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Amino acids are abbreviated according to the IUPAC amino acid single letter or three letter 
code. Nucleotide abbreviations are in accordance to the IUPAC nucleotide code. 
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Introduction

1. Introduction 

In Europe, chlamydiae occur primarily as causative agents of sexually transmitted 

infections (STIs). Chlamydia trachomatis infection is commonly regarded as the most 

frequent cause of female infertility in industrialized countries (Akande et al., 2010) 

and is considered an underdiagnosed, widely spread STI in Germany (Stock et al., 

2001; Griesinger et al., 2007). High prevalence of urogenital chlamydial infection is 

mainly due to the fact that this bacterium remains undetected - and this on several 

levels. First of all, public awareness of STIs beyond HIV is not very pronounced in 

Germany, as a recent nationwide health and sexuality survey shows that while 

71.1 % of the participants named HIV/AIDS when asked which STIs they were aware 

of, chlamydial infection was only mentioned by 15.6 % of the female and 7.8 % of the 

male participants (Matthiesen et al., 2021). Secondly, the majority of urogenital 

chlamydial infections initially remains asymptomatic, and thus go undetected even in 

younger age groups, who were found to be generally better informed about STIs 

(Skaletz-Rorowski et al., 2021; Matthiesen et al., 2021). Last but not least, 

chlamydiae are specialized in remaining as inconspicuous as possible on a cellular 

level. C. trachomatis, as all known members of the Chlamydiae phylum, is highly 

adapted to an obligate intracellular lifestyle. Chlamydiae are equipped to manipulate 

their host cells in order to take full advantage of this habitat while at the same time 

being able to hide from their host cell's immune recognition. The following 

introductory chapters provide the background for this work’s research, covering  

chlamydial phylogeny (1.1.), lifestyle (1.2.), cell envelope (1.3.) and persistence 

(1.4.), as well as the interplay of cell division and peptidoglycan turnover in 

Chlamydia (1.5.), and the organism’s role as a human pathogen (1.6.). 

1.1.  The Chlamydiae phylum - Chlamydia and Chlamydia-like organisms  

The closest free-living bacterial relatives of Chlamydiae known to date are members 

of the phyla Verrucomicrobia, Lentisphaerae, and Kiritimatiellaeota and together with 

the Planctomycetes, these groups form the PVC superphylum (Wagner & Horn, 

2006; Rivas-Marín & Devos, 2018). It is estimated that the last common ancestor of 

all chlamydiae had adopted an intracellular lifestyle 1-2 billion years ago (Kamneva et 

al., 2012; Subtil et al., 2014) and since then phylum-level diversity has grown. 

Besides the Chlamydiaceae family, which includes human pathogen C. trachomatis, 
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Introduction

the first chlamydial species described by researchers (von Prowazek & Halberstadter, 

1907), the Chlamydiae phylum includes lineages that are found within protists, such 

as amoebae, and in diverse animal hosts (Horn, 2008; Taylor-Brown et al., 2015). 

Molecular diversity surveys suggest the existence of hundreds of chlamydial families 

(Lagkouvardos, et al. 2014; Collingro et al., 2020) of which only six are currently 

available as laboratory cultures in suitable host cells (Taylor-Brown et al., 2018; 

Collingro et al., 2020). In order to distinguish between 'classical' human pathogenic 

Chlamydia of the Chlamydiaceae family and more recently identified environmental 

chlamydial lineages, the latter are referred to collectively as Chlamydia-like 

organisms. 

The Chlamydiaceae family includes several well-known pathogens which are able to 

infect a diverse array of vertebrates (Bachmann et al., 2014; Elwell et al., 2016). 

Among these organisms are C. trachomatis and Chlamydia pneumoniae, the major 

chlamydial species that infect humans and can cause a broad spectrum of diseases 

with varying severity (see chapter 1.6. ‘Chlamydia as a human pathogen’). While 

C. trachomatis exclusively infects humans, C. pneumoniae has a diverse host range 

and has been found in horses, reptiles, amphibians, and also marsupials (Bodetti et 

al., 2002; Hotzel et al., 2001; Wardrop et al., 1999). The finding of animal genotypes 

of C. pneumoniae in humans suggests the possibility of interspecies transmission 

(Cochrane et al., 2005), but direct evidence for zoonosis is currently missing (Cheong 

et al., 2019). Another human pathogenic member of the Chlamydiaceae is Chlamydia 

psittaci which primarily infects birds, but may also cause pneumonia in humans after 

zoonotic transmission (Knittler & Sachse, 2015).  

Chlamydia-like organisms are not a phylogenetically coherent group; rather, the term 

refers to a variety of chlamydiae occurring in diverse environments, as members of 

various microbiomes, and in a wide host range (Collingro et al., 2020; Köstelbacher 

et al., 2021). Recently, chlamydial lineages that dominate microbial communities in 

deep marine sediments were described, which may even indicate a possible 

environmental impact of these species (Dharamshi et al., 2020). Like Chlamydia, all 

known members of Chlamydia-like organisms are obligat intracellular and depend on 

eukaryotic host cells. While the natural host/s of some species remains unidentified 

(Taylor-Brown et al., 2018), some Chlamydia-like organisms are reported to play a 

role as emerging animal and/or human pathogens (Taylor-Brown et al., 2015). 
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Members of the Simkaniaceae and Parachlamydiaceae families are capable of 

growing in a range of cells from amoebae to human pneumocytes (Casson et al., 

2006; Vouga, et al., 2017a), making them putative opportunistic human pathogens 

with reported cases of respiratory tract infections (Friedman et al., 2006; Lamoth et 

al., 2011). Waddlia chondrophila of the Waddliaceae family, which was first described 

in samples of bovine abortion tissues, has also been reported in association with 

miscarriage and adverse pregnancy outcomes in humans (Baud et al., 2007; 2014). 

The key characteristic of all Chlamydiales is an obligate intracellular lifestyle with a 

biphasic developmental cycle, which is described in chapter 1.2. As well-adapted 

parasitic and thus minimal bacteria, chlamydiae are able to acquire resources from 

their host cell. As a result, the chlamydial genome decreased in size compared to 

free-living bacteria, economizing on costly metabolic pathways which have become 

non-essential in this lifestyle. While the genome of Gram-negative model organism 

Escherichia coli K12 (substrain MG1655) has a size of 4.6 mega base pairs (Mb) 

(Riley et al., 2006), the genomes of human pathogenic C. trachomatis (strain D/

UW-3/CX) and C. pneumoniae (strain CWL029) are reduced to 1.0 Mb and 1.2 Mb, 

respectively (Stephens et al., 1998; Kalman et al., 1999). 

Due to their small genome size, many bacterial metabolic pathways are incomplete 

or do not exist at all in Chlamydiaceae and consistently they became auxotrophic for 

most amino acids, cofactors and for purine and pyrimidine nucleotides and 

dependent on scavenging metabolic intermediates from their eukaryotic host cells 

(Omsland et al., 2014; Mehlitz et al., 2017). The extent to which Chlamydiaceae rely 

on their host for energy production has not yet been fully clarified, as shown here by 

the example of glycolysis. Sequencing of the C. trachomatis genome revealed an 

almost complete set of glycolytic enzymes, lacking only hexokinase, the first enzyme 

of the pathway responsible for converting glucose to glucose-6-phosphate (Stephens 

et al., 1998). This lack is compensated for by the ability of Chlamydia to take up 

glucose-6-phosphate directly from the host cell (Schwöppe et al., 2002; Mehlitz et al., 

2017). Despite these abilities, it seems that C. trachomatis is not fully independent in 

terms of energy production, beyond the uptake of glucose-6-phosphate, and relies on 

scavenging host cell-derived ATP and NAD+ (Mehlitz et al., 2017). Additionally, a 

recent study found that glycolytic enzymes of the eukaryotic host cell are enriched in 
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the vicinity of intracellular Chlamydia and may also play a role in enabling chlamydial 

growth (Ende & Derré, 2020).  

Compared with Chlamydiaceae, the genomes of Chlamydia-like organisms tend to 
be less reduced, although the genome sizes also differ within representatives of this 

group. The genome size of W. chondrophila (strain WSU86-1044) is 2.1 Mb (Bertelli 
et al., 2010), that of Simkania negevensis (strain Z) is 2.5 MB, while that of 
Parachlamydiaceae acanthamoebae (strain UV-7) amounts to 3.1 Mb (Collingro et 

al., 2011). Chlamydiaceae and Chlamydia-like organisms share a common core 
genome, which was originally thought to consist of 560 genes (Collingro et al., 2011), 

however, the characterization of previously unknown chlamydial lineages reduced 
this number to 340 genes (Collingro et al., 2020). Chlamydial core genes with a 

known function are mainly housekeeping genes and genes coding for components 
involved in the highly conserved intracellular lifecycle, such as a T3SS secretion 

system for the release of effector proteins that manipulate the host cell, homologs to 
ATP/ADP translocases, a glucose-6-phosphate transporter, and a master 
transcription factor involved in governing the chlamydial developmental cycle 

(Collingro et al., 2011; 2020). While the basic chlamydial biology is conserved within 
the Chlamydiae phylum, the larger genetic repertoire of Chlamydia-like organisms 

indicates that they, while still being fully dependent on an eukaryotic host cell, have 
retained a higher metabolic potential. Hence, these organisms are able to adapt to 

less homeostatic growth niches and thus to a wider host range compared to 
Chlamydiaceae (Taylor-Brown et al., 2015; Collingro et al., 2020). 

1.2. Chlamydial intracellular lifestyle and developmental cycle  

Chlamydiae go through a complex developmental cycle that is unique and 

astonishing for bacteria with such a reduced genome size. In its course, chlamydial 

cells alternate between two cell forms, both of which have a round morphology but 

differ in their metabolism: extracellular elementary bodies (EBs) and intracellular 

reticular bodies (RBs) (Moulder, 1991; Abdelrahman & Belland, 2005). 

In their EB form, chlamydiae can survive outside their eukaryotic host cells, as EBs 

are resistant to osmotic and chemical stress due to a rigid cell surface consisting of 

cross-linked outer membrane proteins (Newhall, 1987; Hatch, 1996). EBs show low 

metabolic activity and cannot replicate, but are infectious due to their ability to attach 

to and invade host cells (Abdelrahman & Belland, 2005). They are taken up by 

endocytosis and are therefore located in a vacuole enclosed by the host cell’s 
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membrane which is named chlamydial inclusion. As soon as contact with the host is 

established, chlamydiae use a type III secretion system (T3SS), that is part of the 

chlamydial core genome (Collingro et al., 2011), to deliver effector proteins into the 

inclusion membrane and the host cytoplasm (Dai & Li, 2014). One of the tasks 

performed by these effector proteins is to remodel the inclusion’s surface so that it 

escapes the host cell's lysogenic pathway and is instead transported to the vicinity of 

nucleus by the host cell’s microtubule trafficking system (Bastidas et al., 2013; 

Grieshaber et al., 2006). Further effects are the inhibition of apoptosis triggering 

processes and the redirecting of the intracellular vesicle transport (Elwell et al., 

2016). The conditions inside the chlamydial inclusion are largely unknown, although it 

has been suggested for C. trachomatis that parameters such as pH and sodium, 
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Fig. 1.1. The Chlamydia developmental cycle. At the beginning of the early stage of chlamydial 
infection, (1) a chlamydial elementary body (EB) enters the eukaryotic host cell by endocytosis. 
During all following intracellular steps chlamydiae are located within the inclusion. (2) The EB 
differentiates to a reticular body (RB) and chlamydial replication is initiated. (3) RBs continue to 
replicate and the inclusion grows. In the late infection stage, (4) RBs re-differentiate to EBs. (5) 
Chlamydiae leave the host cell either by lysis or extrusion and released EBs might infect novel host 
cells. (*) Under stressing conditions, the development can become temporally interrupted and 
chlamydial persistence occurs. In this state chlamydial cells do not replicate and might show as 
enlarged aberrant bodies, but can revert to RBs once the stress factor is removed. (Figure modified 
from Brockett & Liechti, 2021).
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potassium, and calcium concentration appear to correspond to the host cell’s cytosol 

(Grieshaber et al., 2002). In order to allow expansion of the inclusion required for 

bacterial growth, chlamydiae are able to obtain lipids from host membrane systems 

(Capmany & Damiani, 2010).  

The developmental cycle of human pathogen C. trachomatis, as shown in figure 1.1, 

has been extensively studied and stands exemplary for other members of the 

Chlamydiaceae. The exact duration of one cycle of chlamydial development, which is 

characterized by temporally distinct patterns of gene expression correlating with the 

chlamydial growth stages (Belland et al., 2003), differs depending on the chlamydial 

species and the type of host cell. Intracellular steps of chlamydial development take 

place exclusively within the inclusion and thus, as described above, in an 

environment in which chlamydiae can draw on resources from the host cell and are 

protected from osmotic stress. C. trachomatis infection starts with the attachment of 

an EB to the surface of the eukaryotic host cell, followed by the release of pre-

packed chlamydial effector proteins, which ensure that the inclusion is established as 

an optimal niche for the pathogen (Elwell et al., 2016). About six to eight hours after 

internalization of usually a single EB into the host cell, its transition into a highly 

metabolically active RB occurs, which is then able to replicate (Moulder, 1991; 

Abdelrahman & Belland, 2005; Elwell et al., 2016). EBs of C. trachomatis are shown 

to undergo a polarized cell division process with similarities to the budding procedure 

of members of the Planctomycetes (Abdelrahman et al., 2016). The chlamydial 

replication process is unique, as their genomes lack tubulin-like homolog FtsZ, the 

central organizer of the bacterial divisome (Weiss, 2004). Instead, actin-like homolog 

MreB is thought to coordinate the chlamydial division complex, a machinery which is 

inextricably linked with components of the chlamydial peptidoglycan biosynthesis 

pathway (Gaballah et al., 2011; Ouellette et al., 2012; 2020) (see chapter 1.5. ‘Cell 

division peptidoglycan turnover in Chlamydia’ ). 

For C. trachomatis, the peak of RB replication is reached at 18 - 24 hours post 

infection (hpI) (Nicholson et al., 2003) and due to the increase in chlamydial biomass 

the inclusion grows until it occupies a significant portion of the host cell cytoplasm. 

Subsequently, at 24 to 72 hpI, the majority of RBs starts to asynchronously re-

differentiate back into the EB form (Moulder, 1991; Nicholson et al., 2003). Finally, 

chlamydiae are released into the extracellular space either by lysis of the host cell or, 
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alternatively, by releasing the inclusions in a vesicle called extrusion from the intact 

host cell (Moulder, 1991; Hybiske & Stephens, 2007). While remaining RBs cannot 

survive the extracellular osmotic condition, EBs are adapted to it and might start the 

next cycle of infection in new host cells  (Moulder, 1991; Hybiske & Stephens, 2007).   

1.3.  Chlamydial cell envelope 

Chlamydiae are Gram-negative bacteria, however, due to their intracellular lifestyle 

the composition of their cell envelope differs from free-living bacteria. In the latter, a 

rigid cell wall is needed to maintain the cell shape, to provide stability, and to protect 

the cell from osmotic lysis. To this end, a peptidoglycan (PG) sacculus encloses the  

cell, a tightly woven meshwork of linear glycan chains cross-linked by peptide bridges 

(Höltje, 1998; Scheffers & Pinho, 2005). In Gram-negative organisms, an outer 

membrane forms the cell’s surface, so the PG layer is located in the periplasmic 

space between outer and cytoplasmic membrane (Gupta, 2011).   

In chlamydiae, osmotic stability and rigidity of extracellular EBs is maintained by a 

high amount of inter- and intramolecular cystine bonds between proteins of the outer 

membrane (Newhall, 1987; Hatch, 1996). After entering the host cell, inside the 

inclusion, chlamydiae have to restore membrane fluidity to allow replication. To this 

end, the degree of protein cross-linking in the outer membrane is reduced during 

differentiation from EB to RB (Newhall, 1987). One of the cysteine-rich proteins is 

OmpA, which makes up 61% of all outer membrane proteins in C. trachomatis EBs 

(Caldwell et al., 1981) and is also known as major outer membrane protein (MOMP). 

While the genome of Chlamydia encode a single MOMP, the outer membranes of 

Simkania and Waddlia contain a large number of different MOMP-like proteins in high 

abundance (Aistleitner et al., 2015). In addition to membrane proteins, the chlamydial 

outer membrane is formed by genus-specific lipopolysaccharide (LPS). Bacterial LPS 

typically consists of a hydrophobic membrane anchor, named lipid A, a non-repeating 

core oligosaccharide, and a distal polysaccharide (Raetz et al., 2007). Chlamydia 

LPS is truncated in comparison, as it only consists of a trisaccharide core linked to 

lipid A (Rund et al., 1999; Kosma, 1999). Due to alterations in its lipid A structure, 

endotoxin activity of chlamydial LPS is reduced compared to LPS common to other 

Gram-negative species (Heine et al., 2007; Yang et al., 2019).  
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For intracellular chlamydiae which proliferate inside an inclusion within a host cell, an 

isotonic environment where they are protected from osmotic stress, maintaining a 

stabilizing PG sacculus becomes obsolete. Indeed, a stepwise rationalization of the 

energy cost-intensive PG synthesis pathway during adaptation to a small host range 

can be observed in these bacteria (Klöckner et al., 2018). Protochlamydia, but not 

Simkania, maintains a modified PG sacculus (Pilhofer et al. 2013), and there is 

evidence for a cell wall in Waddlia (Jacquier et al., 2015a). In Chlamydia, however, 

PG is reduced to a narrow and transient ring that occurs at the septum of dividing 

RBs (Liechti et al., 2014; 2016). In the case of Waddlia, localization of PG-binding 

proteins also indicates the existence of a septal PG ring (Frandi et al., 2014; Jacquier 

et al., 2015b), whereas the structure of septal PG in Protochlamydia is unknown. 

Since spatially and temporally limited occurrence of PG in Chlamydia goes along with 

a reduced generation of immunostimulatory PG-derived fragments, this adaption to 

their intracellular lifestyle might confer a pathogenic advantage. Nonetheless, the fact 

that Chlamydia retains complex pathways for PG synthesis and degradation despite 

its reduced genome size suggests that this turnover process is essential for 

chlamydial development. 

1.4.  Chlamydial persistence 

In addition to the two states described above in the section on the biphasic lifecycle 

(chapter 1.2. ‘Chlamydial intracellular lifestyle and developmental cycle’), chlamydiae 

may also outlast stressful times by going into distinct states of persistence. The 

states of persistence are physiologically distinct from EBs and RBs and can be 

assigned to the different kind of stressors to which chlamydiae react by temporarily 

interrupting their development but remaining viable. Once the stressing conditions 

cease, chlamydiae can rapidly resume their normal replication and generation of 

infectious particles (Tamura & Manire, 1968; Panzetta et al., 2018). The phenomenon 

was first described in a study analyzing the response of C. psittaci to penicillin, which 

found the chlamydial cells enlarged in the antibiotic’s presence, while normal 

morphology was restored after its removal (Matsumoto & Manire, 1970). 

Persisting states of chlamydiae with varying phenotypes as a temporary response to 

different stressors have been described in cell culture models (Hogan et al., 2004), 

and there is evidence for their occurrence in in vivo Chlamydia infections of humans 
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and pigs (Borel et al., 2008; Pospischil et al., 2009). Frequently, but not necessarily, 

these states are accompanied by the appearance of enlarged chlamydial cell forms, 

named aberrant bodies (ABs), which can transit back into EBs when favorable 

conditions are restored (fig. 1.*) (Panzetta et al., 2018). However, AB formation as a 

stress response is not limited to Chlamydiaceae, as aberrant phenotypes have been 

observed under different experimental conditions in vitro for Chlamydia-like 

organisms, such as W. chondrophila, S. negevensis, and Estrella lausannensis 

(Scherler et al., 2020; Vouga et al., 2017b; de Barsy et al., 2014).  

Transition of an chlamydial infection into a persisting state can be induced by a 

variety of non-bactericidal stimuli, including presence of the cytokine interferon 

gamma (IFN-γ) that induces tryptophan starvation, deprivation of nutrients (i.e., iron, 

amino acids, glucose), co-infection with viruses, heat shock and antibiotic treatment 

(Hogan et al., 2004; Panzetta et al., 2018). Depending on the kind of stress factor, 

different transcriptional responses are triggered in chlamydiae, indicating that the 

resulting chlamydial persistence phenotypes vary (Panzetta et al., 2018).  

In terms of treatment of chlamydial infections, the observation that persistence can 

occur as a response to cell wall targeting antibiotics has been of particular 

importance. Due to residence within an osmotically-stable niche, an environment that 

allows Chlamydia to lack a stabilizing PG cell wall (Liechti et al., 2014; 2016), 

chlamydiae are protected from bactericidal effects of PG-targeting compounds that 

occur in free-living bacteria. However, various studies have shown that septal PG 

synthesis must run smoothly in order to enable chlamydial cell division, as the 

mechanisms of both processes appear to be inextricably linked (Ouellette et al., 

2012; 2020; Jacquier et al., 2014; 2015b; Cox et al., 2020; Liechti, 2021). Hence, 

treatment of chlamydiae with antibiotics that interfere with PG assembly induces a 

persisting state in which cell replication is halted (Klöckner et al., 2018). Chlamydia is 

susceptible to β-lactam antibiotics such as penicillin, which bind to the transpeptidase 

domain of bacterial penicillin binding proteins (PBPs). PBPs catalyze the final step of 

PG assembly, the polymerization of its periplasmic meshwork. Chlamydia expresses 

two homologs of high-molecular-weight PBPs (PBP2, PBP3) (Barbour et al., 1982), 

whose roles in the  chlamydial division process will be the subject of the next chapter 

(1.5. ‘Cell division and peptidoglycan turnover in Chlamydia’). When Chlamydia is 
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exposed to the β-lactam antibiotic in cell culture, RBs turn into enlarged ABs, as they 

continue to grow and replicate chromosomal DNA while halting cell division 

(Matsumoto & Manire, 1970; Lambden et al., 2006). This condition occurs as long as 

the drug is present, after its removal a recovery period is initiated. In C. trachomatis, 

it has been observed that penicillin-induced ABs asynchronously converted back to 

RBs during this phase by a budding-resembling process (Matsumoto & Manire, 1970; 

Skilton et al., 2009). Consistent with results obtained in cell culture models, transition 

into a viable non-infectious state with occurrence of an AB form as a response to 

treatment with β-lactam amoxicillin was observed for genital Chlamydia muridarum 

infection in mice (Phillips-Campbell et al., 2014). Taken together, their ability to enter 

into an inert state as a response to treatment with PG synthesis-targeting antibiotics 

allows chlamydiae to avoid effects which these compounds would otherwise have on 

their developmental process. Thus, classical cell wall targeting antibiotics, like β-

lactams, are not suitable for treatment of Chlamydia infection. Furthermore, even 

antibiotics that do not induce a persistence state themselves might be impaired in 

their effectivity by the phenomenon. In order to clear infection, some compounds 

depend on their target to be metabolically active and therefore may become 

ineffective when they find the chlamydiae in a state of persistence. 

In this work, muraymycin, a substance which affects upstream steps in bacterial PG 

precursor synthesis (Tanino et al., 2011), was tested for its effect on a productive 

C. trachomatis infection in a cell culture model to see if it would halt chlamydial 

development similar to antibiotics targeting periplasmic PG assembly. In addition, to 

investigate a possible effect on Chlamydia in a persisting state, the compound was 

tested in an in vitro penicillin G-induced persistence model (Klöckner 2016; Brunke 

2018). 

1.5. Cell division and peptidoglycan turnover in Chlamydia  

Among the genes abandoned by Chlamydia is ftsZ coding for the central organizer of 

the bacterial division site (Bi & Lutkenhaus, 1991). Instead of multiplying by a binary 

fission process coordinated by FtsZ, Chlamydia appear to divide by an MreB-

dependent polarized budding mechanism (Abdelrahman et al., 2016; Ouellette et al., 

2020). In rod-shaped bacteria like E. coli, actin-like homolog MreB regulates 

assembly of the PG biosynthesis machinery at sites of cell wall growth (Doi et al., 
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1988). However, in cell-wall less and round Chlamydia cells, MreB is thought to act 

as the central coordinator of cell division along with the actin-binding protein RodZ 

(Ouellette et al., 2012; 2020; Kemege et al., 2015). It is known that RodZ acts as the 

transmembrane anchor for cytoplasmic MreB filaments in E. coli (Morgenstein et al., 

2015) and the chlamydial RodZ homolog was shown to interact with septal MreB in 

C. trachomatis (Kemege et al., 2015). Two recent studies strongly support the 

hypothesis that MreB functionally replaces the central division organizer FtsZ in 

Chlamydia  (Gaballah et al., 2011; Ouellette et al., 2012). In the first one, MreB was 

observed to form a ring at the septum of polarized dividing C. trachomatis cells that 

resembled the FtsZ ring at the septum of E. coli cells dividing by binary fission (Lee at 

al., 2020). The second study found that co-expression of MreB and RodZ of 

C. trachomatis could restore division in an E. coli mutant in which mreB was deleted 

and FtsZ activity was suppressed (Ranjit et al., 2020).  

Polarized division in Chlamydia is hypothesized to go as follows: First the RB 

enlarges and its outer membrane becomes polarized with MOMP and LPS being 

present at opposite cell poles. Subsequently, the MOMP-enriched pole expanses 

asymmetrically, leading to formation of a nascent budding daughter cell, and finally 

mother and daughter cell separate (Abdelrahman et al., 2016). As mentioned above, 

the cell division process is closely interlinked with the occurrence of a narrow PG 

band at the septum of Chlamydia (Liechti et al., 2014; 2016; Liechti, 2021) (chapter 

1.3. 'Chlamydial cell envelope’). Although the precise mechanisms by which this 

septal PG ring participates in the chlamydial cell division have yet to be determined, it 

appears to play a role in the process. Strong evidence for this association comes 

from the observation that treatment with inhibitors of PG synthesis stops cell division 

in Chlamydia (Barbour et al., 1982; Jacquier et al., 2015b; Klöckner et al., 2018; Cox 

et al., 2020; Liechti, 2021) (chapter 1.4. ’Chlamydial persistence‘). In order for the PG 

ring to conform its shape to the dividing septum during daughter cell budding and 

septation, both PG synthesis and degradation must occur in a coordinated manner. 

In accordance with its role as a chlamydial division organizer, MreB is likely to 

orchestrate the septal PG assembly (Liechti et al., 2016; Liechti, 2021). MreB of 

C. pneumoniae was shown to interact with enzymes of the lipid II synthesis process 

(MurF, MurG and MraY) in vitro, suggesting that it is able to tether cytoplasmic PG 

precursor synthesis to the division site (Gaballah et al., 2011).  
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While synthesis of PG precursor molecules (section 1.5.1) and assembly of the  

septal PG ring (section 1.5.2) are relatively well characterized in Chlamydia, the 

process of chlamydial PG degradation it is not fully understood. Even less is known 

about what happens to its breakdown products, which have the potential to become a 

risk for Chlamydia, since their release can trigger the host cell's immune response 

and thus the bacterium's eradication by the immune system. In order to gain further 

insight into chlamydial PG degradation and the fate of PG-derived peptides, two 

enzymes were closely examined in this work: AmiA, a PG hydrolyzing amidase which 

is functionally characterized in Chlamydia and Waddlia (Klöckner et al., 2014; Frandi 

et al., 2014) (section 1.5.3.) and a previously uncharacterized C. trachomatis protein, 

which might play a role in chlamydial PG turnover due to a conserved NlpC/P60 

domain (section 1.5.4).  

1.5.1. Biosynthesis of peptidoglycan precursors in Chlamydia 

Bacterial PG is a biopolymer made up by a tight network of linear glycan chains 

cross-linked by peptide bridges. Its backbone consists of β-1,4-linked disaccharides 

of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), linked by a 

β-1,4-bond and harboring a pentapeptide side chain on the lactoyl group of the 

MurNAc unit (Höltje 1998; Schleifer & Kandler, 1972). The pentapeptide side chain 

contains L- and D-amino acids and one dibasic acid which allows peptide cross-

linking to fortify the network. In Gram-negative bacteria, this dibasic moiety is typically 

meso-diaminopimelate (mDAP), whereas in Gram-positive bacteria L-Lys usually 

takes this role (Schleifer & Kandler, 1972; Vollmer et al., 2008a). 

In bacteria, PG biosynthesis begins in the cytoplasm with the formation of the soluble 

precursor UDP-MurNAc-pentapeptide, catalyzed by the enzymes Mur A-F which, with 

the exception of MurB and MurD, have been shown to be functionally conserved in 

Chlamydia (McCoy et al., 2003; Hesse et al., 2003; McCoy & Maurelli 2005; Patin et 

al., 2009; 2012) (fig. 1.2.a). In the first step, transferase MurA adds enolpyruvate to 

N-acetylglucosamine (GlcNAc) which is reduced to N-acetylmuramic acid (MurNAc) 

by MurB (McCoy et al., 2003; van Heijenoort, 2001). Subsequently, five amino acids 

are added to the sugar unit to generate the peptide side chain. The pentapeptide 

sequence most common in known PG structures of Gram-negative bacteria is L-Ala-

γ-D-Glu-mDAP-D-Ala-D-Ala (Schleifer & Kandler, 1972; Vollmer et al., 2008a).  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Fig. 1.2. Model of PG biosynthesis and degeneration at the cell division site in Chlamydia. 
While a cell wall is missing in Chlamydia, a PG ring is synthesized at the septum of dividing cells 
(Liechti et al., 2014). In the absence of the division organizer FtsZ, PG synthesis and cell division are 
orchestrated by the actin-like protein MreB in combination with RodZ (Ranjit et al., 2020). (a) PG 
synthesis in Chlamydia starts in the cytoplasm with the formation of the PG building block lipid II 
(reviewed in Klöckner et al., 2018; Ouellette et al., 2020): First, UDP-MurNAc-pentapeptide is 
assembled by enzymes Mur A-F, which, with the exception of MurB and MurD, have been shown to 
be functionally conserved. The peptide stem consists of L-Ala, D-Glu, mDAP and D-Ala. The 
enantiomers D-Glu and D-Ala are thought to be generated by racemase activity of GlyA and DapF, 
while mDAP is synthesized via an aminotransferase pathway that involves bifunctional DapF in its 
final step. Newly synthesized UDP-MurNAc-pentapeptide is bound to the membrane carrier C55-P by 
MraY to generate lipid I, which is transformed to lipid II by addition of GlcNAC by MurG. Finally, lipid 
II is translocated across the inner membrane, probably by the flippase MurJ. (b) In the periplasm, 
lipid II is incorporated into the PG meshwork in a process involving components of the divisiome. 
The cell division proteins FtsI (PBP3), FtsK, FtsL, FtsQ, and FtsW, AmiA, and the Tol-Pal system 
required to control the outer membrane division in free-living bacteria are conserved in Chlamydia 
(reviewed in Ouellette et al., 2020). While PG assembly has not yet been fully elucidated, the 
enzyme pairs RodA-PBP2 and FtsW-PBP3 may act as transpeptidase-glycosyltransferase 
complexes to assemble the PG ring (indicated in blue) (Liechti, 2021). C. pneumoniae expresses 
three enzymes that act as DD-carboxypeptidases and could play a role in the remodeling of PG: 
PBP6, AmiA and a LysM protein (reviewed in Klöckner et al., 2018). (c) Two PG degradation 
enzymes are known in Chlamydia. The amidase AmiA which, in C. pneumoniae, also act as a lipid II 
DD-carboxypeptidase (Klöckner et al., 2014) and the dual functioning lytic transglycosylase and 
muramidase SpoIID (Jacquier et al., 2019). To date, little is known about possible Chlamydia 
recycling enzymes which could re-provide PG degradation products for synthesis. 
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Structural analysis of C. trachomatis muropeptides obtained from cell culture found a 

L-Ala/L-Gly-γ-D-Glu-mDAP-D-Ala sequence in the stem peptide (Packiam et al., 

2015). In addition to its ability to acquire amino acids from its host cell, Chlamydia 

possess enzymes to generate amino acid stereoisomers γ-D-Glu (Liechti et al., 2018) 

and D-Ala (De Benedetti et al., 2014) as well as the amino acid mDAP (McCoy et al., 

2006), which cannot be provided by their mammalian host (Pillai et al., 2006; Cox et 

al., 2000) (fig. 1.2.a).  

The first amino acid of chlamydial PG stem peptide is added to MurNAc by activity of 

MurC, which is fused with D-Ala ligase Ddl (Hesse et al., 2003; McCoy & Maurelli, 

2005). The next amino acids added are D-Glu and mDAP, in two enzymatic steps 

catalyzed by MurD and MurE, respectively (Patin et al., 2009; Klöckner et al, 2018). 

Finally, a D-Ala-D-Ala dipeptide, generated by the Ddl domain of the Chlamydia 

MurC/Ddl fusion protein (McCoy & Maurelli, 2005), is added to the UDP-MurNAc-

tripeptide by MurF (Patin et al., 2012).  

After the stem peptide is completed, UDP-activated MurNAc pentapeptide is linked to 

an membrane carrier, undecaprenyl phosphate (C55-P), to form the precursor lipid I. 

This reversible step is catalyzed by the integral membrane protein MraY. As the last 

cytoplasmic step of PG synthesis, membrane-associated MurG adds another sugar 

unit (GlucNAc) to lipid I, producing the final PG building block lipid II. Both enzymes, 

MraY and MurG, are functionally conserved in Chlamydia (Henrichfreise et al., 2009). 

Lipid II is translocated across the inner membrane into the periplasm by an integral 

membrane protein with flippase activity. In Chlamydia, this step might be catalyzed by 

the transporter MurJ, which is conserved in the chlamydial genome and was shown 

to act as a lipid II flippase in free-living Gram-negative bacteria (Sham et al., 2014). 

1.5.2. Assembly of the septal peptidoglycan ring in Chlamydia 

Inside the periplasm, newly synthesized lipid II building blocks are linked to form the 

PG meshwork (fig. 1.2.b). This process requires PG synthases capable of displaying 

glycosyltransferase activity to join the disaccharide moiety of lipid II into long glycan 

strands and transpeptidase activity to crosslink the peptide stems of two lipid II 

molecules (Egan et al., 2015). The Chlamydia genome encodes two high molecular 

weight PBPs, PBP2 and PBP3 (FtsI), which are predicted to act as monofunctional 

PG transpeptidases (class B PBPs) (Ouellette et al., 2012; Klöckner et al., 2018). 
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Since their activity depends on the presence of mDAP and D-Ala-D-Ala moieties in 

the stem peptides, cross-linking of the PG meshwork can be modulated by enzymes 

which cleave the terminal D-Ala from the pentapeptide side chains (Ghosh et al., 

2008). In C. pneumoniae, three enzymes with DD-carboxypeptidase in vitro activity 

on lipid II are characterized: a low molecular weight PBP (PBP6), a LysM-domain 

containing protein (Cpn0902) and an amidase with dual function (AmiA) (Otten et al., 

2015; Klöckner et al., 2014).  

Notably, while homologs of PG transpeptidases are conserved in Chlamydia, 

classical bacterial PG glycosyltransferases, which are bifunctional PBPs harboring 

PG transpeptidase and PG glycosyltransferase domains (class A PBPs) (Egan et al., 

2015), are missing. However, the chlamydial PG biosynthetic gene cluster includes a 

set of protein homologs named SEDS (shape, elongation, division and sporulation) 

(Henrichfreise et al., 2016) which were shown to make up a novel class of PG 

glycosyltransferases (Meeske et al., 2016). Since SEDS proteins RodA and FtsW 

interact with class B PBP2 and PBP3, respectively, it was hypothesized that they are 

specialized transpeptidase-glycosyltransferase pairs executing PG synthesis at 

different subcellular sites in free-living bacteria (Meeske et al., 2016). Consistent with 

this, FtsW in complex with its cognate monofunctional transpeptidase was shown to 

act as PG synthase to produce septal PG during cell division in Staphylococcus 

(Taguchi et al., 2019).  

At first glance, it may seem surprising that two pairs of enzymes with apparently 

redundant tasks, RodA-PBP2 and FtsW-PBP3, are conserved in Chlamydia. 

However, current studies suggest that these two transpeptidase-glycosyltransferase 

pairs are involved at different stages of PG ring assembly and therefore may function 

independently during chlamydial division. PBP2 activity has been observed to be 

necessary for the PG ring to expand (Liechti, 2021) and for polarized division to be 

initiated in C. trachomatis (Cox et al., 2020). PBP3 comes into play later, its activity 

seems to play less of a role in the budding process than in  enabling the formation of 

the nascent daughter cell (Cox et al., 2020). Cox and colleagues as well as Liechti 

hypothesized in their studies that the chlamydial PG synthases regulate the 

organization of the PG ring in order to allow for its expansion and contraction, 

processes that appear to be essential to maintain polarized cell division in Chlamydia 

(Cox et al., 2020; Liechti, 2021). 
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1.5.3. The chlamydial amidase AmiA 

The N-acetylmuramoyl-L-alanine amidases of E. coli (AmiA, B and C) are periplasmic 

enzymes involved in the splitting of septal PG necessary for daughter cell separation  

during cell division (Uehara & Bernhardt, 2011). They hydrolyze PG by cleaving the 

amide bond between the MurNAc unit of the glycan strand and L-Ala, the first residue 

of the peptide side chain (Vollmer et al., 2008b). Catalytic activity of AmiA, AmiB, and 

AmiC is zinc-dependent and in their active sites three zinc coordinating residues are 

conserved together with a fourth glutamic acid residue, that is predicted to act as a 

general base catalyst (Lupoli et al., 2009; Rocaboy et al., 2013). While E. coli relies 

on all three cell division amidases for proper cell separation, only AmiA is conserved 

in minimal chlamydiae. AmiA homologs of Chlamydia and Waddlia have been shown 

to possess amidase activity and to support daughter cell separation in E. coli triple 

amidase knockout mutants (Klöckner et al., 2014; Frandi et al., 2014).  

In order to avoid uncontrolled destruction of the cell wall, PG hydrolytic activity of 

these amidases must be tightly regulated in free-living bacteria. In particular activity 

of AmiA, since this enzyme appears to be distributed throughout the periplasm of 

E. coli, while AmiC was shown to localize almost exclusively at the division septum 

(Bernhardt & de Boer, 2003). All three cell division amidases in E. coli possess only 

low basal in vitro activity due to an autoinhibitory α-helix domain, which occludes the 

enzymes’ active sites and keep them in an ‘off’ state (Yang et al., 2012). They are 

activated by interaction with the septal ring factors EnvC and NlpD, which stimulates 

a conformational change within the enzymes, thereby releasing the regulatory α-helix 

from the active sites (Yang et al., 2012). EnvC activates AmiA and AmiB, while NlpD 

promotes AmiC activity (Uehara et al., 2010). This regulatory mechanism ensures 

that the activity of the amidases is restricted to the site of cell division in E. coli. AmiA 

homologs in chlamydiae lack an autoinhibitory domain and are by default active 

enzymes (Klöckner et al., 2014; Frandi et al., 2014). Consistent with this, chlamydial 

genomes neither encode homologs of EnvC and NlpD nor of the division proteins 

FtsE and FtsX, that are required to recruit AmiA to the division plane in E. coli (Yang 

et al., 2011). So far it remains elusive whether chlamydiae maintain mechanisms to 

regulate amidase activity and/or recruit AmiA to the division site. In Waddlia, AmiA 

was found throughout the periplasm with a possible enrichment at the division site in 
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deeply constricted cells (Frandi et al., 2014), while localization of AmiA in Chlamydia 

is still unknown.  

AmiA from C. pneumoniae was shown to possess dual activity on PG precursor lipid 

II in vitro, acting as amidase and DD-carboxypeptidases (Klöckner et al., 2014; 

Klöckner, 2016). The latter function is penicillin sensitive and was assigned to an 

SxxK motif that is conserved among PBPs (Klöckner et al., 2014; Gosh et al., 2008). 

The ability to use lipid II as a substrate has not been tested for W. chondrophila AmiA 

(Frandi et al., 2014) and it is currently unknown whether the dual activity is specific to 

AmiA of C. pneumoniae or whether it is also a feature of other chlamydial AmiA 

homologs.  

1.5.4. NlpC/P60 domain-containing proteins 

Proteins of the NlpC/P60 superfamily are widely represented in various bacteria and 

involved in the processing of compounds of the bacterial cell envelope, mainly its PG 

layer. The occurrence of this superfamily is not restricted to the bacterial kingdom as 

proteins with NlpC/P60 domains have been found in certain eukaryotes, viruses and 

archaea (Anantharaman & Aravind, 2003). NlpC/P60 enzymes are predominantly 

involved in the degradation of bacterial PG by cleaving the linkage between γ-D-Glu 

and mDAP (or Lys) of its stem peptide (Anantharaman & Aravind, 2003; Xu et al., 

2015). In addition, NlpC/P60 enzymes identified in Bacillus have been shown to 

possess γ-D-Glu-mDAP peptidase activity towards poly-γ-glutamate, a Bacillus-

specific polymer of the cell surface and towards fragments of PG pentapeptide 

(Schmidt et al., 2001; Fukushima et al., 2018). While some of these hydrolases are 

able to digest both, PG and poly-γ-glutamate (Fukushima et al., 2018), the NlpC/P60 

domain-containing protein YkfC has narrow substrate specificity and is unlikely to 

cleave one of these cell envelope polymers (Xu et al., 2015). Instead, YkfC has been 

shown to specifically hydrolyze PG-derived peptides and is thought to play a role in 

bacterial PG recycling (Xu et al., 2015).  

The structural core of the NlpC/P60 domain has a prototypical papain-like fold and 

active site which harbors three conserved residues, namely a Cys-His dyad and a 

third polar residue (Anantharaman & Aravind, 2003; Xu et al., 2010). The domain 

consists of segregated α- and β-elements: three N-terminal α-helices are followed by 

five β-strands (fig. 1.3) (Anantharaman & Aravind, 2003). The second α-helix is 
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conserved in all known NlpC/P60 

proteins and is associated with the active 

site, since the cysteine residue of the 

catalytic dyad occurs at its extreme 

amino terminus. The catalytic histidine 

and conserved polar residue are located 

on the second and third of the β-strands, 

respectively, in close proximity to 

cysteine with which they form the active 

site. The catalytic cysteine likely acts as a 

nucleophile that attacks the peptide bond 

of the substrate, with histidine acting as 

the base and then the acid catalyst for 

the proton transfers in sequential steps. 

The conserved polar residue is thought to 

be involved in orienting the catalytic 

histidine correctly in the active site 

(Anantharaman & Aravind, 2003). In addition to the residues of the active site, a 

glycine, which is often followed by an aspartate, is characteristically conserved at the 

first β-strand of the NlpC/P60 domain (Anantharaman & Aravind, 2003). Here, a 

putative NlpC/P60 domain-containing protein was found to be encoded in the 

genomes of representatives of Chlamydia and Chlamydia-like organisms. Based on 

analysis of the predicted protein structure and in particular the architecture of the 

NlpC/P60 domain as well as its biochemical characterization, it was investigated 

whether this enzyme might play a role in the chlamydial PG turnover process.  

1.6. Chlamydia as a human pathogen 

Within Chlamydiae, the most common and well-known human pathogenic species 

are members of the Chlamydiaceae, mainly C. trachomatis and C. pneumoniae. 

Historically, chlamydiae were first recognized by modern medicine as the causative 

agent of trachoma, an infectious disease of the human eye (von Prowazek & 

Halberstadter, 1907). It is caused by C. trachomatis serovars A to C, transmitted 

directly by smear infection and possibly also by flies that have come into contact with 
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Fig. 1.3. Model of the secondary structure of 
the NlpC/P60 protein superfamily domain. 
The model is based on in silico analysis of 
predicted secondary structures and sequence 
conservation profile among members of this 
protein superfamily. Yellow arrows represent β-
strands and green cylinders represent α-
helices. (Figure from Anantharaman & Aravind, 
2003).
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discharge from eyes of infected individuals (Cook, 2008; Last et al., 2020). Over the 

course of time, repeated or long-lasting infection causes the cornea to become 

scarred which ultimately results in its opacity (Cook, 2008). Trachoma is the leading 

infectious cause of blindness worldwide and in 2020 was still a public health problem 

in 46 countries with its occurrence being inextricably linked with economic deprivation 

(WHO, 2020). In Europe, trachoma has been eradicated due to high living and 

hygiene standards (Burton & Mabey, 2009). However, urogenital infection with 

C. trachomatis serovars D to K remains the most commonly reported sexually 

transmitted infection (STI) in this region (ECDC, 2021).  

On a global level, too, C. trachomatis is also one of the most common causative 

agents of curable STIs, second only to the protozoan Trichomonas vaginalis (Rowley 

et al., 2019). However, since it is estimated that as many as 70-80 % of women and 

up to 50 % of men with chlamydial urogenital infection are asymptomatic (Stamm, 

1999), the number of cases might be underestimated. Urogenital infection with 

C. trachomatis is transmitted exclusively by sexual intercourse. In addition, if a 

pregnant person is infected, vertical transmission of chlamydiae to the newborn can 

occur during birth, and may lead to conjunctivitis or pneumonia in infants (Darville, 

2005). Adult urogenital C. trachomatis infection is associated with genital tract 

syndromes, including inflammation of the urethra, the cervix or the epididymis 

(Malhotra et al., 2013). However, it often causes minimal or no symptoms, remains 

subclinical, and therefore goes unnoticed. Left untreated, the chlamydial infection has 

the potential to become chronic, with repeated cycles of productive infection and 

persistence. It has been estimated that without treatment up to 50 % of infected 

women continue to be infected for over a 1 year (Geisler, 2010). Chlamydial infection 

can ascend from the cervix to the upper reproductive tract (i.e., uterus, oviducts), 

where it may results in pelvic inflammatory disease (PID), a polymicrobial infection 

caused primarily by C. trachomatis and Neisseria gonorrhea (Haggerty & Ness, 2006; 

Wiesenfeld et al., 2012). Prolonged exposure of the oviducts to C. trachomatis 

promotes damage to epithelial cells and scarring, which may result in tubal factor 

infertility and, should conception occur, increased susceptibility to ectopic pregnancy, 

as well as premature pregnancy termination (Menon et al., 2015; Xia et al., 2020; 

Rours et al., 2011). 
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C. trachomatis infection of the upper genital tract can be treated with the macrolide 

azithromycin and the tetracycline doxycycline (Savaris et al., 2017). However, 

asymptomatic infection might evade detection and often goes untreated. In addition, 

antibiotic treatment does not prevent against reinfection. In order to circumvent these 

problems in treatment, numerous attempts have been made in recent years to 

develop an antichlamydial vaccine. Recently, a phase 1 clinical trial of a vaccine 

against C. trachomatis was successfully completed for the first time (Abraham et al., 

2019). This vaccine uses an engineered version of the chlamydial MOMP, comprising 

heterologous immunorepeats from C. trachomatis serovars D to G, as the antigen 

(Abraham et al., 2019). In animal models, it was shown to elicited protection against 

vaginal shedding of C. trachomatis, while experimental data to investigate wether it is 

associated with protection in the upper genital tract is currently lacking. However, by 

reducing chlamydial transmission, this type of vaccine could help to reduce the 

number of newly occurring genital infections (De la Maza et al., 2021).   

Another member of Chlamydiaceae affecting human health is C. pneumoniae, which 

is a widespread respiratory pathogen responsible for community-acquired 

pneumonia. It is likely to be transmitted between humans via aerosols and infects the 

upper and lower respiratory tract, where it can cause sinusitis and pharyngitis in 

addition to pneumonia and bronchitis (Grayston et al., 1993; Burillo & Bouza, 2010). 

Like C. trachomatis genital infection, respiratory tract infection with C. pneumoniae 

often goes asymptomatic, but has the potential to become chronic. It might contribute 

to the development of asthma, as the respiratory tract microbiome has been 

suggested to underlie the development of this disease (Huang & Boushey, 2015) with 

C. pneumoniae being among the bacteria discussed to play a role in its pathogenesis 

(Webley & Hahn, 2017). In addition, while lung epithelial cells and alveolar 

macrophages are initially infected, the infection can spread to blood monocytes and 

monocyte-derived macrophages, by which the bacterium may be systemically 

disseminated throughout the body (Herweg & Rudel, 2016; Di Pietro et al., 2019). 

C. pneumoniae is discussed to be potentially linked to atherosclerotic processes and 

development of Alzheimer’s Disease, as it has been detected in atherosclerotic 

lesions (Di Pietro et al., 2013) and in brain tissue samples of patients suffering from 

Alzheimer’s Disease (Dreses-Werringloer et al., 2005). 
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The insidiousness of Chlamydia is rooted in its ability of asymptomatic infection. But 

how does this pathogen manage to evade an inflammatory host response? On the 

one hand, due to its ability to go into a persistent state, the organism can endure the 

stressing conditions caused by an immune response for an extended period of time. 

In addition, Chlamydia also seems to have found a way to stay under the host 

immune system's radar and thus avoiding an immune response. For this kind of 

survival strategy, the chlamydial PG metabolism might be a contributing factor. 

Besides a potential role in the chlamydial replication and energy recovery, this work 

focuses on how enzymes involved in the chlamydial PG turnover process might help 

to minimize the release of immunostimulatory degradation products and thus reduce 

the risk of alerting the host cell's immune system. 
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1.7. Aim of the thesis 

This work’s overall goal was to gain insight into the role of peptidoglycan (PG) 

turnover in chlamydiae, in terms of their lifecycle, immune evasion and energy 

recovery. 

The first aim was to study the interplay between PG biosynthesis and the chlamydial 

lifecycle by testing antimicrobial compounds such as muraymycin with predicted 

targets in PG precursor lipid II synthesis against productive and persistent 

C. trachomatis infection in cell culture experiments. Complementary cytotoxicity 

analyses were intended to assess possible detrimental effects towards the 

mammalian host cells of Chlamydia. In addition, biochemical analyses were planned 

to identify chlamydial targets on a molecular level. 

Remodeling of the PG ring during chlamydial cell division is a critical process as the 

uncontrolled release of PG degradation products may impede immune evasion of the 

intracellular pathogen. The second aim of this work was to gain deeper insight into 

the role of cell division amidase AmiA in this process. To this end, comparative 

analyses on AmiA homlogs from model organism E. coli and the human pathogens 

C. pneumoniae and C. trachomatis were planned that focused on autoinhibitory 

mechanisms and dual enzymatic activity. 

Little is known about the chlamydial pathway for PG recycling that may help to 

reduce the release of immunostimulatory degradation products and contribute to 

energy recovery in chlamydiae. This work aimed to identify new components of the 

chlamydial PG machinery that may catalyze uncharacterized steps in PG ring 

recycling using a combination of complementary in silico, biochemical, and E. coli 

surrogate host experiments.  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2.  Materials and Methods  

2.1. In silico methods and online tools 

Online tools and bioinformatic software used in this work are listed in table 2.1. 

Table 2.1. Online tools and their applications in this work. 

Tool Application Weblink Reference(s)/ 
Source

BLAST (Basic Local 
Alignment Search 
Tool)

Searching for regions 
of similarity between 
biological sequences

https://
blast.ncbi.nlm.nih.gov/
Blast.cgi

Altschul et al., 1990 

Clustal Omega Sequence alignment https://www.ebi.ac.uk/
Tools/msa/clustalo/

Sievers et al., 2011; 
Madeira et al., 2022

In-Fusion Cloning 
Primer Design Tool

Primer design for In-
Fusion cloning

https://
www.takarabio.com/
learning-centers/
cloning/primer-design-
and-other-tools

Takara Bio Europe 
(Sweden)

InterPro Protein domain 
database 

https://www.ebi.ac.uk/
interpro/

Blum et al., 2021

KEGG  Kyoto Encyclopedia of 
Genes and Genomes 

https://www.kegg.jp Kanehisa & Goto, 
2000

Magellan V. 6.5  Plate reader software 
used in readout of 
Bradford assay

Software Tecan Trading AG, 
(Switzerland)

Phyre2  Homology-based 3D 
protein modelling 

http://
www.sbg.bio.ic.ac.uk/
~phyre2/html/
page.cgi?id=index

Kelley et al., 2015

PrediSi Prediction of signal 
peptides 

http://www.predisi.de K. Hiller,  Institute 
for Microbiology, 
University of 
Braunschweig, 
2003

Prism-09 Statistical analysis Software GraphPad 
Software, LLC 
(USA)

QuickChange 
Primer Design tool 

Primer design for site-
directed mutagenesis 

https://
www.agilent.com/
store/
primerDesignProgram.
jsp

Agilent 
Technologies (USA)
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2.2. Chemicals and Reagents 

If not specified otherwise, all used chemicals and reagents were HPLC grade or 

higher and were purchased from Sigma-Aldrich, Merck Millipore or Carl Roth.  

2.3. Cultivation of bacterial and mammalian cells  

2.3.1.  Media preparation and additives  

All media used for cultivation of bacteria were sterilized by autoclaving at 121 °C for 

20 minutes. For solid media, 1.5 % (w/v) agar-agar was added pre-autoclaving. Heat-

sensitive additives were sterile filtered and added post-autoclaving. 

SignalP-06 Prediction of signal 
peptides and the 
location of their 
cleavage sites

https://
services.healthtech.dt
u.dk/service.php?
SignalP

Nielsen, 2019

Snap Gene 
Viewer V5.3.2  

Sequence analysis  (free software) 
https://
www.snapgene.com/
snapgene-viewer/

Insightful Science, 
GSL Biotech LLC 
(USA)

Sparkcontrol 
Magellan V1.2.25 

Plate reader software 
used in readout of 
Alamar Blue assays 
and for growth curves 
in complementation 
assays 

Software Tecan Trading AG, 
(Switzerland)

TMHMM-2.0 Prediction of 
transmembrane 
helices in proteins

https://
services.healthtech.dt
u.dk/service.php?
TMHMM-2.0

Krogh et al., 2001 

UniProt Curated protein 
database 

https://www.uniprot.org Bateman et al., 
2021

UCSF Chimera Visualization and 
analysis of protein 
structures

https://
www.cgl.ucsf.edu/
chimera/

Pettersen et al., 
2004

Zen2 (blue edition) Evaluation of 
microscopy 

Software Carl Zeiss 
Microscopy GmbH, 
(Germany)

Table 2.1. Online tools and their applications in this work. 

Tool Application Weblink Reference(s)/ 
Source
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2.3.1.a. Media used for cultivation of bacteria 

The composition of media utilized in this work to cultivate bacteria are listed in table 

2.2. Lysogeny broth or agar plates were prepared following the LB-Miller formula and 

used for liquid and solid cultivation of Escherichia coli. For recombinant protein 

production in E. coli, either terrific broth (TB) for autoinduction, 2 × yeast extract-

tryptone broth (2xYT), or LB without NaCl were used. Salt-free LB was supplemented 

post-autoclaving with sterile filtered cosolvents in an iso-osmotic concentration of 

342 mM (Otten et al., 2015). For complementation assays with E. coli mutant strains, 

either TB or nutrient broth were used.  

2.3.1.b.Medium used for cultivation of mammalian cells  

To grow mammalian Hep 2 cell line in cell culture, Dulbecco’s Minimum Essential 

Medium (DMEM) high Glucose, GlutaMAX supplement with pyruvate medium was 

prepared under sterile conditions according to the composition shown in Table 2.3. 

For cell viability assays and MIC determinations, gentamicin and amphotericin B 

were omitted and the medium was referred to as MIC-DMEM.  

Table 2.2. Media composition for cultivation of E. coli. 

Medium Composition pH

Lysogeny broth (LB) 
(Bertani, 1951)

10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl 7.2

Nutrient broth 5 g/l tryptone, 3 g/l yeast extract 7.2

Terrific broth (TB) 
(Tartoff & Hobbs, 1987)

medium: 12 g/l tryptone, 24 g/l yeast extract, 4 g/l glycerol  
phosphate buffer solution: 0.17 M KH2PO4, 0.72 M K2HPO4 
(autoclave separately, after autoclaving add 100 ml buffer 
solution to 900 ml TB, to make a total volume of 1000 ml)

7.2

Terrific broth (TB) for 
autoinduction  
(Studier, 2005)

composition similar to TB 
additives: 10 mM MgSO4, 10 mM MgCl2, 0.55 g/l glucose 
monohydrate, 2.1 g/l lactose monohydrate 

7.2

2× yeast extract-
tryptone broth (2xYT) 
(Miller, 1972)

16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl  7.5
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2.3.1.c.  Antibiotics, tested compounds and media additives 

Compounds used as media additives in this work are listed in table 2.4. 

Table 2.3. Composition of DMEM used for cultivation of mammalian cells. 

Component Aliquots Final 
concentration

Dulbecco's Minimum Essential Medium (DMEM) high 
Glucose, GlutaMAX supplement, 
pyruvate (Thermo Scientific)

500 ml -

MEM Non Essential Amino Acids (100x) (Thermo Scientific) 5 ml 1x

MEM Vitamins Solution (100x) (Thermo Scientific) 5 ml 1x

Gibco Amphotericin B (250 µg/ml) (Thermo Scientific) 5 ml 2.5 µg/ml

Gibco Gentamicin sulfate (50 mg/ml) (Thermo Scientific) 0.5 ml 50 µg/ml

Fetal bovine serum (Thermo Scientific), heat inactivated 
according to manufacturer's instructions 

50 ml -

Table 2.4. Antibiotics, tested compounds and media additives.

Substance Solvent Stock 
concentration; 
storage conditions

Final 
concentration

Source

Ampicillin sodium salt H2O 10 mg/ml; - 20 °C 100 µg/ml Ratiopharm

Anhydrotetracycline 
(AHT) 

Dimethylfo
rmamide 

1 µg/ml; - 20 °C, dark 200 ng/ml IBA 
Lifesciences 

Candidate compounds 
(CC1-10) 

DMSO 1 mg/ml; room 
temperature, dark 

1 - 128 µg/ml -

Caprazamycin 
derivate CPZ2

DMSO 1 mg/ml, 10 mg/ml;   
- 20 °C

1 - 128 µg/ml S. Ichikawa, 
Hokkaido 
University

Chlormaphenicol EtOH 100 mg/ml;  - 20 °C 34 µg/ml Sigma-
Aldrich 

Ciprofloxacin 
hydrochloride

H2O 0.1 mg/ml;  - 20 °C 1 µg/ml Fargon

Cycloheximide HBSS 0.1 mg/ml;  - 20 °C 0.0012 mg/ml Sigma-
Aldrich 

Isopropyl β-D-1-
thiogalactopyranoside 
(IPTG)

H2O  1 M, - 20 °C 1 mM Thermo 
Scientific

Kanamycinsulfate H2O 10 mg/ml; - 20 °C 100 µg/ml Carl Roth
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2.3.2. Used organisms 

2.3.2.a. E. coli strains used for plasmid propagation and subcloning  

E. coli NEB5a (DH5α) 

For plasmid propagation, subcloning and permanent storage of expression vectors, 

the commercial available E. coli NEB5a (DH5α) strain (genotype: fhuA2∆_(fhuA2 

Δ(argF-lacZ)U169 phoA glnV44 Φ80Δ (lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 

hsdR17) (New England Biolabs) was used.  

E. coli NEB DH10 β 

For propagation and subcloning of large plasmids, the commercial available E. coli 

NEB DH10 β strain (genotype: Δ(ara-leu) 7697 araD139 fhuA ΔlacX74 galK16 galE15 

e14- φ80dlacZΔM15 recA1 relA1 endA1 nupG rpsL (StrR) rph spoT1 Δ(mrr-hsdRMS-

mcrBC)) (New England Biolabs) was used. 

E. coli W3110 

For genomic DNA isolation, the E. coli W3110 strain (genotype: F- lambda- IN(rrnD-

rrnE)1 rph-1) (Leibniz Institute DSMZ-German Collection of Mircoorganisms and Cell 

Cultures) was used. This strain was also used for peptidoglycan sacculi preparation.  

Muraymycin D2, 
Muraymycin derivates

DMSO 1 mg/ml, 10 mg/ml;   
- 20 °C

1 - 128 µg/ml S. Ichikawa, 
Hokkaido 
University

MurJ-Inhibitors DMSO 1 mg/ml;  - 20 °C 1 - 128 µg/ml T. Schneider, 
University of 
Bonn 

Penicillin G sodium 
salt  (PenG)

H2O 10 mg/ml; - 20 °C, 100 U/ml Carl Roth

α-X-Chalcones DMSO 1 mg/ml, 10 mg/ml;   
- 20 °C

40 µM S. Amslinger, 
University of 
Regensburg

Table 2.4. Antibiotics, tested compounds and media additives.

Substance Solvent Stock 
concentration; 
storage conditions

Final 
concentration

Source
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2.3.2.b.E. coli strains used for recombinant protein production  

E. coli C43(DE3) 

The E. coli C43(DE3) strain (genotype: F– ompT gal dcm hsdSB(rB- mB-)(DE3))

(Wagner et al., 2008) was used for transmembrane, cyto- and periplasmic protein 

production.  

E. coli JM83  

The E. coli JM83 strain (genotype: rpsL ara Δ(lac-proAB) Φ80dlacZΔM15) (Leibniz 

Institute DSMZ-German Collection of Mircoorganisms and Cell Cultures) was used 

for periplasmic protein production. 

2.3.2.c. E. coli mutant strains used in complementation assays 

E. coli  AT980 dapD deficient, mpl deletion mutant 

An E. coli mutant strain deficient for DapD and Mpl was kindly generated for this work 

by D. Mengin-Lecreulx (Institute for Integrative Biology of the Cell, Université Paris-

Saclay, France). Two previously described E. coli strains were used to construct this 

mutant: E. coli AT980 and E. coli MLD2502. E. coli AT980 (genotype: dapD2, λ-, e14-, 

relA1, spoT1, thiE1) is deficient for DapD and requires mDAP as a medium 

supplement for growth (Bukhari & Taylor, 1971; Park et al., 1998). E. coli MLD2502 is 

a strain derived from BW25113 (genotype: lacIq, rrnBT14, ΔlacZWJ16, hsdR514, 

ΔaraBADAH33, ΔrhaBADLD78) that carries an additional deletion of the chromosomal 

mpl gene (∆mpl::CmR) (Hervé et al., 2007). The E. coli double mutant strain used in 

this work was constructed by transduction of the ∆mpl::CmR mutation into the AT980 

strain by phage P1 transduction (Miller, 1972).  

E. coli JW2163-3 mepS deletion mutant (Baba et al., 2006) 

E. coli JW2163-3 (genotype: Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 

Δspr-732::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514) was received from the Keio E. coli 

mutant strain collection (Baba et al., 2006). This strain carries a knockout mutation of 

the chromosomal mepS gene (Δspr-732::kan; mepS was formally known as spr). An 

E. coli mepS deletion mutant is phenotypically characterized by its inability to grow in  

in low osmolarity medium at high temperature (Hara et al., 1996).  
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2.3.2.d.Chlamydia strains 

Chlamydia pneumoniae GiD 

In this work, DNA from C. pneumoniae GiD (kindly provided by the Hegemann group, 

Funktionelle Genomforschung der Mikroorganismen, University of Düsseldorf) was 

used for cloning of C. pneumoniae genes. Bioinformatic research was conducted 

using the genome of the reference strain C. pneumoniae CWL029 (Kalman et al., 

1999). The sequence of the cloned genes is consistent with that of the corresponding 

genes in C. pneumoniae CWL029 strain and gene locus tags are used tantamount to 

each other. 

Chlamydia trachomatis D/UW-3/CX 

The type strain C. trachomatis D/UW-3/CX is an agent of human urogenital infection. 

It was propagated using the mammalian Hep2 cell line and was used in cell culture 

assays to analyze the effect of antimicrobial compounds. Bioinformatic research was 

conducted using the genome of C. trachomatis D/UW-3/CX (Stephens et al., 1998) 

and DNA from this strain (kindly provided by H. Bühl, Henrichfreise group) was used 

for cloning of C. trachomatis genes.  

2.3.2.e. Mammalian cell line 

Hep2 subclone B cell line

Hep2 cells are adherent epithelial carcinoma cells derived via HeLa contamination.  

This cell line carries a silent copy of Human Papillomavirus. In this work, Hep2 cells 

were used as host cells for propagation of Chlamydia trachomatis D/UW-3/CX. 

2.3.3. Bacteriological methods 

E. coli strains were cultivated in liquid or solid Lysogeny broth (LB; for composition 

see tab. 2.2) at 37 °C, unless stated otherwise. Liquid cultures were shaken 

vigorously to enable proper aeration, growth was determined by measuring optical 

light scattering (OD600nm) at 600 nm wavelength. Permanent cultures of E. coli strains 

were created my mixing fresh overnight liquid culture with sterile glycerol in a 1:1 

ratio (v/v) and were stored at - 70 °C. 
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2.3.3.a. Preparation of chemically competent E. coli   

In order to prepare chemically competent cells for heat shock transformation, 20 ml of 

LB were inoculated at 1% (v/v) with an overnight culture of the respective E. coli 

strain to be transformed. The cells were grown under shaking to an OD600nm of 0.4 at 

37 °C and then harvested by centrifugation at 4000 x g for 15 minutes. Cell harvest 

and all subsequent steps were conducted at 4 °C using pre-cooled solutions and 

reaction tubes. The cell pellet was carefully resuspended in 8 ml sterile 0.1 M CaCl2 

solution and the suspension was incubated for 20 minutes on ice. Afterwards cells 

were pelleted again as described and carefully resuspended in 2 ml sterile 0.1 M 

CaCl2 solution containing 15 % glycerol (v/v). After incubation for 30 minutes on ice, 

50 µl aliquots of the chemically competent cells were stored at - 70 °C. 

2.3.3.b.Heat shock transformation of chemically competent E. coli 

For heat shock transformation, chemically competent cells (see 2.3.3a) were thawed 

on ice and mixed with 10 - 100 ng plasmid DNA. After 30 minutes incubation on ice, 

the heat shock was performed at 42 °C for 90 seconds. Immediately after the heat 

shock, cells were incubated on ice for 2 minutes before adding 950 µl of fresh LB. 

Cells were then incubated under shaking for 1 hour at 37 °C before being plated on a 

selective agar plate and incubated overnight. 

2.3.4. Mammalian cell culture and chlamydial propagation   

2.3.4.a. Solutions used in mammalian cell culture and microscopy 

Hank’s balanced salt solution (HBSS) 

Isotonic HBSS (Gibco, Thermo Scientific) was used to wash and transport cells and 

to prepare reagents used in mammalian cell culture. 

Trypsin solution 

Trypsin solution was used to dissociate adherent cells. Trypsin 0.5 % (10x) with 

EDTA (Gibco, Thermo Scientific) was aliquoted into 2.5 ml samples in 50 ml tubes 

and stored at - 20 °C. A trypsin working solution was prepared by adding HBSS to the 

aliquots to a final volume of 50 ml and then stored at 4 °C. 
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Cycloheximide stock solution 

Cycloheximide is an inhibitor of eukaryotic protein biosynthesis. Its addition to the 

cultivation medium enhances the release of ATP from the mammalian host cells 

which may then be utilized by Chlamydia. The compound was dissolved in HBSS to 

produce a 0.1 mg/l stock solution which was aliquoted into 0.36 ml samples and 

stored at - 20 °C.  

Saccharose-phosphate-glutamic acid (SPG) buffer 

SPG buffer was used to store chlamydial elementary bodies at - 70 °C. To prepare 

SPG buffer, the following components were dissolved in double-distilled water: 

220 mM saccharose, 3.82 mM KH2PO4, 10.8 mM Na2HPO4 x 2 H2O and 4.36 mM 

glutamic acid x H2O. The buffer was then sterilized and stored at 4 °C.  

2.3.4.b.  Cultivation of Hep2 cells 

Hep2 cells were cultivated in 15 ml DMEM (for composition see 2.3.1.b.) in 75 cm2 

coated cell culture flasks (Greiner) and incubated at 5 % (v/v) CO2 at 37 °C. Growth 

and confluency of the cell monolayer were checked regularly by light microscopy.

2.3.4.c. Subcultivation and splitting of Hep2 cells  

It took about 2-4 days for Hep2 cells to develop a confluent monolayer in 15 ml 

DMEM in 75 cm2 cell culture flasks. After this period, cells from two flasks were split 

into fresh cultivation medium. For this purpose, DMEM was removed from the 

monolayer which was then rinsed with 10 ml HBSS. Cells were detached from the 

flask by adding 5 ml trypsin working solution. Once complete detachment of the 

monolayer was achieved, trypsin was inactivated by adding 5 ml DMEM (which 

contains FKS). Cells were pelleted by centrifugation at 42 x g for 10 minutes at 4 °C. 

Subsequently, the cell pellet was gently resuspended in 3.5 ml DMEM and new flasks 

with 15 ml fresh DMEM were seeded with 0.6 ml of the cell suspension. 

Subsequently, the Hep2 cells were regrown to a confluent monolayer, which was then 

used either for the next round of splitting or for infection with C. trachomatis D/UW-3/

CX (see section 2.3.4.e.).  
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2.3.4.d.Permanent culture of Hep2 cells  

To generate permanent cryopreserved cultures of Hep2, cells from two 75 cm2 cell 

culture flasks were detached and harvested as described in section 2.3.4.c. The cells 

were resuspended in DMEM supplemented with 5 % (v/v) DMSO at a concentration 

of 3 to 6 x 106 cells/ml. The cell suspension was aliquoted into 1 ml samples in 

cryotubes and frozen to - 70 °C at a cooling rate of 1 °C/min using an isopropanol 

mammalian cell line freezing container (Mr. Frosty by Nalgene).   

In order to reinoculate Hep2 cells from the permanent culture, a 1 ml aliquot was 

rapidly thawed at 37 °C and resuspended in 10 ml DMEM pre-warmed to 37 °C. To 

remove DMSO, cells were centrifuged at 105 x g for 10 minutes at room temperature 

and the resulting pellet was resuspended in pre-warmed 1 ml DMEM. The Hep2 cell 

suspension was used to inoculate two 75 cm2 cell culture flasks with 15 ml pre-

warmed DMEM each. The cells were then grown to a confluent monolayer. 

2.3.4.e. Propagation and strainkeeping of C. trachomatis D/UW-3/CX  

To continuously cultivate C. trachomatis D/UW-3/CX, chlamydial elementary bodies 

(EBs) were harvested from infected Hep2 host cells and used to infect new cells. The 

monolayers from two flasks with infected Hep2 cells were mechanically detached 

with a cell scraper and the cells were transferred into an aerosol-proof tube 

containing 3 mm diameter glass beads. The glass beads were used to mechanically 

lyse the host cells by vigorous vortexing for 30 seconds. Afterwards the lysate was 

centrifuged at 1497 x g for 10 minutes at 4 °C to remove host cell debris. The 

supernatant containing the chlamydial EBs was collected and was used either to 

infect new host cells or to set up permanent Chlamydia cultures (see section 2.3.4.f.).   

To infect new host cells, two 75 cm2 cell culture flasks in which Hep2 cells had been 

grown to a confluent monolayer were prepared as follows. First, the old medium was 

removed from the cells and 8 ml DMEM per flask was added, then 6 ml of the EB-

containing supernatant was added for infection. After incubation at 37 °C and 5 % (v/

v) CO2 for 3 hours, the medium in each of the two flasks was changed to 15 ml 

DMEM with 0.0012 mg/ml cycloheximide (see section 2.3.4.a.). 
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2.3.4.f. Permanent culture of C. trachomatis D/UW-3/CX  

C. trachomatis D/UW-3/CX EBs harvested from Hep2 cells as described in section 

2.3.4.e. were used to generate permanent cultures. For this purpose, the lysate, 

cleared from host cell debris, was centrifuged again for 30 minutes at 4 °C and 

maximum speed in order to pellet the EBs. The pellet was then resuspended in 1 ml 

sterile SPG buffer (for composition see 2.3.4.a.) and stored in cryotubes at - 70 °C. 

The EB stocks could be used to re-infect host cells by thawing them and adding 

0.1 ml to a 75 cm2 cell culture flasks containing confluent Hep2 cells.   

2.4. Molecular methods  

2.4.1. Isolation of genomic DNA from bacteria 

Genomic DNA from C. pneumoniae GiD was kindly provided by the Hegemann group 

(Funktionelle Genomforschung der Mikroorganismen, University of Düsseldorf). 

Genomic DNA from C. trachomatis D/UW-3/CX isolated with the DNeasy Blood & 

Tissue Kit (Quiagen) was kindly provided by H. Bühl (Henrichfreise group).   

Genomic DNA from E. coli W3110 was isolated using the GenElute Bacterial 

Genomic DNA Kit (Sigma-Aldrich) according to the manufacturer’s instructions. 

2.4.2.Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) (Mullis et al., 1986) allows for exponential 

amplification of specific DNA sequences and is based on the ability of oligonucleotide 

primers to specifically bind denatured DNA strands. PCR is a cyclic, temperature-

mediated sequence of DNA strand denaturation, primer annealing, and polymerase-

mediated 5'-3' elongation of the DNA sequence framed by the primers. 

The primers used in this work to amplify DNA for sequencing and cloning are listed in 

table 2.5. PCR was conducted using a C1000 Thermal Cycler (BioRAd). For cloning 

purposes, genomic DNA or plasmids served as templates and the Phusion High-

Fidelity DNA-Polymerase (New England Biolabs) was used. To proof successful 

cloning, cell material served as template, which was picked from a selective agar 

plate, resuspended in 10 µl H2O and lysed at 95 °C for 5 minutes. In this case the 

KAPA2G FastReadyMix with Dye (PeqLab/Roche) was used. For both purposes, 

PCR was performed according to the respective manufacturer's instructions 
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regarding the buffer system, the primer concentration and the determination of the 

annealing temperature. 

Tab. 2.5. Primers used in this work.

Name Sequence 5’ -> 3’ nt notes

IBA2_seq_for GAG TTA TTT TAC CAC TCC 
CT 

20 sequencing pASK_IBA 
vectors (IBA Lifescience)

IBA2_seq_rev  CGC AGT AGC GGT AAA CG 17 sequencing pASK_IBA 
vectors (IBA Lifescience)

pBAD24_seq_for CTG TTT CTC CAT ACC CGT 
T

19 sequencing primer pBAD24 
vectors (Coli Genetic Stock 
Center)

pBAD24_seq_rev GCC AGG CAA ATT CTG TTT 
T

19 sequencing primer pBAD24 
vectors (Coli Genetic Stock 
Center)

cpn0245_pBAD24_for GAG GAA TTC ACC ATG AAA 
CAC TAC CTA TCA TTT TCT 
CCT

39 Cloning of cpn0245 (ykfCCpn) 
into pBAD24+

cpn0245_pBAD24_rev TCA TCC GCC AAA ACA TTA 
CAG AAA GGC TTT TCT TTT 
TCT

39 Cloning of cpn0245 (ykfCCpn) 
into pBAD24+

ct127_pBAD24_for GAG GAA TTC ACC ATG CCG 
CAC CAA GTC TTA TTG TCT 
CCT

39 Cloning of ct127 (ykfCCtr) 
into pBAD24+

ct127_pBAD24_rev TCA TCC GCC AAA ACA TCA 
AAA GAA GGC TTT TCT ATT 
TTT

39 Cloning of ct127 (ykfCCtr) 
into pBAD24+

ELAC_2173_for GAG GAA TTC ACC ATG AGT 
TCT GTC GGG CAG ATG T

34 Cloning of ELAC_2173 
(nlpC/P60Ela) into pBAD24+

ELAC_2173_rev TCA TCC GCC AAA ACA TCA 
GTT GGT GGA CAG TCT CTT

36 Cloning of ELAC_2173 
(nlpC/P60Ela) into pBAD24+

SNE_A23160_for GAG GAA TTC ACC ATG ACC 
TAT TTT GTC CCA AAA GTT 
TCA A

40 Cloning of SNE.A23160 
(nlpC/P60Sne) into pBAD24+

SNE_A23160_rev TCA TCC GCC AAA ACA TTA 
CGA GAG GAA TCG TCG GAC 
T

37 Cloning of SNE.A23160 
(nlpC/P60Sne) into pBAD24+

mepS_pBAD24_ins_for GAG GAA TTC ACC ATG GTC 
AAA TCT CAA CCG ATT TTG 
AG

38 Cloning of b2175 (mepsEco) 
into pBAD24+

mepS_pBAD24_ins_rev TCA TCC GCC AAA ACA TTA 
GCT GCG GCT GAG AAC CC

35 Cloning of b2175 (mepsEco) 
into pBAD24+

T7 TAA TAC GAC TCA CTA TAG 
GG 

20 sequencing pET vectors 
(Novagen)
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T7term TGC TAG TTA TTG CTC AGC 
GG 

20 sequencing pET vectors 
(Novagen)

Cpn0245XmaI52bfor GCG CGC CCC GGG AAA CAC 
TAC CTA TCA TTT TCT CC

35 Cloning of cpn0245 (ykfCCpn) 
into pET52b+ using XmaI

Cpn0245EagI52brev GCG CGC CGG CCG TTA CAG 
AAA GGC TTT TCT TTT TC

35 Cloning of cpn0245 (ykfCCpn) 
into pET52b+ using EagI

CT127XmaI52bfor GCG CGC CCC GGG CCG CAC 
CAA GTC TTA TT

29 Cloning of ct127 (ykfCCtr) 
into pET52b+ using XmaI

CT127EagI52brev GCG CGC CGG CCG TCA AAA 
GAA GGC TTT TCT ATT TTA 
G

37 Cloning of ct127 (ykfCCtr) 
into pET52b+ using EagI

CT268XmaI52bfor GCG CGC CCC GGG AGG GGT 
ATC AGA TCT TCA AAC

33 Cloning of ct268 (amiACtr) 
into pET52b+ using XmaI 
(C. Otten, Henrichfreise lab)

CT268EagI52brev GCG CGC CGG CCG TTA TTT 
ATG CAC TTT TTT TGC TC

35 Cloning of ct268 (amiACtr) 
into pET52b+ using EagI 
(C. Otten, Henrichfreise lab)

CPN_0245_C173A_for AGT CTG GAA AAG CCG GGT 
GTT GAT GCT TCG GGA TTT 
ATC A

40 CxA mutagenesis of 
cpn0245 (ykfCCpn)  
(Bühl, 2019)

CPN_0245_C173A_rev TGA TAA ATC CCG AAG CAT 
CAA CAC CCG GCT TTT CCA 
GAC T

40 CxA mutagenesis of 
cpn0245 (ykfCCpn) 
(Bühl, 2019)

CT_127_C172A_for ACA GCT TCC TCG TAA TGG 
TGT AGA TGC TTC GGG GTA 
TAT TC

41 CxA mutagenesis of ct127 
(ykfCCtr)

CT_127_C172A_rev GAA TAT ACC CCG AAG CAT 
CTA CAC CAT TAC GAG GAA 
GCT GT

41 CxA mutagenesis of ct127 
(ykfCCtr)

EL_C193A_for GCA CAA GAC CGG AAG CAT 
CCA CTC CCC TGA AAG G

34 CxA mutagenesis of 
ELAC_2173 (nlpC/P60Ela)

ELA_C193A_rev CCT TTC AGG GGA GTG GAT 
GCT TCC GGT CTT GTG C

34 CxA mutagenesis of 
ELAC_2173 (nlpC/P60Ela)

SNE_C151A_for TCA TCC GCC AAA ACA TTA 
CGA GAG GAA TCG TCG GAC 
T

37 CxA mutagenesis of 
SNE.A23160 (nlpC/P60Sne)

SNE_C151A_rev AAG AAG TCC CGA GGC ATC 
CAC TCC TTG ACA GGT CC

35 CxA mutagenesis of 
SNE.A23160 (nlpC/P60Sne)

AmiAEc_∆ADfor CTA ACC GTG GGG CAA GTA 
GTC TGA CGC TCG 

30 ∆A148-S191 mutagenesis of 
b2435 (amiAEco) (M. Brunke, 
Henrichfreise lab)

Name Sequence 5’ -> 3’ nt notes
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2.4.3. Agarose gel electrophorese for DNA separation 

Agarose gel electrophoresis was used to identify and purify DNA fragments. DNA 

samples were loaded onto a gel, which was subjected to an electric field, causing the 

DNA to migrate to the cathode due to its negatively charged phosphate backbone. 

Since shorter DNA fragments can move faster through the pores of the gel than 

longer fragments, the DNA fragments are separated according to their size. By using 

a marker composed of DNA fragments of known size, the size of the separated DNA 

fragments was assessed.  

To prepare the gel, 1 % (w/v) agarose was solved in 60 ml of 1x TAE buffer (40 mM 

Tris-HCl, 1 mM EDTA, 0.11 % (v/v) acetic acid, pH 8.3). To visualize DNA after 

electrophoresis, 1 µL of GelRed nucleic acids stain 10,000x solution (Biotium) was 

added during gel preparation. Samples were mixed with 6x DNA gel loading dye 

(Thermo Scientific) and loaded into the wells of the agarose gel. The GeneRuler 1 kb 

DNA Ladder (Thermo Scientific) was used as a marker for determining DNA size. Gel 

electrophoresis was conducted in 1x TAE buffer at 80-100 V for 60 minutes. After the 

electrophoresis, the GelRed stained DNA was visualized using UV light.  

2.4.4. Purification of DNA fragments and plasmids 

The GeneJET gel extraction kit (Thermo Scientific) was used to purify DNA fragments 

from the agarose gel after electrophoresis or to desalt and purify DNA fragments 

during the cloning process according to the manufacturer's instructions. The 

GeneJET Plasmid Miniprep Kit (Thermo Scientific) was used to isolate plasmid DNA 

from E. coli cells according to the manufacturer's instructions. 

2.4.5. Photometric determination of DNA concentration  

The amount of purified DNA fragments or plasmids in a sample was determined by 

measuring its absorbance at 260 nm using a spectrophotometer (NanoPhotometer, 

Implen).  

AmiAEc_∆ADrev CGA GCG TCA GAC TAC TTG 
CCC CAC GGT TAG 

30 ∆A148-S191 mutagenesis of 
b2435 (amiAEco) (M. Brunke, 
Henrichfreise lab)

Name Sequence 5’ -> 3’ nt notes
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2.4.6. Molecular cloning 

Molecular cloning of DNA fragments into a vector was performed either by restriction 

digestion and ligation (see sections 2.4.6.a & b) or using the in fusion cloning kit (see 

section 2.4.6.c). The QuickChange Lightning (QCL) Site-Directed Mutagenesis Kit 

(see section 2.4.6.d) was used to insert mutations within a gene in a controlled 

manner. An overview of constructed expression vectors is given in table 2.6.  

2.4.6.a. Restriction of DNA with endonucleases  

To clone a DNA fragment amplified from genomic DNA into a plasmid, both the DNA 

fragment and the purified plasmid were separately digested with type II restriction 

endonucleases (New England Biolabs). The restriction enzymes were chosen prior to 

the construction of the PCR primers (tab. 2.5) so that the DNA fragment was framed 

by the respective recognition sites. DNA digestion with endonuclease was performed 

according to the manufacturer’s instructions in a 50 µl reaction containing 

approximately 1 µg DNA (either insert or plasmid), 1x CutSmart Buffer (New England 

Biolabs) and 10 U of each restriction enzyme (New England Biolabs). The reaction 

was incubated at 37 °C for 60-90 minutes and then stopped by DNA purification 

using the GeneJET Gel Extraction Kit (see section 2.4.4.).  

2.4.6.b.Ligation of an insert into a plasmid  

After the DNA restriction und purification (see section 2.4.6.b.), DNA fragments were 

inserted into a plasmid restricted with the same enzymes by using a T4 DNA-ligase 

(Thermo Scientific). Ligation was performed according to the manufacturer's 

instructions in a 20 µl reaction containing 10-100 ng of insert and plasmid at a ratio of 

3:1, 1x T4 DNA ligation buffer (Thermo Scientific) and 5 U T4 DNA ligase (Thermo 

Scientific). The reaction was incubated at room temperature for 10-20 minutes. Then 

either E. coli DH5α or E. coli DH10 β (see section 2.3.2.a.) were transformed with the  

ligated plasmid as described in section 2.3.3.b. Successful molecular cloning was 

confirmed by PCR as described in section 2.4.2. 

2.4.6.c. In-Fusion cloning  

To clone a DNA insert from one expression vector into another, the In-Fusion HD 

Cloning Kit by Clontech (Takara Bio Europe) was used. Insert and plasmids were 
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amplified and linearized by PCR with primers designed with the manufacturers' online 

tool (tab. 2.1). After amplification, the PCR products were purified with the GeneJET 

Gel Extraction Kit (see section 2.4.4.). The purified DNA was used to clone the insert 

into the plasmid using the In-Fusion HD Cloning Kit according to the manufacturer's 

instructions. Subsequently, E. coli DH5α (see section 2.3.2.a.) was transformed with 

the reaction product as described in section 2.3.3.b. 

2.4.6.d.PCR-based site directed mutagenesis 

Site-directed mutagenesis was performed to to generate mutants of recombinant 

proteins by introducing mutation into a gene in a controlled manner. For this purpose, 

the QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) was 

used according to the manufacturer's instructions. Mutagenesis was accomplished by 

PCR using a plasmid carrying the gene of interest as template and primers both 

containing the mutation and designed using the manufacturer's online tool (see table 

2.1). Subsequently, E. coli DH5α (see section 2.3.2.a.) was transformed with the 

PCR product as described in section 2.3.3.b 

2.4.7. Sequencing 

The Sanger sequencing service provided by GATC (GATC Biotech) was used to 

confirm correct insertion of the gene of interest into the respective plasmid. 

2.4.8. Expression vectors  

The expression vectors used in this work are listed in table 2.6. 

Table 2.6. Expression vectors used in this work.

Name Encoded 
construct

Features Reference/ 
Source 

pASK-IBA2C - CamR, TetO/TetP, 
MCS, OmpA, C-
terminal Strep-tag 
II 

IBA Lifesciences

pASK-IBA2C_nlpC/P60Ela NlpC/P60Ela 

(ELAC_2173)
IBA2C derivate N. Jacquier, 

University of 
Lausanne
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pASK-IBA2C_nlpC/P60Sne NlpC/P60Sne 

(SNE.A23160)
IBA2C derivate N. Jacquier, 

University of 
Lausanne

pASK-IBA2C_amiaEco AmiAEco IBA2C derivate A. Klöckner 
(Klöckner, 2016)

pASK-
IBA2C_amiaEco_ΔA148-S191

AmiAEco A148-S191 
deletion mutant

IBA2C derivate this work

pASK-IBA2C_envCEco EnvCEco IBA2C derivate A. Klöckner 
(Klöckner, 2016)

pBAD24 - AmpR, Arabinose 
pBAD promotor 

Coli Genetic 
Stock Center 
(Yale, USA)

pBAD24_ykfCCpn YkfCCpn (Cpn0246) pBAD24 derivate this work

pBAD24_ykfCCpnC173A YkfCCpn (Cpn0246) 

C173A mutant
pBAD24 derivate this work

pBAD24_ykfCCtr YkfCCtr (Ct127) pBAD24 derivate this work

pBAD24_ykfCCtrC172A YkfCCtr (Ct127) 

C172A mutant
pBAD24 derivate this work

pBAD24_nlpC/P60Ela
NlpC/P60Ela 

(ELAC_2173)
pBAD24 derivate this work

pBAD24_nlpC/P60ElaC193A
NlpC/P60Ela 

(ELAC_2173) 
C193A mutant

pBAD24 derivate this work

pBAD24_nlpC/P60Sne
NlpC/P60Sne 

(SNE.A23160)
pBAD24 derivate this work

pBAD24_nlpC/P60SneC153A
NlpC/P60Sne 

(SNE.A23160) 
C153A mutant

pBAD24 derivate this work

pBAD24_mepSEco MepSEco pBAD24 derivate this work

pET-52b(+) - AmpR, T7, MCS, 
N-terminal Strep-
tag II  

Novagen

pET52b_ykfCCpn YkfCCpn (Cpn0246) pET52 derivate this work

pET52b_ykfCCtr YkfCCtr (Ct127) pET52 derivate this work

pET52b_ykfCCtrC172A YkfCCtr (Ct127) 
C172A mutant

pET52 derivate this work

pET52b_amiACtr AmiACtr (Ct268) pET52 derivate this work

Name Encoded 
construct

Features Reference/ 
Source 
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2.5. Biochemical methods  

2.5.1. Recombinant protein production and purification  

For protein production, 1-2 colonies of a freshly transformed E. coli production strain 

bearing the appropriate expression vector (tab. 2.6) were picked from a selective 

agar plate and grown overnight in 50 ml selective LB or TB autoinduction medium (for 

compositions see tab. 2.2) under vigorous shaking. Overnight cultures were used to 

inoculate 4 l of the appropriate selective production medium at 2 % (v/v) and 

incubated at 37 °C and 130 rpm to ensure good aeration. For production of 

recombinant MraYCpn, these parameters were changed to 30 °C and 110 rpm based 

on the protocol of Schneider and colleagues (Schneider et al., 2009). As shown in 

table 2.7, expression conditions differed depending on the construct to be produced 

with regard to production strains, media, type of induction and incubation 

temperature and time. Despite performing expression screens, not all constructs 

could be successfully produced for purification in this  work.  

pPR-IBA1 - AmpR, T7, MCS, 
C- terminal Strep-
tag II  

IBA Lifesciences

pPR-IBA1_mraYCpn MraYCpn (Cpn0900) IBA1 derivate I. Löckener 
(Henrichfreise 
lab, University 
Bonn) 

VLL-002_mraYCpn cpn0900 / MraYCpn AmpR, T7, C- 
terminal His6-tag

B. Henrichfreise 
(Henrichfreise et 
al., 2009)

Name Encoded 
construct

Features Reference/ 
Source 

Table 2.7. Conditions determined for purification of recombinant proteins.

Construct E. coli 
production 
strain

Production medium Induction 
methode

Incubation 
conditions

MraYCpn  C43(DE3) 2 x 2 l 2xYT medium 1 mM IPTG at 
OD600nm = 0.6

25 °C, 16 hours, 
110 rpm

AmiAEco JM83 2 x 2 l salt-free LB 
medium with 342 mM 
mannitol (Otten et al., 
2015)

200 ng/ml AHT  
at OD600nm = 0.6

30 °C, 4 hours, 
110 rpm
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After incubation, cells were harvested by centrifugation for 20 minutes at 7550 × g 

and 14 ºC. The resulting cell pellet was utilized for purification of recombinant protein 

by affinity chromatography. With the exception of recombinant MraYCpn, which was 

purified via His6-tag (see section 2.5.1.a.), recombinant protein was purified via 

Strep-tactin (see section 2.5.1.b.). 

2.5.1.a. Protein purification of by His6-tag affinity chromatography 

Purification of recombinant C. pneumoniae MraY (MraYCpn) 

The recombinant transmembrane protein MraYCpn was purified via a C-terminal His6-

tag as described by Henrichfreise and colleagues (Henrichfreise et al., 2009) based 

on the protocol of Schneider and colleagues (Schneider et al., 2009) with minor 

changes. Harvested cell pellets of 4 l production culture were washed in 200 ml of 25 

mM Tris-HCl, pH 8, and resuspended in 30 ml of the same buffer containing 2 mM 2-

mercaptoethanol, 150 mM NaCl, 30 % (v/v) glycerol, and 1 mM MgCl2 (buffer A). 

Subsequently, 1 U/ml benzonase was added and MgCl2 concentration was increased 

to 3 mM. The cell suspension was sonicated and centrifuged at 31850 × g at 4 ºC for 

30 minutes. The pellet was resuspended in 10 ml buffer A supplemented with 

AmiAEco_ 
ΔA148-S191

JM83 2 x 2 l salt-free LB 
medium with 342 mM 
mannitol (Otten et al., 
2015)

200 ng/ml AHT  
at OD600nm = 0.6

30 °C, 4 hours, 
110 rpm

EnvCEco JM83 2 x 2 l salt-free LB 
medium with 342 mM 
saccharose (Otten et al., 
2015)

200 ng/ml AHT  
at OD600nm = 0.6

30 °C, 4 hours, 
110 rpm

AmiACtr  C43(DE3) 4 x 1 l TB autoinduction 
medium (Studier, 2005)

autoinduction 30 °C, 20 hours, 
110 rpm

YkfCCtr  C43(DE3) 4 x 1 l TB autoinduction 
medium (Studier, 2005)

autoinduction 30 °C, 20 hours, 
110 rpm

YkfCCtr 

C172A
 C43(DE3) 4 x 1 l TB autoinduction 

medium (Studier, 2005)
autoinduction 30 °C, 20 hours, 

110 rpm

YkfCCpn  C43(DE3) 4 x 1 l TB autoinduction 
medium (Studier, 2005)

autoinduction 30 °C, 20 hours, 
110 rpm

Construct E. coli 
production 
strain

Production medium Induction 
methode

Incubation 
conditions
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17.8 mM n-dodecyl-β-D-maltoside (DDM) and incubated on ice. After 50 minutes of 

incubation, the mixture was centrifuged (at 31850 × g for 30 minutes at 4°C) to 

separate membrane debris from solubilized membrane protein. The supernatant (S1) 

was collected and stored at -020 °C, while the pellet was resuspended in 10 ml buffer 

A supplemented with 21.5 mM DDM and incubated for 30 minutes on ice. The 

mixture was centrifuged (at 31850 × g for 30 minutes at 4 °C) and the supernatant 

(S2) was collected.  

Both supernatants (S1, S2) were further purified by using His6-tag affinity 

chromatography. Each supernatant was incubated under gentle shaking at 4 °C with 

1.5 ml of Ni-NTA agarose (Macherey-Nagel) which was previously washed twice with 

10 ml of buffer A. After 3 hours of incubation, mixtures were loaded on columns for 

affinity chromatography and each rinsed first with 7.2 ml of buffer A and then with 

7.2 ml of washing buffer (buffer A supplemented with 3.9 mM DDM and 10 mM 

imidazole). Recombinant protein was eluted by sequential adding 3 x 0.5 ml elution 

buffer 1 (buffer A with 3.9 mM DDM and 100 mM imidazole), elution buffer 2 (buffer A 

with 3.9 mM DDM and 200 mM imidazole) and elution buffer 3 (buffer A, with 3.9 mM 

DDM, 300 mM imidazole), respectively. Eluates were collected separately and  stored 

at - 70 °C. 

2.5.1.b.  Protein purification by Strep-tactin affinity chromatography  

Purification of recombinant AmiA (AmiAEco, AmiAEco ΔA148-S191) and EnvC 

(EnvCEco) from E. coli  

Recombinant AmiAEco, AmiAEcoΔA148-S191, and EnvCEco were purified via a C-

terminal Strep-tag II by affinity chromatography using a 50 % Strep-tactin matrix (IBA 

Lifescience) following manufacturer’s instructions for purification of periplasmic 

protein with slight modifications. Cell pellets harvested from 4 l of production culture 

were washed with 200 ml of 100 mM Tris-HCl, pH 8. Then pellets were resuspended 

in 20 ml of the same buffer containing 500 mM saccharose and 1 mM EDTA (buffer 

P) which was supplied with EDTA free Pierce proteinase inhibitor Mini tablets 

(Thermo Scientific). Cell suspensions were mixed with 1 mg/ml lysozyme, 1 U/mL 

benzonase and 2.5 mM MgCl2 and incubated on ice. After 45 minutes of incubation, 

suspension were sonicated and centrifuged at 31850 × g at 4 ºC for 30 minutes. After 

centrifugation, the supernatant was loaded onto a column containing 1 ml of Strep-
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Tactin Sepharose (IBA Lifescience) which had been pre-equilibrated with buffer A. 

Afterwards the column was washed six times with buffer W (100 mM Tris-HCl, pH 8, 

containing 150 mM NaCl and 1 mM EDTA). Recombinant protein was eluted by 

adding six times 0.5 ml of buffer E (100 mM Tris-HCl, pH 8, with 150 mM NaCl and 

1 mM EDTA and 2.5 mM desthiobiotin). Eluates were collected separately, 

supplemented  with 30 % (v/v) glycerol and stored at - 20 °C. 

Purification of recombinant C. pneumoniae YkfC (YkfCCpn), C. trachomatis AmiA 

(AmiACtr) and YkfC (YkfCCtr, YkfCCtr C172A) 

Recombinant YkfCCpn, AmiACtr, YkfCCtr, and YkfCCtr C172A were purified via an N-

terminal Strep-tag II by affinity chromatography using Strep-tactin XT Sepharose 

(Merck) as matrix. Cell pellets harvested from 4 l of production culture were washed 

in 200 ml of 25 mM MOPS, pH 7.2, and resuspended in 40 ml of the same buffer 

containing 1 M NaCl and 1 mM MgCl2 (buffer A). The cell suspensions was 

supplemented with 2 µg/ml polymyxin B, 1 mM phenylmethyl sulfonyl fluoride (PMSF) 

and 1 U/ml benzonase. Cells were broken by sonication, mixed with 0.5 % CHAPS 

and incubated at 4 ºC with gentle shaking. After 1 hour of incubation, the suspension 

was centrifuged for 1 hour at 310500 × g at 4 º C. The supernatant was loaded onto a 

Strep-tactin XT Sepharose column which had a bed volume of 1 ml and had been 

pre-equilibrated with buffer A. After the passage was complete, the column was 

washed 5 times with buffer B (25 mM MOPS, pH 7.2, containing 500 mM NaCl, 2 mM 

MgCl2, 10 % (v/v) glycerol). Recombinant protein was eluted by adding six times 0.5 

ml of buffer C (25 mM MOPS, pH 7.2, supplemented with 300 mM NaCl, 2 mM 

MgCl2, 10 % (v/v) glycerol and 50 mM desthiobiotin). Eluates were dialysed against 

2 x 1 l dialysis buffer (25 mM MOPS, pH 7.2, 150 mM NaCl, 2 mM MgCl2, 10 % (v/v) 

glycerol and 2 mM dithiothreitol (DTT) (Pharma Biotech)) at 4 ºC overnight. For 

YkfCCtr inhibitor screens, DTT was omitted from the buffer. After dialysis, eluates 

were aliquoted and stored at - 70 ºC. 

2.5.2. Quantification of recombinant protein with Bradford reagent 

The concentration of recombinant purified protein was determined using Bradford 

reagent (Bradford, 1976) containing Coomassie Brilliant Blue G250, a dye which 

interacts with positively charged amino acid residues and thereby exhibits an 
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absorbance shift to 595 nm. Bradford reagent (BioRad) was diluted 1:5 in water and 

200 µl of the dilution were mixed with 10 µl of protein sample in a 96-well Greiner 

plate and incubated for 10 minutes at room temperature and protected from light. For 

quantification, a bovine serum albumin standard was prepared and treated similar to 

the sample. After the incubation, absorbance was measured at 595 nm using a Tecan 

infinite M200 plate reader and the Magellan V.6.5 software (Tecan) (tab 2.1).  

2.5.3. Protein analysis by SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), a method 

developed by Laemmli (Laemmli, 1970) allows to determine presence and purity of 

purified protein. In this work, protein analysis by electrophoresis was performed using 

4-12 % gradient polyacrylamide GenScript ExpressPlus pre-cast gels (GenScript) 

with running buffer and conditions following the manufacturer's instructions. For 

protein denaturation, samples were incubated at 95 °C for 5 minutes with NuPAGE 

LDS sample buffer (Thermo Scientific) and 5 mM dithiothreitol (DTT) (Pharma 

Biotech), which served as reducing agent to break intramolecular dissulfide linkages. 

After gel electrophoresis, the gel was stained with PageBlue protein staining solution 

(Thermo Scientific) and subsequently washed with water for destaining. The size of 

protein bands was estimated visually by comparison to a molecular weight maker 

(PageRuler Plus Prestained protein ladder; Thermo Scientific).  

2.5.4. Preparation and Remazol staining of E. coli peptidoglycan sacculi  

The preparation and Remazol staining of E. coli peptidoglycan (PG) sacculi was 

performed according to a protocol by Uehara and colleagues with slight modifications 

(Uehara et al., 2010). 4 l of LB were inoculated 1 % (v/v) with an overnight culture of 

E. coli W3110 (see section. 2.3.2.a.) and incubated at  37 °C under shaking until an 

OD600nm of 0.6 was reached. Cells were harvested via centrifugation for 15 minutes 

at 11,160 x g and 4 °C. The pellet was resuspended in 40 ml PBS buffer (16 mM 

Na2HPO4, 4 mM KH2PO4, 115 mM NaCl, pH 7,4) and the suspension poured into 

160 ml boiling 5 % (w/v) SDS in PBS. After the mixture was boiled with stirring for 30 

minutes, it was incubated overnight at room temperature. The suspension was then 

centrifuged at 30,137 x g for 30 minutes and the pellet washed three times with 

100 ml H2O before being resuspended in 4 ml PBS containing bovine pancreatic α-
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chymotrypsin at a final concentration of 0.3 mg/ml. The suspension was incubated 

overnight at 37 °C. Thereafter, α-chymotrypsin was again added to a final 

concentration of 0.6 mg/ml and the incubation continued for 3 hours at 37 °C. Then 

1 ml of 5 % (w/v) SDS in PBS was added and the mixture incubated for 2 hours at 

95 °C.  

Afterwards PG sacculi were harvested by centrifugation at 29,680 x g for 30 minutes 

and the pellet was washed three times with 2 ml H2O before being resuspended in 

2 ml of PBS containing α-amylase from Aspergillus oryzae at a final concentration of 

0.2 mg/ml. After 2 hours incubation, the amylase-treated sacculi were washed three 

times with 2 ml H2O and then resuspended in 20 mM Remazol Brilliant Blue (RBB) 

dissolved in 4 ml 0.25 M NaOH and incubated at 37 °C overnight. The suspension 

was then neutralized by the addition of 487.2 µl of 1M HCl. The stained PG sacculi 

were harvested by centrifugation at 29,680 x g for 30 minutes and and repeatedly 

washed with H2O until the supernatant was clear. The pelleted RBB-PG sacculi were 

frozen at - 70 °C, lyophilized in a lyophilizer (Martin Christ GmbH), and then stored 

at - 20 °C.  

2.5.5. In vitro assays using purified recombinant protein  

2.5.5.a.  MraY in vitro activity assay 

Henrichfreise and colleagues showed the ability of recombinant purified MraYCpn to 

produce lipid I in vitro (Henrichfreise et al., 2009). Based on their protocol, an in vitro 

assay was performed both to verify purification of active recombinant MraYCpn and to 

study the effect of potential inhibitors of chlamydial MraY on this reaction (see section 

2.5.5.b). Two substrates are needed for MraYCpn to generate lipid I in vitro: lipid 

carrier C55-P and 'crude substrate’ containing UDP-MurNAc-pentapeptide (mDAP 

type). The latter was prepared from Bacillus cereus DSM2302 and kindly provided by 

I. Bodenstein (Schneider group, University Bonn). Since concentration of 

recombinant MraYCpn and 'crude substrate’ could not be precisely determined, pre-

tests were carried out to determine an optimal ratio between enzyme and substrate. 

The optimized reaction was carried out in a final volume of 50 µl. For substrate 

preparation, 2.5 nmol C55-P (Larodan) were dried in solvent resistant tubes and 

subsequently solved in triton X-100 (with a final concentration of 0.43 % (w/v)) by 

vortexing for 1 minute. Afterwards 75 mM Tris-HCl, pH 7.5, 6 mM MgCl2, 10 % (v/v) 
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DMSO and 'crude substrate’ were added and the reaction was started by adding 

recombinant MraYCpn. The reaction mixtures was incubated at 30 °C for 90 minutes. 

After the incubation, lipid reaction products were extracted and analyzed by thin layer 

chromatography (TLC) (‘TLC lipids’) as described in section 2.5.6.a. 

2.5.5.b.  Testing putative inhibitors of MraY in vitro activity 

Putative inhibitors of chlamydial MraY were tested for their effect in the enzyme’s in 

vitro activity assay described in section 2.5.5.a. The compounds were added prior to 

starting the reaction by adding recombinant MraYCpn. Putative inhibitors tested in this 

work were muraymycin and its derivates, which were kindly provided by S. Ichikawa 

(Center for Research & Education on Drug Discovery, Hokkaido University, Japan).  

2.5.5.c. Analysis of in vitro activity towards lipid II 

To analyze enzymatic activity of recombinant purified protein on the PG precursor 

molecule lipid II, 2 nmol lipid II (mDAP type) were dried in solvent resistant tubes and 

subsequently solved in the reaction mixture by vortexing for 3 minutes. The reaction 

was started by adding the enzyme to be analyzed and subsequently incubated 

overnight at 37 º C. To analyze in vitro activity of AmiACtr towards lipid II, the reaction 

contained 50 mM Tris-HCl buffer, pH 8.5, 150 mM NaCl, 2 mM MgCl2, 0.02 mM ZnCl, 

triton X-100 in a final concentration of 0.1 % (v/v) and 4 µM enzyme. For Chlamydia 

YkfCCtr, composition of the reaction is described in section 2.5.5.f. To analyze in vitro 

activity of Bacillus YkfCBsu towards lipid II, the reaction contained 50 mM MOPS 

buffer, pH 7.5, triton X-100 in a final concentration of 0.1 % (v/v) and 2 µM enzyme. 

After incubation, lipid II was extracted for analysis by TLC (‘TLC lipids’) as described 

in section 2.5.6.a. 

2.5.5.d.  Remazol dye release assay  

To test recombinant purified protein for hydrolytic activity on PG, isolated RBB-

stained PG sacculi from E. coli W3110 (see section 2.5.4.) were used as substrate. 

Assays were carried out in a final volume of 100 µl containing 1.25 µg of RBB-stained 

PG sacculi. To detect activity of AmiA from C. trachomatis or E. coli, the reaction also 

contained 7 µM of protein, 50 mM Hepes buffer pH 7.5 and 2 % (v/v) DMSO. To 

investigate activity of C. trachomatis YkfC, 4 µM protein, 50 mM MOPS pH 7.5, 
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150 mM NaCl and 2 mM MgCl2 were added. Each reaction was incubated overnight 

at 37 °C. Subsequently, insoluble material was removed by centrifugation for 10 min 

at 21000 × g and 4 °C. Hydrolytic activity releases remazol dye into the supernatant, 

while no activity leaves the PG sacculi intact, leaving the supernatant colorless. To 

detect remazol, the supernatant was measured at 595 nm using a spectrophotometer 

(NanoPhotometer, Implen). 

2.5.5.e.  Analysis of in vitro activity of YkfC   

In order to analyze peptidase activity of recombinant purified YkfC of C. trachomatis 

(YkfCCtr), the protein was tested for its in vitro activity using L-Ala-γ-D-Glu-mDAP 

tripeptide (Tri-DAP; InvivoGen) as substrate. To optimize the assay, different pH 

values of the reaction were tested (50 mM MES buffer for pH 5.5 and 6.5; 50 mM 

MOPS buffer for pH 7.5; 50 mM CHES buffer for pH 9.5). The standard YkfCCtr in 

vitro assay in this work was carried out in a final volume of 25 µl containing 50 mM 

MOPS buffer pH 7.5, 150 mM NaCl, 2 mM MgCl2, 0.5 mM substrate and lastly 

2 µM enzyme solved in dilution buffer. Adding the enzyme started the reaction which 

was subsequently incubated at 37 ºC for 2 hours. It was terminated by incubation for 

5 minutes at 100 ºC, followed by centrifugation for 5 minutes at 17000 x g. The 

supernatant was collected and 20 µl were analyzed by TLC for the detection of 

peptides (‘TLC peptides’, section 2.5.6.b).  

2.5.5.f.  Analysis of substrate specificity of YkfC 

Activity of YkfCCtr was tested on different substrates to analyze its specificity. In order 

to test potential substrates, the in vitro assay was carried out as described in section 

2.5.5.e. Each reaction had a final volume of 25 µl containing 1 mM of the respective 

substrate solved in H2O and 2 µM enzyme. After 2 hours of incubation at 37 ºC, the 

supernatants were collected and analyzed in a TLC system for peptide detection 

(‘TLC peptides’, section 2.5.6.b.).  

For lipid II as a substrate, the procedure was adjusted as follows: The total reaction 

volume was increased to 50 µl and contained triton X-100 in a final concentration of 

0.1 % (v/v). For substrate preparation, 4 nmol lipid II (mDAP type) were dried in 

solvent resistant tubes and subsequently solved in the reaction mixture (lacking the 

enzyme) by vortexing for 3 minutes. The reaction was started by adding the enzyme 
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and incubated overnight at 37 ºC. It was terminated by incubation for 5 minutes at 

100 ºC, followed by centrifugation for 5 minutes at 17000 x g. The supernatant was 

collected and divided into two samples, each with a volume of 20 µl, which were 

analyzed separately. One sample was analyzed using the TLC system for peptide 

detection (‘TLC peptides’, section 2.5.6.b.) Lipid II was extracted from the other 

sample for analysis on a TLC system for lipid detection (‘TLC lipids’, section 2.5.6.a.).  

To test PG-derived peptides as potential substrates, mixtures of peptides derived 

from E. coli or B. subtilis PG were kindly provided by R. Kluj (Mayer lab, Department 

of Microbiology/Organismic Interactions, University of Tübingen). For the generation 

of these substrates, PG from both species was digested with recombinant B. subtilis 

amidase CwlC, as described by Walter and colleagues (Walter et al., 2021). The 

peptide mixtures were incubated with recombinant YkfCCtr following the enzyme’s 

standard in vitro assay (see section 2.5.5.f.). Reaction products were analyzed by 

mass spectrometry performed by R. Kluj (see section 2.5.7.).  

2.5.5.g.  Testing putative inhibitors of YkfC in vitro activity 

Different inhibitors were tested for their effect towards in vitro γ-D-Glu-mDAP 

peptidase activity of YkfCCtr. Chloroactenone, iodoacetamide, phenylmethylsulfonyl 

fluoride (PMSF) and E-63 were purchased from Merck. Derivates of the of α,β-

unsaturated carbonyl compound α-X-chalcone were kindly provided by S. Amslinger 

(Institute of Organic Chemistry, University of Regensburg). Inhibitors were solved in 

H2O to generate 1 mM stock solutions. The YkfCCtr in vitro assay with tripeptide as 

the substrate was carried out as described in section 2.5.5.f. with the following 

modification: Instead of starting the reaction by adding the enzyme, YkfCCtr was pre-

incubated with the inhibitor for 15 minutes at room temperature, prior to adding the 

substrate to start the reaction. The subsequent steps were continued as described 

above and reaction products were analyzed in a TLC system for peptide detection 

(‘TLC peptides’, section 2.5.6.b.).  

2.5.6. Thin layer chromatography (TLC) 

Thin layer chromatography (TLC) was used to analyze reaction products of in vitro 

assays with purified recombinant protein. HPTLC alumina silica gel 60 plates (Merck 

Millipore) were used for all TLC analyses. Depending on which components were to 
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be detected, two systems with different mobile phases and staining methods were 

used. The first allowed visualization of lipids and was used to either detect production 

of lipid I by recombinant C. pneumoniae MraY or to analyze enzymatic activity 

towards lipid II (‘TLC lipids’, section 2.5.6.a.). The second system enabled analysis of 

peptidase activity of recombinant enzymes by detecting peptides and amino acids 

(‘TLC peptides’, section 2.5.6.b.). 

2.5.6.a. TLC for the detection of lipids 

To detect either production of lipid I or hydrolytic activity towards lipid II, the reactions 

of the respective in vitro assays were terminated and centrifugation for 5 minutes at 

17,000 x g. Subsequently the supernatant was collected. Lipids were extracted into 

the organic phase by adding n-butanol/pyridine acetate (1:4 (v/v), pH 4.2) in a ratio of 

1:1 (v/v) to the supernatant followed by vortexing for 3 minutes. Phases were 

separated by centrifugation at 17,000 x g for 5 minutes and the organic phase was 

spotted on a silicate plate. Based on the method by Rick (Rick et al., 1998), 

chloroform-methanol-water-ammonia (88:48:10:1) was used as mobile phase. To 

visualize lipid II, TLC plates were stained by engulfing them in phosphomolybdic acid 

stain (2.5 % (w/v) phosphomolybdic acid, 1 % (w/v) ceric-sulfate solved in 6 % (v/v) 

sulfuric acid), followed by drying and heating at 120 °C using a hot plate. 

2.5.6.b.TLC for the detection of peptides 

In order to visualize peptides and amino acids to investigate peptidase activity of 

purified recombinant protein, reaction products of in vitro assays were analyzed by 

TLC. Terminated reactions were centrifuged by 17000 x g for 5 minutes and 20 µl of 

the supernatant were spotted on a silicate plate. TLC was performed using 2-butanol-

pyridine-ammonia-water (39:34:10:26) as mobile phase and separation was 

visualized by spraying the dried plate with ninhydrin stain (0.2 % (w/v) ninhydrin, 

0.5 % (v/v) acetic acid solved in 99.8 % p.A ethanol). Since staining may take some 

time, it is advisable to store the plates overnight completely protected from light 

before evaluating them.  
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2.5.7. High performance liquid chromatography and mass spectrometry (HPLC-

MS) 

In order to investigate activity of recombinant purified YkfCCtr on peptides derived 

from E. coli or B. subtilis PG, reaction products of the in vitro assay (section 2.5.5.f) 

were analyzed by high performance liquid chromatography (HPLC) combined with 

mass spectrometry (MS). HPLC-MS was kindly performed by R. Kluj (Mayer lab, 

Department of Microbiology/Organismic Interactions, University of Tübingen) using 

an electrospray ionisation (ESI) time of flight mass spectrometer (MS) (microTOF II, 

Bruker Daltonics) connected with an UltiMate 3000 HPLC (Dionex). Soluble 

components in 5 µl samples were separated on a reversed-phase C18 column 

(Gemini 5 µm C18 110 Å 150 mm × 4.6 mm; Phenomenex) in an UltiMate 3000 

HPLC (Dionex) by applying a 30-min linear gradient of 0-40 % acetonitrile (buffer A: 

100 % acetonitrile) at a flow rate of 0.2 ml/min. Before each run, the column was pre-

equilibrated with 0.01 % formic acid/0.05 % ammonium formate, followed by the 

linear gradient to 100 % acetonitrile. After each run, the column was rinsed for 12.45 

minutes with 60 % acetonitrile and subsequently re-equibrilated for 12.45 minutes 

with 0.01 % formic acid/0.05 % ammonium formate. The mass-to-charge rations of 

the separated samples were analyzed by MS, operating in negative ion mode with a 

mass range of 120-1000. Extracted ion chromatograms for PG-derived tripeptide (3P; 

theoretical mass [M−H]− = 389.167), tetrapeptide (4P; [M−H]− = 460.204), mDAP 

([M−H]− = 189.087) and mDAP-Ala ([M−H]− = 260.124) were obtained within an error 

range of ± 0.02. 

2.6. Complementation assays using E. coli mutant strains 

2.6.1. Complementation of an DapD- and Mpl-deficient E. coli mutant

To test chlamydial proteins for their ability to degrade PG-derived L-Ala-y-D-Glu-

mDAP tripeptide in vivo, an E. coli AT980 mutant strain, deficient for DapD and with a 

deletion of the mpl gene (see section 2.3.2.c) was used. It is hereinafter referred to 

as E. coli dapD- Δmpl mutant. To avoid activity of the E. coli peptidase MpaA, the 

complementation assay was performed in terrific broth (TB) (tab. 2.2), since the 

transcriptional regulator PgrR diminishes expression of MpaA under nutrient-rich 

growth conditions (Uehara & Park, 2003; Shimada et al., 2013). 
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Cells of the E. coli dapD- Δmpl mutant strain were transformed by heat shock (see 

section 2.3.3.b.) with pBAD24+ expression vectors harboring the constructs of 

interest (tab. 2.6.). For each construct, three colonies of the appropriate transformed 

mutant strain were separately picked and each inoculated in 5 ml of LB medium 

containing 200 µg/ml mDAP (Fluka), 100 µg/ml ampicillin and 34 µg/ml 

chloramphenicol. Cultures were grown at 37 °C under vigorous shaking for 16 hours. 

Subsequently, 150 µl of each culture were diluted in 5 ml of TB medium containing 

200 µg/ml mDAP, 100 µg/ml ampicillin and 0.4 % (w/v) L-arabinose. Fresh cultures 

were grown at 37 °C under vigorous shaking. Once cells reached an OD600nm of 1, 

1 ml of each culture was harvested by centrifugation at 26,000 x g and 4 °C for 15 

minutes. Cell pellets were washed twice, each time being resuspended in 1 ml TB, 

followed by centrifugation (26,000 x g, 4 °C, 15 minutes). Finally, pellets resuspended 

in 1 ml of TB were diluted 1:3 in TB medium. The cell suspensions were each loaded 

into a well on a 96-well Greiner plate. Each well was prepared with 100 µl TB 

containing 200 µg/ml ampicillin and 0.8 % (w/v) L-arabinose supplemented with 

80 µM tripeptide (Tri-DAP; InvivoGen). By adding 100 µl of cell suspension, medium 

additives were diluted 1:2 (final concentrations: 100 µg/ml ampicillin, 0.4 % (w/v) L-

arabinose, 40 µM tripeptide). The Tecan Spark 10M plater reader and the 

SPARKCONTROL Magellan 1.2. software (Tecan) (tab. 2.1) were used to incubate 

the cells while simultaneously monitoring their growth. The sample-loaded 96-plate 

was incubated for 6 hours at 37 °C with intermittent shaking every 15 minutes and 

measuring OD600nm every 30 minutes. To compare the influence of the expressed 

constructs on the growth of the E. coli dapD- Δmpl mutant, the logarithm of the 

OD600nm values minus the value measured at the starting point of the incubation 

(referred to as ΔlnOD600nm value) was plotted against time. 

  

2.6.2. Complementation of an MepS-deficient E. coli mutant 

The E. coli JW2163-3 strain (see section 2.3.2.c) carries a deletion of the mepS gene 

and is hereinafter referred to as E. coli ΔmepS mutant. An E. coli MepS-deficient 

strain is characterized by the inability to grow on low osmolarity nutrient broth agar 

(NA) plates (tab. 2.2) at high temperature (Hara et al., 1996). This mutant strain was 

used to test for putative PG endopeptidase activity of chlamydial proteins. Since 

multicopy expression of E. coli MepS (MepsEco) was shown to suppress the 
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phenotypic defects of the mutant (Singh et al., 2012), MepSEco was overproduced as 

a positive control. 

Cells of the E. coli ΔmepS mutant strain were transformed by heat shock (see 

section 2.3.3.b.) with pBAD24+ expression vectors harboring the constructs of 

interest (tab. 2.6). For each construct, three colonies of the appropriate transformed 

mutant strain were separately picked and each grown in 5 ml of LB medium 

containing 100 µg/ml ampicillin and 30 µg/ml kanamycin at 30 °C under vigorous 

shaking for 16 hours. Subsequently, 150 µl of each culture were transferred in 5 ml of 

nutrient broth containing 100 µg/ml ampicillin and 30 µg/ml kanamycin. Cultures were 

grown at 30 °C under vigorous shaking and harvested at an OD600nm of 1. For cell 

harvest, 1 ml of each culture was centrifuged at  26,000 x g and 4 °C for 15 minutes. 

Cell pellets were resuspended in 1 ml of a 0.9 % (w/v) NaCl solution and starting 

from this suspension a 1:10 serial dilution was carried out in 0.9 % (w/v) NaCl in a 

96-well Greiner plate. Dilutions were plated on NA plates containing 0.04 % (w/v) L-

arabinose using a replica plater (Merck). After drying, plates were incubated 

overnight at 30 °C, 37 °C and 42 °C, respectively.  

2.7. Investigation of the antichlamydial effect of compounds in a cell culture 

based C. trachomatis D/UW-3/CX infection model  

2.7.1. Preparation of Hep2 host cells for cell culture based experiments  

To investigate the cytotoxic effects of compounds on Hep2 cells (see section 2.7.2) 

and to determine their minimal inhibitory concentration (MIC) against Chlamydia 

infection (see section 2.7.3), Hep2 host cells were prepared as follows. Cells grown 

in a ell culture flasks were detached by treatment with trypsin as described in section 

2.3.4.c and seeded into a flat TC-96-well plate (Sarstedt) with approximately 

1250-1750 Hep2 cells diluted in 200 µl DMEM per well (for medium composition see 

section 2.3.1.b). Cells were grown into a confluent monolayer at 37 °C and 5 % (v/v) 

CO2 for 48 hours. Before the Hep2 cells were used for assays, they were washed 

twice with 100 µl MIC-DMEM (DMEM without the addition of gentamicin and 

amphotericin B) per well to remove gentamicin and amphotericin B.  
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2.7.2. Alamar Blue cell viability assay   

The Alamar Blue assay for cell viability (Thermo Scientific) was used to assess the 

cytotoxic effect of antimicrobial compounds on mammalian Hep2 cells. This assay 

utilizes resazurin to detect living cells by their reducing power. Resazurin is a non-

toxic, cell-permeable compound that is blue in color and virtually non-fluorescent. In 

living cells, it is reduced to resorufin, a red colored and highly fluorescent compound 

that can be detected in a fluorescence-based plate reader. 

For the cell viability assay, 200 µl of fresh MIC-DMEM per well was added to Hep2 

cells that had been grown into a monolayer and prepared as described in section 

2.7.1. The compound of interest was added at serially diluted concentrations from 

128 µg/ml to 1 µg/ml. Cells were treated with 70 % (v/v) EtOH and the vehicle control 

as standards. After treatment, the cells were incubated for 28 hours at 37 °C and 5 % 

(v/v) CO2. Then cells were washed twice with HBSS before adding 100 µl per well of 

alamarBlue Cell Viability Reagent (Invitrogen, Thermo Scientific) diluted 1:10 in 

HBSS. After 1-2 hours of incubation at 37 °C and and 5 % (v/v) CO2, the supernatant 

was transferred into a black 96-well plate (Greiner). The assay was evaluated by 

measuring the supernatant fluorescence at 550 nm excitation and 595 nm emission 

wavelength using a Tecan Spark 10M plater reader and the SPARKCONTROL 

Magellan 1.2. software (Tecan) (tab. 2.1). Following the fluorescence readout, the 

relative proportion of living cells was determined using the values obtained from 

treatment with EtOH (0 % cell viability) and the vehicle control (100 % cell viability) as 

standards. The IC50 value was determined as the compound concentration at which 

50 % of the Hep2 cells were still viable.  

2.7.3. Determination of a compound’s minimal inhibitory concentration (MIC) 

against Chlamydia infection 

For free-living bacteria, the minimum inhibitory concentration (MIC) is defined as the 

lowest concentration of an antimicrobial compound that inhibits the visible growth of 

the organism. In the case of obligate intracellular Chlamydia, MIC determination is 

performed by evaluating the effect of a compound on the amount and morphology of 

chlamydial inclusions as well as its effect on the morphology of chlamydial cells 

(Donati et al. 2010; Suchland et al. 2003). Kintner and colleagues introduced a cell 

culture-based assay that allows to study the effect of antimicrobial compounds in a 
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Chlamydia infection model by using fluorescence microscopy (Kintner et al., 2014). 

Based on this method, an assay was established in the Henrichfreise group that 

enables the investigation of the effect of compounds on a productive C. trachomatis 

D/UW-3/CX infection in mammalian culture (Klöckner, 2016) (see section 2.7.3.a). In 

addition, this assay has been extended to include the introduction of penicillin G-

induced chlamydial persistence, so that compounds can be tested for their effect on 

C. trachomatis in a persistent state (Brunke, 2018) (see section 2.7.3.b). 

2.7.3.a. Determination of the MIC against a productive Chlamydia infection 

For MIC determination, Hep2 cell monolayers prepared as described in section 2.7.1 

were infected with freshly prepared C. trachomatis D/UW-3/CX EB-containing lysate 

(for preparation see section 2.3.4.e). For this purpose, 200 µl of fresh MIC-DMEM 

and 50 µl of the EB lysate were added per well. This step marked the beginning of 

the infection and was referred to as 0 hours post infection (hpI). The cells were 

incubated at 37 °C and 5 % (v/v) CO2 to allow the infection to proceed. After for 2 

hours of incubation, cells were washed twice with MIC-DMEM to remove free EBs 

before adding 100 µl medium per well. Test compounds were added at either 2 hpI 

(‘early application’) or 12 hpI (‘late application’) in a serial dilution ranging from 128 

µg/ml to 1 µg/ml. Finally, at 30 hpI, cells were washed twice with 100 µL HBSS per 

well before treatment with iced methanol for cell fixation. Plates were then stored at 

-–70 °C until cells were stained and examined by fluorescence microscopy as 

described in section 2.7.4. 

  

2.7.3.b.Determination of the MIC against a Chlamydia infection in a penicillin G-
induced persistent state 

For MIC determination against Chlamydia in a penicillin G-induced persistent state,  

Hep2 cells were infected with chlamydial EBs as described for MIC determination in 

an productive infection model (see section 2.7.3.a). At 2 hpI, medium was changed to 

MIC-DMEM supplied with 100 U/ml penicillin, a concentration shown to be effective 

to induce a persistent chlamydial condition under the test conditions (Brunke, 2018). 

The procedure was then carried out as described in section 2.7.3.a. 
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2.7.4. Evaluation of cell culture based experiments by fluorescence microscopy

To stain both Hep2 and C. trachomatis D/UW-3/CX cells for fluorescence microscopic 

analysis, the Pathfinder Chlamydia Culture Confirmation system by Bio-Rad (Bio-Rad 

Laboratories) and 4′,6-diamidin-2-phenylindol (DAPI) dye were used. The Pathfinder 

solution contains fluorescein-conjugated murine monoclonal antibody specific for 

Chlamydia LPS and Evans’ blue dye to stain the cytoplasm of Hep2 cells. DAPI dye 

dissolved in PBS in a concentration of 0.1 mg/ml was used to stain DNA. 

The methanol-fixated and frozen cells were thawed and rinsed two times with 100 µl 

PBS per well. Subsequent dyeing steps were carried out protected from daylight to 

prevent bleaching of the fluorescent components. The Pathfinder solution was diluted 

1:10 in PBS before adding 100 µl to each well and incubating the plate for 30 minutes 

at 37 °C. After removing the Pathfinder solution, 100 µl PBS and 3 µl DAPI dye were 

added per well and the plate incubated for one minute. The plates were then washed 

twice by adding 100 µl of fresh PBS per well for 10 minutes at 4 °C. Finally, cells 

were covered with 100 µl PBS per well and stored protected from light at 4 °C.  

Microscopic evaluation was conducted by using an Axio observer Z.1 fluorescence 

microscope, the Zen2 (blue edition) software (tab. 2.1) and a HXP 120C type lamp 

(Carl Zeiss Microscopy GmbH). 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3.  Results 

3.1. Analysis of novel compounds in a Chlamydia cell culture infection model 

Since obligate intracellular chlamydiae depend on healthy and functional host cells 

for optimal growth and replication, strategies to analyze putative antichlamydial 

compounds must not only focus on their effect towards the bacteria but also on their  

impact on the mammalian host cells. To study the effect of antimicrobial compounds 

on chlamydiae, the Henrichfreise group uses a cell culture model in which human 

Hep2 cells are infected with the clinically relevant C. trachomatis D/UW-3/CX strain 

(see section 2.7). In addition to testing antichlamydial effects, cytotoxicity towards 

non-infected Hep2 cells has to be determined. For this purpose, a resazurin-based 

microplate cell viability assay called Alamar Blue assay (see section 2.7.2) was used 

in this work. Preparation of host cells, compound concentration range and incubation 

time in the cell viability assay were adjusted to the conditions used for testing the 

antichlamydial effect of the compound of interest. The Alamar Blue Assay uses non-

toxic, cell-permeable resazurin, which is reduced to resorufin by the natural reducing 

power of living cells. Resorufin is a red colored and highly fluorescent compound 

whose detection in a fluorescence-based plate reader can be used to monitor cell 

viability. Here, a set of eight novel antimicrobial candidate compounds was analyzed 

for its antichlamydial activity, and in this process the validity and limitations of the 

Alamar Blue assay compared to fluorescence microscopic analysis became evident 

(see section 3.1.1). In addition, the cytotoxicity of antimicrobial compounds already 

known to inhibit targets inside the bacterial peptidoglycan (PG) precursor 

biosynthesis was determined (section 3.1.2), as these compounds can serve as tools 

to elucidate the importance of this process for chlamydial development. 

3.1.1. Analysis of the antichlamydial effect of novel candidate compounds 

The Alamar Blue microplate assay allows efficient screening for cell viability. It was 

suggested to use this test system not only for determining cytotoxicity of antimicrobial 

compounds but also as a tool for measuring chlamydial infection in eukaryotic host 

cells (Osaka & Hefty, 2013). However, its application is limited by the fact that it fails 

to detect persistent chlamydial infection by which the host cell’s capacity to reduce 

resazurin is not impaired. Therefore, fluorescence-microscopy is indispensable for 

reliable analysis of inhibitory effects on chlamydiae (Klöckner, 2016). With this in 
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mind, the Alamar Blue assay was used as a pre-test for cytotoxicity towards Hep2 

host cells prior to fluorescence-microscopy based analysis of chlamydiae.  

Eight novel antimicrobial candidate compounds (CC1-CC8) were examined for their 

antichlamydial activity in this workflow. First, their cytotoxicity towards mammalian 

host cells was analyzed in the Alamar Blue test system. The determined IC50 values 

ranged between 18 µg/ml and 96 µg/ml and are shown in figure 3.1. 
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Figure 3.1. Alamar Blue cell viability assay for the treatment of mammalian Hep2 cells with 
novel antimicrobial candidate compounds. A cytotoxic effect was determined for candidate 
compound CC1-CC8 as the IC50 at 28 hours treatment duration (n=3). 
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The candidate compounds were then tested in a Hep2 cell culture-based Chlamydia 

infection model, which has been established in the Henrichfreise group to determine 

the minimum inhibitory concentration (MIC) of compounds against the clinically 

relevant strain C. trachomatis D/UW-3/CX (Klöckner, 2016). For free-living bacteria, 

the MIC is defined as the lowest concentration of an antimicrobial agent that inhibits 

visible bacterial growth (Andrews, 2001). For antibiotics that affect chlamydial 

inclusion formation, the MIC can be determined by analyzing the presence and 

quantity of inclusions (Donati et al., 2010). Some antimicrobial agents especially PG 

synthesis-targeting β-lactam antibiotics induce formation of persistent aberrant 

bodies (ABs) in Chlamydia (Kintner et al., 2014; Klöckner, 2016). For these agents, 

the MIC is defined as the lowest concentration that induces the occurrence of 

abnormal inclusion morphology (Storey & Chopra, 2001), making fluorescence-

microscopy analysis essential for antichlamydial MIC determination.  

The standard setting for MIC detection in this work covered one round of the widely 

synchronized biphasic chlamydial life cycle (fig. 3.2.a & b). Hep2 cells were grown to 

a confluent monolayer prior to infection with C. trachomatis D/UW-3/CX. Compounds 

of interest were added at 2 hours post infection (hpI) in concentrations ranging from 

1 µg/ml to 128 µg/ml. As vehicle control, Hep2 cells were treated with DMSO, which 

served as solvent for the compounds. After 28 hours of incubation in presence of the 

compound, cells were fixated and stained with three different dyes. A fluorescein-

conjugated monoclonal antibody that binds chlamydial lipopolysaccharide (LPS) was 

used to stain both, chlamydial elementary bodies (EBs) and reticular bodies (RBs). In 

addition, Evans' blue and DAPI dyes were used to counter-stain host cell cytoplasm 

and DNA, respectively. The assay was evaluated using fluorescence-microscopy. 
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Figure 3.2. Fluorescence microscopic analysis of the effect of candidate compounds CC3, 
CC4, CC6 and CC7 on a productive Chlamydia infection model and on Hep2 host cells. Based 
on the (a) different stages of the chlamydial development cycle in a mammalian host cell, (b) a 
workflow for analyzing a compounds effect on a productive chlamydial infection was established 
(Klöckner, 2016). Hep2 cells were grown for 48-72 hours into a confluent monolayer and infected 
with C. trachomatis D/UW-3/CX (I). The compound of interest was added at 2 hpI (II) and cells were 
incubated for additional 28 hours. Subsequently, samples were fixed with absolute methanol (- 
20 °C). Fixated cells were stained with a fluorescein-conjugated monoclonal antibody that binds to 
chlamydial LPS (green), Evans' blue day staining Hep2 cytoplasm (red) and DAPI dye staining Hep2 
nuclei (blue) (III) and analyzed via fluorescence-microscopy (IV). The experimental procedure was 
used to (c) analyze the effect of CC3, CC4, CC6 and CC7 on a productive Chlamydia infection in 
Hep2 cells. Fluorescence-microscopy analysis of the compounds’ effect at their minimal inhibitory 
concentrations (MICs) shows that while all four compounds clear the chlamydial infection, they also 
alter the Hep2 cytoplasm morphology compared to the vehicle control. The experimental procedure 
was additionally used to (d) analyze the effect of CC3, CC4, CC6 and CC7 on uninfected Hep2 host 
cells at 28 hours treatment duration. Fluorescence-microscopy analysis shows a change in the Hep2 
cell cytoplasm morphology compared to the vehicle control for all four compounds tested. AB: 
aberrant body, EB: elementary body, RB: reticular body, hpI: hours post infection, scale bar 10 µm. 
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Four of the eight compounds did not show any significant effect towards Chlamydia 

infection. Even at the highest concentration tested, CC1, CC2, CC5 and CC8 did not 

alter the chlamydial phenotype observed with vehicle control treatment showed no 

detectable impact on host cells morphology in concentrations below 128 µg/ml.  

The other four compounds showed a different effect on both the host cells and the 

chlamydial infection. Treatment with CC3, CC4, CC6 and CC7 lead to a complete 

clearance of the C. trachomatis infection (fig. 3.2.c). The formation of chlamydial 

inclusions was completely prevented at  compound concentrations of 4 µg/ml for CC4 

and CC7 and 8 µg/ml for CC3 and CC6. However, the fluorescence-microscopic 

examination unveiled toxic effects of all four compounds at their MICs on the Hep2 

cells which lead to alterations of the host cell morphology. This effect occurred not 

only during treatment of C. trachomatis infected Hep2 cells (fig. 3.2.c), but was also 

observed in the control treatment of uninfected host cells (fig. 3.2.d). The Hep2 cell 

cytoplasm appeared bloated and, compared to cells in the vehicle controls, the 

intensity of Evans stain became erratic, resulting in a reticular staining pattern. The 

treatment also led to the appearance of vacuoles of different sizes in the cytoplasm, 

which could not be stained with any of the dyes used here.  

The damaging effects on host cell morphology at low compound concentrations were 

not reflected to the same extent in the results of the Alamar Blue cell viability assay, 

particularly in the case of CC3 and CC4 (fig. 3.1). It seems that despite the observed 

changes in cytoplasmic morphology, the natural reductive power of Hep2 cells is not 

seriously affected in the presence of the compounds at their MIC. However, on the 

basis of this result, it cannot be ruled out that the observed antichlamydial effect of 

the candidate compounds is caused or at least intensified by their damaging effect on 

mammalian host cells. The result further underscores the indispensability of 

fluorescence microscopy not only for analyzing a compound's effect on host-

chlamydia interaction, but also as an extension of classical cytotoxicity assay 

systems such as Alamar Blue to determine direct effects on host cell morphology. 
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3.1.2. Analysis of cytotoxicity for inhibitors of bacterial peptidoglycan (PG) 

precursor biosynthesis 

The peptidoglycan (PG) biosynthesis is one of the most important bacterial pathways 

and therefore a promising target for antimicrobial compounds. Until now, only a few 

clinical prescribed compounds are known which target the membrane-bound steps of 

the cytoplasmic biosynthesis of the PG precursor lipid II. These steps begin with the 

integral membrane enzyme MraY, which catalyzes the transfer of the soluble PG 

precursor UDP-MurNAc pentapeptide to the lipid carrier C55-P,  yielding lipid I. Lipid I 

is subsequently processed to lipid II by the addition of a GlcNAc moiety catalyzed by 

the glycosyltransferase MurG. Both enzymes, MraY and MurG, are functionally 

conserved in Chlamydia (Henrichfreise et al., 2009). The PG building block lipid II is 

transported by a flippase from the membrane’s inner side to its outer side where 

polymerization to PG takes place. The Chlamydia genome encodes three proteins, 

FtsW, MurJ, and RodA, that might be involved in the flipping of lipid II (Klöckner et al., 

2018). In this work, the cytotoxicity of MraY and MurJ inhibitors towards mammalian 

host cells was determined in a preliminary experiment to test their suitability as tools 

to analyze chlamydial PG synthesis in a cell culture model. 

The bacterial enzyme MraY is the target of natural product nucleoside inhibitors like 

muraymycins and caprazamycins (Tanino et al., 2011). Here, muraymycin D2 and its 

derivates M22, M23, M25, M38, M76, M82, M92, M98 and M100 and the 

caprazamycin derivate CPZ2 (kindly provided by S. Ichikawa, Center for Research & 

Education on Drug Discovery, Hokkaido University, Japan) were tested for their 

effects towards mammalian Hep2 cells (fig. 3.3). For all tested compounds, the 

determined IC50 value was above a compound concentration of 64 µg/ml. Due to their 

relatively low cytotoxicity, the compounds could be interesting tools to study the 

effects of MraY inhibition in Chlamydia. Therefore, muraymycin D2 and its derivates 

were analyzed in this work both in a cell culture-based Chlamydia infection model 

and for their effect on the in vitro activity of chlamydial MraY (see 3.2. Analysis of the 

antichlamydial effect of MraY inhibitors). 
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Despite their reduced genome size, Chlamydia retained three proteins, FtsW, MurJ, 

and RodA that might act as flippases to translocate lipid II across the inner 

membrane (Klöckner et al., 2018). To investigate the role of lipid II export in the 

Chlamydia life cycle, three inhibitors of bacterial MurJ (Inhibitors 1-3; kindly provided 
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Figure 3.3. Alamar Blue cell viability assay for treatment of mammalian Hep2 cells with 
inhibitors of bacterial MraY. A cytotoxic effect was determined for muraymycin D2, its derivates 
M22, M23, M25, M38, M76, M82, M92, M98, M100 and the caprazamycin derivate CA2 as the IC50 
at 28 hours of treatment duration (n=2). 
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by T. Schneider, Institute for Pharmaceutical Microbiology, University Bonn) were 

previously tested in the Henrichfreise group for their effect on the C. trachomatis 

infection model in Hep2 cell culture. All three compounds showed an antichlamydial 

effect with MICs of 32 µg/ml (Inhibitor 1 and 2) and 16 µg/ml (Inhibitor 3) (Klöckner, 

2016). In this work, these inhibitors were tested for their cytotoxicity towards the 

mammalian Hep2 host cells (see fig. 3.4). 

The IC50 values determined for the first two compounds, MurJ Inhibitors 1 and 2, 

were 23 µg/ml and 19 µg/ml, respectively. Since both IC50 values are lower than the 

MIC values of the corresponding compounds, it might be assumed that the previously 

observed antichlamydial activity results primarily from a disruptive effect on the 

mammalian host cells. An IC50 value of 83 µg/ml was determined for the third tested 

compound (Inhibitor 3), which is above the MIC of 32 µg/ml determined by Klöckner 

(Klöckner, 2016). These results suggest that the antichlamydial effect of this MurJ 

inhibitor may be due to the inhibition of a target within Chlamydia, possibly the 

transport of PG precursor lipid II across the cytoplasmic membrane. 

3.2. Analysis of the antichlamydial effect of MraY inhibitors 

The integral membrane protein MraY catalyzes the first membrane-bound step of 

bacterial PG synthesis in which UDP-MurNAc-pentapeptide is transferred to the lipid 

carrier C55-P, yielding the PG precursor lipid I. This enzyme is the target of the natural 

product nucleoside inhibitor muraymycin (Tanino et al., 2011). A previous study in the 

Henrichfreise group showed that treatment of a Hep2 cell culture-based Chlamydia 
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Figure 3.4. Alamar Blue cell viability assay for treatment of mammalian Hep2 cells with 
inhibitors of bacterial MurJ. A cytotoxic effect was determined for the MurJ Inhibitors 1-3 as the 
IC50 at 28 hours of treatment duration (n=4). 
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infection model with muraymycins exerts a bacteriostatic effect and induces a 

chlamydial persistent state (Klöckner, 2016). However, whether this antichlamydial 

effect is due to inhibition of chlamydial MraY or host cell stress during treatment (or a 

possible combination of both) has not yet been investigated. In order to answer this 

question, the antichlamydial activity of muraymycin D2 and derivates of this 

compound (kindly provided by S. Ichikawa, Center for Research & Education on Drug 

Discovery, Hokkaido University, Japan) was further analyzed in this work. 

Compounds were tested for their effect on recombinant chlamydial MraY in an in vitro 

activity assay (section 3.2.1) and in a productive and persistent Chlamydia cell 

culture infection model (sections 3.2.2 and 3.2.3). Together with the results of the 

cytotoxicity assay (section 3.1.2), the fluorescence microscopic analysis of the cell 

culture-based experiments allowed to assess the effect of these compounds on Hep2 

host cells.  

3.2.1. Muraymycin inhibits C. pneumoniae MraY activity in vitro 

The ability of chlamydial MraY to synthesize lipid II in vitro has been demonstrated in 

Chlamydia (Henrichfreise et al., 2009). Due to its ten transmembrane domaines, 

heterologous overproduction of chlamydial MraY for biochemical characterization is a 

tedious and elaborate process. Since Chlamydia is evolutionary distant from E. coli 

expression strains, attempts to heterologously express and purify chlamydial proteins 

often face problems like poor solubility, inactive proteins and even toxicity (Otten et 

al., 2015). Based on a protocol for the production of recombinant S. aureus MraY by 

Schneider et al. (Schneider et al., 2009), Henrichfreise and colleagues were able to 

establish a method for His-tag purification of heterolougsly produced C. pneumoniae 

MraY (MraYCpn) (Henrichfreise et al., 2009). However, a known problem with this 

method is contamination with MraY of the E. coli producer strain. Due to a stretch of 

histidine residues in E. coli MraY, it binds to the Ni-NTA column and is unavoidably 

co-purified in the process. It was shown that host-derived background activity makes 

up to 41 % of overall detected activity in MraYCpn in vitro activity assays 

(Henrichfreise et al., 2009). In this work, an attempt was made to establish a method 

for Strep-tag purification of MraYCpn to reduce contamination by E. coli MraY, but 

unfortunately, different attempts to produce Strep-tagged MraYCpn in E. coli remained 

unsuccessful so far. 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To gain a first insight into the effect of muraymycin on chlamydial lipid I biosynthesis, 

the nucleoside inhibitor was tested against the enzymatic activity of MraYCpn purified 

via His6-tag (described in section 2.5.1). In the presence of muraymycin D2, a 

concentration-dependent inhibition of lipid I production by MraY was observed. At a 

compound concentration of 0.5 µM, lipid I was no longer be detectable in the assay 

(fig. 3.5). In addition, complete inhibition of the in vitro production of lipid I was also 

demonstrated for the muraymycin derivatives M22, M38 and M92 at a concentration 

of 0.5 µM each and for the derivative M76 at a concentration of 1 µM (fig. 3.5).  

Due to the His-tag purification of the chlamydial MraY, contamination with E. coli 

MraY and thus a contribution of this enzyme to the lipid I production detected in the in 

vitro assay cannot be ruled out. However, as mentioned above, it has been shown 

that under the assay conditions performed in this work, at least half of the detected 

enzymatic activity can be attributed to MraYCpn (Henrichfreise et al., 2009). A further 

indication that the observed lipid I production depends on MraYCpn activity is the 

comparison of the in vitro activity between MraYCpn and an active site mutant of this 

protein. To this end, a MraYCpnD256A mutant was constructed by I. Löckener for the 

Henrichfreise group based on in silico analysis which showed that D256 of MraYCpn 
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Figure 3.5. Effect of muraymycin D2 and its derivates on the enzymatic activity of 
recombinant MraYCpn. TLC analysis of the inhibiting effects of muraymycin D2, M22, M38, M76 and 
M92 on in vitro lipid I production. (a) & (b) Muraymycin D2 inhibits enzymatic activity depending on 
its concentration with no lipid I detectable at a concentration of 0.5 µM. (a) Lipid I production is 
inhibited in presence of 0.5 µM of the derivates M22 and M38 and 1 µM of derivate M76. (b) 
Derivate M92 inhibits enzymatic activity depending on its concentration with no lipid I detectable at a 
concentration of 0.5 µM. For the negative control, substrates were incubated with dialysis buffer 
instead of MraYCpn, the positive control shows MraYCpn activity in the absence of any inhibitor. *) The 
assay shown in panel (d) was performed in the affiliated master thesis of I. Löckener (Henrichfreise 
group).

MraYCpn

lipid I

negative 
control

- 0.05 µM 0.1 µM 0.5 µM 0.5 µM 0.5 µM 1 µM

M22 M38 M76Muraymycin D2

lipid I

M92

MraYCpn

0.05 µM 0.1 µM 0.25 µM 0.5 µM

(a)

(b)*



Results

corresponds to D265 in the active site of Aquifex aeolicus MraY. In the A. aeolicus 

enzyme, the aspartic acid residue is essential for proper coordinating of a catalytic 

Mg2+ ion and its mutation results in a nearly complete loss of enzymatic activity 

(Chung et al., 2013). In case of chlamydial MraY, in vitro lipid I production was clearly 

reduced for MraYCpnD256A compared to wild type MraYCpn (I. Löckener, Henrichfreise 

group, personal communication). It can therefore be assumed that the in vitro assay 

performed in this work is suitable for detecting lipid I production by MraYCpn. Thus, 

complete inhibition of enzymatic activity of MraYCpn in this assay by muraymycins 

suggests that Chlamydia MraY is a target of these compounds. 

3.2.2. Effect of muraymycins on a productive Chlamydia infection model 

The in vitro data provides evidence that muraymycin is likely to inhibit MraYCpn 

activity (see section 3.2.1). A previous study in the Henrichfreise group investigated 

the effect of muraymycin D2 and derivates of this compound (M22, M23, M24, M25, 

M38, M76, M82, M92, M98, M100) on a productive C. trachomatis infection model in 

Hep2 cell culture (Klöckner, 2016). The experiment showed that most of these 

derivates have a bacteriostatic effect and induce a persistent state in Chlamydia. 

Derivate M98 was an exception as treatment with it completely cleared the 

chlamydial infection (Klöckner, 2016). Since this study was designed to examine the 

compounds’ effect on chlamydial cell morphology, only Chlamydia LPS was stained 

for fluorescence microscopic analysis. Therefore, it is not yet clear whether the 

antichlamydial activity of muraymycin and its derivatives is due to host cell stress 

during treatment or to inhibition of chlamydial MraY. To further investigate this 

question, the effect of muraymycin and its derivatives on Hep2 cells was analyzed in 

a cytotoxicity assay in this work (see section 3.1.2). In addition, the MICs of 

muraymycin D2 and its derivates M22, M23, M38, M98 and M100 were determined in 

a C. trachomatis infection model in Hep2 cell culture as the lowest compound 

concentration that alters chlamydial cell morphology. For this purpose, serially diluted 

concentrations of muraymycin D2 or its derivates were added to an early and 

productive chlamydial infection (2 hpI; fig. 3.6.a) and the effect was analyzed by 

fluorescence-microscopy. This approach allows not only to compare a compound’s 

antichlamydial MIC with its IC50 values against the host cells (section 3.1.2, fig. 3.3), 
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but also to asses the morphology of the Hep2 cells by counterstaining their 

cytoplasm and nucleus (fig. 3.6.b-f). 
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Figure 3.6. Fluorescence microscopic analysis of the effect of muraymycins on a productive 
Chlamydia infections model. The effect of muraymycin D2 and its derivates M22, M23, M38, M98 
and M100 was analyzed in a cell culture model. (a) Treatment scheme: Hep2 cells were grown into a 
confluent monolayer and then infected with C. trachomatis D/UW-3/CX. Serially diluted 
concentrations of compounds were added 2 hpl and the cells were fixed and stained for 
fluorescence microscopic analysis 30 hpl. Microscopy analysis of (b) C. trachomatis infected and (c) 
uninfected Hep2 cells treated with DMSO as vehicle controls. (d) Incubation with β-lactam inhibitor 
penicillin G (100 U/ml) induced a chlamydial persistent state with enlarged AB formation, while (e) 
incubation with ciprofloxacin (1 µg/ml) cleared the infection. (f-k) The effect of muraymycin D2 and 
its derivates is shown at the respective MIC, the lowest compound concentration which induces an 
alteration of the chlamydial morphology compared to the vehicle control. Incubation with (f) 128 µg/
ml muraymycin D2, (g) 64 µg/ml M22, (h) 32 µg/ml M23, (i) 64 µg/ml M38 and (j) 64 µg/ml M100 
induced a chlamydial persistent state with enlarged AB formation, while incubation with (k) 64 µg/ml 
M98 cleared the infection. AB: aberrant body, green: chlamydial LPS, red: host cell cytoplasm, blue: 
host cell nucleus, hpI. hours post infection, scale bar 10 µm. 
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Treatment of the C. trachomatis infection with muraymycin D2, M22, M23, M38 and 

M100 induced a persistent state with the formation of enlarged chlamydial aberrant 

bodies (ABs) (fig.3.6.f-j) with a phenotype similar to ABs induced by treatment with 

the β-lactam antibiotic penicillin G (fig. 3.6.d). Muraymycin D2 only showed weak 

activity towards C. trachomatis infection inducing chlamydial persistence at a MIC of 

128 µg/ml (fig. 3.6.f). The requirement of such a high compound concentration may 

be due to the difficulty of accessing a target within the chlamydial cell, which itself 

resides in an membrane-enclosed inclusion within the host cell's cytoplasm. It is 

known that muraymycins show antimicrobial activity against Gram-positive bacteria 

and against an E. coli mutant with increased membrane permeability (McDonald et 

al., 2002; Bugg et al., 2006). The in vivo activity of muraymycins against Gram-

positive bacteria can be increased by derivatization. The addition of a lipophilic side 

chain results in enhanced activity as it allows the compound to better pass the 

cytoplasmic membrane to reach the active site of MraY (Tanino et al., 2011). In 

contrast to muraymycin D2, the derivatives tested here have an additional lipophilic 

side chain and their MICs of 64 µg/ml for M22, M23 and M100 and 32 µg/ml for M38 

(fig. 3.6.g-k) suggest that this modification could slightly increase their ability to reach 

their target structure within the chlamydial cell compared to muraymycin D2. 

For muraymycin D2, M22, M23, M38 and M100, the MIC value at which detectable 

antichlamydial activity occurred was below the IC50 value of the corresponding 

compound which was > 128 µg/ml for muraymycin D2, M22, M23 and M38 and 

> 64 µg/ml for M100 (section 3.1.2, fig. 3.3). In addition, no significant changes of 

Hep2 cell morphology compared to the infected vehicle control (fig. 3.6.b) were 

observed during the fluorescence-microscopic analysis for MIC detection. Taken 

together, the data indicate that the observed chlamydial persistent state results 

primarily from inhibition of a target within Chlamydia. While the in vitro enzymatic 

assay showed that the activity of Chlamydia MraY is inhibited by muraymycins (see 

section 3.2.1), the cell culture experiments indicated that chlamydial development is 

impaired by this inhibition of the chlamydial PG precursor biosynthesis. 

As previously described by Klöckner (Klöckner, 2016), derivative M98 differed in its 

effect on the C. trachomatis infection model. Similar to bactericidal substances such 

as ciprofloxacin (fig. 3.6.e), M98 induced clearance of chlamydial infection at a MIC 

of 64 µg/ml (fig. 3.6.k). The bactericidal effect of M98 differs markedly from the 
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chlamydial phenotypes observed in the case of treatment with muraymycin D2 and 

the other muraymycin derivatives. This observation might suggest that M98 affects 

not only the chlamydial PG precursor biosynthesis, but also other processes within 

the chlamydial cell. However, it cannot be ruled out that the bactericidal effect is due 

to or enhanced by an an interfering effect of this compound on the host cells, as its 

IC50 value on Hep2 cells was 68 µg/ml. 

3.2.3. Effect of muraymycin D2 on a progressed productive and a persistent 
Chlamydia infection model  

In the cell culture experiments performed in this work for MIC determination (see  

sections 3.1.1 and 3.2.2), the compound of interest was added at an early stage of a 

productive C. trachomatis infection (2 hpI). At this point in chlamydial development, 

EBs are still in the stage of entering the host cell but are neither differentiated to RBs 

nor replicating. While this experimental setup provides valuable insight into a 

compound’s antichlamydial activity, it cannot provide accurate information about the 

phase of the chlamydial developmental cycle at which the effect occurs due to the 

continuous presence of the test compound. Therefore, the cell culture assay used in 

the Henrichfreise group was extended to study the effect of a test compound on 

progressed productive as well as persistent C. trachomatis infection (Brunke, 2018).  

In order to analyze its effect on an established productive Chlamydia infection, the 

compound of interest is applied at 12 hpI (fig. 3.7.b, 'late application‘), when RB 

replication is nearing its peak (Nicholson et al. 2003). The observed effect differed 

depending on whether the compound was applied at an early or late stage of 

infection. Muraymycin treatment at 2 hpI induced a persistent state with a MIC of 

128 µg/ml, but did not affect the number of infected host cells (see section 3.2.2, fig. 

3.6.f). In contrast, when it was added at 12 hpI, the number of infected Hep2 host 

cells decreased (fig. 3.7.e). The observed Chlamydia phenotype also differed 

between the application times. When muraymycin D2 was present while EBs are 

entering the host cells at 2 hpI, AB formation was induced and C. trachomatis 

devolved into a persistent state. Adding muraymycin to replicating RBs at 12 hpI 

reduced the number of infected host cells (fig. 3.7.e), but the chlamydial phenotype 

resembled that of an infection treated with the DMSO vehicle-control (fig. 3.7.d). 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Figure 3.7. Fluorescence microscopic analysis of the effect of muraymycin D2 on a 
progressed productive and a persistent Chlamydia infection model. Based on (a) the 
chlamydial cell cycle, (b) a workflow for analyzing persistent chlamydial infection was established 
(Brunke, 2018). In this model, persistence with AB formation was induced by treatment with 100 U/
ml penicillin G. Hep2 cells were grown into a confluent monolayer and then infected with 
C. trachomatis D/UW-3/CX (I). The first time point to add a compound, either penicillin G to induce 
persistence or muraymycin D2, was 2 hpI (II). The second time point at which muraymycin D2 was 
added was 12 hpI (III). Infected cells were incubated for a total of 30 hours. Subsequently, samples 
were fixed, stained (IV) and analyzed via fluorescence-microscopy (V). Panel (c) shows infected and 
uninfected Hep2 cells treated with DMSO as vehicle control. (d) Addition of 128 µg/ml muraymycin 
D2 at 12 hpI to an productive infection without prior treatment reduced inclusion numbers but to a 
lesser extent compared to its effect on persistent chlamydiae. (e) Addition of 100 U/ml penicillin G 
2 hpI induced AB formation. (f) When muraymycin D2 was added simultaneously with penicillin G at 
2 hpI, morphology and numbers ABs were not affected compared to infections treated only with 
penicillin G. (g) When muraymycin D2 (128 µg/ml) was added at 12 hpI to an infection in a penicillin 
G-induced persistent state, the number of chlamydial inclusions was reduced. AB: aberrant body, 
EB: elementary body, RB: reticular body, green: chlamydial LPS, red: host cell cytoplasm, blue: host 
cell nucleus, hpI: hours post infection, scale bar 10 µm.
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The cell culture assay can be used not only to assess the effect of a compound on 

chlamydial replication, but also to study how persistent Chlamydia infection responds 

to treatment. For this purpose, chlamydial AB formation can be induced by addition of 

the β-lactam antibiotic penicillin prior to addition of the test compound. Here, penicillin 

G treatment started at 2 hpI (fig. 3.7.b, 'early application’) and continued until the 

cells were fixated. The test compound is subsequently added at 12 hpI to the 

chlamydial cells in a penicillin G-induced persistent state (fig. 3.7.b, ‘late application’). 

As a control, penicillin G and the compound were added simultaneously. The assay 

was evaluated by fluorescence-microscopy analysis (fig. 3.7.c-h). As described 

previously for this assay (Brunke, 2018), treatment with 100 U/ml penicillin G at 2 hpI 

was sufficient to induce a persistent state in C. trachomatis with AB formation (fig. 

3.7.f). The number of infected host cells, inclusion size and AB phenotype stayed the 

same when muraymycin D2 was added simultaneously with penicillin G at 2 hpI (fig. 

3.7.g), but changed when the compound was added at 12 hpI to an already 

established Chlamydia infection in an penicillin G-induced persistent state (fig. 3.7.h). 

Infected Hep2 host cells harboring inclusions were found only sporadically and the 

inclusion size was reduced compared to a Chlamydia infection treated at 2 hpI either 

with penicillin G alone (fig. 3.7.f) or simultaneously with penicillin G and muraymycin 

D2 (fig. 3.7.g). The chlamydial cells inside the inclusions exhibited an AB phenotype 

similar to cells in a penicillin G-induced persistent state (fig. 3.7.f).  

These data show that the effect of muraymycin D2 towards the Chlamydia infection 

model differs depending on the time of application. At an early stage of infection, at 

which EBs are still entering their host cells or have just entered and differentiation 

into RBs is about to start, treatment with muraymycin D2 induces a persistent state 

with enlarged AB formation. However, neither the number of infected cells nor the 

inclusion size are affected by this treatment. At 12 hpI, when chlamydial cells inside 

the inclusion are completely differentiated into RBs and have started to replicate, the 

compound’s effect becomes more severe. At this time, treatment with muraymycin D2 

does not induce a detectable change in chlamydial cell morphology but reduces the 

number of infected host cells. This observation may indicate that the compound 

disrupts processes that are critical not only for chlamydial replication but also for 

survival.  
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The effect was further enhanced when muraymycin D2 was added to a persistent 

Chlamydia infection. A chlamydial persistent state with formation of enlarged ABs 

was induced at 2 hpI by adding penicillin G which targets chlamydial PBPs and thus 

inhibits periplasmic PG assembly (Barbour et al., 1982). In this state, chlamydial cells 

are already showing a stress response to penicillin G treatment and their 

susceptibility to additional compounds may be increased. When muraymycin D2 was 

applied at 12 hpI to this cells, the number of infected Hep2 cells decreased. The 

remaining inclusions were smaller compared to treatment with penicillin G alone. 

Under this conditions, the compound appears to have a bactericidal effect on the 

Chlamydia infection. This could raise the possibility that muraymycin D2 not only 

interferes with chlamydial PG precursor biosynthesis by inhibiting MraY, but may also 

affects another target inside the chlamydial cell. Either inhibition of this additional 

target or the combined effect of muraymycin D2 on this target as well as on MraY 

activity might result in a bactericidal effect.  
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3.3. Novel aspects of AmiA activity  

3.3.1.  Analysis of an E. coli AmiA mutant lacking the autoinhibitory domain  

In E. coli, three periplamic N-acetylmuramoyl-L-alanine amidases (AmiA, B, C) are 

needed for proper cell separation and are tightly controlled by regulatory factors. In 

free-living Gram-negative bacteria, the amidase active site is occupied by a 

conserved α-helix which keeps the enzyme in an inactive state (Yang et al., 2012). In 

order to allow free substrate access to the active site, regulatory factors that interact 

with the autoregulatory domain are required to initiate conformational change. In 

E. coli, the regulatory factors are LytM domain-containing proteins that specifically 

activate their respective amidase: AmiA and AmiB are activated by EnvC and AmiC is 

activated by NlpD (Yang et al., 2012). Chlamydia conserved only one septal PG 

hydrolase (AmiA) and does not code for any known regulatory factor. Consistently, 

chlamydial AmiA lacks an autoinhibitory domain and is unlikely to be autoregulated 

(Klöckner et al., 2014). The importance of the autoregulatory domain for regulation of 

the amidase activity in free-living bacteria has been shown in previous studies. An 

amino acid substitution in the autoinhibitory domain of E. coli AmiA (E167K) resulted 

in the same level of in vitro activity in dye-release experiments as observed for the 

wild-type protein in the presence of its activator EnvC (Yang et al., 2012). In a cell 

lysis assay, the E. coli AmiAE167K mutant had an effect similar to the autoinhibitory  

α-helix-deficient C. pneumoniae  AmiA  (AmiACpn). Both enzymes were shown to be 

constitutively active in E. coli and caused its cell lysis (Klöckner, 2016).  

In this work, an E. coli AmiA deletion mutant lacking the complete autoinhibitory α-

helix (named AmiAEco_ΔA148-S191; fig. 3.8.b) was generated by site directed 

mutagenesis based on the structure of AmiACpn (mutagenesis primers designed by M. 

Brunke, Henrichfreise group; tab. 2.5). The amino acid sequence to be deleted 

contains the autoinhibitory α-helix and was chosen based on comparison of the 

predicted 3D structures of AmiAEco and AmiACpn (fig. 3.8.a & c). All protein structures 

were predicted using the PHYRE tool (tab. 2.1) based on the crystal structure of 

E. coli AmiC (Rocaboy et al., 2013). The AmiAEco_ΔA148-S191 mutant was tested in 

a cell lysis assay (fig. 3.8.d). In contrast to wild-type E. coli AmiA (AmiAEco) which did 

not induce lysis when overexpressed without its activator EnvC, overexpression of 

AmiAEco_ΔA148-S191 alone resulted in cell lysis. Like the autoinhibitory domain-

lacking AmiACpn, AmiAEco_ΔA148-S191 was constitutively active as an amidase. 
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To further analyze the impact of the autoregulatory domain in E. coli AmiA, 

AmiAEco_ΔA148-S191 was overproduced and purified (see section 2.5.1) and tested 

for its PG-degrading activity using a remazol brilliant blue (RBB) dye-release assay 

(see section 2.5.5.d). Previous studies showed that AmiA from both species, E. coli 

and C. pneumoniae releases RBB-stained reaction products from the PG sacculi into 

the supernatant. While AmiACpn shows in vitro activity in the absence of a regulatory 

factor (Klöckner et al., 2014), AmiAEco requires the presence of its activator EnvCEco 

to hydrolyze PG (Uehara et al, 2010). In this work, activity of AmiAEco_ΔA148-S191 

was measured in relation to the activity of AmiAEco activated by EnvCEco (fig. 3.9). The 

mutant enzyme was active in the absence of any regulatory factor and displayed 

66 % ± 8 % of the lytic activity of wild type AmiA on PG sacculi. Interestingly, activity 

of AmiAEco_ΔA148-S191 declines to 22 % ± 4 % in presence of EnvCEco. This result 

indicates that the lytic activity of AmiAEco_ΔA148-S191 on PG is not only independent 

from the regulatory factor, but is further suppressed if EnvCEco is present. Loss of the 
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Figure 3.8. 3D in silico models and growth kinetics of AmiAEco, AmiAEco_ΔA148-S191 and 
AmiACpn. Based on Phyre2 alignment against the crystal structure of E. coli AmiC (Rocaboy et al., 
2013) the 3D structures of (a) wild type AmiAEco, (b) its autoinhibitory domain-lacking mutant 
AmiAEco_ΔA148-S191 and (c) chlamydial AmiACpn were predicted and modeled with the Chimera 
tool. The autoinhibitory structure of AmiAEco (shown in orange) was deleted to create 
AmiAEco_ΔA148-S191. The catalytic residues of the amidase active site are shown in red. (d) Growth 
kinetics of E. coli JM83 transformed with different IBA2C+ vector-based constructs encoding 
AmiAEco, AmiAEco_ΔA148-S191 and AmiACpn, respectively. Overexpression of the periplasmic 
proteins was induced at OD600nm = 0.6 (red circles) by adding 200 ng/ml AHT. Overexpression of 
AmiAEco_ΔA148-S191 and AmiACpn resulted in cell lysis, while AmiAEco showed no basal activity. 
Error bars indicate ± s.d. (n=3). *) The assay shown in panel (d) was performed in the affiliated 
bachelor thesis of J. Paus (Henrichfreise group).
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autoinhibitory structure in AmiAEco_ΔA148-S191 might alter the interaction between 

the enzyme and the regulatory factor, resulting in a diminishing effect on the 

enzyme's in vitro amidase activity. Taken together, the results underline the 

importance of the autoinhibitory domain in AmiA for the regulation of amidase activity 

in free-living bacteria. However, the existence of such a regulatory mechanism can 

be ruled out in the case of Chlamydia AmiA, since the autoinhibitory structure found 

in E. coli AmiA is not present in this enzyme which is active by default. The regulatory 

mechanism of chlamydial amidase activity during cell division remains to be 

identified. 
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Figure 3.9. In vitro activity of the E. coli AmiA mutant AmiAEco_ΔA148-S191 on PG sacculi. 
The activity of the autoinhibitory domain-lacking AmiAEco_ΔA148-S191 on Remazol Brilliant Blue 
(RBB)-stained PG sacculi was tested in a dye-release assay. Lytic activity on PG releases the RBB 
stain in the supernatant, turning it blue. The activity was confirmed by measuring the absorbance of 
the supernatant at 595 nm. Wild type AmiAEco showed lytic activity in presence of its activator 
EnvCEco and the absorbance measured for this sample was set as 100 % lytic activity. The 
AmiAEco_ΔA148-S191 mutant showed 66 % lytic activity compared to activated wild type AmiAEco. 
The mutant’s activity was reduced to 22 % in presence of EnvCEco. EnvCEco and AmiAEco alone 
showed 6 % and 11 % activity. Error bars indicate ± s.d. (n = 2). 
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3.3.2. In silico comparison of the active sites of AmiA from C. pneumoniae and 

C. trachomatis 

In contrast to E. coli AmiA, C. pneumoniae AmiA is a bifunctional enzyme that acts 

not only as an amidase, but has additional D,D-carboxypeptidase (DD-CPase) 

activity on lipid II (Klöckner et al., 2014). Both enzymatic activities are independent of 

each other and the enzyme has two distinct active sites.  
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AmiACpn      MKLTKYLNTKQLRSMISRLFVRYSLPMSKQLSFFALCVL-GSHPIFAQTPNPPQRVRRSE 59
AmiACtr      MRGIRSSNIRRLSLMIERLCVKPWQPFVNLTLLLLLLTLSSPVSCFADA-AGIPKVSRNE 59
            *:  :  * ::*  **.** *:   *: :   :: * .* .    **::     :* *.*

AmiACpn      VIFIDPGHGGKDQGTASKELHYEEKSLTLSLALTVQSYLKRMGYKPQLTRSSDVYVDLGK 119
AmiACtr      LIVIDPGHGGKDEGTADKELRYKEKTLALSIALSVQGCLRRMGYKTIMTRATDVYVDLSK 119
            :*.*********:***.***:*:**:*:**:**:**. *:*****  :**::******.*

AmiACpn      RVALSNRGQGDVFISIHCNHSSNAAAFGTEVYFYNGKVGSPTRNRMSEVLGKNILAAMEK 179
AmiACtr      RAAIANQNKADVFVSIHCNHSSNTSALGTEIYFYNDKNI--LRTRKSESLGKSILAFMQK 177
            *.*::*:.:.***:*********::*:***:****.*     *.* ** ***.*** *:*

AmiACpn      NGILKSRGLKTANFVVIRDTSMPAVLVETGFLSNSRERAALQDARYRMHVAKGIAEGVHN 239
AmiACtr      NGALRERKVKEGNFAVIRETTMPAVLVETGFLSNSKERAALLDARYRSHLAKGIAEGIHA 237
            ** *:.* :* .**.***:*:**************:***** ***** *:*******:* 

AmiACpn      FLSGPSFQKPKQNIAKIRKPQIQAN 264
AmiACtr      FILNRQVDKTVSVSSGAKKVHK--- 259
            *: . ..:*  .  :  :* :

Figure 3.10. Primary sequence alignment and comparison of 3D in silico models of AmiACpn 
and AmiACtr. (a) Four residues (highlighted in red) are conserved in the amidase active site of 
chlamydial AmiA. Three zinc-coordinating residues (H67/68, E83 and H136) and a fourth residue, 
E207 in AmiACpn and E205 in AmiACtr, which is predicted to serve as a general base catalyst 
(Klöckner et al., 2014). In addition to the amidase active site, the bifunctional enzyme AmiACpn 
contains two motifs that are typically found in PBP DD-CPases: an SxxK (highlighted in light blue) 
and an SxN motif (highlighted in purple). The third PBP DD-CPases motif (KTG) is missing in 
chlamydial AmiA (Klöckner et al., 2014). While the SxN motif (highlighted in light blue) is also 
conserved in AmiACtr, the SxxK motif found in AmiACpn is absent. Instead, there is an SxxK motif 
(highlighted in magenta) located more C-terminally compared to the AmiACpn sequence. (b) 
Differences in the SxxK motif’s location are also visible in the predicted 3D structures of the 
chlamydial amidases. In AmiACpn, the SxxK motif (purple) is located at the first a-helix distal to the 
SxN motif (light blue). In AmiACtr, the SxxK (magenta) and the SxN motif (light blue) lay next to each 
other. Both 3D models are based on Phyre2 alignment against the crystal structure of E. coli AmiC 

(Rocaboy et al., 2013).

AmiACpn AmiACtr
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The amidase active site consists of three zinc-coordinating residues (H67, E83 and 

H136), and a fourth residue (E207) that is predicted to act as a general base catalyst 

(Klöckner et al., 2014; fig. 3.10). The DD-CPase function is penicillin sensitive and 

was assigned to a penicillin-binding protein motif (Klöckner et al., 2014). Penicillin 

binding proteins (PBPs) with DD-CPase activity found in free-living bacteria are 

typically acyl-serine transferases containing three motifs, namely SxxK, S(Y)xN, and 

K(H,R)T(S)G, which are essential for substrate recognition and catalysis (Ghosh et 

al, 2008). Their DD-CPase activity depends on the presence of all three motives 

(Goffin & Ghuysen, 2002). However, AmiACpn contains an SxxK (S96-Y97-L98-K99) 

and an SxN motif (S140-S141-N142), but lacks a KTG motif (Klöckner, 2014; fig. 

3.10). Furthermore, studies with AmiACpn active site mutants indicate that the 

enzyme's penicillin-sensitive DD-CPase activity is exclusively conferred by the SxxK 

motif and independent of the SxN triad (Klöckner et al., 2014).  

The AmiA homolog of C. trachomatis (AmiACtr) shares 59 % overall sequence identity 

with AmiACpn. Sequence alignment shows that all four residues of the amidase active 

site of AmiACpn are also conserved in AmiACtr (fig. 3.10.a). While the SxN motif found 

in AmiACpn is also conserved in C. trachomatis AmiA (S140-S141-N142), the SxxK 

motif found in AmiACpn is absent. The amino acid sequence of AmiACtr contains a 

different SxxK motif (S210-N211-S212-K213) which is located more C-terminally 

compared to the AmiACpn SxxK motif. The difference in the SxxK domain’s location is 

also visible in the predicted protein structures of AmiACpn and AmiACtr (fig. 3.10.b). 

Both 3D models were constructed using the PHYRE tool (tab. 2.1) based on the 

crystal structure of E. coli AmiC (Rocaboy et al., 2013). In AmiACpn, the SxxK motif is 

located at the first a-helix and distal to the SxN motif, while in in AmiACtr both motives 

are adjacent. As in AmiACpn, the KTG motif is missing in AmiACtr. 

3.3.3. C. trachomatis AmiA  shows no DD-CPase activity on lipid II 

The in silico analysis showed that while the amidase active site is conserved in both 

AmiACpn and AmiACtr, the SxxK motif responsible for DD-CPase activity of AmiACpn 

(Klöckner et al., 2014) is absent in AmiACtr (see section 3.3.2). Instead, an additional 

SxxK motif was found in AmiACtr which is located more C-terminally compared to the 

SxxK motif in AmiACpn (fig. 3.10). To investigate whether the functionality of AmiACtr is 

affected by the altered motif localization, its in vitro activity towards PG and lipid II 
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was examined. For this purpose, AmiACtr was heterologously overproduced in E. coli 

and purified (see section 2.5.1). The recombinant enzyme was then tested for its in 

vitro activity in a dye release assay using RBB-stained PG sacculi (section 2.5.5.d) 

and in an activity assay on lipid II (section 2.5.5.c). In the dye release-assay, AmiACtr 

showed PG-hydrolyzing activity, resulting in the release of RBB-stained reaction 

products into the supernatant (fig. 3.11.a). Like AmiACpn, AmiACtr lacks an 

autoinhibitory domain and was shown to be active by default. 

  

In addition to PG, its precursor lipid II (mDAP type) was tested as a possible 

substrate of AmiACtr. Reaction products were analyzed by a TLC method that allows 
visualization of lipids ('TLC lipids’; section 2.5.6.a). Amidase activity on lipid II 
(undecaprenyl-pyrophosphoryl-MurNAC-(GlcNAc)-pentapeptide), by which its stem 
peptide is completely cleaved off, would result in the appearance of an additional 
undecaprenyl-pyrophosphoryl-MurNAC-GlcNAc band. DD-CPase activity, which 
cleaves the terminal D-Ala residue from the stem peptide, would be detectable via a 
change in the migration behavior between native lipid II and the resulting 
tetrapeptide-lipid II. The TLC analysis showed that AmiACtr exhibits amidase but no 
additional DD-CPase activity on lipid II (fig. 3.11.b). As a control, an AmiACtr active 
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Figure 3.11. In vitro activity of AmiACtr. (a) Dye-release assay and photometric analysis of the 
reaction products. AmiACtr shows hydrolytic activity when incubated with RBB labelled PG, resulting 
in a blue supernatant. The activity was confirmed by measuring the absorbance of the supernatant 
at 595 nm. Dialysis buffer served as a negative control. Error bars indicate ± s.d. (n=3). (b) In vitro 
activity of AmiACtr on the PG precursor lipid II. TLC analysis shows that AmiACtr, unlike its active site 
mutant AmiACtrH67A, exhibits amidase activity on lipid II which leads to an additional undecaprenyl-
pyrophosphoryl-MurNAC-GlcNAc band. Neither wild type AmiACtr nor the AmiACtrH67A mutant 
showed DD-CPase activity on lipid II. Dialysis buffer served as a negative control. Recombinant 
AmiACtrH67A was kindly provided by C. Otten (Henrichfreise group).
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site mutant (AmiACtrH68A) which was kindly provided by C. Otten (Henrichfreise 
group) was used. This mutant, in which the zinc-coordinating histidine of the 
amidase active site (fig. 3.10.a) was changed to alanine, had no catalytic activity on 
lipid II (fig. 3.11.b).  

Like AmiACpn, AmiACtr has a conserved amidase active site and was shown to act in 
vitro as a PG hydrolase as well as an amidase on lipid II. Despite the overall high 
sequence similarity between both chlamydial AmiA homologs, the SxxK motif at 
position 96-99 in AmiACpn (fig. 3.10), which has been shown to be essential for DD-
CPase activity in the C. pneumoniae enzyme (Klöckner et al., 2014), is missing in 
AmiACtr. The SxxK motif found at a more C-terminal position in AmiACtr does not 
appear to be part of a DD-CPase active site, since the enzyme shows no such 
activity towards lipid II. The results indicate that AmiACtr, unlike AmiACpn, is a 
monofunctional amidase rather than a bifunctional enzyme.
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3.4. Analysis of chlamydial PG recycling 

3.4.1. In silico analysis of putative chlamydial YkfC homologs in Bacillus 

To gain insight into the mechanism of chlamydial PG recycling, the genomes of two 

Chlamydia species were analyzed for genes encoding proteins with sequences 

similarities to enzymes associated with cell wall recycling pathways in both the Gram-

negative and the Gram-positive model organisms E. coli and Bacillus subtilis. The 

result of the screening indicates that PG recycling differs between pathogenic 

Chlamydia and free-living bacteria. Both species analyzed, C. trachomatis and 

C. pneumoniae, lack homologs of enzymes associated with the PG recycling process 

in E. coli or in B. subtilis, with the sole exception of the B. subtilis NlpC/P60-cysteine 

peptidase YkfC (YkfCBsu). YkfCBsu is a recycling enzyme which specifically cleaves 

free PG-derived peptides between their γ-D-Glu and mDAP residues (Schmidt et al., 

2001; Xu et al., 2010). Both Chlamydia species encode a putative NlpC/P60 

peptidase in their genomes that shares 23 % sequence identity with YkfCBsu in the 

case of the C. trachomatis protein and 29 % sequence identity in the case of the 

C. pneumoniae protein. 

In the in B. subtilis genome, the gene encoding YkfCBsu is located in a cluster with 

other genes associated with PG recycling (fig. 3.12.a). Upstream of ykfC, the cluster 

includes two genes encoding the L,D-carboxypeptidase YkfA and the L-Ala-γ-D-Glu-

epimerase YkfB (Schmidt et al. 2001). Downstream, ykfC is followed by ykfD which 

encodes the oligopeptide transporter protein YkfD. The B. subtilis ykfABCD operon 

appears to be controlled via the promoter of the preceding dpp operon (Molle et al., 

2003) which encodes the D-aminopeptidase DppA and a dipeptide uptake system 

(DppBCDE) (Cheggour et al., 2000; Mathiopoulos et al., 1991). Since the genome of 

pathogenic Chlamydia contains only ykfC out of all ykfABCD genes, there is no gene 

cluster similar to the B. subtilis operon in either C. trachomatis or C. pneumoniae (fig. 

3.12.b & c). In both organisms, a gene coding for an adenylate-kinase, AdK, is 

located adjacent to the respective gene coding for the putative YkfC homolog. AdK 

from C. pneumoniae has been shown to play an important role in the chlamydial 

energy metabolism by catalyzing a high-energy phosphoryl transfer reaction between 

ATP and AMP to generate ADP (Miura et al., 2001). Beside the direct proximity to 

adK, the genomic context of the putative YkfC-encoding gene differs between both 

analyzed Chlamydia species. In the C. trachomatis genome, ykfC (ct127) and adK 
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(ct128) are arranged in the opposite reading direction to their immediate genomic 

environment. The genes upstream of ykfC, ct125 and ct126, encode the ribosomal 

proteins Rl13 and Rs9, respectively. Following adK are two genes, ct129 and ct130, 

which are thought to encode subunits of a GlnPQ ABC-transporter that catalyzes the 

transport of glutamine and glutamic acid into the cytoplasm of Gram-positive bacteria 

(Skipp et al., 2005; Schuurman-Wolters & Poolman, 2005). In C. pneumoniae, the 

genes coding for AdK (cpn0244) and the putative YkfC homolog (cpn0245) are also 

set in the opposite reading direction to their following genes. Next to the putative 

YkfC  homolog, two putative ribosomal proteins, RpsI and RplM, are encoded by 

cpn0246 and cpn0247. Downstream follow two genes, cpn0248, which encodes the 

putative ABC transporter YcfV with as yet unknown substrate specificity, and 

cpn0249, which encodes a protein with unknown function. 

(a) B. subtilis subsp. subtilis 168

(b) C. trachomatis D/UW-3/CX

(c) C. pneumoniae CWL029

Figure 3.12. Comparative analysis of the genomic context of the gene encoding the putative 
PG recycling peptidase YkfC in Chlamydia. (a) In the genome of B. subtilis, ykfC (bsu12990) is 
part of the ykfABCD cluster which is preceded by the dpp operon. In the genomes of the two 
pathogenic Chlamydia species analyzed here, (b) C. trachomatis and (c) C. pneumoniae, both the 
ykfABCD-PG recycling gene cluster and the preceding dpp operon are missing. Aside from the 
proximity to a gene encoding AdK, the genomic context of the particular gene encoding a putative 
YkfC homolog (ct127 in C. trachomatis and  cpn0245 in C. pneumoniae) differs in both species.
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The biochemical properties of Bacillus YkfC have been characterized in B. subtilis 

(Schmidt et al., 2001), while the structure of this enzyme was determined by analysis 

of YkfC from B. cereus, which shares 40 % sequence identity with the B. subtilis 

enzyme (Xu et al., 2010). Therefore, the following section focuses on the comparison 

between the protein structures of the B. cereus YkfC (YkfCBce) and the putative 

chlamydial YkfC proteins from C. trachomatis (YkfCCtr) and C. pneumoniae (YkfCCpn) 

which show 25 % and 30 % sequence identity to YkfCBce, respectively. 

In silico analysis of the protein structures of YkfCCtr and YkfCCpn revealed an overall 

protein architecture similar to YkfCBce, consisting of two N-terminal SH3b domains, 

SH3b1 and SH3b2, and a C-terminal NlpC/P60 domain harboring a catalytic triad  

(Xu et al., 2010) (fig. 3.13). Within the NlpC/P60 peptidase superfamily, the first 

residue of the catalytic triad is a cysteine which acts as a nucleophile to attack the 

peptide bond of the substrate. The second residue is a histidine which acts as a base 

and subsequently as an acid catalyst for the proton transfers in the following steps. 

The third residue is a polar amino acid which is suggested to serve as an orienting 

residue for the catalytic histidine (Anantharaman & Aravind, 2003). In all three 

enzymes analyzed here, YkfCBce, YkfCCtr and YkfCCpn, this third residue is also a 

histidine. The active site of YkfCBce is located at the SH3b1–NlpC/P60 interface, 

whereas the SH3b2 domain is distal to the active site. Residues from both the SH3b1 

and the NlpC/P60 domain form the S2-S1 binding-site cavity. These S1 and S2 sites 

are complementary in shape and chemical properties to the L-Ala-γ-D-Glu ligand and 

primarily determine the substrate specificity of YkfC (Xu et al., 2010). Alignment 

revealed remarkable sequence similarity and conservation of the catalytic triad and 

the majority of the S1 and S2 sites between the primary sequence of YkfC from 

B. cereus, C. trachomatis and C. pneumoniae (fig. 3.13).  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 YkfCBce         MKKVGTAFLTTLFIFSSFTSAHAEEKKDSKAFIDVSAATLWTAPDSLRPIDVPSATNPVD 60

 YkfCCtr         ----MP----------------------------------------HQVLLSPVC----D 12

 YkfCCpn         ----MK----------------------------------------HYLSFSPSA----D 12
                                                                      * .    :

 YkfCBce         LWKWTKSMTLDEKLWLTNANKLETQALLGQEVTVVDKKGDWVKVLVHGQPT---PRNEEG 117

 YkfCCtr         LL--------------SNAEGIETQVLFGERICNHNHRHYAY------SQLVFS-SIWKP 51

 YkfCCpn         FF--------------SKQGAIETQVLFGERVLVKGSTCYAY------SQLFHNELLWKP 52
                :                    :*** *:*: :                .         : 

 YkfCBce         YPGWMPEKQLT-YNQEFADKT----------NEPFVLVTKPTAILYINPSEKHKSLEVSY 166

 YkfCCtr         YPGDSLQNIP--LFSSQLQPPNAVVCSQEAFLDPWHIPLPFAAPLHIDNQNQVSLS---P 106

 YkfCCpn         YPGHSFRSTLVPCTPEFHIHPNVSVVSVDAFLDPWGIPLPFGTLLHVNSQNTVIFP---K 109
                * *   ..                        :   :     : *: :            

 YkfCBce         NTRLPLLSEDTISYRVLLPNGQKAWLRKNDGTFYRS-QNDIPTPAADDLINTGKMFLGLP 225

 YkfCCtr         AS-IALLN------------SNSRSNYAKAFCSTKEIRFLNSSFSPRDLVSFAEQLIDTP 153

 YkfCCpn         DI-LNHMN------------T--IWGSGTPQCDPRHLRRLNYNFFAELLIKDADLLLNFP 154
                      :                              .           :. .. ::.  

 YkfCBce         YIWAGTSG--------FGFDCSGFTHTIYKSHGITIPRDSGPQSRNGVAV-DKEHLQKGD 276

 YkfCCtr         YVWGGRCIHK--QLPRNGVDCSGYIQLLYQVTGRNIPRNARDQYRDCSPVKDFSSLPIGG 211

 YkfCCpn         YVWGGRSVHE--SLEKPGVDCSGFINILYQAQGYNVPRNAADQYADCHWISSFENLPSGG 212
                *.*.* .          *.****  :  *:  * .:**::  *  .   :     *  *.

 YkfCBce         LIFFAHDQGKGSVHHVAMYIGDGNMIHSPRAERSVEIIPLNTPGYIEEYA---------- 326

 YkfCCtr         LIFLK-KASTGQINHVMMKISEHEFIHAAEKIGKVEKVILGNRAFFKGNL-FCSLGEP-- 267

 YkfCCpn         LIFLY-PKEEKRISHVMLKQDSSTLIHASGGGKKVEYFILEQDGKFLDSTYLFFRNNQ-- 269
                ***         : ** :  ..  :*.:      *. .                      

 YkfCBce         -------GARRYLP-------- 333

 YkfCCtr         PIEAVFGVPKNRKAFF------ 283

 YkfCCpn         GRAFFGIPRKRKAFL------ 285  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Figure 3.13. Primary sequence alignment of YkfCBce, YkfCCtr, and YkfCCpn. The secondary 
structure of YkfCBce (Xu et al., 2010) is shown above the sequence with the Sh3b1 domain in blue, 
the Sh3b2 domain in green and the NlpC/P60 domain in orange. The in silico predicted secondary 
structures of the Chlamydia proteins are shown in grey above the respective sequences. The 
catalytic triad comprising Cys, His and a polar residue is shown in red. Residues contributing to the 
S1 and S2 sites essential for substrate recognition in YkfCBce are highlighted in yellow and blue, 
respectively, while residues contributing to both sites are highlighted in green. The signal peptide 
sequence of YkfCBce is displayed in grey.
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In YkfCBce, five highly conserved residues located in the NlpC/P60 domain primarily 

contribute to the S1 site that interacts with the γ-D-Glu residue of substrates: Tyr226, 

Trp228, Asp237, Ser239 and Ser257 (Xu et al., 2010) (fig. 3.13 & 3.15; highlighted in 

yellow). The tyrosine positions the substrate close to the active site’s catalytic 

cysteine and is present in YkfCCtr and YkfCCpn. The tryptophan contributes to both the 

S1 and S2 sites and is conserved in YkfCCtr and YkfCCpn. Likewise, aspartic acid and 

the first of the two serine residues are conserved. The second serine is changed to 

alanine in both chlamydial proteins. A similar change of serine at this position to 

alanine occurs in a YkfC homolog of Bacillus sphaericus, whose S1 and S2 binding 

sites are otherwise identical to YkfCBce (Xu et al., 2010). Apparently this exchange 

does not affect the substrate specify since B. sphaericus YkfC, similar to as YkfCBce, 

is a peptidase with a strict specificity for PG-derived peptides (Vacheron et al. 1979; 

Xu et al., 2010). 

While the γ-D-Glu residue of the substrate interacts with the enzyme’s S1 site, its 

mDAP residue interacts with the S2 binding pocket of YkfC. In YkfCBce, amino acids 

located in the SH3b1 and the NlpC/P60 domain contribute to the S2 pocket. 

Residues Glu83, Thr84a and Tyr118 are located in the SH3b1 domain (fig. 3.13 & 

3.15; highlighted in blue), with tyrosine being the only one of the three residues that 

interacts directly with D-Ala through its side chain and is therefore essential for 

catalysis (Xu et al., 2010). All three residues are conserved in YkfCCtr and YkfCCpn. In 

the NlpC/P60 domain of YkfCBce, the residues Trp228, Ala229, Arg255 and Asp256 

contribute to the S2 site. While tryptophan and arginine are conserved in YkfCCtr and 

YkfCCpn, alanine and aspartic acid are changed. In both Chlamydia proteins, alanine 

is replaced with glycine and aspartic acid is changed to asparagine (fig. 3.13). Since 

the residue at position 256 of YkfCBce is required to neutralize the positive charge of 

the free amine of the substrate L-Ala residue, it plays an essential role in substrate 

specificity. In YkfCBce, this residue is an aspartic acid (Asp256), but its replacement 

by an aspartate is not uncommon and was also described in other YkfC homologs 

(Xu et al. 2010).  

Taken together, conservation of the majority of residues contributing to the YkfCBce 

S1-S2 binding site in YkfCCtr and YkfCCpn and the conservation of all residues 

essential to support catalysis indicate a similar substrate specificity and enzymatic 

activity of Bacillus YkfC and the putative YkfC from Chlamydia. 
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While the first 23 residues within the YkfCBce amino acid sequence are predicted to 

be a signal peptide for transport into the periplasm (Xu et al., 2010), neither the 

SignalP-05 nor the PrediSi tool (tab. 2.1) were able to detect a signal peptide in the 

sequences of YkfCCtr and YkfCCpn. Interestingly, B. subtilis YkfC does not contain a 

signal peptide either, despite otherwise high sequence identity with YkfCBce and an 

analysis of sequence similarities of different YkfC homologs showed that a signal 

peptide is also absent in proteobacterial and cyanobacterial YkfC homologs (Xu et 

al., 2010). 

Sequence similarity of YkfCCtr and YkfCCpn with YkfCBce allowed 3D in silico modeling 

using the Phyre2 tool (tab. 2.1). The resulting protein structures were visualized using 

Chimera (tab. 2.1) and compared to the crystal structure of YkfCBce (Xu et al., 2010) 

(fig. 3.14). In accordance with the similarities in the primary sequence, 3D modeling 

shows that both N-terminal SH3b domains and the C-terminal NlpC/P60 domain, 

which contains the catalytic triad, are conserved in the Chlamydia proteins. The 

secondary structure of the NlpC/P60 domain typically consists of three α-helices and 
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Figure 3.14. Comparison of 3D in silico overall structure models of YkfCBce, YkfCCtr, and 
YkfCCpn. Based on Phyre2 alignment against the protein structure of (a) YkfCBce (Xu et al., 2010) the 
protein structures of (b) YkfCCtr and (c) YkfCCpn were predicted and modeled with the Chimera tool. 
The Sh3b1 domain is highlighted in blue, the Sh3b2 domain in green and the NlpC/P60 domain in 
orange. The catalytic triad comprising Cys, His and a polar residue is shown in red.

90°(a) YkfCBce

(b) YkfCCtr (c) YkfCCpn
90° 90°
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five β-strands. The catalytic triad’s conserved cysteine is located at the extreme N-

terminus of the second α-helix and the two conserved catalytic histidine residues are 

situated at the second and third β-strands, respectively (Anantharaman & Aravind 

2003). This conformation of the NlpC/P60 domain is not only conserved in YkfCBce, 

but also predicted for the active sites of YkfCCtr and YkfCCpn (fig. 3.14).  As mentioned 

above, in addition to the conservation of the active site catalytic triad, residues 

important for substrate interaction of the S1 and S2 site are present in both 

chlamydial YkfC proteins. Comparison of the 3D models shows that these residues 

are accessible in the binding-site cavity in YkfCCtr and YkfCCpn, as shown for YkfCBce 

(Xu et al., 2010) (fig. 3.15).  

 

Taken together, the observed similarities in the primary sequence, the predicted 

overall protein structure, and particularly the active site architecture of C. trachomatis 

and C. pneumoniae YkfC to B. cereus YkfC allow the identification of these proteins 

as orthologs. 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Figure 3.15. Comparison of 3D in silico models of the active site in YkfCBce, YkfCCtr and 
YkfCCpn. Based on Phyre2 alignment against the structure of  the active site of (a) YkfCBce (Xu et al., 
2010) the 3D structure of the active site of (b) YkfCCtr and (c) YkfCCpn was predicted and modeled 
with the Chimera tool. The Cys-His-His catalytic triad is shown in red, residues contributing to the S1 
and S2 sites essential for substrate recognition in YkfCBce are highlighted in yellow and blue, 
respectively. Residues contributing to both sites are highlighted in green.
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3.4.2. Recombinant C. trachomatis YkfC (YkfCCtr) shows catalytic activity on 

PG-derived tripeptide 

To analyze the biochemical properties of the Chlamydia YkfC ortholog, YkfCCtr and 

YkfCCpn were heterologously overexpressed in E. coli. For this purpose, the 

corresponding genes, ct127 and cpn0245, were cloned into a pET52b expression 

vector (tab. 2.6), to create recombinant proteins carrying an N-terminal Strep-tag II. 

Following production in E. coli Bl21, YkfCCtr was purified with high yield after dialysis 

(1 mg of recombinant protein per 2 l culture) (see section 2.5.1). Recombinant YkfCCtr 

has a calculated molecular weight of 34,1 kDa and showed a band at approximately 

35 kDa in SDS PAGE analysis (fig. 3.16.a). In the case of YkfCCpn, purification was 

not successful as the recombinant protein appeared to aggregate in inclusion bodies. 

For this reason, further in vitro analyses in his work focused on YkfCCtr. 

As a control, an active site mutant of YkfCCtr, named YkfCCtrC172A, in which the 

catalytic triad's cysteine was changed to alanine, was overproduced and purified as 

described for wild type YkfCCtr. The mutant protein showed a band at approximately 
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Figure 3.16. Purification and in vitro activity of recombinant YkfCCtr. (a) YkfCCtr and its active 
site mutant YkfCCtrC172A were analyzed by SDS-PAGE. (b) In vitro peptidase activity was analyzed 
by TLC using L-Ala-γ-D-Glu-mDAP tripeptide as a substrate. Activity is detectable by an equivalent 
migration distance of the reaction product and the mDAP migration control. YkfCCtr, but not its active 
site mutant YkfCCtrC172A, released mDAP from the tripeptide. L-Ala-γ-D-Glu-mDAP tripeptide and 
the amino acids L-Ala, γ-D-Glu, and mDAP served as additional migration controls. 
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35 kDa in SDS PAGE analysis (fig. 3.16.a). Incubation of the recombinant proteins 

with PG-derived L-Ala-γ-D-Glu-mDAP tripeptide (section 2.5.5.e), followed by product 

analysis by thin-layer chromatography (`TLC peptides'; section 2.5.6.b) showed that 

wild type YkfCCtr was capable to release mDAP, while YkfCCtrC172A had no catalytic 

activity on the tripeptide (fig. 3.16.b). 
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Figure 3.17. Analysis of the in vitro activity of recombinant YkfCCtr. In vitro peptidase activity of 
YkfCCtr was analyzed by TLC using L-Ala-γ-D-Glu-mDAP tripeptide as a substrate. Activity is 
detectable by an equivalent migration distance of the reaction product and the mDAP migration 
control. (a) YkfCCtr activity was not decreased in presence of the chelator EDTA (10 mM). (b) The 
chlamydial YkfC homolog showed the highest activity between pH 7.5 and 8.5. Acidic conditions 
appear to be unfavorable, as shown by the complete loss of activity at pH 5.5. (c) YkfCCtr was able 
to release mDAP from the tripeptide 15 minutes after the reaction was started by addition of the 
enzyme. The highest substrate turnover under the experimental conditions tested was observed 
after 120 minutes of incubation. The enzyme’s activity was not affected by (d) either prolonged 
incubation times of 4 and 6 hours (e) or the presence of the reaction product mDAP.
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To rule out a possible contamination of heterologously produced YkfCCtr by the zinc-

dependent peptidase MpaA of the E. coli producer strain, an enzyme that is also  

able to release mDAP from tripeptide, the metal chelator EDTA was added to the 

assay. Consistent with the results observed for the YkfCCtrC172A mutant, which 

showed no background activity, the addition of EDTA did not detectably affect 

substrate turnover (fig. 3.17.a), confirming high purity and the absence of interfering 

host peptidases in the protein purification. 

To further explore the ability of YkfCCtr to hydrolyze tripeptide, additional assays were 

performed to analyze the pH and time dependence. The pH optimum for in vitro 

activity of the enzyme was between 7.5 and 8.5 (fig. 3.17. b) and thus close to the 

postulated pH value of 7.3 within the C. trachomatis inclusion (Grieshaber, 2002). For 

this reason, all of the following assays were performed in MOPS buffer at pH 7.5. The 

experiments showed that activity of YkfCCtr was time-dependent and cleavage of the 

substrate could already be observed after 15 minutes of incubation (fig. 3.16. c). It 

should be noted that after longer incubation times of 4 and 6 hours, neither complete 

turnover of the tripeptide nor an inhibitory effect of the resulting products was 

observed (fig. 3.17. d). The inability of YkfCCtr to fully convert the amount of substrate 

provided could be explained by the fact that the commercially available L-Ala-γ-D-

Glu-mDAP tripeptide molecules used here contain a mixture of L,L-, D,D- and L,D-

mDAP within their peptide structure. Non-native peptides (most likely containing D,D-

mDAP) may not be recognized by YkfCCtr. Under the experimental conditions tested, 

the highest substrate turnover was observed after 2 hours of incubation (fig. 3.17.c). 

This incubation time was therefore used for all following assays.  

Since PG recycling needs to be tightly controlled and product inhibition might act as a 

negative feedback mechanism in YkfCCtr, it was tested whether the addition of mDAP 

at concentrations equal to the applied substrate concentration has an inhibitory effect 

(fig. 3.17.e). Consistent with the results obtained with extended incubation times (fig. 

3.17.d), the activity of the enzyme was not affected by additional added mDAP. 

Together, these observations make a negative feedback regulation of YkfCCtr by its 

reaction products rather unlikely. 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Overall, TLC-based analyses identified YkfCCtr as a peptidase capable of hydrolyzing  

L-Ala-γ-D-Glu-mDAP tripeptide, resulting in the release of mDAP. The identity of the 

reaction products was further confirmed by MS-based analysis as shown in the 

following section (section 3.4.3). In addition, analysis of the active site mutant 

YkfCCtrC172A identified the cysteine of the catalytic triad as crucial for the enzymatic 

activity of YkfCCtr. 

3.4.3.  YkfCCtr shows substrate specificity for PG-derived peptides 

Sequence and structure similarities of YkfCCtr with Bacillus YkfC (section 3.4.1) 

suggest that the chlamydial enzyme also plays a role in PG recycling. Since no signal 

peptide sequence for the transport across the cytoplasmic membrane can be 

detected YkfCCtr, the enzyme appears to be localized in the cytoplasm in 

C. trachomatis. There, the activity of a PG recycling enzyme has to be be tightly 

regulated to prevent disruption of the lipid II biosynthesis. To gain insight into how a 

possible control mechanism for chlamydial YkfC might work, different substrates, 

including PG, PG-derived peptides, and lipid II and its precursors, were tested in the 

optimized YkfCCtr in vitro assay.  

As described in section 3.4.2, TLC-based analysis confirmed the enzymatic activity of 

YkfCCtr on PG-derived tripeptide. In addition, in vitro activity of YkfCCtr on peptides 

derived from digestion of E. coli PG with the recombinant B. subtilis amidase CwlCBsu 

could be demonstrated by mass spectrometric analysis (section 2.5.7). R. Kluj 

(Mayer lab, Department of Microbiology/Organismic Interactions, University of 

Tübingen) kindly provided the substrate and analyzed the reaction products by mass 

spectroscopy (MS) for this experiment. The method reconfirmed YkfCCtr activity on 

PG-derived tripeptide (L-Ala-γ-D-Glu-mDAP) by detecting released mDAP and 

additionally allowed detection of its activity on PG-derived tetrapeptide (L-Ala-γ-D-

Glu-mDAP-D-Ala), resulting in the release of the dipeptide mDAP-D-Ala (fig. 3.18.a & 

b). Furthermore, YkfCCtr was shown to cleave not only single PG-derived peptides but 

also di-tetrapeptides interconnected via D-Ala−mDAP cross-links (L-Ala-γ-D-Glu-

mDAP-D-Ala)-(L-Ala-D-γ-Glu-mDAP-D-Ala) (fig. 3.18.c). In line with the result of the 

TLC-based analysis, YkfCCtr cleaved tri- and tetrapeptides between their γ-D-Glu and 

mDAP residue in both free and cross-linked peptides. The active site mutant 

YkfCCtrC172A showed no activity on all substrates tested. 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Figure 3.18. MS analysis of YkfCCtr in vitro activity on peptides derived from E. coli PG by 
CwlCBsu digestion. YkfCCtr, but not its active-site mutant YkfCCtrC172A, is active towards E. coli PG-
derived (a) tripeptide (L-Ala-γ-D-Glu-mDAP; ‘3P') and (b) tetrapeptide (L-Ala-γ-D-Glu-mDAP-D-Ala; 
'4P’) as shown by the release of mDAP and mDAP-D-Ala, respectively. PG-derived (c) di-
tetrapeptide linked by a D-Ala−mDAP cross-link ((L-Ala-γ-D-Glu-mDAP-D-Ala)-(L-Ala-γ-D-Glu-
mDAP-D-Ala); ‚4P-4P') is also hydrolyzed by YkfCCtr, but not by YkfCCtrC172A, as shown by the 
release of the di-dipeptide mDAP-(D-Ala)-D-Ala-mDAP. Dialysis buffer was added instead of 
recombinant protein for control reactions. R. Kluj (University of Tübingen) kindly provided E. coli PG-
derived peptides and performed the MS-analysis.
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In contrast to the TLC-based assay which tested a commercially available mixture of 

L,L-, D,D- and L,D-mDAP containing tripeptide as substrate (section 3.4.2), E. coli 

PG-derived peptides were used as substrate in the MS-based analysis. When using 

the bacterial PG-derived peptides, a complete turnover of the substrate could be 

observed (fig. 3.18), suggesting that the incomplete turnover observed in the TLC-

based approach is due to the inability of YkfCCtr to cleave non-native peptides. 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Figure 3.19. Substrate specificity of YkfCCtr. (a) In vitro activity of YkfCCtr on soluble PG 
precursors and recycling products. TLC analysis showed that YkfCCtr uses tripeptide derived from 
PG as a substrate but neither the lipid II precursor UDP-MurNAc-tripeptide nor the PG-recycling 
product MurNAc-tripeptide. The tripeptide appears to be the minimal substrate as the dipeptide γ-D-
Glu-mDAP was not hydrolyzed under the conditions tested. (b) Dye-release assay and photometric 
analysis of the reaction product. YkfCCtr and its active-site mutant YkfCCtrC172A showed no 
hydrolytic activity when incubated with RBB labelled PG. Lysozyme served as a positive control, 
releasing labelled PG-derived peptides into the supernatant. Enzymatic activity was confirmed by 
measuring the absorbance of the supernatant at 595 nm. Samples were compared with the 
lysozyme control by one-way ANOVA analysis using GraphPad Prism (GraphPad Software). ***: P-
value < 0.001. Error bars indicate ± s.d. (n=3). (c) In vitro activity of YkfCCtr on the membrane bound 
PG precursor lipid II. TLC analysis showed that neither YkfCCtr nor its active site mutant used lipid II 
as a substrate as shown for the chlamydial carboxypeptidase PBP6Cpn. PBP6Cpn activity released the 
terminal D-Ala from lipid II thereby altering the migration behavior of lipid II on the lipid TLC and 
producing free D-Ala which is visible on the peptide TLCs. Recombinant PBP6Cpn was kindly 
provided by I. Löckener (Henrichfreise group).
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While YkfCCtr showed activity on free E. coli PG-derived peptides cleaved from the 

MurNAc sugar moiety by amidase digestion, it was unable to use MurNAc-L-Ala-γ-D-

Glu-mDAP as a substrate (fig. 3.19.a). In addition, no activity of YkfCCtr on isolated 

E. coli PG sacculi was detected in a remazol brilliant blue (RBB) dye release assay  

(fig. 3.19.b).  

With regard to a possible interference of YkfCCtr activity with PG biosynthesis, the PG 

building block lipid II (mDAP type) as well as its activated precursor UDP-MurNAc-

tripeptide were tested as possible substrates. Due to its carrier molecule C55PP, lipid 

II could not be visualized in the TLC system used to detect peptides. Therefore, an 

additional TLC method specialized in the detection of lipids was used ('TLC lipids’, 

section 2.5.6.a). As a control, the activity of the recombinant C. pneumoniae DD-

CPase PBP6 (PBP6Cpn) (kindly provided by I. Löckener; Henrichfreise group) on lipid 

II was visualized using both methods. The D-Ala residue cleaved from lipid II by 

PBP6Cpn activity was visible in the peptide-specific TLC, and the lipid-specific TLC 

showed a change in migration between native lipid II and cleaved lipid II with a 

tetrapeptide stem (fig. 3.19.c). In the case of YkfCCtr, the lack of free detectable 

peptides and the unaltered migration behavior of lipid II indicated that lipid II was not 

used as a substrate (fig. 3.18.c). Likewise, YkfCCtr did not cleave off any amino acid 

residues from the soluble lipid II precursor UDP-MurNAc-tripeptide (fig. 3.19.a). 

Taken together, these results demonstrate that YkfCCtr has high substrate specificity 

for PG-derived tripeptide (L-Ala-γ-D-Glu-mDAP) and tetrapeptide (L-Ala-γ-D-Glu-

mDAP-D-Ala) and shows no activity on molecules involved in cytoplasmic PG 

biosynthesis, such as lipid II and UDP-MurNAc-tripeptide. While PG-derived peptides 

were used as a substrate, neither PG itself nor its recycling product MurNAc-

tripeptide were cleaved by YkfCCtr. These observations are consistent with previous 

studies that showed that NlpC/P60 enzymes involved in PG recycling in free-living 

bacteria rely on the presence of a free L-Ala at the N-terminus for proper substrate 

recognition (Xu et al. 2015). Only the tri- and tetrapeptides have a freely accessible 

N-terminus, while in the case of all other substrates tested in this work the N-terminus 

is occupied by its binding to an N-acetyl-muramyl residue. Any observed activity of 

YkfCCtr towards tested substrates depended on its catalytic Cys-His-His triad since 

the mutant YkfCCtrC172A showed no activity in all assays. These results identify 

C. trachomatis YkfC as a PG recycling enzyme specific for free PG-derived peptides. 
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3.4.4. YkfCCtr shows activity on B. subtilis PG-derived peptides 

Since chlamydiae are Gram-negative organisms, peptides derived from E. coli PG 

were tested as substrates in the YkfCCtr activity assays in this work (section 3.4.3). 

However, the chlamydial enzyme YkfCCtr is an ortholog of the recycling enzyme YkfC 

of Gram-positive Bacillus species. In B. subtilis, the PG pentapeptide found in the 

vegetative cell form has an L-Ala-γ-D-Glu-mDAP-D-Ala-D-Ala sequence, with 

amidation of the carboxyl groups of mDAP occurring in most stem peptides (Atrih et 

al., 1999). This modification of the pentapetide by amidation is only present in Gram-

positive organisms and is not found in either E. coli or Chlamydia PG-derived 

peptides. 

In this work, MS-based analysis was used to analyze the in vitro activity of YkfCCtr on 

tripeptide derived by CwlCBsu digestion of B. subtilis PG. For this purpose, R. Kluj 

(Mayer lab, Department of Microbiology/Organismic Interactions, University of 

Tübingen) kindly provided the substrate and carried out the MS analysis. Similar to 
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Figure 3.20. MS analysis of YkfCCtr in vitro activity on peptides derived from B. subtilis PG by 
CwlCBsu digestion. YkfCCtr, but not its active-site mutant YkfCCtrC172A, was active on both 
amidated (‚3P*') and not amidated (‘3P') PG-derived L-Ala-γ-D-Glu-mDAP tripeptide, as shown by 
the release of amidated (‚DAP*') and not amidated (‘DAP') mDAP, respectively. For control reactions, 
dialysis buffer was added instead of recombinant protein. R. Kluj (University of Tübingen) kindly 
provided the B. subtilis PG-derived peptide and performed the MS-analysis.
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its activity towards E. coli PG-derived peptides (section 3.4.3), YkfCCtr cleaved free 

B. subtilis PG-derived tripeptides (L-Ala-γ-D-Glu-mDAP), thereby releasing mDAP 

(fig. 3.20.). Again, its enzymatic activity depended on the catalytic triad since the 

active site mutant YkfCCtrC172A did not show activity in this assay. Although most of 

the B. subtilis PG-derived tripeptide is amidated at its mDAP residue, YkfCCtr activity 

resulted in an almost complete turnover of the substrate. The Chlamydia enzyme is 

able to hydrolyze the γ-D-Glu-mDAP bond of peptides derived from both B. subtilis 

and E. coli PG. In contrast, the PG-degrading enzymes NlpD and SpoIID from the 

Chlamydia-like organism Waddlia chondrophila have been shown to interact only with 

PG from E. coli and not from B. subtilis (Frandi et al., 2014; Jacquier et al., 2019). 

3.4.5. YkfCCtr in vitro activity is inhibited by chloroacetone and E-64 

A characteristic catalytic triad consisting of a cysteine, a histidine and a polar residue 

is conserved in all enzymes of the NlpC/P60 superfamily (Anantharaman & Aravind, 

2003). In silico analysis found the residues to be present in the active site of YkfCCtr 

(section 3.4.1) and the cysteine residue was shown to be essential for the enzyme’s 

in vitro activity (sections 3.4.2 - 4). The presence of an essential cysteine in YkfCCtr 

makes the enzyme a potential target for cysteine protease inhibitors which could be  

used to further characterize the enzyme's active site. To this end, four cysteine 

protease inhibitors were tested for their effect towards YkfCCtr in vitro activity: 

chloroacetone, iodoacetamide, phenylmethylsulfonyl fluoride (PMSF) and E-64.  

Chlamydia proteins typically contain a high number of cysteine residues which are 

otherwise relatively rare amino acids (Otten et al., 2015). In total, YkfCCtr contains 8 

cysteines of unknown redox state which might also be targeted by chloroacetone, 

iodoacetamide and PMSF, as these agents bind to all accessible sulfhydryl groups. 

For this reason, inhibitor concentrations for these compounds were tested in relation 

to the total number of all theoretically available cysteine residues. This adjustment 

was not required for the cysteine protease inhibitor E-64, as this compound binds 

selectively to the active site of cysteine proteases (Matsumoto et al., 1999).  
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Of the two alkylating compounds tested, only chloroacetone inhibited catalytic activity 

of YkfCCtr on tripeptide at an inhibitor:protein molar ratio of 8:1 (corresponding to an 

inhibitor:active site cysteine molar ratio of 1:1) (fig. 3.21.a). Iodoacetamide showed 

no inhibitory effect under the conditions tested, even at an inhibitor:protein molar ratio 

of 80:1 (fig. 3.21.b). The same specific inhibition by chloroacetone but not by 

iodoacetamide has been reported for Bacteroides ovatus YkfC (Xu et al., 2015). The 

lack of inhibition by iodoacetamide could be attributed to the lower electronegativity 

of iodine compared to chlorine in chloroacetone. In presence of the reversible serine- 

and cysteine inhibitor phenyl-methylsulfonyl fluoride (PMSF), YkfCCtr retained in vitro 

activity and total inhibition could only be observed at inhibitor:protein molar ratios of 

80:1 (fig. 3.21.c). In contrast, the cysteine peptidase specific inhibitor E-64, which 

carries a trans-epoxysuccinic acid group coupled to a dipeptide, inhibited YkfCCtr 

activity at a molar ratio of inhibitor:protein of 10:1 (fig. 3.21.d). 

Together with the results of the in silico protein structure analyses of YkfCCtr and the 

observed inactivity of the YkfCCtrC172A mutant in the in vitro assays, the result of the 
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Figure 3.21. Effect of cysteine peptidase inhibitors on the enzymatic activity of YkfCCtr. TLC 
analysis of the inhibiting effects of chloroacteone, iodoacetamide, phenylmethylsulfonyl fluoride 
(PMSF) and E-64 on YkfCCtr in vitro activity on L-Ala-γ-D-Glu-mDAP tripeptide. (a) The alkylating 
compound chloroacteone inhibited YkfCCtr at an inhibitor:protein molar ratio of 8:1, as indicated by 
the absence of the reaction product mDAP. (b) The alkylating compound iodoacetamide did not 
inhibit YkfCCtr at any of the inhibitor concentrations tested. (c) The non-selective, reversible serine- 
and cysteine protease inhibitor PMSF showed inhibition at an inhibitor:protein molar ratio of 80:1. (d) 
The cysteine protease inhibitor E-64, carrying a trans-epoxysuccinic acid group coupled to a 
dipeptide, inhibited YkfCCtr at an inhibitor:protein molar ratio of 10:1.

(c)

(b)(a)

Tripeptide 
(L-Ala-γ-D-
Glu-mDAP)

8:1 16:1 40:1 80:1Chloroacetone: 
YkfCCtr

Dipeptide 
(L-Ala-γ-D-
Glu)

mDAP
Tripeptide 
(L-Ala-γ-D-
Glu-mDAP)

8:1 16:1 40:1 80:1Iodoacetamide: 
YkfCCtr

(d)

Dipeptide 
(L-Ala-γ-D-
Glu)

mDAP
Tripeptide 
(L-Ala-γ-D-
Glu-mDAP)

1:1 2:1 5:1 10:1E-64: 
YkfCCtr

Tripeptide 
(L-Ala-γ-D-
Glu-mDAP)

Dipeptide 
(L-Ala-γ-D-

Glu)
mDAP

8:1 16:1 40:1 80:1PMSF: 
YkfCCtr



Results

cysteine peptidase inhibitors screening confirms an essential role of the active site 

cysteine for catalytic activity of YkfCCtr. 

3.4.6.   YkfCCtr in vitro activity is not inhibited by α-X-chalcones 

In addition to the cysteine-peptidase-inhibitors, a set of α,β-unsaturated carbonyl 

compounds, α-X-chalcones, were tested for their potential inhibitory effect on YkfCCtr 

activity in vitro. The compounds were kindly provided by the group of S. Amslinger 

(Institute of Organic Chemistry, University of Regensburg). Consisting of an alkene 

conjugated to a ketone, the α-X-chalcones could interact with free sulhydryl-groups of 

cysteine residues due to their α,β-unsaturated carbonyl group (Amslinger, 2010). As 

mentioned above, the presence of a catalytic cysteine in YkfCCtr makes the enzyme  

a potential target for inhibitors targeting this amino acid. Therefore, ten α-X-chalcone 

derivates were tested in the YkfCCtr standard in vitro activity assay. The result showed 

that at the tested inhibitor:protein molar ratio of 10:1, none of the derivatives were 

able to significantly inhibit the detected YkfCCtr in vitro activity (fig. 3.22). 
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Figure 3.22. Effect of different α-X-chalcone derivates on the enzymatic activity of YkfCCtr. 
TLC analysis of the effect of the α-X-chalcone derivates CA1, CA2, CA3, CA4, CA7, CA10, CA13, 
CA18, CA19 and CA20 on YkfCCtr in vitro activity on L-Ala-γ-D-Glu-mDAP tripeptide. None of the 
tested compounds did show an inhibitory effect on YkfCCtr activity at an inhibitor:protein molar ratio of 
10:1. Only in the presence of C19 did the activity of the enzyme decrease slightly.
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3.4.7. In silico analysis of putative NlpC/P60 peptidases from Chlamydia-like 

organisms 

YkfCBce, YkfCCtr and YkfCCpn were used as templates for BLAST alignments to 

identify putative YkfC homologs within Chlamydia-like organisms. Genes encoding 

for putative NlpC/P60 domain-containing proteins were found in members of the 

Simkaniaceae, Parachlamydiaceae, Criblamydiaceae, but not within the Waddliaceae 

family.  

   YkfCBce       MKKVGTAFLTTLFIFSSFTSAHAEEKKDSKAFIDVSAATLWTAPDSLRPIDVPSATNPVD 60

   NlpC/P60Ela   MSSVGQ----------------------------------------MYRVVVPVA----E 16
                                                                    * .    :

   YkfCBce       LWKWTKSMTLDEKLWLTNANKLETQALLGQEVTVVDKKGDWVKVLVHGQPT---PRNEEG 117

   NlpC/P60Ela   LRKR-AFIPL-Q--PEWIDRELETQLLLGEDVKLLAEEGDLYFIEAVEQEVFSLERGWEG 72
                :                    :*** *:*: :                .         : 

   YkfCBce       YPGWMPEKQLT-YNQEFADKT----------NEPFVLVTKPTAILYINPSEKHKSLEVSY 166

   NlpC/P60Ela   YRGYIRKDAV---------------CQQVGQGQARGVVLNFNTALYPDKRGLQPLSILSY 117
                * *   ..                        :   :     : *: :            

   YkfCBce       NTRLPLLSEDTISYRVLLPNGQKAWLRKNDGTFYRS-QNDIPTPAADDLINTGKMFLGLP 225

   NlpC/P60Ela   GS-TVSLCGEEDWLSVQLDQGRQGWIRREAV---TESERLSAASSGISALSEAKKFLGTR 173
                      :                              .           :. .. ::.  

   YkfCBce       YIWAGTSG--------FGFDCSGFTHTIYKSHGITIPRDSGPQSRNGVAV-DKEHLQKGD 276

   NlpC/P60Ela   YFWGGRSSPTAEEKPFRGVDCSGLVHLSYKAIGVNIPRNAHDQFLKAAQI-PFGELEPGD 232
                *.*.* .          *.****  :  *:  * .:**::  *  .   :     *  *.

   YkfCBce       LIFFAHDQGKGSVHHVAMYIGDGNMIHSPRAERSVEIIPLNTPGYIEEYA---------- 326

   NlpC/P60Ela   LIFSSEKGIEGRIDHVMMAAGQGQLIEAVMSQGIVRLIRWEEK--WAGHSPDMKQSCQRI 290
                ***         : ** :  ..  :*.:      *. .                      

   YkfCBce       -------GARRYLP-------- 333

   NlpC/P60Ela   GGSAVYAAT--FRPFTKRLSTN 310  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Figure 3.23. Primary sequence alignment of YkfCBce and NlpC/P60Ela. The secondary structure 
of YkfCBce (Xu et al., 2010) is shown above the sequence with the Sh3b1 domain in blue, the Sh3b2 
domain in green and the NlpC/P60 domain in orange. The in silico predicted secondary structure of 
NlpC/P60Ela is shown in grey above the respective sequences. The catalytic triad comprising Cys, 
His and a polar residue is shown in red. Residues contributing to the S1 and S2 sites essential for 
substrate recognition in YkfCBce are highlighted in yellow and blue, respectively, while residues 
contributing to both sites are highlighted in green. The signal peptide sequence of YkfCBce is shown 
in grey.
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To learn more about the role of these enzymes in Chlamydia-like organisms, two 

putative NlpC/P60 proteins from Estrella lausannensis (Criblamydiaceae) and 

Simkania negevensis (Simkaniaceae) were chosen for detailed in silico analyses. As 

described in section 3.4.1 for Chlamydia YkfC, the primary sequences and predicted 

structures of both, E. lausannensis NlpC/P60Ela and S. negevensis NlpC/P60Sne, 

were compared to sequence and structure of B. cereus YkfC (YkfCBce).  

NlpC/P60Ela and YkfCBce share 28 % amino acid sequence identity. The catalytic 

residues as well as the majority of residues essential for substrates binding in YkfCBce 

are conserved in NlpC/P60Ela (fig. 3.23). The amino acid changes of some conserved 

residues in the S1 and S2 binding sites in NlpC/P60Ela are the same as observed in 

YkfCCtr and YkfCCpn (see section 3.4.1). As discussed for Chlamydia YkfC, these 

changes should not significantly alter the proposed interaction between the enzyme 

and its substrate. The catalytic triad characteristic for NlpC/P60 family peptidases is 

conserved in NlpC/P60Ela, but the third residue, which is a histidine in YkfCBce, is 

changed to glutamic acid. As observed for Chlamydia YkfC, no signal peptide 

sequence was predicted for NlpC/P60Ela neither with the SignalP-05 nor with the 

PrediSi tool (tab. 2.1). Sequence similarity of NlpC/P60Ela and YkfCBce allowed for 3D 

in silico modeling using the Phyre2 tool (tab. 2.1). The resulting NlpC/P60Ela protein 

structure was visualized using Chimera (tab. 2.1) and compared to the crystal 

structure of YkfCBce (Xu et al., 2010) (fig. 3.24). The comparison revealed that both 

SH3b domains, the NlpC/P60 domain with its characteristic secondary structure 

(described in section 3.4.1) and the catalytic triad are conserved in the 

E. lausannensis protein. 
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Figure 3.24. Comparison of 3D in silico models of YkfCBce and NlpC/P60Ela. Based on Phyre2 
alignment against the structure of (a) YkfCBce (Xu et al., 2010), the 3 D structure of (b) NlpC/P60Ela 
was predicted and modeled using the Chimera tool. The Sh3b1 domain is highlighted in blue, the 
Sh3b2 domain in green and the NlpC/P60 domain in orange. The catalytic triad comprising Cys, His 
and a polar residue is shown in red.

90°90°(a) YkfCBce
(b) NlpC/P60Ela
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   YkfCBce      MKKVGTAFLTTLFIFSSFTSAHAEEKKDSKAFIDVSAATLWTAPDSLRPIDVPSATNPVD 60

   NlpC/P60Sne  ------------------------------------------------------------ 0
                                                                                

   YkfCBce      LWKWTKSMTLDEKLWLTNANKLETQALLGQEVTVVDKKGDWVKVLVHGQPTPRNEEGYPG 120

   NlpC/P60Sne  -----------------------MTYFVPKVSTPVLNQADFQSV----------FGGVSG 27
                                             

   YkfCBce      WMPEKQLTYNQEFADKTNEPFVLVTKPTAILYINPSEKHKSLEVSYNTRLPLLSEDTISY 180

   NlpC/P60Sne  TLPFDQSNLVR--------AIEMIAFPGTVFEIVHE----HLD-------HILQVRTAEY 68
                    

   YkfCBce      RVLLPNGQKAWLRKNDGT---FYRSQNDIPTPAADDLINTGKMFLGLPYIWAGTSGF--- 234

   NlpC/P60Sne  PTLNP----LFVDRRFGTQKTKRPPEREKNLPAPKEILKRLKHQLGKPYIWGGNWGMGVP 124
                  

   YkfCBce      -----------------------GFDCSGFTHTIYKSHGITIPRDSGPQSRNGVAVDKE- 270

   NlpC/P60Sne  ELLRYYPPKKILTPLESVSWTCQGVDCSGLL---YEAVEGALPRNTQDLLFVGRPVPLEG 181

                          
   YkfCBce      --------HLQKGDLIFFAHDQGKGSVHHVAMYIGDGNMIHSPRAERSVEIIPL----- 316

   NlpC/P60Sne  VEWENIPSLLQPLDLIIWNG--------HMTIVYDNKSVIESKHEWGGVCMTDLQKRLR 232
                           

   YkfCBce      --------------NTPGYIEEYAGARRYLP 333

   NlpC/P60Sne  IIREEDKKIAADDPASVLQNRETFLVRRFLS 263

While NlpC/P60Ela shows sequential and structural similarities to Bacillus and 

Chlamydia YkfC, the putative S. negevensis NlpC/P60 protein differs from these 

proteins. Alignment of the primary sequences of NlpC/P60Sne and YkfCBce revealed 

that the two N-terminal Sh3b domains characteristic for YkfC peptidases are missing 

in NlpC/P60Sne. Only the C-terminal part of the protein, which contains the NlpC/P60 
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Figure 3.25. Primary sequence alignment of YkfCBce and NlpC/P60Sne. The secondary structure 
of YkfCBce (Xu et al., 2010) is shown above the sequence with the Sh3b1 domain in blue, the Sh3b2 
domain in green and the NlpC/P60 domain in orange. The in silico predicted secondary structure of 
NlpC/P60Sne is shown in grey above the respective sequences. The catalytic triad comprising Cys, 
His and a polar residue is shown in red. Residues contributing to the S1 and S2 sites essential for 
substrate recognition in YkfCBce are highlighted in yellow and blue, respectively, while residues 
contributing to both sites are highlighted in green. The signal peptide sequence of YkfCBce is shown 
in grey.
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domain, shows sequence similarities to YkfCBce (fig. 3.25). Consequently, since NlpC/

P60Sne lacks the SH3b1 domain, residues located in this domain that contribute to the 

S2-mDAP binding pocket in YkfCBce are absent. The catalytic triad of the NlpC/P60 

domain is conserved NlpC/P60Sne, with the third residue being a glutamic acid as in 

NlpC/P60Ela. As for NlpC/P60Ela, no signal peptide sequence was predicted for NlpC/

P60Sne. The differences in the primary sequence of NlpC/P60Sne and the other YkfC 

proteins analyzed in this work are also reflected in the overall structure of NlpC/

P60Sne. Unlike the 3D in silico models of the other chlamydial YkfC proteins, which 

showed the closest similarities to the crystal structure of YkfCBce (Xu et al., 2010), the 

predicted structure of NlpC/P60Sne showed the closest similarity to the crystal 

structure of the Trichomonas vaginalis NlpC/P60 PG hydrolase NlpC_A2 (fig. 3.26). 

The prokaryotic parasite T. vaginalis is thought to have acquired bacterial genes 

encoding NlpC/P60 family PG hydrolases by lateral gene transfer (Pinheiro et al., 

2018). Similar to other NlpC/P60 peptidases such as YkfCBce, NlpC_A2 consists of a 

C-terminal NlpC/P60 domain which includes the catalytic triad and is preceded by 

two Sh3b domains (Pinheiro et al., 2018) (fig. 3.26.a). As mentioned above, the two 

N-terminal Sh3b domains are absent in NlpC/P60Sne, therefore the Phyre2 alignment 

against NlpC_A2 focused on the NlpC/P60 domain.  

Taken together the in silico results indicate that NlpC/P60Ela is an ortholog of YkfCBce. 

NlpC/P60Sne carries the characteristic NlpC/P60 domain but differs significantly in its 

overall structure from YkfCBce as well as from YkfCCtr, YkfCCpn and NlpC/P60Ela. 
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Figure 3.26. Comparison of 3D in silico models of NlpC_A2Tva and NlpC/P60Sne. Based on 
Phyre2 alignment against the structure of (a) NlpC_A2Tva (Pinheiro et al., 2018) the 3 D structure of 
(b) NlpC/P60Sne was predicted and modeled with the Chimera tool. The Sh3b1 and Sh3b2 domains 
of NlpC_A2Tva are highlighted in blue and green, respectively. The NlpC/P60 domain of both proteins 
is highlighted in orange with the catalytic triad comprising Cys, His and a polar residue is shown in 
red.

90°90°(a) NlpC_A2Tva (b) NlpC/P60Sne
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3.4.8. YkfCCtr, NlpC/P60Ela and NlpC/P60Sne act as tripeptide peptidases in 

E. coli 

Many proteins of the NlpC/P60 peptidase superfamily function either as periplasmic 

PG endopeptidases or, like YkfC, as recycling enzymes that cleave peptides derived 

from PG degradation (Smith et al., 2001; Xu et al., 2010). To learn more about the 

putative role of NlpC/P60 enzymes in the PG turnover of Chlamydia and Chlamydia-

like organisms, complementation assays with plasmids encoding either YkfCCtr, 

YkfCCpn, NlpC/P60Ela or NlpC/P60Sne were performed in two different E. coli surrogate 

systems.  

Analysis of the in vitro activity of YkfCCtr strongly suggests that this enzyme acts as a 

recycling enzyme on PG-derived peptides (section 3.4.3). Therefore, activity of 

chlamydial NlpC/P60 enzymes was tested in an E. coli mutant strain reporting on 

degradation of the PG-derived L-Ala-γ-D-Glu-mDAP tripeptide. The strain, referred to 

in this work as E. coli dapD- Δmpl mutant (see sections  2.3.2.c and 2.6.1), was kindly 

provided by D. Mengin-Lecreulx (Université Paris-Sud). The E. coli mutant is 

auxotrophic for mDAP and deficient in the utilization of L-Ala-γ-D-Glu-mDAP 

tripeptide both through its incorporation into nascent PG precursors and through its 

degradation. Impairment of a critical enzyme of the L-Lys synthesis pathway encoded 

by dapD resulted in the mutant's autotrophy for mDAP. To prevent the direct 

incorporation of PG-derived tripeptide into newly synthesized PG precursors, the mpl 

gene, which encodes a ligase that links tripeptide to UDP-MurNAc, was deleted 

(Mengin-Lecreulx et al.,1996). In addition to the tripeptide ligase Mpl, E. coli also 

possesses a functional homolog of YkfC, the peptidase MpaA, which cleaves mDAP 

from the L-Ala-γ-D-Glu-mDAP tripeptide. Since MpaA expression in E. coli is reduced 

by the transcriptional regulator PgrR under nutrient-rich growth conditions (Uehara & 

Park, 2003; Shimada et al., 2013), mDAP-release from tripetided by MpaA is 

hampered under these circumstances. Therefore, as described by Mengin-Lecreulx 

and colleagues, an mpl- deficient E. coli strain requires mDAP supplementation 

under nutrient-rich growth conditions (Mengin-Lecreulx et al., 1996). 
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Incubating the E. coli dapD- Δmpl mutant in nutrient-rich medium during the 

complementation assay severely compromised its ability to utilize the L-Ala-γ-D-Glu-

mDAP tripeptide as a source of mDAP, resulting in its defective growth (fig. 3.27, 

empty vector control). Expression of YkfCCtr, NlpC/P60Sne and NlpC/P60Ela restored 

growth, with expression of YkfCCtr showing the strongest growth-promoting effect. 

The results suggest that all three proteins act as PG-derived tripeptide peptidases in 

E. coli and release sufficient amounts of mDAP promote growth (fig. 3.27). To 

investigate whether the observed growth rescue is conferred by the catalytic activity 

of the chlamydial NlpC/P60 enzymes, active site mutants of the enzymes were 

generated and tested in the complementation assay. In these mutants, YkfCCtrC172A, 

NlpC/P60ElaC193A and NlpC/P60SneC153A, the conserved cysteine residue within 

the catalytic triad (Cys172 in YkfCCtr, Cys193 in NlpC/P60Ela and Cys153 in NlpC/
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Figure 3.27. In vivo complementation of the E. coli dapD- Δmpl mutant using different 
chlamydial NlpC/P60 proteins. Growth kinetics of the E. coli dapD- Δmpl mutant in nutrient-rich 
media supplemented with 40 µM L-Ala-γ-D-Glu-mDAP tripeptide. The mutant was transformed with 
different pBAD24 constructs encoding YkfCCtr, YkfCCpn, NlpC/P60Ela and NlpC/P60Sne and active site 
mutants of these enzymes (YkfCCtrC172A, YkfCCpnC173A, NlpC/P60ElaC193A and NlpC/
P60SneC153A). Growth of the E. coli dapD- Δmpl mutant, which is auxotrophic for mDAP and cannot 
utilize PG-derived tripeptide under nutrient-rich conditions, was restored by cytoplasmic production 
of YkfCCtr, NlpC/P60Sne and NlpC/P60Ela, but not by cytoplasmic production of YkfCCpn. Cytoplasmic 
production of the active site mutants of the NlpC/P60 enzymes did not enhance cell growth. Error 
bars indicate ±s.d. (n=3).
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P60Sne) was replaced by alanine. None of the mutants was able to restore the growth 

of the E. coli dapD- Δmpl mutant strain beyond the level of empty vector control, 

suggesting that the complementation observed during expression of the chlamydial 

NlpC/P60 wild-type enzymes depends on their catalytic active site.  

In contrast to the other three chlamydial enzymes tested, neither expression of wild-

type YkfCCpn nor expression of its active site mutant YkfCCpnC173A was able to 

restore the growth of the E. coli dapD- Δmpl mutant strain (fig. 3.27). As described in 

section 3.4.2, unlike YkfCCtr, YkfCCpn could not be overproduced as a soluble protein 

in E. coli Bl21 because it aggregated in inclusion bodies. Like the E. coli Bl21 

producer strain, the E. coli dapD- Δmpl mutant strain may not be able to produce 

YkfCCpn in its active form under the conditions tested. Therefore, a possible function 

as a tripeptide peptidase for C. pneumoniae YkfC has yet to be investigated. 

Like the Bacillus PG recycling peptidase YkfCBce, YkfCCtr and YkfCCpn carry a catalytic 

Cys-His-His triad in their active site (section 3.4.1). NlpC/P60Ela and NlpC/P60Sne 

differ from the Chlamydia YkfCs in that in them the third catalytic residue of the triad 

is glutamic acid instead of histidine (section 3.4.7). Since some NlpC/P60 proteins 

with a Cys-His-Glu catalytic triad tend to be PG hydrolytic enzymes rather than PG 

recycling peptidases (Anantharaman & Aravind 2003), the difference in their catalytic 

triad could indicate a different physiological role of the chlamydial enzymes. To 

investigate this possibility, a second E. coli surrogate system was introduced to test 

whether the chlamydial NlpC/P60 proteins function as periplasmic endopeptidases 

that cleave the cross-bridges between PG glycan chains. 

The E. coli NlpC/P60 protein MepS (formerly named Spr) is a DD-endopeptidase that 

specifically cleaves D-Ala-mDAP cross-links within PG to allow incorporation of new 

glycan strands (Singh et al., 2012). It is known that E. coli mutants deficient in MepS 

exhibit a thermosensitive growth defect at low osmolarity (Hara et al., 1996). This 

phenotype was also observed in the E. coli ΔmepS mutant used in this work (see 

sections 2.3.2.c and 2.6.2). When E. coli ΔmepS expressed only the empty vector, its 

viability on low osmolarity nutrient broth agar plates decreased with increasing 

temperature (fig. 3.28.a-c). At an incubation temperature of 42 °C, cells became 

unable to grow (fig. 3.28.c). 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Since expression of the E. coli MepS protein compensated for the growth defect, the 

complementation assay allowed to examine possible periplasmic endopeptidase 

activity of YkfCCtr, YkfCCpn, NlpC/P60Ela, and NlpC/P60Sne. For all four enzymes 

tested, neither expression of the full-length wild-type protein nor expression of the 

respective active site mutant restored the growth of the E. coli ΔmepS mutant at 

42 °C (fig. 3.28.c). This result is consistent with the predicted lack of a signal peptide 

in the chlamydial enzymes (sections 3.4.1, 3.4.7), making periplasmic localization 

and hence PG endopeptidase activity unlikely. In case of YkfCCpn, its inability to 

restore growth could also be caused by the production of insoluble protein in E. coli, 

as discussed for its expression in the E. coli dapD- Δmpl mutant strain. 
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Figure 3.28. In vivo complementation of the E. coli ΔmepS mutants using different chlamydial 
NlpC/P60 proteins. Spot plate assay of an E. strain coli carrying a deletion for the gene encoding 
the periplasmic NlpC/P60 domain-containing PG endopeptidase MepS. E. coli ΔmepS was 
transformed with different pBAD24+ constructs encoding for E. coli MepSEco and for the cytoplasmic 
chlamydial NlpC/P60 proteins YkfCCtr, YkfCCpn, NlpC/P60Ela and NlpC/P60Sne and active-site mutants 
of the enzymes (YkfCCtrC172A, YkfCCpnC173A, NlpC/P60ElaC193A and NlpC/P60SneC153A). The 
E. coli ΔmepS mutant was incubated under low osmolarity conditions at (a) 30 °C, (b) 37 °C and (c) 
42 °C. As a negative control, E. coli ΔmepS was transformed with the empty pBAD24+ vector. While 
expression of MepSEco restored growth of the osmo- and temperature-sensitive mutant, expression 
of the chlamydial NlpC/P60 proteins did not result in complementation. 



Results

The results of the complementation assays support the hypothesis that YkfCCtr plays 

a role in peptide recycling rather than in PG degradation. Consistent with its in vitro 

activity on PG-derived peptides (section 3.4.3), YkfCCtr could restore cell growth 

when expressed in the E. coli dapD- Δmpl mutant strain. The data indicate that 

YkfCCtr is a functional γ-D-Glu-mDAP peptidase operating in cytoplasmic recycling of 

PG-derived peptides. Its predicted cytoplasmic localization makes a function as a 

periplasmic PG endopeptidase unlikely and indeed expression of YkfCCtr could not 

compensate for an E. coli ΔmepS mutant’s growth defect. This result is also 

consistent with the observed inability of purified YkfCCtr to use PG as a substrate 

(section 3.4.3). 

Not only YkfCCtr, but also the two tested NlpC/P60 enzymes from Chlamydia-like 

organisms were able to enhance the growth of the E. coli dapD- Δmpl mutant. Thus, 

NlpC/P60Ela and NlpC/P60Sne, can be identified as functional γ-D-Glu-mDAP 

peptidases in E. coli. In contrast, neither enzyme restored the growth of the E. coli 

ΔmepS mutant. Combined with the lack of a predictable signal peptide, these results 

suggest a cytoplasmic localization of NlpC/P60Ela and NlpC/P60Sne. The suggestion 

that NlpC/P60Ela is a recycling rather than a degrading enzyme of PG is consistent 

with the predicted structural similarities with YkfCBce (section 3.4.7), despite the fact 

that the enzymes differ in the last residue of the catalytic triad. Interestingly, the 

results of the complementation assays indicate that NlpC/P60Sne, despite its 

structural differences from YkfCBce and the other chlamydial NlpC/P60 proteins, is 

also involved in peptide recycling rather than PG degradation. 

!116



Results

3.4.9.  Recombinant B. subtilis YkfC does not show in vitro activity on lipid II 

Previous studies showed that YkfC orthologs from many free-living bacteria are γ-D-

Glu-mDAP peptidases that depend on a free N-terminal L-Ala terminus of the peptide 

for proper substrate recognition. This substrate specificity is thought to be essential to 

prevent interference with bacterial PG synthesis (Xu et al. 2010; 2015). In a previous 

study, B. cereus YkfC showed no activity on UDP-MurNAC-tripeptide which is the 

activated precursor of lipid II in PG biosynthesis (Xu et al. 2015). Here, the activity of 

recombinant B. subtilis YkfC (YkfCBsu) on the ultimate PG precursor lipid II (mDAP 

type) was tested. YkfCBsu was kindly provided by R. Kluj (Mayer group, Department 

of Microbiology/Organismic Interactions, University of Tübingen) and the in vitro 

activity assay was performed as described for YkfCCtr with the exception of 

adjustments in regard to the pH optimum of YkfCBsu. As observed for the Chlamydia 

enzyme, YkfCBsu did not use the PG precursor lipid II as a substrate. Reaction 

products of lipid II could not be detected, neither on the TLC specific for peptides nor 

due to changes in the running behavior of lipid II on the TLC specific for lipids (fig. 

3.29). This result is consistent with the previous findings by Xu and colleagues (Xu et 

al., 2015) and further confirms the substrate specificity of the YkfC recycling 

peptidase for PG-derived peptides with a free N-terminal L-Ala residue.  
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Figure 3.29. In vitro activity of YkfCBsu on PG precursor lipid II (mDAP type). TLC analysis 
showed that recombinant YkfCBsu from two different purifications (YkfCBsu 1 and 2; kindly provided by 
R. Kluj, University of Tübingen) did not use lipid II as a substrate as shown for the chlamydial 
carboxypeptidase PBP6Cpn (kindly provided by I. Löckener, Henrichfreise lab). DD-CPase activity of 
PBP6Cpn releases the C-terminal D-Ala residue from the pentapeptide stem of lipid II (‘lipid II penta’), 
generating lipid II with a tetrapeptide stem (‘lipid II tetra’) that showed altered migratory behavior on 
the lipid TLC. Free D-Ala released during this process becomes visible on the peptide TLC.
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4.  Discussion 

During the course of evolution, chlamydiae became more and more adapted to their  

intracellular lifestyle and developed into experts in surviving inside their host cells. 

Due to their special characteristics, some difficulties hampered research on 

chlamydiae. After the first description of C. trachomatis as causing agent of the 

infectious eye disease trachoma in 1907 (von Prowazek & Halberstadter, 1907), it 

took over fifty years until chlamydiae were identified as bacteria (Moulder, 1966). 

Their obligate intracellular lifestyle and the resulting impossibility to cultivate these 

organisms in classical nutrient media had lead to their previous classification as 

viruses. To make the matter even more difficult, these organisms appeared to be 

deprived of peptidoglycan (PG), while being susceptible towards cell wall targeting β-

lactam antibiotics (Matsumoto & Manire, 1970; Moulder 1993). This phenomenon, 

called ‘chlamydial anomaly’ (Moulder 1993), was explained by the finding that PG 

biosynthesis in Chlamydiaceae is tightly regulated in terms of both time and space 

and was therefore difficult to detect (Liechti et al., 2014).  

As human pathogens, chlamydiae are versatile in terms of host species and tissue. 

While C. trachomatis serovars A-C infect the eye, serovars D-K cause chlamydial 

urogenital tract infection and are considered to be one of the most prevalent sexually 

transmitted diseases. However, it was estimated that only about 10 % of men and 

5-30 % of women with laboratory-confirmed chlamydial urogenital tract infection 

develop symptoms (Farley et al., 2003; Korenromp et al., 2002), which means that 

the infection is often ‘silent‘ and may be overlooked. If the infection is left untreated, 

C. trachomatis could ascend to the upper genital tract where it causes pelvic 

inflammatory disease which may lead to ectopic pregnancy and infertility in women 

(Price et al., 2013; Brunham et al., 2015).  

The prevalence of chlamydial infection and the resulting burden of disease in 

Germany however relies on estimations since epidemiological data is scarce. While 

female infertility as a long term consequence of C. trachomatis infection has been 

extensively studied, male infertility due to chlamydial infection has only recently come 

to researchers' attention. Recent studies indicate that asymptomatic urogenital 

infections caused by C. trachomatis are correlated with male infertility (Ahmadi et al., 

2018; Bryan et al., 2019). A gap in knowledge regarding the causing mechanisms of 

infertility between female and male patients is not limited to chlamydial infections but 
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is also the outcome of gender-biased neglect, a systemic problem in all scientific 

fields but with dire consequences in medicine. Although men and woman are just as 

likely to contribute to a couple’s infertility, historically female factors are more often 

assumed to be its cause (Schilit, 2019; Turner et al., 2020). Therefor male factors of 

infertility are often overlooked creating situations in which ‘women are the patients 

when male infertility is the disease’ (Turner et al., 2020). 

How is it that chlamydia among all pathogens are so adept at escaping not only 

researcher's notice but also the immune response of their hosts? As far as pathogens 

go, chlamydiae come up as almost pathetically small and non-virulent. The 

insidiousness of chlamydial infection lies not in toxins or other factors of 

pathogenicity, but rather in their ability to persist long term by halting their cell division 

and evade immune response. In the persisting state, chlamydiae can endure cellular 

stress induced by pro-inflammatory cytokines, antibodies, and antimicrobial 

substances (Hogan et al., 2004). When more favorable environmental conditions are 

reestablished, they return to their regular life cycle. Over an extended period of time 

tissue damage and scarification adds up. In addition to long term infection, unnoticed 

infections and treatment failures may also lead to reinfection. The gastrointestinal 

tract can become a chlamydiae reservoir from which reinfection of the urogenital tract 

by a fecal-oral-route can occur (Yeruva et al., 2013). Additionally, renewed sexual 

contact with a insufficiently treated partner may also result in a reoccurring of the 

infection. The epidemiological extent of a long term chlamydial infection, wether it is 

caused by persistence or reinfection, is unknown. Although a follow up screen 

approximately 3 months after treatment of a chlamydial infection is recommended in 

the treatment guideline for STIs by the US Centers for Disease Control and 

Prevention (Workowski et al., 2021), surveillance data is lacking - especially in males. 

However, key to this insidious but effective lifestyle and strategy lies within chlamydial 

cell division and its regulation. The bacterial cell division machinery is inextricably 

linked to the PG biosynthesis process during septum formation,  even in cell wall-less 

Chlamydia. At the same time elaborate and minimalist, chlamydial PG turnover 

seems to be a precisely set process which preserves the steps necessary for cell 

division but which is also adapted to the intracellular lifestyle. The following sections 

will discuss this work’s results and their role in understanding the interplay between 

!119



Discussion

chlamydial (i) peptidoglycan biosynthesis and cell division (ii) peptidoglycan 

degradation, and (iii) recycling of peptidoglycan. 

Chlamydial peptidoglycan biosynthesis and cell division 

The bacterial phylum Chlamydiae is part of the PVC superphylum which is named 

after its three first known members, Planctomycetes, Verrucomicrobia and 

Chlamydiae, but also includes Lentisphaerae, Kirimatiellaeota and some uncultured 

candidate phyla (Wagner & Horn, 2006; Rivas-Marín & Devos, 2018). Bacteria inside 

this superphylum exhibit very different lifestyles and phenotypes. While all known 

members of Chlamydiae depend on distinct host cells due to their obligate 

intracellular lifestyle, many species of the other phyla are mainly free-living bacteria. 

Most PVC superphylum members especially inside Verrucomicrobia possess a cell 

envelope with a PG sacculus and typical characteristics of Gram-negative bacteria 

(Rivas-Marín & Devos, 2018).  

Of note, in free-living members of Planctomycetes, PG structures were difficult to 

detect and their exact composition remained unsolved for a long time. Unlike 

Chlamydia, these bacteria are not susceptible to β-lactam antibiotics (Cayrou et al., 

2010) with exception of anaerobic ammonium-oxidizing (anammox) planctomycetes 

whose growth is inhibited in presence of penicillin (Hu et al., 2013). However, in 

2015, two studies proved the existence of a mDAP-containing PG layer in members 

of Planctomycetes and anammox Planctomycetes (Jeske et al., 2015; van Teeseling 

et al., 2015). Thickness of these PG layers were relatively thin but still within the 

range reported for PG in other Gram-negative bacteria. Based on light and electron 

microscopic experiments, the authors assumed that PG sacculi completely cover the 

cells (Jeske et al., 2015; van Teeseling et al., 2015). 

Inside Chlamydiae, an intact PG sacculus enclosing the cell was so far only detected 

in Protochlamydia amoebophila of the Parachlamydiaeceae (Pilhofer et al., 2013). 

Members of pathogenic Chlamydiaceae are lacking a PG envelope. In these 

organisms, metabolism and turnover of PG is tightly controlled and it is only found in 

a narrow ring that is transiently formed at cell division septum (Liechti et al. 2014; 

2016; Packiam et al., 2015). Assembly of a septal PG ring combined with an 

otherwise reduced PG content is a phenomena which members of Chlamydiaceae 

share with anammox Planctomycetes K. stuttgartiensis. In this organism, PG was not 
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only found to be located in the cell wall but also in the exact same cell compartment 

in which the cell division ring was observed (van Teeseling et al., 2015; van Niftrik, 

2009).  

Although PG is present at the cell division septum in both phyla, neither genomes of 

Chlamydiae nor Planctomycetes encode the tubulin-like homolog GTPase FtsZ. In 

almost all other bacteria, FtsZ is essential for bacterial cell division due to its role in 

divisome recruitment as well as septal constriction (Weiss, 2004). Other members of 

PVC superphylum like Verrucomicrobia and Candidatus Omnitrophica retained FtsZ 

(Rivas-Marín & Devos, 2018). FtsZ becomes non-essential in the L-form of Gram-

positive Bacillus which temporarily lacks a PG sacculus and seems to propagate by a 

bleeping-like process of poorly regulated membrane distortions by which vesicles are 

formed and released (Leaver et al., 2009). It was speculated that this mechanism, 

which is highly susceptible to changes in osmolarity and desiccation, might be a 

primordial form of bacterial propagation before a cell wall and binary fission were 

developed (Errington et al. 2016). However, there are bacteria which seemingly lack 

a PG sacculus but retain FtsZ, such as intracellular endosymbiontic Wolbachia 

(Lefoulon et al., 2016). Furthermore, in contrast to the presumably evolutionary old 

form of cell propagation described by Errington and colleagues, FtsZ-lacking cell 

division in Chlamydiaceae does not correlate with the complete absence of PG and 

in cases of Planctomycetes and Protochlamydiaeceae not even with the absence of 

a PG cell wall. In these organisms, division is a highly regulated process which is 

characterized by polarized budding rather than by binary fission (Tekniepe et al, 

1981; Abdelrahman et al., 2016).  

In C. trachomatis, cell division starts with enlargement of a polarized RB, followed by 

asymmetric expansion of its MOMP-enriched pole which results in the formation of a 

budding nascent daughter cell (Abdelrahman et al., 2016). In the further progress, 

asymmetric cell poles mature into two equally sized daughter cells separated by a 

septum containing a transient PG ring which is remodeled during constriction and 

degraded afterwards (Liechti et al., 2016). In FtsZ lacking chlamydiae, actin-like 

homolog MreB which is associated with PG sidewall synthesis during cell growth in 

free-living bacteria such as E. coli and B. subtilis (Doi et al., 1988; Jones et al., 2011), 

appears to act as the constrictive filament in combination with RodZ by controlling 

assembly and degradation of the PG ring (Pilhofer et al., 2008; Ouellette et al., 2012; 
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Liechti et al., 2016). In line with a function of MreB in chlamydial cell division, a recent 

study detected MreB rings at the division site of C. trachomatis (Lee et al., 2020).  

In free-living bacteria, a tight interplay of PG turn-over and cell cycle is essential to 

allow necessary changes of the cell wall during division, while simultaneously 

ensuring maintenance of a osmoprotective and thereby vital PG sacculus. Existence 

of a rudimentary PG biosynthesis machinery in obligatory intracellular chlamydiae 

indicates that even in a habitat in which osmoprotective qualities become obsolete, 

PG turnover and division are tightly coupled processes which can not be separated.  

In the course of evolutionary adaption to an intracellular lifestyle, chlamydial genome 

size was highly reduced (Collingro et al, 2011), but a nearly complete set of genes 

required for synthesis of PG precursor lipid II is still present (Stephens et al., 1998). A 

recent study found a pattern of loss and retention of genes associated with PG 

biosynthesis which is common in a group of unrelated obligate intracellular bacteria. 

This group includes the Chlamydia-like organism P. amoebophila as well as 

C. trachomatis and is characterized by the presence of genes encoding orthologs of 

MurA-MurG, MraY, the SEDS proteins RodA/FtsW and the class B (monofunctional 

transpeptidases) PBPs PBP2/PBP3 (FtsI), but the absence of any class A 

(bifunctional transpeptidases and transglycosylases) PBPs (Otten et al., 2018). In 

C. trachomatis, transcriptional activity of genes associated with lipid II biosynthesis 

peaks when RB replication is in full swing at 16-18 hours post infection (hpI) 

(Nicholson et al., 2003; Belland et al., 2003).   

While the soluble PG precursor UDP-MurNAc-pentapeptide is assembled in the 

cytoplasm, final assembly the of ultimate cell wall building block, lipid II, takes place 

at the inner membrane. UDP-MurNAc-pentapeptide is linked to membrane carrier 

undecaprenyl phosphate (C55-P), yielding the precursor lipid I. This reaction is 

catalyzed in a Mg2+-dependent manner by the integral membrane protein MraY. Next, 

the sugar unit GlucNAc is added by membrane-associated transferase MurG, 

producing lipid II (Bouhss et al., 2008). Functional conservation of MraY and MurG 

has been shown for C. pneumoniae (Henrichfreise et al., 2009). Subsequent 

transport of lipid II across the cytoplasmic membrane to incorporate the precursor 

into the PG network could be facilitated by MurJ which is conserved in the chlamydial 
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genome and was shown to act as a lipid II flippase in free-living Gram-negative 

bacteria (Sham et al., 2014). 

In this work, muraymycin D2 and its derivates M22, M38, M76 and M92 were tested 

for their effect on the activity of the recombinant Chlamydia translocase MraY. 

Muraymycins are uridine-derived nucleoside-peptide antibiotics and known inhibitors 

of MraY in free-living bacteria (McDonald et al., 2002; Yamashita et al., 2003). 

Previous studies in the Henrichfreise group revealed a persistence-like phenotype in 

cell culture experiments with C. trachomatis that was interpreted as a chlamydial 

stress response to treatment with muraymycins (Klöckner, 2016). However, it was not 

established whether the effect might also be influenced by host cell stress, since 

cytotoxicity and interaction of these compounds with chlamydial MraY have not been 

analyzed yet. 

Due to its ten transmembrane domaines, heterologous overproduction of chlamydial 

MraY for biochemical characterization is a tedious and elaborate process. A protocol 

by Henrichfreise an colleagues allows for the purification of active C. pneumoniae 

MraY (MraYCpn) but does not preclude contamination with co-purified MraY of the 

E. coli producer strain (MraYEco) (Henrichfreise et al., 2009). Different approaches in 

this work to optimize the purification of MraYCpn and to avoid contamination with 

MraYEco remained unsuccessful. However, the production of lipid I detected in this 

work’s in vitro assay can also be attributed to the activity of MraYCpn. Its complete 

inhibition in the presence of a muraymycin D2 and its derivates M22, M38, M76 and 

M92 suggests an inhibitory effect of these compounds on the chlamydial enzyme. 

The antichlamydial effect of muraymycin and its derivates against C. trachomatis in 

cell culture experiments could therefore not only be due to host cell stress alone, but 

also be the result of MraY inhibition. 

To determine how blocking of lipid I biosynthesis affects the infectious cycle of 

pathogenic Chlamydia, muraymycins and caprazamycins were tested in an infection 

model. While an actual in situ chlamydial infection of the human urogenital tract can 

not be simulated within the cell culture model used here, it enables valuable insights 

into an agent’s effects on chlamydial cell cycle and on the interplay between 

C. trachomatis D/UW-3/CX and their Hep2 hosts cells. Core element of this model, 
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established for the Henrichfreise group by A. Klöckner and further optimized by M. 

Brunke, is the fluorescence microscopy-based analysis of chlamydial infection as 

described by Kintner and colleagues (Klöckner, 2016; Brunke, 2018; Kintner et al., 

2014). Klöckner additionally introduced the parallel performances of Alamar Blue 

cytotoxicity assays that allow monitoring of the host cell’s viability (Klöckner, 2016). It 

should be noted, that not all impairments of the host cells are necessarily reflected in 

this kind of cytotoxicity assay. In this work, viability of Hep2 cells appeared to be only 

slightly affected in the presence of a set of tested antimicrobial candidate compounds 

(CC3, CC4, CC6 and CC7) when the effects were monitored by the cytotoxicity assay 

alone. However, additional microscopy-based analysis revealed severe disruptions of 

the host cell cytoplasm structure under treatment with those test compounds. Thus, 

to reliable monitor host cell viability, it is necessary to combine conventional 

cytotoxicity assays and microscopy-based analysis. Using this method, it was shown 

that muraymycin D2 and its derivates M22, M23, M38 and M100 are likely to directly 

affect the chlamydial development since anti-chlamydia activity was observed at 

concentrations at which the compounds had no detectable cytotoxic effect on Hep2 

cells, neither in the Alamar Blue assay nor in the microscopic analysis. 

As described above, in previous studies at the Henrichfreise group, treatment of a 

productive C. trachomatis infection with muraymycin D2 and derivates of this agent 

induced a chlamydial phenotype similar to that observed for β-lactam-induced 

persistence. The only exception was derivate M98 that exhibited a bactericidal effect 

(Klöckner, 2016). In this work, testing these compounds in a C. trachomatis infection 

model for MIC determination at an early stage of infection confirmed the previous 

results. Muraymycin D2 and the tested derivates induced a persistent state with 

enlarged AB morphology, while M98 cleared the infection. Since, in this work, an 

inhibiting effect of muraymycin on chlamydial MraY was observed in vitro, these 

results indicate that MraY plays an essential role in the chlamydial cell division 

process and blocking of the translocase impairs chlamydial fitness.  

To understand a drug's effect towards chlamydiae, its specific target structures within 

the chlamydial cell needs to be assessed. It was shown that PG-targeting antibiotics 

affect the chlamydial division differently depending on wether they block septal PG 
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ring assembly or the biochemically upstream process of PG precursor biosynthesis 

(Jacquier et al., 2014; Cox et al., 2020; Brockett & Liechti, 2021).  

When subjected to β-lactams such as ampicillin, penicillin G and piperacillin, which 

target the final, periplasmic steps of PG assembly, C. trachomatis is still capable of 

synthesizing PG material to a detectable amount (Liechti et al., 2016; Cox et al., 

2020; Brockett & Liechti, 2021). During ampicillin-induced persistent state, PG glycan 

strands are still produced in Chlamydia, but their localization is no longer restricted to 

a single division septum (Brockett & Liechti, 2021). Under penicillin G and piperacillin 

treatment, C. trachomatis can initiate division by asymmetric membrane expansion 

but it arrests at a very early stage of nascent daughter cell formation with only a 

partial PG ring being detectable at the division site (Cox et al., 2020). In comparison, 

chlamydial division halts at an earlier stage when cells are treated with antibiotics 

blocking PG precursor lipid II biosynthesis rather than septal PG assembly. D-

cycloserine is a structural analog of amino acid D-Ala found in the PG stem peptide 

and a compound with antichlamydial activity (Moulder et al., 1963). Studies found two 

targets of this agent inside the chlamydial lipid II biosynthesis pathway: D-Ala ligase 

activity of the C. trachomatis MurC-Ddl fusion protein as well as activity of the 

C. pneumoniae alternative alanine racemase GlyA (McCoy & Maurelli, 2005; De 

Benedetti et al., 2014). Interestingly, D-cycloserine treatment affects C. trachomatis 

development similar to treatment with inhibitors of MreB, the major organizer of 

chlamydial division complex (Ouellette et al., 2012; Cox et al., 2020). When MreB 

activity is inhibited in C. trachomatis, PG is no longer detectable (Liechti et al., 2016; 

Brockett & Liechti, 2021). Under treatment with D-cycloserine as under treatment with 

MreB inhibitor A22, chlamydial cells become unable to innate polarized division by 

asymmetric membrane expansion and  thus to enter a stage of septal PG assembly 

(Cox et al., 2020).  

Looking at Chlamydia-like organisms, in which PG metabolism encoding genes are 

conserved to varying degrees, helps putting these observations into context. In 

Waddlia chondrophila, inhibition of cytoplasmic lipid II synthesis blocks not only cell 

division but also diminishes septal localization of RodZ, which is thought to be the 

early division regulator of MreB in Waddlia (Jacquier et al. 2014; Liechti et al. 2016). 

Consistently, septal localization of the PG degrading enzyme SpoIID in 

W. chondrophila also depends on PG precursor synthesis (Jacquier et al., 2019). In 
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Chlamydiaceae, the cell division process cannot start when the cytoplasmic lipid II 

biosynthesis is blocked (Cox et al., 2020). Furthermore, chlamydial division organizer 

MreB was shown to interact with cytoplasmic lipid II biosynthesis enzymes MurF and 

MurG and with MraY which catalyzes the first membrane-bound step of this synthesis 

pathway (Gaballah et al., 2011; Ouellette et al., 2014). These findings suggest that 

the chlamydial division machinery is stabilized at the division site during the act of PG 

synthesis. According to this model, muraymycins which block generation of PG 

precursor lipid I by inhibiting chlamydial MraY would diminish assembly of the division 

machinery and thus the division process in Chlamydia. Consistent with this 

hypothesis, it was shown in this work that susceptibility of C. trachomatis to 

muraymycin D2 was increased if the compound was added to the infection when 

division of RBs is nearing its peak as compared to an earlier treatment.  

While formation of ABs under treatment with muraymycin is consistent with effects 

observed for other antibiotics targeting chlamydial lipid II biosynthesis, a bactericidal 

effect of any of these derivates is unexpected. Due to residence within an 

osmotically-stable environment, Chlamydia appears to be protected from bactericidal 

effects of PG biosynthesis-targeting antibiotics that occur in free-living bacteria. 

Neither treatment with D-cycloserine nor with fosmidomycin, an inhibitor of isoprenoid 

biosynthesis that induces shortage of membrane carrier undecaprenyl phosphate 

and thereby affects lipid II biosynthesis in Chlamydia, resulted in clearance of 

chlamydial infection but induced persistence instead (Cox et al., 2020; Slade et al., 

2019). However, the productive C. trachomatis infection was cleared when subjected 

to muraymycin derivate M98 in MIC determination assays. Additionally it was 

observed that muraymycin D2 did not change the RB phenotype but significantly 

reduced the number of infected host cell, when added to late active infection. 

If the observed bactericidal effect of muraymycin derivat M98 is not entirely due to an 

interfering effect of this compound on host cells, a reasoning supported by the fact 

that Hep2 morphology appears unaffected by the compound, it could be explained by 

additional targets beside MraY as postulated by Klöckner in 2016 (Klöckner, 2016). It 

stands to reasons that either inhibition of a putative additional target or the combined 

effect of the muraymycin derivate on this target and MraY reduces the chlamydial 

infection rate. However, it is not yet known whether further targets exist within 

chlamydiae. The nucleoside antibiotic tunicamycin inhibits different enzymes that link 

!126



Discussion

UDP-activated hexose sugar moieties to membrane-embedded lipid carriers (Price et 

al., 2007). Thus, tunicamycin does not only inhibit MraY (Ikeda et al., 1991), but also 

TarO which catalyzes the transfer of the UDP-activated GlucNAc to C55-P during wall 

teichonic acid (WTA) synthesis in Gram-positive Staphylococcus aureus (Campbell et 

al., 2011). Within this pathway, another additional target of tunicamyin can be found, 

the epimerase MnaA that catalyzes the conversion of UDP-Glc-NAc to UDP-ManNAc 

(Mann et al., 2016). It remains to be elucidated whether muraymycins could also be 

able to affect other enzymes besides MraY that use UDP-activated hexose sugar 

moieties as substrates. However, since the chlamydial cell envelope does not contain 

WTA, none of the enzymes involved in its biosynthesis are present or plausible in 

C. trachomatis. Apart from the septal PG ring, only one other sugar-containing 

polymer of the cell envelope is known for chlamydiae which is the outer membrane’s 

LPS. In contrast to free-living Gram-negative bacteria, but consistent with the  

specific structure of chlamydial LPS, Chlamydia lacks a homolog of sugar transferase 

WecA, which would otherwise be a potential target of muraymycins. However, in the 

first step of chlamydial LPS biosynthesis, UDP-activated GlucNAc is linked to myristic 

acid by the transferase LpxA and further upstream in the process, hydroxylated 

arachidic acid is transferred to the sugar unit by LpxD (Kosma, 1999; Sweet et al., 

2001). In order to analyze the bactericidal effect of muraymycin D and M98, it might 

be interesting to investigate whether they are able to affect activity of these enzymes. 

The ability to change into a persistent state protects chlamydiae against antibiotic 

treatment resulting in long-term unnoticed, possibly subclinical infection. Thus, 

although acquisition of canonical antibiotic resistance mechanisms rarely occurs in 

Chlamydia (Suchland et al., 2017), treatment failure and long term subclinical 

chlamydial infection are common problems (Geisler et al., 2013). Antichlamydial 

compounds that eliminate a persistent C. trachomatis infection could therefore be 

promising to find novel treatment options.  

The cell culture model for Chlamydia infection was expanded by A. Klöckner and M. 

Brunke to allow systematical analysis of a persisting infections’s susceptibility to 

antimicrobial agents (Klöckner, 2016; Brunke, 2018). In this approach, persistence is 

induced by treatment with β-lactam penicillin G prior to adding the compound of 

interest to the chlamydial infection. In C. trachomatis under penicillin treatment, AB 
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formation is induced and division is rested at an early stage of daughter cell 

formation (Matsumoto & Manire 1970; Cox et al., 2020). In this work, muraymycin D2 

had an antichlamydial effect when added at high concentrations to the persistent 

infection model. The number of infected host cells decreased and the size of 

remaining inclusions was reduced compared to the phenotype observed for 

treatment with penicillin G. However, it is still unknown which number of remaining 

chlamydial cells is needed to endure in a host and cause long-term (re)infection. 

Therefore further studies are needed to assess whether muraymycin D2 could 

eradicate persistent C. trachomatis to an extent sufficient to prevent the infection 

from recurring after the end of treatment. 

Even though a clinical application remains unlikely, muraymycin D2 and it derivates 

remain enthralling tools in the further understanding of chlamydial physiology. Due to 

their non-toxic effect towards Hep2 host cells, these compounds as well as the MurJ-

inhibitor 3 could be of use to learn more about the role of the membrane-bound steps 

of lipid II synthesis during chlamydial division.  

Chlamydial peptidoglycan degradation  

In order to successfully complete the division process by daughter cell separation in 

chlamydiae, the chlamydial PG ring has to be degraded by enzymes located inside 

the periplasm. While a large and diverse group of PG hydrolyzing enzymes can be 

found in free-living bacteria, the set of chlamydial PG degrading enzymes appears to 

be limited (Klöckner et al., 2018). 

Genomes of Chlamydia as well as of Chlamydia-like organisms code for a cell 

division amidase as well as for a protein named ‘SpoIID’ which is thought to act as a 

lytic transglycosylase on PG (Klöckner et al., 2014; Frandi et al., 2014; Jacquier et 

al., 2019). Whereas it is thought that in Chlamydia-like organism W. chondrophila a 

septal enzyme might act as an endopeptidase (Frandi et al., 2014), members of 

Chlamydia seem to lack genes encoding common endopeptidases which cut cross-

linked peptide side chains of PG. Chlamydial genomes encode a protein containing 

an NlpC/P60 domain which might identify this enzyme as a PG hydrolase. However, 

this domain is also found in a range of other enzymes that play a role in PG-derived 

peptide recycling (Anantharaman & Aravind, 2003). PG hydrolytic activity was 

observed for the NlpC/P60 enzyme of C. pneumoniae (Cpn0245) in a dye-release 
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assay (Bühl, 2019). Here it was shown that the ortholog of C. trachomatis (Ct127) 

shows no in vitro activity towards PG but is rather a recycling peptidase of PG-

derived peptides (see ‘Chlamydial peptidoglycan recycling’).  

While existence of chlamydial endopeptidase activity remains controversial, it is 

known that Chlamydia as well as Chlamydia-like organisms encode a PG hydrolyzing 

N-acetylmuramyl-L-alanine amidase (AmiA) (Klöckner et al., 2014; Frandi et al., 

2014). In contrast to E. coli harboring three major amidases (AmiA, AmiB, AmiC) with 

overlapping, but not necessarily redundant, activities that are needed for proper cell 

separation (Uehara & Bernhardt, 2011), C. trachomatis only has one. By cutting 

between L-Ala at the first position of the peptide stem and MurNAc, these amidases 

remove the entire peptide side chain from the PG sugar backbone (Vollmer et al., 

2008b). Their activity needs to be tightly controlled to ensure that these enzymes 

hydrolyzes PG at the appropriate time and place. On a structural level, amidase 

activity is regulated by a conserved α-helix which occupies the active site and whose 

autoinhibitory effect can only be reversed in presence of regulatory proteins (Yang et 

al., 2012). Activator protein EnvC specifically stimulates AmiA and AmiB, whereas 

NlpD is responsible for AmiC activation (Uehara et al., 2009; 2010). A similar 

mechanism with an autohinibitory domain occupying the active site can be found in 

other enzymes associated with PG degradation, such as Auto, an aminidase of 

Listeria monocytogenes, RipA an endopeptidase of Mycobacterium tuberculosis and 

possibly also in E. coli EnvC (Bublitz et al., 2009; Ruggiero et al., 2010; Cook et al., 

2020).  

By the start of cell division in E. coli, Z-ring formation recruits the FtsEX protein 

complex midcell by which EnvC is also recruited, whereas NlpD localization occurs 

latter in the process (Schmidt et al., 2004; Peters et al., 2011). In contrast to AmiB 

and AmiC which are specifically recruited to the divisome where they find their 

corresponding activators, AmiA localizes peripherally (Bernhardt & de Boer, 2003). 

However, cell separation is not strongly affected in E. coil mutants lacking AmiB and 

AmiC, indicating that AmiA alone can promote relatively efficient septal PG splitting 

(Chung et al., 2009). Furthermore, while AmiB and AmiC alone cannot support 

normal cell separation or cell wall integrity in neutral medium, AmiA appears to be 

active during both neutral and acidic conditions (Mueller et al., 2021). The 

observations that AmiA is neither specifically located at the division site nor sensitive 
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in its activity towards changes in the pH value, emphasize the importance of the 

enzyme’s autoinhibitory mechanism to prevent uncontrolled PG hydrolyzing activity. 

Structural analysis revealed that the domain, which changes its conformation to 

either allow access to or block the amidase active site, includes the autoinhibitory α-

helix, an unstructured loop region and the first part of a following α-helix (Yang et al., 

2012). Interestingly, it was shown that the amino acid sequence of chlamydial AmiA 

lacks an autoinhibitory α-helix and consistently proven that C. pneumoniae AmiA is 

active by default (Klöckner et al., 2014). Here, comparison of 3D structures models of 

AmiA from E. coli (AmiAEco), C. pneumoniae (AmiACpn) and C. trachomatis (AmiACtr) 

further revealed that the complete structure associated with autoinhibition in AmiAEco 

is missing in both chlamydial orthologs (fig. 4.1). Based on this result, AmiAEco mutant 

AmiAEco_ΔA148-S191 lacking this domain was generated by M. Brunke for this work. 

Here, similar to AmiACpn, the AmiAEco_ΔA148-S191 mutant showed basal activity 

when being produced in E. coli that results in lysis of the expression strain. 

It was shown by Yang and colleagues that basal hydrolytic activity of E. coli amidases 

on RBB-stained PG in a dye-please assay is inversely correlated with the stability of 

!130

AmiAEco AmiACpn AmiACtr

Figure 4.1. Comparison of 3D in silico models of AmiAEco, AmiACpn and AmiACtr. Conserved 
residues of the amidase active site are highlighted in red. The autoinhibitory structure of AmiAEco 
(highlighted in orange) is missing in both chlamydial homologs. In AmiACpn, a SxxK and a SxN motif 
are conserved which are typically found in PBP DD-CPases. SxxK (highlighted in purple) is located 
at the first a-helix distal to the SxN motif (highlighted in light blue). The serine residue of the SxxK 
motif is essential for the additional DD-CPases activity of bifunctional AmiACpn (Klöckner et al., 
2014). In AmiAEco, the SxxK motif’s serine is conserved, while lysine at the motif’s fourth position is 
replaced by arginine (highlighted in pink) and the complete SxN motif is missing. In AmiACtr the SxN 
motif is preserved, but the SxxK motif found in AmiACpn is absent. Instead, another SxxK motif 
(highlighted in cyan) is located next to SxN (highlighted in light blue). All 3D models are based on 
Phyre2 alignment against the structure of E. coli AmiC (Rocaboy et al., 2013).
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interaction between autoinhibotory α-helix and active site. AmiAEco has almost no 

activity without regulatory protein EnvCEco, while its mutant AmiAEcoE167L in which a 

residue important for inserting the α-helix into the active site was changed to lysine 

showed approximately 29 % of activated AmiAEco activity (Yang et al., 2012). Here, it 

was shown that the basal activity of AmiAEco in a dye-release assays is even further 

enhanced when the whole autoinhibitory domain is deleted. AmiAEco_ΔA148-S191 

showed approximately 66 % of the PG hydrolyzing activity of EnvCEco-activated 

AmiAEco. Since interaction between regulatory α-helix and active site is destabilized, 

but the autoinhibitory domain is still present in AmiAEcoE167L, it is no surprise that its 

basal activity is lower compared to a mutant completely lacking this domain. 

Interestingly, this changed when an activator was present. Under these conditions, 

activity of AmiAEcoE167L was even higher than that of wild type AmiAEco (Yang et al., 

2012), while activity of AmiAEco_ΔA148-S191 decreased to 22 % in presence of 

EnvCEco. Yang and colleagues did not use full length EnvCEco but rather a C-terminal 

fragment which carries a LytM domain which directly interacts with E. coli amidases 

(Peters et al., 2013) and has been shown to be sufficient for their activation (Uehara 

et al., 2010). Here, full length EnvCEco was used to induced PG hydrolytic activity of 

AmiAEco in vitro, consistent with its proven activating activity on AmiAEco using lipid II  

as a substrate (Klöckner, 2016). Prove of full length EnvC's ability to activate AmiAEco 

in vitro questions the current hypothesis that EnvCEco is itself also autoinhibited by a 

restraining domain and can thereby not interact with amidases until it itself is 

activated by the FtsEX complex (Cook et al., 2020). However, PG hydrolyzing activity 

of the AmiAEco autoinhibitory domain deletion mutant is not only basal without 

necessity to be activated by EnvCEco, but is even reduced in its presence. This 

observation might indicate a possibility of further interactions between both proteins. 

If the autoinhibitory domain is missing, the ‘correct’ activating interaction could no 

longer occur, so there might be another, misdirected interaction by which amidase 

activity is hindered.  

The complete autoinhibitory domain structure, whose importance for suppressing 

uncontrolled PG hydrolyzing activity of AmiAEco was confirmed by this study, is 

missing in AmiA orthologes of Chlamydia. It has been shown that AmiACpn is by 

default an active enzyme (Klöckner et al., 2014; Klöckner, 2016) and the same was 

shown to be true for AmiACtr in this work. Consistently, Chlamydia genomes neither 
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code for regulatory factors EnvC and NlpD nor for the FtsEX complex. Obviously, in 

absence of an inhibitory domain, there must be an alternative mechanism by which 

chlamydial AmiA is regulated, but so far it can only be speculated how this regulation 

works. Paucity of an autoinhibitory domain has been described for amidases involved 

in mother cell lysis following sporulation in Bacillus (Smith & Foster, 1995; Korndörfer 

et al., 2006; Yang et al., 2012). Expression of these amidases in Bacillus species is 

thought to depend on sigma factor K (Chen et al., 2018) which belongs to a group of 

transcription factors which primarily control sporulation in this organism (Losick & 

Stragier, 1992). Transcriptional regulation of chlamydial amidase activity is also 

conceivable, since expression of chlamydial AmiA appears to be upregulated during 

cell division (Belland et al., 2003; Albrecht et al., 2011). The hypothesis of regulation 

at a transcriptional level is further supported by the presence of a two-component 

stress response system in C. trachomatis (CtcB-CtcC) which is activated during 

treatment with compounds targeting the chlamydial cell envelope (Koo & Stephens, 

2003; Bobrovsky et al., 2016). Similar two-component systems play a role in 

regulating amidase activity in free-living bacteria, in addition to regulation by an 

autoinhibitory domain which is present in these orthologes. Activation of this stress 

response system was shown to enhance expression of AmiA and AmiC in Salmonella 

and also to suppress cell division defects displayed by a Pseudomonas aeruginosa 

amiB mutant (Weatherspoon-Griffin et al., 2011; Yakhnina et al., 2015).  

Interestingly, proteinbiochemical analysis in this work revealed that AmiA orthologs in 

the closely related species C. pneumoniae and C. trachomatis, that share 59 % 

overall amino acid sequence identity, differ in their activity. AmiA, the only amidase 

conserved in Chlamydia, was found to exhibit a dual activity in C. pneumoniae. 

Besides cleaving the peptide side chain from sugar units of PG and lipid II, it also 

possesses DD-carboxypeptidase (DD-CPase) activity, releasing terminal D-Ala from 

the stem peptide (Klöckner et al., 2014). Amidase activity on lipid II was also shown 

for amidases of free-living E. coli as well as obligate intracellular Wolbachia 

(Klöckner, 2016; Wilmes et al., 2017) and AmiC from Neisseria gonorrhoeae exhibits 

amidase activity towards PG fragments, that consists of two disaccharide units with a 

pentapeptide stem each (Lenz et al., 2016). Bifunctionality also occurs in other 

amidases, such as SpoIIP from B. subtilis that shows amidase and endopeptidase 
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activity and Atl-like autolysin of staphylococci that exhibits amidase and N-

acetylglucosaminidase function (Oshida et al., 1995; Bourgeois et al., 2009; Morlot et 

al., 2010). But AmiACpn is the first amidase for which additional DD-CPase function 

was proven by the Henrichfreise group (Klöckner et al., 2014). Following in vitro 

assays showed that E. coli AmiAEco is also capable of cleaving terminal D-Ala from 

lipid II in addition to its amidase activity towards this substrate. It was indicated that 

this function is inhibited in presence of EnvCEco, which could suggest that, in free-

living bacteria, AmiA acts as an amidase at the constriction site, where NlpD is 

present, and as DD-CPase during cell elongation (Klöckner, 2016).   

However, despite high sequence similarity between both chlamydial AmiA orthologes, 

AimACtr differs from AmiACpn in its in vitro activity and shows amidase but no  

additional carboxypeptidase activity on lipid II. Consistent with this observation, the 

motif which was shown to be essential for DD-CPase function in AmiACpn by Klöckner 

and colleagues is missing in AmiACtr, while the amidase active site is conserved 

between both proteins. DD-CPase function of AmiACpn was shown to be penicillin 

sensitive and was assigned to a penicillin-binding protein motif (Klöckner et al., 

2014). Conventional bacterial PBP DD-CPases contain three motifs, SxxK, SxN and 

KTG and depend on all three of them for substrate recognition and catalysis (Goffin & 

Ghuysen, 2002; Ghosh et al, 2008). AmiACpn carries an SxxK and an SxN motif, while 

the KTG motif is missing (Klöckner et al., 2014). Although an SxN motif is conserved, 

it does not contribute to the DD-CPase function of AmiACpn. It appears to depend 

solely on SxxK and especially on the catalytic serine residue which is also conserved 

in bifunctional AmiAEco (Klöckner et al., 2014; Klöckner, 2016). Here, it was further 

confirmed that SxN does not contribute to DD-CPase activity of Chlamydia AmiA. 

Firstly, 3D in silico modeling revealed that this motif is located distant to the SxxK 

motif in the protein’s periphery and that its residues are orientated in opposite 

direction from the active site in both chlamydial AmiA orthologs (fig. 4.1). And 

secondly, an SxN motif is not conserved in AmiAEco which appears to be a 

bifunctional enzyme (Klöckner, 2016), while being present in AmiACtr which was 

shown to exhibit no DD-CPase activity. Furthermore, comparison of the 3D structures 

of AmiACpn and AmiAEco (fig. 4.1) questions the importance of the full SxxK motif for 

carboxypeptidase function of these enzymes, while underlining the importance of the 

serine residue. Only the serine residue, which was shown to be essential for DD-
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CPase activity of AmiACpn (Klöckner et al., 2014), is conserved in AmiAEco, while the 

lysine residues of the motif is replaced by arginine. Consistent with its lack of DD-

CPase function, AmiACtr completely lacks the SxxK domain found in AmiACpn and thus 

the catalytic serine residue. Interestingly, another SxxK motif located more C-terminal 

compared to AmiACpn can be found in AmiACtr. However, its presence and location in 

vicinity of the SxN motif does not seem to match structural requirements for a 

catalytic site, since location of both motives appears too peripheral to play a role in 

the enzyme’s activity. 

While comparative protein structure analysis can explain different functions of 

AmiACpn and AmiACtr, the reason for their different activity remains unclear. So far, 

two other enzymes with DD-CPase function on lipid II are known in Chlamydia, a 

homolog of PBP6 and a protein which is misannotated as ‘NlpD’ despite lacking a 

LytM domain (Otten et al., 2015; Klöckner et al., 2014). The latter appears to be an 

protein unique in Chlamydia, since homologous proteins cannot be found in other 

bacteria (Klöckner et al., 2014). The lack of an additional DD-CPase function of 

AmiACtr might indicate that, in C. trachomatis, carboxypeptidase activity of PBP6 and 

‘NlpD’ might be sufficient.  

For spatiotemporal regulation of PG metabolism during division, FtsZ-lacking 

chlamydiae appear to rely on actin homologue MreB and its associated membrane 

anchoring protein, RodZ (Gaballah et al., 2011; Ouellette et al., 2012; Jacquier et al., 

2014). However, the precise mechanism and the regulation of PG remodeling and 

degradation at the chlamydial division septum are not fully understood. AmiA is found 

in Chlamydia as well as Chlamydia-like organisms of the Waddlia family and while it 

is so far unknown how its activity is regulated, AmiA has been demonstrated to 

cleave peptide stems at the amide bond of the glycan strands in vitro in both 

(Klöckner et al., 2014; Frandi et al., 2014). Chlamydial genomes lack homologs of 

classical lytic transglycosylases, but recent finding of a gene conserved among 

members of Chlamydiales which codes for a SpoIID protein (Jacquier et al., 2019), 

helps to shed further light on the process of PG degradation in these intracellular 

organisms. An SpoIID domain containing protein was first described in B. subtilis in 

which it acts as a lytic transglycosylase involved in sporulation (Morlot et al., 2010, 

Gutierrez et al., 2010). The recently described SpoIID ortholog of W. chondrophila is 

not only able to act as a lytic transglycosylase on PG, but shows additional 
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muramidase activity on PG-derived glycan strands in vitro (Jacquier et al., 2019). 

Activity of chlamydial AmiA on PG should produce such denuded glycan strands 

(Klöckner et al., 2014; Frandi et al., 2014), and thus combined activity of both, AmiA 

and the SpoIID protein, might lead to separation of peptide and sugar moieties of PG 

as well as to degradation of the glycan chain itself. Consistently with this hypothesis, 

it was demonstrated by Jacquier and colleagues that SpoIID and AmiA of 

W. chondrophila can act together in vitro to digest PG. Furthermore, SpoIID domain 

containing proteins are not only conserved in Chlamydia-like organisms, but are also 

encoded in the genomes of C. trachomatis and C. pneumoniae. For both organisms, 

amidase activity of AmiA towards PG was shown, for AmiACpn by Klöckner and 

colleagues in 2014 and in this work for AmiACtr.  

While combined activity of an amidase and an uncommon bifunctional enzyme with 

lytic transglycosylase and muramidase activity might be sufficient to explain the basic 

mechanism of PG degradation in minimal bacteria like Chlamydiales, the fate of 

peptide components of PG remains unclear. Common endopeptidases, which play a 

major role in PG remodeling in free-living bacteria, appear to be absent in Chlamydia, 

whereas in W. chondrophila evidence for endopeptidase activity of ‘NlpD’ was 

provided (Frandi et al., 2014). Interestingly, as mentioned above, three functional 

carboxypeptidases are known for C. pneumoniae: PBP6, bifunctional AmiA and 

‘NlpD’ (Otten et al., 2015; Klöckner et al., 2014). And while it was shown here that 

AmiACtr seems to lack additional DD-CPase function described for AmiACpn, the other 

two enzymes are likely to act as carboxypeptidases in C. trachomatis. Presence of 

multiple carboxypeptidases in Chlamydia, which otherwise has a rather limited 

arsenal of PG remodeling enzymes, raises questions about their functions in 

chlamydial cell biology. These enzymes might play a role in chlamydial cell division in 

that they control the spatiotemporal dynamics of the formation of a robust PG 

structure in the septal ring by controlling the level of cross-linking.  

As adaption to a pathogenic lifestyle within a vertebrate host and in order to minimize 

recognition by the innate immune system, the PG level of obligate intracellular 

Chlamydia is drastically reduced compared to free-living bacteria. In these 

organisms, PG is only present as a narrow ring in replicating RBs, while it is missing 

in the infectious EB form (Liechti et al., 2016). However, during replication soluble PG 

turnover products are inevitably released into the environment. This harbors a risk for 
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pathogenic bacteria, since PG and its derived muropeptides are important pathogen 

associated molecular patterns (PAMPs) which are recognized by host immune 

surveillance mechanisms as non-self structures (Sukhithasri et al., 2013; Neyen & 

Lemaitre, 2016). For Chlamydia, as for other obligate intracellular bacteria which 

replicate inside of vesicles or directly inside the host cell’s cytoplasm, this means 

releasing immunostimulatory agents inside the host cell. Thereby PG turnover 

products are hidden from extracellular innate immune response but are in proximity 

to cytosolic nucleotide organization domain (NOD1 and NOD2) receptors specific for 

PG recognition (Chaput & Boneca, 2007; Wolf & Underhill, 2018). Both receptors, 

NOD1 and NOD2, recognize C. pneumoniae and play an essential role in bacterial 

clearance in vivo (Shimada et al., 2009). It was further shown that PG signaling 

through NOD1 contributes to an overall inflammatory cytokine interleukin-8 (IL-8) 

response to C. trachomatis infection (Buchholz & Stephens, 2008). Using NOD 

receptors to recognize PG fragments, highly sensitive immunodetection approaches 

are able to detect even small amounts of chlamydial PG in lysates of infected cells 

(Packiam et al., 2015; Liechti et al., 2016). A recent study, in which muropeptide 

release from a C. trachomatis infection was monitored with this method, showed that 

the peak of NOD1 signaling roughly correlates with the time point at which IL-8 

transcription is up-regulated in the host cells (Brockett & Liechti, 2021; Buchholz & 

Stephens, 2008).  

Since release of PG fragments during replication seems inevitable, Chlamydia might 

use activity of PG modifying enzymes to minimize their immunostimulatory potential. 

To understand which modifications could be useful, it is helpful to have a look on the 

minimal ligands of NOD1 and NOD2 which have to be present for signaling to occur. 

Minimal ligand of NOD1 is the γ-D-Glu‒mDAP dipeptide of the peptide stem of 

mDAP-type PG specific to Gram-negative bacteria (Chamaillard et al., 2003; Girardin 

et al., 2003a), so this receptor senses PG-derived peptides disconnected from 

MurNAc, as long as they harbor this dipeptide. In case of NOD2, the minimal PG 

fragment which is a ligand of this receptor consists of MurNAc covalently linked to the 

first two amino acids of the peptide stem (Girardin et al., 2003b; Inohara et al., 2003). 

Thus activity of chlamydial AmiA, by which the peptide stem of PG is cut off from the 

MurNAc unit, might play a role in reducing pathogen recognition by NOD2, as has 

already been shown for amidases of other bacterial pathogens. Helicobacter pylori 
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infects human gastric mucosa and, in the course of infection, changes its cell 

morphology (Viala et al., 2004). Change from spiral to coccoid form appears to 

minimize the inflammatory immune response and H. pylori AmiA was shown to be 

essential for this conversion (Chaput et al., 2006). Immune escape is further 

supported by the fact that muropeptides released from PG by activity of H. pylori 

AmiA are not recognized by NOD2 (Girardin et al., 2003b; Humann & Lenz, 2009). 

Also in N. gonorrhoeae, a pathogen which causes human genitourinary infections, 

activity of amidase AmiC is associated with a lowered release of specific immune-

stimulatory muropeptides (Garcia & Dillard, 2006; Humann & Lenz, 2009). Modifying 

PG-derived fragments as a tactic to circumvent innate immune response is not 

limited to bacteria. Amidase function can be found for the eukaryotic PG recognition 

protein-L that contributes to a lowering of host pro-inflammatory response to the 

bacterial cell wall (Wang et al., 2003).  

While amidase activity could help to hide PG fragments from NOD2 detection, it is 

not a suitable tool to bypass recognition by NOD1. On the contrary, amidase activity 

is more likely to increase the risk of this kind of detection, because it produces 

peptides which are disconnected from the MurNAc sugar unit. If these free PG-

derived peptides contain D-Glu‒mDAP dipeptide, they can be recognized by NOD1 

(Chamaillard et al., 2003; Girardin et al., 2003a). Therefore it would be advantageous 

for pathogen Chlamydiaceae to keep the proportion of these immunostimulatory 

fragments low. Besides, even without the risk of detection, loss of PG components, 

whose production is energy cost-intensive, might be unfavorable for these highly 

specialized organisms. However, up to now, little is known about the fate of PG ring 

turnover products during chlamydial cell division. Here, an NlpC/P60 protein was 

found in C. trachomatis which specifically hydrolyses PG-derived peptides between 

their D-Glu and mDAP residues and could therefore help to reduce NOD1 sensing. In 

addition to its possible role in minimizing an immune response, this enzyme is 

thought to catalyze the recycling of peptides released during PG ring degradation. 

Our finding of a chlamydial NlpC/P60 protein together with the current description of 

a transmembrane transport system for PG-derived peptides (Singh et al., 2020) might 

give first insights into the rudimentary recycling process of PG ring degradation 

products in Chlamydiaceae. 
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Chlamydial peptidoglycan recycling 

To complete the cycle of PG ring synthesis, remodeling and disassembly in 

chlamydiae, maintaining a mechanism of PG recycling might be essential. Especially 

for pathogenic Chlamydia, recycling of PG-derived fragments appears to be 

important to reduce the amount of immunostimulatory agents and thus minimize 

interaction with the host’s immune system. Additionally, recycling of PG is a common 

strategy in bacteria to conserve the energy required for de novo synthesis of its 

precursors, as it was shown that free-living bacteria reuse 40 to 50 % of their PG 

(Doyle et al., 1988; Park, 1995). However, there is little insight into how this process 

works in chlamydiae. Here, a C. trachomatis protein was found and characterized, to 

our knowledge, as the first known chlamydial PG recycling enzyme which takes over 

the essential step of decomposing PG ring-derived peptides. Due to its similarities to 

the Bacillus recycling enzyme YkfC regarding amino acid sequence, predicted protein 

structure and peptidase function, it was named YkfCCtr. YkfCCtr acts as γ-D-Glu-

mDAP peptidase that specifically recycles PG-derived peptides in the human 

pathogen C. trachomatis. 

The PG recycling peptidase found in Chlamydiaceae belongs to the NlpC/P60 protein 

family. NlpC/P60 proteins are a widely distributed class of enzymes which hydrolyze 

PG and/or PG-derived peptides and are found not only in bacteria but also in viruses, 

archaea and eukaryotes (Anantharaman & Aravind, 2003; Bateman & Rawlings, 

2003; Rigden et al., 2003). Typical characteristics of the NlpC/P60 domain are a 

prototypical papain-like fold and an active site consisting of a Cys-His dyad and a 

third polar residue (Anantharaman & Aravind, 2003; Aramini et al., 2008; Xu et al., 

2009; 2010). Putative proteins harboring a NlpC/P60 domain carrying these features 

are encoded in the genomes of Chlamydia as well as Chlamydia-like organisms.  

Members of the NlpC/P60 protein family play different physiological roles in free-

living bacteria. They include PG degrading enzymes that cleave peptide cross-links 

of the PG sacculus as well as PG recycling enzymes that specifically cut peptides 

derived from the PG stem peptide (Smith et al., 2000; Anantharaman & Aravind, 

2003; Xu et al., 2010; 2015). PG degrading NlpC/P60 proteins can be found among 

autolysins of Gram-positive bacteria, such as P60 of L. monocytogenes (Kuhn & 

Goebel, 1989), LytF and LytE of B. subtilis (Margot et al., 1998; Ohnishi et al., 1999), 

and the bifunctional cell wall hydrolase CtlW (Fukushima et al., 2008; Xu et al., 
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2014). In E. coli, NlpC/P60 domain containing proteins MepS and MepH are 

periplasmic DD-endopeptidases which are involved in cleavage of peptide cross-links 

of PG during cell growth and MepS activity depends on the domain’s catalytic Cys-

His-His triad (Singh et al., 2012; 2015). In Bacillus as well as in Bacteroides species,  

which are Gram-negative members of the human gut microbiome, the NlpC/P60 

peptidase YkfC is essential for PG-derived peptide recycling (Schmidt et al., 2001; Xu 

et al., 2010; 2015). Although most characterized orthologs, such as YkfCs of Bacillus 

cereus (YkfCBce), Bacteroides thetaiotaomicron and Bacteroides ovatus appear to be 

extracellular or periplasmic proteins due to predicted signal peptides, B. subtilis YkfC 

lacks a signal peptide and thus might be located inside the cytoplasm (Xu et al., 

2010; 2015). As the recycling peptidase YkfC targets the γ-D-Glu-mDAP linkage that 

is also present in the stem peptide of PG, as well as in intermediates of cytoplasmic 

lipid II synthesis, its activity has to be highly specific toward PG-derived peptides, so 

as not to compromise PG integrity or biosynthesis. It was shown that YkfC is only 

active toward free stem peptides with a free N-terminal L-Ala residue. Substrate 

specificity is maintained by its binding site’s architecture that is determined by the 

interplay of the first (of the enzyme’s two) SH3b domains and the active site of the 

catalytic NlpC/P60 domain (Xu et al., 2010; 2015). 

C. trachomatis YkfC in vitro substrate specificity determined in this work indicates 

that this NlpC/P60 protein is a peptide-recycling rather than a PG ring-hydrolyzing 

enzyme. YkfCCtr is a cytoplasmic γ-D-Glu-mDAP peptidases, highly specific for PG-

derived peptides which are no longer connected to the MurNAc unit of PG and have 

a free N-terminal L-Ala residue. The enzyme neither cleaved PG and its recycling 

product MurNAc-tripeptide nor PG precursors lipid II and UDP-MurNAc-tripeptide. 

Consistently, the predicted overall protein structure of YkfCCtr shares similarities with 

that of YkfCBce, not only regarding the NlpC/P60 domain but also in the N-terminal 

SH3b domain important for substrate binding. Moreover, by cleaving externally added 

L-Ala-γ-D-Glu-mDAP tripeptide and thus providing free mDAP, expression of YkfCCtr 

was able to enhance growth of an E. coli dapD- Δmpl mutant strain which is unable to 

generate mDap de novo as well as to utilize PG-derived L-Ala-γ-D-Glu-mDAP 

tripeptide. In contrast, expression of YkfCCtr could not restore growth of a 
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temperature-sensitive DD-endopeptidase MepS-deficient E. coli mutant strain, further 

supporting a role as a recycling peptidase rather than a PG degrading enzyme.  

While the NlpC/P60 protein could be identified as a novel chlamydial PG-derived 

peptide-recycling enzyme in C. trachomatis, its functionality could not be confirmed in 

C. pneumoniae. Resemblance in the predicted structure of the C. pneumoniae 

enzyme to YkfCBce, and particularly similarities in the active and substrate binding 

sites, allow high confidence identification as YkfC ortholog, hence the enzyme is 

referred to as YkfCCpn in this work. In a previous study in the Henrichfreise group, 

however, PG hydrolytic activity was shown for the same NlpC/P60 enzyme in vitro 

(Bühl, 2019). Based on this observation, it was speculated that this protein might 

function as the elusive chlamydial DD-endopeptidase similar to MepS of E. coli (Bühl, 

2019; Singh et al., 2012). Since YkfCCpn lacks a signal peptide, it appears to be 

located inside the cytoplasm, questioning its involvement in the chlamydial PG 

breakdown process. Unfortunately, different attempts of heterologous expression of 

YkfCCpn in E. coli failed in this work, so it was neither possible to determine the in 

vitro substrate range of recombinant YkfCCpn, nor to analyze its in vivo activity in 

complementation assays. Hence, future research is needed to determine whether 

YkfCCpn is a recycling enzyme with a broader substrate specificity than common YkfC 

orthologs, or whether the physiological role of the NlpC/P60 domain-containing 

protein differs between C. trachomatis and C. pneumoniae. 

Proteins containing an NlpC/P60 domain are not exclusive to pathogenic Chlamydia, 

but are also present in Chlamydia-like organisms. Since it is known that 

Protochlamydia amoebophila of the Parachlamydiaceae family is surrounded by a 

PG sacculus (Pilhofer et al. 2013), it is likely that the organism maintained a PG 

recycling machinery. Consistently, a putative NlpC/P60 protein was found to be 

encoded in the genome of P. amoebophila and sequence alignment shows that the 

catalytic Cys-His-His trial and residues important for substrate binding of YkfC are 

conserved in it (fig. 4.2). PG was also shown to be present in members of the 

Waddliaceae family and, as in Chlamydiaceae, the process of PG synthesis might 

stabilize the divisome at the septum in Waddlia (Jacquier et al., 2015a; 2019). 

However, the genome of W. chondrophila does not encode an ortholog of the 

chlamydial NlpC/P60 domain-containing protein characterized in this work. 
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Interestingly, proteins containing the NlpC/P60 domain were found to be conserved in 

the genomes of two Chlamydia-related species whose degree of PG sacculus 

conservation is currently unknown: NlpC/P60Ela in Estrella lausannensis and NlpC/

P60Sne in Simkania negevensis (fig. 4.2). E. lausannensis belongs to the 

Criblamydiaceae family whose peculiar star-shaped EBs indicate cell envelope 

structures distinct from other members of the Chlamydiales (Lienard et al., 2011; 

Thomas et al., 2006). In S. negevensis, the study which confirmed the existence of a 

PG sacculus in P. amoebophila was unable to detect PG material (Pilhofer et al. 

2013).  

The predicted protein structures of NlpC/P60Ela and NlpC/P60Sne differ both from 

Chlamydia YkfC orthologs and from each other. Noticeably, the third residue of the 

catalytic triad of the putative peptidase domain is changed from histidine to glutamic 
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...ADDLINTGKMFLGLPYIWAGTSGF--------------------------GFDCSGF 241

...AEDIIQTGAFFLGLPYLWGGISGF--------------------------GFDCSGF 203

...AELLIKDADLLLNFPYVWGGRSVHE--S------------------LEKPGVDCSGF 176

...PRDLVSFAEQLIDTPYVWGGRCIHK--Q------------------LPRNGVDCSGY 175

...LEKVVESSRQFLNLPYTWGGVSSF--------------------------GYDCSGF 172

...GISALSEAKKFLGTRYFWGGRSSPTAEE------------------KPFRGVDCSGL 197

...PKEILKRLKHQLGKPYIWGGNWGMGVPELLRYYPPKKILTPLESVSWTCQGVDCSGL 154
       :.     :.  * *.*                              * **** 

THTIYKSHGITIPRDSGPQSRNGV-----AVDKEHLQ----KGDLIFFAHDQGKGSVHHV 292
MYSIFKANGYSIPRDAGDQAKAGK-----GVPLDDMK----AGDLLFFAYEEGKGAIHHV 254
INILYQAQGYNVPRNAADQYADCH----WISSFENLP----SGGLIFLY-PKEEKRISHV 227
IQLLYQVTGRNIPRNARDQYRDCS----PVKDFSSLP----IGGLIFLK-KASTGQINHV 226
IQMIFRQVKIILPRDASQQITFPL---FQFIDWNNRE----RGDVIFFGSH--DDSIKHV 223
VHLSYKAIGVNIPRNAHDQFLKAA----QI-PFGELE----PGDLIFSSEKGIEGRIDHV 248
L---YEAVEGALPRNTQDLLFVGRPVPLEGVEWENIPSLLQPLDLIIWNG--------HM 203
  :.     :**::                           .:::             *:

AMYIGDGNMIHSPRAER---------SVEIIPLNTPGYIEEY--AGARRYL------... 332
GLYVGGGKMLHSPKTGK---------SIEILTLTETIYEKEL--CAVRRCF------... 294
MLKQDSSTLIHASGGGK---------KVEYFILEQDGKFLDSTYLFFRNNQ--RGRA... 273
MMKISEHEFIHAAEKIG---------KVEKVILGNRAFFKGNL-FCSLGEP--PIEA... 271
GLYLGNDQLIHACVKPK--------PTLQISSLEEPSLKNRFSYRTVRRLK------... 266
MMAAGQGQLIEAVMSQG---------IVRLIRWEEK--WAGHSPDMKQSCQRIGGSA... 294
TIVYDNKSVIESKHEWGGVCMTDLQKRLRIIREEDKKIAADD-PASV----------... 249
 :  .   .:.:               :.                               

YkfCBce         
YkfCBsu          
YkfCCpn          
YkfCCtr        
NlpC/P60Pam    
NlpC/P60Elau      
NlpC/P60Sne       

YkfCBce         
YkfCBsu          
YkfCCpn          
YkfCCtr        
NlpC/P60Pam    
NlpC/P60Elau      
NlpC/P60Sne       

YkfCBce         
YkfCBsu          
YkfCCpn          
YkfCCtr        
NlpC/P60Pam    
NlpC/P60Elau      
NlpC/P60Sne       

Figure 4.2. Primary sequence alignment of the NlpC/P60 domain found in proteins of Bacillus, 
Chlamydia and Chlamydia-like organisms. The catalytic triad comprising Cys, His and a polar 
residue is shown in red. Conserved residues essential for substrate recognition in YkfCBce (Xu et al., 
2010) are highlighted in grey. Shown are the domains of proteins from B. cereus (Bce), B. subtilis 
(Bsu), C. pneumoniae (Cpn), C. trachomatis (Ctr), P. amoebophila (Pam), E. lausannensis (Ela) and 
S. negevensis (Sne).
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acid in both (fig. 4.2). While members of the NlpC/P60 protein family are 

characterized by a high degree of conservation of the cysteine and histidine residues 

at the first and second position of the catalytic triad, the third position is less 

conserved and requires only a polar residue (Anantharaman & Aravind, 2003). 

However, in functional YkfC recycling peptidases (Xu et al., 2010; 2015) as well as in 

YkfCCtr and YkfCCpn, a histidine residue is conserved at this position (fig. 4.2). 

Moreover, unlike the E. lausannensis protein, NlpC/P60Sne lacks both N-terminal 

Sh3b domains involved in determining YkfC’s substrate specificity and differs 

significantly in its overall structure from YkfCBce (Xu et al., 2015). Surprisingly, its 

predicted structure shows high similarities with that of an NlpC/P60 PG hydrolase 

found in the eukaryotic parasite Trichomonas vaginalis (Pinheiro et al., 2018). 

T. vaginalis is intimately associated with the human vaginal mucosa and microbiota 

(Kalia et al., 2020). It was suggested that the genes coding for the T. vaginalis NlpC/

P60 proteins were received through lateral gene transfer from bacteria (Pinheiro et 

al., 2018). While S. negevensis is traditionally described as an amoebal symbiont 

(Kahane et al. 2001), it was speculated wether it could colonize the human genital 

tract due to its ability to growth and replicate in human endometrial cells (Vouga et 

al., 2017a). Susceptibility to horizontal gene transfer was shown for members of the 

Chlamydiaceae, but this phenomena appears to be restricted to interspecies or 

intergenus transfers (Kim et al., 2018; Suchland et al., 2019). Direct contact between 

an obligate intracellular Chlamydia-related organism and an extracellular eukaryotic 

parasite is also rather improbable. Thus, a common bacterial donor lineage of the 

NlpC/P60 proteins found in S. negevensis and T. vaginalis remains speculative.  

Although it is unknown whether PG exists in E. lausannensis and S. negevensis, the 

presence of an NlpC/P60 domain-containing protein indicates that both species 

maintain the ability to break down PG or PG-derived peptides. Immunofluorescence 

microscopy analysis using antibodies targeting the NlpC/P60 proteins in both 

organisms was performed by Dr. Nicolas Jacquier of the University of Lausanne’s 

Institute of Microbiology as part of a collaboration and suggests peripheral 

localization of NlpC/P60Ela and NlpC/P60Sne in vivo (personal communication). 

Additionally, evidence for a possible γ-D-Glu-mDAP peptidase activity of both 

enzymes was found in this work based on their ability to enhance growth when 

heterologously expressed in the E. coli dapD- Δmpl mutant strain. Together, these 
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findings might indicate an involvement of NlpC/P60Ela and NlpC/P60Sne in a putative 

peptide recycling process. Nevertheless, especially with regard to the protein 

structure of NlpC/P60Sne, which differs significantly from YkfC, further studies are 

required to assess their physiological functions.  
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Figure 4.3. Proposed model of the PG turnover process at the division site in Chlamydia. 
 (1) The PG polymer (indicated in blue) is shaped like to a ring located at the septum of dividing cells 
(Liechti et al., 2014). The PG precursor lipid II biosynthesis is completed at the inner leaflet of the 
cytoplasmic membrane. The actin homolog MreB, together with RodZ, functionally replace the 
bacterial division organizer FtsZ, which is absent in Chlamydia (reviewed in Ouellette et al., 2020).  
(2) MraY catalyzes  the first membrane-bound step of the lipid II biosynthesis, the linking of UDP-
MurNAc pentapeptide to the membrane carrier C55-P (Henrichfreise et al., 2009). This work provides 
proof that this reaction is inhibited by muraymycins (MRY) resulting in stunted chlamydial replication. 
(3) The periplasmic assembly of PG is likely mediated by the enzyme pairs RodA-PBP2 and FtsW-
PBP3 acting as transpeptidase-glycosyltransferase complexes (Liechti, 2021). In addition to FtsW 
and PBP3, Chlamydia retain the cell division proteins FtsK, FtsL, FtsQ, and AmiA and the Tol-Pal 
system (reviewed in Ouellette et al., 2020).  
(4) Chlamydial AmiA incessantly degrades PG and additionally processes lipid II. This work 
confirmed amidase activity in AmiA from C. trachomatis. Additional DD-CPase activity described in 
AmiA from C. pneumoniae (Klöckner et al., 2014) was not observed in C. trachomatis.  
(5) PG degradation products can initiate the host immune response. PG-derived peptides are 
transported back into the bacterial cytoplasm by the olipeptide permease complex (Opp) (Singh et 
al., 2020).  
(6) This work describes a first mode of recycling of PG-derived degradation products in Chlamydia. 
The cytoplasmic peptidase YkfC further degrades PG-derived peptides, providing free mDAP for lipid 
II assembly. Enzymatic in vitro activity of YkfC has been shown to be inhibited by the inhibitors E-64 
and chloroactone (CHA).
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Discussion

Screening for orthologs of enzymes which catalyze the recycling of PG-derived 

peptides in free living bacteria indicates that Chlamydiaceae maintain a reduced, 

essential PG turnover process. Their genomes neither contain gene orthologs coding 

for proteins involved in E. coli PG recycling, nor an ortholog of key recycling 

permease AmpG which catalyzes the transport of anhydro-muropeptides into the 

cytoplasm in E. coli (Cheng & Park, 2002; Park & Uehara, 2008). While AmpG is 

lacking, a functional oligopeptide permease complex composed of a substrate 

binding protein (OppA), two transmembrane proteins (OppB, OppC), and two ATPase 

subunits (OppD, OppF) was shown to exist in C. trachomatis (Singh et al., 2020). The 

OppABCDF complex of E. coli allows uptake of oligopeptides across the cytoplasmic 

membrane, but plays no detectable role in the PG recycling process (Park et al., 

1993). In order to transport PG-derived peptides into the cytoplasm, the core of the 

Opp transporter (OppBCDF) is required to form a complex with the periplasmic 

murein subunit binding protein MppA (Park et al., 1998; Maqbool et al., 2011). While 

the genome of C. trachomatis lacks an mppA gene, three genes encoding putative 

substrate binding proteins (OppA1-3) are present. It was shown that an Opp 

transporter complex including OppA3 is able to facilitate the transport of free PG-

derived peptides into the chlamydial cytoplasm (Singh et al., 2020). Together with the 

proof of the existence of a functional peptide transporter by Singh and colleagues, 

this work’s results on YkfCCtr help to expand the current model of the PG turnover 

process in Chlamydia (fig. 4.3). While the fate of anhydro-muropeptides and sugar 

moieties released from PG by activity of AmiACtr and the putative SpoIID protein 

remains unclear, peptides derived from amidase activity on PG can enter the 

chlamydial cytoplasm through the OppA3BCDF complex. There they might be further 

processed by YkfCCtr to provide amino acids for biosynthetic pathways. Since ability 

to cleave L-Ala-γ-D-Glu-mDAP tripeptides has been demonstrated for YkfCCtr, both in 

vitro and in an E. coli surrogate system, the enzyme should be able to generate free 

mDAP. This amino acid is essential for PG biosynthesis, but cannot be provided by 

the eukaryotic host cells of chlamydiae. De novo synthesis of mDAP to construct PG 

stem peptides requires six independent, energy-intensive biochemical reactions in C. 

trachomatis (McCoy et al., 2006). Thus recycling of PG-derived peptides by YkfCCtr 

might not only be a result of chlamydial pathoadaption, but additionally helps the 

bacterium to save a significant amount of energy. 
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This work’s findings suggest that YkfC is a key enzyme of the chlamydial peptide 

recycling process. However, it remains to be seen whether other amino acids of the 

PG stem peptide besides mDAP are also recycled. B. subtilis relies on the combined 

activity of three enzymes, L,D-CPase YkfA, γ-D-Glu-mDAP peptidase YkfC and L-

Ala-γ-D-Glu epimerase YkfB, to completely restore amino acids from PG-derived 

peptides (Schmidt et al., 2001). Chlamydiaceae genomes are not only lacking the 

ykfABCD peptide recycling gene cluster found in B. subtilis (Schmidt et al., 2001; 

Molle et al., 2003), but are completely lacking homologs of genes coding for YkfA and 

YkfB. Instead, YkfCCtr is encoded in close vicinity of genes coding for enzymes 

involved in glutamine uptake, a process which was recently identified to be crucial for 

the initiation of chlamydial PG synthesis and replication (Rajeeve et al., 2020). 

Consistent with its possible role in the PG turnover process, ykfCCtr (ct127) is 

expressed during the mid-phase of C. trachomatis’ lifecycle when replication of RBs 

takes place (Belland et al., 2003). Expression is also detectable during the late phase 

of the developmental cycle (Belland et al., 2003), at which YkfCCtr may support 

energy recovery during re-differentiation from RB to EB through recycling peptides 

that are not further needed for maintaining cell division.  

In pathogenic bacteria such as chlamydiae, whose survival strategy is to avoid an 

inflammatory immune response, the process of PG recycling plays an important role. 

It reduces the risk of immunostimulatory fragments being released from the cell, 

since PG degradation products are transported into the cytoplasm. But not only the 

uptake of these fragments, also the subsequent recycling steps are important for 

pathogenesis. In Salmonella Typhimurium, accumulation of PG-derived peptides, as 

a result of impaired activity of the cytosolic amidase AmpD, decreases the pathogen’s 

ability to invade and grow within cultured macrophages (Folkesson et al., 2005). 

Enzymes such as YkfC, that are involved in the cytoplasmic steps of the PG recycling 

process, might be interesting target structures for anti-bacterial drug design. With the 

exception of PBP transpeptidases, which are targeted by β-lactams, there are no 

antibiotic protease inhibitors in the clinic, thus bacterial peptide degrading enzymes 

could be interesting, so far untapped drug targets (Culp & Wright, 2017). It was 

shown here that cysteine inhibitor E-64 which is a natural product of Aspergillus 

japonicus (Hanada et al., 1978) inhibits YkfCCtr peptidase activity in vitro. Hence, 
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E-64 might be a promising candidate for further research on NlpC/P60 peptidases as 

bacterial target structures. 

However, it is questionable whether inhibitors targeting YkfC are suitable agents for 

combating chlamydial infections. If YkfC, as suggested here, plays an important role 

in the provision of mDAP in Chlamydia, inhibition of its activity would, above all, 

restrict synthesis of lipid II. As discussed earlier, disruption of this pathway affects the 

chlamydial division process and would likely induce persistence, thereby enabling 

chlamydiae to evade this treatment. 

Chlamydiae are highly adapted to their obligate intracellular lifestyle and their 

success as pathogens relies on their ability to take advantage from this habitat, as 

well as their ability to evade an immune response. This work’s results help to gain 

some new insights into how the chlamydial cell division and PG turnover process 

evolved to contribute to this strategy. Within the osmotically-stable niche which is the 

chlamydial inclusion, a stabilizing cell wall becomes superfluous. Moreover, presence 

of classical bacterial cell envelope structures increases the risk of detection by the 

host immune system. Since cells naturally cannot exist without a surrounding layer, 

chlamydiae maintained the bacterial outer membrane. However, structure of 

chlamydial LPS differs from other types of bacterial LPS and is at least 100-fold less 

potent at eliciting the pro-inflammatory cytokine response (Ingalls et al., 1995; 

Brunham & Rey-Ladino, 2005). As a further adaption, Chlamydia lacks a stabilizing 

PG sacculus, but maintain a discrete and transient PG ring which constricts together 

with the septum of dividing cells (Liechti et al., 2016; Packiam et al., 2015). It was 

suggested that the chlamydial division process is interlinked with and relies on the 

biosynthesis of PG precursors (Henrichfreise et al., 2009; Jacquier et al., 2014; 

2015b). Consistently, it was observed in this work that inhibition of MraY, which 

catalyzes the first membrane bound step of lipid II biosynthesis, impairs chlamydial 

development.  

Although the loss of a PG sacculus reduces the proportion of PG-derived 

immunostimulatory fragments, Chlamydia cannot prevent their release into the 

periplasm during PG ring degradation. The results of this work suggest that AmiA and 

YkfC from C. trachomatis, enzymes thought to be involved in the PG degradation and 

recycling process, are able to process PG fragments and free PG-derived peptides in 
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such a way that they are no longer recognized by their corresponding NOD immunity 

receptors. Thus, both enzymes could help minimize recognition of C. trachomatis by 

the host's intracellular immune response. While C. trachomatis AmiA is a periplasmic 

enzyme, C. trachomatis YkfC is located in the cytoplasm. In order to be processed by 

YkfC, peptides derived from the PG stem peptide have to be transported across the 

inner membrane. Their transport could be facilitated by a recently described 

chlamydial Opp transporter complex (Singh et al., 2020). In the absence of other 

genes encoding classical bacterial PG recycling enzymes in the C. trachomatis 

genome, the Opp complex and YkfC together might form a rudimentary recycling 

machinery for PG-derived peptides (fig 4.3). This reduced recycling machinery might 

be sufficient for obligate intracellular C. trachomatis since the majority of amino acids 

are not produced de novo in this organism but are imported from the host cell and 

used directly for chlamydial biosynthetic processes (Mehlitz et al., 2017). However, 

de novo synthesis of mDAP remains essential for Chlamydia since this amino acid 

cannot be provided by their mammalian host cells. Therefore, recycling of PG-derived 

peptides by YkfC activity could be beneficial for the chlamydial fitness. Taken 

together, the existence of a reduced chlamydial PG recycling machinery suggests 

that C. trachomatis utilizes its host cell's resources whenever possible while 

maintaining a pathway for the reuse of PG-derived mDAP through the interplay of the 

Opp transporter complex and the recycling peptidase YkfC. In addition to providing 

mDAP for the PG precursor biosynthesis, the recycling machinery of C. trachomatis 

could be another tool used by this well-adapted pathogen to evade the host immune 

system by reducing the release of immunostimulatory agents. 

!147



Discussion

!148



Summary

5. Summary 

The obligate intracellular chlamydiae evolved mechanisms to persist inside their host 

and to evade the host immune system, making them intriguing and highly successful 

pathogens. This work aimed to asses how these strategies are interlinked with the 

chlamydial peptidoglycan (PG) turnover process. 

First, antimicrobial compounds were used as tools to study the interplay between PG 

biosynthesis and the chlamydial lifecycle. These experiments included analysis of the 

host cell, since an antichlamydial effect can be caused by both host cell stress and by 

inhibition of a bacterial target. In a cell culture based approach combining cytotoxicity 

analysis and fluorescence microscopy, muraymycin D2 and derivates were verified to 

induce a persistent state in productive Chlamydia infection. The antichlamydial effect 

could be attributed to the inhibition of PG precursor synthesis, since no damaging 

effect on the host cells was observed and biochemical analysis identified Chlamydia 

MraY as a target. In addition, muraymycin D2 was found to break penicillin-induced 

persistence in C. trachomatis, suggesting the presence of additional targets. 

Degradation of the PG ring during the unique chlamydial cell division poses risks to 

the organism, as products of this process initiate host immune response. In this work, 

comparative analyses on cell division amidases from Chlamydia and E. coli 

corroborated the importance of an autoinhibitory domain in the E. coli enzyme that is 

absent in the Chlamydia homologs. In line, C. trachomatis AmiA was found to be 

active by default and to degraded the recognition substrate of immunity receptor 

NOD2 in vitro. Unlike the dual functioning C. pneumoniae AmiA, C. trachomatis AmiA 

did not show additional carboxypeptidase activity on PG precursor lipid II, suggesting 

that different PG degradation machineries exist in Chlamydia. PG-derived peptides 

generated by amidase activity trigger NOD1 mediated immune response. Here, an 

ortholog of a Bacillus NlpC/P60 protein was found to be widely conserved among 

Chlamydia and Chlamydia-related organisms and to cleave the minimal recognition 

site of NOD1. In silico, biochemical and surrogate host experiments indicate that 

C. trachomatis YkfC is tailored to recycle PG-derived peptides in the cytoplasm and 

shows high substrate specificity that prevents interference with PG precursor 

synthesis. The identification of C. trachomatis YkfC targeting cysteine protease 

inhibitors provides a basis for future studies on the intersection of energy recovery, 

cell division and immune evasion in Chlamydia and on the host-pathogen interplay. 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