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1.3.6  Expression of Shiga toxin 

 

The Stx-phages remain dormant when the repressor cI is bound to the right and 

left operator sites, OR and OL respectively, inhibiting the activity of the phage 

promoters PR and PL (Serra-Moreno, Jofre, and Muniesa 2008; Tyler, Mills, and 

Friedman 2004). When the SOS response is triggered, the protein RecA is 

activated. This protein cleaves the cI repressor, leading to expression of the 

anti-terminator Q. Subsequently, the protein Q binds to the promoter PR’ and 

activates transcription of the Stx genes. The fact that Stx is expressed during the 

lytic cycle eliminates the need for an Stx-secretion system, although an 

additional secretion mechanism for Stx2 has been reported (Shimizu, Ohta, and 

Noda 2009).  

 

 

Figure 8 Shiga toxin expression.  

Lambdoid phages remain inactive when the repressor cI is bound to the right and left operator 

sites, OR and OL respectively, inhibiting the activity of the phage promoters PR and PL. When the 

SOS response is triggered, the protein RecA cleaves the cI repressor, leading to expression of the 

anti-terminator Q. Subsequently, the protein Q binds to the promoter PR’ leading to transcription 

of Stx and late phage genes. (Modified from Pacheco and Sperandio, 2012) 
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There are differences in the mechanisms of gene expression between stx1 and 

stx2. While expression of stx2 is promoted by DNA damaging agents (mitomycin 

C or ciprofloxacin), stx1 expression is triggered under low-iron conditions. 

Studies have identified a functional promoter for the stx1 gene that is regulated 

by the environmental iron concentration (Calderwood and Mekalanos 1987; 

Calderwood et al. 1987) .  

 

1.4 Shiga toxins and human disease 

 

1.4.1  Incidence of STEC infections  

 

Given the differences in the surveillance systems in each country, it is difficult 

to have an accurate number of infections produced by STEC around the world 

each year. A recent systematic review made by Majowicz and collaborators 

estimates that STEC causes around 2,800,000 acute illnesses, 3890 cases of HUS, 

270 cases of end-stage renal disease (ESRD) and 230 deaths annually, worldwide 

(Majowicz et al. 2014). Despite the reduced number of cases compared to other 

microorganisms like Salmonella or Campylobacter, STEC has a bigger economic 

impact given the large number of hospitalisations and the costly treatment. 

  

Most outbreaks produced by STEC are caused by the serotype O157:H7. Only in 

the USA, 350 E. coli O157 outbreaks were reported from 1982 to 2002 causing 

1493 hospitalisations, 354 cases of HUS and 40 deaths (Rangel et al. 2005). In a 

more global context, Canada, the United States, Japan and Scotland have 

reported the highest annual reported incidences of E. coli O157:H7 infections 

during the last 20 years, Scotland being the country with the highest per capita 

incidence (3-5.73 cases per 100,000 individuals) (Chase-Topping et al. 2008) 

(Figure 9).  
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Figure 9 Incidence of E. coli O157:H7 around the globe.  

Map of the worldwide relative rate of E. coli O157:H7 infections per 100,000 individuals in 2005. 

Purple shading represents detection of E. coli O157:H7 in a country where no incidence rate is 

available. White represents countries where no data are available, although infections may have 

occurred. Taken from Chase-Topping et al. 2008 

 

In the particular case of Scotland, the high incidence rate has been attributed to 

the Stx phage type and super-shedding. The phage 21/28 accounted for 50% of 

the cattle isolates and 72% of isolates obtained from human infections (Chase-

Topping et al. 2008). The association between this particular phage type and 

super-shedding is thought to be due an altered regulation of the type III 

secretion system that allows for a better colonisation. 

 

1.4.2  Detection of STEC 

 

Given the severity of STEC infections, it is of great importance to have effective 

detection methods for an appropriate and quick management of the patients. 

Currently, the methods available include chromogenic agars, enzyme 

immunoassays (EIA) and molecular techniques. Excellent reviews in the area can 

be found elsewhere (Parsons et al. 2016), but a brief description follows.  
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1.4.2.1  Culture methods 

 

Isolation of STEC by culture methods is advisable to identify and characterise the 

strain. However, sometimes it is difficult to isolate STEC given the low number 

of bacterial cells present in the sample or interference with other bacteria 

species. Nevertheless, it is still a valuable method used for the diagnosis of STEC 

infections.  One of the characteristics of E. coli O157:H7 is its inability to 

ferment sorbitol. This peculiarity allowed the use of sorbitol-MacConkey (SMAC) 

agar to identify the pathogen (Pai et al. 1984). SMAC plates were inoculated 

with the faecal specimen and examined after 18-24 h, looking for the presence 

of colourless colonies. However, it was later revealed that SMAC was not able to 

detect non-O157 STEC strains as well as sorbitol-fermenting O157 isolates 

lysogenized with Stx phages (Ammon, Petersen, and Karch 1999). More sensitive 

and specific alternatives to SMAC have been developed and their details are 

explained in Table 1 (Parsons et al. 2016). 

 

 

Table 1 Culture methods for the detection of Stx 

 

 

 

 

Name of media Description Sensitivity/Specificity References 

CHROMagar™ 

O157 

Detects O157 STEC strains through 

chromogenic substrates 

 

96.3%/100% (Church et al. 2007) 

CHROMagar™ 

STEC 

Detects O157 STEC and non-O157 

strains through chromogenic 

substrates 

 

84.6-85.7%/87-95.8% (Wylie et al. 2013) 

CHROMagar™ 

O104 STEC 

Detects O104:H4 STEC strains 

through chromogenic substrates 

 

71.4%/99.1% (Gouali et al. 2013) 

Rainbow®Agar 

O157 

Detects O157 and some non-O157 

STEC strains through β-

glucoronidase and β-galactosidase 

activities. 

Not determined (Zelyas et al. 2016) 
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1.4.2.2  Vero cell cytotoxicity assays 

Vero cells - African green monkey kidney cells - have a high number of Gb3 and 

Gb4 receptors on their cell surface, making them extremely sensitive to the 

effects of Stx. Historically, this assay played an important role in the diagnosis 

of STEC infections but lacks of practicality nowadays. Basically, the cells are 

incubated with a filter-sterilised sample e.g. faecal culture or extract, and 

examined for cytophatic effects after 48-72 h. Although verocytotoxicity is still 

considered a gold standard to confirm Stx production, especially in cases where 

isolation of the organism is difficult, it requires access to tissue culture 

facilities, trained personnel and long waiting times to give a diagnosis.  

 

1.4.2.3 Enzyme immunoassays 

Probably one of the most widely used approaches for the diagnosis of STEC is the 

immunodetection of Stx. This is achieved through the use of antibody-based Stx 

detection assays. Since these assays are available as ready to use kits, they are 

commonly used in routine laboratories. The first ELISA developed for Stx 

detection was developed in 1987 by Kongmuang and collaborators (Kongmuang, 

Honda, and Miwatani 1987). The development of more specific and sensitive 

polyclonal and monoclonal antibodies has led to the commercialisation of ELISA-

based assays for the detection of Stx, including the Premier EHEC, Ridascreen 

Verotoxin, ProSpecT STEC Microplate assay and VTEC Screen Seiken RPLA. These 

assays normally require enrichment of the sample to be able to detect the toxin 

but are distinguished for their sensitivity, specificity and robustness.  

 

1.4.2.4  Molecular techniques for the detection of STEC 

STEC-specific PCR is the most sensitive assay, for both O157 and non-O157 

strains. DNA extracts from single colonies, faeces or food extracts can bed used 

as templates for PCR. The complexity of the samples matrix may sometimes 

contain inhibitors of Taq polymerase and decrease the sensitivity. This problem 

can be avoided if template DNA is extracted from broth cultures. 

Recently, Martinez-Castillo and Muniesa highlighted the importance of free Stx-

converting bacteriophages in the environment and how they can influence the 
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detection of STEC in samples, especially with molecular techniques like PCR 

(Martínez-Castillo and Muniesa 2014).  

 

1.4.2.5  Serological diagnosis of STEC 

When patients in the late course of the disease seek medical attention, it 

becomes more difficult to detect STEC by both molecular and immunogenic 

methods because of the low numbers of STEC found in faeces. In these cases, 

the humoral immune response triggered by STEC can be exploited as a diagnostic 

tool. Bitzan and collaborators showed a high incidence of serum antibodies to E. 

coli O157 lipopolysaccharide (LPS) in patients with HUS and highlighted the 

potential of using serological methods for STEC diagnosis (Bitzan et al. 1991). 

Another study also reported the utility of using antibodies for the detection of 

LPS O157 when faecal bacteria or Stx cannot be detected (Chart et al. 1991). To 

date, there are not commercially available serological detection assays for STEC 

detection but is something that could be exploited in the future. 

 

1.4.3  Haemolytic Uremic Syndrome 

 

Haemolytic uremic syndrome (HUS) is a disease characterised by haemolytic 

anaemia, low platelet count and renal impairment (Noris and Remuzzi 2005). It 

is estimated that 15% of STEC infections progress to HUS, children and the 

elderly being the most susceptible population groups (Tarr, Gordon, and 

Chandler 2005). The majority of cases of HUS are consequences of STEC 

infections and around 5-10% of cases is classified as atypical HUS.   

 

Symptoms of HUS develop around 7 days after the first symptoms, when the 

diarrhoea is improving. These include acute paleness accompanied by renal 

failure signs, including oedema, nausea, vomit, oliguria and high blood pressure. 

Neurological, cardiac and respiratory complications may also appear and are 

normally associated with a worse outcome (Karpman et al. 2017). 

  

Since STEC does not cause bacteraemia, Stx has to gain access to the circulation 

to reach its target organs. There are different possible mechanisms responsible 
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for Stx translocation into the circulation. Malyukova and collaborators showed 

that Stx could be taken up by Gb3-free intestinal cells through macropynocytosis 

and transcytosis (Malyukova et al. 2008). Another study carried out by Hurley 

and co-workers suggests that the interaction between STEC and intestinal 

epithelia results in neutrophil recruitment to the intestinal lumen and this 

transmigration enhances Stx movement across intestinal epithelial cells (Hurley, 

Thorpe, and Acheson 2001). A more recent study in the highly virulent E. coli 

O104:H4 strain made by Kunsmann and colleagues shows that Stx could be 

delivered to the host cells via outer membrane vesicles (OMVs) (Kunsmann et al. 

2015). 

 

When Stx gains access to the circulation, it binds to different blood cells, 

including neutrophils, platelets, monocytes and erythrocytes (Karpman et al. 

2017). Stxs are then released from the blood cells in the form of microvesicles in 

order evade the host immune system and successfully deliver the toxin to target 

tissues (Figure 10) (Ståhl et al. 2015).  

 

 

 

Figure 10 Transfer of Shiga toxin from the circulation to the kidney.  

Once Stxs have reached the bloodstream, they bind to the Gb3 receptor on platelets. The toxin 

is internalised to be later released in microvesicles. These microvesicles circulate and reach the 

target organ where they are taken up by endothelial cells. Finally, Stx is released from the 

vesicles inside the cells. Taken from Karpman et al, 2017 

 

Haemolysis and thrombocytopenia are classic indicators of HUS. Stx-induced 

haemolysis is caused by mechanical breakdown in microthrombi occluded 

capillaries, oxidative damage and complement activation (Ruggenenti, Noris, 
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and Remuzzi 2001; Túri et al. 1994; Yazdanbakhsh 2005). Thrombocytopenia is 

the result of platelet activation by Stx, O157 LPS and cytokines.  

 

Currently, treatment of STEC-induced HUS is merely supportive. Administration 

of isotonic fluids before the onset of HUS seems to have a nephroprotective 

effect, reducing the need for dialysis. Since STEC-induced HUS causes 

complement activation via the alternative pathway, inhibition of this pathway 

using antibodies has been attempted. Eculizumab, a monoclonal anti-C5 

antibody has been used as part of the treatment. However, no clear beneficial 

effect was observed.  

 

The use of antibiotics to treat STEC infections remains controversial and will be 

discussed with more details in the next section.  

 

1.4.4  Antibiotics and STEC infections  

 

The use of antibiotics to treat STEC infection remains a controversial topic as 

some studies show that administration of antibiotics enhances the risk of 

developing HUS whereas other studies claim that antibiotics are neither 

effective nor harmful. Panos and collaborators did a systematic review about the 

use of antibiotics for the treatment of STEC infections and its influence in the 

development of HUS (Panos, Betsi, and Falagas 2006). Their work identified a 

large amount of contradiction in the literature that makes it difficult to claim if 

the use of antibiotics is safe or beneficial. Nevertheless, the available data 

suggests that the class of antibiotic and stage at which they are administered 

have an impact on the outcome of the treatment. For example, it has been 

found that the use of doxycycline, phosphomycin, azithromycin and gentamycin 

decreases Stx production in vitro in E. coli O157:H7, whereas the use of 

trimethoprim-sulfamethoxazole, ciprofloxacin and ampicillin showed the 

opposite effect (McGannon, Fuller, and Weiss 2010). Bielaszewska and 

collaborators carried out a similar study looking at the effect of different 

antibiotics on Stx2 expression in E. coli O104:H4. Their results showed that 

ciprofloxacin significantly increases Stx2 expression in vitro, fosfomycin, 
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gentamicin and kanamycin have no significant effect, and chloramphenicol, 

meropenem, azithromycin, rifamixin and tigecycline decrease expression of the 

toxin (Bielaszewska et al. 2012). However, further in vivo studies are required to 

prove the potential usefulness of these antibiotics in the clinical setting. 

 

Rifampicin is another antibiotic that has been shown to prevent induction of Stx 

prophages. Rahal and co-workers found that administration of a MIC of 

rifampicin prior to bacterial eradication with a minimum bactericidal 

concentration (MBC) of gentamicin reduces Stx production in E. coli O157:H7 by 

inhibiting transcription of the stx genes, both in vitro and in vivo (Matar and 

Rahal 2003; Rahal et al. 2011). A subsequent study revealed that the same 

combination of antibiotics did not activate the SOS response in the pathotype E. 

coli O104:H4, giving as a result a decreased production of Stx2 (Fadlallah et al. 

2015). The main drawback of this combinatorial therapy is the rapid 

development of resistance to rifampicin by E. coli, limiting its usefulness.  

 

 

1.5 Anti-virulence approach to treat bacterial infections 

1.5.1  Concept, advantages and potential limitations 

 

During the last few years there has been a growing interest in developing drugs 

that target bacterial virulence instead of bacterial growth or viability. The large 

number of putative virulent targets offers an extraordinary source of potential 

new therapies. This is reflected in the increasing number of publications in this 

area over the last decade (Figure 11). 
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Figure 11 Emergence of anti-virulence research.  

During the last decade there has been a steady progress in the anti-virulence field. Taken from 

Dickey, Cheung, and Otto 2017 

 

Anti-virulence (AV) drugs offer new potential advantages in comparison to 

traditional antibiotics. For instance, blocking a particular virulence factor is 

expected to have little or no effect on the survival and propagation of the 

targeted bacteria, imposing less selective pressure for the development of 

resistance mechanisms like conventional antibiotics do. In addition, as most 

virulence factors are restricted to a single or closely related species, horizontal 

transfer of resistance traits is expected to be unlikely.  

 

From a clinical perspective, AV drugs could be used synergistically with 

conventional antibiotics in circumstances where their use is contraindicated or 

when the pathogen is already resistant. Additionally, as antivirulence therapies 

tend to target processes that are species-specific, they are expected to have 

little or no effect on the host microbiome. 

 

This approach has, however, some disadvantages or challenges that still need to 

be addressed. For instance, development of AV drugs is expected to be a more 

expensive and longer process as large clinical trials might be required to prove 

clinical efficacy compared to antibiotics alone, especially in cases where there is 

still an effective treatment. In addition, the narrow spectrum of AV drugs might 

lead to the use of combination therapies involving the use of different AV drugs 

or a combination of antibiotic and AV drugs to increase bacterial coverage. 
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Furthermore, since AV drugs rely on the host immune system to clear the 

disarmed bacteria from the host, immunocompromised patients might still 

require the use of traditional antimicrobial agents (Clatworthy, Pierson, and 

Hung 2007).  

 

AV drugs are highly desirable for pathogens that are already resistant to the 

current antibiotic arsenal, like the ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Actinobacter, Pseudomonas 

aeruginosa and Enterobacter) (Pendleton, Gorman, and Gilmore 2013; Boucher 

et al. 2009). Toxin-producing bacteria like C. difficile, C. botulimum, B. 

anthracis, V. cholerae and STEC could also be tackled with the AV approach 

given the current lack of effective treatment strategies. 

 

1.5.2  Anti-virulence strategies against STEC 

 

Efforts to find inhibitors that block the binding of Stx to Gb3 have been 

attempted, but no success has been achieved yet (Kitov et al. 2000; Trachtman 

et al. 2003; Watanabe et al. 2004). In the past few years, there has been a 

growing interest in trying to find strategies to block Shiga toxin activity and its 

production by STEC strains, with the aim of preventing the complications 

associated to it. A brief description of the different approaches made to date 

follows.  

 

A recent study made by Li and collaborators describes the discovery of small 

peptides with Stx2 neutralising activity both in vitro and in vivo (T. Li et al. 

2016). The peptides TF-1 and WA-8 were found to interact with the StxB subunit, 

interfering at the receptor-binding step. When administered to mice and rats, 

TF-1 was able to protect the animals from lethal doses of Stx2 administered 

intraperitoneally and intravenously respectively, making it a promising anti-Stx 

agent. Dong and collaborators explored the anti-Stx2 activity of baicalin, a 

natural occurring flavonoid isolated from Scutellaria baicalensis Georgi (J. Luo 

et al. 2016). Their studies show that baicalin binds to Stx2 and promotes 

formation of toxin oligomers that lack of cytotoxicity. When used in a HUS 

mouse model, baicalin provided ~70% protection against Stx2 relative to the non-
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treated group; baicalin also ameliorated renal and hematologic damage. 

Although baicalin was not toxic in mice even when high doses were employed, 

safety in humans still needs to be evaluated. 

 

As previously mentioned, Stx gets into the hosts cells using the retrograde 

trafficking pathway (Spooner et al. 2006). Stechmann and collaborators 

discovered two small molecules, Retro-1 and -2 that selectively block the 

transport of ricin and Stx (Stechmann et al. 2010). Further studies done by 

Secher and co-workers demonstrated the protective effects of Retro-2 against 

Stx (Secher et al. 2015). Administration of 100 mg/kg of Retro-2 to STEC 

infected mice significantly reduced clinical symptoms and increased survival 

rates, in comparison to the non-treated group. Another independent study made 

by Somshuvra and Linstedt showed that manganese (Mn2+) blocks the endosome-

to-Golgi transport of Stx, protecting eukaryotic cells from the Stx toxic effects 

(Mukhopadhyay and Linstedt 2012). In vivo evaluation of Mn2+ in mice exposed to 

Stx1 revealed that mice treated with Mn2+ did not show any clinical 

manifestations associated with Stx and survived the entire study, compared to 

the non-treated group. The low cost and lack of toxicity in humans makes Mn2+ a 

potential anti-virulence adjuvant for STEC infections.  

 

Some other elements have shown to be active against Stx. A recent study made 

by Surendran-Nair and collaborators showed that selenium (Se) down-regulates 

the expression of stx1 and stx2 in STEC without affecting bacterial growth 

(Surendran-nair et al. 2016). In addition, Se was also able to reduce expression 

of the Gb3 receptor in human lymphoma cells, enhancing the anti-Stx activity. 

However, efficacy in vivo as well as the potential toxic effects associated with 

Se still need to be assessed. In the same area, Crane and collaborators 

discovered that zinc (Zn2+) downregulates Stx production in STEC without 

affecting bacterial viability (Crane, Byrd, and Boedeker 2011). Further studies 

demonstrated that Zn2+ blocks the bacterial SOS response by supressing RecA 

expression induced by DNA damaging agents such as ciprofloxacin, hydrogen 

peroxide or mitomycin C (Crane et al. 2014). 

 

Using biochemical methods and NMR-based comparative metabolomics, 

Bommarius and co-workers discovered indole-based molecules produced by E. 
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coli that are able to regulate the phisiology and virulence of other pathogenic E. 

coli strains (Bommarius et al. 2013). Amongst the indole derivatives identified, 

indole-3-carboxaldehyde (ICA) was able to reduce motility, biofilm formation 

and Stx production in EHEC. ICA was able to reduce by 10-fold the cytotoxic 

effects of Stx2 produced by EHEC on mammalian cells. Although indole has been 

widely studied as signalling molecule between bacteria and could be exploited 

for the development of antivirulence compounds, the mechanism of action still 

remains obscure (J. H. Lee, Wood, and Lee 2015; Melander, Minvielle, and 

Melander 2014; J. Kim and Park 2015).  

 

Lee and collaborators studied the effect of coumarin and several derivatives on 

the regulation of bacterial virulence in EHEC (J. H. Lee et al. 2014). One 

compound, esculetin, repressed the expression of the stx2 gene without 

affecting bacterial growth and attenuated the virulence in vivo when tested in 

Caenorhabditis elegans. More studies are required to elucidate the mechanism 

of action. 

 

Nowicki and co-workers discovered that certain naturally occuring isothiocyantes 

(ITCs) block Stx expression in EHEC due to the induction of the bacterial 

stringent response, a regulatory pathway triggered under nutrient deprivation 

conditions (Nowicki et al. 2014; Boutte and Crosson 2013; Nowicki et al. 2016). 

Their findings suggest that ITCs block phage DNA replication by upregulation of 

(p)ppGpp, a key alarmone involved in the stringent response. ITCs prevented the 

induction of Stx prophages by agents like hydrogen peroxide or mitomycin C, 

making them a viable alternative to be used as anti-virulence adjuvants that can 

be used together with conventional antibiotics. 

 

1.6 The drug discovery process 

 

The driving force to start a drug discovery project is an unmet need for 

treatment of a disease or clinical condition (Lombardino and Lowe III 2004). This 

brings together people from different disciplines in order to come up with ideas, 

hypotheses and a work plan to achieve specific objectives. The drug discovery 
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process can be divided in three main stages: discovery and development, pre-

clinical stage and clinical stage (Figure 12). 

 

 

Figure 12 The drug discovery process at a glance.  

A drug discovery project starts when a medical problem is identified. Experts from different 

fields get together to come up with a hypothesis, ideas on how to tackle the problem and 

specific objectives. Then, testing of chemical libraries in an appropriate biological test begins in 

order to identify bioactive molecules. Structure-activity relationship (SAR) studies on the hit 

compounds are usually performed to improve the bioactivity or physicochemical properties. The 

bioactivity of the new analogues is further validated both in vitro and in vivo, together with 

their toxicity profile. Once a drug candidate has been identified, processes like scale-up of the 

synthesis, chronic safety in animals and formulation start. Next, with consent of the Food and 

Drug Administration (FDA) in the US or a comparable institution elsewhere, the clinical phase 

takes. Testing in humans starts with toleration studies in healthy individuals (Phase I), followed 

by efficacy and dose assessment in individuals who suffer from the disease (Phase II) and finally a 

larger study in several thousands of patients to confirm efficacy and safety (Phase III). This 

provides the required data to get an approval from the FDA and release the drug into the 

market. Modified from Lombradino 2004. 
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1.6.1  Discovery and development 

1.6.1.1  Target identification and validation 

 

This stage usually starts with the identification and validation of a ‘druggable’ 

target i.e. a biological entity involved in the development of the disease whose 

activity can be modulated to prevent or revert the disease. Different sources of 

information including scientific publications, gene expression and proteomics 

data, transgenic phenotyping, etc. can be used to have a more in-depth 

understanding of the problem. One of the approaches used in target 

identification involves comparing the genomes of healthy individuals with those 

of people with the disease. Differences in the genomes can help to formulate 

hypotheses on which proteins are involved in the development of the disease. A 

similar approach involves changing one gene at a time (knock-out) in cells or 

simpler organisms and see if the phenotype has similarities with the disease 

state. This provides clues about the relationship between the mutated gene and 

the disease. In microbial drug discovery, genes or pathways that are essential for 

bacterial growth or virulence are good starting points.  

 

Once a target has been identified, the next step is the validation using in vitro 

and in vivo tools. The process of validation basically demonstrates that the 

target is essential for the development of the disease. Cell-based or animal 

models of the disease are frequently employed, but best results are achieved 

when a combination of approaches is used.  

 

A common deviation from the classic target identification and validation 

approach occurs when there is already a compound with demonstrated activity, 

or when known drugs show unexpected pharmacological effects, but with an 

undefined mechanism of action. In these cases, the project focuses on the 

identification of the target(s) and mode of action. Failure to identify the target 

does not necessarily disqualify a compound as a drug candidate, but might 

interfere with the potential improvement of the pharmacological properties.  

It is also worth mentioning that important discoveries have been made by 

accident throughout history, phenomena known as serendipity. Many of the 
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commercially available drugs today were discovered in this way, including 

penicillin, imipramine or sildenafil, which reminds us that luck truly plays a role 

in drug discovery (Ban 2006) 

 

1.6.1.2   Hit discovery 

 

Following target identification and validation, the hit discovery process starts. A 

‘hit’ can be defined as ‘a compound which has the desired activity in a 

compound screen and whose activity is confirmed upon retesting’ (J. P. Hughes 

et al. 2011). High-throughput screening (HTS) is one of the most popular 

approaches used to discover bioactive compounds and can be defined as the 

automated testing of large numbers of small molecules in order to identify 

inhibitors (antagonists) or activators (agonists) of a particular biological target or 

process (Broach and Thorner 1996). There are different screening strategies 

available. The selection is usually based on the available knowledge of the 

target or biological process (Table 2). 
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Table 2 Different types of screening strategies used in drug discovery 

 

1.6.1.3   The importance of the biological assay used in HTS 

 

The type of assay used for the screening of compounds has a great impact on the 

outcome of the project. There are two types of assays used in HTS campaigns: 

phenotype-based and target-based assays. The choice of the assay depends on 

the biology of the problem studied, infrastructure, resources, experience of the 

scientists involved, etc. (Figure 13). 

 

Screening strategy 

 
Description 

High throughput 

Automated analysis of large numbers of compounds in a relevant biological 

assay, generally in 384-well plate format. No prior knowledge of the chemical 

scaffold likely to have activity is required. 

 

Focused screen 

The screening uses compounds that have been previously identified as 

bioactive against a specific class of targets (e.g. kinases) and that have a 

similar chemical scaffold. May limit the discovery of novel bioactive 

structures. 

 

Fragment screen 

Usually, crystals of the protein of interest are soaked with small molecule 

fragments (<300 Da) and the fragment-protein binding interactions are 

analysed using biophysical techniques like NMR or X-ray crystallography. This 

allows for the design of larger molecules with improved affinity for the 

target. 

 

Physiological screen 

This approach uses physiological models of the disease (e.g. a tissue-based 

model) to screen compounds. It is considered to be low-throughput given the 

complexity of the assay, but its phenotypic nature provides a broader pool of 

targets and signalling pathways. 

 

Structure-based 

drug design 

It is normally used as an adjunct to other screening strategies. This approach 

uses the crystal structure of the target and molecular modelling techniques to 

design compounds with improved activity and/or selectivity. 

 

Virtual screen Large virtual libraries of compounds are evaluated using in silico models 

based on the X-ray structure of the target in order to find bioactive 

molecules. It can help to identify a particular chemical scaffold that can be 

used in a focused screen, reducing the number of compounds to be tested.  
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Figure 13 Differences between the phenotype and target-based approaches. 

With the phenotype-based approach, the biological assay is developed first in order to start the 

screening of compounds. Then, studies to understand the mode of action start. On the other 

hand, the target-based approach starts with a defined target. Based on the properties of the 

target, an assay is developed, followed by the screening of compounds to identify the hits. 

Taken from Terstappen et al. 2007 

 

Phenotypic-based assays consist in testing libraries of compounds in a 

physiologically relevant platform to find molecules that produce a specific 

phenotype or response. This approach has gained more popularity in recent 

years as it permits to study multiple targets or pathways that are otherwise 

overlooked in the target-based approach (Haasen et al. 2017).  

 

Historically, phenotypic assays were the pioneers of the discovery of new drugs 

when defined substances were tested in complex living systems or isolated 

organs, looking for changes in the phenotype (Terstappen et al. 2007). Two 

possible downsides of the phenotypic-based approach are the lower throughput 

compared to the target-based method and the complex task of target 

deconvolution. 

 

With the advances in biochemistry and molecular biology, the target-based 

approach emerged with the hope of making the discovery process more ‘rational 

and efficient’. This approach involves overexpression and purification of the 

target protein in order to develop an assay able to measure the effect of 

compounds on the target’s activity, followed by testing in a biological model. 

Even though the pharmaceutical sector perceived a decline in productivity after 

the introduction of the target-based approach (Sams-Dodd 2005), it is still widely 

used in drug discovery programmes. One of the main disadvantages of this 
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approach is that it underestimates the complexity of the target’s activity in 

physiological conditions. It also increases the risk of finding compounds with 

poor physicochemical properties that prevent their progression to biological 

testing (e.g. solubility issues, poor cell permeability, biotransformation, etc.).  

 

1.6.1.4   Hit confirmation 

Once the active compounds or ‘hits’ have been identified, it is important to 

confirm that the activity observed in the primary assay is correct. This starts by 

the generation of dose-response curves, preferably with freshly synthesised or 

repurchased samples of the compounds. This enables to compare the potencies 

of the compounds and to confirm that the activity is not due to a degradation 

impurity from the compound stock (Keserű and Makara 2006).  

 

The use of counter-screens to eliminate false positives or compounds with 

undesirable mechanisms is also a common practice at this stage (Thorne, Auld, 

and Inglese 2010). For example, a hit compound can be tested against a 

different member of the target family using the same assay conditions. If the 

compound shows activity in both assays, it is likely to be non-specific or a false 

positive. These molecules are known as pan-assay interference compounds 

(PAINS). PAINS tend to react in a non-specific manner with different biological 

targets, giving false signals in assays (Baell J. B. and Holloway G. A. 2010). This 

class of compounds give false redaouts in different ways, including 

autofluorescence or colour, chelation of metals essential for the assay or 

chemical modification of the protein of interest. 

Some of the best-known PAINS include toxoflavin, a redox cycler that activates 

or inactivates proteins, polyhydroxylated natural products like curcumin, 

epigallocatechin gallate and resveratrol, phenol sulphonamides, 

isothiazolonones, amongst others (Priyadarsini K. I. 2013).  

Awareness of these molecules and precautionary practices could help to prevent 

spending time and resources in the optimisation of compounds that are very 

unlikely to become drugs.  

These practices include the identification of the most common structural classes 

found in PAINS, the use of software tools that can filter PAINS from screening 

libraries, assess the hits using secondary assays and verify the purity and identity 
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of the hits to discard that he activity is a result of breakdown product of the 

compound identified in the screen (Baell J. B. and Walters M. A. 2014).  

 

   

1.6.1.5   The hit to lead process 

The next step after hit identification involves the performance of structure-

activity relationship (SAR) studies on the lead compound(s). A lead compound 

can be defined as ‘a chemical structure or series of structures that show activity 

and selectivity in a pharmacological or biochemical relevant assay’ (Lombardino 

and Lowe III 2004). 

 

The medicinal chemists play an important role at this stage, as systematic 

chemical modifications need to be performed on the lead compound. The aim of 

this is to improve or manipulate the pharmacological properties of the 

compound, such as potency or undesired effects. It also allows for the 

modification of the pharmacokinetic properties, including the distribution and 

elimination profiles, biotransformation and chemical stability under 

physiological conditions. 

 

There are two ways of doing SAR on a lead compound (Guha 2013). The first one 

involves the crystallisation of the target protein and the compound in order to 

identify the binding interactions. However, this might not be always possible if 

the target is a difficult protein to crystallise or if the target is yet to be 

determined. In these situations, a certain number of compounds with structural 

variations are synthesised and the effect that such modification have on the 

biological activity is studied. 

 

 

1.6.1.6   Preclinical stage 

Once a lead compound has been selected as a potential drug candidate, the next 

step is the toxicity testing. This usually starts with in vitro tests using cell 

culture assays and/or in vivo testing, commonly using transgenic mice to assess 

any possible carcinogenic or teratogenic properties (Strovel et al. 2004). The 
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assays consist of the administration of large doses to induce a toxic effect for a 

short period of time. The animals studied are euthanized and their organs 

examined to see any possible alterations. Long-term toxicological test are also 

performed using lower doses of the drug to see if the drug shows any chronic 

toxicity. The toxicity of a given drug can be measured by its LD50 value i.e. the 

dose required to kill 50% of the population. 

 

It is also important to study the biotransformation of the compounds in the 

human body. This includes the study of the drug metabolites formed and see 

what biological activity they might have. This is an important safety issue, as 

some metabolites might be toxic or have undesired side effects. Ideally, drug 

metabolites should be inactive and quickly eliminated from the body (Shu, 

Johnson, and Yang 2008). 

 

1.6.1.7   Clinical stage 

 

The next stage in the drug discovery process consists in the design of clinical 

trials to test the drug in humans. In order to reach this stage, more in-depth 

studies on the pharmacology of the drug are required, to see whether it has off-

target activity or simply to gain more insights on the drug’s mechanism of 

action. In addition, formulation studies need to take place in order to develop a 

dosage form of the drug that is both stable and suitable for the condition to be 

treated. These studies include the characterisation of the drug’s chemical and 

physical properties in order to choose suitable ingredients for the preparation. It 

also involves pharmacokinetic studies in order to ensure a successful delivery of 

the drug.  

 

The formulation studies do not have to be finalised in order to start the clinical 

studies, as simple preparations can be used at early stages. Long-term stability 

studies will still need to be carried out. The clinical trials are divided in phase I, 

II, III and IV. A complete review of each stage is out of the scope of this work but 

the reader is referred to excellent literature material (J. P. Hughes et al. 2011; 

Hefti 2008).  
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1.7 Aims of the project 

The general aim of this project was to develop small-molecule inhibitors of Shiga 

toxin expression in E. coli O157:H7.  

This interdisciplinary project involved the high- throughput screen of chemical 

libraries, synthesis and biological evaluation in vitro and in vivo of new chemical 

entities able to suppress Shiga toxin expression and affect bacterial virulence. 

This novel approach is attractive as, unlike traditional bactericidal antibiotics, 

there is far less selective pressure for the development of resistance. 
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2 Materials and methods 

 

2.1 Chemicals and molecular reagents 

 

Chemicals used in the present work were purchased from Sigma-Aldrich, Fisher 

Scientific and Invitrogen, unless otherwise stated. 

 

2.2 Growth media 

 

All bacterial growth media was prepared using deionised water, and sterilised in 

autoclave. 

Table 3 Growth media 

Media Components per litre 

LB broth Tryptone  

Yeast extract 

NaCl  

10 g 

5 g 

10 g 

LB agar Tryptone 

Yeast extract 

NaCl 

Agar 

10 g 

5 g 

10 g 

15 g 

M9 salts Na2HPO4 7H2O 

KH2PO4 

NaCl 

NH4Cl 

64 g 

15 g 

2.5 g 

5 g 

M9 media M9 salts 

MgSO4 1 M 

Glucose 20% w/v 

CaCl2 1 M 

200 mL 

2 mL 

20 mL 

100 µL 
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2.3 Cell culture 

 

2.3.1   Shiga toxin cytotoxicity assay 

 

Vero cells were grown in Minimum Essential Medium Eagle, HEPES modification 

(Sigma Aldrich) supplemented with 10% heat-inactivated fetal bovine serum 

(Gibco), 1% penicillin-streptomycin (Gibco) and 1% L-glutamine (Gibco) and 

incubated at 37°C in a humidified 5% CO2 incubator. On the previous day before 

the experiment, Vero cells were seeded at 1x104 cells/well in 96-well plates and 

incubated overnight.  

 

In order to evaluate Shiga toxin production, overnight cultures of C. rodentium 

(λstx2dact) were diluted 1/100 in fresh LB medium supplemented with 100 µg/mL 

chloramphenicol and grown until an OD600 of 0.3. Then, the culture was split in 

samples containing 2 mL of culture and the compound was added at different 

concentrations, taking care of maintaining the final DMSO concentration below 

1%. Shiga toxin production was triggered by the addition of 1 µg/mL of MMC to 

the samples containing the compound and to the positive control. Cultures were 

filter sterilised using 0.2 µm syringe filters and serially diluted, starting at 1:5. 

The growth media of the Vero cells plates was replaced by 100 µL of diluted 

lysate, and the cells were incubated for further 48 h at 37°C in a humidified 5% 

CO2 incubator. Cytotoxicity was assessed using the methylthiazolydiphenyl-

tetrazolium bromide (MTT) assay. MTT (Sigma Aldrich) was dissolved in 

phosphate-buffered saline (PBS) to 1 mg/mL and filter sterilised. The growth 

media in the Vero cells plates was substituted with 100 µL of the MTT solution 

and incubated for 4 h. After this time, the liquid was removed from the wells 

and the precipitate - purple formazan - was dissolved by addition of 100 µL 

DMSO. Plates were read at 540 nm to quantify cell viability. 
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2.4  Storage and handling of bacterial strains 

  

Bacterial stocks were prepared by adding 0.5 mL of bacterial culture to 1 mL 

glycerol (40%) and peptone (2%) and stored at -80°C. To obtain a bacterial 

working plate, bacteria from the frozen stock were streaked onto fresh LB plates 

(supplemented with antibiotics if required), grown overnight at the required 

temperature and stored at 4°C for approximately 2-3 weeks.  

 

2.4.1   Bacterial strains 

All bacterial strains used in this work are listed and described in table 4.  

 

Table 4 Bacterial strains used in this study 

Strain Description and genotype Source 

Escherichia coli   

TUV93-0 Stx-negative derivative of O157:H6 

EDL933 

Campellone et al, 2002 

ZAP0273 Stx-negative derivative of O157:H7 

Sakai 

Prof. David Gally, University 

of Edinburgh 

JP10819 MG1665 strain lysogenig for ϕP27, 

stx2::Tet 

Quiles-Puchalt et al, 2014 

K-12 MG1665 Non-lysogenic laboratory strain Blattner et al, 1997 

BL21 (DE3) Protein expression strain New England Biolabs 

   

Staphylococcus aureus 

JP5011 RN4220 strain lysogenic for ϕSLT, 

pvl::tet 

Ferrer et al, 2011 

RN4220 Non lysogenic laboratory strain Nair et al, 2011 

   

Citrobacter rodentium  

Citrobacter 

rodentium λstx2dact 

lux 

lux-positive C. rodentium with stx2 

prophage 

Mallick et al 2012 
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2.5  Plasmids 

 

All plasmids used in this work are listed and described in table 5. 

Table 5 Plasmids used in this study 

Plasmid Vector type Antibiotic resistance Source 

pstx2::GFP Reporter Chloramphenicol Prof. D. Gally 

prpsM::GFP Reporter Chloramphenicol Roe et al, 2003 

pKD46 Helper Ampicillin Datsenko et al, 2000 

pKD4 Template Kanamycin Datsenko et al, 2000 

pKD3 Template Chloamphenicol Datsenko et al, 2000 

pTXB1 Expression Ampicillin New England Biolabs  

pCP20 Helper Ampicillin Datesenko et al, 

2000 

 

2.6  Bacterial growth conditions 

Unless otherwise specified, overnight cultures consisted on a single colony taken 

from an agar plate suspended in 5 mL of LB (supplemented with antibiotics if 

required), and grown overnight in a shaking incubator at 37 °C, 200 rpm. 

Subcultures were obtained by 1/100 dilution of the overnight culture in fresh LB 

and grown to the desired OD600.  

Table 6 Antibiotics used for the growth of GMO with antibiotic resistance markers 

Antibiotic Final concentration (µg/mL) 

Ampicillin 100 

Chloramphenicol 35 

Erythromycin 500 

Kanamycin 50 

Tetracycline 6 
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2.7  Molecular techniques  

2.7.1   Oligonucleotide primers 

Primers used in the present study were designed using MacVector and 

synthesised by Life Technologies. A 100 µM working stock was used in PCR. All 

primers are listed in table 7 

Table 7 Primers used in this study 

Name Sequence 5’ to 3’ 

Lambda red luxS 5’ 

E. coli Sakai 

GAGGTGGCTAAATGCCGTTGTTAGATAGCTTCACAGTCGGTGTAGGCTGG

AGCTGCTTC 

Lambda red luxS 3’ 

E. coli Sakai 

CTGACTAAATGTGCAGTTCCTGCAACTTCTCTTTCGCATATGAATATCCTC

CTTAG 

Lambda red luxS 5’ check GAGGTGGCTAAATGCCGTTGTTAGA 

Lambda red luxS 3’ check CTGACTAAATGTGCAGTTCCTGCAA 

Lambda red sdiA 3’  

E. coli Sakai 

AGGGGCGTTGCGGTTTACTATGCAGGATACGGATTTTTGTGTAGGCTGGA

GCTGCTTC 

Lambda red sdiA 5’ 

E. coli Sakai 

GACAGAAAAGAGATCAAATTAAGCCAGTAGCGGCCGCGTCATATGAATAT

CCTCCTTAG 

Lambda red sdiA 5’ check 

Sakai 

ACTCTCAGGGGCGTTGCGGTTTACT 

Lambda red sdiA 3’ check 

Sakai 

TCTGGCACGCAGGACAGAAAAGAGA 

Lambda red luxS 5’ 

E. coli MG1665 φ27 

GTGGCTAAATGCCGTTGTTAGATAGCTTCACAGTGTAGGCTGGAGCTGCT

TC 

Lambda red luxS 3’ 

E. coli MG1665 φ27 

TGTGAAGATAGTTTACTGACTAGATGTGCAGTTCCTGCAACATATGAATAT

CCTCCTTAG 

Lambda red luxS 5’ check 

Sakai 

AAATGCCGTTGTTAGATA 

Lambda red luxS 3’ check 

Sakai 

TACTGACTAGATGTGCAGTT 

Lambda red sdiA 5’  

E. coli MG1665 φ27 

GTTGCGGTTTACTATGCAGGATAAGGATTTTTTCAGCTGGGTGTAGGCTG

GAGCTGCTTC 

Lambda red sdiA 3’  

E. coli MG1665 φ27 

GACAGAAAAGAGATCAAATTAAGCCAGTAGCGGCCGCGTAACATATGAAT

ATCCTCCTTAG 

Lambda red sdiA 5’ check 

MG1665 

CAGGGGCGTTGCGGTTTACT 

 

Lambda red sdiA 3’ check 

MG1665 

TGGCACGCAGGACAGAAAAGAGA 

 

Cloning RecA 5’ GGAATTCCATATGATGGCTATCGACGAAAACAAACAGAAA 

Cloning RecA 3’ CCGTGATGCAGGAAGAGCCAAAATCTTCGTTAGTTTCTGC 

pTXB1 check 5’ CGACTCACTATAGGGGAATTGTGAGCGGATAACAATT 

pTXB1 check 3’ CTCGGGTAGGGCAACTAGTGCATCTCCCGT 


