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Abstract 

Enteropathogenic Escherichia coli (EPEC) is a diarrheagenic pathogen belonging 

to the Enterobacteriaceae and considered to be a leading cause of acute 

infantile diarrhoea in developing nations. During onset of infection, EPEC inject 

a variety of effector proteins into the host epithelial cells using the type III 

secretion system (T3SS). These effectors are encoded within the pathogenicity 

island (PAI) called the locus of enterocyte effacement (LEE). EPEC also secretes 

the non-LEE encoded serine protease EspC (EPEC secreted protein C) into the 

extracellular milieu. This autotransporter (AT) exits EPEC through a type V 

secretion system (T5SS) and is subsequently delivered into host cells by the 

T3SS. The precise steps by which EspC is secreted are still unknown. By using 

both traditional and advanced optical microscopes, it is shown here that EspC 

tagged with two different fluorescent labels locates to a structure that 

resembles the spiral bacterial cytoskeleton when it has its β-barrel domain 

attached. It was discounted that the spiral formation was an artefact of 

aggregation. Moreover, production of another AT (AaaA, derived from 

Pseudomonas aeruginosa) also generated spiral structures that resemble the 

ones observed with EspC. Perturbing the structure of the bacterial cytoskeleton 

actin homologue MreB with the S-(3,4-dichlorobenzyl) isothiourea compound 

(A22) disrupted the localization of EspC-mCherry. Furthermore, producing 

EspC-mCherry in an E. coli SecA mutant generated altered localization patterns. 

Collectively, these results indicate that the spiral localization of EspC is 

dependent upon its C-terminal β-barrel domain, the Sec translocon and the 

actin homologue MreB and this spiral secretion pathway seems to be conserved 

among ATs. Further analysis is required to reveal the molecular mechanism 

underlying spiral formation to unravel the mystery of AT secretion, thereby 

enabling the development of new therapeutic targets and treatments.     
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1.1 The commensal Escherichia coli (E. coli): the relationship 

that turned upside down! 

E. coli is a rod-shaped, Gram-negative bacterium discovered in 1885 

(1). The genus Escherichia is a division of gamma Proteobacteria 

belonging to the family Enterobacteriaceae. It is a facultative anaerobic 

commensal colonising the gastrointestinal tract in warm-blooded 

organisms thereby forming part of the normal flora of the host gut (2). 

However, because the E. coli genome is highly dynamic, acquisition of 

virulence genes as pathogenicity islands (PAI), prophages and/or 

plasmids by horizontal gene transfer from pathogenic strains promotes 

strain diversification and establishment of many potential pathogens of 

humans and animals (3,4). 

In humans, pathogenic E. coli strains cause diarrheagenic (enteric) or 

extra-intestinal infections. The extraintestinal pathogenic E. coli (ExPEC) 

strains involved in the extraintestinal disease include sepsis-associated 

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

coli (UPEC) (5,6). The diarrheagenic E. coli have been classified into 

eight categories of pathotypes based on their mechanisms of 

pathogenicity; enteropathogenic E. coli (EPEC), enteroaggregative E. coli 

(EAEC), enterotoxigenic E. coli (ETEC), enterohemorrhagic E. coli 

(EHEC), enteroinvasive E. coli (EIEC), diffuse adherent E. coli (DAEC), 

adherent invasive E. coli (AIEC) and the Shiga Toxin (Stx) producing 

enteroaggregative E. coli (STEAEC) (2,5,7,8). 
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1.2 History of EPEC disease 

EPEC was the first pathovar of E. coli to be associated with diarrhoeal 

illnesses (4). In the 17th century, infantile summer diarrhoea disease 

was very serious. Very high mortality rates were recorded that 

decimated the nonbreast-fed infant population due to a contaminated 

supply of cow’s milk (9,10). Summer diarrhoea (also termed cholera 

infanturn) persisted for decades in Europe and the USA. The diarrhoea 

was characterized by severe gastroenteritis followed by death within 

hours. In the period between 1667 and 1720, the disease killed around 

328,231 infants in London, which is more than 6000 deaths per year 

(9). In the 1940s, John Bary, first established the association of 

Bacterium coli or, as it is now known, E. coli, with infantile summer 

diarrhoea. Subsequently, the term EPEC was used to describe the 

causative strains of infantile diarrhoea (7,9). 

It was believed that EPEC strains responsible for infantile diarrhoea 

belong to a limited set of O serogroups. However, a particular O:H 

serotype was found associated with virulence (9). In the 1990s, these 

EPEC strains were classified based on the absence or presence of the 

EPEC adherence factor (EAF) plasmid into atypical EPEC (aEPEC) and 

typical EPEC (tEPEC) respectively (11). Furthermore, to determine how 

tEPEC evolved, tEPEC strains were further classified into four different 

lineages designated EPEC1 to EPEC4 (12). Despite tEPEC having been 

considered as the main cause of acute infantile diarrhoea in developing 

countries for many years, aEPEC were found to be more prevalent than 

tEPEC in both developing and developed countries (13). 



 

4 
  

1.2.1 EPEC O127:H6 strain E2348/69 

Doubts about the pathogenicity of EPEC strains were increased in the 

1960s and 1970s due to their inability to secrete diffusible toxins or to 

invade host epithelial cells (4,14). However, in the late 1970s, a study 

conducted by Levine and her colleagues showed that feeding EPEC strain 

E2348/69 (serotype O127:H6 isolated from the outbreak of infantile 

diarrhoea in Taunton, UK in 1969) to adult volunteers caused diarrhoea 

indicating that E2348/69 pathogenesis may be independent of 

enterotoxins (4,15). Since this experiment, E2348/69 became the 

prototype strain used worldwide to study EPEC pathogenicity and 

genetics (4). E2348/69 is a tEPEC strain belonging to EPEC lineage 1 

and to the B2 phylogroup that encompasses very simple T3SS and small 

effector repertoire making them a potential to fully dissect the whole 

virulence strategy of diarrheagenic pathogens in the genomic context 

(4).  

1.2.2 The attaching and effacing (A/E) lesion: a hallmark of 

EPEC infection 

During the onset of infection, EPEC colonise the small bowel and cause 

the formation of a characteristic histo-pathological feature on host 

intestinal epithelial cells termed attaching and effacing (A/E) lesions 

(Fig. 1.1) (16,17). A/E lesions are manifested by loss of microvilli, 

marked cytoskeletal changes and development of a cuplike pedestal 

underneath the intimately attached bacteria due to the induction of actin 

polymerisation (18-20). All the necessary genes required for the 
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formation A/E lesions are found encoded within a 35.6 kilobase (kb) PAI 

termed the locus of enterocyte effacement (LEE) (21,22). The ability to 

cause A/E lesions is dependent on the LEE as McDaniel et al., 1997 

found that cloning the LEE of EPEC strain E2348/69 into an avirulent E. 

coli strain conferred the recipient strain with the ability to cause 

infection and form A/E lesions (23). Other members of closely related 

pathogens were also shown to encode LEE and cause A/E lesions 

including enterohaemorrhagic E. coli (EHEC) and the animal pathogens 

such as Citrobacter rodentium (which infects mice) and rabbit EPEC 

(REPEC) (16). Interestingly, the LEE has a GC content of 38.4% which is 

considerably lower than that of the commensal E. coli chromosome 

(50.8%), suggesting that the LEE region was originally acquired by 

horizontal gene transfer from another A/E pathogenic species 

(16,17,24). Indeed, the evolution of EPEC seems to be a dynamic 

process requiring repeated acquisition of the LEE PAI and transmission 

of the plasmid, pEAF (12).  
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Figure 1.1: Electron microscopy image of the hallmark 
A/E lesion of EPEC infection in intestinal epithelial tissue. 

A/E lesions are characterized by disruption of intestinal 
cytoskeleton, membrane vesiculation, loss of absorptive 
microvilli and formation of a cuplike pedestal for intimate 
bacterial adhesion at the cell membrane. This figure was taken 
from Frankel et al., 1998 (17).  
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1.2.3 EPEC effector proteins and virulence factors: the 

attacking weapons! 

To cause A/E lesions, EPEC needs to secrete effector molecules and 

deliver them into host epithelial cells. This is achieved using a type III 

secretion system (T3SS) which is encoded by LEE genes (17,25,26). 

Within this genetic locus there are genes encoding; (i) T3SS machinery 

Sep (secretion of E. coli proteins) and Esc (E. coli secretion) components 

(25), (ii) EPEC-secreted proteins (Esp) such as the translocators EspA 

(27), EspD (28) and EspB (29), (iii) a variety of effector proteins, for 

example, EspF (30), EspG (31) and Map (32), (vi) chaperones such as 

Ces (chaperone for E. coli secreted proteins), (v) regulatory proteins, 

and (vi) an the intimin protein and its translocated intimin receptor (Tir) 

(11,24,33). In addition, EPEC delivers another 110 kDa protein to host 

cells which is not encoded within the LEE island. This EPEC-secreted 

protein C (EspC) is secreted into the extracellular milieu via the type V 

secretion system (T5SS) and then delivered into target host cell by the 

T3SS translocon (34,35). Interestingly, this protein is encoded by a 

second unique pathogenicity island called espC PAI (26,35,36). Other 

non-LEE encoded effector (nle) genes are also found in EPEC E2348/69 

clustered in numerous pathogenicity islands which have been shown to 

have a role in virulence (4,37). 

LEE contains 41 open reading frames (ORFs) arranged in at least five 

polycistronic operons (LEE1 to LEE5) as well as other shorter 

transcriptional units. (Fig. 1.2) (25,33,38). Briefly, LEE1, LEE2 and LEE3 

operons encode T3SS components as well as a global regulator called 
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Figure 1.2: Schematic representation of important virulence genes and their 
organization within EPEC strain E2348/69. The chromosomally located LEE PAI that is 
arranged in at least five polycistronic operons (LEE1 to LEE5) plus other shorter transcriptional 
units. The 41 genes with the most known functions are specified with the colour code shown 
above the LEE. This figure was taken from Ruano-Gallego et al., 2015 (38). 
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LEE-encoded regulator (Ler). The fourth operon (LEE4) encodes the Esp 

proteins; EspA, EspB, EspD and EscF that are considered to encode the 

main T3SS apparatus by which bacterial proteins can translocate across 

the inner membrane (IM) and outer membrane (OM) and be delivered to 

the host cell cytosol or plasma membrane (depending on protein 

function) during cell contact (35). The last operon (LEE5) encodes Tir, 

Tir-chaperones CesT and intimin (25,35). In addition to the effector 

protein EspG (called EspG1) being encoded within LEE region, another 

EspG homolog, Orf3 (designated as EspG2) was found located in the 

espC PAI, suggesting the existence of a set of related effectors targeting 

the host cytoskeleton (31,39-41).  

The T3SS plays an important role in pathogenicity of EPEC (16) and 

other enteric Gram-negative pathogens (42) by injecting virulence 

factors directly from the bacterial cytoplasm to the host cytosol (Fig. 

1.3) (43). The hydrophilic translocator EspA protein polymerizes into a 

filamentous structure to form a surface appendage (a needle-like 

structure) with an internal pore linking the bacteria with its target cell 

(17,27). A study conducted by Luo et al., 2011, demonstrated that the 

creation of this linking translocation pore in the host plasma membrane 

is dependent on the interaction between two hydrophobic EspB and 

EspD translocators, in a process that occurs after bacterial attachment. 

Furthermore, this research also revealed a direct interaction between 

hydrophobic EspD and the hydrophilic translocator protein, EspA, 

providing greater definition of the function of EspB (44). EspD appears 

to have a role in EspA appendage elongation because a deletion mutant 

in espD reduced EspA appendage elongation and prevented  
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Figure 1.3: Schematic overview of the EPEC T3SS apparatus. The basal body 
of the system is comprised of two ring structures located at the bacterial inner and 

outer membranes. The IM ring is composed of proteins EscT, EscU, EscS, EscV and 
EscR that are connected to the OM ring formed by the secretin, EscC by the 

connector lipoprotein, EscJ. The projection channel is formed by the EscF needle 
which used to directly bind to the EspA filament (mediated by coiled-coil 
combinations between EspA subunits). EspD and EspB create the translocation pore 
in the target host plasma membrane to link the host target with the bacteria via 
EspA filaments. The cytoplasmic energy supplier motor protein EscN is shown with 

some examples of effector proteins Tir and Map with their chaperone CesT. The 
cytoplasmic components of T3SS SepD and SepL are predicted to play a role in 
controlling the system to switch from secretion of translocator protein to secretion 
of effector proteins. This figure was adapted from Garmendia et al., 2005 (32).  
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adhesion to target host cells compared to wild-type leading to the 

conclusion that EspD played a role in formation or stabilization of the 

T3SS apparatus. (24,45). 

Intimate adherence and pedestal formation are important characteristics 

of EPEC infection which involves an attachment strategy that requires a 

94 kDa bacterial OM protein called intimin and its receptor (Tir). Intimin 

is encoded by the eae gene, found downstream of tir gene in the LEE 

(3,16). Previously, Tir was thought to be a host cell protein as it is 

located on the surface of the plasma membrane of host cells during an 

EPEC infection (2). However, in 1997, Kenny and coworkers revealed 

that Tir was in fact a bacterial protein encoded within LEE and is 

translocated by the T3SS apparatus into host cells to serve as a receptor 

for intimin (3,46). This finding was supported by Kenny, 1999 who 

showed that disruption of genes encoding T3SS components prevented 

the translocation of Tir (47). Interestingly, multimerisation of protein-

protein interactions of Tir and intimin results in a higher order clustering 

of Tir, that triggers tyrosine phosphorylation of Tir by the host cell Src-

family kinase (SFK), c-Fyn, culminating in a signalling cascade that 

breaks microvilli (effacement) and promotes actin accumulation 

(polymerization) just beneath the intimately attached bacteria 

(2,19,48,49). 

In addition to the A/E lesion, a study by Scaletsky et al., 1984 showed 

that the tEPEC forms a distinctive pattern of adherence characterized by 

formation of three-dimensional clusters known as localized adherence 

(LA) on the host epithelial cell (50). Interestingly, this pattern was 
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accompanied by the presence of a large EAF plasmid containing an 

operon of 14 genes encoding a functional pilus called the bundle-forming 

pilus (BFP) (4,8). Removal of the EAF plasmid from EPEC strains 

resulted in attenuated virulence and loss of the ability to cause localized 

adherence (3,8). BFP is composed of the bundlin protein (also called 

pilin or BfpA) encoded by diverse bfpA alleles separated into two bundlin 

allelic groups, α and β (51). BFP belongs to the type IV fimbria family 

which is also found on the surface of other Gram-negatives including P. 

aeruginosa, Neisseria meningitidis and Neisseria gonorrhoea, and Gram-

positives such as Clostridium perfringens (52). BFP was found to be 

responsible for bacterial clusters due to its capability to aggregate into 

cordlike bundles. Interestingly, these bacterial aggregates could also 

disaggregate and disperse. The opposing behaviours are triggered by 

two ATPases, BfpD which drives pilus assembly (extension) and BfpF 

which mediates pilus retraction (51). Consistent with this finding, a 

disruption of any those genes led to an inability to express BFP, 

aggregate and cause localized adherence (53). An earlier study by 

Bieber and coworkers also showed that EPEC containing disrupted efpF 

displayed reduced virulence, suggesting a significant role for dispersal 

during infection (54). Moreover, Zahavi et al., 2011 reported that EPEC 

containing an efpD mutation did not produce BFP or autoaggregate in 

tissue culture medium, and was unable to develop a localized adherence 

pattern (52). In general, EPEC 2348/69 secretes a variety of effectors 

which appear to display overlapping functions and cooperation in these 

virulent activities (37). 
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1.2.4 The complex network behind LEE gene regulation   

The main transcriptional regulator in the LEE PAI is the global regulator, 

Ler, a 15 kDa DNA binding protein. Ler is encoded within the LEE1 

operon that modulates the expression of other LEE operons (55). Elliott 

and coworkers showed the importance of this global regulator when they 

found that nonpolar ler mutants were unable to form A/E lesions or even 

to express T3SS secreted proteins, concluding that ler is the central 

regulator that controls the expression of LEE (56). However, the 

expression of Ler itself is under the control of a large number of 

regulatory factors such as environmental factors, LEE and non-LEE 

encoded regulators as well as E. coli global regulators, making the 

regulatory cascade far more complex (11). Interestingly, besides 

regulating genes within the LEE PAI, Ler also regulates the expression of 

genes outside the LEE island such as espC (56). 

1.2.4.1 LEE-encoded regulators 

In addition to the master regulator, Ler, there are two other LEE-

encoded regulators termed as the global regulator of LEE activator 

(GrlA) and repressor (GrlR). These are encoded by the grlRA operon 

located between the LEE2 operon and etgA (57). GrlA has been found to 

positively regulate Ler expression by interacting with the LEE1 promoter. 

Interestingly, Ler also activates the expression of the grlRA operon, 

forming a positive regulatory circuit to guarantee the suitable level of 

Ler to switch on the expression of LEE genes (22). GrlR represses LEE 
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gene expression by its specific binding to GrlA, thereby preventing it 

interacting with the LEE1 promoter (58).  

1.2.4.2 Non-LEE-encoded regulators 

The LEE genes are also regulated by an operon called plasmid encoded 

regulator (Per) located on the EAF plasmid in tEPEC. The perABC operon 

encodes the regulator proteins PerA, PerB, and PerC (59). PerA activates 

perABC and bfp expression while PerC activates only LEE1 promoter 

leading to the switching on of the Ler regulator and thus the other LEE 

promoters independently of GrlA (22,55). 

1.2.4.3 E. coli global regulators     

One important global regulator of LEE is the histone-like nucleoid 

structuring protein (H-NS) of E. coli, which influences gene expression, 

mostly negatively, by its ability to non-specifically bind to DNA, causing 

changes in DNA supercoiling and packing (56). H-NS represses the 

regulatory regions of EPEC LEE1, LEE2, LEE3 and LEE5, thus directly 

controlling LEE transcription. In fact, Ler can counteract the repression 

exerted by H-NS on LEE genes but not on its own promoter (22,60). To 

overcome this issue, activation of the Ler LEE1 promoter can be 

promoted by the integration host factor (IHF) (61). IHF is required to 

activate expression of Ler by perturbing the Ler repression by H-NS. 

Importantly, the ability to overcome the H-NS silencing of the ler 

promoter depends on the combined antirepressor activity of IHF with 

PerC or GrlA (55). Moreover, EPEC has the H-NS truncated protein (H-



 

15 
  

NST) which also has been shown to counteract the H-NS repressive 

activity (62).  

E. coli contains numerous other transcriptional regulators that control 

the expression of LEE genes for example; the factor for inversion 

stimulation (Fis) that positively regulates Ler and LEE4 expression (63), 

the ribosome-binding GTPase (BipA) which increases LEE transcription 

by indirectly activating Ler expression (64) and the Cpx envelope stress 

response which down regulates the expression of T3SS components 

upon activation which also can occur at post-transcriptional levels via 

the chaperone DegP (65). A post-transcriptional regulator, CsrA (RNA-

binding protein) has also been shown to be involved in switching on and 

off the expression of LEE genes in a concentration dependent manner 

(22,66). 

1.2.4.4 Environmental factors and quorum sensing 

During EPEC infection, the optimal LEE gene expression is detected 

during exponential growth, at pH 7, at normal body temperature 37°C, 

and at physiological osmolarity in the existence of calcium and sodium 

bicarbonate. Therefore, any changes in these environmental conditions 

would cause a tight negative regulation of virulence genes expression 

(18). Moreover, the addition of ammonium to the culture media has 

shown to significantly reduce bfpA expression, and thus prevent EPEC 

adherence (67). Another distinctive regulatory mechanism shown to be 

involved in the regulation of the expression of EPEC LEE genes is 

quorum sensing (68). Quorum sensing is a mechanism of bacterial 
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communication that controls the behaviour of bacterial populations via 

production of signal molecules, called autoinducers (69). Autoinducers 

can interfere with gene expression when they reach a critical threshold 

concentration (69). In EPEC, quorum sensing activates expression of the 

quorum-sensing E. coli regulator A (QseA) which in turn activates 

expression of Ler (69,70). A mutation in both luxS (a widely distributed 

quorum-sensing system) and qseA reduces the expression of T3SS, and 

thus decreases A/E lesion formation (68).  

1.3 Autotransporters (ATs) in EPEC   

Abreu and coworkers identified numerous AT-encoding genes of 

diarrheagenic E. coli pathotypes in EPEC (Table 1.1). The frequencies of 

these genes in the tEPEC and aEPEC groups were inconsistent. Among 

these ATs, EspC was the most frequent serine protease AT found in both 

groups of EPEC (71).  

1.3.1 The serine protease AT, EspC 

EspC belongs to the serine protease AT of Enterobacteriaceae (SPATEs) 

family (72). EspC has been shown to (i) be an enterotoxin (36), (ii) have 

enterotoxic, cytotoxic and cytopathic effects on HEp-2 cells (a human 

epithelial cell line) (34,73), and (iii) degrade haemoglobin to enable the 

bacteria to utilize the released iron for growth (74). Nevertheless, 

whether EPEC virulence is linked to these EspC biological properties is 

still unknown (74). 
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 Gene Encoded Products Strain Function Reference 

espC E. coli secreted protein C (EspC) EPEC Serine protease (75) 

espP Extracellular serine Protease 

plasmid-encoded (EspP) 

 

EHEC Serine protease (76) 

espI E. coli secreted protease, island 
encoded (EspI) 

EHEC Serine protease (77,78) 

pet Plasmid-encoded toxin (Pet) EAEC Serine protease (79) 

pic Protein involved in colonization (Pic) EAEC Serine protease (80) 

eatA ETEC autotransporter A (EatA) ETEC Serine protease (81) 

sat Secreted autotransporter Toxin (Sat) DAEC Serine protease (82) 

tibA TibA ETEC Biofilm formation/ 
autoaggregation 

(83) 

cah Calcium-binding antigen 43 
homologue (Cah) 

EHEC Biofilm formation/ 
autoaggregation 

(84) 

ehaA EHEC autotransporter A (EhaA) EHEC Biofilm formation (85) 

ehaB EHEC autotransporter B (EhaB) EHEC Biofilm formation (85) 

ehaC EHEC autotransporter C (EhaC) EHEC Unknown (85) 

ehaD EHEC autotransporter D (EhaD) EHEC Biofilm formation (85) 

ehaJ EHEC autotransporter J (EhaJ) EHEC/
EPEC 

Biofilm formation (86) 

 

Table 1.1: AT encoding genes detected in EPEC.  
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Recent studies have shed more light on the functionality of EspC. For 

example, Fernando Navarro-Gracia’s group demonstrated that EspC is 

the major cause of epithelial cell cytotoxicity during EPEC infection, by 

cleaving fodrin (an important component of the actin cytoskeleton 

structure organization and epithelial morphogenesis) into two parts. As 

a consequence of fodrin degradation, the two products trigger a cascade 

of events including focal adhesion kinase (FAK) and paxillin (the two 

main focal adhesion proteins) degradations, leading to cell rounding and 

cell detachment that creates the hallmark of EPEC disease (87). In 

addition, using immunoblot analysis, Guignot and coworkers 

demonstrated a novel function for EspC. They showed that the levels of 

cell-associated EspA and EspD were significantly elevated in an 

EPECΔespC mutant compared to the EPEC WT after 45 min of cell 

contact. This indicated that EspC mediated proteolysis of the EspA/D 

T3SS translocator components, and thereby controlled the T3SS-

dependent pore formation at the host plasma membrane (88). 

EspC was initially identified as one of three proteins secreted by EPEC. 

Amino acid sequence data analysis identified considerable homology 

between the 110 kDa EspC and a family of immunoglobulin A (IgA) 

protease-like proteins that are conserved in virulent bacteria (75). This 

study also showed that EspC was the principal exported protein in EPEC 

strain E2368/69. Allelic exchange deletion of espC in this background 

indicated that EspC did not play a significant role in adherence or 

invasion of tissue culture cells (75). The ability of EPEC to cause 

cytotoxic effects was however dependent on the successful 

internalization of the 110 kDa EspC AT into the host cell and presence of 
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the catalytic serine residue in the serine protease motif (GDSGS) 

(35,73,89). Interestingly, this motif is widely conserved among several 

members of the AT family such as EspP from EHEC, Sat from UPEC and 

Pic from EAEC and Shigella flexneri (more examples are shown in Table 

1.1) (89,90). Serine protease activity requires two more residues, His 

and Asp that are included in the formation of the catalytic triad (His, Asp 

and Ser) (89). Besides the serine protease motif, SPATEs also share 

other features which will be discussed through the following sections. 

Although SPATE family members share a characteristic serine protease 

motif, their functions are extremely diverse (90,91). Evolution studies 

conducted by Yen and coworkers proposed that all members of the AT 

family evolved through speciation and late gene duplication events 

within the microbe and that horizontal gene transfer was a very rare 

evolutionary event with regard to ATs (89,92). 

The term AT derives from the hypothesis that all the necessary 

information required for secretion across the inner and outer 

membranes of Gram-negative bacteria is present in the protein itself, 

and that there is no need for any kind of assistance from other bacterial 

molecules or chaperones (93). ATs are defined by having an amino-

terminal signal peptide that is cleaved off during translocation across the 

IM plus a characteristic C-terminal domain that forms a β-barrel in the 

OM and is required for translocation of the passenger domain to the 

external surface of the bacterial cell. The structure and processing of 

EspC is consistent with it being an AT. Whilst the espC open reading 

frame (ORF) encodes a protein of approximately 140 kDa (1,306 amino 
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acids), the secreted version found in culture supernatants migrates with 

a size of approximately ~110 kDa which corresponds to the passenger 

domain that spans from amino acids 54 to 1,030. The secreted 110 kDa 

form of EspC lacks the first 53 amino acid signal sequence and 

potentially the C-terminal β-barrel domain that starts between amino 

acids 1,031 to 1,306 (26,75). Despite recent insights into the role of 

EspC in EPEC pathogenesis (87,88), a detailed mechanism of EspC 

secretion and the role of any accessory factors involved are still under 

debate. 

1.3.1.1 The EspC journey; an autotransporter trip across 

membranes 

EspC uses a unique translocation mechanism to target the host cell 

which involves collaboration between both EPEC T5SS and T3SS. In 

agreement with such a mechanism, internalization of exogenous added 

EspC into HEp-2 cultured cells in absence of EPEC occurs in 8 h while it 

was faster (after 1 h) when EPEC was present (34). In support of this 

finding and as stated earlier, the global regulator Ler, part of the Per-

mediated regulatory cascade, was found to co-regulate the expression of 

espC with secretion of T3SS-secreted Esp proteins, intimin and Tir 

(35,56). However, the precise contribution of T3SS in translocation of 

the milieu-secreted EspC and how exactly EspC gets access to T3SS 

translocon to be delivered into host cell cytosol are still obscure (35). 
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1.3.1.1.1 Type V secretion system (T5SS) 

Gram-negative bacteria secrete a variety of virulence proteins by 

different secretion pathways (93). At least nine secretion pathways are 

currently known, these include T1SS to T8SS (94,95). Recently, another 

system has been uncovered in Bacteroidetes named T9SS (also called 

the Por secretion system) (96-98). These secretion systems are different 

in terms of their complexity, structural features and methods of protein 

translocation (93). Basically, these secretion machineries can be 

classified into two categories; those that span both bacterial IM and OM 

traversing the periplasmic space as one large secretion complex, and 

those that span the OM only (99), and thus utilize a two-step 

translocation pathway. A brief description of such secretion systems are 

represented in Fig. 1.4  

T5SS, which is used by ATs to exit the cell, is considered to be the 

simplest secretion system and the most commonly used system 

amongst Gram-negative bacteria for delivering effector virulence 

proteins externally (100,101). Pohlner et al., 1987 were the first to 

identify and describe the T5SS after dissecting the extracellular location 

of immunoglobulin A1 (IgA protease) secreted by Neisseria gonorrhoeae 

(102). Since that description, a large number of proteins which are 

secreted by similar mechanisms have been discovered among other 

Gram-negative bacteria (103). 
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Figure 1.4: Schematic representation of the secretion systems in Gram-negative 
bacteria. Nine distinct secretion machineries have been identified to date, T1SS to T9SS. 

T1SS, T2SS, T3SS, T4SS, T6SS and T9SS are double-membrane-spanning-secretion systems 
while T5SS, T7SS (type 1 or P pilus biogenesis) and T8SS (curli secretion system) span the 
OM only. Moreover, T2SS, T5SS, T7SS, T8SS and T9SS are Sec-dependent whereas T1SS, 

T3SS, T4SS and T6SS are sec-independent. Furthermore, T2SS might use the twin arginine 
translocation (Tat) system to cross the IM. Two types of T3SS are shown: T3aSS can be 
involved in the formation of needle-like structures (injectosome) and T3bSS is involved in 

flagellum assembly. T7SS is the Chaperone usher pathway (CUP) that is involved in the 
biogenesis of the P pilus. T8SS is the extracellular nucleation-precipitation pathway (ENP) 
involved in the formation curli pilus. This figure was adapted from Chagnot et al., 2013 (98). 
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ATs share sequence and structure homology as well as relying on the 

general secretion pathway components for translocation across the IM 

(specifically the Sec-dependent pathway comprising the SecYEG 

translocon) (93). Interestingly, other secretion machineries are required 

Sec machinery for their function such as T2SS, T7SS, T8SS and T9SS 

(Fig. 1.4) (95,96). The signal sequence, located at the N-terminus of 

ATs (Fig. 1.5), directs the secretion of the precursor across the IM via 

the Sec system. The central AT domain called the passenger domain 

(also called α-domain or N-domain) carries the functional moiety of the 

protein. The last domain, known as the carboxy domain (β-barrel 

domain or translocator/transporter domain) inserts as a β-barrel into the 

OM, potentially to form a channel through which the passenger domain 

may subsequently travel for OM translocation (72,93,94). Additionally, 

several ATs including all SPATE ATs such as EspC, EspP, Bordetella 

serum-resistance killing protein A (BrkA), IgA protease and adhesin 

involved in diffuse adherence (AIDA-I) from EPEC strain 2787 contain a 

unique short region termed the linker region (also called α-helical region 

or α-helix) found just adjacent to the N-terminus of the β-barrel domain, 

suggesting a role in passenger domain processing. This region along 

with β-barrel domain is called the translocation unit (104,105) as 

mutations in some residues within the linker region abolish the 

translocation of the passenger domain across the OM (106).    

An additional feature was identified in a study conducted by Oliver et al., 

2003 who demonstrated the presence of an intramolecular chaperone 

domain (also known as the autochaperone domain) in a subgroup of ATs 
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Figure 1.5: The archetypical structure of autotransporters showing the main 

domains. This figure was adapted from Desvaux et al., 2004 (107). 



 

25 
  

that is just proximal to the C-terminal passenger domain and plays a 

significant role in maintaining the proper folding of the AT to ensure 

function of the passenger domain following translocation across the OM 

(72,104,107) (Fig. 1.5). Consistent with this finding, mutation of the 

hydrophobic residues located near the C-terminus of EspP (from EHEC) 

and Hemoglobin binding protein (Hbp) (from pathogenic E. coli) 

passenger domains affect the folding of the autochaperone domain 

which had a knock on effect of the translocation of their passenger 

domains (101,108-110). Moreover, multiple autochaperone domain 

sequence alignments demonstrated that EspC has a conserved sequence 

motif comprising amino acids Gly-Phe-Ser (termed as GFS motif)  which 

has been shown by site-directed mutagenesis (SDM) to be important in 

the translocation of EspC (111). 

The export of ATs to the bacterial cell surface is dependent on the type 

of the AT in question. It is influenced by the size of the transporter 

domain as well as the position of the passenger domain in the precursor 

(95,101). T5SS currently has been sub-classified into five categories: (i) 

a classical AT system (type Va system), (ii) the two-partner secretion 

(TPS) system (type Vb system), (iii) the trimeric AT adhesion (TAA) 

system (type Vc system), (vi) the classical AT and TPS fusion pathway 

(type Vd system), and (v) the inverted ATs pathway (type Ve system) 

(Fig. 1.6) (100).  

The main difference between classical ATs and TPS systems is that in 

the TPS system, the passenger domain (the TpsA partner) and 

transporter domain (the TpsB partner) are synthesized as two separate
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Figure 1.6: Schematic representation of the various sub-classes of the T5SS. T5SS has 
been sub-classified according to the differences within the precursor protein architecture. The 

transporter domain is the main cause of this variation. It may (i) be located at a different 
position relative to the passenger domain, (ii) trimerize or monomerize to form a functional β-

barrel at the OM, (iii) form β-barrels with 12 or 16 strands that resemble BamA, and (iv) be 
contained with its cognate passenger domain in one polypeptide chain or synthesized separately 
(type Vb). The passenger domain in type Vb system hosts the TPS domain for recognition of its 
specific transporter domain. The positions of N- and C-terminus of such AT proteins are shown. 
This figure was adapted from Grijpstra et al., 2013 (101). 
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proteins which are transported independently through the IM using their 

respective signal sequences (93,95,101). Once translocated into the 

periplasm, TpsB inserts first into the OM as a 16-stranded β-barrel with 

two polypeptide transport-associated (POTRA) domains (112). 

Subsequently, TpsA (after crossing the Sec translocon and cleavage of 

its leader signal peptide sequence), targets TpsB at the OM via its N-

terminal conserved Tps domain (95,101,112). Following attachment to 

the TpsB POTRA domains in the periplasm, secretion of TpsA across the 

OM by the TpsB channel is initiated (112).  

Although the TAAs have one intact polypeptide, their carboxyl termini 

encodes only one-third of a β-barrel, therefore these proteins need to 

trimerize to form a functional β-barrel at the OM (93,113). On the other 

hand, inverted ATs have an inverted orientation, i.e. the order of 

passenger and transporter domains are reversed (93,95,101). In the 

fused two-partner secretion pathway, the obvious difference to the TPS 

system is that in the fusion pathway, the passenger domain is actually 

attached to its partner via a POTRA domain and they are synthesized as 

one protein (95). Notably, SPATEs represent a typical example of 

classical ATs (91). More examples of ATs using such pathways are listed 

in Table 1.2 
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Type Va system (Classical ATs) 

Protein name Bacterial spp. Function Reference 

EspC EPEC Enterotoxin, haemoglobin 

protease and cleaved fodrin 

(36,74,87) 

EspP EHEC Degrades pepsin, complement 

factors and contributes to 

biofilm formation 

(114) 

Pet EAEC Cytotoxin and proteolytic toxin (79) 

Pic EAEC/S. flexneri/ 

EPEC 

Degrades gelatine and mucin (80,115) 

Sat UPEC Cytopathic activity (82,90) 

SepA S. flexneri Proteolytic activity (90,116) 

SigA S. flexneri Cytotoxin (72) 

Vat APEC Vacuolating cytotoxin (117) 

Hbp EPEC Heme-sequestering protein (90,118) 

NalP N. meningitidis Proteolytic activity (119) 

Hap H. influenzae Adhesin and protease activity (120) 

VacA H. pylori Vacuolating cytotoxin (121) 

IgA protease N. meningitides/ 

H. influenzae 

Degrades IgA1 (102) 

IcsA S. flexneri Mediates intracellular motility (122) 

BrkA B. pertussis Serum resistance and adhesion (104) 

AIDA-I E. coli Adhesin (123) 

TibA ETEC Adhesin and invasion (124) 

Ag43 E. coli Autoaggregation factor (125) 

AaaA P. aeruginosa Arginine aminopeptidase (126) 
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EstA P. aeruginosa lipolytic enzyme involved in 

motility and biofilm formation  

(127) 

MapA M. catarrhalis Phosphatase activity (128) 

Type Vb system (TPS) 

HMW1 and HMW1B H. influenzae Adhesin (129) 

FhaB and FhaC B. pertussis Adhesin (130) 

HpmA and HpmB P. mirabilis Hemolysin (131) 

Sh1A and Sh1B S. marcescens Hemolysin (131,132) 

Type Vc system (TAAs) 

Hia H.  influenzae Adhesin (133) 

YadA Y. enterocolitica Adhesin, serum resistance (134) 

Msf (NhhA) N. meningitidis Adhesin, serum resistance (135,136) 

EibD E. coli IgA and IgG binding proteins, 

serum resistance 

(137) 

Type Vd system (The classic AT and TPS fusion model) 

PlpD P. aeruginosa lipase activity (phospholipase) (138,139) 

Type Ve system (Inverted ATs) 

Intimin  EPEC Adhesin (the major component 

in A/E lesion) 

 

(95,101) 

Invasin Yersinia spp. Adhesin activate autophagy (95,101) 

 

Table 1.2: Overview of the diversity of ATs, sub-categorized into five systems 
and their proposed role in virulence.  
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1.3.1.1.1.1 Translocation across the IM; the first gate to the surface! 

Some ATs are synthesized in the cytoplasm with a characteristic Sec-

dependent signal peptide of the typical 20-30 amino acid residue length 

(93). The structure of such signal peptides is well understood; they have 

a tripartite structure comprising an N-domain with positively charged 

amino acids, H-domains hosting hydrophobic amino acids and a C-

domain incorporating a proteolytic cleavage site for IM signal peptidase 

(72). Such ATs are exported via the Sec translocon to which they are 

ushered by the cytoplasmic chaperone SecB, which keeps the AT in a 

translocation-competent state (72,140). The translocation process 

across SecYEG channel is driven by the motor protein ATPase (SecA) 

which requires cardiolipin (CL) for energy coupling and efficient 

proprotein translocation (141). Other ATs including members of SPATEs 

are made with unusually long signal peptides (between 50-60 amino 

acid residues long) e.g. EspC, EspP, Hbp, Pet, TpsA domains and TAA 

proteins. Such signal peptides contain five domains called the N1, H1, 

N2, H2 and C domains (93). The unique N1 and H1 domains contain a 

well conserved amino-terminal extended signal peptide region (ESPR), 

which presumably harbours a specific additional function (72,93,142). 

Interestingly, ESPR is not required for Sec machinery targeting but 

rather ESPR is involved in the optimal biogenesis of a number of ATs 

(91,112). 

Initial investigations of two SPATE proteins EspP and Hbp secreted from 

E. coli have led to the hypothesis that ESPR is recognised by another 

cytoplasmic accessory protein different from SecB called signal 
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recognition particle (SRP) which promotes a co-translational 

translocation of the AT proprotein (72,93,112,143). However, some 

observations have contradicted this notion. Although recognition is 

strictly SRP independent, it occurs post-translationally rather than co-

translationally (144,145). Several studies hint that the function of ESPR 

is to prevent AT aggregation and premature folding in the periplasm by 

delaying or slowing passage of the AT to the periplasm due to its 

interaction with the specialized IM integrase called YidC which is 

associated with the SecYEG translocon during IM translocation (144-

147). 

Some ATs such as substatin-like protease (SphB1) of Bordetella 

pertussis, neisserial autotransported lipoprotein (NalP) of N. 

meningitides, capsule biosynthesis protein A (CapA) from Campylobacter 

jejuni and adherence-associated lipoprotein A (AlpA) from Helicobacter 

pylori are considered lipoproteins due to the presence of a lipid box 

located at the carboxyl terminus of the signal sequence (93). The lipid 

box targets lipoproteins to be cleaved by the specialized lipoprotein 

signal peptidase LspA (also known as single peptidase II) after Sec-

dependant translocation. The first N-terminal cysteine residue in the 

mature protein is then N-acylated by the transacylase enzyme, Lnt 

(93,101,148). Subsequently, the new processed lipoproteins destined 

for the OM are localized by the Lol pathway. However, the exact role of 

the Lol pathway in periplasmic transit of both NalP and SphB1 is still 

obscure (101). In agreement with this, an observation was conducted by 

Roussel-Jazede et al., 2013, concluding that NalP translocation is not 
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actually dependent on the Lol pathway despite the necessity of lipid 

moiety for accurate attachment and function at the cell surface (149).  

1.3.1.1.1.2 Transit through the periplasm 

As ATs include an integral OM domain (translocation unit) and utilize a 

secretion mechanism largely resembling the biogenesis of OM proteins 

(OMPs), it was postulated that ATs co-operate with periplasmic proteins 

(including chaperones) to keep them in a translocation competent state 

and target them to the OM (93,101). According to Ruiz-Perez et al., 

2009 and Purdy et al., 2007, a number of periplasmic chaperones such 

as the survival protein A (SurA), seventeen kilodalton protein (Skp), a 

protease member of HtrA family called DegP and a peptidyl-prolyl 

cis/trans isomerase FkpA are shown to play a significant role during 

periplamic transit of some AT members (150,151). To investigate their 

contribution to AT biogenesis, yeast two-hybrid assays (Y2H) and 

surface plasmon resonance (SPR) approaches were used to dissect 

protein-protein interactions between these chaperones and ATs 

(150,152). These studies revealed for the first time direct protein-

protein interaction between DegP and SurA chaperones with highly 

conserved aromatic amino acids (aro-x-aro motifs) within the EspP 

passenger domain. Interestingly, four of these motifs were highly 

conserved among the entire SPATE subfamily (150). Subsequent 

investigations also demonstrated the interaction of periplasmic 

chaperones to different ATs, for example Hbp was found to interact with 

Skp (152), IgA protease with FkpA (153) and Pet with newly identified 

37 kDa VirK and Skp (154). 
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In general, ATs utilize chaperones to maximise secretion e.g. reduced 

secretion of the non-SPATE IcsA and the SPATE EspP ATs occurred from 

surA, degP and skp mutants of S. flexneri and E. coli respectively, 

despite the mutants being capable of translocating the protein across 

the OM and correctly folding the β-barrel domain (93,100,150,151,155). 

These results point out the main roles of periplasmic chaperones in AT 

biogenesis which includes (i) protecting ATs from degradation by 

protease enzymes present in the periplasm, (ii) keeping ATs in an 

extended translocation competent state to successfully continue their 

journey toward the bacterial surface,  and (iii) degrading misfolded or 

prematurely folded/aggregated AT passenger domains (93,150,151). 

Interestingly, due to the existence of chaperone redundancy, their 

contribution to keeping ATs in a translocation competent state varies 

and there is a possibility that they have overlapping roles that can be 

substituted if one chaperone becomes impaired in E. coli 

(151,152,156,157). 

1.3.1.1.1.3 The exit gate  

Based on the original AT model (102), the insertion of the transporter 

domain into the OM to form a β-barrel channel is a necessary step to 

guarantee the secretion of the passenger domain (101). Sequence 

homology as well as the emergence of crystal structures of transporter 

domains in a set of classical ATs including Hbp, EspP, NalP, BrkA and 

EstA has clearly shown a common, characteristic 12-stranded β-barrel 

linked to a periplasmic hairpin turn and extracellular loops forming an 

anti-parallel β-barrel with an internal α-helix that sits inside the channel 
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(93,101). This feature has also been reported to be present in other AT 

systems such as in trimeric AT and inverted AT transporter domains, but 

not in TpsB which instead shows sequence homology with the BamA 

(previously known as Omp85 or YaeT) component of the β-barrel-

assembly machinery (Bam) complex (93,158). An additional feature 

conserved between these domains is the α-helix in which passenger 

domain cleavage occurs (101). Several studies have indicated possible 

additional roles of the α-helix including (i) controlling and maintaining 

the β-barrel lumen by blocking it, (ii) processing of the passenger 

domain, and (iii) folding of the β-barrel (106,159-161). Furthermore, a 

study conducted by Zhai et al., 2011 demonstrated the presence of a 

conserved hydrophobic cavity comprising hydrophobic patches on loop 

L4 and β-strand S5 and S6 in three classical β-barrel structures (NalP, 

EspP and EstA), suggesting a possible role in passenger domain 

secretion (162). 

Passenger domain translocation across the OM, the proposed models  

This is the final step in the secretion of ATs in which the passenger 

domains adopt a translocation-competent conformation for successful 

transit through a channel previously made during the insertion of 

cognate β-barrel domains in the OM followed by folding on the bacterial 

external surface. Many, but not all passenger domains of classical ATs 

adopt characteristic β-helical stalk-like structures with N-terminal global 

domain (101,163). Several models of passenger translocation across the 

OM have been proposed, such as the threading, the hairpin, the 

multimeric and the BamA models (93). Furthermore, more recently, the 
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new discovery of a new translocation and assembly module (TAM) has 

led to an alternative model which combines both hairpin and BamA 

models (94,164). The currently available data does not support the 

threading and multimeric models leading to their rejection, whereas the 

remaining models are still being supported and investigated (93,165-

168). It was proposed in the threading model that the passenger 

domain translocates through the β-barrel channel in the N- to C-

terminus direction. However, due to the lack of the specific N-terminal 

sequences in the passenger domain to target it to the β-barrel, the 

threading secretion model has become an unlikely scenario. In the 

multimeric model, multiple AT β-barrel domains were predicted to be 

inserted and oligomerized to form a central hydrophobic channel which 

facilitates passenger domain translocation. As most AT β-barrel domains 

are inserted into the OM as monomeric structures this again makes the 

multimeric model controversial (165,167,168). 

 The Hairpin Model 

In this model, it was originally proposed that after insertion of the β-

barrel into the OM, a unique hairpin structure formed at the C-terminal 

region of the passenger domain. The β-barrel then threads the unfolded 

passenger domain into the OM β-barrel pore in a C- to N-terminus 

direction (94,95). As shown in the Fig. 1.7 A, the consequence of this 

event is that the appearance of the C-terminus of the passenger domain 

at the outer surface would occur before its periplasmic N-terminus (94). 

This folding feature was suggested to stop the passenger from slipping 

back to the periplasm via the channel and would give energy to pull out 
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the N-terminus from periplasm to the external surface (94,169). 

Generally, the hairpin model is accepted because both the periplasm and 

the cell surface are devoid of ATP to drive translocation (101). 

Substantial evidence exists supporting the potential for the central 

channel of the β-barrel to accommodate a hairpin structure. The hairpin 

model is underpinned by: (i) the role of the autochaperone domain in 

driving the folding of the rest of passenger domain once it emerges from 

the bacterial surface where no external energy source is available 

(104,105,109,170), (ii) the translocation of folded chimeric passenger 

domains containing disulphide bonds across the outer membrane (167), 

(iii) AT crystal structures which show that the linker between the 

passenger domain and the translocator domain creates an α-helix that 

traverses the β-barrel channel (91,99,101), (iv) loss of secretion of Pet 

AT when large disulphide-bounded loops were introduced into the 

peptide sequence (163), and (v) identification of a conserved 

extracellular cavity formed by hydrophobic patches of Loop 4 and strand 

5 and 6 of the 3D structure of BrkA β-barrel domain which is speculated 

to provide favourable conditions for insertion of the hairpin-like structure 

and thereby facilitate quick and efficient folding of the translocated N-

terminal of the passenger domain (162). 

Certainly, OM translocation is affected by passenger domain 

conformation. Many AT passengers exhibit a long right-handed β-helical 

stem-like structure linked by several loops (163,171-173). However, the 

crystal structure of the AT β-barrel shows that the internal channel is 

relatively narrow (~1.2 nm) and thus incompatible with the secretion of 

folded or even partially folded passenger domains. This contradicts the 



 

37 
  

hypothesis that there is formation of an α-helical linker during the 

translocation process (90,94,101,174), suggesting instead that to 

achieve effective translocation, passenger domains would have to be 

maintained in a linear format (an extended conformation) to be secreted 

without causing jamming in the β-barrel channel (163). However, since 

numerous AT passengers can be secreted in a partially folded state, 

alternative models were proposed (101,174). In an interesting study by 

Ieva et al., 2008 it was suggested that the α-helical linker is integrated 

into a partially folded β-barrel-like structure (proto-barrel) in the 

periplasm prior to the incorporation into the OM (165). It is conceivable 

that the mechanism of AT secretion is more complicated than it was 

thought and that additional factors might be involved to facilitate the 

secretion of passenger domains across the OM, which as a consequence 

has placed the term “autotransporter” under scrutiny (100,167). 

 The BamA Model 

Previous works have speculated that AT secretion involves the 

participation of an exogenous factor that has been called Omp85 or YaeT 

(175-177). Omp85 was originally identified in N. meningitidis and is now 

known as BamA (175). It is the archetypal protein of the Omp85 family 

that has major roles in the biogenesis of bacterial OM proteins (OMPs) 

and is found in all Gram-negative bacteria (178). Other members of the 

Omp85 family, including TpsB (the OM translocator in the TPS) and the 

newly identified TamA (the core component in the TAM), are also to be 

involved in AT biogenesis (158,164). 
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In Gram-negative bacteria, BAM complex consisted of five proteins; one 

integral β-barrel protein, BamA and four OM associated lipoproteins, 

BamB, C, D and E (179-181). BamA is the central component of the 

complex comprising two domains; an N-terminal periplasmic domain 

divided into a set of five POTRA domains (numbered 1 to 5 from the N- 

to C-terminus, with POTRA 5 occupying a central position closest to the 

β-barrel domain), and a C-terminal domain which forms a 16-stranded 

β-barrel structure with 2.5 nm pore embedded in the OM (179,182). 

BamD interacts with BamA via the POTRA domain 5, and that these two 

components are essential proteins for cell viability since mutation in 

each of these proteins causes a block in the assembly of OMPs 

(183,184). However, all BAM complex protein components are 

necessary for efficient incorporation of OMPs into the bacterial OM 

(180).  

Potential functions for BAM complex components include BamA opening 

laterally in the membrane upon binding with BamCDE to enable insertion 

of OMP substrates into the OM (185,186). BamB appears to act as a 

scaffold to facilitate the handoff of chaperone-bound OMP substrates to 

BamA (184). BamC, BamD and BamE are involved in the regulation of 

the conformational state of BamA (182). Certainly, the process of 

folding and insertion of OMPs (and ATs) into the bacterial OM is dynamic 

and involves conformational changes within the BAM complex machinery 

(187). However, the functional roles of individual components and how 

the complex exactly works, remains unknown (188). 
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In SPATEs, two key conserved residues have been identified (F1360 and 

F1377 located at the C-terminus of the SPATE β-barrel domain). The 

substitution mutation F1360A caused cell lysis, but F1377A did not, 

suggesting that the phenylalanine at position 1360 is involved in the 

targeting and insertion of the β-barrel into the OM (presumably with 

assistance from BamA). Phenylalanine 1377 is required (possibly 

alongside periplasmic chaperones) for β-barrel formation and function in 

the periplasm as a proto-barrel-like structure (189). 

Various studies have illustrated the role of periplasmic chaperones in the 

interaction between ATs and the BAM complex. For instance, Sauri et 

al., 2009 demonstrated a role for the periplasmic chaperone SurA in the 

delivery of Hbp AT to the BAM complex (174). Moreover, Ieva et al., 

2011 and Pavlova et al., 2013 proposed that the chaperone Skp targets 

the EspP transporter domain to the BAM complex, whereas SurA is 

involved in transfer of polypeptide segments of the passenger domain to 

BamA via POTRA domains, concluding that the chaperones delivered the 

passenger domain to the translocation machinery in an appropriate 

secretion competent state (190,191). Precisely how AT proteins interact 

with the Bam complex is still under investigation. Different scenarios 

have been proposed (93), and Fig. 1.7 B presents the recently revised 

model, based mainly on the experimental evidence obtained from EspP 

(191,192). 

 The alternative Model 

In addition to the BAM complex, another distinctive secretion complex 

has recently been discovered called TAM which appears to contribute to 
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AT biogenesis (164). TAM is found in Proteobacteria, and comprises of 

the integral OM protein TamA and the integral IM protein TamB 

(94,112,164). Interestingly, TamA is a member of the Omp85 family 

with a 16-stranded transmembrane β-barrel and three POTRA domains 

(193). Both TamA and TamB can form a hetero-oligomeric complex that 

spans the bacterial periplasmic space (164,194).  

The evidence implicating TAM in AT secretion includes the observation 

that a mutant of C. rodentium lacking either tamA (formerly ytfM) or 

tamB (formerly ytfN) failed to secrete the AT p1121 (164). Furthermore, 

double tamA/tamB mutants in E. coli failed to produce the adhesins 

Ag43 or EhaA ATs (94,99,164). However, a mutant of E. coli lacking 

tamA did not affect the secretion of Hbp, suggesting this system likely 

contributes to secretion of a particular subclass of ATs that may not 

include the SPATEs (112,174). A brief overview on the translocation 

process of ATs via the alternative model is illustrated in Fig. 1.7 C 
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Figure 1.7: Mechanistic models of passenger domain secretion across the OM. (A) The 
hairpin model in which the secretion of the AT passenger domain (Blue) occurs from C- to N- 
terminal direction in an unfolded confirmation through a channel created by its cognate β-barrel 
domain (Red) at the OM (i). Formation of the hairpin structure inside the β-barrel channel facilitates 

the gradual threading of the passenger through the β-barrel channel. The translocation is then 
driven by the folding of passenger domain at the outer surface (ii). Subsequently, the protein may 

be released by a proteolytic cleavage or remain attached. (B) BAM model. Here in the periplasm the 
β-barrel domain folds first into a proto-barrel structure which incorporates the C-terminus of the 
passenger domain in a hairpin structure in presence of the periplasmic chaperone, Skp (i). Next, the 
β-barrel domain is targeted to the BAM complex via a combined interaction with BamA, BamB and 
BamD and at this stage Skp chaperone disassociates (ii). Next, translocation of the passenger 

domain is started just after the β-barrel reaches a specific stage of assembly (iii) which is predicted 
to move progressively from SurA to BamA POTRA domains towards the channel formed collectively 
by the AT β-barrel and BamA (iv). Following the complete translocation of the passenger domain and 
release as described in (A), both BamB and BamD remain in contact with the β-barrel during these 
events (v) but later dissociate (vi). (C) The alternative model that involves a combination of hairpin, 
BAM models as well as TAM. Here, the β-barrel is depicted as green, the passenger domain as blue 

and the linker domain as a pale red. TAM is predicted here to provide an essential step by stabilizing 
the periplasmic intermediate that is targeted to BamA (i) and is disassociated immediately after 
initiation of passenger domain translocation (ii). Both BamC and BamE components of the BAM 
complex are not shown for clarity. A and B were adopted from Bernstein H., 2015 (192) whereas C 
was adopted from Gawarzewski I., et al., 2013 (94).  
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1.3.1.1.1.4 Release to the target; ready to fire! 

Once the ATs are located at the surface of the bacterium, the passenger 

domains have alternative fates. Some are cleaved and released into the 

extracellular milieu by an autoproteolytic mechanism or by the action of 

proteases found on the cell surface. Others are cleaved but remain non-

covalently and strongly linked with the β-barrel domain. A few remain 

covalently attached to the β-barrel domain (93). The proteolytic release 

mechanisms are widely diverse. For instance, the cleavage of the 

passenger from SPATE ATs including EspC is dependent on the β-barrel 

domain itself rather than on the passenger serine protease motif. This 

intramolecular autoproteolytic cleavage occurs immediately after 

passenger domain secretion at two conserved consecutive asparagines 

(Asn1023-Asn1024) found in the linker domain, and is catalysed by the 

β-barrel (90,93). Dautin and coworkers found that the cleaving 

mechanism of the SPATE AT EspP is triggered by an interaction between 

two conserved residues; an aspartate (Asp1120) located inside the β-

barrel domain and asparagine (Asn1023) present at the cleavage 

junction. This cleavage inside the pore of the β-barrel leads to Asn1023 

cyclization (169,195). Interestingly, this mechanism also seems to be 

present in non-SPATE ATs such as pertactin and BrkA from B. pertussis 

(90,195). Furthermore, unlike SPATE ATs, ADIA-I does not contain a 

serine protease motif but is intramolecularly cleaved at the bacterial cell 

surface in a process that requires two acidic residues that locate in the 

autochaperone domain (196). 
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Other examples of cleavage mechanisms include; (i) release of the 

passenger domain by an integral OM protease such as S. flexneri IcsP 

which cleaves IcsA passenger (197), (ii) autoproteolytic cleavage e.g. 

IgA protease and Hap (102,198), and (iii) processing by another AT 

protease for instance NalP serine protease cleaves various N. 

meningitidis ATs including the peptidase AusI (also known as MspA) and 

the adhesion and penetration protein (App) (93). 

1.3.1.1.2 Entering Host cells using the T3SS 

As mentioned in section 1.3.1.1, extracellular EspC gains access to the 

host cytosol by interacting with the T3SS (26,34,35). The association 

between T3SS and EspC was discovered by Vidal et al., 2008 who 

examined infection of HEp-2 cells by a set of EPEC T3SS mutants. This 

group found that the EPECΔespB mutant (defective in the pore forming 

T3SS translocator), the EPECΔespA mutant and the EPECΔespF mutant 

(defective in extracellular translocators) secrete EspC at levels similar to 

wild-type EPEC, but that EspC was not observed in the HEp-2 cytoplasm, 

and concluded that EPEC recruits the T3SS to facilitate translocation of 

EspC into the host cells (35). However, how EspC can access the closed 

T3SS translocon to be delivered into the host target is still under 

investigation. 
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1.4 Arginine-specific AT of P. aeruginosa (AaaA) 

The AT AaaA was used in this study as a comparison to confirm the 

novel EspC findings. In contrast to EspC, AaaA is secreted from a 

different microbe, P. aeruginosa and has a very different function. 

However, AaaA uses the same route of secretion, the classical route 

(type Va system) (126). A study conducted by Luckett et al., 2012 

showed that AaaA is degraded by exogenously added trypsin at the cell 

surface suggesting that AaaA remains tethered to the OM of the 

bacterium with its passenger domain exposed to the medium (126). 

Interestingly, a mutant of P. aeruginosa lacking aaaA exhibited reduced 

infection in a mouse chronic wound model suggesting that AaaA enables 

the opportunistic pathogen P. aeruginosa to establish chronic infections 

in a murine skin wound model although the underlying pathogenicity 

mechanism is currently unknown (126). How AaaA is regulated and 

precisely localized in P. aeruginosa are still under investigation.   

1.5 Localization patterns of AT secretion  

ATs are large proteins ranging from 90 to 200 kDa. They have diverse 

functions and share a tripartite structure of organization widely 

distributed and conserved among the double layered Gram-negative 

bacteria. The details of their journey inside the highly organized 

bacterial cell are not fully uncovered. Thus, understanding the 

mechanisms involved in their secretion across the bacterial cellular 

compartments as well as their spatial organization is important for the 

development of novel anti-virulence compounds.  



 

45 
  

1.5.1 Polar localization   

It has been demonstrated that several ATs from different Gram-negative 

pathogens such as IcsA, SepA, AIDA-I and BrkA are localized at the 

bacterial pole dependent upon the existence of complete 

lipopolysaccharides (LPS), and this localization occurs in the cytoplasm 

prior to secretion, suggesting the existence of a conserved specialized 

machinery located at the poles among Gram-negative bacteria (199). In 

agreement with this finding, Charles et al., 2001 showed that the IcsA 

AT fused to green fluorescent protein (GFP) lacking the signal peptide 

sequence or the β-barrel domain is still localized at the old pole of the 

bacterium, suggesting that the two protein domains are not required for 

the protein polar targeting. Moreover, this study also revealed that two 

regions within IcsA were necessary for polar targeting of IcsA-GFP and 

when produced in a number of bacterial strains including E. coli, they 

found similar results, indicating that the mechanism of polar targeting is 

conserved among Enterobacteriaceae (200). Furthermore, another 

similar study also showed that the IcsA AT is located at the bacterial 

pole when expressed in a SecA depleted strain of E. coli (temperature-

sensitive strain, MM52), concluding that IcsA uses the Sec machinery to 

cross the IM only after it has localized to the pole and that the polar 

translocation event of IcsA occurs in the cytoplasm and is independent 

of the Sec machinery (201). 

The polar localization of IcsA AT was dependent on several bacterial 

factors including the structure of LPS which can interfere with OM 

fluidity, i.e. if the strain has incomplete LPS (O-antigen lacking strain) at 
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its surface, then the rate of protein diffusion at the OM of bacteria will 

be high and as a consequence would affect the protein localization 

(199). A more recent study conducted by Doyle et al., 2015 contradicted 

against this notion by finding that IcsA surface distribution is equivalent 

in strains with complete and incomplete LPS, and that differences in 

cellular IcsA levels may have confused previous findings (202). A 

cytoplasmic chaperone (DnaK) was identified as being required for IcsA 

polar secretion during screening of a genome-wide library of polar 

secreted E. coli proteins, leading to the speculation that it plays a role in 

the chaperoning of polar AT in the bacterial cytoplasm (203). In 

addition, a conserved cell division molecule called FtsQ was also shown 

to be involved in localization of IcsA and other ATs to the bacterial poles 

(204).  

Non-AT proteins with diverse functions are also targeted to the cell poles 

e.g. proteins involved in motility, adhesion, cell division, virulence and 

chemotaxis (205,206). Polar localization could utilize the bacterial 

cytoskeleton actin homologue, MreB. In support of this notion, 

perturbing MreB in P. aeruginosa by A22 affected the polar localization 

of the type IV pilus retraction ATPase (PilT) and caused mislocalization 

of PilT as well as attenuation of twitching motility (207). Furthermore, 

production of IcsA-GFP and GFP-EpsM (a polar IM protein from Vibrio 

cholerae, tagged with GFP at the N-terminus) in mreB mutant cells 

resulted in multiple fluorescent foci that appeared asymmetrically 

scattered over the entire cell surface, indicating the important role of 

MreB in organization the polar positioning (208). Interestingly, this 

study also demonstrated that the localization defect observed in mreB 
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mutant cells upon production of polar proteins was indistinguishable 

from that which appeared in cells treated with A22. In general, 

numerous publications have suggested that MreB provides a mechanism 

for the determination of cell polarity (209-211). 

1.5.2 Spiral localization  

To date, no evidence in the literature shows that ATs are localized in 

helices. Preliminary data from the Hardie group have shown that EspC 

AT can locate to a spiral conformation in a manner resembling the spiral 

cytoskeleton of E. coli when it is tagged with the fluorescent protein 

mCherry. 

1.5.2.1 The bacterial cytoskeleton actin homologue, MreB 

MreB is the main helical cytoskeletal component. It is widely conserved 

and essential for elongation, determining and maintaining the rod cell 

shape of bacteria (212-214). Other different functions have been 

assigned to the MreB cytoskeleton, including the establishment of the 

chromosome segregation and cell polarity (209,215,216). Two lines of 

recent work have uncovered more specific roles of MreB. First, Strahl 

and colleagues have shown that in B. subtilis, MreB is involved in the 

distribution and organization of membrane proteins via creation of 

specific membrane regions with increased fluidity (RIFs). This leads to 

an overall reduction in membrane fluidity, and disruption of MreB 

influences the distribution of a number of integral membrane proteins 

suggesting that the specific role of MreB in providing a fluid membrane 
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environment is necessary for optimal cell wall synthesis (217). In more 

recent work, it has been demonstrated that MreB controls the 

spatiotemporal organization of the cytoplasmic membrane as well as 

regulating the dynamics of trans-membrane proteins (TMPs) and lipids 

(218).  

Importantly, It has also been suggested that the MreB cytoskeleton 

could act as a scaffold to provide paths for membrane protein 

localization and diffusion (207). In rod-shaped bacteria, MreB is 

essential and found encoded within the mreBCD operon with two other 

adjacent protein components required for cell shape maintenance (219). 

A study conducted by Vats et al., 2009 has actually given insight into 

the structure of MreB cytoskeleton before cell division, proposing that 

MreB is split into two equivalent rings that are structurally comprised of 

multiple proteins including MreC, MreD, PBP2 and RodA which assemble 

into the cytoskeletal ring (220). This assembly is dependent on the 

presence of an important component of the cell division apparatus (the 

FtsZ ring) adjacent to MreB rings (220,221). In E. coli, MreB connects 

directly to the membranes though it’s N-terminal amphipathic helix and 

at the same time interacts directly to the cytoplasmic helix-turn-helix 

motif (HTH) of the bitopic membrane (single transmembrane α-helix) 

protein, RodZ (Fig. 1.8), an assembly that has been elucidated to be 

crucial for controlling the topological growth in E. coli (221-226). 
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Figure 1.8: Schematic overview of the MreB interaction 
with PGEM in E. coli. MreB filaments interact directly to the IM 
by its N-terminal amphipathic helix via membrane targeting 
sequence (MTS) and indirectly through the RodZ HTH motif. MreB 

firmaments (Yellow) bind to the IM via two regions (see text). 
RodZ (vertical bar) has four domains. HTH domain that directly 
interact with MreB, the positively charged Juxta-membrane (JM) 
domain (+++) presumably provides a strict angular movement of 
the transmembrane helix via interaction with the negatively 
charged membrane polar lipids and the transmembrane region. 
The red helix (MreC) also interacts with MreB as well as with PBP2 

(green) and other OMPs. PP, periplasm; PG, peptidoglycan layer; 
D, MreC; A, RodA. This figure was taken from Gerdes K., 2009 
(226). 
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MreB forms cytoplasmic antiparallel double filaments which dynamically 

rotate around the cell circumference at the long axis of the cell in a 

manner reliant on the cell wall synthesis machinery (213,227). The 

addition of antibiotics targeting specific sites in peptidoglycan synthesis 

caused rapid termination of filament movement, leading to the proposal 

that peptidoglycan drives the movement of MreB and not the opposite 

(212-214,228). 

Previously, it was thought that MreB motion is due to the filament 

polymerization or treadmilling (229,230). However, evidence provided 

by Garner et al., 2011 showed that GFP-MreB containing a mutant to 

perturb ATP hydrolysis still displayed a circumferential motion, leading 

to the proposal that a mechanism apart from the filament 

polymerization dynamics is the driving force of MreB motion (212). This 

study also brought into doubt the presence of continual helices. Instead 

it postulated that MreB proteins assembled into discrete patches that 

move around the cell circumference, independent of each other in both 

directions perpendicular to the axis of the cell (212). By using total 

internal reflection fluorescent microscopy (TIRFM) to study major events 

at the cell surface of Bacillus subtilis and to visualize the dynamic 

collaboration between three MreB isoforms (MreB, MreBH and Mbl), 

patch-like localization and dynamics were observed. This was also found 

in Caulobacter crescentus and E. coli, indicating that these structures 

are widely conserved (212,228,231). 

To understand the exact role of peptidoglycan cell wall synthesis in the 

dynamics of MreB filaments, most of the studies have focused on the 
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relationship between MreB filament motion and the elongation of the 

peptidoglycan cell wall machinery. The thickness of the peptidoglycan 

layer varies. Gram-positives harbour an external thick peptidoglycan 

layer and Gram-negatives have a very thin layer between their inner 

and OMs (212,214,232). In both cases, the peptidoglycan elongation 

machinery (PGEM) is required for rod-shaped growth and composed of 

conserved membrane proteins (RodZ, RodA, MreC and MreD) and 

number of penicillin binding proteins (PBPs) that are responsible for 

assembling and crosslinking these subunits (232). The class B TPase 

PBP (PBP2) is essential for cell elongation and require MreB filament for 

localization as disruption in this specific elongation TPase PBP2 causes 

cessation in MreB movement, leading to the conclusion that the 

synthesis of peptidoglycan itself is responsible for providing the driving 

force which is required for MreB filament motion (212,213,231,233). In 

agreement with these observations, both peptidoglycan synthesis 

subunits and MreB paralogs were shown to move around the cell 

circumference at similar directions and speed (212,231). 

1.5.2.2 The bacterial IM Sec machinery 

Interestingly, different fluorescent labelling techniques such as GFP-

fusions, the biarsenical labelling (fluorescein arsenical hairpin binder 

(FlAsH) tag) and immunofluorescence have provided evidence that the 

Sec translocon is distributed in a spiral-like structure. For example, a 

study conducted by Campo et al., 2004 showed that SecA and SecY (the 

main component of Sec machinery) in B. subtilis strains are organized in 

helix-like structures along the cells similar to the spiral cytoskeleton of 
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E. coli. The localization of these Sec components in mreB or mbl 

mutants was similar, indicating that localization does not rely on the 

spiral cytoskeleton component, MreB or MbI (234). Consistent with this 

finding, both SecG without GFP fusion (native SecG detected by 

employing indirect immunofluorescence microscopy (IFM)) and SecE 

tagged with green fluorescent protein (GFP) were arranged in a helical 

conformation in E. coli, suggesting that the Sec machinery is arranged 

into a helical structure distinct from the helical filament of MreB (235). 

FlAsH-tagged SecY or SecE were also observed in a helical arrangement 

(141). It is possible that the actin homologue MreB might be implicated 

in targeting some cytoplasmic proteins toward the Sec translocon 

machinery, as secretion of colibactin-maturating enzyme (CIbp) across 

the IM was MreB and Sec/SRP/YidC dependent (236).  

Supporting the hypothesis that MreB helical filaments in combination 

with the Sec machinery may act as a pathway to deliver proteins toward 

bacterial poles, MreB filaments were implicated in polar localization of 

IcsA, aspartate chemoreceptor Tar, some polarized proteins in C. 

crescentus and PilT in P. aeruginosa, and depletion in MreB causes 

disturbance in localization of such proteins (207,210). It is apparent that 

MreB helical filaments are somehow in combination with Sec machinery, 

and may act as a pathway to deliver proteins toward bacterial poles.  

1.6 The pitfalls of fluorescent protein fusions 

In recent years, the use of fluorescent tags such as fluorescent proteins 

and fluorescently labelled antibodies in protein localization studies has 
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had a huge impact in discovering and understanding the molecular basis 

of molecular mechanisms in both eukaryotic and prokaryotic cells. 

However, the use of large fluorescent tags such as mCherry or GFP (~27 

kDa) comes with the risk of causing localization artefacts, more likely 

due to protein aggregation and thus must be carefully controlled (237). 

The studies on MreB localization that support the extended MreB helices 

concluded their results on the basis of fluorescent images generated by 

fluorescence microscopy of proteins fused with fluorescent tags or cells 

probed with fluorescently labelled antibodies (238). New super imaging 

techniques such as electron cryotomography can examine molecules in 

near-native states increasing the certainty about localization (237). The 

use of cryotomographic microscopy to localize MreB by Swulius et al., 

2012 revealed that the spiral filament conformation observed when 

MreB is fused with yellow fluorescent protein at its N-terminus is an 

artefact, whereas when MreB is tagged with mCherry within an internal 

loop, a patchy localization pattern similar to that observed with wild type 

MreB is detected (228,238). Another study using electron 

cryotomography also failed to observe long extended spiral filaments 

adjacent to the membrane and encircling rod-shaped bacteria. Instead, 

short MreB filaments were seen that could act as a scaffold for 

peptidoglycan strands (239). Moreover, an analysis using a super 

resolution variant of total internal reflection microscopy with structured 

illumination (TIRF-SIM) microscopy could not detect a complete GFP-

MreB spiral helix, although it did reveal disconnected filaments of MreB 

of variable lengths in live B. subtilis cells (240). Super resolution 

fluorescence microscopy also revealed that the synthesis of 
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peptidoglycan in Gram-negative bacteria occurs in a discontinuous 

patchy manner mirroring the localization of the MreB cytoskeleton 

(241). Collectively, this evidence suggests that the use of advanced 

imaging techniques to monitor protein localization provides greater 

certainty about their behaviour than conventional fluorescence 

microscopy (242).  

1.7 Main hypothesis and aims of this study   

We hypothesize that the bacterial cytoskeleton MreB is important for 

directing the localization of EspC toward the cell poles by a mechanism 

that recruits the AT C-terminal β-barrel domain. The spiral distribution 

of EspC at the cell membranes along the bacterial cytoskeleton is 

dependent on the dynamic interaction with the actin homologue MreB 

and Sec translocon. 

Building on the preliminary data that revealed a spiral-like structure of 

EspC-mCherry reminiscent of the bacterial cytoskeleton, this study set 

out to understand more about the underlying mechanism of AT secretion 

by: 

 monitoring the localization of EspC-mCherry with and without the C-

terminal β-barrel domain and comparing this in laboratory strains of 

E. coli and the original host, EPEC.  

 evaluating the consequences of utilizing the fluorescent protein 

mCherry as a tag to localize EspC. 
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 determining if the pathway of EspC secretion required the actin 

homologue MreB or the Sec translocon, and whether these are 

recruited by the AT’s β-barrel domain. 

 establishing the localization of more than one AT (EspC and AaaA) 

using a range of fluorescent labels in partnership with advanced 

super resolution techniques. 
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2.1 General chemicals 

The majority of chemicals used in this study were purchased from Sigma 

(UK) unless otherwise stated. 

2.2 Growth media 

2.2.1 Luria Bertani (LB) media  

All bacterial strains were routinely grown in Luria Bertani media (LB). 

The media ingredients were obtained from Oxoid Ltd and prepared as 

described Sambrook et al., 1989 (243). The LB broth was composed of 5 

g yeast extract, 10 g tryptone and 10 g NaCl in 1 L of dH2O. To prepare 

LB agar, addition of 0.8% (w/v) technical agar No. 3 (Oxoid) to LB broth 

was applied. The prepared media was autoclaved at 121°C for 20 min at 

15 psi prior to use (243).  

2.2.2 Minimal Media P (MMP) 

Where stated, E. coli strains were cultured in MMP. MMP consisted of 0.2 

g/L MgSO4, 1.47 g/L Na2HPO4, 0.648 g/L KH2PO4 and 0.001 g/L FeSO4 

(126). For sterilisation, the media was filtered under vacuum. 

2.3 Antibiotics and gene expression 

Antibiotics were supplemented to the media at the following final 

concentrations: ampicillin (Amp) (100 µg/ml); chloramphenicol (Cm) 

(30 µg/ml); kanamycin (Km) (25 µg/ml); tetracycline (Tc) (25 µg/ml) 
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and streptomycin (Str) (100 µg/ml) unless otherwise stated. For gene 

expression, L-Arabinose was used to induce the expression of genes 

under the control of araBAD promoter in pBAD vector. 20% (w/v) L-

arabinose was prepared as a stock solution and was mainly added to 

working concertation of 0.2% (w/v) unless otherwise stated. The 

preparation of all stock solutions was according to Sambrook et al., 

1989 (243), and filter sterilised using before 0.22 μm filters provided by 

Sartorius Stedim Biotech (Minisart®) and stored for further use 

according to the manufacturers’ guidelines. 

2.4 Growth and induction conditions 

Bacterial strains were routinely grown at 37˚C on LB broth shaking at 

200 rpm. Strains were maintained on LB agar plates and kept frozen at -

80˚C in 25% (v/v) glycerol for future use. E. coli ∆secA strains were 

grown at 30˚C up to OD600 of 0.1 then switched to non-permissive 

temperature at 42˚C. To express the recombinant protein, bacterial 

overnight cultures were diluted 1:100 in LB and either (i) induced 

concurrently with 0.2% L-arabinose for up to 4 h shaking at 37˚C 

(termed as direct induction), or (ii) induced after reaching OD600 of 0.5 

for period up to 2 h (referred as indirect induction) unless otherwise 

stated. Growth of bacterial cultures was measured by absorbance 

readings at a wavelength of 600 nm (optical density (OD), OD600) using 

a Thermo Biomate 3 Spectrophotometer. 
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2.5 Bacterial strains 

The bacteria strains used in this study are listed in table 2.1. 

 

Strain Genotype or Description Reference 

MG1655 F- λ- ilvG- rfb-50 rph-1. (244) 

DH5α F’/endA1, hsdR17(R- M+), supE44, thi-1, 

recA1, gyrA, relA1, ∆(lacZYA-argF) 
U169, deoR [Ф80d lac∆(lacZ) M15]. 

(243) 

EPEC 

E2348/69 

Wild-type EPEC O127:H6 isolated in 

Taunton (UK) during an outbreak of 
infantile diarrhea in1969. 

(4) 

EPEC∆espC EPEC O127:H6 E2348/69 has espC gene 
deletion. 

(111) 

MM52 E. coli has SecA mutant (temperature 

sensitive mutant). 

(245) 

E. coli Top10 F- mcrA ∆(mrr-hsdRMS-mcrBC) 

Ф80lacZ∆M15 ∆lacX74 recA1 ara∆139 
∆(ara-leu)7697 galU galK rpsL (StrR) 
endA1 nupG. 

iba 

company 

 

Table 2.1: Bacterial strains used in this study. 
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2.6 Plasmids 

All plasmids used in this study are listed in table 2.2. 

Plasmid Description Construct depiction Protein size Antibiotic 

resistance 
Reference 

pBAD18 High copy number with 
ColE1 and F1 ori. Empty 
vector under the control 
of an araBAD promoter. 

 # Ampr Stephanie 

Pommier 

pLADC1 

 

pBAD18 containing 

native espC gene under 
the control of araBAD 
promoter. 

 140 kDa Ampr (246) 

pLA18C1mc pBAD18 hosting EspC-
mCherry fusion (mCherry 
was inserted at the BglII 

site approximately in the 
middle of passenger 
domain) under the 
control of an araBAD 
promoter. 

 174 kDa Ampr Stephanie 

Pommier 

pMAC18-75 pBAD18 containing 

truncated EspC-mCherry 

(a stop codon introduced 
at the end of mCherry 
gene causes a frameshift 
to truncate translation 
before the transporter 
domain) under the 
control of an araBAD 

promoter.  

 ~70 kDa Ampr (247) 

pBAD33 Medium copy number 
with p15A and F1 ori.   
Empty vector under the 
control of an araBAD 
promoter. 

 # Cmr Stephanie 

Pommier 

pLA33C1 pBAD33 containing 
native espC gene under 
the control of an araBAD 
promoter. 

  140 kDa Cmr (246) 

pLA33C1mc 
 

pBAD33 hosting EspC-
mCherry fusion (mCherry 
was inserted at the BglII 

site approximately in the 
middle of passenger 
domain) under the 
control of an araBAD 
promoter. 

 174 kDa Cmr Stephanie 

Pommier 
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pMAC33 pBAD33 containing 
truncated EspC-mCherry 
(a stop codon introduced 
at the end of mCherry 
gene causes a frameshift 

to truncate translation 
before the transporter 
domain) under the 
control of an araBAD 
promoter. 

 ~70 kDa Cmr This study 

pMAO33 pBAD33 containing 
truncated EspC (Opal 

stop codon inserted after 
BglII site) under the 
control of an araBAD 

promoter. 

 ~35 kDa Cmr This study 

pmCherry Prokaryotic expression 
vector encoding red 

mCherry gene under the 
control of an araBAD 
promoter. 

 ~34 kDa Ampr Stephanie 

Pommier 

pLA33mCherry pBAD33 containing the 
mCherry gene under the 
control of an araBAD 
promoter. 

 ~34 kDa Cmr This study 

pLA33C1S256I pLA33C1 derivative 
carrying a substitution of 

Ser for Ile at codon 256 
of the espC ORF.  

 140 kDa Cmr This study 

pLA33C1mcS256I pLA33C1mc derivative 
carrying a substitution of 
Ser for Ile at codon 256 

of the espC-mCherry 
ORF.  

 174 kDa Cmr This study 

pMAC33S256I pMAC33 derivative 
carrying a substitution of 
Ser for Ile at codon 256 
of the espC-mCherry 

ORF.  

 ~70 kDa Cmr This study 

pMAO33S256I pMAO33 derivative 

carrying a substitution of 
Ser for Ile at codon 256 
of the espC ORF.  

 ~35 kDa Cmr This study 

pLA33mreB pBAD33 containing 
native mreB gene under 

the control of an araBAD 
promoter. 

 ~40 kDa Cmr This study 

pLA33mreBAvrII pLA33mreB derivative 
carrying a substitution of 
Gly for Arg at codon 228 
of mreB ORF for 
encoding AvrII restriction 

site. 

 
~40 kDa Cmr This study 
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pLA33mreBmc pBAD33 containing MreB-
mCherry fusion (mCherry 
was inserted at the AvrII 
site) under the control of 
an araBAD promoter. 

 ~74 kDa Cmr This study 

pLA33C1BglII pLA33C1 derivative 
containing additional 
BglII restriction site 
inserted upstream of the 
espC ORF by SDM. 

 140 kDa Cmr This study 

pLA33C1TAG533 pLA33C1 derivative 
containing an Amber stop 

codon inserted at 533 aa 
position of the espC ORF. 

 55 kDa Cmr This study 

pLA33C1TAG951 pLA33C1 derivative 
containing an Amber stop 
codon inserted at 951 aa 
position of the espC ORF. 

 110 kDa Cmr This study 

pMyo4TAGPylT-his6 Plasmid carrying a sperm 
whale myoglobin (myo) 
gene with an amber stop 
codon replaced the codon 
4 of myo ORF and His-
tagged at the C-terminal. 
This gene is under the 

control of araBAD 
promoter. This plasmid 

also hosts the PylT gene 
from Methanosarcina 
barkeri (Mb) (strain MS) 
with an lpp promoter and 
rrnC terminator. 

 
~19 kDa Tcr (248,249) 

pBK-PylS∆ pBK plasmid 
encompassing The Mb 
MS PylS mutant gene 
under the control of E. 
coli GlnRS promoter and 
terminator. 

 
~47 kDa Kmr (248,250) 

pEspC533TAGPylT pMyo4TAGPylT-his6 
derivative containing 
espC gene encoded with 

TAG at position 522 
replacing the myo gene 
under the control of an 
araBAD promoter.  

 55 kDa Tcr This study 

pEspC951TAGPylT pMyo4TAGPylT-his6 
derivative containing 
espC gene encoded with 
TAG at position 951 
replacing the myo gene 
under the control of an 
araBAD promoter.    

 110 kDa Tcr This study 
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pBK-PylSWT pBK-PylS∆ derivative 

carrying Methanosarcina 
mazei (Mm) PylS gene 
replacing the Mb MS PylS 
mutant gene. 

 ~51 kDa Kmr This study 

pBK-PylSAF pBK-PylSWT derivative 
carrying Mm PylS gene 
with double mutant 
(Y306A and Y384F). 

 ~51 kDa Kmr This study 

pLA33mreB-TC pLA33mreB derivative 
carrying CCPGCC tagged 
MreB. The TC motif 

inserted after Tyr residue 
at codon 226 of the mreB 
ORF. 

 ~40 kDa Cmr This study 

pLA33C1-TCCCGKCC pLA33C1 derivative 
carrying CCGKCC tagged 
EspC. The TC motif 

inserted after Gly residue 
at codon 896 of the espC 
ORF. 

 140 kDa Cmr This study 

pLA33C1-TCCCPGCC pLA33C1 derivative 
carrying CCPGCC tagged 
EspC. The TC motif 
inserted after Gln residue 

at codon 530 of the espC 
ORF. 

 
140 kDa Cmr This study 

pET21a::aaaA Plasmid containing aaaA 
gene under control of an 
IPTG inducible promoter. 

 
80 kDa Ampr (126) 

pLA33aaaA pBAD33 containing 
native aaaA gene under 
the control of an araBAD 
promoter. 

 
80 kDa Cmr This study 

pLA33aaaA-TC pLA33aaaA derivative 
carrying CCPGCC tagged 
AaaA. The TC motif 
inserted after Leu residue 
at codon 291 of the aaaA 
ORF. 

 
80 kDa Cmr This study 

pLA33aaaA-TC∆ pLA33aaaA-TC derivative 
carrying CCPGCC tagged 
AaaA, with codon 343 
replaced by an amber 
codon. 

 
~38 kDa Cmr This study 

pLA33aaaAC233S pLA33aaaA derivative 
carrying a substitution of 

Cys for Ser at codon 233 
the aaaA ORF. 

 
80 kDa Cmr This study 

 

Table 2.2: Plasmids used in this study. 
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2.7 DNA Preparation, manipulation and analysis 

2.7.1 Extraction of plasmid DNA 

High or medium copy-number plasmids were routinely isolated from the 

E. coli cultures using GenElute™ plasmid miniprep kit (Sigma) according 

to the manufacturers’ protocols. Plasmid DNA was eluted into 25-35 µl 

molecular biology grade H2O (Fisher Scientific, UK). 

2.7.2 Quantifying DNA concentrations 

To measure the concentration of DNA, the NanoDrap® ND-1000 

(Nanodrop Technologies) was utilized. 1.2 µl of DNA sample was applied 

to determine characteristic absorbance and concentrations. Whole 

spectra of samples could also be measured to evaluate purity. 

2.7.3 Restriction enzyme digestion of DNA 

Restriction enzymes were purchased form New England Biolabs (UK) 

and from Promega (UK) and were used according to the manufacturer’s 

recommendations. In general, the digestion reactions contained 0.1-0.9 

µg DNA, 0.5-1 µl restriction enzyme(s) and 10x suitable restriction 

buffer made to a total volume of 10-20 µl with molecular biology grade 

H2O (Fisher Scientific, UK). Samples were incubated at 37˚C for 1-2 h 

dependent on the quantity of DNA in the reactions. 
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2.7.4 Analysis and purification of DNA by agarose gel 

electrophoresis 

DNA samples were mixed with DNA blue gel loading dye purchased from 

New England Biolabs (UK) and loaded on 0.8-1% (w/v) agarose gels 

using a horizontal gel apparatus (Biorad, UK). The preparation of the 

gels were carried out according the procedure described by Sambrook et 

al., 1989 using agarose bioreagent dissolved in 1x tris-acetate-

ethylenediaminetetraacetic acid (TAE) buffer (table 2.3) with the 

addition of 10,000X SYBR® Safe DNA Gel Stain concentrate (dissolved in 

dimethyl sulfoxide (DMSO)) (Invitrogen) used at dilution 1:10,000 in 1X 

TAE buffer (243). The gels were run in 1× TAE buffer and 

electrophoresis was performed at 95-100 V. DNA fragments were 

visualized on Biorad Gel DOC™ XR+ with image Lab™ Software. For 

cutting the DNA fragments, a UV safe Visi-Blue™ Transilluminator was 

utilized. DNA fragments were extracted from agarose gel slices using the 

QIAquick® Gel Extraction Kit [50] (QIAGEN, Ltd) following the 

manufacturers’ protocols. Final elution of the purified DNA product was 

carried out using 15-20 µl molecular biology grade H2O (Fisher 

Scientific, UK). 

1x TAE Concentrations 

EDTA pH 8.0 50 mM 

Tris-acetate-EDTA base 40 mM 

Glacial acetic acid 0.1142% (v/v) 

 

Table 2.3: Standard recipes for agarose gel electrophoresis. 1x TAE was stored 
at RT. 
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2.7.5 Molecular weight marker 

To measure or estimate the size of DNA fragments, 1 kb DNA ladder 

(New England Biolabs (N3232S), UK) was used in this study. 1 µg of 1 

kb DNA ladder was mixed with 1x blue DNA loading dye and made to 

final volume of 6 µl with molecular biology grade H2O (Fisher Scientific, 

UK). Loading this mixture on 0.8% agarose gels reveals the size of DNA 

bands hosted in the 1 kb DNA ladder (Fig. 2.1). 

    

 

 

 

 

 

 

 

 

 

 
Figure 2.1: 1 kb DNA ladder visualized 
by SYBR® Safe DNA Gel Stain on 0.8% 

1x TAE agarose gel transferred at 100V. 
The DNA fragments appears clearly ranging 
from 0.5 to 10.0 kilobases (kb). 
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2.7.6 DNA ligation reactions 

All ligation reactions were performed using T4 DNA ligase (Promega, 

UK). The reaction volume was routinely prepared in a final volume of 20 

μl contained 1 μl T4 DNA Ligase, 2 μl T4 ligation buffer and 1:5 ratio of 

vector to insert following by incubated O/N at 16°C. To calculate the 

appropriate volumes of vector and insert needed for achieving successful 

ligation reaction, the following formula was used according to 

manufacturers’ protocol; (ng vector Х Kb size insert / Kb size of vector) 

Х Molar ratio of (5/1) = ng insert.   

2.8 Polymerase Chain Reaction (PCR) amplification  

2.8.1 Synthesis of oligonucleotide primers 

All oligonucleotide primers were designed using American SnapGene® 

software and synthesised by Sigma-Aldrich Ltd (UK). Designed primers 

were further analysed using oligonucleotide properties calculator website 

(http://www.basic.northwestern.edu/biotools/OligoCalc.html). A variety 

of primers were made in this study contained a minimum of 18 bases to 

ensure a correct hybridization. Primer sequences used in this study are 

listed in table 2.4. 

 

 

 

http://www.basic.northwestern.edu/biotools/OligoCalc.html
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  Primer Name Primer Sequence (5`to 3`) Description 

F-BglII-mCherry CTAGATCTTATGGTGAGCAAGG

GCGAG 

Forward primer used to amplify the 

mCherry ORF region with the underlined 

BglII restriction site directly upstream of 

the start codon (italic). The bold 

nucleotides are additional bases to make 

mCherry in frame with espC. This primer 

designed by Stephanie Pommier for 

generating EspC-mCherry fusion.  

R-BglII-mCherry-FL AGAGATCTAACTTGTACAGCTC

GTCCAT 

Reverse primer used to amplify the 

mCherry ORF region with the underlined 

BglII restriction site directly downstream of 

mCherry gene replacing the stop codon. 

The bold nucleotides are additional bases to 

make mCherry in frame with espC. This 

primer designed by Stephanie Pommier for 

generating full length EspC-mCherry fusion. 

R-BglII-mCherry-∆ AGAGATCTAAACTTGTACAGCT

CGTCCA 

Reverse primer used to amplify the 

mCherry ORF region with the underlined 

BglII restriction site directly downstream of 

mCherry gene replacing the stop codon. 

This primer in particular contains an extra 

italic bold base to create a frameshift that 

led to create short EspC-mCherry fusion 

version (pMAC33). This primer designed by 

Stephanie Pommier. 

F-BglII mCherry ATAAGATCTATGGTGAGCAAGG

GCGAGGAGGAT 

Forward primer used to amplify the 

mCherry ORF region with the underlined 

BglII restriction site directly upstream of 

the ATG start codon (italic). The bold 

nucleotides are additional bases to ensure 

accurate BglII restriction site digestion. This 

primer used to create pLA33mChery vector. 

R-SalI mCherry TATGTCGACCTTGTACAGCTCG

TCCATGCCGCCG 

Reverse primer used to amplify the 

mCherry ORF region with the underlined 

SalII restriction site directly downstream of 

mCherry gene. The bold nucleotides are 

additional bases to ensure accurate BglII 

restriction site digestion. Please note that 

the stop codon was autonomously 

introduced downstream the restriction site. 

This primer used to create pLA33mCherry 

vector. 

F-TGA-BglII GCAAAAAATAATAATAACTATAA

AGATCTAAGTTGATTTAGTGGT

GGTGGAAGTATTAATTTCGACA 

Forward primer used to amplify pLA33C1 

plasmid for encoding the espC ORF region 

with the underlined opal stop codon at 344 

aa position. The bold nucleotides represent 

the BglII restriction site. 
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R-TGA-BglII TGTCGAAATTAATACTTCCACCA

CCACTAAATCAACTTAGATCTTT

ATAGTTATTATTATTTTTTGC 

Reverse primer used to amplify pLA33C1 

plasmid for encoding the espC ORF region 

with the underlined opal stop codon at 344 

aa position. The bold nucleotides represent 

the BglII restriction site. 

F-pLA33C1-BglII CCATACCCGTTTTTTTGGGCTAG

CGAATAGATCTTCGAGCTCGAT

CTGGTGATAA 

Forward primer used to amplify pLA33C1 

plasmid to insert the bold BglII restriction 

site in pBAD33 vector backbone 

downstream of araBAD promoter. 

R-pLA33C1-BglII TTATCACCAGATCGAGCTCGAA

GATCTATTCGCTAGCCCAAAAA

AACGGGTATGG 

Reverse primer used to amplify pLA33C1 

plasmid to insert the bold BglII restriction 

site in pBAD33 vector backbone 

downstream of araBAD promoter. 

F-MreB-BglII TATAGATCTATGTTGAAAAAATT

TCGTGGCAT 

Forward primer used to amplify the mreB 

ORF region with the underlined BglII 

restriction site directly upstream of the ATG 

start codon (italic). The bold nucleotides 

are additional bases to ensure accurate 

BglII restriction site digestion. 

R-MreB-SalI ATAGTCGACTTACTCTTCGCTGA

ACAGGTC 

Reverse primer used to amplify the mreB 

ORF region with the underlined SalI 

restriction site directly downstream of TAA 

stop codon (italic). The bold nucleotides are 

additional bases to ensure accurate SalI 

restriction site digestion. 

F-MreB-AvrII GAAATCGGTTCGGCTTATCCTA

GGGATGAAGTCCGTGAAATCGA 

Forward primer used to amplify pLA33mreB 

for encoding the mreB ORF region with the 

underlined AvrII restriction site. The bold 

nucleotides represent the changed bases 

that required for encoding AvrII restriction 

site. 

R-MreB-AvrII TCGATTTCACGGACTTCATCCCT

AGGATAAGCCGAACCGATTTC 

Reverse primer used to amplify pLA33mreB 

for encoding the mreB ORF region with the 

underlined AvrII restriction site. The bold 

nucleotides represent the changed bases 

that required for encoding AvrII restriction 

site. 

mCherry-F-MreB ATACCTAGGATGGTGAGCAAGG

GCGAGGAGGAT 

Forward primer used to amplify the 

mCherry ORF region with the underlined 

AvrII restriction site directly upstream of 

the start codon (italic). The bold 

nucleotides are additional bases to ensure 

accurate AvrII restriction site digestion. 

mCherry-R-MreB TATCCTAGGCTTGTACAGCTCG

TCCATGCCGCCG 

Reverse primer used to amplify the 

mCherry ORF region with the underlined 

AvrII restriction site directly downstream of 

mCherry gene replacing the stop codon. 

The bold nucleotides are additional bases to 

ensure accurate AvrII restriction site 
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digestion. 

EspC-F S256I CGGTGGAGACATTGGTTCCGGT

TTCTATCTGTATGATAACGT 

Forward primer used to amplify the espC 

ORF region with bold codon for substitution 

of Ser for Ile. The bold underlined 

nucleotide represent the changed base that 

required for encoding Ile instead of Ser.* 

EspC-R S256I ACGTTATCATACAGATAGAAACC

GGAACCAATGTCTCCACCG 

Reverse primer used to amplify the espC 

ORF region with bold codon for substitution 

of Ser for Ile. The bolded underlined 

nucleotide represent the changed base that 

required for encoding Ile instead of Ser * 

F-TAG533espC TCAGGTAATACAGAGATAAACCA

CCAGTTTGATTAGACCCAAAAAA

ATAATAGTCGCCTGATTCTGG 

Forward primer used to amplify pLA33C1 

and target the espC ORF region for 

insertion the bold amber stop codon at 

positon 533 aa.  

R-TAG533espC CCAGAATCAGGCGACTATTATTT

TTTTGGGTCTAATCAAACTGGTG

GTTTATCTCTGTATTACCTGA 

Reverse primer used to amplify pLA33C1 
and target the espC ORF region for 

insertion the bold amber stop codon at 

positon 533 aa. 

F-TAG951espC GTCCTGGTCGACTTTTTAAACAA

GCCAGCCAGTTAGGAAATGAAC

GTGACGTTAATTACCGCACCGA 

Forward primer used to amplify pLA33C1 
and target the espC ORF region for 

insertion the bold amber stop codon at 

positon 951 aa. 

R-TAG951espC TCGGTGCGGTAATTAACGTCAC

GTTCATTTCCTAACTGGCTGGCT

TGTTTAAAAAGTCGACCAGGAC 

Reverse primer used to amplify pLA33C1 

and target the espC ORF region for 

insertion the bold amber stop codon at 

positon 951 aa. 

F-espC TTTATCGCAACTCTCTACTGTTT Forward primer used to amplify the espC 

ORF region. This primer was designed to 

flank araBAD region to enable amplifying 

SacI restriction site that situated between 

the promotor and espC ORF region in 

pLA33C1 vector. 

R-ApaI-espC TGCATGCCTGCAGGGCCCGGTC

GACTCTAGG 

Reverse primer used to amplify the espC 

ORF region with the bold ApaI restriction 

site downstream of espC gene in pLA33C1 

vector.  

F-pBK-SalI AGCACGAACCTGTAAGTCGACT

TTCAAACGCTAAATTGCCTGATG

CGCTACGC 

Forward primer used to amplify pBK-PylS∆ 

plasmid with bold SalI restriction site 

directly downstream of the stop codon 

(underlined) of MbpylS ORF region.   

R-pBK-SalI GCGTAGCGCATCAGGCAATTTA

GCGTTTGAAAGTCGACTTACAG

GTTCGTGCT 

Reverse primer used to amplify pBK-PylS∆ 

plasmid with bold SalI restriction site 

directly downstream of the stop codon 

(underlined) of MbpylS ORF region.   
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F-Mazei-NdeI ATACATATGATGGATAAAAAAC

CACTAAAC 

Forward primer used to amplify the MmPylS 

ORF region with an underlined NdeI 

restriction site directly upstream of the 

start codon (italic). The bold nucleotides 

are additional bases to guarantee accurate 

NdeI restriction site digestion. 

R-Mazei-SalI TATGTCGACTTACAGGTTGGTA

GAAATCC 

Reverse primer used to amplify the MmPylS 

ORF region with an underlined SalI 

restriction site directly downstream of the 

stop codon (italic). The bold nucleotides are 

additional bases to guarantee accurate SalI 

restriction site digestion. 

F-MmPylS-Y306A TTGCTCCAAACCTTGCCAACTAC

CTGCGCAAGCTTGACAGGGCCC

TGCC 

Forward primer used to amplify pBK-PylS 

plasmid (hosting MmPylSWT) for encoding 

the MmPylS ORF region with bold codon for 

substitution of Tyr for Ala at aa position 

306. The underlined nucleotides represent 

the changed bases that required for the 

mutation. 

R-MmPylS-Y306A GGCAGGGCCCTGTCAAGCTTGC

GCAGGTAGTTGGCAAGGTTTGG

AGCAA 

Reverse primer used to amplify pBK-PylS 

plasmid (hosting MmPylSWT) for encoding 

the MmPylS ORF region with bold codon for 

substitution of Tyr for Ala at aa position 

306. The underlined nucleotides represent 

the changed bases that required for the 

mutation. 

F-tRNA mut TCGATCTACATGATCAGGTTTCC

GCGGCCGCGAATTCAGCGTTAC

AAGTA 

Forward primer used to amplify 

pMyo4TAGPylT-his6 plasmid for substitution 

guanine nueclotide for adenenie at the 

acceptor stem of the suppressor tRNA. 

R-tRNA mut TACTTGTAACGCTGAATTCGCGG

CCGCGGAAACCTGATCATGTAG

ATCGA 

Reverse primer used to amplify 

pMyo4TAGPylT-his6 plasmid for substitution 

guanine nueclotide for adenenie at the 

acceptor stem of the suppressor tRNA. 

F-MmPylS-Y384F TCGTAGGCGATTCCTGCATGGT

CTTTGGGGATACCCTTGATGTA

ATG 

Forward primer used to amplify pBK-PylS 

plasmid (hosting MmPylS Y306A) for encoding 

the MmPylS ORF region with bold codon for 

substitution of Tyr for Phe at aa position 

384. The underlined bold nucleotide 

represents the changed base that required 

for the mutation. 

R-MmPylS-Y384F CATTACATCAAGGGTATCCCCA

AAGACCATGCAGGAATCGCCTA

CGA 

Reverse primer used to amplify pBK-PylS 

plasmid (hosting MmPylS Y306A) for encoding 

the MmPylS ORF region with bold codon for 

substitution of Tyr for Phe at aa position 

384. The underlined bold nucleotide 

represents the changed base that required 

for the mutation. 
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F-MreB CCXXCC TCGGTTCGGCTTATTGTTGCCC

GGGCTGTTGCGATGAAGTCCGT

GAAAT 

Forward primer used to amplify pLA33mreB 

plasmid for encoding the mreB ORF region 

with the bold codons to generate the 

optimal CCPGCC motif. XX are representing 

Pro-227–Gly228 residues.  

R-MreB CCXXCC ATTTCACGGACTTCATCGCAAC

AGCCCGGGCAACAATAAGCCG

AACCGA 

Reverse primer used to amplify pLA33mreB 

plasmid for encoding the mreB ORF region 

with the bold codons to generate the 

optimal CCPGCC motif. XX are representing 

Pro-227–Gly228 residues. 

F-EspC CCXXCC GTTGAACTGGGGGGCTGTTGC

GGGAAATGCTGTGACTTTGCCA

CCCTGCGGGT 

Forward primer used to amplify pLA33C1 

plasmid for encoding the espC ORF region 

with the bold codons to generate CCGKCC 

motif. XX are representing Gly-897–Lys-

898 residues. 

R-EspC CCXXCC ACCCGCAGGGTGGCAAAGTCAC

AGCATTTCCCGCAACAGCCCCC

CAGTTCAAC 

Reverse primer used to amplify pLA33C1 

plasmid for encoding the espC ORF region 

with the bold codons to generate CCGKCC 

motif. XX are representing Gly-897–Lys-

898 residues. 

F-EspC CCPGCC CAGAGATAAACCACCAGTGCTG

TCCAGGCTGCTGCTTTGATACC

CAAAAAAATAATAGTCGC 

Forward primer used to amplify pLA33C1 

plasmid for encoding the espC ORF region 

with the bold codons to generate the 

optimal CCPGCC motif. This motif sequence 

is inserted between Gln-530 and Phe-531 

residues. 

R-EspC CCPGCC GCGACTATTATTTTTTTGGGTAT

CAAAGCAGCAGCCTGGACAGC

ACTGGTGGTTTATCTCTG 

Reverse primer used to amplify pLA33C1 

plasmid for encoding the espC ORF region 

with the bold codons to generate the 

optimal CCPGCC motif. This motif sequence 

is inserted between Gln-530 and Phe-531 

residues.  

F-AaaA CCPXCC AGTACTGACCAACGCCCTCTGC

TGTCCAGGCTGCTGCCAGGAG

CGCATCGAGC 

Forward primer used to amplify pLA33aaaA 

plasmid for encoding the aaaA ORF region 

with the bold codons to generate the 

optimal CCPGCC motif. X is representing 

Gly-292 residue. 

R-AaaA CCPXCC GCTCGATGCGCTCCTGGCAGCA

GCCTGGACAGCAGAGGGCGTT

GGTCAGTACT 

Reverse primer used to amplify pLA33aaaA 

plasmid for encoding the aaaA ORF region 

with the bold codons to generate the 

optimal CCPGCC motif. X is representing 

Gly-292 residue.   

F-AaaA C233S CGGCGGGTACCGGCTGCTCAAG

CGACGGCGAAAGCTTCAACGG 

Forward primer used to amplify pLA33aaaA 

plasmid for encoding the aaaA ORF region 

with the bold nucleotides for substitution of 

Cys for Ser at 233 aa position. 

R-AaaA C233S CCGTTGAAGCTTTCGCCGTCGCT Reverse primer used to amplify pLA33aaaA 

plasmid for encoding the aaaA ORF region 
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TGAGCAGCCGGTACCCGCCG with the bold nucleotides for substitution of 

Cys for Ser at 233 aa position. 

F-AaaATAG343 ATGGAAGACCAGTTGTAGCGCC

AGCATCAGGCACT 

Forward primer used to amplify pLA33aaaA-

TC plasmid for encoding the aaaA ORF 

region with the bold amber stop codon at 

aa positon 343. The underlined bold 

nucleotide is representing the changed base 

that required for the mutation.  

R-AaaATAG343 AGTGCCTGATGCTGGCGCTACA

ACTGGTCTTCCAT 

Reverse primer used to amplify pLA33aaaA-

TC plasmid for encoding the aaaA ORF 

region with the black bold amber stop 

codon at aa positon 343. The underlined 

bold nucleotide is representing the changed 

base that required for the mutation. 

Primers for 
sequencing 

  

espCFNO1 GATCTGGTGATAAAAACATTA Primer to sequence espC (246).  

espCF12 AAGTTTGTTGTTGAAACA Primer to sequence espC (246).  

mCherry MA-F MID TCCCCGACTACTTGAAGCTG Primer to sequence mCherry. 

pLADCBP3f TTAGAGAGGGTGGGGGTTACCT

GCATGCTGC 

Primer to sequence espC (246).  

Primer MA2-F GAAACAGGAGTATTACTCCC Primer to sequence mCherry. 

espCKHf1 GAACAAGCGTATGGGTGA Primer to sequence espC (246).  

AaaA upstream F1 CACGGCGTCACACTTTGCTATGC

CA 

Primer to sequence aaaA. 

AaaA-F2 GGTTCGCGTGCCTACGTCGAGT

CCCT 

Primer to sequence aaaA. 

AaaA-F3 GTTTCGACATGCCTGGCAATCC

GG 

Primer to sequence aaaA. 

AaaA-F4 GACATGGGCGGCGTGGACAAG

GATTTCG 

Primer to sequence aaaA. 

MreB-F2 TGGTACCACTGAAGTTGCTGTTA

T 

Primer to sequence mreB. 

F-Myo4TAG ATGACAAAAACGCGTAACAAAA

GTG 

Primer to sequence myoglobin. 

F-tRNA syn 1 AGATCATACGCCGTTATACGTTG

TTT 

Primer to sequence MbpylS∆. 

F-tRNA syn 2 TATACCAACGATCGTGAAGATTA

TCT 

Primer to sequence MbpylS∆. 
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M-mazei F1 AGCCTGTCCCGCTTATAAGAT Primer to sequence MmpylSAF. 

M-mazei F2 GCACAGGCTCAACCTTCTGGAT

C 

Primer to sequence MmpylSAF. 

M-mazei F3 GGATGGGCATTGATAATGATA Primer to sequence MmpylSAF. 

M-mazei F4 ATACCGCTTGACCGGGAATGG Primer to sequence MmpylSAF. 

F-pylT ACCGGAAGGAGCTACCGGC Primer to sequence tRNA-Pyl (pylT) gene. 

 

Table 2.4: Oligonucleotide primers used in this study.  
* These primers used to create pLA33C1S256I, pLA33C1mcS256I, pMAC33S256I and 
pMAO33S256I plasmids. 

 

2.8.2 PCR amplification 

2.8.2.1 Conventional PCR 

A standard PCR amplification was performed according to methods 

described by Saiki et al., 1988 in a final volume of 25 µl using Q5® High-

fidelity PCR Kit (New England BioLabs (E0555S/L), UK) (251). Reactions 

were carried out in SensoQuest Labcycler (SensoQuest GmbH) for a 

total of 35 cycles. The components of the PCR reaction as well as the 

thermocycling conditions used in this study are shown in table 2.5. 

2.8.2.2 Site-directed mutagenesis PCR 

Site-directed mutagenesis (SDM) was carried out by following the 

principles described in the QuikChange II Site-Directed Mutagenesis Kit, 

Instruction manual (from Agilent Technology). To obtain high mutation 

efficiencies, the high fidelity Pfu DNA polymerase was used (Promega, 
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Table 2.5: Routine PCR mixture and cycling parameters utilized in this study.  

* The annealing temperature was changed depending on the nature of the primers used 

and the stringency levels required.         

 

 

M7741). To avoid the existence of any parental templates in the PCR 

products, the products were digested by DpnI enzyme (Promega, 

R6231) at 37˚C for 1 h following by transformation into E. coli Top10 

torepair the nicks. Mutated plasmids were further extracted and 

transformed into freshly prepared CaCl2 MG1655 for further analysis. 

The PCR reaction and conditions are shown in table 2.6.  

PCR Mix   

Components Volumes Final concentration 

Q5 High-Fidelity  2X Master Mix  12.5 µl 1X 

10 µM Forward primer  1.25 µl 0.5 µM  

10 µM Reverse primer  1.25 µl 0.5 µM 

DNA template variable 25 ng-75 ng 

Nuclease-Free Water to 25 µl  

Thermocycling conditions   

Cycle Stage Temperature Time and Repetitions 

Initial denaturation 98˚C 30 sec / one cycle 

Denaturation 98˚C 10 sec 

Annealing    55˚C * 30 sec                       35 cycles 

Extension 72˚C 30 sec every 1kb 

Final Extension 72˚C 2 min / one cycle 

Hold 4˚C Pause 
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Table 2.6: SDM PCR mixture and cycling parameters used in this study.  

* To enhance the PCR amplification DMSO sometimes added in some reactions. 
** The annealing temperature was changed depending on the nature of the primers 
used and the stringency levels required.  

 

2.9 DNA sequencing 

When necessary, DNA sequencing was conducted by Source BioScience, 

Nottingham, using Sanger sequencing services and ABI3730XL 

sequencer. Prepared sequence data were download via Source 

BioScience SpeedREAD automated data delivery system and analysed 

using the SnapGene® software. Alignment of DNA or protein sequences 

to identify homology was achieved using the Basic Local Alignment 

PCR Mix   

Components Volumes Final concentration 

Pfu Buffer 10X 5 µl 1X 

10 µM forward primer 1 µl 0.2 µM 

10 µM Reverse primer 1 µl 0.2 µM 

DNA template variable 35 ng-50 ng 

dNTP mix, 10 mM each 1 µl 200 µM each   

DMSO (optional) * 1 µl 2% 

Pfu DNA polymerase 1 µl 2-3 units/µl 

Nuclease-Free Water to 50µl  

Thermocycling conditions   

Cycle Stage Temperature Time and Repetitions 

Initial denaturation 95˚C 30 sec / one cycle 

Denaturation 95˚C 30 sec 

Annealing      55˚C ** 1 min                      12-16 cycles 

Extension 68˚C 1 min every 1kb 

Hold 4˚C Pause 
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Search Tool ‘BLAST’ provided by NCBI 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The Sequences of the pre-

determined DNA and protein were obtained from the NCBI 

(http://www.ncbi.nlm.nih.gov/) using gene and protein databases 

respectively. Furthermore, the E.coli K-12 MG1655 genome sequence 

database (http://www.ecogene.org/) was also used to analyse MG1655 

sequences.  

2.10 Transformation 

2.10.1 Preparation of chemically competent E. coli cells 

To prepare chemical competent E. coli cells, 1 ml from an overnight 

(O/N) E. coli culture was added to 99 ml of sterile LB broth (1:100 

dilution) in 500 ml flasks and grown at 37˚C with shaking at 200 rpm 

until reaching OD600 of 0.4-0.5. Subsequently, Cells were harvested by 

centrifugation at 5500 rpm (Allegra™X-22R centrifuge, Beckman 

Coulter) for 10 min at 4˚C and resuspended in ice cold sterile 50 ml 100 

mM CaCl2 before being incubated in ice for 40-60 min. Once incubated, 

cells were harvested again at the same conditions and finally 

resuspended in ice cold sterile 5 ml 100 mM CaCl2. Cells were aliquoted 

into 300 µl and immediately used for heat shock transformation. If 

necessary, cells were aliquoted into 300 µl containing 10% (v/v) sterile 

glycerol in sterile Eppendorf tubes before quick freezing in liquid 

nitrogen and storage at -80˚C freezer for future use.  

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ncbi.nlm.nih.gov/
http://www.ecogene.org/
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2.10.2 Heat chock transformation 

Heat shock was performed by first adding 100 ng of DNA (or 8-10 µl 

from the ligation reaction) to 300 µl of CaCl2 competent E. coli cells 

followed by 45 min on ice, 1-2 min shock at 42˚C and 2 min on ice. 

Then, 700 µl of SOC outgrowth broth (New England BioLabs, B9020S) 

added followed by incubation at 37˚C (shaking at 200 rpm) for 60 min 

in absence of antibiotics. Subsequently, after finishing the incubation 

period, centrifugation 2 min at 5500 rpm and 800 µl of the supernatant 

was discarded and the reminder was resuspeneded and platted in 50 µl 

aliquots onto LB agar plates containing appropriate antibiotics for 

selection of transformants. Finally, plates were incubated O/N at 37˚C. 

Likewise, Negative controls of heat shocked cells with no plasmids were 

prepared. 

2.10.3 Heat chock transformation using the commercial 

provided Top10 E. coli cells. 

The competent E. coli Top10 cells (IBA) were only used to perform site 

directed mutagenesis. Top10 cells were transformed with mutated 

plasmid DNA according to the manufacturer’s recommendations. Briefly, 

100 µl of Top10 E. coli cells were mixed with 10 µl of DpnI digested PCR 

reaction followed by 30 min incubation on ice, shock at 37˚C for 5 min 

and cooling between 2-5 min on ice. Then, 900 µl of SOC broth added 

followed by incubation at 37˚C (shaking at 200 rpm) for 45 min. After 

finishing the incubation period, centrifugation 2 min at 5500 rpm and 

continue as described in section 2.10.2.     
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2.11 Protein sample preparation and analysis 

2.11.1 E. coli whole cell protein preparation 

E. coli strains to be investigated were grown in LB broth as previously 

described. After finishing the induction time, the OD600 of the culture 

was measured and 1 ml aliquots removed from the culture and used to 

prepare the samples. The aliquots were pelleted by centrifugation for 1-

2 min at 13,000 rpm and then resuspended in 200 μL of 1 X sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) loading 

buffer (50 mM Tris-HCl, pH 6.8, 100 mM dithiothreitol (DTT), 2% (w/v) 

sodium dodecyl sulphate (SDS), 0.1% (w/v) bromophenol blue and 10% 

(v/v) sterile Glycerol). When necessary, samples were sonicated at 

amplitude 5-10 microns for 10 s to avoid the sample viscosity using an 

MSE Soniprep 150. To guarantee the denaturation of the proteins, the 

lysates were boiled at 100˚C for 10 min before loading onto the gel.  

2.11.2 E. coli secreted protein preparation  

Supernatant samples containing proteins were collected by 

centrifugation 5 min at 13,000 rpm then precipitated with 10 % (v/v) 

trichloroacetic acid (TCA) for 30 min on ice followed by 15 min 

centrifugation to obtain the precipitated proteins. Subsequently, samples 

were washed with ice cold acetone and allowed to air dry by inverting 

the tubes for 15 min. Dried pellets were then resuspended in 1X SDS-

PAGE loading buffer and boiled 5 min at 100˚C prior loading onto the 

SDS-PAGE gel for analysis.  
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2.11.3 SDS-PAGE gel preparation 

The analysis of proteins and SDS-PAGE were performed as described by 

Cooksley et al., 2003 (252). Dependent on the molecular weight of the 

investigated proteins, both 9% and 12% polyacrylamide separating gels 

were used in this study. To allow separation of protein mixture through 

the separating gel, protein samples had first been electrophoresed 

through a 5% stacking gel. The composition of both separating and 

stacking gels are shown in table 2.7. Once prepared samples were 

loaded into the stacking gel, the electrode assembly containing the gel 

was placed inside Bio-Rad Mini-Protein® Tetra Cells system and 

electrophoresis was started in 1X electrophoresis running buffer (0.025 

M Tris base, 0.19 M Glycine and 0.08% (w/v) SDS) using a PowerPac™ 

HC power supply at 16 mA per gel until the protein arrived the running 

gel. Subsequently, 40 mA per gel was used to allow samples to 

separate, until the loading buffer had reached to the bottom of the gel. 

6-8 µl of ColorPlus Prestained Protein Marker, Broad Range (7-175 kDa) 

(New England Biolabs, P7709V) was also loaded in parallel to the 

samples, allowing estimation of protein molecular weight.  

Stacking Gel (5%) Separating Gel (9%) Separating Gel (12%) 

Stacking gel buffer: 1ml 
(0.5M Tris pH 6.8 + 0.4% SDS) 

Separating gel buffer (2.5ml) 
(1.5M Tris pH 8.8 + 0.4% SDS) 

Separating gel buffer (2.5ml) 
(1.5M Tris pH 8.8 + 0.4% SDS) 

Acrylamide: 400 µl Acrylamide: 3 µl Acrylamide: 4 µl 

Water: 723 µl Water: 4.44 µl Water: 3.44 µl 

APS: 50 µl APS: 150 µl APS: 150 µl 

TEMED: 5 µl TEMED: 15 µl TEMED: 15 µl 

 
Table 2.7: The recipes for preparing stacking and separating gels used in this 
study. 
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2.11.4 Western Blot 

Once the components of the protein mixture were separated on SDS-

PAGE gel, they next were transferred from SDS-PAGE gel onto the 

nitrocellulose membrane via a Mini Trans-Blot® Electrophoretic Transfer 

Cell (Biorad, UK). Blotting was carried out in cold 1x transfer buffer (20 

mM Trise base, 150 mM Glycine and 20% (v/v) MeOH) at 150 mA for 60 

min at RT. After this, the nitrocellulose membrane was blocked without 

shaking at 4˚C O/N in blocking solution (PBS containing 0.5% (v/v) 

Tween-20 (PBST) and 5% (w/v) dried skimmed milk powder). 

To detect the protein of interest, next day the blocking solution was 

discarded and the membrane incubated with the primary antibody at 

desirable dilution (table 2.8) in freshly prepared blocking solution at RT 

for 60 min. The membrane was washed (3 x 5 min) with 0.5% PBST 

before addition of the secondary antibody (commercially available Anti-

rabbit IgG horseradish peroxidase (HRP) at 1:10,000 dilution in 0.5% 

PBST and resuming incubation at RT shaking for another 60 min. After 

incubation, the membrane was again washed as described above. On 

the other hand, for His tagged protein detection, the membrane was 

incubated only once with Penta-His HRP conjugate (QIAGEN) in 0.5% 

PBST at RT and washed as before. Subsequently, the blots were 

developed using the Pierce® ECL Western Blotting substrate (Thermo 

Scientific) and the Amersham Hyperfilm™ chemiluminescence film (GE 

Healthcare Limited, UK) according to the manufacturer’s instructions. 

 



 

82 
  

Rabbit 

Antibodies 
Dilution Reference 

α-EspC 1:1000 (111) 

α-dsRed 1:10,000 
Source 

Bioscience 

α-TolC 1:2000 (126) 

α-AcrB 1:2000 (126) 

α-IscS 1:1000 (126) 

α-AaaA 1:2000 (126) 

 

Table 2.8: Rabbit primary antibodies used in this study. 

 

2.12 Cell fractionation  

2.12.1 Cell fractionation using the protocol described for P. 

aeruginosa 

To split the bacterial compartments and determine the localization of the 

protein of interest, the samples of cytoplasmic, inner membrane, 

periplasmic and outer membrane fractions were prepared according to a 

protocol published by Luckett et al., 2012 (126). The protocol is also 

available online (http://www.bio-protocol.org/e922). 

2.12.2 Sucrose gradient fractionation 

To provide a clear separation of membrane associated proteins and 

clarify the localization of the protein of interest, a flotation sucrose 

gradient analysis was performed using a protocol described by Hardie et 

al., 1996 (253). Briefly, the LB O/N cultures of each strain were diluted 
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1:100 next day in fresh LB supplemented with suitable antibiotic and 

induced concurrently either by 0.2% or 0.02% arabinose for 4 h at 37˚C 

shaking 200 rpm. The cultures were grown in 100 ml LB broth volume 

using 500 ml flasks. After 4 h of induction, Cells were harvested by 

centrifugation at 5000 rpm for 5 min at 4˚C and washed with 10 ml 25 

mM HEPES (pH 7.5) then finally resuspended in 3 ml 25 mM HEPES (pH 

7.5) containing 1 mg/ml DNase and 1 mg/ml RNase. Following 

disruption in a French pressure cell at 14000 lb/in2 (two or three times 

until lysates become clear), on ice. Whole cell extracts were made ›60% 

(w/w) sucrose. In parallel, sucrose gradient solutions spanning from 

31% to 60% (w/w) were also prepared in 25 mM HEPES (pH 7.5) buffer. 

To enable separation of proteins from the whole cell lysate, 1 ml from 

whole cells extracts ›60% (w/w) sucrose was first loaded at the bottom 

of Ultra-Clear™ centrifuge tube (Thinwall tubes, 13.2 mL, 14 x 89 mm) 

(Beckman Coulter, 334059) followed by loading with care equivalent 

amount of prepared sucrose solutions start with 60% up to 32% sucrose 

(w/w) solutions. Samples were centrifuged at top speed 41,000 rpm 

(Optima™ LE-80k Ultracentrifuge, Beckman Coulter) using SW41Ti rotor 

for 24 h at 10˚C. Next day, the fractions of 1 ml were carefully aspirated 

from the top of the tube and subjected to TCA precipitation before 

Western blotting analysis. To determine the precise percentage of 

sucrose in every gradient, the refractive index in all sucrose gradients 

was measured by the refractometer before and after the centrifugation. 
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2.13 Trypsin assay 

To confirm the localization of EspC at the bacterial surface, bacteria 

expressing such protein were exposed to digestion by an exogenously 

added trypsin (Trypsin from bovine pancreas from Sigma) and its 

susceptibility to trypsin enzyme was examined. O/N cultures of the 

strains to be studied were prepared and diluted 1:100 in fresh LB broth 

containing appropriate antibiotics. Each culture was divided into two 

groups to be induced directly and indirectly (see section 2.4) and kept to 

grow at 37˚C shaking 200 rpm. Whole cells samples were collected 

overtime by centrifugation at 6000 rpm for 5 min at 4˚C (Allegra™X-

22R, Beckman Coulter), washed twice and resuspended to 1.0 OD600 

units/ml in 100 mM Tris-HCl (pH 8.0). After this, the samples were 

divided into two sets, whole and lysate cells (cells lysed by sonication 1-

2 min, on ice). Subsequently, both whole and lysate cells were 

incubated at 37˚C for 60 min in three aliquots, independently, one with 

trypsin (1 µg/ml), one with trypsin (1 µg/ml) plus soybean trypsin 

inhibitor (10 µg/ml) (Invitrogen) and one kept without trypsin 

treatment. Finally, all samples were centrifuged as before and the 

pellets were then resuspended in 200 µl 1X SDS-PAGE loading dye and 

boiled for 10 min for further protein analysis. 

2.14 Arginine ­ p ­ nitroanalide assay 

To assess the activity of AaaA, arginine-p-nitroanilide degradation assay 

was carried out according to a protocol described by Luckett et al., 2012 

(126). The O/N of bacterial strains to be tested were prepared and 
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diluted 1:100 in LB supplemented with appropriate antibiotics and grown 

at 37˚C shaking until reaching OD600 of 0.05. Then, the cultures were 

induced by 0.02% arabinose. After a further 2:30 h, cells were 

harvested and washed twice with sterile MMP using centrifugation 6000 

rpm for 5 min and subsequent resuspension was normalised to 0.25 

OD600 unit in a final volume of 1 ml of MMP. Subsequently, 150 μl of 

each sample were inoculated in wells of sterile clear bottomed 96 well 

plates (Costar) and mixed with 150 μl of arginine-p-nitroanilide solution 

(at final concentration of 1 mM). The plate was placed in Lucy plate 

reader for 11-24 h at 37°C for monitoring the degradation of p-

nitroanilide measured by OD405. 

2.15 The S-(3.4-Dichlorobenzyl)-isothiourea (A22) 

To perturb the bacterial actin homologue cytoskeleton MreB, A22 

(Calbiochem, 475951) was used in this study according to the previous 

study made by Gitai et al., 2005 (254). A22 was prepared at 

concentration 5 mM (stock concentration) and used whether at zero 

µg/ml (A220) as untreated controls, 2.5 µg/ml (A222.5) to get lemon 

shaped cells or 10 µg/ml (A2210) to have completely circular cells. 

Bacterial strains to be tested were grown in LB broth plus appropriate 

antibiotics O/N at 37˚C shaking 200 rpm. Next day, 1 ml of cultures was 

used to inoculate 99 ml of fresh LB broth supplemented with antibiotics 

(1:100 dilution) using 500 ml flask and concurrently induced by 0.2% 

arabinose. The cultures kept to grow shaking at 37˚C for approximately 

1 h (until reach 0.05 of OD600nm). At this particular point, the cultures 

were aliquoted into 3 sets (25 ml each in 100 ml flasks). One set of 
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culture was treated with A220 (control), the second set was treated with 

A222.5 and the third with A2210. Subsequently, treated cells were 

incubated to grow at 37˚C shaking for further 4 h, harvested by 

centrifugation at 6000 rpm for 5 min, washed once with ice cold PBS, 

and resuspended to 0.5 OD600 units/ml. Finally, 8 µl of washed cells 

were applied on microscopic slides for microscope analysis.   

2.16 Expression of amber encoded recombinant proteins 

To express the amber encoded sperm whale myoglobin, the plasmid 

pMyo4TAGPylT-his6 was co-transformed with the plasmid pBK-PylS∆ 

(ACKRS-1) into the CaCl2 competent MG1655 cells. For expression of 

espC that that contains amber codon either at position 533 or 951, the 

plasmid pEspC533TAGPylT or pEspC951TAGPylT was co-transformed 

with the plasmid pBK-PylS∆ (ACKRS-1) into the similar competent cells. 

The cells were incubated O/N at 37˚C shaking 200 rpm in LB broth 

supplemented with Km 25 µg/ml and Tc 12.5 µg/ml as recommended by 

Neumann et al., 2008 (248). Next day, bacterial cultures were diluted 

1:100 in fresh LB broth containing the selected antibiotics plus 

supplemented with 1 mM (final concentration) of unnatural amino acid 

(UAA). After 2 h shaking at 37˚C (OD600 0.2-0.4), induction of the 

protein expression was performed by addition 0.02% arabinose and 

grown for further 3-4 h. Finally, cells were harvested by centrifugation 

at 6000 rpm for 5 min, washed with PBS and the pellets were then 

resuspended in 200 µl 1X SDS-PAGE loading dye and boiled for 10 min 

for immunoblotting analysis. 
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2.17 Flow cytometry analysis 

To allow discrimination between different cell populations according to 

fluorescent intensity, membrane integrity and size, cell suspensions 

were analysed in duplicate with a Beckman Coulter MoFlo XDP flow 

cytometry. Bacterial viability was assessed by staining cells with SYTOX® 

blue dead cell stain (Invitrogen, S11348). The stain has high affinity to 

nucleic acid and gives a bright blue fluorescence when excited with 

violet laser. Staining procedure was manipulated according to the 

manufacturer’s instructions. Briefly, 4 h arabinose induced cultures were 

harvested by centrifugation at 5000 rpm for 5 min, washed and 

resuspended in sterile ice cold PBS to 0.5 OD600 units/ml (~5 x 108 

cells/ml). 1 ml of cell suspensions were transferred to 1.5 ml eppendrof 

tubes, sealed and safely taken to the flow cytometry facility in QMC 

hospital for analysis. Before start measuring, samples were stained by 

adding 1 µl of the blue stain at a final concentration of 1 µM to tubes 

and incubated at room temperature for 5 min, protected from light. 

Samples were excited with violet and green lasers to detected blue cells 

and mCherry respectively. Signals were amplified using liner mode for 

forward scattering and side scattering while logarithmic mode was the 

choice to use to amplify the fluorescence signals. 

2.18 FlAsH labeling tetracysteine-tagged recombinant proteins 

To enable detection of recombinant proteins hosting tetracysteine motif, 

the green membrane-permeable biarsenical dye, FlAsH-EDT2 

(Invitrogen, T34561), was used in this study. Cultures of the strains to 
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be tested were prepared and induced by 0.02% arabinose as previously 

described unless otherwise stated. Cells producing TC-tagged protein 

were harvested by centrifugation at 5500 rpm for 2 min and washed 

once with 1x HEPES buffered saline BioUltra (Sigma, 51558) ice cold, 

and resuspended in 1 ml to 1.0 of OD600 using the same buffer. The cells 

were centrifuged once more and the pellet was resuspended (slowly) in 

500 µl 1x HEPES buffer containing 3-5 µM (final concentration) FlAsH-

EDT2 substrate followed by incubation for 35-45 min in darkness at RT. 

After incubation, cells were harvested by centrifuging as before and the 

supernatant discarded according to the University of Nottingham 

guidelines. Subsequently, cells were washed twice with 1 ml 1x British 

Anti-Lewisite (BAL) wash buffer at final concertation of 0.25 mM as 

recommended by the manufacturer (added twice volume of wash buffer 

to the volume of added substrate). Lastly, cells were further washed 

once again with the 1x HEPES buffered saline, ice cold and resuspended 

to approximately 0.5 of OD600. 8 µl of washed cells were mounted on 

microscope slide, covered with coverslip, sealed with transparent nail 

polish and examined under fluorescent microscope.  

2.19 Confocal fluorescence microscope, fluorescent dyes and 

imaging study    

To generate more detailed images, a Zeiss LSM 700 compact confocal 

laser scanning microscope was used fitted with HXP 120C lamp for light 

illumination and a Zeiss alpha-Plan-Apochromat 60x/1.46 Oil objective 

lens. Images were captured by using AxioCam digital microscope 
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camera connected to ZEN software and analysed using image J 

software. 

In order to facilitate visualization of the EspC-mCherry fluorescent 

patterns, cells were stained with the lipophilic fluorescent membrane 

stain, FM 1-43 (Invitrogen, T3163) according to the manufacturer’s 

instructions. Briefly, cell pellets were resuspended in 1 ml ice cold PBS 

containing 5 µg/ml FM-1 43 (final concertation) and incubated on ice for 

a maximum 1 min in darkness and washed twice with ice cold PBS 

before mounting on microscope sides. FM 1-43 was also used in this 

study to determine the shapes of cells. To assess the integrity of 

bacterial cells expressing EspC, cells were stained with the nucleic acid 

stain, SYTOX® blue dead cell stain. Staining procedure was manipulated 

according to the manufacture’s recommendation. Briefly, Induced 

bacterial cultures were centrifugation 5000 rpm for 5 min, washed once 

with PBS and resuspended to 0.5 OD600 units/ml followed by staining 

with 1 µM (final concertation) SYTOX® blue stain then incubation at 

room temperature for 5 min in dark. Immediately following incubation, 

stained cells were washed twice and finally reusupended in 500 µl PBS 

for further microscope analysis. When necessary, DAPI (4',6-Diamidino-

2-Phenylindole, Dihydrochloride) (Invitrogen) was also used in this 

study to stain bacterial DNA at the final concentration of 1 µg/ml in PBS, 

and manipulated as recommended by manufacturer’s instructions. The 

fluorescence excitation and emission spectra of all fluorophores used in 

this study are summarised in table 2.9. 
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Fluorophore 
name 

Excitation 
maximum 

Emission 
maximum 

Fluorescence 
colour 

Laser channel 

mCherry 587 nm 610 nm Red 561 nm 

FM 1-43 479 nm 589 nm Green 488 nm 

SYTOX® blue  444 nm 480 nm Bright blue 405 nm 

DAPI 358 nm 461 nm Blue 405 nm 

FlAsH-EDT2 508 nm 528 nm Bright green 488 nm 

 

Table 2.9: Fluorescence spectra of fluorophores used in this study. 

 

2.20 Fluorescence recovery after photobleaching (FRAP) 

experiment 

The microscope Zeiss Elyra PS.1, with alpha-Plan-Apochromat 

100x/1.46 Oil DIC M27 Elyra objective in confocal mode was used for 

FRAP experiment. Images acquired using 561 nm laser at 2.0% or 488 

laser at 0.3% form mCherry and FlAsH-tag respectively. Zeiss Zen Black 

2012 software was used to extract the intensity values from the 

bleached and control regions over time. Drift correction was applied 

using Zen Blue 2012 software. Values were exported to Microsoft Excel 

and normalization was done by dividing the values from the bleached 

zone with the values from the control zone before values were plotted. 

2.21 Super resolution microscope 

For super-resolution imaging a Zeiss Elyra PS.1 microscope was used in 

SIM or dSTORM modes. In SIM mode, either Plan-Apochromat 63x/1.4 

Oil DIC M27 or C-Apochromat 63x/1.2W Korr M27 objectives were used. 

For FlAsH labelled bacteria the following setting were used; filter set 
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LBF-488/561, laser power 488 nm at 4.0% and cmos camera exposure 

time 25.0 ms. On the other hand, BP 570-620+LP 750 filter, 561 nm 

laser at 2.1% and camera exposure 100.0 ms were used for mCherry 

expressing bacteria. With regarding to the dSTORM mode, the following 

setting was utilized; alpha Plan-Apochromat 100x/1.46 Oil DIC M27 

Elyra objective, BP 495-550+LP 750 filter and 405 nm laser at 0.7000% 

(this is used to increase the number of molecules which return to ground 

state, and therefore more molecules will emit light). 
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Chapter 3 

3 Investigating the localization of EspC 

using the monomeric red fluorescent 

protein (mCherry) as a tag in EPEC 

and E. coli K-12 
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3.1 Introduction 

During the onset of an EPEC infection, a diverse set of virulence 

associated proteins are injected into the host epithelial cells through the 

T3SS injectisome (16). On of these effectors is the non-LEE encoded 

EspC. EPEC secrets EspC into the extracellular milieu by the T5SS which 

is subsequently delivered into host cells by the T3SS (26,35,36). 

Although the SPATE EspC is a member of the AT family, how EspC is 

secreted from the bacterium itself and what accessory factors are 

involved remains uncharacterized (74,142).  

The majority of studies characterizing EspC AT have focused on its role 

in epithelial cell infection. For instance, it has been shown that EspC is 

the major cause of epithelial cell cytotoxicity during an EPEC infection 

because it cleaves fodrin, an important component of the actin 

cytoskeleton, forming cytoskeletal contraction phenotypes such as cell 

rounding and cell detachment (87). EspC also controls the pore 

formation mediated by the T3SS by targeting EspA associated with EspD 

to regulate their levels (88). However, how it utilizes the T3SS to reach 

its target still undefined. 

Predictive options of how EspC can access the T3SS needle are 

summarized as follows (i) as EspC preferentially targets EspA accociated 

with EspD (88), it is likely to interact with the surface of the needle and 

use it as a guide to migrate towards host cells, perhaps powered along 

by components of T3SS needle (ii) or probably enter the injectosome 

from the culture supernatant and delivered it this way (iii) EspC has less 

affinity to target EspA alone (88), therefore other possibility could be 
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that EspC targets or replaces the T3SS pore component (EspD) at the 

host epithelial membrane (iv) because T3SS is assembled as an intact 

needle complex with a closed secretion channel (to prevent leakage), 

the more likely scenario is that EspC interacts with a yet unknown 

surface receptor that is secreted by T3SS and reminiscent of the other 

AT, intimin. 

In order to track, monitor and study the molecular mechanism of EspC 

secretion, it is necessary to visualize EspC as it matures and is 

translocated out of the cell. To do this, the monomeric version of the 

tetrameric dsRed fluorescent protein, mCherry was chosen as a fusion 

tag to monitor protein translocation (237). Previous data had indicated 

that EspC-mCherry locates to a spiral reminiscent of the bacterial 

cytoskeleton actin homologue, MreB. However, this is had not yet been 

characterized.  

MreB forms cytoplasmic helical filaments which dynamically rotate 

around the cell circumference at the long axis of the cell in a manner 

reliant on the cell wall synthesis machinery (212,213). Different 

functions have been assigned to the MreB cytoskeleton, including 

maintenance of the bacterial bacillus cell shape, chromosome 

segregation and cell polarity as well as possibly acting as a scaffold for 

transporting proteins to different positions throughout the bacterial cell 

(207,209,217). This chapter reveals for the first time that EspC AT 

localizes in helix during the secretion and provides evidence discounting 

the artefactual localization.  Moreover, the chapter reports the different 

localization patterns obtained during the secretion of different versions 
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of EspC fused with mCherry fluorescent protein and compare it with the 

bacterial cytoskeleton MreB helix, extending the analysis to monitoring 

the bacterial growth and morphology in both E. coli MG1655 and EPEC. 
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3.2 Results 

3.2.1 Fusion of mCherry to EspC passenger domain in the 

presence and absence of the C-terminal transporter 

domain  

The insertion of the transporter domain (β-barrel) into the OM is a 

necessary step for the secretion of the AT passenger domain (189). To 

establish the importance of the EspC β-barrel in EspC localization, EspC-

mCherry with (pLA33C1mc and pLA18C1mc) and without (pMAC18-75) 

a functional β-barrel transporter domain had been previously prepared. 

This was achieved by PCR amplification of the gene encoding mCherry 

from pmCherry, and insertion of the amplicon into a BglII site in the 

middle of the passenger domain of EspC (Fig. 3.1). To create the β-

barrel transporter domain truncation, two versions of the reverse primer 

were used, one containing a single base pair insertion to create a 

frameshift that led to a premature translational termination (Fig. 3.1). It 

was envisaged that this truncated EspC version would facilitate a 

comparative investigation of EspC secretion without its β-barrel domain 

(the transporter domain).  

To determine whether these vectors contained the correct mCherry 

inserts, plasmid preparations were performed after transformation into 

E. coli MG1655. Following digestion by BglII restriction enzyme, and 

separation through a 0.8% agarose gel, the expected ~710 bp mCherry 

digestion product was observed in all the plasmids (Fig. 3.2). 

 



 

97 
 

I II 
 

 
 
 
 

 
 
 
 
 
 
 

 

 
 
 
 
 

Figure 3.1: Schematic of the cloning strategy for inserting mCherry into the EspC passenger 
domain. (A) The native 145 kDa EspC protein is shown with the relative position of the BglII restriction 

site on its encoding DNA. (B) Digestion of the DNA template by BglII opened espC. Ligation to a DNA 
fragment (encoding the 34 kDa mCherry protein) which had been digested by the same enzyme was then 
undertaken. (I-D) Successful insertion of the fluorescent mCherry protein into passenger domain results 
in formation of full length 174 kDa EspC-mCherry protein (I-E), whereas in (II-D) a stop codon was 

introduced immediately downstream of the mCherry gene (indicated by the blue asterisk) producing a 
truncated version of the EspC-mCherry protein with a size of ~70 kDa (II-E). 

  

Figure 3.2: Confirmation of the genetic composition of plasmids encoding 
EspC-mCherry fusions. Plasmids pLA33C1mc (1 and 2), pLA18C1mc (3 and 4) and 
pMAC18-75 (5 and 6) were separated through a 0.8% agarose gel run alongside the 

1 kb DNA ladder (M). Lanes 1, 3 and 5 are uncut, while 2, 4 and 6 are digested with 
BglII. The expected DNA product bearing mCherry (~710 bp) is indicated by the 
black arrow. Note the digested product of the pLA33C1mc vector (lane 2) is ~9260 
bp reflecting the pBAD33 backbone, whilst for both pLA18C1mc and pMAC18-75 it is 
smaller at ~8540 bp) as these two are derived from pBAD18.  
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3.2.2 EspC-mCherry is constitutively produced in a stable form 

Protein production analysis showed that the strength of the fluorescent 

signal from mCherry was affected by the nature of the plasmid 

backbone into which EspC-mCherry was inserted. For cells harbouring 

plasmids derived from pBAD18, such as E. coli MG1655 (pLA18C1mc) 

and E. coli MG1655 (pMAC18-75), very weak fluorescence that bleached 

quickly upon exposure to green light was observed. In contrast, much 

stronger fluorescence over extended times was observed for 

recombinant clones having the pBAD33 backbone such as E. coli 

MG1655 (pLA33C1mc). Since the truncated EspC-mCherry or solo 

mCherry gene were not present in pBAD33, it was necessary to clone 

these genes into pBAD33 to generate a set of comparable plasmids 

allowing for rigorous and efficient molecular mechanistic and protein 

localization investigations. 

3.2.2.1 Construction of pMAC33 vector encoding EspC-mCherry 

from the lower copy number plasmid with the aim to 

prolong the production of a detectable fluorescent 

signal  

Plasmid pMAC33 was engineered by swapping the full length EspC-

mCherry gene fusion in pLA33C1mc with the truncated gene fusion 

lacking the β-barrel domain of pMAC18-75 according to Fig. 3.3. The 

restriction enzyme sites SacI and HindIII, peripheral to EspC-mCherry in 

both parent plasmids, were used to remove EspC-mCherry from 

pLA33C1mc and truncated EspC-mCherry from pMAC18-75 so that the 

truncated EspC-mCherry gene fragment could be cloned into 
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complementary restriction enzyme sites of pBAD33. SacI and HindIII 

digestion of pLA33C1mc produced two digested fragments, ~5.3 kb 

digested pBAD33 vector and ~4.6 kb full length EspC-mCherry which 

were easily separated on agarose gel. However, SacI and HindIII 

digestion of pMAC18-75 yielded two fragments of similar sizes, ~4.6 kb 

pBAD18 vector and ~4.6 kb truncated EspC-mCherry (Fig. 3.3 A) which 

needed a second round of digestion with NdeI to split the pBAD18 vector 

in half enabling separation from the truncated EspC-mCherry gene insert 

(Fig. 3.3 B). The 4.6 kb truncated EspC-mCherry gene fragment was 

ligated with the 5.3 kb pBAD33 backbone to produce the recombinant 

plasmid, pMAC33 (Fig. 3.3 B). 

Prospective pMAC33 plasmids were subsequently verified by SacI/ 

HindIII digestion (Fig. 3.3 C), and the presence of the expected TAG 

stop codon at the end of the mCherry gene was confirmed by DNA 

sequencing. 

 



 

100 
 

 

  

 

 

 

 

 

 

 

Figure 3.3: The cloning strategy of pMAC33. (A) pLA33C1mc and pMAC18-75 were digested with SacI and HindIII. As expected, pLA33C1mc digestion yielded 
the first target fragment of approximately 5.3 kb comprising the pBAD33 vector (white asterisks) in addition to the ~4.6 kb full length EspC-mCherry. It was not 
possible to differentiate the separate digested products of pMAC18-75 due to the size similarity between the pBAD18 vector (~4.6 kb) and truncated EspC-mCherry 

(~4.6 kb) products. (B) To enable separation of vector and insert DNA on agarose gel electrophoresis, pMAC18-75 was further digested with NdeI to produce two 
smaller fragments. (C) The confirmation of the new pMAC33 construct was via SacI/HindIII digestion (Agarose C, two different colonies were evaluated 1 & 2 (with 
(D) and without (C) digestion) alongside the controls; open pBAD33 vector and SacI/HindIII digested truncated EspC-mCherry. All DNA samples are separated 
through 0.8% agarose gel alongside the DNA ladder. A copy of the new plasmid (pMAC33) map obtained from SnapGene software is included. 

A B C 
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3.2.2.2 Constructing pLA33mCherry vector encoding mCherry 

from pBAD33  

pLA33mCherry was generated by amplifying the mCherry encoding gene 

from pmCherry using F-BglII mCherry/R-SalI mCherry primers designed 

to introduce BglII and SalI sites at the 5’ and 3’ ends of the mCherry 

coding region respectively (see table 2.4, chapter 2). Subsequently, the 

purified PCR product was digested with BglII and SalI. The destination 

plasmid was created by inserting a BglII site into pLA33C1 downstream 

of the arabinose promoter by SDM yielding pLA33C1BglII (see table 2.2, 

chapter 2) (Fig. 3.4 A). Digestion of pLA33C1BglII with BglII and SalI 

yielded the pBAD33 backbone which was ligated to the similarly digested 

PCR product bearing mCherry to create the control plasmid 

pLA33mCherry (Fig. 3.4 B and C).  
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Figure 3.4: The cloning strategy of pLA33mCherry. Plasmid pLA33C1 harbouring espC was 
subjected to site directed mutagenesis using primers F-pLA33C1-BglII/R-pLA33C1-BglII to insert a BglII 

restriction site downstream of the arabinose promoter (see table 2.4, chapter 2). (Agarose A) shows 

the successful of the mutagenic PCR containing the expected size DNA product ~9293 bp (undigested as 
a control and digested with DpnI restriction enzyme. The confirmation of the new construct called 
pLA33C1BglII was through a single digestion using BglII enzyme. (Agarose B) showing the digestion of 
original pLA33C1 (1) and the new construct pLA33C1BglII (2) with only BglII enzyme which clearly shows 
the generation of second DNA fragment ~1000 pb in the lane 2 as proof of the successful second BglII 

restriction site insertion. To enable cloning mCherry gene into pBAD33 backbone, pLA33C1BglII was 
digested with BglII and SalI enzymes (Agarose B, lane 4) in parallel with the control pLA33C1 
(Agarose B, lane 3). Notably, Introduction of a second BglII site causes production of four DNA 
fragments, two of which were very similar ~1101 bp and ~1064 bp (red asterisks) (Agarose B, lane 4). 
Subsequently, the open pBAD33 vector generated from pLA33C1BglII was ligated to the similarly digested 
PCR product bearing mCherry to yield pLA33mCherry. The new construct was verified by sequencing and 
by digestion with the restriction enzymes (Agarose C; Lane 1 is opened pBAD33 vector digested with 

BglII and SalI enzymes (control), Lane 2 is the control PCR similarly digested mCherry, Lane 3 is for the 
control non digested plasmid DNA sample, Lane 4 showing plasmid DNA digested with only SalI, or BglII 
(Lane 5) or double digestion (Lane 6)). All DNA samples are separated through 0.8% agarose gel 
alongside 1 kb DNA ladder.  
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3.2.3 As predicted, introduction of a stop codon decreases the 

observed molecular weight of EspC-mCherry indicative of 

a truncation that removes the transporter domain  

Preliminary data had indicated that the introduction of a stop codon 

adjacent to the mCherry inserted within the passenger domain of EspC 

might result in an altered cellular localization that could be attributed to 

the lack of the transporter domain. First it was necessary to verify that 

the size of the EspC-mCherry fusion was indeed reduced according to 

this hypothesis. Thus, the production of native EspC (as control), native 

mCherry (as control), full length EspC-mCherry and the truncated EspC-

mCherry proteins in E. coli MG1655 whole cell lysates were compared. 

Each strain was prepared by centrifugation of 1 ml of cell culture treated 

with 0.2% arabinose to induce recombinant protein production. Bacterial 

pellets were resuspended in 200 µl of 1x SDS-PAGE loading buffer and 

immunoblotted with α-EspC following SDS-PAGE electrophoresis. 

Proteins of the expected sizes were observed: 174 kDa full length EspC-

mCherry produced from pLA33C1mc, ~70 kDa truncated EspC-mCherry 

produced by pMAC33 and the native control 140 kDa EspC protein from 

pLA33C1 (Fig. 3.5 A). Incubation of the membrane with α-dsRed 

detected the ~34 kDa native mCherry protein, the ~70 kDa truncated 

EspC-mCherry produced by pMAC33 and the 174 kDa full length EspC-

mCherry without any detection to the native control 140 kDa EspC in 

whole cell lysates (Fig. 3.5 B). Interestingly, there was a second protein 

detected by both antisera in MG1655 (pMAC33) lysates which 

corresponded to the EspC lacking the 5 kDa signal peptide, defined as a 

smaller ~65 kDa truncated form (black arrows, Fig. 3.5). 
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Figure 3.5: Size verification of different versions of EspC. Strains MG1655 
(pmCherry), MG1655 (pLA33C1), MG1655 (pLA33C1mc) and MG1655 (pMAC33), were 
grown in LB and immediately induced with 0.2% arabinose for 4 h. Whole cell lysates 
were prepared by spinning down 1 ml of cell culture, resuspended in 200 µl 1x SDS-PAGE 
loading dye and separated through 9% SDS-PAGE gel. Western blot analysis of cell 
lysates incubated with α-EspC (Panel A) or α-dsred (Panel B). The positions of the full 

length EspC in the absence (blue asterisk) or presence of the fusion to mCherry (orange 
asterisks) is indicated. Red asterisks and black arrows indicate the positions of the 
truncated version of EspC-mCherry protein with ~70 kDa and without ~65 kDa the signal 

peptide respectively. A lysate containing native mCherry (green asterisk) was applied to 
the left hand lane of both western blots. 

A B 

α-EspC α-dsred 
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3.2.4 EspC-mCherry locates to a spiral structure that resembles 

the bacterial cytoskeleton when it has the β-barrel 

domain attached.  

To verify that EspC-mCherry locates to a spiral-like structure when it 

has its C-terminal transport domain attached in E. coli, the localization 

of EspC-mCherry was monitored by confocal microscopy from induced 

cultures of MG1655 (pLA33C1mc), MG1655 (pMAC33) and MG1655 

(pLA33mcherry). As shown in Fig. 3.6, all cells displayed a bright red 

fluorescence when visualized microscopically using green laser exposure 

but interestingly, each type of cell had a different patterns of 

fluorescence. 

The confocal imaging revealed that the majority of E. coli MG1655 

(pMAC33) cells (which produces truncated EspC-mCherry) had an 

apparent growth defect and exhibited diffuse patterns of fluorescence 

with some polar localization and punctate of fluorescence (Fig. 3.6 B). In 

contrast, E. coli MG1655 (pLA33C1mc) cells (containing full length EspC-

mCherry) grew much better and had a fluorescent localization pattern 

that was mainly patchy with some polar localization (Fig. 3.6 A). 

Strikingly, a few cells clearly exhibited either complete or partial helical 

localization (Fig. 3.6 A). The control E. coli MG1655 (pLA33mCherry) 

cells illustrated only diffuse cytoplasmic localization as expected (Fig. 

3.6 C). It is apparent that the lack of the transporter domain alters the 

intracellular distribution of EspC. 
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A B 

C 

Figure 3.6: EspC-mCherry localizes to a helix unless the transporter domain is absent. 

Confocal images of E. coli MG1655 producing the full length EspC-mCherry from the plasmid 
pLA33C1mc (image A) or truncated EspC-mCherry pMAC33 (image B). E. coli MG1655 
(pLA33mCherry) which produces mCherry which was not fused to EspC was similarly analysed 
(image C). The red colour indicates the position of mCherry. The white arrows indicate cells 
producing a distinctive EspC spiral localization. The scale bar shown indicates 2 µm.  
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The spiral localization pattern of the full length EspC-mCherry was very 

interesting. Although the majority of the observed cells produced patchy 

distribution over the cell surface that appear sometimes connected with 

variably length of helical filaments structures rotating circumferentially 

the long axis of the bacterial cell (Fig. 3.6 A), a complete spiral pattern 

was observed in some cells, but this was very rare (Fig. 3.7 A). Focal 

stacks of those cells revealed the extended helical patterns along the 

cell membranes (Fig 3.8). To investigate this further, Super Resolution 

Structured Illumination Microscopy (SR-SIM) was employed. Using this 

more refined imaging technique, the full length EspC-mCherry appeared 

to localize as discrete patches that were arranged in helices and 

wrapped around the cell circumference towards the bacterial poles (Fig. 

3.9). These patches  sometimes appears connected by cross-streaks in a 

manner that resembled the bacterial actin homologue MreB (242) (Fig. 

3.7 B). 
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Figure 3.7: Formation of a spiral structure in E. coli producing 
EspC-mCherry from the plasmid pLA33C1mc. Imaging DH5α E. 

coli strain by confocal microscope after staining with FM 1-43 as 
described in Materials and Methods (A) or E. coli MG1655 strain by 
SR-SIM (B). Cells were grown for 4 h, induced by 0.02% arabinose 
and prepared for microscope imaging as described in Materials and 
Methods. Scale bar represents 2 µM in (A) and 1 µM in (B). 
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Figure 3.8:  An extended helix is observed in E. coli expressing the full length EspC-mCherry. Individual confocal images of a focal stack through a cell 
with an extended spiral fluorescent pattern. MG1655 (pLA33C1mc) culture were grown in LB induced by 0.02% arabinose for 4 h and prepared for microscope 
imaging as described in Materials and Methods. The diagram presented in each image corresponds to the position of the focal stack. For clarification, an image with 
fully extended spiral structure was further processed by using ImageJ software which clearly shows the helix in grey. Scale bar represents 1 µM.   
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Figure 3.9: The Full length EspC-mCherry localizes as discrete 
patches in helical arrays. Super resolution images of E. coli MG1655 
(pLA33C1mc) showing the population of cells producing the full length EspC-
mCherry (left side). Individual bacteria (four different cells) displaying a 

patchy localization are shown (right side) which were digitally cropped from 
the original left side highly resolution SIM image and displayed using Zen 
black 2012 software with interpolation filter. Cells were grown, induced by 
0.02% arabinose for 4 h and prepared for microscope imaging as described 
in Materials and Methods. Scale bar represents 1 µM.   
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3.2.5 EspC-mCherry forms spirals during the first hour of 

production, localizes to the bacterial outer membrane and 

presents in the culture supernatant  

To explore the processes involved in the localization and secretion of 

EspC, the expression of full length and truncated versions fused with 

mCherry were monitored in E. coli MG1655 over time using confocal 

microscopy (Fig. 3.10). The spiral localization pattern was observed in 

cells producing full length EspC-mCherry (174 kDa) during the first hour 

of induction and the fluorescence became more defined over time (Fig. 

3.10 A). Helical structures were only rarely observed. Instead, 

fluorescent patches or incomplete turns of short filaments were evident. 

In contrast, a diffuse localization pattern was more apparent during the 

first hour of induction in cells harbouring the truncated version of EspC-

mCherry (Fig. 3.10 B). Brighter fluorescence was observed over time, 

with more polar and punctate patterns (clearly distinguishable from the 

patchy distribution of the full length EspC-mCherry) becoming evident 

especially after 3 h of induction. The helical localization was not 

observed (Figs. 3.10 B and 3.6 B). The control cells producing mCherry 

exhibited only diffuse fluorescence throughout the period of induction 

indicating no structured export pathway (Fig. 3.10 C). EspC-mCherry 

localization was constant and independent of the bacterial growth phase 

and time of induction. 
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To examine whether EspC with or without the C-terminal transporter 

domain could reach the extracellular milieu, culture supernatant samples 

were collected from the same cultures over time. The results revealed 

that the full length 174 kDa EspC-mCherry was detected in the 

supernatant after 2 h of immediate induction or after 1 h of delayed 

induction (Fig 3.11). Surprisingly, the truncated 70 kDa EspC-mCherry 

version without the β-barrel domain was also detected in the 

supernatant (Fig 3.11).   

The existence of the truncated EspC-mCherry in the culture supernatant 

was initially perplexing. It is well known that the C-terminal of ATs is 

required to facilitate the secretion of its cognate passenger domain 

because it inserts as a β-barrel in the OM in combination with the β-

barrel assembly machinery (BAM) complex, potentially forming a 

C- MG1655 (pLA33mCherry) 

Figure 3.10: Truncated EspC-mCherry protein (lacking the β-barrel) is 

distributed in a diffuse and punctate pattern whilst the full length EspC-
mCherry protein localizes to a spiral. Confocal images showing the spiral 
localization of the full length EspC-mCherry protein formed within 1 h and monitored up 

to 4 h (A). The diffuse localization of truncated version EspC-mCherry is shown at 1 h 
with a more polar and punctate pattern evident after 4 h (B). The diffuse pattern of 
fluorescence of MG1655 (pLA33mCherry) is shown in (C). The green colour indicates 
cells were treated with the membrane stain FM 1-43, scale bars represent 2 μm. 
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channel through which the passenger domain may subsequently 

translocate (72,93). So, how could EspC lacking its C-terminal reach the 

external milieu? Confocal images revealed that the cells producing the 

truncated EspC-mCherry had abnormal shapes compared to the cells 

producing the full length EspC-mCherry and the control mCherry (Figs. 

3.6 B and 3.10 B). It was thus predicted that the production of the 

truncated version of EspC might cause bacterial growth defects 

accompanied with cell lysis. 

To determine whether the presence of the truncated EspC-mCherry in 

culture supernatant may be related to cell lysis, the growth of all strains 

was monitored over time (Fig. 3.12), and measured after 4 h induction 

in triplicate (Fig. 3.13). Cells producing the truncated version of EspC-

mCherry had a significant growth defect compared to cells producing the 

full length EspC-mCherry. Interestingly, parallel analysis of EPEC 

containing all plasmids rather than MG1655, revealed that production of 

truncated EspC-mCherry in EPEC∆espC did not show such a major 

defect in growth (Fig. 3.13). 

To establish whether EspC with or without the C-terminal domain is 

localized at the bacterial OM, both versions were exposed to digestion 

by an exogenously added protease, trypsin. To verify whether the usage 

of trypsin would be suitable for this application, the Peptide Cutter 

software (http://web.expasy.org/peptide_cutter/) was utilized to 

calculate the number of trypsin cleavage sites in EspC. In total, 102 

trypsin cleavage sites were detected in EspC and these sites were 
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Figure 3.12: Production of truncated EspC-mCherry reduces cell growth. The growth of 
cultures of untransformed MG1655 wt (Black line), MG1655 containing native mCherry (red 
line), MG1655 with full length EspC-mCherry (blue line), MG1655 with native EspC (grey line) 
or MG1655 with truncated EspC-mCherry (green line) were monitored over time by measuring 
the OD600 at the indicated times after immediate induction with 0.2% arabinose. Strains were 

prepared as described in material and methods. 

 

Figure 3.13: Expression of the truncated EspC-mCherry causes severe growth defects 
in MG1655 strain compared to EPEC∆espC. MG1655 and EPEC∆espC hosting mCherry, 
pMAC33 or pLA33C1mc were grown in LB after dilution, and concurrently induced with 0.2% 
arabinose. The optical density OD600 was measured after 4 h of induction. Error bars represent 
standard deviation (n=3 replicate reads). 

 

Figure 3.11: Both full length and truncated EspC-mCherry are released into culture 
supernatants. α-EspC immunoblot of culture supernatants from MG1655 (pLA33C1mc) (on 

the left) and MG1655 (pMAC33) (on the right). Cultures were diluted 1:100 and either 
concurrently induced with 0.2% arabinose (immediate induction) or were diluted and grown to 
OD600 of 0.5 and then induced (delayed induction). Samples were collected every 1 h after 
arabinose induction and precipitated as described in Materials and Methods. Red asterisk 
indicates the full length 174 kDa EspC-mCherry protein while the blue asterisk shows the 

truncated 70 kDa EspC-mCherry protein. Samples were separated through 12% SDS-PAGE 
gels. 
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scattered along the length of the protein. Hence If exposed on the 

surface of the bacterial cell, EspC would be degraded in whole cells and 

also in a cell lysate, but stable in controls containing soybean trypsin 

inhibitor. 

E. coli MG1655 strains hosting the full length EspC-mCherry, truncated 

EspC-mCherry and empty pBAD33 vector were grown, induced via 

utilizing two different induction times and subjected to exogenous 

trypsin digestion as described in materials and methods. To compare the 

localization of both EspC-mCherry forms, whole cell samples were 

collected over time. Immunoblotting with α-EspC was used to detect 

EspC and α-IscS was used as a control since IscS is a cytoplasmic E. coli 

protein, and should thus only be degraded by trypsin in cell lysates in 

the absence of the trypsin inhibitor. As expected from the predicted OM 

localization, trypsin degraded the full length EspC in both whole and 

lysed E. coli MG1655 cultures (Fig. 3.14 A). Unexpectedly, trypsin was 

also able to cleave the truncated EspC as well as the cytoplasmic IscS 

protein in both sets of cultures (Fig. 3.14 C, B and D) whereas IscS 

protein was not accessible to the trypsin in cells expressing the empty 

vector pBAD33 (Fig. 3.15). Trypsin inhibitor prevented this trypsin-

mediated degradation (Fig. 3.14). Due to the similarity in the data 

collected over time, only the 4 h immediate induced and the 1 h delayed 

induced samples are shown (Fig. 3.14). 
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Figure 3.14: Exogenously added trypsin degrades both forms of EspC in the 
E. coli MG1655 laboratory strain. Both MG1655 (pLA33C1mc) (A and B) and 
MG1655 (pMAC33) (C and D) were grown in LB and induced in two different ways. 
Immediate  induction where samples were diluted and concurrently induced for up 
to 4 h or delayed induction where samples were grown to OD600 of 0.5 then induced 

for 3 h. Whole and lysed cells were divided into three equal aliquots and treated 
with (T) trypsin or without (–) trypsin. As a control, the third aliquot was subjected 
to the protease inhibitor before adding trypsin (T+I) according to material and 
methods. Both full length 174 kDa EspC-mCherry (A) and the truncated 70 kDa 
EspC-mCherry (C) proteins were degraded by trypsin in whole and lysed cells. As a 
second control, the cytoplasmic protein (IscS) ~45 kDa also was degraded by 

trypsin (B and D). Samples were separated by 9% SDS-PAGE gel and 
immunoblotted with α-EspC antisera (A and C) and α-IscS antisera (B and D).    

 

Figure 3.15: Exogenously added trypsin did not degrade the cytoplasmic 
IscS protein in the control E. coli strain. The overnight culture of MG1655 

(pBAD33) was diluted 1:100 in LB and concurrently induced with 0.02% arabinose. 
After 4 h the samples were prepared for trypsin degradation as described in 
material and methods. Whole and lysed cells were divided into two aliquots and 
treated with (T) trypsin or without (–) trypsin. The samples separated through 9% 
SDS-PAGE gel and immunoblotted with α-IscS antisera to detect the cytoplasmic 

protein (IscS) ~45 kDa (A) or with α-EspC antisera to detect EspC protein (B).  
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3.2.6 The spiral localization pattern of EspC-mCherry was 

missing in the parental EPEC∆espC strain E2348/69  

To determine if the observations obtained from MG1655 strain were 

consistent in different strain backgrounds, the localization of both EspC-

mCherry versions was examined in the EPEC∆espC strain. As shown in 

Fig. 3.16 A, the full length EspC-mCherry was accessible to the 

exogenously added trypsin. Similarly, the truncated EspC-mCherry was 

degraded by trypsin (Fig. 3.16 B). Interestingly, only one form of the 

truncated EspC-mCherry (~65 kDa) subsequently shown to lack the 

protein signal peptide was detected in the delayed induced culture (Fig. 

3.16 B), suggesting the ability of the parental strain to process all 

targeted EspC-mCherry products toward the cytoplasmic membrane. 

Hence, preventing accumulation or stalling at the IM SecYEG gates.  

Consistent with this notion, confocal images of EPEC∆espC cells 

producing truncated EspC-mCherry protein represented normal cell 

shapes when induced after reached 0.5 of OD600 compared to the 

immediately induced cells (Fig. 3.17 A and B respectively). In the latter 

case, cells were morphologically changed and lysed especially after long 

induction period (Fig. 3.17 B). When compared to EPEC∆espC 

expressing the full length EspC-mCherry, there were no obvious changes 

due to the time of induction. In general, no spirals of full length EspC-

mCherry were detected except some patchy localization (Fig. 3.18 A). 

Over the 2 h of induction, a proportion of circular, elongated and lysed 

cells were spotted (Fig. 3.18 B). The control EPEC∆espC cells producing 

native mCherry exhibited only diffuse fluorescence (data not shown). 
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Figure 3.16: Exogenous addition of trypsin degrades both forms of EspC-
mCherry in the homologue E. coli EPEC∆espc strain. Both EPEC∆espc 
(pLA33C1mc) (A) and EPEC∆espc (pMAC33) (B) were grown in LB and induced in two 
different ways as described previously. Whole and lysed cells were divided into three 
aliquots and treated with (T) trypsin or without (–) trypsin. As a control, one aliquot was 
subjected to the protease inhibitor before adding trypsin (T+I) according to material and 

methods. Both full length 174 kDa EspC-mCherry (A) and the truncated EspC-mCherry 
(70 kDa and 65 kDa) (B) forms were degraded by trypsin in whole and lysed cells. 
Yellow asterisks indicate the position of the missing truncated EspC-mCherry 70 kDa 
form. Samples were separated by 9% SDS-PAGE gel and immunoblotted with α-EspC 

antisera.    
 

Delayed induction Immediate induction 

A 

B 



     

121 
 

 

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 

 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

Figure 3.17: Truncated EspC-mCherry (lacking the β-barrel) causes notable growth 
defect in EPEC∆espC strain when the culture is immediately induced and is mainly 

distributed in a diffuse with some polar and few puncta. (A) The strain EPEC∆espC 
(pMAC33) was grown in LB to OD600 of 0.5 then induced with 0.02% arabinose for 2 h (Delayed 
induction) or (B) concurrently induced with 0.02% arabinose for period up to 4 h (immediately 
induction). Normal cell shapes were observed by confocal microscopy in samples that induced 
after reaching OD600 of 0.5 (A). However, abnormal cells were detected over time in the samples 

that immediately induced (straighter cells: white arrows; rounded cells: red arrows) (B). Scale bar 

represents 2 µm. 
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Figure 3.18: The full length EspC-mCherry protein localizes 
to patchy patterns during the first hour of induction in 
EPEC∆espC. The overnight of EPEC∆espC (pLA33C1mc) culture 
producing full length EspC-mCherry was diluted in LB and 

concurrently induced by 0.02% arabinose for up to 4 h. Samples 

were prepared for confocal fluorescent microscopy after 1-2 h 
(panel A), 3-4 h (panel B) as described in Materials and 
Methods. Cells were collected by centrifugation, washed with PBS 
and stained with FM 1-43 for staining bacterial OM. scale bar 
represents 2 µm. 
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3.2.7 Sucrose gradient analysis confirms that the EspC spiral 

formation is unlikely to be an artefact of aggregation  

Having established that EspC tagged with mCherry fluorescent protein 

forms a spiral structure when it has been induced with arabinose at 

0.2% and 0.02% concentrations, it was necessary to verify that the 

formation of such spirals was not an artefact arising from high protein 

production levels (237). Thus, we first reduced the protein production to 

the lowest level possible to be enough to observe the mCherry inside the 

cells. Interestingly, cultures induced for 4 h with 0.002% arabinose was 

more than enough to still observe the discrete patches and formation of 

the spiral structure of EspC-mCherry in certain cells (Fig. 3.19) 

suggesting that the spiral pattern of protein localization seen was a 

genuine phenomenon. 

Nevertheless, labelling EspC with the large 34 kDa mCherry fluorescent 

protein may interfere with its journey toward the bacterial surface and 

cause protein misfolding or premature folding (aggregated) resulting in 

fluorescence artefacts (255). To discount this, whole cell extracts 

induced by 0.02% arabinose from MG1655 (pLA33C1mc), MG1655 

(pMAC33) and the control MG1655 (pBAD33) strains were subjected to 

flotation sucrose gradient fractionation as described in material and 

methods. This method was selected because it provides a good 

separation of membrane associated proteins which float up the gradient 

from aggregated proteins which remain at the bottom resulting from 

differences in relative densities (253). Remarkably, the full length EspC-
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Figure 3.19: The spiral localization of the full length EspC-mCherry was clearly 
observed at lower protein concentrations. Full length EspC-mCherry induced for 4 h 
with 0.02% arabinose (A) and 0.002% arabinose (B). Pictures are taken by confocal 
microscope and shown in a contrast phase plus in different filters provided by imageJ 

software. 
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mCherry protein was mostly located in the fraction containing 55% 

sucrose which is the same fractions as the OM protein TolC. There was 

also no detection of any aggregated EspC at higher sucrose 

concentrations (58-61%) suggesting that the full length EspC-mCherry 

is associated with this membrane (Fig. 3.20 A). Likewise, the truncated 

version of EspC-mCherry did not form aggregates and clearly co-

migrated with the fractions containing 55-53% sucrose (Fig. 3.20 B). 

The lower ~65 kDa form of truncated EspC-mCherry (with a cleaved 

signal peptide) migrated toward lower sucrose concentrations at 52% 

and showed in particular to be located in the same fractions as the OM 

protein TolC (Fig. 3.20 B), together with the full length EspC-mCherry 

version, indicating that it could be associated with the bacterial OM. No 

EspC was detected in total cell extracts from control MG1655 (pBAD33) 

strain (Fig. 3.20 D). 

To further explore if the higher expression level of EspC-mCherry might 

cause localization artefacts as a consequence of formation of 

aggregates, the flotation gradient analysis was repeated using whole cell 

extracts from MG1655 (pLA33C1mc) induced with the highest dose of 

arabinose 0.2% used in this study. Similar results were obtained (Fig. 

3.20 C). Consistent with the previous results, the localization of the 

native 140 kDa EspC produced from the MG1655 (pLA33C1) strain also 

floated up to the fraction containing 55% sucrose (data not shown). 

Together, these observations indicate that the EspC helix forms at 

different protein production levels, discounting the possibility of it being 

an artefact.  
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Figure 3.20: Both versions of EspC-mCherry are associated with the bacterial outer 
membrane. Cell lysates of MG1655 (pLA33C1mc) (A and C), MG1655 (pMAC33) (B) and the control 
MG1655 (pBAD33) (D) were applied to the bottom of a 32-60% sucrose gradient which was prepared 
as described in Materials and Methods. The samples in panels A, B and D were induced by 0.02% 

arabinose except in panel C which was induced by 0.2% arabinose. The sucrose concentration (% w/w) 
in each fraction is also shown. In each panel, aliquots from each fraction of the gradient were separated 
by SDS-PAGE and immunoblotting using α-EspC (top row), the OM control α-TolC (middle row) and the 

IM control α-AcrB (bottom row). Red asterisks indicate the location of the full length EspC-mCherry in 

the fraction containing 55% sucrose, which is similar to the location of TolC, an OM protein. Yellow 
asterisks point to the position of the truncated EspC-mCherry (~65 kDa) that was mostly located in 
fraction containing 52% sucrose in which TolC is also densely present. No EspC was found in the control 
MG1655 (pBAD33) strain (D). Molecular weight markers (kDa) are shown. 
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3.3 Discussion  

In previous work conducted by Kim R. Hardie group, EspC tagged with 

the mCherry fluorescent protein was shown to locate to a spiral 

structure that resembles the spiral cytoskeleton of E. coli when it has its 

C-terminal transporter domain attached whereas when lacking the C-

terminal β-barrel domain, the localization becomes diffuse. It was 

proposed that EspC secretion somehow relies on the bacterial helical 

cytoskeleton for secretion when it has an intact C-terminal β-barrel 

domain, assuming possible cytoskeleton components integrate with the 

Sec machinery or Bam complex to facilitate EspC secretion.  

Monitoring and tracking protein secretion using fluorescent proteins in 

living cells is particularly useful for determining and clearly 

understanding the dynamics and mechanistic details of protein 

biogenesis processes (256). Such knowledge could impact upon the 

development of new antimicrobials and healthcare benefits as well as 

improving our understanding of other protein secretion systems 

(257,258). The usage of the red fluorescent monomer mCherry in this 

particular study was due to its unique properties. For instance, mCherry 

contains GFP-type termini which result in a higher stabillity of N- or C-

terminal fusions. Morover, it offers higher photostability, fastest 

maturation and excellent pH resistance. In addition, it provides long 

excitation and emission wavelengths (587/610 nm) respectively with a 

weaker fluorescent background and better fluorescence quality and most 

importantly it minimizes the generation of artefacts (237,255,259). This 
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study has clearly shown the usefulness of mCherry to track EspC 

localization. 

The successful cloning of the truncated EspC-mCherry gene from 

pMAC18-75 (with its pBAD18 backbone) and the native mCherry from 

the control pmCherry into pBAD33 resulted in the recombinant plasmids 

called pMAC33 and pLA33mCherry respectively. This will facilitate 

further studies as pBAD33 constructs generate stronger and more 

persistent fluorescence that can be monitored and tracked more readily.  

The data presented here demonstrates that the localization of the full 

length EspC-mCherry was shown to be spiral during the onset of 

secretion and detectable during the first hour of induction. 

Subsequently, the predominant localization was mostly patchy 

(arranged in helix) with some polar and some extended helical 

localization. In contrast, the truncated EspC-mCherry version was totally 

diffuse during the first two hours of induction and then became polar 

and distributed in localized spots over time. Super resolution images 

revealed that the full length EspC-mCherry was localized in discrete 

patches dispersed circumferentially throughout the cell in helix. The 

formation of spirals due to the expression of the full length EspC-

mCherry at concentrations that exceed those of the endogenous protein 

was questioned initially as the localization pattern could have resulted 

from protein aggregation (255). Protein aggregation was also a potential 

outcome for the truncated EspC-mCherry during secretion due to it 

missing the β-barrel domain (the transporter domain) that guides the AT 
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toward BamA. Any deficiencies in this step of secretion would be 

predicted to infringe upon AT secretion. (150,189). 

In an attempt to resolve this issue, flotation sucrose gradient analysis 

was chosen to confirm whether EspC is aggregating or not during the 

secretion. As stated previously, this method was chosen because it 

provides clear separation of ordered protein from disordered aggregates 

due to significant differences in relative densities (253). Interestingly, 

the analysis confirmed that both versions of EspC-mCherry as well as 

the native EspC were integrated into the bacterial OM without detection 

of any aggregates (Fig. 3.20). Formation of aggregates was also 

discounted when the spiral structure was still detectable after induction 

of full length EspC-mCherry at the lowest arabinose concentration used, 

0.002% (Fig. 3.19). To evaluate the efficacy of the separation, the 

integral OM TolC was analysed in parallel (260,261). Unfortunately, the 

chosen IM control protein (AcrB) unexpectedly co-localized with the OM 

TolC (260). As shown on Fig. 3. 20, the co-fractionation of AcrB with 

TolC in the sucrose density gradients was more evident in the strains 

expressing the recombinant protein compared to the control strain 

hosting the empty vector, pBAD33. This could be explained by EspC 

stalling in the periplasm or in one or both membranes due to its 

overproduction thereby encouraging the bacteria to form intermembrane 

AcrAB-TolC complexes that span both membranes and make bridges 

across the periplasmic space as tight links between IM and OM to 

protect the bacteria from cell death (260). Collectively, the results 

presented confirm that the EspC spiral formation is unlikely to be an 
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artefact of aggregation and that the truncated version is somehow 

integrating with the bacterial OM but causing a significant growth defect. 

Exogenously adding trypsin revealed that both versions of EspC-

mCherry were located at the surface of bacteria in both E. coli 

backgrounds. It is not surprising that the full length EspC-mCherry was 

digested by trypsin however unexpectedly degraded as much as the 

truncated version. It was interesting that truncated EspC-mCherry was 

also detected in culture supernatants. The hypothesis was that the 

absence of the C-terminal β-barrel domain would prevent truncated 

EspC-mCherry secretion from cells due to an inability to recognise the β-

barrel-assembly machinery (Bam) complex (189). However, digestion 

by exogenously added trypsin appeared to confirm localization at the 

OM. It is difficult to envisage how the truncated EspC-mCherry 

incorporates into the bacterial OM without the presence of the β-barrel 

domain. Indeed, the significant growth defect caused due to truncated 

EspC-mCherry expression that was observed in Fig. 3.13 could provide 

hints to decipher this conundrum. Additionally, the cytoplasmic protein 

IscS was also degraded in all strains except the control strain containing 

the empty vector, pBAD33. It is likely that the cell membranes had been 

rendered leaky by production of truncated EspC-mCherry. Low OD600 

measurements and non-compact cell pellets supported this conclusion 

by indicating a growth defect and cellular fragility. An important 

question raised by these finding that deserves further investigation is; 

why was truncated AT missing the β-barrel domain was able to integrate 

into OM and be secreted into the medium? This could perhaps be 

investigated by generating a similar truncated EspC version that lacks 
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the mCherry protein fusion to examine the growth in the absence of 

mCherry, supporting this with confocal microscopy localization analysis, 

and cellular fractionation.  

To compare and further study the localization of the EspC-mCherry 

fusion in its natural parental host, the EPEC∆espC mutant was 

complemented with WT EspC produced from the arabinose inducible 

promoter of the medium copy number plasmid, pBAD33. Interestingly, 

the full length EspC-mCherry also localized in patches in EPEC which was 

visible after 1 h of induction. However, the fluorescent spiral localization 

pattern seen in MG1655 was completely absent (Fig. 3.18 A). The 

morphological changes that were observed as a consequence of 

secretion of the full length 174 kDa EspC-mCherry in EPEC∆espC were 

similar to those observed following overexpression of essential proteins 

that maintain the rod-shape of Gram-negative bacteria. For instance, 

overproduction of RodZ (that acts with MreB to maintain the cell shape) 

causes formation of straighter cells (224). Likewise, overproduction of 

WT E. coli PBP2 caused rounded cells after 2 h of induction (262). Thus, 

it could be suggested that EspC may depend on the bacterial 

cytoskeleton components to continue its journey toward the bacterial 

surface. Clearly, however, further detailed investigation will be required 

to validate this prediction. 

On the other hand, the truncated EspC-mCherry did not cause 

significant growth defects in EPEC∆espC compared to MG1655 strain 

especially when the culture was induced after a period of extended 

growth. Explanations for this could be that EPEC may have chaperones 
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to aid folding or more efficient targeting of EspC, or EPEC may have 

factors more able to degrade misfolded or prematurely folded AT 

passenger domains (26,150,151). A comparative sequencing analysis 

between the genome of the EPEC strain E2348/69 with the genomes of 

eight sequenced E. coli strains including the K-12 strain MG1655 

revealed that the chromosomes of these organisms are highly conserved 

and showing a high degree of overall synteny. However, E2348/69 

contains specific genes most of which are carried on mobile genetic 

elements which are often associated with EPEC pathogenicity (4). These 

might encompass extra factors not present in the laboratory strain. 

Overall, it is apparent that the spiral fluorescent localization pattern of 

full length EspC-mCherry is an orchestrated secretion mechanism 

dependent upon its C-terminal transporter domain. The SR-SIM data 

presented here clearly showed that the pattern appears as small patches 

that are distributed around the cell circumference of rod-shaped bacteria 

and arranged in helices. These data suggest that EspC secretion appears 

to depend on the bacterial cytoskeleton, the MreB helix. However, it still 

remains uncertain if EspC incorporates into the bacterial cytoskeleton 

via the actin homologue MreB during secretion or uses different bacterial 

cell wall machineries reported previously to organize into spirals e.g. the 

Sec machinery (234,235). This will become clearer by investigating the 

consequences of perturbing MreB and the Sec machinery upon EspC 

secretion.  
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Chapter 4 

4 Localization of EspC is dependent upon its C-

terminal β-barrel, the bacterial cytoskeleton 
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4.1 Introduction 

Having established (see previous chapter) that fluorescently tagged 

EspC containing its β-barrel locates to a structure that resembles the 

spiral cytoskeleton of E. coli, it was an interesting next step to 

investigate the role of MreB on EspC secretion. It was hoped that this 

might shed light upon the secretion of ATs and reveal why spiral 

localization was only observed when the C-terminal translocator domain 

was present. 

Based on the similarity between the spiral localization of EspC and the 

bacterial helical cytoskeleton, it was hypothesized that the secretion of 

EspC depends on MreB helical filaments. It is possible that the Sec 

machinery may act as a pathway to deliver proteins to this structure and 

the dynamic nature of the cytoskeleton may facilitate relocation towards 

bacterial poles where protein secretion has been reported for some ATs 

(199). Supporting this notion, MreB filaments have been implicated in 

polar localization of the aspartate chemoreceptor Tar, several polarised 

proteins in C. crescentus, and the AT IcsA, with depletion in MreB 

causing a disturbance to this localization pattern (210). Indeed, 

perturbing MreB in P. aeruginosa with A22 [S-(3,4-dichlorobenzyl) 

isothiourea], a compound that inhibits the formation of MreB fibres and 

rapidly perturbs its function causes mis-localization of the type IV pilus 

retraction ATPase PilT and attenuation of twitching motility (207). Polar 

localization has been demonstrated in several ATs (199), and the spiral 

localization pattern of the full length EspC-mCherry was accompanied by 



     

135 
 

a degree of accumulation of EspC in both bacterial poles (Figs. 3.7 B 

and. 3.8).  

Numerous studies have provided examples of the Sec translocon 

distributed in a spiral structure as well (141,234,235). Moreover, the 

actin homologue MreB might be implicated in targeting cytoplasmic 

proteins toward the Sec translocon machinery. For example, secretion of 

Colibactin-maturating enzyme (CIbp) across the IM was MreB and 

Sec/SRP/YidC dependent (236). 

As mentioned in section 2.15, the A22 compound was used in this study 

to perturb the bacterial cytoskeleton MreB. Addition of A22 to the 

bacterial cells disrupts the helical localization of MreB in vivo and causes 

loss of rod-shaped cell morphology (254). A22 was shown to function as 

a competitive inhibitor of ATP binding by MreB due to its ability to bind 

with high affinity and specificity to the nucleotide-binding pocket of 

MreB, overlapping with the position that would be occupied by the β- 

and γ- phosphates of ATP. This eventually leads to disassembly and 

diffusion of MreB in the cytoplasm (263). 

To further understand the relationship between MreB, Sec and protein 

translocation, we set out to dissect the consequences of perturbing the 

function of MreB, the Sec translocon and the β-barrel AT domain on the 

localization of EspC. 
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4.2 Results 

4.2.1 Investigating the localization of the bacterial actin 

homologue MreB and its role in EspC secretion in E. coli 

4.2.1.1 Cloning strategy used to construct pLA33mreBmc 

vector  

To test the possibility that the bacterial cytoskeleton actin homologue 

MreB is directly responsible for the spiral arrangement of EspC at the 

cell membrane, the localization of MreB itself was initiated in single cells. 

To visualize the localization pattern of MreB in live cells, an E. coli 

MG1655 strain bearing an arabinose inducible mreB-mCherry fusion was 

constructed. The strategy adopted for creation of the mreB-mCherry 

fusion in a pBAD33 backbone is shown in the Fig. 4.1. The open reading 

frame (ORF) sequence of the E. coli MG1655 mreB gene was PCR 

amplified using the primer pair F-MreB-BglII/R-MreB-SalI (see table 2.4, 

chapter 2) to introduce BglII and SalI sites at the 5’ and 3’ ends of mreB 

coding region respectively. The resultant products were separated using 

agarose gel electrophoresis, which confirmed the presence of the 

expected mreB fragment (~1044 bp) (Fig. 4.1 A). The purified DNA was 

digested with restriction enzymes BglII and SalI and ligated into 

similarly digested pBAD33 vector (Fig. 4.1 B). Following ligation and 

transformation into E. coli MG1655, the resultant construct was 

extracted from selected transformants and confirmed by either single 

BglII or double BglII/SalI digestion, and named pLA33mreB (Fig. 4.1 C). 

An absence of point mutations was also verified by DNA sequencing. 
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After successful cloning of mreB into pBAD33, the next stage in the 

strategy was to insert mCherry into the recombinant MreB protein. To 

do this, it was important first to delineate a suitable position in the 

crystal structure of MreB to insert mCherry, thus minimising any 

potential loss of function following insertion of the mCherry fluorescent 

protein into MreB. Previously, it was demonstrated that a fully functional 

mreB-mCherry fusion was successfully made when the fluorescent 

protein was inserted in subdomain IIB of MreB between helices 6 and 7 

(222,237,264). To identify the ideal position, a predictive MreB crystal 

structure model was first created using the I-TASSER (Iterative 

Threading ASSEmbly Refinement) server for protein structure and 

function predictions (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), 

and then mapped onto a 3D model using PyMol 3D Zalman software. As 

shown in Fig. 4.2, the crystal structure of MreB facilitated the 

identification of the position of helix 6. This position appears ideal for 

the insertion of mCherry as it is situated laterally and distant from a 

cleft between domains I and II which holds the nucleotide-binding site. 

Thus, a strategy was devised to insert mCherry into the loop preceding 

helix 6 of MreB (Fig. 4.2). 

In order to insert mCherry into the chosen site, SDM was performed to 

insert an AvrII restriction site into the DNA corresponding to the amino 

acid position 228 in MreB using the primer pair F-mreB-AvrII/R-mreB-

AvrII (see table 2.4, chapter 2) (Figs. 4.1 D and 4.2). Subsequently, the 

PCR product (6377 bp) was digested with DpnI enzyme to remove the 

parental DNA copies followed by transformation into commercially 

prepared E. coli Top10 competent cells. To confirm the mutation, the 

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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plasmid extracted from the selected transformants was successfully 

linearized with AvrII, (Fig. 4.1 E), and DNA sequenced to confirm the 

existence of the desired base substitutions (including the AvrII 

restriction site) with no point mutations. Finally, to introduce the 

fluorescent protein into MreB, the mCherry gene was amplified using 

primers mCherry-F-mreB/mCherry-R-mreB (see table 2.4, chapter 2) to 

introduce AvrII recognition sites at both termini of the gene (Fig. 4.1 F). 

The PCR product was digested with AvrII, and ligated into 

pLA33mreBAvrII which was digested with the same restriction enzyme 

resulting in the formation of the new recombinant plasmid, 

pLA33mreBmc (Fig. 4.1 G). Plasmid pLA33mreBmc was verified by 

digestion with SalI and AvrII and compared with the digestion profile of 

the parent plasmid, pLA33mreBAvrII (Fig. 4.1 G). DNA sequencing was 

repeated for a final confirmation. The successful clone was subsequently 

transformed into competent E. coli MG1655 cells for analysis. 



     

139 
 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: The cloning strategy to fuse mCherry with MreB. The ORF of mreB gene was PCR 
amplified to incorporate BglII and SalI restriction sites at the 5’ and 3’ ends of mreB coding region 
respectively. Splitting of ~1044 bp PCR product confirms the successful amplification (Agarose A). 

Digestion of the PCR product with BglII and SalI enzyme and ligation into pBAD33 vector which was 
digested with the same enzymes (Agarose B). To confirm whether mreB had been cloned into the 
pBAD33 backbone, selected Plasmids were digested with the same set of enzymes and yielded the 
expected digestion profile (5327 bp plus 1044 bp fragments), which were named pLA33mreB (Agarose C: 
Lane C1 and C2 showing the controls of only open pBAD33 vector and digested mreB fragment 
respectively: Lane 1 representing a single BglII digestion while Lane 2 illustrating double BglII and SalI 

digestion). To enable insertion of mCherry into MreB, SDM was first utilized to introduce AvrII restriction 

site to chosen site (see text) yields pLA33mreBAvrII (Agarose D: Lane C control of non-digested and Lane 
1 DpnI digested PCR products). Subsequently, mCherry gene was amplified using primers designed (See 
primer table chapter 2) to include AvrII restriction site at both gene ends (Agarose F). This mCherry PCR 
product was digested with AvrII enzyme and ligated into open pLA33mreBAvrII vector which was digested 
with the same restriction enzyme (Agarose E : Lane C showing control of plasmid DNA and Lane 1 
displaying the correct size open vector after digestion with AvrII enzyme). The new construct termed as 
pLA33mreBmc was successfully made and verified by single SalI and AvrII digestion and comparison with 

similarly digested pLA33mreBAvrII vector (Agarose G: Lane 1, 2 and 3 are for pLA33mreBAvrII vector 
showing the control DNA plasmid, digestion with SalI and digestion with AvrII enzyme respectively 
whereas Lane 4, 5 and 6 are for the new pLA33mreBmc vector illustrating the control DNA plasmid, 
digestion with SalI and digestion with AvrII enzyme respectively). M indicates the 1 kb DNA molecular 
marker. A copy of the new plasmid map obtained from SnapGene software is included.    
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Figure 4.2: The location of the amino acid selected for 
mutagenesis in the predicted MreB crystallographic structure. 

The predicted 3D model of MreB developed in PyMol Zalman software 
showing the typical four-domain architecture IA, IB, IIA and IIB. Black 
circle indicates the ATP binding pocket and the helix 6 is highlighted in 
red (A). A closer view at the subdomain IIB clearly reveals the 
position of glycine amino acid (black spot) in the blue loop preceding 
the helix 6 (B). 
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4.2.1.2 MreB protein localizes in discrete patches with 

filaments that are short and cross the cells diagonally   

Following the successful construction of pLA33mreBmc hosting the 

mreB-mCherry fusion, and transformation into E. coli MG1655, 

production of MreB-mCherry was confirmed. Using a specific antibody 

(α-dsRed) to detect mCherry protein, immunoblotting revealed the 

presence of the expected ~65 kDa protein corresponding to the MreB-

mCherry in lysates induced with 0.2% or 0.02% arabinose, with higher 

quantities being produced with greater concentrations of arabinose 

induction (Fig. 4.3).  

To reveal the localization pattern of the actin homologue MreB, the 

production of MreB-mCherry fusion was monitored in E. coli MG1655 

over time using confocal microscopy. Interestingly, during the first 2 h 

of induction, the majority of cells showed a diffuse MreB-mCherry 

localization pattern with distinguishable dark areas in the cytoplasm 

(Fig. 4.4 B). A small proportion of cells exhibited discrete spots of 

fluorescence at the cell surface and short filaments could be discerned 

spanning the cells (Fig. 4.4 A). Strikingly, after 3 to 4 h, all cells had 

completely changed their shape from rods to lemon shapes with a 

punctate pattern of fluorescence at their surface (Fig. 4.4 C). To further 

explore if the dark regions observed in the cytoplasm were occluded by 

the bacterial chromosome, the experiment was repeated and after 2 h of 

induction, cells were stained with the nucleic acid stain, DAPI. As 

expected, a bright blue colour has coincided with a lack of red 

fluorescence from MreB-mCherry (Fig. 4.4 C). 
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Figure 4.3: Production of MreB-mCherry 
protein in E. coli MG1655. The overnight 
culture of E. coli MG1655 containing 
pLA33mreBmc was diluted 1:100 and 

concurrently induced with 0.2% and 0.02% 
arabinose. After 4 h of induction, whole cell 
lysates were prepared and separated 
through 9% SDS-PAGE gel. Subsequently, 
Western blotted using α-dsRed detected the 

expected ~65 kDa MreB-mCherry protein.  
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Figure 4.4: The fluorescent localization patterns of MreB-mCherry 
observed over time in E. coli MG1655 strain. E. coli MG1655 
(pLA33mreBmc) producing MreB-mCherry was grown in LB, induced by 0.02% 

arabinose and monitored up to 4 h by confocal microscopy as described in 

materials and methods. Bright red spots at cell surfaces and short bands 
crossing some cells during the first 2 h of induction are indicated by white arrows 
(A). Blue fluorescence reveals where DAPI has stained the chromosome in the 
majority of cells (B). Lemon shaped cells with cell surface spots of red 
fluorescence observed after 3 h of induction (C). The green colour indicates cells 
that were treated with the membrane stain FM 1-43, scale bars represent 2 μm. 
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4.2.1.3 Perturbing the actin homologue cytoskeleton MreB with 

A22 altered the localization of EspC-mCherry  

To explore the hypothesis that the bacterial cytoskeleton actin 

homologue MreB is directly involved in the helical localization of EspC, 

we next sought to determine whether disrupting this cytoskeleton actin 

homologue might perturb the localization of EspC. MreB is essential for 

bacterial survival and making an mreB null mutant will cause cell lysis 

(219,265). Using A22 compound was an alternative approach chosen in 

this work to try to inhibit MreB filament assembly. It has been reported 

that the effect of A22 is similar to the effect of the MreB null mutant 

(254,266). In order to determine the growth-inhibitory levels of A22 on  

E. coli (K-12) MG1655 strain, 0.2% arabinose induced wild-type MG1655 

culture was treated with A22 at zero µg/ml (A220), 2.5 µg/ml (A222.5) 

and 10 µg/ml (A2210), and subjected to confocal microscopy as 

described in materials and methods. As shown in Fig. 4.5, the lower 

concentration of A22 had a moderate effect on cell shape, changing it 

from a rod to a lemon shape, whereas at higher concentration the cells 

completely converted to cocci.  

In order to monitor EspC-mCherry localization patterns in the presence 

of A22, 0.2% arabinose induced MG1655 (pLA33C1mc) and MG1655 

(pMAC33) cultures were treated with A222.5 and A2210. As a control, a 

set of samples were induced and grown without treatment (A220). As a 

consequence of using A22, the fluorescent localization patterns of both 

EspC-mCherry forms dramatically changed. The fluorescent localization 

pattern for the full length EspC-mCherry became diffuse. Treatment with 
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A2210 completely disrupted the EspC-mCherry localization resulting in no 

distinct spiral patterns being detected (appeared diffuse with no spirals 

detected) (Figs. 4.6 A and. 4.7 B). At a concentration of A222.5, the 

localization appeared to have lost its organization with only a few 

irregular punctate pattern of fluorescence being detected (Fig. 4.7 A). 

The diffuse fluorescence pattern observed in those cells sometimes 

appeared condensed at the cell periphery due to the space occupied by 

the bacterial chromosomal DNA in the cytoplasm (Fig. 4.7 B). In 

contrast, the truncated version of EspC-mCherry lacking the beta barrel 

was observed as strong diffuse fluorescence with irregular punctate foci 

(Fig. 4.6 B). 
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Figure 4.5: A22 causes bacterial cell shape changes. 0.2% arabinose induced MG1655 wt was grown 
in LB to OD600 of 0.05 then treated with A220, A222.5 or A2210 and incubated at 37˚C shaking for up to 4 h 

as described in materials and methods. Representative lemon shaped bacteria (middle image; A222.5) and 
rounded cells (right hand column; A2210) are shown. Phase contrast and mCherry fluorescence pictures 
were taken by confocal microscopy. The green 555 nm laser was used to detect mCherry. No red 

fluorescent was detected in the wild type strain. Scale bar represents 5 µm.   
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Figure 4.6: A22 alters the localization of EspC-mCherry with and without the β-barrel domain. 0.2% 
arabinose induced MG1655 (pLA33C1mc) (A) and MG1655 (pMAC33) (B) strains were grown in LB to OD600 of 
0.05 then treated with A220, A222.5 or A2210 and incubated at 37˚C shaking for up to 4 h. Phase contrast and 
mCherry fluorescence pictures were taken by confocal microscopy. The green 555 nm laser was used to detect 
mCherry. Scale bars represent 5 µm. 
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Figure 4.7: Effects of A22 concentrations on full length EspC-mCherry localization. 
Distorted fluorescent localization pattern was apparent in cells treated with A222.5, the closed 
white arrows indicate some irregular bands detected in particular cells (A). No bands or spiral 

structure were observed in cells treated with A2210 and staining with SYTOX dead blue stain 
indicates the position of the bacterial chromosome (open white arrows) (B). 0.2% arabinose 

induced MG1655 (pLA33C1mc) strain was grown in LB to OD600 of 0.05 then treated with A222.5 
(A) A2210 (B) and incubated at 37˚C shaking for up to 4 h as described in materials and 
methods. Phase contrast and mCherry fluorescence pictures were taken by confocal 
microscopy. The green 555 nm laser was used to detect mCherry while 405 nm violet laser was 

used to detect SYTOX stained dead cells. White rectangles indicate zoomed view, and merged 
images combine red and blue fluorescence. Scale bar represents 5 µm (A) or 2 µm (B). 
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To test the influence of A22 on the growth of MG1655 strains, 0.2% 

arabinose induced MG1655 (pLA33C1mc), MG1655 (pMAC33) as well as 

MG1655 wt were treated with the same set of A22 concentrations as 

previously. The optical density (OD) was monitored over time (Fig. 4.8). 

The growth rates between samples treated with A220, A222.5 and A2210 

were almost similar (Fig. 4.8 A and B). The growth of MG1655 (pMAC33) 

in A22 mirrored that of MG1655 wt and MG1655 (pLA33C1mc) for the 

first hour, but was considerably lower from 2 h onwards (Fig. 4.8 C). 

The growth profile of MG1655 (pMAC33) without A22 was consistent 

with previous observations (Figs.3.12 and 3.13).  

Although the OD measurements clearly showed that A22 had no dose-

dependent effect on the growth of MG1655, it remained to be 

determined if viability was also affected. To ascertain this, MG1655 

(pLA33C1mc) and MG1655 (pMAC33) cultures were treated with A2210 

followed by staining with the live-dead stain SYTOX® blue. As before, no 

spiral structures were visible in cells producing full length EspC-mCherry 

(Fig. 4.9), while truncated EspC-mCherry was localized in a punctate 

pattern (Fig. 4.10). Notably, suggestive of a leaky membrane, the 

number of cells stained by SYTOX was higher for MG1655 (pMAC33) 

than MG1655 (pLA33C1mc) (Figs. 4.10 A and 4.9 A, respectively). 
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Figure 4.8: Addition of small concentrations of A22 did not perturb the 
growth of MG1655 strains. 0.2% arabinose induced MG1655 wt (A), 

MG1655 (pLA33C1mc) (B) and MG1655 (pMAC33) (C) strains were grown in 
LB to OD600 of 0.05 then treated with A220, A222.5 or A2210. Growth was 
monitored over time by OD600 for up to 3 h after addition of A22. Black arrows 
indicate the time point of addition of A22. 
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Figure 4.9: Full length EspC-mCherry does not form spirals in A22 treated MG1655, and 

some cells take up SYTOX® blue. MG1655 (pLA33C1mc) was induced with 0.2% arabinose, 
treated with A2210 and stained with SYTOX® blue. Images show treated cells with gradual zooming 
from smallest (A) to the medium (B) and largest magnification (C). The 405 nm violet laser was 
used to detect the dead cells whilst the 555 nm green laser was used to excite mCherry. White 
rectangles in (B) indicate zoomed view shown in (C), and white arrows show stained DNA and 
merged images combine red and blue fluorescence. Scale bars represent 5 µm. 
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Figure 4.10: Truncated EspC-mCherry localizes in a punctate pattern in A22 treated 
MG1655, and the majority of cells take up SYTOX® blue. MG1655 (pMAC33) was induced with 
0.2% arabinose, treated with A2210 and stained with SYTOX® blue. Images show treated cells with 

gradual zooming from smallest (A) to largest magnification (B - E). Images D and E were chosen 
from a different field of that shown in B and C. 405 nm violet laser was used to detect the dead cells 
while 555 nm green laser to excite mCherry. White arrows show stained DNA and merged images 
combine red and blue fluorescence. Scale bars represent 5 µm. 
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4.2.1.3.1 Truncated EspC-mCherry associates with membranes 

in two forms 

In order to determine if the altered localization of EspC in cells treated 

with A22 was reflected in changes in processing, cells were fractionated 

into membranes and soluble compartments. Both MG1655 (pLA33C1mc) 

and MG1655 (pMAC33) were induced with 0.2% and 0.02% arabinose 

and treated with A220, A222.5 and A2210. OM and IM fractions were 

confirmed by immunoblotting with α-TolC and α-AcrB respectively. 

Whilst no obvious differences in processing of the full length 174 kDa 

EspC-mCherry were detected upon addition of A22 (Fig. 4.11 A and C), 

two forms of truncated EspC-mCherry (upper ~70 kDa and lower ~65 

kDa) were detected and both clearly localized with membranes. The 

larger form (~70 kDa) was primarily associated with the OM fraction, 

and became more abundant there with increasing A22 concentration 

(Fig. 4.11 B and D). In contrast, the smaller form (~65 kDa) was 

primarily associated with the IM and became fainter with increasing A22 

concentration (Figs. 4.11 B and 4.12 B). In line with this, the loss of the 

65 kDa form of truncated EspC-mCherry with increasing A22 was 

evident in whole cell extracts.  

Surprisingly, both forms of truncated EspC-mCherry were detected in 

the culture supernatant of untreated bacteria. This had not been 

expected as the β-barrel transporter domain was not present. It was 

clear that the ~65 kDa form was not lost from the whole cells due to 

export as it was gradually absent from the culture supernatant when 

A22 was added for increasing time or at higher concentrations (Fig. 4.12 
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A). Immunoblotting whole cell extracts with α-dsRed confirmed that 

both forms of the protein retained mCherry (Fig. 4.12 B). 

 

 

 

 

 

 

 

Figure 4.11: Truncated EspC-mCherry associates with membranes in two different 
forms. α-EspC immunoblots of cellular fractionation following treatment with A220, A222.5 or 

A2210 as described in materials and methods. MG1655 (pLA33C1mc) induced for 4 h with 0.2% 
(Panel A) or 0.02% arabinose (Panel C). MG1655 (pMAC33) induced for same period with 
0.2% (Panel B) or 0.02% (Panel D). Fractionation was performed as described in chapter 2 to 
generate whole cell (Wc), cytoplasmic (Cyto), inner membrane (IM), periplasmic (Peri) and outer 
membrane (OM) fractions. The control IM protein has being confirmed by α-AcrB (110 kDa) and 

the OM with α-TolC (~50 kDa) (Panel C and D). The larger form of truncated version of 

truncated EspC-mcherry (~70 kDa: red asterisk), the smaller form of truncated version of 
truncated EspC-mcherry (yellow asterisk) are indicated in supernatant (S/N), WC, or OM 
fractions. Proteins were separated in 9% SDS-PAGE. 
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Figure 4.12: Both forms of truncated EspC retain mCherry, 
with the larger form predominantly found in high A22 
concentrations. α-EspC immunoblot of supernatant samples from 

MG1655 (pMAC33) culture induced with 0.2% arabinose, treated with 
different A22 concentrations and collected over time (A). α-dsRed 

immunoblot of whole cells (Wc), cytoplasmic (Cyto) and periplasmic 
(Peri) fractions from the same strain induced with 0.2% arabinose and 

treated with the same A22 concentrations but collected after 4 h of 
A22 treatment (B). Proteins were separated in 9% SDS-PAGE. 
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4.2.2 Strains producing EspC with or without mCherry have cell 

wall defects and production of the 174 kDa EspC-mCherry 

makes cells bigger  

Since the expression of truncated EspC-mCherry lacking the C-terminal 

transporter domain alters the growth of MG1655, and because the 

localization of EspC-mCherry in MG1655 and EPEC∆espC backgrounds 

was different, microscopy was performed to examine the cell integrity. 

Propidium iodide (PI) uptake could not be utilized due to its overlapping 

red fluorescence with mCherry. Thus, SYTOX® blue dead cell stain was 

utilized. This stain has high affinity for DNA and can easily enter cells 

with compromised membranes whilst being excluded from viable cells. 

Four h induced cultures were stained with SYTOX® blue at room 

temperature and incubated for 5 min in the dark as described in 

materials and methods. MG1655 wt and MG1655 (pmCherry) were only 

minimally fluorescent (Fig. 4.13 A and B, respectively). Cells producing 

the truncated EspC-mCherry exhibited a remarkable blue fluorescence 

(Fig. 4.13 C) while a moderate blue fluorescence was evident in cells 

producing the full length EspC-mCherry (Fig. 4.13 D). Only MG1655 

data is shown as it was not significantly different to that obtained for 

EPEC∆espC except that lower levels of staining was observed. 
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Figure 4.13: Secretion of EspC-mcherry with and without the C-terminal transporter domain alters cell 
shape and integrity. Four h 0.2% arabinose induced cultures of MG1655 wt (A), MG1655 (pmCherry) (B), 

MG1655 (pMAC33) (C), MG1655 (pLA33C1mc) (D) were washed with PBS and resuspended to OD600 of 0.5 
following staining with SYTOX® dead blue stain. Images were taken by confocal microscopy and subjected to 405 
nm violet laser to excite the blue stain while the 555 nm green laser was used in parallel to stimulate the mCherry 
fluorescent protein. Images were merged to combine both fluorescence signals. Scale bars represent 5 µm. 
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It was possible that the high concentration of arabinose used to induce 

the production of EspC might be responsible for the growth defects and 

membrane leakiness. To optimise a suitable arabinose concentration for 

espC induction without causing any defective growth, both MG1655 

(pLA33C1mc) and MG1655 (pMAC33) cultures were induced by 10 fold 

decreasing arabinose concentrations (0.2%, 0.02%, 0.002% and 

0.0002%) for up to 4 h (Figs. 4.14 and 4.15, respectively). Samples 

were taken to measure the cell density (OD600) over time and SYTOX® 

blue dead cell stain was applied. Interestingly, the proportion of cells 

staining blue fell significantly at 0.02% arabinose concentration in both 

strains while the proportion of the red cells was almost similar to 

cultures induced with 0.2% arabinose (Figs. 4.14 C and 4.15 C). 

However, the numbers of red cells were substantially decreased at 

arabinose concentrations lower than 0.02% suggesting that 0.02% is 

optimal for detecting the red fluorescence with minimal growth defects 

(Figs. 4.14 D and 4.15 D). Parallel induction with similar arabinose 

concentrations and SYTOX® blue staining revealed no growth defects 

encountered in MG1655 wt and MG1655 (pmCherry) strains. MG1655 

(pLA33C1) and MG1655 (pMAC33) exhibited similar phenotypes (data 

not shown). 

To determine whether 0.02% arabinose was the best option to use to 

detect fluorescently labelled EspC from pLA33C1mc and pMAC33 without 

harming the cells, the changes in cell density (OD600) were monitored 

and the growth rate calculated for all strains. Surprisingly, growth rates 

in cultures induced with 0.02% were not recovered to the extent 

anticipated from the microscopy (Fig. 4.16).  
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Figure 4.14: 0.02% arabinose is the optimal arabinose concentration for the full length EspC-
mcherry production to minimise cell integrity loss. MG1655 (pLA33C1mc) strain induced with Zero% (A), 
0.2% (B), 0.02% (C), 0.002% (D) and 0.0002% (E) arabinose for 4 h following by washing with PBS and 
resuspension to OD600 of 0.5 then staining with SYTOX® dead blue stain as described in materials and methods. 

Images were taken by confocal microscope and subjected to 405 nm violet laser to excite the blue stain while 
the 555 nm green laser was used in parallel to stimulate mCherry. Images were merged to combine the 
fluorescence. Scale bar represent 5 µm. 



     

160 
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Figure 4.15: 0.02% arabinose is the optimal arabinose concentration for truncated EspC-mCherry 
production with minimal loss in cell integrity. MG1655 (pMAC33) strain induced with Zero% (A), 0.2% (B), 

0.02% (C), 0.002% (D) and 0.0002% (E) arabinose for 4 h following by washing with PBS and resuspension to 
OD600 of 0.5 then staining with SYTOX® dead blue stain as described in materials and methods. Images were 
taken by confocal microscopy and subjected to 405 nm violet laser to excite the blue stain while the 555 nm 
green laser was used in parallel to stimulate mCherry. Images were merged to combine the fluorescence. Scale 
bar represent 5 µm. 
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Figure 4.16: Switching the arabinose concentration from 0.2% to 

0.02% in both MG1655 (pMAC33) and MG1655 (pLA33C1mc) did not 
dramatically improve growth. Monitoring the changes in the growth rate in 
MG1655 wild type (black bars), MG1655 (pmCherry) (red bars), MG1655 
(pLA33C1) (blue bars), MG1655 (pLA33C1mc) (brown bars) and MG1655 
(pMAC33) (grey bars) induced with decreasing arabinose concentrations over 4 
h. The cell density of samples was taken every 60 min. Black arrows indicate 
the slight growth recovery in 0.02% arabinose compared with 0.2% arabinose 

for MG1655 (pLA33C1mc) and MG1655 (pMAC33) strains. The formula used to 
calculate the growth rate is:  

k
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To determine whether the apparent membrane leakiness in MG1655 

(pMAC33) is due to the insertion of mCherry into the truncated EspC, a 

derivative of espC with an opal stop codon (TGA) downstream of the 

BglII restriction site was constructed using SDM (Fig. 4.17 A). The 

position chosen aligned with the amber stop (TAG) downstream of 

mCherry in pMAC33 (Fig. 3.1 I). The expected size of the protein 

containing the introduced mutation and the encoded ~35 kDa product 

was detected by immunoblotting with α-EspC (Fig. 4.17 B). The new 

construct was verified by sequencing and called pMAO33. Like truncated 

EspC-mCherry, the new truncated EspC was detected in culture 

supernatants despite lacking the β-barrel transporter domain (data not 

shown). However, cell density measurements indicated that MG1655 

(pMAO33) grew much better than MG1655 (pMAC33) reaching OD600 of 

1.67 after 4 h induction with 0.02% arabinose. Despite this improved 

growth, MG1655 (pMAO33) was as sensitive to 1% SDS as MG1655 

(pMAC33), MG1655 (pLA33C1) and MG1655 (pLA33C1mc) strains (Fig. 

4.18). 
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Figure 4.17: Construction of pMAO33 to generate truncated EspC lacking mCherry. 
The cartoon illustrates insertion of an opal stop codon at amino acid position 334 of EspC by 
SDM to create a new truncated EspC version without the mCherry fusion ~35 kDa (A). The 

overnight culture of MG1655 (pLA33C1), MG1655 (pMAC33) and MG1655 (pMAO33) were 
diluted 1:100 and concurrently induced with 0.02% arabinose. After 4 h whole cell lysates 
were prepared and separated through 9% SDS-PAGE gel as described in chapter 2. 
Subsequent immunoblotting using α-EspC detected the native 140 kDa EspC (blue asterisk), 

truncated ~70 kDa EspC-mCherry (red asterisk), and the new truncated version of EspC 

without mCherry ~35 kDa (yellow asterisk) (B).  
 

A B 

Figure 4.18: 1% SDS reduces the viability of MG1655 producing EspC with or 
without mCherry or the β-barrel. MG1655 wt, MG1655 (pmCherry), MG1655 (pLA33C1), 

MG1655 (pLA33C1mc), MG1655 (pMAC33) and MG1655 (pMAO33) were diluted and 
concurrently induced with either 0.02% (A) or 0.2% arabinose (B). 1% SDS was added to 
the cultures 2 h after induction, and the cell density (OD600) was measured at the times 
indicated. Black arrows indicate the time point of addition of 1% SDS. Error bars represent 
standarad deviation (n=3 replicate reads). 

B A 
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Since addition of 1% SDS (Fig. 4.18) to MG1655 producing EspC with or 

without mCherry fusion reduced the integrity of the bacterial membrane, 

the population of viable bacteria present following induction with 0.2% 

and 0.02% arabinose was quantified. To do this, 4 h induced MG1655 

wt, MG1655 (pmCherry), MG1655 (pLA33C1mc) and MG1655 (pMAC33) 

cultures were washed with ice cold PBS and resuspended to 0.5 OD600 

units/ml in PBS and stained with 1 µl SYTOX® dead blue stain. Samples 

were then analysed in duplicate with a Beckman Coulter MoFlo XDP flow 

cytometry. 

Interestingly, forward and side scatter dot plots indicated that 

production of the full length 174 kDa EspC-mCherry increased the cell 

size (Fig. 4.19 C) whereas the truncated EspC-mCherry producing strain 

lost cell shape uniformity, becoming granulated and smaller (Fig. 4.19 

D). No obvious differences in cell size were noticed between the two 

different arabinose concentrations (Fig. 4.19).  

To define the viability of cells in a population and correlate this with 

EspC production, a quadrant marker was placed to divide the two-

fluorescent parameters (X parameter: Log-Sytox dead blue stain to 

indicate the blue fluorescent bacteria and Y parameter: Log-mCherry to 

indicate the red fluorescent bacteria). The four sections created 

distinguish the negative, single positive or double positive cell 

populations (see cartoon colour indications in Fig. 4.19). Surprisingly, 

the blue staining revealed that almost 60% of MG1655 (pLA33C1mc) 

cells had leaky membranes compared to 28% of MG1655 (pMAC33) and 

these percentages were almost similar in the two arabinose 
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concentrations (Fig. 4.19 C and D, respectively). In contrast to the 

fluorescent microscopy, these percentages did change significantly in 

the two arabinose concentrations (Fig. 4.14 B and C) and (Fig. 4.15 B 

and C). Furthermore, although the percentage of MG1655 (pLA33C1mc) 

cells emitting red fluorescence was high, it was almost absent in 

MG1655 (pMAC33) (Fig. 4.19 C and D, respectively). It seems that the 

growth defect caused by production of the truncated EspC-mCherry 

largely perturbs the bacterial cell shapes leading to cell lysis and 

fragility, which made it difficult to define and quantify the particle-

associated fluorescence.  

One possible explanation for the apparent presence of EspC derivatives 

that lack the β-barrel transporter domain in culture supernatants is that 

the growth defects and loss of membrane integrity are linked to the 

release of membrane vesicle blebs as bleb release has been reported to 

occur when bacteria experience internal stresses associated with 

overproduction or mis-localization of recombinant proteins (267,268). 

To investigate this, culture supernatants from all MG1655 strains 

induced by 0.2% or 0.02% arabinose were immunoblotted with α-TolC 

(OM protein 50 kDa), α-AcrB (IM protein 110 kDa) and α-IscS 

(cytoplasmic protein 45 kDa) as well as α-EspC (Fig. 4.20). In line with 

the hypothesis, both MG1655 (pMAC33) and MG1655 (pMAO33) 

contained considerable levels of cellular proteins in their culture 

supernatants. In contrast, MG1655 (pLA33C1mc) culture supernatants 

contained the lowest level of IM and cytoplasmic proteins with no OM 

protein detected (Fig. 4.20), reflecting the absence of damage cells.  



     

166 
 

0.2% arabinose 

0.2% 

Log-Sytox dead blue stain 

 

L
o

g
-m

C
h

e
r
r
y
 

 

Log-Sytox dead blue stain 

 

L
o

g
-m

C
h

e
r
r
y
 

 

0.02% 

0.02% arabinose 

B 

Log-Sytox dead blue stain 

L
o

g
-m

C
h

e
r
r
y
 

0.2% 

0.2% arabinose 

0.02% 

L
o

g
-m

C
h

e
r
r
y
 

 

0.02% arabinose 

A 

0.02% 0.2% 

Log-Sytox dead blue stain 

 

L
o

g
-m

C
h

e
r
r
y
 

 

0.02% arabinose 

Log-Sytox dead blue stain 

 

L
o

g
-m

C
h

e
r
r
y
 

 

0.2% arabinose 

C 

Log-Sytox dead blue stain 

 

 

 

 

 

 

 

 

 

 



     

167 
 

D 

0.2% arabinose 0.02% arabinose 

0.2% 0.02% 

Log-Sytox dead blue stain 

 

Log-Sytox dead blue stain 

 

L
o

g
-m

C
h

e
r
r
y
 

 

L
o

g
-m

C
h

e
r
r
y
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Production of the full length 174 kDa EspC-mCherry makes cells larger. 
Flow cytometry analysis of MG1655 wt (panel A), MG1655 (pmCherry) (panel B), MG1655 
(pLA33C1mc) (panel C) and MG1655 (pMAC33) (panel D) induced with 0.2% (left panel) or 
0.02% arabinose (right panel). All strains were stained with SYTOX® dead blue stain as 
described in materials and methods. Light scatter dot plots indicate cell size (upper plots) and 

scatterplots with quadrant markers split bacteria into fluorescent subpopulations indicated by 
the cartoons in the corner: negative (2 white circles), mixed blue/red positive (one blue, one red 
circle) and double red (two red circles) and blue positive (two blue circles). Log-Sytox dead blue 
stain X axis is for 405 nm violet laser and Log-mCherry Y axis is 555 nm green laser. 
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Figure 4.20: Truncated EspC with or without mCherry release 
IM, OM and cytoplasmic proteins into the culture supernatant. 
MG1655 wt, MG1655 (pLA33C1), MG1655 (pLA33C1mc), MG1655 

(pMAC33), MG1655 (pMAO33) and MG1655 (pmCherry) were grown 
in LB and induced with 0.2% or 0.02% arabinose for 4 h. TCA 
precipitated culture supernatants were collected and separately 
immunoblotted with four antibodies; α-EspC, α-AcrB, α-TolC and α-

IscS. α-EspC was able to detect the native 140 kDa EspC (blue 

asterisk), Full length 174 kDa EspC-mCherry (green asterisk) and 
truncated ~70 kDa EspC-mCherry (red asterisk). The absence of the 

truncated EspC lacking mCherry in pMAO33 at ~35 kDa is indicative 
of degradation on this occasion. The positions of molecular weight 
markers are indicated in kDa. 



     

169 
 

As membrane vesicle blebs contain lipids as well as proteins, MG1655 

strains were stained with the lipophilic outer membrane dye, FM 1-43. 

Cultures were induced for 4 h, and cells washed with PBS before staining 

with FM 1-43 dye. Interestingly, producing truncated EspC with or 

without mCherry protein caused defects in the growth. Both MG1655 

(pMAC33) and MG1655 (pMAO33) had increased amounts of outer 

membrane containing vesicles (blebs) as well as abnormality in the 

bacterial shape, presumably forming minicells (Fig. 4.21). Consistent 

with the FACS analysis, MG1655 (pLA33C1mc) cells were elongated 

compared to wild-type MG1655 (Figs. 4.19 C and 4.21). 

Based on the earlier observation that adding A22 to MG1655 (pMAC33) 

causes changes in cell shape as well as disrupting protein processing 

through bacterial compartments in a dose-depended manner, it is 

possible that it will affect the formation of the minicells/blebs observed 

in MG1655 (pMAC33) supernatants. To determine whether this occurs, 

MG1655 (pMAC33) was induced for 4.5 h with 0.2% or 0.02% 

arabinose, treated with different A22 concentrations and culture 

supernatants were immunoblotted with α-TolC (OM), α-AcrB (IM) and α-

IscS (cytoplasm) (Fig. 4.22). As predicted, the OM protein TolC levels 

were reduced in the presence of A22 (Fig. 4.22 A and B). This correlates 

with the reduction in the quantity of the smaller form of truncated EspC-

mCherry (~65 kDa), and enhancement of levels of the larger form (~70 

kDa). These results indicate that cell shape changes influence the 

formation of blebs/minicells such that the smaller form of truncated 

EspC-mCherry is less readily detected.  
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Figure 4.21: MG1655 producing truncated EspC with or without mCherry generates 
small rounded structures visible by staining with the lipophilic fluorescent 
membrane dye, FM 1-43. Strains MG1655 wt, MG1655 (pLA33C1), MG1655 (pLA33C1mc), 
MG1655 (pMAC33), and MG1655 (pMAO33) were grown in LB and induced with 0.2% 
arabinose for 4 h.  Whole cell extracts were collected by centrifugation, washed with PBS and 
stained with FM 1-43 as described in chapter 2. Images were taken by confocal microscopy 
and subjected to 488 nm laser to excite the dye. Images on the right hand side show a 

zoomed view of the left hand side images. White arrows indicate putative blebs while white 
circles show abnormal cell shapes, possibly minicells. Scale bar represents 5 µm. 
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Figure 4.22: A22 reduces the release of outer membrane containing 

blebs from MG1655 (pMAC33). Immunoblots of supernatant samples 
from MG1655 (pMAC33) induced with 0.2% or 0.02% arabinose and 
treated with A22 at different concentrations for 4.5 h (A). Immunoblot of 
culture supernatants over time  from MG1655 (pMAC33) induced with 
0.2% arabinose and treated with different A22 concentrations (B). The 

blots were incubated with α-TolC, α-AcrB, and α-IscS. Proteins were 

separated in 9% SDS-PAGE. 

A 

B 
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Together, these results indicate that the expression of full length 174 

kDa EspC-mCherry whether in MG1655 or in DH5α creates elongated 

cells, in which spiral formation is observed. Removal of the β-barrel 

transporter domain from EspC with or without mCherry causes a growth 

defect manifested as a loss in membrane integrity with concomitant 

production of blebs. In the absence of the mCherry fusion, the 

detrimental influence upon growth of truncated EspC was less severe.  

4.2.3 Altering the serine protease motif of overproduced EspC 

did not repair the observed growth defect  

Since MG1655 (pLA33C1) producing EspC exhibited a growth defect 

(Fig. 4.21), it is possible that the serine protease motif in EspC (GDSGS) 

might be toxic to the cells. Lower OD600 measurements obtained from 

the strains producing all versions of EspC (except pMAO33) support this 

notion (Fig. 3.12). To determine if this is the case, SDM was performed 

using primers EspC-F S256I/EspC-R S256I (listed in table 2.4, chapter 

2) to substitute isoleucine for the serine at position 256 of the serine 

protease motif of the EspC passenger domain in all EspC versions. 

Replacing serine with isoleucine will produce non-functional protein as 

previously described (73). DNA sequencing confirmed the presence of 

the desired substitution in pLA33C1, pLA33C1mc, pMAC33 and pMAO33. 

To test the growth rate of MG1655 harbouring constructs pLA33C1S256I, 

pLA33C1mcS256I, pMAC33S256I and pMAO33S256I, the overnight cultures of 

these strains were diluted and concurrently induced with 0.02% 

arabinose. The OD600 was measured after 4 h alongside whole cells 

lysate preparation followed by immunoblotting with α-EspC to check 
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protein production. Unexpectedly, all serine protease mutant strains did 

not grow well and recorded very low OD600 compared to wild-type 

strains except for the MG1655 (pMAO33S256I) (Fig. 4.23). Immunoblot 

analysis revealed similar production levels of original and mutated EspC 

(data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23: No improvement in the growth during 

overproduction of the EspC serine protease mutant. 
MG1655 strains listed in the graph hosting mutated or non-
mutated serine protease motif variants of EspC were grown in 
LB with 0.02% arabinose. The optical density OD600 was 

measured after 4 h of induction. Error bar represents standard 
deviation (n=3 replicate reads). 
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4.2.4 Inactivation of the motor protein SecA alters the 

localization of EspC-mCherry  

All the forms of EspC evaluated in this study contain an amino-terminal 

signal peptide for targeting to the IM translocation machinery Sec. There 

are reports that Sec is maintained in a spiral localization (234). To 

evaluate whether Sec influences the localization of EspC, pLA33C1mc 

and pMAC33 were transformed into a SecA mutant of E. coli to 

investigate the localization of EspC in the absence of Sec.  Overnight E. 

coli∆secA (pLA33C1mc) and E. coli∆secA (pMAC33) cultures were 

diluted in LB and immediately induced with 0.02% arabinose. Cultures 

were grown at 30˚C until reaching an OD600 of 0.05 (approximately 2 h). 

Subsequently, the cultures were switched to the non-permissive 

temperature of 42˚C to activate the mutation and incubated for 2 h. 

EspC was induced in E. coli∆secA (pLA33C1mc) and E. coli∆secA 

(pMAC33) characterized in whole cell and supernatant lysates at 30 min 

intervals over 2 h. As shown in Fig. 4.24, both full length and truncated 

EspC-mCherry accumulated entirely inside the cells and were not 

detected in any culture supernatants. 
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Figure 4.24: EspC-mCherry is not found in culture supernatants of an E. coli SecA 
mutant. Overnight culture of E. coli∆secA (pLA33C1mc) (A) and E. coli∆secA (pMAC33) 
(B) were diluted 1:100 in LB, concurrently induced by 0.02% arabinose and grown at 30˚C 
with shaking to an OD600 of 0.05. The cells were then shifted to the non-permissive 
temperature of 42˚C and grown for an additional 2 h with shaking. Subsequently, whole 
cell (WC) and supernatant (S/N) samples were collected at 30 min intervals over 2 h. EspC 
and truncated forms of EspC induced from MG1655 (pLA33C1), MG1655 (pLA33C1mc), 

MG1655 (pMAC33) and MG1655 (pMAO33) show that EspC is released into the cell 

supernatant in the presence of SecA (C). Samples were prepared for SDS-PAGE and 
Western blotting as described in materials and methods. All Samples were separated 
through 9% SDS-PAGE and immunoblotted with α-EspC. Red asterisk indicates very low 

levels of full length EspC-mCherry detected in supernatants after 120 min most probably 
due to involuntary release as the cells become stressed following high levels of protein 
expression. The blue asterisks indicate the lower levels of truncated 65 kDa EspC-mCherry 
(without signal peptide) which mirror the high levels of 70 kDa EspC-mCherry (with signal 
peptide) (yellow asterisk) detected in whole cell lysates. The green arrow points to the 

secreted native EspC form lacking the signal peptide ~110 kDa. Both full length and 
truncated EspC-mCherry forms were previously monitored over time in MG1655 
background (see Fig. 3.11). 
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To visualize the intracellular localization, fluorescent microscopy was 

undertaken on E. coli∆secA (pLA33C1mc) and E. coli∆secA (pMAC33) 

and E. coli∆secA (pmCherry). Cells were washed with PBS after 3-4 h at 

the non-permissive temperature and resuspended to OD600 of 0.5 

units/ml. Interestingly, both forms of EspC-mCherry exhibited 

localization patterns different to those observed previously. In E. 

coli∆secA full length EspC-mCherry produced a bipolar and mildly diffuse 

localization whereas truncated EspC-mCherry was diffusely distributed 

or unipolar (Fig. 4.25 A and B, respectively). The control E. coli∆secA 

(pmCherry) exhibited only diffuse patterns of fluorescence (Fig. 4.25 C). 

Zoomed in views of these patterns have clearly shown the distinctive 

localizations (Fig. 4.25 D). These fluorescent localization patterns did 

not change when the bacterial actin homologue MreB was perturbed this 

time (Fig. 4.26). It was clear that E. coli∆secA producing full length 

EspC-mCherry did not increase in size in the same way that MG1655 

(pLA33C1mc) did. Moreover, E. coli∆secA (pMAC33) grew better than 

MG1655 (pMAC33) and no damaged cells were observed under confocal 

microscopy (Fig. 4.25 B). Collectively, these data indicate that the SecA 

ATPase influences the localization of EspC. 
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Figure 4.25: In E. coli∆secA the full length EspC-mCherry localization becomes predominantly 
bipolar whilst truncated EspC-mCherry is unipolar. Phase contrast and mCherry fluorescence pictures 
were taken from E. coli∆secA (pLA33C1mc) (A), E. coli∆secA (pMAC33) (B) and the control E. coli∆secA 

(pmCherry) (C). Zoomed in images were selected from the white rectangles to focus on particular cells 
(D). Images in D represent the bipolar localization of full length EspC-mCherry (left column), unipolar 
localization of the truncated EspC-mCherry (middle column) and the distinct diffuse pattern from the 
control mCherry (right column). Images were taken by confocal microscopy. Pictures on the right hand 
side are closer compared to pictures at the left hand side in A, B and C. White arrows indicate the bipolar 
localization of the full length 174 kDa EspC-mCherry while the yellow arrows show the unipolar localization 

of the truncated EspC-mCherry version. Scale bars represent 2 µm. 
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Figure 4.26: Changing the cell shape by A22 did not alter the localization of EspC-mCherry 
produced from E. coli SecA mutant strains. Phase contrast and mCherry fluorescence pictures 
were taken from E. coli∆secA (pLA33C1mc) (A and B), E. coli∆secA (pMAC33) (C and D) and the 
control E. coli∆secA (pmCherry) (E and F). The overnight cultures were diluted in LB (1:100) and 
concurrently induced with 0.02% arabinose and incubated at 30˚C to grow shaking to OD600 of 0.05 
then shifting to non-permissive temperature (42˚C) and treated with A220 (A, C and E) or A2210 (B, D 
and F) for 3 to 4 h. As A22 produces rounded cells, the strong curvature at bacterial poles completely 

disappeared and the full length EspC-mCherry was condensed at one region in the cytoplasm, 
presumably due to the pressure of the bacterial nucleoid (B). Zoomed images were selected from the 
white rectangles to focus on particular cells (G). Scale bars represent 2 µm. 
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4.3 Discussion  

Localization of EspC in a helical arrangement has suggested a possible 

link between T5SS and bacterial cytoskeleton components that are also 

organized into helices such as the actin homologue MreB and a 

morphogenic protein, RodZ (214,223). Importantly, these two 

cytoskeleton proteins interact with each other to maintain the bacterial 

growth (224). Recently, the Sec machinery that also exhibits a helical 

conformation was shown to mediate the translocation and insertion of 

RodZ into the bacterial IM (269). These correlations suggest a common 

underlying molecular mechanism for the secretion of EspC AT that 

involves movement towards the bacterial poles in a helical arrangement. 

The data collected in this chapter clearly present a characteristic set of 

EspC fluorescent localization patterns that is obtained when the actin 

homologue MreB, the ATPase SecA and the EspC β-barrel AT domains 

are all disrupted. 

The absence of the β-domain in the truncated EspC-mCherry version 

causes a significant growth defect manifested by delicate bacterial 

pellets and low OD600 measurements. The data obtained with FACS 

analysis to assess the bacterial viability during the expression of the 

truncated EspC-mCherry using SYTOX® blue stain were inconsistent with 

the microscopy data. Imaging analysis that sometimes requires an 

increase in the laser gain to be able to observe the blue cells have 

revealed that the majority of cells have considerably leaky membranes 

whereas FACS measured differences were not significant, with the 

percentage of dead cells in a MG1655 (pMAC33) population being 28%. 



     

181 
 

The inability of the FACS machine to detect weak fluorescent signals 

from MG1655 (pMAC33) may have misestimated this proportion.  

Membrane perturbation might arise as an artefact of mCherry insertion 

as previously suggested (255). However, a truncated EspC lacking 

mCherry exhibited similar membrane defects indicating that EspC itself 

could be attributed to these defects. Mutating the serine protease motif 

of EspC did not improve the bacterial growth either but instead led to 

lower OD600 measurements suggesting that the protease activity of EspC 

was not responsible. Addition of 1% SDS confirmed the cell wall 

weakness in the strains producing different forms of EspC. 

The usage of the lipophilic OM FM 1-43 stain to examine the bacterial 

OM revealed that cultures containing cells producing truncated EspC 

with or without mCherry also generated structures resembling OM 

vesicles (blebs) or minicells. These structures were also evident by flow 

cytometry (Fig. 4.19 D). Immunoblotting with cytoplasmic, IM and OM 

protein markers as controls supported this (Fig. 4.20). A possible 

explanation could be that a consequence of stalling truncated EspC in 

the periplasm is increased turgor pressure on the OM. This would lead to 

the formation of blebs which are released into the growth medium. 

Consistent with this prediction, it has been reported that the Gram-

negative bacterial cells are able to release harmful incorrectly folded 

perplasmic proteins into the external milieu by forming OM vesicles 

(270). Perhaps, another reason to consider is that the truncated EspC 

could cause aberrant cell division by perturbing the pole-to-pole 

oscillations of the MinD protein that carries the cell division inhibitor, 
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MinC, thereby assisting formation of septa at potential sites such as the 

bacterial poles (268,271). In support of this notion, no growth 

disturbance was demonstrated in E. coli∆secA expressing the truncated 

EspC.  

Full length EspC-mCherry also localized differently in different E. coli 

strains. In both MG1655 and DH5α laboratory strains a spiral distribution 

was coupled to elongated cells. This fluorescent spiral localization 

pattern was completely absent in EPEC∆espC and cell size was normal, 

suggesting that laboratory strains lack the EspC secretory machinery 

components. Overproduction of a large  protein that enters membrane 

translocation channels may create stress on the peptidoglycan sacculus 

triggering cells to synthesize additional peptidoglycan to fill the pores 

created (241). Consistent with this, lowering EspC-mCherry production 

levels by reducing the concentration of the arabinose inducer of 

expression enabled cell size to return to normal for wild-type cells (Fig. 

4.14 D and E). Furthermore, production of the full length EspC-mCherry 

in E. coli∆secA did not create a spiral localization arrangement on 

secretion or any cell size changes (Figs. 4.25 A and 4.26 A).  

Having demonstrated that the bacterial actin homologue MreB is directly 

responsible for the helical organization of EspC, A22 was used to 

interrupt the MreB nucleotide binding pocket, thereby preventing it 

polymerising and forming the helical cytoplasmic filaments 

(212,263,266). A22 has been used extensively as a tool to understand 

the function of MreB (207,227,254,263,272). A22 was initially 

discovered through screening for inhibitors of chromosome partitioning 
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in E. coli and found to convert bacterial cells from rod-shaped to 

rounded cells (273). To speed this study, A22 was used to perturb MreB 

and cause cell shape deformation in a manner reminiscent of a MreB 

loss of function knock-out mutant (254).  

Disruption of MreB by A22 affected the localization of both forms of 

EspC-mCherry. The localization of the full length EspC was disrupted 

completely and became cloudy without spirals. It may be that a 

disorientated or delocalized EspC-mCherry is unable to localize to the 

poles but instead aggregates to form a cloudy fluorescent signal. 

Truncated EspC-mCherry localization became punctated over time and 

in an A22 dose-dependent manner, and two forms could be detected by 

α-dsRed or α-EspC antisera. As A22 concentrations were raised the 

larger (~70 kDa) form became more abundant whilst levels of the 

smaller ~65 kDa protein that lacked the signal peptide sequence were 

reduced (Fig. 4.12 A). Interestingly, the levels of the OM TolC protein in 

culture supernatants of MG1655 (pMAC33) treated with A22 were similar 

to those of the smaller form of truncated EspC-mCherry (Figs. 4.22 and 

4.12), suggesting either co-localization or perhaps that this form of 

EspC-mCherry creates greater turgor pressure leading to more blebbing 

and greater diffusion out of the cells. It is not surprising that 

blebs/minicells were not detected in E. coli∆secA producing truncated 

EspC-mCherry, presumably because stalling of the truncated EspC-

mCherry in the cytoplasm avoids a build-up of turgor pressure in the 

periplasm. 
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The results obtained with testing the influence of addition A22 to 

MG1655 strains clearly demonstrate a slight growth decline in a dose-

dependent manner (Fig. 4.8 A), which was consistent with a previous 

observation (254). It is important to consider that the increase in the 

optical density in this case might just reflect the change in cell shape 

(due to increasing the cell size and volume). However, using A22 at a 

concentration (2.5 µg/ml) that is lower than 3.1 µg/ml (the MIC of A22 

in E. coli) confirms a slight decline in cell growth (273). It was possible 

to observe the distorted, patchy localization of the full length EspC-

mCherry in cells treated with lower concentrations of A22 (A222.5), with 

some irregular bands (see the white arrows in Fig. 4.7 A). Nevertheless, 

at higher A22 levels, protein aggregates and diffused localization 

became predominant (Fig. 4.9). These results indicate that the bacterial 

cytoskeleton may be required for EspC secretion since the actin 

homologue MreB forms a similar helical structure and perturbing it with 

A22 alters EspC localization. 

The distinct bipolar localization of full length EspC-mCherry and polar 

distribution of truncated EspC-mCherry in E. coli∆secA is interesting 

because of the lack of (i) growth defects and (ii) membrane leakiness. It 

is possible that the stalled full length EspC-mCherry aggregates in the 

cytoplasm and then accumulates at poles due to an affinity for concave 

membranes and the existence of space to accommodate the protein due 

to the lack of the bacterial nucleoid (271,274). However, when cells 

became spherical the aggregate proteins appear to have been pushed 

toward one side possibly by the chromosomal DNA (Fig. 4.26 B). In the 

case of the truncated EspC-mCherry, localization appeared specific for 
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the distal poles of daughter cells rather than at the septal site which 

resembles the localization of the S. flexneri AT, IcsA. Interestingly, IcsA 

is predicted to be directed to one pole before being translocated across 

the IM in a localization pattern that is conserved among 

Enterobacteriaceae (200,271). However, the initial process involved in 

such localization is still undefined. Thus, one prediction is that the 

truncated EspC-mCherry somehow follows a similar route to be localized 

at old poles. Further work is required to investigate this and determine 

whether other hidden factors are involved in such particular polar 

localization.  

There is no doubt that the insertion of the mCherry fluorescent protein 

into MreB generated a functional fusion similar to that previously 

reported (221,222). Although few cells exhibited discrete patches with 

short filaments similar to what been reported recently (242), the 

majority of cells clearly displayed a diffuse localization pattern which 

was confirmed by DAPI staining (Fig. 4.4 B). Unexpectedly, after longer 

induction periods, all cells converted to lemon shapes similar to those 

treated with A22 at a concentration 2.5 µg/ml (Fig. 4.4 C). A study 

conducted by Salje et al, observed a similar change in the cell shape 

upon expression of low levels of MreB-mCherry fusion (221). It is not 

clear why MreB becomes diffuse and upon longer expression times the 

cells take on a lemon shape. One possibility is that insertion of a large 

fluorescent mCherry protein (~30 kDa) interferes with the function of 

MreB by disrupting the protein structure, thus altering the interface 

between the MreB monomers or the ATP binding pocket leading to an 
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inability to make the protofilaments necessary for formation the helical 

filament structures.  

Interesting questions raised by these experiments that warrant further 

investigation include: Would the fluorescent localization patterns of 

mCherry fusion to EspC or MreB be the same if the protein labelling 

technique was changed? If the localization pattern was independent of 

the fluorescent tag, is the spiral localization shared by other 

autotransporter proteins? Taking advantage of the availability of super-

resolution microscopy techniques, recent advances in the Amber 

suppression approach could be used. This offers exquisite specificity 

with the ability to incorporate very small fluorophores within 

recombinant proteins at selected sites leading to minimal changes, if 

any, in protein structure (275,276). These are important considerations 

as they will help to unravel a possible common underlying process 

involved in bacterial protein secretion. 

Overall, it is clearly shown here for the first time that the localization of 

EspC is dependent on its C-terminal transporter domain, the bacterial 

actin homologue MreB and the Sec translocon. Secretion via a helical 

distribution along the bacterial cytoskeleton and appears as discrete 

patches targeted toward bacterial poles. Further investigation is required 

to examine this possible association between the bacterial helical 

cytoskeleton and EspC secretion. Different labelling approaches such as 

using genetically encoded unnatural amino acids with fluorescent 

labelling to tag EspC instead of mCherry to discount the possibility of 

any potential protein structure distortions and/or malfunctions. In 
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addition, using different AT proteins such as the AaaA AT secreted from 

P. aeruginosa in parallel with EspC in protein localization analysis would 

fuel speculation of a common AT secretion pathway for Gram-negative 

bacteria. It would be interesting to demonstrate the precise 

translocation steps and reveal the molecular mechanism involved in the 

spiral secretion of EspC and be able to inhibit it thus bring new insights 

and knowledge to unravel the mystery of AT secretion, thereby enabling 

the development of new therapeutic targets and treatments. 
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Chapter 5  

5 Can EspC be visualized with a single amino 

acid tag inserted using Amber suppression 

combined with click chemistry 
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5.1 Introduction  

The ability to visualize and follow the dynamics of fluorescently labelled 

proteins as they move through living cells has had a significant impact 

upon our understanding of their localization. However, current protein 

labelling techniques with large fluorescent proteins (mCherry and GFP), 

self-labelling protein tags (for example, Halo and SNAP-tags) or self-

labelling tags (tetracysteine and tetraserine tags) requires the use of 

protein fusions or addition of extra sequences into the target proteins. 

This may substantially increase the possibility of causing protein 

structure disruption/misfolding or loss of function (277,278). 

Since the majority of data generated in chapters 3 and 4 relied on the 

insertion of the fluorescent protein mCherry into EspC, other methods of 

labelling AT proteins with smaller tags were considered to confirm the 

observed spiral secretion pathway whilst minimising the risk of 

structural aberrations caused by fusion of the mCherry protein.  

The smallest tag identified exploited recent advances in Amber codon 

suppression. In this approach there is direct incorporation of an 

unnatural amino acid (UAA) bearing a biorthogonal functional group 

such as an alkyne or alkene into the protein to be tagged. This is 

achieved by genetically introducing an amber stop codon (TAG) at a 

defined site in the target gene and using a unique orthogonal pair of 

genes in trans to incorporate the desired UAA (279,280). Subsequently, 

a biorthogonal reaction (known as Click Chemistry) is performed to allow 

selective and rapid ligation of fluorogenic substrates carrying reactive 
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groups (for example, azide or tetrazine) onto the incorporated UAA. 

Consequently, the target protein is rendered fluorescent (275,281).  

The crucial step in this method is the introduction of the specific 

orthogonal tRNA/tRNA synthetase (tRNA/RS) pair into the host E. coli. 

The amber suppressor tRNA must not be recognised by any of the 

endogenous aminoacyl-tRNA synthetases. Instead, only the orthogonal 

tRNA synthetase (RS) should charge its cognate UAG suppressor tRNA 

so that the desired UAA is incorporated into the target protein 

(282,283). 

Numerous sets of engineered orthogonal pairs have been used to 

incorporate UAAs into proteins in the host E. coli (277,284). The most 

popular orthogonal pair for incorporation of such clickable UAAs 

originates from the methanogenic archaea, Methanosarcina barkeri MS 

(M.barkeri) and Methanosarcina mazei Go1 (M. mazei) (285,286). These 

organisms contain the 22nd natural amino acid called pyrrolysine (Pyl) 

which is incorporated into methyltransferases that initiate the formation 

of methane from methylamines (287). The insertion of Pyl occurs at the 

position of an amber codon and relies on the specific suppressor tRNACUA 

(also known as tRNAPyl) and the pyrrolysyl-tRNA synthetase (PylRS) 

(286,288). Genetic engineering to insert this orthogonal pair into E. coli 

allows the production of pyrrolysine and its analogues (289,290).  

The power of the super-resolution microscopy depends on small and 

specific fluorogenic probes generated by technology such as UAA 

labelling. In addition, the freedom to place the label at a particular site 

in the target protein would be predicted to enable more precise 
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localization of EspC within cells and hence provide new biological 

insights (275,291,292).  

Attempts were therefore made to incorporate the alkene UAA trans-

cyclooct-2-ene–L-lysine (TCOstar) into a specific site in EspC. The plan 

was to subsequently stably attach the fluorogenic tetrazine-Cy5 organic 

dye via the strain-promoted inverse-electron-demand Diels–Alder 

cycloaddition (SPIEDAC) reaction (275). This click chemistry reaction 

(tetrazine-trans-cyclooctene ligation) offers very fast labelling without 

the need of a catalyst, excellent biostability and compatibility with 

aqueous media at low concentrations. So it is ideally suited for live cell 

imaging as well as in vitro labelling studies (275,293,294). 

To enable the commercially available TCOstar to be successfully 

incorporated into EspC in response to an amber codon in E. coli, an 

orthogonal tRNACUA/pyrrolysyl-tRNA synthetase mutant (Y306A and 

Y384F) pair (MmtRNACUA/MmPylRSAF) from M. mazei was requested from 

the European Molecular Biology Laboratory (EMBL), Germany (275-277). 

Unfortunately, this was not achieved due to a delay in processing the 

Material Transfer Agreement (MTA). Therefore, to save time a different 

orthogonal pair, MbtRNACUA/MbPylRS∆ from M. barkeri was acquired 

from the Medical Research Council (MRC) Laboratory of molecular 

Biology, UK (249). Luckily, this time the MTA was accepted and the 

materials were provided.  

The aim of this chapter was to test the ability of TCOstar to be 

incorporated into EspC using the orthogonal MbtRNACUA/MbPylRS∆ pair. 

To achieve this, multiple steps of cloning and SDM were carried out to 
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optimise the M. barkeri orthogonal pair to enable it to efficiently 

incorporate the UAA TCOstar into a specific site in EspC. 
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5.2 Results  

5.2.1 Identification of optimal positions in espC to insert the 

amber stop codon (TAG) by SDM 

To identify the best positions in EspC for amber codon insertion, the 

EspC crystal structure model was created using the I-TASSER server 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and then mapped in 

a 3D model using PyMol 3D Zalman software. As shown in Fig. 5.1, two 

different positions were chosen on the EspC passenger domain crystal 

structure to insert the UAA at amino acid position 533 or 951 via a TAG 

codon. These positions appear externally exposed, not embedded inside 

the protein structure, and so are predicted to be easily accessible by the 

fluorogenic labels (Fig 5.1). The reason of selecting two positions to 

label EspC is to increase the chances of successful labelling and imaging.  

5.2.1.1 Generation of a truncated version of EspC without the 

β-barrel domain via genetically encoded amber stop 

codon for UAA incorporation  

In order to insert the amber stop codon (TAG) into the chosen sites, 

SDM was performed using the pLA33C1 vector as a template and the 

primer pairs; F-TAG533espC/R-TAG533espC and F-TAG951espC/R-

TAG951espC to create two versions of truncated EspC, one at aa positon 

533 and the other at 951, respectively (see primer table chapter 2). The 

successful of creation of these two truncated versions was 
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Figure 5.1: The positions selected for UAA insertion mapped onto the EspC 
passenger domain. The 3D model of the EspC passenger domain developed in PyMol 

Zalman software showing the locations on the selected external loops for inserting the 
UAA depicted as black spots (amino acid positions at 533 [top panel] and 951 [bottom 
panel]). See text for more information. The important catalytic serine residue at 
position 256 hosted in the motif GDSGS is highlighted in red. 

Selected site for inserting TAG 
amber codon at 533 position 

Selected site for inserting TAG 
amber codon at 951 position 



     

195 
 

confirmed via immunoblotting. α-EspC immunoblotting revealed the 

production of truncated EspC proteins approximately corresponding to 

~55 kDa in the MG1655 culture containing pLA33C1TAG533 or ~110 kDa 

in those having pLA33C1TAG951 (Fig. 5.2 A). Furthermore, DNA 

sequencing confirmed the existence of the amber codon at the chosen 

sites and verified that no point mutation had occurred elsewhere in 

espC. As is the case when full length EspC is produced, MG1655 

producing truncated EspCTAG533 or EspCTAG951 lacking the β-barrel domain 

grew more slowly and generated detectable EspC in culture 

supernatants (Figs. 5.3 and 5.2 B, respectively). 
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Figure 5.2: Production of short versions of EspC protein in E. coli MG1655. 
The overnight cultures of E. coli MG1655 containing pLA33C1TAG951 [1], 
pLA33C1TAG533 [2] or the control pLA33C1 plasmid (produces native EspC 140 kDa 
protein) [C] were diluted 1:100 and concurrently induced with 0.2% arabinose. After 
4 h of induction, whole cell lysates (WC) and supernatants (S/N) were prepared as 
described in Material and Methods, and separated through 9% SDS-PAGE gel which 
were subjected to immunoblotting using α-EspC. Premature termination of 

translation at the amber codon equivalent to aa position 533 in EspC amino acid 

sequence yields production of the expected ~55 kDa truncated protein [2] while at 
951 produces larger truncated EspC ~110 kDa [1] (A). These newly truncated EspC 
forms were also detectable in the culture supernatants (S/N) (B).  
 

A B 
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Figure 5.3: Loss of the β-barrel domain in the newly generated EspC 
mutants causes reduced growth similar to those observed previously. 
MG1655 wt, MG1655 (pMAC33), MG1655 (pLA33C1TAG95) or MG1655 
(pLA33C1TAG533) were grown in LB with 0.2% arabinose and the optical density 
OD600 measured after 4 h of induction. Error bar represent standard deviation 

(n=3 replicate reads).  
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5.2.2 Incorporation of Nε-acetyllysine UAA into EspC using the 

M. barkeri MbtRNACUA/MbPylRS∆ pair  

5.2.2.1 Cloning strategy used to insert EspCTAG533 and EspCTAG951 

into pMyo4TAGPylT-his6 vector  

As shown in Fig. 5.4, the two compatible plasmids received from the 

MRC Laboratory of Molecular Biology containing the orthogonal pair in E. 

coli. The Km resistant plasmid pBKPylS hosts the MbPylRS mutant (Nε-

acetyllysine-tRNA synthetase (ACKRS-1)) under the control of the E. coli 

GlnRS promoter and terminator. The Tc resistant plasmid 

pMyo4TAGPylT-his6 encodes the amber suppressor MbtRNACUA (pylT 

gene with lpp promoter and rrnC terminator). It also encodes a C-

terminal hexahistidine tagged sperm whale myoglobin with codon 4 

substituted by an amber codon under the control of an arabinose 

inducible promoter (249). These two vectors have been shown to 

successfully incorporate a commercially available UAA called Nε-

acetyllysine in response to the amber codon and produce full length 

myoglobin-His6 (248).  

In order to incorporate Nε-acetyllysine into EspC at the selected 

positions, both EspCTAG533 and EspCTAG951 were cloned into 

pMyo4TAGPylT-his6. The strategy used replaced the myoglobin gene for 

espC (Fig. 5.5). Briefly, after releasing espC containing the amber codon 

from its backbone plasmid by digestion with BamHI and HindIII (Fig. 5.5 

A), a PCR amplification was performed using F-espC/R-ApaI-espC 

primers (listed in table 2.4, chapter 2) to introduce an ApaI restriction 

site downstream of the EspC ORF (Fig. 5.5 B). The amplified
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Figure 5.4: The plasmids bearing the orthogonal amber suppressor 
tRNACUA/pyrrolysyl-tRNA synthetase mutant (MbtRNACUA/MbPylRS∆) pair from 
M. barkeri received from the MRC Laboratory of Molecular Biology, UK. pBKPylS 
vector encodes the PylRS∆ (Red arrow) under the control of the GlnRS promoter and 
terminator that recognises and acylates only its cognate suppressor tRNACUA (Dark blue 

arrow) located in the plasmid, pMyo4TAGPylT-his6. This plasmid also hosts the 
myoglobin encoding gene with an amber stop codon at position 4 which can be used as 
a control (orange arrow). The two plasmids are compatible having different origins of 
replication and antibiotic resistance.   
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sequence was excised from the gel, digested with restriction enzymes 

SacI and ApaI and ligated into similarly digested pMyo4TAGPylT-his6 

vector (Fig. 5.5 C). Following ligation, the new constructs were 

transformed into E. coli MG1655 and selected on plates with Tc (12.5 

μg/ml). Recombinant plasmids were screened by SacI or SacI/ApaI 

digestion for the presence of the cloned DNA fragments and confirmed 

by DNA sequencing. Verified plasmids were named pEspC533TAGPylT 

and pEspC951TAGPylT (Fig. 5.5 D).  

5.2.2.2 Inability to incorporate Nε-acetyllysine into amber 

codons  

The production of truncated EspC from the new constructs, 

pEspC533TAGPylT and pEspC951TAGPylT was evaluated by induction 

with arabinose and immunoblotting with α-EspC. To do this, freshly 

made competent E. coli MG1655 was transformed with 

pEspC533TAGPylT or pEspC951TAGPylT and prepared as described in 

chapter 2. MG1655 (pLA33C1) was expressed as a control for full length 

EspC (140 kDa). As expected, immunoblotting using α-EspC revealed 

the presence of truncated ~55 kDa and ~110 kDa EspC in lysates 

hosting MG1655 (pEspC533TAGPylT) and (pEspC951TAGPylT), 

respectively (Fig. 5.6 A). This protein profile was similar to that 

observed in Fig. 5.2, thus further indicating the successful cloning of the 

espC containing amber into pMyo4TAG-PylT plasmid. 
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Figure 5.5: The cloning strategy used to replace myo-his6 encoding ORF with amber 

containing espC. ~4064 bp template containing the ORF of espC was first separated from the pBAD33 
vector backbone by BamHI/HindIII digestion (Agarose A: Lane 1 and 2 representing the digested 
pLA33C1TAG533 and pLA33C1TAG951 respectively and C is for the control plasmid DNA). The desired 
fragments were excised from the gel and purified using gel extraction kit. Subsequently, PCR 
amplification was performed using specific primers (see text) to include ApaI restriction site just 
downstream of the espC Opal stop codon. The successful espC amplification was confirmed in agarose 

B in both EspCTAG533 (lane 1) and EspCTAG951 (lane 2). These PCR products were then purified and further 
digested with SacI/ApaI restriction enzymes and ligated into similar digested pMyo4TAGPylT-his6 
plasmid (Agarose C: showing the control plasmid DNA and lane 1 displaying the open vector 5624 bp 
with very small split myoglobin DNA band ~269 bp). The confirmation of the new constructs was 
through a new digestion with the same restriction enzymes. Agarose D: Four randomly selected 
colonies were selected for evaluation, 1 and 2 are displaying pEspC951TAGPylT while 3 and 4 

representing pEspC533TAGPylT in which single digested by ApaI enzyme (S) or double digested by 
SacI/ApaI enzymes (D). The expected 3974 bp EspC fragment was detected in D1, D2, D3, and D4. The 
control pMyo4TAGPylT-his6 vector was also similarly digested by ApaI restriction enzyme (lane C1) or 
double digested by SacI/ApaI restriction enzymes which clearly separated the ~269 bp myoglobin 

fragment (lane C2). M is for the DNA molecular marker 1 kb.   
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Having successfully replaced the myoglobin gene by espC, the next step 

was to introduce the Nε-acetyllysine into EspC via the amber codon to 

enable production of full length EspC, thereby verifying the efficiency of 

the system. To achieve this aim, E. coli MG1655 was transformed with 

pBKPylS∆ (AcKRS-1) and either pEspC533TAGPylT or pEspC951TAGPylT. 

As a control, both pBKPylS∆ (AcKRS-1) and pMyo4TAGPylT-his6 

plasmids were transformed into E. coli MG1655 to generate the full 

length sperm whale myoglobin-His. Cells were incubated in LB 

containing Tc (12.5 μg/ml) and Km (25 μg/ml) overnight with shaking at 

37˚C. A 1:100 dilution of cultures was prepared the next day, 

supplemented with antibiotics and 1 mM Nε-acetyllysine UAA as 

recommended by Neumann et al., 2008 (see section 2.16, chapter 2) 

(248). As a negative control, a similar set of cultures were prepared in 

parallel but without adding the UAA. After 2 h of growth at 37˚C, 

cultures were induced by 0.2% arabinose to express the recombinant 

proteins. After a further 3 to 4 h, whole cell lysates were collected for 

analysis via immunoblotting using α-EspC and α-His-tag antisera for 

detecting EspC and myoglobin, respectively. Surprisingly, it was not 

possible to detect the full length EspC protein in lysates containing the 

Nε-acetyllysine and only truncated proteins were observed (Fig. 5.6 B). 

Likewise, no full length myoglobin-His6 (~18 kDa) was observed in the 

presence of Nε-acetyllysine in the growth medium (Fig. 5.6 D), 

suggesting incorporation of UAA into EspC had not occurred. 
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Figure 5.6: Incorporation of Nε-acetyllysine into EspC and Myoglobin-His6 was 
initially unsuccessful. E. coli MG1655 bearing the control pLA33C1 plasmid [C], 
pEspC951TAGPylT [1] and pEspC533TAGPylT [2] were grown in LB and concomitantly induced 
with 0.2% arabinose for 4 h. Truncated EspC products (~55 kDa and ~110 kDa) are indicated 
by the red asterisks (Panel A). E. coli MG1655 bearing pEspC533TAGPylT/pBKPylS∆ [1] or 

pEspC951TAGPylT/pBKPylS∆ [2] were prepared as described in the text. Truncated EspC 

products were produced without (–) or with (+) 1 mM Nε-acetyllysine in the growth medium 
(Panel B). The truncated ~55 kDa EspC was observed when the E. coli MG1655 
(pEspC533TAGPylT/pBKPylS∆) culture lacked any Nε-acetyllysine [1] or contained 10 mM Nε-
acetyllysine dissolved in LB [2], 1 M HEPES [3] or 80% acetic acid [4] (Panel C). E. coli 
MG1655 hosting pMyo4TAGPylT-his6/pBKPylS∆ was induced as described in the text 
supplemented without (-) or with (+) 1 mM Nε-acetyllysine but it was not possible to detect 

the Myoglobin-His protein (Panel D). Proteins were separated through a 9% SDS-PAGE and 
immunoblotted with α-EspC in panel A, B and C while in D the proteins were separated 

through 12% SDS PAGE and incubated with α-His-tag antisera.  

A B 

C D 
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Several optimisation steps were carried out to incorporate the Nε-

acetyllysine into the recombinant proteins, for example, dissolving the 

UAA compound in 80% acetic acid (as recommended by the 

manufacturer) or 1 M HEPES and adjusting the pH of the growth 

medium to 7.4. However, similar results indicating a lack of full length 

EspC were obtained (Fig. 5.6 C). Moreover, using different E. coli strains 

such as DH10B and the T7 expression strain BL21 (DE3) did not alter 

the outcome (data not shown). To circumvent this issue, sequencing of 

the orthogonal MbPylRS∆/tRNACUA pair as well as the myo gene was 

performed using primers listed in table 2.4, chapter 2. Unexpectedly, 

the sequencing data revealed that a wild type pyrrolysyl-tRNA 

synthetase (pylRSWT) was found encoded in the pBKPylS plasmid instead 

of the expected pylRS∆ (AcKRS-1). With this version of the synthetase, 

it would not be feasible to use the Nε-acetyllysine UAA as a substrate.   

5.2.3 Incorporation of TCOstar UAA into EspC using the M. 

mazei MmtRNACUA/MmPylRSAF gene pair  

It has been reported that the M. mazei MmtRNAPyl/MmPylRSAF pair 

efficiently permits incorporation of the UAA, TCOstar (275). Sequence 

alignment of the M. mazei PylRSWT amino acid sequence with the 

homologous M. barkeri PylRSWT using the Basic Local Alignment Search 

Tool (BLAST) from the National Centre for Biotechnology Information 

(NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed only 74% 

sequence identity. In contrast, DNA sequence alignment of the amber 

suppressor tRNAPyl of the two Methanosarcina spp. revealed a single 

nucleotide base difference located at the acceptor stem; the adenine 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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base at position 3 in M. mazei is substituted for guanine in M. barkeri 

(Fig. 5.7). These observations offered a suitable starting point to permit 

incorporation of TCOstar into EspC. To facilitate this, the M. barkeri 

PylRSWT was replaced with the corresponding PylRSWT of M. mazei 

followed by introduction of the Y306A and Y384F mutations into the 

protein to allow incorporation of the TCOstar UAA (277). Moreover, 

changing the guanine base at position 3 in the M. barkeri amber 

suppressor tRNA with adenine would further facilitate the attachment of 

TCOstar into the acceptor arm of the tRNAPyl. 
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Figure 5.7: Sequence alignment of the pyrrolysyl-tRNA synthetase (PylRS) and the 
amber suppressor tRNACUA from M. barkeri MS and M. mazei Go1 strains. Amino acid 
sequence alignment of M. barkeri PylRSWT (MbPylS) with the M. mazei PylRSWT (MmPylS) 
indicates only 74% of sequence homology (A). Only one nucleotide base difference (red 

asterisk) was detected during DNA sequence alignment of the M. barkeri pylT (MbPylT) with the 
M. mazei pylT (MmPylT) (B). 

A 

B 
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5.2.3.1 Substitution of M. barkeri MS pylS gene in the pBKPylS 

vector for M. mazei pylS (MmPylRSWT)  

TCOstar has been successfully incorporated into GFP via an amber stop 

codon using the M. mazei tRNAPyl/PylRSAF mutant pair leading to 

production of full length GFP and hence fluorescence (275). Expanding 

the catalytic pocket in PylRSWT of M. mazei, by introducing the double 

mutation Y306A/Y384F, significantly increased in vivo amber 

suppression activity with a variety of UAAs (290). 

To permit incorporation of TCOstar into espC, a cloning strategy 

involving multiple steps was designed (Fig. 5.8). PCR amplification of 

MmPylSWT from the whole genome of M. mazei (Leibniz institute DSMZ-

German collection: https://www.dsmz.de/catalogues/catalogue-

microorganisms.html) was performed using primers F-mazei-NdeI and 

R-mazei-SalI (see table 2.4, chapter 2). This introduced NdeI and SalI 

restriction sites into the 5’ and 3’ ends of the product of 1365 bp (Fig. 

5.8 A) which was purified and digested with the same enzymes. In order 

to insert MmPylRSWT into the pBKPylS vector, SDM was first performed 

to insert the SalI restriction site downstream of the MbPylRSWT gene in 

pBKPylS using the primer pair F-pBK-SalI/R-pBK-SalI (listed in table 

2.4, chapter 2). Subsequently, the PCR product (3223 bp) was digested 

with DpnI (Fig. 5.8 B) to remove the parental DNA copies followed by 

transformation into commercially prepared E. coli Top10 competent cells 

to repair the nicks in mutated plasmid. To confirm the mutation, the 

plasmid extracted from the selected transformants was subjected to 

digestion with NdeI/SalI enzymes, revealing two DNA fragments (the 

https://www.dsmz.de/catalogues/catalogue-microorganisms.html
https://www.dsmz.de/catalogues/catalogue-microorganisms.html
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open pBK vector backbone 1964 bp and the 1260 bp pylS gene of M. 

barkeri). This confirmed the successful introduction of SalI (Fig. 5.8 C). 

DNA sequencing confirmed the existence of the desired base 

substitutions to include the SalI restriction site and verified that no point 

mutations had occurred. 

Subsequently the open pBK vector backbone (1964 bp) was excised and 

purified from the gel (Fig. 5.8 C), and ligated to the MmpylRS digested 

PCR product. Following transformation into E. coli MG1655 with selection 

on LB containing Km plates, the resultant construct was confirmed by 

DNA sequencing. Finally, two rounds of SDM were performed to 

introduce the first Y306A mutation (Fig. 5.8 D) then the second Y384F 

mutation (Fig. 5.8 E) into the pylS gene of M. mazei, generating the 

mutant plasmid, pBKPylSAF. 
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Figure 5.8: Cloning strategy to replace the MbPylRSWT in pBKPylS by the MmPylRS hosting two mutations (Y306A and Y384F) to generate pBKPylSAF 

vector. The ORF sequence of M. mazei pylS gene was PCR amplified to incorporate NdeI and SalI restriction sites (Agarose A: showing 4 PCR reactions with the 
expected DNA fragments ~1365 bp corresponding to pylS gene). Subsequently, the PCR products were purified and further digested with NdeI/SalI enzymes. To enable 

cloning into the pBKPylS vector, SDM was first performed to incorporate SalI site downstream of PylS (Agarose B). For evaluation, the control original plasmid as well as 
randomly selected two colonies were digested with same set of restriction enzymes (Agarose C: Lane C is the control pBKPylS plasmid without (SalI site), lane 1 and 2 
showing those having introduced SalI site produce the MbPylRSWT ~1260 bp and vector fragments). Following successful ligation of the digested PCR product into similar 
digested pBKPylS plasmid, two rounds SDM were carried out to substitute tyrosine amino acid at position 306 and 384 for alanine and phenylalanine (Agarose D and E) 
respectively for producing pBKPylSAF plasmid.  Agarose B, D and E showing the SDM PCR; Lanes C are for the control PCR samples and lanes D are PCR samples digested 
with DpnI restriction enzyme. A small contamination was spotted in lane 1 on agarose C which corresponding to the control sample in lane C. 

 

C 
B 

D E 

A 
 

pBKPylS
AF

 



     

210 
 

5.2.3.2 Optimisation of the M. barkeri amber suppressor tRNA 

(MbtRNACUA) to enable TCOstar incorporation efficiency 

with MmPylRSAF  

Having successfully constructed the pBKPylSAF vector containing M. 

mazei PylS gene encoding the double mutant (Y306A/Y384F) to improve 

the acceptance of the TCOstar, the next step was to optimise the 

suppressor tRNA acceptor stem and make it homologous with the M. 

mazei pylT (Fig. 5.7). To achieve this, SDM was carried out to substitute 

guanine for adenine using the primer pair F-tRNA mut/R-tRNA mut (see 

table 2.4, chapter 2). The procedure of mutagenesis was performed as 

previously using both pMyo4TAGPylT-his6 and pEspC533TAGPylT 

plasmids as PCR templates. To save materials and minimise the amount 

of sample handling, the vector pEspC951TAGPylT was not included.  

The mutated plasmids were extracted from the selected transformants 

and the presence of the desired nucleotide substitution was confirmed 

by DNA sequencing in both vectors, which were named pMyo4TAGPylTm 

and pEspC533TAGPylTm.  

5.2.3.3 Inability to incorporate TCOstar using MmPylRSAF and 

PylTm  

To produce EspC containing TCOstar, E. coli MG1655 was transformed 

with pBKPylSAF and pEspC533TAGPylTm and plated on LB agar containing 

Tc (12.5 μg/ml) and Km (25 μg/ml). For control expression, similar 

competent E. coli cells were transformed with pBKPylSAF and 

pMyo4TAGPylTm and similarly selected. Subsequently, whole cell lysates 
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were prepared for SDS-PAGE and immunoblotted as described in section 

5.2.2.2. Unfortunately, again, it was not possible to detect the full 

length of EspC in lysates containing the TCOstar and only truncated 

EspC were observed. Similarly, no production of myoglobin-His6 (~18 

kDa) was detected (data not shown). 

5.2.4 Unexpectedly, Nε-Boc-L-Lysine was successfully 

incorporated into EspC and myoglobin   

Thanks to input from the Chin lab team (MRC Laboratory of Molecular 

Biology, Cambridge) who provided the orthogonal plasmid pair, 

pBKPylS/pMyo4TAGPylT-his6 for this study (Fig. 5.4), the potential of 

these plasmids to incorporate the UAA called Nε-Boc-L-Lysine into the 

His-tagged myoglobin rather than Nε-acetyllysine (TCOstar) became 

evident. Although this conflicts with Neumann et al, 2008 (248), E. coli 

MG1655 competent cells were independently transformed with 

pBKPylSWT/pEspC533TAGPylT for EspC production and with 

pBKPylSWT/pMyo4TAGPylT-his6 for the control myoglobin production. Nε-

Boc-L-Lysine UAA was purchased from Alfa Aesar (Product Number: 

B21738) and prepared as a stock of 0.05 M, dissolved in LB and used at 

1 mM (final concentration). Nε-Boc-L-Lysine was efficiently incorporated 

into both the control myoglobin-His and EspC (Fig. 5.9). α-His-tag 

antisera detected the full length myoglobin (~18 kDa) protein in whole 

cell lysates prepared from cells grown with Nε-Boc-L-Lysine (Fig. 5.9 A).  

Although it was not possible to detect the full length of EspC (~140 kDa) 

in whole cell lysates grown with Nε-Boc-L-Lysine, it was evident that 
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there were decreased levels of truncated EspC (~55 kDa) accompanied 

by low levels of EspC (supernatant version lacking β-barrel domain: 

~110 kDa) in the supernatant (Fig. 5.9 B). When the experiment was 

repeated in order to precipitate a larger volume of supernatant, to try to 

detect EspC more convincingly, no EspC proteins were detected either in 

the supernatant or whole cell lysate samples containing Nε-Boc-L-Lysine 

(Fig. 5.9 C). It is possible that EspC had degraded on this occasion, but 

unfortunately, due to time constraints, it was not possible to investigate 

this further. 

 



     

213 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9:  Incorporation of Nε-Boc-L-Lysine into EspC and Myoglobin-His6. 
(A) Whole cell lysates of E. coli MG1655 containing pBKPylSWT/pMyo4TAGPylT-his6 with 
(+) and without (–) Nε-Boc-L-lysine immunoblotted with α-His-tag antisera. The 

myoglobin-his is indicated at ~18 kDa. (B) Whole cell (WC) and supernatant (S/N) 

lysates of E. coli MG1655 containing pBKPylSWT/pEspC533TAGPylT with (+) and without 
(–) Nε-Boc-L-lysine as well as the control MG1655 hosting the empty plasmid pBAD33 
immunoblotted with α-EspC antisera. Intracellular truncated EspC (~55 kDa) is 

indicated by the red asterisks, and secreted EspC lacking the β-barrel (~110 kDa) in 
the supernatant lysate (Blue asterisk). Note the reduction in truncated EspC in the 
sample containing Nε-Boc-L-lysine as the UAA is incorporated into EspC. (C) Repetition 

of blot in (B) with controls as follows; C1, E. coli MG1655 (pBAD33); C2, E. coli 
MG1655 containing pLA33C1TAG533; C3, whole cell lysate of E. coli MG1655 (pLA33C1); 
C4, supernatant lysate of E. coli MG1655 (pLA33C1). Intracellular truncated EspC (~55 

kDa) (red asterisks), secreted EspC lacking the β-barrel (~110 kDa) (Blue asterisks) 
and intracellular native EspC (140 kDa) (yellow asterisk). Cells were grown in LB with 
selected antibiotics (see text) and supplemented with (+) or without (–) Nε-Boc-L-lysine 
for 2 h until reached to 0.4-0.5 OD600. Subsequently, samples were induced by 0.02% 
arabinose and kept to grow for additional 3 h shaking at 37˚C. Whole cell (WC) and 
(S/N) supernatant lysates were prepared as described in Materials and Methods. 
Samples were loaded on the 12% SDS-PAGE gel (A) and 9% SDS-PAGE gels (B and 

C). Control samples C1, C2 and C3 were induced by 0.02% arabinose prepared as 
described in section 5.2.2.2. 

A B 

C 
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5.3 Discussion  

Bioorthogonal click chemistry for visualizing biomolecules within living 

cells has become a major tool in modern protein localization studies 

(277). This powerful chemistry relies on the presence of pairs of 

functional groups that spontaneously, rapidly and selectively interact in 

an aqueous environment or at the surface of membranes (276). One 

such reaction, the fast bioconjugation based on SPIEDAC reactivity, 

tetrazine–trans-cyclooctene ligation was planned in this study 

(281,293). However, since it was not possible to incorporate TCOstar 

into EspC, this could not be realised. 

According to the study conducted by Neumann et al, 2008, Nε-

acetyllysine was successfully encoded into myoglobin-his protein using 

the orthogonal MbtRNACUA/MbPylRS pair in which MbPylRS contains six 

mutations termed as AcKRS-1. These mutations cause a rearrangement 

in the binding pocket of MbPylRS to enable binding of the Nε-acetyllysine 

(248). Unfortunately, this could not be obtained and DNA sequencing 

confirmed that the available plasmids contained a wild type MbPylRS. 

Amber stop codons were successfully inserted at selected sites in espC 

at the amino acid positions 533 and 951 (Fig. 5.1). Immunoblotting 

confirmed the production of truncated EspC proteins with different sizes 

(Fig. 5.2). A variety of optimisation steps and strategies were 

undertaken in the quest to incorporate TCOstar into EspC using the 

orthogonal MbtRNACUA/MbPylRS pair. For instance, the myoglobin 

encoding gene in the pMyo4TAGPylT-his6 vector was replaced with espC 

(see figure 5.5 C and D) to generate a plasmid which fused myo (that 
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included a TAG codon at the position equivalent to amino acid 4) with 

some upstream DNA including a ribosome binding site to espC. Analysis 

using the Snapgene DNA program revealed that if the amber codon in 

myoglobin at position 4 is suppressed by UAA, translation will continue 

to an ochre stop codon. The ochre stop codon is located out of frame of, 

but within the first few codons of espC, and the myoglobin fragment 

produced would lack a His-tag, and therefore there would be no means 

to detect its production (Fig. 5.10 B). In the absence of UAA, the 

expected ~55 kDa EspC product prematurely truncated at the amber 

stop codon was detected by immunoblotting (Fig. 5.10 B). Growth in Nε-

Boc-L-Lysine generated a protein that was recognized by anti-EspC, but 

that was only marginally altered in its electrophoretic mobility compared 

to EspCTAG533 (Fig. 5.10 B). This indicted that a longer myoglobin 

fragment was not produced preventing EspC translation. However, it 

also suggested that EspC was not extended through the amber stop 

codon to generate full length EspC. To simplify this expression construct, 

SDM to generate an additional restriction enzyme restriction site (SacI) 

enabled the remnants of the myo gene to be excised from the region 

whilst retaining the espC ribosome binding site (this was confirmed by 

DNA sequencing) (Fig. 5.10 C). It was expected that incorporation of Nε-

Boc-L-Lysine would generate detectable levels of intracellular, full length 

EspC that could be monitored to track localization during secretion (Fig. 

5.10 C). However, this did not occur (Fig. 5.9). This is a crucial 

limitation making the performance of click chemistry to incorporate a 

fluorescent label to visualize EspC within live bacteria pointless. Since 

processed EspC that had been secreted was detected following 
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incorporation of Nε-Boc-L-Lysine, alternative possibilities for further 

study are required. For example, it may be possible to use the tools 

created in this chapter to examine the interaction of EspC with the T3SS 

during delivery to eukaryotic cells. 

EspC may however be unstable when an UAA is incorporated, leading to 

very low levels of secreted EspC being detectable in an unreproducible 

manner. It is possible that the structural information used to plan the 

UAA insertion does not reflect the in vivo situation and the UAA was not 

inserted into an external loop (Fig. 5.1). If so, incorrectly folding may 

C 

Figure 5.10: Schematic representation shows the predictive expression scenarios of 
myo-espC fusion containing amber codons upon Nε-Boc-L-Lysine incorporation. (A) 
Detection the expression of the full length myoglobin protein by α-His-tag antisera in presence 

of Nε-Boc-L-Lysine in the medium (for more details please see Fig. 5.9 A). (B) The upstream of 
myo was fused to espC containing its RBS and amber codon at position 4 (see text). In absence 
of UAA, only truncated ~55 kDa EspC is detected. This truncated protein was slightly changed 
upon adding the UAA (see the western blot immunoblotted using α-EspC antisera). It is not 

clear here which RBS is driving the translation of the transcript and why there is no product of 

full length EspC. To circumvent this issue, myo with its RBS was excised (data not shown) and 
generated the construct showing in (C). After successful removing the remaining of myo gene 

region, it was possible to see the full length EspC incorporated with the UAA, Nε-Boc-L-Lysine 
(Fig. 5.9 B).    
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occur and initiate degradation. Collectively, further investigation is 

required to test this notion. It would also be beneficial to use the original 

system designed by the Lemke labs (275) to incorporate TCOstar into 

EspC as this UAA may be accommodated by the EspC folding pathway 

more readily. 
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Chapter 6 

6 The helical distribution of EspC is observed 

via the small tetracysteine tag technology, 

and shared by a different AT, AaaA  
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6.1 Introduction  

Chapter 3 clearly showed that EspC fused to mCherry was secreted via a 

pathway involving a helical structure and/or polar localization. As the 

large molecular weight of mCherry ~28 kDa (~235 amino acids) could 

perturb EspC localization, folding and function (295,296), an alternative 

labelling technique was employed. The chosen bi-arsenical-tetracysteine 

system relies on the high affinity binding between a small fluorogenic 

molecule called fluorescein arsenical hairpin binder (FlAsH) and a 

considerably shorter, site-specific, genetically encoded peptide sequence 

comprising of two appropriately spaced cysteine pairs. This FlAsH-tag 

(or tetracysteine-tag (TC) motif) is Cys-Cys-Xaa-Xaa-Cys-Cys 

(CCXXCC), (where Xaa is not a cysteine residue) (297-299). 

Several comprehensive studies have described applications for this 

labelling system in both eukaryotic and prokaryotic cells; for example, in 

protein localization studies (141,300-303), fluorescence resonance 

energy transfer (FRET) experiments for investigating protein 

conformational changes and protein-protein interactions (304), and in 

pulse chase analysis (305). It is thus a useful technology to track the 

dynamics, activity and interactions of molecules inside living cells. The 

system has a range of advantages listed in table 6.1. Despite all these 

obvious merits, there are some limitations that need to be considered 

(table 6.1). 
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Advantages Reference Disadvantages Reference 

The freedom to place the TC motif 

at a specific site in the target 

protein. 

(306,307) Poor specificity due to 

high levels of background 

staining. 

(308,309) 

Incorporation of only 6 amino 

acids (TC-Tag) rather than ~235 

amino acids (mCherry) that are 

less likely to perturb the native 

structure or activity of the protein 

of interest. 

(298) Toxicity as a result of the 

non-specific binding to 

endogenous cysteine 

pairs. 

(308,309) 

FlAsH or ReAsH are available 

precomplexed to 1,2-

ethanedithiol (EDT) which allows 

membrane permeability, and thus 

labelling in living cells as well as 

reducing the non-specific binding 

of arsenic atoms to endogenous 

thiols and providing reagent 

solubility and stability. 

(298,310) The potential effect of TC 

motif insertion on the 

protein structure or 

function. 

(309) 

Using the optimised TC motif 

sequence comprising Cys-Cys-

Pro-Gly-Cys-Cys (CCPGCC) offers 

enhanced stability as well as 

improved affinity for and fast 

binding to biarsenic compounds. 

(306)   

A colour variant with different 

spectral property is available to 

be used as an alternative: the 

resorufin arsenical hairpin binder 

(ReAsH). 

(306,311)   

Brighter labelling can be obtained 

by introducing multiple biarsenical 

binding sites into the recombinant 

protein. 

(298)   

 

Table 6.1: The advantages and disadvantages of FlAsH-tag technology. 

 

 

Both FlAsH and ReAsH fluorophores are modified to have two arsenic 

atoms appropriately spaced to match the distance between the two 

cysteine pairs in the TC motif sequence, and are supplied pre-complexed 

with two EDT molecules as non-fluorescent FlAsH-EDT2 and ReAsH-EDT2 

reagents (297,306). The technique is based on the high affinity 
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interaction of arsenic for thiols. During staining, these membrane 

permeable reagents bind to the TC-tag in the recombinant protein via 

formation of four covalent bonds. The covalent bonds are formed 

between the two arsenic groups in the reagent and pairs of thiols within 

the TC-tag. Consequently, the reagents become highly fluorescent due 

to displacement of EDT and emit green in the case of FlAsH or red 

(ReAsH) light when excited at wavelengths 508 nm and 593 nm 

respectively (297,309).  

This chapter demonstrates the benefit of using this approach in studying 

the localization of EspC. Here we show that TC-tagged EspC is organized 

into a helical pattern very similar to that previously observed when it 

was labelled by mCherry. Likewise, the bacterial cytoskeleton 

component MreB labelled with FlAsH was detected in a similar pattern. 

Importantly, another AT with a different function secreted from a 

different microbe (AaaA, derived from P. aeruginosa) was also observed 

to follow a similar helical localization on secretion when tagged with TC. 

This suggests a common underlying mechanism for protein secretion of 

all ATs from Gram-negative bacteria. Interestingly, TC tagging of AaaA 

without its β-barrel domain had a different localization pattern to AaaA 

that was slightly perplexing but demonstrated the importance of the 

entire molecule for competent secretion which remains mysterious.  

High resolution 3D images of TC fused ATs (EspC and AaaA) were 

generated using SR-SIM which show for the first time that both EspC 

and AaaA ATs are distributed in a dynamic helical structure. 
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6.2 Results 

6.2.1 Labelling MreB and EspC with membrane-permeable 

FlAsH-EDT2  

Green emitting FlAsH-EDT2 substrate was chosen for this study rather 

than the red variant ReAsH-EDT2 because (i) it has been used widely 

especially in protein localization studies (141,302,303,312), (ii) it 

provides a different colour variant with different spectrum compared to 

mCherry (297), (iii) FlAsh-EDT2 is less expensive than ReAsH-EDT2. To 

deliver a successful interaction between FlAsH-EDT2 and a biarsenical 

binding site, a TC motif was genetically engineered into permissive sites 

within MreB and EspC predicted to be distant from their active sites and 

externally exposed, and thus easily accessible by the FlAsH dye without 

affecting the function of the target protein.     

6.2.1.1 The TC-tag (CCPGCC) was incorporated into MreB and 

EspC efficiently  

Using a TC-tag containing the two cysteine pairs in close proximity to 

internal Pro and Gly residues provides enhanced stability to the 

CCPGCC-FlAsH complex compared with the use of other amino acids 

acting as spacing residues (306). This enhanced affinity was mainly due 

to the tendency of the CPGC segment to adopt a hairpin turn 

confirmation which provides a favourable site for dye binding 

(306,307,313). Consequently, this unique motif was selected for this 

work. The CCPGCC motif was successfully created in MreB by insertion 

of two cysteine residues before and after residues Pro-227–Gly228 using 
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SDM (primer pair F-MreB CCXXCC/R-MreB CCXXCC listed in the table 

2.4, chapter 2). The sequence Cys-Cys-Pro-Gly-Cys-Cys is predicted to 

be externally exposed at the same position that was previously used to 

insert mCherry and successfully generate a fluorescent recombinant 

protein (Fig. 4.2). 

Whilst addition of CCPGCC tag to MreB was uncomplicated, for EspC it 

was slightly more challenging. The positions to insert TC-tag into EspC 

were previously elucidated in chapter 5 (Fig. 5.1). Initially, the only non-

optimal sequence (CCGKCC) was incorporated into EspC nearby to 

amino acid position 951. This was accomplished by introducing a pair of 

cysteine residues before and after residues Gly-897–Lys-898 (Fig. 6.1) 

using primer pair F-EspC CCXXCC/R-EspC CCXXCC (see table 2.4, 

chapter 2). However, it was not possible to insert the optimal CCPGCC 

sequence at this site. To generate EspC with the optimal CCPGCC 

sequence, several optimisation steps were undertaken to troubleshoot 

the amplification reaction such as addition of DMSO alongside changing 

the concentration of primer or template. Subsequently, an CCPGCC 

insertion was achieved in EspC by encoding the whole motif sequence 

between Gln-530 and Phe-531 residues using primer pair F-EspC 

CCPGCC/R-EspC CCPGCC (see table 2.4, chapter 2). Ultimately, the 

optimal sequence Cys-Cys-Pro-Gly-Cys-Cys was introduced at amino 

acid position 531 that was previously used to incorporate an UAA (Fig. 

5.1). All introduced mutations were verified by DNA sequencing. In 

addition, immunoblotting confirmed the production of the 140 kDa TC-

tagged EspC (data not shown). 
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Figure 6.1: The position selected for CCGKCC motif insertion on the 
predicted native EspC passenger domain structure. The 3D model of 
EspC passenger domain developed in PyMol Zalman software showing the 
location of residues on external loops selected for creating the CCGKCC motif. 
See text for more information. The important catalytic serine residue at 
position 256 hosted in motif GDSGS is highlighted in red. 

Selected site for inserting 
CCGKCC motif 
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6.2.1.2 EspC is distributed in a spiral, patchy structure seen 

encircling cells in super-resolution microscope  

In order to detect the TC-tagged proteins and reveal their localization, it 

was necessary first to design a FlAsH-EDT2 labelling protocol suitable for 

our experiment. Based on the information provided in the Tetracysteine 

Tag Detection Kit, a standard protocol was written and described in 

chapter 2. To establish an optimally efficient FlAsH-EDT2 staining 

protocol, several optimisation steps were performed to improve the 

signal over the noise of the fluorescence background. Initially, overnight 

MG1655 cells hosting the empty vector pBAD33 (control), pLA33mreB 

(control), and pLA33mreB-TC were diluted 1:100 in LB containing Cm 

and concurrently induced with 0.02% arabinose for 2 h. Subsequently, 

cells were collected and stained with 1 µM to 2 µM final FlAsH-EDT2 

diluted in phosphate-buffered saline (PBS) and incubated for 15 to 20 

min in darkness at room temperature. To minimise any interference by 

non-specific background staining, cells were washed twice with British 

Anti-Lewisite (BAL) wash buffer as recommended by the manufacturer.  

Despite the poor signal quality in all MG1655 strains, it was possible to 

detect the spiral patchy localization pattern of MreB in single cells 

expressing MreB-TC using confocal microscopy (Fig. 6.2 C and D). The 

pattern was very similar to what had been previously observed when 

tagged with mCherry (Fig. 4.4 A). The weak fluorescence detected in the 

control samples was due to non-specific binding of FlAsH which quickly 

fades upon exposure to the blue laser (Fig. 6.2 A and B). 
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Figure 6.2: Detection of a helical patchy arrangement of TC-
tagged MreB during FlAsH staining. Images of FlAsH labelled 
MG1655 (pBAD33) (A), MG1655 (pLA33mreB) (B) and MG1655 

(pLA33mreB-TC) (C and D) induced with 0.02% arabinose for 2 h and 
prepared for staining as described in the text (for more details see 
chapter 2). Scale bars represent 1 µm. 
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D 
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To improve the signal quality, the labelling experiment was repeated 

under the following conditions; (i) the concentration of FlAsH labelling 

reagent was increased to 5 µM, (ii) the stain incubation period was 

increased to 45 min, (iii) ultra-pure HEPES buffered saline was used as 

the labelling medium, (iv) an extra final washing step using HEPES 

buffer was added to reduce background staining, (v) the recombinant 

protein was produced for a longer period of time.  

Under these modified conditions, an improvement of the fluorescent 

signal with lower background staining was achieved. FlAsH staining of 

strain MG1655 (pLA33mreB-TC) producing TC-tagged MreB induced for 

2.5 h clearly appears helically arranged in patches which are very bright 

compared to the control sample producing MreB lacking the TC-tag (Fig. 

6.3 A). Likewise, the spiral localization of 4 h induced EspC-TC was 

readily apparent compared with controls (Fig. 6.3 B and C). Consistent 

with previous findings, the brightness of the FlAsH-EspC-TC complex 

containing the optimal tetracysteine sequence CCPGCC (Fig. 6.3 B) is 

greater than that generated by the non-optimal motif, CCGKCC (Fig. 6.3 

C) (306). Importantly, only diffusely distributed fluorescence was 

detected in all control samples (Fig. 6.3). To improve microscopic 

resolution and hence interpretation of protein localization, individual 

FlAsH stained cells producing TC tagged proteins were imaged by 

confocal microscopy (Fig. 6.4 A, B, and C). As it was difficult to image 

the MG1655 cells producing EspC tagged via the non-optimal motif due 

to the poor FlAsH signal quality, EspC tagged with the CCGKCC motif 

was excluded from any further study. 
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Figure 6.3: Detection of bright spiral localization signals of FlAsH-tagged MreB and EspC 
hosting the optimal TC motif (CCPGCC). Images of FlAsH labelled MG1655 (pLA33mreB-TC) 
with the control MG1655 (pLA33mreB) (A), MG1655 (pLA33C1-TCCCPGCC) with the control MG1655 
(pLA33C1) (B) MG1655 (pLA33C1-TCCCGKCC) with the control MG1655 (pLA33C1) (C) and the 
controls MG1655 wt (D left panel) and MG1655 (pBAD33) (D right panel). Protein 
overproduction and sample preparation as described in the text. Scale bars indicate 1 μm. 
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Figure 6.4: EspC forms a spiral structure resembling the bacterial 
cytoskeleton actin homologue MreB. MG1655 producing MreB-TC (A), EspC-

TCCCGKCC (B) and EspC-TCCCPGCC (C and D) were prepared for FlAsH staining as 
described in text (for more details see chapter 2). Images in panel A, B and C were 
taken by confocal microscopy while the images in panel D were imaged by SR-SIM. 
The arrow in the middle picture in panel D mirrors the diagonal moves of EspC 
around the bacterial cell circumference. Scale bars indicate 1 μm. 

D 

A 

B 

C 
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To investigate the helical distribution of EspC using advanced 

microscopy techniques, SR-SIM was exploited for imaging FlAsH tagged 

EspC-TCCCPGCC within a live cell. Interestingly, a precise 3D helix 

arrangement was formulated from patches of protein encircling the cell 

wall of the bacterium (Fig. 6.4 D). Construction of 3D rendering of 

structured illumination images allowed a panoramic inspection inside the 

bacterium during EspC secretion (Fig. 6.5). A striking spiral distribution 

of EspC molecules was evident on the boundary of the membranes or 

within the periplasm. Patches of fluorescence were clearly apparent 

around the cell membranes, stretching along the bacterial cytoskeleton 

from pole to pole (Fig. 6.5). Most notably the lack of the FlAsH labelled 

EspC within the bacterial cytoplasm highlighted the distinct possibility 

that the bacterial cytoskeleton could be driving some kind of localization 

during AT secretion.   

To support the hypothesis that the spiral localization of EspC is MreB 

dependent, the protein patches of EspC and MreB were examined using 

two independent fluorescent labelling techniques (mCherry and FlAsH 

tag). Moreover, visualization by different super resolution techniques, 

SIM and direct stochastic optical reconstruction microscopy (dSTORM) 

were performed. Although co-localization of EspC-mCherry with FlAsH 

tagged MreB-TC could not be studied in the same cell, the patchy 

structural patterns seem to have a similar distribution (Fig. 6.6). 
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Figure 6.5: 3D rendering of structured illumination images reveal the spiral localization 
of FlAsH labelled TC-tagged EspC inside the living bacterium. FlAsH staining of MG1655 
(pLA33C1-TC) induced by 0.02% arabinose for 4 h and prepared for SR-SIM imaging as described 
in chapter 2. An elongated cell was selected from the population (A) to illustrate the pattern of 
EspC localization. A 3D animation movie was created, and individual frames from 1-14 are shown 
here (B). The bacterium was tilted and rotated virtually to reveal the spiral structure. The patchy 
helix without the black background is indicated (S).  
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B 
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FlAsH 

dSTORM c 

1 2 3 dSTORM Wide field 

Figure 6.6: High precision dSTORM image of FlAsH-tagged MreB reveals similar 
patchy distribution to EspC-mCherry fusion in MG1655. Super resolution images 
of FlAsH labelled MG1655 cell producing TC-tagged MreB via 0.02% arabinose induction 
for 2-3 h (1, 2, 3 and c). dSTORM image shows the precise details of MreB localization 

at bacterial cell wall (the centroids of the localized molecules in red pixels and the 
actual localization of molecules in white clusters) which appears as a patchy distribution 
along the cell membranes (2 and c). Connecting the localized patches from pole to pole 
created a drawing of a spiral structure (3). Scale bars in bottom row represent 0.5 μm.  
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6.2.2 The spiral localization of EspC is shared by the AT AaaA  

Since EspC produces a spiral-like structure when it was tagged with two 

different fluorescent labels, it was predicted that the helical localization 

pattern might also be conserved in a different AT protein and possibly 

represent a common underlying mechanism in rod-shaped Gram-

negative bacteria. To test this, the surface exposed AaaA AT secreted 

from P. aeruginosa was selected and its localization compared with that 

of EspC. In order to monitor its secretion, AaaA was first cloned into 

pBAD33. The optimal CCPGCC sequence was then inserted by SDM. 

6.2.2.1 Cloning strategy used to insert aaaA into pBAD33 

vector  

The strategy employed to transfer aaaA gene from pET21a+∷aaaA 

(created by Esteban Paredes-Osses) to pBAD33 is indicated in Fig. 6.7 

(314). Simply, pET21a+∷aaaA was digested with SalI and BglII enzymes 

to release a product of 2065 bp that contained aaaA (Fig. 6.7 A). In 

order to ligate the purified aaaA into pBAD33 vector, the construct 

pLA33C1 containing an extra BglII restriction site that was previously 

inserted by SDM during construction of pLA33mCherry and pLA33mreB 

(Figs. 3.4 and 4.1 B respectively) was used. Digestion of pLA33C1BglII 

with SalI and BglII liberated espC from pLA33C1BglII and yielded a 

linearized open BglII/SalI pBAD33 backbone (Fig. 6.7 B). Following 

successful ligation, the resultant construct was transformed into 

MG1655 competent cells (Fig. 6.7 C). 
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Figure 6.7: Cloning strategy adopted for construction of pLA33aaaA. Digestion of 
pET21(a+)::aaaA with BglII and SalI enzymes was performed to release a 2065 bp DNA fragment 
containing the aaaA gene (agarose gel in (A); M, C and 1 showing the 1 kb DNA ladder, the control 

plasmid DNA and the plasmid digestion with BglII and SalI respectively). The aaaA DNA fragment was 
ligated into 5327 bp open pBAD33 vector which was digested with the same enzymes (agarose gel in 
(B); M, C and 1 indicating the 1 kb DNA ladder, the control pLA33C1BglII plasmid DNA and the 
pLA33C1BglII digestion with BglII and SalI respectively). The confirmation of the new construct 
(pLA33aaaA) was achieved by DNA sequencing or as shown in (C) via digestion with the same 
restriction enzymes; 1, 2, and 3 showing single BglII digestion of pLA33C1 (used here as a control), 

pLA33C1BglII and pLA33aaaA plasmids respectively (note that a fragment of ~1064 bp represents the 
upstream portion of espC released in lane 2) whereas 4 and 5 represent a double BglII and SalI 
digestion of pLA33C1BglII and pLA33aaaA plasmids respectively. C4 and C5 are control DNA plasmids. 
A double digestion with BglII and SalI of pLA33aaaA confirms the release of aaaA gene (lane 5).     

Ligation 
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C 

SalI and BglII 

digestion 

SalI and BglII 
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Ligation the 
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into pBAD33 
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Plasmid DNA present in the resultant colonies were evaluated by single 

restriction digestion with BglII or double digestion with SalI and BglII for 

the existence of the expected DNA fragment (Fig. 6.7 C). DNA 

sequencing was performed to verify this. Confirmed plasmids were 

named pLA33aaaA. 

6.2.2.2 AaaA forms patchy helices resembling the EspC AT, but 

appears very bright  

The results obtained in section 6.2.1.2 indicated the usefulness of using 

the optimal TC (CCPGCC) tag in this study which provides a better signal 

to noise ratio compared with the CCGKCC motif sequence. It therefore 

would be appropriate to incorporate it into AaaA AT. Towards this end, 

the predicted structure of the AaaA passenger domain model was first 

created using I-TASSER server and then mapped in a 3D model using 

PyMol 3D Zalman software (Fig. 6.8). By looking at the predicted AaaA 

3D structure, an ideal site that was externally presented and distant 

from the protein active sites was chosen for TC insertion (Fig. 6.8). In 

order to encode the CCPGCC motif sequence at the nominated place, 

SDM was performed using primers F-AaaA CCPXCC/R-AaaA CCPXCC 

(see table 2.4, chapter 2). These primers were designed to insert two 

cysteine residues plus a proline (CCP) before and two cysteine residues 

after the Gly residue at 292 position. Thus, the optimal CCPGCC tag was 

successfully introduced and confirmed by DNA sequencing. 
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Figure 6.8: Position of the optimal TC-tag insertion on the AaaA 
passenger domain structure. The 3D model of AaaA developed in PyMol 
Zalman software showing the selected location on the external loop for 
inserting the CCPGCC sequence. TC-tag was inserted after Leu residue at 

position 291. The active site residues residing inside the AaaA binding 
pocket (Brown dotted circle) including His100 (Black), Asp102, Asp115, 
Asp176 (Red) and Glu147, Glu148, Glu148 (Blue) are highlighted. 

Selected site for inserting 
CCPGCC motif 

Leu 291 



     

238 
 

In order to track the secretion of the AaaA, the intracellular FlAsH 

labelling procedure for TC-tagged AaaA was carried out according to the 

conditions described previously in section 6.2.1.2. Briefly, the overnight 

cultures of MG1655 hosting pLA33aaaA (control) and pLA33aaaA-TC 

were diluted 1:100 in LB containing Cm, grown to OD600 of 0.05 and 

induced with 0.02% arabinose  for approximately 2.5 h. Subsequently, 

cells were collected and prepared for FlAsH staining following the 

protocol described in chapter 2. Remarkably, confocal fluorescence 

images revealed that FlAsH-tagged AaaA is localized in spirals 

orientating circumferentially around and along the long axis of the cell 

(Fig. 6.9 A). Moreover, unusually strong FlAsH signals were 

predominantly observed in the majority of cells with lower non-specific 

background binding of FlAsH (Fig. 6.9 A). Z-stack confocal images 

further supports the AaaA localization as a helical array (Fig. 6.10). 

Unexpectedly, the control MG1655 sample producing the native AaaA 

without the TC-tag (control) also showed good fluorescence signals also 

adopting a patchy spiral distribution (Figs. 6.9 B and 6.11 A). To 

investigate this aberration, the amino acid sequence of the AaaA was 

analysed with SnapGene software. Interestingly, the sequence analysis 

revealed the existence of two consecutive cysteine amino acids (CC) at 

positions 232 and 233. It is possible that consecutive cysteines might be 

enough to lead to efficient binding to FlAsH-EDT2, and thus generate a 

fluorescent state. Notably, producing AaaA (whether native or TC-

tagged) for long time periods (over 2.5 h) caused the production of very 

elongated cells (Fig. 6.11 B). 
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Figure 6.9: FlAsH-stained AaaA-TC AT adopts a bright helical patchy 
configuration. The overnight cultures of MG1655 hosting pLA33aaaA-TC (A) and 
pLA33aaaA (control) (B) were diluted 1:100 in LB containing 30 μg/mL Cm and 

grown until OD600 of 0.05. Then the cultures were induced by 0.02% arabinose for 
2.5 h. Cells were prepared for FlAsH staining following the protocol described in 
chapter 2, and the conditions stated in the text. White rectangles indicate zoomed 
view of randomly selected cells to clarify the protein localization pattern. Scale bars 
indicate 2 μm. 
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Figure 6.10: TC-tagged AaaA localizes as an extended helix in E. coli. The overnight cultures of MG1655 hosting pLA33aaaA-TC were diluted 1:100 in LB containing 
30 μg/mL Cm and grown until OD600 of 0.05. Subsequently, the culture was induced by 0.02% arabinose for 2.5 h. Cells were prepared for FlAsH labelling following the 

protocol described in chapter 2 and the conditions stated in the text. The top two processed images demonstrate the the spiral arrangement as distinct patches of AaaA 
protein. The bottom row represents the individual unprocessed confocal images of a focal stack through a cell with an extended spiral fluorescence pattern. The diagrams 
show where the focal plane was in the cell for each image. Scale bar represents 1 µm.   
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Figure 6.11: AaaA distributes in patches in elongated cells when 
expressed during extended times. The overnight cultures of MG1655 hosting 
pLA33aaaA (A and the bottom row of panel B) and   pLA33aaaA-TC (top row of 
panel B) were diluted 1:100 in LB containing 30 μg/mL Cm and grown until 

OD600 of 0.05. Then the cultures were induced by 0.02% arabinose for 2.5 h (A) 
or over 3 h (B). Cells were prepared for FlAsH staining following the protocol 
described in chapter 2 and the conditions stated in the text. Scale bar represents 

1 µm.   
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6.2.2.3 Substitution of cysteine for serine at position 233 in 

AaaA abolished the fluorescent signal  

It has been reported that FlAsH-EDT2 reagent is able to bind non-

specifically to endogenous cysteine pairs or cysteine-rich proteins 

(306,308). However, Adams et al., 2002 has provided a method to 

suppress this non-specific binding by including washing steps using BAL 

or EDT (306). FlAsH staining of arabinose induced MG1655 wt or 

MG1655 (pBAD33) did not show high levels of non-specific background 

labelling, so it is likely the background fluorescence evident in Fig. 6.9 is 

derived from AaaA. AaaA is not a cysteine-rich protein but it contains 3 

cysteine residues, two of which are consecutively located at position 232 

and 233 while the third one is at position 13. 

Because of the brightly fluorescent cells obtained during FlAsH labelling 

of TC-tagged AaaA compared to EspC-TCCCPGCC or MreB-TC, it was 

hypothesized that there might be binding of the reagent in two places 

within AaaA, at the inserted CCPGCC motif sequence and also at the two 

consecutive native cysteine residues (CC). To investigate this, SDM was 

performed with the native AaaA using primers F-AaaA C233S/R-AaaA 

C233S (listed in table 2.4, chapter 2) to replace the cysteine amino acid 

with serine at position 233. The resulting pLA33aaaAC233S mutant was 

confirmed by DNA sequencing and subsequently transformed into 

MG1655 competent cells for FlAsH staining analysis. Interestingly, FlAsH 

staining of MG1655 expressing the mutant aaaAC233S (induced by 0.02% 

arabinose for 2.5 h) showed undetectable fluorescent signals and only a 

weak diffuse fluorescent pattern was apparent in certain cells (Fig. 
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6.12), suggesting that the two consecutive cysteine residues were 

responsible for the strong fluorescence signal in the TC-tagged AaaA. 

6.2.2.4 Super-resolution imaging of TC-tagged AaaA revealed 

the similarity of localization with EspC   

Introducing the advanced microscopy techniques to biology gives the 

ability to directly visualize the dynamic processes of biomolecules inside 

of living cells (315). This has had a huge impact on understanding the 

molecular mechanisms involved in the secretion of virulence proteins 

(316). Here, SR-SIM has shown that secretion of EspC occurs in a helical 

arrangement stretched between bacterial poles and is localized to 

distinct patches (Fig. 6.5). In order to produce more precise details of 

the localization of AaaA and see if the localization pattern is shared with 

EspC, FlAsH-treated MG1655 cells expressing TC-tagged AaaA were 

imaged by SR-SIM. Interestingly, very similar patchy helices were 

observed during AaaA secretion (Fig. 6.13), suggesting that the spiral 

localization is conserved amongst ATs. 
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Figure 6.12: Replacement of the cysteine residue with serine at position 233 in 
AaaA leads to remarkable loss in background FlAsH signals. The overnight culture 
of MG1655 hosting pLA33aaaAC233S was diluted 1:100 in LB containing 30 μg/mL Cm and 

grown until OD600 of 0.05. Then the culture was induced by 0.02% arabinose for 2.5 h. 
Cells were prepared for FlAsH staining following the protocol described in chapter 2 and 
the conditions stated in the text. Only weak diffuse fluorescence was detected. The laser 
gain was increased in these pictures to be able to capture some cells. White rectangles 
indicate zoomed view of randomly selected cells to clarify the protein localization pattern. 
Scale bars indicate 2 μm. 
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Figure 6.13: 3D rendering of structured illumination images reveal the spiral 

localization of FlAsH labelled AaaA-TC inside the living bacterium. The overnight culture of 
MG1655 hosting pLA33aaaA-TC was diluted 1:100 in LB containing 30 μg/mL Cm and grown until 
OD600 of 0.05. Subsequently, the culture was induced by 0.02% arabinose for 2.5 h. Cells were 
prepared for FlAsH staining following the protocol described in chapter 2 and the conditions 
described in the text. The elongated cell in picture (A) was chosen for analysis to illustrate a 

detailed arrangement pattern of AaaA localization. A 3D animation movie was created, and 
individual frames from 1-12 are shown here (B). The bacterium was tilted and rotated virtually to 
reveal the spiral structure. 

A 

B 
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6.2.3 FlAsH labelling of TC-tagged AaaA lacking the β-barrel 

domain shows distinct localization   

6.2.3.1 Generation of a truncated version of TC-tagged AaaA 

without the C-terminal β-barrel domain  

From the results in chapter 3, the diffuse localization pattern of the 

truncated EspC-mCherry fusion indicated the importance of the β-barrel 

domain in the secretion of EspC. It was hypothesized that the AT β-

barrel domain has a key role in targeting the protein towards the 

bacterial poles. To reach the poles, a helical path provided by the 

bacterial cytoskeleton MreB could be utilized to enable the AT to interact 

with the secretion pathway assistant, the OM located BAM complex. 

Therefore, removal of the AT β-barrel domain would cause protein mis-

localization inside the periplasmic space, and thereby a different 

localization pattern would be observed. 

Having constructed AaaA with a TC-tag, this hypothesis was tested 

again, but this time in AaaA by deleting the C-terminal β-barrel domain. 

SDM was performed using the mutagenic primers F-aaaATAG343/R-

aaaATAG343 (see primer table, chapter 2) to insert an amber stop 

codon TAG at amino acid position 343 in the sequence of TC tagged 

AaaA which is equivalent to position 338 in the native AaaA sequence. 

The plasmid pLA33aaaA-TC was used as a template for the PCR 

reaction. The resultant construct called pLA33aaaA-TC∆ was 

transformed into MG1655 competent cells for FlAsH staining. DNA 

sequencing confirmed the successful insertion of TAG stop codon at 

position 343 and verified the absence of point mutations in aaaA. 
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Position 338 was chosen as the site of AaaA truncation because it had 

been previously made, resulting in overproduced and active AaaA 

(personal communication, Kim Hardie). This work was carried out in 

collaboration with an MSc student, Mathulah Sriskandarajah.  

6.2.3.2 Truncated FlAsH-tagged AaaA without the β-barrel 

domain assumed a bulky spotty localization, and 

appeared to lack the helical organization   

To examine the localization of TC-tagged AaaA lacking the β-barrel, an 

overnight culture of MG1655 (pLA33aaaA-TC∆) was diluted 1:100 in LB 

containing 30 μg/mL Cm and left to grow at 37˚C with shaking for 

approximately 1 h (0.05 OD600). Following an induction step with 0.02% 

arabinose for 2.5 h, the cells were prepared for FlAsH staining as 

previously described. Interestingly, the localization of FlAsH stained 

truncated AaaA-TC exhibited a different fluorescence pattern. Confocal 

microscopy revealed that it localized in spots. However, these spots 

were very condensed and lacked the helical arrangement seen 

previously (Fig. 6.14). Optical sections of a cell expressing FlAsH 

labelled truncated AaaA-TC confirmed the absence of the spiral 

localization array (Fig. 6.15). Consistent with these findings, imaging 

this localization pattern from inside the bacterial cytoplasm via 

construction of a structured series of 3D rendered illumination images 

using SR-SIM, revealed that the bulky spotty distribution of truncated 

AaaA was completely devoid of any helical organization (Fig. 6.16). 
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Figure 6.14: Cells expressing FlAsH stained truncated AaaA-TC display a dense 
random distribution of fluorescent spots with no structured helical arrangement. 
The overnight culture of MG1655 hosting MG1655 (pLA33aaaA-TC∆) was grown and 
prepared for FlAsH staining as described in the text. Cells in wide field (A), expanded 

magnification (B) or a particularly elongated example (C) are shown. Scale bars indicate 2 
μm. Thanks to MSc Mathulah Sriskandarajah who kindly helped with the experiment. 
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Figure 6.15: An absence of the extended helix during production of TC-tagged AaaA lacking the β-barrel domain in MG1655. The overnight 
culture of MG1655 hosting pLA33aaaA-TC∆ was diluted 1:100 in LB containing 30 μg/mL Cm and grown until OD600 of 0.05. Subsequently, the culture was 
induced by 0.02% arabinose for 2.5 h. Cells were prepared for FlAsH labelling following the protocol described in chapter 2 and the conditions stated in the 
text. The top (unprocessed and processed) images in A and B clarify the spotty localization of truncated AaaA. The bottom row in A and B shows the confocal 

Z-stack images of the same cells which clearly illustrates the absence of spirals compared to Fig. 6.10. The diagrams show where the focal plane was in the cell 
for each image. Scale bar represents 2 µm.   
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Figure 6.16: Inconsistent spotty distribution of FlAsH labelled truncated AaaA-TC 
at bacterial membranes appears bulky and lacking the helical organization. The 

overnight culture of MG1655 hosting pLA33aaaA-TC∆ was diluted 1:100 in LB containing 30   
μg/mL Cm and grown until OD600 of 0.05. Subsequently, the culture was induced by 0.02% 
arabinose for 2.5 h. Cells were prepared for FlAsH staining following the protocol described 
in chapter 2. The top row of images show the localization pattern of the truncated AaaA 
which appears very dense (A). The image with XY axis (top, right) was selected to create a 
3D animation movie, and individual frames from 1-15 are shown (B). The bacterium was 

tilted and rotated virtually (using Zeiss software) to reveal the pattern of the truncated 
protein localization. These images illustrate the thickness of localized molecules at bacterial 
membranes as well as the absence of the spiral organization compared to the full length 
molecules.              

B 
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6.2.3.3 All forms of AaaA are active and detectable by 

immunoblotting  

Although it has been clearly illustrated that the TC-tagged AaaA is 

localized in patchy helices, the consequences of inserting 5 amino acid 

residues on the AaaA structure and function are still undefined. This is 

an important question to answer as it will help to assess the selected 

position for TC insertion and see whether this causes protein 

perturbation or malfunction. The identity of all forms of AaaA made in 

this study including; native AaaA, AaaA-TC, mutant AaaA with cysteine 

substitution for serine at 233 position and the truncated AaaA-TC which 

has been created by insertion of an amber codon at position 343 were 

successfully detected by immunoblotting using the polyclonal antibody 

α-AaaA at dilution 1:2000 (Fig. 6.17) (126). This was achieved by 1:100 

dilution of the overnight cultures of MG1655 carrying the pLA33aaaA, 

pLA33aaaA-TC, pLA33aaaAC233S, pLA33aaaA-TC∆ or the empty vector 

pBAD33 in LB containing 30 µg/ml Cm and left to grow until reaching 

OD600 of 0.05. Following the induction step with 0.02% arabinose for 2.5 

h, 1 ml from each culture was collected and centrifuged to collect the 

cells’ pellet. After that, cells were resuspended in 200 µl 1X SDS loading 

dye, and subjected to immunoblotting. 

As shown in Fig. 6.17, all forms of AaaA were successfully identified 

using the AaaA antiserum. All forms were detected at the same 

molecular weight ~80 kDa except for the truncated form which is only 

342 amino acid long yields a shorter product around 38 kDa. The native 
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Figure 6.17: All AaaA versions produce full length protein except for 
the truncated AaaA. E. coli MG1655 containing pBAD33 (empty vector) 

[C], pLA33aaaA [1], pLA33aaaA-TC [2], pLA33aaaAC233S [3] and 
pLA33aaaA-TC∆ [4] were grown in LB medium containing 30 µg/ml Cm 
overnight at 37˚C shaking. Next day, cells were resuspended in fresh LB 
medium (1:100) containing similar amount of antibiotic and incubated until 
reaching OD600 of 0.05. Following the induction period of 2.5 h with 0.02% 
arabinose, whole cell lysates were prepared as described in chapter 2 and 

separated through a 9% SDS-PAGE gel which was subjected to 
immunoblotting using α-AaaA serum at dilution 1:2000. The blot in panel B 

reveals the presence of truncated AaaA protein (around 38 kDa) [4] while 
panel A shows the successful production of full length native AaaA [1], TC-
tagged AaaA [2] and AaaA with substituted cysteine for serine at position 
233 [3]. No protein detected with the negative control lysate [C]. Samples 

C, 1 and 2 were reloaded in panel B in parallel with sample 4. Thanks to 
MSc Mathulah Sriskandarajah who kindly helped with the experiment. 

A 

B 
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AaaA has 647 amino acids in addition to 5 resides for those with TC 

tagged. 

To determine the activity of AaaA, a p-nitroanilide degradation assay 

was undertaken. This assay was previously utilized in a study conducted 

by Luckett et al., 2012 to determine the functionality of AaaA (126). 

This study confirms the efficient ability of AaaA to degrade the arginine-

p-nitroanilide substrate and release a chromophore (4-nitroanilide) into 

the media which can be monitored over time by observing OD405 at 37˚C 

in a Lucy Plate Reader.  

To test the activity of all forms of AaaA produced in this study especially 

those with a TC-tag, the cultures of MG1655 hosting pLA33aaaA, 

pLA33aaaA-TC, pLA33aaaAC233S, pLA33aaaA-TC∆ or the empty vector 

pBAD33 (control) were grown overnight in LB medium containing 30 

µg/ml Cm shaking at 37˚C. The next day, samples were prepared for 

the p-nitroanilide degradation assay following the protocol described in 

chapter 2. Briefly, the overnight cultures were diluted 1:100 in LB 

containing 30 µg/ml Cm and left to grow at 37˚C shaking for 

approximately 1 h (0.05 OD600) then induction with 0.02% arabinose for 

2.5 h was performed. Subsequently, the cells were washed, 

resuspended in MMP and normalised to 0.25 of OD600, mixed with the 

arginine-p-nitroanilide substrate (1 mM) and loaded into a 96 well-plate 

for measuring in Lucy Plate Reader (405 nm) at 37°C over time. It is 

worth mentioning here that once the cells are mixed with the p-

nitroanilide assay medium, no growth would occur and only enzymatic 

activity is being monitored.    
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As shown in Fig. 6.18, all forms of AaaA exhibited similar high levels of 

degradation of the arginine-p-nitroanilide substrate and fully release 4-

nitroanilide within a short period of time, 2-3 h. The negative control 

strain hosting pBAD33 (empty vector) did not show any significant 

degradation. A slight degradation delay was spotted with the strain 

carrying TC-tagged AaaA compared to the native AaaA protein. 

However, the TC-tagged truncated AaaA showed a significant delay in 

the activity compared to full length AaaA (Fig. 6.19). These results 

indicate that all AaaA forms are active and confirm that the site selected 

for TC motif insertion was ideal and did not perturb the function of the 

protein. 
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Figure 6.18:  All AaaA forms release arginine form the substrate. MG1655 

carrying the empty vector pBAD33 (×), pLA33aaaA (■), pLA33aaaA-TC (▲) and 

pLA33aaaAC233S (●) were grown in LB medium containing 30 µg/ml Cm overnight at 37˚C 

shaking. Next day, cells were resuspended in fresh LB medium (1:100) containing similar 
amounts of antibiotic and incubated until reaching OD600 of 0.05. Following the induction 

period of 2.5 h with 0.02% arabinose, cells were collected for the p-nitroanalide assay. 
Cells were washed, resuspended in MMP and normalised to OD600 of 0.25. Subsequently, 

cells were mixed with arginine-p-nitroanilide (1 mM), and moved to clear bottomed 96 
well plate to be monitored in Lucy Plate Reader (405 nm) at 37˚C for 12 h. This 
experiment was performed in triplicate and error bars indicate the standard deviation.  
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Figure 6.19: Truncated AaaA is active but was delayed and did not achieve the 
maximum activity compared with the full length AaaA forms during 24 h of 

incubation. MG1655 carrying the empty vector pBAD33 (×), pLA33aaaA (■), pLA33aaaA-TC 

(▲) and pLA33aaaA-TC∆ (expressing truncated TC-tagged AaaA without β-barrel domain) (●) 

were grown in LB medium containing 30 µg/ml Cm overnight at 37˚C shaking. Next day, cells 
were resuspended in fresh LB medium (1:100) containing similar amounts of antibiotic and 

incubated until reaching OD600 of 0.05. Following the induction period of 2.5 h with 0.02% 

arabinose, cells were collected for the p-nitroanalide assay. Cells were washed, resuspended in 
MMP and normalised to OD600 of 0.25. Subsequently, cells were mixed with arginine-p-
nitroanilide (1 mM), and moved to clear bottomed 96 well plate to be monitored in Lucy Plate 
Reader (405 nm) at 37˚C for almost 24 h. This experiment was performed in triplicate and 
error bars indicating the standard deviation. Thanks to MSc Mathulah Sriskandarajah who 
kindly run the experiment. 
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6.2.3.4 Overproduction of AaaA causes a significant reduction 

in the bacterial growth  

Having demonstrated that the production of the membrane tethered 

AaaA for extended times altered the cell morphology in particular cells, 

it was hypothesized that the accumulation at the outer membrane 

affected cell integrity, leading to growth defects. To investigate the 

consequences of the arabinose induction levels on the cell viability, the 

strains MG1655 (pBAD33), MG1655 (pLA33aaaA), MG1655 (pLA33aaaA-

TC) and MG1655 (pLA33aaaA-TC∆) were grown as previously described 

but induced with different arabinose concentrations. Cells were induced 

with zero%, 0.2%, 0.02% and 0.002% arabinose at an OD600 of 0.05 

and allowed to grow at 37˚C shaking for a further 2.5 h. As expected, 

overproduction of AaaA at 0.2% arabinose caused a significant growth 

reduction compared to 0.02% and 0.002% as well as to the control 

MG1655 hosting the empty vector, pBAD33 (Fig. 6.20). 
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Figure 6.20: High doses of arabinose suppress the growth in cells producing AaaA. 
The overnight cultures of MG1655 (pBAD33), MG1655 (pLA33aaaA), MG1655 (pLA33aaaA-
TC) and MG1655 (pLA33aaaA-TC∆) were diluted 1:100 in LB supplemented with 30 µg/ml 
Cm and incubated to grow at 37˚C shaking until reaching OD600 of 0.05. Next, each strain 
was divided into aliquots to be induced with Zero%, 0.2%, 0.02% and 0.002% arabinose. 
Samples were then taken to measure the cell density (OD600). The experiment was 
performed in triplicate; error bars indicate the standard deviation. 
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6.2.4 EspC-mCherry fusion detects that the spiral structure is 

dynamic, but the FlAsH tagged AaaA control does not  

The circumferentially distributed disconnected patches of both EspC and 

AaaA hint at a dynamic spiral path being followed by the ATs during 

secretion. The MreB association demonstrated here could provide a 

mechanism to spatially guide these molecules during their journey 

toward the cell surface. 

To assess the potential dynamic nature of these patches, fluorescence 

recovery after photobleaching (FRAP) was used in live cells producing 

EspC-mCherry fusion to determine if new molecules are added to 

existing patches. MG1655 (pLA33C1mc) was grown, induced by 0.02% 

arabinose for 4 h and prepared for confocal imaging as previously 

described. As shown in Fig. 6.21, a selected single fluorescent patch 

(green circle) located close to the middle of bacterium was 

photobleached using a focused laser beam and the recovery of 

fluorescence was monitored for up to 35 min. Using ZenZeiss software, 

it was possible to calculate the recovery of fluorescence over the time of 

the experiment. The values collected from the bleached area were 

normalised against a control unbleached area (blue circle) on the same 

bacteria (Fig. 6.21 B). A table was generated of the fraction of mobile 

versus immobile molecules, providing information about molecule 

dynamics (Fig. 6.21 D). Interestingly, the EspC-mCherry patch showed 

a good recovery of fluorescence over time (Fig. 6.21 D). The Zeiss FRAP 

analysis revealed that the percentage of mobile and immobile fractions 

was 67.93% and 32.07% respectively inside the green circle.  
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The different fluorescent labelling technique that requires addition of a 

substrate (FlAsH-EDT2) to produce fluorescence for AaaA was used as a 

control in this experiment because in the absence of substrate, there 

should be no recovery of fluorescence after bleaching. As expected, 

bleaching one discrete patch of fluorescent AaaA on the cell did not 

show any fluorescence recovery over time (Fig. 6.21 A and C). Here, the 

percentage of mobile and immobile fractions was 0.4% and 99.6% 

respectively inside the green circle. These results support the notion 

that the EspC-mCherry molecules are mobile, and when newly 

synthesized they are able to enter pathways of secretion that are 

visualized as fluorescent patches in this study. 
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Figure 6.21: Fluorescence recovery after photobleaching reveals the dynamic nature of the 
molecules of EspC in patches. The overnight culture of MG1655 (pLA33aaaA-TC) (A), (used in this 
experiment as a control), was diluted 1:100 in LB containing 30 μg/mL Cm and grown until OD600 of 
0.05. Subsequently, the culture was induced by 0.02% arabinose for 2.5 h. Cells were prepared for 
FlAsH staining following the protocol described in chapter 2. 8.0 µl of washed cells were applied to 

microscopic slides and covered with a coverslip and sealed with transparent nail polish. The overnight 
culture of MG1655 (pLA33C1mc) (B) was diluted 1:100 in fresh LB containing 30 μg/mL Cm and 
concurrently induced by 0.02% arabinose to grow for 4 h at 37˚C shaking. Next, the cells were 
collected and washed with PBS and normalised to OD600 of 0.5. Cells were prepared for microscope 
analysis as described above. The representative images of AaaA-FlAsH (A) and EspC-mCherry (B) 
show fluorescent intensity before and after photobleaching at the region of interest marked by the 
green circle. The intensity of fluorescence within the blue circles was used as reference to normalise 

over time. Blue circles indicate the control unbleached regions. The fluorescence recovery over time 
graphs revealing the recovery of fluorescence of EspC-mCherry (D) compared with AaaA-FlAsH (C). 
The Black triangles in graph C and D show the normalised fluorescent intensity of zones marked by 
the green circles in each single frame for images in A and B respectively over time.  
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6.3 Discussion 

This chapter addresses a number of potential technical problems 

important for FlAsH labelling and provides solutions to resolve these 

issues. The data presented here indicate the usefulness of tetracysteine 

tag technology in monitoring the localization and trafficking of 

recombinant proteins in living cells. The combination of a small inserted 

TC motif with a small permeable fluorophore detection reagent offers a 

better observation of localization due to minimal structural perturbation 

of the target protein and lower levels of host cell damage compared to 

using a large fluorescent protein tag. The results presented here support 

our hypothesis that EspC is secreted via patches that are (i) 

disconnected, (ii) helically distributed along the bacterial cytoskeleton, 

and (iii) dynamic.   

The preliminary images obtained during FlAsH staining of TC-tagged 

MreB in live bacteria (Fig. 6.2), confirms the patchy distribution of MreB 

observed in fixed E. coli cells labelled with α-MreB antibodies (219,317). 

This patchy pattern of MreB was also observed in a small proportion of 

cells that produced the MreB-mCherry fusion (Fig. 4.4 A). However, 

fusion of the large mCherry protein with MreB potentially disrupted MreB 

folding leading to an inability to form the protofilaments leaving it 

diffuse in the cytoplasm (Fig. 4.4 B). This was not the case when the 

FlAsH tag was used since, consistent with previous studies, FlAsH tagged 

MreB appeared as disconnected patches that were helically distributed 

(Fig. 6.2 C and D) (242), and sometimes formed helical streaks of 

variable lengths that encircled the cell (Fig. 6.4 A) (240). The high 
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precision patchy localization patterns of FlAsH tagged MreB by dSTORM 

(Fig. 6.6), suggests that the TC tag did not significantly perturb the 

overall folding and function of MreB. 

It has been postulated that the use of biarsenical dyes for single 

molecule labelling tends to be too nonspecific (315,318,319). This may 

be due to the level of background staining, cellular toxicity of the arsenic 

compounds and the likely disruption of protein structure or function as a 

consequence of the TC-tag sequence insertion (309). Background 

staining was minimized here by (i) washing the cells twice with the 

competitor 1,2-dithiol antidote (BAL) to eliminate the thiol-dependent 

background, (ii) using HEPES ultra-pure buffer as a labelling media 

instead of PBS, and (iii) introducing a final HEPES wash. These measures 

substantially improved the signal to noise ratio and reduced background 

fluorescence (Figs. 6.3 and 6.2 respectively). However, the background 

fluorescence can also be generated by non-specific binding to 

endogenous proteins rich in cysteines such as cytoskeleton proteins and 

protein kinases (308). This possibility was discounted in this study by 

arabinose induction of the host bacteria lacking any plasmids, or hosting 

the empty cloning vector (pBAD33) and treating with FlAsH-EDT2 which 

resulted in no substantial fluorescence (Fig. 6.3 D).  

In fact, the presence of only three cysteine residues in MreB and four in 

EspC which are scattered across the protein limits the probability of non-

specific binding. In support of this, fluorescent intensity was low in 

controls (Fig. 6.3 A, B and C). In case of AaaA, the scenario was 

different. The intensity of green fluorescence from FlAsH labelled TC-
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AaaA was noticeably greater than that from FlAsH labelled MreB-TC or 

EspC-TCCCPGCC (Fig. 6.9 A). Moreover, control cells producing native AaaA 

exhibited patchy fluorescence, although this was not as bright as that 

from TC-tagged AaaA. Although AaaA has only three cysteines in a total 

of 647 amino acid residues, two are consecutive cysteines (at positions 

232 and 233), and might be responsible for providing half a FlAsH-EDT2 

substrate binding site (Fig. 6.9 B). Substitution of the second cysteine 

residue (at position 233) for serine abolished the patchy fluorescence 

associated with FlAsH substrate binding. Only a low level diffuse 

fluorescence was detected, even when the laser power was increased 

(Fig. 6.12). Perhaps, if these cysteines were spaced with one amino acid 

in between (C-X-C), or presented as four consecutive cysteines (CCCC), 

the affinity for the biarsenic compounds could also be reduced (309). 

The high resolution information achieved during imaging FlAsH stained 

EspC-TCCCPGCC was remarkable. The localization of EspC-TCCCPGCC in 

patchy helices was very clear compared to EspC-mCherry (Figs. 6.5 and 

6.6 b respectively). There is no doubt that switching from mCherry (~28 

kDa) to the smaller sized FlAsH-EDT2/TC-motif (<2 kDa) reduces the 

pitfalls of improper protein folding (298). Consequently, a better 

localization pattern could be detected. This successful outcome 

vindicates the choice to insert the FlAsH binding site in an externally 

exposed loop of the target proteins so that it was accessible to the dye 

even if they are folded, and unlikely to interfere with function or 

structure. Although both optimal CCPGCC and non-optimal CCGKCC 

motifs were engineered into EspC, the optimised motif clearly generated 

a stronger and more stable fluorescence (Fig. 6.3 B and C) which was 



     

265 
 

consistent with previous studies (306). This optimal motif has been 

further improved and optimised to include extra residues flanking the 

core motif. Two optimised motifs, FLNCCPGCCMEP and HRWCCPGCCKTF 

were shown to have increased affinity and improved fluorescence 

quantum yields (320-322). However, due to the large number of amino 

acids required to insert these, only the optimal motif (CCPGCC) was 

utilized in this study. 

Having investigated alternative approaches to fluorescent labelling to 

exclude technical artefacts and confirm the EspC localization pattern, it 

was important to demonstrate whether this pattern might be conserved 

between different ATs as this would reveal if common underlying 

machineries are involved in the spiral pathway of secretion. 

Interestingly, optical sections of MG1655 cell producing FlAsH tagged 

AaaA-TC exhibited a spiral localization of fluorescence that extended 

along the long axis of the cell (Fig. 6.10). This helical patchy pattern 

was evident in the elongated cells and consistent with the MreB 

localization in cells treated by cephalexin (cell division inhibitor) (219). 

Furthermore, looking at the structure from inside the cell, the helical 

pattern was reminiscent of those of the FlAsH labelled EspC-TCCCPGCC 

(Fig. 6.13), indicating that the patchy spiral secretion pathway seems to 

be conserved among ATs. Further analysis is required to gather further 

insight into the mechanism of spiral formation. Perhaps testing a wide 

range of ATs with diverse functions would provide some clues and shed 

light on the secretion mechanism used by ATs. 
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It has been speculated that using smaller fluorescent tags and 

membrane permeable organic dyes to monitor the localization of 

proteins in living cells, more insight into their localization journey would 

be gained (271). However, concerns about the impact of protein 

overproduction levels on the cell must be considered. For this reason, 

the espC, aaaA and mreB were expressed from an araBAD promoter to 

ensure tight control of their expression (323). Furthermore, the addition 

of low L-arabinose concentrations (0.02% final concentration) decreased 

the impact of the overproduced proteins. The production of proteins at 

near-native levels might not be suitable for this study because the 

tetracysteine tag technology works best when the target proteins are 

abundantly expressed (308,324). 

It could be argued that the production of AaaA for long periods of time 

resulting in a filamentous phenotype in a proportion of cells (Fig. 6.11 B) 

indicates a high production level. Certainly, overproduction of membrane 

proteins alters the integrity of the bacterial cell wall and thus cell 

viability (325). This was not observed, however in EspC. It can therefore 

be assumed that due to the nature of AaaA (AaaA needs to be tethered 

to the cell surface), accumulation of such a protein in the outer 

membrane might influence the membrane integrity, and thus interrupt 

the cell division. Similarly, truncated AaaA lacking the C-terminal 

domain in the periplasmic space also appeared to hamper division in 

particular cells, causing filamentous growth (Fig. 6.14 C). In both 

scenarios, it is reasonable to suspect that the production of AaaA (either 

full length or truncated) via addition of arabinose reduces growth in a 

dose dependant manner (Fig. 6.20). The strong reduction in the growth 
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observed upon production of AaaA at higher levels, suggests possible 

cell toxicity (325). This could perhaps be minimised by lowering the 

inducer concentration (326).  

The finding that both EspC and AaaA localize in very similar patchy 

helical arrays raised a possibility that they may be following the same 

secretion route which starts from the first gate (Sec translocon) and 

continues to the exit gate (BAM complex). This route was suggested in 

this study to be associated somehow with MreB (chapter 4), as 

perturbing MreB with A22 caused mistargeting of EspC (Fig. 4.7). 

Importantly, the Sec machinery itself was demonstrated to arrange in a 

helical array, but this helical pattern was distinct from the MreB spiral 

organization (234,235). It was hypothesized that the C-terminal domain 

of ATs is involved in targeting the proteins towards their destination at 

the cell poles. In support of this hypothesis, the FlAsH tagged AaaA-TC 

lacking the β-barrel domain was localized as bulky spots which were 

very condensed, bright and missing the spiral pattern of distribution. It 

can be speculated that truncated AaaA has lost its trafficking guide, and 

thus accumulates at the SecYEG gate (Figs. 6.14, 6.15 and 6.16). This 

localization appears consistent with the helical arrangement of FlAsH 

tagged SecY and SecE (141) or SecA-GFP and SecY-GFP fusions (234). 

It however would be appropriate to further examine whether the 

truncated AaaA co-localizes with the SecYEG or perhaps by producing 

the FlAsH tagged truncated AaaA-TC in MM52 E. coli cells which lack a 

functional Sec machinery. Unfortunately, time constraints prevented 

these experiments.  
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The predicted co-localization of patchy helices of EspC and MreB (Fig. 

6.6) is also interesting. Despite examining their localization in cells 

grown at different times with different imaging techniques, the patches 

of EspC and MreB seem overlapped perfectly. The patchy helical 

structure of EspC appeared to have a similar helical pitch to MreB 

suggesting at least a transient association of MreB with EspC. 

Supporting this notion, EspC patches were dynamic (Fig. 6.21). It is 

vital to conduct direct co-localization studies to confirm this possible 

association. 

In agreement with previous work, AaaA degraded arginine-p-nitroanilide 

(126). As shown in Figs. 6.18 and 6.19, the optimal release of 4-

nitroanilide was accomplished within 2 h by MG1655 (plA33aaaA), whilst 

MG1655 (pBAD33) did not degrade arginine-p-nitroanilide. Moreover, 

the TC-tagged AaaA maintained this arginine specific aminopeptidase 

activity, thus insertion of the TC-tag in AaaA did not affect its activity 

suggesting that the structure and function of AaaA was maintained. 

Interestingly, the TC-tagged AaaA without the β-barrel domain was 

significantly delayed in its activity compared to other AaaA versions (Fig. 

6.19). This is consistent with removal of the AT C-terminal domain 

having a major effect on the translocation of passenger domains causing 

mislocalization (160,327). The delayed activity could reflect stalling of 

AaaA in the periplasm, slower acquisition of the final active structure 

and/or reduced contact with the exogenously added extracellular 

substrate. Although AaaA belongs to the AT family, it is apparent that 

ATs are not autonomously secreted proteins. Instead, additional factors 

including periplasmic chaperones and the BAM complex are required to 
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successfully delivery passenger domains to the OM surface 

(99,174,328). Unfortunately, it was not possible to assess the activity of 

EspC in this study. Attempts to test the ability of EspC and EspCS256I 

(chapter 4) to degrade the human fodrin were unsuccessful. It may be 

necessary to used purified EspC as described by Navarro-García et al 

(73). Unfortunately, due to the time constraints, it was not possible to 

optimise this. 

Further defining the molecular mechanism involved in the spiral 

secretion of EspC and AaaA would facilitate the uncovering of new 

targets for the development novel therapies to overcome infections 

caused by antibiotic resistant bacteria (329,330). ATs are (i) the largest 

family of secreted proteins by Gram negative bacteria, (ii) often 

associated with virulence, (iii) widely distributed, (iv) share conserved 

unique structural properties (93,126), making them an ideal target for 

novel antimicrobial agents (331). As an example, the availability of the 

crystal structure of the E. coli AT Haemoglobin protease (Hbp) 

passenger domain, made it possible to design an Hbp platform for the 

efficient secretion and surface display of heterologous proteins, utilizing 

the Mycobacterium tuberculosis vaccine target ESAT6 as a model 

protein. This study also showed that ESAT6 fusion to the passenger 

domain of EspC was successfully secreted, suggesting this approach can 

be applicable to different ATs (332). So far, it seems that the majority of 

publications focus on ATs as novel targets for vaccine development 

rather than as a target for antibiotics (331,333-336). 
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Overall, there does not appear to be any evidence in the literature 

where it is shown that ATs are localized in a helix or coupled to the 

bacterial cytoskeleton, MreB. Hence, the results obtained in this work 

are considered to be important and will definitely provide additional 

insight to identify new potential targets for the development of inhibitors 

to tackle the emergence of antibiotic resistance bacteria. 
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In this study, the mechanisms of secretion of two different AT proteins, 

EspC and AaaA were investigated to compare individual localization 

patterns and establish whether there is a common AT secretion 

pathway. Two separate methods were used to fluorescently label 

proteins and monitor localization patterns in an innovative way. For the 

first time it was shown that localization of both EspC and AaaA (i) is 

dependent upon a combination of the AT β-barrel domain, the bacterial 

cytoskeleton actin homologue MreB plus the Sec translocon, and (ii) that 

it occurs via discrete patches that are distributed in a helical pattern 

along the bacterial cytoskeleton. Importantly, given that a similar spiral 

localization arrangement is shared by both ATs this indicates that a 

conserved underlying secretion machinery might be responsible for the 

spiral secretion of classical ATs from rod-shaped bacteria.  

The patchy localization observed for EspC was also evident when the 

actin homologue MreB was labelled with FlAsH-EDT2 (Figs. 6.3 A and 6.4 

A) or fused to the mCherry fluorescent protein (Fig. 4.4 A). Moreover, 

monitoring over time revealed the dynamic nature of the patches as 

they moved around the cell circumference in a helical pattern in a 

manner that is consistent with recent reports (242). The similarity of 

this pattern of MreB localization to that of EspC elucidated for the first 

time a novel patchy spiral pattern of localization for T5SS (Fig. 6.6). 

However, the mechanism of this is still not fully defined. The use of high 

resolution imaging technologies to characterize AT localization will 

enable further advancements into the molecular interactions that are 

involved in the localization of EspC. For example, co-localization studies 

of EspC with MreB or other morphogenetic proteins such as MreD, MreC, 
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RodA and RodZ would identify whether similar patchy arrangements 

exist to suggest interaction with the AT secretion pathway. Preliminary 

data obtained from the predicted co-localization of patchy helices of 

MreB and EspC suggests this will be the case (Fig. 6.6). To use a 

different approach, interaction of EspC with cytoskeleton proteins can 

also be elucidated by performing two-hybrid screening using the 

bacterial two-hybrid system.  

In rod-shaped bacteria, MreB is essential for lateral cell wall growth and 

thus maintenance of the bacterial bacillus shape (217). In the absence 

of MreB, as shown in chapter 4, when the MreB-inhibitor A22 was added 

to growing cells, the bacterial cells transform into lemon/rounded-

shaped morphology in an A22 dose dependent manner (Fig. 4.5). 

Inhibition of MreB by A22 also altered the spiral fluorescence pattern of 

the full length EspC-mCherry and only cloudy red fluorescence cells 

were observed (Fig. 4.7), supporting the association of EspC with the 

spiral cytoskeleton of E. coli.  

In addition, it was noticed that complete spiral localization of EspC into 

discrete patches is particularly evident in a population of cells that are 

slightly elongated (Figs. 3.8 and 6.5). The spiral-like structures of EspC 

in these cells were clearly visible under confocal microscopy as the 

patchy appearance was extended across the entire length of the 

cytoskeleton from pole to pole. It has been reported that the 

cytoplasmic filaments of MreB rotate around the bacterial cell in a 

process that is driven by peptidoglycan synthesis (212,213). It is 

plausible to link the cell wall elongation machinery to EspC secretion as 
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its role in the driving force for MreB patchy motion. The remarkable 

spiral organization of FlAsH tagged EspC imaged through an elongated 

cell by super-resolution microscopy support this inference (Fig. 6.5). 

The other potential structure in E. coli that has been shown to organize 

into helical patterns is the Sec machinery. Perturbing the spiral 

localization of EspC by producing it in an E. coli ∆secA mutant strain 

provided strong evidence for the implication of the Sec machinery in the 

localization of EspC (Fig. 4.25). The spiral pattern of Sec is different 

from MreB as Sec spirals seem to have a larger pitch than their MreB 

equivalents (235). Interestingly, expression of the truncated FlAsH 

tagged AaaA in MG1655 revealed dense spots (blobs) distributed 

randomly over the entire length of the cell (Fig. 6.14). Z-stack as well as 

super-resolution images of such cells confirmed that these dense 

spots/blobs clearly lacking a structured helical arrangement (Figs 6.15 

and 6.16, respectively). It is possible to speculate that due to the lack of 

the β-barrel domain, truncated AaaA did not integrate into the OM and 

rather accumulated nearby or at the SecYEG channel interfaces thus 

leading to the formation of these random blobs. Further experiments to 

investigate the localization of TC-tagged AaaA lacking the β-barrel 

domain in E. coli ∆secA would clarify if these blobs mirrored the 

localization pattern of the Sec translocon or were genuinely random 

events. 

It was hoped that incorporation of TCOstar into EspC for bio-orthogonal 

incorporation of localized fluorescence in living cells would allow 

improved fluorescent studies on the localization of EspC. The major 
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advantage in this labelling approach is the insertion of very small UAA 

tag that would result in minimal or no alteration to the global protein 

properties (275). Unfortunately, this was not achieved. In fact, the 

inability to detect good levels of secreted EspC in the supernatant lysate 

upon incorporated with Nε-Boc-L-Lysine (Fig. 5.9) indicated that 

insertion of the amber codon at the position equivalent to amino acid 

533 in the peptide sequence of EspC might be responsible for causing 

changes in the overall structure that led to protein degradation. Nε-Boc-

L-Lysine did not bear a trans-cyclooctene functionalized ring, and thus it 

was not possible to perform tetrazine-trans-cyclooctene ligation (Click 

reaction). To overcome these issues, it would be beneficial to use the 

previously reported plasmids (pEvolv tRNAPyl/PylRSAF and pBADGFPY39TAG) 

that have been shown to genetically encode numerous UAAs such as 

TCOstar into GFP (275).  

In contrast to the Amber suppression work, the utilization of the small 

FlAsH-tag in this study was very advantageous. As previously 

mentioned, proteins engineered with TC motif are less likely to have 

detrimental effects on the protein folding and function due to the small 

size of the inserted tag. Consequently, the protein of interest would be 

correctly folded, localized and functional. Investigating the influence of 

inserting the TC-tag on the AaaA structure and function via assaying its 

enzyme activity in vitro showed that all versions of the TC-tagged AaaA 

exhibited good activity (Figs. 6.18 and 6.19). Unfortunately due to the 

time constraints it was not possible to perform an activity assay with the 

EspC to show that it had no loss of the cytotoxic activity when it was 

fused with mCherry or tagged with the TC-motif. To do this, EspC could 
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be purified using anion exchange chromatography as described by 

Drago-Serrano et al., 2006 (74). 

The creation of truncated AT proteins without their β-barrel domains 

provides the potential to generate applicable and comparable controls 

for evaluation of the hypothesis that MreB is important for governing the 

localization of ATs to cell poles by a mechanism that recruits the AT β-

barrel domain. Despite differences in the size of the truncated EspC-

mCherry compared with the size of truncated FlAsH tagged AaaA, the 

data collected here strongly suggest that the C-terminal β-barrel of ATs 

is required for the spiral distribution. Not only did these truncated 

proteins localize in a pattern that was different to that of full length 

versions, but strikingly, major perturbations resulting from loss of 

membrane integrity with concomitant production of minicells was 

observed in cells containing truncated AT proteins that were produced 

for long periods of time (chapter 4). Indeed, bacterial viability of 

MG1655 was affected following long periods of EspC production which 

was not relieved by the Ser256Ile substitution of the serine protease 

motif of EspC (Fig. 4.23). 

One of the interesting observations of this work was the variation in the 

localization of full length EspC-mCherry when it was expressed in an 

EPEC background. Unlike expression of full length EspC-mCherry in the 

E. coli K-12 laboratory strains (MG1655 and DH5α), full length EspC-

mCherry secretion in the parental EPEC∆espC background did not 

appear to show the same structured helical localization with 

concentrated patches under the same growth conditions (Fig. 3.18). 
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However, as the localization of the truncated EspC-mCherry in both E. 

coli K-12 and EPEC∆espC was very similar. It is possible that the 

bacterial OM is importance in governing the helical organization of EspC 

because no integration with the BAM complex would occur with the 

truncated EspC-mCherry in both E.coli strain backgrounds. The crucial 

role of the BAM complex in directing the spatiotemporal dynamics of 

bacterial OMPs has recently been elucidated (337). By using both FRAP 

and total internal reflection fluorescence (TIRF) microscopy, co-

localization of the OMPs with the main BAM complex component, BamA 

occurs within large clusters of the OM termed OMP islands (337,338). In 

addition, it has been established that these islands move toward 

bacterial poles during growth and this movement is driven by new OMP 

biosynthesis in E. coli (337,339). Detecting the dynamic nature of EspC 

in patches by FRAP here in chapter 6 supports this notion. As all ATs 

contain a β-barrel and require BamA for insertion into the OM, this 

raises the question as to whether their mechanism of insertion in the OM 

is similar or distinct to that of OMPs? Further analyses such as 

performing fluorescence loss in photobleaching (FLIP) would be useful to 

measure the mobility and dynamics of EspC patches towards the poles 

in living bacterial cells. 

An important factor for the differences in the localization patterns of full 

length EspC-mCherry within E. coli K-12 and EPEC∆espC strains are the 

differences between both strains in their membrane fluidity. Because the 

laboratory E. coli strains contain high membrane fluidity (due to the 

presence of an incomplete LPS), diffusion of molecules in the OM would 

be increased thereby interfering with the distribution of membrane 



     

278 
 

proteins. Supporting this notion, a study conducted by Jain et al., 2006 

has demonstrated that polar localization of ATs such as IcsA, SepA, 

AIDA-I and BrkA are non-polar when expressed in E. coli K-12. The 

proteins are found instead diffusely localized in the OM (199). 

Contradicting this hypothesis however is a recent report conducted by 

Doyle et al., 2015 which refutes the membrane diffusion models 

because the surface distribution of IcsA was equivalent between 

complete and incomplete LPS strains (202). Repeating the EspC 

secretion with an E. coli K-12 MG1655 strain that has a complete LPS 

(340) would encompass the role of OM fluidity on AT localization and 

provide additional insight into the mechanisms by which EspC AT 

traverses the bacterial cell envelope. 

Future investigations in this research could be focused on the delivery 

system of AT proteins to eukaryotic cells. With the information of the 

FlAsH and UAA labelling approaches, this could shed light on how EspC 

is been delivered to host cell via the T3SS which is still unknown. Also, 

while this study has compared localization of AaaA with EspC, it can also 

be extended to other types of ATs that are secreted using other AT 

secretion pathways such as those listed in the Table 1.2. It would be 

interesting to see if the spiral localization of EspC and AaaA is highly 

conserved among the different types of ATs. In addition, to further 

address the possible association of the spiral patchy localization of EspC 

with the MreB patches, a proper co-localization study could be 

performed within a single living cell using the EspC-mCherry and TC 

tagged MreB. 
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In conclusion, this study has clearly shown for the first time that EspC 

and AaaA are secreted in discrete patches. These patches rotate around 

the cell circumference along the long axis of the cell spanning the entire 

length of the cell cytoskeleton from pole to pole and maintaining a spiral 

confirmation. The presence of intact β-barrel domain and a functional 

MreB and Sec translocon are important for preserving the helical 

organization of EspC and AaaA. The work presented in this thesis offers 

potential for mechanistic understanding of the AT secretion system. By 

characterizing the precise translocation process to reveal the molecular 

mechanism involved in the spiral secretion of EspC this would offer the 

potential to discover inhibitors that might serve as a novel antimicrobial. 

Novel antimicrobial agents are desperately needed because those 

currently available have become ineffective due to the emergence of 

antibiotic resistance in hospitals and communities (329,330). Therefore, 

immediate action needs to be taken to contain this situation. Here, it 

has been illustrated that interfering with EspC-mCherry secretion 

perturbs cell shape and leads to growth defects and this perhaps 

provides potential for a novel antimicrobial strategy. Other possible 

therapeutic targets that can be focused on AT biogenesis for 

development of novel anti-virulence compounds are shown in Fig. 7.1 
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Figure 7.1: Schematic presentation of the AT secretion pathway and the 
prediction of possible targets for novel antimicrobials. ATs are synthesized in the 
cytoplasm and then targeted to the IM channel SecYEG which releases them to the 
periplasm. After integration with the BAM complex, translocation across the OM and 
release to the outside occurs. Potential therapeutic targets (X) are shown. The 
consequences of perturbing the AT transporter domain is already elucidated in this study.  
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