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Screening for anti-virulence compounds against 
Escherichia coli and investigation of triclosan resistance 

development in Staphylococcus aureus 
 

 

Anna Engström 
 

 

Sammanfattning 
 

Nosokomiala infektioner sprids bland sjukhusvårdade patienter och orsakas av olika typer 

av mikroorganismer, däribland bakterier. Den ökade antibiotikaanvändningen har lett till 

ett ökat antal resistenta bakterier, vilket numera är ett stort problem. Det finns tre sätt att 

lösa denna problematik. Dels kan antibiotikaanvändningen minskas med ett minskat antal 

resistenta bakterier som följd, dels kan nya typer av antibiotika utvecklas och slutligen 

kan strategier som inte involverar antibiotika utvecklas. Detta examensarbete undersöker 

de två sistnämda möjligheterna. 

 

Anti-virulens är ett nytt koncept där virulensblockerande substanser oskadliggör patogena 

bakterier så att de kan elimieras från kroppen på ett naturligt sätt. Denna nya klass av 

potentiella läkemedel påverkar inte normalfloran hos människan och kommer sannolikt 

inte att bidra till resistensutveckling hos bakterier.  

 

Vid antibiotikautveckling är enzymet FabI en potentiell målmolekyl. FabI är involverad i 

biosyntesen av fettsyror hos bakterier. Biociden triklosan, som finns bland annat i vissa 

tandkrämer, verkar också på FabI. I detta examensarbete undersöktes resistens-

utvecklingen av triklosan hos Staphylococcus aureus. Syftet var att skapa en 

triklosanresistent S. aureus stam för att kunna undersöka korsresistensen med andra FabI 

inhibitorer. Även den bakomliggande resistansmekanismen hos en S. aureus stam 

resistent mot en effektiv FabI inhibitor, MUT021142-00-B, undersöktes. 

 

De virulensblockerande egenskaperna hos 14 727 syntetiska molekyler undersöktes i en 

high-throughput screening på Escherichia coli. Inga virulensblockerande molekyler 

hittades. Försöken med att skapa en triklosanresistent S. aureus stam lyckades inte och 

detta berodde antagligen på grund av de biocidiska egenskaperna hos triklosan. En 

punktmutation, som ej var tidigare känd, hittades i genen fabI hos den MUT021142-00-B 

resistenta S. aureus stammen. 
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ACP  Acyl carrier protein 

BL2  Biosafety level 2 

CFU  Colony forming unit 

σ  Standard deviation 

∆  Deletion mutant 

DMSO Dimethyl sulfoxide  

ENR  Enoyl-acyl carrier protein reductase 

ExPEC Extraintestinal pathogenic Escherichia coli 
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1. Introduction 
 

 

1.1 Nosocomial infections 
 

A nosocomial infection is secondary to the patient’s original condition and is acquired in a 

hospital or hospital-like setting. Only infections that appear 48 hours or more after hospital 

admission are considered to be nosocomial (1). These infections occur worldwide, both in 

industrialized and developing countries. A survey realized by the WHO in 14 countries 

representing the regions Europe, Eastern Mediterranean, South-East Asia and Western 

Pacific, show that on average 8.7% of hospital patients acquired a nosocomial infection (2). 

10% of the hospitalized patients in the United States are infected during a hospital stay every 

year, resulting in 2 million infections and 90 000 deaths (3). Furthermore, the economical 

aspects of the hospital-acquired infections are of a substantial matter. 

 

Nosocomial infections are caused by different types of microorganisms such as bacteria, 

virus, fungi and parasites. They are classified as endogenous, i.e. the infection is caused by 

the patients own bacterial flora, or exogenous, the microorganism is acquired from the 

environment or another person. The sites of infection are usually the urinary tract, surgical 

wounds, the respiratory tract, blood (bacteraemia), the skin (especially burns), the 

gastrointestinal tract, and the central nervous system.  

 

There are several reasons why hospital-acquired infections are so common. A hospital is an 

assembly of a large number of people, normally with a poor state of health. Advanced age, 

premature birth and immunodeficiency caused by e.g. immunosuppressive drugs and 

chemotherapy, all contribute to an elevated risk of infection. Furthermore, patients are more 

and more frequently treated outside of the hospitals, thus increasing the average severity of 

patients’ illness within the hospitals. Chronic disease, an increased variety of medical 

procedures and invasive techniques such as catheterization, endoscopic examination and 

surgical drains that bypass the body’s natural defence, are also factors that make patients 

more susceptible to infections by opportunistic pathogens. Moreover, the infections can be 

spread via medical staff from patient to patient. 

 

Humanity has greatly been helped by the discoveries of antibiotics during the 20
th

 century 

starting with the synthesis of arsphenamine (an effective treatment of the then widespread 

syphilis) by Paul Ehrlich in 1908 (4). This was once a very promising group of drugs as a 

treatment of bacterial infections, however now, the consequences of the large utilization of 

antibiotics are starting to be quite alarming. Widespread use of antibiotics for therapy and 

prophylaxis as well as in agriculture has fuelled an increasing number of resistant bacteria. 

The problems with antibiotics have come to be a concern for many governments and health 

agencies around the world. The increasing bacterial resistance is an even more critical 

concern in developing countries where second-line antibiotics possibly cannot be afforded (2). 

 

The widespread use of antibiotics creates a selective pressure for resistant genetic elements; 

bacteria with resistance genes are able to survive in an antibiotic environment and thus confer 

an enormous advantage. Many antibiotic classes are natural products of bacteria so therefore 

many of the resistance genes occur naturally. The selection pressure promotes the process of 

genetic mutation and genetic exchange within the same species as well as with other species 

of bacteria (5). 
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In regard of future perspectives, what possibilities are there for solving the problem with 

ineffective antibiotics due to the emerging number resistant bacteria? There are three 

approaches that could be applied. First, the consumption of antibiotics could be reduced, with 

a reduced selection pressure as a consequence. A second approach is to develop a new 

generation of antibiotics, and a third is to apply new strategies that do not involve antibiotics. 

At the time being, many new approaches, with the help of combinatorial chemistry, microbial 

genome sequencing and better screening methods, are being undertaken in order to discover 

new agents that can treat nosocomial infections.  

 

I have chosen to do my degree project at Mutabilis (Romainville, France), a 

biopharmaceutical company which is specialized in novel antibacterial drug discovery. The 

company has developed a concept called anti-virulence, which is used to discover new drugs 

that selectively aim at pathogenic bacteria. This new scientific approach addresses major 

unmet medical needs of the 21
st
 century: new antibacterial drugs active against resistant 

strains and new therapies for nosocomial infections. There are two important advantages for 

using novel anti-virulence drugs, first they are less likely to contribute to the selection of 

resistant bacteria, and second, they do not disrupt the normal balance of the commensal flora 

in the body (e.g. on the skin, in the intestine and vagina), which are two problematic side 

effects of classical antibiotics.  

 

 

1.2 Mutabilis anti-virulence strategy 
 

The main goal of the company Mutabilis is to develop new anti-virulence drugs, which in 

comparison to classical antibiotics, have a different mechanism of action (see FIG. 1). 

Mutabilis has chosen to focus on one type of nosocomial infections, namely systemic 

infections. The anti-virulence drugs are therefore specifically aimed at pathogenic bacteria as 

soon as they spread via the blood system and extracellular fluids. The objective is to target 

pathogenic bacteria by inhibiting an essential step (an enzyme) in the synthesis of a virulence 

factor. The goal is to render pathogenic bacteria more sensitive to the innate immune system, 

without preventing the proliferation of endogenous bacteria. The enzymes that are chosen as 

therapeutic targets must be conserved between different pathogenic species in order to cover 

the largest spectrum possible. These new drugs are particularly designed for patients who are 

at high risk of acquiring systemic infections: new-borns, aged people, and immunosuppressed 

patients following chemotherapy, drug treatment and transplantation or disease such as an 

HIV infection. 

 

Classical antibiotics are designed to systematically eliminate all bacteria present in the 

organism without discriminating against the endogenous flora. Since anti-virulence 

compounds are not directed against essential molecules necessary for the survival of bacteria 

in the ecological niche, these drugs only target pathogenic bacteria. They are also less likely 

to contribute to the selection of resistant bacteria as they are not natural products of bacteria. 
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FIG. 1. The antibacterial concept called anti-virulence is used to discover new drugs that 

selectively aim at pathogenic bacteria before they spread into the bloodstream or extra 

cellular fluids, without preventing the proliferation of the normal flora (Mutabilis SA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1 Serum Resistance 
 

Just within a few hours of birth, the gram-negative bacteria Escherichia coli colonize the 

human gastrointestinal tract and normally the two organisms coexist in good health for 

decades. The normal flora in humans rarely causes disease except for in immunocompromised 

individuals. However, some E. coli strains can acquire specific virulence genes, which give 

them the ability to colonize other niches and there cause disease (extraintestinal pathogenic E. 

coli, ExPEC). In general, there are four clinical conditions that can result from infection by 

pathogenic E. coli: intestinal infections, urinary tract infections, meningitis (infection of the 

membranes that cover the brain and spine) and sepsis (a systemic response to infection; rapid 

changes of body temperature, blood pressure, and dysfunction of organs). Urinary tract 

infections are the most frequent extraintestinal infections but meningitis and sepsis are two 

critical syndromes that are starting to become more and more common (6).  

 

A cause of dissemination of gram-negative bacteria into the blood stream is their ability to 

develop resistance to the complement system, a part of the innate immune system which is the 

first line of defence against a microbial infection. The complement system is a biochemical 

cascade present in the blood serum and consists of a series of proteins that interact with 

foreign antigens. Activation leads to the formation of a transmembrane pore in the target cell 

which finally causes lysis of the bacterium (7). The resistance, which allows the bacteria to 

evade
 
the host defence system and promote infection, derives from the ability to hinder 

complement proteins access to critical bacterial target sites, i.e. surface components such as 

the lipopolysaccharide (LPS) (8).  
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FIG. 2. The gram-negative cell membrane with the inner and outer membrane. The LPS 

consists of lipid A, the outer and inner core oligosaccharide and the O antigen repeat, 

the latter which is highly variable between different species. (Illustration used with 

permission from 9) 

 

 

 

 

 

 

 

The LPS is a major constituent of the outer membrane of gram-negative bacteria. It is a large 

molecule consisting of a lipid (lipid A) and a polysaccharide. The polysaccharide in turn is 

divided into two parts, the core oligosaccharide and the O side chain (O-antigen), the latter 

which is highly variable between different strains. The O-antigen permits the determination of 

the serogroup of the bacteria. All components of the LPS are necessary for the virulence of 

gram-negative bacteria, but only lipid A and the Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) 

domains are necessary for the growth, see FIG. 2 (9). The LPS serves as a barrier
 
and shields 

the bacteria from detergents, free fatty acids, hydrophobic
 
antibiotics, the complement and 

phagocytosis (10). The ability of bacteria to cause infections is correlated to their resistance to 

the complement system in the blood serum. E. coli strains lacking the O-antigen are more 

sensitive to the action of the complement cascade. A study has shown that the presence of a 

long LPS chain avoids the attachment of complement proteins on the bacterial surface, 

resulting in an increase survival in serum (10). 

 

1.2.2 Anti-virulence drug discovery 
 

The process of developing an anti-virulence drug consists of several steps. The following is a 

summary of the classical drug discovery process adopted by Mutabilis, see FIG. 3. First a bank 

of mutants is made, which is achieved by random mutation of chosen bacterial strains. Then 

thousands of mutants are screened in vitro in order to select those that fulfil the criterion, i.e. 

sensitivity to the innate immune system. Scientific data bases (NCBI, Swiss-Prot) are used to 

localize the different mutations and determine what genes are involved in the virulence. 
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Molecular biology, genomics, proteomics 

Target identification and validation 

Assay development 

In vivo testing 

Selected compounds 

Confirmation  
of hits 

Drug discovery process 

HTS: Biochemistry 
and biology   

Chemical development 
by SAR 

Optimisation of compounds 

FIG. 3. Anti-virulence drug discovery process. 

After various molecular biology techniques, 

genomics and proteomics, the therapeutic target is 

identified. Biochemical and biological high-

throughput screening assays are performed on 

tens of thousands of compounds. After 

confirmation of the hits the selected compounds 

are further developed by SAR. An optimisation of 

the compounds is performed as well as further 

biological and biochemical testing. Only a few 

candidates will pass to the final step which is 

animal experimentation. 

When virulence genes have been identified, it is possible to select those that are conserved 

between different pathogenic bacterial strains. This is done to cover a large spectrum of 

bacterial species. Biochemical tests are carried out to characterize the biological properties of 

the selected targets. Once an appropriate target has been identified, screening assays are 

performed on the compounds present in the Mutabilis library. In the biochemistry department 

the molecules are screened in vitro on the target, i.e. the enzyme. The same compounds are 

also screened in vitro in the biology department on pathogenic bacterial strains. This degree 

project is involved in the biological screening.  

 

Hits (active compounds) are confirmed and further developed according to the structure-

activity relationship (SAR) principle (correlations between structure and observed activities). 

The chemical properties of the compounds are studied in order to synthesize analogues with 

improved activity and efficiency. Lead compounds are further optimised by passing through a 

series of biological and biochemical studies, e.g. cytotoxicity, pharmacodynamics and 

pharmacokinetics studies. Finally, the compounds that have been selected in the biochemical 

and biological departments are tested in vivo on an animal model with a systemic infection. 
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1.3 Mutabilis antibiotics development 
 

Another objective of Mutabilis is to develop classical antibacterial compounds directed 

against the methicillin-resistant Staphylococcus aureus (MRSA) and the extraintestinal 

pathogenic E. coli (ExPEC), which are major
 
causes of nosocomial infections. According to a 

survey in Sweden performed by the Swedish Institute for Infectious Disease Control, the 

prevalence of MRSA in Sweden is 1% of all invasive isolates, a number that is rather low 

compared to other countries in Europe, where it can be as high as 50% (11). On the other 

extreme there are countries like Japan and Korea where MRSA is found in up to 70% of the 

clinical isolates (5). The increasing multidrug resistance of clinically important pathogens 

calls for the development of novel antibiotics with unexploited cellular targets. 

 

1.3.1 Targeting FabI 
 

Triclosan (5-chloro-2-(2,4-dichloro-phenoxy)-phenol) (FIG. 4) is a broad-spectrum biocide 

effective against bacteria, fungi, parasites and virus and has been used for over 30 years. 

Because of its broad antimicrobial spectrum, it is widely used in an extensive range of 

customer products such as toothpaste, deodorants, mouthwashes, lotions and soaps. Triclosan 

has even been incorporated into children’s toys, cutting boards and other kitchen ware. It is 

also used in hospitals to control the carriage of MRSA.  

 

 

 

 

 

 

 

 
                 FIG. 4. Chemical structure of triclosan. 

 

 

 

It was previously thought that triclosan, being a small hydrophobic molecule, was absorbed 

via diffusion into the bacterial cell wall and killed the bacteria by disrupting the cell wall in a 

non-specific manner (12). At large concentrations, triclosan is indeed bactericidal with 

multiple cytoplasmic and membrane targets. However, in 1998 it was shown that triclosan, at 

lower concentrations, is bacteriostatic and acts on a specific bacterial target. The first 

evidence came when an E. coli strain resistant to triclosan was isolated and the underlying 

resistance mechanism was linked to a specific gene (13). Triclosan inhibits one of the 

enzymes involved in the bacterial fatty acid biosynthesis, namely the NADH-dependent 

enoyl-acyl carrier protein reductase (ENR), named FabI in E. coli, which is the product of the 

fabI gene (14). Fatty acid synthesis is essential in bacteria as lipids are incorporated in a 

variety of different components, such as the bacterial cell wall. Bacteria, plants and parasites 

utilize the fatty acid synthase system type II (FASII) which consists of a collection of 

monofunctional enzymes that act together with acyl carrier protein (ACP)-associated 

substrates. FabI catalyzes the last step of the fatty acid chain elongation process in FASII (FIG. 

5). Triclosan also inhibits the FabI protein in other species such as S. aureus, Bacillus subtilis, 

the malaria parasite Plasmodium falciparum and InhA, the ENR from Mycobacterium 

tuberculosis (15). 
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FIG. 5. Fatty acid synthase system type II elongation cycle in E. coli. FabG reduces acetoacetyl ACP to β-

hydoxyacyl-ACP. The intermediate is dedydrated to enoyl-ACP by either FabA or FabZ. In E. coli, the 

enoyl-ACP is reduced by FabI to acyl-ACP. Rounds of elongation are initiated by FabB or FabF which 

condense the growing acyl-ACP with malonyl-ACP. The condensation extends the fatty acid chain with 

two carbons (Illustration used with permission from the Annual Review of Biochemistry, Volume 74 

© 2005 by Annual Reviews, www.annualreviews.org, 16). 

 

 

 

 

 

 

 

Most eukaryotes use the fatty acid synthase system type I (FASI), which is mediated by a 

single multifunctional enzyme-ACP complex. The structural differences of enzymatic 

compounds between the mammalian and bacterial FAS systems create an opportunity for the 

development of specific FASII inhibitors. Since the discovery of FabI, several studies have 

given information about the exact mechanism of action of triclosan against FabI (13). The 

results have shown that FabI is a suitable therapeutic target as FabI inhibitors would act 

specifically on only the organisms that use the FabI enzyme in the synthesis of fatty acids. 

Thus triclosan could be a starting point when designing novel antibacterial compounds. 

 

Mutabilis objective is to create a novel antibiotic drug against bacterial infections caused by 

pathogenic S. aureus and E. coli. This is done by rational drug design using the structural 

information of the triclosan binding site in FabI. The minimum inhibitory concentration 

(MIC), i.e. the lowest concentration that prevents visible growth, of the FabI inhibitors are 

tested in standardized conditions according to the Clinical and Laboratory Standards Institute 

(CLSI, formerly NCCLS). When developing a new antibiotic drug, drug candidates will pass 

through a series of tests for selection. To ensure that the candidates specifically target FabI 

only, the compounds are first tested on the strains S. aureus, E. coli, Streptococcus 

pneumoniae and Enterococcus faecalis. FabI is the only enoyl-ACP reductase in S. aureus 

and E. coli. An alternative enoyl-ACP reductase, FabK, is present in several important clinical 

pathogens. FabK is the sole enoyl-ACP reductase in S. pneumoniae and both FabI and FabK 
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have been found in E. faecalis (17). Once FabI is inhibited, in the case where the both 

enzymes are present, FabK takes over and performs the second reduction step in the 

elongation cycle. Activity on S. aureus and E. coli only thus demonstrates that the compound 

is acting on the target FabI. After testing cytotoxicity and MIC of several S. aureus strains, 

the compound is tested in vivo, on model animals with systemic and local infections. Next, 

various studies are carried out on lead compounds, for example time-kill kinetics, membrane 

permeability and resistance development tests. 

 

 

1.4 Project description 
 

This degree project was divided into two parts. One part was involved in the development of 

anti-virulence drugs against nosocomial infections caused by ExPEC. The other part was 

involved in the development of a new antibiotic drug against hospital-acquired infections 

caused by MRSA and ExPEC. 

 

The project was carried out according to the principles of Good Laboratory Practice (GLP) in 

a biosafety level 2 (BL2) laboratory with a special high pressure air-handling system. The 

BL2 laboratory also has filters which retain air particles such as fungi, virus, yeast, bacteria, 

pollen, airborne droplets, dust and pollution. Furthermore, all microbiological experiments 

were performed under a Microbiological Safety Cabinet (MSC) class II.  

 

1.4.1 Anti-virulence drug identification by HTS 
 

The aim of this part of the project was to find anti-virulence compounds that render a 

pathogenic E. coli strain sensitive to the complement system. This was done by performing a 

high-throughput screening (HTS) of 14 727 synthetic compounds present in the Mutabilis 

library. E. coli, which is responsible for systemic infections, is normally resistant to the 

complement cascade present in the serum. The resistance derives from specific virulence 

factors that inhibit the access of the complement components to bacterial target sites. Once 

sensitive to the serum, i.e. once the virulent factors are inhibited, the complement system can 

take over and eliminate the bacteria. Contrary to classical antibiotics, anti-virulence drugs do 

not kill the bacteria but render them more sensitive to the immune system so that the pathogen 

can be cleared from the organism in a natural way.  

 

Our technique called the Serum Resistance Assay consists of several steps. First, an HTS is 

performed on the compounds at one specific concentration (100 µM) in the presence of 

complemented serum (serum containing the active complement system). Active compounds 

are later confirmed another two times with complemented serum and three times in 

decomplemented serum (serum containing an inactive complement system). The goal of the 

Serum Resistance Assay is to find molecules that are active only in the presence of the 

functioning complement system. If the compound is active both in the presence of 

complemented and decomplemented serum, it is considered to be a classical antibiotic drug. 

In summary, the anti-virulence drug discovery concept aims at finding compounds that inhibit 

the growth of pathogenic bacteria in presence of complemented serum but do not inhibit the 

growth in decomplemented serum. 
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1.4.2 Antibiotic drug development: generation of resistant bacteria 
 

The second part of the project was involved in the development of a new generation of 

antibiotics that targets the enzyme FabI. Triclosan is a very widely used antimicrobial agent in 

many types of customer products and triclosan resistant strains have indeed been reported 

(18). Since FabI inhibitors have the same binding site as triclosan it is interesting to 

investigate whether antibiotic candidates are effective against a triclosan resistant strain or 

not. For this reason, the aim of the second part of the project was to generate a strain resistant 

to triclosan by selecting spontaneous mutants on a solid medium containing triclosan to be 

able to study cross-resistance. 

 

The resistance development (complementary resistance study) of a FabI inhibitor, 

MUT021142-00-B, created at Mutabilis, had previously been studied at the company. This 

was done by selecting mutants in serial passages on solid medium containing MUT021142-

00-B. The aim of this part of the project was also to investigate the underlying resistance 

mechanism of the clones generated in this project and the already existing clones resistant to 

MUT021142-00-B. MUT021142-00-B is not a biocide like triclosan. Since it is active on S. 

aureus and E. coli but not on S. pneumoniae and E. faecalis, it inhibits FabI only. The 

compound has also proven to be active in vivo. The use of antibiotic agents is not the most 

favourable option for reasons mentioned previously, however, the work of developing an anti-

virulence drug is very difficult. A new antibiotic drug is a temporary solution at a moment 

when nothing else is available. 
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2. Material and methods 
 
Each technique used in this project is presented in different sections. The first part of the 

project (anti-virulence): the Serum Resistance Assay (HTS). The second part of the project 

(antibiotics): generation of clones resistant to triclosan, identification of the underlying 

resistance mechanism of the triclosan and MUT021142-00-B resistant clones. A susceptibility 

(MIC) test was done in both parts of the project. 

 

2.1 HTS: Serum Resistance Assay 
 

The aim of the project was to screen 14 727 chemical compounds from the Mutabilis library 

in an HTS for anti-virulence properties. The molecules were tested on the gram-negative 

strain E. coli S26 WT in the presence of complement. The test was performed in 96-well 

microplates with a final volume of 100 µl.  

 

2.1.1 Compounds 
 

All of the compounds had been synthetically produced (non-natural origin) and have a 

molecular weight (MW) of approximately 300 g/mol. Compounds are given an identification 

number according to the following structure: MUT011111-00-A. MUT011111 is the number 

given to the compound, the following two numbers indicates if the compound is a base (00) or 

salt (01) and the final letter indicates the batch number. 80 compounds were distributed in a 

96-well microplate which gave a total number of 185 microplates to test. The solubility in 

water was not known, so therefore all the compounds were dissolved in the organic solvent 

dimethyl sulfoxide (DMSO) 100% (Riedel de Haën, Seelze, Germany) to 10 mM. After 

agitation, the microplates were placed in an ultrasound bath during 1 minute to improve the 

dissolution. Dissolved compounds were stored at -20°C. The compounds were tested at a 

concentration of 100 µM. 

 

Ticarcillin (Sigma-Aldrich, Saint Louis, USA) was used to control the sensitivity of E. coli 

S26 WT to an antibiotic. Ticarcillin is a member of the beta-lactam antibiotic family and has a 

large antibacterial spectrum and is effective against both gram-negative and gram-positive 

bacteria. Two different ticarcillin concentrations were tested: 0.5 and 4 µg/ml. The MIC of 

ticarcillin for E. coli S26 WT, in the conditions of this test (i.e. in the presence of serum), is 4 

µg/ml. The MIC value had previously been tested so it was not done in this project. 

 

2.1.2 Bacterial species 
 
The specific strain used in the Serum Resistance Assay was E. coli S26 WT (serotype 

O18:K1:H7) which causes extraintestinal infections. This strain, which is a clinical isolate 

from a neonatal meningitis case, is resistant to the complement system because of the O-

antigen located on the outer membrane. The deletion mutant E. coli S26 ∆MTB04 was also 

used in the HTS. The enzyme MTB04 is involved in the biosynthesis of the LPS. As a 

consequence, E. coli S26 ∆MTB04 has incomplete LPS molecules which make it sensitive to 

the complement system. The mutant strain was used to verify that the complement system 

was still active. An inoculum 1x10
5
 CFU/ml was used in the assay. 
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2.1.3 Serum 
 

Foetal veal serum (Gibco Invitrogen) was used in the Serum Resistance Assay. The serum, 

which contains the complement system (temperature sensitive proteins), was stored at -80°C. 

The quantity necessary for the Serum Resistance Assay (5.8 ml per microplate) was carefully 

defrosted at 4°C prior to utilization. Serum containing the complemented system, used in the 

HTS and confirmation, is denoted complemented serum. Serum containing the inactivated 

complement system which was used for the confirmation is denoted decomplemented serum. 

Decomplemented serum was obtained by heating at 56°C for 30 minutes. This process 

denaturates the complement proteins (19). E. coli S26 WT grows in the presence of serum but 

the mutant E. coli S26 ∆MTB04 does not grow at a serum concentration of 60%, was used in 

this assay. The mutant strain was used as verification that the serum was not 

decomplemented.  

 

2.1.4 Culture conditions 
 

Tryptic soy (TS) broth (Bacto, Becton, Dickinson & Company, Sparks, MD, USA) was used 

as liquid medium. It is a poor medium which only contains tryptone (protein), soy peptones 

(enzymatic digest of protein) and sodium chloride. As it is poor, the interactions with the 

compounds are minimized as much as possible. 

 

2.1.5 HTS setup 
 

Before starting the HTS, various conditions of the Serum Resistance Assay were set up. For 

determination of the time required for the pre-culture, growth curves of the two strains E. coli 

S26 WT and E. coli S26 ∆MTB04 were carried out by hand. Colony isolation was done on 

solid tryptic soy agar (TSA) after which 10 colony forming units (CFU) of E. coli S26 WT 

and 30 CFU of E. coli S26 ∆MTB04 were cultured in 10 ml TS for 7 hours at 37°C with 

shaking. The optical density (OD) was measured every hour at 600 nm with a Thermo 

Multiskan EX microplate photometer (Thermo, Multiskan). The OD estimates the bacterial 

concentration where OD = 1 corresponds to ~10
9
 CFU/ml. 

 

Next, the microplate conditions were determined. The inoculum required for an appropriate 

OD measured at 600 nm after 5-6 hours was determined by investigation of the growth curves 

in microplates. The two strains were cultured in a total volume of 100 µl with 5 different 

inocula, 1x10
4
, 1x10

5
, 1x10

6
, 1x10

7
 and 1x10

8
 CFU/ml during 6 hours at 37°C in an 

atmosphere of 5% CO2.  

 

Finally, the optimal concentration of serum was determined by culturing the two strains in 

different concentrations of serum. The goal was to select the concentration where E. coli S26 

WT grew normally and which gave a readable OD value measured at 600 nm after 5-6 hours 

and where E. coli S26 ∆MTB04 did not grow. The time 5-6 hours was chosen instead of 18-

22 hours so that the experiment could be performed in one day. This way, the HTS could be 

performed on all weekdays and thus more quickly. The serum concentrations tested were 20, 

30, 40, 50 and 60%.  

 

2.1.6 Summary of protocol 
 

All the experimental controls, apart from the negative and the positive controls, were done in 

a separate microplate, see FIG. 6. 1 µl of the compounds at 10 mM was spotted in 96-well 
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microplates. The two strains were pre-cultured in TS at 37°C with shaking during 1 hour and 

30 minutes (until exponential phase) after which the inoculum was adjusted to 2.6x10
5
 

CFU/ml. 39 µl of E. coli S26 WT (2.6x10
5
 CFU/ml) and 60 µl foetal veal serum (100%) was 

added to the microplate. This gave final concentrations of the bacterial suspension at 1x10
5
 

CFU/ml, 60% serum and 100 µM of the compound. The microplates were incubated for 5 

hours and 30 minutes at 37°C in an atmosphere of 5% CO2. See Appendix I for the detailed 

protocol. 

 

2.1.7 Handling and interpretation of results 
 

The results were handled according to the same method in the HTS and for the confirmations 

with complemented and decomplemented serum. The OD value was measured at 600 nm with 

a Thermo Multiskan EX microplate photometer (Thermo, Multiskan). First, the exact 

inoculum was verified, which was obtained by colony isolation on solid medium (TSA) 

according to the detailed protocol in Appendix I. 

 

Next, the controls were validated, see FIG. 6 and 7. The negative control (uninoculated wells: 

TS, DMSO 1%) verified sterility. The control “E. coli S26 WT without DMSO” verified that 

the DMSO did not have a toxic effect on the bacteria. The control “E. coli S26 WT without 

serum” showed the effect of serum on the bacterial growth. As the serum contains nutrients, 

the growth is decreased without serum. The positive control “E. coli S26 WT, serum and 

DMSO (1%)” verified normal growth as well as corresponding to 0% inhibition. The control 

“E. coli S26 WT with ticarcillin”, concentrations 0.5 and 4 µg/ml, allowed verification of 

sensitivity to an antibiotic. For the last two controls the strain E. coli S26 ∆MTB04 was used. 

E. coli S26 ∆MTB04 does not grow in presence of 60% complemented serum, but grows in 

decomplemented serum and without serum. This control verified that the complement system 

was still active in the case where complemented serum was used (HTS, confirmation) and that 

it was not active in decomplemented serum (confirmation).  

 

 

 

 

 
 

 

 

 

 

 

FIG. 6. Control plate. 

 

 

 
 

 

 

 

 

 

FIG. 7. Test plate. 
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Finally, the bacterial growth inhibition by compounds was examined. The mean of the 

negative control was subtracted from the mean of the positive control and from all the test 

values (OD value of wells with compounds). This was done to be able to disregard the 

contribution of TS, which is lightly coloured, or the DMSO, to the OD value. The percentage 

inhibition was calculated according to formula 1, where T is the test value and µp is the mean 

of the positive control. 

 









−⋅=

Pµ

T
inhibition 1100%   (1)  

 

 

2.1.8 Quality factor of the HTS: the Z-factor 
 

As an extra control, the Z-factor was calculated (20). This factor provides an evaluation of the 

quality of HTS and is calculated from the Sum of Standard Deviations (SSD) divided by the 

range of the assay (R). SDD and R are calculated from the standard deviation (σ) and mean 

value (µ) of both the positive (p) and the negative (n) controls (µp, σp, µn, σn) according to 

formulas 2-4. 

 

 

 







⋅−=

R

SSD
factorZ 31    (2) 

  

 SDD = σp + σn     (3) 

 

 nR µµ −= p      (4) 

 

 

The significant range of the Z-factor is between 0 and 1. A negative Z-factor means that the 

positive and the negative controls overlap, i.e. the HTS assay is insignificant. A value 

between 0 and 0.5 indicates that the screening is of poor quality. A value between 0.5 and 1 

shows that the assay is of good quality, i.e. a significant screening window exists. It is 

important to be able to determine the reproducibility and stability of an assay. By comparing 

the divergence of signals from identical samples within one plate, between plates and from 

day to day the quality of the assay can be evaluated.  

 

2.1.9 Anti-virulence criteria 
 

A compound must, in order to be considered as anti-virulence, show an inhibition of the 

bacterial growth greater than or equal to 50% in presence of complemented serum, and less 

than or equal to 50% in presence of decomplemented serum. If the inhibition is greater than or 

equal to 50% in complemented and decomplemented serum the compound is considered to be 

a classical antibiotic drug. Compounds that showed a growth inhibition greater than or equal 

to 40% in the primary screening were selected and confirmed independently another two 

times with complemented serum and three times with decomplemented serum. Compounds 

suspected to have antibiotic properties were further investigated by determining the MIC of 

several gram-negative and gram-positive bacterial strains.  
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2.2 Generation of bacteria resistant to triclosan 
 

Bacteria resistant to the antibacterial agent triclosan were generated by selecting spontaneous 

mutants on TSA plates containing triclosan. See Appendix II for detailed protocol. 

 

2.2.1 Bacterial strain 
 

The pathogenic gram-positive strain S. aureus CRBIP 54.146 was used in the experiment. 

1x10
6
-1x10

8
 CFU/ml were applied to the agar plates.  

 
2.2.2 Culture media and compounds 
 
The solid medium TSA (Fluka, Steinheim, Switzerland) was used for generation of resistant 

bacteria. Liquid TS medium (Bacto, Becton, Dickinson & Company, Sparks, MD, USA) was 

used for the pre-culture and for the determination of the MIC. Triclosan synthesized at 

Mutabilis (Romainville, France) was used both for generating resistant bacteria and 

determining the liquid MIC of obtained clones. 

 

2.2.3 Summary of protocol 
 

Triclosan was diluted in two-fold dilution steps between 0.063-64 µg/ml (in 2% DMSO). 

Each dilution was gently mixed with warm TSA (~50°C) and poured into petri plates. TSA 

only and TSA containing 2% DMSO were used as control plates to ensure bacterial growth. 

Bacteria (first passage: S. aureus CRBIP 54.146, second and third passage: obtained clones) 

were pre-cultured until exponential phase whereafter the suspension was diluted so that 10
6
-

10
8
 CFU/ml were applied to the agar plates. The plates were incubated at 37°C in an 

atmosphere of 5% CO2 up to three weeks. A single colony was picked and cultured overnight 

in 5 ml TS for the next passage. The clones were stored at -80°C in 20% glycerol.  

 

 

2.3 Susceptibility test: MIC determination 
 
The minimum inhibitory concentration is defined as the lowest concentration of an 

antimicrobial agent that will inhibit the visible growth after an overnight incubation. The 

method of determining the susceptibility of an organism to a specific drug can be done on a 

solid or in a liquid medium. In this project, the MIC was determined by a broth microdilution 

and was performed according to standardized conditions set out by the Clinical and 

Laboratory Standards Institute (CLSI, formerly NCCLS). 

 

2.3.1 Compounds 
 

The antimicrobial properties of the compounds selected in the Serum Resistance Assay were 

investigated by determining their MIC values. The antibacterial agent triclosan (Mutabilis, 

Romainville, France) was used as a control compound. The compounds were tested in four-

step dilutions between 0.063-64 µg/ml. The MIC of triclosan (Mutabilis, Romainville, 

France) for the resistant clones generated in section 2.2 was also determined. Triclosan was 

here tested in two-step dilutions between 0.008-0.5 µg/ml. 

 
 
 



   

 

   18 

2.3.2 Bacterial strains  
 

For determination of MIC of the compounds selected from the HTS three gram-positive and 

three gram-negative pathogenic bacterial strains were used. Gram-positive strains: S. aureus 

CRBIP 54.146, Streptococcus pneumoniae D39 and Streptococcus agalactiae NEM316. 

Gram-negative strains: E. coli S26 WT, Klebsiella pneumoniae CRBIP 52.145 and Yersinia 

pseudotuberculosis IP 32.953. All six strains are clinical isolates. The MIC was also 

determined for the clones obtained in section 2.2 where S. aureus CRBIP 54.146 was used as 

a control. 

 
2.3.3 Summary of protocol 
 

The MIC test was performed in 96-well microplates with a final volume of 100 µl. The 

compounds were diluted in DMSO 100% (Riedel de Haën, Seelze, Germany) starting with the 

concentration 64 µg/ml. The strains were pre-cultured in TS broth (Bacto, Becton, Dickinson 

& Company, Sparks, MD, USA) during 1 hour and 30 minutes to 3 hours and 30 minutes 

depending on the strains. The bacterial suspensions were adjusted to 1x10
5 

CFU/ml in the 

exponential phase. 98 µl of this bacterial suspension was added to 2 µl of the compound (in 

DMSO 2%). This gave a final inoculum of approximately 1x10
4 

CFU/ml. After agitation, the 

microplates were incubated for 18-20 hours at 37°C in an atmosphere of 5% CO2. See 

Appendix III for the detailed protocol. 

 

2.3.4 Handling and interpretation of the results 
 

After incubation the controls were verified. The negative control (TS, DMSO 2%) verified 

sterility and the positive control (bacterial suspension, DMSO 2%) indicated normal growth. 

In each experiment a control MIC was used and verified. When determining the MIC of the 

compounds selected in the Serum Resistance Assay, the MIC of triclosan was used as a 

control for all strains. When determining the MIC of the clones created in this project, the 

MIC of triclosan for S. aureus CRBIP 54.146 was used as a control.  

 

The MIC value is defined as the lowest concentration of an antibiotic where no visible growth 

occurs. After checking the MIC visually, the microplates were agitated and the OD value was 

measured at 600 nm with a Thermo Multiskan EX microplate photometer (Thermo, 

Multiskan) as a confirmation.  

 

 

2.4 Analysis of the fabI nucleotide sequence 
 

2.4.1 DNA extraction and PCR 
 

Genomic DNA from S. aureus CRBIP 54.146 and the obtained clones resistant to 

MUT021142-00-B and triclosan was extracted with the Wizard
®

 Genomic DNA Purification 

Kit (Promega, Madison, WI, USA) by following the manufacturer’s instructions. Prior to cell 

lysis the bacterial pellet was resuspended in 480 µl EDTA (50 mM) and treated with equal 

amounts (60 µl, 10 mg/ml) of lysozyme (Sigma-Aldrich, Saint Louis, USA) and lysostaphin 

(Sigma-Aldrich, Saint Louis, USA) for more efficient lysis. 
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By using DNA oligonucleotides complementary to the upstream and downstream DNA 

sequences of fabI (forward primer sequence: 5’-AAATCAAACATTTATCGTTGTAATACG 

TTT-3’, reverse primer sequence: 5’-CAAATAATTTTCCATCAGTCCGATT-3’), the fabI 

gene of the resistant clones and the WT was amplified by a polymerase chain reaction (PCR). 

The PCR mixture, with a final volume of 100 µl, consisted of 2 µl chromosomal DNA, 10 µM 

of each primer (Genecust, Evry, France), dNTP 0.2 mM (Invitrogen, Carlsbad, California, 

USA), 3 U/µl of Pfu DNA polymerase (Promega, Madison, WI, USA), 1X Pfu Rxn Buffer 

with 20 mM MgSO4 (Promega, Madison, WI, USA) and MilliQ water. The PCR consisted of 

an initial denaturation step during 2 min at 94°C following 35 cycles: 30 sec of denaturation 

at 94°C, 30 sec of annealing at 54°C and 3 min extension at 72°C. The PCR concluded with 

10 min at 72°C. The PCR products were purified with MicroSpin S-400 HR columns 

(Amersham Biosciences, Piscataway, NJ, USA) according to the instructions provided by the 

manufacturer. The chromosomal DNA and PCR products were detected on an agarose gel 

(1%) stained with ethidium bromide 500 µg/ml (Sigma-Aldrich, Saint Louis, USA). 

 

2.4.2 Genetic analysis 
 

The amplified genes were sent to GenoScreen, Lille, France for sequencing. The sequences 

were analyzed with Chromas Lite VERSION 2.1, BioEdit Sequence Alignment Editor VERSION 

7.0.7.0 and the online BLAST 2 sequences (21). 
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FIG. 8. Growth curves of Escherichia coli S26 WT and Escherichia coli S26 

∆MTB04 during 7 hours starting from 10 and 30 CFU, respectively, in 10 ml 

TS. No lag phase can be seen, the exponential phase is short and both strains 

enter the stationary phase after approximately 2-3 hours.  

3. Results 
 

3.1 HTS 
 

Before starting the HTS, several conditions were set up by performing various growth curves 

of the two strains E. coli S26 WT and E. coli S26 ∆MTB04. The time required for the pre-

culture was determined as well as which inoculum was necessary for realising the Serum 

Resistance Assay in the shortest time possible. Furthermore, the concentration of serum 

required for a normal growth of E. coli S26 WT but no growth of E. coli S26 ∆MTB04 was 

also determined.  

 

3.1.1 HTS setup: pre-culture 
 

Growth curves of E. coli S26 WT (10 CFU in 10 ml TS) and E. coli S26 ∆MTB04 (30 CFU in 

10 ml TS) were realised in order to determine the time required for the pre-culture of the 

strains. The results are presented in FIG. 8. No lag phase can be seen and both the WT and 

mutant strains enter the exponential phase quite quickly. Both strains enter the stationary 

phase after 2-3 hours. The graph shows that strains are in the middle of the exponential phase 

after 1 hour and 30 minutes so therefore this is the appropriate time for the pre-culture. The 

exact inoculum was determined after 2 and 3 hours. At 2 hours the inoculum was 1.28x10
9 

CFU/ml for E. coli S26 WT and 6.80x10
8
 CFU/ml for E. coli S26 ∆MTB04. At 3 hours the 

inocula were 1.12x10
9 

CFU/ml and 6.40x10
8
 CFU/ml for the WT and mutant strain 

respectively. This shows that both strains have entered the stationary phase after 

approximately 2-3 hours.  

 

 

 

 

Growth curve of Escherichia coli S26 WT (10 CFU) and 

Escherichia coli S26  ∆MTB04 (30 CFU) in 10 ml TS
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FIG. 9. Growth curves of Escherichia coli S26 WT in TS during 6 hours 

starting from different concentration of bacteria. The experiment was 

performed in 96-well microplate with a final volume of 100 µl. 

FIG. 10. Growth curves of Escherichia coli S26 ∆MTB04 in TS during 6 

hours with different inocula. The experiment was performed in 96-well 

microplate with a final volume of 100 µl. 

3.1.2 HTS setup: microplate culture 
 

It was necessary to determine which inoculum that was appropriate when culturing the strains 

in microplates with a final volume of 100 µl. The growth curve of E. coli S26 WT is 

presented in FIG. 9. An inoculation range between 10
4
-10

8
 CFU/ml was tested and the 

experiment was performed during 6 hours. The objective was to find an inoculum where the 

bacteria had entered the exponential phase after 5-6 hours and which gave an appropriate OD 

value for later calculation of the percentage inhibition. A minimum OD value of 0.3 was 

desired, as this gives a significant value of the Z-factor and thus a good screening window. 

The inoculum 10
4
 CFU/ml was too low as the OD value was only 0.1 after 6 hours. It can be 

seen in the graph that the inocula 10
6
, 10

7
 and 10

8
 CFU/ml are not suitable either. 10

8 
CFU/ml 

and 10
7 

CFU/ml reach the stationary phase quite quickly. The inoculum 10
6 

CFU/ml seems to 

enter the stationary phase after 6 hours therefore this inoculum is not suitable either. The 

inoculum 10
5
 CFU/ml, however, gives the desired OD value of about 0.3 after 5 hours and 30 

minutes so therefore this was the inoculum chosen to be used in the Serum Resistance Assay.  
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FIG. 11. Growth curves of Escherichia coli S26 WT in different 

concentrations of complemented serum. 

FIG. 12. Growth curves of Escherichia coli S26 ∆MTB04 in different 

concentrations of complemented serum 

The same growth curve in microplates with different inocula was also done for the mutant E. 

coli S26 ∆MTB04, see FIG. 10. This strain was used as a control to verify that the complement 

system was active, therefore it was interesting to see if the same inoculum as the WT could be 

used when culturing the mutant strain in microplates. The inoculum 10
5
 CFU/ml has entered 

the exponential phase after 5 hours to 5 hours and 30 minutes so this inoculum can also be 

used to E. coli S26 ∆MTB04 in the Serum Resistance Assay. 

 
3.1.3 HTS setup: serum concentration 
 

Finally, an experiment was performed to determine the minimum concentration of serum that 

was necessary for normal growth of E. coli S26 WT but where no growth of E. coli S26 

∆MTB04 occurred. The experiment was again performed in microplates with a final volume 

of 100 µl with five different concentrations of serum. The graphs are presented in FIG. 11 and 

12. The wild type strain shows normal growth in presence of 20, 30, 40 and 50% 

complemented serum, however the growth curve at the concentration 60% is slightly shifted 

towards lower OD values. The mutant strain E. coli S26 ∆MTB04 grows at all tested 

concentrations of serum except for at 60%. Because of these results, 60% serum was chosen 

to be the concentration used in the Serum Resistance Assay as it is the only concentration 

where the WT grows but not the mutant. 

 

Growth curves of Escherichia coli S26 WT during 5 hours

and 30 minutes in different concentrations of serum

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

4 4.30 5 5.30

Time (hours)

G
ro

w
th

 (
O

D
 6

0
0

 n
m

)

20%

30%

40%

50%

60%

 
  

 

 

Growth curves or Escherichia coli S26 ∆MTB04 during 5 hours 

and 30 minutes in different concentrations of serum

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

4 4.30 5 5.30

Time (hours)

G
ro

w
th

 (
O

D
 6

0
0

 n
m

)

20%

30%

40%

50%

60%

 
 

 
 



   

 

   23 

3.1.4 HTS of anti-virulence compounds 
 

The aim of the project was to screen 14 727 chemical compounds for anti-virulence 

properties. The Z-values for all assays in the HTS and confirmation were between 0.7 and 0.9 

which showed that they were reproducible and of good quality. Out of the 14 727 compounds 

tested in the HTS, 21 compounds were selected for further examination as they demonstrated 

an inhibition effect on the bacterial growth greater than or equal to 40%. These 21 compounds 

were confirmed another two times in the presence of the complement system and three times 

in the absence of the complement system. The selected compounds from the HTS are 

presented in TABLE 1. 

 

For a molecule to be considered to have anti-virulence properties it must prove to have an 

inhibition effect on bacterial growth which is greater than or equal to 50% in the presence of 

complement and less than or equal to 50% in the absence of complement.  

 

The confirmation showed that the three compounds, MUT032132-00-A, MUT034755-00-A 

and MUT036021-00-A had mean inhibition value greater than 45% in presence of 

complement which was an interesting observation. The mean inhibition values in absence of 

the complement for these compounds were however quite large. MUT032132-00-A proved to 

inhibit 56% the growth in presence of complement and 25% in absence of complement. 

Similar results were obtained for the other two compounds. MUT034755-00-A inhibited 76% 

of the bacterial growth in presence of complement, however, the inhibition was quite large, 

53%, in absence of complement. Finally, the inhibition exhibited by MUT036021-00-A 

proved to be 45% and 37%, in presence and absence of complement, respectively. None of 

the values are significant in order for the compounds to be classified as anti-virulence but they 

could possibly be antibiotics.  

 

The chemical structure of MUT032132-00-A, MUT034755-00-A and MUT036021-00-A was 

studied. MUT032132-00-A proved to have a lipophilic tail and a polar head which means that 

it has a detergent-like structure. A compound with detergent properties is not sought after so 

for this reason the compound was rejected. The other two molecules, MUT034755-00-A and 

MUT036021-00-A, have related structures with only a few atoms difference. Both 

compounds have a molecular weight of approximately 420 g/mol and are slightly outstretched 

lipophilic molecules. 

 

No anti-virulence compounds were found in this screening. However, the two compounds 

MUT034755-00-A and MUT036021-00-A were further tested for antibacterial properties in a 

MIC test.  
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TABLE 1. Table showing the results of the HTS and confirmation on E. coli S26 WT. Out of total 14 727 

compounds tested 21 compounds were selected and confirmed. Three of them, MUT032132-00-A, 

MUT034755-00-A and MUT036021-00-A, proved all to inhibit the bacterial growth more than 45% (mean 

value of the three experiments) in the presence of the complement. 

 Inhibition of bacterial growth (%)  Inhibition of bacterial growth (%)  

   

 

Experiment 
n°1 

Experiment 
n°2 

Experiment 
n°3  

Experiment 
n°1 

Experiment 
n°2 

Experiment 
n°3  

Compound ID Complemented serum (60%) Mean value Decomplemented serum (60%) Mean value 

MUT024578-00-A 41 7 -10 12 -11 -9 -18 -13 

MUT026449-00-A 41 12 -3 17 -4 -10 -2 -5 

MUT032132-00-A 83 45 41 56 16 37 21 25 

MUT026012-00-A 40 10 -9 14 -5 4 -23 -8 

MUT026474-00-A 49 6 -3 18 -1 0 -20 -7 

MUT034170-00-A 60 27 29 39 3 13 -6 3 

MUT025981-00-A 40 28 21 30 9 8 -14 1 

MUT026419-00-A 46 10 4 20 -8 -23 -38 -23 

MUT034755-00-A 99 59 70 76 41 62 57 53 

MUT026339-00-A 88 21 11 40 8 0 -7 0 

MUT026495-00-A 42 14 -3 18 -1 -15 -13 -9 

MUT036021-00-A 54 28 53 45 24 49 37 37 

MUT026485-00-A 41 0 -5 12 -2 -9 -17 -9 

MUT026466-00-A 42 13 -2 18 -2 -15 -35 -17 

MUT037017-00-A 43 11 11 22 12 11 -4 6 

MUT026428-00-A 45 7 -9 14 -1 -2 -12 -5 

MUT026418-00-A 48 25 3 25 3 1 -26 -7 

MUT026476-00-A 48 4 -5 16 1 -3 -21 -8 

MUT026464-00-A 40 16 0 19 2 -1 -30 -9 

MUT026439-00-A 44 9 -3 17 7 -9 -7 -3 

MUT026522-00-A 40 15 -2 17 0 -3 -25 -9 

 

 

 

 

 

 

3.1.5 MIC determination of compounds selected from the HTS 
 

Out of the 14 727 compounds tested in the Serum Resistance Assay, two compounds, 

MUT034755-00-A and MUT036021-00-A, were suspected to have antibiotic properties. For 

this reason the minimum inhibitory concentration of these compounds was determined on 

three gram-negative and three gram-positive pathogenic strains. The results of the MIC test 

are presented in TABLE 2.  

 

The MIC of MUT034755-00-A was greater than or equal to 64 µg/ml for the three gram-

negative strains E. coli S26 WT, K. pneumoniae CRBIP 52.145 and Y. pseudotuberculosis IP 

32.953. The same compound had a MIC of 16 µg/ml for the three gram-positive strains S. 

aureus CRBIP 54.146, S. agalactiae NEM316 and S. pneumoniae D39. Similar results were 

obtained for the other tested compound, MUT036021-00-A. The MIC was greater than or 

equal to 64 µg/ml for E. coli S26 WT, K. pneumoniae CRBIP 52.145, Y. pseudotuberculosis 

IP 32.953 and S. pneumoniae D39, and 16 µg/ml for the strains S. aureus CRBIP 54.146 and 

S. agalactiae NEM316. These results show that the compounds MUT034755-00-A and 

MUT036021-00-A have antibacterial properties (which are not required for an anti-virulence 

compound), however, they are not very effective. A compound having a MIC in the range of 

0.25-4 µg/ml is considered to be a good antibiotic drug.  
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TABLE 3. MIC values of MUT021142-00-B and triclosan for MUT021142-00-B resistant clones. 

Mutations indicate amino acid changes in the fabI gene. 

 MIC (µg/ml) 
E. coli 

S26 WT 
K. pneumoniae 
CRBIP 52.145 

Y. pseudotuberculosis 
IP 32.953 

S. aureus 
CRBIP 54.146 

S. agalactiae 
NEM316 

S. pneumoniae 
D39 

MUT034755-00-A ≥64 ≥64 64 16 16 16 

MUT036021-00-A ≥64 >64 >64 16 16 64 

 

TABLE 2. MIC determination of MUT034755-00-A and MUT036021-00-A on three gram-negative and three 

gram-positive strains. 

 

 

3.2 Generation of a triclosan resistant S. aureus strain 
 
When developing an antibiotic compound, drug candidates will pass through a series of tests 

for selection. Complementary tests such as time-kill and resistance studies are also performed.  

The resistance development of the FabI inhibitor MUT021142-00-B had previously been 

studied successfully at the company by selecting spontaneous mutants in serial passages on a 

solid medium containing the compound MUT021142-00-B.  

 

The results of the previous study showed that MUT021142-00-B resistant clones were 

obtained easily after 72 hours. Clones of the third generation were isolated from a TSA plate 

containing 32 µg/ml of MUT021142-00-B. As the solid MIC is four times larger than the 

liquid MIC, the susceptibility to MUT021142-00-B and triclosan of the MUT021142-00-B 

resistant clones was determined. The MIC for MUT021142-00-B increased up to 16 times in 

the third generation of clones compared to the WT, see TABLE 3. Clones that had developed a 

resistance against MUT021142-00-B had also become resistant to triclosan (cross-resistance). 

The MIC of triclosan increased 32 times in the third generation of clones. The stability of the 

resistance had also been studied by serial passage (10 times) on solid medium without 

selection pressure. The resistance proved to be stable.  

 

Since FabI inhibitors have the same binding site as triclosan there was an interest in 

investigating whether these antibiotic candidates are effective on a triclosan resistant strain or 

not. For this reason, this part of the project aimed at creating an S. aureus strain resistant to 

triclosan by selecting spontaneous mutants in serial passages on a solid medium containing 

triclosan. Furthermore, the underlying resistance mechanism of the clones generated in this 

project and the already existing MUT021142-00-B resistant clones was also to be 

investigated. 

 
 

 

Clone
Liquid MIC 

MUT021142-B                                

(µg/ml)

Liquid MIC                                            

triclosan                                                       

(µg/ml)
Mutation fabI

WT 0.25 0.031 -

Passage 1 2 2 (MICx8) 0.125 (MICx4) A21T

Passage 3 2-1-1 4 (MICx16) 1 (MICx32) A21T

2-1-2 4 (MICx16) 1 (MICx32) A21T

2-1-3 4 (MICx16) 1 (MICx32) A21T

Stability 2-1-1 (10X TSA) 16 (MICx64) 1 (MICx32) A21T

Resistance MUT021142-00-B
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TABLE. 4. Generations of triclosan resistant clones. The table gives the MIC of the generated 

clones. 
† 

The fabI gene of the clone was sequenced. Pb: problem. 

3.2.1 Generation of triclosan resistant clones 
 

Eight clones were obtained on TSA plates containing triclosan in the first generation after 

incubation for 96-576 hours. See TABLE 4 for the results. Clones 3, 4, 5, 6 and 7 grew very 

poorly and were therefore abandoned. Clones 1, 2 and 8 (isolated from a TSA plate 

containing 0.063, 0.063 and 0.25 µg/ml of triclosan, respectively) gave rise to another two 

clones each in the second generation, 1-1, 1-2, 2-1, 2-2, 8-1 and 8-2, after 96-168 hours of 

incubation. Clones 1-1, 1-2, 2-1 and 2-2 were isolated from a TSA plate containing 2 µg/ml of 

triclosan and clone 8-1 and 8-2 were isolated from a plate containing 1 µg/ml. The second 

generation clones gave rise to 12 third generation clones, 1-1-1, 1-2-1, 2-1-1, 2-2-1, 8-1-1 and 

8-2-1 isolated from a TSA plate containing triclosan at 1 µg/ml and 1-1-2, 1-2-2, 2-1-2, 2-2-2, 

8-1-2 and 8-2-2 isolated from a plate containing 0.25 µg/ml after an incubation time of 168 

hours.  

 

 

 

  Resistance triclosan      

 Clone 

Isolated from 
TSA containing 

triclosan 
(µg/ml) 

Liquid MIC 
triclosan 
(µg/ml) 

Comments    

Generation 1 WT
†
   0.031**/0.063*      

 1
†
 0.063 0.063*      

 2
†
 0.063 0.063*      

 8 0.25 0.031**      

        

Generation 2 1-1 2 - Pb: growth    

 1-2 2 - Pb: growth    

 2-1
†
 2 0.031**      

 2-2 2 0.031**      

 8-1 1 - Pb: growth    

 8-2 1 0.031**      

        

Generation 3 1-1-1 1 0.031**      

 1-1-2
†
 0.25 0.031** 

CMI90 = ≥0.5              
CMI80 = 0.031 

   

 1-2-1 1 0.031** 
CMI90 = ≥0.5              

CMI80 = 0.031 
   

 1-2-2 0.25 0.031** 
CMI90 = ≥0.5              

CMI80 = 0.031 
   

 2-1-1
†
 1 0.031** 

CMI90 = ≥0.5              
CMI80 = 0.031 

   

 2-1-2 0.25 - Pb: growth    

 2-2-1 1 - Pb: growth    

 2-2-2 0.25 - Pb: growth    

 8-1-1 1 - Pb: growth   

 8-1-2 0.25 - Pb: growth   

 8-2-1 1 - Pb: growth  * Four-fold dilution steps 

 8-2-2 0.25 - Pb: growth  ** Two-fold dilution steps 
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The MIC of triclosan was not possible to determine for clones 1-1, 1-2, 2-1-2, 2-2-1, 2-2-2, 8-

1-1, 8-1-2, 8-2-1 and 8-2-2 as the growth was too poor. Consequently these clones were 

abandoned. The MIC of triclosan for clones 1, 2, 8, 2-1, 2-2 and 8-2 proved to be the same as 

the WT, 0.031 µg/ml. The MIC was quite difficult to determine for the third generation as no 

strict MIC limit could be seen. MIC90 (90% inhibition of the growth compared to the positive 

control) was greater than or equal to 0.5 µg/ml for clones 1-1-2, 1-2-1, 1-2-2 and 2-1-1, 

however MIC80 (80% inhibition of the growth compared to the positive control) was 0.031 

µg/ml like the WT. Normally, a very distinct limit can be seen between the MIC value and a 

concentration below, with growth at lower concentrations but no growth at all at the MIC 

value and higher values. The experiment was done repeatedly several times with the same 

results, clearly observable growth at higher concentrations both visually and when measured 

with a spectrophotometer, but only 10%. The MIC indicates the lowest concentration of a 

compound where there is 0% of the growth (i.e. 100% inhibition). Consequently, no increased 

MIC could be determined for any of the clones generated on the triclosan containing medium. 

 

Clones 1, 2, 8, 2-1, 2-2 and 8-2 from the first and second generation had a normal growth rate 

with normal size colonies. The clones of the third generation grew quite slowly, it took nearly 

6 hours to reach an OD value of 0.1-0.2 compared to 1-2 hours for the WT and the clones 

obtained in the first and second generation. Small colony variants (SCVs) could be observed, 

especially in the third generation of clones, see FIG. 13. 

 

 

 

 
 

           FIG. 13. Small colony variants of clone 2-1-1. 
 

 
 
 3.2.2 Analysis of the fabI nucleotide sequence  
 

The fabI gene of the MUT021142-00-B resistant clones 2, 2-1-1, 2-1-2, 2-1-3 and 2-1-1 (10X 

TSA, i.e. 10 passages on solid medium without selection pressure) was sequenced and 

compared to S. aureus CRBIP 54.146, see TABLE 3. Clone 2 from the first generation proved 

to have a mutation in nucleotide position 61 (G�A) resulting in a threonine instead of an 

alanine at amino acid residue 21 (A21T). Clones 2-1-1, 2-1-2 and 2-1-3 from the third 

generation also proved to have the same mutation, A21T, which shows that the mutation had 

been conserved throughout the lineage. Clone 2-1-1 after 10 passages on TSA only was also 

sequenced and the fabI gene proved still to have the same mutation, A21T. A crystal structure 

of the E. coli FabI-NAD
+
-triclosan complex with indicated position of the mutation is 

presented in FIG. 14. 

 

The fabI gene of some clones isolated from TSA plates containing triclosan was also 

sequenced, see TABLE 4. The idea was to sequence an entire lineage of clones and later draw 

conclusions about the resistance mechanism. However, clones 1-1 and 1-2 grew too poorly to 
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FIG. 14. Crystal structure of the Escherichia coli FabI-NAD+-triclosan complex, domains A 

and B (22). Indicated numbers represent amino acid residues. Previous studies with 

Staphylococcus aureus have shown that mutations in residues 23 and 204 of FabI and 

overexpression of the mutant enzyme cause a decrease in susceptibility to triclosan (18).  

 

determinate the MIC so therefore these clones were not sequenced. Instead clones 1 and 1-1-2 

were sequenced as well as the lineage of clone 2 (clones 2, 2-1 and 2-1-1). All clones showed, 

after comparison with S. aureus CRBIP 54.146, not to have any mutations.   
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4. Discussion and future perspectives 
 

4.1 HTS of anti-virulence molecules 
 

The aim of this project was to find anti-virulence drugs by screening 14 727 synthetic 

chemical compounds. Anti-virulence compounds differ significantly from classical antibiotics 

by not killing the bacteria but rendering virulent bacteria sensitive to the innate immune 

system so that the pathogen can be cleared from the body in a natural way by the immune 

system. The test used, called the Serum Resistance Assay, was performed on an 

extraintestinal pathogenic E. coli strain, namely E. coli S26 WT. 

 

21 compounds were selected for inhibiting the bacterial growth greater than or equal to 40% 

in presence of the complement system, so these compounds were later confirmed. However, 

none of the confirmed compounds proved to have anti-virulence properties. Two molecules, 

MUT034755-00-A and MUT036021-00-A, were suspected to be antibiotics so the MIC of 

these compounds was tested on several gram-negative and gram-positive strains. The results 

showed that neither MUT034755-00-A nor MUT036021-00-A were good antibiotic 

compounds and may be considered to be biocides. Tests have been set up at Mutabilis to 

investigate biocidic and cytotoxic properties. Further work could be done to determine the 

antibacterial characteristics of MUT034755-00-A and MUT036021-00-A. 

 

Before this project, 20 000 compounds had been tested for anti-virulence properties on E. 

coli, however with a slightly different protocol. The protocol used in this project was 

improved for higher chances of identifying active compounds. Factors such as incubation 

time, serum concentration, compound concentration and inoculum had been changed. This 

project finished the screening of the approximately 35 000 compounds present in the 

Mutabilis library (at the time being) and no anti-virulence compounds active on E. coli had 

been found, neither with the old protocol nor the new one developed in this project. There are 

several reasons for why no anti-virulence compounds active on E. coli were identified. 

 

A concentration of 60% serum was used in the Serum Resistance Assay. This was the 

minimum concentration where E. coli S26 WT had a normal growth and where the growth of 

E. coli S26 ∆MTB04 was inhibited. This condition was required to be able to ensure that the 

complement system was still active. However, such a high concentration of serum can impose 

problems on the activity of the tested compounds. Serum albumin is the most abundant 

plasma protein and is often responsible for a very high level of drug binding in the blood (23). 

Once the compound is bound to the albumin it is no longer free to interact with the bacterial 

target.  

 

Furthermore, the concentration of tested compounds, which was 100 µM, can be questioned. 

An optimal testing concentration in an HTS is 0.5-10 µM. At a concentration higher than 10 

µM the molecules can, if negatively and positively charged, assemble into larger 

macromolecules and behave as detergents. These non-specific aggregations can build micelles 

or other macromolecular structures. The risk of precipitations (problem with hydrosolubility) 

is quite large at a concentration higher than 30 µM. The biochemical test IC50 (inhibitory 

concentration at 50%) of the target enzyme can give some information about the tendency of 

the compounds to precipitate. IC50 represents the concentration of an inhibitor that is required 

for 50% inhibition of its target (i.e. 50% of the initial enzyme speed). If no precipitation 

occurs, the inhibition curve will follow the sigmoid function. However, if the compound, at 

some concentration, no longer exists as free molecules, i.e. precipitates, the curve will start to 
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decrease as there are less free inhibitory molecules to interact with the increasing 

concentration of the target enzyme (24). At the concentration of 100 µM there is a chance that 

some compounds will not be identified as having anti-virulence properties simply because 

they cannot act on the bacterial target. When testing compounds in vitro on bacterial cells the 

concentration should ideally not be higher than 30 µM. However, in this assay the serum 

needed to be used in quite a high concentration, so the reasoning is not that simple.  

 

As mentioned earlier, serum albumin has a high tendency to interact with drugs and between 

50-90% of the compound is normally captured by this plasma protein. Therefore, the level of 

protein-drug binding is a fundamental problem and important parameter to take into account 

when developing new drugs and performing an HTS. If a lower compound concentration is 

used there is a risk of not identifying the compound as anti-virulence as it can be bound to the 

albumin. However, if the compound concentration is too high it might not as well be 

identified as there is a risk of precipitation. The balance is fragile and it might not be entirely 

easy to determine at what concentration there is still an effect on the target of the compounds 

after serum albumin binding.  

 

The screening of nearly 15 000 compounds in this project and 20 000 compounds previously 

has given some insight of what can be done in the future in order to improve the probability of 

identifying anti-virulence drugs. The conditions of the Serum Resistance Assay, in respect of 

serum and compound concentrations, could be further developed in order to improve the 

assay. More compounds need to be tested, preferable a very diverse group of molecules to 

cover the largest activity spectrum possibly. The biological in vitro HTS on bacteria is quite 

expensive, time-consuming and also more difficult compared to the biochemical counterpart. 

Time and money could be saved by not testing all compounds in the biology department but 

rather only passing on those compounds from biochemistry department that have an IC50 < 1 

µM (≅ 0.3 µg/ml for a compound having a MW ~300 g/mol).  

 

 

4.2 Generation of a triclosan resistant S. aureus strain 
 

The objective of this part of the project was to generate a strain resistant to triclosan, which is 

a widespread antimicrobial agent. Antibiotic compounds are created at Mutabilis by rational 

drug design using the structural information of the triclosan binding site in FabI. Since these 

FabI inhibitors have the same binding site as triclosan there was an interest in investigating if 

a triclosan resistant strain also is resistant to the novel FabI inhibitors (cross-resistance). 

Previously, the resistance development of a novel FabI inhibitor, MUT021142-00-B, had been 

studied at the company. It was shown that S. aureus can develop a resistance against the 

compound MUT021142-00-B. Once it is resistant to MUT021142-00-B, it has also a 

decreased susceptibility to triclosan. The absence of cross-resistance with commonly used 

antibiotics (e.g. triclosan) is a strong advantage of new antibiotic drugs. Further improvement 

could be done in order to overcome the triclosan cross-resistance on the enzyme level. The 

antibacterial spectrum may also be enlarged by designing compounds that target other 

enzymes of the fatty acid synthesis pathway at the same time (e.g. FabK).  

 

Since the discovery of the fact that triclosan inhibits the enoyl-acyl carrier protein reductase 

FabI, the resistance mechanism has been a subject of much discussion. Laboratory studies 

have shown that the resistance is linked to the G93V/S or G23S FabI mutations in E. coli and 

S. aureus, respectively, in combination of overexpression of the mutant enzyme (25, 26, 27, 

28, 29). A study of S. aureus clinical isolates has also shown that the susceptibility to 
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triclosan is greatly decreased when another FabI mutation, F204C, is combined with 3-5 times 

overexpression compared to the levels of expression in triclosan-sensitive strains (18). It was 

quite early demonstrated that triclosan inhibits FabI by forming a stable triclosan-FabI-NAD
+
 

complex. Missense mutations, like F204C, confer resistance by preventing the formation of 

the FabI-NAD
+
-triclosan ternary complex (18). The mechanism for overexpression of FabI in 

triclosan resistant strains has not yet been explained. The mutant variant of the enzyme does 

not have a decreased level of activity according to biochemical characterization (18). The 

example of overexpression only of the WT FabI enzyme has been observed in a clinical 

isolate of S. aureus, but this is a rare case and only gives rise to a moderate level of resistance 

(MIC of 0.25 µg/ml) so this mechanism does not appear to be advantageous as overexpression 

of the mutant enzyme gives rise to triclosan MICs of 1 to 2 µg/ml (18).  

 

The fabI gene from MUT021142-00-B resistant clones was sequenced. All sequences from 

the resistant clones predicted a threonine instead of an alanine at amino acid residue 21 

(A21T). In this study it is shown for the first time that the A21T substitution in FabI accounts 

for the resistance to MUT021142-00-B and triclosan in S. aureus. This mutation is located 

closely to the previously discovered G23S FabI mutation in S. aureus and supports the 

concept that both drugs interact with FabI in the vicinity of the NAD
+
 binding site. The MIC 

increases for both MUT021142-00-B and triclosan from the first to the third generation of 

resistant clones. A possible explanation could be overexpression of the mutant enzyme so 

further work could be done to investigate if the mutant version of FabI is overexpressed in the 

resistant clones. 

 

Clones resistant to triclosan were not obtained. The incubation time was up to six times longer 

than during the generation of a strain resistant to MUT021142-00-B. The colony size was 

rather small and the growth rate was usually very poor. The MICs of the clones were also 

quite difficult to determine. The MIC90 was ≥ 0.5 µg/ml, however the MIC80 was 0.031 µg/ml 

like the WT. The fabI gene of the clones generated in this project was sequenced and none of 

them proved to have any mutations. The results of the sequencing explain the susceptibility to 

triclosan seen in the MIC80 results, however, the MIC90 results are more difficult to explain. 

Small colony variants (SCVs) were sometimes seen on solid medium in the first and second 

generation of clones, and quite often in the third generation. A recent study by Bayston et al., 

also showed the same peculiar results when investigating the triclosan resistance development 

of MRSA (30). SCVs appeared during experimental exposure to triclosan and these colony 

variants were characterized. The study showed that the MIC of the SCVs had increased up to 

67 times compared to the WT parent strain. SCVs seem to appear as a response to stress, 

which in this case is triclosan. The proposed underlying mechanism is a reduction in bacterial 

energy generation and/or transport, and a consequential down-regulation of cell wall synthesis 

and toxin production. This reduces the susceptibility of SCVs to antibiotics. S. aureus SCVs 

have been isolated from patients with chronic infections and they are clearly pathogenic (30).  

 

The SCVs obtained in this project were further investigated by separation from the parent 

strain, whereafter they were separately spread onto TSA containing triclosan. The SCVs 

demonstrated to have a decreased susceptibility to triclosan, whereas the parent strain did not 

(data not shown). However, the MIC of the SCVs could not be determined as the growth was 

too poor. The observations from previous studies provide an explanation for the results 

obtained in this project. The triclosan containing environment gave rise to colony size 

variants, small colonies having a poor growth rate and possibly other changes in the 

metabolism. These observations of SCVs can explain the MIC90 results, naturally arising 

small colony variants that are resistant to triclosan. 
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Further work could be done to characterize these colonial variants. Various metabolic studies 

could be performed to test, for example, coagulase, DNase, haemolysis and other metabolic 

activities. Moreover, efforts could be done to generate a triclosan resistant strain by not using 

S. aureus but rather another bacterial species and applying several times concentrated 

overnight culture in order to improve the chances of selecting a resistant clone. The 

differences in the easiness of generating clones resistant to MUT021142-00-B and triclosan 

can be explained by the difference in the mechanism of action. MUT021142-00-B targets 

FabI only whereas triclosan is a biocide and is, at large concentrations, bactericidal with 

multiple cytoplasmic and membrane targets. However, at lower concentrations, triclosan is 

bacteriostatic and is then seen to target bacteria by inhibiting FabI (31). 

 

The reason for generating a triclosan resistant S. aureus strain was the need of this strain in 

the complementary resistance studies in the developmental process of a novel FabI inhibitor. 

As no clones resistant to triclosan were obtained by serial passages on a triclosan containing 

medium, a third generation clone resistant to MUT021142-00-B will be chosen to be used in 

the resistance studies since it is also resistant to triclosan.  
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5. Conclusions 
 
This degree project was divided into two parts. The aim of the first part was to screen 14 727 

synthetic chemical compounds for anti-virulence properties against ExPEC. These 

compounds differ significantly from classical antibiotic compounds by not killing the bacteria 

but rendering virulent bacteria sensitive to the complement system so that the pathogen can be 

cleared from the body in a natural way by the immune system.  

 

No anti-virulence compounds active on E. coli S26 were found. The screening of nearly 

15 000 compounds in this project and 20 000 compounds previously has given some insight 

of what can be done in the future in order to improve the probability of identifying anti-

virulence drugs. The conditions of the Serum Resistance Assay, in respect of compound and 

serum concentrations, could be further developed in order to avoid compound precipitation 

and too high plasma protein binding. More compounds should be tested, preferable a very 

diverse group of molecules to cover the largest activity spectrum possible. Time and money 

could be saved by not testing all compounds in the biology department but only the most 

active ones that have been selected in the biochemistry department.  

 

The objective of second part of the project was to generate a strain resistant to triclosan to 

include in the spectrum of bacterial strains for testing new antibiotic drug candidates on. 

There was an interest in investigating if this triclosan resistant strain also is resistant to the 

novel FabI inhibitors created at Mutabilis. Another related subject aimed at investigating the 

resistance mechanism of a strain resistant to the FabI inhibitor MUT021142-00-B. The 

absence of cross-resistance with commonly used antibiotics (e.g. triclosan) is a strong 

advantage of new antibiotic drugs.  

 

Clones resistant to MUT021142-00-B also demonstrated a decreased susceptibility to 

triclosan. The fabI gene was sequenced and it showed to have a point mutation in amino acid 

residue 21, changing an alanine to a threonine (A21T). The compound MUT021142-00-B is 

very efficient against ExPEC and MRSA which are two common pathogens that cause 

nosocomial infections. Cross-resistance with commonly used antibiotics is not a criterion for 

entering into pre-clinical studies (if the mutation frequency is ≤10
-8

-10
-9

), however, 

improvements could be done in order to try to overcome the cross-resistance when further 

developing antibiotic compounds. Clones (directly) resistant to triclosan were not obtained. 

This was probably due to the biocidic characteristics of the compound. Triclosan is 

bacteriostatic and targets bacteria by inhibiting FabI at low concentrations but acts on 

multiple cytoplasmic and membrane targets at higher concentrations. As no clones resistant to 

triclosan were obtained in this project, a clone resistant to MUT021142-00-B will be used in 

the complementary resistance studies in the developmental process of a novel FabI inhibitor 

at Mutabilis.  

 
This project has presented two different strategies to develop antibacterial drugs. The anti-

virulence strategy differs greatly from the classical antibiotic approach as the mechanism of 

action is different. The two types of antibacterial compounds, antibiotics and anti-virulence 

drugs, target bacterial components that are either essential or non-essential, respectively, for 

the survival of the bacteria. Anti-virulence compounds are advantageous in that they do not 

disrupt the commensal flora and they are less likely to contribute to the selection of resistant 

bacteria. The results of this degree project have proven how difficult it is to develop a 

completely new type of antibacterial drug. Nearly 100 years of experience with antibiotics 

makes it easier to develop this traditional type of drug. In this project, it was shown how easy 
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it is to create resistant bacteria, which once again demonstrates the need of new antibacterial 

drugs like the anti-virulence compounds. Classical antibiotics may not be the ideal solution 

for treating nosocomial infections, however at the moment, it may be the only solution we 

have. 
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Appendix I: 

 

 

 

HTS: Serum Resistance Assay 
 

Inoculum: 1x10
5
 CFU/ml, measure OD600nm after 5 hours and 30 minutes 

 

 

 

Material: 
 

• Two bacterial strains stored in cryotubes at -80°C in 20% glycerol: 

o Escherichia coli S26 WT 

o Escherichia coli S26 ∆MTB04 

• Petri dishes 90mm (Greiner, Kremsmunster, Austria) 

• Solid medium Tryptic Soy Agar (Fluka, Steinheim, Switzerland, Ref 22091, batch 

1246767) sterile, prepared by mixing 20 g powder in 500 ml warm demineralised 

water, then autoclaved during 20 minutes at 120°C. 

• Liquid medium Tryptic Soy Broth (Bacto, Becton, Dickinson & Company, Sparks, 

MD, USA, Ref 211825, batch 4212037) sterile, prepared by mixing 20 g powder in 

500 ml warm demineralised water, then autoclaved during 20 minutes at 120°C. 

• Microplates, polystyrene 96-wells round, with cover (Greiner, Kremsmunster, Austria, 

Ref 650161 and 656161) 

• Tubes 15 and 50 ml 

• Foetal veal serum (Gibco Invitrogen, Ref 10270-106, batch 40F6324K) 

• Ticarcillin (Sigma-Aldrich, Saint Louis, USA, Ref T-5639, batch 065K0522): solution 

at 50 000 µg/ml prepared with MilliQ water 

• DMSO 100% (Riedel de Haën, Seelze, Germany, Ref 60153, batch 51080) 

• Thermo Multiskan EX microplate photometer, using the Ascent Software for 

Multiskan VERSION 2.6 (Thermo Labsystems Oy) 

• Incubate shaker at 37°C (Infors, Multitron) 

• Incubator at 37°C with 5% CO2 (Binder) 

 

 

Methods: 
 

The day before: 
 

• Streak the two bacterial strains on TSA plates for colony isolation. Incubation 

overnight at 37°C in an atmosphere of 5% CO2 

 

• Defrost the daughter microplates with compounds to test in room temperature  
 

• Prepare the testing microplates by spotting 1 µl of each compound (at 10 mM) in 

columns 2 to 11 (see FIG. 3) 
 

• Defrost the necessary quantity of serum at 4°C during the night 
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The same day: 
 

• For the pre-culture, inoculate 10 CFU of E. coli S26 WT in 10 ml TS and 30 CFU of 

E. coli S26 ∆MTB04 in 10 ml TS, with shaking at 37°C during 1 hour and 30 minutes. 

 

• Prepare the dilutions of ticarcillin for the control plate: 

 

Ticarcillin      

100 µl of  50 000 4920 1000 

608 µl of  1000  912 400 

76 µl of  1000  

µg/ml 

1444 

µl H2O 

50 

 µg/ml 

 

Distribute 1 µl in the wells (100 µl final volume): 

1 µl of 400 µg/ml � 4 µg/ml final concentration 

1 µl of 50 µg/ml � 0.5 µg/ml final concentration 

 

• Prepare decomplemented serum if necessary by heating during 30 minutes at 56°C in 

a waterbath 

 

• Distribute according to the plan (FIG. 2 and 3) in this order: 

 

o Control plate: 1 µl DMSO 100% (� 1% final concentration), ticarcillin and TS 

o Test plates: TS 

 

• Prepare the bacterial dilutions. Measure OD600nm with Thermo Multiskan EX 

microplate photometer. Make a 1/10 dilution to around 3x10
7 

CFU/ml. Prepare a 

bacterial suspension of 4 ml for each microplate at 2.6x10
5 

CFU/ml. Distribute 39 µl 

of this suspension at 2.6x10
5 

CFU/ml in the wells according to the plan (FIG. 2 and 3) 

� 1x10
5 

CFU/ml final concentration 

 

• For exact inoculum plate 25 µl of 1/10 dilutions of the 2.6x10
5 

CFU/ml suspension on 

TSA plates and incubate overnight at 37°C in an atmosphere of 5% CO2 

 

• Distribute 60 µl of serum (100%) which gives a final concentration of 60%. Avoid 

bubble formation at this step 

 

• Incubate during 5 hours and 30 minutes at 37°C with 5% CO2 and measure the optical 

density at 600 nm with a Thermo Multiskan EX microplate photometer 

 

• Incubate another 17 hours at 37°C with 5% CO2 

 

 
The next day: 

 

• Agitate the microplates during 1 minute  

 

• Measure OD600nm  
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FIG. 3. HTS test plate. Column 1: negative control, column 2-11: tested 

compounds, column 12: positive control. 

• Count the colonies on the TSA plates in order to determine the exact inoculum 
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FIG. 2. HTS control plate. Column 1: TS, column 2: E. coli S26 WT 

without DMSO, column 3: E. coli S26 WT without serum, column 4: 

E. coli S26 WT and ticarcillin 0.5 µg/ml, column 5: E. coli S26 WT 

and ticarcillin 4 µg/ml, column 8: E. coli S26 ∆MTB04 without serum, 

column 9: E. coli S26 ∆MTB04 with serum, column 12: positive 

control (E. coli S26 WT). 

FIG. 1. Volumes to distribute in the control and test plates. 
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Appendix II: 

 

 

 

Generation of resistant bacteria 
 

 

 

Material: 
 

• Bacterial strains stored in cryotubes, at -80°C, in 20% glycerol: 

o Staphylococcus aureus CRBIP 54.146 

o Obtained resistant clones 

• Petri dishes 90mm (Greiner, Kremsmunster, Austria) 

• Solid medium Tryptic Soy Agar (Fluka, Steinheim, Switzerland, Ref 22091, batch 

1246767) sterile, prepared by mixing 20 g powder in 500 ml warm demineralised 

water, then autoclaved during 20 minutes at 120°C. 

• Liquid medium Tryptic Soy Broth (Bacto, Becton, Dickinson & Company, Sparks, 

MD, USA, Ref 211825, batch 4212037) sterile, prepared by mixing 20 g powder in 

500 ml warm demineralised water, then autoclaved during 20 minutes at 120°C. 

• Triclosan (Mutabilis, Romainville, France) 

• DMSO 100% (Riedel de Haën, Seelze, Germany, Ref 60153, batch 51080) 

• Incubate shaker at 37°C (Infors, Multitron) 

• Incubator at 37°C with 5% CO2 (Binder) 

 

 

Methods: 
 

The day before: 
 

• Streak the 6 strains on TSA plates for colony isolation. Incubation overnight at 37°C 

in a atmosphere of 5% CO2 
 
 
The same day: 

 

• For the pre-culture, inoculate 10-40 CFU of S. aureus CRBIP 54.146 for the first 

generation and the obtain resistant clones for the following generations in 10 ml TS, 

and incubate at 37°C with shaking until exponential phase 

 

• Prepare serial dilutions in steps of 2 of the compounds in DMSO 100% and melt the 

TSA 

 

• For each TSA plate, mix 19.5 ml warm TSA with 400 µl of the compound dilution (in 

2% final concentration DMSO). Prepare the control plates: TSA only and TSA with 

2% DMSO 

 

• Spread 100 µl of the bacterial suspension (~10
8
 CFU/ml) onto the TSA plates 

 

• Incubate at 37°C in an atmosphere of 5% CO2 
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• For exact inoculum plate 25 µl of 1/10 dilutions of the suspension on TSA plates and 

incubate overnight at 37°C in an atmosphere of 5% CO2 

 

 

The next day: 
 

• Verify the control plates 

 

• Count the colonies on the TSA plates in order to determine the exact inoculum 

 

 

24-576 hours later: 
 

• Pick one colony and culture in 5 ml TS at 37°C overnight 

 

• Store 4 ml in cryotubes with 20% glycerol, repeat the experiment with the remaining 1 

ml of the bacterial culture 
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Appendix III: 

 

 

 

Susceptibility test: MIC determination  
 

Inoculum: 1x10
4
 CFU/ml, measure OD600nm at 18-20 hours 

 

 

 

Material: 
 

• Bacterial strains stored in cryotubes, at -80°C, in 20% glycerol: 

o Streptococcus pneumoniae D39 

o Staphylococcus aureus CRBIP 54.146 

o Streptococcus agalactiae NEM316 

o Escherichia coli S26 WT 

o Yersinia pseudotuberculosis IP 32.953 

o Klebsiella pneumoniae CRBIP 52.145 

o Clones resistant to triclosan (Appendix II) 

• Petri dishes 90mm (Greiner, Kremsmunster, Austria) 

• Solid medium Tryptic Soy Agar (Fluka, Steinheim, Switzerland, Ref 22091, 

batch1246767) sterile, prepared by mixing 20 g powder in 500 ml warm demineralised 

water, then autoclaved during 20 minutes at 120°C. 

• Liquid medium Tryptic Soy Broth (Bacto, Becton, Dickinson & Company, Sparks, 

MD, USA, Ref 211825, batch 4212037) sterile, prepared by mixing 20 g powder in 

500 ml warm demineralised water, then autoclaved during 20 minutes at 120°C. 

• Microplates, polystyrene 96-wells round, with cover (Greiner, Kremsmunster, Austria, 

Ref 650161 and 656161) 

• Reference compound: Triclosan (Mutabilis, Romainville, France) at 3200 µg/ml (in 

100% DMSO) 

• MUT034755-00-B and MUT036021-00-B (Mutabilis, Romainville, France), 3200 

µg/ml (in 100% DMSO) 

• DMSO 100% (Riedel de Haën, Seelze, Germany, Ref 60153, batch 51080) 

• Thermo Multiskan EX microplate photometer, using the Ascent Software for 

Multiskan VERSION 2.6 (Thermo Labsystems Oy) 

• Incubate shaker at 37°C (Infors, Multitron) 

• Incubator at 37°C with 5% CO2 (Binder) 

 

 

Methods: 
 

The day before: 
 

• Streak the 6 strains on TSA plates for colony isolation. Incubate overnight at 37°C in 

an atmosphere of 5% CO2 
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The same day: 
 

• For the pre-culture, inoculate 15 CFU of each strain in 10 ml TS, and incubate at 37°C 

with shaking until exponential phase 

 

• Prepare the dilutions for the mother plate (see FIG. 1): Add 200 µl of the solution at 

3200 µg/ml to column 1, lines A-C. Add 150 µl 100% DMSO in columns 2-12, lines 

A-C. Transfer 50 µl from A1 to A2 etc. This gives 4 times dilution. 

 

 
µg/ml Mother plate

MUT034755-00-B 3200 800 200 50 13 3 0,781 0,195 0,049 0,012 0,003 0,001 A
MUT036021-00-B 3200 800 200 50 13 3 0,781 0,195 0,049 0,012 0,003 0,001 B

Triclosan 3200 800 200 50 13 3 0,781 0,195 0,049 0,012 0,003 0,001 C
D
E
F
G
H

1 2 3 4 5 6 7 8 9 10 11 12  
 

 

 

 

• Spot 2 µl of each compound into the test plate (see FIG. 2) 

 

 

 Compounds 
MUT03475

5-00-B

MUT03602

1-00-B
Triclosan

MUT03475

5-00-B

MUT03602

1-00-B
Triclosan

MUT03475

5-00-B

MUT03602

1-00-B
Triclosan

µg/ml Negative control Negative control Negative control A   
64 64 64 64 64 64 64 64 64 B   
16 16 16 16 16 16 16 16 16 C  
4 4 4 4 4 4 4 4 4 D   
1 1 1 1 1 1 1 1 1 E 

0,25 0,25 0,25 0,25 0,25 0,25 0,25 0,25 0,25 F 
0,063 0,063 0,063 0,063 0,063 0,063 0,063 0,063 0,063 G  

Positive control Positive control Positive control H  
1 2 3 4 5 6 7 8 9 10 11 12

strain 1 strain 2 strain 3  
 

 

 

 

 

• Distribute 2 µl 100% DMSO in the negative and positive control wells and then 98 µl 

TS in the negative wells (see FIG. 2) 

 

• Prepare the bacterial dilutions: measure OD600nm with Thermo Multiskan EX 

microplate photometer. Make a 1/100 dilution and then adjust to a bacterial 

suspension of 1x10
5 

CFU/ml. Distribute 98 µl of this suspension in the wells 

according to FIG. 2 � 1x10
4 

CFU/ml final. 

 

• For exact count of the inoculum plate 25 µl of the 1x10
4 

and 1x10
5 

CFU/ml dilutions 

on TSA and incubate overnight at 37°C in an atmosphere of 5% CO2.  

 

• Incubate for 18-20 hours at 37°C with 5% CO2 

FIG. 1. Mother plate with ¼ dilutions of MUT034755-00-B, MUT036021-00-B and Triclosan. 

FIG. 2. Example of a test plate for determining the minimum inhibitory concentration of  

MUT034755-00-B and MUT036021-00-B on three gram-negative and three gram-positive bacterial 

strains. 
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The next day: 
 

• Examine the microplates visually and note the lowest concentration where no bacterial 

growth occurs 

 

• Shake the microplates during 1 minute 

 

• Measure OD600nm with a Thermo Multiskan EX microplate photometer 

 

• Count the colonies on the TSA plates in order to determine the exact inoculum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


