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Summary 

Enterotoxigenic Escherichia coli (ETEC) is a diarrhoeal pathogen associated with severe 

morbidity and mortality among young children in developing countries. At present, there is 

no vaccine for ETEC. One candidate vaccine antigen, EtpA, is a conserved secreted adhesin 

that presumably binds to the tips of the E. coli flagellum to link ETEC to host intestinal glycans. 

EtpA is exported through a Gram-negative, two-partner secretion (TPS) system (type Vb) 

comprised of the secreted EtpA passenger (TpsA) protein and EtpB (TpsB) a transporter 

integrated into the outer bacterial membrane. TpsA proteins share a conserved, N-terminal 

domain followed by an extensive C-terminal domain with divergent sequence repeats. Three 

constructs of EtpA were prepared and analysed respectively including residues 67 to 447 

(EtpA67-447), residues 1 to 606 (EtpA1-606) and residues 67-930 (EtpA67-930). The crystal structure 

of EtpA67-447 solved at 1.76 Å resolution revealed a right-handed parallel β-helix with two 

extra-helical hairpins and an N-terminal β-strand cap. Analyses by circular dichroism 

spectroscopy confirmed the β-helical fold and indicated high resistance to chemical and 

thermal denaturation as well as rapid refolding. A theoretical model of full-length EtpA by 

AlphaFold largely concurs with the crystal structure adding a long β-helical C-terminal domain 

after an interdomain kink. We propose that robust folding of the TPS domain upon secretion 

provides a template to extend the N-terminal β-helix into the C-terminal domains of TpsA 

proteins. Unexpectedly, size exclusion chromatography and molecular pulldown assays with 

the N-terminal domain of EtpA failed to show any interaction with flagellin implying that other 

factors may be involved.  

 

Keywords: Infectious Diseases, Structural Biology, CD Spectroscopy.  
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1 Introduction 

Despite decades of medical advances and much improved lifestyles, pathogen-related 

diseases continue to pose a persistent threat to humanity. The infectious agents, be they 

viruses, bacteria, fungi, protozoa, or helminths, can trigger a host of responses allowing them 

to colonize and administer their infectious particles to their targets. Since its documentation 

in 1885 [1, 2], Escherichia coli (E. coli) has probably become the most broadly studied living 

species. Although E. coli is an essential intestinal commensal of mammals, some strains 

encode pathogenic systems that cause diseases in humans and animals [3, 4]. In humans, E. 

coli causes diverse enteric infections using virulence factors that target a wide range of 

cellular processes [5, 6]. Strains are assigned to a range of pathotypes based on their virulence 

profiles. Pathotypes include enteropathogenic (EPEC), enterohaemorrhagic (EHEC), 

enterotoxigenic (ETEC), enteroinvasive (EIEC), enteroaggregative (EAEC), adherent invasive 

(AIEC) and Shiga toxin-producing enteroaggregative E. coli (STEAEC) [6-8]. While this project 

will focus on ETEC, the major cause of infant diarrhoea in developing countries, other 

pathotypes will also be briefly introduced.  

To infect humans, pathogenic enteric E. coli must not only endure the passage through the 

human gastrointestinal (GI) tract but must also achieve their pathogenic progression by 

complex and coordinated multistage tactics. These include adherence to the host intestine 

and toxin/virulence protein assembly [9, 10]. ETEC elicits diarrhoea through heat-stable (ST) 

and heat liable (LT) enterotoxins [11]. But before releasing toxins, the bacteria first colonize 

and attach to the mucus lining of the small intestine through colonization factors (CS) such as 

the colonization factor antigen I (CFA/I) [12] and non-fimbrial virulence factors such as EtpA 

[13]. In this regards, ETEC physiopathology, its diagnosis, the regulation of virulence genes by 

gastrointestinal cues and the pathogenesis-related mechanism of individual virulence factors 

will also be discussed.  

1.1 Pathogenic E. coli associated with gastrointestinal illness 

Pathogenic E. coli causing gastrointestinal illnesses are grouped into six pathotypes based on 

virulence mechanisms, infectious processes and damages triggered within the target cells. 
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1.1.1 Enterohaemorrhagic or Shiga toxin-producing E. coli 

Enterohaemorrhagic, Shiga toxin-producing E. coli (EHEC/STEC) are foodborne bacterial 

pathogens characterised by the production of one or more Shiga cytotoxins [14], that cause 

symptoms ranging from mild diarrhoea to haemorrhagic colitis and haemolytic uremic 

syndrome [15]. The main Shiga toxins are encoded by the genes stx1 and stx2, dispersed by 

lysogenic phages [16, 17]. Stx Shiga toxins are a subgroup of the catalytic AB5 protein toxins 

that bind the multi-organ host receptor Gb3. Receptor binding induces Stx internalization, 

where it inhibits host protein synthesis by removing an adenine from the 28S RNA of the 60S 

ribosomal subunit [18]. Intimin, a membrane-embedded virulence factor, facilitates tight 

bacterial adhesion to epithelial cells creating characteristic histopathological attaching and 

effacing (A/E) lesions characterised by intimate bacterial adhesion, the localised destruction 

of brush border microvilli, and significant cytoskeletal restructuring.  A/E lesion formation is 

coordinated by a large pathogenicity island known as the locus of enterocyte effacement 

(LEE). LEE encodes intimin, the translocated intimin receptor (Tir), a type III secretion system 

(T3SS), and other secreted proteins. Intimin determines host-cell binding, A/E lesion 

formation, and colonisation of mucosal surfaces [19, 20]. 

1.1.2 Enteropathogenic E. coli  

Enteropathogenic E. coli (EPEC), the first pathotype of E. coli to be described, resembles EHEC 

but lacks Shiga toxins [21]. Strains are classified as typical (tEPEC) and atypical (aEPEC) based 

on the presence of the EPEC adherence factor plasmid (pEAF). The plasmid encoded bfp gene 

encodes the bundle-forming pilus required for adherence [22]. EPEC induce lesions by 

translocating effector proteins into the host cell using a LEE-encoded T3SS. Other LEE genes 

encode outer membrane adhesion, translocator, and effector proteins, chaperones, the 

intimin receptor and other regulatory proteins [23, 24]. Non-LEE proteins also contribute to 

bacterial virulence by modulating the host inflammatory response and by disrupting the tight 

junctions and the cytoskeleton of the host cells [25, 26]. 

1.1.3 Enteroaggregative E. coli 

Enteroaggregative E. coli (EAEC) causes persistent diarrhoea in children and adults. It adheres 

to host cells through aggregative adherence fimbriae (AAFs). Upon colonizing the intestinal 

mucosa, it secretes enterotoxins and cytotoxins to damage the mucosa. EAEC toxins include 

autotransporter mucinase Pic, “Shigella enterotoxin 1” (ShET1) common to most Shigella 
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flexneri 2a strains, and the “enteroaggregative E. coli ST” (EAST1) enterotoxin. ShET1 and 

EAST1 both contribute to watery diarrhoea. EAEC virulence factor production is regulated by 

AggR, a member of the AraC family of transcriptional regulators [27, 28]. 

1.1.4 Diffusely adherent E. coli  

Diffusely adherent E. coli (DAEC) causes diarrhoea in children of twelve months and older. 

DAEC strains produce the fimbrial adhesin F1845 from the “Dr family” of adhesins. The 

adhesins all use the “decay accelerating factor” (DAF) as their host receptor. DAF, an 

extracellular, glycosylphosphatidylinositol-anchored protein, inhibits complement activation 

on host cell surfaces by dissociating C3 convertase enzymes [29, 30]. By binding and clustering 

the DAF receptor through fimbriae, DAEC strains induce the development of long cellular 

extensions that wrap around the adherent bacteria. [31, 32]. 

1.1.5 Enteroinvasive E. coli 

Enteroinvasive E. coli (EIEC) cause human dysentery, especially in developing countries. EIEC 

strains behave like Shigella in their ability to invade gut epithelia and cause dysentery-like 

illness. EIEC do not produce enterotoxins. Instead, a large pINV plasmid encodes the genes 

required for invasion, survival, and diffusion of the bacteria within the host [33, 34]. 

1.1.6 Enterotoxigenic E. coli  

Enterotoxigenic E. coli (ETEC) is among the top four causes of moderate to severe diarrhoea 

in African and South Asian children. It kills hundreds of thousands of children and naïve adults 

annually, especially in areas with poor sanitation and a lack of clean drinking water [35, 36]. 

Serogroups O6, O78, O8, O128 and O153 of the pathogen are the key cause of outbreaks [12]. 

ETEC is an economic burden to farmers and industry, as a key pathogen of broiler chickens, 

swine, cattle, and other farm animals [37]. 

1.2 ETEC Infections 

1.2.1 Aetiology of ETEC infection  

ETEC is acquired through the consumption of contaminated water or food with humans being 

the reservoir of infection. Inadequate sanitation and sewage facilities hence drive the 

contamination of surface or drinking water. The infective dose for ETEC is between 108 to 1010 

cells in adults, but much lower in infants [38-40]. The infection develops one to three days 
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post exposure and typically lasts three to four days. Most patients recuperate without 

hospitalization or antibiotics. Symptoms include fever, headache, nausea, vomiting, and 

muscle ache [40, 41].  

ETEC infections are mostly self-limiting and are clinically difficult to distinguish from cholera. 

In developing countries, diarrhoea and malnutrition interlink to impact the health status of 

children. Treatment is currently mainly supportive, with oral rehydration preventing 

dehydration and loss of electrolytes. Antimicrobial drug use is problematic during ETEC 

infections since etiologic diagnoses take too long [42]. Fluoroquinolones effectively treat ETEC 

traveller's diarrhoea but are prescribed with caution to prevent antimicrobial resistance. 

Alternative prophylactic or therapeutic approaches to ETEC are being developed [43]. Existing 

vaccines are used with variable success in animal models and/or humans, but are not 

commercially available [44]. 

1.2.2 Virulence factors 

After ingestion by humans, ETEC induces an infection by colonizing the intestinal mucosal 

surface and producing toxins. ETEC pathogenicity is, however, not limited to toxins but 

combines different virulence behaviours. In the small intestine, ETEC strains produce fimbrial 

and non-fimbrial adhesions that facilitate bacterial attachment and colonization. [45, 46]. To 

survive the acid barrier of the human stomach, E. coli strains have developed acid resistant 

(AR) systems including the glutamate-dependent AR system. [47]. 

1.2.3 Colonization factors 

ETEC adheres to the intestinal epithelium using more than 30 antigenically and structurally 

diverse extracellular colonization factors (CF) [48]. While CF modulate the disease in humans, 

about 40 % of worldwide isolates lack detectable CF [40]. CF include fimbrial, fimbrillar and 

helical structures. They are assigned to three groups according to antigenic, genetic, and 

biochemical properties: 

0) Coli surface antigens CS3, 6, 10 and 11 are not yet assigned to any CF group [48]. 

1) The colonization factor antigen I (CFA/I)-like group includes the original CF (CF/I), the rod-

like pili of the class 5a fimbriae, as well as CS1, 2, 4, 14, 17 and 19 [49]. CFA/I assembly depends 

on the plasmid-encoded cfaABCE operon, with subunit CFaA ensuring pilus export across the 

periplasm and CFaB promoting interactions with mucosal glycosphingolipids and glycans of 

the small intestine [50, 51].  
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2) The coli surface antigen 5 (CS5)-like group comprises helical CS5 and 7. CS5 operons encode 

major and minor subunits, outer membrane ushers, two chaperones and pili length regulators 

[52]. 

3) Class 1b group includes CS12, 18, 20, 26, 27, 28 and 30. They are all related to the F6 

adhesin of neonatal piglet specific ETEC and share its operon structure [48]. Mucous and cell 

surface glycoproteins of the small intestine appear to function as host receptors for CF [53]. 

Non-fimbrial virulence factors also contribute to ETEC virulence: Outer membrane protein Tia 

and autotransporter TibA moderate adhesion to and invasion of colonic epithelial cell line 

HTC-8 [54]. EtpA binds to the tips of ETEC flagella linking them to host cell receptors and 

mediating adherence to HCT-8 and Caco-2 epithelial cells [13]. LeoA is a protein with GTPase 

activity essential for LT secretion [55]. EatA, a member of the serine protease 

autotransporters of the Enterobacteriaceae family, and YghJ, a mucin-binding 

metalloprotease, degrade mucin to provide access to the intestinal cell membrane and 

promote bacterial adhesion [56]. 

1.2.4 Secretion of toxins 

After adhering to the intestinal mucosa, ETEC strains produce enterotoxins that cause key 

clinical symptoms and are thus seen as the main ETEC virulence factors. Heat-stable toxin (ST) 

and heat-labile toxin (LT) are the main toxins associated with ETEC diarrhoea.  

LT toxins structurally and functionally resemble cholera toxins [57]. They consist of five 

identical protein monomers (11.5 kDa) where the five B domains form a pentameric ring. The 

singleA subunit consists of an enzymatic A1 domain plus an extended A2 α-helix that insert 

into the centre of B subunit pentamer. Transported by outer membrane vesicles, LT 

irreversibly binds to the host monoganglioside receptor GM1 via its B subunit inducing toxin 

internalization and transport to the endoplasmic reticulum. Here, the A1 domain is cleaved 

from the A2 domain and released into the cytoplasm. The A1 domain cleaves the cofactor 

NAD+ to ADP-ribosylate stimulatory G proteins. The activated G proteins upregulate adenylate 

cyclase increasing intracellular cyclic adenosine monophosphate (cAMP) concentrations. 

Rising cAMP activates protein kinase A, which phosphorylates ion channels stimulating them 

to release Cl- and reduce Na+ uptake. Associated massive fluid release into the intestinal 

lumen initiates watery diarrhoea. LT additionally regulates host cell function and confers a 

competitive advantage to ETEC for adherence to cultured intestinal epithelial cells.  
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ST toxins are cysteine-rich peptides that mimic the human hormone guanylin. The two ST 

variants, STa and STb, reversibly bind guanylyl cyclase C (GC-C) and sulphatide, respectively, 

to once again activate CFTR initiating diarrhoea. The ST toxins can occur alone or in 

combination with LT [58, 59]. 

1.2.5 Regulation of virulence by gastrointestinal cues 

For bacteria to attain full pathogenicity, they must not only survive the human GI tract but 

also need to synchronise the production of virulence determinants with the local gut 

microenvironment. ETEC responds to various GI cues to modulate its virulence factor 

production. 

1.2.5.1 pH 

Upon ingestion, pathogens encounter the host digestive tract. The pH drops from largely 

neutral values to highly acidic in the stomach, before returning to near-neutral values in the 

small intestine. ST release by ETEC appears pH-dependent [60], while LT release increases 

with a rise in alkalinity [61, 62]. The pH gradient in the GI tract thus allows ETEC to regulate 

LT toxin production and secretion to reach a maximum in the small intestine [63]. 

1.2.5.2 Bile 

Pathogens are extensively challenged by bile salts in the small intestine. Due to re-absorption, 

however, the bile concentration decreases between duodenum and colon.  In vitro, 2 g/L bile 

prevents the binding of LT toxin to GM1, mainly due to arachidonic, linoleic and oleic 

unsaturated fatty acids [64]. In rabbit ileal loops, increasing amounts of linoleic acid 

prevented LT-mediated fluid accumulation. On the other hand, concentrations of 30 g/L led 

to genes estA, eltA, or etpA respectively encoding STa, LTa and EtpA, to be transcriptionally 

upregulated whereas genes csoA and cstA for the CS1 and CS3 colonization factors were 

downregulated [65]. Transcriptional responses to bile salts are strain-dependent, such that 

individual observations should be applied to the entire pathovar with care. A threshold of 

1.5 g/L bile salts were required for surface presentation of CS5, CS7, CS8, CS12, CS14, CS17 

and CS19 [66-68] while  bile salts were not required to stimulate the production of CS1, CS2 

and CS3 [68] . Varying bile acid concentrations along the human intestine thus clearly 

differentially modulate both the interaction of LT toxin with its receptors and the expression 

of ETEC colonization factors. 
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1.2.5.3 Digestive enzymes 

The impact of human digestive enzymes on the expression of pathogen virulence genes have 

only rarely been studied. In ETEC, in vitro assays revealed that trypsin secreted by the 

duodenal epithelial cells, increase LT production and its secretory activity [61, 69]. 

1.2.6 Diagnosis of ETEC infections 

The diagnosis of ETEC associated diarrhoea is complicated by the diversity of E. coli virulence 

factors. ETEC identification requires detecting LT and/or ST in addition to virulence genes clyA, 

eatA, tia, tibC, leoA, or east-1 by complementary PCR [70]. Detection may involve specific, 

quantitative, or multiplex PCR assays with primers targeting lt and st genes [71]. ETEC was 

previously detected phenotypically using supernatants from single E. coli colonies and 

procedures such as the rabbit ileal loop test, the suckling mouse assay or studies of the 

cytopathic effect on CHO or Y1 adrenal cell monolayers, where the presence of LT in 

supernatants induced rounding of Y1 cells or elongation of CHO cells after 24 h incubation 

[72-74]. Radioimmunoassay and enzyme-linked immunosorbent assay (ELISA) for ST 

detection through binding to the GM1 receptor confirm the suckling mouse assay [75-77]. 

1.2.7 Vaccines challenges 

Although ETEC strains were first discovered about five decades ago, no broadly protective 

vaccine has been developed. Reasons include the short peptide length of ST molecules, which 

have low intrinsic immunogenicity, and the plasmid-encoded fimbrial colonization factors' 

antigenic heterogeneity, the principal targets of ETEC vaccines [78, 79]. Despite these 

challenges, humans develop immunity after natural or experimental [39] ETEC infections 

suggesting that a vaccine is theoretically possible. Molecular and proteomic [80] research 

have proved that ETEC infection is more complex, involving both unique virulence factors and 

chromosomally encoded proteins. Antigens distinct from virulence factors may thus also need 

to be targeted for a highly protective vaccine. For ETEC vaccines to prevent the conveyance 

of toxins to receptors on epithelial cell, toxins would either need to be neutralized directly or 

their effective delivery prevented [81-84]. 

For ETEC to deliver toxins it must colonize and adhere to epithelial cells, facilitated by 

adhesins, flagella and other virulence factors. The protein EtpA has been identified as one 

protein among others that is critical for ETEC adherence to epithelial cells. 
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1.3 The two-partner secretion system   

Pathogenic bacteria employ various strategies to infiltrate their hosts, cause tissue damage, 

and interfere with the immune system. Secreting proteins across phospholipid membranes is 

a crucial part of these strategies. Secreted proteins enhance adhesion to eukaryotic cells, or 

directly intoxicate target cells and impair their functioning to promote bacterial patho-

genicity. Specialized protein secretion systems are used by bacterial pathogens to release 

virulence factors into host cells or the environment. Bacterial protein secretion machineries 

are broadly classified according to their architectures, roles, and selectivity. Some systems are 

exclusive to a few bacterial species or to one or more proteins, while others are common to 

multiple bacterial groups and/or transport multiple substrates. 

At least seven distinct secretion systems have been identified in Gram-negative bacteria to 

secrete proteins across both the inner and outer cell membranes. They are known as type I 

to type VI and type VIII secretion systems denoted T1SS to T6SS and T8SS [85, 86]. Among 

these systems, Type V secretion systems are further subdivided into subtypes a to e (Figure 

1-1). All subtypes consist of both a passenger protein/domain and an outer membrane 

transporter either produced as distinct proteins (types b and d) or fused into single polypep-

tides (types a, c, and e). The passenger proteins are mostly quite large. In the case of types a 

and b, passengers form β-helical structures characterised by extended sequence repeats 

frequently containing further internal repeats. The transporters are transmembrane β-barrel 

pores with 12 β-strands in types a, c, and e, and 16 β-strands in types b and d. Both secretion 

and folding of type V proteins through and beyond the outer membrane occur without energy 

sources such as hydrolysable nucleotides [87, 88]. In this thesis, subtype Vb secretion also 

known as “two-partner secretion system” (TPSS) is of particular relevance as it is used to 

secrete the protein EtpA.  
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Figure 1-1: Type V secretion system subtypes 

Mature proteins for each Type V secretion subsystem are depicted in the main figure summarized 
by a schematic line representation below. (Adapted from [89]). 

 

1.3.1 TpsA proteins 

 In type Vb or two partner secretion (TPS) systems (TPSS), the passenger proteins and 

membrane transporters are generically referred to as TpsA and TpsB. TpsA proteins are large 

secreted exoproteins typically larger than 100 kDa. The nascent proteins contain an N-

terminal signal sequence for Sec secretion across the inner membrane into the periplasm. 

Next in sequence is a TPS domain, which is recognised by the periplasmic domains of a 

dedicated transporter to initiate secretion across the outer membrane. TpsA proteins 

invariably adopt right-handed β-helical folds, with folding presumably being initiated by the 

TPS domains at the cell surface in parallel with their secretion. The proteins also 

characteristically share slow folding rates, high solubility once folded and a tendency to avoid  

aggregation when unfolded [90]. TpsA proteins typically contain multiple nested but 

imperfect sequence repeats resulting in partly repeated structural motifs in the extended 

β-helices. The structural analysis of TpsA proteins is complicated by their large size and poor 

stability in vitro. Because a cognate partner is required to secrete each TpsA and achieve 

native folding overexpression studies have proven difficult. Correspondingly, only a small 

number of TpsA crystal structures are currently available, mostly limited to N-terminal TPS 

domain or fragments thereof. They include four TPS domain structures respectively from 

Bordetella pertussis (protein FHA30), Proteus mirabilis (HpmA265), and Hemophilus 

influenzae (HMW1-PP and HxuA) [91-94]. The only full-length structure is that of the smallest 

Legend: 
/ 12/16-stranded β-barrel 
s signal peptide 
pass passenger domain 
bb β-barrel domain 
tps TPS domain of TpsA 

proteins 
pd periplasmic domain of type 

Ve proteins 
P1/2 POTRA domains 
P’ POTRA-like domain 
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TpsA protein HxuA of 96 kDa [92]. The structures reveal TPS domains consisting of right-

handed β-helices with few α-helical elements. TpsA structures occasionally also include 

structural motifs that extend out of the β-helix core that might be essential for inter-bacterial 

interactions [92, 94, 95].  

1.3.2 TpsA protein functions 

The TPSS is used to secrete a range of large protein virulence factors of Gram-negative human 

pathogens such as ETEC, Haemophilus influenza, and Bordetella pertussis. The TpsA proteins 

are cluster by function as cytolysins/hemolysins, adhesins, proteases or functioning in iron 

acquisition (Table 1-1).  

Table 1-1: Functions of typical TPSS proteins [89]  

Subgroup  Function Reference 
CYTOLYSINS/HEMOLYSINS 

Shla Serratia marcescens 
Cytolysin, hemolysin, pore-forming toxin, 
induces autophagy 

[96-98] 

HpmA Proteus mirabilis Cytolysin, hemolysin [99, 100] 

EthA Edwardsiella tarda 
Cytolysin, hemolysin, host cell adherence, 
internalization in fish 

[101-103] 

HhdA Haemophilus ducreyi Hemolysin [104] 

PhlA 
Photorhabdus 
luminescens 

Hemolysin [105] 

ExlA 
Pseudomonas 
aeruginosa 

Exolysin, pore-forming toxin, ruptures plasma 
membrane of human cells 

[106, 107] 

PROTEASES 

LepA 
Pseudomonas 
aeruginosa 

Induces inflammatory responses via human 
protease-activated receptors (PARs) 

[108, 109] 

IRON ACQUISITION 
HxuA Haemophilus influenzae Heme acquisition from hemopexin [110, 111] 
ADHESINS 

FHA Bordetella pertussis 
Adhesion to epithelial cells, biofilm formation, 
immunomodulation 

[112-114] 

HMW1/ 
HMW2 

Haemophilus influenza Adhesion to epithelial cells [115] 

EtpA Escherichia coli 
Intestinal colonization, host cell adhesion by 
binding to the tip of flagella 

[13] 

EtpB 
transporter 

Escherichia coli Adhesion to epithelial cells [116] 

CdrA 
Pseudomonas 
aeruginosa 

Biofilm, binding to Ps1 exopolysaccharides [117] 

Ap58 (EnfA) 
transporter 

Escherichia coli Adhesion and hemagglutination activities [118] 

    
The protein EtpA from ETEC appears to support intestinal colonization by binding to the tip of 

the flagella, while LspA1 and LspA2 proteins from Haemophilus ducreyi phosphorylate 
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eukaryotic Src tyrosine kinase to inhibit phagocytosis and hence support virulence [13, 89, 

119, 120]. 

1.3.3 TpsB proteins 

 

The only crystal structure of a TpsB transporter is that of FhaC from B. pertussis [127, 128], 

which translocates its partner TpsA FHA across the outer membrane [129]. Transporters from 

the Omp85 family like BamA integrate proteins into the outer membrane of Gram-negative 

bacteria [130-132]. In both groups, POTRA domains recognize their partners for transport 

across or integration into the outer membrane [95, 133-136]. 

1.3.4 Export of TpsA across both inner and outer membranes 

TpsA proteins are secreted across cytoplasmic membrane by the Sec-system due to N-

terminal signal peptides [137, 138]. In the periplasm their TPS domains are recognised by TpsB 

TpsB proteins are members of the Omp85/TpsB superfamily [121, 122]. TpsB proteins 

invariably translocate their TpsA partner proteins across the outer membranes while other 

members of the Omp85 family also insert proteins into outer membranes [123].  Crystal 

structures of Omp85/TpsB proteins show that they share C-terminal transmembrane β-

barrel domains preceded by N-terminal polypeptide transporter associated (POTRA) 

domains (Figure 1-2) [124-128]. 

 

Figure 1-2: Crystal structures of BamA from N. gonorrhoeae and FhaC from B. pertussis 

Cartoon representations of Omp85 protein BamA (PDB code 4K3B) and TpsB protein FhaC (4QKY). 
The membrane-integral β-barrels constituting the translocation pore are shown in salmon. POTRA 
domains in different colours are numbered 1 to 5.  

5 

2 
4 

1 

3 2 
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POTRA domains as a prelude to their translocation across the outer membrane. Initially 

evidence appeared to indicate that the TPS domain remained bound to the POTRA domains 

until the remaining protein had translocated and folded in the extracellular space. More 

recent evidence, however, indicates that the TPS domain is translocated first and initiates 

protein folding [89, 139, 140]. Experimental evidence includes the fact that N-terminal 

fragments of TpsA proteins retaining the TPS domains fold much more efficiently and that the 

N-terminus of FHA constructs stalled during translocation is located at the cell surface [141, 

142]. The TPS fold is particularly stable and facilitates TpsA folding in vitro [93, 143] further 

supporting the idea that TPS domains initiate folding in two-partner secretion.  

1.3.5 The Two-partner secretion system operon and its presence in ETEC 

The TPSS has been described in various pathogens including B. pertussis (FhaAB), H. influenza 

(HMW1ABC and HMW2ABC), P. mirabilis (HpmAB) and S. marcescens (Sh1AB). The genes for 

a particular TPSS mostly cluster in the same operon (Figure 1-3), with some exceptions [144]. 

In some TPSS, a single TpsB recognises and secrete multiple TpsA proteins though the 

specificity for their partners may vary [95, 145]. Also the order of genes may vary with the 

order being Hmw1A (TpsA), Hmw1B (TpsB) and Hmw1C for the HMW1ABC TPSS in H. 

influenza, where both proteins HMW1B and HMW1C are required to secrete the HMW1A 

passenger protein [146, 147]. In ETEC, the order is etpB, etpA, etpC, where the encoded EtpC 

glycosylates the passenger protein EtpA [116].  

 

 

Figure 1-3: Organization of typical TPSS operons 

A single TpsB recognises and secret multiple TpsA proteins. Genes for TpsB, TpsA and glycosylation 

are indicated in yellow, orange and white respectively. 
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1.4 EtpA 

In bacterial pathogens, adherence precedes colonization and toxin delivery through specific 

ligand-receptor or less specific interactions [148]. The receptor is mostly either a protein or a 

glycoconjugate on the host cell surface. In Gram-negative bacteria, adherence factors include 

fimbrial, non-fimbrial and polysaccharide adhesion proteins [149]. The EtpA glycoprotein of 

ETEC is an adhesin that promotes adherence and intestinal colonization of ETEC by binding to 

the tips of flagella and interacting with host glycans [13, 150]. 

1.4.1 Molecular features 

The ETEC protein EtpA consists of 1767 amino acid residues. It starts with an N-terminal signal 

peptide, followed by a TPS domain, a long C-terminal region of unknown function and a short 

tail fragment involved in flagellal anchoring. The extended C-terminal region encompasses 

four 228 residue sequence repeats (R1, R2, R3 and R4) (Figure 1-4) [151]. 

 

Figure 1-4: Schematic domain structure of ETEC EtpA 

An N-terminal signal peptide (SP) signals the protein for Sec secretion across the inner membrane. 
The TPS domain ensures recognition by its cognate secretion partner across the outer membrane. 
Four consecutive 228 residue repeats are denoted R1, R2, R3 and R4. A C-terminal tail domain 
presumably binds EtpA to the flagellal tip. An uncharacterised central region between TPS domain 
and C-terminal repeats is shown in dark orange. Numbers mark the start and end of each domain. 

 

1.4.2 Functions of EtpA protein in ETEC 

Research on EtpA have identified several roles in ETEC pathogenicity. Most involve its 

interaction with host glycans or bacterial flagellin to facilitate host engagement prior to toxin 

delivery. 

1.4.2.1 EtpA interacts with glycan to facilitate ETEC toxin delivery. 

Mucins are protective glycoproteins separating the intestinal lumen from the underlying 

epithelium. For bacteria to deliver toxins to host cells, they first need to overcome this 

protective layer. EtpA engages multiple mucin glycoproteins specifically through the glycan 

moieties to support bacterial attachment and toxin delivery [152]. Cells depleted of mucin 
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result in reduced ETEC adhesion and toxin delivery [152]. EtpA appears somewhat specific for 

blood group A glycans on intestinal epithelial cells [171]. 

1.4.2.2 EtpA mediates adhesion between flagella and host cells. 

Flagella are complex molecular structures that enable bacterial motility and ensure their 

survival. Flagella also participate in host cell adhesion and invasion [152]. The bacterial 

flagellum consists of a basal body, a hook, and a filament (Figure 1-5A) composed of as many 

as 20 000 flagellin (FliC) or related subunits (Figure 1-5B).  

 

 

Figure 1-5: Structural overview of a Gram-negative flagellum 

(A) Structural components of a flagellum as indicated. (B) Cross-section of the filament revealing 
individual flagellin subunits. (C) Structural domains of flagellin [153]. 

 
Structurally, each flagellin consists of highly conserved N- and C-terminal helical domains 

denoted D0 and D1 that interact to form the filament core (red/blue and cyan/yellow in Figure 

1-5B and C). By contrast, the central domains D2 and D3 in terms of amino acid sequence 

create the outer surface of the filament, are highly variable in sequence between different 

bacteria, and determine the flagellin H antigen serotyping [154]. The flagellum participates in 

bacterial virulence by functioning as an adhesin, by facilitating bacterial motility or by 

regulating the production of other virulence factors [155, 156]. Pathogenic Listeria 

monocytogenes, Vibrio anguillarum and Helicobacter pyroli, for instance, require flagellum-

mediated motility to successfully colonize and invade a host [157-159].  
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Apart from motility, ETEC flagella also down-regulate NFkB-dependent signalling and hence 

the host innate immune response [160, 161] and promote attachment to intestinal epithelial 

cells to initiate biofilm formation [162, 163].  

An N-terminal fragment of EtpA was experimentally found to be sufficient to mediate ETEC 

adhesion to host cells [13]. EtpA is thus an important virulence protein in ETEC. Previous 

studies on EtpA concentrated on its functional relevance. Here biophysical and structural 

techniques were used to further characterise EtpA with respect to production efficiency, 

protein stability, its overall fold, and to link its various functions to different structural regions. 

By investigating the structure of EtpA an attempt was made to characterise its interaction 

with its binding partners flagellin and glycans for ETEC adherence and toxin delivery as a 

possible prelude to designing novel microproteins useful for downline vaccine development.  
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2 Aim  

The overarching aim of this thesis was to investigate the structural and biophysical properties 

of EtpA from ETEC as well as its interaction with flagellin. 

 

2.1 Objectives 

• Design truncated fragments of full-length EtpA for improved stability. 

• Amplify and clone etpA gene fragments into suitable production vectors. 

• Optimize production of EtpA fragments in E. coli. 

• Develop purification strategies for EtpA fragments. 

• Characterise EtpA fragments using biophysical techniques. 

• Crystallize and refine crystal structures of EtpA fragments. 

• Clone the flic gene and produce and purify ETEC flagellin (FliC).  

• Investigate the interaction of various EtpA fragment with FliC. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Chemicals 

Unless otherwise stated, chemicals and reagents used in this project were of biological grade 

and were supplied by Biolabs, Cytiva, Inqaba Biotech, Invitrogen, Merck Millipore, Novagen, 

Promega, Qiagen, Roche, Stratagene and Thermo Scientific. 

Table 3-1: Enzymes and kits used in the methods outlined below 

Category Supplier 
Enzymes 

BamH1 New England Biolabs, Ipswich, MA, USA 
 Not1 

Nde1 
Xho1 
T4 DNA ligase 

Shrimp alkaline phosphatase 
Phusion Hot Start II DNA Polymerase 

Kits 
GeneJET Plasmid Mini-Prep Kit Thermo Fisher Scientific, Waltham, MA, 

USA GeneJET gel extraction Kit 

Others 
Mucin Sigma Aldrich, Burlington, MA, USA 
Galactosamine 

Ni-NTA resins Thermo Fisher Scientific, Waltham, MA, 
USA 

Glutathione sepharose resins Cytiva, Danaher, Washington D.C., USA 

Molecular weight standards 
Smart Ladder DNA Marker (200-10000 bp) Thermo Fisher Scientific, Waltham, MA, 

USA 
 
 
New England Biolabs, Ipswich, MA, USA 
 
 

Unstained Protein Ladder (14.4-116 kDa) 
Prestained Protein ladder All blue (10-170 
kDa) 
Prestained Protein ladder All blue (11-250 
kDa) 

Crystallization screens 
The (NH4)2SO4 Suite Qiagen, Venlo, Netherlands 
The Compas Suite 
The Cryo Suite 
Procomplex Suite 
The PACT Suite 
The PEGs Suite 
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3.1.2 Buffers 

Unless stated otherwise, buffers used for this study are listed below. 

Table 3-2: Buffers and solutions as well as their composition 

Buffers/Solutions Components 

TAE buffer 40 mM Tris pH 7.5, 20 mM sodium acetate, 1 mM EDTA, pH 
adjusted to 8.2 with acetic acid 

10  DNA loading buffer 70 % (w/v) sucrose, 0.25 % (w/v) bromophenol blue, 0.1 M EDTA 

Ni-NTA lysis buffer 20 mM Tris pH 7.9, 0.5 M NaCl, 60 mM imidazole 
Ni-NTA wash buffer 20 mM Tris pH 7.9, 0.5 M NaCl, 20 mM imidazole 
Ni-NTA elution buffer 20 mM Tris pH 7.9, 0.5 M NaCl, 200 mM imidazole  

SDS-PAGE lower buffer (4 ) 1.5 M Tris pH 8.8 

SDS-PAGE upper buffer (4 ) 0.5 M Tris pH 6.8 

SDS-PAGE running buffer 25 mM Tris pH 7.9, 192 mM glycine, 0.1 % (w/v) SDS 

SDS-PAGE sample buffer (2 ) 100 mL Tris pH 6.8, 4 % (v/v) SDS, 20 % (v/v) glycerol, 200 mM 
mercaptoethanol, 0.2 % (w/v) bromophenol blue 

SDS-PAGE separating gel (15 %) 7.6 mL 1.5 M Tris pH 6.8, 15 mL acrylamide 30 % (w/v), 300 µL 10 
% (w/v) SDS, 10 mL ddH2O, 40µL TEMED, 100 µL 2 % (w/v) APS 

SDS-PAGE stacking gel (5 %) 2.5 mL 0.5 M Tris pH 6.8, 1.5 mL acrylamide, 30 % (w/v) SDS, 
5.9 mL ddH2O, 15 μL TEMED, 25 μL 25 % (w/v) APS 

SDS-PAGE staining solution 0.25 % (w/v) Coomassie Brilliant Blue R-250, 30 % (v/v) ethanol, 
10 % (v/v) acetic acid 

SDS-PAGE destaining solution 40 % (v/v) ethanol, 10 % (v/v) acetic acid 
Buffer A for ion-exchange  25 mM Tris pH 8.0, 25 mM NaCl 
Buffer B for ion-exchange 25 mM Tris pH 8.0, 1 M NaCl 

  

3.1.3 Equipment 

Table 3-3: Laboratory equipment 

Equipment Model  Supplier 
Autoclave J.S.D. 400  HOSPI, Chatsworth, CA, USA  
Centrifuges Sorvall Lynx 6000 Thermo Fisher Scientific, Waltham, 

MA, USA Megafuge 8R 
5417C Eppendorf, Hamburg, Germany 

Centrifugal filter units Amicon Ultra-15 Merck, Darmstadt, Germany 
Chromatography columns Gravity flow column MoBiTech, Goettingen, Germany 

Mono Q 10/100 GL  Cytiva, Washington D.C., USA 
Superdex 200 10/300 GL 

Circular dichroism 
spectrometer 

Chirascan Applied Photophysics, Surrey, UK 

Digital camera DP11 Olympus, Tokyo, Japan 
Electrophoresis chamber  Bio-Rad, Hercules, CA, USA 
Electrophoresis power 

supply 
Power Pac Basic 

FPLC system ÄKTA 900, ÄKTA pure  Cytiva (Boston, MA, USA) 
Laminar flow Hera safe Thermo Fisher Scientific, Waltham, 

MA, USA 
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Microscopes Leica DFC320 digital microscope Keyence Corporation, Osaka, Japan 
Zeiss Discovery V8 microscope Zeiss, Oberkochen, Germany 

Mosquito nanolitre 
crystallisation robot 

PK243 – 01A TTP labtech, Cambridge, UK 

pH meter CRISON  Lasec, Johannesburg, South Africa 
Protein concentrator Vivaspin Merck, Darmstadt, Germany 
Roller incubator Roller Mixer SRT6 Stuart Scientific, Stone, UK 
Shaking incubator Multitron II Infors, Bottmingen, Switzerland 
Sonicator  Qsonica Lasec (Johannesburg, South Africa) 
Spectrophotometer Nanodrop ND-1000 

spectrophotometer 
Thermo Fisher Scientific, Waltham, 
MA, USA 

UV transilluminator Safe view Cleaver Scientific (Rugby, UK) 
Water purification system Milli - Q Merck, Darmstadt, Germany 
Zetasizer 
Thermal cycler 
Gel imager 

Zetasizer lab 
T100 

Gel doc XR 

Malvern Panalytical, Malvern, UK 
Bio-Rad, Hercules, CA, USA 
Bio-Rad, Hercules, CA, USA 

 
   

3.2 General molecular biological techniques 

3.2.1 Preparation of competent cells 

All competent cells used for this study were prepared in-house. Frozen glycerol stock of 

bacterial cells was streaked out onto an antibiotic-free LB-medium plate as cells contain no 

plasmids. The plate was incubated overnight at 37°C. A single colony from the LB plate was 

transferred to a 20 mL starter culture and incubated overnight at 37°C in a shaker incubator. 

The 20 mL starter culture was transferred to 200 mL LB medium and incubated at 37°C in a 

shaker incubator until the OD600 reached 0.4. The cells were placed on ice for 30 min, with 

occasional swirling to ensure even cooling. The cooled cells were transferred into ice-cold 

sterile centrifuge tubes and harvested by centrifugation at 3000 x g for 15 min at 4°C. The 

supernatant was discarded, and each pellet was gently resuspended in 10 mL ice-cold 

100 mM MgCl2. All suspensions were combined in one centrifuge tube and the cells were 

harvested at 2000 x g for 15 min at 4°C. The supernatant was discarded, and the pellet was 

gently resuspended in 40 mL ice-cold 100 mM CaCl2. The suspension was kept on ice for 

30 min. The cells were harvested by centrifugation at 2000 x g for 15 min at 4°C. The 

supernatant was discarded, and the pellet was gently resuspended in 20 mL ice-cold 85 mM 

CaCl2, 15 % (v/v) glycerol. The suspension was transferred to a new sterile centrifuge tube. 

The cells were harvested by centrifugation at 1000 x g for 15 min at 4°C. The supernatant was 

discarded, and the pellet was resuspended in 3 mL ice-cold 85 mM CaCl2, 15 % (v) glycerol. 
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Aliquots of 50 µL were made in ice cold sterile 1.5 mL centrifuge tubes, snap freeze with liquid 

nitrogen and stored at -80°C. 

3.2.2 Agarose gel electrophoresis 

All agarose gels used for DNA analysis for this study were in the range of 0.8 to 1 % (w/v). For 

a 1 % agarose gel, 1 g agarose was combined with 100 mL TAE buffer. The agarose was melted 

in a microwave until no gel particles were visible and allowed to cool to 50°C. Five µL SYBR 

Safe DNA stain were added, the mix was poured into an electrophoresis tray, and a comb 

inserted immediately. After polymerization at room temperature for ~30 min, the comb was 

removed, and the gel transferred to an electrophoresis tank with 700 mL TAE buffer. For DNA 

samples, 5 µL of DNA loading dye was mixed with 25 µL sample. Samples were loaded into 

wells alongside a DNA reference marker and separated at 100 V, 300 mA for 1 to 2 h. DNA 

was visualized and recorded using a Bio-Rad gel doc XR imaging system. 

3.2.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Manually cast SDS-PAGE between 8 and 10 % (w/v) prepared from SDS-PAGE components 

listed in Table 3-2 were used for all proteins visualization methods. A 25 µL of protein sample 

was mixed with 25 µL (2 x) SDS sample loading dye, heated at 95°C for 5 min to denature any 

proteins, and transferred to a well of an SDS-PAGE gel, in a tank filled with 1 x SDS running 

buffer (Table 3-2). Samples were separated at 40 mA for 20 to 30 min. The gel was stained in 

a Coomassie Brilliant Blue R-250 solution (Table 3-2) before destaining to remove excess stain 

and recorded using a Bio-Rad gel doc XR imaging system. 

3.2.4 Protein concentration 

Proteins were concentrated for downstream experiments by centrifugation using Vivaspin 

concentrators with a molecular weight cut-off size depending on the size of the protein. The 

concentration of proteins was determined by measuring the absorbance at 280 nm using a 

Nanodrop ND-1000 spectrophotometer.  

 



21 
 

3.3 Plasmids and DNA based techniques 

3.3.1 Plasmids 

A range of plasmids were used to transform cells and ensure high-yield protein production. 

Table 3-4: Plasmids used in experiments are described in more detail below. 

Plasmid Size 
(Kb) 

Antibiotic 
selection 

Tag Position Source 

pET28a  5.3 KanR  His6 N/C-terminal Cytiva, Marlborough, MA, 
USA pGEX-6P-2   4.9 AmpR  GST N-terminal 

pBAD/ EtpBA1-606-Myc-His A 5.9 AmpR His6 C-terminal Prof James Fleckenstein 

pGEX-6P-2-EtpA67-447 6.0 AmpR  GST N-terminal This work 
pGEX-6P-2-EtpA448-930 6.3 AmpR  GST N-terminal Gene Universal, Newark, 

DE, USA 
pGEX-6P-2-EtpA67-930 7.4 AmpR GST N-terminal This work 
pGEX-6P-2-ETEC-FliC 6.6 AmpR GST N-terminal Gene Universal 
pET28a-ETEC-FliC 7.1 KanR His6 N-terminal This work 

 

3.3.1.1 The pGEX-6P-2 plasmid 

 

Figure 3-1: Plasmid map for pGEX-6P-2 

The GST tag, the multiple cloning site (MCS), the tac promoter and the ampicillin resistance gene 

(AmpR) are all indicated. 

Source: Addgene. 

 

The plasmid pGEX-6P-2 is a bacterial expression vector that encodes an N-terminal 

glutathione S-transferase (GST, pink gene in Figure 3-1) for the production, purification and 

detection of GST-tagged fusion proteins in E. coli. The gene construct of interest may be 

inserted into the multicloning site (MCS). The vector includes an ampicillin resistance gene 



22 
 

for selection. Expression is under the control of the tac promoter induced by isopropyl β-D-

thiogalactoside (IPTG). GST is a highly soluble, 26 kDa protein dimer with nanomolar affinity 

for reduced glutathione so that it rapidly binds to glutathione covalently linked to a sepharose 

matrix in glutathione sepharose (GS). GST fusion proteins bound to GS may be eluted using 

reduced glutathione buffers. The method therefore provides a one-step, non-denaturing 

purification of GST-fusion proteins. The GST tag may be removed by proteolytically cleaving 

linker between GST and the target protein with C3 protease.  

3.3.1.2 The pET28a plasmid 

The plasmid pET28a (Figure 3-2) is a bacterial expression vector that encodes an N-terminal 

His6-tag as well as an optional C-terminal His6-tag for the production, purification and 

detection of His6-tagged fusion proteins in E. coli. Expression is under the control of the T7 lac 

promoter induced by IPTG. A kanamycin resistance gene encoded by the vector allows for the 

selection of plasmid-bearing cells. 

 

Figure 3-2: Plasmid map for pET28a  

The T7 promoter, the MCS, and the kanamycin resistance gene (KanR2) are all indicated. 

Source: Addgene 

 

The high affinity of histidine for transition metal ions such as Ni2+ and Co2+ provides the basis 

for the protein purification in particular if the metal ions are linked to a matrix via chelating 

groups. His6-tagged proteins may be eluted with high concentrations of imidazole, the 

functional group of histidine. If required, an N-terminal thrombin cleavage site allows the His6-

tag to be physically removed from the protein of interest.  
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3.3.1.3 The pBAD/Myc-His A plasmid 

The plasmid pBAD/Myc-His A (Figure 3-3) is an expression vector derived from pBR322 for 

controlled, dose-dependent protein production in E. coli. Expression is controlled by the ARA 

promoter induced by L-arabinose and tightly regulated by AraC. A Myc epitope tag allows 

fusion proteins to be detected by anti-Myc antibodies. An ampicillin resistance gene provides 

for plasmid selection. A C-terminal His6-tag provides a metal ion binding site for affinity 

purification of recombinant fusion proteins.  

 

Figure 3-3: Plasmid map for pBAD/Myc-His A 

The ARA promoter, the MCS and the AmpR gene are all indicated. 

Source: Addgene 
 

The pBAD/ EtpBA1-606-Myc-His A construction to produce EtpA1-606-Myc-His A was generated 

by inserting the joint etpB / etpA1-606 encoding gene construct between the Xho1 and Hind111 

restriction sites (provided by Prof James M. Fleckenstein, Washington University, St Louis, 

MO, USA). The etpB gene that encodes the transporter protein EtpB for EtpA is located 

upstream of the EtpA1-606 gene. The joint production of both proteins allows the secretion of 

EtpA1-606 into the extracellular environment. 

3.3.2 Polymerase chain reaction amplification  

Polymerase chain reaction (PCR) allows the specific and rapid amplification of selected DNA 

fragments for cloning, identification or quantification [164]. The process is typically controlled 

by temperature in a thermal cycler. During the denaturation step, a high temperature 

separates the complementary strands of the target DNA. For the annealing or hybridization 
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step the temperature is lowered to allow designed primers to bind to complementary regions 

of the target DNA. Finally, the temperature is raised again, to allow DNA polymerase to extend 

the annealed primers by adding nucleotides to the growing DNA strand [165]. The three steps 

are cyclically repeated doubling the DNA copy number for every cycle. Resulting products may 

be visualized by intercalation dyes such as SYBR safe or by labelling either PCR primers or 

terminating nucleotides with fluorescent dyes [166]. Agarose gel electrophoresis may be used 

to separate PCR products by size and charge for analysis or downstream use.  

In this study, all PCR reactions were performed using Phusion Hot Start II DNA polymerase 

(New England Biolabs) on a thermal cycler with primers as specified below.  Sybr safe dye was 

used for analysis and visualisation by agarose gel electrophoresis. 

3.3.3 Restriction enzyme digestion 

To manipulate DNA, restriction enzymes are used to recognize and cleave mostly palindromic 

nucleotide sequences in double-stranded DNA producing blunt or overhanging ends[167]. In 

this study, plasmid DNA or PCR products were digested using restriction endonucleases and 

resulting products visualized with Sybr Safe DNA stain by agarose gel electrophoresis. 

Generally 1 to 2 µg of DNA was transferred to an Eppendorf tube on ice, followed by 5 µL 10  

restriction buffer and 1 µL of each restriction enzyme. After adding ddH2O to a final volume 

of 50 µL, the tube was incubated at 37°C for 1 h and inactivated at 80°C for 20 min. The 

samples were analysed by agarose gel electrophoresis. 

3.3.4 Ligation and cloning 

DNA ligase is an enzyme that creates a phosphodiester bond between adjacent 3’-hydroxyl 

and 5’-phosphate termini to link a nicked DNA backbone [168]. Ligation is essential in 

molecular cloning where restriction digested plasmids and/or DNA fragment are each 

restriction digested before being allowed to anneal. In this study, ATP-dependent 

bacteriophage T4 DNA ligase was used. Digested plasmid and DNA insert were mixed in a 3:1 

molar ratio, whereupon 2 µL 10  ligase buffer, 1 µL T4 DNA ligase, 2 µL shrimp alkaline 

phosphatase (rSAP) and ddH2O were added for a final volume of 20 µL. The reaction was 

incubated at room temperature for 1 h, heat-inactivated at 65°C for 10 min, chilled on ice and 

finally used to transform E. coli. 
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3.3.5 Transformation and plating of E. coli 

Bacteria are transformed by taking up foreign DNA or plasmid [169]. Bacterial transformation 

is a critical step in molecular biology as it allows a wide range of genetic studies. Bacteria may 

be induced to take up DNA by chemical, electrical or physical stresses [170]. Transformation 

of E. coli in this study invariably involved a heat shock using chemically competent cells 

(Section 3.2.1). 50 µL of competent E. coli cells thawed on ice and 2 µL plasmid DNA were 

combined in an Eppendorf tube. The tube was incubated on ice for 30 min, followed by a heat 

shock at 42°C for 60 s and placed back on ice for 2 min. 950 µL LB-medium was added to the 

cells and the mix incubated for 1 h at 37°C in a thermo-shaker. Transformed cells were spread 

on a LB-medium plate with the relevant antibiotic to selection cells that have taken up the 

intended plasmid. The inverted plate was incubated overnight at 37°C. 

3.3.6 Isolation and purification of plasmid 

For all plasmid related experiments, it was necessary to isolate and purify plasmid DNA from 

other cell debris from E. coli cells of interest. A single freshly transformed E. coli colony was 

picked and transferred to 5 mL LB-medium with the required antibiotic. The culture was 

allowed to growth at 37°C overnight in a shaker incubator. QIAGEN mini prep kit was used to 

isolate and purify plasmid DNA, following manufacture guidelines. 

3.3.7 Site directed mutagenesis 

Site directed mutagenesis (SDM) is a PCR-based procedure to insert, delete or replace 

individual nucleotides within a stretch of DNA [171]. SDM is often used to induce specific 

changes in a particular protein. It requires a set of complementary primers that are also 

complementary to the target DNA, except for the modified bases near the middle of both 

forward and reverse primers. During each amplification cycle, a primer anneals to the 

template and is extended to the full length of the plasmid, incorporating the desired 

mutation. As the modified plasmid serves as a template in the next round of amplification, 

many copies of the modified DNA are produced. To remove the original, unmodified plasmid, 

restriction endonuclease Dpn1 is added as it recognizes and cleaves Dam methylated DNA 

isolated from E. coli. The Dpn1 digested PCR product is used to transform E. coli cells, and 

plasmid re-isolated to confirm the intended modifications. For this study, SDM was used to 

remove a BamH1 restriction site. The PCR reaction product was treated with 4 µL 10  Dpn1 

buffer and 1 µL Dpn1 enzyme for 1 h at 37°C before being used to transform E. coli cells. The 
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success of the procedure was checked by Sanger Sequencing and the correct plasmid used to 

produce the target protein. 

3.3.8 Sanger Sequencing  

Sanger sequencing is a PCR-based technique to identity or sequence DNA in vitro [172]. 

Fluorescently labelled, 2’, 3’-dideoxynucleoside triphosphates (ddNTPs) are added to the 

normal 2’-deoxynucleoside triphosphates (dNTPs) in a low proportion. Individual DNA strands 

being elongated by DNA polymerase are terminated by the random incorporation of ddNTPs 

producing fragments colour-coded for the terminal nucleotide. By electrophoretically 

separating the fragment mix in a capillary, a sequence of colour signals will indicate the actual 

sequence of nucleotides in the original DNA [173]. 

All gene constructs generated for this project were verified by Sanger sequencing at the 

Sanger sequencing facility, University of Pretoria. Sequencing primers specific for pET28a and 

pGEX plasmid constructs were used (Table 3-5). Volumes and concentrations of reagents for 

the sequencing PCR are listed in Table 3-6. 

Table 3-5: Primers for Sanger sequencing experiments 

Primer name Sequence 

T7 forward 5’-TAATACGACTCACTATAGGG-3’ 

T7 reverse 5’-GCTAGTTATTGCTCAGCGG-3’ 

pGEX forward 5’-GGGCTGGCAAGCCACGTTTGGTG-3’ 

pGEX reverse 5’-CCGGGAGCTGCATGTGTCAGAGG-3’ 

 

Table 3-6: Sanger sequencing PCR reaction mixture 

Reagent Concentration Volume (µL) 

Big dye - 1 

Sequencing buffer (5 x) 0.5 x 2 

Primer 3.2 pmol  

Plasmid 50-100 ng 2  

Distilled water  To 10 µL final volume 

 

To prevent the primers and Taq polymerase from impacting the capillary electrophoresis they 

were removed by ethanol precipitation. To this end, 3 µL 3M sodium acetate, 62.5 µL ethanol 
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and 15µL distilled water were added to the vial with the sequencing product mix. The vial was 

centrifuged at 15 000 x g for 30 min using a Thermo Fisher Scientific 5417C centrifuge. The 

supernatant was discarded, and the precipitated DNA was washed twice with 70% ethanol. 

The samples were air-dried for 20 min in the laminar flow and later analysed at the University 

of Pretoria Sanger sequencing facility. 

3.4 Project specific procedures 

A range of etpA constructs (Figure 3-4) were prepared in different plasmids to test the 

solubility and stability of corresponding EtpA fragments and to establish a purification 

strategy for each. Individual steps will be described in the sections below.  

 

Figure 3-4: EtpA constructs design   

A) Full-length EtpA annotation indicating the start and end of each region. B) A pBAD/ EtpBA1-606-Myc-
His A construct to produce EtpA1-606-Myc-His A was generated by inserting the joint etpB / etpA1-606 
encoding gene construct between the Xho1 and Hind111 restriction sites (provided by Prof James M. 
Fleckenstein, Washington University, St Louis, MO, USA). C) A pGEX-6P-2-EtpA67-447 gene fragment 
encoding residues 67-447 with BamH1 and Not1 restriction sites was PCR amplified from the pBAD/ 
EtpBA1-606-Myc-His A construct and ligated into the BamH1 and Not1 sites of pGEX-6P-2 plasmid. D) A 
pGEX-6P-2-EtpA67-930 plasmid encoding residues 67-930 constructed from pGEX-6P-2-EtpA67-447 and 
pGEX-6P-2-EtpA448-930 plasmids. The EtpA448-930 included residues 448-647, the whole repeat 1 and the 
first 55 residues of repeat 2. 

 

3.4.1 Cloning of EtpA67-447 gene into pGEX-6P-2 vector 

The etpA67-447 gene fragment coding for residues 67 to 447 of EtpA was PCR amplified from a 

pBAD/EtpA1-606-Myc-His-A plasmid (James M. Fleckenstein, Washington University, St Louis, 

MO, USA) using the following primers:  
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Forward primer: 5’-TCTCCGGGATCCCCCACTCGTACTTTCCCCGG-3’ 

Reverse primer: 5’-CACGATGCGGCCGCCGCGGATGCACTGACCGT-3’ 

The products of the PCR reaction were analysed by agarose gel electrophoresis to confirm the 

correct amplification of the etpA67-447 fragment. As forward and reverse primers contained 

BamH1 and Not1 restriction sites (underlined), both the etpA67-447 fragment and pGEX-6P-2 

vector were BamH1 and Not1 restriction digested before ligation (Table 3-7).  

Table 3-7: Amplifying etpA67-447 gene fragment by PCR 

Component Stock concentration Amount (Total 50 µL) 
Phusion HF buffer 5 x 10 µL 
dNTPs 10 mM 1 µL 
Forward primer 10 µM 2.5 µL  
Reverse primer 10 µM 2.5 µL  
Plasmid DNA 43 ng/µL 1 µL 
Phusion Hot Start II DNA Polymerase 2 U/µL 0.5 µL 
ddH2O  32.5 µL 
 
PCR steps Temperature Duration Cycles 
Initial denaturation 98°C 30 s 1 
Denaturation 
Annealing 
Extension 

98°C 
63°C 
72°C 

10 s 
30 s 
60 s 

 
30 

Final extension 72°C 
4°C 

10 min 
hold 

1 

Product digest  (50 µL Total) 
NEB Buffer (CutSmart) 10 x 5 µL 
PCR product 200 ng/µL 10 µL 
Water  33 µL 
BamH1 20000 U/mL 1 µL 
Not1 10000 U/mL 1 µL 
 

The etpA67-447 gene fragment was ligated into pGEX-6P-2 vector and transformed into E. coli 

DH10 competent cells. A 3:1 molar ratio of insert to vector ligation is shown below (Table 

3-8). 

Table 3-8: Ligation 

Component Concentration Amount (Total 20 µL) 
T4 DNA ligase reaction buffer 10 x 2 µL 
pGEX-6P-2 (4.9 kb) 45 ng/µL 1 µL 
Insert (1.1 kb) 93 ng/µL 0.3 µL 
rSAP 1000 U/mL 2 µL 
ddH2O  13.7 µL 
T4 DNA ligase 400000 U/mL 1 µL 
 

To confirm the successful ligation and incorporation of the etpA67-447 fragment with the 

correct sequence, a single colony of the freshly transformed E. coli DH10 cells was transferred 

to 5 mL LB-medium with 0.1 mg/mL final ampicillin and allowed to grow at 37°C overnight in 
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a shaker incubator. Isolated plasmid DNA was purified, digested with BamH1 and Not1 and 

samples analysed by agarose gel electrophoresis (Section 3.3.6, 3.3.3, 3.3.4 and 3.2.2). 

3.4.2  Construction of pGEX-6P-2-EtpA67-930 vector 

The pGEX-6P-2-EtpA67-930 vector containing the etpA67-930 gene fragment (designed from full-

length EtpA gene) coding for EtpA67-930 was constructed using both pGEX-6P-2-EtpA67-447 (this 

work) and pGEX-6P-2-EtpA448-930 (Gene Universal) vectors (Figure 3-4Error! Reference source 

not found. and Figure 3-5). The EtpA448-930 fragment which also includes the whole of repeat 

1 and the first 55 residues of repeat 2 was synthesized and cloned between BamH1 and Not1 

restriction sites. The EtpA67-447 gene was amplified by PCR from pGEX-6P-2-EtpA67-447 with 

primer having BamH1 restriction endonuclease on the forward and reverse primers.  

 

Figure 3-5: EtpA67-930 construct design 

An etpA gene fragment encoding residues 67-447 with BamH1 restriction sites at either end was 
PCR amplified, BamH1 digested and ligated into the BamH1 site of the pGEX-6P-2-EtpA448-930 
plasmid. The BamH1 digested etpA67-447 PCR product was ligated into similarly digested pGEX-6P-2-
EtpA68-930 in a random orientation. The pGEX-6P-2-EtpA67-930 plasmid with the correct etpA67-447 gene 
orientation were selected by Sanger sequencing. The additional BamH1 site between the EtpA67-447 
and EtpA448-930 gene fragments was removed by site-directed mutagenesis. 

 

The primers and PCR parameters are shown below and in Table 3-9. Both PCR amplified 

etpA67-447 gene fragment and the pGEX-6P-2-EtpA448-930 vector were BamH1 digested (Section 

3.3.3) before ligation.  

Forward primer: 5’-TCTCCGGGATCCCCCACTCGTACTTTCCCCGG-3’ 

Reverse primer: 5’-CACGATGGATCCCGCGGATGCACTGACCGT-3’ 

Table 3-9: PCR procedures for pGEX-6P-2-etpA448-93 
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Component Concentration Amount (Total 50 µL) 
Phusion HF buffer 5 x 10 µL 
dNTPs 10 mM 1 µL 
Forward primer 10 µM 2.5 µL  
Reverse primer 10 µM 2.5 µL  
Plasmid DNA 43 ng/µL 1 µL 
Phusion Hot Start II DNA polymerase 2 U/µL 0.5 µL 
ddH2O  32.5 µL 
 
Cycle step Temperature Duration cycles 
Initial denaturation 98°C 30 s 1 
Denaturation 
Annealing 
Extension 

98°C 
63°C 
72°C 
  

10 s 
30 s 
60 s 

 
30 

Final extension 72°C 
4°C 

10 min 
hold 

1 

 
The BamH1 digested EtpA67-447 gene fragment was ligated into the pGEX-6P-2-EtpA448-930 

vector in a random orientation as indicated in Table 3-8 using 1 µL of 101 ng/µL vector and 

1.6 µL of 32 ng/µL insert. The ligation reaction was used to transform E. coli DH10 competent 

cells and spread on a plate with 0.1 mg/mL ampicillin using sterile beads.  

To confirm the success of the ligation and the correctness of the EtpA67-447 gene, the plasmid 

was isolated, purified, and sequenced. After ligation of EtpA67-447 gene fragment into pGEX-

6P-2-EtpA448-930 vector, an additional BamH1 restriction site was produced, linking EtpA67-447 

and EtpA448-930 genes fragments. The additional BamH1 restriction site was removed by site-

directed mutagenesis (SDM) (Section 3.3.7).  

3.4.3 Removal of BamH1 restriction site by site-directed mutagenesis  

To remove the additional BamH1 restriction site linking EtpA67-447 and EtpA448-930 genes 

fragments SDM was undertaken by PCR using the set of primers below. The PCR setup and 

parameters are indicated in the Table 3-10 PCR amplification was followed by digestion with 

Dpn1 enzyme. The mixture was used to transform E. coli DH5α cells and spread on plate with 

0.1 mg/mL ampicillin. To confirm the success of SDM, plasmid DNA was isolated, purified, and 

sequenced (Section 3.3.8).  

Forward primer: 5’-GTACGGTCAGTGCATCCGCGAAGAAAGGCAAGGCGGGTAAC-3’ 

Reverse primer: 5’-TTACCCGCCTTGCCTTTCTTCGCGGATGCACTGACCGTACC-3’ 

Table 3-10: PCR for site-directed mutagenesis 

Component Stock concentration Amount (Total volume 50µL) 
Phusion HF buffer 5 x 10 µL 
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dNTPs 10 mM 1 µL 
Forward primer 10 µM 2.5 µL  
Reverse primer 10 µM 2.5 µL  
Plasmid DNA 43 ng/µL 1 µL 
Phusion Hot Start II DNA Polymerase 2 U/µL 0.5 µL 
ddH2O  32.5 µL 
   
Cycle step Temperature Duration cycles 
Initial denaturation 98°C 30 s 1 
Denaturation 
Annealing 
Extension 

98°C 
70°C 
72°C 

10 s 
30 s 
4 min 

 
30 

Final extension 72°C 
4°C 

10 min 
hold 

1 

 

3.4.4 Cloning of ETECfliC into pGEX-6P-2 vector 

Flagellin (fliC) gene coding the FliC protein from ETEC was amplified (Table 3-11) from a 

pUC57-ETECfliC plasmid DNA purchased from Gene Universal (Newark, DE, USA) and cloned 

into pGEX-6P-2 vector between BamH1 and Not1 restriction endonuclease using primers and 

PCR set up below. The PCR reaction was analysed by agarose gel electrophoresis to confirm 

the amplification of the fliC gene. The primers used were: 

Forward primer: 5’-TCGACGGATCCATGGCACAAGTCATTAATACCAAC-3’ 

Reverse primer: 5’-CATAGGCGGCCGCTTAACCCTGCAGCAGAGAC-3’ 

Table 3-11: PCR procedures for pGEX-6P-2-fliC 

Component Stock concentration Amount (Total 50 µL) 
Phusion HF buffer 5x 10 µL 
dNTPs 10 mM 1 µL 
Forward primer 10 µM 2.5 µL  
Reverse primer 10 µM 2.5 µL  
Plasmid DNA 35 ng/µL 1 µL 
Phusion Hot Start II DNA polymerase 2 U/µL 0.5 µL 
ddH2O  32.5 µL 
 
PCR steps Temperature Duration cycles 
Initial denaturation 98°C 30 s 1 
Denaturation 
Annealing 
Extension 

98°C 
63°C 
72°C 

10 s 
30 s 
60 s 

 
30 

Final extension 72°C 
4°C 

10 min 
hold 

1 

Product digest  (Total 50 µL) 
NEB Buffer (CutSmart) 10  5 µL 
PCR product 225 ng/µL 10 µL 
ddH2O  33 µL 
BamH1 20000 U/mL 1 µL 
Not1 10000 U/mL 1 µL 
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The PCR product and pGEX-6P-2 vector were digested separately with BamH1 and Not1 

restriction endonuclease before ligation. The same procedure was used for pGEX-6P-2 

digestion with 15 µL of 76 ng/µL plasmid used in a final volume of 50 µL. 

The fliC gene was ligated into pGEX-6P-2 vector. A 3:1 molar ratio of insert to vector setup 

was used as outlined in Table 3-78 using 1.5 µL of 45 ng/µL vector (67.5 ng) plus 0.3 µL of 93 

ng/µL insert (27.9 ng). The ligation mix was used to transform E. coli DH10 competent cells, 

and the transformed cells were spread on a 0.1 mg/mL ampicillin containing plate.  

To confirm the incorporation of the fliC gene in the plasmid, the latter was isolated from the 

E. coli DH10 cells and double digested with BamH1 and Not1 restriction endonucleases. The 

presence of the fliC gene insert was confirmed by sequencing at the University of Pretoria 

Sanger sequencing facility. 

3.4.5 Cloning of ETECfliC gene into pET28a vector 

Flagellin (fliC) gene coding for ETECFliC protein was amplified (Table 3-12) from pGEX-6P-2-

ETECfliC and cloned into pET28a vector between Nde1 and Xho1 restriction endonuclease using 

primers and PCR set up below. The PCR reaction was analysed by agarose gel electrophoresis 

to confirm the amplification the of fliC gene. 

Forward primer: 5’-TCGACCATATGATGGCACAAGTCATTAATACCAAC-3’ 

Reverse primer: 5’-CATAGCTCGAGTTAACCCTGCAGCAGAGAC-3’ 

Table 3-12: PCR procedures for pET28a-fliC 

Component Stock concentration Amount (Total 50 µL) 
Phusion HF buffer 5 x 10 µL 
dNTPs 10 mM 1 µL 
Forward primer 10 µM 2.5 µL  
Reverse primer 10 µM 2.5 µL  
Plasmid DNA 35 ng/µL 1 µL 
Phusion Hot Start II DNA Polymerase 2 U/µL 0.5 µL 
ddH2O  32.5 µL 
 
PCR steps Temperature Duration Cycles 
Initial denaturation 98°C 30 s 1 
Denaturation 
Annealing 
Extension 

98°C 
63°C 
72°C 

10 s 
30 s 
60 s 

 
30 

Final extension 72°C 
4°C 

10 min 
hold 

1 

Product digest  (Total 50 µL) 
NEB Buffer (CutSmart) 10 x 5 µL 
PCR product 200 ng/µL 10 µL 
Water  33 µL 
BamH1 20000 U/mL 1 µL 
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Not1 10000 U/mL 1 µL 

The PCR product and pET28a vector were digested separately with Nde1 and Xho1 restriction 

endonucleases before ligation. The same procedure was used to for pET28a where 20 µL of 

76 ng/µL plasmid was used. 

The ETECfliC gene was ligated into pET28a vector as outlined in Table 3-8 using 1.5 µL of 

49 ng/µL plasmid and 0.3 µL of 95 ng/µL insert. 

The ligation mix (5 µL) was used to transform E. coli DH10 competent cells. The transformed 

cells (50 µL) were spread on to kanamycin antibiotic (0.05 mg/mL final concentration) 

containing plate.  

To confirm the success of the ligation and the presence of the fliC gene in the plasmid, the 

latter was isolated, purified and double digested with Nde1 and Xho1 restriction 

endonucleases. The presence of the fliC gene insert was confirmed by sequencing at the 

University of Pretoria sequencing facility, South Africa. 

 

3.5 Protein production, purification and analysis 

3.5.1 Production and purification of 3C protease 

The 3C protease used to cleave GST-tag from GST-fusion proteins was produced and purified 

in-house. A starter culture was prepared by inoculating 20 mL LB medium with 0.1 mg/mL 

ampicillin from a glycerol stock of E. coli Bl21 cells harbouring pGEX-6P-2-3C protease plasmid 

and grown overnight at 37°C in a shaker incubator. The 20 mL culture was transferred to 1 L 

LB-medium with 0.1 mg/mL ampicillin and grown at 37°C and 180 rpm to an OD600 of 0.6. 

Protein production was induced with 0.1 mM IPTG and production allowed to continue at 

25°C overnight with 180 rpm shaking. Before and after induction, 1 mL cell culture was 

collected to analyse target protein induction. The cells were pelleted by centrifugation at 

12 000 x g for 2 min and the pellet resuspended in SDS sample buffer to lyse the cells where 

the volume of buffer was proportional to the culture OD600. Following overnight incubation, 

the bacterial cell culture was centrifuged for 15 min at 5200 x g and 4°C in a Sorvall Lynx 6000 

centrifuge using an F9-6X1000 LEX rotor. The supernatant was discarded, and the cell pellet 

resuspended in 20 mL PBS at 4°C. The cells were lysed by sonication on ice for eight 30 s on/off 

cycles using a Qsonica sonicator. The lysate was centrifuged for 1 h at 16000 x g and 4°C in a 

Sorvall LYNX 6000 centrifuge using an F21-8X50Y rotor to separate the soluble protein fraction 
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from cell debris and inclusion bodies. The soluble supernatant and insoluble pellet were 

collected. 100 µL 8 M urea was added to the pellet fraction to solubilise insoluble proteins 

and all resulting samples analysed by SDS-PAGE.  

For affinity purification, the soluble supernatant was mixed with glutathione sepharose beads 

and incubated with agitation for 1 h at 4°C. Unbound proteins were eluted with PBS in a 

gravity flow column. The GST-3C fusion protein was eluted from the column with 50 mM Tris 

pH 8.0, 80 mM NaCl, and 20 mM reduced glutathione. Production and purity of GST-3C 

protease was confirmed on SDS-PAGE. The protein was dialysed against 20 mM Tris pH 8.0, 

150 mM NaCl, 1 mM EDTA and 20 % glycerol. Aliquots were made and stored at -80°C.  

3.5.2 Production and purification of EtpA1-606  

To produce EtpA1-606 protein, the sequenced pBAD/EtpBA1-606-Myc-His A plasmid with the 

correct EtpBA1-606 sequence was used to transform E. coli TOP10 cells. A single colony was 

transferred to 20 mL LB-medium supplemented with 0.1 mg/mL ampicillin, grown overnight 

at 37°C and 160 rpm. The culture was transferred to 0.4 L LB-medium with 0.1 mg/mL 

ampicillin and incubated at 37°C with agitation at 180 rpm. Production of EtpA1-606-Myc-His6 

protein was induced at an OD600 of 0.5 with 0.002 % (w/v) arabinose with shaking at 22°C for 

18 h. Before and after induction, 0.2 mL of the cell culture was collected, pelleted by 

centrifugation at 12000 x g for 2 min using a 5417C centrifuge. Secretion of EtpBA1-606 into 

the supernatant was investigated by SDS-PAGE. Following overnight incubation, bacterial cell 

culture was centrifuged for 20 min at 10000 x g and 4°C in a Sorvall Lynx 6000 centrifuge with 

an F9-6X1000 LEX rotor. The supernatant containing secreted proteins was collected, treated 

with 0.5 mM PMSF and transferred to 50 mL tubes. The supernatant was mixed with pre-

equilibrated Ni-NTA beads and incubated at 4°C for 1 h with mild agitation. In a gravity flow 

column, unbound proteins were eluted with 20 mM Tris pH 7.9, 200 mM NaCl. Target protein 

EtpA1-606-Myc-His6 was eluted with 20 mM Tris pH 7.9, 500 mM NaCl and 200 mM imidazole. 

Production and purity of EtpA1-606-Myc-His6 was assessed by SDS-PAGE. 

3.5.3 Production and purification of EtpA67-447  

A single colony of E. coli BL21 cells transformed with pGEX-6P-2-EtpA67-447 plasmid was 

transferred to 20 mL LB-medium with 0.1 mg/mL ampicillin and incubated overnight at 37°C 

and 160 rpm and transferred to 1 L LB-medium with 0.1 mg/mL ampicillin and grown at 37°C 

and 180 rpm to an OD600 of 0.8. Protein production was induced with 0.1 mM IPTG and 
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continued at 22°C with 180 rpm shaking overnight. Before and after induction, 1 mL of the 

cell culture was collected, and pelleted by centrifugation at 12000 x g for 2 min using a 5417C 

centrifuge. The pellets were suspended in an equivalent amount of SDS sample buffer to lyse 

the cells depending on the OD600 to analyse the induction of the target protein. Following 

overnight incubation, the bacterial cell culture was centrifuged for 15 min at 5200 x g and 4°C 

in a Sorvall Lynx 6000 centrifuge using an F9-6X1000 LEX rotor. The supernatant was discarded 

and the cell pellet resuspended in 20 mL PBS per 1 L culture at 4°C. The cells were lysed by 

sonication on ice for seven 30 s on/off cycles using a Qsonica sonicator. The lysate was 

centrifuged at 16000 x g and 4°C for 1 h in a Sorvall LYNX 6000 centrifuge with a F21-8X50Y 

rotor to separate the soluble protein from the cell debris and inclusion bodies. The soluble 

supernatant and insoluble pellet were separated and 100 µL 8 M urea added to the pellet 

fraction to solubilise insoluble proteins. Samples of individual steps were analysed by SDS-

PAGE.  

For affinity purification, soluble supernatant was mixed with pre-equilibrated glutathione 

sepharose (GS) beads and incubated with agitation for 1 h at 4°C. Unbound proteins were 

eluted with PBS in a gravity flow column. The GST-EtpA67-477 fusion protein was cleaved by 

adding 0.4 mg 3C protease and incubating for 24 h at 4°C with agitation. Released EtpA67-447 

was eluted with PBS. Production, purity and successful fusion protein cleavage were assessed 

by SDS-PAGE. The protein was dialysed against 20 mM Tris pH 8.0, 20 mM NaCl for further 

purification by ion exchange chromatography (IEC). 

For IEC, a 5 mL HiTrap Q HP column was connected on an Äkta pure chromatography system. 

The column was equilibrated with 5 column volumes (CV) of buffer A (20 mM NaCl in 20 mM 

Tris pH 8.0) at a flow rate of 1 mL/min. The dialysed protein was loaded onto the column 

where the target protein binds due to its Hi6-tag. Unbound proteins were eluted with 3 CV of 

buffer A. Bound proteins were eluted with a linear gradient of 5 to 1000 mM NaCl in 20 mM 

Tris pH 8.0. Samples from the eluted fractions were analysed by SDS-PAGE. 

Size exclusion chromatography (SEC) was used to further purify and to determine the elution 

profile of EtpA67-447. A 24 mL Enrich SEC 650 (10/300) column was equilibrated with 2 CV of 

20 mM NaCl in 20 mM Tris pH 7.6 at a flow rate of 0.5 mL/min. 5 mg of EtpA67-447 protein was 

loaded and eluted at a flow rate of 0.5 mL/min. Eluted fractions were analysed by SDS-PAGE. 
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3.5.4 Production of GST-EtpA67-930  

The pGEX-6P-2-EtpA67-930 plasmid was used to transform E. coli BL21 cells for production of 

GST-EtpA67-930 fusion protein.  

3.5.4.1 Optimizing temperature and IPTG concentration  

To optimize GST- EtpA67-930 production, three temperatures, 37, 30, and 22°C, and two IPTG 

concentrations, 0.1 and 0.5 mM, were tested. A single colony harbouring the pGEX-6-P1-

EtpA67-930 plasmid was used to inoculate 20 mL LB-medium with 0.1 mg/ml ampicillin and 

incubated overnight at 37°C and agitation at 160 rpm. A 1 mL of the culture was transferred 

to 150 mL LB-medium supplemented with 0.1 mg/ml ampicillin, grown at 37°C and 180 rpm 

to an OD600 of 0.6. The culture was transferred into two 50 mL flasks. Protein production was 

induced with 0.1 and 0.5 mM IPTG, respectively, and incubated at 37°C with 180 rpm shaking 

overnight. Before and after induction, 1 mL cell culture was collected, pelleted by 

centrifugation at 12000 x g for 2 min using a 5417C centrifuge. To compare the induction 

levels of the target protein, the pellets were suspended in equivalent volumes of SDS sample 

buffer to lyse the cells depending on the OD600. Following overnight incubation, bacterial cell 

cultures were centrifuged at 5200 x g and 4°C for 15 min in a Sorvall Lynx 6000 centrifuge with 

an F9-6X1000 LEX rotor. The supernatants were discarded, and the cell pellets resuspended 

in 8 mL PBS per 50 mL culture at 4°C. The cells were lysed by sonication on ice for four 30 s 

on/off cycles using a Qsonica sonicator. The lysate was centrifuged at 16000 x g and 4°C for 

30 min using a Sorvall LYNX 6000 centrifuge with the F21-8X50Y rotor to separate the soluble 

protein fraction from cell debris and inclusion bodies. The soluble supernatant and insoluble 

pellet fractions were separated. 500 µL 8 M urea was added to the pellet fraction to solubilise 

insoluble proteins. Samples from critical fractions were analysed by SDS-PAGE. The procedure 

was repeated for 22 and 30°C, and for the two different IPTG concentrations. 

3.5.5 Solubilisation of GST-EtpA67-930 inclusion bodies 

When multiple recombinant proteins are expressed at high levels in E. coli, highly aggregated 

proteins known as inclusion bodies are formed [174]. The desire protein is frequently 

expressed at high translational rate when high temperatures, high inducer concentrations and 

robust promoter systems are used during protein expression.  A significant obstacle to the 

production and purification of recombinant proteins using E. coli as the host is the formation 

of inclusion bodies [175, 176]. To yield the active proteins, inclusion bodies require a lengthy 
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processing procedure that includes cell isolation, solubilisation, refolding, and purification 

[177]. Solubilisation of inclusion bodies and refolding of the solubilized protein into its native 

state are the most important steps in the recovery of active protein from inclusion bodies. 

Inclusion bodies from E. coli have been isolated and solubilised successfully to produce active 

proteins using a number of isolation and solubilisation methods [178, 179]. Isolation methods 

include the use of mechanical cell disrupture such as sonication and chemical disruption 

techniques such lysozyme [180].  High and mild concentration of denaturants and chaotropes 

such as urea and  guanidine hydrochloride have been used to solubilize inclusion bodies [175, 

181]. Use of high pH buffer in combination with 2 M urea have been used successfully for 

solubilisation of inclusion bodies [182, 183].  

Here urea was used to solubilize GST-EtpA67-930 protein from inclusion bodies after attempts 

to produce soluble protein proved unsuccessful. Inclusion bodies containing GST-EtpA67-930 

from a 50 mL induced culture were resuspended in 40 mL PBS pH 8.0 with 2 M urea. The 

sample was allowed to freeze at -20°C overnight and thaw the next morning. The sample was 

centrifuged for 1 h at 16000 x g and 4°C in a Sorvall LYNX 6000 centrifuge with a F21-8X50Y 

rotor to separate the solubilized protein fraction and the insoluble remnants. Half of the 

solubilised protein fraction was dialysed overnight against PBS pH 8.0 to remove the urea and 

potentially regain natively folded protein. The second half was diluted 10-fold with PBS pH 

8.0. GS beads were added, and the mix incubated for 1 h at 4°C with gentle agitation. 

Unbound proteins were eluted with PBS in a gravity flow column. To confirm that any GST-

EtpA67-930 protein bound to the GS beads, a 50 µL sample was collected and analysed by SDS-

PAGE.  

3.5.6  Production and purification of His6-ETECFliC protein. 

A single colony of E. coli BL21 cells transformed with pET28a-ETECfliC plasmid was transferred 

to 20 mL LB-medium with 0.05 mg/mL kanamycin and permitted to grow overnight at 37°C 

and 160 rpm. The culture was transferred to 1 L LB-medium with 0.05 mg/mL kanamycin and 

grown at 37°C and 180 rpm to an OD600 of 0.8. Protein production was induced with 0.1 mM 

IPTG and continued at 22°C with 180 rpm shaking overnight. Before and after induction, 1 mL 

of the cell culture was collected, pelleted by centrifugation at 12000 x g for 2 min using a 

5417C centrifuge. To assess the production of target protein, the pellet was suspended in a 

volume of SDS sample buffer equivalent to the OD600 and incubated overnight. The bacterial 
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cell culture was centrifuged for 15 min at 5200 x g and 4°C in a Sorvall Lynx 6000 centrifuge 

with an F9-6X1000 LEX rotor. The supernatant was discarded, and the cell pellet resuspended 

in 20 mL lysis buffer (20 mM Tris pH 7.9, 400 mM NaCl, 20 mM imidazole) per 1 L culture at 

4°C. The cells were lysed by sonication on ice for seven 30 s on/off cycles using a Qsonica 

sonicator. To separate the soluble protein from the cell debris and any inclusion bodies, the 

lysate was centrifuged for 1 h at 16000 x g and 4°C in a Sorvall LYNX 6000 centrifuge with a 

F21-8X50Y rotor. The soluble supernatant and insoluble pellet were separated. 100 µL 8 M 

urea was added to the pellet fraction to solubilise membrane proteins.  

For affinity purification, the soluble supernatant was mixed with Ni-NTA beads and incubated 

with agitation for 1 h at 4°C. Unbound proteins were eluted with lysis buffer in a gravity flow 

column. Fused His6-ETECFliC protein was eluted from the Ni-NTA column with elution buffer 

(20 mM Tris pH 7.9, 500 mM NaCl, 200 mM imidazole). Production and purity of His6-ETECFliC 

protein was confirmed by SDS-PAGE. The protein was dialysed against buffer A (20 mM Tris 

pH 7.9, 20 mM NaCl) for downstream experiments. 

3.5.7  Production and purification of GST-ETECFliC 

A single colony was used to inoculate 20 mL LB-medium with 0.1 mg/mL ampicillin and grown 

overnight at 37°C and 160 rpm. The culture was transferred to 1 L LB-medium with 0.1 mg/mL 

ampicillin and grown at 37°C and 180 rpm to an OD600 of 0.8. Protein production was induced 

with 0.1 mM IPTG and continued at 22°C with 180 rpm shaking overnight. Before and after 

induction, 1 mL of the cell culture was collected, pelleted by centrifugation at 12 000 x g for 

2 min using a 5417C centrifuge. The pellets were suspended in an equivalent amount of SDS 

sample buffer to lyse the cells depending on the OD600 to analyse induction of target protein. 

Following overnight incubation, bacterial cell culture was centrifuged for 15 min at 5200 x g 

and 4°C in a Sorvall Lynx 6000 centrifuge with an F9-6X1000 LEX rotor. The supernatant was 

discarded, and the cell pellet resuspended in 20 mL PBS per 1 L culture at 4°C. The cells were 

lysed by sonication on ice for seven 30 s on/off cycles using a sonicator. The lysate was 

centrifuged for 1 h at 4°C and 16000 x g using the Sorvall LYNX 6000 centrifuge with the F21-

8X50Y rotor to separate the soluble protein fraction from cell debris and inclusion bodies. The 

soluble supernatant was separated from the insoluble pellet. 100 µL 8 M urea was added to 

the pellet fraction to solubilise aggregated or membrane proteins.  
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For affinity purification, soluble supernatant was mixed with glutathione sepharose beads and 

incubated with agitation for 1 h at 4°C. Unbound proteins were eluted with PBS in a gravity 

flow column. The GST-ETEC-FliC fusion protein was cleaved by adding 0.7 mg of 3C protease 

and incubating for 24 h at 4°C with agitation. Target ETECFliC protein was eluted with PBS. 

Production and purity of ETECFliC was confirmed by SDS-PAGE. The protein was dialysed 

against 20 mM Tris pH 8.0, 20 mM NaCl for further purification with ion exchange 

chromatography (IEC). 

For IEC, a 5 mL HiTrap Q HP column was connected on an Äkta pure chromatography system. 

The column was equilibrated with 5 column volumes (CV) of 20 mM NaCl in 20 mM Tris pH 

8.0 at a flow rate of 1 mL/min and the dialysed protein was loaded. Unbound proteins were 

eluted with 3 CV of buffer A. Bound proteins were eluted using a linear gradient of 5 to 

1000 mM NaCl in 20 mM Tris pH 8.0. Eluted fractions were analysed by SDS-PAGE to check 

for the success of IEC. 

3.5.8 Thermal unfolding of EtpA1-606 

All thermal unfolding studies were carried out in 10 mM Na3PO4 pH 7.4, 150 mM NaCl. 

Circular dichroism (CD) spectra were obtained at the CSIR (Pretoria, South Africa) using a 

Chirascan spectrophotometer in a cuvette of 1 mm path length. Readings were recorded from 

180 to 280 nm with scanning steps of 1 nm at a time-per-point of 0.25 s. Four spectra were 

collected and the average was plotted. A 1 mg/mL of purified EtpA1-606 was heated from 20 to 

90°C at 10°C intervals in a temperature-controlled compartment. Different absorbance for 

each denaturation point were plotted against temperature to obtain a melting temperature 

curve for EtpA1-606 protein. The transition mid-temperature (Tm) of EtpA1-606 was obtained by 

a plot of CD data extracted at 222 nm as a function of temperature and fitted by a sigmoidal 

curve.  

3.5.9  Urea induced unfolding and refolding of EtpA1-606 

The CD spectra were used to assess the stability of EtpA1-606 incubated with 0 to 9 M urea. 

Spectra were recorded on a Chirascan spectrophotometer at 20°C between 180 and 280 nm 

in a 1-mm path-length cuvette at a rate of 0.25 s/nm. Spectra were corrected for the 

respective protein-free solutions and an averages of four repeat spectra were used for 

analysis. Buffer A consisting of 10 mM Na3PO4 pH 7.4 and 150 mM NaCl was used throughout. 

Sample were prepared by mixing a 1 mg/mL solution of EtpA1-606 in buffer A with the 
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appropriate volume of a 9 M urea stock also in buffer A and incubating for 24 h at 20°C with 

gentle agitation (Table 3-12: PCR procedures for pET28a-fliC). To assess the reversibility of 

urea-induced unfolding, 1 mL samples of EtpA1-606 exposed to the respective urea 

concentrations for 24 h were diluted 10-fold with buffer A, dialysed against buffer A for 24 h 

at 20°C with gentle agitation and further urea depleted by cycles of dilution with buffer A 

followed by concentration to 0.8 mg/mL in an Amicon Ultra-15 concentrator with a 50 kDa 

molecular weight cut-off. The fraction of unfolded protein was assessed by plotting elipticities 

at 222 nm against the urea concentration and fitting a sigmoidal curve. 

Table 3-13: Urea unfolding of EtpA1-606 

Urea concentration 
(M) 

Volume of 5 mg/mL protein (μL) 12 M Urea (µL) Buffer (µL) 

0 400 0  1600 
1.5 400 250  1350 
3 400 500  1100 
4.5 400 750 850 
6 400 1000 600 
7.5 400 1250 350 
9 400 1500 100 

 
To a final volume 
of 2 mL 

 

3.6 Structure determination 

3.6.1  Crystallization, data collection and processing 

In a crystallization experiment, the goal is to supersaturate the protein and initiate nucleation 

and crystal growth. The degree of saturation can determine if a protein will crystallize or not. 

A fully dissolved protein that is undersaturated will never crystallize. On the other hand, 

depending on the degree of supersaturation, nucleation or crystal growth may happen. 

Screening and optimization are the two main processes in the crystallization procedure. The 

former entails determining the physical, chemical, and biological conditions that might 

promote crystal growth, even though these conditions might not always produce high calibre 

crystals for X-ray diffraction. Commercial screens with typical crystallization conditions are 

available and have been used with greater success. In order to improve the quality of the 

crystals for X-ray diffraction, conditions that provide leads during the screening phase are 

further investigated or adjusted during optimization. 
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With enough and pure proteins in hand, the hanging-drop vapour-diffusion method was used 

to screen for potential crystallization conditions. Initial screening was done randomly using 

available commercial crystallization screen kits (Compas, Ammonium sulphate, Cryos, PACT, 

PEGs and Procomplex Suites; Qiagen, Venlo, Netherlands). To begin with, 24-well plates were 

grease ringed and labelled to match with the 96 well unique reagents found in each screen 

kit. While protein was kept on ice, 500 µL of unique screen kit reagent were added into each 

well. With the unique screen kit reagent into each well, 2 µL of protein was mixed with 2 µL 

from a well on a cover glass slide for a 1:1 ratio. The cover glass slide was overturned over the 

well to seal the drop over the well. This process was repeated for all the screen kits reagents 

used. The plates were stored at 12 and 22°C for to allow for crystallization to hopefully 

happen. The plates were continually checked under the microscope for any crystal formation. 

Crystals for X-ray diffraction were cryoprotected in 10 mM MES pH 5.5, 25 mM NaCl, 5 % (v/v) 

glycerol and cryocooled in liquid nitrogen. 

Diffraction data were recorded remotely on an Eiger2 XE 16M detector on beamline i04 at 

the DIAMOND light source (Oxfordshire, UK). Images were auto processed, scaled and merged 

using Xia2 XDS program suite [184].  

3.6.2  Structure determination and refinement 

The crystal structure of EtpA67-447 was determined by molecular replacement with PHASER-

MR in PHENIX [185] using the crystal structure of HMW1A-PP (PDB code 20DL) with 34 % 

sequence identity as a searched model. The model was re-built and refined by Autobuild in 

PHENIX. The model was improved manually using WinCoot and refined using PHENIX refine 

[186]. The refining cycle involves fitting the model’s atomic locations and the related B-

factors, which are parameters that represent the atom’s thermal motion to the observed 

electron density map. This typically results in a better set of phases. Parameters such as 

stereochemistry, hydrogen bonds and allocation of bond lengths and angles are essential 

features used to determine the quantity of the refined model. However, R- and Rfree factors 

are the primary parameters that need to be managed following each cycle of model 

improvement. The data resolution affects both factors. The R-factor measures the degree of 

agreement between the built crystallographic model and the X-ray diffracted data, indicating 

how well the revised model predicts the measured data. A subset of reflections that were left 

out of the structure refinement are used to calculate Rfree. 
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3.6.3  Structure modelling with AlphaFold 

Full-length theoretical models of EtpA and the four TpsA members FHA (B. pertussis) [187], 

HpmA (P. mirabilis) [99] , HMW1 [188, 189] and HxuA (H. influenza) (4RM6) were generated 

using AlphaFold [190]. Most protein structures modelling programs require homologous 

protein structure to predict the structure of proteins, and in cases where there is no 

homologous structure, predictions from these programs are usually presented with low 

atomic accuracy. AlphaFold uses evolutionarily related sequences, multiple sequence 

alignment and a representation of amino acid residue pairs to predict protein structure with 

high atomic accuracy without a known homologous protein structure being required [190].  

The amino acid sequence of each protein was divided into fragments of ~1200 residues where 

the full-length protein sequence is longer than 1200 residues. The sequence for each 

fragment was separately input on to the server to generate the modelled structure. The 

modelled fragments were then combined to produce a full-length structure using PyMol.  

3.7 Molecular interaction studies 

3.7.1 Molecular interaction of EtpA67-447 and FliC. 

To investigate the interaction of EtpA67-447 with FliC, purified EtpA67-447 and His6-FliC were both 

buffer exchanged with buffer A (150 mM NaCl in 20 mM Tris pH 7.4). Approximately 65.5 

nmol of EtpA67-447 and 130.5 nmol of His6-FliC were mixed in a molar ration of 1:2 and 

incubated overnight at 4°C. Following overnight incubation, 300 µL of Ni-NTA beads pre-

equilibrated with buffer A were added and incubated at 4°C for 1 h with gentle agitation. The 

sample was poured into a gravity flow column and unbound proteins were eluted. The column 

was washed with buffer A to remove any unbound proteins. The beads sample was collected, 

treated with SDS-loading dye and proteins denatured at 95°C for 5 min. The sample was then 

analysed by SDS-PAGE. The relative amount of EtpA67-447 would indicate specific interaction 

of the two proteins. 

3.7.2 Molecular interaction of EtpA1-606 and FliC 

To investigate the interaction of EtpA1-606 with FliC, the procedure above was essentially 

repeated except that EtpA1-606-His6 now bound to the column matrix while any retained FliC 

would indicate the specific interaction of the two proteins.  
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3.7.3 Interaction of EtpA67-447 and EtpA1-606 with FliC 

To investigate the interaction of EtpA67-447 and FliC by SEC, 65.5 nmol of EtpA67-447 was mixed 

with 130.5 nmol of FliC in a molar ratio of 1:2. The mixture was incubated overnight at 4°C 

with gentle agitation. Following overnight incubation, the mixture was analysed on SEC650 

(10/300) column equilibrated with 150 mM NaCl in 20 mM Tris pH 7.4. Peaks fractions were 

analysed by SDS-PAGE to deduce their protein composition. 

To analyse the interaction of EtpA1-606 and FliC with SEC, the procedure outlined in section 

3.7.3 above was repeated. 
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4 Results 

4.1 EtpA1-606 

Initially EtpA1-606, an N-terminal fragment of full-length EtpA, was investigated. This fragment 

comprises the N-terminal signal peptide, the TPS domain and a part of the C-terminal repeat 

domain as indicated below. 

 

4.1.1 Production and purification 

The protein EtpA1-606 was produced in E. coli using arabinose to induce expression. The 

plasmid construct also encoded for EtpB, such that EtpA1-606 was secreted across both inner 

and outer cell membranes. The protein was purified by Ni-NTA IMAC and size exclusion 

chromatography as described in Section 3.5.2. Note that although EtpA1-606 would presumably 

lose its signal peptide during its Sec-dependent secretion across the inner bacterial 

membrane, the loss of signal peptide was not demonstrated experimentally. Correspondingly 

the protein is referred to as EtpA1-606 throughout, instead of the possibly formally more 

correct EtpA67-606
. Induction with both 0.002 and 0.0002 % (w/v) arabinose yielded 

comparable amounts of protein, visible as faint yet single bands in SDS PAGE analysis of the 

cell supernatant (Figure 4-1A). The size matches the expected protein size of 63 kDa. As the 

protein band was not observed in the uninduced sample (Figure 4-1A, uninduced lane) and 

corresponds to the expected size of the fusion protein EtpA1-606-His6, the correct protein 

appears to be produced. It is secreted across both inner and outer bacterial membranes. 

Further concentration and purification by Ni-NTA affinity chromatography confirmed the 

purity of the secreted protein (Figure 4-1B).  
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Figure 4-1: Production and purification of EtpA1-606-His6 

A) SDS-PAGE for production of EtpA1-606-His6 protein induced by arabinose at two concentrations.  
B) SDS-PAGE after Ni-NTA affinity chromatography confirming the presence of EtpA1-606-His6.  

 

4.1.2 Size and oligomerisation 

To investigate the oligomerisation state of secreted EtpA1-606 appropriate samples were 

analysed by native PAGE and SEC (Section 3.2.3).  

 

Figure 4-2: Analysis of EtpA1-606 oligomerisation 
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A) Main peak for EtpA1-606 in size exclusion chromatography corresponds to a dimer. Standards were 
aldolase (152 kDa, green) and ferritin (480 kDa, orange). SDS-PAGE (insert) of EtpA1-606 peak 
fractions before and after SEC. 
B) Dynamic light scattering profile for different models confirm EtpA1-606 dimers and higher 
molecular weight oligomers. 
 

Analysis of EtpA1-606-His6 by SEC resulted in a single major peak (Peak 2) with a retention 

volume of 13.8 mL, plus a broad preceding shoulder (Peak 1) with a retention volume of 

11.56 mL (blue line in Figure 4-2A). Samples from each fraction analysed by SDS-PAGE (insert) 

again yielded single bands at 63 kDa. This implies that both peaks correspond to two different 

oligomerisation states of EtpA1-606-His6 (Figure 4-2A). Calibrating the SEC column with 152 kDa 

aldolase and 480 kDa ferritin, allowed the mass of the protein oligomers to be broadly 

estimated at ~504 and ~160 kDa, respectively. Dividing these values by 63 kDa implies that 

peak 1 could correspond to an EtpA1-606 octamer whereas peak 2 corresponds most closely to 

an EtpA1-606 dimer. Analysing the size distribution of EtpA1-606 oligomers by dynamic light 

scattering (DLS) yielded three peaks (Figure 4-2B). Again the main peak with a mass of 127 kDa 

implied a possible EtpA1-606 dimer. The remaining two HMW oligomer peaks are significantly 

larger and imply large and very large aggregates of EtpA1-606.  

Overall, EtpA1-606 was thus successfully produced and purified as a secreted protein. However, 

size analysis indicates that it mostly forms dimers in addition to higher molecular mass 

oligomers. Investigation of the distribution over time indicate that the latter accumulate 

implying that EtpA1-606 tends towards non-specific oligomerisation. 

Variability in the degrees of oligomerisation is a significant hurdle in crystallising a protein. 

Proteins should ideally be monodisperse i.e. have a single oligomerisation state that remains 

constant over days or weeks. Sometimes buffer conditions can be optimized to enhance 

monodispersity. In the case of EtpA1-606 no buffer could be identified that prevented the 

oligomerisation. As a result, a smaller fragment EtpA67-447 was produced by cloning a smaller 

fragment of the encoding gene into a different plasmid. This will be discussed in Section 4.2 

below. 

4.1.3 Circular dichroism spectroscopy and thermal unfolding of EtpA1-606 

Circular dichroism (CD) spectroscopy was used to assess the dominant secondary structural 

elements of EtpA1-606 and to study its thermal stability.  
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The CD spectrum of EtpA1-606 revealed a broad minimum around 222 nm (Figure 4-3A). As this 

spectrum is well defined with distinct maxima and minima implies that the protein is well 

folded. However, it differs from known spectra of mainly α-helical or β-strand dominated 

structures (Figure 4-3B). Instead, the curve complies with known CD spectra of β-helical 

proteins. This interpretation was supported by automated analysis with programs K2D2 and 

CAPITO [191, 192]. 

Next the stability of EtpA1-606 was investigated by recording CD spectra for protein heated to 

different temperatures at 10°C intervals (Figure 4-3C). Unexpectedly, the CD spectrum shows 

only minor changes for temperatures between 20 and 90°C. Clearly EtpA1-606 is highly 

thermostable with the overall fold being maintained throughout this temperature range. Only 

at a temperature above 90°C does the protein unfold rapidly losing almost all secondary 

structure (lime-green line). Plotting the ellipticities at 222 nm from individual temperature 

curves against each temperature (Figure 4-3D) yielded a melting point (Tm) of 94°C for 

EtpA1-606 again confirming the high thermostability of this protein. 
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Figure 4-3: Temperature induced-unfolding of EtpA1-606 by CD spectroscopy 

(A) CD spectrum for EtpA1-606 reveals a broad minimum around 222 nm. 
(B) Standard CD spectra for proteins. 
(C) Thermal unfolding data between 20 and 100°C.  
(D) Plot of ellipticities at 222 nm against temperature yields a Tm of 94°C. 
 

4.1.4 Urea induced unfolding and refolding 

To assess the stability of EtpA1-606 with respect to chemical stresses, CD spectra were recorded 

for protein incubated in urea concentrations ranging from 0 to 9 M (Figure 4-4). Each panel 

represents a different urea concentration and in each case, CD spectra for untreated (fully 

folded, black), urea-treated (unfolded, red) and refolded samples (blue) are compared.  

Little to no change is observed for panels A to C of (Figure 4-3) implying that the secondary 

and tertiary structure of EtpA1-606 is not affected by urea concentrations up to 4.5 M urea. In 

panel D the red curve is observed to have a slightly shallower minimum compared to panels 

A to C, implying that a slight loss of secondary structure is incurred at a urea concentration of 

6 M. Interesting though, the blue curve is again quite similar to the black curve, indicating 

that the loss of secondary structure documented by the red curve is reversed when the urea 

is removed. Panels E and F continue this trend with much more extensive loss of local 

structure being documented by the shallower red curve, through the overall β-helical fold 
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being maintained as the maxima and minima of the curve only show a small change of 

wavelength. Again, though, the blue lines resemble the black line meaning that the urea 

induced unfolding is reversible upon removal of the chaotrope. 

 

 

Figure 4-4: Unfolding and refolding of EtpA1-606 induced by urea 

(A to F) Superposition of the CD spectra for the native state (0 M urea, black square), 
unfolded state (red circle), and refolded state (blue triangle) for 1.5 to 9 M urea 
respectively. (G) Fraction of unfolded curve obtained after unfolding the protein. 

 

The fraction of unfolded protein (fu) was determined from each panel for the corresponding 

urea concentration. Plotting fu against the underlying urea concentration yielded an 

unfolding curve for EtpA1-606 (Figure 4-3G). Its inflection point identifies the critical urea 

concentration for EtpA1-606 to be ~7 M. 
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4.2 EtpA67-447  

As demonstrated in Section 4.1 above, the protein fragment EtpA1-606, an N-terminal 

fragment of full-length EtpA, could be produced by a transformed laboratory strain of E. 

coli. The protein was secreted into the medium and purified as described. However, this 

protein proved difficult to work with due to its tendency to aggregate into large oligomers. 

In its place EtpA67-447, a shortened N-terminal fragment of full-length EtpA was designed. 

Note that this construct is not only shorter than the one encoding EtpA1-606. In addition, it 

also lacks both the etpB gene and the N-terminal secretion signal, such that this protein is 

produced cytoplasmically rather than being secreted.  

 

4.2.1 Cloning of etpA67-447 

A DNA fragment encoding EtpA67-447 was amplified by PCR and ligated into the plasmid 

pGEX-6P-2. Transforming E. coli DH5α cells with this plasmid, re-isolating the plasmid and 

digesting with restriction enzymes BamH1 and Not1 yielded a 1.1 kb DNA band (Figure 4-5). 

The size of the observed band corresponds to the expected size of desired gene fragment, 

such that this preliminary analysis indicated that the fragment was successfully amplified and 

cloned as planned. 

 

 

Figure 4-5: Cloning of fragment etpA67-447 

 Agarose gel of restriction enzyme digest of 

pGEX-6P-2-EtpA67-447 plasmid with BamH1 and 

Not1 
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4.2.2 Production and purification of EtpA67-447 

E. coli Bl21 cells were transformed with the pGEX-6P-2-EtpA67-447 plasmid to achieve the 

production of a GST-EtpA67-447 fusion protein. A 63 kDa protein band that corresponds to the 

size of GST-EtpA67-447 fusion protein is absent from the uninduced sample in an SDS-PAGE 

analysis but is observed in the sample after IPTG induction (Figure 4-6A). The 63 kDa protein 

band is further observed in both the insoluble and soluble fractions (Figure 4-6A), with a more 

intense band in the soluble fraction implying that the GST-EtpA67-447 fusion protein is 

predominantly produced as a soluble protein, though a small proportion of the protein is 

sequestered into insoluble inclusion bodies. 

 

Figure 4-6: Cloning, production and purification of EtpA67-447 

A) SDS-PAGE of production and affinity purification by glutathione sepharose as well as 3C cleavage. 
B) Chromatogram for ion exchange purification (IEC). C) SDS-PAGE of protein samples obtained from 
IEC peak. 

 

To purify GST EtpA67-447 fusion protein, the soluble fraction was mixed with glutathione 

sepharose (GS) beads. After incubating, collecting the flow through, and eluting any unbound 

proteins, the 63 kDa GST-EtpA67-447 fusion protein band is observed in the sample denoted 

“before cleaving” but not in the flow through (Figure 4-6A), implying that it quantitatively 

bound to the GS beads and was successfully purified by affinity chromatography. 3C protease 

was used to separate GST from EtpA67447. This resulted in a 38 kDa protein being eluted that 

matches the expected size of EtpA67-447. A small amount of GST-EtpA67-447 fusion protein and 

cleaved EtpA67-447 remain attached to the beads after elution, alongside a large amount of GST 

(right-hand lane in Figure 4-6A). 3C protease thus successfully cleaved GST-EtpA67-447 fusion 

protein allowing the untagged EtpA67-447 to elute.  
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As faint protein bands contaminated the EtpA67-447 fraction after GS affinity chromatography 

(Figure 4-6A) and downstream experiments such as crystallization require as pure a protein 

sample as possible, further purification with ion exchange chromatography (IEC) was 

attempted. The results indicate the presence of a single peak after IEC (Figure 4-6B). Analysis 

of protein samples from the peak on SDS-PAGE revealed purer protein bands that correspond 

to EtpA67-447 after IEC (Figure 4-6C). 

4.2.3 Crystallization, data collection and refinement  

Lead crystallization conditions for EtpA67-447 at 12°C were investigated using the hanging-drop 

vapour-diffusion method of the Cryos screen kit (Qiagen) and combining 2 μL reservoir 

solution with μL EtpA67-447 solution (15 mg/mL in 10 mM MES pH 5.5, 25 mM NaCl, 5 % (v/v) 

glycerol). Condition number seven yielded protein crystals. It combined 0.1 M sodium citrate 

pH 5.6, 20 % (w/v) PEG 4000, 20 % (v/v) isopropanol. Other crystallization screen kits did not 

produce any crystals. While lead crystallization conditions normally need to optimized to 

improve crystal size and quality, this was not required for EtpA67-447 as the crystal plates grown 

within two weeks were sufficiently large, single crystals that did not require further 

improvement (Figure 4-7A and B). Similar platelets were also obtained for protein 

concentrations ranging from 13 to 18 mg/mL while keeping other parameters unchanged. 

To record diffraction data for EtpA67-447, crystals were individually retrieved with a nylon loop, 

directly plunged into liquid nitrogen and couriered at 100 K to the Diamond Light Source 

(Oxfordshire, UK). Diffraction images were recorded remotely on beamline i04 using an Eiger2 

XE 16M detector. The crystals diffracted X-rays to a resolution of 1.8 Å producing a typical 

protein diffraction pattern (Figure 4-7C). The data set of 360 diffraction images was auto 

processed, scaled, and merged using Xia2 XDS program suite [184]. The evaluation of the 

diffraction data indicated the space group to be triclinic P1, the lowest symmetry space group. 

This, in part, explains the relatively low completeness of 97.4 %. In addition, it had a 

multiplicity of 3.4 and an R-merge of 0.097 (Table 4-1), indicating an internally consistent and 

usable set of structure factor amplitudes.  
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Figure 4-7: Crystallization and X-ray diffraction of EtpA67-447 

A) EtpA67-447 protein used for crystallization. B) Crystals obtained with EtpA67-447 protein. 
C)  Diffraction pattern from an EtpA67-447 crystal. 

 

The crystal structure of EtpA67-447was solved using the crystal structure of HMW1A-PP (PDB 

code 20DL) as a model. The two protein fragments share a sequence identity of 34 %. The 

molecular replacement calculation was achieved using the PHASER-MR option of PHENIX 

[185]. Crystal density and solvent content analyses indicated a probable four EtpA67-447 

molecules per asymmetric unit. A single MR solution with a high log likelihood gain (LLG) value 

of 9565 and a similarly high translation function Z score (TFZ) of 9.2 was obtained with the 

expected four molecules per asymmetric unit, implying a likely correct solution. Analysis of 

the MR solution in Coot indicated a good packing of the molecules both in the asymmetric 

unit and throughout the crystal, again confirming the probable correctness of the solution. 

Rigid body refinement of the initial model in Phenix resulted in R-work = 0.28 and R-free = 

0.32 indicating that the model matched the electron density map. Phenix Autobuild was then 

used to automatically rebuild the structure of EtpA67-447. This procedure adapts the amino 

acid sequence of the original HMW1A-PP to that of EtpA67-447 and adjusts their positions to 

match the resulting electron density map. The model was further improved by alternating 

interactive sessions in Coot [186] in which the model was manually aligned with the electron 

density and automated global refinement in Phenix Refine [185]. Water molecules were also 

added and their positions refined. Incorrectly placed water molecules were removed 

manually.  

While the electron density map revealed the same global structure for the four molecules in 

the asymmetric unit, differences in the position or orientation of the residue main- and side-

chain atoms could be observed at the level of some side chain and main chain residues. As an 

example, the side chain of Lys41 in monomer A and D is surrounded by electron density 
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(Figure 4-8A and D), those for Lys41 in monomers B and C were not (Figure 4-8B and C).  

Regions of missing electron density are a typical feature of experimental density maps. They 

result from errors in the experimentally determined structure factor amplitudes (including 

missing reflections), errors in the derived model, or disorder in the molecules making up a 

crystal. By restraining equivalent residues to adopt comparable conformations in all four 

chains, such limitations can be overcome, without preventing observable differences in 

chemically identical chains exposed to different crystal packing forces.  

 

 

Figure 4-8: Structural comparisons of the four independent EtpA67-447 monomers 

A to D: Comparing the side chain Lys41 in the four chains. While electron density is visible for all 
atoms in chain A and D in this region, electron density is missing in the side chain of chain B and C. 
White arrows indicate regions of missing electron density. 
 
 

A final R-work of 0.22 and an R-free of 0.26 for the diffraction data shell of highest resolution 

are typical for protein structures at a resolution of 1.8 Å and indicate that the refined model 

overall matches the experimental data well. 

The EtpA67-447 crystal structure was validated using appropriate tools in Coot and Phenix [186] 

[185] as well as the PDB deposition tool. Validation included analyses of the backbone 

geometry via a Ramachandran plot [186] (Figure 4-9), rotamer evaluations, spatial clashes, 

temperature factor outliers and water molecule positions and contacts. The Ramachandran 

plot revealed that 93.2% of residues are located on the most favoured region, indicating that 

the EtpA67-447structure is chemically and structurally plausible. Three residues, Gly214B (chain 

B), Gly214C and Leu216A, were identified as outliers in the Ramachandran plot, though the 
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electron density in each case confirmed the combination of phi and psi angles for these 

residues. The EtpA67-447 structure was deposited in the Protein Data Bank (PDB) under ID: 

8CPK. Data reduction and structure refinement statistics are indicated in Table 4-1.  

 

Table 4-1: Data collection and refinement statistics for EtpA67-447 

Data reduction statistics Refinement statistics 

Wavelength (Å) 
Resolution range (Å)* 
Space group 
Unit cell a, b, c, α, β, γ 
(Å,°) 
Images collected 
Total reflections* 
Unique reflections* 
Multiplicity* 
Completeness (%) * 
Mean I/sigma(I)* 
Wilson B-factor 
R-merge* 
R-meas 

0.9795 
64.23 - 1.79 (1.85 - 1.79) 
P1 
37.7, 64.1, 123.9, 91.6, 
90.9, 90.0 
3600 
382586 (35589) 
111805 (106543) 
3.4 (3.3) 
97.4 (95.9) 
7.8 
23.7 
0.097 
0.115 

Reflections used for R-free* 
R-work* 
R-free* 
No. of non-hydrogen atoms 
No. of waters 
No. of amino acid residues 
RMS (bonds)(Å) 
RMS (angles)(°) 
Ramachandran favoured, 
additionally allowed, outliers 
(%) 
Average B-factor protein 
Average B-factor solvent 

71355 (6137) 
0.22 (0.27) 
0.26 (0.35) 
11438 
642 
1516 
0.008 
1.21 
95.0, 4.2, 0.8 
 
29.8 
37.30 

*Values in parentheses refer to the outer shell highest in resolution. 

 

4.2.4 Structural overview of EtpA67-447 

The asymmetric unit of the EtpA67-447 crystals was found to contain four symmetrically 

independent monomers (Figure 4-10A). Each molecule consists of a right-handed β-helix 

(Figure 4-10B) of 13 turns. Each β-helical turn consists of two or, more commonly, three 

roughly coplanar β-strands creating a triangular right-handed β-helix. Strands from adjacent 

turns align to create the parallel β-sheets PB1, PB2 and PB3 with 13, 11 and 14 β-strands, 

 

 Figure 4-9: Ramachandran plot for the EtpA67-447 crystal structure 

Of 1400 residues in four protein chains, 1305 or 93.2% lie in favoured regions of the phi/psi torsion 
angle space (blue circles and blue triangles), 92 or 6.57% in the allowed regions (blue triangles with 
white dots) and 3 or 0.21% in the outlier region (red circle and red triangle). 
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respectively. Three β-strands of EtpA67-447, β13, β20 and β21, create a small extra-helical 

β-sheet. β-Strands β1 to β8 create a tapered end of the β-helix slightly tilted from the main 

β-helical axis. While β-strands β1 and β2 form part of PB1 and PB2, they align antiparallel to  

 

 

 

Figure 4-10: Crystal structure of EtpA67-447 
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 the otherwise parallel β-sheets. 

The 38 β-turns of the β-helix mostly contain four residues including one or two glycine 

residues. Hydrogen bonds between the glycine main chain atoms and serine side chains 

oriented towards the β-helix interior stabilize the fold. The loop connecting β-strands β9 and 

β10 forms a type 1 β-turn that harbours a conserved NPNG motif in TpsA proteins shown to 

be critical to protein folding [193] . The loop is stabilized by hydrogen bonds between the loop 

main chain and side chains atoms of residues Asn82, Asn84, Gly85, Gly89, Gly91 and Ser95 

(Figure 4-10E). PB1 and PB2 β-strands are respectively three and seven residues in length, 

with the β-strands of PB2 decreasing in length towards the C-terminus. The interior of the 

β-helix is dominated by hydrophobic, aliphatic residues, especially valine. N-terminally, 

β-strands β1 and β2 linked by a hairpin turn shield the hydrophobic core of the β-helix. Two 

loops connecting physically adjoining β-strands β12 and β14 as well as β19 and β22, are 

extended to create two small domains outside the main β-helix. The first consists of α-helix 

α1 and β-strand β13, while the second one includes β20 and β21 (Figure 4-10B). The β-strands 

of these extra-helical domains broadly run (anti-)parallel to the main β-helical axis. Helix α1 

is positioned by hydrogen bonds between Asn108 (α1) and Arg59 of PB1 β-strand β6. Similar 

hydrogen bonds anchor β-hairpin strands β20 (Arg169 and Thr171) and β21 (Gln183 and 

Thr185) to β13 (Lys161). A third extra-helical motif involves α-helix α2 forming part of the 

extended loop connecting β33 (PB1) to β34 (PB3) (Figure 4-10D).  

Superimposing the four symmetry-independent chains of EtpA67-447 indicates that both the 

secondary and tertiary structures are highly consistent. Structural differences are small with 

root-mean-square values between identical atoms of 0.256, 0.253 and 0.125 Å for chains B, C 

and D relative to chain A (Figure 4-11A). A single noticeable difference involved β-strand β2 

(orange, Figure 4-11A), which is slightly longer in chains A and B compared to chains C and D.  

Interactions between distinct EtpA67-447 chains include reciprocal hydrogen bonds Thr219 (B) 

- Asn218 (D) and Asn218 (B) - Thr219(D) (Figure 4-11B). Chains A and C are linked the 

hydrogen bonds Ser51(A) - Asp48(C) and Asp203(A) - Asn176(C) (Figure 4-11C).  

A) Ribbon representation of the four EtpA67-447 molecules occupying the asymmetric unit of the 
crystal unit cell. Each chain is marked by a unique colour. B) Side view of the EtpA67-447 chain A. 

-Strands β1 and β2 are coloured red, β-strands of β-sheets PB1, PB2, and PB3 in orange, magenta, 
and green, and the extra-helical motif α1/β13/β20/β21 and conserved NPNG loop in blue. 
C) N-terminal view highlighting β-strands β1 and β2 that cap and protect the N-terminal end of the 
hydrophobic core. D) Topology diagram. E) Ball-and-stick view of β-helix turn 4 with the conserved 
NPNG motif in loop β9-β10. Red, dotted lines mark turn-stabilising hydrogen bonds. 
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Figure 4-11: Structural comparison of the four symmetry independent EtpA47-447 molecules 

Chains A, B, C and D are coloured green, cyan, magenta and yellow, respectively. Hydrogen bonds 
are indicated as red dotted lines. 
A) A superposition of the four symmetry independent chains in the asymmetric unit. B) Residues at 
the interface of chains B and C. C) Residues at the interface of chains A and C.  
 

4.3 Interaction of EtpA67-447 and ETECFliC 

4.3.1 Cloning of ETECfliC gene 

To investigate the expected interaction of EtpA with the main flagellin protein FliC from ETEC, 

a synthetic gene was purchased and cloned into both pGEX-6P-2 and pET28a vectors to 

produce the fusion proteins GST-ETECFliC and His6-ETECFLIC, respectively. 

Restriction enzyme digestion of purified plasmids after ligation and transformation released 

a 1.5 kb band from all plasmid constructs (Figure 4-12). The 1.5 kb size correspond to the size 

of ETECfliC gene circumstantially confirming the successful incorporation of ETECfliC into both 

pGEX-6P-2 and pET28a vectors. The results were further verified by sequencing. 

 

β2 

N 

C 

Chain A 
Chain B 
Chain C 
Chain D 
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Figure 4-12: Restriction digest of pGEX-6P-2 and pET28a vectors to release ETECfliC genes 

The size of the ETECfliC gene insert and those of the vectors after double digestion are indicated on the 

agarose gel.  

 

4.3.2 Production and purification of ETEC flagellin (FliC) 

The two vectors pGEX-6P-2-FliC and pET28a-FliC, were used to transform E. coli Bl21 cells for 

the production of ETECFliC proteins (Section 3.56 and 3.57). Protein production was induced 

with 0.1 mM IPTG, and production at 22°C was allowed to continue for 16 h.  

Glutathione sepharose affinity purification 

The GST-FliC protein produced by transforming E. coli Bl21 cells with pGEX-6P-2-FliC vector 

was purified by glutathione sepharose (GS) affinity chromatography using GS beads. Although 

no obvious bands stand out for the induced and soluble protein fraction in Figure 4-13, a large 

band is observed for the protein fraction bound to the GS-resin after contaminating proteins 

had been removed (lane “Before cleaving”). This band matches the expected size of the GST-

ETECFliC fusion protein. The following lane demonstrates the eluted fraction after incubating 

the fusion protein with 3C protease for 24 h. While uncleaved fusion protein is observed at 

71 kDa, dominant bands at 51 and 25 kDa, corresponding to ETECFliC and GST tag, respectively 

(Figure 4-13). Both the GST-fusion protein and GST should normally have remained bound to 

the GS beads but in this case the beads appear to have been saturated with fusion protein, 

leading to “bleeding” of protein from the column. These contaminants were removed 

selectively by re-exposing the protein sample to fresh GS-beads. GST-FliC was thus 

successfully produced, cleaved, and eluted from the column. 
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Ion exchange chromatography with ETECFliC 

After GS affinity chromatography (Figure 4-13), FliC was further purified by IEC prior to SEC 

complexing experiments. The corresponding chromatogram indicates a single peak after IEC 

(Figure 4-14A). Analysing peak fractions by SDS-PAGE revealed FliC protein of higher purity 

after IEC (Figure 4-14B). Further purification was, however, still required. 

 

Figure 4-13: Production and GS affinity purification of GST-FliC  

The SDS-PAGE indicates various protein samples collected during production and purification. The 

sizes of the target protein bands are also indicated. 
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Figure 4-14: Production and Ni-NTA affinity purification of His6-FliC 

A) Chromatogram obtained after IEC chromatography.  
B) SDS-PAGE of peak fractions obtained after IEC 
 

Ni-NTA affinity chromatography of His6FliC 

The His6-FliC protein produced by transforming E. coli Bl21 cells with pET28a-FliC vector was 

purified by Ni-NTA affinity chromatography. The protein with an N-terminal His6-tag was 

produced to use as a bait in affinity studies with EtpA67-447. The 51-kDa band is visible in the 

SDS-PAGE analysis (Figure 4-15) for the induced, insoluble, and soluble fractions indicating 

that His6-ETECFliC protein was successfully produced. Allowing the soluble fraction to interact 

with Ni-NTA beads, washing and eluting the target protein, yielded a strong 51-kDa band in 

the elution fraction (Figure 4-15) that again corresponded to the size of His6-ETECFliC protein. 

Due to major contaminants, the partially purified protein required additional purification 

steps. 
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Figure 4-15: Production and Ni-NTA affinity purification of His6FliC 

The SDS-PAGE indicates various protein samples collected during production and purification. The 

size of the target His6FliC protein band is also indicated. 

 

4.3.3 Size exclusion chromatography 

To investigate the interaction of EtpA N-terminal fragments with ETECFliC, SEC was used. 

Individual proteins were first run separately as internal references. The chromatogram 

indicates a single peak with elution volume around 14.7 mL for ETECFliC (Figure 4-16A). The 

ETECFliC samples after SEC (Figure 4-16B) reveal high protein purity, eliminating the danger of 

non-specific interactions. For EtpA67-447, a single peak with elution volume around 16.5 mL is 

observed after SEC (Figure 4-16C). Though additional protein bands are observed alongside 

EtpA67-447 (Figure 4-16D), their low concentration ensured minimal interference during the 

interaction studies. 

51 kDa 
His6-ETECFliC 
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Figure 4-16: SEC chromatography profile for ETECFliC and EtpA67-447 

A) ETECFliC SEC chromatogram. B) SDS-PAGE of peak fractions obtained after SEC with ETECFliC. C) 
EtpA67-447 SEC chromatogram. D) SDS-PAGE of peak fractions obtained after SEC with EtpA67-447. 

 

4.3.3.1 Interaction of EtpA67-447 with ETECFliC 

To ascertain the interaction of EtpA67-447 with FliC, the two proteins were mixed in 

stoichiometric amounts and incubated overnight. The mixture was analysed on a SEC column 

and the results were overlaid with those for the individual proteins.  

The results indicate the presence of three peaks for the complex experiment (orange line in 

Figure 4-17A).  
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Figure 4-17: SEC for interaction studies between EtpA67-447 and ETECFliC 

(A) SEC chromatogram. (B) SDS-PAGE of complex experiment peak fractions. 

 

The retention volume of peak 3 (orange) precisely matches that of EtpA67-447 (green), implying 

that it corresponds to uncomplexed EtpA67-447 protein. Correspondingly, the SDS-PAGE 

analysis of peak fractions reveal only protein of around 43 kDa, as previously observed for 

EtpA67-447 confirming the interpretation.  

Peak 1, though very small, preceded the other two peaks and was not previously observed 

for the individual protein samples. Its reduced retention volume could indicate that the two 

proteins had indeed formed a complex though only to a very limited degree and hence 

implying a weak interaction. However, the SDS-PAGE analysis for this peak only reveals a band 

corresponding to ETECFliC protein, while no band corresponding to EtpA67-447 is observed. This 

would thus imply that peak 1 could correspond to a ETECFliC dimer, rather than the expected 

complex. 

Peak 2 (orange) is somewhat more enigmatic. Its retention volume is larger than that 

recorded for ETECFliC (green) by itself, possibly implying that ETECFliC dynamically switches 

between a dimer and monomer state, but that this equilibrium is disrupted in the presence 

of EtpA67-447. The SDS-PAGE correspondingly only reveals ETECFliC in this sample. The last 

fraction of this peak does appear to show a faint band corresponding to EtpA67-447 (Figure 

4-17B). This could either be due to a slight spill of the Peak 3 sample into the previous lane or 

again imply a very weak interaction of the two proteins. Overall though, the data presented 

does not support a direct interaction of the two proteins. At best there is a slight indication 

of very weak interaction. But this would need to be confirmed by other techniques. 
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4.3.3.2 Interaction of EtpA1-606 

To investigate the potential interaction of ETECFliC with the slightly longer EtpA1-606, SEC was 

again used as in the preceding section. Both individual proteins were SEC purified For EtpA1-606 

the elution profile indicated a main peak (Peak 2, retention volume of 13.9 mL, Figure 4-18A) 

preceded by a broad shoulder marked as Peak 1, with a retention volume of 12 mL. SDS-PAGE 

analysis confirmed all peaks to belong to EtpA1-606 with an expected mass of ~63 kDa. While 

Peak 2 presumably is the predominant dimeric protein, Peak 1 was presumably caused by 

higher oligomers of EtpA67-447. 

 

 

Figure 4-18: SEC for interaction studies between EtpA1-606 and ETECFliC 

(A) EtpA1-606 SEC Chromatogram. (B) SDS-PAGE of peak fraction obtained after EtpA1-606 SEC. (C) SEC 
chromatogram obtained after complexing experiment. (D) SDS-PAGE of complex experiment peak 
fractions. 
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The chromatogram for the complexing experiment (orange curve, Figure 4-18C) revealed a 

single broadened peak that incorporates both the EtpA1-606 and ETECFliC main peaks. SDS-PAGE 

indicates the presence of both both EtpA1-606 and ETECFliC proteins throughout the peak (Figure 

4-18D). However, the presence of both proteins cannot be taken to indicate a complex 

formation of the two proteins as this would have created a peak to the left of the two 

individual peaks i.e. having a smaller retention volume. As such a peak is not seen, there is no 

evidence that the two proteins directly interact. 

4.3.4 Molecular pulldown assay 

The potential interaction of EtpA N-terminal fragments with FliC was further investigated 

using a molecular pulldown assay. In this case the bait protein GST-ETECFliC was non-covalently 

bound to GS beads via the GST tag. Binding of EtpA1-606 was monitored by allowing it to bind 

before allowing unbound protein to elute.  

 

Figure 4-19: Binding assays for EtpA N-terminal fragments and ETECFliC 

(A) Pulldown assay between GST-ETECFliC as bait and EtpA1-606. (B) Pulldown assay between His6-
ETECFliC as bait and EtpA67-447. 

 

The SDS-PAGE indicates that EtpA1-606 eluted essentially quantitatively accompanied by a 

small amount of GST-ETECFliC (Figure 4-19A). In the experiment only GST-ETECFliC protein band 
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is observed (Figure 4-19A) but no EtpA1-606. The fact that EtpA1-606 elutes quantitatively 

indicates very weak to no interaction between EtpA1-606 and GST-ETECFliC. 

A comparable assay was undertaken for EtpA67-447. Here His6-ETECFliC was bound to Ni-NTA 

beads as a molecular bait. However, the eluted protein contained most EtpA67-447, with a small 

contamination of His6-ETECFliC (Figure 4-19B). In the experiment no EtpA67-447 was retained 

leaving only His6-ETECFliC (Figure 4-19B). Again, if the proteins do interact directly, binding 

would be very weak i.e. with a KD in the 100 µM range or weaker.  

 

4.4 EtpA67-930 

 

Apart from the shorter N-terminal fragments of EtpA described above, an attempt was made 

to produce a longer fragment extending from residue 67 to 930, denoted EtpA67-930. This 

fragment was designed to include a part of the central region of the protein. At the genetic 

level, fragments encoding residues 67 to 447 and 448 to 930 were combined.  

4.4.1 Cloning 

A plasmid pGEX-6P-2-EtpA448-930 was purchased from Gene Universal (Newark, USA). Due to the 

cloning procedure, only a BamHI restriction site was available at the 5’ of the 448-930 

encoding insert to include the fragment coding for residues 67 to 447. Forward and reverse 

amplification primers were thus designed for the latter where both contained BamHI 

restriction sites (Section 3.4.2). This would allow the insertion of the 5’ fragment into the 

BamHI linearised vector – albeit in two possible orientations. A plasmid construct with the 

correct orientation was identified by Sanger sequencing, whereupon the central BamH1 

restriction site was removed by site-directed mutagenesis. The final construct was once more 

checked by agarose gel electrophoresis (Figure 4-20). 
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Figure 4-20: Restriction digest of presumed pGEX-6P-2-EtpA67-930 plasmids 

The size of the EtpA67-930 insert and that of pGEX-6P-2 vector after the double digestion are indicated 

on the agarose gel. 

 

In the double BamH1 and Not1 restriction experiment, a 2.5 kb band was observed that 

corresponds to the size of EtpA67-930 gene fragment as well as a 4.9 kb band that corresponds 

to the size of pGEX-6P-2 vector. The generation of a pGEX-6P-2-EtpA67-930 plasmid thus proved 

successful. 

4.4.2 Production trial 

The pGEX-6P-2-EtpA67-930 plasmid was used to produce GST-EtpA67-930 fusion protein at 22, 30 

and 37°C using 0.1 and 0.5 mM IPTG. An expected 112 kDa band corresponding to the GST-

EtpA67-930 fusion protein was observed in SDS PAGE gels for all temperatures and IPTG 

concentrations (Figure 4-21A and B). Unexpectedly, the intensity of the 112 kDa band was not 

dramatically affected by variations in temperature and IPTG concentration. Overall most 

protein was produced at 37°C and 0.5 mM IPTG. 
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Figure 4-21: Production trial for EtpA67-930 

(A) Production trial at 37°C with 0.1 mM and 0.5 mM IPTG. (B) Production trial at 22 and 30°C with 
0.1 mM and 0.5 mM IPTG. 

 

4.4.3 Solubility test 

During the previous optimization, the total protein production was analysed rather than the 

solubility and hence its usefulness. Hence the proportion of soluble versus insoluble protein 

was tested at 15, 22 and 30°C inducing with 0.1 mM IPTG (Figure 4-22A).  

 

Figure 4-22: Solubility test and solubilisation of GST-EtpA67-930 

(A) SDS-PAGE for solubility at different temperatures. (B) SDS-PAGE of solubilisation with urea. 
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Although the expected 112-kDa band for the GST-EtpA67-930 fusion protein is observed for all 

temperatures, the overwhelming larger proportion of the protein is observed in the lanes 

labelled “Insoluble” indicating that most of the protein was produced in an insoluble form. 

Fortunately the same band is also observed in fractions labelled as “soluble”, indicating that 

some protein, alas a small proportion was produced in a soluble form at these temperatures. 

The largest proportion of soluble protein is observed at 15°C compared to 22 and 30°C, 

though the proportion of soluble protein is still low. Protein inclusion bodies were solubilised 

with 2 M urea yielding the expected 112 kDa band of GST-EtpA67-930 Figure 4-22B). To refold 

the solubilized protein, half of the sample was diluted 10-fold with PBS, mixed with GS beads 

and incubated at 4°C with gentle agitation while the second fraction was dialysed a ten-fold 

larger volume of PBS. The diluted sample failed to bind to GS beads indicating that the 0.2 M 

urea did not allow the GST tags to fold sufficiently for binding. The dialysed faction 

precipitated about 30 min into the dialysis process implying that the transition was possibly 

too fast. Next buffers with different pH values and salt concentrations were used in stepwise 

dialyses to remove the urea more gradually. However, all attempts resulted in protein 

precipitation. No workable procedure to refold EtpA67-930 was thus achieved. 

4.5 AlphaFold models 

Full-length EtpA is a large protein of ~170 kDa. This project initially started with a reduced, N-

terminal fragment encompassing residues 1 to 606 (EtpA1-606) encoded by a plasmid provided 

by Prof James M. Fleckenstein, Washington University, St Louis, MO, USA. This fragment was 

produced and characterised, followed by the X-ray crystal structure of the yet shorter 

EtpA67-447. The high molecular weight limited our ability to clone and produce full-length EtpA. 

A synthetic gene was purchased to extend the N-terminal fragment up to residue 930. This 

was added to the vector encoding EtpA67-447to produce EtpA67-930. However, this 

cytoplasmically produced protein was mainly found to be insoluble, a possible bacterial 

response to a very large or hydrophobic protein. This prevented any further characterization 

of EtpA67-930 (see above). To obtain relevant structural information for this protein, AlphaFold 

was used to generate a theoretical structure. In addition, structures of four related TpsA 

proteins were also modelled, to allow some comparison of EtpA to other proteins for which 

structural information was previously largely lacking.  
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4.5.1 AlphaFold model of full-length EtpA 

A structural model of full-length EtpA was generated on the AlphaFold server [190]. As part 

of the output, AlphaFold provides a local Distance Difference Test (lDDT) scores for each 

amino acid residue indicating its reliability in terms of local or long-range interactions as well 

as its stereo-chemistry. lDDT values range between 0 and 100, for low to high confidence 

[194] and is colour coded from blue to red in AlphaFold plots.  

For EtpA, lDDT values for the first 70 residues are low (Figure 4-23A). These residues 

constitute the N-terminal signal peptide which is hydrophobic, and inherently unfolded. In 

the AlphaFold models this represented as an unstructured loop of undefined secondary 

structure interrupted by two β-strands (Figure 4-23C). lDDT scores were above 70 for most 

residues beyond the N-terminal signal peptide with some exceptions between residues 200 

to 300 and 400 to 600 (Figure 4-23B). The residues around position 200 are modelled into an 

extended loop in red that extends from the first α-helix in green (Figure 4-23C). Residues 

between positions 400 and 600 also have lower lDDT scores. They were modelled as the start 

of the C-terminal repeat domain, shown in dark blue in Figure 4-23C. Interestingly, the 

residues connecting the N- (yellow) and C-terminal (cyan/magenta) were modelled as a long 

loop structure plus an α-helix that interrupts the continuity of the β-helical design by being 

positioned between adjacent β-helical turns (red in Figure 4-23C). The inserted α-helix creates 

a distinct kink into the otherwise linear structure of the β-helix. Such regions between domain 

boundaries may be prone to increased flexibility [194].  

IDDT values slightly below 60 are also observed between position 600 and 800, position 900 

and 1000 and around position 1200. These residues form part of repeating loops (magenta  in 

Figure 4-23C) that create the start and end of the four 228-residues repeats found in EtpA and 

correspond to conserved STSGNAINL sequence motifs (magenta in Figure 4-23C). They cause 

a constriction of the β-helix (arrows) creating boundaries between the related repeats, 

resulting in structural flexibility and slightly less than perfect stereochemistry. Extra-helical 

domains observed for the EtpA N-terminal region are absent in the C-terminal domain. 
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Figure 4-23: AlphaFold model of full-length EtpA 

A) Sequence coverage of protein sequences related to EtpA. B) Calculated lDDT scores indicating 
the reliability of the predicted structure for individual residues. C) Modelled structure of full-length 
EtpA. The N-terminal domain in yellow harbours the TPS domain.  The signal peptide and the first 
α-helix are rendered in green and purple respectively. The repetitive C-terminal domain is in dark 
cyan. An intervening α-helix, linked to the interdomain kink (in blue), and the associated loop are 
highlighted in red. Conserved STSGNAINL motifs associated with C-terminal repeats are shown in 
magenta. Indentations following major repeats are marked by black arrows. D) Structural alignment 
of the experimental TPS domain crystal structure in green and the AlphaFold model in yellow. 
Structural differences in β-strands are marked in red.  

 

The TPS domain represented by the EtpA67-447 crystal structure closely matches the N-terminal 

part of the AlphaFold model (Figure 4-23D). Three β-strands are slightly shorter or longer in 

the crystal structure than in the model (red in Figure 4-23D). The overall N-terminal domain 

fold is nevertheless almost identical between the two structures.  
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Side chain comparison of Modelled EtpA67-447and the crystal structure 

As outlined above, a structural superposition of the EtpA67-447crystal structure and the 

corresponding AlphaFold model revealed no major difference except for three β-strands that 

are slightly shorter or longer in either model (Figure 4-24D).  

To check whether the overall similarity of the fold also extends to the conformation of side 

chains, these were compared for these three β-strands β13, β16 and β27 (Figure 4-23D). 

 

 

 

Figure 4-24: Comparing side chain residues of EtpA67-447crystal and modelled structure 

A) β-Strand β13 residues analysis with doted circles emphasising on the Ser119. B) β-Strand β13 
residues showing side chain bonding with Arg169. C) β-Strand β16 residues analysis. 
D) Crystal structure showing boding between β-strand β27 (orange) to other residues (green) on 
the structure. (B) AlphaFold model showing bonding between β-strand β27 (yellow) to other 
residues (green) on the structure. Hydrogen bodings are indicated in dotted lines. Crystal structure 
and AlphaFold model residues are indicated in green and yellow respectively for A-C. 
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The β-strand β13 of the crystal structure encompasses the residues Try116, Thr117, Phe118 

and Ser119. In the AlphFold model Ser119 forms part of the loop connecting β13 to β14 

However, except for the side chain of Ser119, all other residues adopt highly comparable 

conformations. A hydrogen bond between Thr117-OD1 to Phe118-N is conserved in both 

(Figure 4-24A). Similarly the side chain of Ser119 forms hydrogen bond to Arg169 in both 

models, despite the slight change in orientation on the side chain (Figure 4-24B).  

Next we compared the side chains for residues in β-strand β16 (Figure 4-10D) to those on the 

AlphaFold model. In the crystal structure β-strand β16 consist of the five residues Try141, 

Ile142, Val143, Leu144 and Ala 145, but includes Ala146 in the AlphaFold model, which forms 

part of the loop connecting β16 to β17 in the crystal structure (Figure 4-10D). The side chain 

of β16 residues align perfectly relative to each other (Figure 4-24C).  

The third β-strand that was slightly longer in the AlphaFold model is β-strand β27 (Figure 

4-10D). It encompasses Ile239, Val240, Leu241 and Asp242 in the crystal structure, while 

AlphaFold extended the β-strand to include Asn238. In the crystal structure, the side chain of 

Asn238 forms hydrogen bonds to the main chain atoms of Met232, Lys266 and Val206 (Figure 

4-24D). In the AlphaFold model, Asn238 instead forms hydrogen bonds the main chain atoms 

of Gly204 and Val206 (Figure 4-24E). In both models, the hydrogen bonding pattern for 

residues Ile239 (to Lys266 and Val268), Val240 (to Val208 and Leu208), and Leu241 (to Val268 

and Qln270) is conserved (Figure 4-24D and E). For Asp242 a hydrogen bond to Gly244, 

Leu208 and Ala210 are conserved in both models (Figure 4-24E), though the crystal structure 

indicates two additional hydrogen bonds to Thr209 and Arg307 (Figure 4-24E).  

A comparison of the conserved NPNG loop again confirms a high degree of similarity for both 

models with conserved hydrogen bonds between Asn82 and both Asn84 and Gly85 (Figure 

4-25). Apart from the minor conformational differences and hydrogen bonding patterns, no 

major differences were noticeable for the side chains of the crystal structure of EtpA67-447and 

the AlphaFold model. In part this may be due to similar TpsA N-terminal domains having been 

used in training AlphaFold. Nevertheless the similarity in structures is noticeable. 
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Figure 4-25: Analysis of conserved NPNG motif residues for EtpA67-447 

Crystal structure (green) and the AlphaFold model (yellow). Hydrogen bonds are indicated in red 
dots. 

 

4.5.2 AlphaFold model of full-length HMW1A 

The high molecular weight 1A (HMW1A) protein from H. influenza was also modelled using 

AlphaFold. Results for the first 1200 residues indicate very low sequence identity to query for 

most of the sequence (Figure 4-26A).  

 

Figure 4-26: AlphaFold model of HMW1A 

A) Sequence coverage. B) Calculated lDDT score per residue. C) Modelled full-length HMW1A 
structure. The signal peptide is coloured in purple, an interdomain α-helix, linked to the interdomain 
kink (in blue), and the associated loop are highlighted in red. 
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The lDDT scores for residues 1 to 80, 400 to 500, and 1000 to 1200 are quite low (Figure 

4-26B). The residues involved constitute the protein secretion peptide in purple, an α-helix 

with an extended loop in red and the inter-domain kink in blue (Figure 4-26C). Overall, full-

length HMW1A is modelled as a continuous β-helix with a noticeable inter-domain kink 

(Figure 4-26C). In this regard, the structure of HMW1A is highly reminiscent of EtpA. 

4.5.3 AlphaFold model of full-length FHA 

As for the other TspA structures, significant sequence identity for the 1276-residue 

filamentous hemagglutinin (FHA) protein from B. pertussis is mainly limited to the N-terminal 

domain i.e. up to residue 400 (Figure 4-27A). Only a single related sequence was identified 

for the C-terminal end. 

 

 

Figure 4-27: AlphaFold model of FHA 

A) Sequence coverage. B) Predicted lDDT score per position. C) Ribbon representation of the 
modelled FHA first fragment. The signal peptide is coloured in purple. Extended loops involved with 
low lDDT scores are indicated in red, blue and green. 

 

 Mostly lDDT scores were high, except for the N-terminal 80 residues, for narrow bands of 

residues near positions 250 and 500 as well as resides beyond position 1000. The poorly 

defined residues at positions 250 and 500 are modelled as extra-β-helical loops (blue and 
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green in Figure 4-27C) as well as C-terminal β strands. The limited information on how these 

extended loops could interact with the main β-helical structure, is reflected in the low lDDT 

scores. This could also correlate with increased flexibility. Overall full-length FHA protein was 

modelled as a single, continuous β helix, which lacks the interdomain kink plus associated 

α-helix observed for EtpA and HMW1A (Figure 4-27C). 

4.5.4 AlphaFold model of full-length HpmA 

Results for the modelled 794 residues hemolysin (HpmA) protein from P. mirabilis indicate a 

high sequence coverage to query for the first 250 positions and decreases for the rest of the 

protein (Figure 4-28A). The overall lDDT score is very high with the only exception being at 

the first 50 positions (Figure 4-28B) which contain the signal peptide sequence. The overall 

predicted lDDT score is very high, producing a β-helical structure with β-sheets that extends 

from its core (Figure 4-28C). 

 

 

Figure 4-28: AlphaFold model of HpmA  

A) Sequence coverage, B) Predicted lDDT score per position. C) Ribbon representation of 
modelled HpmA. The signal peptide is coloured in purple. 
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4.5.5 AlphaFold model of full-length HxuA 

Modelling results for the 884-residue hemopexin-binding protein (HxuA) from H. influenza 

indicate many related sequences for the first 100 to 300 amino acids but no to almost no 

related sequences for residues 400 to 884 (Figure 4-29A).  

 

 

Figure 4-29: AlphaFold model of HxuA 

A) Sequence coverage, B) Predicted lDDT score per position. C) Ribbon representation of modelled 
HxuA. The kink region is indicated in red while other flexible regions with low lDDT scores are 
indicated in green. D) Structural alignment of the experimental crystal structure in green and the 
AlphaFold model in yellow. Structural differences in α-helices and β-strands are marked in red. 

 

Although the overall predicted lDDT score is over 80 %, many individual residues, especially 

towards the C-terminus, have scores of only 60 % or below (Figure 4-29B). These residues are 

modelled as extended loops (green, Figure 4-29C). The flexibility of these extended loops 
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could have contributed to the low predicted lDDT scores at these positions. Very low lDDT 

scores are also observed between residues 300 and 400 (Figure 4-29). The model includes a 

slight kink in this region consisting of an α-helix connected to β-strands by an extended loop 

(blue, Figure 4-29C). This kink region is a potential domain boundary connecting the N- and 

C-terminal domains of the protein. The overall modelled structure of HxuA thus consist of a 

β-helix with a slight kink and extended loops (Figure 4-29C). Structural alignment of the 

experimental structure and the modelled structure revealed some noticeable differences 

between the two structures in which two α- helices and five β-strands on the experimental 

crystal structure are modelled into loops on the AlphaFold structure (red, Figure 4-29D). 

These differences, however, did not result in significant differences between the two 

structures. This may have been expected as the HxuA structure was presumably part of the 

PDB database used to train AlphaFold. 
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5 Discussion 

This work aimed to structurally and biophysically characterize the protein EtpA from 

enterotoxigenic E. coli (ETEC) as well as confirm and quantify its physical interaction with 

flagellin (FliC) from the same subspecies. Various protein fragments were designed, 

corresponding gene constructs prepared in various plasmids, and protein produced and 

purified. While some constructs could be produced successfully, others proved problematic 

either in terms of soluble production, purification or oligomerization. Physical 

characterization by un- and refolding, X-ray crystallography and AlphaFold nevertheless 

yielded a significant amount of complementary structural and biophysical information on 

EtpA.  

5.1 EtpA N-terminal domain and related structures 

The N-terminal fragment EtpA1-606 was secreted to the medium. It proved soluble and 

remarkably stable with a Tm of 94°C. The chemical denaturation induced by urea of EtpA1-606 

proved fully reversible, implying a clear folding path and supporting its inherent stability. A 

stable β-helical fold thus appears particularly suited to a secreted protein allowing it to survive 

and perform its role in infection in an unpredictable and possibly highly variable environment.  

While similar stability and/or folding studies for related TpsA proteins have not yet been 

undertaken, the β-helical autotransporter effector domain of the type 5a secretion protein 

pertactin from Bordetella pertussis, the causative agent of whooping cough, has been 

investigated in some detail [87]. In pertactin, a related C-terminal domain was also found to 

be very stable. It was shown to provide a template for the efficient folding of the extended β-

helical protein [87, 195]. Note that compared to TpsA proteins (type Vb secretion system), 

the secretion of autotransporter effector domains from Type Va secretion systems starts at 

the C-terminus and proceeds towards the N-terminus. Analogous to pertactin, the stable TPS 

domain would be important for efficient secretion and vectorial folding of full-length EtpA.  

-Helical proteins beyond those from type V secretion systems include meso- and thermo-

stable pectate lyases [196] or heat and chaotrope resistant “gene product 5” (Gp5), a spike-

shaped trimeric bacteriophage T4 protein [197]. Like EtpA, Gp5 has a well-defined repeat, 

refolds spontaneously, and forms oligomers [197]. The β-helical fold thus clearly ensures the 
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production of stable proteins in hostile, extracellular environments that can survive for 

extended periods of time. 

The crystal structure of EtpA67-447, as presented here, is the fifth TpsA TPS structure overall. 

Related TPS domains resolved structurally include those of HMW1-PP, the TPS of high 

molecular weight adhesin (HMW1A) from H. influenza, hemopexin-binding protein (HxuA) 

also H. influenza [91], FHA30 the TPS of filamentous hemagglutinin adhesin (FHA) from B. 

pertussis [94], and HpmA265, the TPS of hemolysin (HpmA) from P. mirabilis [93]. Their 

sequence alignment and structures are shown in Figure 5-1. 

 

 

Figure 5-1: Comparison of selected TpsA 

A) A partial, structure-based sequence alignment of the TPS domain of EtpA67-447, HxuA301, HMW1-
PP, HpmA265 and Fha30. Conserved and mostly conserved residues are shown as white or red 
coloured text on a red or yellow background respectively. A blue box highlights the conserved NPNG 
motif.  
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B) TpsA TPS domain crystal structures. Above: Lateral views, below: N-terminal views. The β strands 
of the N-terminal cap are shown in red, the conserved NPNG motifs and the extra-helical domains in 
blue, partly-conserved NPNL motifs in magenta, additional extra-helical elements in cyan. 
 

Despite low sequence identities between EtpA and other TPS domains of 23 % for HpmA265 

to 35 % for HxuA (Figure 5-1A), the domains all form structurally analogous right-handed β-

helices (Figure 5-1B). The β-helices all share tightly packed, hydrophobic cores and distinctive 

aromatic clusters in the first helical turn: Trp34, Phe47, Phe79, Phe88 and Phe99 in EtpA. 

N-terminal cap structures shield the hydrophobic cores of all the proteins but differ with 

respect to the number and arrangement of β-strands (Figure 5-1B). Thus in EtpA67-447 and 

HxuA two β-strands serve this purpose, while in Hmw1-PP, FHA30 and HpmA265 three 

β-strands are involved. Structural differences between TpsA members presumably reflect 

their distinct co-evolution with their respective TpsB outer membrane transporters [89].  

Another noticeable shared feature of TpsAs are similarly positioned extra-helical domains 

(blue in Figure 5-1B), though the number and arrangement of secondary structural elements 

and the insertion points within the β-helix varies extensively. They are consistently located on 

the outside of the PB1 β-sheet, possibly implying a common role as for homotypic interactions 

or in biofilm formation [198]. These extra-helical motifs could also provide evolutionary 

hotspots to generate additional binding sites especially as the rigidity of the β-helix itself may 

prevent the simple generation of additional functions here without impacting on the overall 

stability.  

EtpA would furthermore need to interact with other bacterial and host structures as part of 

its role of promoting ETEC adherence and intestinal colonization. The interaction of EtpA with 

flagellin and glycans in which some of the extra-helical motifs may be required in promoting 

toxin delivery is undoubtedly one such case. Further functional characterisation of TpsA 

proteins will be required to reveal the role of individual secondary structural elements in 

recognition, secretion, folding and additional functions. 

A further similarity of TPS domains involves a conserved NPNG motif. Substituting the first 

asparagine in the motif dramatically reduces secretion rates of FHA and ShalA [193, 199]. A 

related NPNL motif shared by FHA30 and HpmA265 is, however, absent in EtpA67-447, HMW1-

PP and HxuA.  
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5.2 Full-length modelled structures of TpsA proteins 

The large size and the need for specific TpsB transporters have historically complicated the 

structural analysis of full-length TpsAs. As a result, only HxuA, the smallest member of the 

family by far, ever yielded a full-length structure [92]. Correspondingly, the roles of the C-

terminal domains are currently not well understood. In HxuA this domain binds hemopexin 

via its extra-helical motifs [92].  

AlphaFold now provides a method to generate structural models of full-length TpsAs (Figure 

5-2), expanding the previously available experimental TPS domain structures.  

 

Figure 5-2: AlphaFold models of full-length TpsA proteins 

TPS containing N-terminal and C-terminal domains are in green and yellow, respectively, interdomain 
α-helices and adjoining loops in red.  
 

Apart from EtpA, structural models were generated for HMW1, HxuA, FHA and HpmA. In all 

these proteins, the β-helical fold that defines their TPS domains (Figure 5-1A) extends into 

the C-terminal domains (Figure 5-2). Nevertheless, both the length and repeat-pattern for the 

C-terminal β-helices differ appreciably. In HpmA, the C-terminal β-helix appears to be 

accompanied by a large, extended β-sheet extending laterally away from the β-helix (Figure 

5-2). While this unusual fold is supported by RosettaFold [200], its correctness would ideally 

need to be confirmed experimentally as an isolated β-sheet would be prone to rapid 
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degradation. In EtpA, HMW1A and HxuA, an α-helix as part of a longer loop insert between 

the N- and C-terminal domains (red in Figure 5-2) creating a localised kink in the β-helix – 

more noticeable in EtpA but much less so in HMW1 and HxuA (Figure 5-2). HpmA and FHA 

lack this α-helix, resulting in essentially linear assemblies (Figure 5-2). In EtpA and HMW1 the 

β-helix constricts noticeably at the start of the C-terminal domain while the β-helical diameter 

continues largely unchanged in HxuA, HpmA and FHA, contributing to the single, continuous, 

and linear β-helix. Apart from the interdomain kink and the constriction of the β-helix, the 

EtpA C-terminal domain is most similar to HMW1A and FHA in particular with respect to the 

length and linearity of the C-terminal domain. Functionally, EtpA shares adherence and 

agglutination properties with HMW1 and FHA [150] [201, 202]. 

The shape of proteins created from fused repeats may range from linear to circular, helical or 

twisted based on repeating contributions from each repeat unit [203]. Bends and twists are 

caused by gradual shifts in repeat proteins through multiple offsets leading to circular or 

helical rotation around the helix axis. By contrast, kinks create a localized offset of the helical 

axis. While bends and twists generally have little effect on protein stability, kinks have been 

shown to affect the stability of some proteins [204]. Correspondingly, kinks may have 

contributed to the paucity of crystal structures for β-helical proteins. EtpA and HMW1 that 

contain kinks may also prove less stable overall than the more linear counterparts. Antigen 

43a, an adhesin from E. coli involved with cell aggregation and biofilm formation, possesses a 

kink like that of EtpA and HMW1 [205], implying that the kink of EtpA may be of functional 

importance. Kinks in α-helices are observed in membrane and soluble proteins with kink 

angles ranging from 6 to 65° [206]. TpsA proteins show some variation in terms of kinks and 

twists, but less in terms of bends especially if compared to other superhelical proteins such 

as leucine-rich repeat proteins where curved structures provide a clasped binding surface for 

protein-protein interactions [207]. Interestingly, antigens 43a (4KH3) and 43b (7KOB) share 

90 % sequence identity yet demonstrate different bending curvatures [205].  

Apart from subtype Vb secreted proteins such as TpsAs, β-helical structures are also typical 

for passenger domains of the closely related subtype Va secretion systems or 

autotransporters (ATs). Examples include antigens 43a (4KH3) and 43b (7KOB) as well as SepA 

(5J44) [205, 208]. Other β-helical proteins include tail spike protein of E. coli bacteriophage 

HK620 (2VJI) [209] and the AFP antifreeze protein [210]. A common feature of these β-helical 

proteins is their physical stability in a challenging extracellular environment. Potentially, the 
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thermodynamics of β-helix formation may aid secretion by providing a ratchet mechanism 

helping to move the protein through the pore in a single direction and offsetting a lack of 

accessible energy outside the outer membrane [211].  

TpsA proteins typically contain complex sequence repeats with those in EtpA being among 

the longest. Repeat domains, including those of TpsAs, are assumed to evolve by internal gene 

duplications and recombination processes [203]. Genetically, such repeats may presumably 

be easily extended through multiple recombination events creating longer proteins with large 

surfaces for possible interaction with other proteins or surfaces. Protein repeats of various 

patterns are common in proteins and critically contribute to their function [212]. Repeats may 

vary from single amino acid repeats, to short repeats of 20 to 40 amino acids, and larger 

repeats of more than 100 amino acids [212]. Such repeats can include distinct domains of 

defined structure and function linked by disordered loops [213] or directly fused repeating 

units as observed in EtpA. Many proteins larger than 500 amino acids contain extensive 

repeats [214]. The complexity of repeats, however, means that no single annotation system 

can capture all resulting properties. Functions known to arise from protein repeats include 

protein-protein interactions, nucleotide-binding, signal transduction, antiviral response and 

virulence [203]. Thus while leucine-rich repeats are involved in protein-protein interactions, 

zinc finger transcription factors bind DNA, S. pyogenes proteins with DUF1542 domain repeats 

enable adhesion and antibiotic resistance [215]. EtpA may have a similar function. Some 

repeat-rich proteins give rise to antigenic behaviours [216]. The EtpA repeats could account 

for its antigenic traits allowing it to interact with glycans in blood group A individuals [152] 

with depressions between successive EtpA repeats providing binding pockets for molecules 

such glycans and flagellin.  

An early hypothesis for TpsA translocation and folding suggested that the TPS domain would 

remain bound to the POTRA domains while the remaining protein was translocated and 

folded on the cell surface [140] . A latter model suggested that TPS domains initiate folding 

upon secretion [89]. This suggestion is supported by the stable TPS fold, the efficient secretion 

of truncated N-terminal domains of TpsA proteins, TPS domain-initiated TpsA folding in vitro 

[139, 143], and the accessibility of N-termini of stalled FHA constructs at the cell surface [93, 

141, 142]. We propose that the TPS domain may furthermore serve as a template to facilitate 

folding of the C-terminal domain. 
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5.3 Investigating the interaction with flagellin 

Protein-protein interactions are a critical component of most infectious diseases. A typical 

example is the interaction between the severe acute respiratory syndrome coronavirus 

(SARS-CoV-2) spike protein and the human angiotensin converting enzyme-2 (ACE-2) [217, 

218]. In this project the interaction of two N-terminal domains of EtpA and flagellin from ETEC 

was investigated. However, both SEC and molecular pulldown assays failed to show any direct 

interaction between the two N-terminal domain fragments and flagellin. The finding differ 

from that from a previous study in which molecular pulldown assay was used to report that 

the first 560 residues of EtpA are enough to interact with flagellin [13]. Our findings could 

possibly suggest that other factors might be required for the interaction to happen. Our SEC 

findings with EtpA1-606 were not conclusive considering that the protein eluted with a similar 

elution volume with flagellin, making it difficult to resolve any shift in the peaks that could 

have been because of a complex between the two proteins. This therefore open the doors for 

other interaction techniques such as microscale thermophoresis (MST) to be applicable. As 

for those other factors that might be required for the interaction between the two proteins 

to happen, future work can be done to investigate them. Factors such as varying incubation 

time, different incubation temperature and buffers should be part of such future 

investigations. This project has generated several constructs that would facilitate such future 

investigations. 

5.4 Production of EtpA extended fragment 

Characterization of most TpsA proteins to date has been limited to their TPS domain, with 

HxuA from H. influenza being the only full-length protein of this family that has been studied. 

We attempted to characterize EtpA protein from ETEC beyond its TPS domain by producing a 

fragment that incorporates the N-terminal domain (residues 67-447) and the central region 

(residue 448-930) giving rise to EtpA67-930. Obtained results indicated successful cloning and 

production of GST-EtpA67-930 fusion protein. However, most of the protein was being 

incorporated into inclusion bodies, a clear stress response to when too much protein is being 

produced, the protein is unable to fold timeously, or if the protein poses a physical or 

functional threat to the cell. While the inclusion bodies could be solubilized, exploratory 

attempts to refold the protein proved unsuccessful. The failure to refold the longer fragments 

of EtpA may be due to factors such as its high molecular weight, producing it the cytoplasm 
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rather than the extracellular milieu, and the absence of its secretion partner which 

presumably functions as both a pore and a folding-chaperone. Producing EtpA67-930 in the 

cytoplasm without its secretion partner may thus have presented the main stumbling block 

in allowing it to fold. By contrast, EtpA67-447 was successfully produced in the cytoplasm. In 

fact, inclusion bodies for EtpA67-447 could be solubilized and successfully refolded (urea 

denaturation studies). Similarly, EtpA1-606 could be chemically denatured and refolded. The 

only difference between these EtpA constructs is the extended C-terminal region in EtpA67-

930. It would seem that the extended C-terminal domain blocked the folding path either by 

slowing the process, interfering with the folding of the N-terminal domain, or by preventing 

the folded N-terminal domain to function as a folding nucleus for the C-terminal domain. 

While EtpA1-606 was natively secreted by EtpB, the potential chaperone function of EtpB would 

be absent during the refolding process after urea denaturation in vitro. Oddly, the production 

of GST-EtpA67-606 within the cytoplasm using pGEX-6P-2 vector also resulted in quantitatively 

insoluble protein, implying that its folding path may already be impaired or that its physical 

size or unknown metabolic functions induced the E. coli cells to mount a regulatory response 

that sequestered the protein into the inclusion bodies. Full-length EtpA has successfully been 

produced by native secretion [150], though the protein yield was low, possibly implying 

inefficiencies as a result of the length of the polypeptide chain.  
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6 Conclusion 

In summary, we used CD spectroscopy to show that the EtpA N-terminal TPS domain forms 

thermostable and urea-stable folds that efficiently refold after denaturation. We further used 

X-ray crystallography and structure modelling by AlphaFold to demonstrate that the β-helical 

structure of the EtpA and related N-terminal domains provide a possible template upon which 

the C-terminal domain can efficiently fold. Accumulating structural data on EtpA and related 

virulence factors provide an increasingly clearer understanding of this important family of 

proteins. These concepts could inform the design of novel microproteins for vaccine 

development. While β-helical fragments remain challenging to produce, their inherent 

stability once formed could offer highly attractive vaccine candidates against a range of 

pathogens. While N- and C-terminal capping domains would inevitably be required to stabilize 

such mini-proteins the combination with an N-terminal fragment of a readily folding protein 

could help to successfully nucleate the β-helical folding process. Functional studies between 

EtpA N-terminal domain and flagellin with size exclusion chromatography and molecular 

pulldown assays failed to show any interaction implying that other factors may be involved. 

This opens the platform for further future investigation. Though we have successfully used 

AlphaFold model to show that there are no major differences between the X-ray crystal 

structure of EtpA67-447 and its corresponding AlphaFold model, the question that remains is 

whether X-ray crystallography will still be required to determine protein structures. Part of 

the answer to this question is to look at proteins beyond their apo-structures where some are 

required to interact with other molecules or with other proteins to perform vital roles in 

pathogenesis in the case of ETEC. For instance the interaction of EtpA with FliC. For the past 

decades, X-ray crystallography have been the main experimental techniques used to 

determine how proteins interaction with non-proteins molecules and other proteins. Can we 

also use AlphaFold to obtain such vital information? Certainly not at this moment, though it 

is obvious that such platforms are undergoing investigation. While we await such mega 

platforms to be put in place, X-ray crystallography will continue to play an impact in our 

understanding of protein interactions. Even if we do manage to put such platforms in place, 

it is possible that a combination with X-ray crystallography might provide some validation. 
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8 APPENDICES 

8.1 Gene sequences 

8.1.1 EtpA full-length nucleotide sequence 

GenBank: AY920525.2 

Appendix 8-1: EtpA full-length nucleotide sequence 

ATGAACCGTATATATAAACTGAAGTTTGACAAACGCCGCAACGAACTGGTGGTGGTGAGTGAAATCACCACCGGCGTGGGTAATGC
AAAAGCCACGGGCAGCGTGGAGGGCGAAAAGTCCCCCCGTCGTGGCGTGCGCGCCATGGCGCTGAGCCTGCTGTCGGGTATGATG
ATAATGGCCCATCCGGCGATGTCAGCAAACCTGCCGACCGGTGGCCAGATTGTGGCAGGTTCAGGCAGTATCCAGACGCCTTCCGG
CAACCAGATGAATATTCATCAGAACAGCCAGAACATGGTGGCCAACTGGAACAGCTTTGACATTGGTAAAGGAAATACGGTGCAGT
TTGACCAGCCCAGCAGCAGTGCGGTGGCGCTGAACCGTGTTGTGGGTGGCGGTGAATCGCAGATTATGGGTAACCTGAAGGCGAA
TGGTCAGGTGTTCCTGGTTAACCCGAACGGCGTGCTGTTTGGTGAGGGGGCCAGTGTCAGCACGTCAGGTTTTGTGGCATCGACCC
GCGACATTAAAAACGACGACTTCATGAACCGTCGTTACACCTTCAGCGGCGGACAGAAAGCCGGGGCAGCGATTGTGAACCAGGG
GGAACTGACCACAAATGCCGGTGGCTATATTGTGCTGGCAGCAGACAGGGTCAGCAACAGTGGCACCATCCGTACGCCGGGCGGC
AAGACCGTCCTGGCGGCCAGCGAGCGCATCACGCTGCAGCTGGATAATGGTGGCCTGATGTCCGTGCAGGTGACAGGAGATGTGG
TTAATGCCCTGGTGGAAAACCGCGGTCTGGTCAGTGCCCGGGATGGTCAGGTGTACCTGACCGCACTTGGCCGGGGTATGCTGATG
AACACGGTACTGAACGTGAGCGGGGTGGTGGAAGCCAGCGGTATGCACCGTCAGGACGGTAACATTGTACTGGACGGTGGCGACA
GTGGTGTGGTGCACCTGAGTGGTACCCTGCAGGCGGACAATGCGTCCGGTCAGGGTGGTAAGGTTGTCGTGCAGGGTAAGAATAT
TCTGCTGGACAAGGGCAGCAACATCACAGCAACCGGTGGTCAGGGCGGCGGTGAAGTGTATGTCGGTGGCGGCTGGCAGGGTAA
GGACAGCAACATCCGTAATGCGGACAAGGTGGTGATGCAGGGCGGCGCCCGCATTGACGTTTCTGCAACGCAGCAGGGTAACGGC
GGTACGGCTGTGCTGTGGTCAGACAGCTACACCAACTTCCATGGTCAGATTAGCGCGAAGGGCGGTGAGACCGGCGGTAACGGTG
GTCGGGTGGAGACCTCTTCGCACGGTAACCTGCAGGCATTTGGTACGGTCAGTGCATCCGCGAAGAAAGGCAAGGCGGGTAACTG
GCTGCTGGACTCGGCGGATATCACCATTGTGAATGGTAGCAATGTTAGCAAAACTGAGACGACTCAATCGCCGCCGCACACGCAATT
TGCACCCACCGCTGCGGGCTCTGCGGTCAGCAATACCAGTATCAACAACAGGCTGAACAACGGGACCAGTGTCACTATTCTGACCCA
TCGCACAAGAACAGGCACAGCTCAGGGCGGGAATATTACCGTTAATGCGGCAATTAACAAAAGCAACGGAAGTGATGTCAACCTGA
CGCTGCAGGCTGGCGGCAACATCACGGTAAACAACAGCATCACGTCCACCGAGGGTAAGCTGAATGTTAATCTGTCGGGCGCCAGG
ACCAGCAATGGCAGTATCACCATTAGCAATAACGCCAATATAACGACCAATGGTGGGGATATAACTGTTGGGACGACAAATACTTCA
AACCGTGTGAATATATCTATTAATAACACTACCCTGAATGCGTCAAATGGCAACATCCAGTTGACCGGGACCGGGACCGATAGCGGG
ATTCTGTTTGCTGGCAACAACAGGCTGACGGCCAGTAACATTGCTCTTACCGGGAACAGTACGAGTGGGAATGCCATCAACCTTACA
GGCACTGCCACGCTGAATGCCACGAATAACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTAAAGGCAACAA
CACGCTGACGGCCAGTAACATTACTCTTACCGGGGAAAGTACGAGTGGGAATGCCATCAACCTTACAGACACTACAGGCACTACCAC
GCTGAATGCCACGAATAACATCACTATGCAGGGGACCCGTGTTCAGATTAAACACTCCAACATCACCGCGGGCAACTTTGCGCTGAA
TGCGACAGTGGCCGGCTCTGAAATCAGCAATACCACGCTGACGGCCACCAACAACATCAACCTGGCGGCTAAGACGAACAGTGCGA
GCTCTGGTGTTTACCTGAAAGATGCAAGAATTACATCCACCAATGGCAGTATCACGGCTAACGGTACTGCCACAGCAAACGGCAAGG
CCACGCATCTGGACGGCAACGTCACCCTGAATGCGTCAAATGGCAGAATCAAGTTGACCGGGAACGGGCACGGTAGCGCCTCCGG
GATTCTGTTTGCTGGCAACAACAGGCTGACGGCCAGTAACATTGCTCTTACCGGGAACAGTACGAGTGGGAATGCCATCAACCTTAC
AGGCACTGCCACGCTGAATGCCACGAATGACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTG
CCACGCTGAATGCCACGAATAACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTAAAGGCAACAACACGCTGA
CGGCCAGTAACATTACTCTTACCGGGGAAAGTACGAGTGGGAATGCCATCAACCTTACAGACACTACAGGCACTACCACGCTGAATG
CCACGAATAACATCACTATGCAGGGGACCCGTGTTCAGATTAAACACTCCAACATCACCGCGGGCAACTTTGCGCTGAATGCGACAG
TGGCCGGCTCTGAAATCAGCAATACCACGCTGACGGCCACCAACAACATCAACCTGGCGGCTAAGACGAACAGTGCGAGCTCTGGT
GTTTACCTGAAAGATGCAAGAATTACATCCACCAATGGCAGTATCACGGCTAACGGTACTGCCACAGCAAACGGCAAGGCCACGCAT
CTGGACGGCAACGTCACCCTGAATGCGTCAAATGGCAGAATCAAGTTGACCGGGAACGGGCACGGTAGCGCCTCCGGGATTCTGTT
TGCTGGCAACAACAGGCTGACGGCCAGTAACATTGCTCTTACCGGGAACAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTG
CCACGCTGAATGCCACGAATGACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGA
ATGCCACGAATAACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTAAAGGCAACAACACGCTGACGGCCAGT
AACATTACTCTTACCGGGGAAAGTACGAGTGGGAATGCCATCAACCTTACAGACACTACAGGCACTACCACGCTGAATGCCACGAAT
AACATCACTATGCAGGGGACCCGTGTTCAGATTAAACACTCCAACATCACCGCGGGCAACTTTGCGCTGAATGCGACAGTGGCCGGC
TCTGAAATCAGCAATACCACGCTGACGGCCACCAACAACATCAACCTGGCGGCTAAGACGAACAGTGCGAGCTCTGGTGTTTACCTG
AAAGATGCAAGAATTACATCCACCAATGGCAGTATCACGGCTAACGGTACTGCCACAGCAAACGGCAAGGCCACGCATCTGGACGG
CAACGTCACCCTGAATGCGTCAAATGGCAGAATCAAGTTGACCGGGAACGGGCACGGTAGCGCCTCCGGGATTCTGTTTGCTGGCA
ACAACAGGCTGACGGCCAGTAACATTGCTCTTACCGGGAACAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTG
AATGCCACGAATGACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACG
AATAACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTAAAGGCAACAACACGCTGACGGCCAGTAACATTACT
CTTACCGGGGAAAGTACGAGTGGGAATGCCATCAACCTTACAGACACTACAGGCACTACCACGCTGAATGCCACGAATAACATCACT
ATGCAGGGGACCCGTGTTCAGATTAAACACTCCAACATCACCGCGGGCAACTTTGCGCTGAATGCGACAGTGGCCGGCTCTGAAATC
AGCAATACCACGCTGACGGCCACCAACAACATCAACCTGGCGGCTAAGACGAACAGTGCGAGCTCTGGTGTTTACCTGAAAGATGC
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AAGAATTACATCCACTAATGGCAGTATCACGACTAACGGTACTGCCACAGCAAACGGCAAGGCCACGCATCTGGACGGCAACGTCA
CCCTGAATGCGTCAAATGGCAGAATCAAGTTGACCGGGAACGGGCACGGTAGCGCCTCCGGGATTCTGTTTGCTGGCAACAACAGG
CTGACGGCCAGTAACATTGCTCTTACCGGGAACAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACG
AATGACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACGAATAACATT
ACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTAAAGGCAACAACACGCTGACGGCCAGTAACATTACTCTTACCGGG
GAAAGTACGAGTGGGAATGCCATCAACCTTACAGACACTACAGGCACTACCACGCTGAATGCCACGAATAACATCACTATGCAGGG
GACCCGTGTTCAGATTAAACACTCCAACATCACCGCGGGCAACTTTGCGCTGAATGCGACAGTGGCCGGCTCTGAAATCAGCAATAC
CACGCTGACGGCCACCAACAACATCAACCTGGCGGCTAAGACGAACAGTGCGAGCTCTGGTGTTTACCTGAAAGATGCAAGAATTA
CATCCACCAATGGCAGTATCACGGCTAACGGTACTGCCCCAGCAAACGACAATGCCACGTATCTGGACGGCAACGTCACCCTGAATG
CGTCAAATGGCAGCATCAAGTTGACCGGGAACGGGAACGGTAGCACCTCCGGGATTCTGTTTGCTGGCAACAACACGCTGACGGCC
AGTAACATTACTCTTACCGGGAACAGTGAGGTGTACTGGCAATAG 

 

 

8.1.2 EtpA67-447 nucleotide sequence 

Obtained from EtpA full-length nucleotide sequence. 

Appendix 8-2: EtpA67-447 nucleotide sequence 

AACCTGCCGACCGGTGGCCAGATTGTGGCAGGTTCAGGCAGTATCCAGACGCCTTCCGGCAACCAGATGAATATTCATCAGAACAG
CCAGAACATGGTGGCCAACTGGAACAGCTTTGACATTGGTAAAGGAAATACGGTGCAGTTTGACCAGCCCAGCAGCAGTGCGGTGG
CGCTGAACCGTGTTGTGGGTGGCGGTGAATCGCAGATTATGGGTAACCTGAAGGCGAATGGTCAGGTGTTCCTGGTTAACCCGAAC
GGCGTGCTGTTTGGTGAGGGGGCCAGTGTCAGCACGTCAGGTTTTGTGGCATCGACCCGCGACATTAAAAACGACGACTTCATGAA
CCGTCGTTACACCTTCAGCGGCGGACAGAAAGCCGGGGCAGCGATTGTGAACCAGGGGGAACTGACCACAAATGCCGGTGGCTAT
ATTGTGCTGGCAGCAGACAGGGTCAGCAACAGTGGCACCATCCGTACGCCGGGCGGCAAGACCGTCCTGGCGGCCAGCGAGCGCA
TCACGCTGCAGCTGGATAATGGTGGCCTGATGTCCGTGCAGGTGACAGGAGATGTGGTTAATGCCCTGGTGGAAAACCGCGGTCTG
GTCAGTGCCCGGGATGGTCAGGTGTACCTGACCGCACTTGGCCGGGGTATGCTGATGAACACGGTACTGAACGTGAGCGGGGTGG
TGGAAGCCAGCGGTATGCACCGTCAGGACGGTAACATTGTACTGGACGGTGGCGACAGTGGTGTGGTGCACCTGAGTGGTACCCT
GCAGGCGGACAATGCGTCCGGTCAGGGTGGTAAGGTTGTCGTGCAGGGTAAGAATATTCTGCTGGACAAGGGCAGCAACATCACA
GCAACCGGTGGTCAGGGCGGCGGTGAAGTGTATGTCGGTGGCGGCTGGCAGGGTAAGGACAGCAACATCCGTAATGCGGACAAG
GTGGTGATGCAGGGCGGCGCCCGCATTGACGTTTCTGCAACGCAGCAGGGTAACGGCGGTACGGCTGTGCTGTGGTCAGACAGCT
ACACCAACTTCCATGGTCAGATTAGCGCGAAGGGCGGTGAGACCGGCGGTAACGGTGGTCGGGTGGAGACCTCTTCGCACGGTAA
CCTGCAGGCATTTGGTACGGTCAGTGCATCCGCG 

 

8.1.3 EtpA1-606 nucleotide sequence 

Obtained from EtpA full-length nucleotide sequence. 

Appendix 8-3: EtpA1-606 nucleotide sequence 

ATGAACCGTATATATAAACTGAAGTTTGACAAACGCCGCAACGAACTGGTGGTGGTGAGTGAAATCACCACCGGCGTGGGTAATGC
AAAAGCCACGGGCAGCGTGGAGGGCGAAAAGTCCCCCCGTCGTGGCGTGCGCGCCATGGCGCTGAGCCTGCTGTCGGGTATGATG
ATAATGGCCCATCCGGCGATGTCAGCAAACCTGCCGACCGGTGGCCAGATTGTGGCAGGTTCAGGCAGTATCCAGACGCCTTCCGG
CAACCAGATGAATATTCATCAGAACAGCCAGAACATGGTGGCCAACTGGAACAGCTTTGACATTGGTAAAGGAAATACGGTGCAGT
TTGACCAGCCCAGCAGCAGTGCGGTGGCGCTGAACCGTGTTGTGGGTGGCGGTGAATCGCAGATTATGGGTAACCTGAAGGCGAA
TGGTCAGGTGTTCCTGGTTAACCCGAACGGCGTGCTGTTTGGTGAGGGGGCCAGTGTCAGCACGTCAGGTTTTGTGGCATCGACCC
GCGACATTAAAAACGACGACTTCATGAACCGTCGTTACACCTTCAGCGGCGGACAGAAAGCCGGGGCAGCGATTGTGAACCAGGG
GGAACTGACCACAAATGCCGGTGGCTATATTGTGCTGGCAGCAGACAGGGTCAGCAACAGTGGCACCATCCGTACGCCGGGCGGC
AAGACCGTCCTGGCGGCCAGCGAGCGCATCACGCTGCAGCTGGATAATGGTGGCCTGATGTCCGTGCAGGTGACAGGAGATGTGG
TTAATGCCCTGGTGGAAAACCGCGGTCTGGTCAGTGCCCGGGATGGTCAGGTGTACCTGACCGCACTTGGCCGGGGTATGCTGATG
AACACGGTACTGAACGTGAGCGGGGTGGTGGAAGCCAGCGGTATGCACCGTCAGGACGGTAACATTGTACTGGACGGTGGCGACA
GTGGTGTGGTGCACCTGAGTGGTACCCTGCAGGCGGACAATGCGTCCGGTCAGGGTGGTAAGGTTGTCGTGCAGGGTAAGAATAT
TCTGCTGGACAAGGGCAGCAACATCACAGCAACCGGTGGTCAGGGCGGCGGTGAAGTGTATGTCGGTGGCGGCTGGCAGGGTAA
GGACAGCAACATCCGTAATGCGGACAAGGTGGTGATGCAGGGCGGCGCCCGCATTGACGTTTCTGCAACGCAGCAGGGTAACGGC
GGTACGGCTGTGCTGTGGTCAGACAGCTACACCAACTTCCATGGTCAGATTAGCGCGAAGGGCGGTGAGACCGGCGGTAACGGTG
GTCGGGTGGAGACCTCTTCGCACGGTAACCTGCAGGCATTTGGTACGGTCAGTGCATCCGCGAAGAAAGGCAAGGCGGGTAACTG
GCTGCTGGACTCGGCGGATATCACCATTGTGAATGGTAGCAATGTTAGCAAAACTGAGACGACTCAATCGCCGCCGCACACGCAATT
TGCACCCACCGCTGCGGGCTCTGCGGTCAGCAATACCAGTATCAACAACAGGCTGAACAACGGGACCAGTGTCACTATTCTGACCCA
TCGCACAAGAACAGGCACAGCTCAGGGCGGGAATATTACCGTTAATGCGGCAATTAACAAAAGCAACGGAAGTGATGTCAACCTGA
CGCTGCAGGCTGGCGGCAACATCACGGTAAACAACAGCATCACGTCCACCGAGGGTAAGCTGAATGTTAATCTGTCGGGCGCCAGG
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ACCAGCAATGGCAGTATCACCATTAGCAATAACGCCAATATAACGACCAATGGTGGGGATATAACTGTTGGGACGACAAATACTTCA
AACCGTGTGAATATATCTATT 

 

8.1.4 EtpA448-930 nucleotide sequence 

Obtained from EtpA full-length nucleotide sequence. 

Appendix 8-4: EtpA448-930 nucleotide sequence 

AAGAAAGGCAAGGCGGGTAACTGGCTGCTGGACTCGGCGGATATCACCATTGTGAATGGTAGCAATGTTAGCAAAACTGAGACGA
CTCAATCGCCGCCGCACACGCAATTTGCACCCACCGCTGCGGGCTCTGCGGTCAGCAATACCAGTATCAACAACAGGCTGAACAACG
GGACCAGTGTCACTATTCTGACCCATCGCACAAGAACAGGCACAGCTCAGGGCGGGAATATTACCGTTAATGCGGCAATTAACAAA
AGCAACGGAAGTGATGTCAACCTGACGCTGCAGGCTGGCGGCAACATCACGGTAAACAACAGCATCACGTCCACCGAGGGTAAGCT
GAATGTTAATCTGTCGGGCGCCAGGACCAGCAATGGCAGTATCACCATTAGCAATAACGCCAATATAACGACCAATGGTGGGGATA
TAACTGTTGGGACGACAAATACTTCAAACCGTGTGAATATATCTATTAATAACACTACCCTGAATGCGTCAAATGGCAACATCCAGTT
GACCGGGACCGGGACCGATAGCGGGATTCTGTTTGCTGGCAACAACAGGCTGACGGCCAGTAACATTGCTCTTACCGGGAACAGTA
CGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACGAATAACATTACTCTTACCGGGAGCAGTACGAGTGGG
AATGCCATCAACCTTAAAGGCAACAACACGCTGACGGCCAGTAACATTACTCTTACCGGGGAAAGTACGAGTGGGAATGCCATCAA
CCTTACAGACACTACAGGCACTACCACGCTGAATGCCACGAATAACATCACTATGCAGGGGACCCGTGTTCAGATTAAACACTCCAA
CATCACCGCGGGCAACTTTGCGCTGAATGCGACAGTGGCCGGCTCTGAAATCAGCAATACCACGCTGACGGCCACCAACAACATCAA
CCTGGCGGCTAAGACGAACAGTGCGAGCTCTGGTGTTTACCTGAAAGATGCAAGAATTACATCCACCAATGGCAGTATCACGGCTA
ACGGTACTGCCACAGCAAACGGCAAGGCCACGCATCTGGACGGCAACGTCACCCTGAATGCGTCAAATGGCAGAATCAAGTTGACC
GGGAACGGGCACGGTAGCGCCTCCGGGATTCTGTTTGCTGGCAACAACAGGCTGACGGCCAGTAACATTGCTCTTACCGGGAACAG
TACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACGAATGACATTACTCTTACCGGGAGCAGTACGAGTG
GGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACGAATAACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCA
TCAACCTTAAAGGCAACAACACGCTGACGGCCAGTAACATTACTCTTACCGGGGAAAGTACGAGTGGG 

 

8.1.5 EtpA67-930 nucleotide sequence 

Obtained from EtpA full-length nucleotide sequence. 

Appendix 8-5: EtpA67-930 nucleotide sequence 

AACCTGCCGACCGGTGGCCAGATTGTGGCAGGTTCAGGCAGTATCCAGACGCCTTCCGGCAACCAGATGAATATTCATCAGAACAG
CCAGAACATGGTGGCCAACTGGAACAGCTTTGACATTGGTAAAGGAAATACGGTGCAGTTTGACCAGCCCAGCAGCAGTGCGGTGG
CGCTGAACCGTGTTGTGGGTGGCGGTGAATCGCAGATTATGGGTAACCTGAAGGCGAATGGTCAGGTGTTCCTGGTTAACCCGAAC
GGCGTGCTGTTTGGTGAGGGGGCCAGTGTCAGCACGTCAGGTTTTGTGGCATCGACCCGCGACATTAAAAACGACGACTTCATGAA
CCGTCGTTACACCTTCAGCGGCGGACAGAAAGCCGGGGCAGCGATTGTGAACCAGGGGGAACTGACCACAAATGCCGGTGGCTAT
ATTGTGCTGGCAGCAGACAGGGTCAGCAACAGTGGCACCATCCGTACGCCGGGCGGCAAGACCGTCCTGGCGGCCAGCGAGCGCA
TCACGCTGCAGCTGGATAATGGTGGCCTGATGTCCGTGCAGGTGACAGGAGATGTGGTTAATGCCCTGGTGGAAAACCGCGGTCTG
GTCAGTGCCCGGGATGGTCAGGTGTACCTGACCGCACTTGGCCGGGGTATGCTGATGAACACGGTACTGAACGTGAGCGGGGTGG
TGGAAGCCAGCGGTATGCACCGTCAGGACGGTAACATTGTACTGGACGGTGGCGACAGTGGTGTGGTGCACCTGAGTGGTACCCT
GCAGGCGGACAATGCGTCCGGTCAGGGTGGTAAGGTTGTCGTGCAGGGTAAGAATATTCTGCTGGACAAGGGCAGCAACATCACA
GCAACCGGTGGTCAGGGCGGCGGTGAAGTGTATGTCGGTGGCGGCTGGCAGGGTAAGGACAGCAACATCCGTAATGCGGACAAG
GTGGTGATGCAGGGCGGCGCCCGCATTGACGTTTCTGCAACGCAGCAGGGTAACGGCGGTACGGCTGTGCTGTGGTCAGACAGCT
ACACCAACTTCCATGGTCAGATTAGCGCGAAGGGCGGTGAGACCGGCGGTAACGGTGGTCGGGTGGAGACCTCTTCGCACGGTAA
CCTGCAGGCATTTGGTACGGTCAGTGCATCCGCGAAGAAAGGCAAGGCGGGTAACTGGCTGCTGGACTCGGCGGATATCACCATTG
TGAATGGTAGCAATGTTAGCAAAACTGAGACGACTCAATCGCCGCCGCACACGCAATTTGCACCCACCGCTGCGGGCTCTGCGGTCA
GCAATACCAGTATCAACAACAGGCTGAACAACGGGACCAGTGTCACTATTCTGACCCATCGCACAAGAACAGGCACAGCTCAGGGC
GGGAATATTACCGTTAATGCGGCAATTAACAAAAGCAACGGAAGTGATGTCAACCTGACGCTGCAGGCTGGCGGCAACATCACGGT
AAACAACAGCATCACGTCCACCGAGGGTAAGCTGAATGTTAATCTGTCGGGCGCCAGGACCAGCAATGGCAGTATCACCATTAGCA
ATAACGCCAATATAACGACCAATGGTGGGGATATAACTGTTGGGACGACAAATACTTCAAACCGTGTGAATATATCTATTAATAACA
CTACCCTGAATGCGTCAAATGGCAACATCCAGTTGACCGGGACCGGGACCGATAGCGGGATTCTGTTTGCTGGCAACAACAGGCTG
ACGGCCAGTAACATTGCTCTTACCGGGAACAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACGAAT
AACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTAAAGGCAACAACACGCTGACGGCCAGTAACATTACTCTT
ACCGGGGAAAGTACGAGTGGGAATGCCATCAACCTTACAGACACTACAGGCACTACCACGCTGAATGCCACGAATAACATCACTAT
GCAGGGGACCCGTGTTCAGATTAAACACTCCAACATCACCGCGGGCAACTTTGCGCTGAATGCGACAGTGGCCGGCTCTGAAATCA
GCAATACCACGCTGACGGCCACCAACAACATCAACCTGGCGGCTAAGACGAACAGTGCGAGCTCTGGTGTTTACCTGAAAGATGCA
AGAATTACATCCACCAATGGCAGTATCACGGCTAACGGTACTGCCACAGCAAACGGCAAGGCCACGCATCTGGACGGCAACGTCAC
CCTGAATGCGTCAAATGGCAGAATCAAGTTGACCGGGAACGGGCACGGTAGCGCCTCCGGGATTCTGTTTGCTGGCAACAACAGGC
TGACGGCCAGTAACATTGCTCTTACCGGGAACAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACG
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AATGACATTACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTACAGGCACTGCCACGCTGAATGCCACGAATAACATT
ACTCTTACCGGGAGCAGTACGAGTGGGAATGCCATCAACCTTAAAGGCAACAACACGCTGACGGCCAGTAACATTACTCTTACCGGG
GAAAGTACGAGTGGG 

 

8.1.6 ETECFliC nucleotide sequence 

ENA|STN14455|STN14455.1 

Appendix 8-6: ETECFliC nucleotide sequence 

ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAACAAATCTCAGTCTTCTCTGAGCTCCGCCATTG
AACGTCTCTCTTCTGGCCTGCGTATTAACAGTGCTAAAGATGACGCAGCAGGTCAGGCGATTGCTAACCGTTTTACAGCAAATATTAA
AGGTCTGACTCAGGCTTCCCGTAACGCGAATGATGGTATTTCTGTTGCGCAGACCACTGAAGGTGCGCTGAATGAAATTAACAACAA
CCTGCAGCGTGTACGTGAACTGACTGTTCAGGCAACTAACGGTACTAACTCTGACAGCGATCTTTCTTCTATCCAGGCTGAAATTACT
CAACGTCTGGAAGAAATTGACCGTGTATCTGAGCAAACTCAGTTTAACGGCGTGAAAGTCCTTGCTGAAAATAATGAAATGAAAATT
CAGGTTGGTGCTAATGATGGTGAAACCATCACTATCAATCTGGCAAAAATTGATGCGAAAACTCTCGGCCTGGACGGTTTTAATATC
GATGGCGCGCAGAAAGCAACTGGCAGTGACCTGATTTCTAAATTTAAAGCGACAGGTACTGATAACTATGATGTTGGCGGTGATGC
TTATACTGTTAACGTAGATAGCGGAGCTGTTAAAGATACTACAGGGAATGATATTTTTGTTAGTGCAGCAGATGGTTCACTGACAAC
TAAATCTGACACAAACATAGCTGGTACAGGGATTGATGCTACAGCACTCGCAGCAGCGGCTAAGAATAAAGCACAGAATGATAAAT
TCACGTTTAATGGAGTTGAATTCACAACAACAACTGCAGCGGATGGCAATGGGAATGGTGTATATTCTGCAGAAATTGATGGTAAGT
CAGTGACATTTACTGTGACAGATGCTGACAAAAAAGCTTCTTTGATTACGAGTGAGACAGTTTACAAAAATAGCGCTGGCCTTTATAC
GACAACCAAAGTTGATAACAAGGCTGCCACACTTTCCGATCTTGATCTCAATGCAGCTAAGAAAACAGGAAGCACGTTAGTTGTTAA
CGGTGCAACTTACGATGTTAGTGCAGATGGTAAAACGATAACGGAGACTGCTTCTGGTAACAATAAAGTCATGTATCTGAGCAAATC
AGAAGGTGGTAGCCCGATTCTGGTAAACGAAGATGCAGCAAAATCGTTGCAATCTACCACCAACCCGCTCGAAACTATCGACAAAG
CATTGGCTAAAGTTGACAATCTGCGTTCTGACCTCGGTGCAGTACAAAACCGTTTCGACTCTGCTATCACCAACCTTGGCAACACCGT
AAACAACCTGTCTTCTGCCCGTAGCCGTATCGAAGATGCTGACTACGCGACCGAAGTGTCTAACATGTCTCGTGCGCAGATCCTGCA
ACAAGCGGGTACCTCTGTTCTGGCGCAGGCTAACCAGACCACGCAGAACGTACTGTCTCTGCTGCGTTAA 
 

 

8.2 Protein sequences 

8.2.1  EtpA full-length amino acid sequence 

Uniprot: Q29XT7 

Appendix 8-7: EtpA full-length amino acid sequence 

MNRIYKLKFDKRRNELVVVSEITTGVGNAKATGSVEGEKSPRRGVRAMALSLLSGMMIMAHPAMSANLPTGGQIVAGSGSIQTPSGNQ
MNIHQNSQNMVANWNSFDIGKGNTVQFDQPSSSAVALNRVVGGGESQIMGNLKANGQVFLVNPNGVLFGEGASVSTSGFVASTRDIK
NDDFMNRRYTFSGGQKAGAAIVNQGELTTNAGGYIVLAADRVSNSGTIRTPGGKTVLAASERITLQLDNGGLMSVQVTGDVVNALVENR
GLVSARDGQVYLTALGRGMLMNTVLNVSGVVEASGMHRQDGNIVLDGGDSGVVHLSGTLQADNASGQGGKVVVQGKNILLDKGSNIT
ATGGQGGGEVYVGGGWQGKDSNIRNADKVVMQGGARIDVSATQQGNGGTAVLWSDSYTNFHGQISAKGGETGGNGGRVETSSHG
NLQAFGTVSASAKKGKAGNWLLDSADITIVNGSNVSKTETTQSPPHTQFAPTAAGSAVSNTSINNRLNNGTSVTILTHRTRTGTAQGGNIT
VNAAINKSNGSDVNLTLQAGGNITVNNSITSTEGKLNVNLSGARTSNGSITISNNANITTNGGDITVGTTNTSNRVNISINNTTLNASNGNI
QLTGTGTDSGILFAGNNRLTASNIALTGNSTSGNAINLTGTATLNATNNITLTGSSTSGNAINLKGNNTLTASNITLTGESTSGNAINLTDTTG
TTTLNATNNITMQGTRVQIKHSNITAGNFALNATVAGSEISNTTLTATNNINLAAKTNSASSGVYLKDARITSTNGSITANGTATANGKATH
LDGNVTLNASNGRIKLTGNGHGSASGILFAGNNRLTASNIALTGNSTSGNAINLTGTATLNATNDITLTGSSTSGNAINLTGTATLNATNNIT
LTGSSTSGNAINLKGNNTLTASNITLTGESTSGNAINLTDTTGTTTLNATNNITMQGTRVQIKHSNITAGNFALNATVAGSEISNTTLTATNN
INLAAKTNSASSGVYLKDARITSTNGSITANGTATANGKATHLDGNVTLNASNGRIKLTGNGHGSASGILFAGNNRLTASNIALTGNSTSGN
AINLTGTATLNATNDITLTGSSTSGNAINLTGTATLNATNNITLTGSSTSGNAINLKGNNTLTASNITLTGESTSGNAINLTDTTGTTTLNATN
NITMQGTRVQIKHSNITAGNFALNATVAGSEISNTTLTATNNINLAAKTNSASSGVYLKDARITSTNGSITANGTATANGKATHLDGNVTL
NASNGRIKLTGNGHGSASGILFAGNNRLTASNIALTGNSTSGNAINLTGTATLNATNDITLTGSSTSGNAINLTGTATLNATNNITLTGSSTS
GNAINLKGNNTLTASNITLTGESTSGNAINLTDTTGTTTLNATNNITMQGTRVQIKHSNITAGNFALNATVAGSEISNTTLTATNNINLAAKT
NSASSGVYLKDARITSTNGSITTNGTATANGKATHLDGNVTLNASNGRIKLTGNGHGSASGILFAGNNRLTASNIALTGNSTSGNAINLTGT
ATLNATNDITLTGSSTSGNAINLTGTATLNATNNITLTGSSTSGNAINLKGNNTLTASNITLTGESTSGNAINLTDTTGTTTLNATNNITMQG
TRVQIKHSNITAGNFALNATVAGSEISNTTLTATNNINLAAKTNSASSGVYLKDARITSTNGSITANGTAPANDNATYLDGNVTLNASNGSI
KLTGNGNGSTSGILFAGNNTLTASNITLTGNSEVYWQ 
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8.2.2 EtpA67-447 amino acid sequence 

Appendix 8-8: EtpA67-447 amino acid sequence 

PTGGQIVAGSGSIQTPSGNQMNIHQNSQNMVANWNSFDIGKGNTVQFDQPSSSAVALNRVVGGGESQIMGNLKANGQVFLVNPNG
VLFGEGASVSTSGFVASTRDIKNDDFMNRRYTFSGGQKAGAAIVNQGELTTNAGGYIVLAADRVSNSGTIRTPGGKTVLAASERITLQLDN
GGLMSVQVTGDVVNALVENRGLVSARDGQVYLTALGRGMLMNTVLNVSGVVEASGMHRQDGNIVLDGGDSGVVHLSGTLQADNAS
GQGGKVVVQGKNILLDKGSNITATGGQGGGEVYVGGGWQGKDSNIRNADKVVMQGGARIDVSATQQGNGGTAVLWSDSYTNFHGQ
ISAKGGETGGNGGRVETSSHGNLQAFGTVSASA 

 

8.2.3 EtpA1-606 amino acid sequence 

Appendix 8-9: EtpA1-606 amino acid sequence 

MNRIYKLKFDKRRNELVVVSEITTGVGNAKATGSVEGEKSPRRGVRAMALSLLSGMMIMAHPAMSANLPTGGQIVAGSGSIQTPSGNQ
MNIHQNSQNMVANWNSFDIGKGNTVQFDQPSSSAVALNRVVGGGESQIMGNLKANGQVFLVNPNGVLFGEGASVSTSGFVASTRDIK
NDDFMNRRYTFSGGQKAGAAIVNQGELTTNAGGYIVLAADRVSNSGTIRTPGGKTVLAASERITLQLDNGGLMSVQVTGDVVNALVENR
GLVSARDGQVYLTALGRGMLMNTVLNVSGVVEASGMHRQDGNIVLDGGDSGVVHLSGTLQADNASGQGGKVVVQGKNILLDKGSNIT
ATGGQGGGEVYVGGGWQGKDSNIRNADKVVMQGGARIDVSATQQGNGGTAVLWSDSYTNFHGQISAKGGETGGNGGRVETSSHG
NLQAFGTVSASAKKGKAGNWLLDSADITIVNGSNVSKTETTQSPPHTQFAPTAAGSAVSNTSINNRLNNGTSVTILTHRTRTGTAQGGNIT
VNAAINKSNGSDVNLTLQAGGNITVNNSITSTEGKLNVNLSGARTSNGSITISNNANITTNGGDITVGTTNTSNRVNISI 

 

8.2.4 EtpA67-930 amino acid sequence 

Appendix 8-10: EtpA67-930 amino acid sequence 

PTGGQIVAGSGSIQTPSGNQMNIHQNSQNMVANWNSFDIGKGNTVQFDQPSSSAVALNRVVGGGESQIMGNLKANGQVFLVNPNG
VLFGEGASVSTSGFVASTRDIKNDDFMNRRYTFSGGQKAGAAIVNQGELTTNAGGYIVLAADRVSNSGTIRTPGGKTVLAASERITLQLDN
GGLMSVQVTGDVVNALVENRGLVSARDGQVYLTALGRGMLMNTVLNVSGVVEASGMHRQDGNIVLDGGDSGVVHLSGTLQADNAS
GQGGKVVVQGKNILLDKGSNITATGGQGGGEVYVGGGWQGKDSNIRNADKVVMQGGARIDVSATQQGNGGTAVLWSDSYTNFHGQ
ISAKGGETGGNGGRVETSSHGNLQAFGTVSASAKKGKAGNWLLDSADITIVNGSNVSKTETTQSPPHTQFAPTAAGSAVSNTSINNRLNN
GTSVTILTHRTRTGTAQGGNITVNAAINKSNGSDVNLTLQAGGNITVNNSITSTEGKLNVNLSGARTSNGSITISNNANITTNGGDITVGTT
NTSNRVNISINNTTLNASNGNIQLTGTGTDSGILFAGNNRLTASNIALTGNSTSGNAINLTGTATLNATNNITLTGSSTSGNAINLKGNNTLT
ASNITLTGESTSGNAINLTDTTGTTTLNATNNITMQGTRVQIKHSNITAGNFALNATVAGSEISNTTLTATNNINLAAKTNSASSGVYLKDAR
ITSTNGSITANGTATANGKATHLDGNVTLNASNGRIKLTGNGHGSASGILFAGNNRLTASNIALTGNSTSGNAINLTGTATLNATNDITLTG
SSTSGNAINLTGTATLNATNNITLTGSSTSGNAINLKGNNTLTASNITLTGESTSG 

 

8.2.5 ETECFliC amino acid sequence 

Uniprot: A0A0F3UY21 

Appendix 8-11: ETECFliC amino acid sequence 

MAQVINTNSLSLLTQNNLNKSQSSLSSAIERLSSGLRINSAKDDAAGQAIANRFTANIKGLTQASRNANDGISVAQTTEGALNEINNNLQRV
RELTVQATNGTNSDSDLSSIQAEITQRLEEIDRVSEQTQFNGVKVLAENNEMKIQVGANDGETITINLAKIDAKTLGLDGFNIDGAQKATGS
DLISKFKATGTDNYDVGGDAYTVNVDSGAVKDTTGNDIFVSAADGSLTTKSDTNIAGTGIDATALAAAAKNKAQNDKFTFNGVEFTTTTA
ADGNGNGVYSAEIDGKSVTFTVTDADKKASLITSETVYKNSAGLYTTTKVDNKAATLSDLDLNAAKKTGSTLVVNGATYDVSADGKTITETA
SGNNKVMYLSKSEGGSPILVNEDAAKSLQSTTNPLETIDKALAKVDNLRSDLGAVQNRFDSAITNLGNTVNNLSSARSRIEDADYATEVSN
MSRAQILQQAGTSVLAQANQTTQNVLSLLR 

 

 

8.2.6 HMW1A full-length amino acid sequence 

Uniprot: WP_014550671.1 
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Appendix 8-12: HMW1A full-length amino acid sequence 

MNKIYRLKFSKRLNALVAVSELARGCDHSTEKGSEKPARMKVRHLALKPLSAMLLSLGVTSIPQSVLASGLQGMDVVHGTATMQVDGNK
TIIRNSVDAIINWKQFNIDQNEMVQFLQENNNSAVFNRVTSNQISQLKGILDSNGQVFLINPNGITIGKDAIINTNGFTASTLDISNENIKAR
NFTFEQTKDKALAEIVNHGLITVGKDGSVNLIGGKVKNEGVISVNGGSISLLAGQKITISDIINPTITYSIAAPENEAVNLGDIFAKGGNINVRA
ATIRNQGKLSADSVSKDKSGNIVLSAKEGEAEIGGVISAQNQQAKGGKLMITGDKVTLKTGAVIDLSGKEGGETYLGGDERGEGKNGIQLA
KKTSLEKGSTINVSGKEKGGRAIVWGDIALIDGNINAQGSGDIAKTGGFVETSGHDLFIKDNAIVDAKEWLLDPDNVSINAETAGRSNTSED
DEYTGSGNSASTPKRNKEKTTLTNTTLESILKKGTFVNITANQRIYVNSSINLSNGSLTLWSEGRSGGGVEINNDITTGDDTRGANLTIYSGG
WVDVHKNISLGAQGNINITAKQDIAFEKGSNQVITGQGTITSGNQKGFRFNNVSLNGTGSGLQFTTKRTNKYAITNKFEGTLNISGKVNIS
MVLPKNESGYDKFKGRTYWNLTSLNVSESGEFNLTIDSRGSDSAGTLTQPYNLNGISFNKDTTFNVERNARVNFDIKAPIGINKYSSLNYAS
FNGNISVSGGGSVDFTLLASSSNVQTPGVVINSKYFNVSTGSSLRFKTSGSTKTGFSIEKDLTLNATGGNITLLQVEGTDGMIGKGIVAKKNIT
FEGGNITFGSRKAVTEIEGNVTINNNANVTLIGSDFDNHQKPLTIKKDVIINSGNLTAGGNIVNIAGNLTVESNANFKAITNFTFNVGGLFDN
KGNSNISIAKGGARFKDIDNSKNLSITTNSSSTYRTIISGNITNKNGDLNITNEGSDTEMQIGGDVSQKEGNLTISSDKINITKQITIKAGVDGE
NSDSDATNNANLTIKTKELKLTQDLNISGFNKAEITAKDGSDLTIGNTNSADGTNAKKVTFNQVKDSKISADGHKVTLHSKVETSGSNNNTE
DSSDNNAGLTIDAKNVTVNNNITSHKAVSISATSGEITTKTGTTINATTGNVEITAQTGSILGGIESSSGSVTLTATEGALAVSNISGNTVTVT
ANSGALTTLAGSTIKGTESVTTSSQSGDIGGTISGGTVEVKATESLTTQSNSKIKATTGEANVTSATGTIGGTISGNTVNVTANAGDLTVGNG
AEINATEGAATLTTSSGKLTTEASSHITSAKGQVNLSAQDGSVAGSINAANVTLNTTGKVTLTTVKGSNINATSGTLVINAKDAELNGAALG
NHTVVNATNANGSGSVIATTSSRVNITGDLITINGLNIISKNGINTVLLKGVKIDVKYIQPGIASVDEVIEAKRILEKVKDLSDEEREALAKLGVS
AVRFIEPNNTITVDTQNEFATRPLSRIVISEGRACFSNSDGATVCVNIADNGR 
 

 

8.2.7 FHA full-length amino acid sequence 

Uniprot: CPN83729.1 

Appendix 8-13: FHA full-length amino acid sequence 

MNTNLYRLVFSHVRGMLVPVSEHCTVGNTFCGRTRGQARSGARATSLSVAPNALAWALMLACTGLPLVTHAQGLVPQGQTQVLQGGN
KVPVVNIADPNSGGVSHNKFQQFNVANPGVVFNNGLTDGVSRIGGALTKNPNLTRQASAILAEVTDTSPSRLAGTLEVYGKGADLIIANP
NGISVNGLSTLNASNLTLTTGRPSVNGGRIGLDVQQGTVTIERGGVNATGLGYFDVVARLVKLQGAVSSKQGKPLADIAVVAGANRYDHA
TRRATPIAAGARGAAAGAYAIDGTAAGAMYGKHITLVSSDSGLGVRQLGSLSSPSAITVSSQGEIALGDATVQRGPLSLKGAGVVSAGKLA
SGGGAVNVAGGGAVKIASASSVGNLAVQGGGKVQATLLNAGGTLLVSGRQAVQLGAASSRQALSVNAGGALKADKLSATRRVDVDGK
QAVALGSASSNALSVRAGGALKAGKLSATGRLDVDGKQAVTLGSVASDGALSVSAGGNLRAKQLVSSAQLEVRGQREVALDDASSARG
MTVVAAGALAARNLQSKGAIGVQGGEAVSVANANSDAELRVRGRGQVDLHDLSAARGADISGEGRVNIGRARSDSDVKVSAHGALSID
SMTALGAIGVQAGGSVSAKDMRSRGAVTVSGGGAVNLGDVQSDGQVRATSAGAMTVRDVAAAADLALQAGDALQAGFLKSAGAMT
VNGRDAVRLDGAHAGGQLRVSSDGQAALGSLAAKGELTVSAARAATVAELKSLDNISVTGGERVSVQSVNSASRVAISAHGALDVGKVS
AKSGIGLEGWGAVGADSLGSDGAISVSGRDAVRVDQARSLADISLGAEGGATLGAVEAAGSIDVRGGSTVAANSLHANRDVRVSGKDAV
RVTAATSGGGLHVSSGRQLDLGAVQARGALALDGGAGVALQSAKASGTLHVQGGEHLDLGTLAAVGAVDVNGTGDVRVAKLVSDAGA
DLQAGRSMTLGIVDTTGDLQARAQQKLELGSVKSDGGLQAAAGGALSLAAAEVAGALELSGQGVTVDRASASRARIDSTGSVGIGALKA
GAVEAASPRRARRALRQDFFTPGSVVVRAQGNVTVGRGDPHQGVLAQGDIIMDAKGGTLLLRNDALTENGTVTISADSAVLEHSTIESKIS
QSVLAAKGDKGKPAVSVKVAKKLFLNGTLRAVNDNNETMSGRQIDVVDGRPQITDAVTGEARKDESVVSDAALVADGGPIVVEAGELVS
HAGGIGNGRNKENGASVTVRTTGNLVNKGYISAGKQGVL 
 

 

8.2.8 HpmA full-length amino acid sequence 

Uniprot: SUC39485.1 

Appendix 8-14: HpmA full-length amino acid sequence 

MKSKNFKLSPSGRLAASLAIIFVSLNAYGNGIVPDAGHQGPDVSAVNGGTQVINIVTPNNEGISHNQYQDFNVGKPGAVFNNALEAGQS
QLAGHLNANSNLNGQAASLILNEVVSRNPSFLLGQQEVFGIAAEYVLSNPNGITCDGCGFINTSRSSLVVGNPLFENGQLKGYSTLNNTNLL
SLGKNGLNTTGLLDLIAPRIDSRGKITAAEISAFTGQNTFSQHFDILSSQKPVSALDSYFFGSMQSGRIRIINTAEGSGVKLAGKFTADNDLSV
KADNIQTDSQVRYDSYDKDGSENYQNYRGGITVNNSGSSQTLTKTELKGKNITLVASSHNQIKASDLMGDDITLQGADLTIDGKQLQQKE
TDIDNRWFYSWKYDVTKEKEQIQQIGSQIDAKNNATLTATKGDVTLDAAKINAGNNLAINANKDIHINGLVEKESRSENGNKRNHTSRLES
GSWSNSHQTETLKASELTAGKDLGLDAQGSITAQGAKLHANENVLVNAKDNINLNVQKTNNDKTVTDNHVMWGGIGGGQNKNNNN
QQQVSHATQLTADGQLLLAADNNVNITGSQVKGNQGAFVKTTQGDVVIDNALSETISKIDERTGTAFNITKSSHKNETNKQTSTGSELISD
AQLTVVSGNDVNVIGSLIKSADKLGIHSLGDINVKSAQQVTKIDDEKTSLAITGHAKEVEDKQYSAGFHITHTTNKNTSTETEQANSTISGAN
VDLQANKNVTFAGSDLKTTAGNASITGDNVAFVSTENKKQTDNTDTTISGGFSYTGGVDKVGSKADFSI 
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8.2.9 HxuA full-length amino acid sequence 

PDB: 4RT6 

Appendix 8-15: HxuA full-length amino acid sequence 

SARDLPQGSSVVVGEANVSTIGNKMTIDQKTPTTQIDWHSFDIGQNKEVEFKQPDANSVAYNRVTGGNASQIQGKLTANGKVYLANPN
GVIITQGAEINVAGLFATTKDLERISENGNGNGNKFTRKLKDGQVVKEGQVINKGKIKAKDFVVLNGDKVINEGEIDATNNGKVYLSSGYNF
TFTLSDSSISVALEDNAVQSIVQNEGIIKAGDITLNAKGRNQALDSLVMNNGVLEATKVSNKNGKVVLSADDVQLNNKSDIKGESEVVFTN
EPKNKIKITSQTGSKVTSPKINFTGKSVNINGDFGRDDSKAHYNEEHKRLDTEVNIDVPDNENIRIAEKDNTGTGTGTDSFIQTGALSSLLAN
NGKVNLKGKDVNISGRIHIDSFRGSDSLLKLTNQGHIKINHADIHSTGRLFFITSLQNEKDSQSDITITDSKINLGNGAMGLGRSLDKENCDN
QRWCRTETSQRKKFDVHMRNVVFDQVDDVVVAGGFKKVNLDNIVATGKTNFYIDGGVSRNNSRYEYGVLDLDKRTLLSELDQRRRRWK
YYNDLDLDMNKAYWHRFDMFATKNTGRSTIKDTEINISNSKINLKNGFVHLLAEKIKLDNSKIDITFDKDNSQDISTQINRLGMNGKVSMV
NSHIKIVGDEKSDISAKAPYATMFLIGELIGEKSSIFVKSHQGYTFRTDGDTKIAGKNSKDDLKITAINTGGRTGKEVIINGAPGSIDNDANIAN
MAFTIGDNANTKTTIENADITALAPNGGTAYLSSKGVEIEVNPNSNFTFFELPREKNFNQTKIKGDSTKLSERGFARLYDKINGVRASNLSAE
QLNVTDASEKIINTKLVSSLDVEKLVSVAVSDAGKGSEEQQFGDKGNNTKVSVGELETEQ 
 

 

 

 

 


