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Abstract 

Food-borne diseases caused by enterohemorrhagic Escherichia coli (EHEC) constitute a great 

threat to human health worldwide. Pathogenicity of EHEC strongly depends on the ability to 

produce virulence factors such as amongst others bacterial toxins. One of these toxins are the 

so-called Shiga  toxins (Stx), which  is why EHEC are assigned  to  the group of Shiga  toxin-

producing Escherichia coli (STEC). 

Stx belong to the family of AB5 protein toxins consisting of two subunits. One of them, the StxA-

subunit  causes  depurination  of  the  28S  rRNA  in  eukaryotic  ribosomes  by  exhibiting  N-

glycosidase activity subsequently leading to inhibition of the protein biosynthesis followed by 

apoptosis of the host cell. The second one is the homopentameric B-subunit, which mediates 

binding to the host cell surface via the receptor glycolipid globotriaosylceramide (Gb3). Besides 

Stx, the subtilase cytotoxin (SubAB) has been described in STEC in recent years. SubAB, also 

assigned  to  the  family  of  AB5  toxins,  generates  its  cytotoxic  activity  via  cleavage  of  the 

endoplasmic chaperone binding immunoglobulin protein (BiP) by its A-subunit. This cleavage 

leads to an unfolded protein response, resulting in apoptosis of the host cell. The B-subunit 

forms a ring-like homopentameric structure which is responsible for the binding to the receptor 

N-glycolylneuraminic acid (Neu5Gc) and other O-glycans. 

Although  the  mode  of  cytotoxicity  of  AB5  toxins  have  been  studied  extensively,  some 

mechanisms remain unsolved. The scope of  this  thesis was to analyze  further the mode of 

action of AB5 toxins and the gene regulation of stx and subAB. Both publications included in 

this thesis combine the characterization of the cytotoxic activity of AB5 toxins, the regulation of 

their genes, their subunits, and the combination of subunits of Stx and SubAB. 

In the first publication the regulation of gene expression of AB5 toxins was investigated in more 

detail. In this study, the gene expression of subAB1 was analyzed with a luciferase reporter 

gene assay and by quantitative real-time polymerase chain reaction. To unravel the regulatory 

mechanisms, both the laboratory E. coli strain DH5α and the STEC O113:H21 strain TS18/08 

were used. Expression of subAB1 and promoter activity was studied using standard cultivation 

methods. Moreover, this work shed light on the impact of the global regulatory proteins host 

factor of bacteriophage Qβ (Hfq) and histone-like  nucleoid  structuring  protein  (H-NS)  on 

subAB1  gene  expression.  Therefore,  isogenic  deletion mutants  of  hfq  and  hns  gene were 

generated  in  the  respective  strains.  Afterwards,  plasmid-based  complementation  was 

conducted  to verify  that  the observed effects were due  to  the deletion. Analysis of subAB1 

promoter activity revealed impact of both Hfq and H-NS during different growth phases in both 

strains. In addition, the influence of both regulatory proteins on the expression toxin genes in 

STEC strain TS18/08 was investigated. This study did not only focus on the expression of stx2a 
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and subAB1,  but  also  the gene expression of  the gene of  the  cytolethal  distending  toxin V 

(cdtV)  was  analyzed.  Interestingly,  all  three  toxin  genes  studied  were  upregulated  in  the 

deletion mutants of ∆hfq and ∆hns. Those results demonstrate the impact of global regulatory 

proteins on AB5 toxin gene expression and show that all  three toxin genes investigated are 

integrated into the same regulatory network. 

In  the  second  publication,  the mode of  action  of AB5  toxins  on  the  example  of Stx2a was 

analyzed  in more detail. The paradigm of AB5  toxin was known as  the  receptor binding B-

subunit  which  mediates  uptake  of  the  enzymatic  A-subunit  and  the  subsequent  cytotoxic 

activity. Previous studies have questioned this paradigm by showing cytotoxic effects of the 

SubA-subunit  in  absence  of  its  corresponding B-subunit.  This  work  analyzed whether  this 

cytotoxic effect of the A-subunit  is not only true for SubAB, but also for Stx. Thus, seperate 

recombinant expression of StxA2a subunits and subsequent His  tag-based purification was 

performed. Both StxA2a-His and StxB2a-His were analyzed on cytotoxicity separately or  in 

combination with the other subunit. Strikingly, cytotoxic effects of the StxA2a-His was observed 

in the absence of its corresponding B-subunit cell-type independently on HeLa, Vero B4, and 

HCT-116 cells. Studies on the B-subunit revealed no cytotoxicity on all cell lines. Additionally, 

combinations of different A- and B-subunits of Stx2a and SubAB1 proteins were analyzed. The 

hybrid combination showed that the cytotoxic effect of StxA2a-His on HeLa and HCT-116 cells 

could be reduced in the presence of the SubB1-His. Contrary, the cytotoxic effects of SubA1-

His were unaltered in combination with StxB2a-His. Those results give the assumption that the 

Stx2aA-subunit binds to a target cell receptor blocked by SubB1-His. Additional experiments 

on the binding capacity of the Stx2a-subunits to Gb3 revealed that while StxB2a-His was able 

to bind to  the receptor, no binding of  the recombinant A-subunit was observed. The results 

indicate a cytotoxic effect of StxA2a on different cell types in absence of its corresponding B-

subunit, which is designated as “single-A” effect in this work. The role of this effect in STEC 

pathogenicity, the uptake mechanism and subsequent transport inside the host cells of StxA-

subunit need to be further analyzed in the future.  
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Zusammenfassung 

Durch enterohämorrhagische Escherichia coli (EHEC) verursachten Lebensmittel-assoziierte 

Krankheiten stellen weltweit ein ernstes Problem dar. Dabei wird die Pathogenität der EHEC 

vor allem durch die Fähigkeit der Produktion von Virulenzfaktoren, wie z.B. Toxinen, definiert. 

Eines dieser Toxine ist das sogenannte Shiga Toxin (Stx), weshalb die EHEC zur Gruppe der 

Shiga Toxin-produzierenden E. coli (STEC) zugeordnet sind. 

Stx gehören zur Familie der AB5 Toxine und bestehen aus zwei Untereinheiten. Davon hemmt 

die StxA-Untereinheit die Proteinbiosynthese durch die Depurinierung der 28S rRNA der 

eukaryotischen Ribosomen, indem sie eine N-Glycosidase Aktivität aufweist und anschließend 

zur Apoptose der Zielzelle führt. Die zweite Untereinheit ist die homopentamere B-

Untereinheit, welche an den Glykolipid-Rezeptor Globotriaosylceramid Gb3 auf der Membran 

der Zielzelle. In den letzten Jahren wurde in STEC neben dem Stx das Subtilase Zytotoxin 

(SubAB) beschrieben. Auch SubAB gehört zu der Familie der AB5 Toxine, wobei die A-

Untereinheit die zytotoxische Aktivität durch die Spaltung des endoplasmatischen Chaperons 

Immunoglobulin-Bindeprotein (BiP) aufweist. Diese Spaltung führt zur 

unfolded protein response (dt. ungefaltete Protein-Antwort) und infolgedessen zum Zelltod. 

Die B-Untereinheit besteht aus fünf identischen Molekülen, welche ringartig angeordnet sind, 

und bindet an den Rezeptor N-glykolyneuraminsäure (Neu5Gc) und andere O-Glykane. 

Obwohl die Mechanismen der Zytotoxizität der AB5 Toxine bereits untersucht wurden, bleiben 

einige Mechanismen ungeklärt. Dabei stellt das Ziel dieser Dissertation die Charakterisierung 

der zytotoxischen Aktivität und Regulation der Genexpression von stx und subAB dar. Beide 

Publikationen im Rahmen dieser Dissertation kombinieren dabei die Charakterisierung der 

Zytotoxizität dieser AB5 Toxine, der Regulation ihrer Gene, ihrer Untereinheiten und der 

Kombination der Untereinheiten von SubAB und Stx.  

In der ersten Publikation wurde die Fragestellung der Regulation der Genexpression von AB5 

Toxinen untersucht. Die Genexpression des subAB1 Gens wurde in dieser Studie mit Hilfe der 

Methoden des Luciferase-Reportergenassays und quantitativer Echtzeit-Polymerase-

kettenreaktion (quantitative real time polymerase chain reaction) analysiert. Um die 

Fragestellung der regulatorischen Mechanismen zu untersuchen, wurden sowohl der 

Laborstamm E. coli DH5α als auch der STEC O113:H21 Stamm TS18/08 verwendet. Die 

Expression und Promoteraktivität des subAB1 wurden unter Standard-Kulturbedingungen 

gemessen. Des Weiteren wurden vor allem der Einfluss der globalen Regulatorproteinen host 

factor of bacteriophage Qβ (Hfq) und des Histone-ähnlichen Nukleoid bindenden Proteins (H-

NS) auf die subAB1 Genexpression untersucht. Dafür wurden isogene Deletionsmutanten der 

Gene hfq und hns in den beiden genannten Stämmen erstellt. Um zu beweisen, dass die 
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gemessenen Effekte auf diesen Deletionen basieren, wurde anschließend eine Plasmid-

basierte Komplementation durchgeführt. Die Analyse der Promoteraktivität zeigte, dass beide 

Regulatorproteine Hfq und H-NS Einfluss auf diese während unterschiedlichen 

Wachstumsphasen in beiden untersuchten Stämmen haben. Zusätzlich wurde der Einfluss der 

beiden Regulatorproteine auf die Genexpression der Toxingene im STEC TS18/08 untersucht. 

Dabei wurden in dieser Arbeit nicht nur die Gene stx2a, subAB1 untersucht, sondern auch das 

Gen des Cytolethalen Distending Toxins V (cdtV) betrachtet. Interessanterweise wurden alle 

drei untersuchten Gene in den Deletionsmutanten ∆hfq und ∆hns hochreguliert. Die 

Ergebnisse dieser Studie zeigen den Einfluss von globalen Regulatorproteinen auf die 

Genexpression von AB5 Toxinen und weisen auf eine Regulation der untersuchten Gene in 

einem gemeinsamen Netzwerk hin. 

In der zweiten Publikation wurde das Wirkprinzip der AB5 Toxine am Beispiel von Stx2a näher 

untersucht. Das bisher geltende Paradigma der AB5 Toxine umfasst den Wirkmechanismus 

der Rezeptorbindenden B-Untereinheit, welche die Aufnahme der enzymatischen A-

Untereinheit und die damit verbundene Zytotoxizität vermittelt. Dieses Paradigma wurde 

erstmals durch vorangegangene Studien in Frage gestellt, welche die zytotoxische Aktivität 

der SubA-Untereinheit in Abwesenheit ihrer zugehörigen B-Untereinheit aufgezeigt hatten. In 

dieser Arbeit wurde geprüft, ob diese zytotoxische Aktivität der A-Untereinheit nicht nur für 

SubAB, sondern auch für Stx gilt. Daher wurden die Stx-Untereinheiten rekombinant exprimiert 

und anschließend separate His-Tag basierte Reinigungen durchgeführt. Sowohl StxA2a-His 

als auch StxB2a-His wurden auf ihre Zytotoxizität einzeln oder in Kombination mit der jeweils 

anderen Untereinheit analysiert. Auffallend war dabei die Zelltyp-unabhängige zytotoxische 

Aktivität der StxA2a-His Untereinheit in Abwesenheit der B-Untereinheit auf HeLa, Vero B4 

und HCT-116 Zellen. Versuche mit StxB2a-His resultierten in keinerlei Zytotoxizität auf allen 

Zelllinien. Zusätzlich wurde die hybride Kombination aus verschiedenen Untereinheiten von 

SubAB1 und Stx2a untersucht. Dabei wurde gezeigt, dass die durch StxA2a-His ausgelösten 

Effekte auf HeLa und HCT-116 Zellen durch SubB1-His reduziert wurden. Im Gegensatz dazu 

blieb die durch SubA1-His induzierte Zytotoxizität bei Kombination mit StxB2a-His 

unverändert. Diese Versuche lassen auf eine StxA2a-His Zielstruktur auf der Zelloberfläche 

schließen, welche durch SubB1-His blockiert wird. Zusätzliche Versuche zur 

Bindungskapazität der Stx2a-Untereinheiten an Gb3 zeigten, dass obwohl eine Bindung von 

StxB2a-His zum Rezeptor nachgewiesen wurden, keine Bindung der rekombinanten A-

Untereinheit an diesen festgestellt werden konnte. Die Ergebnisse dieser Studie weisen auf 

einen zytotoxischen Effekt der StxA2a-Untereinheit in Abwesenheit ihrer B-Untereinheit auf, 

welcher hier als „Single-A“ Effekt bezeichnet wird. Zukünftig soll die Rolle dieses Effektes auf 

die Pathogenität der STEC, der Aufnahmemechanismus und der nachfolgende Transport der 

StxA-Untereinheit analysiert werden. 
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Chapter 1 – Introduction 

Escherichia coli (E. coli) are commensal bacteria found in the gastrointestinal tract of human 

and animals but can be present in the environment as well. Due to their manifold characteristics 

and their high adaptability E. coli strains are present widely in the environment and are used 

as laboratory model organisms. Due to the acquisition of virulence factors, E. coli strains are 

defined as pathogens can be a major concern to human health (1). The diseases caused by 

pathogenic E. coli are mainly diarrhea or extraintestinal diseases, which are either transmitted 

through  contaminated  food  or  water,  or  direct  contact  to  infected  animals  or  persons  (1). 

Pathogenic E. coli are divided into six pathotypes that can cause human disease. They are 

differentiated based on their ability to produce toxins and to adhere or to invade to epithelial 

cells. Those pathotypes  include enteroaggregative E. coli  (EAEC), enteropathogenic E. coli 

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

E. coli  (DAEC),  and  enterohemorrhagic  E. coli  (EHEC)  (1).  The  latter  are  defined  as  a

subgroup of Shiga toxin-producing (STEC), which are the focus of this thesis.

1. Shiga toxin-producing Escherichia coli (STEC)

Having a long history of research, the difference between apathogenic and pathogenic bacteria 

has been studied in detail and virulence factors that contribute to the pathogenicity have been 

designated. The group of Shiga toxin-producing Escherichia coli  (STEC) is classified by the 

production of one or more Shiga toxin genes (1). The main reservoir of STEC are ruminants, 

especially cattle (2, 3). But many other ruminants such as bovines, sheep, goats, alpacas, elks, 

yaks,  and various  deer have  been  described  as  reservoir  for  STEC  (reviewed  in  (4)).  It  is 

noticeable  that STEC do not cause any disease  in animals  leading  to asymptomatic cases. 

Although being asymptomatic in animals carrying STEC can be shed to the environment (5,  

6).  After  shedding,  cross-contamination  of  humans  can  occur,  and  due  to  this,  the  

transmission of STEC is obscure.  

After  shedding  to  the  environment,  STEC  bacteria  can  enter  the  food  chain  and  cause  

diseases. Foodborne diseases such as diarrhea, hemorrhagic colitis, and the hemolytic uremic 

syndrome  (HUS)  are  caused  by  EHEC,  a  subgroup  of  STEC  (7,  8).  Those  extraintestinal  

diseases  can  range  from  mild  courses  to  dead  induced  by  HUS.  The  triad  of  HUS  is 

characterized by microangiopathic hemolytic anemia, thrombocytopenia, and renal failure (7). 

The development of HUS  is highly  increased  in young children being  the  leading cause of 

acute renal failure in children in developed countries (8). Moreover, the production of Stxs is 

related to the development of renal and neurological diseases causing central nervous system 

abnormalities (9, 10). Transmission of EHEC can easily occur due to its small infection dose 

of  1  to  100  cells  (11).  EHEC  can  be  transmitted  via  food  sources  such as  raw  meat,  raw 
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cheese, meat, or plant products (reviewed in (12, 13)). Infection can occur via direct contact 

with animals or infected people as well (4, 14). 

The most prominent serotype associated with the development of human diseases is O157:H7, 

but  other EHEC O-serotypes  such  as O26, O103, O111,  and O145 have  been  commonly 

described (15). The first two EHEC-outbreaks were reported in 1982 in the United States, with 

STEC  isolates showing  the production of Stx  (16). Since  then, STEC-associated outbreaks 

have increased over the years leading to an estimation by the World Health Organization of 

about 1 million illnesses and 100 deaths associated with EHEC in 2010 (17). Each infection 

case associated with EHEC-derived enteritis is designated as a notifiable disease in Germany, 

with about 1.300 cases reported in 2020 (18). 

2.   Virulence factors of STEC 

Virulence  factors of  bacteria are essential  factors  in  their  pathogenesis, most  of which are 

encoded  on  mobile  genetic  elements  such  as  prophages,  plasmids,  transposons,  or 

pathogenicity islands (PAI) (19–21). To adapt to the niches which are not the normal habitat 

of E. coli such as the small intestine, pathogenic bacteria possess different adherence factors. 

2.1 Adherence/ colonization factors 

Bacterial attachment to intestinal epithelial cells is one crucial step in STEC infection (22). To 

colonize and adhere to different habitats, pathogenic E. coli produce morphological structures. 

This step is mainly initiated by adhesins. The family of adhesins compromises fimbriae, also 

designated as pili, and fibrillae of outer membrane proteins. Of those, pili are virulence factors 

important for colonization of the host. Moreover, pili convey to biofilm formation, recognition of 

host receptors or inter-bacterial aggregation (22). Studies have linked the initial attachment to 

the presence of fimbrial adhesins, the hemorrhagic coli pili (type IV pilus), the E. coli common 

pilus or flagella (23–25). One of the most commonly produced adhesin is intimin, encoded by 

the  gene  eae,  an  outer  membrane  protein  that  mediates  tight  binding  to  the  host  cell. 

Subsequently, intimin binds to the translocated intimin receptor (Tir) which is a virulence factor 

encoded on and secreted by type III secretion system (T3SS) (26). This T3SS acts as a syringe 

and  injects  the  effector molecules  into  eukaryotic  cells  (27).  Those  effector molecules  can 

interact with  the cytoskeleton of  the host cell. As a  result, after  initial attachment, so-called 

attaching  and  effacing  lesions  are  formed  (28).  Beneath  adherent  bacteria  pedestal-like 

structures  rich  in  cytoskeletal  are  formed  on  the  host  cell,  and  effacement  of  absorptive 

microvilli occur (29). The factors of the T3SS and several effector proteins are located on the 

pathogenicity island locus of enterocyte effacement (LEE) (30). The LEE is commonly found 

in STEC and referred to one of the main pathogenicity factors (30, 31). Although, the LEE is 

associated as an important virulence factor of EHEC, research in the last decade has indicated 
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that  LEE-negative  strains  can  be  associated  with  human  disease.  Several  studies  have 

indicated the abundance of LEE-negative STEC. For example, an increasing number of human 

patient isolates of STEC in Switzerland from 2010 to 2014, did not carry the LEE genes (32). 

Moreover,  the  German  outbreak  in  2011  originating  from  an E. coli  O104:H4  strain  which 

caused over 3.000 cases and 50 deaths (33) highlights the importance of LEE-negative strains 

in human disease. LEE-negative STEC strains have been isolated from different sources such 

as  stool  samples,  animals,  food,  the  environment,  and  their  virulence  factors  have  been 

extensively studied in the last years (reviewed by (34)). 

2.2 Toxins 

Besides adherence factors, the major virulence factors of EHEC are toxins. Two different kinds 

of  toxins  can  be  produced  by  bacteria:  lipopolysaccharides  (endotoxins)  or  protein  toxins 

(exotoxins). The lipid A of  lipopolysaccharides functions as an endotoxin, which  is released 

after disruption of the cell. Exotoxins are produced inside the cell and subsequently secreted 

and released to the target. Given that secreted exotoxins can act at distance from the infectious 

site (35, 36), bacterial protein toxins play a key role in the outcome of diseases. They have a 

great  diversity  in  functionality  and  structure.  Bacterial  protein  toxins  can  bind  to  host  cell 

surface  receptors  and  trigger  intracellular  signaling  or  induce  pore-formation,  leading  to 

disruption of the host cell bilayer. Furthermore, some protein toxins consist of an A-subunit, 

which  exhibits  the  enzymatic  activity,  and  a  B-subunit  that  mediates  receptor  binding. 

Alternatively, bacterial protein toxins can be delivered inside the host cells by injection with a 

needle, such as the toxins of the T3SS (reviewed in (37)). 

Another important virulence factor of EHEC is the enterohemolysin or EHEC-hemolysin (38). 

Many  research  studies  have  indicated  the  importance  of  enterohemolysin  for  bacterial 

virulence (reviewed in (39)). The gene of enterohemolysin ehxA, also termed EHEC hly-A, to 

EHEC hlyD  is encoded on the large virulence plasmid pO157 (38). The combination of four 

genes was later termed EHEC hly-operon. The product of this operon, the enterohemolysin, is 

a  pore-forming  cytotoxin  and  belongs  to  the  family-of-repeats  in  toxins  (RTX)  (40).  This 

classification is due to the repeats of nonapeptides which are glycine-rich. The toxin is present 

in many pathogenic E. coli strains and has even been reported as a marker for EHEC strains 

(39). This heat-labile enterohemolysin causes lysis of various eukaryotic cell lines. Hence, free 

enterohemolysin can induce cell lysis by pore formation on the host cell (39, 41). Besides the 

free  form,  enterohemolysin  can  be  present  in  outer  membrane  vesicles  (OMVs)  causing 

intracellular damage and apoptosis (42). 

A further toxin encoded in the STEC chromosome is the cytolethal distending toxin (Cdt). The 

Cdt mediates its cytotoxic effect by breaking double DNA strands in eukaryotic host cells (43). 
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The  three genes cdtA, cdtB,  and cdtC  are encoded on one operon,  and  their  transcription 

products have been shown to be cytotoxic to various cell lines in vitro. Five variants of Cdt are 

found  in  pathogenic E. coli,  of  which  the  gene  for  Cdt-V  (cdtV)  is  known  to  be  the  most 

prominent gene variant in STEC (44). Moreover, cdtV has been proposed to increase STEC 

pathogenicity (45). Thus, Friedrich et al. (43). have shown in the subtyping of various E. coli 

O157:H7 strains that the prevalence of cdtV was around 5% in the analyzed genomes. The 

three subunits of CdtA, CdtB and CdtC assemble in an AB2 formation (46). Consequently, it 

belongs to the family of AB toxins, characterized by a catalytic A-subunit and a receptor-binding 

B-subunit (47). In AB toxins, the B-subunit can be present as a single moiety or oligomerized. 

These A- and B-subunits consist of  two  independent polypeptide chains. The enzymatic A-

subunit enters the cell due to translocation by the B-subunit inside the target cells. Inside the 

cell  the  A-subunit  functions  as  an  effector  and  catalyzes  reactions  such  as  adenosine 

diphosphate (ADP)-ribosylation of host proteins (reviewed in (47, 48)).

AB  toxins  represent  a  versatile  group  of  toxins  which  are  produced  by  many  bacterial 

pathogens and plant species (48). Besides the above-described toxins, the group of AB5 toxins 

is essential for this work. AB5 toxins can be produced by several pathogens including Vibrio 

cholera, Shigella dysenteriae and pathogenic E. coli strains (49). 

2.2.1  AB5 toxins 

AB5  toxins  consist  of  a  catalytic  A-subunit  which  exhibits  the  enzymatic  activity  but  are 

characterized by the B-subunit of that has a pentameric structure and mediates glycan receptor 

binding to the host cell. After binding, the holotoxin is taken up and retrogradely transported to 

its  target  inside the cell. On its  target structure, the A-subunit exhibits an enzymatic activity 

(49). Besides the cholera toxin of Vibrio cholerae, the heat-labile enterotoxins, the Stx, and the 

SubAB of Escherichia coli belong to the family of AB5 toxins (50). 

2.2.1.1 Shiga toxin 

The most crucial AB5 toxin produced by Shigella dysenteriae type 1 and STEC is Stx. Stx was 

first described by Kiyoshi Shiga in 1897 (51) and has been intensively investigated since then. 

The Stx of E. coli was initially identified by its cytopathic effects on Vero cells and was originally 

named  verotoxin  (52).  Subsequently,  its  similarity  to  the  S. dysenteriae  type 1  toxin  was 

analyzed giving it the name of Shiga-like toxin (16). Due to molecular analysis, the identity to 

the S. dysenteriae Stx has been designated to Stx1 of E. coli as they share the B-subunit and 

differ only in one amino acid in the A-subunit (53, 54). Stx2 shows less identity of around 56% 

to the previous types and is immunological different to Stx1 (55, 56). The two genetic variants 

of stx1 and stx2 have been reported  in E. coli (54). Both E. coli Stx types comprise of many 

subtypes and variants, which can correlate with epidemiological significance. The subtypes 
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Stx1a  to  Stx1d  and  Stx2a  to  Stx2g  may  show  great  differences  in  biologic  activity  (57). 

Currently, up to 107 variants of Stx have been described in E. coli (57) which differ in one or 

more amino acids (58). While some STEC strains express only one subtype, others have been 

described to express a combination of variants of both types (58). However, Stx2a has been 

mostly associated with the development of HUS (58).  

Belonging to the family of AB5 toxins, Stx consists of an A-subunit and five identical B-subunits 

having a molecular  size of  32 kDa and 7.7 kDa per monomer,  respectively  (59). The  latter 

mediates the receptor binding to the glycolipid globotriaosylceramide Gb3, also designated as 

CD77 (60–62). This receptor is found on many human cell types including the renal epithelium 

and endothelium, microvascular cells of the intestine, as well as smooth muscle cells of the 

digestive  tract.  Moreover,  the  presence  of  Gb3  has  been  described  on  endothelial  cells, 

neurons of the central nervous system, and on lung cells (reviewed in (63)).  

After  binding  to Gb3,  the  homopentameric  B-subunit mediates  the  uptake  of  the A-subunit 

inside the host cell (64). After the retrograde transport, the A-subunit executes its enzymatic 

activity  by  altering  ribosomal  activity.  The StxA-subunit  belongs  to  the  family  of  ribosome-

inactivating proteins (60). In detail, it exhibits a N-glycosidase activity on the adenine 4324 of 

28S ribosome RNA (rRNA) of the 60S ribosomal unit leading to inhibition of protein synthesis 

followed  by  cell  apoptosis  (48,  65).  The  polypeptide  chain  of  StxA-subunit  consists  of  two 

domains A1 (27.5 kDa) and A2 (4.5 kDa), which are connected by a disulfide bond. This bond 

forms a protein loop in which the A-subunit is cleaved by the host enzyme furin by recognizing 

the consensus motif (Arg-XX-Arg) (66). Although cleavage, the two domains are still connected 

by the disulfide bond which is subsequently reduced inside the endoplasmic reticulum (ER). 

Afterwards, the A1 domain is released inside the cytosol exhibiting the enzymatic activity on 

its target (67).  

The stx1 and stx2 genes are usually located in the genome of lambdoid prophages (31). Those 

Stx-phages  can  vary  in  size  and  genetic  composition,  which  compromises  highly  mobile 

genetic elements (68). On the phages, stx operons are located upstream of the lysis cassette 

and downstream of the anti-terminator gene Q that enables regulation of  late phage genes 

(69). Due to  this genetic position, Stx  is  released during phage-induced host cell  lysis  (70). 

Because bacteria can possess multiple Stx variants, they are able to carry more than one Stx-

phage which increases the occurrence of recombination between the phage elements (68).  

While  STEC  can  express  one  or  more  stx  gene,  studies  on  epidemiological  data  have 

implicated that the occurrence of stx2a is most linked to the development of HUS (71). A recent 

in vivo study by Hauser et. al (72) has  indicated that  the expression levels of Stx2a lead to 
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increased virulence. Moreover, increased Stx2a levels in stool samples increased lethality in 

mice. 

2.2.1.2 Subtilase cytotoxin 

Besides  carrying  the  stx  genes,  LEE-negative  STEC  strains  can  encode  for  the  subtilase 

cytotoxin (SubAB). SubAB was first identified in an HUS outbreak strain in 1999 in Australia 

by  Paton  et  al.  (73).  This E. coli  O113:H21  strain  98NK2  carried  a mega  plasmid  pO113 

encoding  the  first-described  SubAB  gene  variant  (subAB1).  Besides  this  plasmid-encoded 

gene, three different chromosomal variants (subAB2-1 to subAB2-3) have been described up to 

date (74, 75), but more variants have been suggested (75). Genes for the subunits subA and 

subB are encoded on the same operon and have a size of 1047 bp and 426 bp, respectively 

(74). 

SubAB shows  the  typical AB5  toxin structure, whereas  the enzymatic SubA-subunit has  its 

cytotoxic activity in cleaving the endoplasmic chaperone binding immunoprotein (BiP) or 78-

kDa  glucose-regulated  protein  (GRP78).  The  serine-like  protease  introduces  a  single-site 

cleavage, which  leads  to  the  inactivation  of  BiP/ GRP78  (76),  then  to  an  unfolded  protein 

response followed by apoptosis of the cell (77). The homopentameric B-subunit binds to the 

receptor of N- and O-glycans but most prominently to the sialic acid N-glycolyneuraminic acid 

(Neu5Gc) on the host cell surface (78, 79). Subsequently to binding, the B-subunit mediates 

the  transport  of  the  holotoxin  inside  of  the  cell, which  is  in  a  clathrin-dependent way  (77). 

Interestingly, the glycan side-chain Neu5Gc cannot be produced by human cells themselves, 

but has to be integrated into the glycan matrix of human cells on the cell surface by dietary 

uptake of red meat or dairy products (80). Besides Neu5Gc other target structures for SubB 

such as N- and O-glycans have been suggested in the recent years (79). 

In studies performed in mice, SubAB has been shown to induce symptoms characteristic for 

the  development  of  Stx-associated  HUS.  This  included  the  development  of  thrombosis, 

microvascular  damage,  and  necrosis  in  organs  such  as  the  kidney,  liver,  and  brain  (81). 

Moreover, cytotoxicity assays using recombinant SubAB have indicated even higher activity 

on Vero cells compared to Stx (82). Furthermore, Tozzoli et al. (83) revealed the presence of 

subAB in stx-negative E. coli strains isolated from childhood diarrhea. This study proved that 

SubAB production can be present even in the absence of Stx, highlighting the importance of 

this AB5 toxin and its role in STEC pathogenicity. 

3. Regulation of virulence genes

The virulence genes in STEC bacteria can be regulated by the impact of environmental factors 
such as temperature, salt, acidity, and quorum sensing (84–87). Shiga toxin genes (stx) are 
encoded on lambdoid prophages between the lysis enzymes and the anti-terminator Q and 

17 
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are regulated by genes involved in the bacteriophage life cycle (88). Thus, stx genes can be 

co-transcribed with the late phage genes. Due to this connection, stx genes can be regulated 

by SOS response, when prophages are induced. 

The bacterial SOS response can be triggered by compounds such as hydrogen peroxide or 

antibiotics  and  consequently,  promote  the  expression  of  stx  genes  (89).  Antibiotics  like 

mitomycin  C  cause  prophage  induction  through  activation  of  the  bacterial  SOS  response. 

Thus, studies have demonstrated the induction of bacteriophages followed by increased Stx 

production through different antibiotics (90, 91). During infection STEC encounter host cells 

such as neutrophils that produce nitric oxide and hydrogen peroxide (89). Both compounds 

are known to induce SOS response and DNA damage in bacterial cells. Moreover, a study by 

Łos et al. (92) has demonstrated bacteriophage induction after hydrogen peroxide treatment. 

Not only environmental factors can regulate stx gene regulation, but it was shown that global 

regulatory proteins are integrated in the regulatory pathway of stx gene expression. 

3.1 Global regulator host factor of bacteriophage Qβ 

The global regulator host factor of bacteriophage Qβ (Hfq) is known to inhibit stx2a  gene 

regulation. It has been described that the deletion of the hfq gene in EHEC leads to an increase 

in stx2a expression  (93). Besides  regulating  the expression of stx genes, Hfq  is  involved  in 

regulating other virulence factors such as the factors of LEE (94). 

The  protein  Hfq  has  a  hexameric  ring  structure  and  a  size  of  12 kDa  (95,  96).  Being  a 

pleiotropic posttranscriptional regulator, Hfq belongs to the family of Sm and Sm-like proteins 

(97). Hfq itself can bind to RNA. For example it interferes with small non-coding RNAs (sRNAs), 

and  is  involved  in  processing  them,  indicating  its  function  as  an  RNA  chaperone  (98).  Its 

functionality  is  as  a  global  regulator  resides  in  initiating  translation  repression  via  Hfq-

dependent sRNAs or introduction of decay by binding on trans-encoded mRNAs (99). Thus, 

Hfq or the RNAs processed by it have impact in many cellular processes such as metabolism 

(100), oxidative stress response (97), acid stress response(101, 102), or quorum sensing (87). 

In those processes, Hfq or  the sRNAs regulated by  it act mainly as repressors of  the gene 

regulation. Hfq and Hfq-dependent RNAs can regulate genes  involved  in motility  (103) and 

virulence of STEC bacteria (104, 105). Moreover, adaptation to stresses plays an important 

role in pathogenicity of STEC behavior and consequently, by regulating factors of response to 

that (106) Hfq is implicated in pathogenicity of bacteria (107, 108). In a study by Kendall et al. 

(93) the stx2a expression was increased in a ∆hfq deletion mutant indicating an inhibitory effect

of Hfq on virulence factors.

As  described  above,  the  global  regulator  Hfq  is  involved  in  various  cellular  processes.  In 

Figure 1 the processes which are regulated by Hfq are schematically depicted. 
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Figure 1 Schematic representation of impact of global regulators H-NS and Hfq in pathogenic E. coli. 
Processes regulated by H-NS itself or due to the binding of H-NS to the RNA polymerase are displayed in red. 
Bacterial processes which are regulated by Hfq and its subsidiaries sRNAs are shown in blue. Processes which are 
regulated by both H-NS and Hfq are displayed in violet. 

All processes regulated by Hfq are shown in blue, the bacterial mechanisms regulated by H-

NS are shown in red. In those, Hfq can either directly have regulatory effects or is integrated 

in the regulation pathway due to its related sRNAs. Besides the global regulator Hfq, another 

pleiotropic regulator has been associated with the regulation of virulence genes in pathogenic 

bacteria: the histone-like nucleoid structuring protein (H-NS). Processes regulated by H-NS 

are depicted in Figure 1 in red and will be discussed in detail in the following chapter.  

3.2 Global regulator histone-like nucleoid structuring protein 

The protein H-NS is one of the most abundant proteins inside the cell and has a mass of 

15.5 kDa (96, 109). Belonging to the group of DNA-binding proteins (110), H-NS can 

interfere directly with RNA polymerase (111) or with the DNA (112, 113). By binding to the 

DNA, the topology is altered and hence, transcription and gene expression is changed (113, 

114). H-NS is involved in the regulation of many cellular processes being a transcriptional 

repressor (115–117). Preferably, H-NS binds to adenine and thymine rich (AT-rich) regions, 

indicating its role in the regulation of foreign acquired DNA (112). It has been shown that 

DNA acquired by phages or gene transfer is high in AT-content. As a result, H-NS can be a 

regulator of virulence genes in E. coli. 
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Just as the Hfq protein, H-NS is implicated in regulating horizontal and lateral acquired DNA 

which is AT-rich (118–120). It has been shown that up to one third of the genes present on the 

pathogenicity island of pO157 are silenced by H-NS, which were amongst others the Stx genes 

stx1 and stx2 (121). Moreover, several loci of the LEE in EHEC are regulated by H-NS as well 

(86). Regulation by those virulence factors occurs mainly as repression (115, 117), this was 

analyzed by several studies that have indicated upregulation of virulence factors in deletion 

mutants of hns. The upregulation of the enterohemolysin in an EHEC deletion mutant of hns 

was  shown  (122,  123). Both  virulence  factors Hfq and H-NS have  impact  in many cellular 

processes as well as in the regulation of virulence factors. A summary of the implications of 

both  regulators  is  schematically  displayed  in  Figure 1,  in  which  the  bacterial  mechanisms 

regulated by H-NS are shown in red. H-NS can bind the DNA and alter its topology or interacts 

with the RNA polymerase and thus, be implicated in many cellular processes. Both (shown in 

Figure 1 in violet) regulate the expression of genes responsible for stress response, adhesion 

and motility,  and metabolic  processes.  Additionally,  H-NS  and  Hfq  can  bind  to  xenogenic 

acquired DNA present on pathogenicity islands and have impact in the regulation of virulence 

genes in STEC bacteria. 
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4. Escherichia coli O113:H21 strain TS18/08 

For the work presented in chapter 2 of this thesis E. coli O113:H21 strain TS18/08 was used 

because it is LEE-negative and encodes for multiple toxin genes. The strain E. coli O113:H21 

was originally  isolated  from minced meat  in 2008 by Slanec et al.  (124). Besides  the most 

prominent O-serotype strains, the importance of LEE-negative strains has been noted in the 

recent years. In the performed screening study, E. coli TS18/08 was found to harbor genes for 

Stx2a, SubAB, enterohemolysin, and CdtV.  

The finding that E. coli strain TS18/08 encodes for multiple toxins leads to the question of how 

those factors act together. This issue was first addressed in a study by Hauser et al. (125) in 

which the expression rates of the three genes stx2a, subAB1, and cdt-V were analyzed. Using 

quantitative real time polymerase chain reaction (PCR) experiments it was shown that all three 

genes  were  transcribed  within  different  time  points  during  standard  cultivation  conditions. 

Moreover, transcription levels of the three toxins did vary between each other (125). This study 

gives  the  first  hint  on  the  relation  of  expression  different  toxins  produced  during  standard 

cultivation of STEC strains.   
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5. Aims of the study

The current study addresses two main open questions regarding the knowledge on AB5 toxins. 

This thesis was integrated in a project funded by the German Research Foundation (DFG) with 

the corresponding grant number SCHM-1360/11-1. 

First, the characterization of the regulation of the SubAB1 gene expression was addressed. 

Although  many  studies  have  been  performed  to  investigate  the  enzymatic  activity  of  the 

SubAB, the regulation pathway in which this cytotoxin is integrated remained unclear. In this 

study, the impact of global regulatory proteins such as Hfq and H-NS on gene regulation of 

subAB1 was  investigated. To  identify  the  regulation of  the subAB1 gene,  luciferase reporter 

gene assay and quantitative real-time PCR experiments were conducted. The gene expression 

of  subAB1  was  studied  in  laboratory  strain  E. coli  DH5α and the STEC strain O113:H21 

TS18/08, which combines the expression of stx2a, subAB1, and cdtV. Thus, isogenic deletion 

mutants of hfq and hns gene in STEC TS18/08 and E. coli DH5α were generated. Cultivation 

experiments  using  standard  conditions  were  performed,  and  promoter  activity  was 

evaluated.  Subsequently,  quantitative  real-time  PCR  was  used  to  analyze  the  gene 

expression of stx2a, subAB1, and cdtV  in  the  influence of deletion of hfq and hns. To verify 

that  the  determined effects  were  caused  by  the  deletions,  complementation  of  respective 

genes  was  performed  and compared in all experiments. Results of this study are shown in 

chapter 2. 

Secondly,  the  functionality  of  AB5  toxins  was  characterized  in  this  thesis.  As  the 

cytotoxic  activity  of  those  has  been  studied  intensively  in  the  past  years,  the  question  of 

whether  the enzyme needs both subunits to exhibit cytotoxic activity was further addressed 

in  this  thesis.  In  the  second  study,  the  cytotoxic  activity  of  AB5  toxins  was  investigated 

using  Stx2a  as  a  model  toxin.  For  this  reason,  a  purification  strategy  for  the  separate 

expression  and  purification  of  recombinant  Stx2a-subunits  was  established.  Biochemical 

characteristics  of  the  purified  StxA2a-His  and  StxB2a-His  were  verified  using  size 

exclusion  chromatography,  mass  spectrometry,  and  circular  dichroism  spectrometry. 

The  results  of  this  study  are  shown  in  chapter  3,  in  which  Maike  Krause  and  myself 

contributed equally to the work. The focus of this thesis  is  the  analysis  of  cytotoxic  activity 

of  the  A-subunit.  After  purification,  recombinant StxA2a-His and StxB2a-His were analysed 

on cytotoxic activity either separately or in a molar combination of 1:5 on HeLa, Vero B4, and 

HCT-116 cells. For all cell lines, StxA2a-His showed cytotoxic  effects  in  absence  of  its  B-

subunit. Cytotoxicity assays using crystal violet staining and subsequent spectrophotometric 

analysis were  performed  comparing  cell  viabilities with  or without  treatment.  Additionally, 

microscopic  analysis  of  all  cell  types  investigated  was  performed  to  observe  visual 

cytotoxic  effect  of  the  respective  subunits.  Moreover,  it  was  investigated  whether 

subunits  of  Stx2a  and  SubAB1  can  exhibit  cytotoxic  activity  in 
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combination. These experiments were conducted again  in crystal violet staining cytotoxicity 

assays. Further details and results of this work will be presented in chapter 3. 



Thesis Laura Heinisch Chapter 2 

24 

Chapter 2 

Transcription of the subtilase cytotoxin gene subAB1 in Shiga toxin-producing 

Escherichia coli is dependent on hfq and hns 

Laura Heinischa, Katharina Zorica, Maike Krausea, and Herbert Schmidta 

aInstitute of Food Science and Biotechnology, Department of Food Microbiology and Hygiene, 

University of Hohenheim, Stuttgart, Germany 

Published in Applied and Environmental Microbiology Volume 85 Issue 20 e01281-19 

DOI: 10.1128/AEM.01281-19 

Belonging to this article is additional supplementary data which can be found at 

https://doi.org/10.1128/AEM.01281-19. 



Transcription of the Subtilase Cytotoxin Gene subAB1 in Shiga
Toxin-Producing Escherichia coli Is Dependent on hfq and hns

Laura Heinisch,a Katharina Zoric,a Maike Krause,a Herbert Schmidta

aInstitute of Food Science and Biotechnology, Department of Food Microbiology and Hygiene, University of Hohenheim, Stuttgart, Germany

ABSTRACT Certain foodborne Shiga toxin-producing Escherichia coli (STEC) strains
carry genes encoding the subtilase cytotoxin (SubAB). Although the mode of action
of SubAB is under intensive investigation, information about the regulation of subAB
gene expression is currently not available. In this study, we investigated the regula-
tion of the chromosomal subAB1 gene in laboratory E. coli strain DH5! and STEC
O113:H21 strain TS18/08 using a luciferase reporter gene assay. Special emphasis
was given to the role of the global regulatory protein genes hfq and hns in subAB1

promoter activity. Subsequently, quantitative real-time PCR was performed to ana-
lyze the expression of Shiga toxin 2a (Stx2a), SubAB1, and cytolethal distending
toxin V (Cdt-V) genes in STEC strain TS18/08 and its isogenic hfq and hns deletion
mutants. The deletion of hfq led to a significant increase of up to 2-fold in subAB1

expression, especially in the late growth phase, in both strains. However, deletion of
hns showed different effects on the promoter activity during the early and late ex-
ponential growth phases in both strains. Furthermore, upregulation of stx2a and
cdt-V was demonstrated in hfq and hns deletion mutants in TS18/08. These data
showed that the expression of subAB1, stx2a, and cdt-V is integrated in the regulatory
network of global regulators Hfq and H-NS in Escherichia coli.

IMPORTANCE Shiga toxin-producing Escherichia coli (STEC) strains are responsible
for outbreaks of foodborne diseases, such as hemorrhagic colitis and the hemolytic
uremic syndrome. The pathogenicity of those strains can be attributed to, among
other factors, the production of toxins. Recently, the subtilase cytotoxin was de-
tected in locus of enterocyte effacement (LEE)-negative STEC, and it was confirmed
that it contributes to the cytotoxicity of those STEC strains. Although the mode of
action of SubAB1 is under intensive investigation, the regulation of gene expression
is currently not known. The global regulatory proteins H-NS and Hfq have impact on
many cellular processes and have been described to regulate virulence factors as
well. Here, we investigate the role of hns and hfq in expression of subAB1 as well as stx2a

and cdt-V in an E. coli laboratory strain as well as in wild-type STEC strain TS18/08.

KEYWORDS STEC, Shiga toxin-producing Escherichia coli, gene expression, global
regulator, hfq, hns, subtilase cytotoxin

Shiga toxin-producing Escherichia coli (STEC) strains are a major cause of serious
foodborne diseases, leading to diarrhea, hemorrhagic colitis, and the hemolytic

uremic syndrome (HUS) (1, 2). The main virulence factors described so far are the
production of Shiga toxins (Stx) (3) and the components of the locus of enterocyte
effacement (LEE) (4). Although the LEE is widely distributed in STEC, many LEE-
negative STEC strains have been isolated and characterized (5, 6). Characterization of
those strains led to identification of other putative virulence factors, such as the
subtilase cytotoxin (SubAB). So far, SubAB was found to be produced only by LEE-
negative STEC strains and was first identified in E. coli O113:H21 strain 98NK2, involved
in an HUS outbreak (7). SubAB belongs to the family of AB5 toxins and consists of a
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catalytic A subunit and a homopentameric B subunit, the latter mediating binding to
the terminal sialic acids of glycoproteins of the host cell (8). The catalytic activity of
SubA is the cleavage of the endoplasmic chaperone BiP/GRP78, leading to an unfolded
protein response and apoptosis (9, 10).

Recent studies demonstrated the contribution of SubAB to STEC cytotoxicity (11,
12). Until now, three genetic subAB variants have been described in STEC strains.
Whereas subAB1 is located on the virulence plasmid pO113, the variants subAB2-1,
subAB2-2, and subAB2-3 are located on the chromosome (13, 14). The regulatory path-
ways leading to increased expression of subAB are currently not known.

Global regulatory proteins regulate many cellular processes in bacteria. The host
factor of bacteriophage Q! (Hfq) is an RNA chaperone and interacts with mRNA and
small regulatory RNAs in E. coli (15). Hfq itself or the RNAs that are processed by Hfq are
implicated in regulation of metabolism, quorum sensing, and regulation of adhesion
and motility (16, 17). Moreover, Hfq regulates many stress responses, such as response
to acids or oxidative stress (18, 19). In addition to Hfq, the histone nucleoid structuring
protein H-NS is a pleiotropic regulator. It regulates transcription by binding directly to
DNA or to the RNA polymerase (20). H-NS is known to alter DNA topology (20) and to
regulate many processes during the bacterial life cycle. It regulates metabolic processes
and is integrated in the regulatory pathway of genes involved in motility (21). More-
over, H-NS plays a role in stress response, such as cold shock response (22). Regulation
of cellular processes by Hfq and H-NS have been studied extensively in recent years.
Both Hfq and H-NS are integrated in the regulation of virulence factors of pathogenic
bacteria as well. Kendall et al. identified the role of Hfq in regulation of virulence in
enterohemorrhagic E. coli (EHEC) O157:H7. In this study, it was shown that deletion of
the hfq gene led to an increase of stx2AB expression (23). The nucleoid binding protein
H-NS silences foreign DNA with high percentages of adenosine and thymine (A/T)
content (24) and is therefore integrated in regulation of virulence genes. H-NS was also
identified to regulate genes of the LEE. H-NS also regulates expression of genes of the
hemolysin in EHEC (25).

First insights in gene expression of subAB1 were given by Hauser et al. (12). In STEC
strain TS18/08, isolated from minced meat, the expression of subAB1 was analyzed
using quantitative real-time PCR (qRT-PCR). It was shown that the expression of subAB1

was highest in the exponential growth phase under standard batch culture conditions
(12).

The aim of this study was to investigate whether subAB1 expression is under the
control of Hfq and H-NS. Therefore, deletion of hfq and hns genes was performed, and
the expression of subAB1 was measured with a luciferase reporter gene assay in
laboratory E. coli strain DH5" and the foodborne STEC strain TS18/08 (26). E. coli
TS18/08 produces three toxins: the subtilase cytotoxin SubAB1, Shiga toxin 2a (Stx2a),
and the cytolethal distending toxin V (Cdt-V) (11). Therefore, we were interested in
whether the expression of the corresponding toxin genes is dependent on the global
regulators Hfq and H-NS. Quantitative real-time PCR was applied to study in vitro
transcription of those toxin genes in E. coli TS18/08.

RESULTS
Transcription of cloned hfq or hns genes present on complementation plas-

mids. Prior to the use of plasmids pLH01 and pLH02 for complementation studies,
expression of cloned hfq and hns genes on these plasmids was investigated. Therefore,
deletion mutants DH5" ∆hfq/pHL01 and DH5" ∆hns/pHL02 were grown under stan-
dard batch conditions and total RNA was isolated. Transcription analyses of hfq and hns
were conducted as described previously. PCR analysis with hfq- and hns-specific primers
and subsequent agarose gel electrophoresis of the resulting cDNA demonstrated PCR
products with the molecular size of hfq (309 bp) and hns (414 bp). Laboratory strain E.
coli DH5" (positive control), as well as its E. coli DH5" ∆hfq and DH5" ∆hns (negative
controls) isogenic deletion mutants, were also applied in the procedure. cDNAs of the
hfq gene and hns gene were not amplified in either control, as representatively shown
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for the E. coli DH5! ∆hfq strain (see Fig. S1 in the supplemental material). For both the
wild-type strain and the E. coli DH5! ∆hfq/pLH01 and DH5! ∆hns/pLH02 comple-
mented strains, bands with an expected size of around 300 bp and 414 bp, respectively,
were visible on the agarose gels.

Reverse transcriptase negative controls show that no cross-contamination with DNA
occurred during the experimental procedure. This indicated that the plasmids pLH01
and pLH02 expressed the genes of interest and can be used for complementation of
deletion mutants.

Deletion of hfq and hns leads to slower growth in STEC TS18/08. In order to
investigate the effects of hfq and hns on subAB gene expression, growth curves of E. coli
DH5! (Fig. 1) and STEC strain E. coli TS18/08 (Fig. 2), as well as of their respective hfq
and hns mutants, were initially compared. It could be shown that deletion of either hfq
or hns led to a minor decrease in growth in DH5! and both mutants, whereas the
highest decreases in values of optical density at 600 nm (OD600) were measured as
1.6-fold in the DH5! ∆hns strain and 1.8-fold in the DH5! ∆hfq strain in the late growth

FIG 1 Growth curves of E. coli DH5! wild-type and mutant strains. Cultivation was conducted for 5 h in
LB at 37°C with aeration. The OD600 was determined over a period of 5 h for E. coli DH5!/pKMD3, DH5!
∆hns/pKMD3, and DH5! ∆hfq/pKMD3 strains. Data represent mean values and standard deviations from
three biological replicates.

FIG 2 Impact of deletion of genes hfq and hns on growth of STEC O113:H21 strain TS18/08. Optical
density of wild-type strain (TS18/08), TS18/08/pKMD3 ! pBR322 (TS18/08/pBR322) empty vector back-
bone control, TS18/08 ∆hns/pKMD3 (TS18/08 ∆hns) and TS18/08 ∆hfq/pKMD3 (TS18/08 ∆hfq) deletion
mutants, and TS18/08 ∆hns/pKMD3 ! pLH02 (TS18/08 ∆hns ! hns) and TS18/08 ∆hfq/pKMD3 ! pLH01
(TS18/08 ∆hfq ! hfq) complemented strains is shown for measurements over 5 h. Data from three
biological replicates are shown; error bars indicate standard deviations from mean values. Asterisks
indicate statistical significance (P " 0.05) compared to values for TS18/08.
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phase. This effect was stronger in STEC TS18/08 than in DH5!. The deletion mutants
showed significantly lower OD600 values over the cultivation period. Whereas deletion
of hns led to a decrease of up to 4.6-fold in the exponential growth phase, the decline
in OD600 values was 2.3-fold lower in the TS18/08 ∆hfq strain than in the wild type. After
5 h of incubation, decrease rates diminished up to 1.5-fold and 1.3-fold in TS18/08 ∆hns
and TS18/08 ∆hfq strains, respectively. The reduction in OD600 values in the TS18/08
∆hns strain could be restored after complementation with the wild-type gene on
plasmid pLH02 (Fig. 2). However, reduction in OD600 values could not be restored in the
TS18/08 ∆hfq strain by complementation with plasmid pLH01. Although TS18/08 ∆hfq
and TS18/08 ∆hns deletion mutants grew more slowly than wild-type TS18/08, all
strains reached the exponential growth phase in a period of 5 h. Therefore, a growth
period spanning 5 h was chosen for further investigations of PsubAB1 activity.

E. coli DH5!/pKMD3 is suitable for measuring subAB1 promoter activity. Pro-
moter activity of subAB1 was measured as described above in E. coli DH5!, E. coli
TS18/08, and their respective ∆hfq and ∆hns mutants. As shown in Fig. 3, the relative
promoter activity of subAB1 (PsubAB1) of E. coli DH5!/pKMD3 significantly increased up
to 11-fold compared to the starting value in the exponential growth phase, showing
the highest activity of 2.29 ! 105 relative light units (RLU)/OD600 after 2 h of cultivation.
This activity did not increase any further. Similar to the activity measured in E. coli
DH5!/pKMD3, the PsubAB1 activity of TS18/08/pKMD3 increased significantly up to
7-fold compared to the starting value in the exponential growth phase and did not
increase further. The highest PsubAB1 activity in STEC TS18/08 was detected with 3.3 !
105 RLU/OD600 after 3 h of cultivation (Fig. 3). The results of these experiments
demonstrated that the luciferase reporter system worked well for measuring subAB1

promoter activity.
Hfq represses PsubAB1 activity in E. coli DH5! and TS18/08 in the late expo-

nential growth phase. In Fig. 4, the effect of the hfq deletion in E. coli DH5! (Fig. 4A)
and E. coli TS18/08 (Fig. 4B) on PsubAB1 activity is shown. In the E. coli DH5! ∆hfq/
pKMD3 mutant, the relative reporter gene activity was significantly increased up to
1.8-fold compared to that of wild-type DH5!/pKMD3 in the exponential growth phase
and reached its highest activity of 4.0 ! 105 RLU/OD600 after 5 h of growth. Moreover,
the observed effects were reduced in the DH5! ∆hfq/pKMD3 " pLH01 strain to a level
similar to that of the wild type. TS18/08 ∆hfq/pKMD3 deletion mutants showed
behavior similar to that of the DH5! deletion mutants. The relative reporter gene
activity was significantly increased up to 2-fold in the late growth phase, showing its
highest activity of 5.6 ! 105 RLU/OD600 after 4 h of growth. The effects were reduced
to the wild-type level after complementation of the TS18/08 ∆hfq/pKMD3 strain with
pLH01. Moreover, DH5! and TS18/08 did not show great differences in PsubAB1 activity

FIG 3 Comparison of PsubAB1 promoter activities in DH5! and TS18/08. Relative reporter gene activity
(RLU/OD600) is shown. Bars represent data for E. coli DH5! (dark blue) and an STEC strain (TS18/08, light
blue). OD600 is shown as squares. Cultivation was conducted for 5 h in LB at 37°C with aeration. Data from
three biological replicates are shown; error bars indicate standard deviations from mean values.
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in either complemented strains or empty vector controls (pBR322-harboring strains).
This result indicated the pBR322 backbone had no effect on the PsubAB1 promoter
activity.

The deletion of hfq led to a significant increase of PsubAB1 activity in the late growth
phase for both E. coli DH5! and STEC TS18/08. Moreover, observed effects were
restored to the wild-type level if complementation was performed. These results
indicate that Hfq represses subAB1 promoter activity under wild-type conditions.

PsubAB1 activity is dependent on H-NS in E. coli strains. The impact of deletion
of the hns gene on PsubAB1 activity is depicted in Fig. 5. Relative reporter gene activity
was significantly increased to a value of 1.9 ! 105 RLU/OD600 in the DH5! ∆hns/pKMD3
laboratory strain compared to that of the control DH5!/pKMD3 after 1 h of cultivation.
After 2-, 3-, and 4-h time points, the PsubAB1 activity of the DH5! ∆hns/pKMD3 strain
was similar to that of the corresponding wild type. However, in the late exponential
growth phase, the activity decreased up to a significant reduction of 1.5-fold relative
reporter gene activity compared to that of the control. Nevertheless, the effects
detected in the deletion mutant were restored in the complemented strain to levels
comparable to that of E. coli DH5!.

FIG 4 Impact of Hfq on PsubAB1 activity in E. coli DH5! (A) and STEC E. coli TS18/08 (B). Relative reporter
gene activity (RLU/OD600) is shown. Bars represent data from the wild-type strain (DH5!/pKMD3 [A] or
TS18/08/pKMD3 [B], solid blue) and an empty vector control (DH5!/pKMD3 " pBR322 [A] or TS18/08/
pKMD3 " pBR322 [B], dashed blue). Additionally, data from E. coli DH5! ∆hfq/pKMD3 (DH5! ∆hfq) (A)
and E. coli TS18/08 ∆hfq/pKMD3 (TS18/08 ∆hfq) (B) (solid green) deletion mutants and DH5! ∆hfq/
pKMD3 " pLH01 (DH5! ∆hfq " hfq) (A) and TS18/08 ∆hfq/pKMD3 " pLH01 (TS18/08 ∆hfq " hfq) (B)
(dashed green) complemented strains are depicted. Data are presented for measurements over 5 h of
cultivation in LB at 37°C with aeration. Data from three biological replicates are shown; error bars indicate
standard deviations from mean values. Statistical significance compared to the wild-type strain is
indicated (*, P # 0.05; **, P # 0.01).
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The increase of PsubAB1 activity after 1 h of cultivation in the hns deletion mutant
was not detected in STEC strain TS18/08, but, comparable to the case in E. coli DH5!,
the deletion of hns led to a decrease of PsubAB1 activity. In the TS18/08 ∆hns/pKMD3
strain, the decrease in relative reporter gene activity was measured during the whole
period of cultivation, reaching a decrease of up to 2.9-fold compared to that of the
wild-type strain. As described above for DH5!, the plasmid-based complementation led
to a reduction of those effects.

These results suggested an impact of the global regulator H-NS on PsubAB1 activity.
Repression of subAB1 by H-NS in early growth phase and activation in the exponential
growth phase were measured for E. coli DH5!. In STEC strain TS18/08, only activation
of the subAB1 promoter activity was detected.

The global regulators Hfq and H-NS control expression of subAB1, stx2a, and
cdt-V. Since TS18/08 was previously shown to express the three toxin genes subAB1,
stx2a, and cdt-V, transcription analysis of wild-type and mutant strains was carried out
by qRT-PCR. The gene expression of the three toxins was analyzed and normalized to
expression of the reference gene rrsB (∆CT value, where CT is threshold cycle). Tran-

FIG 5 Impact of H-NS on PsubAB1 activity in E. coli DH5! (A) and STEC TS18/08 (B). Relative (rel.) reporter
gene activity (RLU/OD600) is shown. Bars represent data from the wild-type strain (DH5!/pKMD3 [A] or
TS18/08/pKMD3 [B], blue) and an empty vector control (DH5!/pKMD3 ! pBR322 [A] or TS18/08/
pKMD3 ! pBR322 [B], dashed blue). Additionally, data from E. coli DH5! ∆hns/pKMD3 (DH5! ∆hns)
(A) and E. coli TS18/08 ∆hns/pKMD3 (TS18/08 ∆hns) (B) (solid red) deletion mutants and DH5! ∆hns/
pKMD3 ! pLH01 (DH5! ∆hns ! hns) (A) and TS18/08 ∆hns/pKMD3 ! pLH01 (TS18/08 ∆hns ! hns) (B)
(dashed red) complemented strains are depicted. Data are presented for measurements over 5 h of
cultivation in LB at 37°C with aeration. Data from three biological replicates are shown; error bars indicate
standard deviations from mean values. Statistical significance compared to the wild-type strain is
indicated (**, P " 0.01).
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scription of all investigated strains was normalized to transcription of TS18/08 (∆∆CT

value) at each time point separately. The effect of the deletion of the hfq gene (Fig. 6A)
and the hns gene (Fig. 6B) in E. coli TS18/08 is shown as fold change of mRNA levels in
Fig. 6. The expression of subAB1 was increased significantly up to 2-fold in the E. coli
TS18/08 ∆hfq strain in the late exponential growth phase. The transcription of stx2a in
this strain showed a similar pattern, whereas a 2.8-fold increase was measured after 5
h of cultivation compared to the level for TS18/08. The highest upregulation was
detected for cdt-V expression. Similar to that of the other toxins, the 14-fold upregu-
lation was measured in the late growth phase.

Upregulation of the expression of all three toxins was also found in the E. coli
TS18/08 ∆hns strain. subAB1 transcription increased up to 6-fold after 1 h of cultivation
and up to 3-fold in the late growth phase at 5 h of cultivation. The expression of cdt-V

FIG 6 Expression of subAB1, stx2, and cdt-V in E. coli TS18/08 ∆hfq (A) and TS18/08 ∆hns (B) strains. Transcription
is shown as fold change relative to the level of the control (E. coli TS18/08). Gene expression was measured under
standard batch conditions (LB medium, 37°C, with aeration) using quantitative real-time PCR. Quantification was
conducted using rrsB as a reference gene. Error bars indicate standard deviations from the mean values. Data from
three biological replicates are shown. Asterisks indicate significance in fold change compared to the level for the
control (P ! 0.05).
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increased up to 16-fold in the late growth phase and therefore was comparable to the
one obtained in the E. coli TS18/08 ∆hfq strain. The expression of stx2a increased over
the whole bacterial life cycle in the E. coli TS18/08 ∆hns strain and was 10-fold
upregulated after 2 h of cultivation.

The results obtained by qRT-PCR showed that both Hfq and H-NS have an impact on
the expression of the toxins produced by STEC TS18/08. The strongest effects were
detected in the late growth phase. In comparisons of the expression of the three toxins,
the highest increase was detected in the E. coli TS18/08 ∆hns for stx2a transcription.
Therefore, the results of these experiments let us conclude that Hfq and H-NS had a
strong impact on toxin gene transcription in STEC TS18/08.

DISCUSSION
Regulation of transcription of virulence factors is of major importance for patho-

gens, since maximum transcription of such factors at the site of infection may be
advantageous for the colonization and infection process. In recent years, STEC strains
have been analyzed frequently for the presence and absence of genes encoding
virulence factors, such as Shiga toxins, type III effectors, adhesins, and EHEC-hemolysin,
or for the qualitative description of their expression (14, 27–30). In some cases, data on
the regulation of virulence factors have been published. For example, Shiga toxin
expression is included in the phage induction cycle and is recA dependent (31). Moreover,
the complex regulation of the LEE operon is well elucidated, and there is some
knowledge on regulation of EHEC-hemolysin.

During recent years, STEC strains that carry genes encoding a subtilase cytotoxin
have been described increasingly, and it was demonstrated that this toxin contributes
to virulence of STEC (11). In a recent study, we could show that the subtilase is
expressed during the bacterial growth cycle in batch culture, but the dependence of
regulators is currently not known (12). Therefore, we were interested in getting deeper
insight into the transcription regulation of subAB1.

In this study, we investigated the effects of hfq and hns deletions in laboratory strain
E. coli DH5! and wild-type STEC O113:H21 strain TS18/08. Both strains showed their
highest promoter activity in the exponential growth phase. Hauser et al. (12) have
demonstrated that transcription of subAB1 was highest after 3 h of cultivation under
standard batch conditions, showing a 7-fold increase in transcription compared to the
initial value. This is similar to the results obtained in our study. Interestingly, the
promoter activity varied only slightly between the two tested strains.

Moreover, we could show that Hfq acts as a repressor of subAB1 promoter activity
in the late growth phase. This finding was strain independent. Hfq is a pleiotropic
regulator and has an impact on the expression of many virulence genes (23, 32–35). In
former studies, the regulation of toxin gene expression by Hfq was shown. Kendall et al.
studied EHEC O157:H7 strain 86-24 and its mutant with a hfq deletion and its respective
Shiga toxin expression. They could show that transcription of stx2AB was increased in
this deletion mutant (23). This result could be reproduced in our study with the E. coli
TS18/08 ∆hfq strain. In addition, upregulation of cdt-V was detected in the same mutant
strain, assuming that Hfq is integrated in the regulation of different toxins. Both SubAB
and Shiga toxin belong to the family of AB5 toxins (36, 37), whereas the Cdt-V toxin is
an AB2 toxin consisting of three subunits (Cdt-A, Cdt-B, and Cdt-C) (38). The regulation
by Hfq seems not to be dependent on the type of toxin.

Hfq can directly interact with DNA and regulate transcription, but most processes
described indicate regulation by Hfq-dependent small regulatory RNAs (sRNAs) (25, 34,
39). In recent studies, the prevalence of sRNAs in gene regulation were shown (40).
Oogai et al. have shown that the regulation of expression of Cdt-V is dependent on
sRNAs in Aggregatibacter actinomycetemcomitans (41). We suggest that this is the same
regulatory pathway in STEC strain TS18/08. Regulation of toxins could be integrated in
networks regulated by sRNAs due to the fast response to environmental changes. This
cascade is controlled by the RNA chaperone Hfq.

Regulation of toxin gene expression was reported not only for sRNAs and Hfq but
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also for H-NS. Wan et al. revealed, by RNA sequencing, the repressing role of H-NS on
expression of the hemolysin and Shiga toxin in EHEC (42). In our study, we showed by
quantitative real-time PCR that H-NS repressed the expression of not only stx2a but also
cdt-V and subAB1. Upregulation of subAB1 expression in the TS18/08 ∆hns strain was
detected in the early and late growth phases. For the E. coli DH5! ∆hns strain, upregulation
could be confirmed only in the early growth phase. Moreover, we measured a de-
creased promoter activity in the latter strain in the late growth phase. This result might
be due to the different methods applied, and factors such as RNA decay could influence
the results. Another possibility is that the toxin genes studied are not regulated directly
by H-NS but are integrated in the regulatory pathway of H-NS. Wan et al. identified, by
RNA sequencing, up to 983 genes which are regulated by H-NS in EHEC (42). H-NS is an
important factor in xenogeneic gene silencing. Genes involved in response to environ-
mental stimuli, such as the acidic environment, temperature, pH value, or host signal
peptides, could have a direct impact on promoter activity and posttranscriptional
processes. Moreover, H-NS interacts directly with other nucleoid binding proteins, such
as the DNA binding protein StpA (24). Those proteins regulate gene expression if H-NS
is not present (43, 44). Moreover, it has been shown that StpA in combination with Hfq
could reduce effects of an hns deletion mutant. Thus, it was shown that phenotypic
characteristics of a ∆hns mutant were counteracted by hfq on a multicopy plasmid (45).
This counteraction by Hfq and StpA might be the reason why different results were
acquired for subAB1 expression in the TS18/08 ∆hns strain in this study by comparing
the luciferase reporter gene assay and qRT-PCR.

Given the fact that both global regulators showed influence on gene expression of
three important STEC toxins, the role of these proteins in virulence and pathogenicity
of STEC should be further investigated.

Conclusion. In this study, we demonstrated that expression of subAB1, stx2a, and
cdt-V is dependent on functional global regulatory proteins Hfq and H-NS in both E. coli
DH5! and STEC strain TS18/08. The presented data reveal that the expression of the
virulence factors is integrated in the circuit of global regulatory proteins. Further
studies will be necessary to elucidate the complex regulatory network.

MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are shown in Table

1. Strains were routinely grown in Luria-Bertani (LB) broth consisting of 1.0% (wt/vol) tryptone, 0.5%
(wt/vol) yeast extract, and 1.0% (wt/vol) sodium chloride, adjusted to pH 7.0. For solid media, 1.5%
(wt/vol) agar-agar was added. If necessary, ampicillin, kanamycin, and tetracycline were added to the

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant geno- and phenotypea

Reference or
source

E. coli
DH5! tonA lacZ!M15 endA1 recA1 thi-1 supE44 phoA gyrA96 hsdR17 ∆(lacZYA-argF)U169 relA1 Invitrogen
DH5! ∆hns tonA lacZ!M15 endA1 recA1 thi-1 supE44 phoA gyrA96 hsdR17 ∆(lacZYA-argF)U169 relA1 ∆hns This study
DH5! ∆hfq tonA lacZ!M15 endA1 recA1 thi-1 supE44 phoA gyrA96 hsdR17 ∆(lacZYA-argF)U169 relA1 ∆hfq This study
HB101 F" mcrB mrr hsdS20(rB

" mB
") recA13 leuB6 ara-14 proA2 lacY1 galK2 xyl-5 mtl-1 rpsL20 (Smr) supE44 "" 52

TS18/08 O113:H21, cdt-V# subAB1
# stx2

# 26
TS18/08 ∆hns O113:H21, cdt-V# subAB1

# stx2
# ∆hns This study

TS18/08 ∆hfq O113:H21, cdt-V# subAB1
# stx2

# ∆hfq This study

Plasmids
pKD46 Contains genes of red recombinase system under control of araB promoter, Ampr 46
pKD4 Template plasmid for kanamycin resistance cassette, Ampr, Kanr 46
pCP20 Contains genes for FLP recombinase, Ampr 46
pKMD3 Luciferase reporter gene plasmid containing the subAB1 promoter region This study
pBR322 Cloning vector, pMB1 origin of replication, Ampr, Tetr 53
p3121 Luciferase reporter gene (luc) template vector, Ampr, Kanr 54
pWSK29 Cloning vector (low copy number), Ampr 55
pLH01 Complementation plasmid, pBR322 backbone, with hfq gene under control of its own promoter, Tetr This study
pLH02 Complementation plasmid, pBR322 backbone, with hns gene under control of its own promoter, Tetr This study

aAmpr, ampicillin resistance gene; Kanr, kanamycin resistance gene; Tetr, tetracycline resistance gene.
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medium in final concentrations of 100 !g/ml, 50 !g/ml, and 10 !g/ml, respectively. Overnight cultures
were prepared by incubating two colonies in 10 ml LB medium in 100-ml Erlenmeyer flasks at 37°C on
a rotary shaker at 180 rpm.

Plasmids were prepared using a QIAprep spin miniprep kit (Qiagen, Germany) by following the
manufacturer’s recommendations (QIAprep miniprep handbook from July 2006; Qiagen). Genomic DNA
for cloning procedures was isolated using a DNeasy Blood and Tissue kit (Qiagen) according to the
procedure described in the DNeasy Blood and Tissue handbook (July 2006). Concentration and purity of
nucleic acids were determined using a NanoDrop 2000 spectrophotometer (ThermoScientific, USA) and
by agarose gel electrophoresis.

Construction of deletion mutants. Deletion of genes was conducted as described by Datsenko and
Wanner (46), with minor modifications. Briefly, the genes of interest were exchanged with a kanamycin
resistance cassette by homologous recombination. Primers were designed with Serial Cloner, version
2.6.1 (SerialBasics; Franck Perez, Paris, France). Whole-genome sequences of E. coli DH5" (NCBI accession
number NZ_JRYM01000001), E. coli K-12 MG1655 (GenBank accession number NC_000913.3), and E. coli
TS18/08 (NCBI accession number ASM199093v1) were used to design primers targeting hfq and hns,
including their surrounding regions. Moreover, the genomic backgrounds of hfq and hns were compared
in both strains by DNA sequencing. Thus, surrounding regions, meaning 86-bp upstream and 76-bp
downstream sequences for the gene hfq and 144-bp upstream and 300-bp downstream sequences for
the gene hns, were amplified using the primers stated in Table 1. Substitution of the kanamycin cassette
was carried out using the helper plasmid pKD46, encoding the recombinase genes #, $, and exo. Using
a second helper plasmid, pCP20, which encodes FLP recombinase, the resistance cassettes were excised.
Transformation of plasmids and linear fragments was performed as described below. Primers used for
mutagenesis are shown in Table 2. Deletion mutants were verified by PCR with subsequent agarose gel
electrophoresis and DNA sequencing. The E. coli DH5" ∆hns, E. coli DH5" ∆hfq, E. coli TS18/08 ∆hns, and
E. coli TS18/08 ∆hfq deletion mutants were analyzed for a presumable 2nd copy of these genes by PCR
using primers hfq_for, hfq_rev, hns_for, and hns_rev (Table 2).

Electroporation. Transformation of PCR products and plasmids was conducted by electroporation
(GenePulser Xcell electroporation system; Bio-Rad, USA), and competent cells were prepared as described
previously (47). To each cell aliquot, 300 ng of PCR products or 30 ng of plasmid DNA was added.
Transformation was performed in electroporation cuvettes (2 mm; Bio-Rad) at 25 !F, 200 !, 2.5 kV, and
5 " 0.2 ms. Residual steps were carried out as described previously (47).

Construction of reporter gene plasmid pKMD3. The luciferase reporter gene plasmid pKMD3 was
constructed using the isothermal Gibson Assembly (NEB, USA) strategy. Therefore, a 405-bp region
upstream of subAB1, including the putative subAB1 promoter region, was cloned from E. coli O113:H21
strain TS18/08. The plasmid map is shown in Fig. 7. The vector backbone consisted of plasmid pWSK29,
which was linearized by restriction with PvuII and subsequent purification by agarose gel extraction
using a QIAeX II gel extraction kit (Qiagen, Germany) according to the manufacturer’s instructions (QIAeX
II handbook, March 2015; Qiagen). The luciferase gene (luc) insert (1,653 bp) was amplified using plasmid
p3121 as the target using primers luc-gibson_for and luc-gibson_rev (Table 2). The promoter region of
the subAB1 gene was amplified with primers subAB-gibson_for and subAB-gibson_rev (Table 2) using
genomic DNA of E. coli TS18/08. The isothermal assembly was performed at 60°C for 50 min with an
insert-to-vector ratio of 2:1. The assembly mixture was directly transformed by electroporation in
competent E. coli DH5" cells as described previously. Cloning of the reporter gene plasmid was verified
by PCR and DNA sequencing.

Luciferase assay. Analysis of subtilase cytotoxin promoter activity (PsubAB1) was conducted using a
luciferase reporter system (Promega, Madison, WI) by following the recommendations of the manufac-
turer (luciferase assay system, technical bulletin from 2015; Promega Corporation). Strains harboring the
reporter gene plasmid pKMD3 (Table 1) were grown in LB medium at 37°C, 180 rpm, for 16 h. Twenty-four
milliliters of LB medium in a 100-ml Erlenmeyer flask was inoculated with an overnight culture to an
initial OD600 of 0.1 (unless stated otherwise) and further incubated at 37°C, 180 rpm, for 5 h. During
cultivation, hourly sample taking and measurement of the OD600 was conducted in duplicates for each
culture. In addition, samples were collected to measure luciferase activity. Thus, 400-!l samples were
taken in duplicates for each strain and centrifuged at 6,000 # g, 4°C, for 5 min. Supernatants were
discarded and pellets were resuspended in 90 !l of 1# cell culture lysis reagent (CCLR; Promega, USA)
containing 10 mg/ml bovine serum albumin (albumin fraction V; Carl Roth, Germany). Subsequent
adding of 90 !l 1# CCLR containing 10 mg/ml lysozyme (Sigma-Aldrich, Germany) was performed, and
samples were frozen immediately at –70°C. Thawing of samples was conducted by incubation at 23°C
with 300 rpm for 20 min in a heating block.

Measurement of luciferase activity was performed as described here and prepared in duplicates for
each sample. Fifty-microliter aliquots of thawed samples were transferred to a white microtiter plate
(LUMITRAC 600; Greiner). As a substrate, 50 !l of luciferase assay reagent (Promega) was added to
samples, and luminescence was measured immediately at 562 nm using a microplate reader (Infinite
M200; Tecan). To compare the results during cultivation, relative reporter gene activity was defined as the
ratio of relative light units (RLU) to the respective OD600. All experiments were performed three times,
each on a different day.

Cloning of vectors for complementation experiments. For complementation experiments, plas-
mids were constructed containing hfq and hns, including their putative promoter regions, as shown in
Fig. 8. The medium-copy-number plasmid pBR322 (Table 1) was chosen as a cloning vector due to its
compatibility with the luciferase reporter gene plasmid pKMD3. The plasmid was double digested with
restriction enzymes PvuI (NEB, USA) and AseI (NEB, USA). The reaction was carried out using 1 !g of DNA
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template, 10 U of each enzyme, and NEB buffer 3.1. Restriction was performed at 37°C for 60 min. Inserts
of the sequences were cloned, 86-bp upstream and 76-bp downstream sequences for the gene hfq and
144-bp upstream and 300-bp downstream sequences for the gene hns, and were amplified using primers
with restriction sites at their 3= ends as shown in Table 2. Amplification was conducted using genomic
DNA of E. coli strain DH5! (DNeasy Blood and Tissue kit; Qiagen, Germany) as the template. Oligonu-
cleotides (Eurofins MWG Operon, Germany) were designed using Serial Cloner, version 2.6.1 (SerialBasics;
Franck Perez, Paris, France). Purification of linearized vector DNA was conducted by excising the
respective band on an agarose gel (1%, wt/vol) and subsequently isolated using a Wizard SV gel and PCR
clean-up system (Promega, USA). The amplified inserts were digested with PvuI and AseI as stated above
and purified using a PCR purification kit (Qiagen, Germany) by following the manufacturer’s recommen-
dations (QIAquick spin handbook, April 2015; Qiagen). Ligation of vector and the respective insert was
performed with T4 DNA ligase (ThermoFisher Scientific) at 22°C for 1 h using a vector-to-insert ratio of
1:5. After ligation, the resulting plasmids pLH01 and pLH02 were transformed in competent E. coli DH5!
cells as described previously, and transformants were selected on agar plates containing tetracycline
(10 "g/ml). Recombinant plasmids were then verified by DNA sequencing using the respective primers
listed in Table 2 and finally transformed in reporter strains and deletion mutants using electroporation
as described previously.

Analysis of gene transcription on complementation plasmids. The expression of the cloned
genes on the recombinant plasmids used for complementation was verified by transcription analysis as
described earlier (48). Briefly, RNA was isolated using the RNeasy minikit (Qiagen, Germany). Strains
harboring complementation plasmids were grown in LB medium at 37°C with agitation to an OD600 of
1.0. Five hundred microliters of the culture was added to 1 ml of RNAprotect bacterial reagent (Qiagen,
Germany). Isolation of RNA was conducted by following the manufacturer’s recommendation, and DNA

FIG 7 Plasmid map of the luciferase reporter gene plasmid pKMD3. The putative promoter region of
subAB1 (405 bp; PsubAB1) was cloned upstream of the luciferase reporter gene luc (1,652 bp) in the
pWSK29 backbone restricted with PvuII (pWSK29_PvuII).

FIG 8 Cloning strategy of complementation vectors pLH01 (A) and pLH02 (B). Positions of hns and hfq
genes refer to the genome sequence of E. coli DH5! (NCBI accession number NZ_JRYM01000001).
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was digested using a DNA-free kit (Thermo Fisher Scientific, USA) according to the manual (user guide,
October 2012; Life Technologies Corporation). RNA concentration and purity were determined spectro-
photometrically using a NanoDrop 2000 device (Thermo Scientific, USA), followed by visual inspection on
denaturing agarose gel electrophoresis (data not shown). Transcription to cDNA was performed using
1 !g RNA, a SuperScript II reverse transcriptase kit (Bio-Rad, USA), and primer for detection of the hfq
(hfq_for and hfq_rev) or hns (hns_for and hns_rev) gene (Table 2) by following the manufacturer’s
recommendations (manual of SuperScript II from 2010; Life Technologies Corporation). As a control,
cDNA synthesis was performed using random primers as given in the SuperScript II reverse transcriptase
kit (random hexamer oligonucleotides). For each approach, the reverse transcriptase negative control
was applied to avoid false-positive results due to residual DNA present in samples. Synthesized cDNA was
analyzed by PCR using primers specific for genes hfq and hns as stated above. Subsequently, amplifi-
cation was investigated by agarose gel electrophoresis. Expression control was performed in three
biological replicates independently, each on different days.

RNA isolation. Erlenmeyer flasks containing 24 ml LB medium were inoculated with overnight
culture to an OD600 of 0.1. E. coli TS18/08 was cultivated at 37°C, 180 rpm, for 5 h, and samples were taken
hourly for RNA isolation. Therefore, 1.0 ! 109 cells were transferred to a 2-fold volume of RNAprotect
bacterial reagent (Qiagen, Germany). The suspensions were mixed immediately for 5 s, followed by an
incubation at room temperature for 5 min. Centrifugation was then performed at room temperature at
5,000 ! g for 10 min, and the supernatants were discarded. Pellets were stored at –70°C until further
processing. RNA isolation was performed as described in the manual of the RNAprotect bacterial reagent
(Qiagen, Germany) and RNeasy minikit (Qiagen, Germany) by following the protocol for enzymatic lysis
and proteinase K digestion (protocol 4) and subsequent purification of total RNA (protocol 7). RNA purity
and concentration were determined using a spectrophotometer (NanoDrop 2000; Thermo Scientific,
USA), and integrity of RNA was examined using formaldehyde-based denaturing agarose gel electro-
phoresis.

Transcription analysis. Prior to cDNA synthesis, residual DNA was degraded in the samples using a
DNA-free kit (ThermoScientific, USA) by following the recommendations stated in the manual (user
guide, October 2012; Life Technologies Corporation). Reverse transcription was performed using an
iScript cDNA synthesis kit (Bio-Rad, USA) with the following procedure: 500 ng of the RNA samples was
used for reverse transcription and incubated according to the protocol stated by the manufacturer
(manual from 2000; Bio-Rad Laboratories). For each sample, a reverse transcription-negative approach
was conducted as a control to detect residual DNA. Synthesized cDNA was used for quantitative real-time
PCR in a CFX96 system (Bio-Rad, USA) by following the experimental procedure described previously (12).
Therefore, 10 !l of SsoAdvanced universal SYBR green supermix (Bio-Rad, USA), 2.8 ng of cDNA, 0.75 !l
of each primer (10 pmol/!l), and nuclease-free water to the end volume of 20 !l were used for each
qRT-PCR approach. Primers and respective PCR conditions are shown in Table 3. Analysis was performed
in duplicates and with three biological replicates. Analysis of data was performed using the 2"∆∆CT

method described by Pfaffl et al. (49, 50). Thus, expression data for genes subAB1, stx2, and cdt-V were
normalized to expression of reference gene rrsB (16S rRNA gene) (∆CT). Subsequently, ∆CT values were
normalized to the values of E. coli TS18/08 (∆∆CT). The data were analyzed for each point of time
independently. For all targets, standard curves of recombinant plasmids were used to identify target
efficiency as described previously (12, 51). No-template controls and reverse transcription-negative
controls were applied in each approach and showed CT values after 35 to 40 cycles of PCR (data not
shown). Each sample was analyzed in at least two technical replicates, and experiments were conducted
in three independent experiments on different days (biological replicates).

Statistical analysis. Means from biological replicates were used for statistical analysis. Data were
analyzed on normal distribution using the Grubb’s test. If data sets of two different time points measured
were compared for one strain, paired Student’s t test was used, and if data were not normally distributed,
Mann-Whitney test was applied. Data sets of different strains at identical time points measured were
analyzed by application of analysis of variance (ANOVA). The variance homogeneity was identified by
residual plots (Q-Q-plots). If requirements were given, one-way ANOVA was performed using a post hoc
Tukey test (" # 0.05). If requirements were not met, data were analyzed using Welch’s ANOVA and post
hoc Games-Howell test. Statistical analysis was performed using the software SPSS Statistics 25 (IBM,
USA), and statistical significance was given if the P value was $".

TABLE 3 Oligonucleotide primers used for transcription analysis by qRT-PCR

Primer
Nucleotide sequence
(5’ to 3’ direction) PCR product size and conditions Reference

rrsB-for GCATAACGTCGCAAGACCAAA 91 bp; 95°C, 10 s; 60.0°C, 30 s; 72°C, 10 s 51
rrsB-rev GCCGTTACCCCACCTACTAGCT
RTsubAB-2-for GCAGGTATTATGGGATGTCT 177 bp; 95°C, 15 s; 60.3°C, 20 s; 72°C, 10 s 12
RTsubABrev GCAGGCACTTATGGAGGAG
Upper-stx2 TCATATCTGGCGTTAATGGAGTTC 99 bp; 95°C, 10 s; 52.4°C, 30 s; 72°C, 10 s 51
Lower-stx2 GCGTAAGGCTTCTGCTGTG
RTCDTA-for CCGATGGTAACACGCAATG 184 bp; 95°C, 10 s; 53.0°C, 30 s; 72°C, 10 s 12
RTCDTA-rev GCCTTAATGGTTCGCTTATGG
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Abstract: AB5 protein toxins are produced by certain bacterial pathogens and are composed of an
enzymatically active A-subunit and a B-subunit pentamer, the latter being responsible for cell receptor
recognition, cellular uptake, and transport of the A-subunit into the cytosol of eukaryotic target cells.
Two members of the AB5 toxin family were described in Shiga toxin-producing Escherichia coli (STEC),
namely Shiga toxin (Stx) and subtilase cytotoxin (SubAB). The functional paradigm of AB toxins
includes the B-subunit being mandatory for the uptake of the toxin into its target cells. Recent studies
have shown that this paradigm cannot be maintained for SubAB, since SubA alone was demonstrated
to intoxicate human epithelial cells in vitro. In the current study, we raised the hypothesis that this
may also be true for the A-subunit of the most clinically relevant Stx-variant, Stx2a. After separate
expression and purification, the recombinant Stx2a subunits StxA2a-His and StxB2a-His were applied
either alone or in combination in a 1:5 molar ratio to Vero B4, HeLa, and HCT-116 cells. For all cell
lines, a cytotoxic effect of StxA2a-His alone was detected. Competition experiments with Stx and
SubAB subunits in combination revealed that the intoxication of StxA2a-His was reduced by addition
of SubB1-His. This study showed that the enzymatic subunit StxA2a alone was active on different
cells and might therefore play a yet unknown role in STEC disease development.

Keywords: Shiga toxin; Stx2a; subtilase cytotoxin; SubAB; enzyme subunit; cytotoxicity; protein
purification strategies; GB3 ELISA; Vero B4; HeLa; HCT-116

Key Contribution: We implemented recombinant protein expression and purification protocols
for the A- and B-subunits of the AB5 toxin Shiga toxin 2a (Stx2a) and showed, for the first time,
that the A-subunit of Stx2a alone can exhibit a cytotoxic effect on different eukaryotic cell cultures
independently of its B-subunit.

1. Introduction
Particular Shiga toxin (Stx)-producing Escherichia coli (STEC) strains produce, in ad-

dition to Stx, another AB5 toxin, the subtilase cytotoxin (SubAB) [1,2]. AB5 toxins consist
of a catalytic A-subunit and five receptor-binding B-subunits, which form a homopen-
tamer [2]. The production of one or more Stx variants is a major pathogenicity factor
of enterohemorrhagic E. coli (EHEC). EHEC comprise a STEC subgroup being able to
cause gastrointestinal diseases and extraintestinal sequelae such as the life-threatening
hemolytic-uremic syndrome (HUS) [3].

Stx belongs to the family of ribosome-inactivating proteins (RIPs) (reviewed in [4]).
The A-subunit StxA causes an irreversible removal of an adenine residue from the 28S
rRNA in eukaryotic cells [5]. Due to this rRNA N-glycosidase activity, protein synthesis is
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inhibited and apoptosis of the affected cell is initiated [6]. The 32 kD A-subunit is a single 
polypeptide chain that consists of the two domains A1 and A2, which are inter-connected 
by a disulfide bond. The 27.5 kD A1-domain exhibits the catalytic activity, whereas the 
4.5 kD A2-domain consists of an α-helix, which connects the A-subunit to the B-subunit [1]. 
The StxB-subunit has a molecular weight of 7.7 kD per monomer [1] and binds mainly 
to the glycosphingolipid receptor globotriaosylceramide (Gb3 or CD77) on the host cell 
surfaces [4,7,8]. Following receptor recognition, Stx is taken up by endocytosis and trans-
ported retrogradely to the Golgi apparatus and subsequently to the endoplasmic reticulum 
(ER). After processing in the 

    
endoplasmic reticulum, the StxA1-domain is translocated into 

the cytosol to reach the ribosomes (reviewed in [9]).
Stx comprise a family of structurally related toxins, including the two major groups 

Stx1 and Stx2, each of which is represented by multiple genetic variants. All known Stx 
variants are encoded in a single operon consisting of stxA and stxB genes, which are located 
in lambdoid prophages in the STEC genome [9,10]. Among these, Stx2a is most frequently 
associated with the development of HUS [11].

The similarly structured subtilase cytotoxin (SubAB) was originally identified in the E. 
coli O113:H21 strain 98NK2, which was isolated from a patient suffering from HUS [12]. 
The catalytic SubA-subunit is a serine protease which cleaves specifically the ER chaperone 
BiP/GRP78 [13]. This cleavage leads to an unfolded protein response and eventually 
apoptosis of target cells [14]. The SubB-subunits bind to the receptor N-glycolylneuraminic 
acid (Neu5Gc) [15], but recent studies indicated other N- and O-glycans as further target 
structures for SubB [16]. The SubA-subunit has a molecular weight of approximately 
33 kD, whereas SubB has a molecular weight of approximately 14 kD per monomer [17]. 
Four different genetic variants have been identified for SubAB to date [12,18,19], but more 
variant genes have been suggested in recent years [20].

Studies on bacterial AB5 toxins have demonstrated that the preassembly of the A- and 
B-subunits to toxin complexes is not essential for cytotoxicity and that the A-subunit alone 
can exhibit cytotoxic effects [17,21,22]. Funk et al. [22] previously demonstrated such a 
cytotoxic effect for SubA in Vero B4 cells. Moreover, Pellino et al. [21] have shown that 
the A and B5 preassembly of AB5 toxins, by the example of Stx2a, is not required for the 
in vivo toxicity in mice.

Genes for both, stx and subAB, can be present in the chromosomes of particular 
foodborne STEC strains. One of these is E. coli O113:H21 strain TS18/08, which was 
isolated in a previous study [23]. It harbors the stx2a genes as well as the plasmid-located 
subAB1 genes [23]. Quantitative real-time PCR (qRT-PCR) experiments showed that both 
genes were transcribed similarly during laboratory cultivation of this strain, having their 
transcription optimum after three hours of cultivation [24]. Furthermore, additional qRT-
PCR data indicated the role of the global regulators Hfq and H-NS in the regulation of both 
stx2a and subAB1 [25].

Bowman et al. [26] demonstrated that hybrid formation of the A-subunit of cholera 
toxin and the B-subunit of E. coli heat-labile toxin is possible. Hybrid toxin formation might 
have implications for co-infections with different AB5 toxin producing strains or infection 
with strains expressing different AB5 toxins in parallel.

In the current study, we hypothesize that the A-subunit of Stx2a alone can intoxicate 
eukaryotic cells without the corresponding B-subunit. Therefore, separate purification pro-
tocols for recombinantly expressed StxA2a-His and StxB2a-His subunits were developed, 
since common purification strategies mainly focus on the purification of the holotoxin 
or the separated B-subunit [27–30]. After identification of the purified subunits by mass 
spectrometry, the secondary structure and oligomerization of the separate subunits were 
analyzed using circular dichroism (CD) spectroscopy and size exclusion chromatogra-
phy, respectively. Separately purified subunits were analyzed alone or in combination in 
cytotoxicity assays with Vero B4, HeLa, and HCT-116 cells.

Since subAB genes have frequently been found in stx-positive, eae-negative STEC 
strains, an interaction of both AB5 toxin subunits is hypothesized. Therefore, we inves-
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tigated whether SubA/StxB or SubB/StxA hybrid toxins may be formed. Consequently,
recombinants of Stx2a and SubAB1 subunits were used to identify their collaborative
cytotoxic potential in cell culture assays. This study aims to give further insight to the
cytotoxic activity of Stx2a, unbiased from the paradigm of B-subunit receptor-mediated
uptake of the AB5 toxin.

2. Results
2.1. Purification of Stx2a-His Subunits

The genes stxA2a and stxB2a were cloned separately in expression vector pET22b(+) as
described in the Materials and Methods section. After confirmation of the correct sequence
of the recombinant plasmids by Sanger sequencing, expression tests in E. coli BL21 (DE3),
C41 (DE3), and C43 (DE3) in ZYM-5052, 2YT, and LB broth were performed using different
temperatures and incubation times (data not shown). For StxA2a-His, the expression
in E. coli C43 and auto-induction medium at 37 ◦C initial growth and 20 ◦C incubation
overnight resulted in the highest protein levels in the soluble fraction of the bacterial cell.
After cell lysis, StxA2a-His could be purified using a HisTrapTM column followed by a gel
filtration step as described below.

In contrast, StxB2a-His revealed the highest amount of protein in the culture super-
natant when expressed with E. coli C41 cultivated in LB broth at initially 37 ◦C, and 20 ◦C
overnight. After concentration of the culture supernatant, the B-subunit was captured on a
HisTrapTM column in the first step and after elution further purified on a Superdex® 75 pg
column. A schematic procedure of the expression and purification of the subunits is given
in Figure 1A,B.

Figure 1. The purification procedures for Stx2a A- and B-subunits are schematically given in (A) (StxA2a-His) and
(B) (StxB2a-His). Gradient elutions are given in column volume (CV). If not otherwise stated, isocratic elutions were
applied. Both purifications lead to preparations which show single protein bands in SDS-PAGE, as representatively shown
in (C). (C) PageRulerTM Unstained Protein Ladder (M1; Thermo Fisher ScientificTM), 1 µg of StxA2a-His (lane 1), and
1 µg StxB2a-His (lane 2) were applied to 12.5% (v/v) SDS-PAGE run under reducing conductions. Western blots, given
in (D,E), detected with subunit-specific peptide antibodies Anti-StxA2 and Anti-StxB2, resulted in one band for each
purification corresponding to the results of the SDS-PAGE. A total of 500 ng of StxA2a-His (lane 3) and StxB2a-His (lane 4)
were subjected to western blot analyses. PageRulerTM Plus Prestained Protein Ladder was used as marker (M2; Thermo
Fisher ScientificTM).

Representative pools of the protein purification products were applied to a 12.5% (v/v)
SDS-PAGE and are shown in Figure 1C. StxB2a-His preparation was homogenous. StxA2a-
His showed some impurities between 30 and 35 kD, which could be identified as E. coli
proteins. For StxA2a-His and StxB2a-His, one dominant band is visible at approximately
25 kD and close to 15 kD, respectively. The theoretic size of StxA2a-His is 36.8 kD and that
of monomeric StxB2a-His is 10.9 kD.

Thesis Laura Heinisch Chapter 3 

43 



Toxins 2021, 13, 307 4 of 20

To ensure the purification of the right proteins, preparations of both subunits were
submitted to in-gel trypsin digestion (see below). Tryptic peptides were analyzed by Nano-
LC-ESI-MS/MS. The obtained spectra of peptides were compared to the protein sequence
data base from Uniprot (https://www.Uniprot.org accessed on 1 September 2019) of E. coli
K12, which was extended by adding Stx2a reference sequences for the A- and B-subunit
(StxA2a: NC_002695.1 and StxB2a: NC_002695.1). Both subunits were clearly identified in
their respective samples with a total sequence coverage of 63.1% for StxA2a-His and 86.5%
for StxB2a-His, respectively. The sequence coverage of both subunits with identified tryptic
peptides is depicted in Figure S1. As described above, the StxA2a-His preparation ran at
a rather small size of 25 kD compared to expected 36.8 kD on the SDS-PAGE. Although
this behavior was unexpected, peptides of all domains of the A-subunit were detected
in comparable amounts by mass spectrometry analysis. These findings proved that the
subunits were completely expressed and purified, and no degradation of the protein was
responsible for the smaller size observed on SDS-PAGE. The observed size of StxB2a-His in
the SDS-PAGE is consistent with the literature [28].

2.2. Biochemical Characterization of Stx2a Subunits
The folding of the purified proteins was assessed by their secondary structure com-

position. To determine these, samples of the separated Stx2a subunits were evaluated by
CD spectroscopy in the far-UV range. Spectra between 260 and 195 nm were recorded
and are shown in Figure 2A with the black and grey curves representing StxA2a-His and
StxB2a-His, respectively. Based on the crystal structure of Stx2a, the A-subunit should
consist of mainly α-helices and have only a minor amount of β-sheets [1]. This is well
represented in the far-UV spectrum (see Figure 2A, black curve) with minima at 208 and
220 nm, which are typical for α-helical proteins. The B-subunit of Stx2a, in contrast,
contains a large amount of β-sheets. This was also reflected in the CD spectrum (see
Figure 2A, grey curve). Here, a minimum at approximately 222 nm and a maximum at
190 nm were expected, due to the rise of the curve towards smaller wavelengths. The
quite broad minimum of the StxB2a-His curve also indicates that some part consists of
α-helices. Both subunits denatured irreversibly between 50 and 60 ◦C when heated to
95 ◦C in temperature transition experiments, obtained by measuring the changes in the CD
signal at 218 nm for StxA2a-His and StxB2a-His, respectively (see Figure S3).

Figure 2. Far-UV spectra (A) of StxA2a-His (black curve) and StxB2a-His (grey curve) and size exclusion chromatography
(B) of StxA2a-His (upper panel) and StxB2a-His (lower panel). All CD and SEC measurements were performed in PBS and
with 200 µg/mL samples.

Figure 2B shows the typical elution profiles of the separated Stx2a subunits on a
Superdex® 200 increase column running in PBS, whereas 100 µL samples of 200 µg/mL
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were analyzed. Both subunits eluted as one single peak. Based on the calibration of
the column (see Figure S3) 36.3 ± 0.3 kD and 32.5 ± 0.6 kD were calculated for StxA2a-
His and StxB2a-His, respectively. Compared to the size indicated by SDS-PAGE (see
Figure 1C), StxA2a-His revealed the expected molecular weight in the SEC experiments.
In contrast, StxB2a-His revealed a much smaller molecular weight than expected. The
theoretic molecular weight of a StxB2a-His pentamer should be approximately 53.6 kD,
so StxB2a-His appeared smaller in the SEC analyses. To ensure that the B-subunit had
a stable oligomerization, samples of 400 and 600 µg/mL were analyzed in addition. No
concentration dependent increase in the molecular weight was detectable, indicating that
the oligomerization of the B-subunit was stable.

To ensure that StxB2a-His was functional in the cytotoxicity assays, a modified Gb3
enzyme-linked immunosorbent assay (ELISA) based on Zumbrun et al. [31] was performed.
Figure 3 shows the absorption at 450 nm obtained by evaluating the binding of StxB2a-
His, StxA2a-His, and a combination of both subunits in a 1:5 molar ratio to decreasing
amounts of Gb3. This mixture of StxA2a-His and StxB2a-His is designated as StxAB2a-His
in the following text. Murine ER chaperone BiP/GRP78 (mBiP) labeled with a His-tag
was used as negative control for the detection with anti-His antibody. Less bound StxB2a-
His and StxAB2a-His were detected with decreasing amounts of Gb3. These results are
consistent with previously published data [31]. They prove that StxB2a-His alone is
basically functional, and that StxA2a-His alone is not able to bind Gb3.

Figure 3. Representative result of the binding of StxB2a-His (white bars), StxA2a-His (crossed bars),
and StxAB2a-His (light grey bars) to Gb3, detected by ELISA. Wells were coated with different
amounts of Gb3. A negative control His-tag labeled mBiP was used (black bars). Binding to Gb3 was
detected at 450 nm through tetramethylbenzidine (TMB) turnover.

2.3. Cytotoxic Effect of StxA2a-His on Different Cell Cultures in the Absence of the B-Subunit
To identify in vitro cytotoxic effects of the recombinant A-subunit of Stx2a, each

purified subunit, alone or in combination, was applied to different cell cultures. As a
control, Dulbecco’s phosphate-buffered saline (DPBS) instead of the toxin solutions was
used. After 48 h of intoxication, the amount of attached cells was analyzed by crystal
violet staining. Staining intensity was transformed to cell viability using the values of the
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DPBS-treated samples as 100% viability. Figure 4 shows the cytotoxic effect of StxA2a-His
on HeLa, Vero B4, and HCT-116 cells.

Figure 4. Cytotoxic effects of StxA2a-His on HeLa (A), Vero B4 (B), and HCT-116 (C) cells. Cell viabilities after intoxication
with Dulbecco’s phosphate-buffered saline (DPBS, control, black bars), StxB2a-His (white bars), StxA2a-His in a molar
ratio of 1:5 with StxB2a-His (StxAB2a-His, light grey bars), and StxA2a-His (crossed bars) are shown. Data of at least
three biological replicates are depicted. Cell viability is shown in correlation to total protein concentration and values of
DPBS, and StxB2a-His are mean values of all dilutions measured. Comparison of cell viability in presence of StxA2a-His
between cell cultures is depicted in (D), whereas data of HeLa (dashed white bars), Vero B4 (dark grey bars), and HCT-116
cells (dashed black bars) are shown. Data of at least three biological replicates are depicted. Error bars represent standard
deviations, asterisks (*) indicate statistical significance of p < 0.05 between StxA2a-His and StxAB2a-His at each toxin
concentration for panel (A) to (C).

As depicted in Figure 4A, the cytotoxic effect of StxA2a-His on HeLa cells (crossed bars)
was comparable in strength to the effect observed for the combined subunits (StxAB2a-
His, light grey bars) at low total protein concentrations. With increasing total protein
concentration, the HeLa cell viability decreased to a minimum of 22 ± 6% when 10 µg/mL
StxA2a-His was applied. A significant reduction in cell viability was shown when cells were
incubated with StxA2a-His in comparison to cells incubated with StxAB2a-His. As control,
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StxB2a-His was applied to the cells (white bars), which resulted in no cytotoxic effect after
48 h incubation. Cells treated with 0.02 to 25 µg/mL StxB2a-His showed a comparable
amount of attached cells to the control cells (DPBS treated cells, black bars). Independent of
the StxB2a-His concentration applied, 100% viable HeLa cells were observed (see Figure S4).

In order to show that the effects of the subunits of Stx2a were not cell-type dependent,
the same experiments were performed with Vero B4 and HCT-116 cells (see Figure 4B,C).

A combination of both subunits (StxAB2a-His, light grey bars) showed a cytotoxic
effect in a concentration-dependent manner in Vero B4 cells (see Figure 4B). The same
effect was observed when StxA2a-His was applied separately (crossed bars), but in this
case the cytotoxic effect was more prominent compared to the observations obtained for
HeLa cells. At a concentration of 10 µg/mL of StxA2a-His, 31 ± 3% of viable cells was
determined. Significant differences in the cytotoxic effect of StxA2a-His compared to
StxAB2a-His were observed at concentrations higher than 0.313 µg/mL. Similarly, the
progression of the cytotoxic activity curve on HCT-116 (see Figure 4C) shows effects of
StxA2a-His and StxAB2a-His. For this cell line, StxA2a-His showed comparable cytotoxic
activity to StxAB2a-His and no statistical significance was given. Comparable to the effects
observed on HeLa cells, application of StxB2a-His or DPBS to the cells resulted in no effects
on the viability of the Vero B4 and HCT-116 cells.

The significantly higher cytotoxic effects of StxA2a-His in comparison to StxAB2a-
His on HeLa and Vero B4 cells, normalized to the total protein concentration, should
be interpreted with caution (see Figure 4A,B). Since StxA2a-His and StxB2a-His were
combined in a 1:5 molar ratio, the concentration of the A-subunit was smaller than in
those samples containing StxA2a-His alone. For example, this resulted in 4.03 µg/mL
StxA2a-His in the 10 µg/mL total protein concentration of StxAB2a-His. If the cell viability
data was normalized to the StxA2a-His concentration, no significant difference in the
progress of cytotoxicity was observed between StxA2a-His and StxAB2a-His for all cell
lines (see Figure S5). The cytotoxic effect of StxA2a-His alone or in combination with
StxB2a-His (StxAB2a-His) showed similar effects on the cell viability of HeLa and HCT-116
cells. Similar cytotoxic effects were observed at lower StxA2a-His concentrations on Vero
B4 cells. Higher cytotoxic effects of StxA2a-His without its B-subunit on Vero B4 cells
at values of 1.0 to 10 µg/mL StxA2a-His concentration were shown. Similar StxA2a-His
concentrations in the StxAB2a-His holotoxin resulted in an increased viability of Vero B4
cells. This effect was not observed for HeLa or HCT-116 cells (Figure 4). The normalization
to StxA2a-His concentration verifies the assumption that similar cytotoxic effects were
observed for StxA2a-His in the presence or absence of its B-subunit (see Figure S5).

By comparing the cytotoxic effect of StxA2a-His on different cell cultures, a concentration-
dependent decrease in cell viability was observed for all cell lines (see Figure 4D). At
concentrations of 630 ng/mL StxA2a-His, all cell lines showed a decreased viability by
more than 50%. Whereas HeLa (see Figure 4D, dashed white bars) and Vero B4 (see
Figure 4D, dark grey bars) showed the minimum cell viability at 10 µg/mL StxA2a-His, the
minimum cell viability for HCT-116 cells (see Figure 4D, dashed black bars) was reached
already at a toxin concentration of 310 ng/mL StxA2a-His. No significant difference of the
cytotoxic activity of StxA2a-His among the cell lines could be detected, which indicates that
the cytotoxic effect of StxA2a-His was not dependent on the cell lines tested in this study.

To visualize possible differences between the cytotoxic effect of StxA2a-His alone
or in combination with StxB2a-His, microscopic analysis was conducted. As shown in
Figure 5, no difference in the treatment of HeLa cells with DPBS or StxB2a-His was observed.
The cells showed a fibroblast-like morphology with elongated shape. This observation
reflects the effects from the cytotoxicity assays.
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Figure 5. Microscopic analysis of cytotoxic effect of StxA2a-His on HeLa cells. Cells grown in 8-well Nunc permanox
chambers and incubated with Dulbecco’s phosphate-buffered saline (DPBS, control), StxB2a-His and StxA2a-His in a molar
ratio of 1:5 with StxB2a-His (StxAB2a-His), and StxA2a-His are shown after 24 and 48 h incubation at 37 ◦C, 5.0% CO2. One
data set of three biological replicates is shown representatively. Red arrows indicate changes in cell morphology. Scale bar:
50 µm.

After 24 h, a changed morphology of cells, such as rounding and irregular shapes, was
detected in StxA2a-His- and StxAB2a-His-treated cells (see Figure 5, red arrows). Rounding
of the cells resulted in detachment, which can be seen in the results of the cytotoxicity assay
by the reduced cell viability. After 48 h, complete lysis of cells was observed in the treated
samples. Those effects depicted for HeLa cells were representative for all cell cultures (see
Figure S6).

These results show that the cytotoxic effect of StxA2a-His in the absence of its B-
subunit can be detected in cell morphology and is consistent with the results described for
the crystal violet staining assay of the holotoxin of StxA2a-His and StxB2a-His.

2.4. Cytotoxic Effect of StxA2a-His Is Reduced in Presence of SubB1-His
We were further interested in the question of whether hybrid toxins can be formed by

the two AB5 toxins present in STEC. Thus, combinations of StxA2a-His and SubB1-His or
SubA1-His and StxB2a-His were investigated for their cytotoxic potential. In Figure 6, the
effect of combined Stx2a- and SubAB1-subunits on HeLa (upper panels) and HCT-116 cells
(lower panels) is depicted.

The cell viability of HeLa and HCT-116 cells was reduced with increasing StxA2a-
His concentration (see Figure 6A,C, white squares) as described above. When samples
of StxA2a-His/SubB1-His hybrids were applied to the cells, the cytotoxic effect was sig-
nificantly reduced compared to the effects measured for StxA2a-His alone. The HeLa
cells treated with StxA2a-His/SubB1-His showed only a slight increase in cell viability,
showing 122 ± 28% at a total protein concentration of 1 µg/mL. In contrast, intoxication
with 1 µg/mL StxA2a-His resulted in 57 ± 2% cell viability (see Figure 6A). The same
effect was observed for HCT-116 cells (see Figure 6C). The combination of StxA2a-His with
SubB1-His resulted in a reduced cytotoxic effect compared to the cells treated only with
StxA2a-His. Incubation with SubA1-His resulted in diminished HeLa cell viability in a
concentration-dependent manner. In contrast to the results gained for StxA2a-His in combi-
nation with SubB1-His, the addition of StxB2a-His showed no effect on the reduction in the
cell viability compared to the treatment with SubA1-His alone (see Figure 6B). In HeLa cells
the cytotoxic effect of SubA1-His/StxB2a-His resulted in 36 ± 8% cell viability, whereas
SubA1-His alone lead to 32 ± 14% viability at a total protein concentration of 10 µg/mL.
No statistically significant difference was given, if SubA1-His was applied separately or in
combination with StxB2a-His. The results correlate with the results obtained for HCT-116
cells (see Figure 6D).
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Figure 6. Cytotoxic effect of Stx2a/SubAB1 hybrids on HeLa (upper panels, A and B) and HCT-116 cells (lower panels,
C and D). Effects of hybrid combination of StxA2a-His and SubB1-His (grey squares, A and C) or SubA1-His and StxB2a-His
(grey triangles, B and D) in a molar ratio of 1:5 were compared to effects induced by respective A-subunits of Stx2a (white
squares) and SubA1 (white triangles). Cells were incubated with StxA2a-His containing samples for 48 h and incubated
with SubA1-His containing samples for 72 h. Data of three biological replicates are depicted, error bars show standard
deviations, and asterisks (*) indicate statistical significance if p < 0.05 between StxA2a-His and StxA2a-His in combination
with SubB1-His (panel A and C) or between SubA1-His and SubA1-His in combination with StxB2a-His (panel B and D) for
each total protein concentration.

3. Discussion
In this study, we present a new His-tag-based purification approach for separately

cloned and expressed Stx2a subunits. This approach allows a fast purification and has
the advantage that a cross-contamination of the A- with the B-subunit and vice versa is
excluded. The purified A-subunit showed one dominant band and the B-subunit revealed
a single band in SDS-PAGE analysis after purification with Ni-NTA and gel filtration.
Those bands were clearly identified by mass spectrometry analyses as StxA2a-His and
StxB2a-His, respectively. Western blots with subunit-specific peptide antibodies proved
that the A- and B-subunits were exclusively detectable in its corresponding preparation.
No signal for the respective adversatively subunit was detected (see Figure 1D,E). The
folding and oligomerization were investigated by CD spectroscopy and SEC. StxA2a-
His and StxB2a-His revealed the expected composition in the secondary structure (see
Figure 2). Fraser et al. [1] crystalized Stx from S. dysenteriae and showed that the A-subunit
was mainly composed of α-helices. Based on this study, the B-subunit consists of six
β-sheets and one α-helix. In the current study, CD spectra indicating a high number of
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α-helices and β-sheets were detected for Stx2a-His and StxB2a-His, respectively, and were
comparable to CD spectra published for Stx2a and StxB2a [30,32].

Determination of the molecular weight revealed the expected 36 kD for StxA2a-His
(36.3 kD vs. theoretically 36.8 kD). Nevertheless, the observed smaller band in SDS-PAGE
for the A-subunit was rather uncommon for Stx2a [33]. To ensure that the full-length of
the A-subunit was applied in the following experiments, mass spectrometry was used to
identify peptides of the A1- and A2-domain of StxA2a. Tryptic peptides of StxA2a-His of
both domains were found in comparable amounts in all analyses performed. Other studies
described a band of 25 kD in their Stx preparation as degraded A-subunit [32], which we
can exclude for our preparation, based on the mass spectrometry analysis. However, we
assumed that the untypical behavior of StxA2a-His in SDS-PAGE might have been due
to an altered ratio of SDS-binding levels to the polypeptide chain [34], which was shown
to be dependent on the amino acid sequence [35]. Such observations are in general not
unknown for other proteins, but are new for the A-subunit of Stx2a [36].

Contrarily to the results of StxA2a-His, the estimated molecular weight for StxB2a-His
based on the SEC analysis was rather small (32.6 kD vs. theoretically 53.6 kD). Con-
rady et al. [30] performed extensive studies on the oligomerization of the B-subunit for
Stx1 and Stx2. They showed by analytical ultracentrifugation that the B-subunit existed in
a monomer-pentamer equilibrium. Since different analyzed concentrations of StxB2a-His
did not show any changes in the molecular weight of the subunit, we concluded that
the oligomerization was stable. Already, other B-subunits of AB5 toxins showed smaller
molecular weight, as expected after SEC analysis [17]. This could be due to a more compact
folding of the B-subunit. StxB2a-His and StxAB2a-His were able to bind Gb3, which was
shown by a Gb3 ELISA (see Figure 3), and showed a comparable behavior to that published
for other Stx holotoxin preparations [31].

Purified Stx2a-subunits were used for cytotoxicity assays. In those assays, StxA2a-His,
separately or in combination with StxB2a-His (StxAB2a-His), showed cytotoxic activity.
The cytotoxic activity observed for the StxA2a-subunit was comparable to the cytotoxic-
ity measured when the combined recombinant StxAB2a-holotoxin was applied to HeLa
and HCT-116 cells. The overall achieved cytotoxicity for StxA2a-His and StxAB2a-His
was rather low compared to values stated in the literature [37,38]. Nevertheless, control
experiments with purified Stx2a holotoxin revealed comparable HeLa cell viabilities to
the reconstituted StxAB2a-His holotoxin under our experimental settings. When applied
to Vero B4 cells, StxA2a-His showed even higher cytotoxic effects in the absence of its
B-subunit compared to the reconstituted holotoxin StxAB2a-His. StxB2a-His itself showed
no cytotoxic activity at all, and the cell viability of all analyzed cell cultures was comparable
to the control samples (see Figure 4). The results in this study demonstrate the effect of
StxA2a-His on HeLa, Vero B4, and HCT-116 cells independent of its B-subunit. Interest-
ingly, the cytotoxic activity of StxA2a-His did not vary between the investigated cell lines
and, moreover, no difference in cytotoxic activity between StxA2a-His and StxAB2a-His
was observed in HeLa and HCT-116 cells. These results were verified by microscopic
analysis, whereas morphological changes in the cell structure were observed after 24 h of
incubation. Both treatments with StxA2a-His alone or in combination with its B-subunit
showed differences in morphology compared to cells incubated with DPBS or StxB2a-His.
The morphological changes observed in the cells with StxA2a-His or StxAB2a-His could
not be differentiated. Microscopic analysis verified the apoptotic effect of StxA2a-His in
HeLa, Vero B4, and HCT-116 cells.

To our knowledge, the cytotoxicity of the StxA2a-subunit independent of its B-subunit
is uniquely described. Thus, we recommend designating this effect as the single-A effect.
Funk et al. [22] described a similar effect for SubA on HeLa cells, whereas the cytotoxicity
of SubA1 was seen at higher concentrations than the combined holotoxin. Comparable to
the results seen in our study, the B-subunit of the AB5 toxin did not exhibit any cytotoxicity
if applied separately to HeLa cells [22].
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The results described in this study show that the A-subunit of Stx can exhibit cytotoxic
activity independent of the B-subunit. This leaves the question of the mechanism of binding,
uptake, and cytotoxicity of the A-subunit without the presence of the B-subunit. Studies
have indicated the importance of StxA on the endocytosis process. Torgersen et al. [39]
showed that endocytosis of Stx in HeLa and Vero cells, amongst others, was triggered by
the surface-bound A-subunit in the holotoxin. In contrast, the binding of the B-subunit to
the receptor did not induce endocytosis [39]. Besides the impact of the A-subunit in the
holotoxin on endocytosis, a recent study suggested that Stx is not released as a holotoxin
and AB5 pre-assembly is formed at the cell surface [21]. Sessler et al. demonstrated that
the A-subunit of AB5 toxins, such as SubA2-2, can be taken up and transported to the
endoplasmic reticulum without its B-subunit [40].

Besides the receptor-mediated endocytosis of Stx, several studies demonstrated an al-
ternative method of uptake. It was shown that toxins could be secreted from E. coli O157:H7
cells in outer membrane vesicles (OMVs) [41–43]. Moreover, Bielaszewska et al. [44] showed
that OMVs are formed and released at the bacterial cell membrane containing multiple
virulence factors and uptake at the host cell functions via dynamin-dependent endocytosis.
Inside the cell, Stx2a is separated from the OMVs in the early endosomes and is retro-
gradely transported to the Golgi complex and further to the endoplasmic reticulum [44].
Furthermore, Kim et al. [45] demonstrated that the StxB-subunit can be transported with
OMVs in an E. coli O157:H7 ∆stxA deletion mutant, indicating that even separated sub-
units can be transported by this pathway. Thus, we suggest that the subunits of Stx2a,
and in particular StxA2a, can be transported separately from the other subunit and even
probably independent of the classical Gb3-binding by pathways such as transport via outer
membrane vesicles [45].

Experiments using hybrid combinations of recombinant subunits of Stx and SubAB
showed that the cytotoxic effect of StxA2a-His on HeLa and HCT-116 cells is reduced in
the presence of SubB1-His (see Figure 6). The B-subunit of SubAB is known to bind to the
receptor N-glycolyneuraminic acid [15], but recent studies have demonstrated binding
to all N-glycans presented on the cell surface [16]. Thus, we assume that SubB1-His may
bind to the glycosylated structures blocking the target structure for StxA2a-His uptake. In
contrast, SubA1-His cytotoxicity was not reduced in combination with StxB2a-His. In this
study, we could reproduce the cytotoxic effect of SubA1-His described by Funk et al. [22],
whereas SubA1-His exhibited a single-A cytotoxic activity on HeLa and HCT-116 cells.
This effect was not reduced by the presence of StxB2a-His. It is known that StxB2a binds
specifically to the glycosphingolipid globotriaosylceramide (Gb3) [7]. Thus, if there was a
specific target structure for SubA1 on the cell surface, this would not be blocked due the
binding of StxB2a-His, assuming that Gb3 is not the target structure for SubA1-His.

Several studies have indicated the importance of Gb3 presence on Stx cytotoxicity in
the absence of the receptor-mediated B-subunit. The inhibition of the ceramide glucosyl-
transferase leading to less Gb3 presented on the surface of HeLa and Vero cells lead to a
protection from cytotoxic effects induced by Stx1 [46]. Furthermore, it could be shown
that even in cell culture free systems the binding of Stx2a to the receptor Gb3 is needed
for cytotoxicity induction. Johansson et al. [47] showed in extracellular vesicles that the
presence of Gb3 on the recipient cell is important for Stx-induced change in metabolism or
protein translation. Uptake of microvesicles containing Stx2a did not induce changes in
metabolism when Gb3 was reduced on the cell surface of HeLa cells [47]. To the contrary, a
study of Schüller et al. [48] demonstrated on in vitro organ culture systems that the human
intestinal epithelium showed Stx2-induced damage even in the absence of Gb3 receptors,
which indicates an alternative uptake/transport mechanism for Stx2a cytotoxicity. We
conclude that the uptake of StxA2a-His is mediated by a target structure presented on the
cell surface which is probably not Gb3, since binding of StxA2a-His in the Gb3-ELISA was
not observed (see Figure 3).
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Although we described the cytotoxic activity, the mechanism by which StxA2a-His
is taken up and transported inside the cell remains open and will be the subject of fur-
ther studies.

4. Conclusions
In the present study, we developed purification strategies for both Stx2a subunits

as recombinant proteins, based on affinity chromatography. By mass spectrometry, CD
spectrometry, and SEC the expected biochemical characteristics of the respective subunits
were analyzed. Moreover, purified subunits alone or a combination with a 1:5 molar ratio of
both subunits were applied in cytotoxicity assays using HeLa, Vero B4, and HCT-116 cells.
StxA2a-His exhibited a cytotoxic effect in the absence of its B-subunit, an effect that we have
designated the single-A effect. This effect was independent of the cell lines investigated.
Whereas this study is the first to describe a single-A effect of Stx2a, no conclusion according
to the uptake mechanism or intracellular processes induced in the cell metabolism can
be drawn. Further research is needed to explore the mechanisms of binding, uptake, and
intracellular transport to elucidate this single-A mechanism of StxA2a further.

5. Material and Methods
5.1. Cloning and Expression Tests of Recombinant Stx2a Subunits

To clone the stx2a subunit genes, genomic DNA (gDNA) of E. coli DH5α/933W (see
Table 1) was prepared. Thus, a DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany)
was used and gDNA was prepared as described in the protocol provided by the manufac-
turer using 4 mL of an overnight culture of E. coli DH5α/933W (DNeasy Blood and Tissue
handbook, July 2006; Qiagen, Hilden, Germany). For amplification of stxA2a and stxB2a, the
purified gDNA and primers StxA2a-pET22_for, StxA2a-pET22_rev, StxB2a-pET22_for, and
StxB2a-pET22_rev containing restriction sites for NdeI and XhoI were used (see Table 2).

Plasmids were prepared using a QIAprep spin miniprep kit (Qiagen, Hilden, Ger-
many) by following the manufacturer’s recommendations using 2 mL of the respective
overnight cultures (QIAprep miniprep handbook from July 2006; Qiagen, Hilden, Ger-
many). Purity and concentration of nucleic acids were determined spectrophotometrically
using a NanoDrop 2000 device (Thermo Fisher Scientific, Waltham, MA, USA).

Table 1. Strains and plasmids used in this study.

Strain or Plasmid Relevant Geno- or Phenotype Reference

E. coli DH5α tonA lacZ∆M15 endA1 recA1 thi-1 supE44 phoA gyrA96
hsdR17 ∆(lacZYA-argF)U169 relA1 Invitrogen

E. coli DH5α/933W DH5α strain carrying the Stx2a-encoding prophage 933W This study

E. coli BL21 (DE3) Expression strain, dcm ompT hsdS(rB
−mB

−) gal [49]

E. coli C41 (DE3) Expression strain derived from E. coli BL21, T7 promoter
driven expression, lacI operon [50]

E. coli C43 (DE3) Expression strain derived from E. coli BL21, T7 promoter
driven expression, lacI operon [50]

E. coli C43 (DE3)/pKR09 Expression strain expressing StxA2a-His subunit This study

E. coli C41 (DE3)/pKR10 Expression strain expressing StxB2a-His subunit This study

pET22b(+) AmpR, 6x His-tag Novagen Inc.

pKR09 pET22b(+)-stxA2a, AmpR This study

pKR10 pET22b(+)-stxB2a, AmpR This study
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Table 2. Oligonucleotide primers used in this study.

Primer Designation Sequence (5′ to 3′) Source

StxA2a-pET22_for CGTGCATATGAAGTGTATATTATTTAAATGGGT This study

StxA2a-pET22_rev CCCCTCGAGTTTACCCGTTGTATATAA This study

StxB2a-pET22_for CGTGCATATGAAGAAGATGTTTATGGCGG This study

StxB2a-pET22_rev CCCCTCGAGGTCATTATTAAACTGCAC This study

pET-22b-seq-for GGGTTATGCTAGTTATTGC This study

pET-22b-seq-rev GCGAAATTAATACGACTCAC This study
* underlined letters indicate restriction sites.

PCR products of stxA2a and stxB2a genes and the cloning vector pET22b(+) were
digested with XhoI (Thermo Fisher Scientific, Waltham, MA, USA) and NdeI (Thermo Fisher
Scientific, Waltham, MA, USA) in 2× Tango buffer (Thermo Fisher Scientific, Waltham,
MA, USA). For the double digest, 1.0 µg of DNA in a total sample volume of 20 µL was
incubated at 37 ◦C for one hour and the restriction enzymes were then inactivated at
80 ◦C for 20 min. Restricted samples were purified by a QIAquick PCR purification kit
following the manufacturer’s recommendations (QIAquick spin handbook, April 2015;
Qiagen, Hilden, Germany). The stxA2a and stxB2a PCR products and the vector were
ligated using a molar ratio of vector to insert of 1:5, using 10 µg vector, and T4 DNA ligase
(Thermo Fisher Scientific, Waltham, MA, USA). The ligation was conducted at 22 ◦C for
one hour. Subsequently, ligation batches were transformed to chemically competent E. coli
DH5α as described previously [25].

To verify constructed plasmids, they were sequenced by Sanger sequencing using
primers pET22-seq-for and pET22-seq-rev (see Table 2) as described earlier [51]. After
confirmation of the correct insertion of the stxA2a and stxB2a genes in the pET22b(+)
expression vector, plasmids were transformed to chemically competent E. coli C41 (DE3)
or competent E. coli C43 (DE3) cells, respectively, as described earlier [25]. The expression
plasmids for stxA2a and stxB2a were designated pKR09 and pKR10, respectively. An
overview of the cloning procedure is provided in Figure 7.

Figure 7. Schematic depiction of the principle of cloning of the stx2a subunits. In the upper part the
933W phage DNA with the binding sites of the primers is shown. P1 refers to the primer StxA2a-
pET22_for, P2 to primer StxA2a-pET22_rev, P3 represents primer StxB2a-pET22_for, and P4 primer
StxB2a-pET22_rev. A schema of the expression plasmids pKR09 and pKR10 are depicted in the lower
row. Besides the position of C-terminal His-Tag (6xHis), the position of the ampicillin resistance gene
(ampR) as well as of the lac repressor (lacI) is indicated.
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Expression tests for both constructs in E coli BL21 (DE3), C41 (DE3), and C43 (DE3)
were conducted in LB broth, 2YT broth, and auto-induction medium ZYM-5052 without
trace elements as described in [52] (400 mL of ZYM-5052 consisted of 200 mL of two-fold
concentrated ZY (2% [w/v] tryptone, 1% [w/v] yeast extract, pH 7.0), 8 mL of 50× M
(1.25 mol/L Na2HPO4, 1.25 mol/L KH2PO4, 2.5 mol/L NH4Cl, 0.25 mol/L Na2SO4),
8 mL of 50× 5052 (2.5% [w/v] glycerol, 0.25% [w/v] D-(+)-glucose, 1.0% [w/v] lactose),
and 0.8 mL of 1 mol/L MgSO4), respectively. Initial growth temperatures of 37, 25, and
20 ◦C until induction and 4 h or overnight expression at 25 and 20 ◦C were applied to
increase the subunit expression in the soluble fraction of the bacterial cell pellet or the
culture supernatant.

5.2. Recombinant Expression and Purification of Toxin Subunits
The recombinant StxA2a-His subunit was expressed using E. coli C43 (DE3)/pKR09

in auto-induction medium ZYM-5052 without trace elements. The expression cultures
were supplemented with 150 µg/mL ampicillin and inoculated 1:50 with an LB overnight
culture containing 150 µg/mL ampicillin (37 ◦C, 180 rpm) of the expression strain. After an
initial incubation at 37 ◦C and 180 rpm until an optical density at 600 nm (OD600) of 1.3–1.5,
the temperature was decreased to 20 ◦C and the culture further incubated for 20 h. After
expression, the cells were harvested at 5000× g, 4 ◦C for 15 min and washed with 30 mL
phosphate-buffered saline (PBS). Cell lysis was conducted by resuspending the cell pellet
in His-binding buffer (50 mmol/L Tris, 300 mmol/L NaCl, pH 8.0) using 5 mL buffer per
1 g cells, the addition of 1 mg/mL lysozyme, and incubation for 1 h on ice. Cell disruption
was carried out by ultrasonication using 12 cycles of ultrasonic steps for 10 s each with 20 s
cooling on ice in between (Sonifier® SFX150 equipped with a microtip, Branson Ultrasonic
Corporation, Danbury, CT, USA). The insoluble fraction was separated by centrifugation
25,000× g, 4 ◦C for 45 min (Avanti J25 centrifuge, Beckman Coulter, Brea, CA, USA).
For the purification of StxA2a-His, the cleared lysate was loaded on a 5 mL HisTrapTM

HP column (GE Healthcare, Chicago, IL, USA) equilibrated in His-binding buffer. To
remove all unbound components, the column was washed with 6 column volumes (CV)
His-binding buffer. Elution was performed with a linear gradient from 0 to 100% of elution
buffer (50 mmol/L Tris, 300 mmol/L NaCl, 250 mmol/L imidazole, pH 8.0) over 12 CV.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) as described pre-
viously [53] and stained by Quickstain Coomassie® stain solution (SERVA Electrophoresis
GmbH, Heidelberg, Germany), as well as western blots, were used to identify StxA2a-His
containing fractions. Therefore, SDS-PAGE gels were blotted on a polyvinylidene fluoride
(PVDF) immunoblot membrane (Bio-Rad Laboratories Inc., Hercules, CA, USA). Stx2a
subunits were detected by synthesized specific primary peptide antibodies Anti-StxA2
and anti-StxB2 (gifted by Alexander Mellmann and Petya Berger, University of Münster,
Germany), and a horseradish conjugated secondary antibody (goat anti-rabbit IgG (H+L)
secondary antibody, goat/IgG; Thermo Fisher Scientific, Waltham, MA, USA). Detection
was performed by chemiluminescence (ECL system) and a BioRad Chemidoc XRS+ de-
vice (Bio-Rad Laboratories Inc., Hercules, CA, USA). Positive fractions were subsequently
pooled and concentrated using an Amicon Ultra Centrifugal Filter (molecular weight cut
off of 3000 Da, Merck Millipore, Germany) following the manufacturer’s recommendations.
Remaining impurities were removed by a size exclusion chromatography step performed
on a Superdex® 75 pg 16/600 (GE Healthcare, Chicago, IL, Chicago, IL, USA) in PBS
supplemented with 10% (v/v) glycerol. After sample application the isocratic elution was
collected in 2 mL fractions. Again, StxA2a-His-containing fractions were identified with
SDS-PAGE followed by western blot and pooled. After concentration and detection of the
protein concentration, StxA2a-His was aliquoted in 100 µL portions and stored at −70 ◦C
until further usage.

The recombinant expression of StxB2a-His was conducted with E. coli C41 (DE3)/
pKR10 in LB broth supplemented with 150 µg/mL ampicillin. A 400 mL expression culture
was inoculated with an overnight culture as described above and incubated at 37 ◦C and
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180 rpm. At an OD600 of 0.4 the expression was induced by the addition of 250 µmol/L
isopropyl β-D-1-thiogalactopyranoside (IPTG) and the temperature subsequently reduced
to 20 ◦C. After 20 h further incubation the cells were harvested as described above and
the supernatant used for further processing. The culture supernatant was filtered with
a 0.2 µm Nalgene filter (Nalgene, USA) and concentrated to less than 50 mL by cross
flow using a Vivaflow200 ultrafiltration module (Sartorius Stedim Lab LTD, Winterbach,
Germany). StxB2a-His was purified in a two-column approach consisting of an affinity
chromatography and a size-exclusion chromatography step operated on an ÄKTA pure
system. First, the concentrated supernatant was loaded on a HisTrapTM HP column. After
washing of the column with 6 CV His-binding buffer, impurities were removed by a second
wash step of 10 CV with 40% elution buffer. StxB2a-His was eluted with a linear gradient
from 40 to 100% elution buffer in 10 CV and 3 mL fractionation. Fractions containing StxB2a-
His were identified via SDS-PAGE and western blot as described above and subjected to
a Superdex® 75 pg running in PBS supplemented with 10% (v/v) glycerol as described
before. Pure StxB2a-His fractions were pooled, concentrated, and stored in 100 µL aliquots
at −70 ◦C.

Purified Stx subunits were identified after tryptic digestion of protein bands excised
from SDS-PAGE using Nano-LC-ESI-MS/MS performed on an Ultimate 3000 RSLCnano
system (Dionex, Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Q-Exactive HF-
X mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) using an EASY-Nano
Flex ion source (Thermo Fisher Scientific, Waltham, MA, USA) from the mass spectrometry
core facility of the University of Hohenheim.

The SubAB subunits were recombinantly expressed and purified as previously de-
scribed [17].

5.3. Determination of Protein Concentration
Protein concentrations were determined spectrophotometrically using a NanoDrop®

2000 device (Thermo Fisher Scientific, Waltham, MA, USA). Therefore, absorption was
measured at 280 nm and the concentrations were calculated by using the respective theoretical
extinction coefficient and molecular mass ascertained by ProtParam (see Table 3). Due to the
low extinction coefficient of StxA2a-His, the concentration was determined by a Bradford
assay as previously described [54]. The Bio-Rad protein assay dye (Bio-Rad Laboratories
Inc., Hercules, CA, USA) was used and a standard curve using bovine serum albumin
(BSA, Carl Roth GmbH + Co.KG, Karlsruhe, Germany) was performed. Detection was
conducted at 595 nm using a Tecan Infinite M200 device (Tecan, Männedorf, Switzerland).

Table 3. Molecular weight and extinction coefficients of toxin subunits used in this study. Parameters
were calculated based on the amino acid sequence with the online tool ProtParam.

Toxin Subunit Molecular Weight /kDa Extinction Coefficient /M−1cm−1

StxA2a-His 36.8 33,140

StxB2a-His 10.9 13,980

SubA1-His 36.1 41,035

SubB1-His 14.0 26,930

5.4. CD Spectroscopy
Far-UV spectra were measured from 260 to 195 nm at 25 ◦C with 100 nm/min of

continuous scanning, 0.1 nm of data pitch, 4 s of response time, 1 nm of band width, and
10 accumulations at a Jasco J715 CD Spectrometer with a PTC-348 WI Peltier Unit using
default settings (Jasco, Pfungstadt, Germany). Raw data was recorded in millidegrees
and the signal was converted to the mean residue ellipticity (deg·cm2/dmol). Prior to
the measurements, all samples were dialyzed in standard PBS buffer overnight and the
concentration adjusted to 200 µg/mL for each sample. Denaturation curves were recorded
at 220 nm for StxA2a-His and 218 nm for StxB2a-His with 1 ◦C/min of heating rate, 0.1 ◦C
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of data pitch, 1 s of response time, and 1 nm of band width. Denaturation temperatures
were estimated with simple logistic fits.

5.5. Size Exclusion Chromatography
For an estimation of the molecular size and oligomerization of the subunits, a Superdex®

200 increase 10/30 GL column (GE Healthcare, Chicago, IL, USA) was calibrated with
two sets of calibration proteins, consisting of thyroglobulin, aldolase, ovalbumin, and
ribonuclease A and ferritin, conalbumin, carbonic anhydrase, and aprotinin following the
manufacture’s recommendation (GE Healthcare HMW/LMW calibration kit, GE Health-
care, Chicago, IL, USA). The void volume was detected with Blue dextran. The molecular
weight was calculated based on a logarithmic fit by the determination of the Kav value.
All measurements were performed in PBS and at least thrice of protein samples with
200 µg/mL concentration.

5.6. Gb3 ELISA
Gb3 binding was analyzed by a modified ELISA as described by Zumbrun et al. [31].

Briefly, 2HB 96-well plates (Thermo Fisher Scientific, Waltham, MA, USA) were coated with
Gb3 (Matreya LLC, State College, PA, USA) suspended in 96% EtOH p.A. overnight and
washed with 100 µL PBST (PBS, 0.05% (v/v) Tween 20) for 1 h at 4 ◦C. After blocking with
200 µL PBST + 3% (w/v) BSA for 2 h at 4 ◦C and washing twice with 150 µL PBST + 0.2%
(w/v) BSA (PBST/0.2% BSA), 20 ng protein in 100 µL PBST/0.2% BSA was applied to
each well and incubated for 1 h at room temperature. For the detection, each well was
incubated with 100 µL 6×-His tag monoclonal antibody (His.H8, Thermo Fisher Scientific,
Waltham, MA, USA) diluted 1:3000 in PBS after washing the wells thrice with 200 µL
PBST/0.2% BSA. After another three times washing with 200 µL PBST/0.2% BSA, goat
anti-mouse IgG (H+L) conjugated to horseradish peroxidase (Thermo Fisher Scientific,
Waltham, MA, USA) was applied in a 1:2000 dilution in 100 µL PBS as secondary antibody
and incubated for 1 h at room temperature. The detection was performed at 450 nm
with tetramethylbenzidine (TMB) peroxidase substrate solution (Bio-Rad Laboratories
Inc., Hercules, CA, USA) according to the manufacturer’s recommendation. The ELISA
was performed with StxA2a-His, StxB2a-His, and a 1:5 molar combination of the two
subunits (StxAB2a-His). His-tag labeled murine ER-specific chaperone BiP/GRP78 (mBiP)
was used as a negative control. The experiment was conducted in three independent
biological replicates.

5.7. Cytotoxicity Assays
Cytotoxic activity assays were conducted as described previously [22]. Briefly, human

cervix cancer-derived epithelial cell line HeLa cells, human colon carcinoma-derived HCT-
116 cells (DMSZ No. ACC581), or Vero B4 cells (DMSZ No. ACC 33) were used. HeLa
cells were grown in MEM medium (Gibco®, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS), 1% (v/v) non-
essential amino acid solution (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA), 1%
(v/v) sodium pyruvate (Thermo Fisher Scientific, Waltham, MA, USA), and 2 mmol/L
glutamine (Thermo Fisher Scientific, Waltham, MA, USA). HCT-116 cells were grown in
DMEM medium containing sodium pyruvate (Gibco®, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS), 1% (v/v)
non-essential amino acid solution (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA),
and 2 mmol/L glutamine (Thermo Fisher Scientific, Waltham, MA, USA). Vero B4 cells
were cultivated in RPMI 1640 medium (Gibco®, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS). All cultures
were passaged by trypsinization and incubated at 37 ◦C, 5.0% CO2. Cells were used in
passages 5 to 30. For cytotoxicity assays, the cells were seeded in a 96-well chamber at
a concentration of 1.0 × 104 cells/well and incubated at 37 ◦C, 5.0% CO2 for 24 h. After
washing of the cells, subunit solutions were applied in serial dilutions in the respective
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medium. For intoxication with Stx2a-subunits, incubation times of 48 and 72 h were used
when SubAB1-subunits were applied [22]. Analysis of the assay was performed using
crystal violet staining and detection at 570 nm using a Tecan Infinite M200 microtiter plate
reader (Tecan, Männedorf, Switzerland). All experiments were conducted in three technical
replicates and three independent biological replicates. Cell viability was calculated using
the optical density of the control-treated samples, incubated with Dulbecco’s phosphate-
buffered saline (DPBS), as 100% cell viability.

5.8. Microscopic Analysis
To investigate cytotoxic effects of the Stx2a-subunits on HeLa, Vero B4, and HCT-116

cells, Nunc® permanox 8-well chambers (Thermo Fisher Scientific, Waltham, MA, USA)
were used. Cell cultures were grown and passaged as described above. For analysis,
1.0 × 104 cells/well were seeded in the 8-well chamber at a total volume of 400 µL/well.
Cells were incubated at 37 ◦C, 5.0% CO2 for 24 h. For intoxication, each well was washed
with 400 µL DPBS and cell type-dependent fresh medium was added to the cells. Cells were
incubated with 0.5 µg/mL total protein concentration and incubated further at 37 ◦C, 5.0%
CO2. After 24 and 48 h cells were analyzed by microscopy using an inverted microscope
Axio Vert.A1 (Zeiss, Oberkochen, Germany) equipped with a color camera (Axiocam 105,
Zeiss, Oberkochen, Germany). Pictures were detected using a 40×/1.25 objective (Zeiss,
Oberkochen, Germany) and processed by the program ZEN light (Zeiss, Oberkochen,
Germany). Experiments were conducted as two technical replicates in at least three biologi-
cal replicates.

5.9. Statistical Analysis
If not stated differently, all data were analyzed using OriginPro2020 from OriginLab,

USA. For statistical analysis of cytotoxic effects, data of cell viability of all biological
replicates were used. Initially, data were analyzed on a normal distribution. If the data
set was drawn from a normally distributed population, two data sets were compared
using the two-tailed Student’s t-test. Variances of data sets were analyzed with Students
t-test on variances. Welch’s t-test was applied to not-normally distributed data sets and if
equal variances were not given. Effects compared between all cell cultures were analyzed
using one-way analysis of variance (ANOVA) followed by post-hoc Tukey test. Statistical
significance was given at values of p smaller than 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13050307/s1, Figure S1: Sequence coverage of StxA2a-His (A) and StxB2a-His (B) based
on the mass spectrometry analysis, Figure S2: Thermal denaturation curves of StxA2a-His (A) and
StcB2a-His (B), Figure S3: Logarithmic calibration curve for the Superdex® 200 increase column for
the evaluation of the size exclusion experiments, Figure S4: Cytotoxic effect of StxB2a-His on HeLa
(A), Vero B4 (B), and HCT-116 (C) cells, Figure S5: Cytotoxic effect of StxA2a-His on HeLa (A), Vero
B4 (B), and HCT-116 (C) cells, Figure S6: Microscopic analysis of cytotoxic effect of StxA2a-His on
HeLa, Vero B4, and HCT-116 cells.
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Chapter 4 - Discussion 

This thesis focused on the AB5 toxin production of STEC. Specifically, the regulation of new 

AB5 toxin genes such as subAB1 and further, changing the paradigm of functionality of AB5 

toxins by the example of Stx2a were addressed. It was shown that the gene regulation of 

subAB1 is integrated in the regulatory network of Hfq and H-NS and additionally affected by 

the bacterial life cycle. This result was demonstrated by using luciferase reporter gene assay 

and quantitative-real time experiments. In both methods, an increase in activity or gene 

expression was measured in isogenic deletion mutants of hfq and hns. The highest promoter 

activity of PsubAB1 was measured after three hours of cultivation. Interestingly, the highest 

activity did not vary between the laboratory strain E. coli DH5α or the STEC strain TS18/08 

(see chapter 2). This observation is in line with a study of Hauser et al. (125) which found that 

the gene regulation of subAB1 was showing the highest activity after three hours of cultivation. 

Early studies have indicated the increase in AB5 toxin production during cultivation on the 

example of Stx production (126), which was confirmed by a global transcriptome analysis of 

E. coli O157:H7 during exponential and stationary growth phase. The latter showed that stx

expression was higher in the stationary phase than in the exponential growth phase (127).

In this thesis the luciferase reporter gene assay, the functional connection between the global 

regulators and the amount of the subAB1 gene product could be addressed. Although this 

connection was proved, there was no information given by this assay on the interaction of Hfq 

and H-NS and the regulatory region of the gene of subAB1. Important for the analysis of the 

results of promoter gene assays is the reporter gene unit consisting of the reporter gene and 

the subAB1 promoter. Because of this, the choice of the promoter is crucial for the specificity 

and reporter gene activity. Up to date, the exact nucleotide sequence of subAB1 promoter 

remains unknown. Therefore, a 405 bp region upstream of the subAB1 gene was chosen, 

which includes the putative promoter region identified in previous studies (82, 125). The 

subAB1 operon is co-transcribed and therefore, the choice of an upstream promoter will 

resemble the transcription of the whole operon. Paton et al. (82) suggested another putative 

promoter region upstream of the subB1 gene which was not addressed in this study. This 

promoter is of interest for future studies to investigate the effect of the separate transcription 

and subsequent production of the separate subunits of SubAB1. Interestingly, a previous study 

of Sy et al. (128) identified an internal promoter sequence for Stx1 upstream of the stxB1 gene 

(PstxB1) as well. This highlights the importance of studying the separate expression of AB5 

toxin subunit genes. Besides the choice of the promoter, the reporter gene influences the 

assay. The luciferase catalyzes the enzymatic reaction of the supplemented substrate to 

emitted light (129). Thus, if the substrate is present in excess, the light corresponds to the 

luciferase concentration. In the case of the firefly luciferase, cofactors such as the substrate 
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D-luciferin, adenosine triphosphate (ATP), magnesium ions and oxygen are needed (129,

130). As the reaction was measured in living cells, the energy is taken from the metabolism

which can cause bias in the reaction. This is one disadvantage of luciferase as a reporter

system compared to fluorescence which is independent from substrates. Another drawback of

luciferase reporter systems is that the cells need to be lysed prior to measurement (130).

However, luciferase reporter systems display a reduced background interference compared to

fluorescence system (131). Moreover, the higher sensitivity of luminescence over fluorescence

enables better identification of specific regulation (130, 131).

As the method of the luciferase reporter gene assay itself relies on the functional connection 

of the proteins to the promoter, only transcriptional effects could be detected. Both Hfq and H-

NS can influence transcription by interacting with AT-rich regions in the genome (114, 132). 

Hfq regulates transcription of different genes either by its subsidiaries sRNAs or by actively 

binding to the DNA, both influencing the transcription rate (133). By applying quantitative real-

time PCR experiments, the effect of the global regulators Hfq and H-NS on toxin gene 

expression including post-transcriptional effects could be analyzed. Although, this study 

proved the hypothesis on the impact of global regulatory proteins, those effects may be caused 

by other secondary factors regulated by Hfq and H-NS. The global regulator RNA polymerase 

sigma factor (RpoS) is positively affected by Hfq and its subsidiaries RNAs (97, 100), as well 

as its translation is inhibited by H-NS (106, 134). This fact highlights the complexity of the 

regulatory network in which the regulation of virulence factors and toxin genes is integrated.  

Strikingly, deletion of the genes of global regulators had additional effects to those described 

in chapter 2 that could be measured. Deletion of genes of global regulatory proteins induced a 

significant decrease in growth of the STEC strain TS18/08. Moreover, deletion of hns caused 

prophage induction and lysis of the bacterial cells. A decline in the growth of E. coli 

TS18/08 ∆hns compared to wild type STEC TS18/08 was observed during standard cultivation. 

Additionally, diminished recovery rate after transformation and subsequent analysis by plaque 

assay verified the assumption of phage induction (data not shown). Furthermore, the impact 

of global regulators on toxin production was investigated, hence the deletion mutant E. coli 

TS18/08 ∆hns was characterized by its hemolytic phenotype on blood agar plates. Growth on 

blood agar plates containing washed sheep erythrocytes revealed over-production of EHEC-

hemolysin in E. coli TS18/08 ∆hns. This hyper-hemolytic phenotype was characteristic in 

comparison to the wild type TS18/08 strain or the complemented deletion mutant (see 

experimental part of (39)). 

Studies on different pathogenic bacterial species have indicated the importance of H-NS in 

virulence and fitness gene regulation. H-NS can bind to regions that flank promoters of different 

genes and alter DNA-topology by introducing looping of the DNA (135, 136). Subsequently, 
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the protein H-NS affects virulence factors in pathogenic E. coli by interacting with horizontally 

acquired DNA (118, 137, 138). This interaction with AT-rich DNA has been demonstrated for 

other pathogenic species as well. In Salmonella  H-NS acts as a selective silencer of AT-rich 

DNA (139). This repression of foreign DNA by H-NS offers a fitness advantage to wild-type 

Salmonella spp. (139, 140). Similar to that, H-NS acts mainly as a repressor of virulence genes 

in pathogenic E. coli strains (141–143). In contrast, physiological conditions such as 

temperature increase induce virulence gene expression in E. coli and Shigella spp. (86, 138). 

Being involved in regulation of virulence genes, H-NS has an impact on the pathogenicity of 

different bacteria. In EHEC, a deletion of hns gene leads to decreased survival in macrophages 

but to increased pathogenicity in mice (141). Analogous, deletion or mutation in hns lead to 

increased virulence of Acinetobacter baumanii in Caenorhabditis elegans (144). Moreover, 

naturally ocurring mutation in hns was shown to lead to hypervirulent Vibrio cholera strains 

(145). Additionally, H-NS is involved in the regulation of production of the cholera toxin (146). 

As a global regulator H-NS regulates virulence genes such as those of AB5 in different 

pathogenic enteric bacteria. 

Comparable to hns, negative regulation of virulence genes has been reported for the gene hfq 

as well (93, 147). Hfq influences the expression of many genes in pathogenic E. coli (93). By 

understanding the regulatory mechanisms of toxin or virulence gene expression, the 

pathogenicity of STEC can be analyzed. The importance of Stx gene induction on virulence 

and pathogenicity of STEC was demonstrated in vivo (72). On account of that, factors which 

cause induction of gene expression of toxin genes should be analyzed in detail due to their 

potential to promote pathogenicity of STEC strains. The regulatory pathways of stx expression 

have been studied widely (88, 90, 148, 149) and stx expression was shown to be induced 

during phage induction. Moreover, the Stx late phage promoter PR’ regulates stx expression 

(70, 89). Besides this regulatory pathway, post-transcriptional regulation that includes Hfq has 

been identified (149). Based on Hfq binding sites, different regulatory small RNAs were 

identified between the lysis genes and the late phage promoter PR’ in EHEC strain Sakai of 

which the sRNA StxS was shown to repress stx1 expression (150) that is expressed from both 

stx1 and stx2 bacteriophages during the lytic cycle (128). Although StxS did not show effects 

on stx2 expression, the production of Stx2a could be regulated by other Hfq-dependent sRNAs 

(reviewed in (149)). The interaction of Hfq and its subsidiaries RNAs on stx expression points 

out the importance of Hfq-dependent regulation on AB5 toxins. The impact of the global 

regulators Hfq on virulence and fitness-associated genes in different bacterial species has 

been demonstrated. Hfq and its subsidiary sRNAs impact the virulence gene expression in 

various species including Salmonella, Vibrio, Yersinia, and pathogenic E. coli (104). Besides, 

the production of toxins such as the exotoxin of Pseudomonas aeruginosa (151), 

Vibrio parahaemolyticus hemolysin (152), and the enterotoxin of Yersinia enterocolitica is also 
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regulated by Hfq (153). The RNA chaperone Hfq is involved in many virulence processes in 

different species, amongst others in EHEC. The exact role how Hfq is involved in regulation of 

gene expression of AB5 toxins needs to be studied in more detail. As it was shown in this thesis 

that Hfq represses the expression of all toxins investigated, follow-up studies are needed to 

identify the specific Hfq-dependent sRNAs involved in subAB expression. 

Gene expression in means of transcription and translation, and subsequent protein detection 

of investigated virulence factors were analyzed in this thesis by applying different 

methodological approaches. The effect of Hfq and H-NS in all steps of production of virulence 

factors were demonstrated and moreover, its influence on all investigated toxins was shown. 

Further research is needed to elucidate the exact pathways of regulation of the toxin genes of 

Stx and SubAB. Moreover, the sRNAs that play a crucial role in regulation of those factors 

need to be identified. 

In the second part of this thesis, the functionality of AB5 toxins was questioned. The results 

gained, showed the cytotoxic effect of the A-subunit of Stx2a in the absence of its B-subunit. 

Therefore, separate expression of subunits and a His-tag based purification strategies were 

established. The observed cytotoxic effect was cell-line independent and showed a 

comparable cytotoxic effect of StxA2a-His alone as in combination with the B-subunit 

(StxAB2a-His, see chapter 3). This was the first study to investigate the effects of the A-subunit 

in the absence of the B-subunit, whereby several studies have investigated the issue of the 

StxB-subunit alone (154, 155). Comparable to the previous studies, the B-subunit did not 

exhibit any cytotoxic effect in this study (see chapter 3). The paradigm showing that all 

components of AB5 toxins are needed for cytotoxicity was initially challenged by Funk et al. 

(156) indicating a cytotoxic effect of SubA in absence of its B-subunit. This was further

characterized by Sessler et al. (157), showing uptake and internalization of SubA to the

endoplasmic reticulum following the same subcellular transport and localization as in the

presence of SubB. Moreover, Pellino et al. (158) demonstrated that AB5 preassembly is not

needed for cytotoxicity.

Several studies suggested that the binding of StxB-subunit to its receptor is the first step in 

cytotoxic activity. The binding of StxB to its receptor Gb3 is a highly affinity-based binding. Each 

monomer of the B-subunit harbors three distinct binding sites of the trisaccharide moiety of 

Gb3 leading to fifteen binding sites in total of the pentamer (159, 160). Cell culture experiments 

demonstrated that the inhibition of Gb3-producing ceramide glycosyltransferase protected 

HeLa and Vero cells from intoxication by Stx1 indicating the importance of Gb3-mediated 
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uptake of Stx (161). This was supported by an in vivo study of Okuda et al. (162) in which 

resistance in mice to Stx1 and Stx2 after deletion of the gene responsible for Gb3 synthesis 

was demonstrated. Moreover, incorporation of Gb3 to deficient cell lines resulted in an 

increased sensitivity towards Stx cytotoxicity (163). Contrary to that, Gobert et al. (164) showed 

that Stx2 can bind to Gb3-negative human intestinal epithelial T84 cells and was internalized 

to the epithelial cells. In the here presented work, it was shown that recombinant StxA2a-His 

is not able to bind to the receptor Gb3 with an enzyme-linked immunosorbent assay (ELISA)-

based approach in the absence of the B-subunit (see chapter 3). Therefore, the receptor 

substance on the host cell surface introducing StxA2a-His binding remains undefined. And 

moreover, the uptake mechanism of the StxA-subunit leading to subsequent cytotoxicity 

remains unsolved. Further studies need to be performed reducing Gb3 on the cell surface as 

for example by using the glucosylceramide synthetase inhibitor D-threo-1-Phenyl-2-

palmitoylamino-3-morpholino-1-propanol (PPMP) to define the role of Gb3 in StxA induced 

cytotoxicity. On HeLa cells, it has been shown that the application of PPMP on extracellular 

vesicles reduced the binding of StxB to them (155). 

Alternative uptake mechanisms besides the receptor-mediated pathway have been described. 

A study by Schüller et. al (165) compared the cytotoxic effects of Stx on Gb3-positive or Gb3-

negative cells. The ability to endocytose and subsequently direct Stx2 to the endoplasmic 

reticulum was shown by T84-cells lacking Gb3. Moreover, experiments using in vitro organ 

cultures of human intestinal epithelium showed damage caused by Stx2 in absence of Gb3 

(165). Besides the receptor mediated endocytosis of free soluble Stx by the host cell as 

described above, several studies have demonstrated an alternative way. They have shown 

that toxins are not just transported out of E. coli O157:H7 cells as soluble toxins, but can be 

integrated in outer membrane vesicles (OMVs) (166–168). Those OMVs can be formed at the 

bacterial membrane and contain many different virulence factors such as the EHEC-

hemolysin, Cdt or Stx2a. Dynamin-dependent endocytosis of the OMVs is followed by 

transport to the early endosomes on which the virulence factors are subsequently transported 

to the other cell compartments (42). In addition, using deletion mutant E. coli O157:H7 ∆stxA 

it was shown that OMVs can contain subunits in absence of one subunit of the toxin proteins 

as well (154). A study by Sessler et al. (157) on SubAB demonstrated that the A-subunit shows 

similar intracellular uptake and cytotoxicity mechanism to that of the holotoxin in absence of 

the SubB-subunit. This study offers the first clue, that A-subunits of AB5 toxins might exert the 

same extent of cytotoxicity as the holotoxin. 

Pellino et al. (158) have described that upon lysogenization of the phage 933W, originating 

from EHEC O157:H7, Stx2a is not released as an assembled toxin. Moreover, the ratio of A- 

to B-subunit was determined to be 1:8, which implies that Stx AB5 conformation is not stable. 
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The same study demonstrated that AB5
 preassembly is not required for toxicity of Stx2. The 

authors concluded from assembled and non-assembled AB5 complexes of Stx2a in vivo that 

assembly occurs at the host cell membrane (158). As it was shown in this thesis that StxA2a 

can exert cytotoxic activity in the absence of bound B-subunits, this effect could contribute to 

the measured cytotoxic activity of the non-assembled complex. The unassembled complex 

might act in the same cytotoxic pathway as the StxA2a-subunit by exerting the activity 

independent from receptor binding. Besides the higher association with HUS for Stx2 (169), 

Stx1 was found to be more potent in in vitro studies and a stronger binding to receptor occurred. 

Comparable studies using the StxA1-subunit and comparing the cytotoxic effect of both Stx-

variants are needed.  

In this thesis, the cytotoxicity caused by StxA2a-His in the absence of its B-subunit was defined 

as apoptosis in the cell lines Vero B4, HeLa and HCT-116 which did not differ according to 

different cell type structures (see chapter 3). All cells investigated in this thesis were positive 

on presence of Gb3. Besides the action of inhibiting protein synthesis, Stx has been described 

to induce programmed cell death, or apoptosis. In animal reservoirs of STEC such as cattle, 

an infection with STEC mostly remain asymptomatic (3, 170). The receptor Gb3 is mainly 

absent in bovine endothelium leading to the hypothesis that the missing of Gb3 is responsible 

for the asymptomatic course of STEC infection in ruminants meaning that Stx is not able to 

bind to its receptor und consequently inactive (171). The research presented in this thesis has 

proven that StxA can be active even in absence of its B-subunit and that an alternative uptake 

mechanism to Gb3 might occur. Therefore, the hypothesis on asymptomatic course in cattle 

stated above would be neglected. If StxA can cause cytotoxic effects in the absence of the 

Gb3-mediated pathway, the cause of asymptomatic disease in cattle must be different from the 

receptor presence. Moreover, different target cells of Stx were identified in cattle showing its 

immunomodulatory action in ruminants (reviewed in (172)). This indicates different mode of 

actions for Stx besides the glycosphingolipid-mediated uptake. Stx can interact in different 

pathways on different cell types. Further research needs to be conducted to compare the 

receptors presented on human and ruminant cell surfaces. By this, the question of how StxA 

is taken up inside the cell and can exhibit its cytotoxic activity can be addressed. Moreover, it 

remains unclear why Stx can lead to a severe disease in humans but not in animals besides 

the mentioned immunomodulatory actions and needs to be further elucidated. 

Likewise, the question of physiological relevance needs to be addressed. If the A-subunits of 

AB5 toxins can cause cytotoxicity in the absence of their respective B-subunits, how often does 

this occur during EHEC infection? What is the ratio of A-subunit to B-subunit production under 

different environmental conditions? Both stx2a and subAB1 subunit genes are located each on 

one operon respectively and thus, the subunits are transcribed parallelly. If one of the subunit 
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genes is deleted, how is the transcription rate of the other present subunit influenced? As 

described above, additional internal promoters upstream of the respective B-subunit genes 

were described for both stxAB and subAB (82, 128). This indicates a separate transcription 

rate of the B-subunit genes of AB5 toxins in pathogenic E. coli. Additionally, this leads to the 

question on the protein concentration of each subunit and whether it is changed if the gene of 

one subunit is deleted or mutated. Additionally, the secretion mechanism of AB5 toxins in the 

absence of one subunit needs to be taken aim at. The subunits of Stx are released upon phage 

induction and lysis (70, 88). This raises the question of whether one subunit is also released 

in the lytic cycle if the other subunit is missing. To address the open-ended questions, isogenic 

deletion mutants of the respective subunit genes can be prepared and subsequently analyzed 

on their gene expression and protein secretion. Furthermore, those deletion mutants can be 

used in infection assays to investigate the effect of the missing subunit. This was prepared for 

the STEC strain TS18/08 on the example of SubAB1-subunits (data not shown). The deletion 

mutant TS18/08 ∆subB1 showed similar cytotoxicity in infection assays on HeLa and Vero B4 

cells compared to the wild type TS18/08. Contrary to that, the deletion mutant TS18/08 ∆subA1 

did not exhibit any cytotoxic effects (data not shown). Resembling the same results as 

observed with the separately purified toxin subunits. This gives the first hint on the relevance 

of deletion mutants on AB5 toxin subunits.  

This single-A effect of StxA is important for the pathology of EHEC bacteria as strains lacking 

the gene for the B-subunit may be found in the environment. In the past PCR detection analysis 

of the presence of stx in environmental isolates was mainly based on the gene for the A-subunit 

(173) lacking the evidence on the presence of both subunits. As a result, strains which do not

encode for the stxB could not be detected by traditional methods. Additionally, the rate at which

both genes for the subunits are expressed need to be identified. Further research is needed

to understand this paradigm and to investigate this effect in stxB deletion mutant strains.

The work presented here contributes to the research of understanding AB5 toxins and the 

cytotoxicity caused by AB5 toxins during EHEC infection. The disease caused by Stx poses a 

threat to human health due to the lack of therapeutic options. Moreover, the administration of 

antibiotics in STEC infection is counterproductive. The effect of the antibiotics leads to the SOS 

response and subsequent phage induction in STEC, thus Stx is produced (90). One approach 

in the recent years was to use Gb3 mimicking structures to inhibit the activity of Stx by blocking 

receptor binding (176, 177). Taking the results obtained in this thesis into consideration, this 

hypothesis might be neglected. The single-A effect of StxA demonstrates that cytotoxicity can 

occur even in absence of the Gb3 receptor. This effect needs to be investigated further. One 

possibility is that AB5 toxins such as Stx and SubAB have parallel mechanisms of cytotoxicity. 
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One of them is the B-subunit mediated uptake by receptor binding and the other the single-A 

effect.  

Current knowledge shows that subAB is mainly present in stx-positive STEC isolates, showing 

a connection of both toxins. Tozzoli et al. (83) have described the presence of subAB genes 

located near the tia genes even in stx-negative STEC isolates. As synergistic effects of both 

AB5 toxins were suggested (82), this combination was analyzed in this thesis as well. 

Moreover, a recent study by Álvarez et al. (174) revealed that the co-injection of Stx2 and 

SubAB in mice diminished the survival of those compared to the ones treated with one toxin. 

This study highlights the correlation of Stx and SubAB in vivo and their synergistic effects in 

pathogenicity of EHEC (174). Additionally, it has been shown that different recombinant 

variants of SubAB can form heteromeric complexes between the A- and the B-subunit of 

different variants (175). This leaves the question if hybrid toxins can be built of Stx and SubAB 

subunits. In this thesis, the synergistic effects of SubAB1 and Stx2a were analyzed according 

to the regulation of the gene expression and functionality of the combined purified subunits. 

The single-A effect of SubA1-His was unaffected by the addition of the StxB2a-His subunit. 

Even more, the cytotoxic effects of StxA2a-His were diminished in presence of the SubB1-His 

subunit on HeLa and HCT-116 cells (see chapter 3). Those results indicate a receptor for 

StxA2a on the host cells which might be utilized by SubB1. Consequently, synergistic effects 

of both variants could not be verified in this study by cytotoxic activity of hybrid toxins indicating 

separated mode of actions for both toxins. The question why STEC possess different AB5 

toxins which are integrated in the same regulatory mechanisms remains to be solved. 

In the recent years, the paradigm of AB5 toxins included that the A-subunit exhibits the catalytic 

activity, and the B-subunit mediates binding to cell receptors. This thesis points out that this 

paradigm needs to be changed, as StxA2a showed cytotoxic effects in the absence of the B-

subunit. Hence, this pathway might be independent of receptor-mediated uptake. The question 

of which role the receptor Gb3 plays in Stx-mediated disease needs to be further elucidated. 

The binding and uptake mechanism of StxA in absence of its B-subunit and in the correlation 

of the glycosphingolipids presented on the host cell surface must be investigated in detail. The 

physiological relevance of this single-A effect needs to be studied in detail to elucidate if 

cytotoxic pathways of the holotoxin and the A-subunit occur at the same conditions. 
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Conclusion 

The heterogenous group of AB5 toxins consists of the cholera toxin, pertussis toxin, heat labile 

enterotoxins, Stx, and SubAB. The principal functionality is the binding to receptors of the 

pentameric B-subunit which is non covalently linked to the catalytic activity of the A-subunit. 

Studies vary between the definition where the complexes of the AB5 bacterial toxins are formed 

but point out that this is the crucial point for cytotoxic activity. Previous studies on the cytotoxic 

effects of the SubA-subunit (156, 157) and results of this thesis challenge this paradigm. Both 

AB5 toxins of E. coli demonstrate a single-A effect showing cytotoxic effects of the A-subunit 

in the absence of its corresponding B-subunit. Research is needed to elucidate the cytotoxic 

effects of the A-subunits of AB5 toxins, and their uptake mechanism compared to the 

mechanisms introduced by the holotoxin. Moreover, this thesis emphasized the effect of global 

regulatory proteins on toxin gene expression of STEC. Induction of toxin gene expression leads 

to increased pathogenicity of STEC. It was shown that Stx2a, SubAB1, Cdt-V, and the EHEC-

hemolysin were regulated by Hfq and/ or H-NS. In addition, all toxins investigated were 

integrated in the regulatory pathway of bacterial life cycle. This indicates the expression of 

virulence factors of STEC is not only regulated by adaptation to environmental stimuli. Further 

research is needed to investigate the connection of STEC virulence toxins, their regulatory 

pathways, and the importance on STEC pathogenicity. 
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