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Abstract

Abstract
Escherichia coli (E. coli) is both, a facultative commensal of the gut microbiota and an
important bacterial cause of human as well as animal diseases. Due to the high genetic plasticity,
gene transfer allows those bacteria to colonize different sites in the host acting as pathogens,
being responsible for a wide range of infections [1, 67]. For toxins alone, variants have been
described with respect to functional changes [44, 70, 132]. Based on of phylogenetic differences,
the hypothesis of this thesis is that allelic variants of toxins differ in their biological effect with
regard to their toxicity. Therefore, in silico analyses were performed to unravel sequence
differences for all known toxins encoded in several E. coli and Shigella genomes.
The gene sequence research of all currently published toxins until June 2016 revealed a total set
of 39 toxin genes being present in the genome of E. coli and Shigella spp. To test the hypothesis,
the selected reference toxin sequences were used as templates to screen the NCBI database as
well as an internal database using the BLAST algorithm. The internal database consists of 423
whole genome sequences of the “ECore” dataset [140] and 69 Shiga-Toxin-producing E. coli
whole genome sequences [31]. To identify genetic variations of each toxin gene, the software
Geneious was used, providing alignments and phylogenetic trees. After identification of allelic
variations, the gene sequences were translated into their protein sequences. Finally, the resulting
secondary and three-dimensional protein structures were predicted in order to receive indications
of potentially functional changes. Detected allelic protein structures were modelled via the open
source platform I-Tasser and visualised by the python based software PyMol.
The results show that genetic variations of all 39 toxin genes are available in both databases. The
effector protein EspH and the metalloprotease YghJ were analyzed for the first time by their
three-dimensional structures, with regard to possible functional changes for their resulting protein
variants. Different variants of the Subtilase Cytotoxin SubAB were predicted and analyzed with
regard to a different pathogenic potential and toxicity as was shown for the different Shiga-Toxin
variants.

Furthermore,

the

three-dimensional

protein

variants

of

the

serine protease autotransporter of Enterobacteriaceae (SPATEs), indicate that the SPATE
members are already allelic variations by name and split into two known functionally different
classes [132]. The inclusion of the Shiga-Toxin variants [44, 111] revealed the same results,
indicating that the chosen bioinformatics methods are sound and comparable. All the other
identified allelic variations of toxins in the genome of E. coli and Shigella spp. due to in silico
analyses had no impact on the resulting three-dimensional protein models, indicating a conserved
function as in the case of EspF.
This thesis gives a first overview about the occurrence and impact of toxin variants in the genome
of E. coli and Shigella spp. on the basis of bioinformatics analysis. The “toxome” allows the
screening of all currently known toxin genes and its variants in the whole genome sequence of
the mentioned bacteria with a BLASTn algorithm.
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Zusammenfassung
Escherichia coli (E. coli) ist sowohl ein fakultativer Kommensal der Darmmikrobiota als auch
ein bedeutender bakterieller Verursacher humaner sowie tierischer Erkrankungen. Aufgrund der
hohen genetischen Plastizität ermöglicht der Gentransfer diesen Bakterien eine Kolonisierung
verschiedenster Orte im Wirt, wo sie als pathogene Erreger ein weites Spektrum an Infektionen
auslösen können [1, 67]. Für Toxine wurden Genvarianten beschrieben die funktionelle
Veränderungen verursachen [44, 70, 132]. Anhand phylogenetischer Differenzen wurde die
Hypothese entwickelt, dass sich Allele eines Toxins in ihrem biologischen Effekt und dadurch in
ihrer

Toxizität

unterscheiden.

Daher

wurde

eine in silico Analyse durchgeführt um

Sequenzunterschiede aller bekannten Toxine die in verschiedenen E. coli und Shigella kodiert
sind, zu bestimmen.
Die Gensequenzrecherche aller bekannten Toxine bis Juni 2016, welche im Genom von E. coli
und Shigella spp. präsent sind, ergab ein Set von insgesamt 39 Toxingenen. Zur Überprüfung der
Hypothese dienten ausgewählte Referenztoxinsequenzen als Vorlage zum Screening der NCBI
Datenbank sowie einer internen Datenbank, welche 423 Ganzgenom Sequenzen aus dem
"ECore" Datenset [140] und 69 Shiga-Toxin produzierende Ganzgenom sequenzierte E. coli [31]
beinhaltet, unter Verwendung des BLAST-Algorithmus. Zur Identifikation genetischer Variationen
jedes Toxingens wurden Alignments und phylogenetische Bäume mittels der Software Geneious
erstellt. Nach der Identifizierung von Allelen wurden die Gensequenzen in ihre resultierenden
Proteinsequenzen

übersetzt

um anschließend ihre sekundäre- und dreidimensionalen

Proteinstrukturen zu modellieren, welche Indizien für mögliche funktionelle Veränderungen
geben. Die ermittelten Proteinvarianten wurden unter Verwendung der frei verfügbaren Plattform
I-Tasser modelliert und mit Hilfe der Python basierten Software Pymol visualisiert.
Die Ergebnisse zeigen, dass genetische Variationen von allen 39 Toxin Genen in beiden
Datenbanken vorhanden sind. Das Effektor Protein EspH und die Metalloprotease YghJ wurden
zum ersten Mal anhand ihrer dreidimensionalen Proteinstruktur auf funktionelle Veränderungen in
ihren Proteinvarianten analysiert. Die unterschiedlichen Proteinvarianten des Subtilase
Cytotoxins

SubAB

wurden

bestimmt

und

hinsichtlich

ihres

unterschiedlichen

Pathogenitätspotentials und ihrer Toxizität, wie es bei den Shiga-Toxin Varianten gezeigt wurde,
analysiert. Des Weiteren zeigten die modellierten drei-dimensionalen Proteinvarianten der
Serinen Protease Autotransporter der Enterobacteriaceae (SPATEs), dass die SPATEs bereits
durch ihren Namen als Allele gekennzeichnet sind und sich in zwei funktionell unterschiedliche
Klassen aufteilen [132]. Das Einbeziehen der bekannten Shiga-Toxin Varianten [44, 111] ergab
unter Einbeziehung veröffentlichter Studien vergleichbare Ergebnisse, was die Zuverlässigkeit
und Aussagekraft der gewählten bioinformatischen Methoden nahelegt. Alle anderen
Toxinvarianten, welche im Genom von E. coli und Shigella spp. identifiziert wurden, haben in
silico keinen Einfluss auf das resultierende dreidimensionale Proteinmodel und implizieren eine
ähnliche Funktion wie im Falle von EspF.

II

Zusammenfassung
Diese Arbeit liefert einen ersten Überblick über das Vorhandensein und den Einfluss von
Toxinvarianten im Genom von E. coli und Shigella spp. auf der Grundlage bioinformatischer
Analysen. Das „Toxom“ erlaubt ein Screening aller bekannter Toxingene sowie Toxinvarianten in
der Genomsequenz der genannten Bakterien mittels BLASTn Algorithmus.
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Introduction

1. Introduction
Escherichia coli (E. coli) is both, a facultative commensal of the gut microbiota and an
important bacterial cause of human as well as animal diseases. The expression of virulence
genes plays a key role during infection and pathogenesis. The virulence attributes are
frequently encoded on mobile genetic elements, such as plasmids, bacteriophages or
chromosomal pathogenicity islands. These encoding genes can be mobilized and, via
horizontal gene transfer, recombined in different strains resulting in novel combinations of
virulence factors, which can also be integrated into the chromosome. Due to the high genetic
plasticity of the E. coli species, the ability to gain or lose virulence attributes by horizontal
gene transfer allows those organisms to colonize different sites and act as pathogens being
responsible for a wide range of infections [1, 67]. Bacterial virulence is influenced by specific
factors for adherence, invasion, metabolism and toxins, which promote the pathogen’s
survival and proliferation into the host [163].
However, recent studies have suggested that the pathogenesis of E. coli is considerably
more complex than previously assumed. Besides the occurrence of virulence factors [19, 54],
toxins can form variants (alleles) which are also able to influence pathogenesis. Funk et al.
(2013) and Nüesch-Inderbinen et al. (2014) analyzed the Subtilase Cytotoxin (subAB) genes
of Shiga-Toxin-producing E. coli (STEC) strains with respect to their presence and genetic
location. The phylogenetic analyses resulted in four different subAB gene variants. The
chromosomally located genes showed more genetic diversity than the plasmid-located
genes, indicating a different phylogenetic origin [44, 111]. Similar results in genetic
differences were also shown for different Shiga-Toxin (Stx) variants, first described in the
1980s [68]. Karve et al. (2014) described the two major isoforms Stx1 and Stx2 including
Stx2 variants as significantly different in glycolipid receptor binding preferences and
consequently in their resulting toxicity [70]. Furthermore, sequence relationships with regard
to different enzymatic functions were also described for the serine protease autotransporter
of Enterobacteriaceae (SPATEs), a toxin family which consists of already known allelic
variations [132]. Those phylogenetic differences could reflect a different pathogenic potential
and toxicity of proteins expressed from variants of toxin genes.
However, neither the exact mechanism is known nor have systematic analyses been
performed to unravel such functional differences on a larger scale. This thesis aimed to
investigate on basis of an initial in silico analysis the genetic data of all known toxins
released in several E. coli and Shigella genomes, which are closely related organisms [177],
to find allelic variations of each toxin gene. With the aid of these allelic variations conclusions
can be drawn about potentially different toxic activities of the expressed proteins in respect of
their structure.
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2. Literature
2.1 Characteristics of Escherichia coli and Shigella spp.
Escherichia (E.) coli, a Gram-negative and facultative anaerobe rod, is a main bacterial
species of the normal intestinal microbiota of humans and animals. Besides commensal
strains, E. coli is also a well-known pathogen. Pathogenic strains are able to cause diverse
intestinal and extraintestinal diseases due to the expression of different virulence factors.
These virulence factors allow E. coli strains to infect eukaryotic cells in different ways
inducing a wide range of infections. According to virulence mechanisms that are involved in
diseases process, E. coli strains can be divided into two different groups (Figure 1) [104, 67].

Figure 1: Classification of extraintestinal pathogenic E. coli (ExPEC) and intestinal pathogenic E. coli (InPEC)
[104, 67]

The extraintestinal pathogenic E. coli (ExPEC) group is responsible for disease outside the
intestinal tract and includes strains causing urinary tract infections (UPEC), neonatal
meningitis (NMEC) and avian specific infections (APEC). In contrast to the ExPEC, intestinal
pathogenic E. coli (InPEC) are associated with diarrheagenic infections and include six welldescribed pathotypes, like the enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli
(EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive
E. coli (EIEC) and diffusely adherent E. coli (DAEC). Each of them has different features in
its interaction with eukaryotic cells causing infections to the human and animal intestinal tract
(Figure 2, p. 3) [104, 67].
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Figure 2: Pathogenic schema of intestinal pathogenic E. coli (InPEC) [104, 67] – T3SS: Type three secretion
system, LT: Heat-labile enterotoxin, ST: Heat-stable enterotoxin, Stx: Shiga-Toxin

To provide an overview of infections with InPEC, the annual statistics for Germany at the
Robert Koch-Institute (RKI) report around ten thousand infections for the year 2014 [128].
After 2014 the RKI reported for Germany even infections with EHEC excluded the hemolytic
uremic syndrome (HUS). To give an example of a global prevalence, Shiga-Toxin-producing
E. coli (STEC - involving the subset of EHEC strains) related illnesses between 1990 and
2012 caused 2.801.000 acute infections and 230 deaths annually, worldwide [91]. This data
includes also the well-known EHEC O104:H4 outbreak in Germany 2011 with 4.321
infections and 53 deaths [126, 127]. The annual statistic for Germany for the year 2017 at the
RKI report around 597 infections with EHEC excluding HUS [129].
The bacterial genus Shigella (S.) is the most common cause of acute bloody diarrhea and
responsible for a significant proportion of morbidity and mortality associated with diarrheal
disease [154, 76, 155]. From 1990 until 2009 in Asia alone around 125 million infections with
around 14.000 deaths were associated annually with Shigellosis [8]. Several recent wholegenome-based studies show that Shigella species and E. coli are closely related organisms.
The phylogenetic relationship was constructed from the concatenated alignments of the
2.034 genes in the core genome of E. coli and Shigella genomes. The results of these
studies show, that the four established Shigella species (S. boydii, S. sonnei, S. flexneri and
S. dysenteriae) were clustering together with the E. coli strains in the phylogenetic trees
[177, 176, 123, 143]. Expression experiments of the Shigella virulence plasmid in
comparison with commensal E. coli strains suggests a convergent evolution of the
characteristics during horizontal gene transfer (HGT) between Shigella species and E. coli
[120]. These studies suggest that Shigella spp. should be considered as a subtype of the
species of E. coli.
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2.2 Transfer of virulence factors
Due to the high genetic plasticity of the E. coli species, the ability to gain or lose virulence
attributes allows those organisms to colonize different sites and act as pathogens being
responsible for a wide range of infections. This horizontal gene transfer (HGT) allows
bacteria the uptake of mobile genetic elements from different species and genera to adapt to
novel environments and form distinct genotypes or even subspecies. The gene transfer takes
place by transformation (uptake of free DNA particles from the environment, extracted by
living bacteria or liberated during autolysis), transduction (infection with bacteriophages) or
conjugation (DNA transfer of plasmids through cell-cell contact). The virulence attributes are
frequently encoded on several mobile genetic elements, such as plasmids, bacteriophages
or chromosomal pathogenicity islands (PAIs). These encoding genes can be mobilized and,
via HGT, recombined into different strains resulting in novel combinations of virulence
factors, which can also be integrated into the chromosomal genome. The most successful
combinations of virulence factors constitute the specific pathotypes of E. coli (Figure 3).
These are capable of inducing specific clinical syndromes in healthy humans and animals
after infection [67, 1, 23].

Figure 3: Evolution of pathogenic E. coli via mobile genetic elements [67, 1] – PAI: Pathogenicity islands
(LEE: Locus of Enterocyte Effacement, PAI I - IV: Pathogenicity island I – IV of UPEC) – Plasmid
(pENT: Enterotoxin-encoding plasmid, pEAF: Adhesion-factor plasmid, pO157: EHEC strain O157 plasmid, pINV:
Invasion-factor plasmid) - Phage (StxΦ: Shiga-Toxin-encoding bacteriophage)

One main feature of the different pathotypes is the presence of virulence associated
plasmids. Plasmids are extrachromosomal DNA elements with the ability to autonomously
replicate and can be transferred during conjugation between bacteria. Plasmids are able to
carry drug resistance factors, virulence factors and factors to metabolize rare substances.
Some of these pathotype-specific plasmids are highly conserved and others are extremely
4
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diverse [27, 65]. For ETEC, the genes that encode the heat-stable (ST) and heat-labile (LT)
enterotoxin including colonization factors (CFs) are found on enterotoxin-encoding plasmids
(pENT) [24, 46, 160]. These pENTs were also shown to encode antibiotic resistance genes
[67]. There are also numerous examples of virulence associated plasmids known, inducing
the adhesion-factor plasmid (pEAF) of EPEC [156] and the invasion-factor plasmid (pINV) in
EIEC and Shigella which encodes effectors like the invasion plasmid antigen (ipaB) and the
inosital phosphate phosphatase (ipgD). These molecules are important for the bacteria to
invade host cells [116, 80]. The EAEC plasmid encodes adherence-factors [53] and a set of
toxins such as the plasmid encoded toxin (Pet), a serine protease autotransporter of
enterobacteriaceae (SPATEs) [32] and a heat-stable enterotoxin (EAST1) [104]. During the
infection with EHEC strains the plasmid pO157, which encodes genes for hemolytic activity
and adherence, plays an important role and is found in 99 to 100% of clinical O157:H7
isolates from humans [115, 82, 121].
Bacteriophages are viruses that infect bacteria and can genetically modify their host in
becoming a part of their genome. The nucleotide sequences of bacteriophages are
associated with different G+C contents, oligonucleotide frequencies, tRNA genes (transfer
ribonucleic acid) or codon usage from their host’s genome. Bacteriophages can constitute as
much as 10 - 20% of a bacterium’s genome and encode a variety of toxin genes [16, 27].
The production of the Shiga-Toxin (Stx) is the major virulence factor of EHEC / STEC strains,
which is encoded on a lambda-like bacteriophage and was one of the steps in the evolution
of EHEC from EPEC [124]. Transduction studies using the Stx-encoding bacteriophage
f3538(Δstx2::cat) show that Stx can be transmitted via bacteriophages to pathogenic as well
as to nonpathogenic E. coli lineages and integrated in their genome. This is yet another proof
that bacteriophages are able to confer single toxin genes and virulence without any other
virulence factors to commensal E. coli strains [136].
Coding regions for protein toxins, such as haemolysins, the cytotoxic necrotizing factor
(CNF) or SPATEs can be also located on chromosomal PAIs. PAIs are large genomic
regions (10-200 kb) harboring one or more genes that are linked to virulence factors and are
only present in the genomes of pathogenic strains. The PAI is often flanked by direct repeats,
those elements facilitate insertion and deletion of the entire island at a relatively high
frequency. Furthermore, PAIs are typically associated with tRNA genes and carry mobility
factors, such as integrases, transposases and insertion elements. Bacteriophages use such
specific insertion points to integrate into the host genome. Transferred plasmids between
bacteria can replicate and, under certain conditions, also integrate on these insertion points
into the chromosome. Therefore, PAIs have evolved from bacteriophages and plasmids. By
the different G+C contents compared to the core genome, PAIs can be identified [27, 137].
First PAIs were described in a UPEC strain 536, which contains four known islands PAI I-IV.
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For example PAI II536 inserted at the leuX tRNA gene and PAI IIJ96 inserted at the pheU gene
encode the haemolysin hlyA, the cytotoxic necrotizing factor (cnf1) and fimbriae [26, 165]. A
well- characterized PAI in InPEC is the Locus of Enterocyte Effacement (LEE PAI) from
EPEC and EHEC, which encodes for a typ III secretion system, the efa1 / lifA (EHEC factor
of adherence) gene and other virulence factors to produce attaching-and-effacing (A/E)
lesions. The LEE is inserted at the selC tRNA gene in EPEC2348/69 and EHECEDL933, which is
the same site of the PAI I536 of UPEC536. The insertion of different PAIs at the same
chromosomal region of EPEC / EHEC and UPEC indicates the presence of hot spots in the
E. coli chromosome, where different PAIs can insert and define different pathotypes [67, 93,
151]. PAIs have also been identified in other pathotypes of E. coli. Some PAIs are unique to
individual pathotypes as described and allow the bacteria to adapt to specific environments
and to cause diverse diseases, whereas other PAIs are present in more than one pathotype
[137]. The high pathogenicity island (HPI) originating from pathogenic Yersinia spp. was also
detected in InPEC as well as ExPEC strains [ 137, 69, 138]. In EAEC the HPI was also
identified as well as the she (SHI-1) PAI, which encodes the Shigella enterotoxin (ShET1)
and the toxin Pet of the SPATEs family, similar to S. flexneri [9, 157].
The presence of a broad spectrum of specific virulence attributes is absent in commensal
E. coli isolates, but the uptake of mobile genetic elements as well as the loss of
chromosomal-DNA regions, point mutations or other DNA rearrangements are able to evolve
these commensal E. coli into a pathogenic E. coli lineage. The concerted action of DNA
acquisition and gene loss results in a genome-optimization process with respect to certain
growth conditions, including host infection and colonization. This gives evidence that
horizontal gene transfer plays a major role in the evolution of different bacterial
pathotypes [67, 1, 27].

2.3 Toxins as important virulence factors
Bacterial pathogens possess a variety of virulence factors to enter into, replicate within or
persist on the host organism. Besides virulence factors for adherence and invasion, intraand extracellular survival mechanisms, nutrient acquisition, motility, biofilm formation and
gene regulation, toxins play an important part as virulence factors, which offer bacterial
strategies to interact with mammalian cells [163]. Using diverse mechanisms, bacterial toxins
manipulate the host cells’ functions to favor conditions for their survival and spread in the
host. Therefore, bacterial toxins can be characterized by their specific mechanism of action
on eukaryotic cells [33]. Toxins are a product of evolution involving HGT to affect healthy
humans and animals in processes of the protein synthesis machinery, actin polymerization,
signal transduction pathways, intracellular trafficking of vesicles or immune inflammatory
responses [52]. Henkel et al., (2010) described toxins as factors of bacterial pathogens
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damaging the host through their own action. Bacterial protein toxins are both, single proteins
or oligomeric protein complexes and are organized into distinct domains [59].
Since 2006, the bacterial toxin repertoire consists of around 160 toxins produced by Grampositive bacteria and 179 toxins expressed by Gram-negative bacteria. Most of the toxins are
single-chain polypeptides with a molecular size ranging from 2-3 kDa for E. coli to
thermostable enterotoxins up to 300 kDa for Clostridium difficile toxins A and B. However,
many toxins occur as oligomeric multimolecular complexes comprising two or more noncovalently bonded distinct subunits. The E. coli heat-labile enterotoxin (LT) forms a
heterohexamer, a complex composed of one A-subunit for ADP-ribosylating and a B-subunit
with five identical fragments that bind specifically at the surface of intestinal target cells [2].
Stx and SubAB toxins also form such heterohexamers composed of a single A-subunit and
five identical fragments in the B-subunits. The B-subunit domain can also form a single
fragment such as the B-subunits of the SPATEs. A great number of bacterial toxins consist
two functionally different motives. The A part causing the intracellular damage and the B part
serving to bind A to appropriate receptors at the cell surface to deliver it into the cytosol. Both
motives can be located in two distinct domains of a single-chain polypeptide or in two
different proteins in the case of oligomeric toxins. The A and B domains may be linked by
disulfide bonds or non-covalent interactions. The A domain of these A-B type toxins encodes
catalytic activities such as ADP-ribosyltransferases, adenylcyclases, metalloproteases, RNA
N-glycosidases, glycosyltransferases, deaminases, proteases, deoxyribonucleases or
phosphatases [2, 59].
Toxins can be classified by their mechanisms of action on target cells (Figure 4, p. 8). The
first category are toxins acting ultimately on intracellular targets after crossing the cell
membrane (intracellular acting toxins - IATs; Figure 4a, p. 8). To the second category belong
all toxins that act strictly at the surface of the cell membrane. This process is divided into two
distinct types of toxins with totally different mechanisms. On the one hand the physical
damage of the membrane on the target cell (membrane damaging toxins - MDTs; Figure 4b,
p. 8) and on the other hand the triggering of intracellular processes during transmembrane
signals after binding on appropriate cell receptors (receptor targeted toxins - RTTs;
Figure 4c, p. 8) [2]. All currently published toxins expressed by E. coli and Shigella spp. until
June 2016 are classified based on their toxic activity on mammalian cells in Table 3, p. 23 ff.
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Figure 4: Classification of bacterial toxins by their mechanisms on target cells [own model based on source [2]

The first toxin group that acts on intracellular targets after crossing the cell membrane
comprises for example the Stx, SubAB and the SPATEs. These toxins invade the cell and
possess

proteolytic

and

cytotoxic

functions.

The

Stx

B-subunit binds

to Gb3

(Globotriaosylceramide) or Gb4 (Globotetraosylceramide)-receptor within lipid rafts of the
target cell membrane that contains cholesterol. The AB5 complex of the Stx is internalized
within an endosome. From the endosome the toxin traffics to the Golgi and moves to the ER
where the disulfide bridge keeps the active part of the A-subunit tethered free from the Bsubunit. The Stx A-subunit is responsible for inhibition of the protein synthesis of the target
cell by cleaving to N-glycosidic bonds of adenine in the ribosomal RNA. This damage
induces a stress response in the ER which mediates both pro-inflammatory and proapoptotic effects [134, 64, 153]. The SubAB pathway shows likewise an ER stress induced
cell death, which is triggered by cleaving the molecular chaperone BiP/GRP78 in the ER,
leading to activation of the RNA-dependent protein kinase. SubB has a strong preference for
binding to cell surface glycans terminating in the sialic acid N-glycolylneuraminic acid
(Neu5Gc) [168]. Trafficking studies of Pet, a SPATEs member, have revealed that Pet is
internalized into host cells via clathrin-dependent endocytosis [107]. Inside the cell, Pet
moves from the cell surface to endosomes, the Golgi and in the end to the ER. After that Pet
moves to the cytosol to reside in close contact with its substrate, an actin-binding protein αfoldrin (spectrin) [106]. Following Pet, which represents the first known SPATE to display
enterotoxin activity, many other SPATEs were found to cleave to α-foldrin and trigger similar
biological effects [132].
Many members of MDTs have important virulence and pathogenicity factors inducing cell
swelling and subsequently cell lysis. Three types of MDTs have been described, based on
their ability to damage or disrupt the cell membrane: enzymatically active cytolysins which
degrade the phospholipid bilayer, cytolysins which solubilize components by a detergent-like
action and pore-forming cytolytic toxins which create channels. The pore-forming toxins
(PFTs) are released by the bacteria as monomeric water-soluble proteins and bind to
components on the cell surface. On the membrane, monomers can be concentrated and
form non-covalently associated oligomers, with amphipathic properties for integrating into the
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membrane and forming channels of various sizes depending on the toxin involved [2]. For
example the Repeats-in-Toxin (RTX) family including E. coli α-hemolysin A (HlyA) possesses
a hydrophobic domain that forms cation selective pores in target cell membranes after
adsorption on the membrane. The binding to various cells might occur through the
recognition of glycosylated membrane components like α-glycophorin, but it is also possible
that the calcium-binding domain is responsible for adsorption. The insertion into the cell
membrane leads to an irreversible conformational change and produces lesions in the cell
membrane. Therefore, HlyA is responsible for a significant calcium influx into cells. The
unregulated calcium influx initiates cytoskeletal destruction and cell lysis. The EHEC
hemolysin EhxA shows a 61 % identity with HlyA and causes similar effects on target cells,
but binds erythrocytes less efficiently and shows no activity against human leukocytes [86].
Cytolysin A (ClyA) shows also a pore-forming activity for erythrocytes in several mammalian
species and induces macrophage apoptosis [77, 161].
The properties of the last toxin group that stimulate intracellular signaling pathways exhibit
the heat-stable enterotoxins from E. coli STa and EAST1. These toxins bind to guanylate
cyclase receptors at the surface of intestinal target cells and lead to the activation of the
intracellular guanylate cyclase. The activation provokes an elevation of cyclic GMP that
stimulates chloride secretion and inhibits NaCl absorption that results in intestinal fluid
secretion in the jejunum and ileum. Such a high fluid loss in the jejunum results in a watery
diarrhea characteristic for STa of ETEC and EAST1 of EAEC infections [139, 78].

2.4 Genetic variability of toxins
In general toxin families sharing toxic properties and sequence homologies in their active
gene region between different bacteria as well as different strains of species or subspecies,
which can be a result of horizontal gene transfer. The most common examples of genetic
related toxin families are ADP ribosylating toxins (e.g. LT) and other AB toxins (e.g. Stx),
pore-forming toxins (e.g. hlyA), enterobacterial autotransporters (e.g. SPATEs) and type III
secretion system secreted proteins (e.g. the type III effector proteins espF, espH, virA). The
complexity of evolutionary events on the DNA level (e.g. mutations) enables the expression
of a variety of toxin variants [27]. Such a polymorphism constitutes the occurrence of several
variations of a single gene within a bacterial species. These variants of a specific gene are
defined as alleles. An exchange of single nucleotides (single nucleotide polymorphism –
SNP) within a gene sequence can lead to a different amino acid during translation, a nonsynonymous SNP, and result in a different protein sequence. However, different nucleotide
acids in a triplet can also result in the identical amino acid. This is a synonymous SNP, a
coding SNP that does not change the protein sequence. Insertions or deletions of single or
more nucleotides are also possible and can influence the protein up to the loss of its
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functional activity [88,15]. Currently, alleles have been described for toxins of specific
pathotypes of E. coli among pathogenic E. coli and Shigella strains [44, 111, 70, 132].
The virulence factor Stx of STEC strains belongs to the AB5 group of toxins [38, 37]. The
active Stx A-subunit is responsible for the inhibition of the protein synthesis of the host cell by
cleaving N-glycosidic bonds of ribosomal RNA. The A-subunit is surrounded by a pentamer
B-subunit, which binds to receptors on the host cell surface [29, 113; 125]. Stx includes two
major isoforms, Stx1 and Stx2, with an amino acid identity of about 60%. The Stx1 isoform
can be subtyped into three variants (Stxa, Stxc and Stxd), which show similarities ranging
from 95% to 98%. The Stx2 isoform can be subtyped into eighth variants (Stx2a-Stx2h),
which show around a 90% amino acid identity to each other. For STEC strains, it is possible
that one strain can express one or more Stx variants [6, 70, 135]. Stx subtypes display
significant differences in their toxic potential, but the exact reason for toxicity difference is
unknown [43]. In previous studies using cell free in-vitro assays, the A-subunit of Stx variants
suggested similar enzymatic activities which do not affect the toxicity [56]. In contrast, the Bsubunits have shown differences in their receptor binding preferences. Therefore, the Bsubunit was hypothesized to influence the cellular toxicity of the Stx variants [70]. Differences
in glycolipid binding were linked to host specificity. This is explained by the binding
preference to different globotetraosylceramide receptors of cell lines from different hosts.
Previous studies show that Stx2a was mostly associated with human diseases and Stx2e
was associated with swine diseases [85, 94, 100, 101].
SubAB is also an AB5 toxin produced by STEC strains and potentially involved in
pathogenesis of human disease as an important virulence marker [111, 142]. SubAB has
been shown to trigger an endoplasmic reticulum (ER) stress response and stress-induced
cell death in a number of animal and human cells by binding to terminal sialic acids of cell
membrane receptors [168, 158]. Four allelic variants of SubAB encoding genes have been
described. The subAB1 variant was originally located on the large, conjugative virulence
plasmid pO113 [117]. The second subAB2-1 variant was located on the pathogenicity island
SE-PAI [97, 114] and the third chromosomal variant subAB2-2 was encoded on an outer
membrane efflux protein (OEP) locus [44]. The fourth allelic variant subAB2-3 is associated
with a gene predicted to encode a hypothetical protein of yet unknown function [111]. All
variants are encoded by the two closely linked genes subA and subB. SubA is the enzymatic
active subunit containing the typical catalytic traid. The receptor binding subunit SubB is
responsible for the cellular uptake [117]. Phylogenetic analysis of the whole subAB gene of
all variants show 99% identity to each other. Phylogenetic analysis of the subA sequences
shows that the plasmid-located are by nearly 100% the most homogeneous ones. A higher
genetic diversity of 98% is seen by the phylogenetic analysis of the chromosomal located
subA genes. Differences between the allele clusters show 91% identity between subA1 to
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subA2-2 and 89% between subA1 to subA2-1 [44]. These phylogenetic differences could reflect
a different pathogenic potential and toxicity of subAB-positive strains similar to different Stx
variants [40, 84]. In addition, it is important to reflect whether different variants are associated
with several hosts. The alleles subAB2-1 and subAB2-2 are widespread among STEC strains of
wild ruminants and sheep. Whereas the variant subAB2-3 could be important in human
pathogenesis [111].
The SPATEs constitute a trypsin-like superfamily of virulence factors produced by the type V
secretion pathway. They are generally secreted into the external milieu and are highly
prevalent among pathogenic E. coli and Shigella [57, 67, 170]. Such monomeric
autotransporters comprise three functionally different domains. The signal peptide targets the
protein into the periplasm, the N-terminal passenger domain (α-domain) encodes the
protease activity and the pore-forming C-terminal translocator domain (β-domain) targets the
protein to the outer membrane (OM) [58, 63, 172]. On basis of phylogenetic analysis
SPATEs can be divided into two distinct classes based on the amino acid sequence of the
passenger domain [58, 170]. Several studies, discussed in a recent review by Ruiz-Perez
and Nataro (2014) and by Andrade et al. (2017) suggest a correlation between their
phylogenetic clusters and biological functions [4, 132]. Class-1 SPATEs (see Table 1) have a
common ability to cause cytopathic effects in cells and display enterotoxin activity, whereas
class-2 SPATEs (see Table 1) exhibit a lectin-like activity to degrade a variety of mucins
resulting in an advantage for mucosal colonization and immune modulation.
Table 1: Classification of the serine protease autotransporters from Enterobacteriaceae (SPATEs)
Class-1 SPATEs

Class-2 SPATEs

EspC

EPEC secreted protein C

EatA

ETEC autotransporter A

EspP /
PssA
Pet

Extracellular serine protease (EHEC) /
Protease secreted by STEC
Plasmid encoded toxin

EpeA

EHEC plasmid encoded autotransporter

EspI

E. coli secreted protease

Sat

Secreted autotransporter toxin

SigA

Protease of Shigella flexneri 2A

Hbp /
Tsh
Pic
SepA

Hemoglobin binding protein /
Temperature sensitive hemagglutinin
Protease involved in intestinal colonization
Shigella extracellular protein A

Vat

Vacuolating autotransporter toxin

Identity analysis of the amino acid passenger domains among class-1 and class-2 SPATEs
show an identity of 28-34%. Members of the same class share 45-75% amino acid identity in
their passenger domains. The high occurrences of allelic variations among each of the
SPATE members share similarities from 93 to 97%, suggesting that each SPATE cluster
originated from allelic variations of a single parental SPATE [132].
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For EAST1 two variants were detected from strain 17-2 (O3:H2) and O-42 (O44:H18). The
variant differs from strain 17-2 sequences by one base at codon 21 (ACA  GCA), resulting
in a change in the amino acid threonine to alanine. Heterogeneity in the virulence between
the strains shows that strain O-42 provoked diarrhea in volunteers, whereas strain 17-2 did
not. However, these two strains do not only differ in their EAST1 sequence, but also in the
fimbrial antigen they express and in the sequences flanking EAST1. These differences may
explain the variation of pathogenicity for those two strains [103, 169].
All these allelic variations could reflect differences in their pathogenic potential. However, at
present no systematic analyses of all known toxin genes of E. coli and Shigella spp. have
been performed to find allelic variations with potentially different toxic activities.

2.5 Background of bioinformatics algorithms
For the prediction of properties related to the function of a newly sequenced gene,
sequences homologous to a known gene and their resulting proteins or to the whole family of
the protein class give first indications. Such a comparison between a set of nucleotide or
amino acid sequences in an alignment gives a first hint of functional and evolutionary
homologies or differences [108, 3]. The translation of gene sequences into protein
sequences follows the genetic code. Proteins are molecules, which are constructs of a total
of 20 different amino acids. The order of the amino acids in a protein sequence is the result
of the translated nucleotide acids from a gene, three successive nucleotide acids give a
triplet and result in one amino acid [109, 145]. Over time, related DNA or amino acid
sequences diverge through the accumulation events such as nucleotide or amino acid
substitutions, insertions and deletions. A sequence alignment is the first step to determine
regions of mutations in a set of homologous sequences [144]. Databases including
nucleotide and amino acid sequences like the National Center for Biotechnology Information
(NCBI)

(http://www.ncbi.nlm.nih.gov)

or

the

Protein

Data

Bank

archive

(PDB)

(http://www.rcsb.org) are useful in these analyses for finding homologous sequences and
information about the function with regard to the structures of proteins. The basis of a
sequence search with the goal to identify homologous sequences is a scoring matrix, which
presents optimal scores for a match and negative scores for mismatches [108].
The Basic Local Alignment Search Tool (BLAST) developed by Altschul et al., 1990 is the
most common local alignment tool which allows the identification of entries in the database
that contain similar sequences to a query nucleotide (BLASTn) or protein (BLASTp)
sequence. Including a set of algorithms, BLAST enables the finding of a short fragment of a
query sequence that aligns with a high score with a fragment of a subject sequence, which is
deposited in the database. BLAST uses the local alignment as alignment type using a subset
of sequences which were aligned to a subset of other sequences. This local alignment
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method is eminently suited to successfully search very large databases and the alignments
reveal regions that are highly similar. Therefore, homologous regions between descent
related divers sequences can be uncovered [3].
The first step of the BLAST algorithm is to break the query sequence into short segments of
a specific length, which are named short words. Theses short word segments were finally
used to create an alignment of sequences found in the database. The default length of these
words is three amino acids for BLASTp (Figure 5) and eleven nucleotide acids for BLASTn.
The successive words are constructed like a sliding window moving over the first letter to
select the next three or eleven letters of a word and so on, following the whole query
sequence. Subsequently, all words are compared against a sequence in the database.
These initial alignments must be greater than a neighborhood score threshold (T), which is
derived by using a scoring matrix. For protein alignments, the BLAST algorithm uses as
scoring matrix the Blocks Substitution Matrix 62 (BLOSUM 62). This matrix gives positive
and negative values for each amino acid identity or substitution between two aligned
sequences. In such a matrix all possible pairs of amino acids between the query and the
subject sequence receive a value. Therefore mutations of amino acids are included. Using
such a matrix, a resulting score (S) for each alignment can be determined [108, 3].

Figure 5: Concept of the BLASTp algorithm [108, 3]

For using a nucleotide query to search for alignments on a nucleotide database a simpler
scoring matrix is applied (Figure 6, p. 14). In a nucleotide matrix, each identical match is
given the same positive score and all mismatches are given the same negative score [3].
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Figure 6: Concept of the BLASTn algorithm [3]

At the end of a BLAST process in NCBI, the program gives a report for each alignment with
an Expect (E) Value. The E value reflects the quantity of sequences, which possess an equal
sequence length and the database size to result in the same score as the query sequences.
Therefore, the lower the E value the more significant is the alignment at a specific probability
level and is homologous to the query sequence. The generated report includes also an
alignment visualization of the query and the subject sequence. The centerline provides the
information if a letter is identical (high similarity), similar but not highly similar (+) and no
symbol for non-similarity [105].
Geneious is a popular Java based bioinformatics software platform, which is able to
communicate with a number of public molecular biologic databases hosted by NCBI
(http://www.ncbi.nlm.nih.gov)

and

UniProt

–

Universal

Protein

Resource

(http://www.uniprot.org). UniProt is a comprehensive catalogue of protein data, including
protein sequences and functions from Swiss-Prot, TrEMBL and PIR. In Geneious, these
databases can be directly screened, the information downloaded and saved in an own
database. As a sequence searching tool the BLAST algorithm is used. The results show also
a query coverage, E value and identity values for each hit to the query sequence. With the
collected sequences of a gene or protein, alignments can be created. These alignments
consist of a table with one sequence per row and each column containing homologous
residues from the different sequences [14]. To create an alignment in Geneious, the software
includes two options, the local and the global alignments (Figure 7, p. 15). The local
alignment is appropriate when aligning segments of genomic DNA that may have local
regions of similarity embedded in a background of a non-homologous sequence [144]. A
global alignment in contrast is an alignment, which assumes homologous sequences along
their entire length [108].
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Figure 7: Definition of the global and local alignment [108, 144]

In order to align sequences, a scoring system is required to score matches and mismatches
as described for the BLAST algorithm. The scoring system for nucleotide sequences is also a
simple match / mismatch weight between the pair of sequences at any given site of
comparison. For protein sequences, empirical measurements including the mutation process
by comparing a large number of related sequences are necessary. These matrices
incorporate the evolutionary preferences for certain substitution over the kind of the query
sequence in the form of log-odd scores. In Geneious a number of BLOSUM and PAM
(Point accepted mutation) substitution matrices are available to create such a protein
alignment [14].
The first step to predict ancestral relationships between the sequences is a multiple
sequence alignment, a comparison of multiple related nucleotide or amino acid sequences.
Nucleotide sequences in a multiple alignment can be directly translated via Geneious into
their protein sequences flanked by their start and stop codons using the genetic code. The
multiple sequence alignment is an alignment of more than two biological sequences of
similar or different length. The proportion of letters in form of nucleotides or amino acids at
each position in such an alignment, are weighted proportionally by using mismatch costs to
incorporate differences in letters and gaps. Finally, the multiple alignment can be used as
evolutionary distance data to reconstruct phylogenetic trees. The Jukes Cantor, the HKY
(Hasegawa, Kishino and Yano) and the Tamura Nei model can be used as genetic distance
models to build such a tree. The differences between these models is the equilibrium of the
base frequency [14]. The simplest substitution model is the Jukes Cantor model which
assumes that all bases have the same equilibrium frequency [66]. The HKY and the Tamura
Nei model assume that every base has a different equilibrium base frequency, whereas the
Tamura Nei model allows the two types of transitions (A ↔ G and C ↔ T) [55, 149].
Geneious provides two tree building methods, the neighbor-joining method and the UPGMA
(Unweighted Pair Group Method with Arithmetic Mean) [14]. The principle of the neighborjoining method is to find pairs with the minimal total branch length at each stage of clustering.
Data of nucleotide or amino acid differences such as substitution matrices are converted into
distance data. This distance data is the sum of the branch lengths and the pair that shows
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the smallest amount is chosen as a pair of neighbors. Finally, the number of pairs of
neighbors in a tree depends on the tree topology. The tree construction starts with a star and
splits into an unrooted tree because some pairs are more closely related to each other than
other pairs in the tree [133]. In contrast to the neighbor-joining method, UPGMA shall be
assumed a molecular clock. This hierarchical clustering method based on the molecular
clock hypothesizes a constant rate of evolution. That means a higher mutation rate implying
a longer time of evolution in respect of the origin. This method is appropriate when a rooted
tree is needed and the rate of mutations determines the distance of the branches in a
phylogenetic tree [98].
The secondary structure of protein sequences can be predicted with the GarnierOsguthorpe-Robson (GOR) method. This method is based on probability parameters derived
from empirical studies of known protein structures solved by crystallography. In consequence
of this information, propensities of individual amino acids as well as conditional probabilities
of amino acids give a neighborhood relationship already formed in the secondary structure
used in the formalism of information theory and Bayesian statistics. Features of protein
folding such as α-helix, β-strands, turn and coil at each position were predicted based on
scoring matrices for each of the four features for all 20 amino acids by following a 17 amino
acid window. Therefore the method architecture includes a total of 20x4x17 parameters in
one step. The inclusion of homologous sequence information through multiple alignments
adds an additional accuracy to the secondary structure prediction. So helices and strands
represent the major architectural structures of the conserved core of homologous proteins
[49 ,48]. Currently the GOR algorithm combines also evolutionary information with an
accuracy of prediction of 73.5% and is therefore the most successful method in this field
[141].
To conclude, an alignment is used to find homologous sequences and therefore the first step
to determine regions of mutations in these sequences [144]. A common database including
genomes, single nucleotide and amino acid sequences is NCBI. For searching homologous
sequences, the database uses the BLAST algorithm (http://www.ncbi.nlm.nih.gov). The
Geneious software allows the download of genomes or single sequences from the database
to compare the public data with internal data. Furthermore, the user can work with a variety
of algorithms to search sequences within genomes, to create a sequence alignment and
phylogenetic trees [14]. The prediction of properties on the basis of the amino acid sequence
is the starting point for understanding possible effects of mutations on the function of a
protein [48].
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2.6 Basis of protein structure for 3D modeling
The structure of proteins is commonly described by four hierarchical structures of
organization (Figure 8), starting with the linear primary structure including the one-letter
amino acid code and the linear secondary structure which shows the features of the
polypeptide chain (α-helix, β-strand, turn and coil). Hydrogen bonds are the basis of
stabilizing these linear secondary structures to form spiral, rodlike α helices, planar β strands
and U-shaped turns. The folding of the polypeptide chain into a compact three-dimensional
arrangement is represented by the tertiary structure. In contrast to the secondary structure,
the tertiary structure is stabilized by hydrophobic interactions and disulfide bonds. For
monomeric proteins, which consist of a single polypeptide chain, the tertiary structure is the
highest organization level. Multimeric proteins contain two or more polypeptide chains
(subunits) and are compared by noncovalent bonds. This organization is comprised in the
quaternary structure.

Figure 8: Hierarchical structures of the protein organization [87, 38]

The two regular secondary structures, the α-helix and the β-sheets, are crucial elements of
the protein architecture. The α-helix is formed of polypeptides which assume a regular spiral
conformation. Each peptide is hydrogen-bonded about its own carbonyl oxygen to the amide
hydrogen of the amino acid or residues. This arrangement of bonds forms a polar helix
because all hydrogen-bond donors have the same orientation. Every turn of the helix
involves 3.6 amino acids. The hydrophobic or hydrophilic properties of the helix are
determined by the side chains, as the polar groups of the peptide are involved in hydrogen
bonding. The other β-sheet structure consists of laterally packed β-strands. Each β-strand is
nearly a full extended polypeptide chain and hydrogen bonded to the others. Like α-helices,
β-strands have also a polar definition resulting in the orientation of the peptide bonds.
Therefore, the β-sheet arrangement is a very stable and flexible arrangement causing the
parallel structures, which can slip over one another. Finally, the α-helix and the β-sheets are
linked by turns and coils. Turns are structures, which are stabilized by a hydrogen bond
between their end residues and include mainly the amino acids glycine and proline. The lack
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of a large side chain of glycine and existing curve in proline allow the polypeptide to fold into
a U-shaped turn. In contrast to turns, coils can be formed in many different ways. All these
structures were used to pack a protein into a compact arrangement.
Motifs in proteins are regular combinations of these secondary structures and organized into
a characteristic three-dimensional structure. Such a motif built for example the combination
of one α-helix and two β-strands with an antiparallel orientation to form a zinc ion binding
region. This motif is found in most RNA or DNA binding proteins. Presence of the same
motifs in different proteins with similar functions indicates that these combinations are very
useful in the evolutionary process. Structural and functional regions in proteins are modules
of the tertiary structure called domains. A domain is a compactly folded region of various
combinations of α-helices, β-sheets, turns and coils. These regions are often physically
separated from the other parts of the protein, but connected by the polypeptide chain.
Characteristic features are proline and glycine-rich regions, which are conserved in many
proteins, arising from homologous structures. Domains define the functional terms based on
the activity of a protein and are responsible for its catalytic activity and / or binding ability.
Therefore, the domains describe the active center of a protein. Mutations in DNA which
encode a protein can change the three-dimensional structure and so the function of a
protein. Therefore, the information for folding a protein lies in the nucleotide acid sequence.
Different illustration types of the three-dimensional structure of a protein highlight different
information. The simplest way is to trace the course of the backbone atoms with a solid line
showing how the polypeptide is packed into the smallest possible volume. The most complex
ball-and-stick illustration shows the location of each atom in the protein. The schematic
illustration shows how the organization of turns and loops connecting α-helices and βstrands. This type of representation uses shorthand symbols, cylinders for α-helices, arrows
for β-strands and a flexible line for all the other parts of the protein. Therefore, the schematic
view emphasizes the organization of the secondary structure and various combinations of
secondary structures can be easily seen. Information about the protein surface can be
provided by the water-accessible model. A water molecule is rolled around the protein
structure to clarify lumps, bumps and crevices of the surface. Also regions of positive and
negative charges can be painted. Such an illustration shows specific binding interactions to
other proteins or ligands [87].
To determine the structure and function of a protein, a number of computational tools of
structure prediction using profile-profile matching algorithms have been developed [71]. At
present, the three-dimensional PDB archive has grown from experimentally determined
protein structures by using X-ray (100.202 entries), NMR (11.145 entries) and electron
microscopy (855 entries) as well as 104.417 entries by using the molecular typing for protein
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structure prediction [119]. Computational methods originating from simulations of the folding
process involving homologous sequences of known three-dimensional structures and using
only the protein sequence itself as input data. These template-based homologous models
rely on the observation that a number of folds in nature appear to be limited and homologous
protein sequences assume similar folding properties. In case that homologous sequences
can be found, an alignment can be generated and used directly to build a three-dimensional
model [7]. Currently, it is possible to model protein sequences with less than 20% sequence
identity to a known protein structure using multiple sequence information. For each segment,
known homologous sequences are collected to construct a statistical profile of mutational
propensities at each position in the sequence of interest. These short alignments are
combined into one large alignment referring to the order of the query sequence [112]. The
highest scoring alignments, generated by an E value, are finally used to build a full threedimensional model of the query sequence. In general, point mutations do not result in a
different three-dimensional model, if the point mutation lies in a loop region. Missing or
inserted regions caused by insertions or deletions in the alignment are repaired using a loop
library. Such a system is typical for a number of freely available structure prediction systems
on the web. The user simply pastes their amino-acid sequences into a web page to get a
fully downloadable three-dimensional model. Every position along this alignment where a
query residue is matched to a template residue shows a score of the profile-profile matching
algorithm [71]. Popular web servers for remote homologous / fold recognition are Phyre and
I-Tasser (Table 2).
Table 2: Popular web servers for remote homologous / fold recognition [71]
Server

Web address

Confidence

Residues in amino acids

Phyre

http://www.sbg.bio.ic.ac.uk/~phyre2/html

E value

< 1000

I-Tasser

http://zhanglab.ccmb.med.umich.edu/I-TASSER/

E value

10 - 1500

SAM-T06

http://www.soe.ucsc.edu/compbio/SAM_T06/

E value

< 600

PCONS

http://pcons.net/

P value

30 - 800

Robetta

http://robetta.bakerlab.org/

E value

27 - 1000

These homology-based prediction systems use a library of individual structural domains and
domain-domain orientations ideally for protein sequences containing multiple domains. The
library includes the conserved domain database search service at NCBI or PFAM
(Protein families). Therefore, domains are identified and extracted from the query sequence
[92, 36]. For optimal prediction, sequences less than 1.000 residues are preferred for use in
Phyre. I-Tasser in contrast allows a sequence length up to 1.500 residues and needs
therefore more processing time. Additionally, the I-Tasser server possesses the option to
build models in the absence of a template, if no consensus to the query sequence can be
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found. Such methods divide the query sequence into overlapping fragments of amino acids
and the candidate three-dimensional structures were generated using template-based
techniques. These structural fragments are then stochastically sampled in respect of
empirically derived statistics and assembled to construct a protein conformation [174].
Therefore, the prediction of a three-dimensional protein model is without faults. A
combination of different sources, other servers (Table 2, p. 19) or search tools like PDB, are
the most reliable way of avoiding false-positive fold recognitions and building the most
accurate three-dimensional model [71, 162].

2.7 Influence of protein structure on biochemical properties
Phylogenetic differences in sequence structure of allelic variants have been shown for
the toxins stx [70] , subAB [44, 111] and the SPATEs family [132], as described in chapter
2.4 Genetic variability of toxins, p. 9 ff. Those allelic variants could reflect a different
pathogenic potential and toxicity on mammalian cells and consequently for the host
organism. To analyze changes in enzymatic and toxic activity of the variants, different cell
culture or animal models can be used [44, 70, 111]. However, the analysis of biochemical
differences between variants of a protein has many possible approaches. First hints for
changing biochemical functions reflect the protein structure, which allowed the prediction of
active domains. The comparison between active domains of allelic variants reflects possible
biochemical changes [48].
One example of changes in biochemical properties is the metal binding preference of zincbinding motifs on metalloproteases [41]. Metalloproteases represent the largest number of
proteolytic enzymes [122]. In general, all metalloproteases contain one or more metal ions,
whereby almost all metalloproteases prefer the binding of one or more zinc ions. However, it
is also possible that other metal ions like cobalt or manganese can be replaced by zinc. The
zinc-binding motif HExxH, which is formed by an α-helix and includes the two histidine (H)
residues, is well conserved in many monozinc enzymes at the active site [22]. In the threedimensional structure of the zinc-binding domain, the two histidine (H) and the glutamic acid
(E) residues that cooperate with the zinc ion are engaged in hydrogen bonds with one or two
acidic amino acid residues (Glutamatic acid or Asparagine) or other carbonyl oxygen atoms
[41]. Through mutational studies, it was proven that the hydrogen bonds between acidic
amino acid residues and the zinc ligands (H and G) stabilize the coordination of zinc in the
protein [42, 41]. YghJ is a metalloprotease that influences intestinal colonization of ETEC by
degrading the major mucins MUC2 and MUC3 in the small intestine by colonizing the cells
via oligosaccharides of lipopolysaccharide (LPS) [10, 45, 60, 90]. This metalloprotease was
first described in EHEC O157:H7 encoded on the pO157 virulence plasmid, which
specifically cleaves the C1 esterase inhibitor (C1-INH) and is named StcE – secreted
20

Literature
protease of C1 esterase inhibitor from EHEC [79]. Genes encoding YghJ are highly
conserved in diarrheagenic E. coli and exist also in a variety of other enteric pathogens
suggesting that this mucin-degrading enzyme may represent a shared feature of these
important pathogens to gain nutrients [150]. The active domain of YghJ is the M60-like
pfam13402 domain, a canonical HEXXH metalloprotease motif. Biochemical analysis of the
domain displayed metal and catalytic glutamate residues dependent proteolytic activity
against mammalian mucins. Furthermore, mutations of the predicted catalytic glutamic acid
(E) residue of the zinc motif HEXXH to aspartic acid (D) HDXXH dramatically reduce their
mucinase activity. The presence of the extended consensus HEXXH suggests that the M60like domain containing proteins could be considered as glutamic-acid zinc-binding
metallopeptidases providing mucin degrading capability [102].
Another example is the glycolipid binding preference of Stx. Stx binds with the B-subunit to
the cell surface and this binding is the most important step initiating the toxicity of the Stx
holotoxin [164]. Results of a glycolipid receptor interaction study of the different Stx Bsubunits of Stx1 and Stx2a-d shows differences in glycolipid binding. The B-subunit of Stx1
displayed a stronger glycolipid binding in contrast to the Stx2 variants, explained by
sequence structure differences. Among the Stx2 variants the glycolipid binding affinity is
nearly similar because of the fact that the amino acid sequence of the B-subunits are
identical except for two to five SNPs. However, the holotoxins of the Stx2 variants show
differences in the glycolipid binding preference. This suggests that the A-subunit might take
part in receptor recognition, while the C-termini of the A-subunits exhibit genetic differences.
The A-subunit of Stx2a contains a basic lysine as a significant difference to Stx2d with an
acidic glutamate at the C-terminus [70].
Sequence relationships of SPATE proteins with respect to the amino acid sequence of the
passenger domain reveal two distinct functional classes. The functional differences between
the cytotoxic and the lecithin-like immunomodulatory SPATEs are caused by differences in a
helix-turn-helix motif. The facing motif includes the catalytic triad of the protease. The
functional role of the helix-turn-helix motif is still unclear. A possible function might be the
accessibility of substrates to the catalytic motif, where substrates are incorporated and
cleaved. A fully helix-turn-helix motif harboring two contiguous cysteines with a potential to
form a disulfide bond to the catalytic domain is more distinctive of the cytotoxic class. In
contrast to the lecithin-like immunomodulatory SPATEs, the helix-turn-helix motif is
incomplete and the cysteines are absent [72, 83]. In a mutagenesis study on the cytopathic
serine protease Pet, the helix-turn-helix motif was damaged causing proteolytic but no longer
cytopathic effects [30].
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These examples show that the transcription and translation of allelic variants of toxin genes
lead to the expression of proteins with a different tertiary structure. Therefore, these protein
variants show changes in their active domains due to changes their catalytic activity, receptor
binding capacity or substrate activity. However, systematic analysis to unravel functional
differences of allelic variations of all known toxins released in several E. coli and Shigella
genomes have not yet been performed. Therefore, research of all currently published toxins
expressed by E. coli and Shigella is required to identify a subset of allelic variants for each
toxin in those genomes. The aim of this thesis is to analyze on basis of an in silico analysis
the genetic data of all these allelic variants and their resulting structure with regard to their
possible functional changes.
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3. Material and methods
3.1 Material
To test the hypothesis that allelic variations of toxins lead to functional changes, in this
thesis a set of currently all known toxin genes of E. coli and Sigella spp. until June 2016 was
compiled. With these toxin genes we initially analyzed a large set of 423 whole genome
sequences of our internal E. coli Reference Collection “ECore” [140] and 69 STEC
strains [31]. Subsequently, to identify all allelic variants of a toxin gene, we screened the
open web database of the National Center for Biotechnology Information (NCBI) for every
reference toxin sequence. The resulting genomes as well as plasmids, PAIs and single toxin
genes of NCBI were also collected in a data set. By using such a large set we were able to
identify all allelic variants of currently known toxins in E. coli and Shigella spp.
3.1.1

Toxin reference sequences

The resulting literature research of currently all published toxins expressed by E. coli and
Shigella spp. to June 2016, revealed a total set of 39 toxins genes, which are assembled and
classified based on their toxic activity on mammalian cells in Table 3. These nucleotide
sequences were used as reference sequences to identify allelic variations that are present in
E. coli and Shigella genomes.
Table 3: Published toxin genes in the genome of E. coli and Shigella
Intracellular acting toxins (IATs)
Gene designation

Acc. No.

Activity / Effect

eatA

AY163491

proteolytic a ctivity, cl eaves
ol i gopeptide methoxys uccinyl
proteolytic a nd mucinase
a cti vi ty

epeA
espC
espI
espP /
pssA

hbp /
tsh

pet
pic

SPATEs - ETEC
a utotransporter A
SPATEs - EHEC
pl a smid encoded
a utotransporter
SPATEs - EPEC
s ecreted protein C
SPATEs - E. coli
s ecreted protease
SPATEs extra cellular serine
protease (EHEC) /
protease s ecreted
by STEC
SPATEs hemoglobin binding
protei n /
temperature
s ensitive
hema gglutinin
SPATEs - pl asmid
encoded toxin
SPATEs - protease
i nvol ved i n
i ntestinal
col onization

AY258503
AF297061
AJ278144

proteolytic a ctivity, i ron
s ecretion
proteolytic a ctivity

AF074613 / cl ea ves coagulation fa ctor V,
BA000007 proteolytic a nd cytotoxic
a cti vi ty

Pathotype
ETEC
EHEC
EPEC,
STEC
EPEC,
STEC
EHEC,
STEC

Reference
[Da utin N; Open Access Tox 2010],
[Pa rel SK et al; Infect Immun 2004]
[Leyton DL et al; Infect Immun
2003]
[Ka per JB et al; Na t Rev 2004],
[Mel lies JL; Infect Immun 2001]
[Da utin N; Open Access Tox 2010]
[Ka per JB et al; Na t Rev 2004],
[Dja fari S et al; Mol Mi crobiol
1997]

AJ223631 / hemoglobin i nteraction,
Va rious [Otto BR et al; J Exp Med 1998],
AY545598 degra dation a nd heme binding (APEC) [Da utin N; Open Access Tox 2010],
[Dozois CM et al; Infect Immun
2000]
AF056581
CU928145

proteolytic a ctivity, i on
s ecretion, cytotoxicity
proteolytic, mucinase a nd
hema gglutinin a ctivi ty
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EAEC

[Ka per JB et al; Na t Rev 2004]

UPEC,
EAEC,
EHEC

[Ka per JB et al; Na t Rev 2004],
[Da utin N; Open Access Tox 2010]
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Intracellular acting toxins (IATs)

Pathotype
UPEC

Gene designation

Acc. No.

Activity / Effect

sat

AF289092

va cuolation cytotoxin

HE610901

proteolytic a ctivity, mucosal
a trophy

EIEC

AY258503

i on s ecretion, cytotoxicity

EIEC

stx1A-B

SPATEs - s ecreted
a utotransporter
toxi n
SPATEs - Shigella
extra cellular
protei n A
SPATEs – Protease
of Shigella flexneri
2A
Shi ga-Toxin

AE005674

EHEC

stx2A-B

Shi ga-Toxin

AE005174

subA-B

Subti lase
Cytotoxi n

AY258503

depurinates rRNA, inhibiting
protei n synthesis, i nduce
a poptosis
depurinates rRNA, inhibiting
protei n synthesis, i nduce
a poptosis
proteolytic a nd cytotoxic
a cti vi ty (appoptosis)

vat

SPATEs va cuolating
a utotransporter
toxi n

AY151282

proteolytic a ctivity

ExPEC

sepA
sigA

Membrane-damaging toxins (MDTs)

EHEC
STEC

Reference
[Ka per JB et al; Na t Rev 2004],
[Guyer DM et al; Infect Immun
2002]
[Ka per JB et al; Na t Rev 2004],
[Benjelloum-Touimi Z et al, Mol
Mi crobi ol 1995]
[Ka per JB et al; Na t Rev 2004],
[Al -Hasani A et al, Infect Immun
2000]
[Ka per JB et al; Na t Rev 2004],
[Ka rve SS a nd Weiss AA; PLOSone
2014]
[Ka per JB et al; Na t Rev 2004],
[Ka rve SS a nd Weiss AA; PLOSone
2014]
[Funk J et al; BMC Mi crobiol 2013],
[Pa ton WA a nd Paton JC; J Tox Rev
2010]
[Da utin N; Open Access Tox 2010]

PathoReference
type
Va rious [Ludwi g A et al; J Ba cteriol 2004],
[Ka per JB et al; Na t Rev 2004]

Gene designation

Acc. No.

Activity / Effect

clyA /
hlyE

Cytol ys i n A

AY576656

pore-forming, cell l ysis

ehxA

EHEC hemolysin

AF043471

cel l lysis

EHEC

[Ka per JB et al; Na t Rev 2004]

hlyA

Hemolysin

AP010959

cel l permeabilization and lysis UPEC

[Ka per JB et al; Na t Rev 2004]

Receptor targeted toxins (RTTs)
Gene designation

Acc. No.

astA
(EAST)

Hea t-stable
enterotoxin

ECOASTAA

cdtVa-c

Cytol etal
di s tending toxin
T3SS - Cycl ei nhibiting factor

AJ508930

Col i bactin l ocus

AM229678

cif
clbA-Q

AF497476

cnf1 and Cytotoxi n
X70679
cnf2
necroti zing factor ECOCNF2

PathoReference
type
a cti va tes guanylate cycl ase,
Va rious [Ka per JB et al; Na t Rev 2004],
res ulting in i on secretion
[de Sousa CP a nd Durbreuil D;
IJMM 2000]
DNa s e activity, blocks mitosis Va rious [Ka per JB et al; Na t Rev 2004],
i n G2/M phase
[Ja nka A et al; Infect Immun 2003]
bl ocks mitosis i n G2/M phase, EPEC,
[Ma rchès O et al; Mol Mi crobiol
i nduces formation of stress
EHEC
2003]
fi bres
i nduces DNA double-strand
ExPEC
[Putze J et al; Infect Immun 2009],
brea ks, cell cycl e arrest i n G2
[Ma rti n P et al; PLOSone 2013]
pha se, megalocytosis
Activity / Effect

perma nently a ctivates the
regul ation of GTPases,
promotes new cell a ctivities
(tra ns cription, proliferation,
s urvi val)

MNEC,
UPEC,
NTEC

espF

T3SS effector
Protei n

FM180568 opens tight functions, i nduces EPEC,
/ AE005174 a poptosis, i nduce
EHEC
mi tochondrial pathway

espH

T3SS effector
Protei n

FM180568

modulates filopodia a nd
pedestal formation
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EPEC,
EHEC

[Boquet P; ELSEVIR Toxicon 2001],
[Ka per JB et al; Na t Rev 2004]

[Ka per JB et al; Na t Rev 2004],
[Hohl mes A et al; Infect Immun
2010], [Ma rchès O et al, J Ba cteriol
2006]
[Ka per JB et al; Na t Rev 2004],
[Tu X et al; Mol Mi crobiol 2003]
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Receptor targeted toxins (RTTs)
Gene designation

Acc. No.

Activity / Effect

ipaB

T3SS - i nva sion
pl a smid a ntigen

AY098990

a poptosis, membrane
i ns ertion, l ysis of phagocytic
va cuol e

ipgD

T3SS - Inosital
phos phate
phos phatase

AF348706

membrane blebbing,
i ncreased chloride s ecretion

leoA

Dyna min-like
protei n

FN649414

Pathotype
EIEC

EIEC

Reference
[[Ka per JB et al; Nat Rev 2004],
[Gi botti et al; J Mi crobi ol 2004]
[Ka per JB et al; Na t Rev 2004]

[Mi chi e KA et al; PLOSone 2014]

s et1
(ShET1)

membrane vesicle associated ETEC
toxi n s ecretion, GTPase
vi rul ence factor
Lymphocyte
AJ133705 / i nhibits lymphocyte activation, EPEC,
i nhibitory factor / AF159462 a dhesion, blocks interleucin
EHEC
EHEC fa ctor for
production
a dherence
Hea t-labile
CP000795 ADP ri bos ylates a nd a ctivates ETEC
enterotoxin
a denylate cycl ase resulting i n
i on s ecretion
T3SS FM180568 di s rupts mitochondrial
EPEC,
mi tochondrionmembrane potential
EHEC
a s sociated
protei n
Shigella
AF348706 i on s ecretion
EAEC,
enterotoxin 1
EIEC

s et2
(ShET2)

Shigella
enterotoxin 2

AF348706

i on s ecretion

EIEC,
ETEC

[Ka per JB et al; Na t Rev 2004]

STa
(es tla)

Hea t-stable
enterotoxin a

FN649417

a cti va tes guanylate cycl ase
res ulting in i on secretion

ETEC

[Ka per JB et al; Na t Rev 2004]

STb
(es tlb)

Hea t-stable
enterotoxin b

FN649418

i ncreases i ntracellular calcium ETEC
res ulting in i on secretion

[Ka per JB et al; Na t Rev 2004]

tir

T3SS tra ns located
i nti min receptor

AF070067

i nhibits NF-κB activation,
nucl eation of cytos keletal
protei ns, loss of mi crovilli,
GAP-l i ke a ctivity

[Ka per JB et al; Na t Rev 2004],
[Rucha ud-Sparangano MH et al;
PLOSpa thogenes 2011]

virA

T3SS effector
protei n

AF386526

cl ea ves a-tubulin (intracellular EIEC
s preading, microtubuli
des tabilization, membrane
ruffi ng)

[Ka per JB et al; Na t Rev 2004],
[Da vi s J et al; Prot Sci ence 2008]

yghJ

Meta l loprotease

AP009048

degra des intestinal mucins
(homolog SsIE)

[Luo Q et al; Infect Immun2013],
[Nes ta B et al; PLOSpa thogens
2013]

lifA /
efa1
LT (el t)

map

3.1.2

EPEC,
EHEC

ETEC

[Ka per JB et al; Na t Rev 2004]

[Ka per JB et al; Na t Rev 2004]

[Ka per JB et al; Na t Rev 2004]

[Ka per JB et al; Na t Rev 2004]

Internal database ECore – E. coli Reference Collection

The internal database ECore used in this thesis, consists of 423 whole genome
sequences of the E. coli Reference Collection “ECore” published by Semmler 2018 [140] and
contains additional 69 STEC whole genome sequences published by Eichhorn 2015 [31].
This internal ECore database includes 242 internal isolates of the Institute of Microbiology
and Epizootics, 193 isolates from other institutes as well as 57 reference genomes collected
from NCBI. Within the dataset the prevalent species is E. coli, which comprises 471
genomes followed by Shigella with twelve genomes. Other species like E. albertii (n=5),
E. alvei (n=3) and E. fergusonii (n=1) are also present in the database. The majority of
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pathotypes of E. coli are ETEC (n=87), STEC (n=69), atypical EPEC (n=36) and EPEC
strains (n=27) as well as many strains with unidentified pathotype (n=212). The database
involves 248 human isolates and isolates of farm, zoo and companion animals. In addition to
the human isolates, the largest group of the animal isolates are those of cattle (n=54) and
dogs (n=34). Not all of the isolates are associated with diseases. There are also isolates from
healthy humans, healthy animals and environmental isolates. The isolates which were
collected in a time range between 1943 to 2011 originate from regions in Europe, Asia,
Australia, Africa, North- and South America. Within the appendix, the whole database is
listed in Table A 1 (pp. i ff.), including information on every strain with focus on the strain
number, species, pathotype, host, possible disease of the host, the source laboratory, year of
isolation, region where the strain was isolated and synonymous names of the strain.
3.1.3

NCBI database - National Center for Biotechnology Information

The screening of toxin genes in the open web database NCBI using nucleotide
sequences of the reference toxins resulted in a second collection including 86 whole genome
sequences, 72 plasmids, 22 PAIs and 276 genes which were not considered within the
internal ECore dataset. Within the second dataset the prevalent bacterial species is E. coli
with 396 entries (including genomes, plasmids, PAIs and genes) followed by Shigella
(S. boydii, S. dysenteriae, S. flexneri and S. sonnei) with 56 entries (including genomes,
plasmids, PAIs and genes). The prevalent pathotypes of E. coli described on NCBI are STEC
(n=89), EHEC (n=47), UPEC (n=45) and ETEC (n=44) strains. Equal to the internal ECore
database, many strains had unidentified pathotypes (n=142). Also similar to the internal
ECore database, the largest group of host entries comprises 263 human isolates. The
database involves also data of farm animals (n=79) and food samples (n=16). Around 198
entries are associated with diseases like diarrhea (n=66), urinary tract infection (n=45) and
HUS (n=31), but there are also entries listing healthy humans and animals (n=40) as
isolation sources. The collected data were published between the years 1917 and 2016. The
strains have been isolated in several geographical regions from Europe, Asia, Australia,
Africa, to North- and South America. The whole database is listed in Table A 2 (pp. xvi ff.)
and attached in the appendix, including information about the accession number in NCBI,
species, pathotype, host, disease of the host, the source laboratory, year of isolation, region
of isolation and synonymous names of every genome, plasmid, PAI and gene.

26

Material and methods

3.2 Methods
The nucleotide sequences of the reference toxin genes were used to identify allelic
variations of each toxin gene in the NCBI and the internal ECore database. For database
searches the BLASTn algorithm was used. An editing of all extracted toxins and their allelic
variations were carried out using Geneious version 7.1.2., which provides algorithms for
alignment construction, phylogenetic tree creation and secondary structure prediction. The
three-dimensional structure of selected allelic variations was modeled using the I-Tasser
server for protein structure and function prediction (http://zhanglab.ccmb.med.umich.edu/ITASSER/), which refer to the protein database UniProt (http://www.uniprot.org) and the
molecular visualization system PyMol (https://www.pymol.org).
3.2.1

Nucleotide BLAST (BLASTn)

The NCBI BLASTn algorithm works on the basis of the basic local alignment search tool
of Altschul et al., 1990 as described in chapter 2.5. The nucleotide level is the starting point
in this thesis as the raw genomic data, which forms the basis of the following bioinformatics
analysis and interpretations. Therefore, an important part was the screening of the NCBI
database for all reference toxin sequences (Table 3, p. 23 ff.) to find all currently published
variants of each toxin gene. The BLASTn program allows the matching of query nucleotide
sequences against those present sequences recorded in the NCBI nucleotide database.
Each of the toxin reference sequences was uploaded as FASTA file and for sequence search
the BLASTn algorithm was used, which allowed the identification of any related sequences.
The algorithm parameter settings for sequence search, including general parameters for the
search stringency, scoring parameters to choose the scoring matrix and gape penalties as
well as filter options, were set as default parameters of BLASTn. The description table shows
a summary of the sequences that were identified to be somewhat similar to the input query
and provide information about the similarity for every match. This information includes the
highest alignment score (Max score), the total alignment score (Total score), the percentage
of the query coverage (Query cover), the best Expect value (E value) and the highest percent
identity (Ident) of all query-subject alignments in respect of all alignments from that resulting
search. Individual sequences can be selected as pairwise query-subject alignment to give a
detailed view of SNPs between both sequences (http://blast.ncbi.nlm.nih.gov).
Based on a range going from 85% to 100% identity to the reference sequence, we assumed
that these alignments are variants and results for the gene of interest. Alignments with an
identity lower than the threshold of 85% cannot be uniquely assigned as gene variants and
were excluded from this thesis (see chapter 5.1, p. 59 ff.).
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The identified E. coli and Shigella genomes, plasmids, PAIs and single toxin gene sequences
of the database screening were downloaded as FASTA files and collected within the
Geneious software to create an individual database as described in chapter 3.1.3, p. 26.
Subsequently, the whole genome sequences of the E. coli and Shigella strains of the internal
ECore database (chapter 3.1.2, p. 25 ff.) were also screened for all reference toxin genes
using BLASTn within an in-house pipeline (Figure 9). The genomes and their extracted toxin
genes were also downloaded as FASTA files and collected with the Geneious software.

Figure 9: Detailed pairwise alignment of the query heat stable enterotoxin astA / EAST sequence (ECOASTAA)
and a similar sequence of the E. coli genome CP00970 after sequence search in Geneious. The sequence
alignment demonstrates the same results as the NCBI screening.

Only toxin genes, which were detected in their full sequence length, are included in this
thesis. It might be possible that gene fragments are a result of the assembled sequence that
is composed of short overlapping reads (DNA fragments). During sequencing, single genes
can be split into fragments that appear in different contigs (parts representing a whole
genome). We searched the absent fragments in the whole genome sequence via BLASTn to
identify if the gene splits into fragments and assembles all fragments into a whole gene
sequence. Toxin genes, which have not been detected in their full sequence length, were not
included into this thesis assuming noncoding gene fragment sequences.
3.2.2

Algorithm for alignment construction

The starting point to compare all collected sequences of one toxin gene was the creation
of a multiple sequence alignment in order to identify SNPs and finally allelic variations.
Multiple sequence alignments in Geneious were done using the progressive pairwise
alignment method. This method is the most efficient algorithm when a variety of large
sequences needs to be aligned.
To create a pairwise alignment of gene sequences in Geneious, the global alignment was
used (as described in chapter 2.5), because whole sequences were compared to find
polymorphisms [14, 108]. As scoring system, a simple match / mismatch (5.0 / -4.0) cost
matrix between nucleotide acid pairs of the sequences at any given site of comparison was
needed to find the optimal alignment of the two sequences (as described in chapter 2.5,
p. 12) [14, 3]. The chosen scoring parameters to create a pairwise alignment were the default
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parameters of the “Geneious Alignment” (Alignment type: Global alignment with free end
gaps, Cost Matrix: 65% similarity (5.0/-4.0)).
To compute a multiple alignment, pairwise alignments for all existing sequences against
each other were performed to identify the most related sequences which were aligned.
Subsequently, these consensus sequences were aligned with the remaining sequences
depending on their similarity to each other. This process is completed when all existing
sequences have been combined in one multiple alignment, as exemplary shown in
Figure 10 [14, 35, 133].

Figure 10: Nucleotide alignment of four selected astA / EAST1 sequences representing SNPs among each other

All nucleotide sequences in a multiple alignment were directly translated into their protein
sequences involving their start and stop codons based on the genetic code referring the
correct reading frame. Such a multiple alignment of amino acid sequences represents the
proportion of the aligned sequences at each position using the scoring matrix BLOSUM 62 to
incorporate differences in letters and gaps, as described in chapter 2.5, p. 12 [14]. The
chosen parameters to translate a nucleotide alignment are the default parameters in
Geneious “Translation Alignment” (Genetic code: Standard, Translation frame: 1, Alignment
type: Global alignment with free end gaps, Cost Matrix: Blosum62). The resulting protein
alignment is shown in Figure 11.

Figure 11: Protein alignment of four selected astA / EAST1 sequences representing changes in their amino acids
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In both alignments, a detailed alignment view of the nucleotide or amino acid letters was
shown to identify differences in their sequence structure. Another helpful feature was the
view of the percentage distance between the sequences, which are summarized in a
comparative table. To compare alignments, SNPs among the nucleotide sequences have
been defined as synonymous or non-synonymous SNPs with regard to their resulting protein
sequences.
3.2.3

Algorithm to create a phylogenetic tree

With the inbuilt tree reconstruction algorithms in Geneious a phylogenetic tree can be
directly formed from a multiple sequence alignment. Therefore, multiple alignments can be
used as distance data to identify phylogenetic relationships. To build a phylogenetic tree
using the Geneious tree builder, different options for the genetic distance model as well as
the tree build method were available [14].
As genetic distance model the “Tamura Nei” model was used to build a tree of nucleotide
sequences. In contrast to the other models (“Jukes Cantor” and “HKY”), the Tamura Nei
model assumes every base has a different equilibrium base frequency. Transitions evolve at
a different rate of transversions and allow the two transitions types A ↔ G and C ↔ T [14,
149, 66, 55]. To build a phylogenetic tree of amino acid sequences, Geneious provides the
“Jukes Cantor” genetic distance model as a single option. The model assumes that all amino
acids have the same equilibrium base frequency of 5% and replacements occur at equal
rates [14, 66].
As tree build method, for both alignment types the UPGMA was used. In contrast to the
Neighbor-joining method, the UPGMA is based on the assumption of a molecular clock and
forms a rooted tree [14, 133, 98]. The method allows an alignment of a variety of sequences
and a sequence clustering based on their polymorphisms [98]. Therefore, this approach
allows a simplified determination of allelic variations from a multiple gene or protein
alignment.
3.2.4

Prediction of secondary structure

The secondary structure of an amino acid sequence can be directly predicted in
Geneious using an implementation of the Garnier-Osguthorpe-Robson (GOR) algorithm
accessing a server based on the database of Cuff and Barton (1999, 2000) including
513 sequential protein domains, which contain 84.107 residues [14, 141, 20, 21]. The GOR
algorithm calculates the α-helices, β-strands, turns and coils probabilities at each residue
position and provides an initial structural prediction, which results in the highest probability.
The four features of protein folding were predicted based on scoring matrices for each
feature for all 20 amino acids by following a 17 amino acid window. Therefore, the method
architecture includes a total of 20x4x17 parameters in one step. Regarding heuristic rules,
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helices shorter than five residues and strands shorter than two residues were converted into
coils. Incorporated multiple sequence alignments increase the evolutionary information
content for improved discrimination among secondary structures. Currently the prediction
accuracy of the GOR algorithm reached of 73.5% [49 ,48, 141, 75]. Therefore, Geneious
enables a first statement about resulting differences in the secondary protein structure of
allelic variations of a toxin.
Mutation matrices for transmembrane, extracellular and intracellular proteins have been
useful for the interpretation, especially in the absence of known three-dimensional structures.
They gave a hint of substitution effects at particular sites in the sequence. The different
matrices are published on the website: http://www.russell.embl-heidelberg.de/aas. These
matrix scores numerically classify an amino-acid substitution: (i) unpreferred mutations have
given negative scores, (ii) preferred substitutions have given positive scores and (iii) neutral
substitutions have given zero scores, such as the BLOSUM 62 substitution matrix. Amino
acids can share also properties like their size or their polarity and sometimes mutations in the
protein structure result in the same secondary structure [11]. An example to predict the
secondary structure in Geneious and the outcome that mutations have no influence on the
resulting secondary structure is shown in Figure 12.

Figure 12: Prediction of secondary structure of the four selected astA / EAST1 sequences

3.2.5

Three-dimensional structure prediction and visualization

If allelic variations have shown differences in their gene and protein sequence as well as
in their secondary structure and especially in active domains, the three-dimensional (3D)
protein structure was predicted by using the modeling software I-Tasser to give a hint of
resulting differences in their functional activity. The I-Tasser server is a hierarchical protein
3D structure modeling approach (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) based on
the protein sequence involving a variety of integrated algorithms. A detailed overview in
which algorithms were involved in the I-Tasser method has been described by Yang Zhang
2007 and 2008 [174, 175].
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The target protein sequence, submitted as FASTA format, was first guided through the PDB
structure library with a cut-off of 70% pairwise sequence identity to find possible folds by
variants of Profile-Profile alignment. The continuous fragments were then used to
reassemble full-length models and unaligned regions were built by ab initio modeling. In a
second iteration, selected fragments were extracted from the model and screened a second
time against the PDB structure library. Finally, the structures were clustered and the lowest
energy structure in each cluster was selected. This simulation has been run for separate
domains as well as for the full sequence. The final 3D model was automatically generated by
assembling the single domains together in a full-length model [175]. The complete results
including threading templates, predicted final models, proteins structurally close to the target
sequence with their ligand binding and active sites.
The final 3D model can be downloaded as PDB file and visualized by the molecular graphic
system PyMOL (https://www.pymol.org/), as shown in Figure 13. All 3D images were
generated using PyMOL version 1.3 on Mac OS X. The program provides also the options to
create an alignment of 3D protein structures, different visualization models and a separate
view for binding ligands.

Figure 13: Predicted 3D protein structure of the translated protein sequence of the reference gene sequence
ECOASTAA (astA / EAST1) using the I-Tasser server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and
PyMOL (https://www.pymol.org/).
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4. Results
4.1 Toxins of E. coli and Shigella spp.
The focus of this thesis to compile a set of all known toxin genes which are known to be
expressed by E. coli and Shigella spp. from previous studies (references are listed in
Table 3, p. 23 ff.), was based on the toxin definition by Henkel et al. (2010), that toxins
damaging human and animal target cells through their own action [59]. Furthermore, based
on their mechanisms of interaction on target cells all toxins resulting from the literature
research were classified into three groups:
i)

Intracellular acting toxins (IATs),

ii)

Membrane damaging toxins (MDTs) and

iii)

Receptor targeted toxins (RTTs).
(see chapter 2.3 Toxins as important virulence factors, p. 6 ff.)

The group of IATs consists of the SPATEs family, the Subtilase Cytotoxin SubAB, and the
Shiga-Toxins Stx1 and Stx2. These toxins are able to cross the target cell membrane and
damage the cell from the inside by cleaving specific intracellular substrates.
The pore-forming cyto- / hemolysins EhxA, ClyA (HlyE) and HlyA, which create channels in
the target cell’s membrane form the group of MDTs. Through the resulting channels an
unregulated calcium influx into the host cell leads to cytoskeletal destruction and finally to cell
lysis.
Included in the group of RTTs are the heat-labile enterotoxin (LT) and heat-stable
enterotoxins (EAST1, STa and STb), type III effector proteins (Cif, EspF, EspH, IpaB, IpgD,
Map, Tir and VirA), cytotoxins (CdtVa-c, Cnf1 and Cnf2), toxins involving colibactin (ClbA-Q),
the dynamin like-protein LeoA, the lymphocyte inhibitory factor LifA (Efa1), Shigella
enterotoxins (ShET1 and ShET2) and the metalloprotease YghJ. These toxins stimulate
intracellular signaling pathways after binding to the appropriate cell receptors. The induced
signals release a broad and extremely diverse spectrum of effects on target cells, which
results in an increased or decreased fluid / cell compound secretion, cell cycle arrest in
different phases of mitosis, DNase activity or DNA double-strand breaks, permanent
activation (GTPase) or inhibition (NF-κB) of signals and the promotion of new cell activities
(apoptosis).
All until June 2016 published 39 toxins expressed by E. coli and Shigella spp. were collected,
classified based on their mechanisms of interacting on target cells and described by their
specific effects in Table 3, p. 23 ff.
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4.2 Genetic variability of toxins expressed by E. coli and Shigella spp.
In order to identify allelic variations in the nucleotide sequence of each toxin released by
E. coli and Shigella spp., the first step in this thesis was to compare all the detected toxin
gene nucleotide sequences from NCBI and the internal ECore database for each reference
toxin gene in an alignment. Subsequent phylogenetic analyses were generated by neighborjoining method to use the resulting gene clusters to identify allelic variations. After
identification of all allelic variations of a toxin gene, the gene sequences were translated into
their protein sequences to unveil the genetic alleles, which result in changes in the protein
sequences. Finally, the resulting secondary structure and the three-dimensional structure of
these protein sequences were predicted, to give an overview of similar or different protein
structures in order to receive first indications of potentially functional changes.
The results of these analyses were assembled and graphically displayed in a tree diagram
for each toxin, which is exemplarily represented in Figure 14. Such an illustration includes all
identified alleles of the nucleic acid (NA) and variants of the resulting amino acid (AA)
sequences, the predicted secondary (Sec.) and three-dimensional (3D) protein structures.

Figure 14: Tree diagram to represent sequence analysis and phylogenetic distribution of allelic variations
(n Allele / Variants: number of identified alleles / variants) of a gene (NA: nucleic acid) and its resulting pr otei n
(AA: amino acid) sequences, as well as predicted secondary (Sec.) and three-dimensional (3D) structures with
respect to the reference sequence (genetic identity in percent).

The example shows four allelic variations in the nucleic acid sequence representing genetic
diversities of 90% to 100% identity compared to the chosen reference gene sequence. Each
allele was also presented by an underlined reference sequence to give an example for all the
collected identical gene sequences from the NCBI and internal ECore database. With regard
to the number of isolates identified in both NCBI (nNCBI) and the ECore database (nECore),
the frequency of occurrence of an allelic variation was determined. The subsequent columns
display either identical or different amino acid sequences derived from the respective
nucleotide alleles, likewise the secondary and three-dimensional protein structures derived
from the amino acid sequence result either in identical or different structures. The example
shows two resulting allelic protein model variants with possible functional differences.
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4.2.1

Intracellular acting toxins (IATs)

The bioinformatics results for the identification of allelic variations showed that allelic
variations appear for each IAT, including the SPATEs members, SubAB, Stx1 and Stx2.
Table 4 shows the number of alleles identified for each toxin relating to their nucleic acid
(NA) sequences and variants within their amino acid (AA) sequences as well as their
secondary (Sec.) and three-dimensional (3D) protein structure variants.
Table 4: Occurrence of allelic variations among intracellular acting toxins (IATs)
IATs

SPATEs

Subtilase
cytotoxin
Shiga Toxin

Gene
sigA
pet
sat
espP / pssA
espC
epeA
espI
eatA
sepA
pic
hbp / tsh
vat

n Sequences
31
4
45
40
14
2
18
25
23
48
16
92

n Allele (NA)
11
3
19
9
9
2
10
15
14
4
13
24

n Variants (AA) n Variants (Sec.) n Variants (3D)
6
3
1
3
3
1
13
5
1
5
4
1
5
2
1
2
2
1
9
4
1
9
9
1
10
6
1
4
4
1
12
7
1
18
6
1

subAB

32

25

12

7

4

stx1AB
stx2AB

97
104

19
27

12
23

3
10

3
7

The number of alleles/variants based on sequence/structure differences in the respective alignments.
n: Number; NA: nucleic acid sequence, AA: amino acid sequence; Sec.: secondary structure; 3D: threedimensional structure

The results in Table 4 display allelic variations for each SPATE member within their gene
and resulting protein sequences. Nevertheless, the genetic variations in their secondary
structures do not influence the resulting protein model and result for each SPATE member in
a single three-dimensional protein structure. In contrast to the SPATEs family, the toxins
SubAB, Stx1 and Stx2 showed allelic variations, which result in various three-dimensional
protein structures.
Due to the close relationship of the SPATE gene members to each other [132] and the
multitude of allelic variations for each gene, the next step in this thesis was therefore to
identify shared similarities of all published SPATE members using phylogenetic analyses.
The resulting phylogenetic tree enables a clear differentiation between the SPATE members
due to the correct assignment of allelic variations to the chosen reference sequences
(Figure 15, p. 36). The phylogenetic distribution shows also that published genes like espP
and pssA as well as hbp and tsh describe an identical serine protease autotransporter
sequence despite the different gene designations.
In this thesis, the allelic gene sequences of each class-1 SPATE share similarities from 99 to
100% (see Appendix Figure A 1 to Figure A 4, pp. xxvii ff.), while the class-2 SPATEs
showed identities of 90 to 100% (see Appendix Figure A 5 to Figure A 11, p. xxix ff.)
indicating that class-2 SPATEs are genetically more diverse.
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Figure 15: Phylogenetic tree of the SPATEs reference gene sequences showing sequence identity in percent

Figure 16 demonstrates, exemplarily for the SPATEs, the resulting gene analysis of the
class-1 SPATE sigA, which exhibits eleven gene alleles. These allelic sequences resulted in
six protein sequence variants. This is due to synonymous SNPs, which in two cases of
nucleotide changes is the result of three alleles translating into one identical amino acid
sequence. Due to the use of mutation matrices calculating similar or different properties of
amino acids, the protein variants could be combined in three secondary structure variants.
Finally, the individual differences in secondary structure were not essential to cause
differences in the protein model and therefore result in a single identical three-dimensional
protein model. Comparable to the obtained results for sigA, the bioinformatics analyses of all
the other class-1 (see Appendix Figure A 1 to Figure A 4, pp. xxvii ff.) and class-2 SPATEs
(see Appendix Figure A 5 to Figure A 11, pp. xxix ff.) showed comparable results leading to
one single three-dimensional protein model for each SPATE.

Figure 16: sigA (SPATE – Serine protease autotransporter of Shigella flexneri 2a) sequence analysis and
phylogenetic distribution of the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as
predicted secondary (Sec.) and three-dimensional (3D) structure to identify alleles and variants (n: number of
alleles / variants) with respect to the reference sequence AE005674 (genetic identity in percent).
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The phylogenetic analysis of allelic variations of subAB demonstrated a high genetic variability in
its gene sequences ranging from 90 to 100% identity, which is also reflected by the diverse
variants of the resulting protein sequences as well as secondary and three-dimensional structure
variants. The current analysis included, among the identified sequences in NCBI, all allelic subAB
variants of previous molecular analyses, published from Funk et al. 2013. The configuration of
clustering according their genomic location of the subA units [44] were confirmed in the resulting
three-dimensional protein structure for the whole subAB gene variants in the present data
(Figure 17).

Figure 17: subAB (Subtilase Cytotoxin) sequence analysis and phylogenetic distribution of the gene (NA: nucleic
acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and three-dimensional (3D)
structure to identify alleles and variants (n: number of alleles / variants) with respect to the reference sequence
AY258503 (genetic identity in percent). – Analysis including gene sequences published by Funk et al. 2013 [44].

The gene sequences (nNA 1 - 2), which were located on a homogeneous virulence plasmid,
revealed the three-dimensional variant SubAB1. The chromosomally located gene variants that
were encoded on the SE-PAI (nNA 3 - 5) resulted in the three-dimensional variant SubAB2-1 while
those encoded on the OEP-locus (nNA 6 - 13) resulted in SubAB2-2. The strain LM27564OEP
(nNA = 14) of the study by Funk et al. 2013 [44], which falls despite its location on the OEP-locus
into the SE-PAI cluster, revealed a completely independent three-dimensional variant SubAB2-3 in
this thesis. Also included in the SubAB2-3 variant is the subAB gene sequence of the human E.
coli isolate FHI42 (nNA = 15) located on a new subAB locus associated with a currently
hypothetical protein, published by Nüesch-Inderbinnen et al. 2014 [111].
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The Shiga-Toxin family could be categorized into the two main subtypes Stx1, including the
variants Stx1a, Stx1c and Stx1d being related to the Shiga-Toxin produced by
Shigella dysenteriae and the immunologically distinct Stx2, including the variants Stx2a to
Stx2h. Numerous E. coli (STEC / EHEC) and Shigella strains have been already analyzed
with regard to their expressed Shiga-Toxins variants [5, 70, 67, 73, 95, 135, 167, 171]. In this
thesis, the consistent nomenclature for subtyping summarized by Scheutz et al. 2012 [135]
was used to classify the strains of the internal ECore collection and the according stx gene
reference sequences were used to supplement this analysis. The stx1AB (Figure 18) and
stx2AB (Figure 19, p. 39) gene sequences, collected from the NCBI and ECore database,
were classified according the defined Stx1 and Stx2 subtypes.
Figure 18 shows the 97 collected stx1AB gene sequences which resulted in 19 nucleic acid
alleles. The sequence similarities ranged from 92% identity for stx1d and 97% identity for
stx1c compared to the reference sequence AE005174 (stx1a). At the end of the analysis, all
the collected sequences could be divided into the three predefined Stx1 subtypes.

Figure 18: stx1AB (Shiga-Toxin 1) sequence analysis and phylogenetic distribution of the gene (NA: nucleic acid)
and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and three-dimensional (3D)
structure to identify alleles and variants (n: number of alleles / variants) with respect to the reference sequence
AE00517 (genetic identity in percent).
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The 104 collected stx2AB sequences, summarized in Figure 19, clustered also into the
predefined Stx2 subtypes including Stx2a – Stx2h. Sequence similarities ranged from 71%
identity of the most genetically distanced stx2f gene sequence AB472687 to 100% identity of
the stx2a reference gene sequence AE005174.

Figure 19: stx2AB (Shiga-Toxin 2) sequence analysis and phylogenetic distribution of the gene (NA: nucleic acid)
and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and three-dimensional (3D)
structure to identify alleles and variants (n: number of alleles / variants) with respect to the reference sequence
AE005174 (genetic identity in percent).
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4.2.2

Membrane damaging toxins (MDTs)

The bioinformatics results of the pore-forming haemolysins of E. coli in Table 5 indicated a
high occurrence of allelic variations for EhxA and HlyA among their nucleotide (nNAEhxA = 22;
nNAHly A = 22), their amino acid sequences (nAAEhxA = 16; nAAHly A = 14) and their resulting
secondary structures (nSec.EhxA = 8; nSec.Hly A = 5).
Table 5: Occurrence of allelic variations among membrane damaging toxins (MDTs)
MDTs
Cyto- /
Haemolysins

Gene
ehxA
clyA / hlyE
hlyA

n Sequences
69
266
61

n Allele (NA)
22
5
22

n Variants (AA) n Variants (Sec.) n Variants (3D)
16
8
1
3
2
1
14
5
1

The number of alleles/variants based on sequence/structure differences in the respective alignments.
n: Number; NA: nucleic acid sequence, AA: amino acid sequence; Sec.: secondary structure; 3D: threedimensional structure

In contrast to the other MDTs, cytolysin ClyA also known as haemolysin HlyE indicated a
lower genetic diversity in its nucleotide (nNA = 5) and protein sequences (nAA = 3) as well as
in its secondary structures (nSec. = 2). Figure 20 shows exemplarily for the MDTs the
bioinformatics results of the 266 clyA / hlyE collected gene sequences which clustered in five
gene alleles resulting in a single three-dimensional protein model. The nucleotide sequence
similarities amount to around 99.5% to 100% identity compared to the chosen reference
gene sequence AY576656.

Figure 20: clyA / hlyE (Cytolysin A / Hemolysin E) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AY576656 (genetic identity in percent).

The gene alleles for ehxA shared similarities from 97% to 100% identity (see Appendix
Figure A 12, p. xxxiii) and for hlyA from 96% to 100% identity (see Appendix Figure A 13,
p. xxxiv) referring to their reference gene sequences AF043471 and AP010959. At the end of
the analysis, all the collected 69 ehxA and 61 hlyA gene sequences resulted also in one
single EhxA and HlyA three-dimensional protein model like ClyA / HlyE.
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4.2.3

Receptor targeted toxins (RTTs)

The bioinformatics results to identify allelic variations among each RTT are summarized in
Table 6 and were categorized with respect to their functional activity or location.
Table 6: Occurrence of allelic variations among receptor targeted toxins (RTTs)
RTTs

Enterotoxins

Type III effector
proteins

Gene
LT (elt )
EAST1 (astA )
STa (estla )
STb (estlb )
set1 (ShET1)
set2 (ShET2)
cif
espF
espH
map
ipaB
ipgD
tir
virA

n Sequences
75
99
35
23
23
25
95
38
59
45
23
49
32
23

n Allele (NA)
22
22
7
3
11
10

n Variants (AA) n Variants (Sec.) n Variants (3D)
3
1
15
1
15
2
1
2
6
1
1
3
1
8
2
2
1
9

8
14
14
18
14
29
16
12

4
11
4
13
12
20
10
8

1
6
3
5
1
1
2
1

1
2
3
1
1
1
1
1

cdtVa-c
cnf1
cnf2

48
36
31

17
13
11

8
8
6

4
1
1

1
1
1

clbA-Q

22

10

1

1

1

Dynamin likeproteins

leoABC

12

10

10

6

1

Lymphocyte
inhibitory factor
/ EHEC factor for
adherence

lifA / efa1

72

16

13

2

1

Metalloprotease

yghJ

185

25

21

11

7

Cyto- /
Genotoxins

The number of alleles/variants based on sequence/structure differences in the respective alignments.
n: Number; NA: nucleic acid sequence, AA: amino acid sequence; Sec.: secondary structure; 3D: threedimensional structure

The bioinformatics analyses of diarrhea inducing enterotoxins of E. coli and Shigella spp.
resulted for each enterotoxin in a single three-dimensional protein structure, indicating a
highly conserved toxin group (Table 6).
The results of the database gene search for the heat-labile enterotoxin LT (elt) yielded
75 gene sequences, which clustered into 22 unique gene alleles. These gene alleles showed
sequence homologies of about 99% to 100% identity compared to the reference gene
sequence CP000795. The resulting 15 protein sequences are summarized into three
secondary structure variants. Finally, the scattered differences in the secondary structure
variants were not essential for protein modeling and resulted in one three-dimensional
protein model (see Appendix Figure A 14, p. xxxv).
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Comparable to the results of the heat-labile enterotoxin LT (elt), the sequence analyses of
the heat-stabile enterotoxins EASTA (astA), Sta (estla) and Stb (estlb) as well as both
Shigella enterotoxins set1 (ShET1) and set2 (ShET2) resulted in a single three-dimensional
model (Table 6, p. 41).
The 99 identified gene sequences of the heat-stable enterotoxin EASTA (astA), with
sequence similarities of 95% to 100% identity with regard to the reference sequence
ECOASTAA, splited into 22 unique gene alleles. The resulting 15 protein sequence variants
revealed two secondary structure variants and finally resulted also in one three-dimensional
protein model (see Appendix Figure A 15, p. xxxvi).
The phylogenetic results of the identified 35 Sta (estla) and 23 Stb (estlb) gene sequences
indicated the most homogeneous genetic structure of the enterotoxins. The seven gene
alleles of Sta (estla) with sequence homologies with round about 99% to 100% identity to the
reference gene sequence FN649417, yielded in six resulting protein variants, which resulted
in two secondary structure variants. The three gene alleles of Stb (estlb) with sequence
identities of round about 95% to 100% compared to the reference sequence FN649418,
resulted in three protein variants and in a single secondary protein structure. As already
mentioned, the gene alleles of Sta (estla) and Stb (estlb) leaded in the end to a consistent
three-dimensional protein model for each of the two enterotoxins (see Appendix Figure A 16
for Sta and Figure A 17 for Stb, p. xxxvii).
The gene search for the remaining two enterotoxins revealed 23 gene sequences for set1
(ShET1) and 25 gene sequences for set2 (ShET2). These sequences clustered into eleven
set1 (ShET1) gene alleles showing sequence identities in a range from 98% to 100% and for
set2 (ShET2) in ten gene alleles with sequence identities around 99.5% to 100% compared
to the reference gene sequence AF348706. The gene clusters resulted in eight protein
variants for set1 (ShET1) and nine protein variants for set2 (ShET2). Finally, the protein
variants of both enterotoxins produced two secondary protein structures, which resulted
likewise in one three-dimensional protein model (see Appendix Figure A 18 for set1 and
Figure A 19 for set2, p. xxxviii).
The type III effector proteins, which are delivered to infected cells by the type III secretion
system (T3SS) of E. coli to facilitate unspecific host cell functions, were also analyzed in the
toxin group of RTTs. Included into this group were the type III effector proteins Cif, EspF,
EspH, Map, IpaB, IpgD, Tir and VirA (Table 6, p. 41).
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Figure 21 illustrates the bioinformatics results of the secreted effector protein EspF. The 38
identified gene sequences showed a high sequence diversity of about 85% to 100% identity
compared to the reference sequence AE005174, which is also reflected in the high
occurrences of allelic variations in the gene (nNA = 14) and the translated protein sequences
(nAA = 11). After predicting the secondary structure, the six remaining secondary structure
variants leaded to two different three-dimensional protein models. Both models differ in the
sequence length of the number of proline-rich repeats in the C-terminal end of the sequence
(amino acid residue 74 ascend with regard to the variants). These repeats were identical in
size (47 AA) and their sequence was homologous. The espF reference gene sequence,
originating from EHEC strain EDL933 (Acc. No. AE005174) consists of four identical prolinerich repeats. The sequences that resulted in a second variant of the three-dimensional
model, for example the espF sequence from the EPEC strain E2348/69 (Acc. No.
FM180568), consist of only three proline-rich repeats. However, phylogenetic differences
between the gene alleles located in the active N-Terminal domain, which contains the
secretion-signal sequence that is sufficient to trigger intracellular signaling pathways, had no
influence on the resulting protein model [62].

Figure 21: espF (T3SS - secreted effector protein) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AE005174 (genetic identity in percent).
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Figure 22 summarizes the bioinformatics results of the secreted effector protein EspH. The
identified 59 gene sequences, which cluster into 14 gene alleles, showed sequence identities
around 95% to 100% compared to the reference sequence FM180568. The resulting four
protein sequences yielded in three secondary structure variants, which also remained
different from one another in their according predicted three-dimensional protein models. The
three models differed in their structural three-dimensional protein arrangement. These threedimensional protein structure variants of EspH originated from EPEC strain E2348/69
(Acc. No. FM180568), EHEC strain IHIT1190 (Acc. No. FM986651) and EHEC strain 11128
(Acc. No. AP010960). In contrast to the EHEC strains, which exhibited three α-Helices, the
EPEC strain showed four α-helices in the predicted three-dimensional model. All of them
shared four β-barrel structures but are located at different positions in the model (see chapter
4.3 Three-dimensional structure prediction of selected).

Figure 22: espH (T3SS - secreted effector protein) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence FM180568 (genetic identity in percent).
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The remaining effector proteins of E. coli Cif, IpaB, IpgD, Map, Tir and VirA demonstrated
allelic variations in their gene sequences resulting in various protein variants (Table 6, p. 41).
Detailed graphs of the analyses of the mentioned effectors are featured in the appendix (pp.
xxxix ff.). The bioinformatics analyses of the 23 selected ipaB gene sequences, with
sequence identities of about 98% to 99% to the reference sequence AY098990 are shown in
Figure A 21 (p. xxxix). The collected 49 ipgD gene sequences (Figure A 23, p. xli) and 32 tir
gene sequences (Figure A 24, p. xlii) showed gene sequence identities of about 96% to
100% compared to the chosen reference gene sequence AF348706 (ipgD) and AF070067
(tir). The results for the 23 virA gene sequences in Figure A 25 (p. xlii) showed a level of low
genetic diversity of 99% to 100% identity compared to the reference gene sequence
AF386526, as well as the 95 cif gene sequences with the reference AF497476 (Figure A 20,
p. xxxix). In contrast to the other remaining effector proteins, the 45 gene sequences of map
showed a higher genetic diversity of 93% to 100% identity in respect of the reference gene
sequence FM180568 (Figure A 22, p. xl). Nevertheless, the genetic alleles of cif, ipaB, ipgD,
map, tir and virA showed a high homology regarding their nucleotide sequences and their
resulting protein sequences as well as their secondary structures, which all resulted in a
single three-dimensional protein model on each respective toxin (Table 6, p. 41).
Cyto- / genotoxins also belong to the group of RTTs inducing DNA breaks which result in
irreversible cell cycle arrest or death of the target cells. CdtVa-c, Cnf1, Cnf2 and toxins
involving into the colibactinlocus ClbA-Q (Table 6, 41) were included in this group. The
bioinformatics analyses resulted in a single three-dimensional protein model for every cyto- /
genotoxin, indicating a highly conserved toxin group just like the enterotoxins of E. coli and
Shigella spp. (Table 6, p. 41). A detailed figure of each cyto- / genotoxin is illustrated in the
appendix (p. xliii ff.).
The results of the database search for the toxin genes cdtVa-c yielded in 48 gene
sequences, which clustered into 17 unique gene alleles. These gene alleles show sequence
homologies of about 90% to 100% identity compared to the reference gene sequence
KF322032. In this thesis, the whole sequence of the CDT holotoxin were analyzed together
in one assembly, causing the interplay of the three subunits, composed of the active CdtVb
subunit and the two binding CdtVa and CdtVc moieties, being essential for toxic activity [12,
51]. The eight resulting protein sequences resulted in four secondary structure variants. The
gene sequences originating from E. coli shared a genetic identity of 96% to 100% and
translated into the first two secondary structures, while the other two secondary structures
resulted from gene sequences originated from E. albertii, which shared genetic identities
about 90%. Nevertheless, the differences in the four secondary structure variants were not
essential for the resulting three-dimensional protein model and resulted for E. coli and
E. albertii in an equal three-dimensional protein model (see Appendix Figure A 26, p. xliii).
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The bioinformatics results of the 36 cnf1 and 31 cnf2 identified gene sequences indicated a
high genetic homology with sequence identities of about 99.5% to 100% compared to the
reference gene sequence X70670 (cnf1), respectively ECOCNF2 (cnf2). The thirteen gene
alleles of cnf1 translated into eight resulting protein variants, while the eleven gene alleles of
cnf2 resulted in six protein variants. Finally, the protein variants of both cytotoxic necrotizing
factors resulted in each case into one secondary protein structure and accordingly into a
single three-dimensional protein model for cnf1 and cnf2 (see Appendix Figure A 27 for cnf1
and Figure A 28 for cnf2, p. xliv).
The database search for the remaining cyto- / genotoxin genes revealed 22 strains of E. coli
harboring the pks island which is also known as colibactin locus (55140 bp). In this thesis, all
genes involved in peptide-polyketide synthesis and cytopathic effects as well as the
accessory proteins required for synthesis of active colibactin, were considered for the
analyses (ClbA-Q) [51, 110]. Therefore, all of these genes were analyzed together in a single
assembly. The highest genetic diversity of the colibactin loci in comparison the reference
gene cluster AM229678 of the ExPEC strain IHE3034 (Acc. No. CP001969) were detected
with only 15 SNPs (99.97% identity) within the whole pks locus indicating a highly conserved
genomic region. The identified gene clusters resulted in ten gene alleles and leaded for each
gene to a single three-dimensional protein model (see Appendix Figure A 29, p. xlv).
The dynamin like-proteins LeoABC expressed from ETEC strains also belong to the group of
RTTs (Table 6, p. 41). A detailed illustration of LeoABC is given in the appendix (Figure A 30,
p. xlv). Previous bioinformatics analyses of leoA and its two upstream located genes leoB
and leoC suggested that LeoA functions in concert with the both dynamin-like proteins LeoB
and LeoC [99]. Therefore, in this thesis the dynamin like-proteins LeoABC were analyzed
together in one assembly. The bioinformatics analyses of the twelve collected LeoABC
genes revealed ten unique gene alleles with sequence identities of about 98% to 100%
compared to the reference gene sequence FN649414. These gene alleles resulted also in
ten protein variants that accounted for six secondary structure variants. Finally, the scattered
differences in the secondary structures were not essential for protein modeling and resulted
in a single three-dimensional protein model.
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The lymphocyte inhibitory factor LifA (EHEC factor for adherence - Efa1), which is typically
produced by attaching and effacing E. coli that cause diarrhea and inhibits lymphocyte
activation and pro-inflammatory cytokine synthesis [17], were also analyzed within the group
of RTTs (Table 6, p. 41). The database search on the gene lifA also known as efa1 revealed
72 gene sequences with sequence homologies of about 99% to 100% identity compared to
the reference gene sequence AJ133705. These gene sequences revealed 16 gene alleles
and translated into thirteen protein sequence variants. The protein variants could be
summarized into two secondary protein structure variants that result in the end in a
consistent three-dimensional protein model (see Appendix Figure A 31, p. xlvi).
The metalloprotease YghJ, the last analyzed toxin in the group of RTTs (Table 6, p. 41),
influences intestinal colonization by degrading the major mucins in the small intestine [90]. In
this thesis, 185 yghJ gene sequences have been collected from the NCBI and ECore
database using the reference gene sequence CP000243 of the UPEC strain UTI89. The
collected gene sequences showed sequence identities among 85% to 100% compared to the
chosen reference and resulted in 25 allelic gene variations (Figure 23, p. 48). The 25 gene
alleles translated into 21 protein sequence variations and further, after prediction, into eleven
secondary structure variants. Finally, the prediction of the three-dimensional protein structure
revealed seven protein model variants, which may differ from in their protein folding
compactness and their metal binding preference (see chapter 4.3 Three-dimensional
structure prediction of selected ). The most frequently predicted protein model with 43%
(n = 80), resulted from all the 185 detected yghJ genes in the database, was the threedimensional protein variant number 5, including among others the yghJ gene of K-12
substrain

W3110

(Acc.

No.

AP009048)

as

well

as

the

EHEC

strain 11128

(Acc. No. AP010960). The diverse predicted protein model variants were identified for all
known pathotypes of E. coli and include also strains of E. albertii.
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Figure 23: yghJ (Metalloprotease) sequence analysis and phylogenetic distribution of the gene (NA: nucleic
acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and three-dimensional (3D)
structure to identify allelic variants (n: number of alleles / variants) with respect to the reference sequence
CU928161 (genetic identity in percent).
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4.3 Three-dimensional structure prediction of selected protein variants
The bioinformatics analysis of the currently published 39 toxins expressed by E. coli and
Shigella spp. did reveal allelic variations for each toxin in their gene and translated protein
sequences (Table 4 for IATs, p. 35; Table 5 for MDTs, p. 40; Table 6 for RTTs, p. 41)
identified by screening the ECore and NCBI databases. Furthermore, seven toxins also
displayed variants in their predicted three-dimensional protein structure and therefore
indicating the possibility of functional changes of the toxin. The toxins with identified variants
of their three-dimensional protein models are summarized in Table 7. Table 7 consists of the
twelve individual three-dimensional protein structures of the SPATEs identified in this thesis
as protein variants that could be combined as variants of one SPATE toxin. Furthermore,
Table 7 includes several three-dimensional protein model variants identified for subAB,
stx1AB and stx2AB from group of IATs, as well as espF, espH and yghJ from group of RTTs.
Table 7: Toxins of E. coli and Shigella spp. exhibiting three-dimensional (3D) protein variants

Previous analyses of Shiga-Toxins Stx1 and Stx2 [70, 40, 13] have already demonstrated
functional differences between their allelic variations. The EspF variants have shown only
differences in the number of identical proline-rich repeats, which had no influence on the
resulting protein function [62]. Therefore, this chapter focuses on the results of the twelve
SPATE members as protein variants of one SPATE toxin and possible functional differences
of the variants of the Subtialse Cytotoxin SubAB, the effector protein EspH and the
metalloprotease YghJ.
The bioinformatics results of the SPATEs have shown that genetic variations of each SPATE
member resulted in an identical three-dimensional protein model, e.g. SigA (Figure 16,
p. 36). The low genetic diversity among the SPATE members, as well as their close
relationship to each other (Figure 15, p. 36), indicated that each SPATE member already
was an allelic variant. Thus, the twelve allelic SPATE variants could be divided with respect
to their three-dimensional protein model into two already known functional different classes:
the cytotoxic class-1 SPATEs and the lectin-like immunomodulators class-2 SPATEs (Figure
24, p. 50) defined by F. Ruiz-Perez and J. P. Nataro 2014 [132]. Thus, no additional class
could be identified in this thesis.
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Figure 24: Three-dimensional protein model of the passenger domain of class-1 (i. e. EspP) and class-2 SPATEs
(i. e. Hbp and SepA). EspP sequence originating from Acc. No. AF074613, Hbp sequence originating from
Acc. No. AJ223631 and SepA sequence originating from Acc. No. HE610901 were modeled after protein
sequence prediction with Geneious using the open sources server I-Tasser and the visualization software
PyMol. Helices and strands colored red for the protease domain and orange for its facing domain, yellow for
the chitinase-like domain and violet for a domain with yet unknown function. The parallel β-strands helix is
colored in green.

Figure 24 demonstrates the differences in the predicted three-dimensional protein structures
of the passenger domains of class-1 SPATE, i.e. EspP and class-2 SPATEs, i.e. Hbp and
SepA. The red colored helices and strands show the protease domain, which contains the
catalytic triad of the protein and its closely related orange domain, which is responsible for
substrate access [132]. The folding complexity of the protease domain in red and their
adjacent orange domain of class-1 SPATEs was much more pronounced than for class-2
SPATEs. Solely the orange domain reflected a helix-turn-helix motif in the model for EspP
and one helix in the protein model of Hbp or a motif including only turns in the protein model
of SepA. In contrast to the enzyme active domain and its substrate-binding domain, the
class-2 SPATEs included an additional β-strand in the violet domain with a yet unknown
function in the protein models. Furthermore, the yellow chitinase-like domain was completely
missing in the protein model of EspP, a typical characteristic for all class-1 SPATEs.
Common to all SPATEs protein models was the parallel β-strands helix being typical for all
autotransporters. It was colored in green and nearly identical among the analyzed structures.
Classifying SPATEs could be mainly reduced to identification of the orange domain that
restricts the accessibility of substrates to the protease domain. The orange helix-turn-helix
domain of EspP (class-1 SPATEs) harbored two contiguous cysteines with the potential to
form a disulfide bond. Therefore, this compact disulfide bond-containing domain is able to
bind only small proteins, primarily intracellular substrates. In contrast, the decreased orange
domain of class-2 SPATEs is able to bind mainly huge extracellular substrates such as
mucins, resulting in a lower impendence of substrate access to the protease domain [132].
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The bioinformatics results for SubAB have revealed four three-dimensional protein model
variants that are shown in Figure 25. The originated chromosomal located subAB gene
sequences of the SubAB model SubAB2-1 from STEC strain LM14960 (located on SE-PAI),
SubAB2-2 from STEC strain LM27553stx1 (located on OEP locus) and SubAB2-3 from STEC
strain LM27564 (located in a region between subAB2-1 and subAB2-2) are published by
Funk et al. 2013 in a molecular analysis of Subtilase Cytotoxin genes of food-born ShigaToxin-producing E. coli. The originated plasmid located subAB gene sequence, which
resulted in the three-dimensional model variant SubAB1, were used from E. coli strain K17
(Acc. No. HG324027) [44].

Figure 25: Three-dimensional protein model of the SubAB variants. SubAB1 3D variant sequence originating
from E. coli strain K17, SubAB2-1 3D variant sequence originating from STEC strain LM14960, SubAB2-2 3D variant
sequence originating from STEC strain LM27553 stx1 and SubAB2-3 3D variant sequence originating from STEC
strain LM27564 [44] were modeled following the protein sequence prediction with Geneious using the open
sources server I-Tasser and the visualization software PyMol. The A-subunit is shown in grey, whereas the αhelix A1 is shown in salmon, the α-helix A2 is shown in blue and the catalytic residues as red sticks (D-52, H-8 9 ,
S-272). Four protomer of the pentameric B-subunit (SubB) are colored in pale green and one protomer in green
to emphasize the differences between the 3D variants in the B-subunit.
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All four three-dimensional SubAB variants, given in Figure 25 (p. 51), exhibited the typical
protein architecture of an AB5 Toxin comprises an A-subunit responsible for the catalytic
activity shown in grey and a B-subunit that binds to the cell surface receptor shown in green.
The catalytic triad of SubA responsible for the proteolytic activity was shown in red
comprising the residues Asp-52, His-89 and Ser-272 (red sticks). Furthermore, SubA was
composed of two α-helices, A1 colored in salmon and A2 colored in blue, which are linked by
disulfide bonds. The α-helix A2 reached into the center of the pentameric B-subunit and
binds over a hydrogen bond network both subunits together to form the SubAB holotoxin
[81]. Four protomer of the pentameric B-subunit were colored in pale green and one
protomer in green to emphasize the differences between the 3D variants in the B-subunit.
All four SubAB variants haboured no mutations in their amino acids composition (Asp-52,
His-89 and Ser-272) of their catalytic triads (red sticks) and an identical spatial arrangement
in their three-dimensional protein structures, which suggests that the structural basis of the
proteolytic domain was conserved. Furthermore, the composition of the α-helices A1 (colored
in salmon) and A2 (colored in blue) in all four SubAB variants showed also an identical
spatial arrangement to bind via hydrogen bonds both subunits together, indicating functional
SubAB variants. Therefore, the SubA subunits of all four present SubAB variants modeled in
this thesis indicated no evidence of differences in toxicity.
In contrast to SubA, the B-subunits of the present SubAB variants could be responsible for
varying cellular toxicity due to differences in their receptor binding domain. Regarding variant
SubB1 respectively variant SubB2-1 in contrast to the variants SubB2-2 and SubB2-3, the
protomer (colored in green) showed on the left side an additional short α-helix compared to
the other both variants. The adjacent α-helix showed three loops in the SubB1 variant, two
loops in SubB2-2 variant and only one loop in SubB2-3 variant. These differences could be
referred to a different glycolipid binding preference and therefore to a different host cell
specificity as was shown for the different Shiga-Toxin variants [70, 40, 84]. Concerning these
differences, the remaining structure of the three-dimensional SubB variants was nearly
identical.
It should also be mentioned that the three-dimensional protein variant SubAB1, the gene
sequence of which is plasmid located, consists of an identical three-dimensional SubA model
as variant SubAB2-2 and an identical three-dimensional SubB model as variant SubAB2-1.
Both variants, SubAB2-1 and SubAB2-2, originate from chromosomal located gene sequences
as described above. In contrast to these variants, the SubAB2-3 variant shared no identical
subunits with the other variants and clusters as the only food-born STEC strain together with
the human STEC isolate FHI42 (see Figure 17, p. 37) published by NüeschInderbinnen et al. 2014 [111].
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The bioinformatics results for EspH have revealed three three-dimensional protein model
variants that are summarized in Figure 26. Common to all three protein variants was the
combination of four α-helices that surround the β-strands, whereby the spatial arrangements
among the α-helices differ. Furthermore, the EspH variant 1 based on the sequence
originating from EPEC strain E2348/69 (Acc. No. FM180568) exhibits four parallel β-strands
in contrast to the other two variants that showed three parallel β-strands in variant 2 based
on the sequence originating from EHEC strain IHIT1190 (Acc. No. FM986651) and three βstrands arranged in a curve-like manner in variant 3 based on the sequence originating from
EHEC strain 11128 (Acc. No. AP010960).

Figure 26: Three-dimensional protein model of the EspH variants. EspH 3D variant 1 sequence originating fr om
Acc. No. FM180568 (EPEC strain E2348/69), EspH 3D variant 2 sequence originating from Acc. No. FM986651
(EHEC strain IHIT1190) and EspH 3D variant 3 sequence originating from Acc. No. AP010960 (EHEC strain
11128) were modeled following the protein sequence prediction with Geneious using the open sources server
I-Tasser and the visualization software PyMol. α-helices colored in green and β-strands in red.

It is known that EspH disrupts the actin cytoskeletal structure in the host cell by modulating
the assembly kinetics and morphology of actin pedestals by inhibiting a mammalian GTPase
of the small Rho GTPase family, which are master regulators of actin cytoskeleton
rearrangements. EPEC and EHEC strains are able to inactivate the Ras homolog GTPase
(Rho) of the host cell by expressing EspH. EspH binds directly to the conserved PH-DH
domain of the cellular Rho Guanine Nucleotide Exchange Factors (RhoGEFs) and blocks
therefore the Rho GTPase activation of the host cell inducing cytotoxic effects. At the same
time bacterial RhoGEFs that are insensitive to EspH stimulate the GTPase activation again
by mimicking mammalian RhoGEFs to allow cell adhesion [28, 146, 166]. Furthermore,
J. Cherfils et al. 2013 described that an effector protein of Shigella (IpgB2) harboring a
comparable spatial arrangement in its three-dimensional protein structure to EspF,
representing three parallel ß-strads surrounded by six a-helices, also binds to the PH-DH
domain of the cellular RhoGEFs to block the mammalian Rho GTPase activation. IpgB2 can
be described on basis of its conserved tryptophan and glutamic acid residue, separated by
three variable amino acids (62W XXXE66) as a bacterial effector of the RhoGEFs family, which
are structurally related to the SopE effector of Salmonella [18].
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With regard to the structural difference of IpgB2 in comparison to EspH, which binds the
same RhoGEFs over the PH-DH domain, it may be possible that all three allelic variations of
EspH were able to bind the mammalian RhoGEFs. In this thesis, such an EspH - RhoGEF
complex was confirmed using structural modeling for all three EspH variations (Figure 27,
p. 55) with the modeler software PyMol and the add-on Autodoc, which predicts the highest
probability of a substrate or ligand binding site. In contrast to the three-dimensional model,
EspH showed currently no sequence homologies in its protein sequence to any other effector
protein [28]. In this thesis, in all three protein variations of EspH a conserved motif including
a tryptophan and glutamic acid residue separated by six conserved amino acids
124

W FPRTALE131 was detected. Regarding the three-dimensional structure, represented in

Figure 27 A (p. 55), the conserved

124

W FPRTALE131 motif, shown by red, had no influence on

the catalytic activity of EspH and was located at the end of a α-helix structure opposite the
predicted catalytic loop, which is colored in blue. The catalytic loop was inserted between a
α-helix and a β-strand structure located between the 20th to 37th amino acid residue. The
binding surface of EspH (green) and the mammalian RhoGEF (gray) was formed by the
interaction of the mentioned α-helix-catalytic loop-β-strand motif of EspH and the loop-helix
region colored in yellow as well as the β-strands region of the RhoGEFs, which results in the
PH-DH domain. Figure 27 B (p. 55) demonstrates the PH-DH domain of the RhoGEF,
forming a pocket binding the GDP - Mg2+ complex on the catalytic loop of EspH (blue). GDP
is shown in magenta-colored sticks and the GDP-coordinating Mg2+ as an orange sphere. In
this catalytic pocket Mg2+ was displaced while a water molecule is inserted whereby the
bonded GDP replaced by GTP. Quite similar processes were described for the effector
protein IpgB2 of Shigella [74] and for other RhoGEFs [146].
Furthermore, the expression of EspH could be attributed to influence a different formation of
actin pedestals between EPEC and EHEC strains. EHEC strains induced the formation of flat
and faint actin structures, whereby EPEC strains form elongated pedestals [159]. Therefore,
it is possible that the EspH protein variants 2 and 3 of EHEC strains (Figure 27, p. 55) bind
less efficiently to the PH-DH domain of the RhoGEFs on basis of their differences in their
three-dimensional order. Figure 27 B (p. 55) highlights the possibility of the catalytic loops of
both EHEC strains that interact less efficiently with the GDP – Mg2+ complex in the catalytic
pocket due to the spatial distance of the catalytic loop on Mg2+ compared with the EspH
protein variant 1 (EPEC). These spatial differences putatively resulted in the formation of
different actin pedestals between EHEC and EPEC strains.
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Figure 27: Three-dimensional protein model of the EspH protein variants in complex with human RhoGEF
(1A2B). EspH 3D variant 1 represent the EPEC strain E2348/69 (Acc. No. FM180568), EspH 3D variant 2
represent the EHEC strain IHIT1190 (Acc. No. FM986651) and EspH 3D variant 3 represent the EHEC strain
11128 (Acc. No. AP010960). A: EspH-Rho-GDP-Mg2+ complex. EspH is shown in green, its conserved region in
red and RhoGEF in grey. GDP is shown in magenta-colored sticks and the GDP-coordinating Mg2+ as an orange
sphere. The catalytic region of EspH is shown as a blue loop and the binding regions of RhoGEF in yellow.
B: Catalytic pocket in spheres. The PH-DH region (yellow and grey) binds GDP-Mg2+ (magenta - orange) on the
catalytic loop of EspH (blue).

The last toxin considered in this chapter is the metallopratease YghJ. Its bioinformatics
results represented a high amount of allelic variants, which can be summarized into seven
three-dimensional protein model variants (Figure 28, p. 56). These predicted protein models
were very complex and correspond with a multi-domain protein. One of these domains of all
seven protein variants was highly similar to a protein, which has an already known threedimensional structure and function: the M60-like pfam13402 domain. Proteins that contain
this domain have the metalloprotease function to degrade host glycoprotein and bind metalions [102]. Furthermore, all seven allelic YghJ protein variations exhibited the conserved
sequence motif HEVGH in their M60-like pfam13402 domain, which belongs to the HEXXH
motif, and is known to be involved in the catalytic activity of metalloproteases of different
bacterial species. The two histidine (H) residues are ligands of the metal-ion, whereas the
glutamic acid (E) residue represents the catalytic amino acid. Along this motif, an additional
conserved glutamic acid seems to be also integrated into the metal binding as a third metal
ion ligand, located thirteen residues across the HEXXH motif [102]. Such a third ligand was
also present in the protein sequences of all seven YghJ variants (HEVGHNAAETPLxVPGATE).
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Figure 28: Three-dimensional protein models of the YghJ metalloprotease variants. The protein models were
modeled with the open sources server I-Tasser and the visualization software PyMol after protein sequence
prediction using Geneious. The YghJ variant 1 (Acc. No. CP000243), variant 2 (Acc. No. AP014855), variant 6 and
variant 7 representing nickel binding metalloproteases on basis.of the protein 4FCA chain A of Bacillus
anthracis. The YghJ variant 3 (Acc. No. CP01509), variant 4 (Acc. No. CP001846) and variant 5 (Acc. No.
AP009048) representing zinc binding metalloproteases on basis of the protein POCK95 of E. coli K12. YghJ is
shown in green and its M60-like pfam13402 domain in grey including the conserved catalytic HEXXHX(13)H moti f
in yellow (H in red and E by magenta sticks). The binding metal-ion is shown for Zn2+ in an orange and for Ni 2+ in
a blue sphere.
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Figure 28 (p. 56) demonstrates, that the seven predicted three-dimensional protein structures
of YghJ differed not only in their protein folding compactness but also in their metal binding
preference. The M60 like pfam13402 domain of the YghJ 3D variant 1 of UPEC strain UTI89
(Acc. No. CP000243), which is shown in grey color, confirmed a three-dimensional alignment
with the nickel binding M60 peptidase 4FCA (chain A) of Bacillus anthracis. In this protein
model nickel is complexed by two histidine residues H281 and H285 as well as the glutamate
residue E299 coordinating across the HEXXH motif as the third ligand. The catalytic amino acid
represents the glutamate E282. Such a construction was also given in the catalytic
HEVGHNAAETPLxVPGATE motif of the UPEC strain UTI89 (YghJ 3D variant 1 in Figure 28, p. 56),
which is represented in yellow (H in red and E in magenta sticks). The three-dimensional
structure of the catalytic motif in the M60 like pfam13402 domain of YghJ 3D variant 2 of
E. albertii strain NIAH_Bird_3 (Acc. No. AP014855), YghJ 3D variant 6 of NMEC strain CE10
(Acc. No. CP003034) and YghJ 3D variant 7 of EAEC strain 55989 (Acc. No. CU928145)
exhibited the same affinity to the nickel binding M60 peptidase of Bacillus anthracis as the
reference strain UTI89 (Figure 28, p. 56). In this thesis, such a M60 like pfam13402 domain
of E. coli, including a nickel binding catalytic motif was predicted with i-Tasser and modeled
with PyMol with regard to the M60 peptidase 4FCA (chain A) of Bacillus anthracis to illustrate
the probability of YghJ-metalloproteases being active in the presence of nickel (Figure 29,
p. 58). Furthermore, the M60 protease 4FCA (chain A) is able to bind linked imidazole (IMD)
in addition to nickel, which suggests that the YghJ metalloproteases variants are also active
with a Ni2+- IMD ligand. Nevertheless, the described metalloproteases may also function in
the presence of zinc, because the catalytic motif of the M60 like pfam13402 domain of E. coli
K12 strain (POCK95) prefers to bind zinc only over with the two histidine residues, which
were also present in the nickel binding size (Figure 29, p. 58). The binding preferences were
predicted in this thesis with the PyMol add-on Autodoc. The catalytic amino acid in the zincbinding motif was the same glutamic residue as in the nickel-binding motif (HEXXE). The
three-dimensional structure of the catalytic motif in the M60 like pfam13402 domain of the
YghJ 3D variant 3 of E. coli strain BL21(DE3) (Acc. No. CP001509), YghJ 3D variant 4 of
EPEC strain CB9615 (Acc. No. CP001846) and YghJ 3D variant 5 of E. coli K12 sub-strain
W3110 (Acc. No. AP009048) exhibited these structural affinities of the zinc binding M60 like
pfam13402 domain POCK95 of the E. coli K12 strain (Figure 28, p. 56).
With regard to the whole YghJ protein, the three-dimensional structure of the YghJ 3D
variant 3 and 4 were distorted in separate bundles in contrast to the other YghJ models
(Figure 28, p. 56). One of these separate bundles represented the M60 like pfam13402
domain in grey. Such a defective protein folding could lead to a nonfunctional
metalloprotease. The YghJ 3D variant 5 showed the highest protein folding compactness of
all the selected YghJ variants in Figure 28 (p. 56).
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Figure 29: Three-dimensional protein models of the extracted M60-like pfam13402 domain of the zinc and
nickel binding metalloprotease YghJ of E. coli. The protein models were predicted on basis of the protein
POCK95 of E. coli K12 for zinc and chain A of protein 4FCA of Bacillus anthracis for nickel binding. The M60-like
pfam13402 domain of E. coli is colored in grey and its conserved catalytic motif HEXXHX(13)H in yellow. The
histidin residues (H) are shown in red and the glutamate residues (E) by magenta sticks. The binding metal-ion
is shown for Zn2+ by an orange and for Ni 2+ by a blue sphere.
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5. Discussion
5.1 Toxins of E. coli and Shigella spp.
Based on the hypothesis, that the transcription and translation of toxin gene variants leads
to the expression of protein variants which show functional changes for example in their
catalytic activity, receptor binding capacity or substrate activity, an in silico analysis of all
toxin gene sequences expressed by E. coli and Shigella spp. published until June 2016 was
required to identify a subset of allelic variants for each toxin present in those genomes. The
focus of this thesis was to compile such a set of all known toxin genes on the general
paradigm that toxins damage human and animal target cells through their own actions [59].
Therefore, 39 currently published toxins which are expressed by E. coli and Shigella spp.,
were collected by their nucleotide acid sequences and classified according to their
mechanisms of interaction on target cells into three toxin groups: intracellular acting toxins
(IATs), membrane damaging toxins (MDTs) and receptor targeted toxins (RTTs) (see
Databases Table 3, pp. 23 ff.).
These 39 reference sequences were used to screen the NCBI and ECore databases to
identify allelic variations for each toxin gene. In a range of 85 to 100% of nucleotide
sequence identity in the respective alignment we assumed that these genes were variants of
the gene of interest. Gene alignments with a lower sequence identity than a threshold of 85%
to the reference cannot be uniquely assigned as an allele, since it could also encode for
another gene. In this thesis, the present threshold of 85% nucleotide sequence identity was
empirically determined, based on the results of the database screening. A general sequence
identity threshold in order to define if nucleotide sequences are alleles or have only
similarities in their nucleotide sequences cannot be determined for each gene in a same
significance. It depends if a gene is highly conserved, embedded in a conserved region of
genome or if a gene is embedded in a region with a high genetic plasticity see hot spots. For
example, the haemolysin genes ehxA, clyA (hlyE) and hlyA were genetically highly
conserved toxin genes showing in their alleles high sequence identities to their reference
sequences; 97 to 100% for ehxA (see Appendix Figure A 12, p. xxxiii), 99,5% to 100% for
clyA (hlyE) (see Figure 20, p. 40) and 96% to 100% for hlyA (see Appendix Figure A 13, p.
xxxiv). Therefore, a threshold of 96% would be sufficient to find allelic variations of the
haemolysin genes causing their low genetic distances. In this thesis, all collected allelic gene
sequences of the mentioned haemolysin genes resulted finally in a single three-dimensional
protein variant demonstrating that the few SNPs had no impact on the protein level. In
contrast to the haemolysins, the most diverse toxin gene in this thesis was the Shiga-Toxin
gene stx2 showing for its allele stx2f a nucleotide sequence identities of 71% to the stx2a
reference sequence (see Figure 19, p. 39). All the other analyzed toxin genes exhibited
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allelic gene variants above the chosen threshold of 85% sequence identity and alignments
being below the chosen threshold encoded for another gene or belonging to other species /
organisms. Based on those facts, the chosen threshold encompasses all alleles of a toxin
gene, regardless of whether their genetic structure is conserved or variable. In this context, a
new classification of the stx2f allele, previous identified by Scheutz et al. 2012, as a third
Shiga-Toxin subtype Stx3 can be discussed causing its high genetic differences to the
reference sequence stx2a.
In this thesis, a systematic bioinformatics analysis unravels functional differences of allelic
variations of all known toxins encoded in several E. coli and Shigella genomes has been
performed. A first overview, which alleles of toxin genes can result in different protein
variants due to transcription and translation, will be presented holding possible functional
changes that might result in different toxicities on mammalian cells. A similar systematic
approach can be further used to define functional changes of as yet unknown or unpublished
toxins as well as for other virulence attributes. To determine the virulence of pathogenic
strains, the interaction of all present virulence factors and their variants as well as their
transcription and activation has to be considered [163]. This thesis gives a contribution on
how to deal with large datasets, whereby bioinformatics tools are helpful to predict in silico
functional changes of toxin variants and shows an overview of the genetic variability of toxins
identified in the genome of E. coli and Shigella spp.

5.2 Genetic variability of toxins in the genome of E. coli and Shigella spp.
The bioinformatics results of this thesis have shown that all considered 39 toxin genes in
the genome of E. coli and Shigella spp. (see Databases Table 3, pp. 23 ff.) did reveal allelic
variations for each toxin for their gene and translated protein sequences (see Results for
IATs Table 4, p. 35; for MDTs Table 5, p. 40; and for RTTs Table 6, p. 41) identified by
screening the ECore and NCBI databases.
5.2.1

Intracellular acting toxins (IATs)

The group of intracellular acting toxins (IATs) has been demonstrated to represent toxins
with a high genetic variability including the members of the serine protease autotransporters
of Enterobacteriaceae (SPATEs), the Subtilase Cytotoxin SubAB, and the Shiga-Toxins Stx1
and Stx2 (see Results Table 4, p. 35). Therefore, the identified allelic gene variations of
these toxins had also influence on their translated protein sequences as well as on their
predicted three-dimensional protein models, confirming the hypothesis that genetic variations
could reflect functional changes in their toxicity and therefore in a different pathogenic
potential on mammalian cells.
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In this thesis, all the collected nucleotide sequences for each of the twelve SPATE members
expressed by E. coli and Shigella spp (see Results Figure 15, p. 36) resulted in a single
three-dimensional protein model for each SPATE. These twelve SPATE variants were
identified as twelve different gene alleles being distinguishable with respect to their threedimensional protein structure into two already published functionally different protein variants
reviewed by Ruiz-Perez and Nataro 2014. The cytotoxic class-1 SPATEs target small
intracellular substrates whereas the lectin-like immunomodulator class-2 SPATEs bind
mainly huge extracellular substrates due to the configuration of a domain being responsible
for substrate access and closely linked to the protease domain [132]. In contrast to class-2
SPATEs (i.e. Hbp and SepA), the chitinase-like domain in the protein model for class-1
SPATEs (i.e. EspP) was completely missing in this thesis and can be used for classifying
SPATEs encoded by E. coli and Shigella spp. in their functional group.
The in this thesis identified 25 subAB alleles, including the published subAB gene sequences
from Funk et al. 2013 [44] and Nüesch-Inderbinnen et al. 2014 [111], revealed four threedimensional protein variants confirming the cluster configuration according their genomic
location published by Funk et al. 2013, including the SubAB variants SubAB1, SubAB2-1 and
SubAB2-2 [44]. Furthermore the subAB allele of the human E. coli isolate FHI42 published by
Nüesch-Inderbinnen et al. 2014 [111] resulted in a completely independent threedimensional protein variant SubAB2-3 clustering with strain LM27564OEP published by
Funk et al. 2013 [44]. The strain LM27564OEP clusters in the study by Funk et al. 2013 [44]
despite its gene sequence differences as subAB2-2 allele together with the subAB2-1 alleles.
The fact, that sequence differences in the subAB gene reveal different three-dimensional
protein variants and associate with different genomic locations, emphasizes the presumption
of Funk et al. 2013 that these allelic differences could reflect a different pathogenic potential
and toxicity on host cells as was shown for the Shiga-Toxin variants [40, 70, 84]. Both, the
Subtilase Cytotoxin and the Shiga-Toxin belong to the AB5-toxin type as described in chapter
2.4 (pp. 9 ff.). The toxins consist of a catalytic A-subunit that induces cellular dysfunctions
and a B-pentamer that recognizes host glycans. The A-subunit interacts over a α-helix
named A2 via a hydrogen bond network to the B-pentamer [81, 95]. Previous studies
described that the A-subunit of the Shiga-toxin variants display similar activities [56] and the
B-subunit has been shown to display differences in receptor recognition by their glycolipid
binding preference to immediate differences in cellular toxicity and host specificity [47, 56,
70, 85, 94, 100, 101]. In this thesis, the predicted three-dimensional protein structures of the
four SubAB protein variants suggested similar enzyme activities. The differences in the Asubunits due to this analysis do not influence the protease activity whereas the varieties in
the B-subunits could reflect differences in the receptor binding preference. Therefore, it might
be possible that the receptor binding affinity of the B-subunits of the Subtilase Cytotoxin
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variants on glycolipids is likewise specialized to different host cell surfaces like the Bsubunits of the Shiga-toxin variants. Mutations in the SubB-subunits are mainly responsible
for reduced or increased cytotoxic effects on target cells, due to binding of the holotoxin to
the cell surface by the SubB-subunit as first interaction step to trigger subsequent
intracellular pathways [81].
The in this thesis identified Shiga-Toxin gene sequences for stx1 (nNA = 19) and stx2
(nNA = 27) were consistent with the subtyping by Scheutz et al. 2012 [135], including the
Stx1 protein variants Stx1a, Stx1c and Stx1d as well as the Stx2 protein variants, including
the variants Stx2a to Stx2h. For the global cluster calculation in the study of
Scheutz et al. 2012, 85 stx1 and 311 stx2 toxin sequences were analyzed by using the
neighbor-joining method followed by the unweight pair group method (UPGMA) to create
phylogenetic trees [135]; the same algorithm parameter was chosen for this thesis. Here,
97 stx1 and 104 stx2 gene sequences identified from the ECore and NCBI databases were
analyzed to achieve the same clustering in the predefined Stx1 and Stx2 protein variants,
confirming the results of Scheutz et al. 2012. [135].

Each protein variant resulted in a

different three-dimensional protein model, confirming their functional differences [70, 40, 84].
5.2.2

Membrane damaging toxins (MDTs)

The pore-forming cyto- / hemolysins EhxA, ClyA (HlyE) and HlyA represented a group of
highly structural conserved toxins. The gene alleles for clyA / hlyE share similarities in their
gene sequences from 99.5% to100% identity (see Figure 20, p. 40), for ehxA from 97% to
100% identity (see Appendix Figure A 12, p. xxxiii) and for hlyA from 96% to 100% identity
(see Appendix Figure A 13, p. xxxiv) referring to their reference gene sequences. All the
allelic clyA / hlyE, ehxA and hlyA gene sequences resulted for each MDT in a specific single
three-dimensional ClyA (HlyE), EhxA and HlyA protein model. Therefore, the identified allelic
variations of each MDT had no influence on their translated protein sequences as well as on
their predicted protein models and hence imply no functional changes in their toxicity on
mammalian cells. That means, that the expression of one of these three MDT proteins by
E. coli or Shigella spp. regardless their allelic gene variant pursue the same target to disrupt
the host cell membrane.
For the toxin gene clyA / hlyE similar results were shown by A. Ludwig et al. 2004. The
respective GenBank gene sequences were included in this thesis. These 79 clyA gene
sequences corresponded to a sequence identity of >99% whether encoded by the same
E. coli pathogroup or even by different pathogroups. The predicted amino acid sequences for
clyA were either identical or contained between one and three amino acid exchanges [89]. In
this thesis, 266 clyA / hlyE gene sequences of different E. coli pathogroups were analyzed
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leading to the same result. Additionally, it was shown that all these selected gene sequences
resulted in one single protein model.
Pore-forming toxins (PFTs) are used by several bacterial species to disrupt the membrane of
target cells. PFTs are produced as non-membrane-bound, soluble monomers, which
assemble into the host cell membrane to an oligomeric pore complex [131]. The genetic
organization of ClyA / HlyE and EhxA is comparable to HlyA in the genome of E. coli and
Shigella spp. [86]. Such a simple and effective mechanism to obtain nutrients from target
cells plays an important role for bacteria and can explain why those genes are highly
conserved without any structurally changes.
In a study which aimed to identify conserved genomic regions in the genome of E. coli
O157:H7 lineages, twelve conserved regions were found. In addition to a number of
identified regulatory genes and genes having a potential to act as virulence factors by
regulating expression of effector genes directly involved in pathogenesis, hemolysins were
also present within the conserved regions [147]. During cluster identification the conserved
regions have been identified in E. coli lineages across different pathotypes, confirming also
the conserved genetic structure of the three analyzed pore-forming cyto- / hemolysins.
5.2.3

Receptor targeted toxins (RTTs)

The group of RTTs represented a contrary group of both highly structural conserved toxins
on the one hand and highly structural diverse toxins on the other hand. This group includes
heat-labile and heat-stable enterotoxins (LT, EAST1, STa and STb), type III effector proteins
(Cif, EspF, EspH, IpaB, IpgD, Map, Tir and VirA), cytotoxins (CdtVa-c, Cnf1 and Cnf2), toxins
encoded within the colibactin locus (ClbA-Q), the dynamin like-protein LeoA, the lymphocyte
inhibitory factor

LifA (Efa1), Shigella enterotoxins (ShET1 and ShET2) and the

metalloprotease YghJ.
Three toxins showed variants of their predicted three-dimensional protein structure and
therefore indicate the possibility of functional changes. The toxins with identified variants of
their three-dimensional protein models was the effector proteins EspF and EspH as well as
the metalloprotease YghJ. In the end of the bioinformatics analyses, all the other toxins
within the group of RTTs resulted in a single three-dimensional protein structure without any
changes of their original function. It is possible that these enterotoxins, cytotoxins and
effector proteins are embedded in conserved genomic regions of the chromosome as already
discussed for the membrane damaging toxins. A number of potential virulence factors were
identified within these regions, including iron transport systems and several regulatory
genes [147].
The type III effector protein EspF resulted in this thesis into two protein variants
(see Figure 21, p. 43) showing only differences in the number of their consecutive
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homologues proline-rich repeats at the 3’ end of their protein structure. Due to the prolinerich repeats, a short version of EspF for EHEC strains (Acc. No. AE005174) and a long
version of EspF for EPEC strains (Acc. No. FM180568) was identified. The repeats were
identical in number (47 AA) and their sequence similarity had no influence on the resulting
protein function. The N-terminal region, containing the secretion signal is sufficient for the
EspF secretion and translocation into the host cell, constituting a conserved region with
phylogenetic differences between 98 to 100 % identity without functional changes in the
expressed protein. Therefore, both EspF protein variants exhibit highly similar functions.
Similar results were shown and discussed for EspF by Holmes et al. 2010. Holmes et al.
show that the modular structure, the multiple function by infecting host cells and the acting
site on different locations in the cells is not influenced by their number of proline-rich repeats.
EspF is known to be one of the most multifunctional effector proteins to playing a role in
several host cellular processes, including disruption of the epithelial barrier, modulation of the
cytoskeleton and disruption of the nucleus up to apoptosis. Such a multifunctional
effectiveness of this relatively small effector protein can explain its high genetic stability. For
the EspF protein variant from Citrobacter rodentium functional changes are known showing
mutations with up to 67% gene sequence difference in the N-terminal region between the
21st and the 74th AA. These AA changes alter the nucleus-disruption behavior of EspF in
Citrobacter rodentium. A similar functional change of EspF could be observed for EPEC and
EHEC strains if mutations in the N-terminal region occur. EspF from the rabbit-specific EPEC
strain REDEC-1 with a gene sequence difference in the N-terminal region of 73% compared
to the EPEC strain E2348/69 (Acc. No. FM180568) and only two proline-rich repeats could
be such a candidate having functional differences [62]. Those short and genetically different
espF gene sequences were excluded from this thesis on basis of the threshold of 85%. In
this context, it can be discussed that the protein variant of the REDEC-1 strain, which was
declared as EspF effector protein by Holmes et al. 2010 [62], could be a new effector protein.
In this thesis the analyses of the type III effector protein EspH has resulted in three distinct
three-dimensional protein variants being summarized in Figure 22, p. 44. Common to all
three protein variants was the combination of four α-helices that surround four parallel βstrands for EPEC strain E2348/69 (Acc. No. FM180568), three parallel β-strands for EHEC
strain IHIT1190 (Acc. No. FM986651) and three β-strands arranged like a curve for EHEC
strain 11128 (Acc. No. AP010960), whereby the spatial arrangements among the α-helices
differ (see Figure 26, p. 53). This thesis presents for the first time how a protein model
prediction of EspH can be realized. It is known that EspH disrupts the actin cytoskeletal
structure in the host cell by modulating the assembly kinetics and morphology of actin
pedestals by inhibiting a mammalian GTPase of the small Rho GTPase family, which are
master regulators of actin cytoskeleton rearrangements. EPEC and EHEC strains are able to
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inactivate the Ras homolog GTPase (Rho) of the host cell by expressing EspH. EspH binds
directly to the conserved PH-DH domain of the cellular Rho Guanine Nucleotide Exchange
Factors (RhoGEFs) and blocks therefore the Rho GTPase activation of the host cell inducing
cytotoxic effects. At the same time bacterial RhoGEFs that are insensitive to EspH stimulate
the GTPase activation again by mimicking mammalian RhoGEFs to allow cell adhesion [28,
146, 166]. Furthermore, J. Cherfils et al. 2013 reviewed that an effector protein from Shigella
(IpgB2) harboring to EspH comparable spatial arrangement in its three-dimensional protein
structure, representing three parallel ß-strads surrounded by six a-helices, also binds to the
PH-DH domain of the cellular RhoGEFs to block the mammalian Rho GTPase activation
[18]. With regard to the structural difference of IpgB2 in comparison to EspH, which binds the
same RhoGEFs over the PH-DH domain, it may be possible that all three allelic variations of
EspH are able to bind the mammalian RhoGEFs. In this thesis, such an EspH - RhoGEF
complex was confirmed using structural modeling for all three EspH variations (see
Figure 27, p. 55). X. Tu et al. 2003 showed clear differences between the morphology of the
actin pedestals induced by EPEC and EHEC. EspH expressed by EHEC induces the
formation of flat and faint actin structures, whereby EspH expressed by EPEC forms
elongated pedestals and containes a high concentration of actin [159]. On basis of the
differences in their three-dimensional arrangement, predicted in this thesis, it may be
possible that the EspH protein variants of EHEC bind less efficient to the PH-DH domain of
the RhoGEFs than the EspH protein variant of EPEC (see Figure 27, p. 55). These spatial
differences give a possible answer for the formation of different actin pedestals of EHEC and
EPEC strains. It remains to be proven if the differences in the functional mechanisms of the
EspH variants from EHEC and EPEC contribute to the variances in pedestal formation or
how the expression of the different EspH variants affect the mechanism which is used by
EPEC and EHEC to induce the formation of pedestals.
The bioinformatics results of the metallopratease YghJ, including 185 yghJ gene sequences,
presented with 25 alleles a high number of allelic gene variants with gene sequence
identities of 85% to 100% compared to the reference sequence. The allelic variants can be
summarized at the end of the analysis in seven structurally different three-dimensional
protein models (see Figure 28, p. 56). This thesis gives a first insight as to how a predicted
three-dimensional protein model of YghJ can be realized. The prediction of these
metalloprotease proteins is complex corresponding with the modeling of multi-domain
proteins. Such a complex protein modeling is based on several already known protein
domains and is therefore only a prediction of the whole protein model. One of these domains,
included in all seven protein variants, is highly similar to a protein having an already known
three-dimensional structure and function: the M60-like pfam13402 domain. Proteins
containing this domain have the metalloprotease function to degrade host glycoproteins and
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bind metal-ions. Furthermore, all seven identified YghJ protein variations exhibited the
conserved sequence motif HEVGH in their M60-like pfam13402 domain, which belongs to the
HEXXH motif, and is known to be involved in the catalytic activity of metalloproteases of
different bacterial species [102]. In addition to their common features, the seven predicted
protein variants differed in their protein folding compactness and in their metal binding
preference. The M60 like pfam13402 domain of YghJ 3D variant 1 (UPEC strain UTI89, Acc.
No. CP000243), variant 2 (E. albertii strain NIAH_Bird_3, Acc. No. AP014855), variant 6
(NMEC strain CE10, Acc. No. CP003034) and variant 7 (EAEC strain 55989, Acc. No.
CU928145) were consistent with the nickel binding M60 peptidase 4FCA (chain A) of
Bacillus anthracis in a three-dimensional alignment. In this thesis, such a nickel binding M60
like pfam13402 domain for E. coli, including a nickel binding catalytic motif was predicted to
illustrate the probability of YghJ-metalloproteases being active in the presence of nickel. But
it may also be possible that this M60 like pfam13402 domain is active in the presence of zinc,
because the catalytic motif of the M60 like pfam13402 domain of E. coli K12 strain (POCK95)
prefers to bind zinc only over two histidine residues, which were also present in the nickel
binding size of the M60 peptidase 4FCA (chain A) (see Figure 29, p. 58). These structural
affinities of the zinc binding M60 like pfam13402 domain POCK95 of the E. coli K12 strain
was exhibited by the YghJ 3D variant 3 (E. coli strain BL21(DE3), Acc. No. CP001509),
variant 4 (EPEC strain CB9615, Acc. No. CP001846) and variant 5 (E. coli K12 sub-strain
W3110, Acc. No. AP009048). With regard to the whole YghJ protein, the three-dimensional
structure of the YghJ 3D variant 3 and 4 breaked up in separate bundles in contrast to the
other compact YghJ models. Such a separated protein folding can lead to a nonfunctional
metalloprotease. The YghJ 3D variant 5 showed the highest protein folding compactness of
all the selected YghJ variants (see Figure 28, p.56).
The described differences in the three-dimensional protein structure of the YghJ variants
indicate functional changes in their metal binding preference. It may be possible that the
catalytic activity of the zinc and nickel binding variants is diverse and it may also be possible
that the in separate bundles folded three-dimensional protein variants show no catalytic
effects. It is known that zinc has been substituted by several divalent cations in numerous
metalloproteases. Metalloproteases like YghJ are able to bind different cations with respect
to zinc, causing a comparable, lower or completely inactive catalytic activity [41].

5.3 Influence of bioinformatics methods on the results
The sequence search to identify homologues nucleotide acid or amino acid sequences in
bioinformatics databases often provides the first indications about the function and therefore
about functional changes due to mutations. There are a number of software tools for
screening databases in order to find homologues sequences, which share a common
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evolutionary ancestor. Around 80% of genomic sequence samples share significant similarity
with genes or proteins in sequence databases like NCBI-BLAST [118]. In the following
chapter all bioinformatics methods, which were used in this thesis, will be discussed with
regard to their accuracy and their interpretability on the results.
5.3.1

Whole genome sequencing

The basis for searching sequences in bioinformatics databases is the genetic information of
single genes or rather the whole genomes including mobile genetic elements such as
plasmids and prophages. The quality of the assembled transcripts during sequencing
depends on biological and sequencing technics. After fragmentation of the complete DNA
single fragments undergo several amplification cycles in the Polymerase-chain-reaction
(PCR), which might cause errors due to the sequencing steps. Further errors can be
accumulated during sequencing in the steps of library preparation and afterwards during the
execution of assembly algorithms. To minimalized sequencing errors from true variants, each
base or each coding region respectively is read more than one time. Comparing the
alignment after sequencing to a reference genome, mismatches, deletions or insertions can
be corrected but also inserted. Further, the comparison of E. coli whole genomes to a
reference sequence is challenging due to the highly variable gene content among E. coli
strains. Therefore the identification of single nucleotide variations can be complicated by
various error sources [25], [61], [96].
5.3.2

Algorithm for alignment and phylogenetic tree construction

To identify similar sequences to the reference gene sequences, the basic local alignment
search tool (BLASTn) was used. In contrast, to create a pairwise alignment, the global
alignment was used in this thesis. The basic differences between a local and global
alignment is that in a local alignment the query sequence match as a small continuous
portion of the subject sequence. Whereas in a global alignment the match of the query
sequence perform an end to end alignment with the subject. Therefore, if the size of the
query sequence is dissimilar to the subject, a lot of gaps in the global alignment to stretch the
query sequence on the size of the subject sequence will be inserted. The differences
between these two alignment types is explained by their scoring matrices. In the global
algorithm, the highest scoring correspond to the coordinates of the whole subject sequence,
whereas in the local algorithm a single element with the highest score is done [3, 108, 144].
Global alignments are useful for comparing long sequences including more than one gene,
whereas local alignments can be used to find homologous gens or domains in other
sequences. For screening databases against a reference gene sequence, the local
alignment method is meaningful. Comparing sequences to each other to have a look at
polymorphisms, a global alignment is meaningful including gaps in missing parts in the query
sequence.
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In this thesis, to build a phylogenetic tree as genetic distance model for nucleotide acid
sequences the Tamura Nei model was used and for amino acid sequences the Jukes Cantor
model was used, both in combination with the tree build method UPGMA. The Tamura Nei
and the Jukes Cantor model are both one of the most common genetic distanced models. All
these models described the evolution of a single site within a set of sequences as
substitution models. The differences between al substitution models is the equilibrium of the
base frequency causing their different substitution matrices. The Tamura Nei model based
on the assumption, that every base has a different equilibrium base frequency
π (πA ≠ πG ≠ πC ≠ πT) distinguishing different weighting between the two transition types
(A ↔ G ≠ C ↔ T) as well as between transitions and transversions (A ↔ C, G ↔ T and
A ↔ T). It is assumed that transversions occur at the same rate and assign an equal
weighting, however different to both transition types [149]. A more complex substitution
model is the Generalised time-reversible (GTR) model. This method includes besides
different substitution rate parameters even described as well for the Tamura Nei model also
equilibrium base frequency parameters, giving the frequency at each base on each
site [152]. All the other substitution models like the Jukes Cantor model [66], the Kimura
model [73], the Felsenstein model [34] or the HKY [55] model observing fewer weighting
factors than the Tamura Nei model, assuming equal base frequencies and / or equal
mutation rates. Therefore, the Tamura Nei model is the most complex genetic distanced
model for nucleotide acid sequences which can be used in Geneious and combined directly
with the tree build method UPGMA. The different weighting between mutations with the
Tamura Nei model is sufficient for the bioinformatics analysis using the subsequent
phylogenetic tree construction solely for structural cluster building to identify allelic gene
sequences. The same argumentation explains the usage of the simplest genetic distance
model the Jukes Cantor model for weighting mutations between amino acid sequences
assuming equal base frequencies [66]. The more complex protein sequence structure in
combination with this simple substitution matrix provide in the subsequent phylogenetic tree
construction an optimal cluster building to identify different protein sequence variants.
To identify gene or protein sequence variants classified by their polymorphisms a
phylogenetic tree based on genetic distances will be needed. In this thesis, a rooted
phylogenetic tree was chosen to identify variants via cluster building referring to the
reference sequence. Therefore, the phylogenetic tree construction was only used to arrange
and classify gene or protein sequence variants. Such a rooted tree resulting from the data of
a distance matrix can be built with the simple and fast agglomerative hierarchical clustering
method UPGMA. The UPGMA algorithm join the closest sequences in a cluster, starting with
the first two sequences, combining the nearest sequences at each clustering step [98].
Unrooted trees which can be built via the neighbor-joining method uses also distance data,
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clustering sequences with the smallest amount together as neighbors. However, the tree
construction can be compare with a star without a starting point like a reference sequence
[133]. Therefore, the reference sequence clusters together with its nearest neighbors in the
star formation and complicates a graphic analysis.
5.3.3

Prediction of secondary structures

In this thesis, the GOR V algorithm (see chapter 3.2.4, p. 30) in Geneious software was
used to predict the secondary protein structure of all the amino acid sequence variants.
Geneious

accesses

a

number

of

public

databases

hosted

by

NCBI

(http://www.ncbi.nlm.nih.gov) and UniProt (http://www.uniprot.org). To predict the secondary
protein structure from the stand alone amino acid sequence many attempts will be needed
[48]. Therefore, a comparison of amino acid sequences with already known secondary
structures is needed to ensure the accuracy of the predicted model. Only structural
information gives an insight into protein function and is also useful for motif detection as well
as homology modeling. Therefore, a high-accuracy prediction of protein structures from its
amino acid sequence is highly desirable.
The fifth version of the GOR method has an accuracy prediction of Q3 by 73,5%. Based on
different approaches including information theory, Bayesian statistics and evolutionary
information, GOR V has been the most successful method. The GOR V database is based
on 513 sequentially non-redundant domains, which contain 84.107 amino acid residues to
ensure a highly representative set of available proteins calculating helices, strands, coils and
turns that have the highest probability at each residue position of the input sequence by
evolutionary information using PSI-BLAST. Homologues sequence information through
multiple sequence alignments give a significant boost, adding triplet statistics to the accuracy
and optimize various parameters.
GOR V is still a secondary structure prediction method providing a consensus method with a
high accuracy prediction like other methods. Other methods such as PhD and PSIPRED
reported an accuracy of about 76% and PREDATOR reached an accuracy of about 77%.
The GOR V method is around 5% less accurate than the other methods, but it provides
complementary information because it is based on different approaches like the information
theory and Bayesian statistics in contrast to the other neural network based methods [75,
141]. Therefore, all the secondary structure prediction methods result in protein structure
predictions that represent the actual protein structure only in a limited resemblance to its
original biological structure. However, the GOR V method benefits because of its underlying
fundamentally principles. Nevertheless, the resulting secondary protein structures allowed a
first statement in predicting the effect of mutations and understanding the function as well as
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functional differences of variations. In this thesis, the secondary protein structures of allelic
variations of a toxin give a first hint of probably resulting differences.
5.3.4

Prediction of three-dimensional structures

To predict the three-dimensional protein structures of all amino acid variants of interest in
this thesis, the open source web server I-Tasser was used. I-Tasser is based on simulating
the folding process using only the amino acid sequences itself as input data, predicting the
structure of proteins on basis of homologs of known predicted or experimentally determined
three-dimensional structures, the template-based homology modeling or fold-recognition.
The target sequences are first threaded through a representative PDB structure library with a
pair-wise sequence identity cut-off of 70% to identify possible folds. Multiple domain protein
and domain boundaries are automatically assigned [174]. Well above six million unique
protein sequences have been deposited at time in the public databases hosted by NCBI
(http://www.ncbi.nlm.nih.gov) and UniProt (http://www.uniprot.org).
The practical applications of protein structure prediction can be used to develop functional
hypotheses about hypothetical proteins, single domains or possible functional differences
during mutations. With the advent of large sequence databases and highly accurate profileprofile matching algorithms, it may be possible to model three-dimensional protein structures
with less than 20% sequence identity to known protein structures. However, ab initio
techniques that have been developed to predict protein folding are not error-free. All tools
can be used in a fully automated way and the results must be analyzed in context of their
biological knowledge. Long protein sequences often contain multiple domains, which have to
be considered individually in the remaining protein sequence / model to ensure that these
domains are modeled as a single functional region and give a biological sense without any
other mixed structures [71 ,173]. On this occasion it is useful to predict domains, extracted
from their whole protein sequence and compare the results to the whole protein model, as
was shown in this thesis for the type three-effector protein EspH and the metalloprotease
YghJ. Domains extracted from the query sequence can be individually identified using NCBI,
PDB or PFAM.
In this thesis, many selected alleles of a single toxin result in the same three-dimensional
protein model. In this case, a potentially needed reference model, modeled by software can
lead to problems, because single changes of amino acids could not be sufficiently
incorporated in the three-dimensional model. Point mutations in the query protein structure
will not in general result in a different three-dimensional protein model, which causes
inherent limitations in the template-based prediction algorithms merged by such subtle
changes. Many three-dimensional structure predicting applications use loop modeling
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techniques to model small insertions and repair deletions in the alignment to the
template [71].
After comparison with the most known freely available structure prediction systems on the
Web, I-Tasser was chosen, as it provides an optimal performance between a target size
range of 10 to 1.500 residues in contrast to Phyre, which optimal performance is less than
1.000 residues. Combining predictions from many sources is the most reliable way to avoid
erroneous results and to determine the most accurate protein model. Ab initio techniques can
provide valuable hints to structural features in the absence of time intensive and expensive
experimental derived structures. The community-wide Critical Assessment of Structure
Prediction (CASP) experiments have been designed I-Tasser as one of the best method in
structure prediction systems. I-Tasser has shown to be able to generate 75% of the
sequences tested in a blind experiment by CASP. More than 80% of the templates were
identified close to their native structures [71, 162, 174]. Nevertheless, functional analysis will
be needed to confirm and expand the bioinformatics results in biological systems.
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6. Conclusion
For infectious diseases with bacterial pathogens, early diagnosis is the key in risk
assessment and thus disease management. Next generation sequencing (NGS) allows
sequencing of a huge number of bacterial genomes. The whole genome sequence (WGS)
provides all the genetic information allowing bacterial pathogens the expression of genes like
toxin genes to infect the host and possess infectious diseases. Furthermore, genome
sequencing is less labor-intensive, requires less time and identifies the bacteria including all
its genomic features like drug-resistance, virulence and toxin genes to significantly influence
the treatment outcome. Additionally, gene variants and genome rearrangements can be
detected to gain conclusions to clinical and immunological phenotypes.
This thesis was focused on toxin gene profiling of a large set of E. coli strains from the ECore
database, which was enhanced at the Institute of Microbiology and Epizootics as well as the
open source database NCBI. One aim of this work was to create a reference genome called
“toxome”, which includes all currently known toxin genes. The “toxome” of E. coli and
Shigella spp. allows screening of all currently known toxin genes and its variants with the
power of multiplexing in the whole genome sequences of the mentioned bacteria using a
simple BLASTn algorithm. Therefore, the “toxome“ can be used as reference to assemble all
toxin sequences of one E. coli strain after sequencing and achieve full-length hits of their
encoded toxin genes.
The potentially observed occurrences of toxin genes in various E. coli and Shigella spp.
strains as well as variations and combinations in the genome may lead to a better
understanding of the toxin complex of these bacteria. Functional differences between protein
variants within a toxin have not been thoroughly researched. This thesis gives a first
overview about the occurrence and impact of genetic differences in toxin genes in the
genome of E. coli and Shigella spp. regarding their resulted protein variants on basis of
bioinformatics analysis.
The results showed that genetic variations of all the analyzed 39 toxin genes (listed in
Table 3, pp. 23 ff.) were available after screening 492 whole genome sequences including
the internal ECore database and 86 whole genome sequences, 72 plasmids, 22 PAIs and
276 genes including the NCBI database. The hypothesis of this thesis that allelic variants of
toxins differ in their biological effect regarding their toxicity was confirmed in silico for the
effector protein EspH, the metalloprotease YghJ, the Subtilase Cytotoxin SubAB, the serine
protease autotransporter of Enterobacteriaceae (SPATEs) as well as for the Shiga-Toxins
Stx1 and Stx2. The three-dimensional structure of protein variants and the possibility of
resulting functional changes of the effector protein EspH and the metalloprotease YghJ were
analyzed for the first time.
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Based on the differences in the three-dimensional arrangement of the EspH variants, it may
be possible that the protein variants bind different efficient to the conserved PH-DH domain
of the mammalian Rho Guanine Nucleotide Exchange Factor (RhoGEFs). Therefore, an
efficient binding blocks the Ras homolog GTPase (Rho) activation, which is a master
regulator of the actin cytoskeleton rearrangement of the host cell, inducing cytotoxic effects.
Bacterial RhoGEFs are insensitive to EspH stimulating the GTPase activation again to allow
cell adhesion. The different efficient binding to the PH-DH domain putatively results in the
formation of different actin pedestals as was shown in a previous cell-culture based study by
X. Tu et al. 2003, analyzing EspH from EPEC and EHEC strains [159].
The three-dimensional differences in the protein structure of the YghJ variants indicated
functional changes in their metal binding preference. A part of the YghJ protein variants
confirmed in their catalytic M60 like pfam13402 domain with a nickel binding M60 peptidase
4FCA (chain A) of Bacillus antrhacis binding nickel by two histidine and one glutamate
residues. The other part confirmed to a zinc binding M60 peptidase of E. coli K12 (POCK95)
binding zinc only over two histidine residues. Metalloproteases are able to bind different
cations causing a comparable, lower or completely inactive catalytic activity in respect to
zinc [41]. Therefore, it may be possible that the catalytic activity of the YghJ protein variants
was diverse. Furthermore, the YghJ protein variants differed in their protein folding
compactness. Protein variants which breaks up in separate bundles in contrast to the
compact models can lead to a nonfunctional metalloprotease.
Different variants of the Subtilase Cytotoxin SubAB are already known on basis of their gene
level [44, 111]. In this thesis, the predicted three-dimensional protein variants of the Subtilase
Cytotoxin SubAB were first analyzed with regard to a different pathogenic potential and
toxicity. The varieties in the B-subunits which bind to the cell surface could be responsible for
reduced or increased cytotoxic effects on target cells and host cell specificities. It is possible
that the B-subunit variants display differences in receptor recognition by their glycolipid
binding preference as was shown for the B-subunits of the Shiga-Toxin variants [70].
Furthermore, the twelve already known and different three-dimensional protein variants of
the SPATEs indicated that the SPATEs members are already divided into allelic variations
and split into two known functionally different classes demonstrating functional changes in
substrate binding caused by phylogenetic differences. The cytotoxic class-1 SPATEs
harbored a compact disulfide bond-containing domain (helix-turn-helix motif) which is able to
bind only small intracellular substrates. In contrast, this domain was decreased by the
lecithin-like immunomodulators class-2 SPATEs and enabls the binding of huge extracellular
substrates like mucins [132].
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The allelic variations of all the other analyzed toxins expressed by E. coli and Shigella spp.
due to in silico analyses had no impact on the resulting three-dimensional protein structure,
indicating no functional changes as in the case of EspF. The EspF variants showed only
differences in the number of their consecutive homologues proline-rich repeats at the 3’ end
of their protein structure which does not affect the resulting protein function despite the
identified phylogenetic differences.
The inclusion of toxins with already known functional changes of their allelic protein variants
like the different Shiga-Toxin variants [40, 70, 84, 135] have revealed the same results,
indicating that the chosen bioinformatics methods in this thesis obtained comparable results
to other bioinformatics studies with clear hints toward functional changes of the protein. Such
a systematic bioinformatics approach can be further use for other virulence factors being
involved in the pathogenicity of E. coli and Shigella spp. strains. Furthermore, this
bioinformatics approach can be use as manual, which tools are useful to predict in silico
functional changes of toxin variants.
The next step with regard to the results of this thesis could be subsequent functional
analyses of the identified different protein variants to evaluate their resulting toxicity on
mammalian cells or with lactate dehydrogenase release (LDH) assays to indirectly evaluate
cell death [130]. The characterization of the toxigenic potential of a toxin variant can be
realized by using cell cytotoxicity assays based on a subsequent microscopic assessment of
toxin-induced cell damage. Especially for the intestinal mucin degrading metalloprotease
YghJ, the intestinal epithelial cell-lineage Caco-2 is useful. The cells can be infected with a
bacteria-free supernatant of transformed bacterial cells harboring a plasmid/vector with an
expression cassette encoding the toxin variant of interest. The transformed bacterial cells
can be also used for protein expression of the target protein to obtain purified proteins via
chromatographic methods to analyze the toxigenic potential of the toxin protein only [90, 148]
and for further mass spectrometry or calorimetry based analyses. For example, metal
substitution assays can be performed with respect to identify the metal binding preferences
measuring the absorption spectra [50] or measuring the amount of heat during the binding
reaction [39].
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infection, IBD-CD: Inflammatory Bowel Disease – Chron’s Disease
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Table A 2: Collected NCBI database
NCBI No.

AB011549
AB011677
AB048223
AB048224
AB048227
AB048236
AB083044
AB255435
AB355659
AB426049
AB426060
AB472687
AB472834
AB472835
AB472839
AB472840
AB472857
AB472860
AB472861
AB472870
AB646137
AB646138
AB646152
AB646154
AB646155
AB646156
AB646158
AB646162
AB646163
AB646164
AB702969
AB839651
AB839652
AB839653
AB839654
AB839657
AB839658
AB839659
AB839660
AB839661
AB839662
AB839663
AB839664

Species
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli

Pathotype

Host

EHEC

human

STEC
STEC
STEC
STEC
STEC
EAEC
EPEC
EPEC
EAEC
STEC

deer
deer
deer
sheep

EHEC
EPEC
EHEC
EHEC
EHEC
EHEC
EIEC
ETEC
ETEC
ETEC
ETEC

Disease

HUS

human
human
human
human
human
human
human
human
human
human
human
human

sick
Diarrhea
Diarrhea
sick
Diarrhea
Diarrhea
Diarrhea
Diarrhea
Diarrhea
Diarrhea
Diarrhea
Diarrhea

human
cattle
cattle
cattle
cattle
cattle
cattle
cattle
cattle
cattle
cattle
cattle
cattle

sick
healthy
healthy
healthy
healthy
healthy
healthy
healthy
healthy
healthy
healthy
healthy
healthy

Source Laboratory

Osaka University, Research Institute for Microbial Diseases
National Institute of Health, Department of Pathology, Tokyo
Souichi Makino Obihiro University, Dept. of veterinary microbiology
Souichi Makino Obihiro University, Dept. of veterinary microbiology
Souichi Makino Obihiro University, Dept. of veterinary microbiology
Souichi Makino Obihiro University, Dept. of veterinary microbiology
Aichi Prefectural Institute of Public Health, Nagoya Kitaku
Niigata University, Department of Infectious Disease Control
Tadasuke Ooka University of Miyazaki, Dept. Infectious Disease
Stanford University, Dept. of Microbiology and Immunology
University Pierre et Marie Curie, Atelier de BioInformatique, Paris
Yoshiki Etoh Fukuaka Institute of Health an Environmental Sciences
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
University of Miyazaki, Frontier Science Reserch Center
University of Miyazaki, Frontier Science Reserch Center
Osaka University, Research Institute for Microbial Diseases
Osaka University, Research Institute for Microbial Diseases
Osaka University, Research Institute for Microbial Diseases
Osaka University, Research Institute for Microbial Diseases
Osaka University, Research Institute for Microbial Diseases
Osaka University, Research Institute for Microbial Diseases
Osaka University, Research Institute for Microbial Diseases
Osaka University, Research Institute for Microbial Diseases
National Center for Global Health and Medicine, Tokyo
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life
Atsushi Hinenoya Osaka University, School of Life

xvi

Year

1998
1994
2000
2000
2000
2000
2003

2007
1983
2001
2008
2008
2008
2008
2008
2008
2008
2008
2008
2002
2001
2011
2011
2011
2011
2011
2011
2011
2011
2012
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013

Region

Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Brazil
USA (MD)
Central Africa
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan

Common name / No.

Sakai

#S-3
#S-5
#S-8
#HI-11
AI2001/52
DIJ1
ICC223
B171-8
GEI3.10
F08/101-31
AH-5
AH-6
AH-10
AH-11
AH-13
AH-16
AH-17
AH-26
990281
F57076
RIMD 05091870
RIMD 05091856
RIMD 05091863
RIMD 05091862
RIMD 05091045
RIMD 0509796
RIMD 0509343
RIMD 0509792
4266 delta cssB::Km
B1
B3
B5
B7
B21
B43
B49
B55
B56
B61
B65
B68

Genome, Plasmid, PAI, Gene

Plasmid (pO157)
Gene (LT)
Gene (stx 2AB)
Gene (stx 2AB)
Gene (stx 2AB)
Gene (stx 2AB)
Gene (stx 1AB)
Plasmid (pO86A1)
Gene (tir )
PAI (GEI0.81)
PAI (GEI3.10)
Gene (stx 2AB)
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (hly E)
Gene (hly E)
Gene (hly E)
Gene (hly E)
Gene (hly E)
Gene (hly E)
Gene (hly E)
Gene (hly E)
Gene (hly E)
Gene (hly E)
Plasmid (pCss165Kan)
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
Gene (cdt Va-c )
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xviii
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xix
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xx
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xxi
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xxii

Appendix

xxiii

Appendix

xxiv

Appendix

xxv
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Pathotype: ExPEC: Extraintestinal pathogenic E. coli, APEC: Avian pathogenic E. coli, NMEC: Neonatal meningitis E. coli, UPEC: Uropathogenic E. coli; InPEC: Intestinal
pathogenic E. coli, EAEC: Enteroaggregative E. coli, EHEC: Enterohaemorrhagic E. coli, EIEC: Enteroinvasive E. coli, EPEC: Enteropathogenic E. coli, aEPEC: atypical
Enteropathogenic E. coli, ETEC: Enterotoxigenic E. coli, STEC: Shiga-Toxin-producing E. coli; COM: Commensal; Environ: Environment; Disease: ABU: Asymtomatic bacteriuria,
HC: Hemorrhagic colitis, HUS: Hemolytic uremic syndrome, NM: Neonatal meningitis, UTI: Urinary tract infection, WI: Wound infection, IBD-CD: Inflammatory Bowel Disea s e
– Chron’s Disease
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Gene

Reference

n Allele (NA)

Reference /
No. of Isolates

1

AF297061

2

FM180568
7907_8#27
nECore(2)

3

8001_7#54

4

7738_5#45
7853_7#65

5

7738_6#78
8001_7#4

6

7521_1#28

2

7

7853_7#81

3

8

7853_6#30

4

9

EM164354

5

100%
99,5%

espC

AF297061

n Variants (AA)

n Variants (Sec.)

n Variants (3D)

1

1

1

2

Figure A 1: espC (SPATE – EPEC secreted protein C) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF297061 (genetic identity in percent).

Gene

Reference
100%
99,5%

espP / pssA

AF074613

99%

n Allele (NA)

Reference /
No. of Isolates

1

AF074613
nNCBI(3)

2

CP001369
nNCBI(3)

3

CP006028
nNCBI(2)
IMT15973
nECore(22)

4

8001_7#24

5

7738_8#64

6

FJ875095

2

7

Y13614

3

2

8

CP009107

4

3

9

AY258503

5

4

n Variants (AA)

1

n Variants (Sec.)

n Variants (3D)

1
1

Figure A 2: espP / pssA (SPATE – Extracellular serine protease (EHEC) / protease secreted by STEC) sequence
analysis and phylogenetic distribution of the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as
well as predicted secondary (Sec.) and three-dimensional (3D) structure to identify alleles and variants (n:
number of alleles / variants) with respect to the reference sequence AF074613 (genetic identity in percent).
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Figure A 3: pet (SPATE – Plasmid encoded toxin) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants with respect to the
reference sequence AF056581 (genetic identity in percent).

Figure A 4: sat (SPATE – Secreted autotransporter toxin) sequence analysis and phylogenetic distribution of the
gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF289092 (genetic identity in percent).
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Gene

Reference
100%

99%
98%

eatA

AY163491

97%

n Allele (NA)

Reference /
No. of Isolates

n Variants (AA)

n Variants (Sec.)

1

AY163491
FN649418
NG_035924

1

1

2

6711_2#6
6732_2#6

2

2

3

6753_7#2

3

3

4

7521_7#78
9352_8#18

4

4

5

AEKA00000000
7853_6#18

6

7067_5#9

5

5

7

7521_3#3

8

7521_2#94

9

7521_3#24

6

6

10

CP000799
CR942285
7521_4#67
nECore(3)

7

7

8

8

9

9

11

8016_2#53

12

7114_1#4

13

6753_7#16

14

7738_5#23

15

6753_7#18
7521_4#66

n Variants (3D)

1

Figure A 5: eatA (SPATE – ETEC autotransporter A) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AY163491 (genetic identity in percent).

Gene

Reference
100%

epeA

AY258503

99,5%

n Allele (NA)

Reference /
No. of Isolates

n Variants (AA)

n Variants (Sec.)

1

AY258503

1

1

n Variants (3D)

1
2

CP009107

2

2

Figure A 6: epeA (SPATE –EHEC plasmid encoded autotransporter) sequence analysis and phylogenetic
distribution of the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted
secondary (Sec.) and three-dimensional (3D) structure to identify alleles and variants (n: number of alleles /
variants) with respect to the reference sequence AJ258503 (genetic identity in percent).
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Figure A 7: espI (SPATE – E. coli secreted protease I) sequence analysis and phylogenetic distribution of the
gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AJ278144 (genetic identity in percent).

Figure A 8: hbp / tsh (SPATE – Hemoglobin binding protein / temperature sensitive hemagglutinin) sequence
analysis and phylogenetic distribution of the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as
well as predicted secondary (Sec.) and three-dimensional (3D) structure to identify alleles and variants (n:
number of alleles / variants) with respect to the reference sequence AJ223631 (genetic identity in percent).
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Gene

Reference

100%

pic

CU928145

99%

97%

95%

n Allele (NA)

Reference /
No. of Isolates

n Variants (AA)

n Variants (Sec.)

1

CU928145
nNCBI(14)
7521_3#26
nECore(2)

1

1

2

AF097644

2

2

3

AE014075
nNCBI(6)
7738_5#19
nECore(19)

3

3

4

7738_7#25
9425_1#1

4

4

n Variants (3D)

1

Figure A 9: pic (SPATE – Protease involved in intestinal colonization) sequence analysis and phylogenetic
distribution of the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted
secondary (Sec.) and three-dimensional (3D) structure to identify alleles and variants (n: number of alleles /
variants) with respect to the reference sequence CU928145 (genetic identity in percent).

Gene

Reference
100%
99,5%

99%

sepA

HE610901

92%

91%
90%

n Allele (NA)

Reference /
No. of Isolates

n Variants (AA)

1

HE610901
nNCBI(3)

1

2

AB255435

2

3

7521_3#26

3

4

Z48219

4

5

CP012142
nNCBI(3)

6

AF386526

7

6613_4#15

8

AL391753
nNCBI(2)
6551_2#14

9

7853_7#50

6

2

10

8001_7#48

7

3

11

AY604009

8

4

12

7738_8#72

13

7853_7#78

9

5

14

8001_7#52

10

6

n Variants (Sec.)

n Variants (3D)

1

5

1

Figure A 10: sepA (SPATE – Shigella extracellular protein) sequence analysis and phylogenetic distribution of
the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and
three-dimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to
the reference sequence HE610901 (genetic identity in percent).
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Figure A 11: vat (SPATE – Vacuolating autotransporter toxin) sequence analysis and phylogenetic distribution of
the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and
three-dimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to
the reference sequence AY151282 (genetic identity in percent).
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Figure A 12: ehxA (EHEC hemolysin) sequence analysis and phylogenetic distribution of the gene (NA: nucleic
acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and three-dimensional (3D)
structure to identify alleles and variants (n: number of alleles / variants) with respect to the reference sequence
AF043471 (genetic identity in percent).
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Figure A 13: hlyA (Haemolysin A) sequence analysis and phylogenetic distribution of the gene (NA: nucleic acid)
and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and three-dimensional (3D)
structure to identify alleles and variants (n: number of alleles / variants) with respect to the reference sequence
AP010959 (genetic identity in percent).
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Figure A 14: LT (elt) (Heat-labile enterotoxin) sequence analysis and phylogenetic distribution of the gene (NA:
nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence CP000795 (genetic identity in percent).
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Figure A 15: EAST1 (astA) (SPATE – Heat-stabile enterotoxin) sequence analysis and phylogenetic distribution of
the gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and
three-dimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to
the reference sequence ECOASTAA (genetic identity in percent).
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Figure A 16: STa (estla) (Heat-stabile enterotoxin a) sequence analysis and phylogenetic distribution of the
gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence FN649417 (genetic identity in percent).

Figure A 17: STb (estlb) (Heat-stabile enterotoxin b) sequence analysis and phylogenetic distribution of the
gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence FN649418 (genetic identity in percent).
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Figure A 18: set1 (ShET1) (Shigella enterotoxin 1) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF348706 (genetic identity in percent).

Figure A 19: set2 (ShET2) (Shigella enterotoxin 2) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF348706 (genetic identity in percent).
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Figure A 20: cif (Cycle-inhibiting factor) sequence analysis and phylogenetic distribution of the gene (NA:
nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF497476 (genetic identity in percent).

Figure A 21: ipaB (Invasion plasmid antigen B) sequence analysis and phylogenetic distribution of the gene (NA:
nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AY098990 (genetic identity in percent).
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Figure A 22: map (Methionine aminopeptidase) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence FM180568 (genetic identity in percent).

xl

Appendix

Figure A 23: ipgD (Inosital phosphate phosphatase D) sequence analysis and phylogenetic distribution of the
gene (NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF348706 (genetic identity in percent).
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Figure A 24: tir (Translocated intimin receptor) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF070067 (genetic identity in percent).

Figure A 25: virA (Typ II effector protein) sequence analysis and phylogenetic distribution of the gene (NA:
nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence AF386526 (genetic identity in percent).
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Figure A 26: cdtVa-c (Cytoletal distending toxin) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence KF322032 (genetic identity in percent).
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Figure A 27: cnf1 (Cytotoxin necrotizing factor 1) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence X70670 (genetic identity in percent).

Figure A 28: cnf2 (Cytotoxin necrotizing factor 2) sequence analysis and phylogenetic distribution of the gene
(NA: nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence ECOCNF2 (genetic identity in percent).
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Gene

Reference
100%
99,9%

clbA-Q

AM229678

n Allele (NA)

Reference /
No. of Isolates

1

AM229678

2

CP000247
CP006830

3

CP007799
CP012633

4

CP009072

5

AE014075
nNCBI(4)
9352_8#62
nECore(3)

6

HG428755

7

CP001671
CP016497

8

CP000243
nNCBI(2)
8016_2#51
8016_2#64

9

CP002167
CP010151

10

9352_8#31
9352_8#40

n Variants (AA)

n Variants (Sec.)

n Variants (3D)

1

1

1

Figure A 29: clbA-Q (Colibactin locus) sequence analysis and phylogenetic distribution of the gene (NA: nuc l ei c
acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and three-dimensional (3D)
structure to identify alleles and variants (n: number of alleles / variants) with respect to the reference sequence
AM229678 (genetic identity in percent).

Gene

Reference
100%
99,5%

leoABC

FN649414
99%

98%

n Allele (NA)

Reference /
No. of Isolates

n Variants (AA)

n Variants (Sec.)

1

FN649414
CP007594

1

1

2

7067_5#9
7114_1#22

2

3

7521_4#61

3

4

6754_7#15

4

5

7521_4#53

5

3

6

7738_5#2

6

4

7

9352_8#57

7

8

9452_1#43

8

9

9452_1#25

9

10

9452_1#37

10

n Variants (3D)

2

1

5

6

Figure A 30: leoABC (Dynamin-like protein) sequence analysis and phylogenetic distribution of the gene (NA:
nucleic acid) and protein (AA: amino acid) sequence as well as predicted secondary (Sec.) and threedimensional (3D) structure to identify alleles and variants (n: number of alleles / variants) with respect to the
reference sequence FN649414 (genetic identity in percent).
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Figure A 31: lifA / efa1 (Lymphocyte inhibitory factor / EHEC factor for adherence) sequence analysis and
phylogenetic distribution of the gene (NA: nucleice acid) and protein (AA: amino acid) sequence as well as
predicted secondary (Sec.) and three-dimensional (3D) structure to identify alleles and variants (n: number of
alleles / variants) with respect to the reference sequence AJ133705 (genetic identity in percent).
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