB from its role as a positive regulator of sepL mRNA maintenance. 

In order to test this hypothesis an IPTG inducible EspA overexpression 

vector (pWSKespA) produced by Sean McAteer was expressed in 

ZAP193 EHEC background and sepL mRNA abundance measured. 

The effect of EspA overexpression on degradation of sepL mRNA 

transcript was additionally determined by RT qPCR time-course after 

transcription inhibition. In order to assure observed changes in sepL 

mRNA and SepL levels detected are due to post-transcriptional 

regulation LEE4 promoter activity was again assayed using LEE4::lacZ 

transcriptional fusion. SepL protein expression was measured by 

determining SepL-GFP (pDW6) expression by fluorescence 

spectroscopy and was validated by SepL immunoblotting. The work 

again focused on the ZAP193 strain due to its high secretor profile 

which allows for observations of decreases in SepL expression. The 

sepL mRNA abundance measurements were carried out over an IPTG 

induction gradient ranging from 0 mM to 1 mM. An IPTG induction 

gradient was not conducted while measuring SepL-GFP expression in 

EspA overexpression backgrounds as the pDW6 SepL-GFP 

translational fusion construct is itself IPTG inducible. Therefore 

decreases in IPTG concentration would result in less EspA to divert 

CesAB but also less SepL-GFP. This additional variable would make it 

impossible to observe changes in SepL-GFP expression proportional to 

EspA overexpression. 

Results obtained by measuring expression of sepL mRNA 

abundance under EspA overexpression conditions indicated that EspA 

has a negative effect on sepL mRNA abundance (Figure 3.14a&b). 
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Increase in IPTG concentration and thus EspA expressed from the 

pWSKespA construct resulted in proportionally greater decrease in 

sepL transcript detected. This was concluded to be due to post-

transcriptional changes in sepL mRNA stability (Figure 3.14c). This 

effect of EspA overexpression on sepL mRNA maintenance was 

confirmed to result in decrease in SepL-GFP protein production and 

SepL protein detected by western blot analysis (Figure 3.15).  
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Figure 3.14. a. sepL  mRNA abundance in  high secretor  ZAP193 EHEC EspA 

overexpression background. sepL  transcript was quantified with different EspA 

concentrations achieved by using a gradient of IPTG concentration (0  mM, 0.25 

mM, 0.5 mM and 1 mM) to induce pWSKespA (pespA) expression. Increase in 

pWSKespA  induction and thus EspA production resulted in  proportional and 

significant decreases in sepL  mRNA detected via RT qPCR. b.  sepL  mRNA 

maintenance time-course post rifampicin treatment with and without 

pWSKespA  supplementation (IPTG induction 0.5  mM). Overexpression of EspA 

resulted in enhanced decay of sepL  transcript. (unpaired t-test analysis: ns (not 

significant) – p>0.05; * - p<0.05; ** - p<0.01). (biological repeat n=3, technical 

repeat n≥6). 
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Figure 3.15. a. SepL-GFP (pDW6) translational fusion production in ZAP193 high secretor 

EHEC background overexpressing measured by fluorescence spectroscopy. Significant 

decrease in SepL-GFP signal was detected in background supplemented with pWSKespA 

(pespA). (unpaired t-test analysis: * - p<0.05). (biological repeat n=3, technical repeat n=6). 

b. Immunoblotting of the SepL protein documented reduced intensity of a band 

corresponding to the 40 kD SepL protein in ZAP193 overexpressing EspA (pespA) as compared 

to the wild type ZAP193 background (biological repeat n=2, technical repeat n=2). 
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However these experiments did not conclude if the observed 

decrease in sepL mRNA maintenance is due to hypothesised diversion 

of positive regulator CesAB by EspA or a direct effect of EspA on sepL 

mRNA stability. In order to investigate that EspA overexpression 

backgrounds were additionally supplemented with CesAB 

overexpression construct (pACYCcesAB). This showed an increase in 

CesAB available to act on sepL mRNA resulted in partial restoration of 

sepL transcript abundance irregardless of EspA overexpression (Figure 

3.16). This result indicates that it is likely to be the competition of EspA 

with the sepL transcript for CesAB interaction that results in a decrease 

in sepL mRNA stability. As indicated in section 3.2.1 and 3.2.3 levels of 

the LEE4 transcript are substantially reduced if CesAB is not present. 

Diversion of this CesAB activity for LEE4 transcript maintenance by 

EspA can act as a negative regulatory feedback loop for LEE4 proteins 

expression and will play a role in orchestration of hierarchical production 

of T3SS translocon proteins. 
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Figure 3.16. sepL mRNA abundance in high secretor ZAP193 EHEC overexpressing EspA and 

CesAB. Supplementation with pWSKespA (pespA) and pACYCcesAB (pcesAB) resulted in 

significant increase in sepL mRNA levels that were shown to be reduced by supplementation 

with pWSKespA alone (unpaired t-test analysis: ns (not significant) – p>0.05; * - p<0.05; ** - 

p<0.01). (biological repeat n=3, technical repeat n=9) 

 

 

 

 

 

 

 

 



               CesAB-mediated post-transcriptional regulation of SepL expression 

153 
 

3.3 Discussion 

 

In the last couple of decades the dual function of T3SS 

chaperons as secretion pilots and stabilisers of T3SS effectors has 

been documented in multiple studies. There is also evidence of their 

activity as regulators with such ‘moonlighting’ action extensively 

investigated for the LcrH chaperone of YopD (pore-forming translocon 

component, EHEC EspB homologue) in Yersinia species. A protein 

complex formed by the LcrH chaperone, its binding partner YopD, and 

the LcrQ protein involved in the low-calcium response was shown to 

post-transcriptionally regulate expression of T3SS effector proteins (Fei 

et al., 2021; Francis et al., 2001; Rimpiläinen et al., 1992). The complex 

was shown to bind to the mRNA of a major transcriptional regulator 

(LcrF) and facilitate recruitment of RNase E, leading to lcrF transcript 

decay (Fei et al., 2021).  

Another T3SS chaperone FlgN, involved in flagellar assembly in 

Salmonella typhimurium was shown to couple FlgM effector secretion 

and flgM mRNA translation from the flagellar T3SS but not injectisome 

T3SSs (Aldridge et al., 2003). Furthermore multiple studies including 

those investigating EHEC CesD chaperone homologues, the Shigella 

IpgC and Salmonella SicA, documented little to no translocon substrate 

in the absence of the cognate chaperones, which was attributed to 

chaperone-mediated translational control, although no mechanism was 

provided (Tucker et al., 2000; Menard et al., 1994). 

A study by Yi et al. in Edwardsiella tarda, documented a 

decrease in abundance of transcripts encoding for EseB and EseC 

(EspA and EspD EHEC homologues) translocon components in the 

absence of the EseE protein, which acts as the Edwardsiella EscC 

chaperone of a chaperone that governs EseB and EseC secretion. The 

authors concluded this is due to EseE-mediated transcriptional 
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regulation of the translocon-encoding operon, however the 

methodology used did not assess transcriptional activation and rather 

measured the transcript abundance. Thus the noted decrease in mRNA 

abundance in the absence of the EseE chaperon could potentially be 

an effect of post-transcriptional control of mRNA decay (Yi et al., 2016).  

Another example of finely tuned chaperone-mediated coupling of 

translocon expression and secretion switching was documented in 

Salmonella species (Takaya et al., 2019). Salmonella pathogenicity 

island 2 (SPI2)-encoded chaperone proteins SsaH and SsaE were 

shown to form a heterodimer and govern secretion of SsaG (T3SS 

needle, EHEC EscI). SsaE was also identified as a chaperone for an 

early secretion substrate SseB (EHEC EspA filament homologue). The 

switch in needle to translocon secretion was hypothesised to be 

determined by different affinities of SsaE-SsaH-SsaG and SsaE-SsaB 

for T3SS secretion sorting platform. Interestingly SsaE was shown to 

regulate the cellular levels of the SsaH chaperone as well as the SsaB 

filament, which was concluded to play an important role in hierarchical 

secretion of the bound substrates. However the nature of this regulation 

was not fully explained (Takaya et al., 2019).  

Another prominent way T3SS chaperones have been 

documented to control expression of LEE-encoded proteins is by 

antagonism of post-transcriptional regulators such as CsrA. Recent 

studies by Katsowich et al., 2017, Ye et al., 2018, and Elbaz et al., 2019, 

indicated a post-transcriptional feedback loop that involved CesT 

antagonism of CsrA, which positively regulate tir mRNA translation. The 

CsrA-CesT anti-Tir interaction, along with tir mRNA translation–

dependent maintenance of LEE5 mRNA and Tir protein stabilising 

function of CesT ensures stable CesT chaperone to Tir substrate ratio 

essential for finely tuned hierarchical effector secretion (Elbaz et al., 

2019).  
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It is apparent that T3SS chaperones have the capacity for post-

transcriptional control of LEE expression, however the mechanisms 

behind those interactions are still predominately unknown. Additionally 

many chaperones are yet to be assayed for their potential function in 

the regulation of translation. Investigation of such mechanisms can lead 

to a clearer understanding of finely-tuned injectisome assembly and 

hierarchical secretion of T3SS effectors.  

Results obtained in this chapter document a previously 

unreported function of CesAB as a post-transcriptional regulator of the 

LEE4 transcript maintenance and translation. This finding adds to the 

repertoire of T3SS effectors chaperones that elicit control over LEE 

expression. The mechanism behind CesAB-mediated regulation of 

LEE4 was characterised and was shown to involve stabilisation of the 

LEE4 transcript. The LEE4-encoded sepL transcript was rapidly 

degraded in the absence of CesAB and the maintenance of the 

measured mRNA was restored by CesAB complementation and 

enhanced by CesAB overexpression. Post-transcriptional regulation of 

sepL mRNA had a knock-on effect on EspA production and without 

stable sepL mRNA the espA transcript was not maintained. This control 

is suggested to be achieved through antagonism of Hfq-related 

degradation of sepL mRNA. Supplementation of extra CesAB partially 

restored sepL mRNA abundance and reduced the rate of transcript 

decay in EHEC background with increased expression of Hfq. My 

results align with Elbaz et al. hypothesis stating that effector chaperone 

can govern stable chaperone-effector ratio by repression of regulatory 

RNA-binding factors (Elbaz et al., 2019). Determination of direct RNA-

protein and protein-protein interactions between sepL mRNA, CesAB 

and Hfq is a clear next step for further characterisation of the 

mechanism. This would potentially define the mRNA signatures such 

as secondary structure or specific binding sequence that are involved 

in the CesAB-Hfq-sepL mRNA regulatory circuit. The following chapter 

aims to address this by determining if there is evidence for a direct 
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physical interaction between CesAB and sepL mRNA by RNA-protein 

crosslinking and subsequent protein pull down assays.  

Additionally it would be interesting to determine if CesAB-

mediated repression of Hfq requires interaction with the sepL transcript 

only, or is it the ‘sponging’ or ‘blocking’ of Hfq by CesAB that diverts Hfq 

from targeting sepL mRNA for decay. In order to investigate this the 

expression of a known Hfq-regulated factor such as Shiga toxin (stx2AB) 

could be assessed in backgrounds that overexpress CesAB but lack 

sepL mRNA (Kendall et al., 2011). If it is only the ability of CesAB to 

‘sponge’ the Hfq through protein-protein interaction, overexpression of 

CesAB would lead to increase in expression of other factors that are 

negatively regulated by Hfq such as Shiga toxin (Kendall et al., 2011). 

However if that does not happen, it leaves the competitive interaction of 

CesAB and Hfq on the sepL transcript as the main way to control sepL 

mRNA decay.  

CesAB antagonism of Hfq-mediated degradation of LEE4 

transcript allows for translation of LEE4 mRNA-encoded factors, 

including CesAB substrates EspA and EspB. Portaliou et al. indicated 

that binding of the EspA-CesAB to SepL protein docked at the EscV 

basal apparatus subunit is essential for EspA secretion (Portaliou et al., 

2017). My findings obtained through EspA competition assay suggest 

that expression of EspA diverts CesAB from its positive regulatory 

function for LEE4 mRNA maintenance. We propose that CesAB-binding 

partners EspA and SepL act as repressors of LEE4 expression, which 

is therefore an evolved negative feedback loop that aids the switch in 

production and secretion from early T3SS substrates (translocon 

proteins) to middle and late effectors (eg. Tir). This hypothesis is 

supported by findings of Portaliou et al., who stated that SepL increases 

the affinity of CesAB-EspA to the T3SS translocase and reduces the 

targeting of middle and late substrate effector complexes. This explains 

the phenotype of ΔsepL backgrounds that oversecrete late secretion 
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substrates prematurely. However correctly timed cessation of SepL 

production by the proposed negative feedback loop would allow for 

hierarchical translocation of the late effector proteins. 

Additionally expression of LEE1-encoded CesAB can act as an 

indicator of basal apparatus assembly (LEE1-3-encoded, regulated by 

LEE1-encoded transcriptional regulator Ler), thus ensuring that other 

T3SS interacting partners such as EscV are present at the correct time 

for SepL and EspA interactions. However this is only a hypothesis and 

further investigation into the hierarchy of LEE operon expression is 

necessary to fully appreciate the importance of such regulation. 

Methodologies like real-time imaging of specific mRNA transcripts at a 

single cell level would allow for tracking of transient changes of 

translation dynamics throughout a time-course and could be used to 

determine the importance of timing of LEE-encoded factor expression 

for T3SS assembly (Wang et al., 2016). Additionally detailed mRNA co-

expression patterns throughout a time-course could be assayed by 

novel ‘omic’ analysis approaches such as DynOmics designed by 

Straube et al., that take into consideration dynamic processes of mRNA 

degradation and translation (Straube et al., 2017).  

Strikingly CesAB alone was shown to be sufficient to 

translationally activate SepL-GFP (pDW6) production in a non-T3SS E. 

coli background, DH5α. High level sepL mRNA was previously detected 

in DH5α background, however it was shown not to be translated. 

Although the primary regulatory function of CesAB appears to be 

repression of sepL transcript decay it is possible that interaction with 

CesAB leads to structural changes in sepL mRNA that enhance 

ribosomal docking. However this would require further research 

addressing the effects of CesAB interaction on sepL mRNA 

conformation and translational activation. 

Unpublished data obtained in our laboratory shows that CesD, a 

LEE2-encoded chaperone of EspD translocon protein, has a negative 
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impact on SepL expression, while the LEE2-encoded T3SS structural 

protein EscC positively regulates SepL production. Interestingly 

deletion of the entire LEE2 operon doesn’t affect SepL expression 

(Wawszczyk, 2017). This suggests that an interplay between CesD and 

EscC negates the CesD-mediated repression of SepL expression. In 

the light of the new findings concerning the CesAB regulation of sepL 

mRNA maintenance, it would be interesting to determine if CesD has a 

role in CesAB antagonism. This could be prior to T3SS basal apparatus 

production, when EscC is not at the correct position to interact with 

CesD, or after the translocon protein secretion, when both CesAB and 

CesD have lost their cargo. Unravelling this potential regulatory 

mechanism would add another layer to the complex control of T3SS 

assembly.  
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Chapter 4 Characterisation of CesAB-sepL 
mRNA interaction 

 

4.1 Background 

 

Study by Tree et al., 2014, showed that sepL mRNA directly interacts 

with the well-known RBP Hfq. Previous chapters of this thesis demonstrated 

that Hfq-mediated degradation of sepL mRNA is opposed by CesAB, 

expression of which stabilises the sepL transcript. The potential mechanisms 

behind this interplay are as follows: competitive binding of Hfq and CesAB to 

the same region of sepL transcript; CesAB-mediated change in sepL mRNA 

structure that antagonises Hfq interaction; sequestration of Hfq by CesAB; or 

CesAB-mediated control of factors that antagonise Hfq. Preliminary in silico 

predictions of CesAB-sepL mRNA and CesAB-Hfq interactions were 

generated during this project and aimed to indicate the most likely interactions 

underpinning the CesAB-mediated regulation of sepL mRNA. RNA-protein 

binding prediction software RPISeq, created by Mupiralla et al., 2011, was 

used to computationally assess the probability of CesAB-sepL mRNA 

interaction. The RPISeq machine learning approach uses Random Forest (RF) 

and Support Vector Machine (SVM) classifiers that range in values from 0 to 1 

and values above 0.5 being considered as ‘positive’ for the predicted 

interaction. RF analysis indicated 0.75 chance of sepL mRNA interaction with 

CesAB and the SVM analysis predicted that the likelihood of the interaction is 

even higher at 0.88. Prediction of Hfq-CesAB interaction was assessed by 

protein to protein binding prediction tool PSOPIA (Murakami et al., 2014). This 

tool indicates the probability of protein to protein interactions by assessment 

of proteins sequence compatibility, propensity of domain-domain interactions 

and sum of edge weights along the shortest path between homologous 

proteins in a protein-protein interaction network and gives a score ranging from 

0-1 for each of those qualities and the combined score taking into 
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consideration all of the assessed characteristics (Murakami et al., 2014). 

PSOPIA indicated the probability of Hfq-CesAB binding as low at 0.3537 for all 

of the features of the proteins tested. Therefore the next logical step in 

characterisation of this regulatory interplay was to attempt to validate the in 

silico prediction of a direct sepL mRNA-CesAB interaction.  

RNA immunoprecipitation (RNA-IP or RIP) is a methodology commonly 

used to determine RNA molecules that interact with RNA binding proteins 

(RBPs). The pivotal steps of RIP involve initial step to ‘fix’ RNA interactions, 

then lysis of the cells, followed by precipitation of the RNA binding protein of 

interest with its associating RNAs’. These are then extracted and then 

identified by RT qPCR, microarray analysis (RIP-chip) or sequencing (RIP-

seq). RIP purifies RNA-protein complexes either under native conditions or 

after formaldehyde crosslinking. Native RIP identifies only the RNAs directly 

bound to the protein of interest. However native RIP requires low stringency 

conditions that result in low specificity of the captured interactions. 

Formaldehyde treatment before the lysis of the cells, creates covalent bonds 

between RNA and the RBP that allow for high stringency conditions to be used 

during the purification, this in turn results in better specificity of captured 

interactions. Crosslinks created by formaldehyde can be reversed by heat 

treatment. Chemical crosslinking catalyses RNA-protein, DNA-protein and 

protein-protein crosslinks and thus selects for direct but also indirect RNA 

targets of the protein of interest. This characteristic makes formaldehyde RIP 

a useful methodology to identify interacting multi-molecular complexes such 

as degradosome (Balcerak et al., 2019). 

Optimisation of RIP to account for described lack of specificity of native 

RIP and inability of formaldehyde crosslinking to distinguish between direct 

and indirect interactions, has led to development of crosslinking and 

immunoprecipitation (CLIP) methodology that introduces an ultra violet (UV) 

irradiation step to the RIP protocol. UV crosslinking creates irreversible 

covalent bonds between the protein and the interacting RNAs and allows for 

use of high stringency conditions, improving the specificity of the captured 
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interactions. However unlike the formaldehyde treatment, UV irradiation does 

not result in protein to protein and RNA to DNA crosslinking, thus only the 

RNA-protein interactions are captured by CLIP. This characteristic is 

especially useful while studying multifactorial regulatory RNA-protein 

mechanisms that involve multiple acting proteins. Use of UV crosslinking 

ensures that the detected RNAs bind directly to the probed protein and not to 

other molecules involved in the complex. UV crosslinking cannot be reversed. 

After UV crosslinking and cell lysis, CLIP employs a partial fragmentation of 

captured RNAs, which prevents co-purification of other proteins that directly 

bind the RNAs. An additionally this step provides insight into the specific RNA-

protein binding sites, since the obtained RNA fragments are protected from 

RNase digestion by the interacting proteins. Post-precipitation of RBP-RNA 

complexes, CLIP makes use of ligation of RNA adapters to allow for high-

throughput RNA sequencing. Additional quality control step employed by CLIP 

involves separation of the protein-RNA complexes on SDS-PAGE and 

extraction of the RNAs only from the excised band that correspond to the size 

of the RBP of interest. Subsequent digestion of bound protein by proteinase K 

treatment releases the RNAs that can then be reverse transcribed using 

primers complementary to the sequence of the ligated adapter. cDNAs are 

truncated at the site of the crosslink. Variants of CLIP protocol such as iCLIP 

were established to utilise this characteristic to map the specific RNA binding 

sites. Recent review by Lee et al., 2018 provides a detailed account of 

variations of CLIP protocol including iCLIP. 

Immunoprecipitation is usually employed in order to purify the RBP-

RNA complexes. However if a specific antibody is not available, the protein of 

interest can be tagged with and purified using affinity or epitope tags such as 

6xHis-tag or FLAG (Einhauer et al., 2001; Bizzard et al., 2000). In fact a 

methodology derived from CLIP, called crosslinking and analysis of cDNAs 

(CRAC) employs affinity tag(s) to allow for fully denaturing conditions during 

protein purification, which increases the stringency and ensures full 

dissociation of multifactorial RNA-binding complexes (Granneman et al., 

2009).  
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Research described in this chapter utilised a combination of described 

crosslinking and precipitation methodologies to determine the nature of 

proposed CesAB-sepL mRNA interaction. The potential CesAB-sepL mRNA 

binding site was also probed by deletion studies. The importance of the 

secondary structure of the sepL transcript in facilitation of the proposed 

interaction was also investigated.  
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4.2 Results  

 

4.2.1 CesAB-6xHis construction  

 

In the absence of a specific, usually monoclonal antibody, affinity tags 

are a useful tool in purification of specific proteins. The DNA sequence 

encoding a string of six (or more) histidine molecules is commonly used to 

produce recombinant proteins with the poly-His-tag fused to the N- or C- 

terminus. His-tagged proteins can be purified utilising the capacity of histidine 

to chelate several metals such as nickel, cobalt, zinc and copper and their 

expression can be detected by anti-His immunoblotting (Brasili et al., 2016). A 

6xHis-tag was used to produce N and C-terminus CesAB-6xHis-tagged 

recombinant proteins cloned into a pWSK29 expression vector that was used 

for in vivo CesAB-RNA interaction studies described in detail in the following 

subsection. Tagging both N- and C-terminus increases the chances of 

producing a recombinant protein with an exposed tag, as on some occasions 

the tag can be buried and thus unable to be detected by the antibody or metals 

used for recombinant protein purification. The pWSK29 expression vector was 

chosen again as it is IPTG inducible and thus allows for the levels of protein 

produced to be adjusted, which can be useful in protein purification as high 

protein concentrations can lead to protein aggregation, insolubility and 

instability (Singh et al., 2015). 

Originally site directed mutagenesis (SDM) methodology was planned 

to be used to introduce 6xHis-tag at the N- and C-CesAB terminii of 

pWSKcesAB clone. pWSKcesAB was previously shown to express functional 

CesAB that complements ΔcesAB backgrounds, therefore it was utilised as a 

scaffold for recombinant protein production. SDM allows for introduction of 

specific mutations in double stranded DNA plasmids by amplification of the 

entire plasmid DNA with primers designed to include desired modifications 

such as nucleotide substitutions, deletions and small or large sequence 
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insertions. Two sets of back-to-back oligonucleotides targeting the N- and C- 

terminii of cesAB clone (pWSKcesAB) with 3x-His sequence flanking both the 

forward and reverse primers were designed. Designed primers successfully 

amplified the pWSKcesAB plasmid sequence that was subsequently 

circularised and the template DNA was removed using kinase, ligase and DpnI 

(KLD) enzyme mix. E. coli DH5α (cloning strain) was then transformed with the 

produced constructs and the transformants were selected using ampicillin. 

However once checked by immunoblotting using anti-His antibody the 

obtained cultures were shown not to express a detectable His-tag. The SDM 

procedure was repeated several times but the required 6xHis-CesAB was not 

obtained using this approach. 

Ultimately another strategy, T4-based cloning of synthetic DNA 

corresponding to sequences of cesAB flanked with N- or C- terminal 6xHis into 

the pWSK29 expression vector, was employed in order to obtain recombinant 

CesAB-6xHis protein (Figure 4.1a). The anti-His immunoblotting of crude cell 

extract from both DH5α pWSKcesAB-6xHis-N and pWSKcesAB-6xHis-C 

transformant cultures detected a protein corresponding to His-tagged CesAB 

(13.1kD) (Figure 4.1b). Interestingly the immunoblotting detected an additional 

band at approximately 26 kD mark. CesAB is known to dimerise and it is 

possible that the CesAB dimer that was not denatured was detected on the 

blot (Chen et al., 2013). 

Although the expression of both N- and C-terminal 6xHis-tagged CesAB 

was confirmed, the functionality of the recombinant protein needed to be 

assessed. In order to do that the ΔcesAB ZAP193 background was 

supplemented with pWSKcesAB-6xHis-N and pWSKcesAB-6xHis-C 

constructs. Deletion of cesAB results in rapid decay of sepL mRNA and 

decrease in SepL production. Thus restoration of SepL protein expression by 

the recombinant CesA-6xHis proteins would indicate functionality of the 

constructs. Expression of SepL-GFP (pDW6) in ΔcesAB ZAP193 with and 

without pWSKcesAB-6xHis-N or pWSKcesAB-6xHis-C supplementation was 

assessed by fluorescence spectroscopy (Figure 4.1c). Obtained results 
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indicated that both N- and C-terminal 6xHis-tagged CesAB recombinant 

proteins complemented the ΔcesAB mutation and restored SepL production. 

This confirmed that the recombinant proteins maintained the characteristics 

that enable them to carry out the specific sepL regulatory function studied in 

this thesis. This observation was crucial as the following purpose of the created 

constructs was to assess if the CesAB-mediated regulation of SepL expression 

requires the direct interaction of CesAB with sepL mRNA. 
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Figure 4.1.  Construction of CesAB-6xHis recombinant protein. a.  Design of 

synthesised 6xHis-tagged CesAB sequences cloned into pWSK29 expression 

vector. The N-terminus CesAB-6xHis contains 6xHis-tag sequence (pink) 

positioned directly upstream of the cesAB start codon (turquoise) followed by 

cesAB  sequence including stop codon (grey). The C -terminus CesAB-6xHis 

contains 6xHis-tag sequence (pink) directly after cesAB  sequence (grey) minus 

the stop codon. The stop codon (red) was added directly after the 6 xHis 

sequence. b.  anti-His immunoblotting of crude cell extracts of ZAP193 

expressing the pWSKcesAB-6xHis-N (CesAB-6xHis-N) and pWSKcesAB-6xHis-C 

(CesAB-6xHis-C) constructs. Strong bands between the 11kD and 17kD protein 

ladder marker corresponds to CesAB-6xHis molecular weight (13kD), suggesting 

high yield of recombinant protein production. The bands observed between 

17kD and 26kD markers are potential CesAB -6xHis dimers (26kD). c.  Expression 

of SepL-GFP translational fusion (pDW6) in ZAP193 cesAB  deletion background 

(193 ΔcesAB) supplemented with pWSKcesAB-6xHis-N (ZAP193 ΔcesAB/pcesAB-

6xHis-N) and pWSKcesAB-6xHis-C (ZAP193 ΔcesAB/pcesAB-6xHis-C). Highly 

significant increase in SepL-GFP expression comparable to that of wild type 

ZAP193 (193) was observed.  
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4.2.2 Investigation of sepL mRNA-CesAB-6xHis binding 

 

Formaldehyde crosslinking and UV crosslinking protocols that were 

heavily inspired by CLIP and CRAC methodologies were applied in this project 

(Figure 4.2). Use of both chemical and UV crosslinking allowed me to 

determine if CesAB-sepL mRNA interaction is direct. sepL mRNA read out 

from formaldehyde crosslinking and no sepL transcript detected from the UV 

crosslinking would suggest that the hypothesised interaction is indirect and 

involves creation of a complex with other molecule acting as a scaffold. No 

sepL mRNA detected from either of the generated samples would suggest that 

the CesAB’s control of sepL transcript is an effect of CesAB-mediated 

regulation of a factor that regulates sepL mRNA maintenance.  

Unlike global RNA-protein interaction studies, such as that by Holmqvist 

et al., which determined the CsrA and Hfq RNA binding sites in Salmonella 

typhimurium (Holmqvist et al., 2016), the question posed by my project 

concerned a specific RNA (sepL mRNA). Therefore RT qPCR using primers 

targeting sepL specifically, instead of transcriptome-wide microarray or 

adapter-based sequencing, was performed to investigate the binding of sepL 

mRNA to CesAB. This allowed me to omit several steps in CLIP methodology 

that are a requirement for subsequent sequencing. Ligation of RNA adapters 

was not performed and thus cDNA purification from the free adapters and RT 

primers was not necessary. This granted less processing of the captured 

nucleic acid sequences. Use of the primers targeting sepL sequence in cDNA 

amplification was thought to additionally increase the specificity of the assay. 

RNase digestion conditions recommended in CLIP protocols result in RNA 

sequences ranging from 30-200 bases. This is necessary for sequencing but 

was thought to significantly reduce the chances of annealing of the designed 

RT qPCR primers to the captured RNA and thus was omitted.  

ZAP193 high secretor EHEC background transformed with the produced 

N and C terminal 6xHis-tagged CesAB constructs (pWSKcesAB-6xHis-N and 
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pWSKcesAB-6xHis-C) was used in both formaldehyde crosslinking and UV-

crosslinking experiments. ZAP193 background supplemented with untagged 

pWSKcesAB was used as a negative control. The high secretor EHEC strain 

was used in order to maximise the amount of available sepL mRNA, 

abundance of which varies between strains as demonstrated in previous 

chapters of this thesis. Overexpression of CesAB from the pWSKcesAB-6xHis-

N and -C constructs additionally increased the chances of capturing the 

CesAB-sepL mRNA interaction. However it needs to be noted that protein 

overexpression can change the governing of other cellular processes and thus 

might not represent the native conditions (Bolognesi et al., 2018).  
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Figure 4.2.  Schematic of workflow for detection of hypothesised CesAB -sepL 

mRNA interaction. a.  the EHEC background expressing CesAB-6xHis recombinant 

protein or supplemented with untagged CesAB (negative control) were exposed 

to UV or formaldehyde treatment in vivo . The UV exposure created crosslinks 

between the proteins expressed by the EHEC and bound RNAs (hypothetically 

including sepL  mRNA). The formaldehyde treatment crosslinked the proteins to 

bound RNAs but also other proteins and DNA.  b.  Obtained crosslinked cells were 

lysed and the His-tag affinity purification was performed using Ni -NTA Fast Start 

Kit manufactured by QIAGEN. The protein fractions were collected from the 

untreated lysate, Ni-NTA column flow through, after two rounds o f washes that 

intended to remove proteins other than the CesAB -6xHis and two rounds of 

elutions of His-tagged CesAB bound to the Ni -NTA resin. The CesAB-untagged 

negative control samples were taken through the same process c. the obtained 

protein fractions were separated by SDS-PAGE and coomassie blue general 

protein stain was performed in order to determine protein fractions that 

contained only the CesAB-6xHis. The absence of a band at the elution fractions 

of the CesAB-untagged negative control samples indicated that CesAB-6xHis 

purification was successful. Western blot analysis using anti -His antibody and 

secondary HRP-labelled antibody followed by chemiluminescence analysis 

confirmed the presence of the CesAB-6xHis in the selected protein fractions. d.  

Proteinase K treatment was performed for subsequent detection of the CesAB -

6xHis-bound sepL  mRNA. UV crosslinking is irreversible and small CesAB 

fragments bound to the transcript remain undigested by the proteinase K, 

leaving the mark of the CesAB-mRNA interaction site. Formaldehyde treated 

samples were reverse crosslinked prior to Proteinase K treatment, that resulted 

in sepL  mRNA without the undigested CesAB amino acids.  e.  Phenol-chloroform 

RNA extraction was performed. This was followed by DNase treatment in order 

to ensure only the CesAB-bound RNAs are being detected by subsequent 

analysis. This was specifically important for the formaldehyde treated samples 

since formaldehyde crosslinks proteins to DNA as well as RNA. Obtained RNA 

samples were reverse transcribed. The reverse transcription of UV -crosslinked 

samples produced cDNA with mutations at the site of the crosslinks, since the 

reverse transcriptase is unable to read through those sequences. f.  qPCR 
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analysis using sepL-specific primers was performed to determine the presence 

of sepL  mRNA in the crosslinked and CesAB-purified samples, which would 

suggest CesAB-sepL  mRNA interaction. Negative control for this experiment was 

the detection of the mRNA of EHEC housekeeping gene rpoA. Absence of rpoA 

signal ensured that only CesAB-bound RNAs were present in the analysed 

samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                         Characterisation of CesAB-sepL mRNA interaction 

174 
 

UV crosslinking procedure was carried out according to Tree et al., 2018, 

although a smaller volume of bacterial culture was used. Formaldehyde 

crosslinking was performed as described in the Materials and Methods 

chapter. Bacteria were cultured in MEM-HEPES supplemented with 0.1% 

glucose and 250 nM Fe(NO3)3  and the experiments were performed in 

exponential growth phase. Those conditions were previously shown to be 

optimal for T3SS expression (Tree et al., 2011). The cultures were 

supplemented with IPTG in order to induce CesAB-6xHis expression. Both 

experiments were performed in growing bacteria. This was crucial considering 

that secondary structures of RNAs are condition dependent and so can be very 

different in vitro vs. in vivo coupled to the importance of sepL mRNA secondary 

structure for the regulation of sepL transcript stability, as documented in 

previous chapters (Leamy et al., 2016). Additionally in vivo analysis ensured 

that other molecules that are potentially necessary for the sepL mRNA-CesAB 

interaction were present.  

Ni-NTA Fast Start Kit manufactured by QIAGEN was used to pull down 

the CesAB-6xHis crosslinked to any putative interacting RNAs. Six fractions 

were collected from the column purification step and were analysed by SDS-

PAGE and western blotting using anti-His antibody (Figure 4.3). This quality 

control step allowed for visualisation of purified CesAB-6xHis and ensured 

obtained samples do not include other proteins. A band corresponding to the 

size of CesAB-His was detected by commassie blue protein staining from 

CesAB-6xHis samples. The band gradually faded after washing of the column 

and reappeared slightly stronger at the elution fractions (E1 and E2) (Figure 

4.3a). This suggested that although CesAB-6xHis was produced in high 

quantities, the binding of the His-tag to the column was not efficient. The 

elution fraction bands obtained from CesAB-6xHis-N (Figure 4.3a&b) 

appeared stronger than those produced by CesAB-6xHis-C (Figure 4.3c&d), 

the formaldehyde crosslinked CesAB-6xHis-C samples specifically produced 

very weak bands at the elution fractions. This could be due to potential burying 

of the His-tag in the structure adopted by C-terminal tagged construct. Thus 

only the N-terminal 6xHis-tagged elution franctions were chosen for further 
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analysis. As expected negative control expressing the untagged pWSKcesAB 

produced a strong band corresponding to CesAB protein molecular weight in 

the fractions before the elution step (F, C, W1, W2) (Figure 4.3e&f). However 

the band was not detectable in final elution fractions from those samples (E1 

and E2). This confirmed that although low in yield the purification of His-tagged 

CesAB was successful. The elution fractions (E1 and E2) that were detectable 

in His-tagged samples but not untagged negative control were selected for 

further analysis. Presence of CesAB-6xHis-N in the elution samples was 

confirmed by the anti-His antibody immunostaining (Figure 4.4a&b). The low 

yield of purified CesAB-6xHis can be explained by an increase in insoluble 

protein aggregates that can form under protein overexpression conditions and 

hinder binding of the tagged protein to the Ni-NTA resin column (Zhang et al., 

2004). This was accounted for reducing the amount of IPTG used for induction, 

when the crosslinking experiment was repeated. This marginally increased the 

yield of the protein detected by the anti-His (Figure 4.4b&c).  
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Figure 4.3.  Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-

PAGE) stained with coomassie blue of protein fractions collected from Ni -NTA 

Fast Start Kit (QIAGEN) His-tag purification of a.,c.&e. the UV crosslinked and 

b.,d.&f. the formaldehyde crosslinked ZAP193 backgrounds supplemented with 

the a.&b. pWSKcesAB-6xHis-N (CesAB-6xHis-N), c.&d. pWSKcesAB-6xHis-C 

(CesAB-6xHis-C) and e.&f. a negative control  pWSKcesAB  (CesAB-untagged) 

expression constructs. Lysate fractions (Lysate) were collected straight after 

cell lysis step. The samples were loaded onto Ni-NTA resin columns and the flow 

through fractions (Flow through) were collected. The columns were washed 

twice with manufacturer provided wash buffer and wash fractions (Wash 1 and 

Wash 2) were collected after each wash. Two elutions of the resin bound His -

tagged recombinant proteins were performed with the manufacturer’s elution 

buffer and two eluates were collected (Elution 1 and Elution 2).  
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Figure 4.4.  Western blot analysis of the a&b. UV and c&d. formaldehyde 

crosslinked CesAB-6xHis protein purification elution fractions. The extent of 

expression of CesAB-6xHis constructs is modulated by IPTG induction. CesAB-

6xHis samples purified from cultures overexpressing CesAB -6xHis to a&c. higher 

(IPTG 0.5mM) or b&d.  lower (IPTG 0.1mM) level were analysed in order to 

determine the more optimal conditions for higher yield CesAB -6xHis 

purification. Primary anti -His antibody and secondary HRP-labelled antibody 

immunostaining followed by chemoiluminescence detection was used to 

visualise the CesAB-6xHis-N. Bands corresponding to the molecular size of 
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CesAB-6xHis (13 kD) were detected in all of the samples. The bands detected 

from the samples with decreased IPTG induction (0. 1 mM IPTG concentration) 

and therefore decreased CesAB-6xHis expression were stronger  compared to 

those using higher levels of IPTG induction (0.5 mM IPTG). Potentially the 

overexpression of CesAB-6xHis results in poorer binding of CesAB-6xHis to the 

Ni NTA resin and lower yield of CesAB-6xHis purification.  
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Samples collected from both repetitions of the experiment were further 

processed with proteinase K treatment and reverse crosslinking was 

performed on the formaldehyde treated samples. Phenol-chloroform RNA 

extraction, followed by DNase treatment and cDNA synthesis were performed 

and the resultant samples were analysed by RT qPCR using primers targeting 

sepL sequences. The analysis detected sepL sequences in both UV and 

formaldehyde crosslinked samples from the CesAB-6xHis eluates but not from 

the negative control samples (Figure 4.5). The UV-crosslinking yielded more 

detectable sepL mRNA than formaldehyde crosslinking in both repeats of the 

experiments. This could be due to the loss of RNA through additional step of 

the crosslink reversal process for the formaldehyde treated samples or due to 

a better crosslinking efficiency of the UV. The samples were checked for the 

presence of transcripts encoding a ubiquitous housekeeping protein RpoA (Yin 

et al., 2011). No rpoA sequences were detected, thus increasing the 

confidence that the only RNAs detected in the tested sample were those bound 

to the CesAB-6xHis and not a contamination (Figure 4.5). In conclusion the 

obtained results indicated that CesAB binds to sepL mRNA transcript in a 

direct fashion.  
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Figure 4.5.  RT qPCR analysis of the proteinase K treated UV and formaldehyde 

crosslinked CesAB-6xHis and CesAB-untagged (negative control) protein 

purification elution samples. sepL-specific primers were used to determine the 

presence of sepL  mRNA in the in CesAB-6xHis and CesAB-untagged cDNA 

samples. Determination of the rpoA E. coli housekeeping mRNA (using rpoA-

specific primers) in the CesAB-6xHis elution fractions was used as a quality 

control check and an addit ional negative control. Absence of rpoA mRNA 

provided confidence that any RNAs pulled-down with the CesAB-6xHis were 

present in the samples. The RT qpCR analysis was repeated twice with higher 

(0.5mM) and lower (0.1mM) IPTG concentrations to induce CesAB-6xHis and 

CesAB-untagged expression. The mRNA levels were compared between the 

samples. The analysis indicated that sepL  mRNA was present in all of the CesAB-

6xHis samples but not the CesAB-untagged samples. rpoA mRNA was not 
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detected in the CesAB-6xHis samples. Decrease in IPTG induction resulted in 

significant increase in the detected sepL  mRNA.  
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4.2.3 sepL transcript signatures involved in CesAB-mediated 
regulation 

 

Previous studies conducted in our laboratory intended to determine the 

sepL mRNA sequence and structure characteristics involved in translational 

activation of sepL transcript. To test this Sean McAteer created specific short 

deletions in the sepL mRNA sequence (4-18nt, 19-27nt) comprising a stem 

loop structure (SL3) positioned close to the RBS and the start codon (Figure 

4.6a). The deletions led to decrease the expression of SepL-GFP translational 

fusions compared to full-length SepL-GFP translational fusion (pDW6). I 

analysed expression from these constructs to determine if they might involve 

regions related to CesAB-sepL mRNA interactions (Figure 4.6b). The regions 

being scrutinised in the sepL transcript had not attributed to binding of any of 

the previously reported post-transcriptional regulators of SepL expression 

such as Hfq, Spot42 and CsrA (Tree et al., 2014; Wang et al., 2018).  
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Figure 4.6.  a.  sepL  mRNA secondary structure forming a stem loop (SL3) around 

the RBS and the start codon. b.  SepL-GFP expression from the SDM constructs 

with deletions in sepL  sequence regions 4-18nt and 19-27nt from the start 

codon, predicted to form a stem loop structure (SL3). The full -length SepL-GFP 

construct (pDW6) and the SDM constructs were expressed in the high secretor 

ZAP193 EHEC background. The deletions of the 4 -18nt and 19-27nt resulted in 

significant decrease in SepL-GFP signal compared to the full -length construct.  
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As shown in the Chapter 2 of this thesis, SepL-GFP expression 

decreases significantly in ZAP193 ΔcesAB. Therefore it was interesting to 

investigate if any of the deleted regions are necessary for CesAB-sepL mRNA 

interaction. The Δ4-18nt Δ19-27nt SepL-GFP translational fusion constructs 

were measured in cesAB deletion background ΔcesAB ZAP193 and ZAP193 

supplemented with the CesAB expression construct pWSKcesAB. The 

hypothesis behind this experiment was that if the deleted sepL mRNA region 

plays a role in CesAB-sepL mRNA interaction, changes in CesAB abundance 

would not affect SepL-GFP expression of the construct harbouring the specific 

deletion. In other words the construct would be insensitive to CesAB because 

it lacked the mRNA signature, such as specific structure necessary for CesAB-

sepL mRNA interaction.  

Obtained results indicated that the deletions did not result in decrease in 

SepL-GFP expression as drastic as that caused by deletion of cesAB (Figure 

4.7). However the Δ19-27nt SepL-GFP construct was shown to be insensitive 

to CesAB in terms of SepL expression (Figure 4.7&Figure 4.8). Deletion of 

cesAB did not result in further decrease in SepL-GFP expression from the Δ19-

27nt SepL-GFP construct (Figure 4.7). Overexpression of CesAB did not 

increase the SepL-GFP levels detected from the Δ19-27nt SepL-GFP 

translational fusion (Figure 4.8). However it is important to note that in is not 

possible to conclude that the 19-27bp sequence is directly involved in CesAB 

binding as the observed insensitivity to CesAB could be a result of disruption 

in the interaction of sepL transcript with the Hfq. It was shown in Chapter 3 of 

this thesis, that the negative regulation of SepL expression by Hfq was 

countered by CesAB. Impairment in Hfq binding might deem CesAB 

‘activation’ redundant because its function as an antagonist of Hfq-directed 

regulation would no longer be applicable.  

It is interesting to note that SepL-GFP expression from the Δ4-18nt SepL-

GFP was shown to be affected by changes in CesAB abundance (Figure 4.7 
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and Figure 4.8). However this was not to the same extent as the wild type sepL 

mRNA sequence (pDW6). It is possible that the deletion has had a partial 

impact on CesAB activity that can be complemented by supplementation with 

extra CesAB (Figure 4.8). This indicated that 4-18nt sepL transcript region 

constructs is less likely to play a specific role in CesAB-mediated regulation of 

SepL expression. It is possible that the introduced deletion destabilises the 

SepL-GFP protein resulting in lower fluorescence read-out. A pulse-chase 

radiolabelled amino acid assay could be employed to investigate this 

possibility. 
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Figure 4.7.  SepL-GFP expression from the full -length, Δ4-18nt and Δ19-27nt 

SepL-GFP constructs in ΔcesAB ZAP193 background. Deletion of cesAB  resulted 

in significant decrease in SepL-GFP produced from the full -length and Δ4-18nt 

SepL-GFP as compared to the SepL-GFP produced from those constructs in the 

wild type EHEC background. No significant change in SepL -GFP expression was 

detected in the Δ19-27nt construct expressed in ΔcesAB ZAP193 background.  
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Figure 4.8.  SepL-GFP expression from the full-length, Δ4-18nt and Δ19-27nt 

SepL-GFP constructs in ZAP193 background supplemented with CesAB 

expression plasmid pWSKcesAB (pcesAB). Plasmid-based complementation of 

CesAB resulted in significant increase in SepL -GFP produced from the full -length 

and Δ4-18nt SepL-GFP as compared to the SepL-GFP produced from those 

constructs in the wild type EHEC background. No significant change in SepL -GFP 

expression was detected in the Δ19-27nt construct expressed in ZAP193 

pWSKcesAB background.  
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The sepL mRNA sequences deleted in the SDM constructs are predicted 

to form a stem loop structure at SL3 (spanning nucleotides +4 to 24) proximal 

to the RBS and start codon in the full-length sepL transcript. RNAfold software 

was previously used to map the secondary structure of sepL mRNA that was 

successfully validated by SHAPE experiments described in Chapter 2 of this 

thesis. Therefore RNAfold was applied to predict the secondary structure of 

the SL3 SDM constructs (Figure 4.9). This aimed to provide an indication as 

to whether the regulatory characteristic of the sepL transcript region between 

the 19th and the 27th bases is purely based on sequence complementarity or 

due to formation of a structural signature recognised by a regulatory factors 

CesAB and/or Hfq. The predictions indicated that sepL mRNA transcript with 

the 19-27nt deletion should not form the SL3 structure present in the full-length 

sepL transcript (Figure 4.9a&b). Notably the deletion of 19-27nt is predicted to 

also disrupt another loop formation formed by sequence -38nt to -69nt 

downstream of the AUG start codon (SL1) that has been previously indicated 

as a Hfq-binding site (Wang et al., 2018). The 4-18nt deletion construct was 

also predicted not to form SL3 at the 4-24nt region (Figure 4.9c). The predicted 

changes in the sepL mRNA structure and the recorded insensitivity of the 19-

27nt construct to deletion and overexpression of CesAB indicate that the SL3 

and/or SL1 are potential structural signatures that mediate the CesAB-sepL 

mRNA interaction. 

Additionally, the RNAfold predicted the Δ19-27nt mRNA conformation to 

be more ‘open’ around the RBS and the start codon than the ‘folded’ full-length 

sepL mRNA structure (Figure 4.9a&b). This characteristic could explain the 

lesser decrease in SepL-GFP expression from the Δ19-27nt construct as 

compared to that of a full-length SepL-GFP in cesAB deletion background. 

Although the positive effect on SepL expression mediated by CesAB is not 

exercised by the Δ19-27nt SepL-GFP construct, the negative effect of full-

length ‘folded’ sepL mRNA structure on SepL expression is compromised in 

that mutant. This could potentially result in some translational activation of the 
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Δ19-27nt construct mRNA, bypassing Hfq-mediated degradation of the 

transcript.  
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Figure 4.9.  RNAfold computational prediction of mRNA secondary structure 

around the Shine-Dalgarno site adopted by a.  full length, b.  Δ4-18nt and c.  Δ19-

27nt sepL transcripts. Shine-Dalgarno site and start codon sequences are 

highlighted in green and the sequence deletion SDM sites are pointed out in 

red. The sequences are numbered according to the distance from the start 

codon AUG. The 5’UTR sequences are assigned negative values decreasing with 

the distance from the start codon. Stem loops as predicted to form in the full -

length sepL mRNA conformation are numbered 1-4 (SL1-4) and their formation 

is indicated in all of the assessed sepL  mRNA sequences.  
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4.3 Discussion 

 

The UV-crosslinking approach employed in this study allowed for 

identification of a direct CesAB-sepL mRNA interaction, in a relatively short 

time frame. This indicated that the CesAB-mediated control of sepL mRNA 

maintenance and translation activation described in Chapter 3, is likely to be 

facilitated by direct binding of CesAB to sepL transcript. However the 

crosslinking study came with a major shortcoming - it did not allow for the 

determination of specific CesAB-sepL mRNA binding sites. UV-crosslinking 

has been reported to induce mutations in the cDNA sequences at the sites of 

protein binding. This is thought to be a result of reverse transcriptase 

bypassing the crosslinked regions. Identifying the sequences with the highest 

mutation rates through sequencing has been acknowledged as a valid mean 

of mapping the specific RNA-protein binding sites (Zhang et al, 2011). Such 

crosslink induced mutation sites (CIMS) should be present in the cDNAs 

created from the UV-crosslinking experiments conducted for the purposes of 

this project. Therefore the produced cDNAs are planned to be sequenced by 

amplifying them with sepL specific primers containing linkers that will be then 

used to introduce the next generation sequencing-specific adapters at the 

second round of amplification (Fuellgrabe et al., 2015). The analysis of the 

sequencing results, with focus on the increase in mutation rate of the specific 

sequence regions is hoped to determine the sepL mRNA-CesAB interaction 

sites. iCLIP and CRAC that identify transcriptome wide RBP binding partners 

and RNA binding sites with a single nucleotide resolution can be employed to 

indicate the specific sepL mRNA-CesAB binding sites. Additionally, those 

methodologies would provide an information on other CesAB-bound RNAs. 

This could unravel other factors involved in CesAB-mediated post-

transcriptional regulation of sepL mRNA and potentially other transcripts.  

 Alternatively to the protein purification and sequencing techniques the 

electrophoretic mobility shift assay (EMSA) could be applied to determine the 

proteins bound to the sepL mRNA. This methodology makes use of the slower 
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migration through the polyacrylamide or agarose gel of the protein-nucleic acid 

complexes as compared to free nucleic acids. In EMSA the nucleic acid of 

interest is labelled and visualised with radioisotope (canonically P32) or a non-

radioactive fluorescence tag such as Cyano dye Cy5 (Hellman et al., 2007; 

Ruscher et al., 2000). The proteins present in the detected complexes can be 

determined by subsequent western blot or mass spectrometry analysis. In 

comparison to RIP and CLIP, EMSA centres the detection of the protein-RNA 

binding on the RNA as opposed to the protein. This characteristic allows for 

mapping of the entire proteome interacting with the transcript of interest. 

However, EMSA is an in vitro analysis method. in vitro conditions might not be 

permissive for correct formation of sepL mRNA secondary structure, which is 

likely involved in CesAB-sepL mRNA interaction. To partially mitigate this, 

EMSA using the whole cell extract instead of the purified proteins can be 

performed. Employment of cell extract EMSA in the study of LEE4 transcript 

control could uncover other factors that regulate the mRNA prior, together with, 

or after the proposed CesAB-Hfq interplay and the previously reported Hfq-

Spot42 and CsrA control (Wang et al., 2018). 

In order to fully understand the mechanism underpinning regulation of 

LEE4 transcript maintenance, it is essential to consider the dynamics between 

all of the known acting components. Despite the low probability of Hfq-CesAB 

binding predicted by PSOPIA computational analysis, the possibility of this 

interaction cannot be discarded as of yet. Chemical crosslinking results in 

formation of RNA-protein but also protein-protein covalent bonds. Therefore, 

pull-down of formaldehyde treated CesAB-6xHis samples and subsequent 

western blot with commercially available anti-Hfq antibody or anti-FLAG 

antibody detecting Hfq-FLAG construct, previously produced by in our 

laboratory, or a mass spectrometry analysis can be used to determine if CesAB 

binds to the Hfq.  

Although the CesAB was shown to directly bind sepL mRNA, that 

interaction might still require association of the CesAB-sepL mRNA complex 

with Hfq either through CesAB-Hfq or Hfq-sepL mRNA interaction. To 
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investigate this the crosslinking and pull-down protocol employed in this thesis 

can be performed in Δhfq E. coli background or in in vitro conditions containing 

only the purified CesAB and sepL mRNA. If the sepL mRNA is still co-purified 

with CesAB-6xHis despite the absence of Hfq, it can be concluded that the 

formation of CesAB-sepL mRNA-Hfq complex is not required for binding of 

CesAB to sepL mRNA. Similarly EMSA with purified CesAB or whole cell 

extract from Δhfq E. coli can be employed. However those approaches cannot 

be performed in EHEC background. This is a major limitation given the 

importance of sepL mRNA conformation and the EHEC-specific factors acting 

on LEE4 transcript. Although proven to be difficult, production of Δhfq EHEC 

background would aid the investigation of the requirement for Hfq in CesAB-

sepL mRNA interaction. 

 Deletion of 19-27nt of sepL mRNA that is predicted to result in 

misfolding of the transcript around the SL3 and SL1 region was shown to result 

in insensitivity of the sepL mRNA to the CesAB-mediated regulation. Thus 

suggesting the importance of those structures in CesAB-sepL mRNA 

interaction. However, conducted experiments do not conclude those region as 

a CesAB binding sites. Observed insensitivity of Δ19-27nt SepL-GFP construct 

to CesAB could be a result of hindered Hfq interaction. This is likely as the Hfq 

was shown to bind to the SepL mRNA close to the SL1 site that is predicted to 

be disrupted in Δ19-27nt sepL transcript. Lack of negative Hfq regulation of 

sepL mRNA would render the CesAB function as Hfq antagonist redundant 

and thus not detectable through SepL expression analysis. Apart from the 

identification of CIMS by sequencing or CRAC and iCLIP approaches 

described above, the proposed 19-27nt CesAB interaction site can be 

assessed by UV crosslinking and pull down of CesAB-6xHis in ΔsepL EHEC 

background expressing the Δ19-27nt construct. Inability to co-purify the Δ19-

27nt sepL mRNA with CesAB-6xHis would conclude the 19-27nt region as 

crucial for CesAB binding. Additionally the importance of the 19-27nt sepL 

mRNA region for Hfq-mediated degradation can be assessed by determining 

the Δ19-27nt sepL mRNA transcript stability in overexpression of Hfq.  
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Determination of the Hfq-sepL mRNA binding site involved in Hfq-

mediated degradation could further our understanding of the Hfq side of 

CesAB-Hfq-sepL mRNA regulatory interplay. Study by Tree et al., 2014 

mapped the Hfq-LEE4 mRNA binding sites. As of yet some of the proposed 

interactions have not been assigned a function (Wang et al., 2018). Given the 

documented involvement of Hfq in sepL mRNA degradation it would be 

interesting to determine if disruption of the transcript sequences indicated by 

Tree et al., will result in increase in transcript maintenance.  

 If the 19-27nt region is crucial for CesAB interaction, the conditions that 

are unable to foster CesAB-sepL mRNA binding id est Δ19-27nt sepL mRNA 

and ΔcesAB EHEC backgrounds should exhibit similar levels of SepL 

expression. Although the expression of Δ19-27nt construct is reduced in 

comparison to full-length SepL in wild type EHEC background, the production 

of Δ19-27nt SepL-GFP is significantly higher than the expression of the full-

length SepL in ΔcesAB EHEC. This could be explained by the predicted 

change in sepL mRNA secondary structure resulting in no SL3 formation in 

Δ19-27nt SepL-GFP construct. The Δ19-27nt sepL mRNA conformation is 

predicted to be less obstructive around the RBS and thus is potentially more 

permissive to translation despite absence of the CesAB antagonism of Hfq-

mediated negative regulation. Alternatively apart from hindering the CesAB 

interaction the Δ19-27nt transcript conformation might also prohibit the Hfq 

binding, thus getting rid of the regulatory interplay. Additionally to the absence 

of Hfq-CesAB interplay on Δ19-27nt sepL mRNA, the misfolding of the Δ19-

27nt transcript could lead to disruption of sepL mRNA-CsrA interaction that 

was shown to positively regulate SepL expression. Thus resulting in reduced 

Δ19-27nt SepL expression as compared to the full-length SepL.  

Translational regulation of LEE by T3SS chaperons have been previously 

reported in multiple studies as described in subsection 3.1 of this thesis. 

However none of the studies have indicated direct binding of the chaperone to 

the regulated transcript. Up to my knowledge, the discovered CesAB-sepL 
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mRNA direct interaction is the first documented instance of binding between 

the T3SS chaperone and LEE transcript. 
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Chapter 5 Conclusions 

 

The T3SS is an essential factor for EHEC colonisation. 

Expression of the micro-injection machinery is tightly controlled and 

influenced by a multitude of environmental stimuli that notably revolves 

around activation or repression of the major transcriptional regulator 

Ler. However, results obtained during this project indicated that unlike 

the basal apparatus-encoding operons, the LEE4 operon which is 

composed of the genes encoding the translocon filament, pore-forming 

proteins and the gatekeeper SepL, is independent of direct Ler 

transcriptional control. This raises a question about why the production 

of the translocon-encoding transcript is independent to other 

components of the apparatus and which processes are orchestrating 

the evident regulation of LEE4 expression. 

High levels of LEE4 transcriptional activation were reported in 

this study, however the mRNA was shown to undergo rapid degradation 

under conditions prohibitive to T3SS formation. The high rate of LEE4 

transcript decay was shown to be specific to EHEC backgrounds as 

compared to a laboratory E. coli strain that exhibited high levels of 

detectable LEE4 mRNA with a slower rate of degradation.  

Previous work by Wang et al., 2018 established the importance 

of sepL mRNA conformation with regard to SepL production. This study 

confirmed the computationally predicted sepL transcript secondary 

structure through chemical probing and highlighted the ‘buried’ nature 

of the RBS and start codon which is likely to be inhibitory to translation. 

Wang et al., 2018 proposed that the transcript is under negative 

regulation by the RNA binding protein Hfq and positive control elicited 

by CsrA. A study by Tree et al., 2014 indicated two Hfq-binding sites 

around the occluded sepL mRNA region. This study indicated that the 

reported degradation of the folded transcript is mediated by Hfq (Figure 
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5.1a). CsrA was shown not to be involved in sepL mRNA maintenance 

but is a critical factor to enable translation activation of an ‘open form’ 

sepL mRNA. The fact the rapid LEE4 transcript decay does not take 

place in the laboratory E. coli background, which also expresses the 

Hfq, indicates the potential requirement for an EHEC-specific Hfq cargo, 

sRNA(s), for the observed degradation process.  

My research revealed the major role of the CesAB, the LEE1-

encoded chaperone of EspA and EspB, to enable translation of both 

SepL and the translocon proteins, EspADB. The primary novel finding 

is that the initial function of the CesAB chaperone is to positively 

regulate the actual production of its own protein cargo. This was shown 

to be through positive modulation of mRNA stability in opposition to Hfq-

mediated degradation. Protein-RNA interaction studies carried out for 

purposes of this project established the presence of a direct interaction 

between the sepL transcript and CesAB. Mechanistically, the binding of 

CesAB to sepL mRNA represses the degradation either through: (1) 

inhibition of Hfq activity; (2) stopping ribonuclease access to the 

transcript; (3) enhancement of ribosomal docking which protects the 

transcript from degradation (Figure 5.1b). Additionally, while there is 

some evidence from work in a non-background O157 that the presence 

of CesAB does trigger translational initiation, the main role for CesAB 

in in this process in E. coli O157 is to inhibit Hfq-mediated degradation. 

We propose that this is most likely through the CesAB-mediated change 

in sepL mRNA secondary structure that enhances ribosomal access 

and potentially the binding of other known positive regulators of SepL 

expression such as CsrA. This is supported by the results indicating that 

the sepL mRNA construct that is predicted to form an altered secondary 

structure around the defined Hfq-binding site is unresponsive to CesAB 

control.  

Once the LEE4-encoded proteins are made, CesAB can then 

interact with its protein cargo and assist in SepL-mediated effector 
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export. CesAB activity on the LEE4 transcript was shown to be diverted 

by the expression of LEE4-encoded EspA, thus producing a negative 

regulatory feedback loop. We hypothesise that the sepL mRNA that is 

again unoccupied by CesAB is then subject to the Hfq-Spot42 inhibition 

of translation proposed by Wang et al., 2018 followed by the Hfq-

mediated degradation identified in my work (Figure 5.1c).  

Taken together, there is a hierarchical regulation loop in which 

CesAB switches the LEE4 transcript from a translationally “OFF” state, 

normally prone to Hfq-mediated degradation, to an “ON” state 

permissive for production of SepL and the translocon proteins. 

Subsequent interaction between CesAB and its LEE4-encoded 

substrates returns the transcript to its “OFF” state (Figure 5.1). To our 

knowledge this is the first reported instance of a T3SS chaperone also 

regulating the expression of its subsequent protein substrates at the 

mRNA level.  
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a.                                          b.                                          c.                                            

 

Figure 5.1.  Model of CesAB-elicited positive control of sepL  mRNA maintenance. 

a.  sepL  transcript is produced in a translationally “OFF” state with an obstructed 

RBS that is prone to degradation by Hfq and as of yet un identified EHEC-specific 

factor. b.  In conditions favourable for T3SS, the LEE1 -encoded CesAB chaperone 

is produced and through a direct interaction with sepL  mRNA, alters the 

conformation of the transcript.  This achieves two things: (1) it switches the 

transcript to an “ON” state allowing for ribosomal/CsrA access; (2) It prevents 

Hfq access to the transcript stopping degradation. CesAB activity results in 

production of the SepL gatekeeper as well as other LEE4 -encoded proteins 

including translocon filament EspA. c.  Interaction between CesAB and its 

substrate EspA diverts  CesAB away from the sepL  transcript. This, along with 

Hfq-Spot42 repression of translation, returns the mRNA to the translationally 

“OFF” state that is again prone to Hfq -mediated degradation.  
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This duality can be a paradigm common to other chaperone 

proteins. The potential for chaperone-mediated regulation of their cargo 

production should be examined in order to fully untangle the complex 

hierarchical control of secretion system assembly. Additionally future 

studies directly related to this project should pursue the Hfq substrate 

involved in the EHEC background-specific degradation of the LEE4 

transcript, through methods such as an sRNA screen study. 

Furthermore the evolutionary driver behind why the expression of LEE4 

mRNA is independent to the other LEE transcripts should be 

investigated and the regulatory players behind it determined. It is 

possible that a transcriptional activator other than Ler controls the 

expression of LEE4 mRNA for purposes other than the T3SS, such as 

outer membrane vesicle transport (Kim et al., 2019; Yoon et al., 2011). 

This would also have to involve another nonT3SS translation activation 

factor that would oppose the Hfq-mediated degradation as CesAB 

would not be made if LEE1 is not expressed. Alternatively, the observed 

disconnect between transcription of LEE operons could related to tight 

control of the T3SS assembly timing. Binding affinity studies like those 

performed by Portaliou et al., 2017, could be applied throughout a T3SS 

expression time course to elaborate on this hypothesis. Additionally, it 

would be important to investigate if the sepL mRNA-CesAB interaction 

plays a role in localisation of the LEE4-encoded proteins to the basal 

apparatus. Imaging of the co-localisation of the substrates of interest 

with protein and RNA-imaging methods such as fluorescence-tag 

microscopy and MS2 system could be carried out (Dunn et al., 2011; 

Raj et al., 2008; Wang et al., 2008).  

The major take away from this study is that in order to fully 

understand the regulatory intricacies of a system, the potential steps in 

expression control between transcript production up to post-

translational modifications all need to be considered. A better 

understanding of the mechanisms orchestrating the assembly of 

complex bacterial machines, such as the T3SS, will broaden our 
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knowledge of pathogenesis, identifiy drugable targets and indicate new 

approaches to combating infection.  
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Chapter 6 Methods and Materials 

 

6.1 Bacteriology 

 

6.1.1  Bacterial strains, plasmids and culture conditions 

 

The bacterial strains and plasmids used in the study are described 

in Tables 6.1. and 6.2. respectively.  

Minimal essential media (MEM)-HEPES media (Sigma) 

supplemented with 250 nM Fe(NO3)2 and 0.1% glucose, was used 

throughout expression experiments. Luria-Bertani (LB) broth (Oxoid) 

was used to grow the inocula overnight. Antibiotics were included when 

required at the following concentrations: chloramphenicol (Cm) 15 

µg/ml (resuspended in ethanol), tetracycline (Tet) 25 µg/ml 

(resuspended in 50/50 ratio of ethanol to water), Ampicillin (Amp) 50 

µg/ml (resuspended in water), Rifampicin 100 mg/ml (resuspended in 

dimethylformamide). The cultures were incubated at 37 ºC at 200 rpm 

unless stated otherwise.  

The pre-inocula of desired bacterial backgrounds were prepared 

the day before the experiment. A loopful of each strain colony was taken 

from an agar plate in triplicate (unless stated otherwise) and was 

inoculated separately in 3 ml of enriched (MEM)-HEPES supplemented 

with IPTG and appropriate antibiotics where required. The pre-inocula 

were grown overnight at 37 ºC and 200 rpm shaking unless stated 

otherwise. Optical density (OD) of the pre-inocula was measured using 

the spectrophotometer.  

All strains were maintained on LB agar plates. The glycerol stocks 

of the cultures were made by inoculating a single colony into 5ml of LB 
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broth and grown overnight. 1 ml of the overnight cultures were then spun 

down and pellets were resuspended in a mixture of LB and 25 % final 

concentration of glycerol solution supplemented with appropriate 

antibiotics when required. The cultures were then stored at -80 ℃ 

indefinitely.  

 

 

Table 1. Bacterial strains used in the study.  
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Table 2. Plasmids used in the study.  
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Table 2 (continued). Plasmids used in the study.  
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6.1.2 Electrocompetent cell preparation and transformation 

 

Fresh 50ml of LB was inoculated with a grown pre-inoculum 

culture so that OD600  ~0.02. The mixture was then grown at 37 ºC (unless 

stated otherwise) and 200 rpm shaking until OD600 ~0.6. The culture was 

then subjected to centrifugation for 20 minutes at 4500 rpm and washed 

twice with ice-cold MilliQ water. The supernatant was discarded and 

pelleted cells were resuspended in 1ml of ice-cold MilliQ water. 50µl 

aliquots of the competent cells were kept on ice.  

Plasmid extraction was carried out using a QIAGEN® QIAprep 

Spin Miniprep kit or E.Z.N.A.® Plasmid DNA Mini Kit I, according to 

manufacturer instructions. 

50 µl of previously prepared competent cells were mixed with 2 µl 

of MilliQ-eluted plasmid or alternatively the ligation mixture. The mixture 

was incubated on ice for 30 minutes and then transferred into an ice-cold 

Bio-Rad 2 mm Gene Pulser®/Micropulser™ cuvette. Electroporation was 

performed at 12.5 kV/cm, 25 µF capacitance and 1000 Ω, using a Bio-

Rad GenePulserXcell electroporator. 1000 µl of LB liquid media was 

immediately added to the mixture. The bacteria were set to recover at 37 

ºC (unless stated otherwise) and 200 rpm for 1 hour. The mixture was 

then serially diluted in PBS (dilution series 10-1 to 10-8) and the aliquots 

were plated onto LB agar plates containing appropriate antibiotics. 
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6.1.3 Chemically competent cells preparation and 
transformation 

 

Plasmid extraction was carried out using a QIAGEN® QIAprep 

Spin Miniprep kit or E.Z.N.A.® Plasmid DNA Mini Kit I, according to 

manufacturer instructions.  

50 µl aliquots of NEB® 5-alpha Competent E. coli (High Efficiency) 

(New England Biolabs®) were thawed on ice and mixed with 2 µl of 

extracted plasmid or ligation mixture. The mixture was then incubated on 

ice for 30 minutes and then heat-treated in a 42 °C water bath for 45 

seconds. It was transferred to ice for 2 minutes. Subsequently 0.95 ml of 

preheated SOC medium (2 % w/v tryptone, 0.5 % w/v yeast extract, 10 

mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM 

glucose) or LB medium was added. The transformation mixture was then 

incubated at 37 °C for 1 hour with 200 rpm shaking. 150 µl of 

transformation mixture was plated on LB agar supplemented with 

antibiotics when appropriate and incubated at 37 °C overnight. 

Remaining transformation mixture was left at room temperature for a 

longer recovery time in case no transformants were obtained after initial 

plating. As a transformation control, pUC18 was used. 
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6.2 Molecular biology 

 

6.2.1 DNA amplification and detection  

 

DNA amplification was routinely performed by polymerase chain 

reaction (PCR). A loopful of a single colony was resuspended in 200 µl 

of MilliQ distilled water for each DNA sample to be tested. The samples 

were then incubated at 100 ºC for 13 minutes in a dry block. Incubated 

samples were thoroughly vortexed and subjected to centrifugation at 

13000 rpm for 2 minutes. The lysed supernatant of the samples were 

used as a DNA template for PCR reactions. Alternatively, purified 

plasmid DNA was used as a DNA template during production of 

constructs. Primers used for the conventional PCR reactions are listed in 

Table 6.3. 

Ready to use Taq 2X PCR mastermix (Biolabs) was used for 

PCR amplification. All of the primers used for the analysis are listed in 

Table 3. The volume of each of the reaction components was multiplied 

by the number of DNA samples to be analyzed plus the positive and 

negative controls. 22 µl of the mastermix aliquots were distributed into 

0.2 ml eppendorfs and 3 µl of previously prepared DNA template was 

added. The eppendorfs were placed in a PCR machine and the samples 

were processed under the following conditions: 1 cycle of 

denaturalization - 5 minutes at 95 ºC, 30 cycles of PCR - 

denaturalization for 30 seconds at 95 ºC, alignment for 30 seconds at 

50-58 ºC (depending on oligonucleotide melting temperature), 

elongation for 2 minutes at 72 ºC, 1 cycle of final elongation - 10 minutes 

at 72 ºC, hold at 4 ºC. 

The PCR products and 100 bp or 1 kb DNA ladder (Promega) 

were loaded on previously prepared 1.2 % agarose (BioTools) gel 

stained with SYBR® Safe DNA stain. The DNA was then separated by 
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gel electrophoresis at 100 V for 40-60 minutes, depending on the size 

of the gel. DNA bands were then visualised using ultraviolet light in the 

G:BOX image capture system (Syngene). 

 

Table 3. PCR primers used in the study.  
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Table 3(continued). PCR primers used in the study.  
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6.2.2 Construction of ΔcesAB mutants 

 

Construction of the cesAB deletion mutants in EHEC strains Sakai 

and 193 was carried out as described previously (Emmerson et al., 2003 

and Merlin et al., 2006.) using allelic exchange-based methodology. The 

deletion cassette was constructed using a two-step crossover PCR 

utilising cesAB flanking regions as described by Merlin et al., 2006. The 

cassette was cloned into a replacement vector pTOF25 (CmR, repAts, 

sacB), using SmaI-SmaII restriction enzymes (Thermo Scientific™). The 

chemically competent DH5α (laboratory strain) background was 

transformed with the exchange plasmid and the transformants recovered 

on LB-chloramphenicol agar plates at 30 °C. The tetracycline FRT 

cassette was cloned into the NotI restriction site in between fused PCR 

products and the integrants were obtained by transformation and 

selection on LB-chloramphenicol-tetracycline agar plates at 30 °C. The 

two target backgrounds (Sakai or 193) were then transfoemed with the 

exchange vector. The transformants were recovered at 30 °C and plated 

on LB-tetracycline-chloramphenicol plates. The overnight culture was 

grown from a single transformant colony in LB-tetracycline-

chloramphenicol at 30 °C. Primary recombinants were selected by plating 

on LB-chloramphenicol-tetracycline agar plates at 42°C. One primary 

recombinant (big colony) was repurified on the LB-tetracycline plate at 

42°C, and then cultured at 30°C in LB medium in order for the cointegrate 

to resolve utilising second homologous recombination. The secondary 

recombinants were selected by plating the serial dilutions of the overnight 

culture on LB-sucrose-tetracycline plates at 42 °C. The obtained colonies 

were tested by streaking on chloramphenicol and tetracycline LB agar 

plates. The tetracycline resistant and chloramphenicol sensitive colonies 

were then tested by PCR utilising primers for the tetracycline cassette 

and genes immediately upstream and downstream of cesAB. 
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6.2.3 Construction of LEE1 and cesAB clones 

 

NEBuilder® HiFi DNA Assembly Cloning Kit was used in order to 

clone a LEE1 operon (8306 bp) and cesAB (314 bp) into the pWSK29 

vector. cesAB was also cloned into a pACYC184 vector. Primers for 

insert amplification (LEE1clone_F, LEE1clone_R, cesABclone_F, 

cesABclone_R, cesABclone_F_pACYC, cesABclone_R_pACYC) were 

designed according to manufacturer instructions with BamHI and SmaI 

restriction sites and pWSK29/pACYC184 overlapping region. 

LongRange PCR KIT (QIAGEN) was used in order to amplify the insert. 

The PCR product of the right size was gel purified using QIAquick PCR 

Purification Kit (QIAGEN). pWSK29/pACYC184 plasmid was linearised 

using FastDigest enzymes BamHI and SmaI according to manufacturer’s 

instructions (Thermo Scientific™). The assembly reaction was set up with 

NEBuilder HiFi DNA Assembly Cloning Kit reagents according to 

manufacturer’s instructions. The electrocompetent DH5α background 

were then transformed with the reaction product and transformants 

selected on LB ampicillin plates. The transformants carrying 

pWSK29/pACYC184 plasmid with an insert were selected by restriction 

digestion screening and PCR screens. 
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6.3 Assessment of promoter activity and RNA 
detection 

 

6.3.1 Beta-galactosidase assay  

 

Transcriptional activity of LEE4 operon was assessed using the 

lacZ transcriptional fusion (LEE4::lacZ) expressed from the IPTG 

inducible pRS551-SL vector and was constructed by Sean McAteer. 

50ml of enriched (MEM)-HEPES media with appropriate antibiotics and 

IPTG as required were inoculated with the prepared pre-inoculum culture 

so that OD600  ~0.02. The mixture was then cultured at 37 ºC and 200 rpm 

shaking until OD600 ~0.6. The negative control was that of IPTG 

uninduced cultures. The volume of the cell culture tested was optimised 

so that the OD420 after completion of the reaction was between 0.6 and 

0.9. The culture was subjected to centrifugation at 10,000 rpm for 1 

minute and the pellet suspended in the Z-buffer (0.1 M NaPO4 pH7, 0.01 

M KCl, 0.001 M MgSO4, 0.05 M β-mercaptoethanol, 0.005 % SDS and 

50 ml of distilled water) up to 1 ml total volume and 0.1 ml of chloroform. 

1 ml of Z-buffer was used as a blank for the OD measurements. The 

samples were placed on ice and 0.2 ml of o-nitrophenyl-β-D-galactoside 

(ONPG; 4 mg/ml) was added. The samples were transferred to a 28 ºC 

water bath. The timer was started and the reaction was stopped with 

0.5ml of 1M Na2CO3 after sufficient yellow colour has developed. The 

time the reaction was completed was noted. The OD420, OD550 and OD600 

were recorded for each sample. The units of activity (Miller units) 

representative of the transcriptional activity were calculated using the 

following equation: 100x [(OD420 – 1.75 x OD550)]/(time in minutes x 

volume in ml x OD600). 
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6.3.2 Reverse-transcriptase quantitative PCR (RT-qPCR) 

 

In order to detect or quantify the specific bacterial RNAs, 

reverse-transcriptase quantitative PCR (RT qPCR) was performed. 

RNaseZap™ RNase Decontamination Solution (Thermo Fisher 

Scientific) was used to decontaminate bench and equipment throughout 

all RNA-involving experiments. The bacterial cultures were prepared by 

inoculation of fresh enriched (MEM)-HEPES media supplemented with 

IPTG and appropriate antibiotics with pre-inocula of desired bacterial 

backgrounds so that OD600 ~0.02 and grown until OD600~0.6. 

For assessing the rate of RNA decay, rifampicin was utilised to 

inhibit RNA synthesis (Mosaei et al., 2020). Once the cultures reached 

OD600~0.6, rifampicin (final concentration of 100 µg/ml) was added to 

the culture and incubated for a further 10 minutes with samples being 

taken after a minute, two minutes and 10 minutes. The specific time-

point samples were immediately processed as described below.  

1 ml of the cultures were subjected to centrifugation at 10,000 

rpm for 1 minute, the supernatants discarded and the pellets 

resuspended in 100 µl nuclease-free water. In order to preserve the 

RNA, 200 µl of RNAprotect Bacteria Reagent was added to the 

samples. The mixture was vortexed for 5 seconds and incubated at 

room temperature for 5 minutes. The samples were then subjected to 

centrifugation for 10 minutes at 5000 g. The pellets were decanted and 

kept on ice for further processing or stored at -80 °C if not used on the 

same day.  
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6.3.2.1  Column RNA extraction  

 

RNA extractions of the crude cell extracts were carried out using 

RNeasy Mini kit (QIAGEN) unless specified otherwise. TE buffer (10 

mM Tris-Cl, 1 mM EDTA, pH 8.0) containing 50 mg/ml lysozyme was 

prepared fresh for lysis of the RNAprotect-treated bacterial pellets. The 

samples were resuspended in 100 µl of TE-lysozyme buffer, mixed by 

vortexing for 10 seconds and incubated at room temperature for 5 

minutes on a shaker. 350 µl of manufacturer supplied RLT buffer was 

added to each sample and the mixture was vortexed vigorously. 250 µl 

of ethanol was then added and the samples were mixed by pipetting. 

The column extraction was performed as instructed by the 

manufacturer. The final elution was in 30-50 µl of MiliQ distilled water. 

The yield and quality of the extracted RNA was measured by Nanodrop. 

The samples were kept on ice for further processing or frozen down at 

-80 °C if not used on the same day. 

 

6.3.2.2  DNAse treatment 

 

The obtained RNA samples were treated with DNase in order to 

ensure no DNA contamination. The DNase treatment was performed 

using TURBO DNA-free™ kit (Thermo Fisher Scientific) according to 

manufacturer’s specifications.  

Briefly the RNA samples were standardised by dilution in RNAse 

and Nuclease free water so that 2 µg of RNA (as measured by 

Nanodrop) was added to each 50 µl reaction. 5 µl of manufacturer 

supplied buffer and 1 µl of DNase were added to the RNA samples and 

the mixtures were incubated in a 37 °C water bater bath for 30 minutes. 

The reaction was stopped by addition of 5 µl of DNase inactivation 
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reagent supplied by the manufacturer and incubation at room 

temperature for 5 minutes. The samples were subjected to 

centrifugation at 2000g for 5 minutes. The cleaned-up RNA-containing 

supernatant was transferred to a new Eppendorf tube. The success of 

the reaction was determined by PCR of the samples and gel 

electrophoresis. No DNA amplification was indicative of no DNA 

contamination. RNA quantity after the DNAse treatment was 

determined by Nanodrop measurement. 

  

6.3.2.3  Synthesis of complementary DNA (cDNA) 

 

The DNase treated RNA samples were then subject to first 

strand complementary DNA (cDNA) synthesis using random primers 

performed using the iScript™ cDNA Synthesis Kit (Bio-Rad). The RNA 

template concentration was standardised to 500 ng. All incubation steps 

were performed in the thermocycler. Reactions containing 4 µl 5x iScript 

reaction mix, 1 µl iScript reverse transcriptase and 500ng of RNA were 

made up to 20 µl total volume. The samples were incubated for 5 

minutes at 25 °C, 20 minute at 46 °C and 1 minute at 95 °C. The 20 µl 

reactions were then diluted in 150 µl of nuclease-free distilled water. 

The obtained cDNAs were kept on ice or frozen at -20 °C until ready to 

use.  

 

6.3.2.4  Quantitative PCR 

 

Quantitative PCR was performed on three biological replicates of 

the samples with two or more technical replicates for each of the genes 

being analysed. Two water controls and three no template controls were 

included for contamination check.  
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Gene-specific oligonucleotides were designed using NCBI-Primer 

BLAST and were tested for specificity with conventional PCR using 

genomic EHEC DNA prior to the qPCR analysis (Table 6.4). 

Serial dilutions (10-1 to 10-6) of EHEC genomic DNA of known 

quantity gifted by Dr. Stephen Fitzgerald were used to produce an 

internal calibration curve. The internal calibration curve was used to 

assign standardised arbitrary quantity of the nucleic acid present in each 

of the tested samples (Fitzgerald S., 2012). Duplicates of qPCR reaction 

mixes with each serial dilution were loaded onto the 96-well plate for each 

of the gene tested. 

qPCR was performed using SYBR ® GREEN (Bio-Rad) qPCR 

supermix according to manufacturer’s specifications. 10 µl of the reaction 

mix, 8 µl of cDNA template and 0.4 µl of forward and reverse primers 

(final concentration 200nM) were diluted with MiliQ distilled water up to a 

final volume of 20 µl. The reaction set up was as follows: 105 °C hot start, 

95 °C for 5 minutes followed by 40 cycles of 95 °C for 10 seconds, 60 °C 

for 1 minute. This was performed in the CFX96™ Real-Time System 

(Bio-Rad). 

Bio-Rad CFX Manager software was used to analyse the data. 

Dissociation curves were checked whenever a new primer was used to 

ensure a single product was generated. The efficiency value was 

ensured to be between 90%-105%.  
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Table 4. qPCR primers used in the study.  
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6.4 Protein detection 

 

6.4.1 Measurement of GFP fluorescence 

 

The expression of translational protein-GFP fusions previously 

constructed in the laboratory was measured in order to compare levels 

of transcript production and translation in different bacterial backgrounds. 

Pre-inocula of strains transformed with desired GFP fusions were 

prepared the day before the experiment, along with pre-inocula of the 

control strain transformed with empty vector utilised in the formation of 

the fusion. Fresh enriched (MEM)-HEPES medium supplemented with 

IPTG and appropriate antibiotics was inoculated with grown pre-inocula 

so that OD600 ~0.02. Inocula were grown until OD600 ~0.6. 400 µl of inocula 

were placed into wells in a Thermo Scientific™ 96-well black plate. Each 

sample was added in triplicate. A POLARstar® Omega microplate reader 

spectrophotometer was used to measure sample fluorescence. The 

background fluorescence measurement (empty vector samples) was 

subtracted from the readings in order to standardise the data.  

 

6.4.2 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

 

SDS-PAGE was performed to separate proteins prior to 

visualisation by Coomassie staining or immunostaining. 

The cultures were grown under conditions specified in section 6.1. 

The cells were harvested by centrifugation at 4,000 rpm at 4°C for 20 min 

with two ice-cold PBS washing steps. The crude cell pellets were lysed 

by resuspension in 200 µl of Laemmli buffer (100 mM Tris pH 6.8, 4% 

w/v SDS, 0.2% w/v Bromophenol blue, 20% v/v glycerol and 2%  β-
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mercaptoethanol) (Sigma). The samples were boiled at 99 ˚C for 10 

minutes. If the samples were not used immediately they were frozen at -

20 ˚C and then thawed and boiled again before loading onto a gel. The 

gels used were pre-cast Mini-Protean TGX gels (Bio-Rad). 10-15 µl of 

the boiled samples were loaded onto the gel alongside Page Ruler™ 

(Fermentas) protein ladder. The proteins were separated by 

electrophoresis at 90 V for 90 minutes. The running buffer consisted of 

25 mM Tris base, 192 mM glycine and w/v=0.1% SDS.  

 

6.4.3 Coomassie blue staining 

 

The protein gels were covered in 10-15 ml Coomassie Brilliant 

Blue G-250 (Bio-Rad) and incubated overnight on a 2D rocker. The gels 

were washed with water at 15-minute intervals until protein bands were 

clearly discernible.  

 

6.4.4 Western blotting  

 

All of the antibodies used for the western analysis are described 

in Table 6.5. The proteins were transferred from the protein gel to a 

nitrocellulose membrane. Transfer buffer consisted of 25 mM Tris,192 

mM glycine and 20% v/v methanol.  

After the transfer the nitrocellulose membrane was incubated in a 

blocking buffer composed of 5% w/v non-fat milk in PBS on a 2D rocker 

for 15 min at room temperature and transferred to stationary incubation 

at 4 ˚C overnight. After the blocking step the membrane was washed for 

15 minutes in PBS two times. The primary antibody was diluted in the 5% 

w/v non-fat milk PBS solution and the membrane was incubated in the 
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antibody solution for a minimum of 1 hour at room temperature or 

overnight at 4 ̊ C on the 2D rocker. The membrane was then washed with 

PBS for 15 min, the wash was repeated 4 times. The species specific 

HRP-labelled secondary antibody was diluted in the 5% w/v non-fat milk 

PBS solution and the membrane incubated in the solution for 1 hour at 

room temperature or at 4 ˚C overnight. The membrane was then washed 

with PBS for 15 min, the wash was repeated 4 times.  

The immunostained proteins were visualised by 

chemiluminescence imaging. This is based on addition of enhanced 

chemiluminescence (ECL) solutions. The stocks of ECL solutions were 

made as follows, the ECL 1 was composed of 1 ml luminol, 440 µl 

coumaric acid solution and 10 ml 1M Tris-HCl at pH 8.5 diluted in distilled 

water to 100 ml final volume and ECL2 was composed of 64 µl hydrogen 

peroxide, 10 ml 1M Tris-HCl at pH 8.5 diluted in distilled water to 100 ml 

final volume. The membranes were flooded with equal volumes of ECL1 

and ECL2 solutions and incubated for 5 min on a 2D rocker. The light 

emitted from the reaction, indicative of the immunostained protein was 

captured on X-ray film in a dark room.  

 

 

 

Table 5. Antibodies used in the study.  
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6.5 CesAB-sepL mRNA interactions 

 

6.5.1 Construction of 6xHis-tagged CesAB 

 

Originally the site directed mutagenesis (SDM) introducing a 

6xHis-tag to the N-terminus and C-terminus was planned to be 

performed on the previously produced pWSKcesAB construct. This was 

unsuccessful and a T4 ligase-based cloning of the synthetically 

produced (Integrated DNA Technologies) cesAB sequences flanked 

with 6xHis-tag at 5’ or 3’-end into a pWSK29 expression vector was 

performed and yielded the pWSKcesAB-6xHis-N and pWSKcesAB-

6xHis-C CesAB-6xHis expression constructs. 

 

6.5.1.1 Site directed mutagenesis (SDM) 

 

Site directed mutagenesis was performed using Q5® Site-

directed mutagenesis kit according to manufacturer’s instructions.  

Primers cesAB-6xHIS-N_SDM_F, cesAB-6xHIS-N_SDM_R, 

cesAB-6xHIS-C_SDM_F and cesAB-6xHIS-N_SDM_R were used to 

introduce the 6xHis-tag insert into the pWSKcesAB construct and were 

designed using the NEBaseChanger tool recommended by the 

manufacturer. The 6xHis-tag sequence was split between the forward 

and the reverse primers for the long fragment insertion methodology. 

The Q5 polymerase amplification step (conditions described in section 

6.2.1) yielded the correct size products (5766 bp) that were gel purified 

using QIAquick PCR Purification Kit (QIAGEN). The obtained linear 

fragments were subsequently treated by the manufacturer provided 

KLD mix comprised of kinase, ligase and DpnI to remove the DpnI 

susceptible dam methylated parental DNA and circularise the plasmid 
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carrying the desired cesAB-6xHis sequence (Weinder et al., 1994). The 

chemically competent DH5α E. coli cloning background was 

transformed with the obtained pWSKcesAB-6xHis-N_SDM and 

pWSKcesAB-6xHis-C_SDM constructs and the transformants selected 

on ampicillin LB plates (as described in section 6.1.3). The colonies 

were checked for the carriage of the pWSKcesAB-6xHis-N_SDM and 

pWSKcesAB-6xHis-C_SDM constructs with PCR analysis using cesAB 

specific primers and sequenced (as described in section 6.2.1). The 

expression of the CesAB-6xHis was assessed by Western blot analysis 

of crude cell extracts using anti-His antibody (Biolegend) (as described 

in section 6.4.4). 

 

6.5.1.2 Cloning of synthetic cesAB-6xHis fragments into pWSK29 

 

 cesAB sequence flanked by 6xHis sequence at either the 5’ or 

3’-end of the sequence and with the BamHI and SmaI restriction sites 

was synthesised by Integrated DNA Technologies. BamHI and SmaI 

restriction enzyme digestion using the Thermo Scientific™ FastDigest 

enzymes was performed according to the manufacturer’s specifications 

for the synthesised insert sequences and the pWSK29 expression 

vector in order to produce compatible overhanging (sticky) ends. The 

cut pWSK29 was run on an agarose gel and both the cut vector and the 

inserts were purified using the QIAquick PCR Purification Kit. The 

obtained products were ligated using New England BioLabs® T4 ligase 

and T4 DNA ligase buffer according to manufacturer’s instructions. The 

DH5α E. coli cloning background was transformed with the ligation 

mixture (as described in section 6.1.3). The expression of the CesAB-

6xHis was assessed by Western blot analysis of crude cell extracts 

using anti-His antibody (Biolegend) (as described in section 6.4.4).  
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6.5.2 CesAB crosslinking  

 

The electro-competent E. coli O157 ZAP193 were transformed 

with the pWSKcesAB-6xHis-N and pWSKcesAB-6xHis-C constructs 

as well as the negative control (untagged pWSKcesAB) (as described 

in section 6.1.2). 200 ml of 0.1% glucose and 250 nM Fe(NO3)3  

supplemented (MEM)-HEPES media with ampicillin were inoculated 

with pWSKcesAB-6xHis-N ZAP193 cultures and were grown under 

IPTG induction until OD600~0.6. The cultures were then chemically or 

UV crosslinked as described below.  

 

6.5.2.1 Chemical crosslinking 

 

5.42 ml of 37% formaldehyde was added to the 200 ml culture 

prepared as above. The culture was agitated for 30 min at 100 rpm. The 

reaction was stopped by addition of 13.7 ml of ice-cold 2M glycine. The 

crosslinked cells were harvested by centrifugation at 4,000 rpm at 4°C 

for 20 min with two ice-cold PBS washing steps and frozen at -20°C.  

 

6.5.2.2 UV crosslinking 

 

As recommended by Tree et al., 2018 the 200ml culture was 

exposed to 1800 mJ cm−2 of UV-C (254 nm) using the UV Stratalinker 

1800 (Stratagene). The crosslinked cells were harvested by 

centrifugation at 4,000 rpm at 4°C for 20 minutes with two ice-cold PBS 

washing steps and frozen at -20°C.  
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6.5.3 Protein purification and detection 

 

His-tagged protein purification was performed by resin column 

purification under denaturing conditions using the QIAExpress® Ni-NTA 

Fast Start kit according to the manufacturer’s instructions. Protein 

fractions were collected at the initial lysate flow through, each with two 

wash and the elution steps. The proteins in the collected fractions were 

separated by SDS-PAGE and visualised by Coomassie Blue staining 

and western blotting analysis using anti-His antibody was performed to 

confirm the presence of His-tagged CesAB in the obtained fractions (as 

described in section 6.4). 

 

6.5.4 Reverse-crosslinking and proteinase K treatment 

 

In order to recover the CesAB-crosslinked RNA the chosen protein 

fractions were subsequently treated with 10 mg/ml proteinase K at 45 ˚C 

overnight. Additionally, the formaldehyde crosslinked samples were 

reverse-crosslinked by incubation with 0.3 M (final concentration) NaCl 

at 65 ˚C for 6 hours prior to the proteinase K treatment.  

 

6.5.5 Phase separation RNA extraction 

 

The phase separation using TRIzol reagent (Invitrogen) was 

performed to extract the total RNA. The procedure was performed on ice. 

650 µl of TRIzol reagent was added to the samples that were vortexed 

for 3 minutes with 50 µl glass beads. The samples were then incubated 

at 65°C for 10 minutes and placed on ice for 10 minutes. 300 µl of 

chloroform/isoamyl alcohol (IAA) was added to the suspension and 80 µl 
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of 100 mM NaOAc pH5.2 added. Samples were vortexed and subjected 

to centrifugation for 5 minutes at 14000 rpm. The upper phase was added 

to 500 µl phenol:chloroform:IAA and spun for 2 minutes at 14000 rpm. 

The upper phase was removed and added to 500 µl of chloroform:IAA. It 

was phase separated for 2 minutes at 14000 rpm and the upper phase 

was removed and added to 1 ml ethanol and 20 µg glycogen. RNA was 

precipitated overnight at -20°C. It was then pelleted following 

centrifugation for 30 minutes at 14000 rpm at 4°C and the ethanol 

removed. Pellets were washed with 70% ethanol, air-dried and 

resuspended in 50 µl MilliQ water. The quantity and quality of the 

obtained RNA was measured by Nanodrop.  

 

6.5.6 sepL mRNA detection 

 

The RNA samples obtained from the crosslinking experiments 

were DNAse treated using the TURBO DNA-free™ kit (Thermo Fisher 

Scientific) and cDNAs for the samples were generated using the iScript™ 

cDNA Synthesis kit (Bio-Rad) as described in section 6.3. In order to 

determine the presence of sepL mRNA in the crosslinked samples, 

quantitative PCR was performed on the cDNA samples using sepL 

specific primers as described in section 6.3. Additionally, the samples 

were probed for presence of rpoA mRNA using rpoA specific primers. 

This served as a negative control to ensure only crosslinked RNAs were 

being detected. 
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6.6 mRNA structure probing 

 

Selective 2-hydroxyl acylation by primer extension (SHAPE) 

methodology was utilised in order to map the sepL mRNA secondary 

structure. The protocol was adapted from that described by Mortimer et 

al., 2012. 

 

6.6.1 in vivo NAI modification and RNA extraction 

 

Modification of EHEC in vivo was carried out using SHAPE 

chemical NAI produced by Scott Cockroft's group using published 

protocols. Overnight culture of Sakai was set up at 37 °C. 1:100 dilution 

of the overnight culture was grown until OD600= 0.6 at 37 °C. NAI was 

added to the 5 ml aliquots of the inoculum to the desired final 

concentration (25 mM, 50 mM, 100 mM). The mixture was then 

incubated for 10 minutes at 37 °C with shaking. It was then subjected 

to centrifugation for 5 minutes at 4000 rpm at 4 °C, the supernatant 

removed and the pellet flash-frozen in liquid nitrogen and stored at -80 

°C or on ice if used immediately. The RNA extraction was performed as 

described in section 6.5.5 with the only difference being the use of GTC 

Phenol instead of TRIzol.  

 

6.6.2 Oligonucleotide labelling 

 

100µl of 10µM oligonucleotide (Table) solutions were spun 

through Illustra ProbeQuant G-50 Micro Column for 4 minutes at 3.4rpm 

in order to desalt the oligonucleotide. The labelling reaction of 2µl 10x 

PNK buffer, 2µl 100mM DTT, 5µl 10 µM  oligonucleotide, 1µl PNK 
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enzyme, 3µl  32P-gamma ATP and 7µl MiliQ water was incubated at 37°C 

for 1 hour. The reaction was diluted with 50µl MiliQ water and spun 

through ProbeQuant G-50 column. The oligonucleotides were stored on 

ice or at -20°C in the dedicated radiation laboratory. 

 

6.6.3 Sequencing ladder production 

 

Template plasmid was extracted using QIAGEM® QIAprep Spin 

Miniprep kit according to manufacturer instructions. Minimum of 5µg of 

DNA plasmid was mixed with 10 µl 2M NaOH and 10 µl 2 mM EDTA 

and diluted up to 100 µl with MiliQ water. The mixture was incubated for 

30 minutes at 37 °C. 1/10 V 3 M NaAc pH 5.2 and 20 µg of glycogen 

were added and the mixture was then EtOH precipitated overnight at -

20°C. The pellet was resuspended in 35 µl of MiliQ water. The 

annealing reaction composed of 7 µl of DNA, 1 µl of labelled 

oligonucleotide and 2 µl 5x Sequanase buffer was incubated for 10 

minutes at 65°C and then cooled down to 10°C in a thermoblock. The 

labelling mix was made by adding 1µl 100 mM DTT, 2µl commercial 

labelling mix and 2µl diluted Sequenase to the annealing mix. 2.5µl of 

each dideoxynucleotide was preheated at 37°C for 3-5 minutes and 

3.5µl of the labelling mix was added to each dideoxynucleotide. The 

mixtures were incubated for 5-10 minutes at 37°C. 4µl of stop solution 

was added to each mixture. The dideoxynucleotide mixes were stored 

on ice or at -20°C in radiation laboratory.  
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6.6.4 Primer extension and PAGE electrophoresis 

 

1.75µl of minimum 10µg RNA and 1µl of labelled oligonucleotide 

were incubated for 3 minutes at 85°C and put on ice for 3-5 minutes. 

0.5 µl 5 mM dNTP, 1 µl 5x RT buffer, 0.25 µl 100 mM DTT, 0.25 µl 

RNasin, 0.25µl Super Script III were mixed and added to 

RNA/oligonucleotide solution and incubated for 50 minutes at 50 °C. 0.5 

µl of ExoI and 0.5 µl of RNAseIf were added to the reaction and 

incubated for 20-30 minutes at 37 °C. 5 µl of FA loading dye was added 

to the reaction. The reaction was denatured for 2 minutes at 95 °C along 

dideoxynucleotide ladder prepared previously and snap chilled on ice. 

8 % PPA-Urea gel was prepared by adding 250 µl 10 % APS and 25 µl 

TEMED to 45 ml of 8 % PPA-Urea. The primer extension reaction was 

loaded on the sequencing gel and the samples were run at 25 W.  
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6.7 Software 

 

GraphPad Prism 9.0 was used to perform all statistical analysis. 

The main analysis involved two-tailed, two-sample unequal variance t-

test for which p values less then 0.05 were considered significant.  

ApE software was used to design the oligonucleotides unless 

stated otherwise.  

GraphPad Prism 9.0 and BioRender tools were used for 

generation of most of the figures.  

PSOPIA protein-protein binding software was used to predict 

probability of Hfq-CesAB (Murakami et al., 2014). RNA-protein binding 

prediction software RPISeq (Mupiralla et al., 2011), was used to 

computationally assess the probability of CesAB-sepL mRNA 

interaction.  

Predictions of sepL mRNA secondary structures were generated 

using RNAFold software.  
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