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Abstract 
Neisseria gonorrhoeae are Gram-negative bacteria with diplococcal shape. As an obligate human 

pathogen, it is the causative agent of gonorrhoea, a sexually transmitted disease. Gonococci 

colonize a variety of mucosal tissues, mainly the urogenital tract in men and women. Occasionally 

N. gonorrhoeae invades the bloodstream, leading to disseminated gonococcal infection. These 

bacteria possess a repertoire of virulence factors, which expression patterns can be adapted to the 

environmental conditions of the host. Through the accumulation of antibiotic resistances and in 

absence of vaccines, some neisserial strains have the potential to spread globally and represent a 

major public health threat. Therefore, it is necessary to understand the exact molecular mechanisms 

underlying the successful infection and progression of gonococci within their host. This deeper 

understanding of neisserial infection and survival mechanisms is needed for the development of 

new therapeutic agents.  

In this work, the role of host-cell sphingolipids on the intracellular survival of N. gonorrhoeae was 

investigated. It was shown that different classes of sphingolipids strongly interact with invasive 

gonococci in epithelial cells. Therefore, novel and highly specific clickable sphingolipid analogues 

were applied to study these interactions with this pathogen. The formation of intra- and 

extracellular sphingosine vesicles, which were able to target gonococci, was observed. This direct 

interaction led to the uptake and incorporation of sphingosine into the neisserial membrane. 

Together with in vitro results, sphingosine was identified as a potential bactericidal reagent as part 

of the host cell defence. By using different classes of sphingolipids and their clickable analogues, 

essential structural features, which seem to trigger the bacterial uptake, were detected. Furthermore, 

effects of key enzymes of the sphingolipid signalling pathway were tested in a neutrophil infection 

model. 

In conclusion, the combination of click chemistry and infection biology made it possible to shed 

some light on the dynamic interplay between cellular sphingosine and N. gonorrhoeae. Thereby, a 

possible “catch-and-kill” mechanism could have been observed.  
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Zusammenfassung 
Neisseria gonorrhoeae ist ein Gram-negatives Bakterium, welches als Diplokokke vorkommt. Als 

ein ausschließliches Humanpathogen sind Neisserien der Erreger für die sexuell übertragbare 

Infektionskrankheit Gonorrhö. Gonokokken besiedeln eine Vielzahl von Schleimhäuten, jedoch 

hauptsächlich den Urogenitaltrakt bei Männern und Frauen. Gelegentlich kann N. gonorrhoeae in 

die Blutbahn invadieren, was zu einer disseminierten Infektion führen kann. Diese Bakterien 

verfügen über ein Repertoire an Virulenzfaktoren, deren Expressionskombination den 

Umgebungsbedingungen des Wirts angepasst werden können. Durch die Anhäufung von 

Antibiotikaresistenzen und durch das Fehlen eines Impfstoffes, besteht die Gefahr, dass spezielle 

Neisserienstämme sich weltweit verbreiten und daher eine ernstzunehmende Bedrohung des 

Menschen sind. Daher ist es notwendig die zugrundeliegenden molekularen Mechanismen der 

erfolgreichen Infektion und Ausbreitung der Gonokokken im Wirt genauestens zu verstehen. Das 

detaillierte Wissen über die Neisserieninfektion und Überlebensmechanismen ist nötig für die 

Entwicklung neuer Therapieansätze.  

In dieser Arbeit wurde der Effekt von Sphingolipiden der Wirtszelle auf das intrazelluläre 

Überleben von N. gonorrhoeae untersucht. Es konnte gezeigt werden, dass unterschiedliche 

Klassen von Sphingolipiden stark mit invasiven Gonokokken in Epithelzellen interagieren. Um 

dies zu tun, wurden neue und hochspezifische clickbare Sphingolipidanaloge eingesetzt, um deren 

Interaktionen mit diesem Pathogen zu studieren. Die Formation von intra- als auch extrazellulären 

Sphingosinvesikeln, welche Gonokokken gezielt erreichten, konnte beobachtet werden. Diese 

direkte Interaktion führte zu einer Aufnahme und Einbau des Sphingosins in die 

Neisserienmembran. Zusammen mit in vitro Ergebnissen, konnte Sphingosin als potenzieller und 

antibakterieller Bestandteil des zellulären Abwehrsystems identifiziert werden. Weiterhin wurde 

durch die Verwendung unterschiedlicher Sphingolipidklassen und deren clickbaren Analoge 

wichtige Strukturen erkannt, die die bakterielle Aufnahme auslösen. Des Weiteren wurden die 

Auswirkungen von Schlüsselenzymen des Sphingolipidsignalwegs in einem Infektionsmodell mit 

Neutrophilen getestet.  

Abschließend ist zu sagen, dass die Kombination aus Click Chemie und Infektionsbiologie es 

ermöglicht hat, die dynamischen Wechselwirkungen zwischen zellulären Sphingosin und N. 
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gonorrhoeae zu beleuchten. Dadurch konnte ein möglicher „catch-and-kill”-Mechanismus 

entdeckt werden. 
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1 Introduction 

1.1 Neisseria gonorrhoeae 

1.1.1 Genus Neisseria and pathogenesis of N. gonorrhoeae 

The genus Neisseria belongs to the family of Neisseriaceae together with other genera such as 

Kingella and Eikenella (Adeolu and Gupta, 2013). All Neisseria (N.) species have in common that 

they are aerobic, Gram-negative, oxidase-positive β-proteobacteria and occur mostly as diplococci 

(Fig. 1.1) with the exceptions of N. elongata, N. weaveri, N. bacilliformis and N. shayeganii 

(Bennett et al., 2013). Until now, roughly 30 different Neisseria species have been identified, 

isolated from humans and animals (Humbert and Christodoulides, 2019). The phylogenetic 

relationship between these 

species is not clearly solved yet. 

Genomes of Neisseria are quite 

diverse due to the ability of 

horizontal gene transfer. The 

uptake of genetic material from 

different sources is enabled 

throughout the whole life cycle 

(Biswas et al., 1977). Most 

Neisseria are specialized to 

colonize a variety of mucosa 

surfaces in humans without causing any pathology. Therefore, these species are encountered as 

part of the normal microbiota. But two species are outstanding, the exclusively human pathogens 

N. meningitidis and N. gonorrhoeae. They show great similarities of their genomes but are 

specialized to different infection sites. The natural habitat for N. meningitidis is the nasopharynx 

and 10-15% of the general population carry this bacterium as commensal (Cartwright et al., 1987; 

Unemo et al., 2019). Occasionally, N. meningitidis invades the bloodstream and crosses the blood-

brain-barrier to cause septicemia and/or meningitis (Coureuil et al., 2013). N. gonorrhoeae is the 

cause of the sexually transmitted infection (STI) gonorrhoea. This Neisseria specie can infect a 

variety of mucosal tissues, including endo-/ectocervix (Edwards et al., 2000), urethra, rectum, 

pharynx and conjunctiva (Britigan et al., 1985). The most common infection site is the urogenital 

Figure 1.1 Neisseria gonorrhoeae. 

Super resolution microscopy picture of immunolabelled N. gonorrhoeae shows the 

typical diplococcal shape with an average size of 2 µm (left; magenta: N. 

gonorrhoeae, cyan: actin cytoskeleton). Single colonies grown on GC agar plate for 

approximately 24 hours (right). 

The microscopy picture was taken by Dr. Tobias C. Kunz. 
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tract, resulting in urethritis in men and cervicitis in women. Especially in women, a large proportion 

shows asymptomatic infections which is hardly diagnosed in early stages. Therefore, complications 

of gonorrhoea are developed including pelvic inflammatory disease (PID), chronic pelvic pain, 

ectopic pregnancy and infertility (Quillin and Seifert, 2018). In both sexes as well as in adults and 

neonates (Unemo et al., 2019), the rare outcome of disseminated gonococcal infection (DGI) can 

occur when N. gonorrhoeae invades the bloodstream with serious consequences like endocarditis 

(Olayemi et al., 2017; Neto et al., 2021) and arthritis (Rice, 2005). Furthermore, infected women 

can suffer complications during pregnancy or transmit bacteria to their new-borns during birth 

causing ophthalmia neonatorum (neonatal conjunctivitis) (Morrow and Abbott, 1998). An infection 

with N. gonorrhoeae promotes the transmission and acquisition of other STIs, for example 

Chlamydia (C.) trachomatis (Leonard et al., 2019) and HIV (Jarvis and Chang, 2012). 

 

1.1.2 Epidemiology, treatment opportunities and antibiotic crisis  

Since there is no gonococcal vaccine available and as the second most frequent STI, gonorrhoea is 

a major public health threat globally with an estimated incidence rate of 86.9 million adults (15-49 

years of age) per year (Rowley et al., 2019). But the prevalence differs strongly among certain 

populations and in geographical distribution, determined by sexual orientation, socioeconomics, 

demographics, education and medical care (Kirkcaldy et al., 2019). The only medical available 

“treatment” to this point is prevention, diagnosis and antibiotic therapy. In the last decades, 

individual countries noted a drastic increase in cases of infection with N. gonorrhoeae (ECDC, 

2019; Kirkcaldy et al., 2019). Multifactorial reasons have been identified to cause this increase, 

including already known ones as mixing sexual partners, ethnical background or gender (Unemo 

et al., 2019). But also new factors have been observed to amplify the infection dynamics, for 

example increased number of sexual partners due to electronic connectivity or changes in sexual 

behaviour in the post-retroviral era (Kojima et al., 2016; Unemo et al., 2019). Moreover, N. 

gonorrhoeae has developed to a new superbug by acquiring antimicrobial resistance (AMR) to all 

recommended antibiotic treatments of gonorrhoea (Tapsall, 2009; Unemo and Shafer, 2014; Suay-

García and Pérez-Gracia, 2018) (Fig. 1.1). Since gonococci are naturally competent for 

transformation throughout their whole life cycle, they can acquire chromosomally encoded AMR 

determinants leading to genetic mosaicism by horizontal gene transfer or homologous 
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recombination from commensal Neisseria species (spp.) or other bacteria (Wadsworth et al., 2018) 

besides the evolutionary occurring mutations. Most of the AMR are chromosomally, only the tetM 

(Morse et al., 1986) and blaTEM (Phillips, 1976) genes are known to be plasmid-encoded, resulting 

in high resistances against tetracycline and penicillin, respectively. Most of the accumulated AMR 

determinants do not impair the biological fitness of gonococci (Warner et al., 2008; Kunz et al., 

2012; Unemo and Shafer, 2014). Today`s suggested first-line treatment by the WHO is the dual 

therapy of ceftriaxone plus azithromycin. Gonococci show a decreased susceptibility towards 

azithromycin, which can be traced back to changes in the multiple transferable resistance (mtr) 

efflux pump locus acquired by transformation (Rouquette-Loughlin et al., 2018; Wadsworth et al., 

2018). In 2018 the first strain with high-level azithromycin and ceftriaxone resistance was 

identified (Eyre et al., 2018). Until now, more strains with this resistance combination have been 

isolated (Eyre et al., 2019; Jennison et al., 2019) with the potential to disseminate worldwide (Fig. 

1.1). These findings of extremely drug resistant (XDR) and multi drug resistant (MDR) neisserial 

Figure 1.2 Timeline of recommended therapy for gonorrhea and acquired AMR in N. gonorrhoeae. 

Timescale shows the introductions of antibiotic therapies and the first identification of resistance. Combination of therapy and 

respective resistance is indicated by the same color code (XDR: extreme drug resistant; modified according to Suay-García and 

Pérez-Gracia, 2018). 
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strains clearly demonstrate the need for new antimicrobials (Jacobsson et al., 2020) or therapy 

approaches. 

 

1.1.3 Virulence factors and PorBIA-mediated invasion 

For successful attachment and invasion into the host cell, N. gonorrhoeae expresses an arsenal of 

virulence factors, including type IV pili, opacity-associated (opa) proteins, lipooligosaccharides 

(LOS) and porin (PorB) (Fig. 1.3). As a mucosal colonizer the first step of infection is the adherence 

to the epithelial cell surface by type IV pili. Further functions of pili are twitching motility, DNA 

uptake by transformation, the involvement in phase and antigenic variation and the resistance to 

polymorphonuclear leukocyte (PMN)-mediated killing (Stohl et al., 2013). Especially the antigenic 

variation of the pilus subunits is essential to avoid the recognition by the immune system of the 

host cell (Heckels, 1989). After the initial cell contact, pili are retracted to gain proximity between 

the gonococcus and its target. For closer interactions, the outer membrane Opa proteins bind to a 

variety of cell surface receptors, which can be found on different cell and tissue types. The most 

important receptor for Opa proteins is the carcinoembryonic antigen cell adhesion molecule 

(CEACAM) family (Dehio et al., 1998). The expression of up to 12 opa genes is phase-variable 

(Hauck and Meyer, 2003) and play an important role in the invasiveness of gonococci (Makino et 

al., 1991). The surface factor LOS facilitates the colonization as well but also promotes the invasion 

(Song et al., 2000). Furthermore through variation of LOS structures by length, carbohydrate 

content and sialylation, gonococci are resistant to human serum killing (Hill et al., 2016). The major 

outer membrane protein PorB can be divided into the two serotypes PorBIA and PorBIB (Sandstrom 

et al., 1982), being predominantly associated with DGI and local infections of the urogenital tract, 

Figure 1.3 Virulence factors of N. gonorrhoeae. 

Gonococcal cutout to depict surface structures as virulence 

factors to facilitate the attachment and invasion into the host cell 

(LOS: lipooligosaccharides, opa: opacity-associated). 



Introduction 

 
14 

 

respectively (Cannon et al., 1983; Britigan et al., 1985). Besides the physiological function to 

supply with nutrients from the host cell, neisserial porins modulate the intracellular survival for 

example by interference with phagosome maturation (Mosleh et al., 1998; Hill et al., 2016). Also, 

PorBIA binds to the scavenger receptor expressed on endothelial cells (SREC‐I) (Rechner et al., 

2007) to promote invasion under low-phosphate conditions, which mimics the physiological 

conditions in human serum (van Putten et al., 1998; Kühlewein et al., 2006). This invasion 

mechanism is independent of Opa- and type IV pilus-expression (Faulstich et al., 2013). The 

PorBIA-binding triggers the re-localization of SREC-I to plasma membrane microdomains, called 

membrane rafts. Such membrane rafts are highly dynamic platforms, which are often enriched with 

cholesterol and sphingolipids (Bieberich, 2018). The re-localization starts a signaling cascade with 

activation and recruitment of phosphoinositide 3-kinase (PI3K) and phospholipase Cγ1 (PLCγ1) 

to phosphorylate the integral membrane protein caveolin-1. Phosphorylated caveolin-1 leads to the 

recruitment of protein kinase D1 (PKD1), which gets phosphorylated and activates Rac-1, resulting 

in cytoskeletal rearrangements to take up gonococci (Faulstich et al., 2013). This process involves 

the turnover of sphingolipids, to be more precisely the turnover of sphingomyelin (SM) to ceramide 

(cer) through the enzymatic activity of the neutral sphingomyelinase (nSMase) (Faulstich et al., 

2015). The sphingolipid metabolism is depicted in the following section. 

 

1.2 Sphingolipids 

1.2.1 Chemical structure and metabolism 

As already mentioned above, sphingolipids are important components of lipid rafts, which serve 

as platforms for cell signaling (Simons and Ikonen, 1997) and entry points for different pathogens 

(Hanada, 2005). The structural blueprint of sphingolipids contains a hydrophobic sphingoid base 

(amino-alcohol) backbone (i.e. 2S,3R,4E-2-aminooctadec-4-ene-1,3-diol containing of 18 carbon 

atoms; normally sphingosine, sphinganine or phytosphingosine) with an amide-linkage to a fatty 

acid resulting in an N-acyl chain (Futerman and Hannun, 2004) (Fig. 1.4 A). These fatty acids can 

vary in chain length, degree of saturation and the number of bound hydroxyl groups to the α or ω 

carbon atom (Chen et al., 2010). The simplest sphingolipid is ceramide (cer), where additionally to 

the N-acyl chain the polar head group is functionalized further to a hydroxyl group at position C1 

(Fig. 1.4 A).  
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This position can also be ester-linked to phosphate (sphingosine-1-phosphate: S1P) or 

phosphocholine (sphingomyelin: SM). In the cases of S1P and SM the sphingoid backbone is not 

amide-linked. Simpler sphingolipids can also be precursor molecules or breakdown products for 

more complex ones (Gault et al., 2010), catalyzed by the activity of multiple enzymes. This 

complexity of structural modifications and therefore also biological properties indicates the 

Figure 1.4 Chemical structure and metabolism of sphingolipids. 

A) Universal structure of sphingolipids consisting of sphingoid backbone (here sphingosine), amide-linked fatty acid and polar 

head group. The polar head group can be further functionalized with an ester-linkage at the C1 atom (R). B) Simplified 

overview of the sphingolipid metabolism with the key lipids (white boxes) and enzymes (grey boxes). 
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heterogeneity of this lipid class. They are not only components of membranes but are also important 

bioactive molecules for a variety of cell processes. The major molecule for cell signalling is 

ceramide, which serves as a metabolic branch point (Pralhada Rao et al., 2013) (Fig. 1.4 B). 

Ceramide itself is involved in diverse signalling pathways including cell growth, differentiation, 

senescence and apoptosis (Bartke and Hannun, 2009). As indicated in the cut-out of the 

sphingolipid metabolism (Fig. 1.4 B), ceramide can be metabolized through different pathways: de 

novo synthesis starting with the condensation of the amino acid serine with palmitoyl-coenzyme A 

(CoA) through the enzymatic activity of serine palmitoyltransferase (SPT), hydrolysis of SM by 

the acid or neutral SMase (aSMase or nSMase) and through the salvage pathway. Besides ceramide, 

sphingosine-1-phosphate (S1P) was identified as a crucial regulator for proliferation (Olivera and 

Spiegel, 1993) and anti-apoptotic signalling (Cuvillier et al., 1996). S1P is an intermediate product 

of the salvage pathway and generated by the phosphorylation of sphingosine (sph) through one of 

two ATP-dependent sphingosine kinase isoenzymes, sphingosine kinase 1 and 2 (SphK1 and 2). 

Sphingosine is obtained through the hydrolysis of ceramide by ceramidase, which negatively 

regulates proliferation and promotes apoptosis (Cuvillier, 2002). The signalling of S1P counteracts 

the functions of ceramide and sphingosine, therefore the cellular fate is strictly determined by the 

balance of these sphingolipid levels (Spiegel and Milstien, 2003).  

 

1.2.2 Sphingolipids in bacterial infections 

Sphingolipids are not only crucial for the cellular signalling, but also important during the infection 

process of many bacteria. Most of the bacteria are not able to synthesize sphingolipids on their own 

but developed different mechanisms to utilize host cell sphingolipids to increase the virulence. 

Some classes of sphingolipids serve as membrane receptors for a variety of pathogens, for example 

Escherichia coli, Pseudomonas aeruginosa or Bordetella pertussis (Hanada, 2005). As mentioned 

above, lipid rafts can function as binding and entry platforms by the activation of sphingolipid 

signalling. Not only the PorBIA-mediated invasion of N. gonorrhoeae (section 1.1.3) facilitates the 

sphingolipid signalling by activation of nSMase (Faulstich et al., 2015). It was also shown that 

aSMase is involved in the Opa-dependent invasion mechanism of gonococci (Grassmé et al., 1997; 

Hauck et al., 2000). The closely related pathogen N. meningitidis induces the activation of aSMase 

as well to increase ceramide levels on the host cell surface for internalization, either mediated by 

the binding of the meningococcal invasin Opc (Simonis et al., 2014) or type IV pili (Peters et al., 
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2019). Bacteria do not only manipulate the sphingolipid signalling for their invasion but are also 

crucial for the intracellular survival. One example is the pathogenic genus Chlamydia which are 

obligate intracellular bacteria and therefore highly dependent on their host cell for nutrition supply. 

Chlamydia forms a membrane-bound vacuole (called inclusion) in which their unique biphasic 

development cycle occurs. The inclusion membrane of C. trachomatis is formed with host-derived 

SM (Hackstadt et al., 1995), which is essential for membrane inclusion stability and the reactivation 

after persistency (Robertson et al., 2009). Since SM appears to be crucial, C. trachomatis developed 

a mechanism to provide their supply of sphingolipids. Therefore, Chlamydia recruits host cell 

proteins of the sphingolipid metabolism to their inclusion, building its own SM biosynthetic factory 

(Elwell et al., 2011). These proteins are for example ceramide transfer protein (CERT), vesicle-

associated membrane protein-associated protein A (VAP-A) and sphingomyelin synthases (SMS), 

which enables the conversion of ceramide to SM in close proximity to the inclusion. Another study 

using knockout cell lines showed that host cell SMS are not essential for the chlamydial 

proliferation in contrast to CERT and conclude that C. trachomatis developed an unrecognized 

host SMS-independent mechanism for the conversion of SM from ceramide  (Tachida et al., 2020). 

Other Chlamydia species developed similar hijacking strategies (Wolf and Hackstadt, 2001; Koch-

Edelmann et al., 2017; Banhart et al., 2019). These are only a few examples of pathogens using 

host-cell sphingolipids for their own benefit. On the other hand, host sphingolipids can also be part 

of the immune response upon infection.  

 

1.2.3 Antimicrobial activity of sphingolipids 

There is evidence that sphingolipid signaling regulates the trafficking and functioning of immune 

cells to the sites of infection and inflammation (Maceyka and Spiegel, 2014). An ambivalent 

function has aSMase and ceramide, which are used by bacteria for example to facilitate 

internalization but are also part of the inflammatory response (Li et al., 2019). However, 

antimicrobial effects of sphingoid bases have been tested on a variety of pathogenic organisms 

(Fischer, 2020). Sphinganine (dihydrosphingosine) and sphingosine were identified as potent 

antimicrobial agents against Gram-positive and -negative bacteria (Bibel et al., 1992; Fischer et al., 

2012). In another study focusing on pathogenic Neisseria, additionally to sphingosine the toxic 

effect of short-chain C6 and the long-chain C16 ceramide as well as clickable ceramide analogs 

were determined (Becam et al., 2017). Not only sphingosine is taken up but also ceramides, 
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interestingly with a toxic effect only for the C6 ceramide. The level of toxicity of single sphingoid 

bases is highly specific for the species and depends also on the isomeric form of the sphingolipid 

(Bibel et al., 1992). How sphingoid bases efficiently kill bacteria is not elucidated yet, but in the 

case of sphingosine there is evidence for ultrastructural damage of the cell wall (Fischer et al., 

2013) probably mediated by the binding to cardiolipin in the plasma membrane of bacteria 

(Verhaegh et al., 2020). All these studies were only conducted in a few bacterial species and since 

the specificity of sphingoid bases is well known, these experiments need to be extended to more 

organisms. Furthermore, methods have to be refined and developed to gain more details of this 

mechanism. One promising technique providing new insights into the interplay of host cell 

sphingolipids and bacteria is the application of click chemistry in infection biology (Götz et al., 

2020; Solger et al., 2020; Peters et al., 2021). 

 
 

1.3 Click chemistry 

The term “click chemistry” was introduced in 2001, describing a toolbox of selective chemical 

reactions to join functional groups together (“click”) which must fulfil certain criteria (Kolb et al., 

2001). The functional groups can be introduced on any synthetic molecule (for example dyes for 

visualization purposes) and are bioorthogonal, meaning these do not occur in nature and are 

therefore highly selective with low background signal. Another advantage is the rapid and 

quantitative labelling. Biomolecule labelling and clicking requires mild (neutral pH) and aqueous 

solvent conditions. The most common click reactions, which fit the mentioned criteria are copper-

catalysed azide-alkyne click chemistry reaction (CuAAC), strain-promoted azide-alkyne click 

chemistry reaction (SPAAC) and inverse electron demand Diels-Alder ligation (IEDDA) (Fig. 1.5). 

As the name CuAAC already indicates, this Huisgen 1,3-dipolar cycloaddition is driven by Cu(I) 

ions to form a stable triazole conjugate from the small azido- and alkyne-group which are 

introduced on the substrates. The main drawback of this click reaction is the usage of copper, which 

is toxic for living cells. The biocompatibility can be restored by adding Cu(I) chelating ligands 

(Besanceney-Webler et al., 2011). An enhancement of this click reaction is SPAAC, a [3+2]-

cycloaddition between an azide and a strained cyclooctyne instead of an terminal alkyne (Agard et 

al., 2004). The reaction between a cycloalkyne and azide is spontaneous and the instability of the 

cyclic alkynes increases with the ring size (Dommerholt et al., 2016). By using a cyclooctyne 
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derivate fast reactivity due to decreased activation energy and high stability in aqueous media is 

ensured, no metal catalyst is needed and therefore, this reaction can be easily applied in living 

systems. Cyclooctyne derivates have been developed differing in their kinetic and hydrophilic 

properties, with the most abundant cyclooctyne derivates being dibenzocyclooctyne (DIBO) and 

dibenzylcyclooctyne (DBCO). Besides the two azide-alkyne cycloaddition reactions, tetrazine 

ligation based on inverse electron demand Diels-Alder reactivity is emerging (Blackman et al., 

2008). IEDDA describes the Diels–Alder [4+2]-cycloaddition between a diene (e.g. 1,2,4,5-

tetrazines) and a dienophile (here alkene) forming a stable pyridazine product (Zeng et al., 2013). 

As SPAAC, this clicking reaction is highly selective and non-cytotoxic. The major advantage of 

IEDDA is superfast kinetics of all known click chemistry reactions, which is provided by large 

reactive groups (Oliveira et al., 2017). These groups could implicate cellular processes under 

certain circumstances and show increased hydrophobicity. To overcome these possible 

disadvantages, the development of smaller, hydrophilic and stable dienophiles is needed.  

Figure 1.5 Most common click chemistry reactions for mild, aqueous conditions. 

In general click chemistry reactions are categorized in copper (Cu(I))-catalysed (CuAAC) and copper-free (SPAAC and IEDDA). 

CuAAC and SPAAC have the cycloaddition of the functional groups azide and alkyne in common, whereas IEDDA is the ligation 

of a diene (tetrazine) with a dienophile (alkene). 
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As outlined above, bioorthogonal chemistry is a powerful tool for a variety of applications. All 

available reactions so far have their limitations, but the flexibility of this technique is striking and 

provides numerous possibilities of adjustment.  

 

 

1.4 Aim of the study 

Previous studies identified nSMase (Faulstich et al., 2015; Wu et al., 2018) and aSMase (Li et al., 

2019) as key enzymes for bacteria to facilitate their internalization via ceramide-enriched 

platforms. In the case of N. gonorrhoeae, the PorBIA-dependent invasion mechanism in epithelial 

cells is well established and triggers the activation of nSMase (Faulstich et al., 2015).  

Further downstream sphingolipid signalling of the host cell and its effect on intracellular gonococci 

remains unclear. Therefore, this present study aims to elucidate the role of different host-cell 

derived sphingolipids on the intracellular survival of gonococci. By using click chemistry the 

interplay between these lipids and invasive bacteria was observed and examined. 
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2 Material and Methods 

2.1 Materials 

2.1.1 Bacterial strains  
 
Neisserial phenotypes were checked by colony morphology. The strains used in this study are 

shown in Table 2.1. 

 
Table 2.1 Neisserial strains used in this study. Arrowheads indicate 5′end (> or <) and 5′ to 3′ orientation (>) of genes. 

Strain Relevant phenotype 
Genotype and orientation of 

gene in the PorB locus 
Source 

24871 PorBIA, Pili-, Opa- Clinical isolate (Zeth et al., 2013) 

FA1090 PorBIB, Pili-, Opa- Clinical serum-resistant, genital 

isolate from a patient with DGI 

(Connell et al., 1988) 

F3  PorBIA, Pili+, Opa- cat<porBIA< >ermC (Haas et al., 1987) 

N924 PorBIB, Pili-, Opa- ΔPilE1/2, cat<porBIA< >ermC (Bauer, 1997) 

N927 PorBIA, Pili-, Opa- ΔPilE1/2, cat<porBIA< >ermC (Bauer, 1997) 

GFP-N927 PorBIA, Pili-, Opa-, GFP ΔPilE1/2, cat<porBIA< >ermC 

pMKGFP 

(Rechner et al., 2007) 

RFP-N927 PorBIA, Pili-, Opa-, RFP ΔPilE1/2, cat<porBIA< >ermC V. Kozjak-Pavlovic 

N931 PorBIB, Pili-, Opa50 ΔPilE1/2, cat<porBIB< >ermC 

pTH6a (opa50) 

(Bauer, 1997) 

VP1 PorBIA, Pili-, Opa- Clinical isolate (Makino et al., 1991) 

The chemo-competent E. coli strain DH5α was used for amplification of plasmids. 

 

2.1.2 Cell lines and culture media 
 
The cell lines used in this study are shown in Table 2.2 with the respective medium. 
 
Table 2.2 Cell lines used in this study. 

Cell line Origin Media Source/Reference 

Chang Human conjunctiva 

epithelial cells 

RPMI 1640, 10% FCS  ATCC CCL-20.2 

Rab5-YFP Chang Human conjunctiva 

epithelial cells 

RPMI 1640, 10% FCS E. Meier 

Rab7-YFP Chang Human conjunctiva 

epithelial cells 

RPMI 1640, 10% FCS E. Meier 
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LAMP1-YFP Chang Human conjunctiva 

epithelial cells 

RPMI 1640, 10% FCS E. Meier 

End1/E6E7 Human epithelial 

cervix cells 

DMEM/F12, 10% FCS (Fichorova et al., 

1997) 

 
The CRSPR/Cas9 knockout experiments were performed in Chang cells. 

 

2.1.3 Plasmids  
 
Plasmids used in this study are enlisted in Table 2.3. 
 
Table 2.3 List of used plasmids 

Plasmid Properties Source 
pSpCas9(BB)-2A-GFP 

(PX458) 

CRISPR/Cas9 plasmid 

Addgene plasmid 48138 

(Ran et al., 2013) 

SphK1-Cas9 CRISPR/Cas9 plasmid with insertion of 

gRNAs SphK1 

This study 

SphK2-Cas9 CRISPR/Cas9 plasmid with insertion of 

gRNAs SphK2 

This study 

 

2.1.4 Oligonucleotides 

  
Oligonucleotides used in this study are shown the following Tables 2.4-2.6. All oligonucleotides 

were synthesized by Sigma-Aldrich. 

 
Table 2.4 sgRNA sequences for CRISPR/Cas9 used in this study 

Labeling Sequence 5' to 3' 
SphK1gRNAFOR CACCGGGTTCAGCAGCACCAGCA 

SphK1gRNAREV AAACCGTGCTGGTGCTGCTGAAC 

SphK2gRNAFOR CACCGGGTAGGAGCCAAACTCGC 

SphK2gRNAREV AAACTGGCGAGTTTGGCTCCTAC 

 

Table 2.5 Oligonucleotides for checking CRISPR/Cas9 deletions used in this study 

Labeling Sequence 5' to 3' 
SphK1_Check_fwd CAGCACCGATAAGGAGC 

SphK1_Check_rev AGACATGACCACCAGAGC 

SphK2_Check_fwd GCATCCTCAAGGTCTGC 

SphK2_Check_rev CTGTGTATCACTCCTAACG 

U6-fwd GAGGGCCTATTTCCCATGATTCC 
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Table 2.6 Primers for qRT-PCR used in this study 

Labeling Sequence 5' to 3' 
SphK1_neuqRT_for CATTATGCTGGCTATGAGCAG 

SphK1_neuqRT_rev ATCAGCAATGAAGCCCCAGG 

SphK2_neuqRT_for CATCCAGACAGAACGACAGAAC 

SphK2_neuqRT_rev CAGGCATCTTCACAGCTTCCTC 

GAPDH-qRT for GAAATCCCATCACCATCTTCCAGG 

GAPDH-qRT rev GAGCCCCAGCCTTCTCCATG 

 

2.1.5 Antibodies 

Primary and secondary antibodies are shown in Tables 2.7 and 2.8 with the dilution factor 

depending on the application. 

 
Table 2.7 Primary antibodies with dilution factors for immunofluorescence (IF), structured illumination    microscopy (SIM) 

and expansion microscopy (ExM) 

Antibody Origin 
Dilution and 

application 
Manufacturer 

N. gonorrhoeae 

 

polyclonal rabbit 1:200, IF  

1:100, SIM 

1:100, ExM 

US Biological N0600-02 

N. gonorrhoeae monoclonal mouse IgG1 1:100, SIM 

1:100, ExM 

Antibodies-online 

ABIN110874 

 

Table 2.8 Secondary antibodies with dilution factors for immunofluorescence (IF), structured illumination microscopy 

(SIM) and expansion microscopy (ExM) 

Antibody Origin 
Dilution and 

application 
Manufacturer 

anti-mouse Alexa555 goat 1:300, SIM 

1:300, ExM 

Thermo Scientific 

anti-rabbit Alexa488 goat 1:300, SIM 

1:300, ExM 

Thermo Scientific 

anti-rabbit Atto647  goat 1:300, SIM 

1:300, ExM 

Sigma-Aldrich 

anti-rabbit Cy2™ conjugate goat 1:100, IF 

1:150, SIM 

Dianova 

anti-rabbit Cy5™ conjugate goat 1:100, IF 

1:150, SIM 

Dianova 
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2.1.6 Clickable analogues and dyes  
 
All clickable analogues, which were used in this study, are shown in Table 2.9. All analogues were 

synthesized at the organic chemistry department (AG Seibel) at University of Würzburg. 

Dyes used for click chemistry experiments and for flow cytometry are shown in Tables 2.10 and 

2.11, respectively. 

 
Table 2.9 Clickable sphingolipid analogues 

Analogue Abbreviations Modification Properties 

1-azido-sphingosine 1-N3-Sph Exchange of the hydroxyl group at 

C1 position with azido group 

each 

dissolved in 

DMSO 

 

stocks 10 mM 

ꙍ-azido-sphingosine ꙍ-azido-sph, 

ꙍ-N3-Sph 

Introduction of azido group at the 

alkene chain of the sphingosine 

backbone 

1-azido-sphinganine 1-N3-Spg Exchange of the hydroxyl group at 

C1 position with azido group 

ꙍ-azido-sphinganine ꙍ-N3-Spg Introduction of azido group at the 

alkene chain of the sphinganine 

backbone 

1-azido-C6-ceramide 1-N3-C6 cer Exchange of the hydroxyl group at 

C1 position with azido group 

18-azido-C6-ceramide 18-N3-C6 cer Introduction of azido group at the 

alkene chain of the sphingosine 

backbone 

ꙍ-azido-C6-ceramide ꙍ-N3-C6 cer Introduction of azido group at the 

ꙍ-position of the fatty acid chain 

1-azido-C16-ceramide 1-N3-C16 cer Exchange of the hydroxyl group at 

C1 position with azido group 

18-azido-C16-

ceramide 

18-N3-C16 cer Introduction of azido group at the 

alkene chain of the sphingosine 

backbone 

α-azido-C16-ceramide α-N3-C16 cer Introduction of azido group at the 

α-position of the fatty acid chain 

ꙍ-azido-C16-

ceramide 

ꙍ-N3-C16 cer Introduction of azido group at the 

ꙍ-position of the fatty acid chain 
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Table 2.10 Dyes used for staining the actin cytoskeleton and click chemistry experiments 

Dye 

Dilution 

factor or final 

concentration 

Properties Manufacturer 

Alexa Fluor® (AF) 

488-DBCO 

5 µM final dissolved in DMSO, 

stock 5 mM 

Jena Bioscience 

MFP™DY-555-Phalloidin 1:100, ExM 

1:250, IF 

1:150, SIM 

dissolved in MeOH,  

6 U/µl 

MoBiTec 

Alexa Fluor™ 647 Phalloidin 1:150, SIM  Invitrogen 

DBCO-PEG4-ATTO-425 5 µM final dissolved in DMSO, 

stock 10 mM 

Jena Bioscience 

DyLight™ 650-4xPEG NHS 

Ester 

0,48 µg final dissolved in DMSO, 

stock 10 mg/ml 

Thermo Scientific 

Click-iT™ Alexa Fluor™ 488 

DIBO Alkyne 

5 µM final dissolved in DMSO, 

stock 10 mM 

Thermo Scientific 

Click-iT™ Alexa Fluor™ 594 

DIBO Alkyne 

5 µM final dissolved in DMSO, 

stock 10 mM 

Thermo Scientific 

Click-iT™ Alexa Fluor™ 647 

DIBO Alkyne 

5 µM final dissolved in DMSO, 

stock 10 mM 

Thermo Scientific  

silicon-rhodamine (SiR)-

lysosome 

0.5 µM final  spirochrome 

 

Table 2.11 Dyes used for flow cytometry 

Dye 
Dilution factor or 

final concentration 
Manufacturer 

7-aminoactinomycin D (7AAD) 1:100 BD Pharming 

APC-Annexin V 1:100 BD Pharming 

Propidium Iodide (PI) 

 

1:100 Immunochemistry Technologies 

(ICT) 
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2.1.7 Kits  

Kits used in this study are shown in Table 2.12. 
 
Table 2.12 Commercial kits 

Kit Manufacturer 

GeneJET™ Gel Extraction Kit Fermentas 

miRNeasy Micro Kit Qiagen 

NucleoSpin® Plasmid Macherey Nagel 

NucleoSpin® Tissue Mini Kit Macherey Nagel 

pGEM®-T and pGEM®-T Easy Vector Systems Promega 

PureYield™ Plasmid Midiprep System Promega 

RevertAid™ Premium First Strand cDNA Synthesis Kit Fermentas 

RNase-Free DNase Set  Qiagen 

 

2.1.8 Buffers, solutions and media  
 
All buffers and solutions used in this study are listed in Tables 2.13-2.15. 
 
Table 2.13 Cell culture media and solutions 

Medium/solution Manufacturer/composition 

DMEM/F12 Gibco 

DPBS Gibco 

Fetal calf serum (FCS) PAA, PAN-Biotech 

Freezing medium FCS, 10% DMSO (v/v) 

Medium 199 (M199) Modified Sigma-Aldrich 

Opti-MEM® Gibco 

PVA  Sigma-Aldrich 

RPMI 1640 Gibco 
TrypLETM Express  Gibco 

 

Table 2.14 Bacteria culture and infection media  

Medium/solution Manufacturer/composition 

GC agar 36.23 g GC agar base in 1 l ddH2O 

supplemented with 1% vitamin after autoclaving 

Graver-Wade medium according to (Wade and Graver, 2007): 

M199 modified cell culture medium in 1 l H2O  

37 mM glucose 

17 mM ammonium bicarbonate 

4.9 mM sodium acetate trihydrate 
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3.4 mM L-glutamine 

919 µM spermidine 

383 µM L-arginine 

245 µM hypoxanthin (dissolved in 1 M NaOH) 

298 µM uracil (dissolved in 1 M NaOH) 

252 µM oxaloacetate 

99 µM thiamine hydrochloride 

39 µM L-ornithine 

10 µM nicotinamide adenine dinucleotide  

13 mM sodium dl-lactate (2.5 ml of a 60% w/w syrup) 

in 500 ml ddH2O 

adjusted to pH 6.8, sterile filtrated 

HEPES medium  

(phosphate-free infection medium) 

50 ml solution I 

10 ml solution II 

200 µl solution III 

3 ml solution IV/V 

5 ml solution VI 

50 ml solution VII 

50 ml solution VIII 

in 500 ml of distilled water 

pH adjusted to 7.3, sterile filtrated 

HEPES solution I 0.1% (w/v) L-alanine 

0.15% (w/v) L-arginine 

0.0025% (w/v) L-asparagine 

0.025% (w/v) glycine 

0.018% (w/v) L-histidine 

0.05% (w/v) L-lysine 

0.015% (w/v) L-methionine 

0.05% (w/v) proline 

0.05% (w/v) L-serine 

0.05% (w/v) L-threonine 

0.061% (w/v) L-cysteine 

0.036% (w/v) L-cystine 

0.05% (w/v) L-glutamine 

0.046% (w/v) GSH 

0.0032 (w/v) hypoxanthine 

0.008% (w/v) uracil 

0.004% (w/v) D-biotin 

in 18% 1 N NaOH and 82 % ddH2O 

adjusted to pH 7.2 
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HEPES solution II 37.5% (w/v) glucose 

HEPES solution III 1% (w/v) Fe(NO3)3 x 9H2O 

HEPES solution IV/V 0.33% (w/v) NAD 

0.33% (w/v) cocarboxylase 

0.33% (w/v) thiamine 

0.33% (w/v) calcium pantothenate 

0.188% (w/v) CaCl2 x 2 H2O 

4.17% (w/v) sodium lactate 

15.33% (w/v) glycerol 

3.33% (w/v) oxaloacetate 

HEPES solution VI 5% (w/v) MgCl2 x 7 H2O 

HEPES solution VII 5% (w/v) NaCl 

3.4% (w/v) sodium acetate 

HEPES solution VIII 2.38% (w/v) Hepes 

LB agar 10 g/l tryptone 

5 g/l yeast extract 

10 g/l NaCl 

15 g/l agar 

LB medium 10 g/l tryptone 

5 g/l yeast extract 

10 g/l NaCl 

Neisseria growth medium (PPM+) 1% vitamin mix  

0.5% NaHCO3 (8.4%) 

in PPM 

Proteose Peptone medium (PPM) 15 g proteose peptone No. 5 

5 g NaCl 

0.5 g soluble starch 

1 g KH2PO4 

4 g K2HPO4  

dissolved in 1 l dH2O 

adjusted to pH 7.2, autoclaved 

Stocking medium E. coli 50% glycerol 

2.9% NaCl 

Stocking medium N. gonorrhoeae 25% glycerol 

75% PPM  

Vitamin mix combine vitamin mix solution I and II  

add dH2O up to 2 l 

Vitamin mix solution I 200 g D(+)-glucose 

20 g L-glutamine 

0.026 g 4-aminobenzoic acid 
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0.2 g cocarboxylase 

0.04 g iron(III)nitrate nonahydrate 

0.006 g thiamine hydrochloride (vitamin B1) 

0.5 g NAD 

0.02 g vitamin B12 

52 g L-cysteine hydro-chloride monohydrate 

add 1 l dH2O 

Vitamin mix solution II 2.2 g L-cystine 

0.3 g L-arginine mono-hydrochloride 

1 g uracil 

0.06 g guanine-hydrochloride 

2 g adenine-hemisulfate 

add 600 ml dH2O 

30 ml 32% HCl 

 

Table 2.15 Buffers for IF, click chemistry and 4x ExM 

Buffer Composition 

Blocking solution for IF 1x PBS 

1% (w/v) bovine serum albumin (BSA) 

Permeabilization solution 1x PBS 

0.1% (v/v) Triton X-100 

Mounting medium 35 g glycerol 

12 g Mowiol 

30 ml dH2O 

60 ml 0.2 M Tris/HCl pH 8.5 

Clicking buffer 1 mM sodium ascorbate 

5 µM clickable dye  

in Hepes medium 

Monomer solution for ExM 8.625% sodium acrylate 

2.5% acrylamide 

0.15% N,N‘-methylenebisacrylamide 

2 M NaCl and 1x PBS 

for polymerization 0.2% (w/v) APS and TEMED were added 

Digestion buffer for ExM 50 mM Tris pH 8.0 

1 mM ethylenediaminetetraacetic acid dipotassium salt 

dihydrate (EDTA) 

0.5% Triton X-100 

0.8 M guanidine HCl 

8 U/ml protease K  
1 mg/ml lysozyme 
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2.1.9 Chemicals and enzymes  
 
All used chemicals, including antibiotics and enzymes, are shown in the Tables 2.16-2.18. 
 
Table 2.16 Antibiotics used in this study 

Antibiotic Final concentration Manufacturer 

Ampicillin 10 µg/ml in dH2O Sigma-Aldrich 

Gentamicin 150 µg/ml in Hepes medium Sigma-Aldrich 

Kanamycin 15 µg/ml Roth 

Penicillin 100 U/ml Sigma-Aldrich 

Streptomycin 100 μg/ml Sigma-Aldrich 
 

 

Table 2.17 Enzymes used in this study 

Enzymes Manufacturer 

BbsI Thermo Scientific 

DNase I Thermo Scientific 

Lysozyme Sigma-Aldrich 

Protease K Sigma-Aldrich 

Restriction enzymes  Thermo Scientific, New England BioLabs  

SphK1 (human) Sigma-Aldrich 

T4 DNA ligase Fermentas 

T4 DNA polymerase Fermentas 

Taq DNA polymerase Genaxxon 
 

 
Table 2.18 Chemicals used in this study 

Chemicals Manufacturer 

Acrylamide Sigma-Aldrich 

Adenosine triphosphate (ATP) Sigma-Aldrich 

Albumin Fraktion V (BSA) Roth 

Ammonium bicarbonate Sigma-Aldrich 

Ammonium persulfate (APS) Merck, Sigma-Aldrich 

C6 ceramide Avanti Polar Lipids 

C16 ceramide Avanti Polar Lipids 

C16-d31-sphingomyelin Avanti Polar Lipids 

Chloroform Sigma-Aldrich 

DAPI Sigma-Aldrich 

D-erythro-sphinganine Avanti Polar Lipids 

D-erythro-sphingosine Santa Cruz 

Dimethyl sulfoxide (DMSO) Roth 
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Ethylenediaminetetraacetic acid dipotassium salt dihydrate 

(EDTA) 

Sigma-Aldrich 

Ficoll VWR 

GC Agar Base Oxoid 

GeneRuler™ 1 kb DNA ladder Thermo Scientific 

Glucose Sigma-Aldrich 

Glutaraldehyde (GA) Sigma-Aldrich 

Guanidine HCl Sigma-Aldrich 

HDGreen Plus Intas 

HEPES KOH pH 7.4 Sigma-Aldrich 

Hypoxanthine Sigma-Aldrich 

Isopropyl-β-D-thiogalactopyranosid (IPTG) Roth 

K-acetate Sigma-Aldrich 

L-arginine Sigma-Aldrich 

L-glutamine Sigma-Aldrich 

L-ornithine monohydrochloride Sigma-Aldrich 

Lipofectamine™ 2000 Invitrogen 

Loading dye 6x Thermo Scientific 

Mg-acetate Sigma-Aldrich 

N,N′-methylenbisacrylamide Sigma-Aldrich 

Nicotinamide adenine dinucleotide (NAD) Sigma-Aldrich 

Oxaloacetate Sigma-Aldrich 

Palmitic acid Cortecnet 

Paraformaldehyde (PFA) Morphisto 

PerfeCTa® SYBR® Green FastMix™, ROX Quantabio 

Poly-D-Lysine (PDL) Merck 

Saponin Sigma-Aldrich 

Sodium acetate trihydrate Sigma-Aldrich 

Sodium acrylate Sigma-Aldrich 

Sodium D-L-acetate Sigma-Aldrich 

(+)-Sodium L-ascorbate Sigma-Aldrich 

Soluble starch Riedel-deHaen 

Spermidine Sigma-Aldrich 

Sphingosine-d7 (Sph-d7) Avanti Polar Lipids 

Tetramethylethylenediamine (TEMED) Fluka Analytica 

Thiamine hydrochloride Sigma-Aldrich 

TRIzol™ Thermo Scientific 

Trypan Blue solution Thermo Scientific 

Uracil Sigma-Aldrich 
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Viromer Red Biozym 

X-Gal Sigma-Aldrich 

All other used chemicals were purchased from Roth, Sigma-Aldrich, Serva or Merck Chemicals if 

not stated otherwise. 

 

 

2.1.10  Inhibitors 
 

The used inhibitors with their respective target(s) are listed in Table 2.19. 
 
Table 2.19 Inhibitors used in this study 

Inhibitor Target Properties Manufacturer 

Amitriptyline aSM dissolved in H2O,  

stock 10 mM 

Sigma-Aldrich 

GW4869 nSM dissolved in DMSO, 

stock 4 mM 

Sigma-Aldrich 

5C SphK1 dissolved in DMSO, 

stock 4 mM 

Santa Cruz 

Biotechnology 

K145 SphK2 dissolved in DMSO, 

stock 10 mM 

Sigma-Aldrich 

SKI-II SphK1 and 2 dissolved in DMSO, 

stock 4 mM 

abcam 
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2.1.11  Technical equipment  
 
Technical equipment used in this study are shown in Table 2.20. 
 
Table 2.20 Technical equipment 

Equipment Manufacturer 

1260 Infinity high performance liquid chromatography (HPLC) Agilent Technologies 

6530 quadrupole-time-of-flight mass spectrometer (QTOF MS) Agilent Technologies 

Autoclave VX 150 Systec  

Binocular SMZ-168 Motic 

DMIL light microscope Leica 

electric balance ABS-80-4 Kern 

electric balance EW 1500-2M Kern 

ELYRA S.1 SR-SIM Zeiss 

FACSAriaIII BD 

Hera Cell 240i incubator Thermo Scientific 

Hera Safe sterile bench Thermo Scientific 

Magnetic stirrer Hartenstein 

Megafuge 1.0R centrifuge Heraeus 

MiniStar microcentrifuge VWR 

Minitron Incubator Shaker Infors HT 

NanoDrop 1000 spectrophotometer Peqlab Biotechnology 

Operetta LCS™ Perkin Elmer 

OptimaTM L-80-XP Ultracentrifuge Beckman Coulter 

pH-meter InoLab pH 720 with SenTix Electrode    WTW 

Positive electrospray ionization (ESI+) mode Agilent Technologies 

See-saw rocker SSL4 Stuart 

Spectrophotometer Ultrospec™ 3100 pro Amersham Bioscience 

Step One Plus RT PCR system Applied Biosystems 

TCS SP5 confocal microscope Leica 

TCS SPE confocal microscope Leica 

Thermal cycler 2720 Applied Biosystems 

Thermo mixer comfort Thermo Scientific 

Vortex Genie 2 Bender & Hobein AG 
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2.1.12  Consumables and glassware 
 
Consumables and glassware used in this study are listed in Table 2.21. 
 
Table 2.21 Consumables and glassware used in this study 

Equipment Manufacturer 

µ-Plate 24 Well Black ibidi 

µ-Slide 8 Well ibiTreat ibidi 

Centrifuge Tubes Falcon® (15 ml and 50 ml, polypropylene) Corning 

Cell culture flasks (25 cm2 and 75 cm2, polystyrene) Corning 

Cover glasses with one chamber (8,6 cm²) Merck 

Cover glasses (round, 12 and 15 mm) VWR 

Cotton swabs (single sterile) Hartenstein 

CryoPure Tube (1.6 ml, polypropylene) Sarstedt 

Erlenmeyer flasks DURAN® narrow neck  Duran Group 

Falcon® Polystyrene Test Tube (Cell Strainer Snap Cap, sterile) Corning 

Glass bottles Duran® graduated (1 l, 500 ml, 250 ml, 100 ml) Duran Group 

Inoculation loops (1 μl10 μl, sterile, polystyrene) Sarstedt 

Microtiter plates Costar® (6, 12, 24, 48 and 96 wells, cell culture 

grade, clear, TC-treated, sterile) 

Corning 

Pasteur pipettes (glass, length 230 mm) Hartenstein 

PCR SoftTubes (0.2 ml) Biozym 

Petri Dishes (92x16 mm, with cams, polystyrene) Sarstedt 

Pipette tips (20 μl, 200 μl and 1000 μl, transparent, 

polypropylene) 

Sarstedt 

Pipette tips (200 μl, yellow, polypropylene) Sarstedt 

RNase-free Microfuge tubes (1.5 ml, polypropylene, sterile) Thermo 

Semi-micro cuvette (1.6 ml, polystyrene) Sarstedt 

Serological Pipettes CELLSTAR® (1 ml, 5 ml, 10 ml and 25 ml, 

polystyrene) 

Greiner Bio-One 

Syringes BD Plastipak™ (1 ml, 5 ml and 10 ml, luer-lock, sterile) Becton Dickinson 

Syringe filter Filtropur (0.22 μm pore size, PES membrane, luer-

lock, sterile) 

Sarstedt 

Vacuum Filter/Storage Bottle System (0.22 µm pore size, 

Cellulose acetate membrane, sterile) 

Corning 

 
 
 
 
 
 



Material and Methods 

 
35 

 

2.1.13  Software 
 
Software used for this study is listed in Table 2.22. 
 
Table 2.22 Software 

Software Manufacturer 

Argus X1 gel documentation software Biostep GmbH 

ChemDraw 20.0 Perkin Elmer 

EndNote X9 Thomson Reuters 

FACSDiva™ BD 

Flowing 2 Perttu Terho (University of Turku) 

Harmony® High Content Imaging and Analysis 

Software 

Perkin Elmer 

ImageJ Wayne Rasband (NIH) 

LabImage Chemostar Intas 

LAS AF confocal microscopy software Leica microsystems 

NCBI blast http://blast.ncbi.nlm.nih.gov 

ND-100 V3.7.1 NanoDrop Technologies, Inc. Wilmington 

Office 365 Microsoft 

Prism9 GraphPad 

SnapGene Viewer 2.7.1 SnapGene 

Fluorescence SpectraViewer Online tool, Thermo Scientific 

StepOne™ v2.3 Thermo Scientific 

Windows 7, 10 Microsoft 

ZEISS ZEN Imaging Software Zeiss 
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2.2 Methods 

2.2.1 Bacterial culture techniques  

2.2.1.1 E. coli 

Cultivation 

E. coli were grown on LB agar plates or as liquid culture in LB medium at 190 rpm and 37°C 

overnight. For selection, transformed bacteria were grown on LB agar plates or in LB medium 

supplemented with the according antibiotic. 

 

Transformation using heat-shock 

An aliquot of 100 μl chemo-competent E. coli DH5α was thawed on ice. After thawing, 15 μl of 

the ligated vector were added to the competent bacteria and additionally incubated for 30 minutes 

on ice. E. coli were heat-shocked by incubation for 90 seconds at 42°C, immediately followed by 

an incubation step for 2 minutes on ice. Afterwards, 1 ml of LB medium was added and the 

suspension was incubated for 45 minutes at 37°C and 190 rpm. The transformed bacteria were 

plated on selective LB agar plates supplemented with the respective antibiotic and incubated 

overnight at 37 °C.  

 

2.2.1.2 N. gonorrhoeae 

Cultivation  

N. gonorrhoeae strains were cultivated on gonococci (GC) agar plates supplemented with 1% 

vitamin mix at 37°C and 5% CO2. After thawing Neisseria were streaked once more after 24 hours 

to select for Opa- and pili-negative colonies by using binocular microscopy. For liquid cultures, 

bacteria were collected approximately 16 hours after streaking. 

 

 

Preparation liquid culture for infection and growth curves 

All infections were done with bacteria grown in liquid cultures, which were performed in proteose 

peptone medium (PPM) supplemented with 1% vitamin mix and 0.5% sodium bicarbonate 8.4% 

solution (PPM+) at 37°C and 120 rpm by inoculation from GC agar plate. After growing for about 

2.5 hours, the PPM+ medium was changed to phosphate-free Hepes medium by centrifugation with 
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4000 rpm for 5 minutes before infecting. To calculate the number of bacteria respective to the 

defined multiplicity of infection (MOI) for the different experimental set-ups, the optical density 

(OD) of this suspension was measured and aligned to a standardized neisserial growth curve. 

Growth curve experiments were carried out by inoculating a liquid culture with a starting OD550nm 

0.15 and were grown until they reached OD550nm 0.5-0.6. The preculture was then diluted to 

OD550nm 0.1 and supplemented with the substances to be tested and DMSO as solvent control. In 

addition, a positive control with 15 µg/ml kanamycin was included to each growth curve 

experiment. Bacterial growth was measured every hour. 

 

2.2.2 Cell culture methods  

2.2.2.1 Cultivation 

The used cell lines were cultured in their respective medium (see Table 2.2) supplemented with 

10% fetal calf serum (FCS) at 37°C and 5% CO2 in a humidified atmosphere. All cells were grown 

in cell culture flasks up to a confluency of about 80-90% before seeding or splitting. The 

detachment of the cells was performed by washing once with phosphate buffer saline (PBS) and 

adding trypsin for about 5 minutes at 37°C and 5% CO2. To inactivate the detachment process, 

cells were resuspended in medium containing 10% FCS. Cells were cultured for 4-6 weeks.  

 

2.2.2.2 Cryopreservation 

Cells were cultured in 75 cm2 flasks, washed with PBS and treated with trypsin for detaching the 

cells. After detachment, cells were resuspended in medium supplemented with 10% FCS and 

centrifuged at 800 g for 5 minutes. The supernatant was discarded and the cell pellet was 

resuspended in FCS supplemented with 10% DMSO. The suspension was transferred to cryovials 

and gradually frozen to -80°C. For long time storage, cells were kept in liquid nitrogen. 

To thaw cryopreserved cells, the cryovial was incubated at 37°C in a water bath and the cells were 

resuspended in the respective pre-warmed cell culture medium. To remove residual DMSO, the 

cells were centrifuged at 800 g for 5 minutes, resuspended in medium and transferred into cell 

culture flask. 
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2.2.3 DNA methods 

2.2.3.1 Plasmid isolation 

Plasmids from E. coli were isolated with the NucleoSpin® Plasmid Kit or for larger amounts with 

the PureYield™ Plasmid Midiprep System according to manufacturers` protocol. The isolated 

plasmid DNA was eluted in sterile water, concentration measured and stored at -20°C. 

 

2.2.3.2 Genomic DNA isolation 

Genomic DNA from human cells was isolated with the NucleoSpin® Tissue Mini Kit according to 

manufacturer`s instructions. The DNA was eluted in sterile water. The quality and quantity of the 

isolated genomic DNA was assessed via NanoDrop spectrophotometer and stored at -20°C. 

 

2.2.3.3 Polymerase chain reaction (PCR) 

PCR was performed with Taq polymerase and MgCl2-containing buffer E according to 

manufacturer´s protocol. The reaction was conducted with 200 µM of each dNTP (dATP, dTTP, 

dCTP and dGTP), 200 µM primer (forward and reverse) and 2.5 units (U) polymerase. The PCR 

started with an initial denaturation step at 94°C for 2 minutes, followed by 30 cycles of denaturation 

(94°C, 20 seconds), annealing (60°C, 30 seconds) and extension (72°C, 3 minutes 30 seconds). 

Final step was the extension at 72°C for 10 minutes. PCR products were stored at 4°C. The 

annealing temperature Tm (melting temperature) was determined with Tm Calculator 

(www.thermofisher.com/tmcalculator).  

For analysis, the PCR products were mixed with 6x loading dye and separated via electrophoresis 

with a 1% agarose gel (1x TAE buffer) supplemented with 0.005% HD Green at 120 V for 

approximately 1 hour. The gel was visualized with UV light and if necessary, the PCR products 

were purified with the GeneJET™ Gel Extraction Kit for following experiments. 

 

2.2.4 RNA methods 

2.2.4.1 RNA isolation and DNA digestion 

RNA was isolated from cells which were detached and lysed with TRIzol™ for 5 minutes at room 

temperature. To that suspension chloroform was added and centrifuged for 15 minutes with 12000g 

at 4°C. The aqueous phase was transferred and mixed with 100% EtOH for RNA precipitation. The 
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purification of the RNA was performed with the miRNeasy Micro Kit according to manufacturer´s 

instructions including the additional step for DNA digestion by using RNase-Free DNase Set. The 

quality and quantity of the isolated RNA was measured with UV-Vis spectrophotometer Nanodrop. 

RNA was stored at -20°C. 

 

2.2.4.2 Reverse Transcription 

The isolated RNA was used as template to generate complementary DNA (cDNA) with the 

RevertAid™ Premium First Strand cDNA Synthesis Kit. The reverse transcription was carried out 

by mixing 1000 ng RNA with random hexamer primers, 5x reaction buffer, RNase inhibitor, 

dNTPs and reverse transcriptase, followed by an incubation at 42°C for 1 hour. The reaction was 

stopped by heating up to 70°C for 5 minutes and cDNA was stored at -20°C. 

 

2.2.4.3 Quantitative real-time PCR (qRT-PCR) 

Quantitative real-time PCR (qRT-PCR) was performed on the Step One Plus RT PCR system. 

Therefore, the cDNA was diluted 1:10 and 5 µl were mixed with PerfeCTa® SYBR® Green 

FastMix™ and 100 nM qRT-primers (see Table 2.6) in a total reaction volume of 20 µl. The samples 

were done in technical triplicates. The reaction was performed with an initial holding stage at 95°C 

for 10 minutes followed by 40 cycles at 95 °C for 15 seconds and 60 °C for 1 minute. The 

expression levels of the gene-of-interest were normalized to them of the house-keeping gene 

GAPDH. The relative gene expression was analyzed according to the 2‐∆∆C
T method (Livak and 

Schmittgen, 2001). 

 

2.2.5 CRISPR/Cas9 

Vector DNA was digested with the restriction enzyme BbsI according to the manufacturer´s 

protocol with an increase of the incubation time to 3 hours. The success of the digestion was 

checked via agarose gel electrophoresis (see 2.2.3.3). The cut vector was purified with the 

GeneJET™ Gel Extraction Kit followed by ligation with annealed gRNAs as insert.  Gene-specific 

sgRNAs were designed with the online tool CRISPOR (crispor.tefor.net) by PD Dr. Vera Kozjak-

Pavlovic. 



Material and Methods 

 
40 

 

The sgRNAs (Table 2.4) were annealed by incubating 0.2 mM of each oligonucleotide with the 

annealing buffer (100 mM K-acetate, 30 mM HEPES KOH pH 7.4, 2 mM Mg-acetate) for 4 

minutes at 94°C, followed by 10 minutes at 70°C. With the following formula the required masses 

of vector and insert were calculated: mass of insert (ng) = molar ratio vector/insert ∙ mass of vector 

(ng) ∙ ratio insert to vector length, with the used molar ratio vector/insert 1:4. The ligation was 

performed with T4 DNA ligase and 10x T4 DNA buffer at 16°C overnight.  

The success of the transformation of the ligated plasmid in DH5α was tested by colony-PCR. 

Therefore, single clones were selected and put on fresh agar plates with the respective antibiotic 

for selection. Five single clones were lysed together at 95°C for 5 minutes followed by an 

incubation on ice and centrifugation for 1 minute at 12000g. The supernatant was used as a template 

for PCR and electrophoresis. The samples, which showed a DNA fragment with the right size, were 

chosen to test the single clones similarly. Positive single clones were put in liquid culture 

supplemented with antibiotics for plasmid isolation to check the right insertion of sgRNA by 

Sanger sequencing with primer U6-fwd (SeqLab, Göttingen).  

Chang cells were transfected with Lipofectamine™ 2000 according to manufacturer´s protocol. 

Briefly, Chang cells with a low passage number were seeded into 12-well plates and grown to a 

confluency of about 70%. 1 µg pSp-Cas9(BB)-2A-GFP-sgRNA and Lipofectamine were mixed 

with OptiMEM and incubated 20 minutes at room temperature. During this incubation time, cells 

were washed with PBS and the cell culture medium was exchanged for OptiMEM. The transfection 

solution containing the plasmid was added dropwise to the well. Cells were incubated in a 

humidified atmosphere for 4-6 hours before the medium was exchanged for cell culture medium 

supplemented with antibiotics. After 36 more hours of incubation at 37°C and 5% CO2, cells were 

detached, collected and GFP-positive cells were single sorted into 96-well plates. Single cell clones 

were grown for approximately 3 weeks for preparation of cryostocks and isolation of DNA. The 

DNA was used for subcloning with pGEM®-T and pGEM®-T Easy Vector Systems into DH5α. 

Positive E. coli were sequenced (SeqLab, Göttingen) to verify the alterations/deletions in the 

targeted gene sequence. Furthermore, the knockout approaches were checked for mRNA-

expression levels of the respective gene by qRT-PCR.  
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2.2.6 Neutrophil isolation 

Ficoll-Hypaque density gradient was used to isolate neutrophils from human venous blood. 10 ml 

heparinized blood was layered on 15 ml Ficoll-Paque and was centrifuged at 1000 rpm for 30 min 

at 20°C without brake. The upper layers were aspirated and the two lowest layers, containing 

granulocytes and red blood cells (RBCs), were mixed 3-4 times at a ratio 1:3 with 1% polyvinyl 

alcohol in 0.85% saline (PVA). The mixture was incubated for 45 minutes at room temperature. 

From that PVA gradient, the upper faint red layer was transferred in a new tube and centrifuged at 

1000 rpm for 5 minutes with break. Residual RBCs were lysed by resolving the pellet in 16 ml H2O 

and incubating for 30 seconds at room temperature. Immediately after this incubation, 4 ml 5x PBS 

were added and the neutrophils were collected by centrifugation at 1000 rpm for 5 minutes with 

break. The supernatant was discarded and the white neutrophil pellet was resuspended in 1x Hank's 

Balanced Salt Solution (HBSS) and stored at room temperature until use in further experiments. 

The vitality of the freshly isolated neutrophils was verified with Trypan blue staining. 

 

2.2.7 Infection protocols  

2.2.7.1 Gentamicin protection assay 

Cells were seeded into 24-well plates and grown to a confluency of about 70%. Before infecting 

the cells, the medium wash changed to Hepes medium to provide phosphate-free conditions and 

the cells were incubated for about 20 minutes before inhibitor treatment with 5C, K145 or SKI-II 

for 2 hours. The inhibitors remained the whole infection time in the medium. Infection was 

performed at an MOI of 50 for 1 hour at 37°C and 5% CO2 with solvent or inhibitor present. The 

infection was stopped by washing the cells three times with Hepes medium. The total quantity of 

adherent and invasive bacteria was assessed by lysing the cells with saponin for about 7 minutes. 

For Chang and End1/E6E7 cells different saponin concentrations showed the best lysis efficiency, 

1% and 1.5% saponin respectively. The bacteria suspensions were serial diluted 10-1 to 10-3 and 25 

µl of each dilution step was plated on a GC agar plate. The plates were incubated overnight and 

colony forming units (CFUs) were counted 24 hours after plating. To quantify exclusively 

intracellular Neisseria, the infection was followed by an incubation step with 150 µg/ml gentamicin 

for 2 hours, followed by saponin lysis as described earlier. The dilutions series had the range 100 

to 10-2. All samples of the gentamicin protection assays were performed in technical triplicates. 
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2.2.7.2 Differential Immunofluorescence staining 

To discriminate between intracellular and extracellular Neisseria, differential immunofluorescence 

staining was performed. The immunolabeling was analyzed either manually or by using an Operetta 

High-Content Imaging System for automated counting. Depending on the counting method, cells 

were seeded either on 12 mm2 cover slips in 12-well plates or in µ-Plate 24 Well Black plates, 

respectively, and grown to a confluency of 70 – 80%. The immunolabeling procedure was the same 

for both methods. The infection with Neisseria with an MOI 10 was carried out as previously 

described (see gentamicin protection assay). To stop the infection, cells were washed three times 

with PBS. The samples were fixed by incubation with 4% paraformaldehyde (PFA) for 15 minutes 

in the dark at room temperature, followed by washing three times with PBS. Then they were 

subsequently blocked with 1% bovine serum albumin (BSA) in PBS for 45 minutes at room 

temperature. All following antibody immunolabeling steps were performed at room temperature 

and in the dark. The used antibodies and dyes for the whole differential immunofluorescence 

staining were diluted in 1% BSA in PBS. After blocking, the cells were incubated in a 1:200 

dilution of the primary polyclonal rabbit anti-gonococcal antibody for 1 hour to detect the 

extracellular Neisseria. To remove residual primary antibody, the cells were washed twice with 

PBS and once with 1% BSA in PBS. Afterwards, the Cy5-conjugated secondary anti-rabbit 

antibody (1:100) was applied for 1 hour. The cells were washed again three times with PBS and 

permeabilized with 0.1% Triton-X in PBS for 15 minutes. After another washing step, the blocking 

with 1% BSA in PBS for 45 minutes was repeated. To immunolabel both extra- and intracellular 

bacteria the anti-gonococcal primary antibody (1:200) was applied a second time for 1 hour, 

followed by washing steps. The staining was completed by adding the Cy2-conjugated secondary 

anti-rabbit antibody (1:100) together with the dyes for actin cytoskeleton (Alexa Fluor® 555 

Phalloidin, 1:100) and the DNA (DAPI, 1:3000) for 45 minutes. Finally, the wells were washed 

again three times. For manually counting the cover slips were embedded in mowiol mounting 

medium on object slides, dried overnight and analyzed by confocal microscopy (63x oil immersion 

objective) with a Leica TCS SPE. The samples for Operetta automated counting (20x objective, 

NA=0.45) were stored in 4% PFA at 4°C until they were measured and analyzed with Harmony 

Software. Samples for manually counting were performed as technical duplicates, the Operetta 

samples were done in technical triplicates.  
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Operetta was performed by Kerstin Paprotka and the members of the Core Facility Functional 

Genomics, University Würzburg. 

 

2.2.7.3 Neutrophil survival assay 

Each sample was prepared with 5x105 freshly isolated neutrophils in RPMI (see 2.2.6). If required, 

inhibitors and DMSO as solvent control were directly applied before infection. Samples were 

infected with an MOI 100 and incubated at 37°C on a rotary shaker for the indicated infection time. 

The survival of neutrophils was measured via Annexin V-APC/7AAD staining for apoptosis and 

necrosis. The samples were analyzed via flow cytometry. 

 

2.2.8 Flow Cytometry  

2.2.8.1 Neutrophil survival assay 

Neutrophils were pre-treated and infected as described in section 2.2.7.3. At the desired infection 

time samples were centrifuged for 5 minutes at 800xg and carefully resuspended in medium. CaCl2, 

annexin V-APC and 7AAD were added and incubated for 10 minutes protected from light at room 

temperature. After this incubation, the samples were put on ice and analyzed by flow cytometry. 

The cell population was identified by adjustment of forward and sideward scatter (FSC-A and SSC-

A). Doublet discrimination was performed via FSC-H vs. FSC-W and SSC-H vs. SSC-W gating 

strategy and fluorescence was measured using a 633 nm or 561nm laser for APC and 7AAD, 

respectively. The detection was performed with 660/20 nm or 610/20 nm band pass filters. 10,000 

events were recorded for each sample. Uninfected cells served as negative control and unstained 

cells were used to determine autofluorescence. Gates were set accordingly. 

 

2.2.8.2 Apoptosis analysis 

Chang cells (1x105) were seeded and grown to 80 – 90% confluence in 12-well plates. Before the 

different treatments, either with inhibitors or clickable analogues, the medium was changed to 

phosphate-free Hepes. The inhibitor experiments were carried out by treating the cells with the 

indicated concentrations of inhibitors or DMSO as solvent control for 2 hours. For the click 

chemistry experiments cells were fed with the indicated concentrations of the sphingosine 

analogues and DMSO for 30 minutes, followed by exchanging the medium for fresh Hepes medium 
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for 1, 2 or 4 hours according to infection times. After the indicated incubation times, the cells were 

trypsinized, collected and centrifuged (800 g, 5 minutes at 4°C). The supernatant was discarded 

and the cell pellet was resuspended in 500 μl PBS. 1 μl propidium iodide (PI; 250 μg/ml) was added 

to the cell suspension and incubated for 10 minutes in the dark. The cells were put on ice and one 

sample was treated with 0.1% Triton-X as a negative control shortly before analyzing the cell 

viability by using flow cytometry as described in 2.2.8.1. 

 

2.2.9 Click chemistry 

The SPAAC reaction was performed to visualize the molecules of interest, which were modified 

with an unnatural azide group (clickable analogues) to provide the clicking reaction with an alkyne 

(cyclooctyne) dye. Because one copper-free click chemistry reaction was chosen, SPAAC could 

be performed for live cell imaging as well.  

The synthesis of clickable analogues was performed by Julian Fink and Pauline Pfister of the 

organic and biological chemistry department (AG Seibel), University Würzburg. 

The confocal microscope was operated by Dr. Tobias Kunz. Adjustments of the SP5 for live cell 

imaging were done by Dr. Kathrin Stelzner and Dr. Tobias Kunz. 

 

2.2.9.1 Super-resolution microscopy 

Cells were seeded on 15 mm2 cover slips in 12-wells on the day before the experiment to reach a 

confluency of about 70% in the respective medium. Cells were washed and the medium was 

changed to phosphate-free Hepes medium. Cells were fed with functionalized analogue(s) or 

respective endogenous sphingolipid for 30 minutes at 37 °C and 5% CO2. DMSO was used as 

solvent control. The applied final concentrations are listed in Table 2.9. For the inhibitor studies, 

cells were pre-treated with the SphK inhibitors (5 µM 5C, 2.5 µM K145 and 2.5 µM SKI-II) 30 

minutes before sphingolipid feeding. To remove residual analogue from the media, cells were 

washed with pre-warmed Hepes medium after the indicated feeding time. Inhibitors were applied 

again and the cells were infected with an MOI of 30 for 4 hours. After the infection time, cells were 

washed three times to stop the infection. For the click reaction clicking buffer, containing 5 µM 

alkyne dye, was added to the cells and incubated 30 minutes in a humidified atmosphere at 37 °C. 

Alternatively, if the dye was not permeable, i.e. for example all used DBCO-dyes, the click reaction 



Material and Methods 

 
45 

 

was performed after fixation and permeabilization. Cells were fixed with 4% PFA for 30 minutes 

and afterwards permeabilized with 0.1% Triton-X in PBS for 15 minutes, followed by a blocking 

step with 1% BSA in PBS for 1 hour. All used antibodies for the immunolabeling were dissolved 

in 1% BSA in PBS. The primary antibody (1:100) for gonococcal detection was applied for 1 hour 

followed by brief washing with PBS. Together with the secondary antibody (1:300), the actin 

cytoskeleton was stained with Phalloidin (1:300) for 1 hour. The immunolabeling was completed 

by post-fixation with 4% PFA for 30 minutes. Samples were washed with PBS and the cover slips 

were embedded in mowiol mounting medium on object slides.  

For imaging Zeiss ELYRA S.1 SR-SIM structured illumination platform (Plan-Apochromat 63x 

oil-immersion objective with a numerical aperture of 1.4) was used. The acquired super-resolution 

images were reconstructed with the ZEN image-processing platform with a SIM module. Z-stacks 

were processed using Fiji.  

 

2.2.9.2 Expansion microscopy (ExM) 

Before the actual expansion, Chang cells were treated as described in 2.2.9.1 until the embedding 

in mounting medium. Here, the click reaction was done with 488 DIBO Alkyne dye prior fixation. 

The expansion, gel preparation and microscopy were performed in cooperation with Dr. Tobias C. 

Kunz. 

The expansion was performed according to Kunz et al. (Kunz et al., 2019). Briefly, cells were 

treated with 0.25% GA for 10 minutes at room temperature, followed by 3 washing steps. For 

gelation, the cover slips were put on monomer solution for 1 hour at room temperature followed 

by proteinase digestion. Afterwards, the samples were put in digestion buffer overnight. For the 

digestion of the neisserial membrane additionally 1 mg/ml lysozyme according to Lim et al. (Lim 

et al., 2019) had to be added for an efficient expansion. After digestion, the gels were expanded in 

hourly changed ddH2O until the expansion saturated. With this method a 4x expansion of Neisseria 

was achieved, which was determined by the gel size of the digested and expanded samples. Gels 

were stored in ddH2O at 4°C. For microscopy, gels were cut as precisely as possible to put in PDL-

coated glass chambers. The super-resolution images and Z-stacks were obtained as previously 

described. 
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2.2.9.3 Live cell imaging 

Wildtype (WT) and YFP-expressing Chang cells were seeded to µ-Slide 8 Well ibiTreat and grown 

to 70% confluency. To provide phosphate-free conditions, cell culture medium was changed to 

Hepes medium and cells were incubated for 20 minutes. Afterwards, Chang cells were fed with 

sphingosine analogue(s), endogenous sphingosine or DMSO as solvent control at the indicated 

concentrations for 30 minutes at 37°C and 5% CO2. Following a brief washing with Hepes medium, 

the clicking buffer was applied and the previous incubation was repeated. The clicking buffer was 

removed and wells were washed with Hepes medium before infecting with fluorescent protein-

expressing bacteria at an MOI of 20. 

In cases of infecting YFP-expressing Chang cells, WT N927 were used and stained with NHS-ester 

dye. Concentration was used according to Eriksson et al. (Eriksson et al., 2015) but the incubation 

time was prolonged to 30 minutes at 37°C and shaking at 120 rpm. Bacteria were centrifuged for 

1 minute at 14000xg and resuspended in Hepes medium for infection.  

µ-slides were transferred to a pre-warmed live-cell incubation chamber at 37°C. Imaging was 

performed on confocal microscope Leica TCS SP5 (oil immersion objectives 40x Leica HC PL 

APO, NA=1.3 or 63x Leica HC PL APO, NA=1.3-0.6) at predefined time intervals. Adjustment 

and image acquisition were done with the LAS AF software (1024x1024 pixels, 8-bit mode). Z-

stacks were imaged with a step size of 1 μm. Imaging was processed using Fiji. 

 

2.2.10  Mass Spectrometry 

The mass spectrometry experiments were performed and analyzed by Dr. Fabian Schumacher and 

Prof. Burkhard Kleuser at the Institute of Food Science, University of Potsdam.  

 

2.2.10.1 In vitro metabolization 

Both sphingosine analogues, ω-N3- and 1-N3-sphingosine, were separately tested for enzyme-

driven phosphorylation by incubation of 10 µM analogue with 4 mM ATP and 10 U recombinant, 

human SphK1 in 40 mM HEPES-NaOH buffer (pH 7.4) for 1 h at 37 °C under gentle shaking. 

Lipids were extracted and analyzed with LC-HRMS as described in (Wigger et al., 2019). The 

chromatographic separations were performed with an Agilent 1260 Infinity HPLC coupled to an 

Agilent 6530 quadrupole-time-of-flight mass spectrometer (QTOF MS) via electrospray ion 
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sources operating in the positive ion mode (ESI+). The QTOF MS was operated in full scan mode, 

acquiring data in the mass-to-charge ratio (m/z) range of 100 - 750 with a scan rate of 2 spectra/s.    

 

2.2.10.2 SphK inhibition assay and phosphorylation capability for ω-N3-sphingosine  

Chang cells were cultured in RPMI-1640 medium with 10% FBS and supplemented with 1% 

penicillin-streptomycin at 37 °C and 5% CO2 in a humidified atmosphere. 2 x 106 cells were seeded 

in 10 cm cell culture dishes and grown to confluency of 70-80%. Cells were incubated for 1 h with 

the SphK inhibitors 5C, K145 or SKI-II in the two concentrations of 2.5 and 5 µM. DMSO solvent 

control was included. The treatments were performed in technical triplicates. Additionally, subsets 

of triplicates were treated with the clickable azido-sphingosine analogues 1-N3-Sph and ω-N3-Sph 

at a final concentration of 10 µM. Afterwards, the pre-stimulated cells were incubated with 100 

µM palmitic acid (16,16,16-d3) applied as a BSA complex. The addition of labeled palmitate was 

omitted for the cells treated with azido-sphingosine analogues. After incubation of 16 h at 37 °C, 

cells were washed with 5 ml PBS and subsequently harvested in 500 µl MeOH. Sphingolipids were 

extracted using 1.5 ml methanol/chloroform (2:1, v:v) as described in Gulbins et al. (Gulbins et al., 

2018) with the extraction solvent contained sphingosine-d7 (Sph-d7) and C16-d31-sphingomyelin 

(C16-d31 SM) as internal standards. The samples were analyzed via LC-ESI(+)-MS/MS by using 

1260 Infinity HPLC coupled to a 6490 triple-quadrupole mass spectrometer as recently described 

(Naser et al., 2020). The following mass transitions were recorded (collision energies in 

parentheses, parent mass → fragment mass): m/z 303.3 → 285.3 for Sph-d3 (8 eV), m/z 305.3 → 

287.3 for dhSph-d3 (12 eV), m/z 307.3 → 289.3 for Sph-d7 (8 eV), m/z 325.3 → 307.3 for 1-N3-

Sph (8 eV), m/z 341.3 → 323.3 for ω-N3-Sph (8 eV), m/z 405.3 → 264.3 for 1-N3-S3P (16 eV), 

m/z 421.3 → 305.3 for ω-N3-S1P (16 eV), m/z 731.6 → 184.1 for C18 SM (25 eV) and m/z 734.8 

→ 184.1 for C16-d31 SM (25 eV). The detected de novo formed deuterated long-chain sphingolipid 

levels were normalized to the C18 SM content of the lipid extract.  
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2.2.11  Statistical analysis 

Statistical significance was calculated with unpaired Student t test with ****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05 using GraphPad Prism9.  

For mass spectrometry data the statistically significant differences to the solvent control (DMSO) 

were determined using one-way ANOVA with Dunnett's multiple comparisons test with 

****p<0,0001, ***p<0,001, **p<0,01, *p<0,05. 

If not indicated otherwise, all experiments were performed for three biological replicates. All data 

show error bars with the mean ± standard deviation (SD). 
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3 Results 

3.1 Inhibition of sphingolipid signalling and its effect on neisserial 

infection 

3.1.1 Prolonged lifespan of neutrophils 

Since neutrophils are professional phagocytes, pathogenic Neisseria spp. developed different 

mechanisms to avoid phagocytosis and to facilitate neutrophils for their own progression of 

infection. It appears that a sub-population of N. gonorrhoeae is able to survive inside neutrophils 

and inhibit apoptosis of these short-lived PMNs for potential transmission and replication (Chen 

and Seifert, 2011). The efficiency of neisserial uptake and survival inside neutrophils seems to be 

depending on the expression pattern of surface proteins, i.e. opa proteins, LOS and pili (Johnson et 

al., 2015; Palmer and Criss, 2018).  

Therefore, freshly isolated neutrophils were infected with neisserial strains at MOI 100, expressing 

different combinations of the above-mentioned surface proteins/virulence factors (see Table 2.1, 

Fig. 3.1 A). The viability of neutrophils was measured in intervals of 24 hours. With the performed 

isolation method neutrophils are viable for approximately 8 hours, for the uninfected control a 

strong decrease of viable neutrophils is measured after 24 hours. All infected samples show a 

decrease as well, but not to the extent as the uninfected control. Even after 72 hours, about 50% of 

infected neutrophils are viable whereas all neutrophils of the uninfected control are degraded. 

Between the four different strains only small differences are detectable for the timepoints 24 and 

48 hours. The piliated strain F3 showed, compared to the others, less viable neutrophils, in contrast 

N924 less decrease for 48 hours. The last time point at 72 hours did not show differences between 

the used strains. To see if sphingolipid metabolism is involved in neisserial infection and survival 

in neutrophils, PMNs were treated with inhibitors against SMases and SphKs before infection with 

N927. After 24 hours of infection the prolonged lifespan of neutrophils is detected in less apoptotic 

cells compared to the uninfected sample (Fig. 3.1 B) and in the percentage of viable neutrophils 

which is comparable to the rate of freshly isolated PMNs (Fig. 3.1 C). It appeared that none of the 

inhibitors seemed to affect the invasion and survival of gonococci since neither the rate of apoptosis 

nor viability changes compared to the untreated control. Only for the inhibitor K145 a slight but 

not significant increase for early apoptotic (Fig. 3.1 B) and a decrease of viable neutrophils (Fig. 

3.1 C, grey bars) was detectable 24 hours post infection (hpi).  
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Figure 3.1 Neutrophil survival with N. gonorrhoeae. 

Freshly isolated neutrophils were infected with N. gonorrhoeae. A) Different Neisseria strains are able to extend the viability of 

neutrophils up to 50% compared to the uninfected control for at least 72 hours after infection. B) Treatment with inhibitors and/or 

infection with N927 do not alter rates of apoptotic and necrotic neutrophils after 24 hours. C) Prolonged viability of neutrophils 

(infected with N927) is not changed due to the inhibition of SMases or SphKs 24hpi.  
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3.1.2 Knockout approaches for SphK1 and SphK2 using CRISPR/Cas9-system 

As a versatile and precise method CRISPR/Cas9 was chosen to remove gene sequences of the 

enzymes SphK1 and SphK2 to investigate their role in neisserial infection and avoiding the usage 

of inhibitors which might have not-known off-target effects. After single-cell clones for ΔSphK1 

and ΔSphK2 were cultivated, different clones were sequenced and checked for out-of-frame 

deletions in the respective gene. For further experiments, clone 5 ΔSphK1 and clone 9 ΔSphK2 

were selected. The efficiency for the single-knockouts was determined by measuring the mRNA-

levels of the respective gene compared to WT Chang cells by qRT-PCR (Fig. 3.2 A). For each 

knockout approach a significant decrease in expression level of the target gene is detected. For 

ΔSphK1 a reduction of about 50% compared to WT levels of SphK1-mRNA was measured, 

ΔSphK2 showed a less strong decrease of about 30%. Contrary, the quantification of the mRNA-

levels showed approximately 1.5x increase of the alternative kinase, speaking for redundancy of 

SphKs. However, Gentamicin protection assay was performed with these CRISPR-Cas9-generated 

cell lines infected with the neisserial strain N927 under phosphate-free conditions (Fig. 3.2 B). The 

number of invasive and adherent Neisseria were normalized to the values of WT Chang cells. 

Reduced SphK1 did not change the adherence, but a reduction of about 50% invasive gonococci 

was revealed. For the SphK2-knockdown contrary effects were detected, meaning a significant 

reduction of adherent bacteria and a strong increase in invasion with an average of 150% compared 

to WT Chang cells.  

Figure 3.2 Knockout approaches for SphK1 and SphK2 in Chang cells 

CRISPR/Cas9 was used to knockout the genes for SphK1 (ΔSphK1) and SphK2 (ΔSphK2). Clone 5 (ΔSphK1) and clone 9

(ΔSphK2) were chosen for further experiments. A) The success of these approaches was firstly determined by the mRNA-

expression levels of the target genes compared to WT Chang cells. B) Adherence and invasion of N927 was measured in the 

new generated cell lines.  

**p<0.01, *p<0.05 
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Taken together, the generated cell lines showed altered features compared to WT Chang cells, 

including much slower growth and altered morphology. Combined with the upregulation of the 

alternative kinase, it was decided to continue further experiments with chemical inhibition of 

SphKs in WT Chang cells. 

 

 

3.1.3 Inhibition of SphKs and the implications on gonococcal infection 

3.1.3.1 Survival defect of Neisseria in epithelial cells 

It is known that the PorBIA-dependent invasion of N. gonorrhoeae requires sphingolipid-rich 

membrane rafts of the host cell (Faulstich et al., 2015). This invasion mechanism is mediated by 

the interaction of PorBIA with SREC-I receptors, leading to an activation of nSMase. Through the 

activation of this enzyme, SM is broken down into phosphocholine and ceramide, causing major 

changes in the composition of these membrane rafts, i.e. accumulation of ceramide (Faulstich et 

al., 2015). Here, downstream signaling events on the neisserial infection process were investigated 

by the inhibition of SphKs. Therefore, to block the enzymatic activity of one or both sphingosine 

kinases, three specific inhibitors were chosen: 5C for SphK1 (Wong et al., 2009), K145 for SphK2 

Figure 3.3 Effect of the SphK1-inhibitor 5C on N927 in 

vitro (A) and Chang cells (B). 

A) Different concentrations of 5C were tested on the growth 

of N927 by measuring OD every hour. B) Chang cells were 

treated with different concentrations of 5C for 2 h. PI staining 

was used as marker for cytotoxic effects. The detergent 

Triton-X was used as positive and DMSO as solvent control. 

Further experiments were performed with the concentration 

of 5 µM.  

With permission from Solger et al., 2020. 
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(Liu et al., 2013) and SKI-II for both SphKs (French et al., 2003). Two cell culture models were 

used for this study, Chang and End1 cells, infected with one of the PorBIA-expressing strains N927 

or the clinical isolate 24871 (see Table 2.1). To avoid cytotoxic effects of the inhibitors (Liu et al., 

2013), different concentrations were tested on the cell culture models by apoptosis analysis and on 

the neisserial growth of the used strains as well to choose sub-toxic concentration for each chemical 

(Fig. 3.3-3.6). Liquid cultures of Neisseria were supplemented with the indicated concentrations 

of the different inhibitors or DMSO as solvent control and their growth was measured hourly (Fig. 

3.3 A). Chang cells were treated with the indicated concentrations and incubated for 2 hours. 

Cytotoxicity was assessed by PI staining and apoptosis analysis to distinguish between dead and 

viable cells (Fig. 3.3 B). Triton-X was used as positive control. For 5C no toxic effects for bacteria 

and cells were observed, all further experiments were performed with 5 µM of this inhibitor. The 

SphK2-inhibitor K145 showed diverse effects on bacteria and epithelial cells, no toxicity of the 

used concentrations on the neisserial growth (Fig. 3.4 A) but slight dose-dependent cytotoxicity 

(Fig. 3.4 B). Therefore, the used concentrations for further experiments were 2.5 µM or 5 µM of 

K145. The tested concentrations of the SphK1/2-inhibitor SKI-II did not display any cytotoxicity 

in Chang cells (Fig. 3.5 B). In contrast, the growth of N927 was inhibited (Fig. 3.5 A).  

Figure 3.4 Effect of the SphK2-inhibitor K145 on N927 in 

vitro (A) and Chang cells (B). 

A) Different concentrations of K145 were tested on the growth 

of N927 by measuring OD every hour. B) Chang cells were 

treated with different concentrations of K145 for 2 h. PI staining 

was used as marker for cytotoxic effects. The detergent Triton-

X was used as positive and DMSO as solvent control. Further 

experiments were performed either with 2.5 µM or 5 µM.  

With permission from Solger et al., 2020. 
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Figure 3.5 Effects of the SphK-inhibitors on the clinical 

isolate 24871 in vitro (A) and End1 cells (B). 

The chosen concentrations of the inhibitors were tested on the 

growth of the clinical isolate 24871 by measuring OD every 

hour (A) and on End1 cells (B), which were treated with the 

indicated concentrations for 2 h. PI staining was used as marker 

for cytotoxic effects. The detergent Triton-X was used as 

positive and DMSO as solvent control.  

Modified according to Solger et al., 2020. 

 

Figure 3.6 Effect of the SphK1/2-inhibitor SKI-II on N927 

in vitro (A) and Chang cells (B). 

A) Different concentrations of SKI-II were tested on the growth 

of N927 by measuring OD every hour. B) Chang cells were 

treated with different concentrations of SKI-II for 2 h. PI 

staining was used as marker for cytotoxic effects. The detergent 

Triton-X was used as positive and DMSO as solvent control. 

Further experiments were performed either with 2.5 µM or 5 

µM.  

With permission from Solger et al., 2020. 
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Following experiments were performed with 5 µM of SKI-II, but were down scaled to 2.5 µM 

during progression of this study. These results were confirmed on the clinical isolate 24871 and 

End1 cells (Fig. 3.6).  

To investigate the influence of SphKs on gonococcal infection, Chang and End1 cells were 

pretreated with the inhibitors or the solvent DMSO and infected with the respective strain (Fig. 

3.7). These two cell lines are well-established infection models for N. gonorrhoeae and were 

chosen to mimic two infections sites, eye epithelium and endocervix, to gather a more global view. 

For both cell lines infected with N927 comparable numbers of adherent and invasive bacteria were 

detected (Fig. 3.7 A and B). The inhibition of SphKs did not affect the adherence, only the highest 

concentration of SKI-II (10 µM, Fig. 3.7 A) did significantly decrease the number of adherent 

Neisseria. This effect was most likely due to the toxicity of this inhibitor (Fig. 3.5 A). To avoid 

this, all further experiments were performed with 5 µM or 2.5 µM of SKI-II, which did not alter 

the ability to adhere compared to the untreated samples (Fig. 3.7 A and B).  

In contrast, the number of invasive N927 was drastically reduced by all three inhibitors (Fig. 3.7 A 

and B). The SphK1-inhibitor 5C showed the weakest effect with a reduction of about 50% and 25% 

in Chang and End1 cells, respectively. In case of blocking SphK2-activity, either exclusively or in 

Figure 3.7 Effects of SphKs inhibitors on intra- and 

extracellular Neisseria in different infection models. 

Cells were pretreated with the inhibitors at the indicated 
concentrations for 2h before infection. Chang (A) and End1 (B) 
cells were infected with N927. The experiment with Chang cells 
was repeated with the clinical isolate 24871 (C). Data published in 
Solger et al. 2020. 
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combination with kinase 1, significant reduction of invasive bacteria was detected in both infection 

models.    

This assay was repeated with Chang cells infected with the clinical isolate 24871 (Fig. 3.7 C). In 

contrast to N927, all three inhibitors decreased adherence of 24871, but not to the same extent as 

for invasion. Similar patterns on invasive bacteria for the treatments with 5C and K145 were 

detected. Treatment with 2.5 µM SKI-II did not affect the number of intracellular gonococci. This 

result was confirmed by mass spectrometry, showing reduced effect of this concentration on 

sphingosine levels (Fig. 3.9). These results of different infection models with one laboratory strain 

and a clinical isolate strongly suggest a more prominent role of SphK2 for intracellular N. 

gonorrhoeae than SphK1. 

This observation led to the question if the reduced number of invasive gonococci was mediated by 

an impairment of the invasion mechanism or of the intracellular survival. To address this, 

differential immunofluorescence staining of the Chang infection model with the laboratory strain 

N927 or the clinical isolate 24871 was performed to distinguish between extra- (adherent) and 

intracellular (invasive) bacteria (Fig. 3.8). The results for N927 infection were quantified by 

Figure 3.8 Differential immunofluorescence staining of extra-

and intracellular Neisseria. 

Chang cells were pretreated with the inhibitors at the indicated 

concentrations and infected with N927 (A and B) or clinical isolate 

24871 (C) for 1h. Extra- (adherent) and intracellular (invasive) 

N927 were counted manually (A) or by utilizing Operetta (B). 

Quantification of 24871 was done by automated counting with the 

Operetta system (C). Data published in Solger et al. 2020.  

**p<0,001student`s t-test relative to DMSO solvent control. 
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manual counting (Fig. 3.8 A) and using an automated fluorescence microscope (Operetta, Fig. 3.8 

B). Since both quantification methods provided comparable results, further differential 

immunofluorescence staining of 24871 was automatically counted with the Operetta system (Fig. 

3.8 C). Like the gentamicin protection assay (Fig. 3.7), number of adherent bacteria were not 

altered significantly. Contrary to the previous invasion results, numbers of intracellular gonococci 

were not reduced upon SphK inhibition (Fig. 3.8).  

Taken together, inhibition of SphKs influences the survival of intracellular Neisseria and not the 

process of invasion itself, which could be due to increased intracellular sphingosine concentration.  

 

 

3.1.3.2 Verification of inhibitory efficiencies by mass spectrometry 

The biological function of SphKs is the phosphorylation of sphingosine to S1P. By applying 

inhibitors to block the kinase activity, levels of S1P should decrease and consequently levels of 

sphingosine increase, which might be the source for the observed survival defect on intracellular 

gonococci (Fig. 3.6 and 3.7). Therefore, we tested if the treatment with the inhibitors 5C, K145 and 

SKI-II alters the intracellular sphingolipids levels in Chang cells. The quantification was done by 

LC-MS/MS to monitor the de novo synthesis of isotope-labeled sphingolipids (Wigger et al., 2019). 

Briefly, Chang cells were pretreated with the inhibitors at 2.5 µM or 5 µM and fed with 100 µM 

stable isotope-labeled palmitate-d3, one initial substrate of the de novo synthesis of sphingolipids 

which is further activated to d3-palmitoyl-coenzyme A (d3-palmitoyl-CoA) and metabolized. After 

lipid extraction (Gulbins et al., 2018), the sphingolipids-of-interest were tracked by their deuterated 

form. These experiments were conducted and analyzed by Dr. Fabian Schumacher at University of 

Potsdam.  

The quantification of de novo formed dihydrosphingosine (dhSph-d3) and sphingosine (Sph-d3) 

confirms the consideration of increased intracellular sphingosine levels in a dose-dependent 

manner for K145 and SKI-II (Fig. 3.9 A). Inhibition of SphK1 with 5C did not alter the amount of 

sphingosine in comparison to the solvent control. These results were in line with the drastic 

reduction of invasive gonococci in the gentamicin protection assays (Fig. 3.6). Not only different 

sphingosine species were quantified, also the levels of dihydroS1P (dhS1P-d3, Fig. 3.9 B) and S1P 

(S1P-d3, Fig. 3.9 C) were measured. Compared to the DMSO control, samples pretreated with one 

of the single SphK inhibitors (5C or K145) showed higher concentration of labeled (dihydro-) S1P. 
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For dhS1P-d3 a dose-dependency was detected (Fig. 3.9 B). Inhibition of both SphKs by SKI-II did 

not elevate the levels of dihydroS1P (dhS1P-d3, Fig. 3.9 B) and S1P (S1P-d3, Fig. 3.9 C). The lower 

concentration of 2.5 µM SKI-II kept the S1P levels constant as the solvent control and for 5 µM a 

decrease was detected. This clearly indicated that the survival defect must be due to increased 

sphingosine levels and is independent of S1P. Furthermore, these results together with mRNA-

levels of the CRISPR/Cas9-generated Chang cells ΔSphK1 and ΔSphK2 (Fig. 3.2 A) could be 

evidence for compensatory roles of both SphKs.  

Figure 3.9 Quantification of de novo formed (dihydro-)sphingosine and (dihydro-)S1P in response to SphK 

inhibition in Chang cells. 

Chang cells were pre-treated with the SphK inhibitors 5C, K145 and SKI-II (2.5 and 5 µM) for 1 h and then incubated 

with the deuterated sphingolipid de novo synthesis precursor palmitate-d3 (100 µM) for 16 h. Quantification of the 

sphingolipid levels were done by LC-MS/MS and normalized to the C18 sphingomyelin (SM) content of the lipid 

extract. A) Levels of de novo formed, deuterated dihydrosphingosine (dhSph-d3, upper graph) and sphingosine (Sph-

d3, lower graph) are shown with a simplified scheme of the relevant sphingolipid metabolism pathway. B)  Levels of 

de novo formed, deuterated dihydrosphingosine-1-phosphate (dhS1P-d3). C) Levels of de novo formed, deuterated 

sphingosine-1-phosphate (S1P-d3). The mass spectrometry experiments and data analysis were performed by Dr. Fabian 

Schumacher and Prof. Burkhard Kleuser. Modified according to Solger et al. 2020. 

Data are means + SEM of three independent experiments. Statistically significant differences to the solvent control 

(DMSO) were determined using one-way ANOVA with Dunnett's multiple comparisons test. *p<0,05, **p<0,01, 

***p<0,001, ****p<0,0001.  
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It is not only interesting to see, how inhibitors change the balances of their substrate(s) and 

product(s) but also down- or upstream molecules. Therefore, the de novo synthesis of (dihydro-) 

ceramide C16 (d6-C16 dhCer, d6-C16 Cer) and SM C16 (d6-C16 SM) in response to SphK 

inhibition was quantified (Fig. 3.10). As seen for labeled sphingosine species, 5C had no effect on 

ceramide C16 levels (Fig. 3.10 A and B). In contrast, K145 and SKI-II elevated the ceramide levels 

in a dose-dependent manner with a stronger effect for K145 (Fig. 3.10 A and B). For d6-C16 SM 

contrary effects were detected with increasing effect of 5C and decreasing for the other two 

inhibitors (Fig. 3.10 C). SKI-II showed a stronger reduction compared to K145. The alterations of 

C16 SM levels were dose-dependent for all inhibitors.   

 

 

 

Figure 3.10 Quantification of de novo formed (dihydro-)ceramide C16 and SM C16 in response to SphK inhibition in 

Chang cells. 

Chang cells were pre-treated with the SphK inhibitors 5C, K145 and SKI-II (2.5 and 5 µM) for 1 h and then incubated with the 

deuterated sphingolipid de novo synthesis precursor palmitate-d3 (100 µM) for 16 h. Quantification of the sphingolipid levels 

were done by LC-MS/MS and normalized to the C18 sphingomyelin (SM) content of the lipid extract. Graphs show the levels of 

de novo formed, deuterated (A) dihydroceramide C16 (d6-C16 dhCer), (B) ceramide C16 (d6-C16 Cer) and (C) sphingomyelin 

C16 (d6-C16 SM). Mass spectrometry experiments and data analysis were performed by Dr. Fabian Schumacher and Prof. 

Burkhard Kleuser. 

Data are means + SEM of three independent experiments. Statistically significant differences to the solvent control (DMSO) were 

determined using one-way ANOVA with Dunnett's multiple comparisons test. *p<0,05, ***p<0,001, ****p<0,0001.  
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3.1.3.3 Toxicity of sphingosine on gonococci  

The infection assays and SphK inhibitory assays indicate that intracellular sphingosine mediates 

the observed effects on the survival of Neisseria. To prove this hypothesis, neisserial growth was 

tested in the presence of sphingosine in liquid culture. Additionally, to the already used strains 

N927 (Fig. 3.11) and 24871 (Fig. 3.12 A and B), the clinical isolate VP1 (Fig. 3.12 C) and the 

laboratory strain FA1090 (Fig. 3.12 D) were included in this study to see their sensitivity for 

sphingosine in vitro.  It appeared that the laboratory strain N927 had sometimes difficulties to grow 

in liquid culture (PPM+) under standard conditions, therefore its growth was additionally tested in 

the fully-defined Graver-Wade medium (Wade and Graver, 2007) (Fig. 3.11).   

The growth curves of N927 differed in sensitivity towards the used sphingosine concentration 

between the two used media (Fig. 3.12). In PPM+ the highest concentration of sphingosine (20 

µM) killed the gonococci as efficiently as the positive control kanamycin (Fig. 3.12 A). At 10 µM 

the neisserial growth was reduced by 50%, whereas the lowest concentration (5 µM) did not affect 

the replication of the bacteria. The growth curves performed with Graver-Wade medium showed 

reduced replication even in the untreated and DMSO control compared to PPM+ (Fig. 3.11 B). 

Also, the progression of the curves was more flattened and the logarithmic phase was entered 

Figure 3.11 Toxic effect of sphingosine on N. 

gonorrhoeae N927. 

Gonococci were grown in PPM+ (A) and Graver-

Wade medium (B) supplemented with different 

sphingosine (Sph) concentrations.  

Modified according to Solger et al. 2020. 
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earlier. Since N927 was not able to grow better in the Graver-Wade medium, the toxicity of 

sphingosine was even stronger. Already the concentration of 10 µM had a similar effect as 

kanamycin, which was detected in PPM+ at the double concentration of 20 µM. A minimal 

reduction in growth was seen for 5 µM and the lowest concentration (1 µM and 2.5 µM) had no 

effect or even a slight increase in replication for the later time points (4 hours and 5 hours). 

Strain FA1090 and the clinical isolates were not as sensitive to sphingosine as N927, but all showed 

at a distinct concentration growth deficiency (Fig. 3.12). The clinical isolate 24871 was able to 

survive a treatment with 80 µM sphingosine and only showed a slight reduction in growth (Fig. 

3.12 A and B). VP1 (Fig. 3.12 C) and FA1090 (Fig. 3.12 D) had reduced growth for 40 µM and 60 

µM, respectively.  

 

 

Figure 3.12 Effect of sphingosine on different Neisseria strains in vitro. 

Neisserial strains were grown in PPM+ and treated with different sphingosine (Sph) concentrations. A) Growth of the clinical 

isolate 24871 is shown for concentrations up to 20 µM sphingosine. B) Effect of higher concentrations on 24871. C) Effect of 

different sphingosine concentration on VP1 in vitro. D) Growth of FA1090 with different sphingosine concentrations.  

Modified according to Solger et al. 2020. 
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3.2 Toxicity and visualization of clickable sphingolipid analogues in 

Neisseria 

Not only for sphingosine, but also for other classes of sphingolipids toxicity against pathogens is 

described (Becam et al., 2017; Wertz, 2018). Since now, the exact mode of action is not known. 

Therefore, the method click chemistry (Kolb et al., 2001) was chosen to visualize different classes 

of sphingolipids and their interplay with N. gonorrhoeae in our cellular infection models to get 

new insights how these lipids might act on gonococci.  

To perform a click reaction, an azido group was added to the sphingolipid of interest which reacts 

with the alkyne group of the dye. For each class of sphingolipid, different analogues (see Table 

2.9) were tested and compared to the native form of the lipid.  

 

 

3.2.1 Sphingosine 

Sphingosine is one of the most investigated sphingolipids and therefore its toxicity against a variety 

of pathogens, including gram-positive/-negative bacteria (Fischer et al., 2012), enveloped viruses 

(Sakamoto et al., 2005) and fungi (Rollin-Pinheiro et al., 2016) is well described (Wu et al., 2021). 

The mechanism of action is not discovered until now, suggestions include for example the 

formation of micro lesions (Fischer et al., 2013). In the case of N. gonorrhoeae, a clear survival 

defect after invasion upon SphK-inhibition was observed with the hypothesis that increased 

sphingosine levels intracellularly causes this defect. Until now, a direct link between sphingosine 

and intracellular bacteria was missing. To elucidate the effect of intracellular sphingosine on 

Neisseria click chemistry was applied by using clickable sphingosine-analogues (ꙍ-N3-

sphingosine and 1-N3-sphingosine). 
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3.2.1.1 Verification of the phosphorylation and toxicity of clickable sphingosine analogues 

The sphingosine analogues were tested for their enzymatic phosphorylation in cell-free and in vitro 

conditions, for (cyto-)toxicity and specificity of the click reaction. The phosphorylation 

experiments were performed at the University of Potsdam by Dr. Fabian Schumacher and Prof. 

Burkhard Kleuser.  

The difference of the sphingosine analogues is the position of the azido modification (Fig. 3.13 A). 

1-N3-sphingosine has this modification at the C-1 position of the head group instead of the hydroxy 

group compared to the native form. Normally, this hydroxy group gets phosphorylated by SphKs. 

In case of ꙍ-N3-sphingosine an azido group was added to the carboxyl chain. To test if the position 

of the azido group has implication on the phosphorylation capability of the analogues, an enzymatic 

cell-free assay with SphK1 and ATP was performed separately for both analogues. Lipids were 

extracted and examined by liquid chromatography high-resolution mass spectrometry (LC-

HRMS). The sphingosine analogues were identified by means of their accurate mass-to-charge 

ratios (m/z) (Fig. 3.13 B, left and middle panel). Next, the phosphorylated products for both 

analogue mixtures were analyzed. For ω-N3-sphingosine a phosphorylated product (ω-N3-S1P) by 

SphK1 was detected (Fig. 3.13 B, right panel), which was clearly identified by the protonated 

molecular ion [M+H]+ (accompanied by sodium and potassium adduct ions) in the mass spectrum 

with high mass accuracy (Δm/z = 1.2 ppm). For 1-N3-sphingosine no phosphorylated product was 

obtained (not shown) as expected due to the replacement of the hydroxyl group at C-1. To prove 

the different metabolism of the sphingosine analogues also occurs in vitro, Chang cells were fed 

either with 1-N3-sphingosine or ω-N3-sphingosine (10 µM each) for 17 hours. Lipids were 

extracted and only for the derivate ω-N3-sphingosine a phosphorylation product was detected by 

LC-MS/MS (Fig. 3.13 C). In the lipid extracts both ω-N3-sphingosine (Fig. 3.13 C, upper 

chromatogram) and ω-N3-S1P (Fig. 3.13 C, lower chromatogram) were present, assuming similar 

MS/MS responses for analogue and phosphorylated product. A conversion rate of about 20% 

occurred. 
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Since the enzymatic metabolism of the analogues was verified, they were tested for their toxicity 

on the neisserial strain N927 and cytotoxicity on Chang cells in vitro (Fig. 3.14 and 3.15). 

Additionally to the derivates, the chosen clickable dye Click-iT™ Alexa Fluor™ 488 DIBO Alkyne 

(abbreviated DIBO) was tested on Neisseria and Chang cells (Fig. 3.14). Neither the tested 

concentrations of ω-N3-sphingosine (5 µM and 10 µM, ω-Sph) nor the dye had a negative effect 

on the growth of N927 (Fig. 3.14 A). The cytotoxicity of the derivate and DIBO dye in Chang cells 

were determined via PI staining. Therefore, cells were fed with ω-N3-sphingosine (5 µM and 10 

µM, ω-Sph) and DIBO for 1 hour, which correlated to the feeding time and clicking time combined 

(Fig. 3.14 B). DMSO was used as solvent control and Triton-X as positive control for the staining. 

None of the substances did show any cytotoxicity. This staining was repeated with the controls and 

the analogue ω-N3-sphingosine with an incubation time of 4 hours, which corresponded to the 

infection time (Fig. 3.14 C). Compared to the untreated Chang cells, only for 10 µM of sphingosine-

analogue a minor increase was detectable. Both concentrations were used for further experiments 

and are indicated in the respective figure(s). These experiments were repeated with the second 

derivate 1-N3-sphingosine (1-N3-Sph; Fig. 3.15). This derivate showed a drastic effect on the 

growth of N927 at a concentration of 10 µM in vitro (Fig. 3.15 A). It appeared that 10 µM 1-N3-

sphingosine killed Neisseria even more efficiently as the kanamycin control. The lower 

concentration of 5 µM reduced the growth to a minimal extent at later time points. A real cytotoxic 

effect of this sphingosine analogue was not detected, only for 10 µM a slight increase in PI positive 

cells over time was seen. 

Figure 3.13 Clickable sphingosine analogues and their phosphorylation ability. 

A) Chemical structures of native sphingosine and its clickable analogues (1-N3- and ω-N3-sphingosine). B) Identification of the 

clickable sphingosine analogues and detection of their phosphorylated products by LC-HRMS. After lipid extraction of the 

analogue, SphK1 and ATP mixture, chromatographically separation was performed by HPLC and analyzed with a quadrupole-

time-of-flight mass spectrometer (QTOF MS) operating in the positive electrospray ionization mode (ESI+). Panels from left to 

right show the chemical structures and mass spectra of ionized ω-N3-sphingosine, 1-N3-sphingosine and phosphorylation product 

ω-N3-S1P, respectively. No phosphorylation product could be detected for 1-N3-sphingosine. The retention time (tR) is given as 

inset (top left) in the respective mass spectrum of each analyzed substance. C) Detection of analogue phosphorylation in Chang 

cells by LC-MS/MS. After 17 hours of incubation with 10 µM derivate, lipids were extracted and analyzed by selected reaction 

monitoring (SRM) after positive electrospray ionization (ESI+).  Only for ω-N3-sphingosine a phosphorylation product was 

detected. Lipids extracts contained both ω-N3-sphingosine (upper chromatogram) and ω-N3-S1P (lower chromatogram). Peaks 

are labeled with tR. Insets show the structural formulas and monitored MS/MS fragmentations (CID = collision-induced 

dissociation). Mass spectrometry experiments were performed by Dr. Fabian Schumacher and Prof. Burkhard Kleuser. 

Modified according to Solger et al., 2020 
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As already seen for the native sphingosine, the growth of N. gonorrhoeae strains differs in the 

sensitivity towards this sphingolipid (Fig. 3.11 and 3.12). To examine, if this is also the case for 

the sphingosine analogues, growth curves were performed with the laboratory strain RFP-N927 

(Fig. 3.16 A) and the clinical isolate 24871 (Fig. 3.16 B). Interestingly, RFP-N927 did not show 

any deficiencies in growth, whereas the clinical isolate treated with 10 µM 1-N3-sphingosine 

displayed a decrease of about 50% in replication rate. It was also surprising to see the recovery of 

the isolate 24871 after 1 hour, even though the OD was below the kanamycin value. All other 

chemicals had no effect. Therefore, the concentration of 5 µM 1-N3-sphingosine was chosen for all 

further experiments. Besides the different sensitivities towards sphingosine (analogue) treatments, 

Figure 3.14 Effect of ω-N3-sphingosine and Click-iT™ Alexa Fluor™ 488 DIBO Alkyne dye on N927 in vitro and the 

cytotoxicity on Chang cells. 

A) Liquid cultures of N927 were supplemented with ω-N3-sphingosine (ω-Sph, 5 µM or 10 µM) and Click-iT™ Alexa Fluor™

488 DIBO Alkyne dye (DIBO) and the growth was determined hourly. DMSO served as solvent control. Chang cells were 

incubated with the substances for 1 hour, which corresponds to the feeding time plus the clicking time (B), or further 4 hours, 

which correlates to the infection time (C). Cells were stained with PI and analyzed via flow cytometry. The detergent Triton-X 

was added right before the measurement to an untreated sample and was used as positive control. 

Modified according to Solger et al., 2020 
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the growth behaviour between the laboratory strains and the clinical isolate displayed great 

differences. The isolate 24871 grew much faster by reaching the logarithmic phase after 3 hours of 

incubation (Fig. 3.16 B). In contrast, both used laboratory strains were even after 5 hours still 

exponential growing (Fig. 3.14 A, 3.15 A and 3.16 A).  

Additionally to the quantification of the toxic and cytotoxic concentrations of the used derivates, 

the specificity of the click reaction was checked for N. gonorrhoeae (Fig. 3.16 C). Therefore, liquid 

cultures of N927 in PPM+ were prepared and supplemented with 10 µM of ω-N3-sphingosine. As 

control, untreated N927 were grown in parallel. After 2 hours of incubation, the clicking buffer 

(containing 5 µM 488-DIBO) was added to an aliquot of the liquid culture supplemented with ω-

N3-sphingosine and incubated for another 30 minutes at 37°C. After this clicking time, Neisseria 

samples were washed once and analyzed via flow cytometry. The distribution of Neisseria 

population was similar for all samples in the scatter plots, i.e. higher rate of fragmentation of 

bacteria due to the feeding and clicking was not observed. The histogram of the untreated control 

(top right) showed a defined peak for the autofluorescence of the gonococci. This peak was used 

for gating “clicked” fluorescence. A similar peak was detected for the sample fed with ω-N3-

sphingosine (middle panel). The measured bacteria, which were fed and treated with the clicking 

buffer, displayed a strong shift in the FITC signal (bottom right). This result proved the specificity 

of the clicking reaction between ω-N3-sphingosine and the AF 488-DIBO dye. Additionally, it 

Figure 3.15 Effect of 1-N3-sphingosine on N927 in vitro and its cytotoxicity on Chang cells. 

A) Liquid cultures of N927 were supplemented with 1-N3-sphingosine (1-N3-Sph, 5 µM or 10 µM). The OD the was measured 

hourly to determine the bacterial growth. DMSO served as solvent control. B) Chang cells were incubated with the derivate or 

DMSO for different incubation times. Afterwards, cells were stained with PI and analyzed via flow cytometry. The detergent 

Triton-X was used as positive control. 

Modified according to Solger et al., 2020 
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showed that Neisseria can take up sphingosine from liquid culture. Furthermore, this analysis can 

be considered as indirect confirmation of the non-toxic impact of sphingosine analogue and dye. 

 

 

Figure 3.16 Verification of the growth deficiency with sphingosine analogues and specificity of the click reaction in 

Neisseria. 

The effects of both sphingosine derivates on neisserial growth were checked for the strain RFP-N927 (A) and the clinical isolate 

24871 (B). C) Furthermore, the specificity of the click reaction was confirmed in Neisseria (N927). PPM+ liquid cultures were 

supplemented with 10 µM of ω-N3-sphingosine. After 2 hours, clicking buffer containing DIBO was added to one sample and 

incubated for 30 minutes. The specificity was determined via flow cytometry detecting the fluorescent signal of the dye (FITC).

The scatter plots (SSC-A vs. FSC-A, left column) and respective histograms for the FITC signal (right column) are displayed for 

the untreated control, gonococci fed with ω-N3-sphingosine and combination of ω-N3-sphingosine feeding followed by adding 

DIBO from top to bottom. N927 fed with the analogue and no addition of DIBO (middle panel) showed the same distribution in 

the scatter plot (left column) and fluorescent signal (right column) as the untreated control (top panel). Only the combination of 

ω-N3-sphingosine and DIBO (bottom panel) displayed a clear fluorescent shift for FITC (corresponding to AF 488-DIBO). 

Depicted in the top scatter plot of the untreated control is the gate (blue border), which was the same for all samples (these 

subpopulations are shown in orange). For each gate, 10,000 events were counted and analyzed for a fluorescence signal in the 

spectrum of 488 nm (FITC). The panels show representative blots from three independent measurements (n=3). 
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3.2.1.2 Uptake of sphingosine by N. gonorrhoeae 

After the verification of the functionality and quantification sub-toxic concentrations of the 

sphingosine analogues, it was tested if Chang cells were able to take up efficiently ω-N3-

sphingosine and the clickable dye AF 488-DIBO. Therefore, cells were fed with 10 µM of this 

derivate for 30 minutes, following an incubation for 4 hours (correlates to the infection time) and 

adding clicking buffer with a final concentration of 5 µM dye for another 30 minutes at 37 °C. 

After fixation and permeabilization the actin cytoskeleton was stained with Phalloidin. The 

microscopy picture (Fig. 3. 17) clearly showed an intense fluorescence for 488-DIBO, i.e. for 

clickable ω-N3-sphingosine, within the cytoskeleton. This result demonstrated that both ω-N3-

sphingosine and AF 488-DIBO were cell permeable and could be used in living cells. Besides that, 

the localization of the sphingosine signal suggested due to its shape the endoplasmic reticulum as 

storage compartment.  

Figure 3.17 Uptake of ω-N3-sphingosine in Chang cells. 

Cells were fed with 10 µM ω-N3-sphingosine and click reaction was performed with 5 µM AF 488-DIBO. Additionally, cells 

were stained with Phalloidin after fixation and permeabilization. The microscopy shows the efficient uptake of the sphingosine 

derivate which is probably transported and accumulated in the endoplasmic reticulum (cyan: actin cytoskeleton, green: ω-N3-

sphingosine, scale bar: 5 µm). The microscopy was performed in cooperation with Dr. Tobias C. Kunz. 

Figure published in Solger et al. 2020. 
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Next, the uptake of ω-N3-sphingosine (ω-Sph) by intracellular Neisseria was monitored (Fig. 3.18) 

to see if an incorporation into the neisserial membrane could be a cause for its toxicity (Fischer et 

al., 2013). The super resolution images showed an efficient uptake of sphingosine by gonococci 

(top panel), indicated by a strong fluorescence of the used dye DIBO-488. Furthermore, the 

incorporation of ω-N3-sphingosine into the neisserial membrane was detected, since the DIBO-488 

signal colocalized completely with the specific Neisseria-antibody labelling (top panel zoom). 

Cells fed with the native sphingosine (Sph) or without the supplementation of any sphingosine 

form (w/o Sph) did not show any signal at 488 nm. This was a confirmation of the specificity of 

the bioorthogonal click reaction even in infection models.  

 

Figure 3.18 Incorporation of ꙍ-N3-sphingosine into neisserial membrane of N927. 

A) Chang cells were fed either with clickable derivate ꙍ-N3-sphingosine (10 µM, ꙍ-Sph) or native sphingosine (10 µM, Sph) 

before infection with N927 for 4 hours followed by clicking reaction with dye DIBO-488. Additionally, cells were stained for 

actin cytoskeleton (MFP™DY-555-Phalloidin) and immunolabeled for Neisseria. B) Chemical structures of native sphingosine 

and the analogue ꙍ-N3-sphingosine. Images represent a minimum of eight fields viewed per replicate of three independent 

experiments (cyan: actin cytoskeleton, magenta: N. gonorrhoeae, green: ω-N3-sphingosine, scale bar: 5 µm). The microscopy was 

performed in cooperation with Dr. Tobias C. Kunz. 

Modified according to Solger et al., 2020 
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To exclude that the observed incorporation of ω-N3-sphingosine was strain- or cell type-specific, 

the experiment was repeated with N927 in End1 cells (Fig. 3.19 A) and with VP1 in Chang cells 

(Fig. 3.19 B).  
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For these two infection models the same results were obtained as already seen for N927 in Chang 

cells, an incorporation of the clickable sphingosine (DBCO-488) into neisserial membrane (Fig. 

3.19 A and B bottom panel, ω-Sph). These experiments were carried out with the clickable dye 

DBCO-488. In contrast to the previously used dye 488-DIBO (Fig. 3.17 and 3.18), 488-DBCO was 

not cell permeable. Therefore, the click reaction was performed after permeabilization of the fixed 

samples, resulting in a higher background staining of the control samples (untreated, DMSO and 

Sph) which was weak and diffuse. Nevertheless, a clear discrimination of background and specific 

clicking signal was clear. Taken together, the uptake was neither restricted to the infection model 

nor was it strain specific, meaning it might be a more general mechanism.  

After knowing of the sphingosine incorporation, we investigated if this sphingolipid clusters in the 

neisserial membrane or if it is equally distributed as it looked in the SIM microscopy pictures (Fig. 

3.18). To further investigate the distribution of ω-N3-sphingosine, together with Dr. Tobias C. 

Kunz, a protocol for 4x expansion microscopy (ExM) was established for intracellular gonococci 

(Fig. 3.20). At this point it has to be noted that the expansion of ω-N3-sphingosine was possible as 

it already possesses one primary amine, which is necessary for the linkage to the hydrogel. The 

comparison of SIM images before (upper panel, see also Fig. 3.18 and 3.19) and after expansion 

(lower panel, 4x ExM) showed that it was isotropic for both the clicked sphingosine and the 

antibody labelling. The expansion factor of 4 was achieved by adding lysozyme to the digestion 

step according to Lim et al. (Lim et al., 2019). The ExM clearly confirmed the incorporation into 

the bacterial membrane and led to the assumption that ω-N3-sphingosine was equally distributed.  

Figure 3.19 Incorporation of ω-N3-sphingosine into neisserial membranes of different infection models. 

Chang (A) and End1 cells (B) were fed either with ꙍ-azido-sphingosine (10 µM, ꙍ-Sph), native sphingosine (10 µM, Sph) or 

DMSO as solvent control before infection for 4 hours. Click reaction was done with dye DBCO-488. Cells were stained with 

Phalloidin and Neisseria were immunolabeled. A) Infection of End1 cells with the laboratory strain N927. B) Infection of Chang 

cells with the clinical strain VP1 (cyan: actin cytoskeleton, magenta: N. gonorrhoeae, green: ω-N3-sphingosine, scale bar: 5 µm).

The microscopy images were taken by Dr. Tobias C. Kunz. 

Modified according to Solger et al., 2020 
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This system of click chemistry and infection model was adjusted for live cell imaging to visualize 

the dynamics of the intracellular sphingosine uptake. It appeared that the uptake of ω-N3-

sphingosine can occur rapidly with complete membrane labelling of the gonococci in at least 15 

minutes (Fig. 3.21 upper panel, Video 1). Interestingly, with the time frame of 15 minutes, the 

uptake of sphingosine was not depicted to one specific area and was not distributed gradually 

throughout the membrane of the bacteria. After the incorporation of sphingosine, the loss of the 

RFP fluorescence of the Neisseria was detected (time point 165 min). The identical experimental 

set-up was repeated with the second derivate 1-N3-sphingosine to exclude an analogue-specific 

phenotype (Fig. 3.21 lower panel, Video 2). In fact, the uptake of 1-N3-sphingosine appeared in a 

similar way as ω-N3-sphingosine by Neisseria. 

Figure 3.20 Expansion microscopy (ExM) of intracellular N. gonorrhoeae. 

Chang cells were fed with ω-N3-sphingosine (ω-Sphingosine) and infected with N927 for 4 hours. Cells were fixed, 

permeabilized, stained with 488-DIBO and anti-Neisseria immunolabelled. Comparison of confocal (upper row) and 

ExM-SIM images (lower row) shows a 4x magnification. The data were obtained from two independent experiments

(n=2) (magenta: N. gonorrhoeae, green: ω-N3-sphingosine, scale bars: 5 µm unexpanded confocal, 4 µm expanded 

SIM). The expansion, gel preparation and microscopy were performed in cooperation with Dr. Tobias C. Kunz. 

With permission from Götz et al., 2020. 
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Because the inhibition of SphKs had a greater effect on neisserial survival (Fig. 3.7), the same set 

of inhibitors was taken to repeat it with the clickable analogue ω-N3-sphingosine. Since the 

phosphorylation by SphK of the derivate was confirmed (Fig. 3.13 C), a more drastic effect on the 

intracellular gonococci was expected in combination with SphK inhibition (Fig. 3.22 A). In fact, 

the inhibitors K145 and SKI-II reduced the number of gonococci drastically in comparison to the 

DMSO solvent control (Fig. 3.22 A). Moreover, these samples showed a lower intensity of 

neisserial antibody-labelling. For the SphK1-specific inhibitor 5C, no obvious differences were 

observed in the microscopy images. To exclude that the observed effect was due to any side effects 

and not through the impact of sphingosine, the second clickable analogue 1-N3-sphingosine (1-N3-

Sph) was used (Fig. 3.22 B and 3.13). As already mentioned, this derivate was specifically acidified 

on the head group of the sphingosine backbone by replacing the hydroxyl group. This exchange 

leads to an indirect inhibition of the conversion of sphingosine to S1P (Fig. 3.13 B and C). 

Therefore, an even stronger toxic effect with this analogue was expected on invasive Neisseria.  

Figure 3.21 Rapid uptake of intracellular clickable sphingosine derivate. 

Still pictures of the infection model of Chang cells fed either with ω-N3-sphingosine (10 µM) or 1-N3-sphingosine (5 µM) and 

infected with RFP-N927. Click reaction was performed with DIBO-488 before infection. The time-lapse imaging demonstrates the 

rapid uptake of ω-N3-sphingosine and 1-N3-sphingosine into the neisserial membrane (white arrowhead indicates up taking 

Neisseria; magenta: RFP-N927, green: ω-N3-sphingosine, scale bars: 2 µm ω-N3-sphingosine, 5 µm 1-N3-sphingosine). The 

microscope was adjusted by Dr. Tobias C. Kunz. 
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Figure 3.22 Reduction in survival of invasive N927 due to the inhibition of sphingosine phosphorylation. 

The conversion of sphingosine to S1P was blocked either by SphK inhibition (A) or by using the clickable analogue 1-N3-

sphingosine (C). A) Chang cells were pre-treated with SphK inhibitors and fed with ꙍ-N3-sphingosine (ꙍ-Sph) before infection 

with N927 for 4 hours. The click reaction was performed with DIBO-488 and gonococci were immunolabeled with anti-Neisseria

antibody. B) Chemical structure of the analogue 1-N3-sphingosine (1-N3-Sph). C) Comparison of cells fed with ꙍ-N3-sphingosine 

(ꙍ-Sph) or 1-N3-sphingosine (1-N3-Sph) after 4 h of infection. D) Quantification of gonococcal survival upon inhibition of 

sphingosine phosphorylation by inhibitor treatment or feeding 1-N3-sphingosine (1-N3-Sph) after 4 hours of infection. A minimum 

of eight fields viewed per biological replicate of three independent experiments were counted. The microscopy was performed in 

cooperation with Dr. Tobias C. Kunz. 

***p<0,0001, **p<0,001, *p<0,05 student`s t-test relative to ꙍ-Sph. Images represent a minimum of eight fields viewed per 

replicate of three independent experiments (magenta: N. gonorrhoeae, green: clickable sphingosine analogue, scale bars: 5 µm). 

Modified according to Solger et al., 2020 
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Since 1-N3-sphingosine was more toxic on N927 in vitro (Fig. 3.15 A), Chang cells were fed with 

the sub-toxic concentration of 5 µM. After 4 hours of infection with N927, samples fed with 1-N3-

sphingosine showed decreased numbers of gonococci compared to cells fed with ω-N3-sphingosine 

(Fig. 3.22 C). Additionally, the reduced intensity of the antibody-labelling reoccurred. The effect 

of 1-N3-sphingosine and the combination of SphK-inhibitors with ω-N3-sphingosine on the 

gonococcal survival was quantified by super resolution microscopy. Images were taken of three 

independent experiments (n=3). To assess the number of bacteria per cell, the signal of the anti-

Neisseria antibody was counted blinded. The cytoskeleton staining and the clicked sphingosine 

signal was used to determine the cell number of each image. The observed inhibitory effects in this 

double-blinded assay confirmed the microscopy data (Fig. 3.22 D). Taken together, these data 

demonstrate that invasive N. gonorrhoeae take-up host-cell sphingosine and incorporate it into 

their membrane, which leads to reduced survival.  

 

 

3.2.1.3 Sphingosine vesicles 

The time-lapse imaging did not only show the fast uptake and incorporation of intracellular 

sphingosine (Fig. 3.21, Videos 1 and 2), but also the formation of vesicles was observed (Fig. 3.23 

A, Video 3 with time stamp indicating hpi). It demonstrates the accumulation of an intense 

fluorescence signal for ω-N3-sphingosine to form cellular vesicles, which seem to be transported 

further in the direction of invasive bacteria, suggesting an involvement of the cytoskeleton in this 

action as a defence mechanism. Furthermore, this time-lapse imaging confirmed the uptake of 

sphingosine (timepoints 02:00 and 02:15) in the live cell infection model with Chang cells and the 

loss of the gonococcal RFP fluorescence, indicating the bacterial death (timepoint 02:30 and on). 

Interestingly, these vesicles appeared to attach to Neisseria and to induce the sphingosine uptake 

(Fig. 3.23 B, Video 4). In this observation, the gonococcus started to take up sphingosine, leading 

to its probable death (see timepoints 03:15 and 03:30).  
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Figure 3.23 Formation of ω-N3-sphingosine vesicles intracellularly. 

Chang cells were fed with ω-N3-sphingosine, clicked with DIBO-488 and infected with RFP-N927. A) Still pictures 

show the formation of a sphingosine vesicle (white arrowhead) over time (Video 3). B) Sphingosine vesicle attaches 

to gonococci and appears to retract the bacteria. Still pictures are taken from Video 4 (time stamp indicates hpi; 

magenta: RFP-N927, green: ω-N3-sphingosine, scale bars: 2 µm). The microscopy was performed in cooperation 

with Dr. Tobias C. Kunz. 
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In long-time infection experiments for both derivates, it appeared that sphingosine vesicles were 

also present extracellularly, suggesting the formation of exosomes by Chang cells (Fig. 3.25, Video 

5 for 1-N3-sphingosine and video 6 for ω-N3-sphingosine). The exemplary still pictures document 

the replication of Neisseria until certain time points (335 minutes post infection), even though they 

were attached to sphingosine vesicles (Videos 5 and 6). Interestingly, once these vesicles were 

bound to gonococci, bacteria were not able to detach anymore, concomitant with the loss of RFP-

expression and accumulation of sphingosine at later time points. Until the latest time point at 890 

minutes or 895 minutes for the respective analogues only few gonococci were left, showing the 

efficient “catch and kill”-mechanism by sphingosine vesicles. Furthermore, cells, which had taken 

up sphingosine analogue very efficiently, showed distinct intracellular vesicles. A side effect for 

the samples fed with 1-N3-sphingosine was the strong accumulation of sphingosine signal in 

rounded up cells. 

 

Figure 3.24 Long-term infections of Chang cells fed with sphingosine analogue. 

Still pictures of long-time infection with RFP-N927 of Chang cells fed either with 1-N3-sphingosine (5 µM; video 5) or ω-N3-

sphingosine (10 µM; video 6). Click reaction was performed with DIBO-488 before infection. The time-lapse imaging 

demonstrates for both analogues the formation of extracellular vesicles, which attach to Neisseria resulting in the loss of RFP-

expression and the accumulation of sphingosine (magenta: RFP-N927, green: sphingosine, scale bars: 10 µm). Microscopy was 

performed by Dr. Kathrin Stelzner. 
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After the observation of vesicles, the question was if these might be part of the cellular defence 

mechanism phagocytosis since the involvement of sphingosine in endocytosis was already shown 

(Lima et al., 2017). Chang cells expressing YFP-tagged endosomal (Rab5 or Rab7) or lysosomal 

(LAMP1) marker protein were used for the characterization of sphingosine vesicles observed in 

the previous time-lapse imaging (Fig. 3.23 and 3.24, Videos 3-6). It must be admitted that not all 

cells did express the respective YFP-tagged protein and not all of them were positive for 

sphingosine uptake (exemplary indicated by a start in Fig. 3.25 A middle panel).  

Super resolution microscopy of uninfected YFP-expressing Chang cells was performed to 

characterize vesicles formed by 1-N3- and ω-N3-sphingosine. The click reaction with the 

sphingosine derivate was performed with the dye Click-iT™ Alexa Fluor™ 594 DIBO Alkyne 

(DIBO-594). Respective microscopy pictures of two independent experiments (n=2) are shown 

(Fig. 3.25). The expression level for Rab5 was very low compared to Rab7 and especially LAMP1. 

In the case of LAMP1, big patches of accumulated proteins were observed intracellularly. These 

LAMP1-clumps did not allow to detect any kind of colocalization of the YFP- and sphingosine-

signal, rather these accumulations hinder the incorporation of sphingosine (upper panel, Fig. 3.25 

A). Only for Rab7 intense and distinct expression was observed, but no overlap with any 

sphingosine signal could be detected (lower panel, Fig. 3.25). Even though the overall expression 

of Rab5 was quite low, in some cells, which did show an intense YFP-signal, some ω-N3-

sphingosine vesicles were surrounded by Rab5 proteins (Fig. 3.25 B).  
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To detect possible dynamics between (especially extracellular) sphingosine vesicles and endo-/ 

lysosomal protein, YFP-expressing Chang cells were fed with one of the sphingosine analogues 

and infected with the laboratory strain N927 for time lapse-imaging. To avoid any fluorescence 

overlap or -spill, N927 were stained with DyLight™ 650-4xPEG NHS Ester before infecting clicked 

YFP-expressing Chang cells. Here, the same problem as for super resolution microscopy occurred 

to find cells which were positive for both sphingosine uptake and expressing YFP-tagged proteins.  

All used Chang cell lines did show the formation of sphingosine vesicles, which attached to 

gonococci. But no vesicles with a clear YFP-signal could be detected for the different cell lines 

(Videos 7-12). Additionally, no changes in the localization of the YFP-signals inside the cells could 

be detected throughout the time-lapse imaging. Unfortunately, the imaging with 1-N3-sphingosine 

could have only been done once (n=1, Videos 7-10). Furthermore, it must be admitted that during 

some live cell imaging the microscope was not stable, i.e. shifting out of the selected area or z-

stack (Videos 7, 8, 9 and 11). 

Because the lysosomal marker LAMP1 did not allow any detection of colocalization with the 

sphingosine signal, a different approach was followed (n=1). Therefore, WT Chang cells were fed 

with ω-N3-sphingosine (5 µM), clicked and stained with the cell probe SiR-lysosome. This dye is 

cell permeable and highly specific for lysosomes in live cell samples. To avoid a fluorescence 

overlap between the spectra of the fluorochromes SiR and AF594 (coupled to DIBO), two different 

lasers and the most distant possible excitations of both fluorochromes were chosen. Despite these 

adjustments, an overlap could not have been avoided and therefore, the combination of SiR and 

AF594 was not suitable (data not shown). 

 

 

 

Figure 3.25 Characterization of sphingosine vesicles in Chang cells expressing YFP-tagged endo-/lysosomal proteins. 

A) Super resolution images of Chang cells expressing YFP-tagged LAMP1, Rab5 or Rab7, which were fed either with 1-N3-

sphingosine or ω-N3-sphingosine. Each analogue was applied at 5 µM for 1 hour and clicked with 5 µM DIBO-594 for 30 minutes, 

followed by fixation and direct embedding without permeabilization. The star marks a YFP-negative cell but positive for the 

sphingosine uptake (middle panel for ω-N3-sphingosine in Rab5-YFP cells). The boxes of the same panel are magnified in (B). 

B). ω-N3-sphingosine vesicles encircled by Rab5 proteins (indicated by white arrow heads) (green: sphingosine, blue: YFP-tagged 

protein, scale bar: 5 µm). The microscopy images were taken by Dr. Tobias C. Kunz. 

.   
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3.2.2 Ceramides 

Ceramides are a heterogenous group of sphingolipids which can differ very much in their chemical 

structure, but they all have in common to be N-acylated sphingosines, i.e. sphingosine backbone 

has an amide link to a fatty acid. This fatty acid can vary for example in chain length, hydroxylation 

and saturation. One possibility to group ceramides is based on the chain length which displays 

different chemical and biological properties. Here, we investigated the role of the short-chain 

ceramide C6 (d18:1/6:0) and the long-chain ceramide C16 (d14:1/16:0) on gonococci by using 

clickable analogues of these ceramides. At this point it must be noted that the further clicking 

experiments had to be done with another dye (488-DBCO). This DBCO-dye is not cell permeable 

as DIBO-dyes and therefore, cells had to be treated with Triton-X in advance for clicking. This is 

also the reason why a higher background signal is detected for samples clicked with DBCO instead 

of DIBO.  

 

 

3.2.2.1 Short-chain ceramide C6 

It was demonstrated that the chain length of ceramides correlates with their antibacterial activity, 

including pathogenic Neisseria (Becam et al., 2017). In this study, the endogenous form of C6 

ceramide and clickable analogues (1-N3-C6 ceramide, 18-N3-C6 ceramide and ω-N3-C6 ceramide) 

were tested. The chemical structures of the C6 ceramide compounds with their respective names 

are shown in Fig. 3.26 A. To determine the subtoxic concentration of endogenous C6 ceramide and 

each analogue in vitro growth curves with the N. gonorrhoeae strain N927 were performed (Fig. 

3.26 B and C). For C6 ceramide a concentration dependency was detected, where the lowest 

concentration of 0.5 µM reduced the replication capability already (Fig. 3.26 B). Treatment with 5 

µM and 10 µM killed the gonococci efficiently as the Kanamycin control. To observe drastic 

differences of the analogues compared to the endogenous form, liquid cultures of N927 were 

supplemented with 5 µM or 10 µM of each analogue (Fig. 3.26 C, upper graph). 18-N3-C6 ceramide 

and ω-N3-C6 ceramide were as toxic as C6 ceramide, whereas 1-N3-C6 ceramide had no effect on 

the growth for both used concentrations. The experiments were repeated with lower concentrations 

of 18-N3-C6 ceramide and ω-N3-C6 ceramide (Fig. 3.26 C, lower graph) to determine the subtoxic 
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concentrations. Here, a similar pattern as for C6 ceramide was observed with comparable reduced 

growth for each concentration.  

 

Figure 3.26 Effect of the short-chain ceramide C6 and its clickable analogues on N927. 

The effect of ceramide C6 (C6 Cer) and its clickable analogues (A) were tested on strain N927 in vitro (B and C) and in the 

Chang infection model. A) The chemical structure of the endogenous ceramide C6 compared to the clickable azido 

compounds (1-N3-C6 ceramide, 18-N3-C6 ceramide and ω-N3-C6 ceramide). B) Endogenous C6 Cer showed a 

concentration-depended toxicity on gonococci.  C) The upper graph display differences of the three analogues on the growth 

of N927. 18-N3-C6 cer and ω-N3-C6 cer have comparable effects as C6 cer. 1-N3-C6 ceramide doesn’t show any toxic effect 

at 5 µM and 10 µM. Lower concentrations (0.5 µM, 1 µM and 2.5 µM) of 18-N3-C6 cer and ω-N3-C6 cer were tested (seen 

in the lower graph).).  
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These analogues were used as well to visualize the possible incorporation of these clickable 

sphingolipids into the neisserial membrane by using super-resolution microscopy (Fig. 3.27). 

Therefore, Chang cells were fed in advance with the sub-toxic concentrations of endogenous C6 

ceramide (0.5 µM) and the clickable analogues (5 µM 1-N3-C6 ceramide, 0.5 µM 18-N3-C6 

ceramide and ω-N3-C6 ceramide each). Cells were infected with N927 for 2 hours, 4 hours or 6 

hours. The different timepoints did not show any significant differences in localization and 

intensity of the stainings. Therefore, the time point of 4 hours was chosen to display representative 

pictures of this experiment. Additionally to the C6 ceramide samples, controls were included 

(upper panels of Fig. 3.27), i.e. control (unfed) and DMSO as solvent control. The unclickable 

samples (Fig. 3.27 left column control, DMSO and C6 cer) show a green signal in the cells for the 

dye 488-DBCO. This is most likely due to the application of the dye after the permeabilization step 

since DBCO dyes are not membrane permeable as mentioned above. Nevertheless, the dye did not 

intercalate to the same extent into gonococci of control and DMSO samples. The intensity of the 

488-DBCO signal in C6 cer-fed cells was at least comparable to the sample of the one fed with the 

clickable analogue 1-N3-C6 cer. For 18-N3-C6 cer a slight increase of the signal was detected, in 

contrary a decrease of intensity for the samples fed with ω-N3-C6 cer. For this treatment also a 

decrease in the Neisseria signal was detected. The intensities of the antibody labelling for Neisseria 

was for the other controls and treatments comparable and much stronger. The merged pictures 

(right column Fig. 3.27) clearly showed that the taken-up analogues did not colocalize with the 

gonococcal membrane. It also appeared that the replication of Neisseria was not impaired at that 

time point of infection. 
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 Figure 3.27 SIM pictures of C6 ceramide analogues in Chang cells infected with N927. 

The panels show the substances with which the Chang cells were fed in advance of infection with N927 for 4 hours. The highest

panel serves as negative control (no feeding). Additionally, a solvent control (DMSO) and a control for the specificity of the click 

reaction (C6 cer) were included. The click reaction with 488-DBCO was performed after permeabilization with Triton-X. The 

pictures show the Neisseria antibody labelled in magenta and the clickable analogues in green (488-DBCO). The merged 

microscopy pictures (outer left and right of each panel) show the actin cytoskeleton in cyan as well. Representative pictures were 

chosen from two independent experiments (n=2). The control and DMSO images are identical for Fig. 3.27, 3.29 and 3.32 because 

all chosen images are from the same set of samples. The white boxes mark the zoomed areas (magenta: N927, green: click 

reaction, cyan: actin cytoskeleton, scale bar: 5 µm). The microscopy images were taken by Dr. Tobias C. Kunz. 
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3.2.2.2 Long-chain ceramide C16 

The experiments carried out with C6 ceramides were repeated with endogenous C16 ceramide and 

four different clickable analogues. The chemical structures with the different azido-modifications 

are listed in Fig. 3.28 A. For further infection experiments, the sub-toxic concentrations for these 

chemicals had to be determined on the strain N927. The in vitro growth curves for endogenous C16 

ceramide (Fig. 3.28 B) and the analogues (Fig. 3.28 C) did not differ to the untreated and DMSO 

controls for both used concentrations of 5 µM and 10 µM. To make the experiments with the C6 

ceramide more comparable, all C16 ceramides were used at the concentration of 5 µM for the 

infection experiment with N927 in Chang cells (Fig. 3.29). It must be noticed that the SIM images 

could have only been taken from one single experiment. Therefore, the presented microscopy 

pictures are observations which need to be verified. As already seen in Fig. 3.27, both controls  

Figure 3.28 Effects of C16 ceramide and its clickable analogues on the in vitro growth of N927. 

The effect of ceramide C16 (C16 Cer) and its clickable analogues (A) were tested on strain N927 in vitro (B and C). A) The 

chemical structure of the endogenous ceramide C16 compared to the clickable azido analogues (1-N3-C16 ceramide, 18-N3-C16 

ceramide, α-N3-C16 ceramide and ω-N3-C6 ceramide). B) The used concentration of endogenous C16 Cer had no influence on 

the gonococcal replication.  C) Neither the azido-modifications nor the used concentrations influenced the growth of N927. 
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displayed a clicking signal inside of the cells but not in the gonococci after 4 hours of infection. 

This strongly indicated that the used dye was incorporated into cellular compartments due to the 

permeabilization but not into the bacteria. For the endogenous C16 ceramide a 488-DBCO signal 

was detected, even though there should be no click reaction be possible. This could be evidence 

that C16 ceramide disrupted the neisserial membrane to allow an incorporation of the dye as well 

as for C6 ceramide (Fig. 3.27). The intensity of the gonococcal DBCO-signals for the samples fed 

with 1-N3-C16 ceramide and α-N3-C16 ceramide were comparable to those of the C16 cer control. 

These samples displayed also a decreased antibody labelling against Neisseria compared to DMSO 

and C16 cer controls. An increase of the 488-DBCO intensity was detected for the 18-N3-C16 

ceramide and ω-N3-C16 ceramide samples. Here, no changes in the immunolabelling of the 

gonococci were observed. All samples fed with C16 cer or one of its analogues displayed an 

abnormal gonococcal phenotype, meaning a loss of the typical gonococcal shape and reduction in 

size (indicated by the white arrowheads in Fig. 3.29). Accumulations of all analogues were detected 

inside the Neisseria but did not colocalize with the bacterial membrane. The same set of samples 

was also infected with N927 for 6 hours. All used analogues so far formed cellular vesicles, but in 

the case of 18-N3-C16 ceramide a different phenotype could be detected (Fig. 3.30). These vesicles 

appeared to accumulate a strong Neisseria signal. Due to its intensity and constant microscopy 

parameters, an unspecific binding of the antibody was unlikely also since the control with C16 

ceramide did not show such accumulations. The origin of these accumulations could not be 

determined because, as already mentioned, it was the observation of a single experiment. A 

possible explanation could be the degradation of gonococci during later infection times which 

would suggest an intracellular survival defect.  

 

Figure 3.29 SIM pictures of C16 ceramide analogues in Chang cells infected with N927 for 4 hours. 

The panels show Chang cells fed with different substances in advance before the infection with N927 for 4 hours. The highest 

panel serves as negative control (no feeding). Additionally, a solvent control (DMSO) and a control for the specificity of the click 

reaction (C6 cer) were included. The click reaction with 488-DBCO was performed after permeabilization with Triton-X. The 

pictures show the Neisseria antibody labelled in magenta and the clickable C16 analogues in green (488-DBCO). The merged 

microscopy pictures (outer left and right of each panel) show the actin cytoskeleton in cyan as well. White arrow heads indicate 

uncommon phenotypes of the gonococcal shape. The microscopy pictures were taken from one single experiment (n=1). The 

control and DMSO images are identical for Fig. 3.27, 3.29 and 3.32 because all chosen images are from the same set of samples. 

The white boxes mark the zoomed areas (magenta: N927, green: click reaction, cyan: actin cytoskeleton, scale bar: 5 µm). The 

microscopy images were taken by Dr. Tobias C. Kunz. 
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Figure 3.30 18-N3-C16 ceramide vesicles accumulate neisserial particles after 6 hours of infection. 

Intracellular vesicles formed by 18-N3-C16 ceramide accumulate strong neisserial signal only after 6 hours of 

infection. This phenotype was specific for this analogue but must be repeated to determine the origin of these 

specific vesicles. The pictures show the Neisseria antibody labelled in magenta. The C16 ceramide and 18-N3-

C16 ceramide analogue are shown in green (488-DBCO). White arrow heads indicate vesicles with fluorescence 

signal for Neisseria inside. The microscopy pictures were taken from one single experiment (n=1). The white 

boxes mark the zoomed areas (magenta: N927, green: click reaction, scale bar: 5 µm). The microscopy images 

were taken by Dr. Tobias C. Kunz. 
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3.2.3 Sphinganine 

A lot of the sphingolipid research focuses on the implications of sphingosine. Since the exact 

mechanism is not elucidated yet, the usage of sphinganine and its clickable analogues (Fig. 3.31 

A) might be a good starting point to shed some light since the only difference of both sphingolipids 

is the grade of saturation, i.e. sphinganine (dihydrosphingosine) is the fully saturated form of 

sphingosine. Firstly, the toxicity of sphinganine and its analogues (1-N3-sphinganine and ω-N3-

sphinganine) were tested on the laboratory strain N927 in vitro (Fig. 3.31 B and C) to determine 

sub-toxic concentrations for further infection experiments in Chang cells (Fig. 3.31 D and Fig. 

3.32). The growth curves of N927 either supplemented with the endogenous sphinganine (Fig. 3.31 

Figure 3.31 Effect of sphinganine and its clickable analogues on the in vitro growth and extra-/intracellular N927. 

The structures of sphinganine and the clickable analogues (1-N3-sphinganine and ω-N3-sphinganine) are shown in (A). B) The 

toxicity of 5 µM and 10 µM endogenous sphinganine was tested on the in vitro growth of the neisserial strain N927. C) Growth 

curves were also performed with adding 5 µM or 10 µM of the clickable analogue to the liquid culture of N927. D) The effect of 

sphinganine analogues on the adherence and invasion efficiency of N927 was determined by performing gentamicin protection 

assays in Chang cells. Cells were pre-treated with 5 µM of each sphinganine analogue 30 minutes prior infection. 

*p<0,05 student`s t-test relative to DMSO solvent control. 
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B) nor both analogues (Fig. 3.31 C) had impact on the replication of the bacteria at 5 µM and 10 

µM. Because the highest concentration for fed ceramide was 5 µM, this concentration was resumed 

for further infection experiments with sphinganines. To do so, Chang cells were fed with DMSO 

as solvent control or the different sphinganine analogues at 5 µM prior to the infection with N927. 

The number of adherent and invasive gonococci was determined by performing gentamicin 

protection assays (Fig. 3.31 D). For both measured parameters DMSO had no effect on them 

compared to the untreated control. The sphinganine sample showed no alteration for the number of 

adherent Neisseria but a slight decrease in invasion. The results for both clickable analogues differ 

from these insofar as adherence was increased. Contrary, ω-N3-sphinganine had no effect on the 

number of invasive bacteria whereas 1-N3-sphinganine induced a significant reduction of about 

50%. This brought up the question, if these observed effects were linked to differing uptake 

potentials of the sphinganine analogues on cellular and/or gonococcal level. To examine this 

question, super resolution microscopy (SIM) was performed to detect the uptake of the clickable 

analogues in the infection model of Chang cell with N927 (Fig. 3.32). The figure shows 

representative pictures of each treatment at 4 hours post infection of two independent experiments 

(n=2). As already seen for C6 and C16 ceramides, the controls for unfed, DMSO and the 

endogenous sphinganine showed cellular incorporation of the 488-DBCO dye but not to the same 

extent in gonococci. The intensity of the 488-DBCO signal of the 1-N3-sphinganine samples did 

not differ from the endogenous sphingolipid control. In contrast, for ω-N3-sphinganine an intense 

and distinct DBCO signal was detected which colocalized with the labelling of the anti-Neisseria 

antibody. This strongly suggested that only ω-N3-sphinganine was taken up by the gonococci and 

got integrated in the bacterial membrane. The intensity of the Neisseria-signal was throughout all 

treatments comparable and no significant changes of the gonococcal shape were discovered. 

Besides the incorporation of ω-N3-sphinganine, timepoints 2 hours post infection and 6 hours post 

infection did show distinctive features (Fig. 3.33). First, the colocalization of ω-N3-sphinganine 

and neisserial membrane occurred already at 2 hours post infection and could be detected at 6 hours 

post infection as well. The incorporation of the sphinganine analogue did not hinder the replication 

of gonococci, since an increase in the number of bacteria was clearly visible during the infection 

time. Interestingly, at the timepoint 2 hours post infection ω-N3-sphinganine formed distinct 

vesicles with a higher intensity of the 488-DBCO signal (white arrowheads in the middle panel 

pinpoint cellular vesicles, Fig. 3.33).  
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Figure 3.32 SIM pictures of sphinganine analogues in Chang cells infected with N927 for 4 hours. 

Chang cells were fed with DMSO as solvent control or 5 µM of sphinganine analogue before infection with N927 for 4 hours. 

The highest panel shows the unfed control. The sphinganine sample serves as control for the click reaction. Clicking was 

performed with 488-DBCO after permeabilization. The pictures show the Neisseria antibody labelled in magenta and the 

clickable analogues in green (488-DBCO). The merged microscopy pictures (left and right column) show the actin cytoskeleton 

in cyan as well. Representative microscopy pictures of two independent experiments are shown (n=2). The control and DMSO 

images are identical for Fig. 3.27, 3.29 and 3.32 because all chosen images are from the same set of samples. The white boxes 

mark the zoomed areas (magenta: N927, green: click reaction, cyan: actin cytoskeleton, scale bar: 5 µm). The microscopy 

images were taken by Dr. Tobias C. Kunz. 
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These vesicles were not detected at 4 hours post infection (Fig. 3.32) and 6 hours post infection 

(Fig. 3.33), this might be due to technical reasons and unlikely to a vesicle formation at this specific 

time point. The time course also showed that ω-N3-sphinganine accumulated stronger to the 

nucleus with longer incubation time. Due to the shape of the accumulated 488-DBCO-signal, 

sphinganine appeared to get stored in the endoplasmic reticulum.  

 

 
 

 

Figure 3.33 Accumulation and vesicle formation of ω-N3-sphinganine throughout the course of infection. 

After 2 hpi Chang cells fed with ω-N3-sphinganine formed clearly visible, distinct vesicles (indicated by the white arrow heads). 

This phenotype could not be observed for the endogenous sphinganine samples. The timepoint 6 hpi showed a stronger 

accumulation of the clickable analogue, due to the shape probably in the endoplasmic reticulum. During the time course of 

infection Neisseria were able to replicate upon ω-N3-sphinganine uptake (magenta: N927, green: click reaction, scale bar: 5 µm).

The microscopy images were taken by Dr. Tobias C. Kunz.  
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4 Discussion 
The importance of sphingolipids for different pathogenic bacteria in all stages of infection becomes 

clearer and clearer. In this study, a drastic reduction of intracellular N. gonorrhoeae was observed 

upon the inhibition of SphKs in epithelial cells. The host-cell derived sphingosine was identified 

as origin of this survival defect. Furthermore, intra- and extracellular sphingosine vesicles and their 

dynamic interplay with this pathogen were visualized. Additionally, this work tried to elucidate the 

roles of cellular sphingolipid classes and their different structural features. It appeared that different 

enzymes of the sphingolipid signaling pathway are more important to gonococci than others. This 

work focuses on SphKs, of which SphK2 might be more essential for the survival of invasive 

Neisseria in epithelial cells. It cannot be excluded that this specific enzyme might also play a role 

during neutrophil infection. 

 

 

4.1 Neutrophil viability upon neisserial infection and inhibition of 

sphingolipid enzymes 

PMNs are the first innate immune responders to phagocytose bacterial and fungal microorganisms 

(Borregaard, 2010; Kobayashi et al., 2018). All infections with gonococci result in a neutrophil 

influx independent of the anatomic site (Criss and Seifert, 2012). Gonorrhoeal exudates consist 

mainly of neutrophils, some of which have gonococci attached and internalized (Ovcinnikov and 

Delektorskij, 1971; Veale et al., 1979; Shafer and Rest, 1989; Cohen and Cannon, 1999). Viable 

gonococci can be cultured from the exudates, proofing the neisserial survival inside professional 

phagocytes (Hook and Holmes, 1985). It is suggested that this recruitment of neutrophils is used 

by Neisseria as a shuttle to secondary infection sites of their host (Criss and Seifert, 2012). 

Additionally, there is evidence of intracellular replication in neutrophils (Casey et al., 1979; Simons 

et al., 2005). To survive and replicate inside of PMNs, different mechanisms against the 

antimicrobial activities have been developed by this bacterium. One mechanism is to delay 

apoptosis in these short-living cells (Simons et al., 2006; Cho et al., 2020). Until now, it is not 

solved how gonococci exactly mediate this anti-apoptotic signalling. Since N. gonorrhoeae 

undergoes phase- and antigenic variation during infection, effects of virulence factors on the 

modulation of professional phagocytes were subjects of several studies (Lorenzen et al., 2000; 
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Johnson and Criss, 2011; Ball and Criss, 2013). Here, we compared four MS11 derivates (strains 

N924, N927, N931 and F3) expressing different combinations of porin, pili and opa (see Table 2.1) 

in their ability to delay apoptosis in freshly isolated human neutrophils (Fig. 3.1 A). All tested 

strains showed apoptotic delay and similar percentage of viable neutrophils at the measured 

timepoints of 24, 48 and 72 hpi which is surprising since a study by Simons et al. described a 

viability timeframe of the latest examined infection time  at 24 hours (Simons et al., 2006). Reasons 

for this discrepancy are variable, for example incubation in a multiwell-plate or on a tumbler, 

infection medium, used MOI and strain. This experimental set-up on a rotary should be seen as 

preliminary for distinct questions concerning the interplay of gonococci and neutrophils, since this 

cell type is very sensitive in handling. Furthermore, differences at later time points and in the 

number of surviving internalized gonococci cannot be excluded. In future, parallel to flow 

cytometry analysis neutrophils infected with Neisseria should be plated to monitor the survival.  

Because SMases are important components of neisserial invasion processes in non-professional 

phagocytes (Grassmé et al., 1997; Faulstich et al., 2015), we were wondering if this was also true 

for neutrophils. Different processes of neutrophil regulation are mediated by bioactive 

sphingolipids (Espaillat et al., 2017). During phagocytosis increased nSMase levels of the plasma 

membrane have been detected (Hinkovska-Galcheva et al., 1998). A role of aSMase activation in 

neutrophils has been observed during bacterial invasion (Managò et al., 2015), making both SMase 

isoforms interesting targets in gonococcal infection (Fig. 3.1 B and C). Since ceramide and S1P 

signalling plays a prominent role (Espaillat et al., 2017), together with the naturally high activity 

of SphKs in peripheral blood cells (Yang et al., 1999), the downstream salvage pathway was 

blocked as well. These inhibitory studies (Fig. 3.1 B and C) did not lead to clear and significant 

results but the treatment with the SphK2-inhibitor K145 could indicate for a pro-survival effect of 

SphK2 for Neisseria compared to the other inhibited enzymes aSMase, nSMase and SphK1. 

Because this effect is only observed in infected samples, the possibility of induced apoptosis by 

elevated sphingosine levels (Ohta et al., 1994) is most likely excluded. To make sure this is the 

case, mass spectrometry would need to be conducted. These infection experiments were performed 

only with the strain N927 in RPMI and is one limitation regarding the PorBIA-dependent phosphate-

sensitive invasion. To overcome this problem, this experiment should be repeated under low 

phosphate conditions by using Hepes medium and reducing the infection time. 
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4.2 Knock-down and redundancy of isozymes SphK1 and SphK2 

To avoid possible off-target effects of the used inhibitors, the gene-editing technique of 

CRISPR/Cas9 was chosen to knockout the isozymes SphK1 and 2. The efficiency of the 

CRISPR/Cas9 deletions for SphK1 and 2 were checked by Sanger sequencing of different clones. 

All tested clones possessed an out-of-frame deletion, which led to the assumption of misfolded, 

unfunctional kinases. Furthermore, visible changes of the morphology and in growth behaviour of 

the chosen clones compared to WT Chang cells did strengthen this conclusion. The quantification 

of mRNA levels in the generated Chang cells did show a significant reduction of the respective 

kinase, but bulk of mRNA was still detectable, meaning a clean knockout failed (Fig. 3.2 A). 

Nevertheless, an interesting observation of the qPCR results is the redundancy of the SphKs. Even 

though these two isozymes catalyse the phosphorylation of sphingosine to S1P (Liu et al., 2000), 

they have opposing functions on cell growth and apoptosis with SphK1 promoting proliferation 

and SphK2 being pro-apoptotic (Maceyka et al., 2005). These opposite functions can be explained 

by the localization of both SphKs, meaning the compartment of S1P production determines the 

functionality (Maceyka et al., 2005). While SphK1 is mainly found in the cytoplasm (Wattenberg, 

2010) or at the plasma membrane after activation (Pitson et al., 2003), SphK2 is predominantly 

found in the endoplasmic reticulum (Maceyka et al., 2005). Studies in knockout mice showed that 

a single SphK knockout did not cause abnormalities in these animals (Alemany et al., 2007; 

Zemann et al., 2007), whereas a double knockout for both SphKs is embryologically lethal 

(Mizugishi et al., 2005). Therefore, a shuttle of SphKs between subcellular compartments might 

be an explanation for this compensatory upregulation (Venkataraman et al., 2006; Hatoum et al., 

2017). Nevertheless, infection experiments with N927 under low phosphate conditions were 

conducted with the CRISPR/Cas9-generated cell lines ΔSphK1 and ΔSphK2 (Fig. 3.2 B). Due to 

the compensatory role of the SphKs to each other, it is hard to tell if the genome-editing or 

overexpression causes the observed effects on invasion and adherence. To further examine the 

interplay of SphKs and Neisseria, haploid HAP1 cells were selected as candidate to generate 

knockouts with the assumption of being easier to apply compared to other cell lines with multiple 

chromosomal alterations. Before starting with genome-editing, infection experiments were 

performed with these cells (data not shown) and compared to previous results with the common 

infection model of Chang cells, displaying major differences in the invasion process of gonococci. 

Therefore, it was decided that all further infection experiments were conducted with the specific 
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inhibitors against SphKs or with the modified sphingosine analogue (1-N3-sphingosine), which 

cannot be converted to S1P by SphK due to the position of the azido group (Fig. 3.13).  

 

 

4.3 Sphingosine and N. gonorrhoeae 

4.3.1 Intracellular survival defect of Neisseria and importance of SphKs 

The involvement of SMases during neisserial infection has been established for different invasion 

mechanisms and cell types (Grassmé et al., 1997; Hauck et al., 2000; Faulstich et al., 2015). Here, 

the focus was on the downstream signalling pathway of ceramide, i.e. the sphingolipid salvage 

pathway (Fig. 1.4 B). Especially the role of sphingosine in infection was investigated by inhibiting 

the metabolization of sphingosine to S1P through the activity of SphKs. The inhibition of either 

one (5C and K145) or both SphKs (SKI-II) affected the intracellular survival of Neisseria in 

different infection models (Fig. 3.7 and 3.8). Together with CFU quantifications of the laboratory 

strain N927 treated with a subtoxic concentration of sphingosine, which showed a decrease in CFU 

formation (Hagen, 2017; Solger et al., 2020), suggesting sphingosine itself to be the cause for the 

decreased survival. Another interesting result of the inhibitor studies (Fig. 3.7 and 3.8) was the 

dependency of the intracellular survival on one particular SphK even though catalysing the same 

reaction. Both used strains, N927 and the clinical isolate, showed less survival in cells pre-treated 

with SphK2-inhibitor K145. Since both SphK isozymes have different physiological functions and 

localization in subcellular compartments as already mentioned (Spiegel and Milstien, 2007), it 

provides the possibility that N. gonorrhoeae developed a survival strategy by facilitating the 

activity of SphK2 for protection against cellular sphingosine. Recruitment of sphingolipids and 

corresponding enzymes are a powerful tool applied by different bacteria for invasion or 

intracellular survival (Kunz and Kozjak-Pavlovic, 2019; Rolando and Buchrieser, 2019).  

For validation of sphingosine as cause for the survival defect, efficiency of the SphK inhibitors 

were checked by mass spectrometry (Fig. 3.9). This analysis was in line with the results of the 

inhibitor studies, that 5C did not alter intracellular sphingosine levels. Further mass spectrometric 

analysis provided changes of sphingolipids upstream of sphingosine (Fig. 3.10). The increase of 

C16 ceramide could be the result of upregulated ceramide synthase expressions to maintain the 

balance between sphingosine and ceramide. This balance is known as “sphingolipid rheostat” 
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(Cuvillier et al., 1996). If this regulatory process involves more classes of sphingolipids and 

ceramide species was not further determined. However, focusing on sphingosine, its toxicity was 

tested on different neisserial strains in vitro, including the laboratory strain N927 (Fig. 3.11) and 

clinical isolates from DGI (Fig. 3.12). The clinical isolates showed some heterogeneity in their 

susceptibility towards sphingosine but were more resistant compared to N927. An explanation for 

this observation could be that a certain resistance towards sphingosine is needed for invading the 

bloodstream and being challenged by neutrophils, which are able to take sphingosine up and 

metabolize it (Yang et al., 1999). Taken together, these results pinpoint to host-cell derived 

sphingosine as source for the observed survival defect. This hypothesis was strengthened by the 

differences in toxicity observed for the two sphingosine analogues 1-N3- and ω-N3-sphingosine 

(Fig. 3.22). Because 1-N3-sphingosine cannot be phosphorylated by SphKs (Fig. 3.13), it had a 

comparable bactericidal effect on the gonococcal survival as the combination of SphK-inhibitor 

and ω-N3-sphingosine (Fig. 3.22 D), confirming host cell derived sphingosine as source for this 

drastic effect. By using click chemistry of these novel sphingosine analogues a direct interaction 

between intra- and extracellular sphingosine and N. gonorrhoeae could have been visualized. 

 
 

4.3.2 Equal integration of sphingosine into neisserial membrane 

So far, sphingosine as source of the survival defect was identified but a direct connection between 

the pathogen and this sphingolipid was missing. Therefore, click chemistry was chosen to visualize 

and being able to track sphingosine in our neisserial infection model of Chang cells. The advantages 

of the chosen SPAAC reaction are the specificity, fast kinetics of labelling the target molecules and 

the broad range of applications, including SIM, ExM and live cell imaging. The analyses of the 

super-resolution microscopy images of both sphingosine analogues revealed an equal distribution 

of sphingosine in the neisserial membrane of different infection models (Fig. 3.18, 3.19 and 3.22). 

The next question was if sphingosine clusters into microdomains in the membrane (Bramkamp and 

Lopez, 2015). Therefore, a higher magnification was necessary which was achieved by applying 

4x ExM (Fig. 3.20) (Götz et al., 2020). To do so, one essential requirement for expanding lipids is 

a primary amine. This functional group provides polymer-linkage to glutaraldehyde (GA) of the 

gel matrix (Chozinski et al., 2016), without that linkage the sphingolipids would be washed out 

during the following procedure of expansion. Sphingosine carries naturally a primary amine and 
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the azido modification of ω-N3-sphingosine was introduced in a different position, making it a 

suitable candidate for ExM. The expansion of Neisseria verified the incorporation of ω-N3-

sphingosine into the bacterial membrane which displayed disruptions in the fluorescence of the 

immunolabeling and the clicking as well. This fragmentation could indicate the formation of 

microdomains, but it could also be based on the necessary step of digestion followed by hydrogel 

swelling during the sample preparation. To rule the second possibility out, the expansion of 

gonococci should be repeated with increase in sphingosine signal (for example clicking in parallel 

with the antibody immunolabeling) and in magnification factor of the expansion, since 10x ExM 

is already established (Truckenbrodt et al., 2018; Truckenbrodt et al., 2019; Götz et al., 2020). 

Additionally, it would be also interesting to see if the second derivate 1-N3-sphingosine shows the 

same phenotype in expanded samples.  

The live cell imaging revealed another fascinating aspect of the sphingosine uptake and 

incorporation, which occurs very fast (Fig. 3.21). The complete membrane staining was observed 

for both sphingosine analogues during the respective timeframe. For ω-N3-sphingosine complete 

membrane staining of diplococci happened within 15 minutes (Video 2). The timeframe between 

two images could have been reduced to 5 minutes for 1-N3-sphingosine (Video 1) which also 

appeared to be sufficient time for complete membrane staining increasing during the next minutes. 

This time frame should be minimized to investigate if the uptake and incorporation of sphingosine 

has a specific starting point in the gonococcal membrane. After this incorporation the loss of 

neisserial RFP-signal was observed, speaking for an efficient and fast killing of Neisseria.  

The different approaches clearly demonstrate that the incorporation of sphingosine into the 

neisserial membrane appears to interfere with the intracellular survival. The exact uptake and 

killing mechanism of sphingosine is unknown, but the postulated theory of “microlesions” (Fischer 

et al., 2012) and the specific incorporation of azido-modified sphingolipids in the outer membrane 

of N. meningitidis (Peters et al., 2021) are in line with the observation, that N. gonorrhoeae 

integrated efficiently sphingosine into their membrane had reduced antibody labelling (Fig. 3.22). 

These sphingosine “microlesions” could be induced by formation of channels (Siskind et al., 2005) 

or permeabilizing bilayers containing phospholipids (Jiménez-Rojo et al., 2014), as it was shown 

in Pseudomonas aeruginosa and Staphylococcus aureus through the binding to cardiolipin in the 

bacterial plasma membrane (Verhaegh et al., 2020). 
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4.3.3 Formation of sphingosine vesicles as innate immune response 

Although subtoxic concentration of sphingosine and its derivates were used for feeding, efficient 

killing of intracellular gonococci was observed as described in the previous sections. This 

observation can be explained by the formation of vesicles containing high concentrations of 

sphingosine (Fig. 3.23 A, Video 3). These vesicles appeared intracellularly (Fig. 3.23, Videos 3 

and 4) as well extracellularly for both clickable analogues (Fig. 3.24, Videos 5 and 6). Both types 

of sphingosine vesicles attach to N. gonorrhoeae and stunningly once caught gonococci are not 

able to escape (Video 4-6). Video 4 impressively demonstrates the intracellular retraction of an 

escaping gonococcus and its subsequent killing mediated by the incorporation of sphingosine 

(“catch-and-kill”). As seen in the long-term infection experiments (Videos 5 and 6), the single 

RFP-neisserial signals get lost and proportionally the number of extracellular sphingosine vesicles 

increase over time. In general, extracellular vesicles can be categorized in ectosomes and exosomes 

(Kalluri and LeBleu, 2020), varying in size between 100-500 nm and 50-150 nm respectively 

(Meldolesi, 2018). These vesicles function as cargo for proteins, lipids, nucleic acids and other 

bioactive substances (Zhang et al., 2019; Zhang et al., 2020). Ectosomal vesicles are generated by 

budding of the plasma membrane, whereas exosomes have an endosomal origin (Kalluri and 

LeBleu, 2020). Since intracellular sphingosine vesicles appeared to be positive for the early 

endosomal marker Rab5 (Fig. 3.25 B, discussed further in the next section), this could lead to the 

speculation of an endosomal origin of the observed extracellular sphingosine vesicles and 

consequently could be categorized as exosomes. But this hypothesis needs to be further validated 

to fully characterize the origin and the released sphingosine vesicle itself. 

Besides the observation of extracellular vesicles, the focus was more on the characterization of the 

intracellular sphingosine vesicles. Together with the indication of a direct vesicular transport to 

invasive Neisseria (Video 3), it was tried to classify the vesicles into the endosomal-lysosomal 

system which consists of the dynamically changing compartments of early endosomes, recycling 

endosomes, late endosomes and lysosome (Hu et al., 2015). The different endocytic compartments 

are characterized by the localization of Rab proteins (Pfeffer, 2013), which are not associated to 

lysosomes in contrast to LAMP1 proteins (Shearer and Petersen, 2019). The markers Rab5, Rab7 

and LAMP1 were chosen for the characterization into classes of early endosome (Gorvel et al., 

1991; Bucci et al., 1992), late endosome (Rink et al., 2005; Poteryaev et al., 2010) and lysosome 

(Eskelinen, 2006; Wartosch et al., 2015), respectively (Fig. 3.25, Videos 7-12). Other studies 
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investigating cellular sphingosine vesicles in this regard, defining these vesicles as late endosomes 

(Young et al., 2016; Lima et al., 2017). Rab7-positive vesicles were not detected in the presented 

results (Fig. 3.25 A), contrary a small percentage of ω-N3-sphingosine vesicles were Rab5-positive 

(Fig. 3.25 B) and consequently classified as early endosomes. Rab5-positive early endosomes and 

earlier endocytic intermediates have been reported to recruit SphK1 (Shen et al., 2014). Live cell 

imaging could not confirm this observation, since for none of the markers any dynamics with and 

without the clicked sphingosine vesicles could have been observed (Videos 7-12). Since these 

experiments could have been performed only once or twice, the observation for early endosomes 

needs to be further validated also by other approaches, for example immunolabelling of marker 

proteins, pH indicator dyes or nanoprobes specific for the grade of acidification in the endo-

/lysosomal compartments (Wang et al., 2017). The YFP-expressing cell lines had several 

drawbacks making it hard to detect colocalizations, either they overexpressed the tagged protein 

leading to LAMP1-accumulations inside the cell or YFP-expressing cells did not take up 

fluorescent dye (respective image Fig. 3.25 A). A lot of questions concerning this exciting topic of 

sphingosine vesicles remain open. The reported involvement of SphK1 in endocytic membrane 

trafficking (Shen et al., 2014; Young et al., 2016; Lima et al., 2017) could be connected to the 

decreased intracellular survival of N. gonorrhoeae and the role of SphK2 should be examined in 

this context. Furthermore, the fascinating mechanism of catching the pathogens needs to be 

investigated. This “catch-and-kill”-mechanism might be part of the innate immune response and 

could be a new therapeutic tool against intracellular pathogens.  

 

 

4.4 Effect of ceramide and sphinganine analogues on invasive 

gonococci 

Because the exact killing mechanism of sphingosine is not solved yet, clickable ceramide and 

sphinganine analogues were chosen to narrow structural features which mediate the uptake and 

incorporation into the neisserial membrane.  

The in vitro growth curves of N. gonorrhoeae confirmed the higher toxicity of short-chain 

ceramides compared to long-chain ones except for the 1-N3-C6 ceramide (Fig. 3.26 and 3.28). 

These results match with a previous study using partially the same ceramide derivates on the 
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pathogenic Neisseria species (Becam et al., 2017). The combination of click chemistry and SIM 

could not detect any incorporation of ceramides into neisserial membranes nor the formation of 

ceramide-rich platforms as described previous for bacteria and eukaryotic cells (Fig. 3.27 and 3.29) 

(Becam et al., 2017; Burgert et al., 2017). Nevertheless, 18-N3-C6 ceramide vesicles occurred to 

have enclosed Neisseria particles to later infection time points (Fig. 3.30). Because of the distinct 

anti-Neisseria signal which colocalizes with ceramide vesicles and conventional immunolabeling 

in the same image, unspecific binding or other technical issues are most unlikely. Contrary to short-

chain ceramides, both sphinganine analogues did not alter growth properties (Fig. 3.31) but only 

ω-N3-sphinganine was incorporated into the neisserial membrane comparable to sphingosine 

probes (Fig. 3.32). For this specific derivate the formation of vesicles was observed, giving the 

possibility to speculate for a similar mechanism as for sphingosine. Unfortunately, the gentamicin 

protection assay demonstrated the opposite on invasive gonococci with a survival defect induced 

by 1-N3-sphinganine (Fig. 3.31 D). Thus, making it hard to interpret and compare the results of the 

in vitro assays and the infection models. As proven for sphingosine analogues, the cellular 

sphingolipid metabolism can convert clickable analogues if the functional groups are not 

exchanged to an azide. Therefore, for example different cofactors and the actin cytoskeleton of the 

host cell do probably play an important role in the outcome. As seen for sphingosine, sphingolipids 

are involved in highly dynamic cellular processes, for example ceramide is required for exosome 

formation (Trajkovic et al., 2008). Therefore, it is not enough to observe the status quo in infections, 

the complex interplay of cellular vesicles containing sphingolipids with the pathogen must be 

examined under living conditions. However, mass spectrometry analyses might gain even more 

insights into the composition of sphingolipid-derived vesicles and associated enzymes.  

The presented results demonstrate the diversity of sphingolipids and their derivates in relation to 

invasive N. gonorrhoeae. Furthermore, the action of associated enzymes should not be 

underestimated as seen for SphKs in neisserial infections. By visualizing four different 

sphingolipid species and their clickable analogues – sphinganine, C6 ceramide, C16 ceramide and 

sphingosine – structural features were identified to be important for neisserial uptake. These 

determining features are the size of the molecule, the double bond of the sphingoid backbone and 

the C1 hydroxyl group at the polar headgroup (Fig. 1.4 A).  
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4.5 Summary and perspective 

Until now a direct link between the toxicity of sphingosine and intracellular pathogens was missing. 

This study was able to visualize the dynamics of cellular sphingosine vesicles and their ability to 

efficiently “catch-and-kill” invasive Neisseria resulting in decreased intracellular survival of this 

bacterium. This survival defect and uptake of sphingosine was validated for laboratory and clinical 

isolated strains of N. gonorrhoeae in different infection models, suggesting a universal eukaryotic 

defence mechanism. Additionally, extracellular vesicles were observed which displayed the same 

feature of tight attachment to gonococci. The observations made with the other investigated classes 

of sphingolipids tempt to speculate for similar mechanisms. All presented click chemistry 

experiments are not performed under physiological conditions due to the external feeding of the 

specific analogue. But this study provides a short overview of possible click chemistry applications 

and their advantages, describing it as a useful tool to explore the interaction dynamics of 

sphingolipids and the human pathogen N. gonorrhoeae. 

Taken together, the presented data suggest that sphingolipids and especially sphingosine are 

important components of the host cell defence against bacteria. With regard to the emerging XDR 

and MDR gonococcal strains, synthesised sphingolipid analogues and the observed vesicles could 

be functionalized as a new therapeutic agent and versatile tool against bacterial infections as they 

are already as cancer treatments (Li et al., 2018; Shaw et al., 2018).  
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6 Appendix 

6.1 Abbreviations  

7AAD  7-aminoactinomycin D 

α   alpha   

µ   micro (10-6)  

ω  omega 

A  ampere 

AF  Alexa fluor 

AMR  antimicrobial resistance 

APC  Allophycocyanin 

APS  ammonium persulfate 

aSM  acid sphingomyelinase 

ATP  adenosine triphosphate 

BSA  bovine serum albumin 

C.  Chlamydia 

CaCl2  calcium chloride 

Cas  CRISPR-associated 

cDNA  complementary DNA 

CEACAM carcinoembryonic antigen cell adhesion molecule 

Cer  ceramide 

CERT  ceramide transfer protein  

CFU  colony forming unit 

CID  collision-induced dissociation 

cm2  square centimetre 

CO2  carbon dioxide 

CoA  coenzyme A 

CRISPR  clustered regularly interspaced short palindromic repeats 

Cu  copper 

CuAAC  copper(I)-catalyzed azide-alkyne cycloaddition 

Cy  cyanin 

°C  degree Celsius 

d3  deuterated 

DAPI  4',6-diamidino-2-phenylindole 

DBCO  diarylcyclooctyne 

ddH2O  double distilled water 

DGI  disseminated gonococcal infection 

dH2O  distilled water 

DIBO  dibenzocyclooctyne 

DMEM  Dulbecco's Modified Eagle's Medium 
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DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

DNase  deoxyribonuclease 

dNTP  deoxyribonucleoside-triphosphate 

DPBS  Dulbecco’s phosphate buffered saline 

DTT  dithiothreitol 

ECL  enhanced chemiluminescence 

E. coli  Escherichia coli 

EDTA  ethylenediaminetetraacetate 

e.g.  exempli gratia (for example) 

ESI+  positive electrospray ionization 

et al.  et alii (and others) 

EtOH  ethanol 

eV  electron Volt 

ExM  expansion microscopy 

f   femto (10-15) 

FACS  fluorescence-activated cell sorting 

FCS  fetal calf serum 

FIASMA functional inhibitors of acid sphingomyelinase 

FITC  fluorescein isothiocyanate 

for  forward 

FSC  forward scatter 

Fwd  forward  

g   gram; g-force   

GA  glutaraldehyde 

GAPDH  glyceraldehyde 3-phosphate dehydrogenase 

GFP  green fluorescent protein 

gRNA  guideRNA 

h   hour 

HBSS  Hank's Balanced Salt Solution 

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

HPLC  high performance liquid chromatography 

HRP  horseradish peroxidase 

i.e.  id est (that is) 

IEDDA  inverse electron demand Diels–Alder 

IF  immunofluorescence 

kb  kilobase   

l   litre 

LAMP  lysosomal-associated membrane protein  

LB  Luria Bertani 
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LC-HRMS liquid chromatography high-resolution mass spectrometry 

LOS  lipooligosaccharides 

m  milli (10-3), metre 

M  Molar 

MDR  multi drug resistant 

MeOH  methanol   

MgCl2  magnesium chloride 

mm2  square millimetres 

MOI  multiplicity of infection 

mRNA  messenger RNA 

mtr  multiple transferable resistance 

m/z  mass-to-charge ratio 

N3  azide 

n   nano (10-9) 

N.  Neisseria 

NA  numerical aperture 

NAD  nicotinamide adenine dinucleotide 

NHS  N-hydroxysuccinimide 

nSM  neutral sphingomyelinase 

OD  optical density 

Opa  opacity 

p   pico (10-12) 

P   probability value 

PBS  phosphate buffered saline 

PCR  polymerase chain reaction 

PDL  Poly-D-Lysine 

PEG  polyethylene glycol 

PFA  paraformaldehyde 

pH  pH value 

pi  post infection 

PI  propidium iodide 

PI3K  phosphoinositide 3-kinase 

PID  pelvic inflammatory disease 

PKD1  protein kinase D1 

PLCγ1  phospholipase Cγ1 

PMN  polymorphonuclear leukocyte 

Por  porin 

PorBIA  PorB of serotype A 

PorBIB  PorB of serotype B 

ppm  parts per million  
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PPM  Proteose Peptone medium 

PPM+  Proteose Peptone medium supplemented with vitamine mix 

PVA  poly(vinyl alcohol) 

QTOF MS quadrupole-time-of-flight mass spectrometer 

Rab  Ras-associated binding 

RBC  red blood cell 

rev  reverse  

RFP  red fluorescent protein 

RNA  ribonucleic acid 

RNase  ribonuclease 

rpm  rounds per minute 

RPMI  Roswell Park Memorial Institute 

RT  reverse transcription 

SD  standard deviation 

SEM  standard error of mean 

sgRNA  single guide RNA 

SIM  structured illumination microscope 

SiR  silicon-rhodamine 

SMS  sphingomyelin synthase 

SPAAC  strain-promoted azide-alkyne click chemistry reaction 

Sph  sphingosine 

SphK  sphingosine kinase 

Spg  sphinganine 

spp.  species pluralis (multiple species) 

SPT  serine palmitoyltransferase 

SREC  scavenger receptor expressed on endothelial cells 

SRM  selected reaction monitoring 

SSC  side scatter 

STI  sexually transmitted infection  sexually  

TAE  tris-acetate-EDTA 

TBS  Tris-buffered saline 

TEMED  tetramethylethylenediamine 

Tm  melting temperature 

Tris  tris(hydroxymethyl)aminomethane   

U  unit  

UV  ultraviolet 

V  volt; volume 

VAP-A  vesicle-associated membrane protein-associated protein A 

vs.  versus 

v/v  volume per volume 
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WT  wildtype 

w/v  weight per volume  

XDR  extremely drug resistant 

YFP  yellow fluorescent protein 
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6.2 Electronical supplement 

Videos are available in the electronical supplement attached to this thesis. The respective video 

captions are enlisted below. 

 

Video 1: Rapid uptake of intracellular ω-N3-sphingosine  

Chang cells were fed with ω-N3-sphingosine, clicked with DIBO-488 and infected with RFP-N927. 

Time-lapse imaging demonstrates the rapid uptake of ω-N3-sphingosine into the neisserial 

membrane (magenta: RFP-N927, green: ω-N3-sphingosine, scale bar: 2 µm). 

 

Video 2: Rapid uptake of intracellular 1-N3-sphingosine  

Chang cells were fed with 1-N3-sphingosine, clicked with DIBO-488 and infected with RFP-N927. 

Time-lapse imaging demonstrates the uptake of 1-N3-sphingosine into the neisserial membrane 

(magenta: RFP-N927, green: 1-N3-sphingosine, scale bar: 5 µm). 

 

Video 3: Formation of ω-N3-sphingosine vesicles intracellularly 

Chang cells were fed with ω-N3-sphingosine, clicked with DIBO-488 and infected with RFP-N927. 

Time-lapse imaging shows the formation of a sphingosine vesicle (white arrowhead) over time 

(magenta: RFP-N927, green: ω-N3-sphingosine, scale bar: 2 µm).  

 

Video 4: Intracellular ω-N3-sphingosine vesicle catches escaping Neisseria 

Chang cells were fed with ω-N3-sphingosine, clicked with DIBO-488 and infected with RFP-N927. 

Time-lapse imaging shows ω-N3-sphingosine vesicle which is attached to gonococci and the 

formation of a “tentacle” to pull back escaping bacterium (magenta: RFP-N927, green: ω-N3-

sphingosine, scale bar: 2 µm).  

 

Video 5: Long-term infection of Chang cells fed with 1-N3-sphingosine 

Time-lapse imaging of long-time infection with RFP-N927 of Chang cells fed with 1-N3-

sphingosine. Click reaction was performed with DIBO-488 before infection. The formation of 

extracellular vesicles was observed, which attach to Neisseria resulting in the loss of RFP-

expression and the accumulation of sphingosine (magenta: RFP-N927, green: sphingosine, scale 

bar: 10 µm). 

 

Video 6: Long-term infection of Chang cells fed with ω-N3-sphingosine 

Time-lapse imaging of long-time infection with RFP-N927 of Chang cells fed with ω-N3-

sphingosine. Click reaction was performed with DIBO-488 before infection. The formation of 

extracellular vesicles was observed, which attach to Neisseria resulting in the loss of RFP-

expression and the accumulation of sphingosine (magenta: RFP-N927, green: sphingosine, scale 

bar: 10 µm). 
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Video 7: YFP-LAMP1 Chang cells fed with 1-N3-sphingosine and infected with N927 

Time-lapse imaging of Chang cells expressing YFP-tagged LAMP1, which were fed with 5 µM 1-

N3-sphingosine and clicked with DIBO-594 before infection with stained N927. Intracellular 

accumulations of LAMP1 were detected but no changes in their localizations. Formation of the 

already described sphingosine vesicles were observed with their attachment to Neisseria (blue: 

LAMP1, magenta: N927, green: 1-N3-sphingosine, scale bar: 10 µm).  

 

Video 8: YFP-Rab5 Chang cells fed with 1-N3-sphingosine and infected with N927 

Time-lapse imaging of Chang cells expressing YFP-tagged Rab5, which were fed with 5 µM 1-N3-

sphingosine and clicked with DIBO-594 before infection with stained N927. Here, most of the cells 

either expressed YFP-tagged Rab5 proteins or took up the sphingosine analogue. Formation of the 

already described sphingosine vesicles were observed with their attachment to Neisseria (blue: 

Rab5, magenta: N927, green: 1-N3-sphingosine, scale bar: 10 µm). 

 

Video 9: YFP-Rab7 Chang cells fed with 1-N3-sphingosine and infected with N927 

Time-lapse imaging of Chang cells expressing YFP-tagged Rab7, which were fed with 5 µM 1-N3-

sphingosine and clicked with DIBO-594 before infection with stained N927. Rab7 was expressed 

only at low detection levels. Another issue was the instability of the used microscope during live 

cell imaging. Formation of the already described sphingosine vesicles were observed with their 

attachment to Neisseria (blue: Rab7, magenta: N927, green: 1-N3-sphingosine, scale bar: 10 µm). 

 

Video 10: YFP-LAMP1 Chang cells fed with ω -N3-sphingosine and infected with N927 

Time-lapse imaging of Chang cells expressing YFP-tagged LAMP1, which were fed with 5 µM ω-

N3-sphingosine and clicked with DIBO-594 before infection with stained N927. Intracellular 

accumulations of LAMP1 were detected but no changes in their localizations. Formation of the 

already described sphingosine vesicles were observed with their attachment to Neisseria (blue: 

LAMP1, magenta: N927, green: ω-N3-sphingosine, scale bar: 10 µm). 

 
Video 11: YFP-Rab5 Chang cells fed with ω-N3-sphingosine and infected with N927 

Time-lapse imaging of Chang cells expressing YFP-tagged Rab5, which were fed with 5 µM ω-

N3-sphingosine and clicked with DIBO-594 before infection with stained N927. Here, most of the 

cells either expressed YFP-tagged Rab5 proteins or took up the sphingosine analogue. Formation 

of the already described sphingosine vesicles were observed with their attachment to Neisseria 

(blue: Rab5, magenta: N927, green: ω-N3-sphingosine, scale bar: 10 µm). 
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Video 12: YFP-Rab7 Chang cells fed with ω-N3-sphingosine and infected with N927 

Time-lapse imaging of Chang cells expressing YFP-tagged Rab7, which were fed with 5 µM ω-

N3-sphingosine and clicked with DIBO-594 before infection with stained N927. Distinct 

intracellular Rab7 signals were detected, which did not change over time. Formation of the already 

described sphingosine vesicles were observed with their attachment to Neisseria. For none of the 

vesicles a clear Rab7 signal could have been observed (blue: Rab7, magenta: N927, green: ω-N3-

sphingosine, scale bar: 10 µm). 
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