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Abstract 

Arising antibiotic resistances in bacteria pose a major global threat resulting in increased morbidity, 
mortality and healthcare costs. Recently, the WHO stressed the need to develop new antibacterial 
strategies and discover novel bactericidal compounds to turn the tides in the race against emerging 
treatment failures.  

Within the scope of this thesis, we contribute to that effort, focussing on the human pathogens 
Neisseria gonorrhoeae, causative of the sexually transmittable disease gonorrhea and Moraxella 
catarrhalis, a major player in pulmonary and middle ear infections.  

In a first approach we addressed the mechanism of gonococcal infection, and evaluated the gene 
transcription change of the pathogen upon interaction with its human epithelial receptors of the 
carcinoembryonic antigen related cell adhesion molecule (CEACAM) family. To observe interaction 
specific changes, we developed a cell free in vitro stimulation system to allow the bacterium un-
tainted contact with its human receptors CEACAM1 and 5. Transcriptomic analysis of stimulated 
samples revealed little to no changes upon receptor binding. This might indicate that the expression 
pattern is not influenced by the recognition of epithelial CEACAM-receptors or hint towards a non-
changing transcription of gonococci when infecting their human host.  

Secondly, we prospected the potential of Pseudomonas aeruginosa, which is known to secure its 
dominance over other bacterial species through an intricate quorum sensing system.  We found an 
inhibiting effect of Pseudomonas in direct growth competition and screened for potential responsi-
ble candidates. Indeed, we identified several alkyl-quinolone-N-oxide agents, which conferred a 
remarkably strong and specific growth suppression on pathogenic Neisseria, while not impeding 
growth of commensals originating from the same genus. Out of these, nonyl-quinolone-N-oxide 
(NQNO) proofed to be the most efficient compound with a minimum inhibitory concentration of 5 µM 
(1.44 µg/mL). The compound is even able to supress proliferation in gonococcal strains which are 
resistant to multiple current treatment options, marking it as a promising candidate for the ambitious 
goals set by the WHO. Functionally, NQNO seems to influence bacterial metabolism, as a reduction 
of ATP and an elevated production of reactive oxygen species was detected. The excellent cytotol-
erance displayed on cervix carcinoma cells paved the way for the medical use of NQNO. In vivo 
application in a humanized mouse model showed promising results, reducing the gonococcal load 
over a hundred fold compared to control treatment.  

To expand on this promising compound repertoire, we assessed the antimicrobial potential of PQS, 
the namesake of one of the pseudomonal quorum sensing systems. Indeed, PQS proved to 
strongly impair the growth of Moraxella catarrhalis. Through successive changes in the general 
scaffold of the agent we introduced optimizations resulting in compound 8 which harbours a nitro-
gen to sulphur substitution and an elongated alkyl chain. Compound 8 displayed a tenfold increased 
efficacy compared to PQS and was also able to inhibit growth of all tested clinical isolates of Morax-
ella catarrhalis. In this regard we detected an influence on the bacteria’s primary metabolism, re-
ducing DNA, RNA, protein and ATP levels while leaving cellular integrity intact. Further, it inhibits 
growth substantially and lastingly already within 20 minutes after application starting at 0.5 µM 
(0.158 µg/mL). Comparable to NQNO, the compound does not negatively affect growth of com-
mensal representatives of the genus and proofed to be well tolerated on human pulmonary cells 
with a therapeutical window spanning two powers of magnitudes.  

Concluding, we can report, that we have identified and optimized two novel compounds derivating 
from Pseudomonas aeruginosa that have ample potential in the fight against multiresistant gram-
negative pathogenic bacteria.  
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Zusammenfassung 

Die stetig wachsende Verbreitung von Antibiotikaresistenz in Pathogenen stellt eine zuneh-
mende gesellschaftliche Bedrohung dar. Um dieser entgegenzuwirken, rief die WHO zum ent-
schlossenem Handel gegen das Auftreten von Multiresistenzen und gezielter Forschung an 
neuen Strategien zur Behandlung jener Erreger auf.  

Im Rahmen der vorliegenden Arbeit beschreiben wir die Entdeckung und Evaluation neuer 
antibakterieller Wirkstoffe gegen die gramnegativen Bakterien Neisseria gonorrhoeae, dem 
Erreger der Gonorrhö, und Moraxella catarrhalis welches eine Rolle bei Mittelohr- und Lun-
genentzündungen spielt. Die hervorragende bakterizide Wirkung sowie das medizinische Po-
tential der untersuchten Wirkstoffe sind ein wichtiger Beitrag zum globalen Ziel einen Rückfall 
in das präantibiotische Zeitalter zu verhindern.  

Um erste Hinweise auf potentielle molekulare Ansatzpunkte für die Behandlung von Gonorrhö 
zu finden, untersuchten wir die Veränderung des Erregertranskriptoms nach Kontakt mit 
CEACAMs, den epithelialen Rezeptoren der Gonokokken. Durch die Etablierung eines zell-
freien Versuchsaufbaus war es möglich transkriptionelle Veränderungen, welche durch Re-
zeptorbindung ausgelöst werden, isoliert zu beobachten.  Nach erfolgreicher Sequenzierung 
der reaktiven Gentranskription konnte jedoch keine veränderte Regulation detektiert werden. 
Dieser Umstand könnte auf eine fehlende CEACAM oder infektionsphasenabhängige Genre-
gulation in Neisseria gonorrhoeae hindeuten.  

Im nachfolgenden Abschnitt der Dissertation widmeten wir uns einem direkteren Ansatz im 
Kampf gegen multiresistente Bakterien und nutzten bekannte Interspeziesinteraktionen um 
neue bakterizide Agenzien zu identifizieren. Pseudomonas aeruginosa, ebenfalls ein Patho-
gen mit hoher klinischer Relevanz, ist dafür bekannt ein ausgeklügeltes Quorum Sensing Sys-
tem zu besitzen. Dieses ermöglicht ihm selbst unter harschen Umweltbedingungen und in star-
ker Konkurrenz zu anderen Pathogenen seine Vorherrschaft zu behaupten. Verantwortlich 
dafür sind unter anderem Faktoren des PQS Systems, die nachweislich zur Biofilmbildung und 
der Dominanz gegenüber anderen bakteriellen Spezies beitragen.  

Durch Analysen der einzelnen Komponenten war es uns möglich eine Klasse von Alkyl-
Quinolon-N-Oxiden zu identifizieren welche in hoher Konzentration von Pseudomonas 
aeruginosa sekretiert wird und auf verschiedene neisseriale Stämme eine 
wachstumshemmende Wirkung exerziert. Unter diesen weist das Nonyl-Quinolone-N-Oxid 
(NQNO) die höchste bakterizide Wirkung gegen Neisseria gonorrhoeae auf, und zeigt eine 
bemerkenswerte Spezifität für die pathogenen Vertreter des Genus. Mit 5 µM als minimale 
Stoffmenge bei der eine Inhibition des Wachstums beobachtet werden konnte, ist NQNO 
vergleichbar wirksam wie andere, bereits zugelassene Antibiotika. Eine der herausragendsten 
Eigenschaften des pseudomonalen Derivats besteht in der Effektivität gegen multiresistente 
Gonokokkenspezies bei der die bisherigen, ärztlich empfohlenen, Behandlungen nicht mehr 
anschlagen. Gleichzeitig zeigte NQNO keine Wirkung gegenüber harmlosen Kolonisierern der 
vaginalen Schleimhaut.  

In fortführenden Tests konnten wir die hohe Verträglichkeit von NQNO belegen, welches keine 
negativen Auswirkungen auf die Viabilität von humanen Zervixkarzinomzellen aufweist. 
Bestärkt durch diese überzeugenden Daten testeten wir NQNO in der Behandlung von mit 
Gonorrhö infizierten humanisierten Mäusen. Nicht nur konnten wir durch die Anwendung im 
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lebenden Organismus die hohe Verträglichkeit von NQNO bestätigen, es war weiterhin 
möglich zu zeigen, dass die Kolonisierung mit den pathogenen Erregern signifikant zurückgeht 
und so auf eine erfolgreiche Behandlung der Infektion schließen lässt. 

Auf molekularer Ebene wirkt sich NQNO auf das ATP Level in den Bakterienzellen aus, wel-
ches nach der Behandlung deutlich depletiert ist. Auch eine Erhöhung freier radikaler Sauer-
stoffspezies war als Reaktion auf NQNO zu beobachten. Die Identität des zellulären Ziels von 
NQNO, konnte noch nicht abschließend geklärt werden und bedarf weiterer Untersuchungen.  

Inspiriert durch den die eindrucksvolle Wirkung von NQNO, untersuchten wir weitere Derivate 
des PQS Quorum Sensing Systems auf ihre bakterizide Wirkung. Beginnend mit dem namens-
gebenden PQS konnten wir auch in diesem Fall eine deutliche Inhibition bestimmter gramne-
gativer Bakterien entdecken. Im Speziellen waren dies die pathogenen Neisserien der Spezies 
der Gono- und Meningokokken sowie Moraxella catarrhalis. Letzteres wies die höchste Sen-
sitivität gegenüber PQS auf.  

Im Versuch diese chemische Struktur weiter zu verbessern, wurden Sauerstoff und Schwefel 
Substituenten anstelle des Stickstoffs eingebaut. Hierbei ergab sich für beide, aber insbeson-
dere für den Schwefelaufbau, eine deutliche Erhöhung der antibakteriellen Effizienz.  

Bestärkt durch die erfolgreiche Optimierung wurden weitere Modifikationen des strukturellen 
Aufbaus vorgenommen. Nach der Evaluation zehn weiterer Derivate konnten wir Substanz 8, 
die neben der Schwefelsubstitution eine verlängerte Alkylkette aufweist, als den vielverspre-
chendsten Kandidaten mit der höchsten Effizienz gegen Moraxellen identifizieren. Im Test von 
Substanz 8 gegen verschiedene klinische Isolate des Bakteriums konnte festgestellt werden, 
dass das Wachstum auch in diesen Fällen effektiv gehemmt wurde. Mit einer minimalinhibito-
rischen Konzentration von 0.5 µM liegt Substanz 8 nicht nur um ein zehnfaches niedriger als 
der Vorläufer PQS, sie überzeugt auch mit einer außergewöhnlichen Speziesselektivität, da, 
wie auch schon für NQNO beschrieben, nahe Verwandte desselben Genus nicht beeinträchtigt 
werden. 

Weiterführende Analysen zeigten, dass auch Substanz 8, ähnlich wie NQNO, zu einer vermin-
derten ATP Konzentration im Bakterium führt. Des Weiteren ist es in der Lage pathogene Mo-
raxellen innerhalb von zwanzig Minuten abzutöten während eukaryotischen Zellen eine gute 
Verträglichkeit gegenüber der Substanz zeigen. Die Toleranz der Zellen übersteigt die mini-
male inhibitorische Menge der Bakterien um das Hundertfache und öffnet so ein breites thera-
peutisches Fenster für eine medizinische Anwendung. 

Diese Befunde unterstreichen das besondere klinische Potenzial beider neuer Therapeutika 
in der Behandlung von durch Neisseria gonorrhoeae und Moraxella catarrhalis verursachten 
Infektionen. 
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I. Host receptor interaction induced transcriptomic 
modulation in Neisseria gonorrhoeae 

 

Effective host colonization is a critical step in the infection process of pathogenic bacteria. A 
multitude of factors are responsible for initiating attachment and mediating subsequent coloni-
zation. Since triggering these processes is often highly energy demanding, many bacteria have 
evolved differential gene transcription and a resulting diverging protein repertoire when in a 
potential infectious versus non-infectious environment. Identifying factors that are regulated in 
this regard may contribute to the treatment options against the infection agents [1-4].   

We assume, that such an adaptational change may also take place in Neisseria gonorrhoeae. 
Within the first chapter of this thesis, we ought to identify regulated transcripts to verify the 
hypothesis and give additional focus point in the development of anti-bacterial agents and 
vaccines.  

I.1. Introduction  

Neisseria gonorrhoeae is a gram-negative diplococcal bacterium and the causative of gonor-
rhea, a sexually transmitted disease. Indications of urogenital inflammation with similar pro-
gression and symptoms as seen in neisserial infections are already found in the Bible (Lev. 
15:1-15:19), ancient Chinese medical code of practice (Huángdì Nèijīng) and other historic 
records. In the year 130 A.D., the Greek physician Galen first denominated the symptomatic 
as gonorrhea (ancient Greek: γονόρροια gonórrhoia). The appellation, which translates to “flow 
of seed”, was inspired by the ejaculation like discharge of the male genital when infected [5]. 
Identification of the accountable bacterium was first accomplished by Albert Neisser in 1879 
who was the name sake for the order of the Neisseriales [6]. 

Gonococci are human-specific pathogens that are sensitive to environmental influences like 
dehydration. Because of their incomplete anaerobic energy production pathway, they grow 
best under aerobic conditions when kept in culture and display a strongly reduced growth when 
forced into anaerobic respiration. The lack of nitrate reduction capability is even considered 
characteristic for the genus of Neisseria [7] with exceptions of N.ovis, N.canis, N.caviae, and 
N.mucosa with the latter one even being able to perform denitirifcation [8-11].  

 

I.1.1.  Gonorrhea: Spreading, symptoms and arising complications  

Gonorrhea is the second most commonly sexually transmitted bacterial disease, with an esti-
mated 78.3 million infected globally in 2012 [12]. The number of unreported cases, however, 
is likely substantially higher. Reasons for this are diverse and range from the frequent asymp-
tomatic nature of gonococcal infections to social and cultural reasons like insufficient health 
care systems, social stigmatization or simply lacking obligation to report cases.  
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Statistic risk factors of gonorrhea contraction are manifold and can be divided into several 
subgroups [13]. On the one hand there are epidemiological factors like the age of the recipient; 
the peak risk age is between 20-35 years [14, 15], sexual orientation - same sexual partner-
ships in men have a higher prevalence [16] or racial and ethnic factors - there is a higher 
prevalence in African American, black Caribbean, and indigenous Aboriginal ethnic groups 
compared to the majority of ethnic whites in the USA [103], UK [104], the Netherlands [17] and 
Canada [18].  

A perpetual factor leading to higher transmission and prevalence is represented by the socio-
economic background [19]. Impecunious regions often grant limited access to health care, 
have a poor education system and limited public awareness of sexually transmitted diseases, 
which is also influencing the detection rate of potential infections.  

Behavioral factors, like engagement with multiple sex partners [20], sex with partners abroad 
[21, 22] and exchanging sex for money [23] also influence the contraction substantially while 
clinical factors like the anatomical site of infection, co-infection with other sexually transmitted 
diseases and previous antibiotic use are not as influential as the aforementioned, but are also 
adding towards an increased infection risk [13].  

The most prevalent and visible consequence of infection is represented by an inflammatory 
genital discharge. Besides pus excretions, accompanying symptoms may also comprise ab-
dominal pain, alguria, or pain during sexual intercourse. Gonorrhea is also known to progress 
asymptomatic, which promotes further spread among the population [24] and can lead to long 
term impairments. Both sexes are equally susceptible to gonococcal infection but women suf-
fer disproportionately more frequent from severe complications. Untreated infection of the fe-
male urogenital tract can increase the risk of ectopic pregnancies, pelvic inflammatory disease 
and, as a result of fallopian tube infection, possibly lead to infertility [25].  

During pregnancy, infection can cause chorioamnionitis with septic abortion or preterm delivery 
as a consequence of the sepsis. Infection of the mother is known to be a risk factor for corneal 
scarring and blindness in newborn [26] when the child gets into contact with infected mucosal 
membranes during birth. In men, bacteria ascending into the urethra can cause urethritis, 
which can progress into epididymitis, and in severe cases even lead to infertility when left 
untreated [27].   

An additional consequence of gonorrhea is posed by the drastically increased risk of HIV in-
fection. A preceding neisserial contagion elevates the probability of HIV transmission to about 
threefold compared to uninfected patients [28, 29].  

Gonococcal infections are usually limited to the urogenital tract, but woman or men who have 
sex with men are also prone to pharyngeal infection [30]. Rarely, gonorrhea can become sys-
temic, leading to a disseminated gonococcal infection (DGI) where Neisseria have entered the 
blood stream bearing the risk to cause endocarditis, arthritis, and septicemia [13].  

Treatment strategies of acute infections are mostly based on antibiotic therapy and will be 
discussed extensively in Chapter II of this thesis.  
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I.1.2. Key elements in neisserial pathogenesis  

Neisseria gonorrhoeae has developed extensive strategies to ensure their colonization suc-
cess on the human mucosa. Both, modulation of its own surface protein expression as well as 
exploiting receptors of host cells and inducing downstream signaling processes are within the 
repertoire of this exceptionally well-adapted pathogenic bacterium.  

While there are multiple factors on the bacterial surface that modulate adhesion and uptake 
into the cell, the set of receptors on the host surface is rather limited, engaging mainly one 
family and a putative co-receptor. 

The primary event in colonization of potential host surfaces is the mediation of attachment. In 
this respect, pili are a mayor adhesins which elongates and thus conveys initial binding towards 
the cellular membrane. When the first contact is established, pili expression is downregulated 
[31] and opacity (Opa) proteins step in to ensure more intimate adhesion between the bacte-
rium and the host cell.  

Other factors influencing pathogenicity of gonococci either via mediating further adhesion and 
invasion or obfuscation towards the complement system are the IgA1 protease, lipooligosac-
charides and porins.  

The following sections will provide an overview of the repertoire responsible for gonococcal 
colonization success.  

 

Type IV pili 

Attachment to the host's cell surface is crucial for the infection of epithelial tissue. Neisseria 
gonorrhoeae mediates this initial attachment mainly using pili, polymeric filaments that initiate 
and maintain contact with mucosal membranes [32, 33]. The whole apparatus is consisting of 
a multitude of subunits that are attributed with multi-functional purposes, which include besides 
attachment also bacterial motility and DNA uptake.  

Cell-bacteria contact is mediated through filamentous protrusions consist of different PilE sub-
units which form spiraled three-helix bundles.This core structure is reaching outside of the 
extracellular membrane and is responsible for receptor recognition within the globular head 
domain and therefore responsible for tissue tropism [34-36]. In contrast, PilC located at the tip 
of the pilus seems to be the driving factor of initial gonococcal adherence [37-39]. Retraction 
of the pili, mediated through the inner membrane ATPase PilT, is responsible for twitching of 
the pili and therefore contribute to bacterial motility [40] which also plays a role in bacterial 
movement and enabling contact between the bacterium and its target.  

Further, positively charged internal grooves within the pili act as binding elements for DNA, 
proteins, and carbohydrates and thus have a role in the natural transformation capability of 
pilated bacteria. For Neisseria, it is widely believed that the type IV pilus binds to extracellular 
DNA which is successively pulled into the periplasmic space via the retraction ATPase PilT. 
The DNA then translocates into the cytosol where homologous recombination events are initi-
ated [41] and thus represents a crucial step in the adaptation processes of Neisseria.  
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Opa proteins 

After pili instituted the initial cell-bacteria contact, opacity proteins mediate more intimate ad-
hesion with receptor expressing host cells, ultimately leading to bacterial uptake [42]. 

Originally named after their conveyed opaque-colony phenotype, opacity proteins are highly 
variable surface structures consist of eight antiparallel β-strands that form a β-barrel spanning 
the outer membrane of Neisseria. Four loops protude into the extracellular space and mediate 
binding to the host cell (Figure I-1). Of those four interfaces, two are highly variable (HV1 and 
HV2), one is semi-variable (SV) and the fourth one conserved between Opa variants [43, 44]. 
Depending on the strain, the gonococcal genome encodes 11 to 12 different Opa proteins, 
with independently regulated expression, leading to a vast number of possible combinations 
[45-48]. All of them possess the conserved β-barrel structure but differ in the sequence of their 
extracellular loops, which determine their binding specificity [49-51].   

Differential expression of Opa proteins is regulated on a genetic level through pentameric cod-
ing repeats consisting of CTTCT repetitions being duplicated or excised from the DNA during 
replication [48]. This occurs through h-DNA structures [52] where short regions of DNA are 
partially triple stranded with one strand extruding to form a loosely bound bulk. During replica-
tion this obstacle is promoting slipped-strand mispairing, resulting in addition or deletion of 
CRs [53]. Such a reshuffling occurs with an average frequency of about 0.002 per division 
cycle and ultimately results in a heterogonous population expressing one, multiple or no Opa 
proteins [54]. Often this regulation of gene expression is binary, either genes are in an ON or 
an OFF state; however, there are exceptions where phase variation leads to gradual expres-
sion changes, usually when they are occurring in pre-promotor regions as described for Opc 
of Neisseria meningitidis [42, 55]. Bilek et al., who analyzed 14 unrelated gonococcal strains 
from different clinical isolates regarding their Opa expression, showed proof of the effective-
ness of this kind of rearrangement in a clinically relevant manner. As an effect of antigenic 
variation and subsequent selection pressure in the host, none of the examined isolates pos-
sessed the same set of opa alleles [56].  

In general, two different types of Opa proteins can be distinguished, the OpaCEA-type proteins 
binding to carcinoembryonic antigen-related molecules (CEACAMs) and the OpaHSPG-type 
which mediated binding towards heparan sulfate proteoglycans (HSPGs) [57]. Both types have 
intrinsically different interaction partners but lead successively to tighter adherence to the host 
cell and therefore enhanced chances of colonization.  

OpaCEA bind to the N-terminal domain of CEACAMs, which is conserved among different types 
of the receptor while still displaying specificity for certain Opa subtypes [58, 59]. Differential 
expression of CEACAMs on various cell types is one of the main reasons for the tissue recog-
nition tropism of Opa proteins [60]. The cellular reaction upon Opa-CEACAM interaction varies 
depending on the cell type. Usually it results in actin cytoskeletal remodeling and subsequent 
uptake. Neutrophilic binding not only evokes CEACAM mediated uptake but also an opsonin 
independent mechanism [61] while binding onto T-cells leads to inhibition of proliferation and 
activation of the cells resulting in a suppressed immune response [62]. Neisserial colonization 
is, to an extent, self-propagating as bacterial cytokines and lipooligosaccharides lead to an 
increased expression of CEACAMs and thus facilitate Opa-CEACAM interaction [63-65]. Bind-
ing to CEACAMs, however, is not restricted to pathogenic species; commensal Neisseria like 
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Neisseria lactamica, subflava, mucosa, and sicca also possess Opa proteins [66] and can 
therefore interact with their respective receptors.  

Heparan sulfate proteoglycans on the other side are targeted by specific Opa proteins that 
harbor highly cationic surface exposed loops (as for example seen in OpaC/Opa50). Interaction 
between both ligands is potentiated by serum proteins like vitronectin and fibronectin, which 
bind to the host's integrin αvβ5 or α5β1 [67, 68]. Similar to OpaCEA, OpaHSPG binding onto surface 
receptors activates signal cascades that lead to cytoskeletal rearrangements and eventually 
to engulfment and uptake of the bacteria [69, 70].  

 
 

 

Figure I-1 Structure of Opa60 
Conserved β-barrel structure is embedded in the extracellular membrane of Neisseria with four loops that mediate 
binding specificity protruding intro the extracellular space. Protein was modelled with SWISS-MODEL [71-76] on 
the basis of [77]. 
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Porins 

Although porins are not directly interfering with cell-bacteria interaction modulation, they have 
been shown to heavily contribute towards neisserial pathogenicity mediating serum resistance, 
and invasion.  

Generally they can be subdivided into five evolutionary independent superfamilies [78], their 
common framework consisting of an outer membrane spanning channel that incorporates 
three polypeptide subunits with a high content of β-sheets [79, 80] forming a heterotrimeric 
structure of β-barrels which serve as aqueous membrane channels (Figure I-2) [81].  

In their essential housekeeping function, porins are responsible for the ion homeostasis of the 
cell and are essential for bacterial viability – most likely due to their ability to control nutritional 
uptake into the periplasm [81, 82].   

For Neisseria however, they are also an important factor in pathogenicity. Gonococcal strains 
have a single porB gene that can be present in one of two allelic forms P.IA or P.IB, which 
have been associated with different severity degrees of gonorrhea. While expression of P.IA 
(PorB1A) leads to a more complicated disseminated progression, P.IB (PorB1B) harboring 
strains usually refrain to localized urogenital infections [83, 84]. P.IA is known to convey an 
elevated resistance against serum-mediated killing and thus circumvents the innate immune 
response, which might be an explanation for the disparate aetiopathology [85, 86].  

 

 

Figure I-2 Structure of PorB 
Protein was modelled with SWISS-MODEL [71-76] on the basis of [87]; PorinB is shown in top view with three 
β-barrel structures forming a trimeric pore, embedded in the outer membrane of bacteria.  
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IgA1 specific serine endopeptidase  

The IgA1 endopeptidase is one of the mayor pathogenicity factors of Neisseria gonorrhoeae 
which promotes its attachment to the cell membrane, mediates immune evasion and intracel-
lular survival of gonococci.   

After translation IgA translocates via a Sec secretion machinery to the neisserial periplasm. 
Subsequently, its C-terminal translocator domain inserts the IgA β-barrel-structure into the 
outer membrane of the bacterium resulting in a hydrophilic pore. This allows the adjacent pas-
senger domain of the IgA1 protease to cross the outer membrane. There, the active protease 
domain is cleaved off and released into the bacterial surroundings [88].   

This secreted passenger domain represents the actual enzymatic active part and is able to 
cleave human IgA1 antibodies at the hinge domain separating the Fab from the Fc part [89]. 
Anitbodies recognizing Neisseria surfaces thereby loose their ability to opsonize the pathogen 
and further mask their molecular target from other antibodies as the Fab fragment remains 
bound.  

However, evasion of the hosts immune response is not the only pathogenicity conveying char-
acteristic of the enzyme. Amongst others, it is also able to target LAMP1, a major integral 
protein of lysozymes [90], hampering the degradation of intracellular gonococci and therefore 
contributing to their survival and further infection success.  

 

Lipooligosaccharides  

Gonococci do not have a repeating O-carbohydrate antigen side chain, but attach hydrophilic 
non-repeating oligosaccharide chains onto hydrophobic lipid A, creating lipooligosaccharides 
(LOS). In contrast to other gram-negative bacteria as for example the closely related Neisseria 
meningitidis, gonococci lack true capsulation. They are compensating the lack of such through 
phosphoethanolamine modification of LOS creating a pseudo capsule providing resistance 
against the complement system and antimicrobial peptides [91-93].  

The α-chain of the core oligosaccharide can undergo phase variation due to alternating pro-
duction of enzymes necessary in the structural design of the saccharide and therefore contrib-
ute to the ever-changing surface composition of Neisseria [94].  

 

Other factors of gonococcal pathogenicity  

App (adhesion and penetration protein) is part of an autotransporter family and structurally 
related to classical IgA proteases. It is secreted into the extracellular space and has been 
shown to mediate adhesion of Neisseria meningitidis towards a conjunctivitis derived cell line 
albeit no binding to HUVEC endothelial cells could be seen. The protein could also be identified 
in Neisseria gonorrhoeae with 95% sequence similarity to meningococcal APP [95]  
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Ng-OmpA is a highly conserved outer membrane protein related to the OmpA family found in 
many Enterobacteriaceae. Gonococcal knockouts mutants have been identified with a de-
creased adhesiveness and invasion phenotype confirming the crucial role of Ng-OmpA in the 
establishment of lower genital tract colonization [96].  

Another enzyme attributes with a role in neisserial pathogenicity is Ng-MIP (Neisseria gonor-
rhoeae-macrophage infectivity potentiator). The protein has been shown to be involved in sur-
vival inside human macrophages and is implicated to be crucial for bacterial persistence in 
phagosomes [97].  

 

I.1.3. The CEACAM family: mediators of gonococcal adhesion and invasion 

As discussed previously, there are many factors expressed by bacteria that contribute towards 
colonization. On human cells on the other hand, the main responsible receptors are CEA-
CAMs, a family of surface immunuglycoproteins which are exploited by Neisseria gonorrhoeae 
as a docking site to colonize its human host [98-101].  
 
The receptors are composed of at least one extracellular IgV like domain and a varying number 
of IgC like domains. CEACAMs are located in the outer membrane of bacteria and are either 
anchored via glycophosphatidylinositol (GPI) or palmitoylations or span the membrane in 
which case they harbour intracellular signalling structures (Figure I-3).  

 

 

 

 

 

 

 

 

 

 

Figure I-3 Overview of CEACAM structure and family members  
Composition and glycosylation patterns of the main CEACAM isoforms. All receptors have a variable Igv-like domain 
at the extracellular N-terminus. Depicted in orange are constant IgC2-like domains that very in number within each 
family member. While CEACAM1, 3 and 5 harbour a transmembrane domain and an intracellular C-terminal part, 
CEACAM5, 6, 7 and 8 are anchored through GPI and PSG1-11 (Cd66f) is soluble. Modified from [102].  
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The physiological functions of CEACAMs encompass neovascularization [103], immune mod-
ulation and cell-cell contact mediation via homo- or heterotypic interaction with CEACAM-
family members [104]. Both types of cellular adherence are mediated via the respective IgV-
like domains [102]. 

As mentioned before, CEACAMs can also be employed by gonococci for colonization of the 
mucosal epithelium followed by an invasion of the host cell, intracellular persistence and 
transcytosis [40]. However, Neisseria gonorrhoeae is not the only bacterium taking advantage 
of the CEACAM receptor system; also other species like Neisseria meningitides, Haemophilus 
influenza and Moraxella catarrhalis are known to invade their hosts through the binding to 
CEACAM receptors [105-108].  

As discussed, Opa proteins of Neisseria gonorrhoeae are the neisserial interaction partner of 
CEACAMs [57]. Most Opa proteins, bind to one or more member of the family with varying 
affinity [109]. However, a small subset of Opa proteins is also able to bind heparan sulfate 
glycans, convey an indirect integrin binding via vitronectin or attach to lacto-n-neotetrose re-
sidiues on lipooligosaccharides [110-112].  

Besides the expression pattern of Opa proteins, the CEACAM species present on the host 
cells, are a crucial factor for successful host colonization. Not all CEACAMs are equal in their 
bacterial uptake capability; from the 18 genes and eleven pseudo genes only CEACAM1, 5 
and 6 are known for their pathogen receptor quality [113].  

It could be shown, that the extracellular N-terminal domain of CEACAM1 is sufficient for bac-
terial binding and uptake [114]. The other two bacterial uptake receptors, CEACAM5 and 6, 
are lacking an intracellular domain since they are anchored via GPI. This leads to the proposal 
of a potential co-receptor involved in the uptake process [115]. However, further investigations 
to verify this hypothesis have to be conducted.   

Besides epithelial CEACAM members also, CEACAM3, a granulocyte specific innate immune 
receptor serves an Opa interaction partner. The receptor has emerged in the fight against 
CEACAM engaging intruders and serves as a decoy mediating uptake and clearance of en-
gaging pathogens by granulocytes [116, 117]. Even though the interaction of Opa proteins with 
different CEACAMs finally leads to bacterial uptake, the downstream signalling and mecha-
nism behind this process depends on the involved receptor and the cellular context. [118-121].  

As mechanisms to eliminate invading bacteria have evolved, strategies of bacteria to increase 
colonization success have also been refined. Bacterial recognition by CEACAMs not only pro-
motes the initial attachment of bacteria to the mucosal surface; activation of epithelial CEA-
CAMs also enhances the adhesiveness of the infected host cell to the extracellular matrix 
which leads to a suppression of exfoliation and enhances the pathogens chance of successful 
invasion [122, 123].  
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In summary, there is a multitude of players involved in gonococcal pathogenicity. From proteins 
expressed on the outer bacterial membrane like Pili, LOS, porins, Opa proteins and secreted 
proteases to surface proteins of the host and subsequent intracellular processes set in motion, 
a complex interplay facilitates gonococcal adherence, internalization and intracellular survival.  

Regarding its high potential as a pathogen and the increasing prevalence of multiresistant 
strains, it is crucial to broaden our understanding of gonococcal infection mechanism. Recent 
research regarding these processes is mainly focussed on the role of host receptors and host 
signalling,  which aid or hamper infection outcomes [124, 125].  

While it is known that neisserial colonization induces transcriptional changes within the host, 
the question how these bacteria alter their expression pattern upon receptor engagement re-
mains to be resolved. In this study, we try to elucidate this processes through transcriptomic 
analysis of genes expressed in Neisseria gonorrhoeae when engaging CEACAM receptors in 
a cell-free in-vitro environment.  

These results offer the opportunity towards a deeper understanding of transcriptional modula-
tion in gonococci after interaction with their epithelial receptor and thus potentially valuable 
insights into the infection specific transcription pattern of these pathogens.   
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I.2. Results 

 

I.2.1. Optimization of the cell-free gonococci stimulation assay 

 
To evaluate the effects of bacterial CEACAM engagement on their gene transcription, we de-
veloped a cell-free system to exclude possible side reactions caused by other proteins ex-
pressed on the surface of human cells. CEACAM1 and 5 are known epithelial interaction part-
ners of Opa proteins and therefore serve as neisserial receptors. Both proteins have shown to 
facilitate gonococcal colonization and entry into the host cell. Although their binding pattern 
differentiates between individual Opa variants, both strongly bind to Opa52 [109]. To account 
for the non-infection related transcription changes, CEACAM8, a non-Opa-binding receptor 
with a high sequential and structural similarity to CEACAM1 and 5, was employed.  

The interaction with Opa proteins is mediated by the amino-terminal IgV-like domain of the 
human receptors [58]; therefore, Fc-tagged CEACAM1, 5 and 8 interaction domains were pro-
duced in HEK 293T and used as binding partners of gonococci.   

Neisseria gonorrhoeae expressing Opa52 or lacking Opa-expression were allowed to interact 
with CEACAMs immobilized on a polystyrol surface with Protein G used to mediate binding 
between the receptor and the assay surface (Figure I-4 A).  

The identity and Protein G binding specificity for the purified Fc-tagged CEACAM IgV-like do-
mains was assessed via Western Blot analysis (Figure I-4 B). The polypeptide chain of 
CEACAM N-terminal regions has a size of about 18 kDa while the Fc-part used in the construct 
is estimated at 28 kDa. The presence of three glycosylation sites on the CEACAM1 and 8, or 
two in case of CEACAM5 respectively, further changes the apparent protein size [115] to a 
total of 51 kDa for CEACAM5 and 53.5 kDa for CEACAM 1 and 8.  

To enhance the transcriptional response, the interaction potential between bacterium and 
CEACAM should be maximised. In a first step, we tested the effective saturation of the 
polystyrol assay surface with Protein G, at a concentration range of 0.01-100 µg, which was 
incubated either overnight or for 2h on the surface. Fc-binding avidity per surface area was 
quantified by fluorescence staining with an antibody of unrelated specificity, interacting with 
the immobilized Protein G via its own Fc-part. (Figure I-4 C). Overnight coating with purified 
Protein G produced substantial higher Fc- binding avidities but showed the same kinetics as 
the two hours incubation (Figure I-4 C). Incubation with 100 µg Protein G showed to be suffi-
ciently close to surface saturation. 

Finally, the necessary concentration ratio to saturate bound Protein G with purified CEACAM-
Fc constructs was evaluated via immunoblotting (Figure I-4 D left). Quantification of Western 
Blot band intensity showed that an equimolar rate of CEACAM protein was enough to reach 
maximal binding capacity (Figure I-4 D right).  
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Considering these results and to ensure a maximum binding, the final concentration of Protein 
G coating was doubled to 200 µg per cm² with an equimolar rate for CEACAM coating to ensure 
saturation.  

  

Figure I-1 Optimization of in-vitro gonococci stimulation assay 
(A) Schema of cell free gonococci stimulation assay (B) Validating expression of Fc-tagged CEACAM variants and 
their binding to Protein G via a HRP coupled antibody mediated immunoblotting. (C) Quantification of available Fc-
avidity on polystyrol surfaces coated with Protein G for 2 h or overnight. Avidity was assessed by fluoresce staining 
of Fc-binding sites with a Cy3 coupled antibody. (D) Qualitative and Quantitative (molar ratio) evaluation of required 
CEACAM-IgV-Fc (CC-NT) amounts to assure Protein G saturation via Western Blot using Biotin conjugated 
goatαhuman antibody. CEACAM5 and -8 regained from Protein G coated polystyrol plates, Protein G as negative 
binding control, purified CEACAM5-Fc as positive binding control.  

 

D 

BA 
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I.2.2. Modulation of gonococcal gene transcription by CEACAM interaction 

Optimization of a cell-free gonococcal stimulation assay allows us to investigate the transcrip-
tional modulations triggered in Neisseria gonorrhoeae by interactions with CEACAM1 and 5 in 
a novel way, as this method can exclude CEACAM unrelated interference with the transcrip-
tional program of the infiltrating bacteria. Subsequently, gonococcal strains expressing Opa52 
or lacking Opa expression were incubated on CEACAM1- and 8-NT (Opa52) or CEACAM5-NT 
(Opa52 and Opa-). This approach allows estimation of the neisserial baseline transcriptome, as 
well as the monitoring of CEACAM-interaction induced transcriptional changes. 

After a stimulation period of 30 minutes, neisserial mRNA was isolated, checked for proper 
purity and quantity (Supplementary Figure IV-1 and Supplementary Figure IV-2) and se-
quenced with next-generation sequencing.   

Bioinformatic analysis was performed using Rockhopper [126] software, tools implemented 
within the Galaxy project [127-129] as well as self-written Perl based scripts. The Neisseria 
gonorrhoeae strain used within this project derives from an MS11 background. Since no an-
notated MS11 genome is available, the obtained mRNA sequencing reads were compared to 
the closely related strain NCCP11945 and the reference genome of strain FA1090 (Supple-
mentary Figure IV-2). Mapping on the NCCP11945 genome provided a superior coverage 
and was therefore used for further transcriptomic analysis. At least 92% off all obtained reads 
per sample could be aligned onto the NCCP11945 genome.  

Rockhopper software checked for the transcription of 2662 genes of the total 2674 genes pre-
sent in the NCCP11945 genome [130]. Coverage of transcribed genes compared to all present 
genes is displayed in Table I-I. In total, a high abundance of gonococcal genes were tran-
scribed, depending in the sample reads for 95-97% of the genes could be detected. If genes 
with a very low transcription (below 10 reads per kilobase and million (RPKM)) are neglected, 
a gene transcription coverage of 75 to 78% could be observed.  

Table I-I Overview of gene coverage compared to strain NCCP11945 

# of transcribed 
genes 

CEACAM1 
Opa+ 

CEACAM5 
Opa+ 

CEACAM5 
Opa- 

CEACAM8 
Opa+ 

total 2590 97,3% 2588 97,2% 2546 95,6% 2563 96,3% 

RPKM value > 10 2072 77,9% 2096 76,9% 2006 75,4% 2074 76,9% 

 

Figure I-5 shows the alignment of the sequenced reads with the chosen reference strain ge-
nome for the individual samples. The transcription pattern for all samples is highly similar and 
reveals no major apparent changes in the overall distribution. 
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Figure I-5 Distribution of reads aligned on NCCP11945 genome (continous) 
X-axis represents the position in the neisserial genome. a-Axis shows the number of aligned reads onto the genome 
for the four samples in a histogram; CEACAM1-Fc Opa52 (1+), CEACAM5-Fc Opa52 (5+), CEACAM5-Fc Opa- (5-) 
and CEACAM8-Fc Opa52 (8+).  

 

To get an overview of the general gonococcal transcription pattern, the 100 highest transcribed 
genes in all samples, sorted by transcription level in CEACAM1-Fc Opa+, are shown in Table 
I-II. Putative RNA and ribosomal coding genes, which are the most abundantly transcribed 
RNAs in all cells [131], were excluded from the list to highlight protein-coding gene products. 
Expectedly, outer membrane proteins like outer membrane protein I and III are found among 
the most abundantly transcribed protein encoding genes. Amongst those were also essential 
genes like elongation factor Tu and the protein MdaB, which is known to be involved in 
antibiotic resistance [132]. Phage associated proteins have also been found to be transcribed 
in a strikingly high quantity.  

 

Table I-II Highest transcribed protein-encoding genes in all samples 
Top 25 transcribed genes are shown; putative RNA and ribosomal coding genes within the list are not shown. Gene 
ID according to NCCP11945 strain. The abundance is displayed in RPKM.   

Gene ID Product CEACAM1 
Opa+ 

CEACAM5 
Opa+ 

CEACAM8 
Opa+ 

CEACAM5 
Opa- 

NGK_2299 hypothetical protein 62118 47759 59204 46798 

NGK_1876 outer membrane protein III 10968 11380 10695 9856 

NGK_2459 outer membrane protein I 10792 11669 11491 9368 

NGK_0240 putative zinc-binding alcohol dehydrogenase 5745 6073 5928 6343 

NGK_2415 elongation factor Tu 5080 5196 5077 6347 

NGK_2431 elongation factor Tu 4715 4849 4752 5987 

NGK_0873 peroxiredoxin 2 family protein/glutaredoxin 3954 3857 3859 4679 

NGK_1460 putative phage associated protein 3482 3603 3406 5379 

NGK_1739 protein MdaB 3417 3404 3282 6786 

NGK_1459 putative phage associated protein 2892 2985 2712 6227 

NGK_0837 hypothetical protein 2346 2294 2194 1679 

NGK_1099 protein DbhA 2256 2246 2231 2912 

NGK_1145 putative phage associated protein 2251 2168 2025 3459 

NGK_0082 putative marR-family transcriptional regulator 2111 1938 2010 1608 

NGK_1348 carbonic anhydrase 2111 2112 2019 1002 

NGK_0231 putative two-component system regulator 1883 1858 1784 2119 

NGK_1875 hypothetical protein 1853 2317 2113 2111 

NGK_2621 F0F1 ATP synthase subunit C 1735 1645 1774 2410 

NGK_0257 hypothetical protein 1685 1771 1751 1683 

NGK_0161 preprotein translocase subunit SecB 1679 1800 1761 2309 

NGK_1417 putative pemI-like (PemI); phage associated 1663 1731 1647 1218 

NGK_0494 cysteine synthase 1657 1695 1699 1554 

NGK_0649 putative phage associated protein 1624 1713 1596 862 

NGK_0881 type II citrate synthase 1624 1638 1602 862 

NGK_0160 putative glutaredoxin 1583 1567 1513 1613 
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I.2.3. Gonococcal transcription after interaction with CEACAM-constructs 

The extensive data of both baseline and CEACAM-engaging gonococcal transcription enabled 
us to investigate the divergence in gene transcription level between Neisseria incubated on 
CEACAM1, 5 and 8-Fc respectively (Figure I-7 A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, the ratio of reads per kilobase and million (RPKM) values were calculated for the 
different samples, which are graphically depicted in a categorized histogram (Figure I-2). 
Changes in gene transcription between different CEACAMs incubated with gonococci harbour-
ing Opa52 were low and ranged mostly between 0.8 and 1.2 fold indicating only minor tran-
scriptional changes based on the CEACAM species. (Figure I-2 A).    

The highest variation in transcription could be observed when comparing samples of Opa52 

expressing Neisseria to the ones lacking Opa expression (Figure I-2 B). This indicates that the 
different genetics contributed more to the transcriptional pattern than the interaction with 

Figure I-2 Differential gene transcription of Opa52 and Opa- gonococci upon CEACAM engagement 
X-axis: ratio of transcription of different genes as shown in the title of each graph in categorised values. Y-axis 
number of reads. When denominator equalled 0, values were categorized as n/a and are depicted on the right 
side of the x-axis. (A) Differential transcription of Opa expressing gonococci (B) Comparison of the tran-
scriptomic divergence of gonococci expressing Opa vs. Opa negative Neisseria.  

A B 
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CEACAM receptors. This is in general surprising, as both originate from the same genomic 
background and differ solely in their Opa expression. The effect is especially pronounced in 
the CEACAM5-Fc incubated samples of both strains. Due to the strong divergence in tran-
scription and the similar pattern shown for Opa binding and non-binding CEACAMs, the Neis-
seria lacking Opa expression could not be considered as a suitable transcriptomic baseline for 
the Opa expressing strain.   

Only alterations in transcriptional read abundance for genes identified with at least 10 RPKM 
in CEACAM1-Fc Opa52 sample were considered. To identify cases of modulated gene expres-
sions, we focused on genes which altered their transcriptional activity at least by a factor of 2 
in either direction within CEACAM1 and CEACAM5 samples compared to the non-Neisseria 
binding CEACAM8 species (Figure I-3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Six proteins with at least 2-fold increased transcriptional activity were identified in response to 
CEACAM binding in an Opa dependent manner: three hypothetical proteins, two putative 
phage-associated proteins and one putative type I specificity subunit of the HsdS restriction 
endonuclease. One hypothetical protein was less than 0.5-fold transcribed in both CEACAM1-
Fc and CEACAM5-Fc compared to the CEACAM8 control (Table I-III). 

  

Figure I-3 Scheme on data refinement of CEACAM dependent transcriptional changes  
Transcripts of CC1 and CC5 incubated, Opa expressing gonococci with an RPKM value of 10 and above are se-
lected and compared to the expression level in the CC8 incubated sample. Strongly downregulated (half or less 
expressed) or upregulated (double or more expressed) transcripts were chosen in each approach. Hits that could 
be detected in both Opa binding CEACAM incubations are considered as CEACAM dependent expression. 
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Table I-III Differential transcription of CEACAM dependent genes in Neisseria gonorrhoeae MS11  

Gene ID Protein 

 
Transcribed ≧ 2 fold increase in CC1Opa+ and CC5Opa+ compared to CC8Opa+ 
NGK_0153 hypothetical protein 

NGK_1415* putative phage associated protein 

NGK_1943* putative phage associated protein 

NGK_0571* putative type I specificity subunit HsdS 

NGK_2320 hypothetical protein 

NGK_0208 hypothetical protein 

  
 
Transcribed ≦ 0.5 fold increase in CC1Opa+ and CC5Opa+ compared to CC8Opa+ 
NGK_1200 hypothetical protein 

 

 

Best BLAST approximation of identified differentially transcribed genes 

 

Elevated transcription in Neisseria-CEACAM1 and 5 interaction  

NGK_0153 
Comparison of the sequence (Supplementary Figure IV-3 A) in BLAST showed hits within 
the Neisserial genus for conserved hypothetical proteins. 
 
NGK_1415 
Blasting of the sequence (Supplementary Figure IV-3 B) revealed multiple hits from different 
automated genome assemblies of Neisseria gonorrhoeae isolates and was always marked as 
a putative phage associated protein.   
 
NGK_1943 
Alignment of the amino acid sequence of NGK_1943 with the BLAST hits 
(Supplementary Figure IV-3 C), revealed a high identity with other putative phage-associated 
proteins of different gonococcal assemblies but with a comparably low query coverage of about 
40-60% total length.  

NGK_0571 
The protein identified as the putative type I subunit HsdS had the best fit with parts of the 
subunit S of a restriction endonuclease from Neisseria gonorrhoeae and other closely related 
neisserial species like lactamica, meningitidis and cinerea (Supplementary Figure IV-3 D).  

NGK_2320 
Best concordance could be found with putative protein from the mapped NCCP11945 genome 
as well as from a putative lactamical protein (Supplementary Figure IV-3 E).  
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NGK_0208 
The most abundant hits in the BLAST search were also hypothetical proteins of various neis-
serial species and a DNA binding protein of Neisseria meningitidis (Supplementary Figure 
IV-3 F).  

 

Reduced transcription in Neisseria-CEACAM1 and 5 interaction  

NGK_1200 
Blasting of the sequence resulted in the identification of the hypothetical protein as concordant 
with a DNA-binding protein identified in Neisseria species [133] and the first 77 amino acids of 
the 2-hydroxy acid dehydrogenase from Neisseria meningitidis and lactamica [134] (Supple-
mentary Figure IV-3 G). The highest congruency of NGK_1200 is found with the DNA binding 
protein; also in the original NCCP11945 genome; a further proceeding of the identified protein 
region into the dehydrogenase sequence could not be found within any frame.  

 
  



CHAPTER I - HOST RECEPTOR INTERACTION INDUCED TRANSCRIPTOMIC MODULATION IN NEISSERIA GONORRHOEAE 

 

21 

 

I.3. Discussion 

In this study, we addressed the question if gene transcription of Neisseria gonorrhoeae 
changed upon interaction with their human host’s receptor CEACAM1 and 5. To elucidate this, 
we established a cell-free in-vitro assay in which CEACAM1 and 5-Fc, bound to Protein G 
coated polystyrol plates, were exposed to Neisseria gonorrhoeae to stimulate receptor-
dependent transcriptional change. CEACAM8-Fc and bacteria lacking in expressing of the 
CEACAM interaction partner Opa52 were used as a negative control for the transcriptomic 
analysis.  

 

Fit to reference genome and expression of neisserial genes 

The MS11 genome was mapped onto two different annotated neisserial genomes, from strain 
FA1090 and NCCP11945. In agreement with previous studies, the genome of NCCP11945 
yielded higher congruency due to its smaller genomic distance to the employed MS11 stain 
(Supplementary Figure IV-4). We can report that more than 95% of the genes were tran-
scribed with at least one RPKM, while 75% exceeded 10 RPKM. While the difference between 
CEACAM1-Fc and CEACAM5-Fc incubated with Opa expressing gonococci was comparably 
low, the transcriptional changes were more striking when incubated with Opa negative gono-
cocci. These results indicate that the difference in the genomic background of gonococci ex-
pressing or lacking Opa proteins seems to have a higher impact than the nature of the engaged 
CEACAM receptor. A possible explanation for the comparably high divergence even though 
both strains originate from the same genomic background might be that the missing Opa pro-
tein expression is compensated. Since phase variation is a quick adaptation process, change 
of transcription pattern as a reaction towards losing a major outer membrane protein might be 
possible within the given time frame.  

The highest transcribed genes were outer membrane proteins, elongation factors, the subunit 
C of F0F1 ATP synthase and putative phage-associated proteins. These findings correspond 
with the transcription pattern of Neisseria gonorrhoeae that has been seen in other studies 
[135]. Further, transcription of mRNA coding for MdaB (modulator of drug activity), which is 
suspected to be involved in antibiotic resistance of Neisseria [132], could be detected. Alt-
hough the MS11 strain of gonococci is not characterized as multiresistant, it is still displaying 
low susceptibility against chloramphenicol and harbors plasmids conveying erythromycin and 
tetracycline resistance which both could be supported by MdaB expression.  

 

Expression differences between binding and non-binding CEACAMs 

Examination of differential gene transcription pattern between Neisseria gonorrhoeae express-
ing Opa52 incubated on CEACAM1 and 5-Fc compared to the non-Opa52-binding CEACAM8-
Fc revealed seven genes that underwent pronounced transcriptional alterations. Most of them 
referred to hypothetical or putative phage-associated proteins with up until now uncharacter-
ized function in Neisseria gonorrhoeae. This fact also confirms our previous observation of a 
rather stable gene transcription regardless of the CEACAM interaction. In conclusion, no Opa 
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protein-dependent changes due to stimulation with different CEACAM receptors could be 
found with our experimental setup. 

It might be, that CEACAM engagement is mediating binding and uptake of the bacteria, while 
other factors, either expressed on the epithelial surface or present in the microenvironment 
might be responsible for adaptive transcriptional change in the bacteria. One possible change 
inducing protein might be a yet unidentified putative co-receptor of CEACAMs. Since 
CEACAM1, which is lacking an intracellular domain, is sufficient for neisserial uptake and 
CEACAM5 and 6 are mediating internalization despite being anchored to the membrane via 
GPI, the existence of a co-receptor responsible for signal transfer from surface to cytoplasm is 
highly likely. Such a co-receptor could also be the factor inducing transcriptional change in 
Neisseria when engaged [115].  

Another explanation for the lack of observed transcriptional change might be that it is delayed 
until later staged of the infection. Other pathogens are known to express specific factors for 
intracellular survival once they have successfully invaded the host cell. Exemplarily, Salmo-
nella spec. has infection specific expression changes which are amongst other factors, tem-
perature, pH and osmolality dependent [136]. Epithelial invasion of Salmonella is dependent 
on its SPI-1 island, which encodes for a type III secretion system and several other effectors 
contributing to pathogenicity triggered through interaction with eukaryotic proteins and envi-
ronmental changes [137]. Therefore, it is plausible, that gonococci might respond when chal-
lenged with the host's intracellular conditions. Brookes and Sikyta reported, that a continuous 
culture of gonococci at different pH resulted in morphological size changes [138] and iron lim-
itation, as seen within a cellular environment, is reported to increase gonococcal virulence 
[139].   

Taking into account that Neisseria gonorrhoeae is a pathogen with the human as its only res-
ervoir, and its inability to survive for a prolonged period outside its host, it is also conceivable 
that it has not evolved a non-infectious gene transcription pattern.  

A further reason, why we could not identify a differential gene expression pattern might be a 
lower than expected amount of coated proteins. In other protein purifications, we could detect, 
that the specificity of the purification column was not as high as presumed. There is a possibility 
that CEACAM1-, 5- and 8-NT-Fc proteins were contaminated with the Fc-part of antibodies, 
which were still present in the expression medium. Since the antibody heavy chain is in the 
same size range as the purified constructs, a distinction by means of the Western Blots per-
formed to evaluate the protein expression efficiency and identity was not possible. Thus it must 
be considered, that the amount of CEACAMs, the neisserial bacteria were exposed to, was 
not as high as initially assumed. Therefore, the lacking difference between the transcription 
pattern could also be attributed to a sub-effective amount of receptor interaction.   

Concluding the general expression pattern of Neisseria gonorrhoeae was in concordance with 
previous literature findings. However, within this setup, our findings could not support a diverg-
ing gene expression of Neisseria gonorrhoeae when engaging their human host's receptor 
CEACAM 1 or 5.  
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I.4. Methods 

 
Expression of Protein G 

30 mL LB medium + 50 µg/mL Kanamycin were inoculated with a single clone of E.coli expres-
sion strain BL21 DE3 containing pET His-Protein G. The culture was incubated overnight at 
37°C and 200 rpm. For the main culture, 300 mL of LB + 50 µg/mL Kanamycin were inoculated 
with 10 mL of the overnight pre-culture and grown at 30°C and 200 rpm until they reached an 
OD600 of 0.6-0.8. At this point, Protein G production was induced by adding IPTG to a final 
concentration of 1 mM. The culture was further incubated overnight at 30°C and 200 rpm. Bac-
teria were harvested through centrifugation at 4000 rpm for 30 min. and 4°C. Pellet was stored 
at -80°C until purification.  

 
Protein purification of Protein G 

The collected bacterial pellet was thawed at 4°C and resuspended in 20 mL cold buffer A 
(50 mM sodium phosphate, 1 M sodium chloride pH 8 containing protease inhibitor PMSF at 
1 µM, aprotinin and pefablock at 10 µg/mL and leupeptin at 5 µg/mL). The cells were lysed 
through three sonification steps each for 2 min. at 20 kHz and 70% of max. intensity with 5 min. 
between the sonification steps (Bandelin Sonopuls HD70). The lysate was then centrifuged for 
1 h at 16,000 rpm and 4°C to remove the insoluble fraction.  

Soluble Protein G was purified on a HisTrapFFcurde 1 mL column (Pharmacia) which was 
equilibrated with 20 mL buffer A at 1 mL/min.  The sample was loaded at a velocity of 
0.5  mL/min. Afterwards, the column was washed 30 min. with buffer A then 30 min. with 5% 
buffer B (50 mM sodium phosphate, 0.5 M NaCl, 0.5 M Imidazole pH 8) in buffer A. Elution 
was performed with a gradient of buffer B in buffer A ranging from 5-50% within 40 min. The 
different fractions were collected, and quality controlled in Coomassie-stained SDS page and 
Western Blot using a secondary antibody coupled to HRP. The fractions with the highest ex-
pression were pooled and dialysed in 25 mM sodium phosphate, 150 mM sodium chloride and 
1 mM EDTA, pH 8 3 times at a volume of 1.5 L for 2-4 hours or overnight. A second dialysis 
step was performed in 1 L dialysis buffer (see above) + 10% glycerol for 4 h or overnight. 
Protein aliquots were frozen in liquid nitrogen and stored at -80°C for long term or at -20°C 
after the first thawing for no longer than two weeks. All steps were performed at 4°C.   

 
Expression of CEACAM-Fc constructs 

HEK 293T cells were transfected with pLPS-3'-FC plasmid containing CEACAM1NT, 
CEACAM5NT or CEACAM8NT + leader sequence respectively using calcium phosphate pre-
cipitation. Proteins were produced over three days at 37°C 5% CO2 in serum-free OptiMEM 
medium (Gibco). After this time the medium was collected and centrifuged at 16,000 rpm and 
4°C for 40 minutes to remove cell debris. The supernatant was stored at -80°C until purification. 
CEACAM-Fc expression was confirmed with 12.5% SDS gel and Western Blot with ProteinG-
HRP antibody (10-1223 Zymed). 
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Purification of CEACAM-Fc constructs 

The supernatant containing the desired proteins was filtered through a 0.2 µm filter and bound 
onto Prot.G Sepharose column equilibrated with 20 mL 10 mM Tris buffer pH 8 at a flow rate 
of 0.3 mL/min. The column was washed for 70 min. with 100 mM Tris pH 8 and then for 50 min 
with 10 mM Tris pH 8 both with a flow rate of 0.3 mL/min. Elution was performed with 50 mM 
Glycine pH 2.7 for 60 min. at the same flow rate. Ten fractions were collected with 200 µL 1 M 
Tris pH 8 pre-pipetted into collection tubes. Purity was verified on 12.5% SDS gel and Western 
Blot using ProteinG-HRP.  

 

Immunoblotting  

Sample preparation for the detection of recombinant CEACAMs in supernatant and pellet was 
performed similarly as described; the supernatant was mixed with 4xSDS (double concen-
trated as above) in 1:4 ratio, the pellet was then dissolved in 200 µL 2xSDS and treated as 
described above. Gels were run in Mini PROTEAN® TetraCell from BioRad and blotted onto 
PVDF membrane in a wet chamber from peqlab Biotechnologie GmbH. Membranes were 
blocked in blocking solution (2% bovine serum albumin, 0.05% NaN3 in TBS-T (50 mM Trizma 
Base, 0.15 M NaCl, 0.05% Tween pH 7.5)) and washed with TBS-T. Antibodies used: Pro-
teinG-HRP (Zymed 10-1223), Biotin conjugated goatαhuman (Jackson 109-065-088).  

 

Optimization of protein amount for coating of polystyrol plates 

Protein G was incubated on polystyrol plates at amounts of 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50 
and 100 µg overnight at 4°C or 2 h at 37°C in 100 µL PBS solution on a 96 well plate. The 
plate was washed thrice with TBS-T (50 mM Trizma Base, 0.15 M NaCl, 0.05% Tween pH 7.5) 
and blocked subsequently with 200 µL BSA (2% in TBS-T) for 2 h at RT. Efficiency was 
evaluated with a Cy3 goatαmouse IgG (Jackson 115-165-062) at 1:300 in 50 µL PBS per well. 
The antibody was incubated for 1 h at 37°C in the dark and washed thrice with TBS-T before 
evaluating fluorescence (Thermo scientific Varioscan flash) at 550 nm excitation and 570 nm 
emission.  

 
Determination of required CEACAM amounts to saturate coated Protein G 

CEACAM5-NT-Fc was dissolved in PBS and used at different molar ratios 
(1:0/0.2/0.4/0.6/0.8/1/1.2/1.4) and added to a Protein G coated polystyrol plate. As control 
CEACAM8 was used at the highest ratio of 1:1.4. The plate was incubated overnight at 4°C 
and then washed four times with 200 µL PBS per well. 40 µL 2xSDS (2% SDS, 20% glycerol, 
125 mM Tris-HCl pH 6.8, 10% β-mercaptoethanol, 0.1% bromphenol blue) has been added to 
wells and incubated for 10 min at 60°C. SDS-mixture was transferred into test tubes and again 
heated for 5 min. at 96°C. Samples have been transferred onto 15% SDS gel (separation gel: 
3.75 mL 40% Bisacrylamide, 3.65 mL ddH2O, 2.5 mL 1.5 M Tris pH 8.8, 50 µL 20% SDS, 30 µL 
10% APS, 15 µL TEMED – collection gel: 312µL 40% Bisacrylamide, 1.5 mL ddH2O,  625 µL 
1.5 M Tris pH 8.8, 12.5 µL 20% SDS, 7.5 µL 10% APS, 3.75 µL TEMED) and run in running 
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buffer (10 g/L SDS, 30 g/L Tris, 144 g/L glycin in ddH2O) and were subsequently blotted on 
PVDF membrane using a BioRad TurboBlot. Afterwards the membrane has been blocked with 
blocking solution (2% bovine serum albumin, 0.05% NaN3 in TBS-T) for three days and incu-
bated with the first antibody biotin-conjugated goat α-human antibody (Jackson Immunolab) 
1:300 in blocking solution for 2 h at RT. After three times washing with TBS-T, a secondary 
antibody with streptavidin coupled to HRP (1:1000 from Jackson Immunolab) was added and 
incubated for 1 h at RT. Chemiluminescence was determined with BioRad ChemiDoc Touch.  

 
Band intensity quantification  

Band intensity was evaluated using an area under the curve estimation in intensity profile cal-
culated with the rolling ball model implemented in ImageJ Version 1.50.  

 

Culture of Neisseria gonorrhoea  

Neisseria strain N309 was streaked out on GC plates containing 7 µg/mL erythromycin and 10 
µg/mL chloramphenicol while strain N302 was streaked out on pure GC plates for single colony 
selection. To generate higher quantities, a single clone was picked and streaked out on fresh 
GC plates the next day. Plates were incubated overnight at 37°C and 5% CO2. Bacterial den-
sity was evaluated by measuring the optical density at 550 nm.  

 
Coating of plates and incubation of Neisseria 

Untreated polystyrol with 6 cm diameter were coated with 200 µg Protein G per cm² in PBS 
overnight at 4°C. The plate was washed three times with 3 mL PBS and then coated with the 
corresponding CEACAM-Fc in PBS in an equimolar ratio to Protein G at 4°C overnight. After 
three times washing with 3 mL PBS the coated plates were incubated with 5x108 Neisseria 
gonorrhoea (strain N302 and N309 respectively) per sample in 2 mL PBS for 30 min at 37°C 
and 5% CO2. Neisseria were recovered from the plates and centrifuged down at 4°C and 
8000 rpm.  
 
 
RNA isolation  

RNA was isolated from Neisseria gonorrhoeae strain N309 and N302 by using the QIAGEN 
RNeasy Mini kit according to the bacterial RNA isolation protocol written in the handbook of 
2001. An on-column DNAse digest was performed with RNase-Free DNase Set (QIAGEN). 
RNA was solved in 30 µL of RNase free water. All equipment and material used for RNA iso-
lation was treated with UV light or Diethylpyrocarbonate (DEPC)-treated.  

 
RNA sequencing and analysis 

cDNA synthesis and RNA sequencing were performed by BGI Genome using Illumina-
HiSeq2000/2500 sequencer and an RNA-Seq Quantification Library (normal 2~10 µg library). 
Analysis of RNA seq data was performed using tools implemented within the GALAXY program 
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[127-129], Rockhopper software [126] and self-written Perl scripts. Transcription levels are 
stated in reads per kilobase per million (RPKM) and mapped onto the annotated neisserial 
genomes of strains FA1090 and NCCP11945. To see the influence of CEACAMs on differential 
gene transcription, the RPKM values of the respective CEACAMs were compared as a ratio of 
each other.   

 
Search for related proteins of differential transcribed RNA 

Nucleotide sequences obtained from the NCCP11945 genome were translated into protein 
sequences and blasted in nucleotide BLAST blastn suite with an megablast algorithm. Highly 
similar sequences have been identified and aligned with BLOSUM 62 matrix implemented in 
Clone Manager 9 Professional Edition.   
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II. NQNO - a new antibiotic agent for the treatment of 
gonorrhea   

 

At the beginning of this thesis, we evaluated the gonococcal transcription activity in an infection 
simulating system, to further our knowledge covering the signaling in Neisseria gonorrhoeae, 
potentially providing additional focus points for further investigations. In the next part, we 
choose a more direct approach to tackle the problematic of increased gonorrhea spread. De-
velopment of new antibiotic strategies against Neisseria gonorrhoeae is one of the key factors 
to contribute to the global fight against multiresistancy and treatment failure. Here we describe 
a novel use of natural derivates produced in Pseudomonas aeruginosa that have the potential 
to ameliorate gonococcal infection and even clear the pathogen from the female genital tract.  

 

II.1. Introduction  

To give an overview of the state of the art in the battle against gonococcal infection, we will 
discuss the diverse measures that are currently available and applied in detail in the following 
section.  

II.1.1. Prevention of neisserial infection  

The first line of defense in the battle against gonorrhea is the prevention of infection. This 
incorporates various measures like the promotion of sexual health including regular testing on 
STIs for high-risk groups, education in sexual matters, promotion as well as the removal of 
financial and distributional barriers for condom usage [140].  

Although educational campaigning and raising awareness of the disease has proven to slow 
down the spreading in some western countries [141, 142], it requires a constant effort, espe-
cially in sub-Saharan Africa. While prevention, if abode adequately, is the most successful 
strategy, this approach alone is not feasible in reality and further measures have to comple-
ment the endeavor.  

II.1.2. Vaccines against gonorrhea 

The ultimate goal in defeating Neisseria gonorrhoeae would be the development of a vaccine 
conveying protection against all pathogenic neisserial strains. Developing a general protective 
vaccine is challenging on a molecular level since gonococcal strains are known to exhibit 
strong surface protein heterogeneity due to their phase variable gene repertoire [143] which 
allows them to escape adaptive immune responses against many surface proteins (for more 
information refer to introduction of Chapter I). Accordingly, previous unsuccessful approaches 
using standard development methods discouraged economic interests in gonorrhea vaccines, 
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further impeding progress along this path. [144]. Advances arising from new sequencing meth-
ods and bioinformatic computing combined with new toolkits in microbiology and immunology 
recently started to rekindle the interest in developing a vaccine-based solution [145].  

Even though there are reports of a natural clearance without previous treatment of gonococcal 
infections, the inherent asymptomatic course of the disease raises the question if the infection 
was indeed eliminated. Commonly, the high prevalence of recurring gonococcal infections is 
argued to stem from incomplete pathogen eradication after local inflammation. [146]. This hy-
pothesis is also supported by the lack of natural acquired immunity against Neisseria gonor-
rhoeae [147], raising the question if an all-encompassing antigen can even be identified.  

Up until now, only four vaccine candidates for Neisseria gonorrhoeae have progressed into 
clinical trials; a whole cell vaccine tested in the early 20th century [148], a partial autolyzed 
vaccine developed 1974 [149], a pilus based vaccine from the 1990s [150] and a vaccine 
based on isolated gonococcal protein I [151]. However, none of these vaccines were success-
ful and made it onto the market. In general, antibody production after vaccination was observed 
to be very low, non-protective and levels often not even differed between vaccinated vs. un-
vaccinated subjects [152].  

More recent efforts identified new vaccine candidates through genome-wide screens and novel 
engineering methods like reverse vaccinology. Success could be accomplished in the devel-
opment of a meningococcal vaccine protecting against infection with the closely related Neis-
seria meningitidis.  
Vaccines against meningococci were already available for capsular serotypes A, C, W135 and 
Y [153], but protection against the poorly immunogenic serotype B could only be achieved 
through specific engineering of the vaccine components [154, 155]. The efficacy of this sero-
type B vaccine, which uses a combination of outer membrane vesicle (OMV) targeting several 
antigens, may offer a perspective for the development of a protective gonococcal vaccine.  
 
A retrospective study about the effectiveness of the OMV meningococcal serogroup B vaccine 
gives additional rise to hope for the feasibility of a gonococcal vaccine. The study found a 
reduced rate of gonococcal infections in the cohort treated with the meningococcal vaccine 
[156]. The conveyed resistance against gonorrhea is with an estimated 31% of reduced new 
infections rather low. However, statistical analysis showed that stringent vaccination might re-
duce the prevalence of gonorrhea by half within 15 years with an assumed prevalence of 1.6 
to 1.7% in the global population [157].  
 

II.1.3. Treatment of gonococcal infections 

Besides preventing the infection right from the start, the primary focus of the fight against gon-
orrhea is to improve therapy. Gonorrhea was virtually untreatable until the late 1930s when 
penicillin was discovered. Prescription of antibiotics was and is the most favored way to cope 
with acute neisserial infections. However, this powerful weapon starts to blunt as multiresistant 
strains become more abundant [158, 159]. As depicted in Figure II-1, resistance acquisition 
and development of new antimicrobial strategies has always been an arms race with research 
seemingly losing the battle.  
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Figure II-1 Development of antibiotic resistance in Neisseria gonorrhoeae [160] 
Time line displaying the introduction of antibiotic classes in treatment of gonorrhoea and the first occurrence of 
resistant gonococcal strains against the single types. XDR; extremely drug resistant 

 

The current treatment in clinic stipulates the use of azithromycin and ceftriaxone. Neisseria 
strains resistant against azithromycin [161] were globally on the rise, while ceftriaxone re-
sistance was only sporadically reported [162]. In February 2018, the first strain resistant 
against both first-line antibiotics was detected in a heterosexual English men following sexual 
intercourse with a locally resident female from Thailand [163] followed by two other cases of 
dual resistance in Australia from which at least one has also been acquired in Southeast Asia 
[164]. The rise of these dual resistant bacteria signify the impending loss of yet another re-
maining treatment option for gonococcal infections.   

 

II.1.4. Countermeasures in the fight against spreading multiresistancy 

Correspondingly, in 2017 the WHO has elevated Neisseria gonorrhoeae into the high priority 
category of the pathogen list for research and development of new antibiotics topped only by 
Acinetobacter baumanii, Pseudomonas aeruginosa and Enterobacteriaceae [165]. The fight 
against gonorrhea relies mainly on two cornerstones, the development of new therapies, either 
based on classical antibiotic use or developing new treatment approaches and secondly the 
development of functional vaccination strategies.  
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With increasingly diminished options to contest neisserial infections, investigation of new prom-
ising protective and curative strategies should be a major focus in the scientific community. 
Staggeringly, major pharma companies have recently begun to cease any research into novel 
antibiotics due to anticipation of merger financial returns on their initial investments into this 
field [166]. Development of new pharmaceuticals is costly and the finished medicals are ex-
pected to return the investment. In the case of antibiotics, however, doctors are advised, to 
prescribe the new drugs as scarcely as possible to reduce the probability of resistance devel-
opment. In addition, the medication of acute diseases usually results only in short time treat-
ment and creates less revenue compared to treatment of chronic diseases [167]. 

The requirements for a new bactericidal are quite demanding which diminishes the prospective 
pharmaceutical success of newly developed agents. According to WHO guidelines, an antibi-
otic must have a bactericidal effect against at least 95% of Neisseria isolates to reduce spread-
ing of resistances and minimize treatment failures. In addition, it should be well tolerated at all 
anatomical sites, easy to comply with and preferably administrable with as little doses as pos-
sible [168]. 

 

II.1.4.1. Recent therapeutical approaches  

Currently, three routes for the development of novel anti-neisserial treatment strategies have 
been envisioned: the recombination of already existing and approved antibiotics, the develop-
ment of new substances and alternative therapies not based on classical treatment. A close 
correlation between in vitro susceptibility of gonococcal strains against antibiotics and treat-
ment success enables preliminary testing of suitable antibiotic approaches and can be used 
as a measure to predict potential in a clinical context.  

 

‘Mix and match’ of antibiotic strategies 
 
Possibly one of the fastest answers to the occurrence of resistant neisserial superbugs is var-
ying already existing treatments in their dose and composition. Sitafloxacin, a new generation  
fluoroquinolone previously not used against Neisseria, showed promising bactericidal activity 
when tested against 250 isolates in vitro and might be an alternative to azithromycin to be used 
in combination with ciprofloxacin [169].  

In a recombination approach, different antibiotics were permutated, resulting in 21 dual therapy 
combinations. Five novel combinations producing high synergistic effects [170]. The combina-
tion of gentamicin with ertapenem or cefixime proofed to be effective in a follow-up study, 
where it exhibited a high efficacy against 75 gonococcal isolates [171].  
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Development of novel antibiotics 
 
To circumvent rapid resistance development, new antibiotics should best display a novel point 
of action compared to antibiotics already used in neisserial treatment, maximising its efficiency 
and thus longevity in the medical market. 

Currently only three promising candidates have been successfully transferred into clinical tri-
als: solithromycin, a broad-spectrum fluoroketolide (MIC 0.001-31µg/mL) which is engaging 
ribosomes [172], zoliflodacin (MIC 0.002-0.25 µg/mL) inhibiting the spiropyrimidinetrione topoi-
somerase [173] and gepotidacin (MIC 0.12 µg/mL) a novel triazaacensphtylene inhibiting bac-
terial DNA gyrase and topoisomerase IV [174, 175].  

More potential bactericidal substances have been screened in high throughput assays result-
ing in seven potential candidates displaying efficacy towards penicillin and cephalosporin-re-
sistant strains but have to be further evaluated to estimate their potential as novel treatment 
options [176].  

 

II.1.4.2. Alternative strategies 

While antibiotic treatment was and is the gold standard in the fight against gonorrhea an in-
creasing number of approaches tries to find alternative ways to tackle the disease. Some try 
to strengthen the commensal microbiome in an effort to outcompete the gonococci, influence 
the growth conditions at infection site or try to prime the immune defenses towards the intrud-
ers.   

A strategy pertaining to the latter exploits the intrinsic immune system of the host after the 
infection with Neisseria gonorrhoeae. Interleukin-12 is administered vaginally and subse-
quently promotes the Th1-driven immune response. As a consequence, antibodies directed 
against Neisseria gonorrhoeae are produced [177] and boost the immune system to better 
cope with reoccurring infections. The critical aspect of this therapy revolves around the recog-
nition by adaptive immunity, which is dependent on unaltered antigen presence compared to 
the initial immunization. Immune response might not be triggered when infected with a new 
strain or with the same strain that changed its surface composition via phase- or antigenic 
variation, which is characteristic for neisserial surface proteins. 

As described before, gonorrhea can be transmitted during birth. To prevent an infection and 
possible blindness of the newborn, ophthalmic ointments with anti-neisserial activity are used 
prophylactic. However, resistances against active compounds used in these ointments have 
been reported putting them at risk of losing their treatment efficacy. Churchward et al. found 
bactericidal active lipids, which could substitute classical ointments. Their two lead compo-
nents, monocaprin and myristoleic acid were active at concentrations of 1 mM and were able 
to successfully prevent mucosal colonization [178]. 

Interference with the metabolic process of Neisseria through the inhibition of AniA, a protein 
essential for anaerobic growth and biofilm formation, was recently explored in the fight against 



CHAPTER II- NQNO - A NEW ANTIBIOTIC AGENT FOR THE TREATMENT OF GONORRHEA 

 

32 

 

gonorrhea. A small peptide compound was found to have a MIC50 of 0.6 mM against anaero-
bically cultured Neisseria gonorrhoeae and might offer a new way of tackling the disease right 
at the vaginal infection site since efficient anaerobic growth is crucial for stable epithelium col-
onization [179]. 

A different approach was advanced by Foschi et al. They administered Lactobacillus species 
(crispatus, gasseri and vaginalis), which are common in the vaginal flora to outcompete infect-
ing gonococci. The surplus of Lactobacilli leads to a further acidification of the vaginal flora, 
which hampers neisserial growth [180].  

The usage of commensal bacteria to outcompete pathogenic gonococci is one way to exploit 
interspecies reciprocity. Several bacteria have developed an extensive arsenal of stratagems 
to defend their ecological niche on the human mucosa against invading competing species. 
One of the most prominent and successful examples in this category is Pseudomonas aeru-
ginosa, itself being a pathogen from the list of high priority pathogens published by the WHO 
in 2017 [165].  

Understanding the molecular basis of these dominant interwoven strategies might arm us with 
new therapeutical approaches against the next wave of multiresistant gonococci.  
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II.1.5. Pseudomonas aeruginosa as a natural compound library  

Pseudomonas possess an intricate, bacterial community driven quorum sensing system that 
offers ample avenues in the discovery and repurposing of natural compounds. Within the next 
section, the bacterial properties and relevance as well as the potential as an extended com-
pound repository will be discussed and highlighted.  

 

II.1.5.1.  A soilborne bacterium with high nosocomial relevance 

Pseudomonas aeruginosa is a gram-negative bacterium, which infects airways, the urinary 
tract, open wounds and has potential to evolve into systemic infection. The pathogen is further 
known for its high tendency to form biofilms, which makes it extremely resistant to external 
influences like heat, draught and disinfectants. This resilient behaviour leads to frequent host 
infection and long term colonization, which emphasizes its detrimental potential in clinical out-
breaks and contamination of medical equipment [181].  

Naturally, Pseudomonas resides in many ecological niches like soil, water and marine habitats, 
in plants as well as in animals [182, 183]. In the human system it is often colonizing the respir-
atory tract as a commensal but can exhibit opportunistic pathogenicity in the presence of tissue 
damage or impaired immune defences [184]. Infection sites and underlying predispositions 
that increase susceptibility towards a pseudomonal infection are diverse and show the versa-
tility of Pseudomonas as well as underline its threat as a nosocomial pathogen (Table II-I).    

 

Table II-I Common pseudomonal infections and risk factors; modified from [185] 

Infection site Risk factors 

Soft tissue Burns, open wounds, post-surgery 

Urinary tract Use of urinary catheter 

Blood stream (bacteremia) Immunocompromisation 

Diabetic foot Diabetes, impaired microvascular circulation 

Respiratory system Old age, COPD, cystic fibrosis, mechanical ventilation  

Otitis externa Tissue injury, water blockage in ear canal 

Keratitis (corneal infection) Extended contact lens wear, contaminated contact lens solution  

 

Pseudomonal pathogenicity is also frequently accompanied by secondary fungal infections 
that are an additional burden on already weakened patients, often resulting in extended hos-
pitalization [186, 187]. Afflicted people are often displaying high morbidity scores and mortality 
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rates, especially considering the limited arsenal which is still viable in the treatment against the 
infection [185].    

Aggravatingly, Pseudomonas has many co-colonising and in some cases co-infecting bacterial 
species. Most prominently, Haemophilus influenzae, Streptococcus pneumoniae and Morax-
ella catarrhalis are mayor pathogens competing with Pseudomonas in pulmonary infections of 
predisposed patients [188, 189]. Within this highly dynamic patho-ecological interplay, different 
disease stages of COPD have been linked to diverging compositions of the microbiota of com-
mensal as well as of the aforementioned pathogenic species [190]. This phenomenon is ex-
plained through a vicious cycle of acquisition of a certain bacterial strand followed by airway 
inflammation caused by pathogenic virulence and the hosts’ defences. Such a strong immune 
response paired with antibiotic-resistant bacteria can lead to a persistent pulmonary infection 
that significantly prolong the recovery period. Even complete pathogen eradication leaves the 
inflamed and immunologically impaired epithelium sensitive to other bacteria ready to exploit 
the vulnerable tissue.[191].   

With this manifold and diverse competition, Pseudomonas has developed an intricate strategy 
to secure its dominance in its ecological niche. Especially when forming biofilms, the pathogen 
is able to excrete a vast amount of different virulence factors, toxins, extracellular enzymes 
and siderophores, which not only affect the host but also shapes its microbial microenviron-
ment.  

This defense is part of a quorum sensing regulated response, which has educed four separate 
systems, referred to as Las, RhI, IQS and PQS (Figure II-2). These systems have a hierar-
chical downstream regulation cascade where LasR amplifies the RhI system, expression of 
factors within the IQS cascade as well as quinolone production [192]. In general, the systems 
display a tight interaction with reciprocal amplification of each other with the notable exception 
of RhI which inhibits the pqsABCD operon (Figure II-2) [193].   
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Figure II-2  Representation of the four QS pathways and their regulons (modified from [193]) 
QS circuits are interacting in a hierarchical manner; LasR gets activated through binding of OdDHL, multimerizes and activates 
transcription of rhIR, rhII and lasI resulting in a positive feedback loop and activation of the RhI system. RhIR-BHL complex 
subsequently also dimerizes and activates expression of its own regulon. OdDHL bound LasR also positively influences PqsR 
and thus activates the PQS system. PQS in turn enhances transcription of rhII, influencing BHL production, while upregulation of 
the RhI system inhibits the PQS system in return.  
Arrows indicate a stimulatory effect while perpendicular lines imply inhibition; genes responsible for system compound expression 
are encircling their resulting protein product.  

II.1.5.2. Pseudomonas quinolone signal quorum sensing system 

Arguably, the most prominent quorum sensing response of Pseudomonas is its quinolone sig-
naling (PQS) system. The enzymes necessary to produce the main system precursor 2-heptyl-
4(1H)-quinolone (HHQ) are encoded within the PqsA operon and are under the control of a 
mutual promotor. PhnA and PhnB produce anthranilic from chroismic acid, which is then used 
as an educt to produce HHQ via a multienzymatic reaction involving PqsA, B, C, D and E 
(Figure II-3).  

Notably, PqsE is not only responsible for the reaction of 2'-aminobenzoylacetyl-CoA to 2'-ami-
nobenzoylacetate (2-ABA) but also increased the expression of virulence determinants, biofilm 
genes, and efflux pumps and therefore modulates the pathogenicity of Pseudomonas aeru-
ginosa substantially. At this point in the cascade, 2-ABA can be transformed either via PqsL to 
4-hydroxy-2-heptylquinoline-N-oxide (HQNO), or through the PqsBC complex catalyzation to 
HHQ. While HQNO is a known cytochrome inhibitor, HHQ is widely believed to have its primary 
role as the precursor of PQS to which it is converted by PqsH. The whole system acts as a 



CHAPTER II- NQNO - A NEW ANTIBIOTIC AGENT FOR THE TREATMENT OF GONORRHEA 

 

36 

 

positive feedback loop with both, HHQ and PQS binding to PqsR, albeit PQS with a hundred-
fold higher potency, which in turn enhances pqsA transcription. Besides binding to PqsR, PQS 
also promotes expression of pqsR and the PqsA operon in a direct manner. In an inhibitory 
feedback loop, PqsE suppresses its own expression at the PpqsA promotor [194]. 

In contrast to HHQ, PQS is not only the cardinal feedback inducer, it also serves as a signaling 
molecule, increases the expression of virulence determinants and, when bound to PqsR, pro-
motes expression of the RhI quorum sensing system and also mediated iron chelation. [193].   

 

Figure II-3 PQS quorum sensing system of Pseudomonas aeruginosa modified from [194] 
Solid grey arrows: biosynthesis, dashed grey arrows: interaction for positive feedback loop, solid black arrows: 
PqsR dependent promotor activation, dashed black arrows: PqsR independent promotor activation. PC; pyocyanin 

Although Pseudomonas aeruginosa itself is a clinically highly relevant pathogen and new strat-
egies to cope with its infections are direly needed, it´s resilience and superiority over other 
pathogens also harbours great potential for the discovery of compounds exhibiting bactericidal 
activity against its competitors. In the following study, we ought to identify the potential of pseu-
domonal quorum sensing molecules in the combat against other pathogenic bacteria that have 
become multiresistant and or are identified as a nosocomial threat.  
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II.2. Results 

In an attempt to characterize the influence of Pseudomonas quorum sensing molecules on the 
growth of competing bacteria we found that Pseudomonas itself hampers growth of a variety 
of pathogens and is especially effective in the suppression of neisserial growth. Further inves-
tigation revealed a key role for PQS quorum sensing system in this growth hampering effect. 
We identify AQNOs, a class of signaling molecules, derivatives of the QS intermediate HHQ, 
to act as specific inhibitors for pathogenic neisserial species and the closely related non-path-
ogenic neisserial lactamica strain. Ultimately, we could demonstrate the bactericidal charac-
teristic of NQNO, a naturally occurring AQNO subtype, which is excreted in a millimolar range 
[195]. The compound was effective on clinical and multiresistant Neisseria gonorrhoeae strains 
in vitro and in vivo, offering a new treatment option in the fight against gonorrhea.  

We consider NQNO as exceptionally promising in the treatment of gonorrhea, as in vitro and 
in vivo data reveal extensive eukaryotic cytotolerance even at concentrations far surpassing 
effective inhibitory concentrations. Thereby NQNO proves to offer a broad therapeutic window 
for treatment of gonococcal infections while not affecting the host or interfering with the non-
pathogenic microbiome of the genital flora.  

II.2.1. Pseudomonas aeruginosa inhibits growth of human pathogens 

To evaluate the growth inhibition of Pseudomonas aeruginosa on bacteria, we choose four 
different pathogenic species from various infection sites. Klebsiella pneumonia as well as 
Haemophilus influenzae pathogens found in the upper respiratory tract and therefore harboring 
the same niche as Pseudomonas. Escherichia coli EPEC and Neisseria gonorrhoeae MS11 
have their main infection site in the gut or the urogenital tract respectively. Growth inhibition 
streak outs did show none or very little inhibition for Klebsiella and Haemophilus, and a rather 
strong inhibition for the EPEC strain and the gonococci (Figure II-4 A). The strong suppression 
of both pathogens was very striking and prompted us to test more Neisseria species for their 
susceptibility (Figure II-4 B). Interestingly, the inhibitory effect on bacterial growth by 
Pseudomonas was much more pronounced on pathogenic neisserial species compared to 
their commensal counterparts.  

This gave rise to the question how Pseudomonas exerts such reproduction dominance over 
other bacterial species. The whole genus of Pseudomonas is known to possess elaborate 
quorum sensing systems which ensure their survival in the infection site through the formation 
of biofilms and the timed release of antibacterial substances to outcompete contesters. To 
evaluate the contribution of those signal mediators to the observed neisserial growth inhibition, 
knock out mutants of PqsH, PqsL and PqsR (see also Figure II-3), which are all members of 
the Pseudomonas PQS quorum sensing system, were cocultured with the most suceptible 
neisserial strain. Subsequently, the inhibitory distance towards the most susceptible Neisseria 
gonorrhoeae strain was evaluated (Figure II-4 C, Supplementary Figure IV-5). Inhibition 
decreased significantly to about 60% of the extent observed with the Pseudomonas wild-type 
strain. These results show that Pseudomonas itself is able to inhibit the proliferation of 
pathogenic bacteria with a potent effect on species that are usually not in direct competition. 
Remarkably, the PQS system plays a major role in the mediation of the observed growth 
inhibition.  
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Figure II-4 Pseudomonas aeruginosa impairs proliferation of pathogenic bacteria 
(A) Co-incubation of Pseudomonas aeruginosa PAO1 with Klebsiella pneumoniae, Haemophilus influenza, Esche-
richia coli EPEC, and Neisseria gonorrhoeae MS11. Strains were streaked out in a cross pattern on their respective 
agar. Inhibitory distance was quantified by measuring the length of the growth inhibiting zone in three independent 
experiments; error bars show ± SEM (B) Different neisserial strains have been incubated with Pseudomonas aeru-
ginosa PAO1 in a cross pattern, interaction with Escherichia coli Nova Blue strain has been used as a control. 
Quantification of growth interference was performed via measuring the inhibitory distance. Data show mean ± SEM 
from three independent experiments. (C) Change in the inhibitory effect on Neisseria gonorrhoeae strain 344 upon 
incubation with PAO1 quorum sensing knock out mutants in comparison to the wildtype strain. Measurements depict 
summarization of four independent experiments. * p≤0.05 in students t-test 
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II.2.2. AQNOs selectively inhibit pathogenic Neisseria species   

As loss of critical components of the PQS quorum sensing system significantly reduced the 
observed growth inhibition by Pseudomonas. On this basis, intermediates and derivates of the 
PQS-system were considered orchestrators of the observed inhibitory effect. Closer investiga-
tion was conducted on four of the most abundantly produced pseudomonal PQS components 
[195]; NQ, trans-Δ1-NQ, NQNO and trans-Δ1-NQNO which all derive from 4-hydroxy-2-hepty-
lquinoline (HHQ) a key intermediate in the PQS system (Figure II-5 A). Exposure to the deriv-
atives revealed a strong inhibition in the growth of Neisseria gonorrhoeae and showed a mod-
erate effect on the growth of Neisseria meningitidis. Surprisingly, growth of Neisseria cinerea, 
a commensal of the genus, was not impaired (Figure II-5 B).  

In an extensive screening, we assessed the efficacy of the individual substances on a multitude 
of gonococci strains originating from clinical backgrounds and investigated the influence on 
other commensal Neisseria species (Figure II-5 C, Supplementary Figure IV-6, 
Supplementary Figure IV-7, Supplementary Figure IV-8). Almost all tested gonococcal 
strains revealed complete growth abrogation within the tested concentration range. Even 
strains resistant to azithromycin and ceftriaxone, which are commonly used to treat acute 
gonococcal infections, as well as strains deriving from disseminating infections were subject 
to inhibition and did not show any or very little growth within a 10-hour timeframe.  

On the contrary, growth of commensal species like Neisseria cinerea, perflava and subflava 
was not impaired. Neisseria lactamica, a commensal of the nasopharynx, also displays a 
strong inhibition when incubated with all four derivates. This exception of the pattern might be 
owing to the close genetical relatedness of Neisseria lactamica to Neisseria gonorrhoeae 
[196]. NQNO proved to be the most efficient of the four tested derivates with a MIC of 2.5 µM 
(Supplementary Figure IV-9). Since gonorrhea’s main infection site is the human urogenital 
tract, and utilization of this PQS derivates in a treatment application might also influence the 
commensal composition, we evaluated the impact of AQNOs on Candida albicans and 
Lactobacillus brevis, two main representatives of a healthy vaginal flora [197-199]. Both 
microbes were not targeted by AQNOs and exhibited unimpeded growth behavior (Figure II-5 
D, Supplementary Figure IV-10).  
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Figure II-5 AQNOs are a selective inhibitor for pathogenic Neisseria species  
(A) Structure of the quorum sensing intermediate HHQ and tested derivates. (B) Growth curves of Neisseria gon-
orrhoeae MS11, Neisseria cinerea and Neisseria meningitidis incubated with different concentrations of NQ, trans-
Δ1-NQ, NQNO and trans- Δ1-NQNO or solvent control (1% DMSO) respectively (C) Heat map displaying growth of 
Neisseria spec. in relation to the DMSO control determined via area-under-the-curve comparison. Strain character-
istics depicted in Supplementary Figure IV-14, measured values available in Supplementary Figure IV-8. Strain 
order is determined according to the strains susceptibility towards NQNO. (D) Heat map showing inhibition of growth 
for vaginal commensals in humans incubated with 5, 10, 25 or 50µM of NQ, trans- Δ1-NQ, NQNO and trans- Δ1-
NQNO in relation to DMSO control. CRO: ceftriaxone, AZM: azithromycin 
 

II.2.3. NQNO effects primary metabolism of bacteria 

As NQNO displays the highest specificity for inhibition of pathogenic Neisseria, we strived to 
uncover the molecular effects of these compounds on the metabolism of sensitive pathogenic 
gonococci. As HHQ is known to interfere with the energy generation of cells, we measured the 
ATP content of the bacteria after exposure to 25 and 50 µM of NQNO. As soon as 20 minutes 
after incubation, a clear decrease of intracellular ATP levels could be detected. Measured ATP 
level receded to about 30-40%, which did not decrease further with elongated incubation peri-
ods. Expectedly, NQNO non-sensitive Neisseria cinerea showed constant ATP level through-
out the experiment (Figure II-6 A). Since AQNOs are known cytochrome inhibitors [200], we 
examined the production of reactive oxygen species (ROS) which would be expected to in-
crease in case of NQNO interference with components of the neisserial respiratory chain. In 
line with the observations of decreasing ATP-levels, a significant elevation of ROS levels could 
be detected within 20 minutes, which increased in a dose-dependent manner. At 50 µM NQNO 
caused even higher ROS levels than the positive control Antimycin A, a potent inhibitor of the 
electron transport chain [201]. In contrary, ROS production in Neisseria cinerea did not in-
crease over time (Figure II-6 B). Attempting to rescue the NQNO treated bacteria, free ATP 
was added to supplement the diminished triphosphate level. Interestingly, addition of ATP did 
not improve the growth pattern of NQNO inhibited gonococci (Supplementary Figure 
IV-12 A). In another approach to reverse the bactericidal effect and test for responsibility of 
ROS, the bacteria were incubated with glutathione, a ROS scavenger (Supplementary Figure 
IV-12 B). Also in this experiment, we could not see a diminished bactericidal activity of NQNO.  

HHQ is a known inhibitor of bacterial respiratory chain with cytochrome b as effector target. In 
an effort to find the cause of the diverging sensitivity of the Neisseria species, we reviewed the 
cytochrome b sequences of the neisserial strains tested for AQNO sensitivity and screened for 
mutational differences (Supplementary Figure IV-13). On a sequence level, we could not 
identify any mutational differences explaining the disparity in strain susceptibility.  

To further pursue the idea of inherent genetic differences, we tested the neisserial strains for 
their setup regarding the presence of gonococcal genetic islands (GGIs). It is known that some 
gonococci harbor a GGI which is enhancing their virulence and infection efficiency [202], pre-
senting a factor possibly explaining the susceptibility divergence. Therefore, we amplificated 
the responsible fragment from genomic DNA and screened for its presence within the tested 
Neisseria strains (Figure II-6 C). Presence of the pathogenicity island could be detected in 
some but not all of our isolates and could not determine a pattern matching the susceptibility 
of NQNO. All pathogenic Neisseria strains, as well as Neisseria lactamica and flavescens, 
harbored an Opa encoding loci, which served as an assay control.  
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Next, we examined the influence of NQNO on structural integrity and surface construction of 
the bacteria (Figure II-6 D). Neisseria gonorrhoeae strain MS11 did show a strong reaction to 
50 µM NQNO; manifesting in drastically increased bacterial debris accompanied by cell shrink-
age. In some cells, excessive blebbing could be observed. Again, Neisseria cinerea did not 
display any phenotypic NQNO dependent changes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II-6 NQNO influences gonococcal primary metabolism, ROS production and phenotype 
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(A) Luminescent evaluation of ATP content in Neisseria cinerea and Neisseria gonorrhoeae MS11 at 10, 20, 30, 45 
and 120 minutes after incubation with 25 or 50 µM NQNO. Levels are depicted in relation to DMSO control (0 µM). 
Data are shown as mean ± SEM of three (10, 20, 30 and 45 min. time point), or two (120 min. time point) independ-
ent experiments that originate from mean of technical triplicates. Statistical deviation from DMSO control which was 
normalized to 1 was calculated; *p<0,05; **p>0.01 (B) Detection of ROS levels via enzymatic conversion of luminol 
in a time course experiment for Neisseria gonorrhoeae and cinerea incubated with 0.1, 5 or 50 µM NQNO or Anti-
mycin A, a known inducer of ROS. Values are depicted in comparison to the control. Bar graph depicts the derived 
area under the curve (AUC) of the luminescence reaction from Neisseria gonorrhoeae. Significance was determined 
using a student’s t-test; *p<0,05 (C) Agarose gel showing amplification of gonococcal genetic island (GGI) and 
opacity (Opa) loci in different Neisseria. GGI harboring strains are highlighted in blue. (D) Scanning electron micro-
graphs (SEM) displaying Neisseria gonorrhoeae and cinerea treated either with DMSO or with 50 µM NQNO for 
four hours. * p<0.05, ** p<0.01 
 

II.2.4. Inhibition characteristics and influence of NQNO on cell lysis  

Our previous experiments clearly revealed NQNO-mediated growth inhibition of Neisseria gon-
orrhoeae, but not the commensal cinerea strain. To elucidate if this observation is due to a 
bacteriostatic or bactericidal effect of NQNO both strains were incubated with NQNO for up to 
4 hours and the number of remaining viable bacteria was determined (Figure II-7 A). As ex-
pected, the quinolone did not have any effect on the viability of Neisseria cinerea. For the 
gonococci, on the contrary, we could see a strong inhibition of growth as in previous experi-
ments. After the indicated time period, bacteria were taken from the inoculation, washed and 
incubation on NQNO free plates. Surprisingly, the gonococci were able to recover and prolif-
erate anew (Figure II-7 A). Taken together, the number of viable bacteria did neither increase 
nor decrease in the NQNO treated sample, holding the bacteria in stasis while the control 
sample was able to proliferate over a hundredfold in the same time (Figure II-7 B).  

In scanning electron microscopy analysis, we observed a high amount of debris that might be 
attributable to increased cell lysis (Figure II-6 D). This interpretation would be in line with the 
observed bacteriostatic effect, as the bacterial population size would remain largely unchanged 
with proliferation compensating the increased bacterial killing. To explore this possibility, we 
analyzed the amount of free DNA, which is expected to increase steadily as the dying 
gonococci release their cellular content. The incubation medium was sampled and analyzed 
by PCR with gonococcal specific primer to estimate the amount of free nucleic acid 
(Figure II-7 C). Within a 10 hour time frame, no increase of DNA could be seen in the NQNO 
treated sample. In the control with added DMSO, a rise of free DNA levels starting from hour 
three to four could be observed. This effect is attributable to the beginning of exponential 
growth. A higher bacterial count in the sample is supposed to be reflected in an elevated 
amount of DNA in the supernatant. This effect is even more pronounced when the DNA is 
quantified in the cell pellet. Both observations show that NQNO does not seem to impair 
bacterial integrity.  
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Figure II-7 NQNO leads to growth arrest of Neisseria gonorrhoeae but does not impair cell integrity 
(A) Number of viable bacteria recovered after 0.17, 0.5, 1, 2 and 4 h incubation with DMSO, 5 or 25 µM NQNO 
for Neisseria gonorrhoeae and Neisseria cinerea (B) DMSO normalization of triplicate experiments as shown in 
(A) (C) Growth curves of Neisseria gonorrhoeae MS11 incubated with DMSO or 50 µM NQNO (upper). Gono-
coccal DNA specific amplicons produced from corresponding incubation medium (middle) or cell pellet of whole 
sample (lower). 
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II.2.5. NQNO is well tolerated by cervical cell line, primary cells and mice tissue 

While the distinct bacteriostatic effect of NQNO on pathogenic Neisseria could be sufficiently 
established, the use of these antimicrobial agents in a clinical, curative context necessitates 
assessment of its host biocompatibility. Therefore, we investigated potential toxic effects on 
HeLa cells derived from human cervix (Figure II-8 A). Application of up to 10 µM NQNO to 
these cells only lead to a minor decline in metabolic activity after 1 or 2 days respectively. 
Since HeLa cells are deriving from a cancerous background and might display higher re-
sistance against NQNO than normal cells, we tested the compound on the primary cervical 
cell line MS74. Within two days of incubation, only the highest concentration with 50 µM dis-
played a significant reduction in metabolic activity while the already bactericidal range with 
5 µM and below was well tolerated (Figure II-8 B). Furthermore, MS74 cells incubated with 5-
25 µM of NQNO retained their native habitus, stayed attached to the cell culture dish and pro-
liferated normally with the only exception at 50 µM where impairments like slowed growth and 
round appearance started to become visible (Figure II-8 C).  

These results supported the progression of cytotolerance analysis towards the evaluation of 
NQNO influence on vaginal tissue in mice (Figure II-8 D). To enable colonization of Neisseria 
gonorrhoeae in successive experiments, a humanized mouse model expressing CEACAM5 
(CEAtg) facilitating attachment and invasion of cells was utilized [203]. The mice were treated 
for 24 hours with 50 µM NQNO, tissue sections of the treated urogenital tract were succes-
sively stained and evaluated for integrity. Within the observed time frame, no disruptions of the 
vaginal membrane nor other kinds of lesions or malformations, which could be attributed to 
epithelial damage, could be detected. None of the mice receiving vaginal treatment with NQNO 
exhibited any signs of pain or discomfort within 24 h after application.   

Further, we assessed the stability of NQNO via NMR to verify its qualities as an antibiotic that 
could be used in medical treatment. Within 28 days we could detect degradation of the mole-
cules neither at 24°C nor at 37°C (Supplementary Figure IV-11 A and B), ascertaining a high 
shelf life under non-demanding storage and transport conditions. Additionally, the integrity of 
NQNO in cell growth medium was investigated to ensure its effectivity over the assaying time 
frame of our previous experiments and to give prospect on future in vivo usage. Also with this 
setup, no degradation could be detected for the chosen duration of four days (Supplementary 
Figure IV-11 C, D and E). In summary, these data attest the extraordinary stability of NQNO 
in a variety of environmental conditions.  
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Figure II-8 NQNO displays a high in vitro and in vivo cytotolerance  
(A) HeLa cells have been evaluated with an MTT assay regarding their metabolic activity during treatment with the 
indicated NQNO concentrations for one or two days respectively. Statistical analysis was conducted in comparison 
with the DMSO control. The experiment was performed in technical triplicates; error bars represent ±SEM. (B) 
Primary vaginal epithelial cells (MS74) were incubated with the indicated NQNO concentrations for two days. Their 
metabolic activity was evaluated via MTT assay. Data show mean ± SEM of three independent experiments. (C) 
Microscopic evaluation of MS74 cells after two days of treatment with the indicated amounts of NQNO and the 
respective DMSO concentrations. (D) Cryosections derived from the vaginal tract of six-week-old female wildtype 
and CEAtg mice treated with the indicated amounts of NQNO for 16 hours. Upper panel shows 10-fold, lower panel 
20-fold magnification with bars indicating scale. Selected pictures show representative examples of three independ-
ent replicates. * p≤0.05, *** p≤0.001; Experiment D performed by Petra Münzner-Voigt, Universität Konstanz 
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II.2.6. Gonococcal clearance in rodent urogenital tract after NQNO treatment  

With the tolerance and stability of NQNO verified, we wondered whether the derivate was able 
to clear gonococcal infection from the urogenital tract in vivo. To answer this, CEA transgenic 
(CEAtg) mouse model were infected with Neisseria gonorrhoeae MS11, followed by one hour 
of initial colonization. The mice were subsequently treated with a single dose of 25 or 50 µM 
NQNO or DMSO mock for 24 hours. Expectedly, overall colonization of wildtype mice was 
drastically reduced compared to their transgenic counterpart. NQNO treated CEAtg mice dis-
played a significantly reduced bacterial load for both applied concentrations. The compound 
was even able to reduce the count of recovered bacteria to that observed in non-colonizable 
wild-type mice. (Figure II-9 A). Tissue dissection of infected vaginal mouse epithelia showed 
the absence of Neisseria gonorrhoeae in most samples while invasion of gonococci in mock-
treated tissue was clearly visible (Figure II-9 B).  

These experiments proved that NQNO is a potent and specific inhibitor of neisserial growth 
and is a viable treatment option for infected mice reducing the bacterial burden in a well-toler-
ated manner.  
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Figure II-9 NQNO treatment drastically reduces bacterial load in vivo after infection with Neisseria gonor-
rhoeae  
(A) Transgenic female wildtype (wt) or CEA expressing (CEAtg) mice were infected with OpaCEA-expressing gono-
cocci and were, after an initial colonization period of 1h, treated with 25 or 50 µM of NQNO. After one day, gonococci 
were re-isolated from the urogenital tract by lavage and plated on GC agar in appropriate dilution. Depicted are the 
recovered bacterial cfu of mice with the mean all evaluated mice ± SEM. For statistical evaluation, a Mann-Whitney 
test was performed with ** p≤0.01, *** p≤0.001, data were summarized from two independent experiments. (B) 
CEAtg mice were infected with OpaCEA expressing Neisseria gonorrhoeae and treated either with 50 µM NQNO 
with a total amount of 0.5 nmol or DMSO (mock). After 24 hours mice were sacrificed, genital tracts were removed, 
fixed and frozen. Sections were subsequently stained with antibodies directed against Neisseria gonorrhoeae 
(green) and collagen type IV (red). Nuclei were stained with Hoechst (blue). Experiments in this figure performed 
by Petra Münzner-Voigt, Universität Konstanz. 
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II.3. Discussion  

In this study, we present NQNO, a biocide with a specific bacteriostatic activity against the 
human-restricted pathogen Neisseria gonorrhoeae, as a new treatment option against multire-
sistant gonococcal strains. The tested compound is an intermediate of pseudomonal quorum 
sensing and does occur in nature at a comparable amount as used in our experimental setup 
[195].   

 

Effect of Pseudomonas aeruginosa on pathogenic bacteria 

In an effort to investigate the direct influence of Pseudomonas aeruginosa onto the growth of 
other bacteria, we cultivated them in direct competition and found a striking influence on the 
propagation of Neisseria gonorrhoeae and Escherichia coli EPEC. Klebsiella pneumoniae, as 
well as Haemophilus influenzae, on the other hand were not impaired by the presence of Pseu-
domonas. This might point towards an adaptation of the latter ones as both are often found in 
clinical habitats of Pseudomonas while gonococci and Escherichia coli are more prominent in 
the urogenital or the intestinal tract respectively. Interestingly, the pathogenic species of both 
genera were affected, while a non-pathogenic Nova Blue strain from Escherichia coli as well 
as commensal strains from Neisseria were disproportionally less impaired. What causes this 
surprising specificity remains to be resolved. One can speculate that an adaptational process 
of commensals might also be a plausible explanation, as many of those strains are habituating 
the nasopharynx like Pseudomonas [204].  

 

Structure efficiency relation of tested compounds 

As a mean to elucidate the factors responsible for this striking inhibition, we investigated the 
substances released by Pseudomonas, as the large inhibitory distance of the growth compe-
tition assay points towards an excreted compound as the culprit. Pseudomonas aeruginosa 
secretes a plethora of secondary metabolites into its surrounding [205]. Among those sub-
stances are iron chelators, siderophores, and respiratory chain inhibitors. Evaluating knock out 
mutants of Pseudomonas PQS quorum sensing system, proofed the involvement of PQS in-
termediates in the growth inhibition. We choose to test some of the most abundantly produced 
compounds, NQ, transΔ1-NQ, NQNO, and transΔ1-NQ. All of them displayed a strong inhibition 
of neisserial growth that was similar to Pseudomonas itself with high specificity towards path-
ogenic neisserial species. Within the four tested, NQNO displayed the lowest MIC value and 
the most striking accuracy in inhibiting pathogenic strains. Overall, even small structural mod-
ifications influenced the effectivity of the compounds profoundly. Especially the trans-Δ1-
AQNOs had a 2-4x higher MIC than NQNO. Introduction of the hydroxyl B group at the nitrogen 
also increased effectivity and specificity of the compound. Accordingly, we choose NQNO to 
further study the effect of pseudomonal compounds on Neisseria. However, we acknowledge, 
that also NQNO is not yet optimized regarding its structure. Further chemical modifications 
might offer the potential for even higher anti-bacterial effects.  

 



CHAPTER II- NQNO - A NEW ANTIBIOTIC AGENT FOR THE TREATMENT OF GONORRHEA 

 

50 

 

Influence of NQNO on bacterial respiration  

2-Heptyl-4-hydroxyquinoline N-oxide (HQNO), the precursor of our tested derivates, has al-
ready been described to have an impact on electron transport in Neisseria gonorrhoeae and, 
as a result, to impair the bacterial respiration [206]. Therefore, we first evaluated the effect of 
NQNO on the energy metabolism of the bacteria. Strongly decreased ATP levels in the sus-
ceptible gonococci compared to no impairment in the resistant commensals supports the the-
ory of an influence of NQNO on the neisserial respiratory chain.  

If respiration is indeed disrupted, we judge cytochrome b to be one of most probable targets 
within the cascade. It is known to possess ubiquinol binding sites that could also be targeted 
by HQNO in various organisms acting as a binding-competitor to catalytical ubiquinone and 
menaquinone [207, 208].  

Due to the structural similarity of the investigated compounds to HQNO, similar targeting of 
cytochrome b within Neisseria presents a sensible functional hypothesis. We identified the 
analogous binding sites within the cytochrome b structure of Neisseria spec. used in this study 
[209] and compared the sequence of susceptible versus resistant family members 
(Supplementary Figure IV-13). However, there were no distinguishable differences within the 
sequences that would point to a different binding pattern of HQNO or derivates thereof. Further, 
the growth inhibiting effect was not rescuable through the addition of ATP or glutathione. 
Summarized, these data suggest, that although binding to quinone sites of cytochrome b might 
play a role in the inhibition mechanism of NQNO, it cannot be adducted as the sole explanation 
of its activity.   

 

Morphological changes in Neisseria  

Analysis of bacterial morphology after treatment revealed a shrunken bacterial phenotype 
while structural integrity is maintained. However, a substantial amount of debris could be seen 
in the surrounding, suggesting lysis of bacterial cells. To verify this hypothesis, we evaluated 
the amount of free DNA within the medium; if the bacteria would undergo lysis, the content of 
free nucleic acids would be drastically increased. Surprisingly, detection via PCR could not 
show enhanced levels, which contradicts a compromised cell integrity. In addition, evaluation 
of bacterial viability showed in several instances, that the number of living bacteria is not in-
creased compared to the control but held at a steady level over the first four hours of treatment. 
This leads us to the conclusion that NQNO has a bacteriostatic rather than a bactericide effect 
on Neisseria gonorrhoeae and that cell lysis is not the cause of the enhanced debris amount 
surrounding NQNO exposed bacteria.  

Another possible source for the fragments seen in scanning electron micrographs might be 
elevated shedding of periplasmic peptidoglycan. Neisseria species are known to release pep-
tidoglycan fragments from the cells surface during their growth process [210]. Within healthy 
Neisseria, nearly half of the present surface peptidoglycan is broken down over time but, most 
of it is brought back into the cytoplasm where it is recycled [211]. Estimates suggest that 
around 15% of the neisserial peptidoglycan is ultimately released into the surrounding medium 
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[212]. Composition wise the most abundant released fragments are monomers (GlcNAc-an-
hMurNAc-tripeptide and GlcNAc-anhMurNAc-tetrapeptide) and well as free peptides (Ala–
Glu–Dap and Ala–Glu–Dap–Ala) [213] for which Lytic transglycosylases (LtgA and LtgD) are 
the main source of release in gonococci [214]. The increased debris within the NQNO treated 
samples might be due to a disturbed balance of peptidoglycan production and uptake, which 
might result from interference within the transglycosylases pathways or, in a more general 
manner, through reduced recycling induced by the lack of ATP and metabolic activity. Sup-
porting the theory of peptidoglycans as the cause for the debris is the fact that commensal 
neisserial species have shown to release lower levels of the fragments and are more efficient 
in their uptake [215]. These data are in concordance with our electron microscopic analyses, 
which also showed reduced debris amounts surrounding treated and untreated Neisseria ci-
nerea.  

Although we narrowed down the possible targets and evaluated the impact on vital processes 
within the gonococci, the exact functional mechanism of NQNOs anti-bacterial activity remains 
unclear and will be subject of further investigations.  

 

Treatment of infection with multiresistant gonococci  

To gauge the potential of NQNO in the treatment of gonorrhea, we evaluated the growth inhi-
bition of the compound on several strains obtained from infection sites of patients. The agent 
exhibited a bacteriostatic effect on a variety of strains from disseminating as well as from non-
disseminating infections and showed activity against strains that displayed resistance against 
multiple commonly used antibiotics. The laboratory strain MS11, which was used for most ex-
periments, is resistant against chloramphenicol and harbors plasmids conveying erythromycin 
and tetracycline resistance. Clinical isolates from Austria [216] and Slovenia [217] possess 
immunity against cefixime, ceftriaxone, spectinomycin, and ciprofloxacin but were strongly in-
hibited by NQNO treatment. Also, a strain displaying sensitivity towards ceftriaxone and high 
resistance against azithromycin [218] was susceptible towards NQNO. Especially remarkable 
is the efficacy of NQNO towards strains resistant against ciprofloxacin, a quinolone-based an-
tibiotic with a similar structure as our compound. Resistance against ciprofloxacin is mostly 
conveyed via a mutation at the binding site within the gyrase or via a decreased amount of 
OmpF, which affects drug permeability [219]. The distinct susceptibility pattern of Neisseria 
strains could be explained through inherently different targets of both NQNO and ciprofloxacin 
or the resistance conveying mutation in the gyrase is only able to prohibit ciprofloxacin but not 
NQNO-mediated inhibition.  

The WHO released guidelines for the treatment of acute gonorrhea that are consisting of a 
dual therapy with ceftriaxone and azithromycin or cefixime combined with azithromycin. As a 
single therapy, ceftriaxone, cefixime or spectinomycin are recommended with the choice of 
single or dual prescription and the nature of the antibiotic dictated by local resistance patterns 
of gonococci [220]. Bacterial strains resistant against these first-line antibiotics are becoming 
more of a health issue. In this regard, it is outstanding, that NQNO was able to effectively stop 
proliferation in all the aforementioned strains which proofed to be resistant against current 
treatment recommendations.  
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Applicability of NQNO as an actual therapeutic agent was first evaluated with in vitro toxicology 
assays. Exposure of a cell line derived from cervix carcinoma (HeLa) and primary immortalized 
vaginal epithelial cells showed a high cytotolerance that exceeded the minimal inhibitory con-
centration about 5-10 fold, leaving a suitable therapeutic window for treatment. As cell lines 
often display a higher susceptibility towards cytotoxic agents due to the missing tissue integrity 
and mucus layer compared to vaginal tissue, these results suggest an even larger margin and 
strengthen the pharmaceutical potential of NQNO.  

These preliminary cytotoxicity analyses prompted us to test NQNO treatment against neisserial 
infection in an in vivo model. Gonorrhea is known to be highly species-specific and can there-
fore not sustained long term colonization in a classic mouse model. To ensure human-like 
infection pattern, CEA transgenic mice, which harbor the human neisserial receptor CEA were 
used [203]. We could show that the treatment is not only well tolerated but also that the amount 
of re-isolatable bacteria is drastically reduced after a single dose of NQNO administered after 
infection.  

 

Clinical potential of NQNO 

While antibiotic therapy against bacterial infection is often administered orally, in which case a 
systemic route is pursued, especially in the treatment of vaginal infections, topic application is 
a favored way of treatment. Creams and vaginal suppositories are the common application 
strategy, particularly in the therapy against fungi [221]. Therefore, we are confident, that our in 
vivo experiment is not only suitable to proof the concept of neisserial clearance in a living 
organism, but might also serve as a first test for future topical application that could be admin-
istered in the same manner in humans. While structural integrity over the course of many years 
as well as compound degeneration under high temperatures still have to be assessed, we 
could already show the robust character of NQNO. Within one month, we could not detect 
significant changes in the shelf life when kept at room temperature, attesting non-demanding 
storage and transport conditions. This quality makes NQNO even more applicable for gonor-
rhea treatment in Sub-Saharan regions, where the disease is prevalent and cooling capabilities 
are limited.  

With its properties NQNO also matches the criteria set by the WHO for the requirements of 
new antibiotics; it is active against a wide range of neisserial isolates, it is well tolerated in vitro 
as well as in vivo, was active within one dose and is easy to apply to infected sites [168].  

In addition, the minimal inhibitory concentration of NQNO is comparable with the lowest sus-
ceptibility range of approved antibiotic therapies [222] and could amend the arsenal in treating 
especially high-risk groups. Administration of NQNO containing ointments could, for example, 
be used before coitus to minimize the risk of transfer within sex workers or men who have sex 
with men. Alternatively, it could be applied directly after the contact with an infected partner.  

Further, it harbors a high potential to be used as a reserve antibiotic, administered to patients 
showing treatment failures with common antibiotic strategies. The battle against gram-negative 
bacteria has always been a challenge for research, a new class of antibiotics targeting gram 
negatives has not been approved in the past fifty years [223]. In 2018, three cases of gonorrhea 
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have been reported that were not treatable with the current standard antibiotic combination 
therapy. Worldwide propagation is probably even higher as at least two of the strands have 
been acquired in Southeast Asia [162, 163] although no cases from this region have been on 
the radar of authorities yet.  

Therefore, the treatment of gonococcal infections with NQNO presents a feasible approach to 
battle multiresistancy within the gonococci and offers the chance to postpone the prospect of 
returning into a pre-antibiotic area in the treatment of gonorrhea.  
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II.4. Methods 

 

Growth of bacterial strains  

Neisseria strains were cultured in PPM medium (15 g/L Proteon Pepton, 1 g/L soluble starch, 
5 g/L NaCl, 4 g/L KH2PO4, 1 g/L K2HPO4, pH 7.5) for liquid culture and on GC plates (BD 
DifcoTM GC Medium Base) supplemented with 1% vitamin mix (100 g/L glucose, 10 g/L glu-
tamine, 26 g/L L-cystein, 100 mg/L carboxylase, 250 mg/L NAD, 500 µL/L Fe(NO3)3, 150 mg/L 
arginine, 3 mg/L thiamine-HCl, 10 mg/L vitamine B12, 13 mg/L p-amino benzoic acid, 1.1 g/L 
L-cystein, 1 g/L adenine, 500 mg/L uracil, 30 mg/L guanine). Strains were either cultivated at 
37°C and 220 rpm (liquid medium) or at 37°C and 5% CO2 (solid medium).  

Lactobacillus strains were grown in 5 mL PYG medium (5 g/L trypticase peptone, 5 g/L pep-
tone, 10 g/L yeast extract, 5 g/L beef extract, 5 g/L glucose, 2 g/L K2HPO4, 1 mL/L Tween 80, 
0.5 g/L cysteine-HCl x H2O, 1 mg/L resazurin, 40 ml/L salt solution (0.25 g/L CaCl2 x 2 H2O, 
0.5 g/L MgSO4 x 7 H2O, 1 g/L K2HPO4, 1 g/L KH2PO4, 10 g/L NaHCO3, 2 g/L NaCl in MiliQ), 
10 mL/L haemin solution (500 mg/L haemin, 10 mL/L 1N NaOH in MiliQ), 0.2 mL/L vitamin K1 
solution (5 mL/L vitamin K1 in 95% ethanol), 950 mL/L distilled water, pH 7.2) overnight at 
30°C in 50 mL falcon at 200 rpm.  

For Candida albicans cultivation YPG medium (10 g/L yeast extract, 20 g/L peptone, 20 g/L 
glucose in MiliQ) was used. The yeast was incubated overnight at 30°C and 100 rpm. 

 

Determination of bacterial growth for heat map display 

The starting optical density of every sample was subtracted from the following time point meas-
urements. If the value became negative it was set to zero. Subsequently the area under the 
curve of connected measurement point was calculated and normalized towards the control.  

 

Bacterial incubation with AQs / ATP rescue 

Bacteria were grown as described above. Before every experiment, bacteria were pre-cultured 
in 5 ml liquid medium for at least 2 hours then harvested and resuspended in PBS. Optical 
density was determined, and a volume equal to OD 0.2 was added into 5 ml of the respective 
medium. AQ derivates were added at the indicated amounts. DMSO level was adjusted to 1% 
final concentration. Samples were incubated for either 10.5 h, until they reached stationary 
phase (three measured values in stationary phase) or until they reached an OD of 2.5. Optical 
density was determined every 0.5 h. For ATP rescue assay 1 mM ATP was added to the growth 
medium.  
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MTT assay 

All plates were coated overnight at 4°C with 0.1% gelatine in PBS before usage. 2x104 HeLa 
S3 or MS74 cells were incubated with the mentioned concentrations of NQNO in 100 µL of 
their respective medium and incubated for two days at 37°C and 5% CO2. Subsequently, 10 µL 
of MTT solution (12 mM in PBS, sterile filtered with 0.2 µm filter) were added. The cells were 
subsequently incubated for 2 h at 37°C. The growth medium was removed afterwards, and 
100 µL isopropanol was added to each well. Formazan was allowed to dissolve overnight in a 
humidified chamber at room temperature. OD550 was measured using a Thermo Fisher Vari-
oskan Flash spectrophotometer.  

 

Bacteria Cross-Streak-Assay 

Neisseria strains and Pseudomonas strain PA01 were streaked out on GC plates (see above) 
and incubated overnight at 37°C and 5% CO2. Bacteria were harvested and diluted in PBS to 
a density of OD550 (Neisseria) / OD600 (Pseudomonas) of 0.5. Filter strips were soaked in bac-
teria solutions and stamped on GC plates in a cross pattern. Plates were incubated overnight 
at 37°C and 5% CO2. Images of plates were taken using the ChemiDoc Touch Imaging System 
from BioRad and inhibition length was determined with Inkscape 0.91.  

 

Scanning Electron Microscopy  

Bacteria were streaked out on GC plates and incubated overnight at 37°C and 5% CO2. 4x106 
bacteria from a 4 h pre-culture (in PPM; 37°C, 220 rpm) were centrifuged on poly-L-lysine 
coated coverslips (3300 g x 15 min). NQNO was added at the respective concentration and 
incubated for 3 h at 37°C and 5% CO2. Bacteria were fixed with 2 x 300 µL fixans (3% formal-
dehyde, 2% glutardialdehyde, 0.09 M sucrose, 0.01 M CaCl2, 0.01 M MgCl2 in 0.1 M HEPES) 
for 5 or 25 min, respectively. Samples were washed twice with 1 ml 0.1 M HEPES for 5 min 
each. Dehydration was performed with ethanol-dilutions of 1 ml (30%, 50%, 70% (overnight), 
80%, 90%, 96%, 3x 100%) for 10 min each, if not indicated otherwise. Afterwards, samples 
were dried with liquid CO2 in critical point drying changing the CO2 10x with 10 min incubation 
in between, using a Baltec CPD 030 critical point dryer (Baltec, Liechtenstein). Finally, samples 
were mounted on stubs with silver coating polish (drying overnight at RT), sputtered with 6 nm 
platinum using a Quorum Q 150R ES sputter coater (Quorum Technologies Ltd, Laughton, 
East Sussex, UK) in a low-pressure argon atmosphere and imaged using a Zeiss FIB-FESEM 
Auriga 40 TM Crossbeam.  

 

Stability of NQNO in cell culture medium 

Stability of 100 µM NQNO in cell culture media (CCM) at 24°C and 37°C was evaluated over 
a period of 4 days. Samples were taken at the beginning and every second day. Samples were 
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analyzed by LC-MS and the integrals of the detected NQNO (by using extracted ion chroma-
tograms) compared to the integral of the control (100 µM NQNO in H2O) which was set to 
100%. 

 

Stability of NQNO in MeOD 

Two samples of NQNO were solved in MeOD to reach a final concentration of 25 mM. Samples 
were kept at 25°C or 37°C for 28 days, and proton NMR spectra were measured with the same 
acquisition parameters every 7th day and the spectra compared with the ones from day 0. 

 
PCR to detect GGI 

Chromosomal DNA was extracted from tested Neisseria strains and used as a template. Pres-
ence of gonococcal genetic island (GGI) was tested via amplification of specific locus accord-
ing to [8] using primer 77F (5’TAACAGCAGACGCTCCATTC3’) and 86R 
(5’CAAGCGCATGGTACATGAAT3’) at Tm 57°C and 90 seconds extension time. The inci-
dence of Opa loci was tested with Opa forward (5’GCAGATTATGCCCGTTACAG3’) and re-
verse (5’GTTTTGAAGCGGGTGTTTTCC3’) primer at Tm 54°C and 105 seconds extension 
time.  

 

ATP Assay  

Neisseria spec. were incubated with NQNO as described above for 10, 20, 30, 45 or 120 
minutes respectively. Bacteria were harvested through centrifugation 10 min at 4000 rpm and 
4°C, resuspended in 1 mL PBS and frozen overnight at -80°C. For lysate generation, samples 
were sonicated for 1 min at maximum intensity on ice. The supernatant was harvested through 
centrifugation for 10 min at 13,500 rpm and 4°C. ATP assay was performed using 10 µL of 
supernatant, 100 µL ATP assay buffer (25 mM Tris pH 7.8, 4 mM EGTA, 20 mM MgSO4, 1 mM 
DTT, pH7.8), 2 x 10-5 mol luciferin and 1 µg luciferase per well. Luminescence was measured 
using a Thermo Fisher Varioskan Flash spectrophotometer.  

 

Detection of ROS 

Log phase bacteria were harvested through centrifugation for 10 min at 4000 rpm at room 
temperature and washed in oxidative burst buffer (8 g/L NaCl, 0.2 g/L KCl, 0.62 g/L KH2PO4, 
1.14 g/L Na2HPO4, 1 g/L glucose, 50 mg BSA in ddH2O; pH 7.2 sterile filtered with 0.2 µM 
filter). 1 x 107 bacteria/well were seeded in a white 96 well plate in 50 µL oxidative burst buffer. 
NQNO in 1% DMSO, Antimycin A, or DMSO were premixed in a separate plate in 50 µL oxi-
dative burst buffer containing 100 µM lucigenin. The lucigenin solution was added to the bac-
teria and luminescence was measured using a Thermo Fisher Varioskan Flash spectropho-
tometer. 
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Test of bacteriostatic/bactericidal effect of NQNO 

As described above in bacterial incubation with AQs. Instead of 10 hours, the assay was con-
ducted for 4 hours. Samples were drawn in indicated intervals, diluted and plated out on GC 
agar. The plates were incubated over night at 37°C and 5% CO2; formed colonies were enu-
merated the next day.    

 
Testing for gonococcal DNA release 

Bacteria were pre-cultured for 2 h in PPM medium before DMSO (1%) or NQNO (50µM) sam-
ple were inoculated with Neisseria gonorrhoeae MS11 strain at an OD550 of roughly 1x107 per 
mL in 15 mL culture. At every time point OD550 of both cultures was measured before bacteria 
were spun down and supernatant was harvested for PCR analysis. 1 µL of the supernatant 
sample was used to amplify gonococcal DNA at the following specifications: forward primer 
(5’GCGTACATTCCGCTACACAG3’), reverse primer 
(5’GAAGCGGCCGCGGGCCAGATTTCGGTTTCC3’), Tm 53°C and 2 minutes extension time. 
Results are shown on a 1% agarose gel.  

  

Cultivation of eukaryotic cells  

HeLa S3 cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) medium sup-
plemented with 10% fetal calf serum and passaged every 2 to 3 days.  
Primary human vaginal epithelial cells (hVEC / MS74) were obtained from A.J. Schaeffer (Fein-
berg School of Medicine, Northwestern University, Chicago, IL) and are derived from vaginal 
tissue of a post-menopausal woman. The cell line was created through immortalization of these 
cells with human papillomavirus 16, E6 and E7 genes according to [10]. MS74 were cultured 
on gelatine-coated cell culture dishes using Dulbecco’s modified Eagle’s medium (DMEM) me-
dium (Biochrom) supplemented with 10% fetal calf serum, 1% non-essential amino acids and 
1% pyruvate at 37°C in 5% CO2 and sub-cultured when half confluence was reached.  

 

In vivo infection of CEAtg mice in the presence or absence of NQNO 

Infection of female mice with Neisseria gonorrhoeae MS11 was performed as previously de-
scribed [14]. Briefly, CEA transgenic mice were subcutaneously injected with 17-β-estradiol 
four days prior to infection. Drinking water was supplemented with trimethoprim sulfate 
(400 mg/L) to reduce the overgrowth of commensal bacteria during hormone treatment. Mice 
were inoculated intravaginally with 108 cfu of Opa52 expressing gonococci in 20 μL PBS for 1 
h and subsequently treated with 0.25 and 0.5 nmol NQNO solved in 10 µL DMSO or with 
DMSO alone. One day later, the mucosa-associated bacteria were re-isolated with cotton 
swaps. Serial dilutions of re-isolated bacteria were plated on GC agar containing chloramphen-
icol (10 µg/ml) and erythromycin (7 µg/mL), and the colonies were counted after 20 h of incu-
bation at 37°C, 5% CO2. 
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Immunohistochemistry of tissue samples 

Genital tract of infected mice treated with either NQNO solved in DMSO or with DMSO alone 
was excised and immediately fixed with 4% paraformaldehyde for at least 24 h. Afterwards, 
the samples were incubated with 10% sucrose and 0.05% cacodylic acid for 1 h at 4°C. Next, 
samples were transferred to 20% sucrose for 1 h and then into 30% sucrose overnight at 4°C. 
Organs were mounted in embedding medium (Cryo-M-Bed; Bright Instrument, Huntingdon, 
UK) and frozen at -20°C. 10 μm thick sections were cut at -20°C using a cryostat (Vacutom 
HM500, Microm, Germany). Sections were stained with a mouse monoclonal antibody against 
collagen type IV (clone M3F7); at a dilution of 1:200 together with a polyclonal rabbit antibody 
against Neisseria gonorrhoeae (dilution 1:100). Detection of the primary antibodies was done 
with a combination of Cy5-conjugated goat-anti-rabbit antibody (1:250) and Cy3-conjugated 
goat-anti-mouse antibody (1:250). Cell nuclei were visualized by the addition of Hoechst 33342 
(1:30,000; Life Technologies, Darmstadt, Germany) in the final staining step.  

Histological examination of cryosections derived from the murine vaginal tract of 6-week-old 
female CEAtg mice 16h after NQNO challenge. 

The genital tract of infected and NQNO/DMSO or DMSO treated animals was excised and 
placed in 4% neutral buffer containing formalin overnight. Next day, the tissue was fixed using 
0.4% paraformaldehyde (PFA) treatment. The tissue was then dehydrated for paraffin pro-
cessing. For H&E staining analysis, 10 µm serial sections were cut, deparaffinized and rehy-
drated in a graded series of ethanol solutions, from 100% to 75%. Sections were then stained 
using Hematoxylin solution Sigma 51275 and Eosin G Solution 0.5% (Roth X883.1), followed 
by dehydration. 
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III. Compound 8 - a selective inhibitor for Moraxella 
catarrhalis 

In the previous chapter, we described the virtue of a Pseudomonas aeruginosa quorum sens-
ing intermediate for the treatment of gonorrhea. The derivate NQNO is naturally occurring in 
pseudomonal colonies and is excreted in a millimolar range [195]. We believe that Pseudomo-
nas aeruginosa with its extraordinary survival and environmental adaptation strategy offers 
untapped potential regarding its repertoire of natural compounds that might exhibit bactericidal 
properties.   

Along with the previously studied AQNOs, PQS, the namesake of the PQS-quorum sensing 
system, is one of the most abundant compounds produced and secreted by Pseudomonas. 
The described effects of PQS on bacterial communities are complex and manifold; some of its 
properties include mediation of iron acquisition, slowing of bacterial growth under anaerobic 
conditions and sensitization of Pseudomonas aeruginosa towards UVA radiation [224, 225]. 

We assume that these outstanding qualities harbor ample potential for medical applications. 
Therefore, PQS was tested on different classes of pathogens for its bactericidal quality. Sur-
prisingly the compound showed an inhibitory effect to Neisseria gonorrhoeae and meningitidis, 
but also to Moraxella catarrhalis at even lower concentrations. Successively we refined the 
effectivity of PQS through chemical modification, increasing its effectivity to about tenfold and 
identifying its quality as a narrow spectrum antibiotic targeting Moraxella catarrhalis with an 
unprecedented specificity at low millimolar concentrations.  
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III.1. Results 

III.1.1. PQS inhibits growth of a narrow spectrum of proteobacteria 

As precursors of PQS have been identified as effective agents against Neisseria gonorrhoeae, 
and the compound itself is produced in high quantities in Pseudomonas, we initially evaluated 
its bactericidal potential on ten different gram-negative pathogens. Simultaneous, two synthetic 
derivates substituting the nitrogen at 1´ position of the anthranile ring with oxygen or sulfur 
respectively were synthesized (Supplementary Figure IV-19) and evaluated accordingly 
(Figure III-1). PQS, displayed a moderate bactericidal effect on and the pathogenic species of 
the Neisseria genus. None or very little impairment could be seen for the other tested 
competitors of Pseudomonas, including the bacterium itself (Figure III-1 A). Strikingly growth 
inhibition increased with the oxygen substitution in the 3-hydroxychromen-4-one exerting the 
most influence on Moraxella catarrhalis, Neisseria meningitidis and Neisseria gonorrhoeae. 
For the sulfur substituted 3-hydroxythiochromen-4-one we could attest an even higher 
efficiency with as low as 5 µM effective concentration against Moraxella catarrhalis (Figure 
III-1 B) ending in a complete abrogation of growth while maintaining the species specificity of 
the oxygen substituted PQS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-1 Species specific susceptibility of bacterial growth to PQS and its derivatives  
(A) Growth of different pathogenic bacterial species upon treatment with PQS (compound 1), 1-O-PQS (com-
pound 2) and 1-S-PQS (compound 3). Values are depicted as a heat map in relation to solvent control. (B) Depiction 
of growth curves of the most susceptible strain Moraxella catarrhalis ATCC 25238 treated with indicated compounds.  
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III.1.2. Refinement of 1-S-PQS lead to higher bactericidal activity 

To explore ways to further enhance the growth inhibition observed for 1-S-PQS (3) its structure 
was modified at several sites: 

(4) thiochromen-4-one 
(5)  3-hydroxythiochromen-4-one-1-oxide 
(6)  3-hydroxythiochromen-4-one-1,1-dioxide 
(7) 3-hydroxythiochromen-4-one-2-phenethyl 
(8) 3-hydroxythiochromen-4-one-2-decyl 
(9) 2-heptyl-2,3-dihydro-4H-thiopyrano[2,3-b]pyridin-4-one 
(10)  2-heptyl-2,3-dihydro-4H-thiopyrano[3,2-c]pyridin-4-one 
(11) 2-heptyl-3-hydroxy-5,8-dimethyl-4H-thiochromen-4-one 
(12) 6-bromo-2-heptyl-3-hydroxy-4H-thiochromen-4-one 
(13) 3-heptyl-2-hydroxybenzo[f]-4H-thiochromen-1-one 
(14)  2-heptyl-3-hydroxy-7-methoxy-4H-thiochromen-4-one 
 
For their respective synthesis, see Supplementary Figure IV-19 and Supplementary Figure 
IV-20 and [226].  

  

Growth of Moraxella catarrhalis in the presence of these PQS derivates revealed a distinct 
inhibition pattern for all but compound (4) which is derived from HHQ, the direct precursor of 
PQS. Strikingly, the elimination of the 3-OH group, as observed in compound (4), lead to a 
loss of bacterial growth inhibition, demonstrating its essential nature and restricting further at-
tempts on 3-hydroxy scaffold modifications (Figure III-3 A). 

Figure III-2 Structures of 1-S-PQS derivates 
Modifications differing from previous structures are colorized.  
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Next, the possibility of an in situ oxidation of the sulfur was evaluated. Both, compound (5) and 
(6) with a sulfoxide or a sulfonyl group respectively, failed to show inhibition in Moraxella, lead-
ing to the conclusion, that reactivity of 1-S-PQS is not based on its role as an oxidation acti-
vated prodrug (Figure III-3 A). 

In contrast, modifications of 1-S-PQS at the alkyl residue with a phenyl ring (7) or an alkyl chain 
elongation (8) increased the efficacy drastically. While compound 7 showed a fivefold lower 
minimal inhibitory concentration, the effect was even stronger in compound 8 leading to a ten-
fold increase in activity compared to the initial 1-S-PQS (Figure III-3 A).    

In parallel, the effect of variations in the thiochromen-4-one ring were analyzed. The two thi-
opyranopyridin-4-ones were modified at the 8 (compound 9) or 6 (compound 10) position of 
the ring system. While derivate 9 almost completely lost its growth inhibitory effect, the substi-
tution on compound 10 increased its effectivity about two-fold (Figure III-3 A).  

To explore the influence of aromatic scaffold modifications, we introduced either two methyl 
groups at the 5 and 8 position (compound 11) or brominated the ring at position 6 (compound 
12). Both alterations lead to a ten-fold increase in the MIC needed to inhibit growth of Moraxella 
catarrhalis. Further aromatic substitutions aggravated the effectivity loss; compound 13 dis-
played a twenty-fold increased MIC while compound 14 was fifty-fold less effective.  

In a parallel attempt, the species specificity of the compound library was evaluated. Moraxella 
catarrhalis colonization is commonly associated with the local presence of Haemophilus influ-
enzae and Streptococcus pyogenes which compete for the same ecological niche [227] and 
therefore qualify as ideal candidates to expand our tests upon. The non-typeable Haemophilus 
strain was not affected by the tested compounds while the Streptococcus displayed a moder-
ate sensitivity towards compound 5 and 6, that seemed not to increase with higher concentra-
tions (Supplementary Figure IV-16, Supplementary Figure IV-21). However, both bacterial 
species did not show the broad susceptibility pattern in reaction to the compound library when 
compared to the drastic growth suppression observed for Moraxella catarrhalis. Hence, sub-
sequent tests focused on the compounds activity against Moraxella.   

To conclude the structure-activity relationship, the elongated alkyl chain (compound 8) showed 
the highest bactericidal activity and was therefore used for subsequent analysis. First, the ef-
fectivity of compound 8 on clinical Moraxella catarrhalis isolates has been assessed in a broad 
concentration range (Figure III-3 B, Supplementary Figure IV-17). All strains displayed a 
high sensitivity towards submicromolar concentrations and did not recover from the inhibition 
after further cultivation in compound 8 (C8). These results show that C8 is indeed a strong 
bactericidal inhibitor on a variety of clinical Moraxella catarrhalis strains. 

In our previously conducted study about bactericidal effects of pseudomonal quorum sensing 
molecules (summarized in Chapter II) we discovered a striking species specificity of the lead 
compound NQNO. This targeted effect was not only directed against only one of the tested 
genera but also influenced only the pathogenic species of the Neisseria. This striking selectivity 
prompted us to extend the growth experiments regarding the characteristic of compound 8 
towards commensal Moraxella strains.   
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Three different non-pathogenic species belonging to the Moraxella genus; M.nonliquefaciens, 
M.osloensis, and M.urethralis were evaluated for the impact on their growth behavior while 
being exposed to C8. For Moraxella osloensis and urethralis, no inhibition could be observed, 
while nonliquefaciens was inhibited at higher concentrations (Figure III-3 B, Supplementary 
Figure IV-18) leading us to the conclusion that C8, like NQNO, exhibits its inhibitory effect 
primarily on the pathogenic member of the Moraxella genus.   

 

 

Figure III-3 Inhibition of Moraxella catarrhalis and Moraxella commensals by 1-S-PQS derivates 
Heat-map table indicates the area under curve in relation to the corresponding solvent control (DMSO) of the indi-
cated strains (A) The effect of compound 3 (1-S-PQS) and its derivates compound 4, 5, 6, 7, 8, 9 and 10 on the 
growth of Moraxella catarrhalis strain ATCC 25238 was evaluated using the indicated concentrations. (B) Growth 
inhibition of compound 8 on clinical isolates of Moraxella catarrhalis and commensal Moraxella species was evalu-
ated as described in A.  

  

compound 0.1µM 0.5µM 1µM 2.5µM 5µM 10µM 25µM 50µM

3 0.96 1.16 0.83 0.13 0.02 0.01 0.00 0.00

4 1.05 0.94 0.67 0.42

5 1.03 1.08 0.71 0.03

6 1.06 0.85 0.96 0.33

7 0.96 0.82 0.07 0.02 0.04 0.02 0.01 0.00

8 0.42 0.09 0.09 0.06 0.03 0.01 0.00 0.01

9 1.30 0.57 0.53 0.05

10 1.30 1.01 0.26 0.02 0.03 0.00 0.01 0.00

11 0.37 0.07 0.02 0.01 0.01

12 0.34 0.11 0.01 0.01 0.00

13 0.63 0.41 0.19 0.10 0.02

14 0.58 0.46 0.39 0.09 0.00

Moraxella catarrhalis 0.1µM 0.5µM 1µM 2.5µM 5µM 10µM 25µM 50µM

ATCC 43617 0.44 0.23 0.29 0.26 0.17 0.09 0.02 0.00

251 0.24 0.03 0.01 0.01 0.03 0.03 0.02 0.00

252 0.28 0.02 0.04 0.03 0.01 0.00 0.01 0.02

253 0.01 0.03 0.03 0.01 0.01 0.01 0.03 0.01

254 0.29 0.11 0.07 0.07 0.04 0.02 0.04 0.01

255 0.22 0.19 0.02 0.02 0.01 0.01 0.03 0.01

256 0.14 0.06 0.02 0.04 0.02 0.00 0.00 0.02

Moraxella osloensis 0.99 0.99 1.10 0.99 1.05 1.01 1.05 1.03

Moraxella nonliquefaciens 0.48 0.89 0.71 0.81 0.24 0.65 0.22 0.06

Moraxella urethralis 1.07 1.04 1.03 1.08 1.00 0.98 0.84 1.04

compound 8

Moraxella catarrhalis  ATCC 25238A 

B 
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III.1.3. Moraxella catarrhalis is strongly impaired after incubation with C8 

In an attempt to investigate the effects of compound 8 on the bacterial cells, they were incu-
bated for 40 minutes and evaluated for their growth on compound free plates. Already a con-
centration of 2.5 µM reduced the bacterial survival by over 90%, an effect that amplified at 
higher concentrations (Figure III-4 A). Incubation for three hours did increase the efficacy only 
slightly, bearing a significant difference at concentrations of 0.1 µM (Supplementary Figure 
IV-23 A). In accordance with the bactericidal effect, the colony size of surviving bacteria was 
visibly shrunken after contact with C8 (Figure III-4 B, Supplementary Figure IV-23 B). Con-
sequently, the metabolic rate dropped to a minimum residual activity of 20%, revealing a similar 
pattern as could be observed in bacterial survival (Figure III-4 C).  

NQNO, the related compound to C8, was able to strongly decrease the ATP pool of Neisseria 
gonorrhoeae in a quick and sustained fashion. To assess this quality of C8 and determine its 
speed of action, we measured the ATP content of Moraxella for sublethal concentrations after 
10 and 20 minutes (Figure III-4 D). A significant effect could already be perceived after 20 
minutes with 0.5 µM, which is more pronounced at higher concentrations of C8. In contrast, 
Moraxella osloensis, which grows unaltered in C8 containing medium, showed no sign of ATP 
depletion.  

Since quinolones are known inhibitors of the respiratory chain, it stands to reason, that this 
could represent the specific mode of action against Moraxella catarrhalis. Investigation of the 
levels of reactive oxygen species (ROS) within the bacteria revealed that neither Moraxella 
osloensis, nor Moraxella catarrhalis displayed elevated ROS level after culture in C8 containing 
medium. In contrast, the known ROS inducer potassium cyanide [228], produced a substan-
tially high level of free oxygen radicals when compared to the control and compound 8 incu-
bated bacteria. This effect is contrary to the observation of NQNO influence on Neisseria gon-
orrhoeae, as discussed in the previous chapter. To further validate this data, the integrity of 
the bacterial membrane potential in Moraxella catarrhalis after incubation with C8 has been 
tested (Supplementary Figure IV-25). In concordance, we could not detect any influence 
when treated with C8 while KCN and other known membrane depolarizing agents had a detri-
mental impact on the bacteria.  
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Figure III-3 Molecular effect of compound 8 on Moraxella catarrhalis 
(A) Bacteria were incubated with the indicated concentrations of C8 for 40 min., diluted accordingly and plated on 
GC agar. Data represent mean ±SEM of three independent experiments. (B) Size of single clone colonies after 
treatment described in A. Each dot represents one colony within one experiment. (C) Assessment of metabolic 
activity through the metabolization of MTT for Moraxella catarrhalis immediately following treatment described in A. 
Data are cumulated from three independent experiments and are displayed as mean ±SEM (D) Evaluation of ATP 
levels of Moraxella catarrhalis and osloensis through luminescence turnover after 10 or 20 minutes exposure to C8. 
Experiments have been performed in independent triplicates; error bars represent mean ±SEM. (E) Detection of 
reactive oxygen species in Moraxella catarrhalis and osloensis over time evaluated through chemiluminescence 
reaction in presence of different concentrations of compound 8. KCN serves as a ROS inducing positive control.  
Moraxella catarrhalis strain used in this experiments: ATCC25238. * p<0.05, ** p<0.01, *** p<0.001 



CHAPTER III - COMPOUND 8 - A SELECTIVE INHIBITOR FOR MORAXELLA CATARRHALIS 

 

66 

 

III.1.4. Target evaluation of compound 8 on Moraxella catarrhalis 

Seeing the striking bactericidal activity and species specificity of C8, the evident question after 
the mechanism of action emerged. To narrow down the possible modes of action, we first 
evaluated if bacteria undergo phenotypic alterations upon treatment with C8 by scanning elec-
tron microscopy (Figure III-5 A). As a point of reference, Moraxella catarrhalis were also 
treated with cefoperazone, a cell wall synthesis inhibiting antibiotic. It could be shown clearly, 
that the bacteria maintained their structural integrity after the treatment and no other obvious 
changes in their morphology were recognizable.   

This lead to the search for a more fundamental, metabolic target that does not disrupt cell 
integrity. Commonly antibiotics act by interference of important functions within the cell, such 
as biomacromolecules synthesis. Therefore, we investigated DNA, RNA and protein produc-
tion levels via radioactively labeled analogs after treatment with C8 (Figure III-5 B). Abun-
dance of all three biomolecules was substantially reduced in a comparable intensity to antibi-
otics known to block the respective pathways. This leads to the conclusion that the drop of all 
synthesis levels is most likely related to the general bactericidal effect eventually leading to 
cell death and not the causative of it.  

Due to its structure, compound 8 is expected to chelate iron, trapping it between a homo-
dimerized form and thus reduce the iron bioavailability. To rule out sensitivity of Moraxella 
catarrhalis to iron depletion, bacterial culture was supplemented with deferiprone, an iron che-
lator. Even at high concentrations, only minor growth inhibition could be observed. In contrast, 
culture in iron-supplemented medium enhanced growth, which is to be expected taking the 
growth limiting characteristic of iron into account. In the presence of iron, C8 failed to inhibit 
when pre-incubated or allowed growth after six hours of incubation when simultaneously added 
(Figure III-5 C). Both of the latter effects could be attributed to the increased bulkiness of the 
dimerized compound, which might influence its membrane permeability, making it unable to 
convey its bactericidal influence.  

Concluding, no clear target of C8 could be identified, neither the DNA, nor RNA, protein or cell 
wall synthesis seemed to be primarily influenced. Additionally, the effect cannot be attributed 
to iron depletion within the medium.    
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Figure III-4 Target evaluation of compound 8  
(A) Scanning electron micrographs of Moraxella catarrhalis strain ATCC 25238 after incubation with compound 8 
or with cell wall synthesis inhibitor cefoperazone (B) Incorporation of radio labelled thymidine, uracil or leucine by 
Moraxella catarrhalis strain ATCC 25238 while challenged with compound 8 in comparison to biomacromolecule 
inhibitors. Data summarize mean ±SEM of three independent experiment. (C) Upper panel: growth of Moraxella 
catarrhalis strain ATCC 25238 after incubation with iron, with compound 8 added simultaneously and with iron and 
compound 8 pre-incubated. Lower panel: growth of the same Moraxella strain in the presence of iron chelator 
deferiprone. * p≤0.05, ** p≤0.01, *** p≤0.001 
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III.1.5. C8 displays a high cytotolerance on human cells in-vitro.  

Regarding the striking bactericidity of C8 on Moraxella catarrhalis it would be a valuable anti-
biotic in the treatment of acute infections in the lung and middle ear. To ensure safety and 
tolerance of our compound in potential clinical applications, the suitability of C8 regarding its 
toxicity on human cells was evaluated. Initially, human embryonic kidney cells were exposed 
to C8 for one day (Figure III-6 A). Even with a concentration of 50 µM, no decrease in meta-
bolic activity could be observed. To mimic long term exposure in the lung, C8 was added to-
wards an adenocarcinomic human alveolar epithelial cell line (A549) for one to three days. Up 
to a concentration of 10 µM no changes could be detected, while incubation with 25 µM showed 
a marginal inhibiting effect which increases with higher amounts (Figure III-6 B). The effect 
did not significantly change with longer incubation periods. In concordance, increased cell 
death within a three-day incubation period could only be observed for the highest concentration 
of 50 µM after two and three days of incubation. Also here, the deviation proofed to be non-
significant (Figure III-6 C).  

Taken together, these data suggest, that compound 8 has a high cytotolerance even at longer 
incubation periods on cells derived from potential application sites. The active minimum inhib-
itory concentration of 0.5 µM, which is 100 x less, compared to the lowest concentration re-
sulting in eukaryotic cell impairment, leaves a suitable therapeutic window for treatment of 
Moraxella catarrhalis caused infections.  

 

 

 

  

Figure III-5 C8 displays high cytotolerance on kidney and alveolar cell lines in-vitro  
(A) Metabolic activity in HEK cells after one-day incubation of C8. Activity was determined through MTT turnover in technical triplicates 
depicted as mean activity in relation to DMSO control ±SEM. (B) Measurement of metabolic activity in adenocarcinomic human alveolar 
basal epithelial cells (A549) after one, two or three days of incubation with the depicted concentrations of C8. Shown is the mean ±SEM 
of three independent experiments. (C) % of living A549 cells after one, two or three days incubation with different concentrations of C8. 
Amount of dead cells has been evaluated in flow cytometry after staining with propidium iodide. Cells have been heat shocked as a 
positive control for the death staining. Error bars represent mean ±SEM from three independent experiments. n.s. non significant  
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III.1.6. Moraxella catarrhalis retains long-term susceptible to compound 8 

The duration of the bacterial adaptation process to develop a resistance strategy against a 
newfound antibiotic is crucial for the potential clinical use and maintenance of effectivity against 
the targeted bacterial spectrum. To investigate the adaptability of Moraxella catarrhalis towards 
C8, the bacteria have been incubated on a sublethal, but growth hampering concentration for 
a ten-day period. After each day, the susceptibility of the challenged bacteria to higher con-
centrations of C8 has been evaluated (Figure III-7 A). Strikingly, no indication of an emerging 
resistance could be detected even after 10 days of challenge (Figure III-7 B). This attests the 
high potential of compound 8 as a bactericidal agent against Moraxella catarrhalis and prom-
ises longevity on the market.  

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-6 Resistance development in Moraxella catarrhalis after challenge with compound 8 
(A) Scheme of experimental approach; Moraxella catarrhalis strain ATCC 25238 has been incubated on 0.1 µM of C8 for a ten-day 
period. Every 12 hours bacteria have been sub-cultured in fresh medium supplemented with C8. Once a day susceptibility towards 
higher concentrations of C8 has been evaluated (left); growth curve of Moraxella catarrhalis strain ATCC 25238 on 0.1 µM of compound 
8 or with solvent control of 1% DMSO. (B) Growth of Moraxella catarrhalis strain ATCC 25238 after challenge when incubated on 
effective concentrations of compound 8.  
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III.2. Discussion  

Here we describe the bactericidal activity of a natural occurring intermediate originating from 
the quinolone signaling PQS system of Pseudomonas aeruginosa. Remarkably, the antibiotic 
effect of this compound selectively affects gram-negative bacteria of the Neisseria genus and 
has the highest effectivity against the human pathogen Moraxella catarrhalis. 

Chemical engineering of pharmaceutical compounds has been demonstrated to substantially 
increase effectiveness of antibiotics [229] with the design of second and third generation ceph-
alosporins as the most prominent success [230].  

Capitalizing the potential of this approach, we modified the original quorum sensing component 
PQS starting with the 1 position of the ring system, exchanging the nitrogen for a sulphur or 
an oxygen. Encouraged by the strong increase in effectivity of the sulphur substituted 1-S-
PQS, we engineered and tested a battery of derivates. Ultimately compound 8, which harbors 
an elongated alkyl chain, proofed to be the most specific and effective agent against a multi-
tude of clinically isolated Moraxella catarrhalis strains while sparing commensals of the same 
genus. 

 

Efficacy dependence on lipophilicity  

The lipophilicity of a substance is an important parameter to determine solubility, tissue and 
cellular distribution, receptor binding, uptake, metabolism and therefore also bioavailability 
[231]. To evaluate if the hydrophobic character of the PQS-derivates might be the decisive 
factor for their efficacy, we calculated the 1-octanol/water coefficient (logP) of our 1-S-PQS 
derivates using the ALOGP algorithm [232]. We investigated correlation of the lipophilic char-
acter and the observed efficacy of the compounds (Supplementary Figure IV-27). Although 
an interdependency could be suggested, the tendency was comparably weak (R²=0.41) even 
when non-effective compounds were not taken into account. In addition, the predicting lipo-
philicity of chemical compounds in silico is not very robust and the logP values created through 
this have to be regarded with caution. Thus, we can conclude that hydrophobicity might play a 
role in the distributional pattern of our compounds and therefore influence their availability to 
their target. They are more probable to represent an accompanying characteristic rather than 
being the main reason for the vast differences in compound effectivity.  

 

Comparison with established antibiotic agents 

C8 proofed to be effective against Moraxella catarrhalis at nanomolar concentrations; for con-
tinuous cultures MIC values around 0.1-0.5 µM (0.0316 - 0.158 µg/mL) could be reached. This 
effective concentration is about ten-fold lower than the median concentration of current antibi-
otics, and tangent the lower range of the most effective compound currently prescribed in the 
treatment of infections caused by Moraxella (Table III-I). Notably, C8 acts very rapidly as a 
bactericide; at concentrations of 10-25 µM growth was diminished by over 90% within 40 
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minutes after incubation. Other commonly used clinical antibiotic agents like cefixime or amox-
icillin/clavulanate exhibit a similar inhibition after a 24 h period [233]. Therefore, we conclude 
that C8s´ rapid action even at minuscule concentrations matches and often vastly exceeds the 
antimicrobial properties of approved clinical antibiotics.  

 

Table III-I Minimum inhibitory concentrations of antibiotics used to treat  
acute infection of Moraxella catarrhalis 

Antibiotic Minimum inhibitory [µg/mL] 

 MIC50 MIC90 

Compound 8 0.0316  
≙ 0.1 µM 

0.158 
≙ 0.5 µM 

Amoxicillin-clavulanate 0.125 0.25 

Doxycycline 0.19 0.38 

Clarithromycin 0.25 0.38 

Cefuroxime 1.5 3 

Levofloxacin 0.032 0.047 

Trimethoprim-sulfamethoxazole 0.25 0.5 

 

 

Compound 8 as a potential iron chelator 

A common feature of bactericidal agents occurring in nature is their iron-chelating characteris-
tic. PQS, the precursor of compound 8, has been shown to have an impeded growth repression 
when the medium was supplemented with iron, suggesting that the iron chelating ability is a 
vital part of its growth suppression capability [225]. We assume that C8 is also prone to act as 
an iron chelator by forming a dimer with a second carboxy-keto-moiety, chelating the iron in-
between [234]. Iron, as an important and limiting resource in bacterial growth, is a crucial factor 
for pathogenicity and proliferation. If iron deprivation would indeed be the underlying mecha-
nism, we would have expected a broader efficacy of C8 regarding its bacterial targets. In an 
effort to verify our hypothesis, we added deferiprone, a known iron chelator, to the culture of 
Moraxella catarrhalis. Indeed we could not detect a significant growth difference in the pres-
ence of the chelator. However, a decline in the effectivity of compound 8 when incubated to-
gether with iron could be detected within the setup. This effect did even worsen when C8 was 
given time to react with iron before being added to the culture. In the light of our previous 
findings, we conclude that this outcome does not indicate that the depleted iron is responsible 
for growth inhibition. We suspect, that compound 8 forms the aforementioned complex and 
thus is either limited in its ability to pass the cell membrane or is affected in its active center. 
Similar metal induced losses of efficacy are commonly known amongst other antibiotics like 
the quinolone ciprofloxacin or tetracycline caused by the formation of iron-drug-complexes, 
which supports our findings [235, 236].  
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Target evaluation  

As already discussed in the second chapter of this thesis, quinolone-based antibiotics usually 
inhibit type II (gyrase) and type IV topoisomerases. When exposed to these antibiotics, the 
enzyme is arrested in its DNA cleavage state, which leads to a diminished level of active en-
zyme and subsequently to genomic instability within the bacterium [237]. As a result, DNA 
synthesis is inhibited, leading to bacterial death. In our search for affected mechanisms, gen-
eration of new DNA was inhibited similar to a control antibiotic known to inhibit the nucleotide 
synthesis pointing towards an analog mechanism.  

Subsequently, we strived to unravel the mechanism of action and its target in detail. Scanning 
electron microscopy analysis of treated Moraxella catarrhalis clearly showed no impairment in 
cell wall integrity, which stood in sharp contrast to cefoperazon, a known inhibitor of cell wall 
synthesis. Further, we evaluated the modulation of RNA and protein synthesis caused by C8 
and noted a decline for both macromolecules species with similar kinetics as observed for 
DNA. Both diminishments were comparable to those induced by antibiotics, which specifically 
target the synthesis processes. Although the effect is rather prominent, the reduction might be 
a result of impaired DNA accessibility and integrity as both modes of action are in direct (RNA) 
or indirect (protein) dependence.   

Kindred quinolones are long known to interfere with cellular respiration, similar to KCN or an-
timycin A [206]. In an attempt to capture the influence on cellular respiration, we measured 
ATP production within the cell in a time course experiment. After 20 minutes, we were able to 
detect a significant drop in ATP at very low concentrations of C8. Regarding this rapid depletion 
even at minuscule amounts of C8, we propose an antibiotic function based on respiratory chain 
interference. This striking ATP pool depletion also offers an explanation for the previously ob-
served reduction in biomacromolecule synthesis as all of these processes are highly energy 
demanding.  

In the previous chapter, we could show that the examined HHQ derivate NQNO has most likely 
a different mechanism of action compared to fluoroquinolones. Although the modes of C8 and 
NQNO might not be congruent, the cumulated evidence lead us to believe that C8 also has 
different cellular targets as standard fluoroquinolones like ciprofloxacin.  

 

Benefit to research  

Besides the obvious boon presented by compound 8 in regard to its clinical application, it also 
offers exciting prospects for research efforts.  

Investigations engaging into differential gene expressions in co-cultures or looking into bacte-
rial community-based changes in genetic diversity, metabolomics and propagation could ben-
efit from a tool specifically inhibiting one bacterial species. Also in COPD models, the possibility 
to exclude one of the three mayor infection causatives might offer the option to investigate the 
impact of Moraxella catarrhalis within this disease. The ability to inhibit one species of bacteria 
could also be a low cost and fast tool in analyzing potential cross-contamination. When incu-
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bated with compound 8 Moraxella catarrhalis culture will quickly stop growing while contami-
nants will duplicate. This also offers the opportunity to eradicate Moraxella catarrhalis from 
contaminated cultures.  

Especially within the Moraxella genus distinguishing of different species proofs to be challeng-
ing: Moraxella catarrhalis and osloensis are not only very closely related but are also otherwise 
hard to differentiate. For most bacteriological standard tests, may it be morphological scruti-
nizing, gram staining, oxidase test, growth condition evaluation or tributyrin test similar behav-
ior of both strains can be attested. As an exemption, only Moraxella catarrhalis is testing pos-
itive in a DNase evaluation while osloensis, and other commensal species show no response 
[238]. Also in this case, a differentiation using C8 would be a quick and easy alternative to 
further proof the identity of Moraxella without sequencing techniques.  

In this context, it is surprising, that catarrhalis and osloensis species behave so vastly different 
following the exposure to compound 8. This enigma remains yet unresolved and leaves room 
for additional research concerning compound 8´s mechanism of action and previously un-
known divergence within the Moraxella genus.    

 

Genetic conservation of compound 8 sensibility  

As discussed above, C8 does not exert antimicrobial activity against closely related 
commensal Moraxella species. Remarkably, genetically far more distant pathogenic bacteria 
(Supplementary Figure IV-26) such as Neisseria gonorrhoeae and Neisseria meningitidis 
were susceptible to 1-S-PQS (compound 3), the precursor of C8 (Figure III-1).  

The sensitivity of towards PQS derivates does not seem to be highly phylogenetically con-
served, as members of the same deep clade are missing the trait. The reason for this suscep-
tibility distribution remains enigmatic and definitive clarification of this aspect will most like re-
quire determination of the molecular structure targeted by C8. Still, we consider it worthwhile 
to closely examine several sensible mechanisms in the light of our obtained results.  

The convergent evolution of traits is a widely found occurrence in phylogenetic distributions. 
One clear example of such are proteases, where the incidence of the general enzymatic func-
tion has developed at least 23 times independently [239]. This could also have happened in 
the case of PQS derivate susceptibility. Either the phyla losing it converged or the acquisition 
itself was a convergent development.  

Further, susceptibility accompanied traits can also be exchanged across the species border 
by lateral gene transfer, which is especially likely to occur between organisms inhabiting the 
same microenvironment [240, 241]. In the future, such a transfer of genetic information might 
be one of the most probable resistance acquisition pathways for Moraxella catarrhalis taking 
into account, that same-niche-colonizers are displaying resistance to compound 8.  

The necessity of a selective pressure for the susceptibility-mediating trait is the unifying ele-
ment of the aforementioned scenarios. A positive selection pressure, where the susceptibility 
conveying mutation has another, beneficial impact on the bacterium, would be necessary to 
fix the change within the genome. Another conjecture is that Moraxella catarrhalis, as the only 
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one in its phylogenetic clade, has not yet lost the trait while other bacteria have adapted to the 
pseudomonal antimicrobial arsenal.  

We acknowledge that until identification of the actual target and subsequent genomic analysis 
of the same, the answer to the question, which one of the above-mentioned distributions might 
have occurred in the case of susceptibility acquisition to PQS derivates remains speculative.  

 

Clinical potential as a drug 

One of the most central aspects regarding the employment of compound 8 as a drug, is the 
exhibition and extent of cytotolerance and the consequential therapeutic window. We could 
prove that C8 indeed displays a high compatibility on human cells from different tissue back-
grounds within several independent experiments. Even after prolonged incubation, cellular 
metabolic activity was only affected using amounts far exceeding bactericidal concentration 
while cell survivability was still unimpeded. Since the concentration where first adverse effects 
on mammalian cells occur is about a 100-fold higher than the MIC for Moraxella catarrhalis, 
the therapeutic window is suitable to ensure a wide range for potential treatment options.   

To further investigate the potential of C8 as an antimicrobial drug that might find application in 
clinic, we assessed the resistance development of Moraxella catarrhalis towards compound 8. 
Other bacteria have displayed decreased sensitivity to different antibiotic agents within a ten-
day time frame [242]. Within the same period of sublethal challenge and successive evaluation 
of retained compound susceptibility, no resistance development could be detected. These cor-
roborates the exceptional qualities of compound 8 for the treatment of Moraxella catarrhalis 
caused infections.  

 

Compound 8 as a narrow spectrum antibiotic 

Although multiresistant Moraxella catarrhalis strains have not yet been described, use of a 
species-specific antibiotic agent in the treatment against its infection is of great benefit. Major 
factors are thought to contribute to the antibiotic resistance development including the fre-
quency of use, potential misuse, fitness of the pathogen and the type of adaptation needed to 
circumvent the agent’s activity [243, 244]. Over the past years, there have been continuous 
reports demonstrating correlations between the use of broad-spectrum antibiotics and the 
emergence of multiresistancy [245, 246]. For an assessment of the actual potential of narrow 
spectrum compounds, more studies have to be conducted and even a species or niche specific 
risk evaluation might be advisable.   

An additional predicament when using bactericidal agents targeting a wide variety of bacteria 
poses the selective pressure that is exerted onto co-infecting pathogens, possibly facilitating 
resistance acquisition. Further, such impaired bacteria are more prone to receive DNA cas-
settes through horizontal gene transfer, granting them elevated resistance against bactericid-
als [247].  
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In common broad-band antibiotic therapy, the microbial flora and especially, the gut microbi-
ome, are strongly affected and lead to a plethora of undesired side-effects [248-250]. Besides 
impediments of normal gut functions, including diarrhea, abdominal pain and indigestion, dis-
turbances of the bacterial balance might evoke secondary infections [251, 252].   

Both, the danger of horizontal gene transfer as well as exposure of non-pathogenic species to 
a selective pressure which promotes them to develop counter strategies, could be circum-
vented through the use of a narrow spectrum antibiotics like compound 8 and side directed 
application. Especially in COPD patients, where lung infections are often of multi bacterial 
origin and patients enter a vicious cycle of bacterial infection, clearance, and reinfection with 
multiresistant bacteria, our agent might be a valuable asset in treatment of acute infections 
with Moraxella catarrhalis [191].  

As already discussed in the previous chapter, new compounds that target gram-negative bac-
teria are in dire need, alluding to the innovation gap for bactericidals targeting especially gram-
negative pathogens.   

To fully unfold it´s potential, narrow-spectrum antibiotics require point of care diagnostic to 
identify the nature of the infecting agens. Recent advances in ready to use tests offer the pos-
sibility to characterize pathogenic bacteria in mere minutes to hours in comparison to days 
[253] which opens the option of pathogen tailored therapies like the use of species-specific 
compounds.  

In summary, our results demonstrate that PQS quorum sensing signals can have additional 
spheres of action beyond that of classical signal molecules. Engineering and refinement of our 
compound even elevated the antimicrobial efficacy by a multitude of 10 leading to a derivate 
that displays, along with its high efficacy, an excellent cytotolerance and a low potential for 
resistance development.   

Therefore, our 3-hydroxythiochromen-4-ones constitute a novel aspect in narrow-spectrum an-
tibiotics treatment with an extraordinary species specificity that might help advance research 
about Moraxella and harbors the potential to treat Moraxella catarrhalis infections like pneu-
monia, endocarditis, meningitidis or septicemia. 
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III.3. Methods 

 

Growth of bacterial strains 

Yersinia pseudotuberculosis, Moraxella catarrhalis and Neisseria strains were cultured in PPM 
medium (15 g/L Proteon Pepton, 1 g/L soluable starch, 5 g/L NaCl, 4 g/L KH2PO4, 1 g/L 
K2HPO4, pH 7.5) for liquid culture and on GC plates (BD DifcoTM GC Medium Base) supple-
mented with 1% vitamin mix (100 g/L glucose, 10 g/L glutamine, 26 g/L L-cytsein, 100 mg/L 
carboxylase, 250 mg/L NAD, 500 µL/L Fe(NO3)3, 150 mg/L arginine, 3 mg/L thiamine-HCl 
10 mg/L vitamine B12, 13 mg/L p-amino benzoic acid, 1.1 g/L L-cystein, 1 g/L adenine, 
500 mg/L uracil, 30 mg/L guanine). Strains were either cultivated at 37°C and 220 rpm (liquid) 
or at 37°C and 5% CO2 (plates).  

Enterococcus faecalis, Haemophilus influenzae and Mannheimia haemolytica, as well as 
Moraxella osloenis, nonliquefaciens and urethralis were grown in BHI medium (BD Difco Brain 
Heart Infusion) with 36 g/L supplemented with 20 µg/mL Haemin, 20 µg/mL NAD and 15 g/L 
agar for plates.  

Streptococcus pyogenes was grown in trypticase soy yeast extract medium (30 g/L trypticase 
soy broth, 3 g/L yeast extract, 15 g/L agar for plates; pH 7.0-7.2) 

Escherichia coli strains, Pseudomonas aeruginosa and Klebsiella pneumoniae were cultured 
in LB medium (10 g/L Tryptone, 5 g/L yeast extract, 5 g/L NaCl, 15 g/L agar for plates; pH 7.0).  

 

Bacterial incubation with PQS and derivates  

Bacteria were streaked out on plate as described above and incubated overnight. 2-3 h prior 
to the experiment the bacteria were pre-cultured in their respective medium, then harvested 
and resuspended in PBS. Optical density was determined and a volume equal to OD 0.2 meas-
ured at 550 or 600 nm respectively, was inoculated into 5 mL of the bacterium-specific medium. 
PQS derivates were added at the indicated amounts. DMSO level was adjusted to 1% of final 
concentration. Samples were incubated for either 10.5 hours until they reached stationary 
phase (three measured values in stationary phase) or until they reached an OD of 2.5. Optical 
density was determined every 0.5 h.   

Incubation with iron was done similarly, 5 µM iron in the form of FeCl3 x 6 H2O were added to 
the medium either directly prior to the experiment or incubated together with 5 µM of derivate 
8 for 15 minutes. Iron chelator deferiprone was added at 0, 10, 50 or 100 µM concentration 
directly before the cultivation.  

 
Determination of bacterial growth for heat map display 

The starting optical density of every sample was subtracted from the following time point meas-
urements. If the value became negative it was set to zero. Subsequently the area under the 
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curve of connected measurement point was calculated and normalized towards the solvent 
control.  

 

Growth monitoring with Fe3+/Deferiprone 

Incubation with iron was conducted under the same growth conditions described above. An 
aqueous solution of 5 µM FeCl3 was added to the medium directly prior to the experiment. The 
ferric iron chelator deferiprone was added at 0, 10, 50 or 100 µM concentration directly before 
the cultivation.  

 

Survival Assay / Colony size evaluation 

Moraxella catarrhalis strain 0049P was streaked out on GC plates the previous day and incu-
bated overnight at 37°C and 5% CO2. Bacteria were harvested and resuspended in fresh 5 mL 
BHI medium and cultivated for four hours at 37°C and 250 rpm. Optical density was measured 
at 550 nm; 1x108 bacteria were added to 5 mL BHI medium with the following concentrations 
of compound 8: 0.1, 0.5, 1, 2.5, 5, 10, 25, 50 µM or DMSO (1%) or control without treatment. 
DMSO was added in each sample except control to equal 1% of the final volume. Bacteria 
were incubated for 40 min or 3 h at 37°C and 250 rpm.  

For survival assay: Bacteria were diluted from 10-1 to 10-4 in PBS. 20 µL of every dilution were 
streaked out in a line on a GC plate. The plate was incubated overnight at 37°C and 5% CO2. 
The bacterial count was determined manually the next day.  

Colony size evaluation: Plates were scanned and the area of single grown colonies was meas-
ured using the FIJI distribution of ImageJ 1.52e.  

 

Cultivation of human cells 

A549 cells have been cultivated in Dulbecco’s modified Eagle’s medium (DMEM) from bio-
chrom supplemented with 10% fetal calf serum and passaged every 2-3 days.  

HEK293T cells were cultured on gelatine-coated cell culture dished using DMEM supple-
mented with 10% calf serum, and passaged every 2-3 days. Both lines were kept at 37°C and 
5% CO2. 

 

MTT assay (human cell lines) 

All plates were coated overnight at 4°C with 0.1% gelatine in PBS before usage. 2x104 A549 
or HEK293T cells respectively were incubated with the mentioned concentrations of com-
pound 8 in 100 µL of their respective medium and incubated for 1, 2 and 3 days in the case of 
A549 or 1 day for HEK293T at 37°C and 5% CO2 in a 96 well plate. 10 µL of MTT solution (12 
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mM in PBS, sterile filtered with 0.2 µM filter) were added. The cells were subsequently incu-
bated for 2 h at 37°C. Afterwards growth medium was removed and 100 µL isopropanol was 
added to each well. Formazan was allowed to dissolve overnight in a humidified chamber at 
room temperature. OD550 was measured using a Thermo Fisher Varioskan Flash spectropho-
tometer.  

 

PI Assay 

5x105 A549 cells have been incubated with indicated amounts of compound 8 for 1, 2 or 3 days 
in a 24 well plate at 37°C and 5% CO2. After this incubation period, cells were washed with 
PBS, detached using trypsin and EDTA and stained with propidium iodide at a concentration 
of 10 µg/mL in PBS for 10 min. For the positive control, cells have been heat shocked for 
15 min at 60°C. Staining has been evaluated with FACS LSRII.  

 

MTT assay (bacteria) 

Bacteria were cultivated and treated with compound 8, as described above. After the incuba-
tion time, 100 µL of the bacteria solution were mixed with 500 µL 5 mg/mL MTT in PBS and 
incubated for 1 h at 37°C and 250 rpm. Bacteria were then centrifuged for 20 min. at 4700 rpm 
and RT. Supernatant was discarded and pellet was dissolved in 2 mL isopropanol overnight. 
OD550 was measured using a Thermo Fisher Varioskan Flash spectrophotometer.  

 

ATP Assay  

Moraxella spec. were incubated with compound 8 as described above for 10, 20 and 30 
minutes respectively. Bacteria were harvested through centrifugation for 10 minutes at 
4000 rpm and 4°C, resuspended in 1 mL PBS and frozen overnight at -80°C. Samples were 
sonicated for 1 min at maximum intensity on ice. Supernatant was harvested through centrifu-
gation for 10 minutes at 13,500 rpm and 4°C. ATP assay was performed using 10 µL of super-
natant, 100 µL ATP assay buffer (25 mM Tris pH 7.8, 4 mM EGTA, 20 mM MgSO4, 1 mM DTT, 
pH 7.8), 2x10-5 mol luciferin and 1 µg luciferase per well. Luminescence was measured in white 
96 well plate using a Thermo Fisher Varioskan Flash spectrophotometer.  

 

Scanning Electron Microscopy  

Bacteria were streaked out on BHI plates and incubated overnight at 37°C and 5% CO2. 4x106 

Bacteria from a 4 h pre-culture (in BHI; 37°C, 220 rpm) were centrifuged on poly-lysine coated 
coverslips (3300 g, 15 minutes). Compound 8 was added at 0.1, 0.5, 10 and 50 µM and incu-
bated for 3 h at 37°C and 5% CO2. Bacteria were fixed with 2 x 300 µL fixans (3% formalde-
hyde, 2% glutardialdehyde, 0.09 M sucrose, 0.01 M CaCl2, 0.01 M MgCl2 in 0.1 M HEPES) for 
5 and 25 min respectively. Slips were washed twice with 1 mL 0.1 M HEPES for 5 min each. 
Dehydration was performed with ethanol-dilutions of 1 mL (30%, 50%, 70% (overnight), 80%, 
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90%, 96%, 3x 100%) for 10 min each, if not indicated otherwise. Afterwards samples were 
dried with liquid CO2 in critical point drying changing the CO2 10x with 10 min incubation in 
between, using a Baltec CPD 030 critical point dryer (Baltec, Liechtenstein). Finally, samples 
were mounted on stubs with silver coating polish (drying o/n RT), sputtered with 6nm platinum 
using Quorum Q 150R ES sputter coater (Quorum Technologies Ltd, Laughton, East Sussex, 
UK) in a low-pressure argon atmosphere and imaged using a Zeiss FIB-FESEM Auriga 40 TM 
Crossbeam.  

 

Measurement of bacterial membrane potential 

Moraxella spec. were grown as described above and incubated with the mentioned amounts 
of compound 8 for 5, 15, 30, 45, 60, 90 and 120 minutes respectively. 1x106 cells were diluted 
in 1 mL PBS containing 5 µM CCCP (carbonylcyanide 3-chlorophenylhydrazone; only for 
CCCP control) and 30 µM DiOC2(3) (3,3-diethyloxacarbocyanine iodide). Samples have been 
incubated for 10 min. Fluorescence was measured with BD LSR Fortessa. To validate the 
assay, known cell membrane potential inhibitors have been added in the following concentra-
tions: Amytal 2 mM, Antimycin A 10 µg/mL and KCN at 1 mM. As an additional positive control 
bacteria have been heat shocked for 15 min at 60°C.  

 

Radiolabeling of macromolecules 

The radiolabeling was performed according to Ling et al. [254]; Moraxella catarrhalis were 
grown for 15 h on solid BHI medium (BactoTM Brain Heart Infusion media from BD with addition 
of 20 µg/mL hemin and 20 µg/mL NAD). The bacteria were harvested with a cotton swap, 
transferred into fresh liquid BHI media, where the OD550 was measured to determine bacteria 
number. Bacteria suspension was diluted in BHI medium to reach a final bacteria density of 
2x108 cells/mL in 0.5 mL total volume. Antibiotics with known bactericidal effect (moxifloxacin 
for DNA synthesis inhibition at 4 µg/mL (4xMIC)[255], rifampicin for inhibition of RNA synthesis 
at 0.06 µg/mL (2xMIC)[256] or erythromycin for protein synthesis disruption at 2 µg/mL 
(4xMIC)[257]) as well as compound 8 at 3 µM (6xMIC) were added to the respective suspension. 
DMSO was used as solvent control. After incubation for 5 min (37°C, shaking at 750 rpm), 
2.5 µL of a 1 mCi/mL aqueous solution of either tritium labeled 3H-thymidine (DNA), 3H-uridine 
(RNA) or 3H-leucine (protein) was added in the respective sample (end concentration: 
5 µCi/mL). The sample was incubated for 40 min (37°C, shaking at 750 rpm). Subsequently, 
0.5 mL ice-cold 25% trichloroacetic acid in water (w/w) was added, vortexed and centrifuged 
for 5 min at 13,000 rpm. The supernatant was discarded and the pellet washed with 1 mL ice-
cold 25% trichloroacetic acid (2 times) and 1 mL ice-cold water (3 times) with centrifugation for 
3 min at 13,000 rpm after each washing step. The washed pellet was suspended in 0.5 mL 
water by ultra-sonication and mixed with 5 mL scintillation liquid (Ready SafeTM from Beckman) 
by vortexing for 30 s The samples were prepared in biological triplicates and 3H was measured 
with a scintillation counter (Beckmann LS 6000IC) over 10 min. For determination of monomer 
incorporation, DPM values of the antibiotic samples were calculated in proportion to the re-
spective controls without antibiotic.  
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Detection of ROS 

Moraxella spec. were incubated as described above. Bacteria were harvested through centrif-
ugation for 10 min at 4000 rpm RT and washed in oxidative burst buffer (8 g/L NaCl, 0.2 g/L 
KCl, 0.62 g/L KH2PO4, 1.14 g/L Na2HPO4, 1 g/L glucose, 50 mg BSA in ddH2O; pH 7.2 sterile 
filtered with 0.2 µM filter). 1x107 bacteria/well were seeded in 96 well plate in 50 µL oxidative 
burst buffer. Compound 8 in 1% DMSO, KCN or DMSO were premixed in separate plate in 
50 µL oxidative burst buffer containing 100 µM lucigenin at their respective concentrations. 
KCN was used as a ROS inducer at 1 mM, DMSO as solvent control at 1%. Shortly before the 
experiment, both samples were added in a white 96 well plate. Luminescence was measured 
using a Thermo Fisher Varioskan Flash spectrophotometer. 

 

Microscopic imaging of A549 cells 

1x105 A549 were seeded into 24 well plate and incubated with the mentioned concentrations 
of compound 8 in 1 mL DMEM+10% FCS and incubated for 1, 2 or 3 days. DMSO has been 
added to the control and all samples to equal a total concentration of 1%. Pictures of the cells 
have been taken every day with a Nikon Eclipse TS100 microscope.  

 

Test for resistance development 

Moraxella catarrhalis were incubated as described above. The bacteria (OD550 of 0.2) were 
grown in 50 mL falcons containing 5 mL medium and compound 8 at 0.1 µM. After 12 hours, 
the same amount of bacteria was transferred into fresh medium containing 0.1 µM com-
pound 8.  

Every day OD550 0.2 of the challenged bacteria were cultivated in 5 mL medium containing 
either 1, 2.5, 10 or 50 µM compound 8. The growth of this culture was evaluated after 12 hours 
by measuring the optical density in comparison to control containing DMSO at 1%.  

 

Determination of Lipophilicity 

Lipophilicity of compound 1-10 was predicted using ALOGPS 2.1 in non-java user interface 
[258, 259].  
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Supplementary Figure IV-1 Isolated neisserial RNA matches sequencing quality standards  
(A) 1% agarose gel showing integrity of isolated RNA, (B) Purity and concentration test performed by BGI tested via 
NanoDrop (OD measurements) and Agilent 2100 (other measurements).  
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Neisseria gonorrhoeae FA 1090 chromo-
some 

 
 Neisseria gonorrhoeae NCCP11945 chromo-

some 
 

Aligning sequencing reads 
from  CECAM1 Opa+  

 
CEACAM1 Opa+  

Total reads:  6809899   6809899  
Successfully aligned reads: 6341093 93%  6378824 94% 
 Aligning (sense) to protein-coding genes: 32%  Aligning (sense) to protein-coding genes: 34% 
 Aligning (antisense) to protein-coding genes: 32%  Aligning (antisense) to protein-coding genes: 35% 
 Aligning (sense) to ribosomal RNAs: 0%  Aligning (sense) to ribosomal RNAs: 0% 
 Aligning (antisense) to ribosomal RNAs: 0%  Aligning (antisense) to ribosomal RNAs: 0% 
 Aligning (sense) to transfer RNAs: 0%  Aligning (sense) to transfer RNAs: 0% 
 Aligning (antisense) to transfer RNAs: 0%  Aligning (antisense) to transfer RNAs: 0% 
 Aligning (sense) to miscellaneous RNAs: 0%  Aligning (sense) to miscellaneous RNAs: 0% 
 Aligning (antisense) to miscellaneous RNAs: 0%  Aligning (antisense) to miscellaneous RNAs: 0% 
 Aligning to unannotated regions:  34%  Aligning to unannotated regions:  30% 
      
Aligning sequencing reads 
from 

CEACAM5 Opa+  
 

CEACAM5 Opa+  

Total reads:  6835339   6835339  
Successfully aligned reads: 6302335 92%  6337770 93% 
 Aligning (sense) to protein-coding genes: 33%  Aligning (sense) to protein-coding genes: 35% 
 Aligning (antisense) to protein-coding genes: 33%  Aligning (antisense) to protein-coding genes: 36% 
 Aligning (sense) to ribosomal RNAs: 1%  Aligning (sense) to ribosomal RNAs: 1% 
 Aligning (antisense) to ribosomal RNAs: 1%  Aligning (antisense) to ribosomal RNAs: 1% 
 Aligning (sense) to transfer RNAs: 0%  Aligning (sense) to transfer RNAs: 0% 
 Aligning (antisense) to transfer RNAs: 0%  Aligning (antisense) to transfer RNAs: 0% 
 Aligning (sense) to miscellaneous RNAs: 0%  Aligning (sense) to miscellaneous RNAs: 0% 
 Aligning (antisense) to miscellaneous RNAs: 0%  Aligning (antisense) to miscellaneous RNAs: 0% 
 Aligning to unannotated regions:  32%  Aligning to unannotated regions:  28% 
      
Aligning sequencing reads 
from  

CEACAM5 Opa-  
 

CEACAM5 Opa-  

Total reads:  6801977   6801977  
Successfully aligned reads: 6233372 92%  6264399 92% 
 Aligning (sense) to protein-coding genes: 35%  Aligning (sense) to protein-coding genes: 36% 
 Aligning (antisense) to protein-coding genes: 35%  Aligning (antisense) to protein-coding genes: 38% 
 Aligning (sense) to ribosomal RNAs: 1%  Aligning (sense) to ribosomal RNAs: 1% 
 Aligning (antisense) to ribosomal RNAs: 1%  Aligning (antisense) to ribosomal RNAs: 1% 
 Aligning (sense) to transfer RNAs: 0%  Aligning (sense) to transfer RNAs: 0% 
 Aligning (antisense) to transfer RNAs: 0%  Aligning (antisense) to transfer RNAs: 0% 
 Aligning (sense) to miscellaneous RNAs: 0%  Aligning (sense) to miscellaneous RNAs: 0% 
 Aligning (antisense) to miscellaneous RNAs: 0%  Aligning (antisense) to miscellaneous RNAs: 0% 
 Aligning to unannotated regions:  28%  Aligning to unannotated regions:  24% 
      
Aligning sequencing reads 
from   

CEACAM8 Opa+   CEACAM8 Opa+  

Total reads:  6512288   6512288  
Successfully aligned reads: 6049833 93%  6081508 93% 
 Aligning (sense) to protein-coding genes: 31%  Aligning (sense) to protein-coding genes: 32% 
 Aligning (antisense) to protein-coding genes: 31%  Aligning (antisense) to protein-coding genes: 33% 
 Aligning (sense) to ribosomal RNAs: 1%  Aligning (sense) to ribosomal RNAs: 1% 
 Aligning (antisense) to ribosomal RNAs: 1%  Aligning (antisense) to ribosomal RNAs: 1% 
 Aligning (sense) to transfer RNAs: 0%  Aligning (sense) to transfer RNAs: 0% 
 Aligning (antisense) to transfer RNAs: 0%  Aligning (antisense) to transfer RNAs: 0% 
 Aligning (sense) to miscellaneous RNAs: 0%  Aligning (sense) to miscellaneous RNAs: 0% 
 Aligning (antisense) to miscellaneous RNAs: 0%  Aligning (antisense) to miscellaneous RNAs: 0% 
 Aligning to unannotated regions:  37%  Aligning to unannotated regions:  34% 

 

Supplementary Figure IV-2 Gonococcal NCCP1945 strains shows the highest overlap with MS11  
Alignment of Neisseria gonorrhoeae strains FA1090 and NCCP11945 with MS11 strain performed by Rockhopper 
software.   
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≥2 fold transcribed hits 

(A) NGK_0153 – position 121,567-121,764 

>ACF28851.1 Conserved hypothetical protein [Neisseria gonorrhoeae NCCP11945] 
MKEMPNKQTKSKSRKTGSGFAAFLYGPGSVKVCRLPDNARQMIGVFKIPRVRHAPRSAMIGGSFV 
 

(B) NGK_1415 – position 1,180,157-1,180,315 

>ACF30087.1 putative phage associated protein [Neisseria gonorrhoeae 
NCCP11945] 
MMNPTEFLKARIAEWEAKSKEAGGNADFKAFEFAESEIKNYKAMLKTYERPD 
 

(C) NGK_1943 – position 1,606,391-1,606,639 

>ACF30569.1 putative phage associated protein [Neisseria gonorrhoeae 
NCCP11945] 
MLLFQGPDSRLRGNDGGGGNPTPTHKTDRKEKTMDTFLKIIATLSFAGAATLAVWLLVEAADAVLRRKRE 
GKGEDDFDGFGY 
 

NGK_1943              1 MLLFQGPDSRLRGNDGGGGNPTPTHKTDRKEKTMDTFLKIIATLSFAGAATLAVWLLVEAADAVLRRKREGKGEDDFDGFGY 
LD Nme                1 ---------------------------------MDTLLKIIISLSFSGAEALVVWLFITAADAVLRRFQKPSHYRRVKK--- 

 

LD Nme = lactate dehydrogenase Neisseria meningitidis (NCBI Reference Sequence: 
WP_079870604.1) 

 

(D) NGK_0571 – position 471,599-471,751 

>ACF29262.1 putative type I specificity subunit HsdS [Neisseria gonorrhoeae 
NCCP11945] 
METQQKIVKILDKFTELEATLEAELALRKRQYRYYRDLLLDFDNQIGGDS 
 

NGK_0571                ---------------------------------------------------------------------------------------------------- 
Restriction Endo      1 MDMQSKAKKLIEMIQTAPVEWKPLGEVLVRTKGTKITAGQMKEMHKDNAPLKIFAGGKTFALVDFDDVPDKDIHREPSIIVKSRGIIEFEYYDKPFSHKN 
 
NGK_0571              1 ------------------------------------------------------METQQKIVKILDKFTELEATLEAELALRKRQYRYYRDLLLDFDNQI 
Restriction Endo    101 EMWSYHSVNKHIYIKYVYYFLKTQENYFRNIGSKMQMPQIATPDTDNYKIPIPSLETQQKIVKILDKFTELEATLEAELALRKRQYRYYRDLLLDFDNQI 
 
NGK_0571             47 GGDS 
Restriction Endo    201 GGDS 

 

RE Ngo = restriction endonuclease subunit S in Neisseria gonorrhoeae (NCBI Reference Se-
quence: WP_050172590.1) 

 
(E) NGK_2320 – position 1,923,236-1,923,358 

>ACF30924.1 Hypothetical protein NGK_2320 [Neisseria gonorrhoeae NCCP11945] 
MNKRLLFVRHKPQYQVTDKQCRLNAMCSDGIYLSTGLFKP  
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(F) NGK_0208 – position 163,635-163,820 

>ACF28904.1 Conserved hypothetical protein [Neisseria gonorrhoeae NCCP11945] 
MKKGVHSATQNYRYSGAMPSERIFRSVLRLVGVSSDTVKRKFAGAGLSYAGKAAGESLYCL 
 

NGK_0208              1 MKKGVHSATQNYRYSGA-----MPSERIFRSVLRLVGVSSDTVKRKFAGAGLSYAGKAAGESLYCL 
DNA binding prot      1 MEK---RKWRTFRYMELHDRQEMPSERIFRSVLRLVGVSSETVKRKFAGVELSYAGKAAGESLYCL 

 

Aligned against DNA binding protein of Neisseria meningitidis (NCBI Reference Sequence: 
WP_124209921.1).  

 

 ≤0.5 fold transcribed hits 

(G) NGK_1200 - position 979,850-980,083 

>ACF29877.1 Conserved hypothetical protein [Neisseria gonorrhoeae NCCP11945] 
MHNNDIIIYTTEDGLSEFTLRELDGELWLAQKEIAELYQTSKQNIGKHIKAIFAEQELDDSVVNFQFTTA 
ADGKNYR 
 

NGK_1200              1 MHNNDIIIYTTEDGLSEFTLRELDGELWLAQKEIAELYQTSKQNIGKHIKAIFAEQELDDSVVNFQFTTAADGKNYR*---------------------- 
DNA binding prot      1 MHNNDIIIYTTEDGLSEFTLRELDGELWLTQKEIAELYQTSKQNIGKHIKAIFAEQELDDSVVNFQFTTAADGKNYR----------------------- 
2-HADH                1 MHNNDIIIYTTEDGLSEFTLRELDGELWLTQKEIAELYQTSKQNIGKHIKAIFAEQELDDSVVNFQFTTAADGKNYRMGLYPLSLIIAVGYRVRSTRGTQ 
 
NGK_1200                ---------------------------------------------------------------------------------------------------- 
DNA binding prot        ---------------------------------------------------------------------------------------------------- 
2-HADH              101 FRQWATRTLGEYISKGFVLNDDRLKNPPVGTNRAEDQFEQLLNRIRDIRSSERRMYLRVREIFAMAADYQPSFKETTHFFKIIQNKLHYACTRHTAPEII 
 
NGK_1200                ---------------------------------------------------------------------------------------------------- 
DNA binding prot        ---------------------------------------------------------------------------------------------------- 
2-HADH              201 YQRADAGKPNMGLTHWRGKEIAKADVTVAKNYLNEKEIDALNRIVSMWLDFAEDQASMKKQIFLQDWTEKLDAFLTFNDRQVLQTAGTISKTQADEKARI 
 
NGK_1200                ----------------------------- 
DNA binding prot        ----------------------------- 
2-HADH              301 EYEKFAAARRLEKEREGERHIAELLSLKK 

 

Aligned against DNA binding protein (NCBI Reference Sequence: WP_002258226.1) and 

2-HADH = 2-hydroxy acid dehydrogenase of Neisseria meningitidis (NCBI Reference Se-
quence: WP_002239751.1)  

 
Supplementary Figure IV-3 Alignment of most distinctive transcribed genes  
Compared are Neisseria gonorrhoeae incubated with CEACAMs binding to Opa52 and non-Opa-binding CEACAM.  
Position numbers are referring to the genome of Neisseria gonorrhoeae strain NCCP11945. Alignments were per-
formed with Clone Manager 9 Professional edition and BLOSUM62 matrix. FASTA format of all highly differential 
transcribed genes at the beginning of each section.   
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Supplementary Figure IV-4 Gonococcus NCCP11945 is closer related to MS11 than FA1090  
A Genealogical tree of Neisseria gonorrhoeae sub-strains from NCBI [260] was constructed and compared regard-
ing the genetic proximity of the gonococcal species. Both available annotated genomes from FA1090 and 
NCCP11945 strain were evaluated for their phylogenetic distance to strain MS11 used in this study. 
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Supplementary Figure IV-5 Neisseria gonorrhoeae 344 is less inhibited by pseudomonal knock out mutants 
Streak out of Neisseria gonorrhoeae strain 344 (vertical line) together with Pseudomonas aeruginosa wild type or 
knock out strains (horizontal line) on GC agar plates.  
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Supplementary Figure IV-2 AQ derivates strongly reduce growth of Neisseria gonorrhoeae 
(A+B) Neisseria gonorrhoeae clinical isolates have been incubated with 5, 10, 25 or 50 µM of NQ, trans-Δ1-NQ, NQNO 
or trans-Δ1-NQNO for the indicated time in liquid culture. Optical density at 550 nm was determined in an interval of 
30 minutes. Growth curves are displayed with 1% DMSO control to account for the solvent in AQ derivate solution.  
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Supplementary Figure IV-3 Commensal Neisseria are predominantly insensitive to AQ derivate treatment 
Growth curves of Neisseria spec. were incubated with 5, 10, 25 or 50 µM of NQ, trans-Δ1-NQ, NQNO or trans-Δ1-
NQNO until they have reached stationary phase or to the maximum of 10.5 hours in liquid culture. Optical density at 
550 nm was determined every 30 minutes. Growth curves are displayed together with 1% DMSO control to account 
for the solvent of AQ derivates.  
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Supplementary Figure IV-8 AUC values for Neisseria spec. treated with AQNOs  
Neisseria spec. were incubated with 5, 10, 25 and 50 µM of either NQ, trans-Δ1-NQ, NQNO or trans-Δ1-NQNO or 
with DMSO for 10.5 hours or until the growth reaches stable stationary phase. Area under the curve (AUC) values 
for all samples was determined and normalized with the DMSO control.  
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Supplementary Figure IV-9 MIC values for AQNOs on Neisseria gonorrhoeae MS11 
Neisseria gonorrhoeae strain MS11 was incubated with DMSO or 0.1, 0.5, 1 or 2.5 µM of NQ, trans-Δ1-NQ, NQNO 
or trans-Δ1-NQNO. Optical density at 550 nm was measured every 30 min.   

Neisseria gonorrhoeae MS11 
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Supplementary Figure IV-10 Vaginal commensals are not affected through AQ derivates 
Growth of Lactobacillus brevis and Candida albicans incubated with 5, 10, 25 or 50 µM of NQ, trans-Δ1-NQ, NQNO 
or trans-Δ1-NQNO for the indicated time in liquid culture. Optical density at 600 nm was determined every 
30 minutes. Growth curves are displayed together with 1% DMSO control to account for the solvent of AQ derivates.  
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Supplementary Figure IV-4 NQNO does not degrade over time at physiological conditions 
(A)+(B) Proton NMR spectra showing the stability of NQNO in MeOD at a final concentration of 25 mM. Samples 
were incubated for 28 days at 25 or 37°C respectively. A spectrum was measured every 7th day and compared with 
the previous measurements. (C)+(D) Stability of 100 µM NQNO in cell culture media (CCM) at 24°C and 37°C over 
a period of 4 days. Samples were taken at the beginning and every second day. Analysis was performed through 
LC-MS and integrals of the detected NQNO (from extracted ion chromatograms) were compared to the integral of 
the control (100 µM NQNO in H2O) which was set to 100%. (E) Quantification of C and D, normalized to control 
levels. Experiments in this figure performed by Dávid Szamosvári, Universität Konstanz.   
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Supplementary Figure IV-5 ATP and glutathione supplement does not rescue NQNO treated gonococci  
(A) Neisseria gonorrhoeae MS11 was treated with either DMSO solvent control or NQNO at concentrations of 5 
and 50µM in liquid culture. To one batch of samples 1mM ATP was added. Optical density at 550nm was deter-
mined every hour for 7 hours. (B) Neisseria gonorrhoeae MS11 was treated with the MIC and the highest con-
centration of NQNO tested in this study with different amounts of glutathione. Growth mas monitored for 9 hours 
with measurement of optical density at 550nm every 30 minutes.  
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Supplementary Figure IV-13 Cytochrome b mutations do not explain specificity of AQNO targeting 
Alignment of cytochrome b sequences from all Neisseria species used in this study. Sequences are derived from 
www.uniprot.org and were aligned to Neisseria gonorrhoeae in a global reference setup using the BLOSUM 62 
scoring matrix. Highlighted in blue are Neisseria strains sensitive to NQNO treatment. Interaction sites are marked 
with asterisks, the metal binding sites are coloured in red and the ubiquinone binding site is highlighted in green. 
Sites where identified aligning the Bos taurus annotations from https://www.uniprot.org/uniprot/P00157 with the 
neisserial cytochrome b of gonococcal strain FA1090.   
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# in LSH 
collec-

tion 

Descrip-
tion / 
strain 

Source 
Number accord-

ing to source 

Patient 
Isolation 

date 
Isolation 

site 
Publica-

tion sex age 

 
Neisseria gonorrhoeae 

0009P MS11 
Thomas 
F. Meyer 

    
urogenital 
tract 

[261] 

0022P 
Clinical 
isolate 

Hautklinik 
Würzburg 

Ngo_LSH1      

0023P 
Clinical 
isolate 

Hautklinik 
Würzburg 

Ngo_LSH2      

0024P 
Clinical 
isolate 

Hautklinik 
Würzburg 

Ngo_LSH3      

0051P VP1 
Thomas 
F. Meyer 

N131      

0098P 
Clinical 
isolate 

NCTC NCTC13799 female  
June 2015, 
UK 

throat  

0341P 
Clinical 
isolate DGI 

Magnus 
Unemo 

Ngo 241 
0159000241 

male 40 August 2001 blood  

0342P DGI 
Magnus 
Unemo 

Ngo 14 
0359000014 

male 52 March 2003 blood  

0343P DGI 
Magnus 
Unemo 

Ngo 1027 
0559000102 

male 39 March 2005 blood  

0344P DGI 
Magnus 
Unemo 

Ngo 11 
0659000011 

female 56 January 2006 blood  

0346P DGI 
Magnus 
Unemo 

Ngo 81 
0959000081 

female 40 March 2009 joint fluid  

0347P DGI 
Magnus 
Unemo 

Ngo 340 
1259000340 

male 60 August 2012 joint fluid  

0348P 
Antibiotic 
resistant 
Austria 

Magnus 
Unemo 

Ngo 316 
1159000316 

male 36 July 2011 pharyngeal [216] 

0349P 
Antibiotic 
resistant 
Slovenia 

Magnus 
Unemo 

Ngo 231 
1259000231 

female 32 October 2011 pharyngeal [217] 

 

Magnus Unemo, Örebro University Hospital, Örebro, Sweden 
NCTC; National Collection of Type Cultures, Salisbury, United Kingdom 
Thomas F. Meyer, Max Planck Institute for Infection Biology, Berlin, Germany 

  

A 
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# in LSH 
collec-

tion 
Description / strain Source 

Number 
according 
to source 

Publication 

 
other Neisseria spec. 

0019P Neisseria mucosa Thomas F. Meyer N350 [262] 

0020P Neisseria cinerea Thomas F. Meyer N340 [10] 

0021P Neisseria lactamica Thomas F. Meyer N348 [10] 

0038P Neisseria sicca Thomas F. Meyer N349 [10] 

0053P Neisseria meningitidis SerC C1938 Thomas F. Meyer N95  

0123P Neisseria elongata elongata DSMZ DSM 17712 [263] 

0124P Neisseria flavescens DSMZ DSM 17633 [264] 

0125P Neisseria macacae DSMZ DSM 19175 [265] 

0126P Neisseria perflava DSMZ DSM 18009 [264] 

0127P Neisseria subflava DSMZ DSM 17610 [264] 

 

Other used bacterial strains 

0009Y Candida albicans Joachim Morschhäuser SC5314  

0026P Escherichia coli Thomas F. Meyer EPEC  

0032P Haemophilus influenzae  Joachim Reidl  Rd KW20  

0234P Klebsiella pneumoniae Tobias Oelschläger Strain 3091  

0360 Escherichia coli Novagen now Merck KGaA Nova Blue  

0498P Pseudomonas aeruginosa PA01 DSMZ DSM22644  

0500P Lactobacillus brevis DSMZ DSM20054  

0507P Pseudomonas aeruginosa pqsL UW Genome Sciences  PW8104 [266], [267] 

0508P Pseudomonas aeruginosa pqsH UW Genome Sciences  PW5343 [266], [267] 

0514P Pseudomonas aeruginosa pqsR UW Genome Sciences  PW2812 [266], [267] 

 

DMSZ, Leibniz-Institute DSMZ-German Collection of Microorganisms and Cell Cultures 
Joachim Morschhäuser, Institute for Molecular Infection Biology, Julius-Maximilian-Universität Würzburg, Germany 
Joachim Reidl, Institute of Molecular Biosciences, University Graz, Graz, Austria 
P.aeruginosa PAO1 transposon mutant library from UW Genome Sciences Seattle, USA, supported through grant # NIH P30 
DK089507  
Thomas F. Meyer, Max Planck Institute for Infection Biology, Berlin, Germany 
Tobias Oelschläger, Institute for Molecular Infection Biology, Julius-Maximilian-Universität Würzburg, Germany 
 
 
Supplementary Figure IV-14 Origin and information about bacterial strains used in chapter two of this thesis 
(A) Table showing strain description, origin, isolation site and date of Neisseria gonorrhoeae strains (B) Information 
about origin of commensal Neisseria spec. and other strains used in this study.  

B 
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Supplementary Figure IV-15 Sensitivity of bacterial species to PQS and derivates thereof  
(A+B) Bacteria were treated with 0, 5, 10, 25 and 50 µM of PQS (compound 1), 1-O-PQS (compound 2), 1-S-PQS 
(compound 3) and 1-S-HHQ (compound 4) in liquid culture. Optical density at the displayed wavelengths was de-
termined every 30 minutes over extended time periods.  
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Supplementary Figure IV-16 Growth curves of Mc, Hinf and Sp upon treatment with 1-S-PQS derivates  
Bacteria (Moraxella catarrhalis, Haemophilus influenzae and Streptococcus pyogenes) were cultivated in liquid cul-
ture with the addition of 1-SO-PQS (compound 5), 1-SOO-PQS (compound 6), 1-S-PQS-A (compound 7), 1-S-8N-
PQS (compound 9) and 1-S-6N-PQS at the indicated concentration. 
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Supplementary Figure IV-6 Clinical isolates of Moraxella catarrhalis are inhibited by compound 8 
(A+B) Growth curves of clinical isolates of Moraxella catarrhalis upon treatment with 0, 0.1, 0.5, 1, 2.5, 5, 10, 25 or 
50 µM compound 8 in liquid culture. Optical density at 550 nm was determined every 30 minutes over 10 or 8.5 
hours.  
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Supplementary Figure IV-7 Compound 8 does not influence growth of Moraxella commensals 
Moraxella nonliquefaciens, osloensis and uretharlis were grown in liquid culture supplemented with 0, 5, 10, 25 
or 50 µM of compound 8 for an extended time period. Optical density at 550 nm was measured every 30 minutes. 
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Supplementary Figure IV-19 Synthesis of chromenones and thiochromenones 
performed and documented by Dávid Szamosvári, AG Böttcher, University of Konstanz. 
 
 
 

 

 

Supplementary Figure IV-20 Synthesis of 1-S-PQS derivates 
Performed and documented by Dávid Szamosvári, AG Böttcher, University of Konstanz. 
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Supplementary Figure IV-21 H.influenzae and S.pyogenes are resistant towards most PQS and derivates  
(A) Heatmap displaying the AUC values derived from the growth curves of Haemophilus influenzae and Strepto-
coccus pyogenes when incubated with PQS and its derivates. Values have been normalized towards the DMSO 
solvent control (B) Growth curves of Moraxella catarrhalis, Haemophilus influenzae and Streptococcus pyogenes 
upon treatment with compound 8 at different concentrations in liquid culture. Optical density at the indicated wave-
length has been evaluated every 30 minutes for extended time periods.   

A 

B 
Growth of bacteria on compound 8 
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Supplementary Figure IV-9 Reduced size and survival of Moraxella catarrhalis after C8 treatment 
(A) Survival of Moraxella catarrhalis #49 (ATCC25238) after treatment with compound 8 for 3 hours in liquid culture. 
Bacteria were plated out in agar and surviving bacteria have been counted the following day. Data show SEM from 
three independent experiments with significant differences towards the DMSO control depicted with * p≤0.05, *** 
p≤0.001. (B) Bacterial colony size of Moraxella catarrhalis strain #49 (ATCC25238) after 3 hours of incubation with 
compound 8 and plating on agar. Dilution of the samples is depicted don top with bar graphs.  

Moraxella catarrhalis 

Moraxella catarrhalis 
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# in LSH 
collec-

tion 
Description / strain Source Number according 

to source 
Publica-

tion 

 
Moraxella catarrhalis strains 

0049P 9143 DSMZ ATCC25238  

0050P 11994 DSMZ ATCC43617  

0251P Blood culture Nicole Töpfner 16418  

0252P trachea exudate Nicole Töpfner 16745  

0253P nose swab Nicole Töpfner 17833  

0254P Wound swab Nicole Töpfner 20972  

0255P trachea exudate Nicole Töpfner 14665  

0256P trachea exudate Nicole Töpfner 14668  

 
 

Other bacterial strains 

0009P Neisseria gonorrhoeae MS11  Thomas F. Meyer  [261] 

0025P Yersinia pseudotuberculosis    

0026P Escherichia coli  EPEC  

0032P Haemophilus influenzae  Andrew Wright Rd KW20  

0053P Neisseria meningitidis SerC C1938 Thomas F. Meyer N95  

0140P Streptococcus pyogenes Steffen Backert   

0234P Klebsiella pneumoniae Tobias Oelschläger Strain 3091  

0239P Haemophilus influenzae NTHi KN2 Monika Huff-Nagel   [268] 

0438P Enterococcus faecalis Eye isolate from Konstanz    

0472P Mannheimia haemolytica DSMZ DSM10531   

0498P P.aeruginosa PA01 Thomas Böttcher DSM22644  

0521P Moraxella nonliquefaciens DMSZ DSM6327  

0522P Moraxella osloensis DSMZ DSM6998  

0523P Moraxella urethralis DSMZ DSM7531  

DMSZ, Leibniz-Institute DSMZ-German Collection of Microorganisms and Cell Cultures 
Nicole Töpfner, Klinik und Poliklinik für Kinder- und Jugendmedizin im Universitätsklinikum Dresden, Dresden, 
Germany 
Thomas F. Meyer, Max Planck Institute for Infection Biology, Berlin, Germany 
Andrew Wright, Tufts University School of Medicine, Molecular Biology and Microbiology, Boston, USA 
Steffen Backert, Friedrich-Alexander Universität Erlangen-Nürnberg, Erlangen, Germany 
Tobias Oelschläger, Institute for Molecular Infection Biology, Julius-Maximilian-Universität Würzburg, Germany 
Monika Huff-Nagel, practicing pediatrician, Konstanz, Germany 
Thomas Böttcher, Department of Chemistry, University of Konstanz, Germany 

Supplementary Figure IV-24 Origin of bacterial strains used in chapter three of this thesis 
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Supplementary Figure IV-25 Compound 8 does not change membrane polarization of Moraxella catarrhalis  
(left) FACS analysis of membrane potential of Moraxella catarrhalis upon incubation with different inhibitors of 
respiratory chain or heat shocked bacteria (right) Quantification of FACS based membrane potential analysis from 
Moraxella catarrhalis treated with inhibitory concentrations of compound 8 at different time points within a two hour 
period.  

 

 

 

 

Supplementary Figure IV-26 Phylogenetic tree of pathogens used in this study 
Tree was constructed using 16SRNA data from SILVA database [269, 270] and constructed with the multiway 
alignment neighborhood joining model implemented within Clone Manager 9 Professional Edition. 
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Supplementary Figure IV-10 Lipophilicity of tested compounds only weakly correlated with efficacy 

(A) y-Axis: Compounds 1-10 categorized according to their relative effective concentration against Moraxella catarrhalis, x-
axis: lipophilicity of compounds as predicted using ALOGPS 2.1 (B) Table displaying categorization of efficacy (rank), lipo-
philicity and corresponding MIC of compounds 1-10. (C) MIC values of compounds against Moraxella catarrhalis in relation to 
their lipophilicity. Compound 4, 6 and 9 have been excluded, as they were not bactericidal against catarrhalis in the tested 
concentration range and therefore had no available MIC.  

 

Compound # MIC logP Rank 

1 25 4.37 6 

2 10 4,83 5 

3 5 5.07 4 

4 >50 6.40 8 

5 50 3.29 7 

6 >50 1.80 8 

7 1 4.20 2 

8 0.5 6.54 1 

9 >50 4.31 8 

10 2.5 3.98 3 
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V. Publications & Patent 

 

V.1. Publications part of this thesis 

 
Quinolone-N-oxides kill multi-drug resistant Neisseria gonorrhoeae and eradicate this pathogen from 
the genital tract 
In revision • Science Translational Medicine 
Tamara Schuhmacher #, Dávid Szamosvári #, Petra Muenzner, Thomas Böttcher, Christof R. Hauck – # equal contribution 

A thiochromenone antibiotic derived from Pseudomonas quinolone signal selectively targets the gram-
negative pathogen Moraxella catarrhalis  
23. May 2019 • Chemical Science  
Dávid Szamosvári #, Tamara Schuhmacher #, Christof R. Hauck, Thomas Böttcher – # equal contribution 

 

V.2. Publications not part of this thesis 

Bone Mimetic Osseointegrative Implant Coating Facilitates Fast Connection to Bone 
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VII. Abbreviations 

 

Abbreviation Description 

A.D. Anno Domini Nostri Iesu Christi 

A549 adenocarcinomic human alveolar basal epithelial cellline 

AG Arbeitsgruppe 

ALOGP Atom contribution based logP (prediction) 

APP Adhesion and penetration protein  

AQ Alkyl quinolone 

AQNO Alkyl quinolone N-oxide 

ATCC American Type Culture Collection 

ATP Adenosine triphosphate 

AUC Area under the curve 

AZM Azithromycin 

BD Becton, Dickinson and Company 

BGI BGI Group (Sequencing Company) 

BHI Brain Heart Infusion 

BLAST Basic local alignment search tool 

BLOSUM  Blocks substitution matrix 

BSA Bovine Serum Albumine 

C8 Compound 8 

CC1/5/8 CEACAM1 / CEACAM5 / CEACAM8 

CCCP 3-chlorophenyl)hydrazono]malononitrile 

CCM Cell culture medium  

cDNA Complementary DNA 

CEA CEACAM5 

CEA Carcinoembryonic antigen related cell adhesion molecule 5 

CEACAM Carcinoembryonic antigen related cell adhesion molecule 

CEAtg CEA transgenic 

cfu Colony forming unit 

COPD Chronic obstructive pulmonary disease 

CRO Ceftriaxone 

Cy Cyanine 

DCM Dichloromethane 

DGI Disseminated gonococcal infection 

DMEM Dulbecco's modified Eagle's medium 
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DMSO Dimethylsulfoxide 

DNA Deoxyribonucleic acid 

DPM Disintegrations per minute 

DSM Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH 

DTT Dithiothreitol 

E.coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

EPEC Enteropathogenic Escherichia coli 

Erythro. Erythromycin 

EtOH Ethanol 

FACS Fluorescence-activated cell sorting 

FC Constant region of an antibody 

FIJI FIJI is just ImageJ 

GC Gonococcal growth medium  

GGI Gonococcal genetic island 

GPI Glycosylphosphatidylinositol 

h Hours 

H&E Haematoxylin & eosin  

h-DNA Hairpin-DNA 

HEK / HEK 293T Human embryonic kidney cells 

HeLa Cervical carcinoma cells, short for Henrietta Lacks 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HHQ 4-hydroxy-2-heptylquinoline 

HIV Human immunodeficiency virus 

HRP Horseradish peroxidase 

HSPG heparansulphate proteoglycans 

HUVEC Human umbilical vein endothelial cellline 

HV (1 or 2) Highly variable domain 1 or 2 

hVEC Human vaginal epithelial cells 

ID Identification  

Ig Immunglobulin 

IL Interleukin 

IL Illinois  

IPTG Isopropyl-β-D-thiogalactopyranosid 

IQS Integrated quorum sensing (system) 

LB Lysogeny broth 
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LC-MS Liquid chromatography–mass spectrometry 

LC-MS Liquid chromatography-mass spectrometry 

LOS Lipooligosaccharides 

LSH Lehrstuhl Hauck 

MCPBA Meta-Chloroperoxybenzoic acid 

MeOD Deuterated methanol 

MeOH Methanol 

MIC Minimal inhibitory concentration 

MiliQ Ultrapure water from Millipore Corporation 

min.  Minutes 

Moxiflox. Moxifloxacin 

MS11 Strain of Neisseria gonorrhoeae 

MS74 Primary vaginal epithelial cell line 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid 

NAD Nicotinamide adenine dinucleotide 

Ngo Neisseria gonorrhoeae 

Nme Neisseria meningitidis 

NMR Nuclear magnetic resonance 

NQ Nonyl quinolone 

NQNO Nonyl quinolone N-oxide 

NT N-terminal 

o/n Over night 

OD Optical density 

OMV Outer membrane vesicles 

Opa Opacity 

P.IA  PorB1A - PorinB 1A 

P.IB PorB1B - PorinB 1B 

PAO1 Pseudomonas aeruginosa O1 

PBS Phosphate Buffered Saline 

PC Pyocyanin 

PCR Polymerase chain reaction 

PFA Paraformaldehyde  

PMSF Phenylmethylsulfonylfluorid 

PPM Proteon peptone medium 

PQS Pseudomonas quinolone signal 

pre Preincubated 

PYG Peptone Yeast Glucose  
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Q Quinolone 

Rifamp. Rifampicin 

RIN RNA integrity number 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RPKM Reads per kilobase and million 

rpm Rounds per minute 

rRNA Ribosomal RNA 

RT Room Temperature 

SDS Sodium dodecyl sulfate 

SEM Scanning electron microscopy / Standard error of the mean 

SILVA Ribosomal RNA database 

SV Semi variable 

TBS-T Tris-buffered saline with Tween20 

TfOH Trifluoromethanesulfonic acid 

tg Transgenic 

Th T-helper cells 

Th1 T helper cell 1 

THF Tetrahydrofuran 

TLR Toll like receptor 

Tm Melting temperature 

trans- Δ1-NQ Trans-delta-1-nonyl quinolone 

trans- Δ1-NQNO Trans-delta-1-nonyl quinolone N-oxide 

UK United Kingdom 

USA United States of America 

UVA Ultraviolet-A 

WHO World Health Organization  

wt Wild type 

XDR Extremely high drug resistance 

YPG Yeast Extract–Peptone–Glycerol 
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VIII. Units of Measurement 

 

Abbreviation Description Definition / SI unit 

   

DPM Disintegrations per minute 1 DPM = 1/60 Bq 

µM Micro meter 10-6 m 

kDa Kilo dalton 1kDa = 1000 Da = 1000u =1,661x10-27kg 

µg Microgram  1µg = 10-9 kg 

mM Milimolar 1mM = 10-3 mol 

mL Mililiter 1mL = 10-6 m3 

°C Grad Celsius {t}°C = {T}K -273.15 

rpm Rounds per minute 60rpm = 1/s 

OD Optical Density Absorbance 

M Molar mol/L 

pH Pondus Hydrogenii -log10[H+] 

min. Minutes 60s 

kHz Kilo Hertz 1kHz = 1000/s 

L Litre 1L = 0.001 m3 

h Hours 3600s 

µm Micro meter 10-6 m 

nm Nano meter 10-9 m 

kbp Kilo base pairs 1kbp = 1000 bp 

g Gram  10-3 kg 

g Gravity 1g = 6.67430 x10-11 m³/kg*s² 

s Seconds  

mol Mol 1 mol = 6,022·1023 particles 

µCi Micro Sievert ≙ 10-6Ci; 1 Ci = 37 GBq = 3,7x1010/s 

d Days 1d = 86400s 

S Svedberg 1S = 10-13s 

RIN RNA integrity number 28S to 18S rRNA ratio 

RPKM Reads per kilobase and million  

µL Msicroliter 1µL = 10-9 m3 
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