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Abstract 

Chlamydia trachomatis is an obligate intracellular bacterium that infects over 100 

million people globally every year. Chlamydia infections can be persistent, cause 

infertility and blindness, adding an economical burden in the healthcare systems. 

Moreover, Chlamydia infections are treated with broad-spectrum antibiotics that 

contribute to the selection of antibiotic resistant bacteria in the commensal flora. 

For this reason, novel compounds with specificity against C. trachomatis would 

be important for treatment of Chlamydia infections.  

We have developed a new class of substituted 2-pyridone amides that inhibited 

development of C. trachomatis. While bacterial growth was only affected to a 

limited extent, the produced progeny bacteria had impaired capacity to infect new 

cells. The compounds presented no toxicity in human or mouse cell lines and they 

did not inhibit growth of bacteria from the normal flora. Structure activity 

relationship (SAR) development of 2-pyridones lead to compounds with effect at 

nanomolar concentrations. Further modifications of the C3 part of the molecules 

resulted in isostere compounds with even a higher potency. By exploring the C8 

position, we observed that methylsulfonamide substituents improved the 

pharmacokinetic properties and enabled oral uptake in mice. This discovery 

opens the door for oral treatment.  

Among 2-pyridone amides, KSK213 was one of the most potent and we 

investigated the mode of action on the life cycle of C. trachomatis. KSK213 

reduced transcription by the end of the developmental cycle and upon infection 

of new host cells. Mutations in RNA helicase and RNAse III genes, involved in 

transcription, mediated resistance to KSK213. It also attenuated the infectivity in 

a mouse vaginal infection model. To further explore the molecular target for 2-

pyridone amides in Chlamydia, we used a custom synthesized probe for affinity 

chromatography approaches.  

Here we show that 2-pyridones are potent non-toxic inhibitors of C. trachomatis 

that can be chemically modified to increase potency and enable oral 

bioavailability. These molecules have the potential to treat and prevent 

Chlamydia infections without affecting the normal flora.  
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Populärvetenskaplig sammanfattning 

Chlamydia trachomatis orsakar infektioner hos över 100 miljoner människor i 

världen varje år. Sexuellt överförd klamydiainfektion kan leda till ofrivillig 

barnlöshet och en variant av bakterien som sprids i låginkomstländer orsakar 

ögoninfektioner som kan leda till blindhet. Infektionerna behandlas med 

antibiotika som samtidigt påverkar andra bakterier och behandlingen bidrar till 

ökad antibiotikaresistens hos andra sjukdomsframkallande bakterier. Därför är 

det intressant att utveckla nya läkemedel som är har specifik effekt mot 

klamydiainfektioner. 

I projektet utvecklades en ny klass substanser som kallas 2-pyridonamider och 

som specifikt hämmar C. trachomatis. Substanserna är inte toxiska för mänskliga 

celler och påverkar inte vanliga bakterier i kroppens normalflora. C. trachomatis 

är en bakterie bara kan växa inuti våra celler och 2-pyridon amider hindrar 

effektivt C. trachomatis förmåga att orsaka infektion i  våra celler. I projektet 

designades och tillverkade nya varianter av 2-pyridonamider som är mer 

effektiva, har goda läkemedelsegenskaper och påverkar infektionsförloppet i en 

musinfektionsmodell. 

Till skillnad från antibiotikabehandling hämmar inte 2-pyridonamider tillväxten 

hos C. trachomatis men bakterierna som bildads fungerar inte normalt. De kan 

inte utvecklas och föröka sig i nya celler och uttrycker inte gener som är viktiga 

för infektionen. För att ta reda på vilka proteiner som molekylerna binder till 

användes en molekyl som designades och tillverkades speciellt i syfte att fånga 

proteiner som binder till 2-pyridonamider. Med hjälp av den identifierades 

möjliga målproteiner för substanserna. 

Avhandlingen visar att 2-pyridonamider har potential att utvecklas till selektiva 

läkemedel mot Chlamydia infektioner. 
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Abbreviations 

AB: Aberrant Body 

ADME: Absorption, Distribution, Metabolism, Excretion. 

BCS: Biopharmaceutical Classification System 

C. trachomatis: Chlamydia trachomatis 

DMSO: Dimethyl sulfoxide 

EB: Elementary Body 

EUO: Early Upstream ORF 

FBS: Fetal Bovine Serum 

FDR: False Discovery Rate 

G6-P: Glucose 6-Phosphate 

Hpi: hours post-infection 

HSMG: HEPES, Sucrose, MgCl2, EGTA 

IB: Intermediate Body 

IV: Intravenously 

LC-MS/MS: Liquid Chromatography-Mass Spectrometry/Mass Spectrometry 

MOA: Mode of action 

MOI: Multiplicity of Infection 

MOMP: Major Outer Membrane Protein 

MS: Mass Spectrometry 

ORF: open reading frame 

PBS: Phosphate Buffered Saline 

PK: Pharmacokinetics 

Pmps: Polymorphic membrane proteins 

PO: Per os/ orally 

RB: Reticulate Body 
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SAR: Structure-Activity Relationships 

SDS-PAGE: sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

SILAC: Stable Isotope Labelling of Amino acids in Cell culture 

SNPs: Single Nucleotide Polymorphisms 

T3SS: Type III Secretion System  

TarP: Translocated actin recruiting protein 

TBTA: Tris [(1-benzyl-1H-1, 2, 3-Triazol-4-yl) methyl] amine 

TCA: Tricarboxylic acid  

TCEP: Tris (2-carboxyethyl) phosphine hydrochloride  

TEM: Transmission Electron Microscopy 

TepP: Translocated early phosphoprotein 
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1. – Introduction 

1.1. – Chlamydia importance 

Chlamydiae are obligate intracellular gram-negative bacteria, whose members 

comprise a wide variety of lifestyles. The family Parachlamydiaceae can be 

found as endosymbionts of amoebas1, while some Chlamydiaceae species are 

important pathogens. Among the last ones, Chlamydia pneumoniae and 

Chlamydia trachomatis are the most important infectious agents from the human 

health perspective. While the first one cause community acquired pneumonia, the 

second causes the most common bacterial sexual transmitted disease and 

infectious blinding worldwide2. Serovars A-C are responsible for the eye 

infection trachoma3, while serovars D-K infect the genital tract, sometimes 

resulting in pelvic inflammatory disease and ectopic pregnancy4. Infections by 

serovars L1-L3 are more rare and virulent, and cause the genital infection 

lymphogranuloma venereum that disseminates to local lymph nodes and can lead 

to fistulation and lymphatic edema5,6. Untreated genital infections by all genital 

serovars can also lead to inflammatory arthritis7 and infertility in women8.  

There are more than 30 000 people infected by C. trachomatis every year in 

Sweden9 and over 127 million worldwide2,10,11. Recurrent infections are 

common12 and the risk for a complicated infection is enhanced in re-infections13. 

The current treatment in Sweden is doxycycline, while azithromycin is routinely 

used in other countries14. This treatment has an effect on the patients’ commensal 

flora which contributes to the selection of antibiotic resistant strains15,16. 

Development of novel antibiotics with narrow spectrum would be desirable to 

treat the common and recurrent chlamydial infections.  

 

1.2. – The biology of Chlamydia 

Among obligate intracellular bacteria, Chlamydia has a unique life cycle and 

biology. In this section, I will present the different steps during the infection of 

host cells and the mechanisms that Chlamydia uses to establish its growth niche.  

 

1.2.1. – Life cycle overview 

Chlamydia differentiates and replicates in intracellular vacuolar compartments 

called inclusions. Within these vacuoles, they alternate between two major forms. 

The infective form or elementary body (EB) is responsible for attachment, 

internalization and establishment of the infection, while the replicative form or 
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reticulate body (RB) can multiply and escape the cell immune response (Figure 

1). There is a third form of enlarged RBs called aberrant bodies (ABs). This is 

the “persistent” form of Chlamydia and its formation is triggered by stress 

conditions such as nutrient deprivation, exposure to interferon gamma or β-

lactam antibiotics17.  

The EBs attach and internalize in host cells to begin the infection, then they 

differentiate to RBs, which start replicating inside the inclusions. The RBs will 

differentiate back to EBs at the end of the cycle; 24 to 48 hours post infection 

(hpi) in an asynchronous way. The new progeny of EBs can exit the host cell by 

either lysis or extrusion, a mechanism by which inclusions can exit the cell 

avoiding cell death18. Newly formed EBs attach to the surrounding cells starting 

a new round of infection19.  

 

 

Figure 1. The life cycle of Chlamydia trachomatis (Graphics Carlos Núñez-

Otero).  
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1.2.2. – First steps in infection 

At the beginning of the infection, EBs attach to host cells by a reversible 

interaction that is followed by an irreversible binding and internalization. The 

first interaction occurs when the Chlamydia adhesins OmcB20 and Major Outer 

Membrane Protein (MOMP)21 recognize and attach to heparan sulfate 

proteoglycans (HSPG) at host cell membranes. A family of Chlamydia proteins 

called polymorphic membrane proteins (Pmps) contribute to the second step in 

attachment. There are six subtypes, represented in C. trachomatis by nine Pmps 

while in C. pneumoniae there are as many as 21 Pmps22. All Pmps from C. 

trachomatis have been reported to be involved in virulence23. However, the 

protein responsible for the internalization step is not a Pmp but other adhesin 

called Ctad124. Ctad1 recognizes β1-integrin in the host cell and promotes 

bacterial uptake and ERK1/2 pathway activation. The adhesins mentioned 

previously are important to mediate attachment and internalization of Chlamydia, 

but many other factors contribute to this complex mechanism25–32. 

Throughout the first steps of the infection process, EBs release a series of effector 

proteins that modulate the cell cytoskeleton and facilitate the bacterial uptake via 

a Type III Secretion System (T3SS). These effector proteins also trigger 

activation of host cell pathways that lead to internalization, inclusion formation 

and establishment of the infection. The first effector to be released upon EB 

attachment to the host cells is the translocated actin recruiting protein (TarP)33. 

TarP is tyrosine phosphorylated by host cell enzymes after translocation into the 

host cell cytosol. Phosphorylation triggers the recruitment of actin to the infection 

site. TarP also possess an actin binding domain, which allows actin nucleation34. 

A second effector secreted after TarP is the translocated early phosphoprotein 

(TepP). TepP  is dependent on Slc1 chaperone and also requires tyrosine 

phosphorylation35. The function of TepP  is to recruit host factors as 

phosphoinositide 3-kinase (PI3K)36 or CrkI-II35 and amplify the signaling cascade 

upon infection. The effector TmeA is also Slc1 dependent and associates with the 

actin-bundling protein AHNAK37, playing a role in actin polymerization. Finally, 

the effector protein CT166 play an unclear role during infection by binding and 

inactivating Ras GTPases38.  

Chlamydia attachment and internalization is a highly complex process in which 

there is an interplay between Chlamydia adhesins and secreted proteins with host 

cell membrane proteins, receptors and signaling molecules. Phosphorylation of 

some of these factors by the host kinases is critical for establishing the infection.  
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1.2.3. – Middle and late infection 

Once Chlamydia has entered the cell, early inclusions escape lysosomal 

degradation, differentiate to the replicative form (RB) and migrate to the 

microtubule-organizing center (MTOC)39. RBs multiply within the inclusions, 

increasing the number of bacteria and inclusion size between 12 and 32 hpi. 

Differentiation to EBs continue to increase until 40 hpi40. During this time, 

Chlamydia obtain nutrients and ATP41 from the host cell to divide and 

differentiate. Some of these essential nutrients are amino acids42 and glucose 6-

phosphate (G6-P)43. Lipids are also imported and incorporated to the bacteria and 

inclusion membranes. Since they are components of the bacterial membrane, they 

are necessary to produce progeny EBs. The most important lipids imported by 

Chlamydia are sphingomyelin44, phosphatidylcholine45,46 and cholesterol47.  

 

1.2.4. – Gene regulation  

Transcription of genes in Chlamydia is a highly regulated and time dependent 

process. Chlamydia has adapted the expression of genes to the diverse 

requirements of its life cycle. According to this, gene expression is differentiated 

in early, midcycle and late genes19. The early genes are transcribed after EBs enter 

the host cell, starting at 1 hpi. Midcycle genes are expressed when RBs replicate 

within the inclusion and late genes are expressed at the end of the life cycle, when 

RBs differentiate back to EBs, around 24 hpi48,49.  

The first genes expressed, the immediate early genes, occur right after 

internalization of EBs (1 hpi) and while DNA is still condensed48. The reason 

why these genes can be expressed when the DNA has not been decondensed is 

yet unknown. After 3 hpi, there is a higher pool of genes transcribed which are 

the early genes. At this stage the DNA has started to decondense by the 

detachment of the histone-like proteins Hc1 and Hc2, which keep the DNA 

condensed in EBs50, and the transcription machinery can access the genes. 

Expression of early genes is essential to establish the infection and allow 

differentiation of EBs to RBs. Some of the most important genes transcribed at 

this stage are heat shock proteins, proteins involved in translation and 

replication48, DNA gyrase51 or Early Upstream ORF (EUO)52, which are 

regulators of middle or late genes respectively. Regulation of early genes is 

unknown, and it is believed that they could be expressed constitutively.  

When the RBs start replicating, the midcycle genes are transcribed. These are the 

vast majority of genes transcribed by Chlamydia, and include genes involved in 

metabolism, mayor membrane components and inclusion membrane proteins 
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(Incs)48. The major mechanism of activation of these genes is thought to be 

negative DNA supercoiling53. Late genes are transcribed at the end of the cycle, 

when RBs transform to EBs (starting at 24 hpi) and are involved in RB to EB 

conversion as well as EB integrity. Late transcribed genes include the adhesin 

OmcB, the histone like proteins Hc1 and Hc2 and proteins involved in membrane 

stability54.  

 

1.3. – Chlamydia host tropism 

Chlamydia species can infect a surprising number of animal hosts. Each host is 

infected by a specific Chlamydia species (Table 1)55,56 although the different 

species share very similar genomic material57. This is particularly striking in the 

case of C. trachomatis and C. muridarum, which infect humans and mice 

respectively. These two species share over 99% of the genomic open reading 

frames (ORFs)58. One of the main genomic differences between Chlamydia 

species is located in a specific region of the genome called the plasticity zone59,60. 

The plasticity zone contains genes that encode for tryptophan synthase61, 

phospholipase D62 and the chlamydial cytotoxin63. There are also hypothetical 

proteins of unknown function expressed in this genomic region. Tryptophan 

synthase is present in genital serovars of C. trachomatis but not in C. muridarum. 

Cells infected with Chlamydia express IFN-γ as an innate immune response to 

infection. In human cells from the genital tract, IFN-γ triggers a reduction of the 

tryptophan pool, which is essential for Chlamydia growth. C. trachomatis can 

synthesize tryptophan from indole and complete their development. This is not 

the case of ocular serovars of C. trachomatis, which also lacks tryptophan 

synthase64. In murine cell lines IFN-γ does not reduce the tryptophan levels but 

induces the expression of GTPases instead65. This is probably a result of co-

evolution of bacteria with its host, which allows adaptation of different species 

of Chlamydia to different host environments.  

 

 

 

 

 

 



12 
 

Table 1. Chlamydia species and their infection hosts. Adapted from Nunes et al 

(2014) and Borel et al (2018)55,56.  

Chlamydia species Animal host 

C. trachomatis Humans 

C. pneumoniae Humans, koalas, swine, reptiles, frogs 

C. muridarum Mice, hamsters 

C. caviae Guinea pigs 

C. serpentis66 

Snakes Candidatus C. sanzinia 

Candidatus C. corallus 

C. ibidis 

Birds  C. avium 

C. gallinacean 

C. psittaci Birds, humans (zoonotic) 

C. suis Swine, humans (zoonotic) 

C. pecorum Swine, koalas, cattle, sheep 

C. abortus Swine, horses, cattle, sheep, humans (zoonotic) 

C. felis Cats, humans (zoonotic) 

 

In addition to the plasticity zone, there is a high number of single nucleotide 

polymorphisms (SNPs) in particular regions of the Chlamydia genomes, mostly 

in genes involved with pathogen-host recognition as the adhesin MOMP and in 

the Pmps. Another group of genes with high genetic variation between different 

Chlamydia species is effector proteins secreted by T3SS that are involved in 

internalization of EBs. These effector proteins are considered to contribute to host 

tropism. In C. trachomatis, phosphorylation of TarP occurs when the effector 

protein is translocated after attachment of EBs to host cells. Its role seems to be 

essential in C. trachomatis infections but dispensable in other Chlamydia species, 

which lack the N-terminal tyrosine phosphorylation domains67. The other early 

effector TepP shares low identity between C. trachomatis and C. muridarum 

orthologs35. Tyrosine phosphorylation by Src kinases of TarP and TepP is crucial 

for C. trachomatis infectivity and appears to play an important role that is not 

shared by other Chlamydia species. Interestingly, the inhibition of Src kinases 

have a dramatic effect in C. trachomatis progeny production but it does not affect 

C. muridarum and it enhances C. caviae infection68.  
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1.4. – Small molecule chemistry 

Small molecules have been used to treat diseases since decades. Herbal mixtures 

containing a combination of small molecules were common treatments used in 

traditional medicine. With the development of the chemistry field, small 

molecules were isolated from the plant extracts and could be identified69. Small 

molecules with antibiotic properties started to be isolated from a multitude of 

sources, mostly bacteria and fungi. Antibiotic development began with the 

synthesis of Salvarsan in 1911, which quickly substituted mercury in the 

treatment of syphilis70. This organoarsenic drug was toxic and its clinical use was 

reduced with the introduction of sulfonamides in 193571. Five years later, 

penicillin was commercialized72. The 20 years following this event are called the 

Golden Age of antibiotic discovery, when scientists discovered most of the 

antibiotic scaffolds used nowadays73. By this time, antibiotic resistance started to 

become apparent74, and by the end of the Golden Age antibiotic resistance could 

be detected within a few years after the commercialization of most new 

antibiotics. Nowadays, there are mechanisms of resistance to all current 

antibiotics75. Some of the reasons behind the development of resistance are the 

prescription of antibiotics for common and recurrent infections, the massive use 

of broad spectrum antibiotics in food production industry and an irresponsible 

use of antibiotics by the general population76.  

Most of the antibiotics developed in recent years use and modify the structures 

from antibiotics discovered previously76. As a result, antibiotic resistant bacteria 

emerge more rapidly and show cross-resistance to antibiotics of the same class77. 

Development of small molecules with a narrow spectrum and alternative targets 

can be an approach to tackle antibiotic resistance.  

 

1.4.1. – Development of ring fused 2-pyridone compounds 

Ring fused 2-pyridone compounds are small molecules that share a ring-fused 2-

pyridone core. The first molecules were designed as compounds inhibiting pili 

formation in uropathogenic Escherichia coli (E. coli) and the chemical structure 

mimicked peptide backbone structures78. Synthesis of new compounds was 

guided by the biological activity conferred by chemical substitutions in different 

parts of the molecules, so called Structure-Activity Relationships (SAR). This 

resulted in the development of the thiazolino ring-fused scaffold, which is the 

base of all 2-pyridone analogues79,80. Further optimization established the 

synthetic route and optimized the peptidomimetic backbone81,82. 
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A characteristic of 2-pyridones is that small substitutions in the core ring-fused 

scaffold results in very diverse biological effects. Treatment of isoniazid resistant 

Mycobacterium tuberculosis with the 2-pyridone C10 re-sensitize the bacteria to 

isoniazid83. Listeria monocytogenes virulence is attenuated by a class of 2-

pyridone heterocycles84,85. Pyridine ring-fused 2-pyridones bind to amyloid β and 

α-synuclein fibrils, showing potential in treatment of Alzheimer’s and 

Parkinson’s disease86.  

A screening of different 2-pyridones identified the thiazolino 2-pyridone amide 

KSK120, as an inhibitor of C. trachomatis infectivity87. KSK120 disrupts the 

development of C. trachomatis and reduces the number of infectious progeny by 

blocking the uptake of G6-P into the inclusion87. This thesis focus on the 

development of new 2-pyridone amides to improve their physicochemical 

characteristics and their effect in C. trachomatis development. 

 

1.4.2. – ADME, toxicity, pharmacokinetics and in vivo models 

A novel antimicrobial needs to be administered in adequate concentrations and 

remain at the site of infection long enough to be active in vivo. Methods to 

evaluate ADME (absorption, distribution, metabolism, excretion) estimate the 

capacity of compounds to be absorbed over the intestinal barrier, distributed 

throughout the body, metabolized by enzymes and how they are excreted from 

the body. The methods are very diverse and can be performed in vitro or in vivo88. 

One commonly used in vitro model to estimate intestinal absorption is the Caco-

2 cell permeability approach. Caco-2 cells grown as a monolayer adopt the tight 

junctions phenotype typical of the intestinal epithelial cells89. This method 

measures the permeability of a compound into Caco-2 cells, determines the efflux 

ratio and can predict the suitability of a compound as an oral drug.  

The capacity of compounds to distribute in a biological system partly depends on 

their affinity to plasma proteins. The plasma protein binding (PPB) assay 

determines the fraction of compound that binds to proteins in the blood and the 

fraction of free compound with the potential to reach its target90.  

An established method to determine the metabolic stability of a compound is by 

incubation with liver microsomes and measuring the degradation over time. In 

this assay, the clearance of the compound indicates how quickly it is metabolized 

in the liver and thereby how long it can remain in the blood91.  

The toxicity of a compound must also be assessed prior to in vivo tests. 

Preliminary toxicity can be evaluated in vitro in cell lines and in primary cells 
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using different cell viability markers. One common method is the resazurin assay, 

commercially sold as Alamar Blue, in which cell viability is evaluated by the 

reduction of compound resazurin to the fluorescent resorufin by the cell electron 

transporting chain92. This assay can identify toxic compounds that reduce cell 

viability, but the compounds may still be toxic in vivo. Further evaluation by 

different methods including extensive testing in animals are required in later drug 

development stages92.  

Pharmacokinetic (PK) methods evaluate the behavior of a compound in a 

complex biological system. Rodents are the main model for primary evaluation 

of PK due to easy handling and low price compared to higher mammals. Typical 

administration routes are intravenous, intraperitoneal, oral or subcutaneous. 

Blood samples are collected at different time-points for subsequent measurement 

of the compound concentrations. By PK, we can determine the maximal 

concentration of a compound in blood, the half-life, area under curve and the time 

it remains in the body in relevant concentration before it is metabolized and 

excreted93. These parameters from mice provide a good estimation of the 

bioavailability of a compound in higher mammals.  

After determining the pharmacokinetic properties of a compound, the next step 

is testing the effect in vivo. There are four main vaginal infection models of C. 

trachomatis, the non-human primate, pig, Guinea pig and mouse94. Due to the 

high costs and difficulty in handling, the non-human primate and pig models are 

not the first option to evaluate the effect of novel compounds. Infection of Guinea 

pigs can only be achieved with C. caviae, so it is not a good model for compounds 

with specific effect in C. trachomatis. Finally, mouse models present the 

advantages described for PK experiments and they can be infected with either C. 

trachomatis or the mouse pathogen C. muridarum. Infections with C. muridarum 

last longer and have a higher similarity to severe C. trachomatis infections in 

women, that can result in hydrosalpinx, fibrosis and infertility95. C. trachomatis 

infections in mice are cleared faster and the infection does not ascends to the 

upper genital tract. C3H/HeJ mice lack toll like receptor-4, which makes them 

unable to respond to bacterial lipopolysaccharide (LPS) and exert a quick 

immune response to Gram-negative bacteria. C. trachomatis infection in these 

mice is prolonged and resembles uncomplicated human infections96,97. In 

addition, synchronization of the estrous cycle of mice by progesterone treatment 

reduces variability between individuals and produce more solid infection data98.  
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1.4.3. – Mode of action 

The mechanism by which a compound exerts its biological effect in an organism 

is referred to as its mode of action (MOA). Determination of the MOA of 

compounds is a crucial step in antibacterial drug development.  

Investigations of the effect of a determined compound on the phenotype of a 

biological system are usually the first steps to analyze the MOA99. However, 

antibacterial compounds tend to have general and detrimental effects on the 

microorganism (such as growth inhibition) which makes characterization of the 

MOA challenging. The omics approaches like proteomics, metabolomics, 

transcriptomics and lipidomics are newer methods to investigate the MOA. 

Large-scale effects of a compound can be detected but the analyses are expensive 

and generate big data sets that are complex to analyze100,101. 

Forward genetics is one of the preferred methods to determine the MOA of 

antimicrobial compounds102,103. In contrast with reverse genetics, forward genetic 

methods can lead to new molecular targets104. Selection of mutations that confer 

resistance has been used to investigate the mode of action of antimicrobial 

compounds in Chlamydia105,106. The method involves either chemical 

mutagenesis or serial passaging of the bacteria in presence of increasingly higher 

concentrations of a compound until a resistant population is selected. These 

mutants are then clonally purified and whole genome sequenced to identify the 

mutated genes. C. trachomatis resistant to the 2-pyridone amide KSK120 had 

mutations in uhpC (encoding for a G6-P transporter), efp (elongation factor-P), 

recC (involved in DNA repair), pgi (G6-P isomerase) or rpoC (RNA 

polymerase), all mediating different levels of  resistance to KSK12087. This 

method was used in this thesis to investigate the MOA of the next class of anti-

Chlamydia 2-pyridone amides.  

 

1.4.4. – Target identification 

Forward genetics are useful tools to determine the MOA of a compound, but the 

mutations identified can lead to off targets107 or to just one of several target 

proteins108. To confirm that the mutations are responsible for the MOA, the 

molecular target must be determined. Identification of the target protein to which 

the compound binds is critical to avoid complications in clinical trials and to 

increase the chances of commercializing a drug.  

Direct biochemical methods, genetic interactions and computational inference 

can be used to determine the target of a compound104. Direct biochemical 



17 
 

approaches are based on methods to determine the interaction between the 

compound and its target, and there are wide methodological options109,110. 

Genetic interaction methods involve the screening of compounds in a library of 

mutants in essential genes and identification of the protein responsible for the 

phenotype111–114. Computational methods determine the structure similarities of a 

compound with other known drugs and establish candidate target proteins115. This 

approach however needs the confirmation of the target by additional methods and 

usually leads to hints about the MOA instead116.  

Affinity chromatography (or “pulldowns”) is a direct biochemical method to 

identify target proteins. It is based on the interaction between a solid matrix and 

an active probe modified from the compound of interest. The probe is incubated 

with cells or cell lysates to allow interaction with its target. Stringent washes 

remove non-specific proteins bound to the probe and matrix, and the target 

protein is eluted. Proteins bound to the probe are then identified by mass 

spectrometry (MS)117,118. Affinity chromatography with small molecules present 

a series of advantages in laboratory conditions compared to genetic approaches. 

Small molecules have a quick and tunable effect and they are versatile, as their 

effect can be reversed if they are removed from the biological system118. In this 

thesis, we attempted to identify the molecular target of 2-pyridone amides by 

pulldown approaches.  
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Aims of the thesis 

The aims of this thesis were the following: 

 Improve the potency and pharmacological properties of anti-Chlamydia 

2-pyridone amides by SAR while reducing their toxicity in human cells.   

 

 Study the mode of action of 2-pyridone amides in the life cycle of 

Chlamydia trachomatis and investigate their molecular target.  
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2. – Methodological considerations 

In this thesis I used basic methods from cell biology, microbiology and molecular 

biology. Among these methods were Western Blot, sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE), RT-qPCR, confocal 

microscopy, cell culture methods or cytotoxicity assays. These methods are 

described in the accompanying papers and manuscript in this thesis. In addition 

to these particular methods, I also used specific methods as SAR, ADME, 

chemical synthesis and in vivo infection models.  In the section below, I 

summarize specific methods that were crucial for the completion of this thesis. 

 

2.1. – Re-infection assay 

Since 2-pyridone amides reduce the infectivity of the EB progeny, we developed 

a method called Re-infection assay to test the activity of compounds. This method 

differs from the traditional minimal bactericidal concentration (MBC) and 

minimum inhibitory concentration (MIC) as 2-pyridone amides do not kill or 

inhibit bacterial growth. The compounds were added at the beginning of the 

infection (1 hpi) and the bacterial progeny was isolated by addition of water 46-

48 hpi, at the end of the Chlamydia developmental cycle. The EBs collected were 

then used to infect a fresh layer of cells, and inclusion formation was quantified 

44 hpi by automated microscopy. This method allowed quantification of the 

infectivity of progeny EBs and classification of 2-pyridone amides effectivity by 

a Re-infection inhibition value. We have used two variants of this value, the first 

one was the minimal concentration of compound required to inhibit 95% of 

inclusion formation (Paper I and II, Reinfect95) and the second variant was 

represented in Paper III and IV as the percentage of infectivity inhibition 

compared to a DMSO control at different concentrations of the compounds.  

 

2.2. – Selection of resistant mutants 

Using forward genetics, we attempted to determine the MOA of 2-pyridone 

amides. To select for mutants, cells infected with C. trachomatis at a high 

Multiplicity of Infection (MOI) were exposed to a relatively high concentration 

of KSK213 to accelerate the selection process. This ensures that the mutations 

are selected at early stages of the passaging process. Mutants clonally purified 

were sequenced and the mutations were identified. Mutations in genes can 

provide clues of the MOA of the drugs or they can be compensatory mutations 

that confers the resistant phenotype (i.e. mutations in the bacterial membrane 
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reduce the access of the drug to its target). This method was applied in Paper IV 

to study the MOA of 2-pyridone amides.  

 

2.3. – Target identification with pulldown assays 

Affinity chromatography (pulldowns) was the method selected to identify the 

molecular target of the compounds. We designed and synthesized a probe 

molecule TW845 for target protein pulldowns. The probe is an analogue of the 

2-pyridone amides and contain a linker to attach to the solid matrix and a photo-

reactive group to form a covalent bond with the bound protein. The positions of 

these linkers in the molecule must have a minimal effect on the biological activity 

to successfully pulldown the specific target. Linkers with photo reactive 

properties are varied and each type has its advantages and disadvantages. To 

identify the target of 2-pyridone amides, diazirin was selected as it ensures photo-

crosslinking of the probe to its target, although the crosslinking can cause 

unspecific protein binding compared to other linkers as tartaric acid118. This 

requires more effort in processing the MS data. For the binding to the solid 

matrix, biotin is the preferred choice, as interaction of biotin with streptavidin is 

one of the strongest known119. A probe containing biotin, a fluorophore and a 

functional group (azide or alkyne) that bind to the probe is termed trifunctional 

probe (LS37). The fluorophore addition allows visualization in SDS-PAGE 

gels118. The functional group can be paired to the probe by azide-alkyne 

copper(I)- catalyzed Huisgen [3+2] cycloaddition (CLICK reaction)119. 

Subsequently, the complex can be pulled down by streptavidin coated magnetic 

beads. The method is visualized in Figure 2. 
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Figure 2. Simplified scheme of the pulldown method. TW845 is mixed with 

lysed infected cells, binds to its target protein and is photo-crosslinked to the 

target by UV light. LS37 is then attached to TW845 by Cu2+ based CLICK 

chemistry to the azide group. Finally streptavidin coated magnetic beads are used 

to pull down the TW845-LS37 complex (Graphics Carlos Núñez-Otero). 
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3– Results and discussion 

3.1. – Papers I, II and III 

The first three papers of the thesis represent the progressive development of the 

2-pyridone amide analogues based on the established Structure Activity 

Relationships (SAR) (Figure 3). In Paper I, we explored how modifications in the 

C3, C6 and C7 positions of the molecules affected the potency in C. trachomatis. 

A set of analogues of the previously published compound KSK12087 (Figure 3, 

compound 1) were synthesized and their biological effect was tested in the Re-

infection assay in C. trachomatis. The key modification of the new analogs that 

lead to improved potency was the saturation of the double bond between C2 and 

C3. Among these analogues, the 2-pyridone amide in C3 derivative KSK213 

(Figure 3, compound 2) was the most potent, with an EC50 value of 59 nM. This 

was a major improvement compared to the parental molecule KSK120 that had a 

EC50 value of 254 nM. Several analogs without the C2-C3 double bond had EC50 

values in the range of 100-200 nM. Moreover, these analogues showed no toxicity 

to the host cells at 25 µM while KSK120 reduced HeLa cell viability by 27% at 

the same concentration. In addition, an analogue based on a 2-pyridone amide 

containing the fluorescent group BODIPY, JG180, was synthesized and had anti-

Chlamydia effect, albeit with lower potency (10 times lower Reinfect95 value). 

We could observe accumulation of the fluorescent JG180 in C. trachomatis 

inclusions by confocal microscopy. The fluorescence in the inclusion was 

reduced by adding equal concentrations of other 2-pyridone amides, indicating 

that JG180 and the other 2-pyridone amides bind to the same molecular target.  

 

 

Figure 3. SAR guided development of 2-pyridone analogues. KSK120 (1) 

position C2/C3 was saturated and an amine group was introduced at position C6 

obtaining KSK213 (2). KSK213 amide in position C3 was substituted by a 

triazole isostere in MK281 (3). KSK213 cyclopropyl group in position C8 was 

substituted by a methyl sulphonamide to synthesize AC136 (4). Adapted from 

Paper III. 
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The C3 modification was further explored in Paper II, where the amide was 

substituted by different chemical groups. The aim was to get rid of the amide 

group since it may potentially be degraded to a toxic aniline120. Among the 

different substituents, triazole isosteres showed higher potency compared to the 

amides in the parental compound/s. The analogues MK281 (EC50 = 13 nM) and 

JG107 (EC50 = 18 nM), both triazole isosteres, had lower EC50 values than 

KSK213. MK281 contained an amino substituent in C6 (Figure 3, compound 3) 

similar to KSK213. The fact that these compounds had equal or better effect 

compared to amides demonstrated that degradation to toxic sub products was not 

the cause of the inhibitory effect of 2-pyridone amides. We also confirmed that 

the 2-pyridone triazole isosteres caused a similar phenotype in Chlamydia 

infections by microscopic evaluation of inclusions during the developmental 

cycle. The 2-pyridone triazole isosteres reduced the binding of the fluorescent 

analogue JG180 to the inclusions suggesting that they also target the same 

molecular target.  

In Paper I and II, we tested the compounds in some bacteria and fungi commonly 

found in the intestinal and genital flora, Lactobacillus crispatus, L. jensenii, 

Streptococcus agalactiae, Staphylococcus aureus, Escherichia coli and Candida 

albicans. The compounds did not affect the growth of any of these species, which 

demonstrated the specificity of 2-pyridone amides against Chlamydia. In Paper 

II we also evaluated the safety of some key 2-pyridones by Ames mutagenicity 

test. The tested compounds did not induce mutations at 10 µg/ mL.  

In Paper III, 2-pyridones were further developed focusing on the C8 position and 

aiming at improving the physicochemical properties of the compounds. With the 

specific purpose of increasing the solubility and pharmacokinetic properties, 

several analogues with different oxygen and nitrogen substituents in C8 were 

synthesized. The analogue AC136, with a methyl sulphonamide substitution in 

C8 (Figure 3, compound 4), showed good activity at 2.5 µM (89% inhibition) and 

retained some inhibitory effect at 1 µM (23% inhibition). Moreover, it was not 

toxic to cells, had a low log-P value and therefore we selected this analogue to 

evaluate the pharmacologic properties. Together with AC136, we selected a 

representative analogue from Paper II with the most potent anti-Chlamydia effect, 

MK281. AC136 had increased solubility, higher cell permeability and improved 

metabolic stability compared to MK281. The pharmacokinetic properties were 

then evaluated in mice, where the molecules were administered both orally (PO) 

and intravenously (IV). The properties of AC136 were highly improved 

compared to MK281. AC136 had an oral bioavailability of 41%, while MK281 

had negligible bioavailability. The methyl sulphonamide substitution in C8 of 
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AC136 resulted in highly improved properties, shifting the molecules from BCS 

(Biopharmaceutical Classification System) class IV (low permeability, low 

solubility) to II (high permeability, low solubility)121. However, oral AC136 

treatment had no effect on vaginal C. trachomatis infections in mice. The reason 

for this is unclear, however the dose of AC136 used could not be higher than 10 

mg/ kg due to its low solubility, and by 8 h post-addition, the concentration in 

blood fell below 1 µM. At this concentration, AC136 reduced by 23% the 

infectivity of C. trachomatis progeny in vitro, so the exposure may not have been 

enough to affect the outcome of the infection. Further development of the 

compounds to increase solubility and bioavailability while retaining their 

inhibitory effect will be a priority in the future of the project.  

The SAR progression of 2-pyridones (Figure 3) led to analogues that inhibited C. 

trachomatis infections at low nanomolar concentrations. These compounds were 

not mutagenic, non-toxic to human cells and did not inhibit the growth of 

microbes from the intestinal and genital flora. Furthermore, the pharmacokinetic 

characteristics of the compounds were improved to make them orally 

bioavailable. The effect of a representative 2-pyridone amide on Chlamydia 

infections was further explored in Paper IV.  

 

3.2. – Paper IV 

In this paper, we investigated the MOA of KSK213 as a representative 2-pyridone 

amide analogue. KSK213 was the lead molecule in Paper I and was one of the 

most potent compounds developed in the project.  

First, we determined that the MOA of KSK213 differed from the previous 2-

pyridone amide KSK120. We observed accumulation of glycogen in the 

chlamydial inclusions of DMSO and KSK213 treated samples, while KSK120 

treatment inhibits glycogen accumulation87. In addition, transmission electron 

microscopy (TEM) micrographs of chlamydial inclusions showed that KSK213 

treatment had no effect on the production of EBs, contrary to KSK120 treated 

inclusions which appear semi-empty87.  

Once we had observed that KSK213 had a different MOA, we evaluated the effect 

in different Chlamydia species and C. trachomatis serovars. We showed that 

KSK213 had a very specific effect on C. trachomatis independent of the serovar 

tested (A, D, L2), while it had no effect in C. muridarum or C. caviae.  

We also observed that the EBs generated in presence of KSK213 could attach and 

internalize into new cells. After that, we evaluated the transcription from 
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infectious progeny generated in presence of KSK213. We used the treated EBs 

to infect a new monolayer of cells and analyzed gene expression by RT-qPCR. 

The results showed that expression of early genes and especially euo was 

dramatically reduced in KSK213 treated EBs. Moreover, and likely as a result of 

the impaired transcription, EBs could not differentiate to RBs to generate a new 

round of infection (Figure 4). We observed that KSK213 treatment also reduced 

the expression of a fluorescent reporter protein linked to the promoter of the late 

expressed gene omcA. In addition, mutations in RNA helicase hepA and RNAse 

III rnc lead to KSK213 resistance. Together, these results suggest that the MOA 

of KSK213 is related to transcription and RNA processing.  

 

 

Figure 4. Effect of KSK213 on Chlamydia trachomatis development. Infectious 

progeny after treatment is isolated and used to re-infect new cells. Lower panel 

shows that KSK213 treatment results in EBs that cannot establish a productive 

infection upon re-infection (Graphics Carlos Núñez-Otero).  
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Thereafter, we evaluated if Chlamydia EBs treated with KSK213 during the 

developmental cycle were able to successfully establish an infection in mice. 

Interestingly, the pre-treatment with KSK213 significantly reduced the virulence 

of EBs in a mouse infection model compared to DMSO pre-treated EBs. This 

result demonstrates that 2-pyridone amides are effective when delivered to their 

infected target cells indicating that they have potential as treatment of Chlamydia 

infections in vivo.  

 

3.3. – Target identification of 2-pyridone amides 

We attempted to identify the molecular target of 2-pyridone amides by affinity 

chromatography, here termed pulldowns. We designed and synthesized a probe 

molecule TW845 and a trifunctional probe (LS37) for target protein pulldowns 

(Figure 5, A). The pulldown approach is described in section 2.3 and detailed 

materials and methods are found in Appendix.  

 

3.3.1. – Activity of the molecular probe TW845 in pulldown approaches 

We first evaluated the anti-Chlamydia activity of TW845 using the Re-infection 

assay we have established for evaluation of 2-pyridone amide activity. HeLa cells 

infected with C. trachomatis were treated with different concentrations of TW845 

for 48 h prior to collection of EBs and subsequent re-infection of new cells. The 

number of inclusions formed after re-infection were quantified by automated 

microscopy and presented as percent of the DMSO control. We observed a dose-

dependent inhibition of Chlamydia infectivity as reported for the parental 

compound KSK213 although TW845 was less potent (EC50 = 1.25 µM) compared 

to KSK213 (EC50 = 0.06 µM) (Figure 5, B). 

We then used TW845 for pulldown experiments in C. trachomatis infected cells. 

TW845 (2.5 µM, 5 µM or 25 µM) or DMSO was added to C. trachomatis infected 

cells during the 48 h infectious cycle prior to cell lysis. Lysate was pre-incubated 

with streptavidin magnetic beads to remove naturally biotinylated proteins. We 

first detected the protein bands with rhodamine from the trifunctional probe 

LS37, then the gel was silver stained to detect background proteins. Eight bands 

appeared in rhodamine fluorescence with higher intensity in the TW845 treated 

samples compared to DMSO control (Figure 6, A). The total proteins in silver 

staining were similar in TW845 and DMSO treated samples (Figure 6, B), thus 

proteins bound unspecific to LS37 and the streptavidin magnetic beads. 

Increasing concentration of TW845 yielded more labelled proteins and at 25 µM, 
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however the total amount of proteins on a silver stained gel increased as well, 

indicating unspecific binding also to TW845. 

 

 

 

Figure 5. A) The pulldown probe TW845 and the trifunctional probe LS37. B) 

The inhibitory effect of TW845 in the C. trachomatis Re-infection assay 

compared to a DMSO treated control. Bars show mean and error bars show the 

standard deviation of three experiments in duplicates. 
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Figure 6. Pulldown experiments with TW845. SDS-PAGE gel from a pulldown 

experiment with increasing concentrations of TW845 in duplicates. A) 

Rhodamine fluorescence. B) Silver staining of background proteins. Eight visible 

bands and their approximate molecular weight (kD) were marked in the 

rhodamine fluorescence gel. 

 

Next, we used the control compound PS491 (Figure 7, A) containing the diazirin 

and acetylene groups to assess unspecific photo-crosslinking. PS491 did not pull 

down any additional labelled bands compared to DMSO (Figure 7, B and C) 

showing that unspecific photo-crosslinking was not a problem. 

In an attempt to outcompete the binding of the probe to its target we added excess 

(5:1) of the parental 2-pyridone amide KSK213 (Figure 7, A), together with 

TW845 and performed the pulldown. The band intensity of labelled proteins was 

then reduced (Figure 7, B) suggesting that these bands contained proteins that 

bound specifically to 2-pyridone amides. In two of the samples (right DMSO and 

right TW845) we observed that the top band was in a higher position. The bands 

were similar in the rest of the samples and the reason behind this is unknown.  
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Figure 7. Pulldown experiments with TW845 using KSK213 and PS491 as 

controls in duplicates. A) The parental 2-pyridone amide KSK213 was used as a 

competitive binder of TW845. PS491 was used as a control compound to detect 

unspecific photo crosslinking. B) Rhodamine fluorescence. C) Silver staining for 

background proteins. Competition was 25 µM KSK213 together with 5 µM 

TW845. 

 

3.3.2. - Pulldown analyses in isolated Chlamydia inclusions  

In order to reduce the number of unspecific binding host proteins we performed 

pulldowns in lysates where we had enriched Chlamydia by centrifugation. 

Infected HeLa cells were treated with TW845 throughout the developmental 

cycle. Cells were lysed by glass beads followed by centrifugation of bacteria, and 

the bacteria were lysed by sonication. No bands were detected by rhodamine 

fluorescence and the target protein may not have been present in detectable 

amounts in Chlamydia EBs.  

We then reasoned that the target protein might be more abundant in Chlamydia 

inclusion as we had shown in Paper I and II that 2-pyridone amides accumulate 

in the inclusions. We isolated intact Chlamydia inclusions by a previously 

published method122 and confirmed that the fluorescent 2-pyridone JG180 

accumulated in isolated inclusions. This was shown both after treating isolated 

inclusions with JG180 (Figure 8, A) and after pre-treating infected cells with 

fluorescent analogue JG180 prior to inclusion isolation (Figure 8, B). The 

bacterial membranes and parts of the inclusion membrane had stronger 

fluorescence (Figure 8). 
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Figure 8. The fluorescent 2-pyridone amide JG180 accumulated inside of 

isolated inclusions and was visualized by confocal microscopy. A) Inclusions 

were isolated in a Percoll gradient and incubated with JG180 for 1 h. B) Infected 

cells were treated with JG180 for 24 h prior to inclusion isolation.  

 

Then we performed pulldown experiments with TW845 and the purified 

Chlamydia inclusions. TW845 was added 1 hpi and incubated for 28 h prior of 

inclusion isolation. Inclusions were purified and the bacteria were lysed by 

sonication. To enable detection of proteins that bound specifically to 2-pyridone 

amides we performed pulldowns in parallel with KSK213 as competing 

compound. We decided to identify the proteins from inclusion samples by Liquid 

Chromatography-Mass Spectrometry-Mass Spectrometry (LC-MS/MS). The 

whole complex with attached protein, TW845, LS37 and magnetic beads was 

trypsinized and peptides were purified prior to LC-MS/MS. In the analyses, we 

compared TW845 alone to untreated or competition (TW845 with KSK213) and 

calculated protein enrichment by t-test (False Discovery Rate (FDR) 5%, s0=0.1). 

We identified 49 host cell proteins and 3 Chlamydia proteins significantly 

enriched in TW845 samples (Appendix) indicating that they bound more 

specifically to 2-pyridone amides. The Chlamydia proteins identified were 

polymorphic membrane protein B (PmpB) and two proteins with unknown 
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function, CTL0006 and CTL0270. A high percentage of the host cell proteins 

were involved in fatty acid synthesis (22%), tricarboxylic acid cycle (TCA) 

(16%) or processing of proteins (18%). Most of the proteins from the host were 

mitochondrial, likely explained by co-purification of host cell organelles together 

with Chlamydia inclusions. The number of pulled down proteins indicated 

unspecific binding and we further developed the pulldown method to be able to 

determine the molecular target of 2-pyridone amides. 

 

3.3.3. - Pulldowns in SILAC labelled cells  

To increase the probability of identifying a specific binder in the pulldown assay, 

we used an approach termed Stable Isotope Labelling of Amino acids in Cell 

culture (SILAC). Pulldown experiments are sensitive to small variations between 

samples and SILAC can reduce these variations by combining the different 

experimental conditions in the same tube prior to pulldown experiments. More 

specifically, SILAC together with quantitative MS increase the sensitivity of the 

differential quantification of proteins pulled down from samples with or without 

competing compound104. SILAC is based on labelling cells with 13C, 15N L-lysine 

and 13C L-arginine by serial passaging in medium containing the labelled amino 

acids. In the experiments, labelled and unlabeled HeLa cells were infected with 

C. trachomatis and incubated with either TW845 or both TW845 and five 

equimolar KSK213. Labelled and unlabeled cell lysates were then mixed prior to 

pulldown and LC-MS/MS analysis. Proteins binding specifically to 2-pyridone 

amides would be pulled down in significantly different frequency in the labelled 

and unlabeled cells (Figure 9). In one of the experiments, the compounds TW845 

and KSK213 were added during the 28 h infection while in the other experiment 

compounds were added after cell lysis.  

A total of 122 proteins were significantly reduced in samples where KSK213 was 

added as competing compound (Appendix) and thus more likely to bind 

specifically to 2-pyridone amides. Most of the proteins (118) were of host origin, 

and four of them had previously been pulled down from isolated inclusions. Three 

of these proteins were abundant mitochondrial enzymes in the tricarboxylic acid 

(TCA) cycle, and the fourth was a mitochondrial enzyme (ornithine 

aminotransferase) indirectly related to TCA. The effect of 2-pyridone amides in 

commercially available enzyme assays will be evaluated in future studies to 

determine the relevance of the TCA enzymes. We also identified four Chlamydia 

proteins that were significantly reduced by KSK213 competition in the SILAC 

pulldowns. Three Chlamydia proteins were part of the protein synthesis 

machinery; elongation factor Tu, tryptophan tRNA ligase and 30S ribosomal 
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protein 5S. These are abundant proteins essential for growth and development, 

functions that are unaffected by 2-pyridone amides and therefore these proteins 

are likely not target proteins. Even the SILAC approach could not completely 

overcome the problem with unspecific binding of abundant proteins. One of the 

Chlamydia proteins was a putative secreted protein (CTL0887) that had 90% 

amino acid sequence similarity with the C. muridarum homolog and was selected 

as a possible target protein. We can only speculate why CTL0887 was not pulled 

down from isolated inclusions. Unspecific binding proteins may have obscured 

CTL0887 and SILAC possibly enabled its detection by the more sensitive 

quantitation. In addition, CTL0887 may be secreted to the cell cytosol and was 

therefore not detected in the inclusions. Since we do not know the function of 

CTL0887, it is not possible to discuss the connexion with the MOA discovered 

in Paper IV.  
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Figure 9. Scheme of the SILAC approach. Labelled and unlabeled HeLa cells 

were infected with C. trachomatis and treated with TW845 alone or TW845 

together with KSK213 as competitor. Cells were lysed and mixed prior to 

pulldown and identification of proteins by quantitative MS. (graphics adapted 

from Aeberhard et al122 and Schenone et al104 by Carlos Núñez-Otero). 
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Conclusions/ main findings 

 2-pyridone amides reduce Chlamydia infectivity at nanomolar 

concentrations.  

 

 2-pyridone amides are not mutagenic, do not inhibit commensal bacteria 

and are non-toxic to human cells.  

 

 SAR guided development of 2-pyridone amides resulted in compounds 

with even higher potency and in a compound with oral bioavailability.  

 

 Treatment with the 2-pyridone amide KSK213 does not affect replication 

and development of C. trachomatis. The EBs produced are able to enter 

new cells but do not start the transcription of essential genes and fail to 

differentiate to the replicative form RB. 

 

 EBs produced in presence of KSK213 have attenuated virulence in a 

mouse model. 

 

 The 2-pyridone amide KSK213 has a specific effect on C. trachomatis 

and does not affect C. muridarum or C. caviae. 

 

 Mutations in HepAG571S and RncP177T confer resistance to the 2-pyridone 

amide KSK213.  
 

 The Chlamydia putative secreted protein CTL0887 is a candidate target 

of 2-pyridone amides.  
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Future perspectives 

In an effort to improve the solubility of the compounds, new 2-pyridone amides 

with modifications in the C6 position will be designed and synthesized. For 

example, the primary amine group can be modified into different secondary or 

tertiary amines, to fine tune the basic nature of the amine, potentially increase the 

polarity and maintain the potency of the 2-pyridone amides. Future efforts will 

therefore focus on further improving the solubility and pharmacological 

properties of the compounds while keeping their potency intact. In addition, the 

vehicle is an important part of the formulation that can have a great impact on the 

delivery of the compound allowing higher doses. This part is not well studied so 

far and research is being conducted to improve compound delivery. 

By using affinity chromatography, I have identified a Chlamydia protein, 

CTL0887, as a possible target of 2-pyridone amides. CTL0887 is currently being 

expressed in E. coli and interaction studies will be used to determine the binding 

of 2-pyridone amides, followed by protein-compound co-crystallization. Also, 

determination of the target will be paired with linking the protein function to the 

MOA that was discovered in Paper IV. Functional experiments will be conducted, 

and CTL0887 function will be investigated with reverse genomic approaches.  

Inhibitors of bacterial virulence with narrow spectrum will contribute to reduce 

antibiotic resistance in the future. 2-pyridone amides fall in this category of 

compounds and have the potential to reduce the use of broad-spectrum antibiotics 

in common Chlamydia infections.  
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