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Zusammenfassung 

Viele Antibiotika gegen Gram-positive Bakterien zeigen keine Aktivität gegen Gram-negative Spezies, 

da die Aufnahme durch eine weitere, äußere Membran verhindert wird. Sofern sich die Zielstruktur des 

Antibiotikums innerhalb des Zytoplasmas befindet, so muss das Antibiotikum sowohl die äußere 

Membran als auch die Zytoplasmamembran überwinden. Zur Diffusion über die äußere Membran durch 

Porine müssen Moleküle klein, hydrophil und geladen sein, wohingegen für passive Diffusion über die 

Zytoplasmamembran Moleküle hydrophob und ungeladen sein sollten. Negamycin ist ein Antibiotikum, 

welches in vorherigen Publikationen gute Aktivität gegen Gram-negative und Gram-positive Spezies 

zeigte. Diese Eigenschaft macht es zu einem interessanten Molekül für Aufnahmeversuche, da es sowohl 

die äußere als auch innere Membran passieren muss, um seine Zielstruktur am Ribosom zu erreichen. 

Negamycin bindet sowohl an die kleine ribosomale Untereinheit als auch an die benachbarte tRNA, 

wodurch die Translokation behindert und die Bindung zu unspezifischen tRNAs stabilisiert wird, was 

zu Miscoding führt. In Derivatisierungs-Studien zeigten die meisten Negamycin-Analoga keine 

verbesserte Aktivität gegen Bakterien, obwohl manche Analoga eine stärkere Interaktion mit der 

Zielstruktur aufwiesen, was auf eine verringerte Aufnahme in Bakterien hindeutet. Wir waren daher am 

Aufnahmemechanismus von Negamycin interessiert und haben hierfür Escherichia coli als 

Modellorganismus verwendet. 

Die erste Barriere für Antibiotika ist die äußere Membran. Da Negamycin klein, hydrophil und bei 

neutralem pH positiv geladen ist, hat es ideale Moleküleigenschaften zur Diffusion durch Porine, die als 

wassergefüllte Kanäle die ganze äußere Membran durchspannen. Im Rahmen dieser Arbeit konnte zum 

ersten Mal gezeigt werden, dass ein Aminoglykosid-Antibiotikum die E. coli Porine OmpF und OmpC 

verwendet, da die Translokation von Kanamycin durch diese Porine nachgewiesen wurde. Im Fall von 

Negamycin konnte nur eine sehr schwache Abnahme der Bioaktivität festgestellt werden, wenn die 

beiden Poringene ompF und parallel ompC in E. coli deletiert wurden. Ein alternativer Aufnahmeweg 

über die äußere Membran, wie der sogenannte Self-Promoted Uptake-Mechanismus, konnte für 

Negamycin nicht beobachtet werden. Deletionen anderer Poringene, die bislang nicht im 

Zusammenhang mit Antibiotika-Aufnahme standen, zeigten einen Effekt auf die 

Negamycinempfindlichkeit, und zwar bei den Porinen OmpN, ChiP, LamB, OmpG, OmpW und OmpA. 

In vitro konnte in elektrophysiologischen Experimenten die Diffusion von Negamycin durch die 

gereinigten Porine OmpN, ChiP, OmpF und OmpC gezeigt werden. Im direkten Vergleich konnten 

Ertapenem, Cefotaxim und Kanamycin OmpN nicht passieren. Die selektive Barriere von OmpN wurde 

weiter untersucht. Hierzu wurde die Kristallstruktur von OmpN aufgelöst. OmpN zeigte zwar in der 

Constriction Region, der engsten Stelle eines Porins, einen ähnlichen Durchmesser wie OmpF und 

OmpC, aber die Anordnung der Aminosäuren innerhalb von OmpN sorgt für eine elektrostatische 

Barriere. Diese elektrostatische Barriere verhinderte die Passage von Kanamycin, ermöglichte aber den 

Durchtritt von Negamycin durch OmpN, was anhand von Simulationen berechnet und gezeigt werden 
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konnte. Das Transkriptom von E. coli BW25113 wurde untersucht und die Expression von ompN und 

chiP war zwar sehr gering, aber E. coli BW25113 erhöhte die Expression dieser Poringene, wenn es mit 

Negamycin behandelt wurde. Diese erhöhte Expression reichte jedoch nicht aus, um die zugehörigen 

Porinproteine im Western Blot nachzuweisen. 

An der inneren Membran konnten mehrere Aufnahmewege und der Einfluss der Zusammensetzung von 

Nährmedien auf die Aktivität von Negamycin demonstriert werden. In einem Peptid-freien Medium 

nutzt Negamycin bevorzugt den ATP-abhängigen Dipeptid-Transporter Dpp. Eine verringerte 

zytoplasmatische Akkumulation von Negamycin konnte durch Messung von [³H]negamycin in dppA-

defizienten Mutanten gezeigt werden. Weiterhin wurde beobachtet, dass Mutanten, die auf Peptid-

freiem Agar selektiert wurden, dem Negamycin zugesetzt worden war, Veränderungen im dpp Operon 

zeigten. Außerdem konnte der Einfluss von weiteren ATP-abhängigen Transportern sowie Protonen-

abhängigen Oligopeptid-Transportern auf die Negamycinaufnahme nachgewiesen werden. Der Effekt 

von Salzen auf Negamycin wurde untersucht, und es wurde beobachtet, dass die Zugabe von CaCl2 die 

Aktivität von Negamycin erhöht. Andere Salze, wie MgCl2, NaCl, KCl und NH4Cl, erhöhten die 

Negamycinaktivität jedoch nicht. Bei hohen Konzentrationen von NaCl, KCl oder NH4Cl wurde sogar 

eine Verringerung der Negamycinaktivität festgestellt. Ein basischer pH erhöhte die 

Negamycinaktivität, und ein additiver Effekt wurde beobachtet, wenn CaCl2 zu einem Peptid-reichen 

Medium mit pH 8,5 gegeben wurde. Akustische Oberflächenwellen-Messungen zeigten, dass CaCl2 die 

Bindung von Negamycin an Phospholipide erhöhte. Negamycin und Ca2+ bilden einen Komplex, was 

durch eine Verringerung des Retentionsfaktors von Negamycin bei der Dünnschichtchromatographie 

und bei Affinitätsversuchen mit der Isothermen Titrationskalorimetrie gezeigt wurde. Die Aktivität von 

Negamycin war auch beeinträchtigt, wenn Gene der Atmungskette deletiert wurden oder unter 

anaeroben Wachstumsbedingungen, jedoch nur in Peptid-reichen Nährmedien, da hier der Dpp-

abhängige Aufnahmeweg nicht zur Verfügung stand. Diese Ergebnisse deuten darauf hin, dass die 

Aktivität von Negamycin durch das Membranpotential der Zytoplasmamembran beeinflusst wird, was 

mit den Beobachtungen bei den pH-Experimenten im Einklang steht. Diese Abundanz der 

verschiedenen Aufnahmewege führte zu sehr geringen Resistenzraten, wenn E. coli mit einer 

Negamycinkonzentration behandelt wurde, die der vierfachen minimalen Hemmkonzentration 

entsprach. 
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Schließlich wurde noch ein Protokoll für die Biosynthese und Batch-Aufreinigung von Negamycin 

etabliert. Aus dem Überstand einer Streptomyces purpeofuscus-Kultur wurde in zwei Schritten mit Hilfe 

von Kationaustauschchromatographien Negamycin aufgereinigt. Das aufgereinigte Negamycin war 

weniger verunreinigt als kommerziell erworbenes Negamycin aus der chemischen Totalsynthese, wie 

Ergebnisse der Dünnschichtchromatographie und Hochleistungsflüssigkeitschromatograhie zeigten. 

Eine Reinheit von über 95% konnte für das biosynthetisch gewonnene Negamycin durch 

Kernspinresonanzspektroskopie nachgewiesen werden. 

Diese Arbeit bietet neue Erkenntnisse zu den Aufnahmemöglichkeiten von Negamycin in E. coli. Neue 

Aufnahmewege konnten identifiziert werden, sowohl an der äußeren als auch inneren Membran. Diese 

Ergebnisse verbessern unser Verständnis der Aufnahme von pseudo-peptidischen Naturstoffen in 

Bakterien und können bei der weiteren Entwicklung von Negamycinderivaten helfen. 
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Summary 

Many antibiotics against Gram-positive bacteria show no activity against Gram-negative species, as 

uptake is hindered by the additional outer membrane. If the antibiotic’s target is within the cytoplasm, 

the antibiotic has to overcome both the outer and cytoplasmic membranes. For diffusion across these 

two membranes, ideal molecule attributes are strongly opposing. For outer membrane diffusion through 

porins, molecules should be small, hydrophilic and charged, whereas for passive diffusion across the 

cytoplasmic membrane, molecules should be hydrophobic and uncharged. Negamycin is a natural 

product antibiotic, which showed better activity against Gram-negative than Gram-positive species, 

which makes it an interesting molecule for uptake studies, as it has to overcome both outer and inner 

membranes to reach its target binding site at the ribosome. Negamycin binds both the small ribosomal 

subunit as well as the nearby tRNA, inhibiting translocation and stabilizing unspecific tRNAs, which 

leads to a miscoding activity. In derivatization studies, most negamycin analogues did not show 

improved whole cell activity, although some showed stronger target interactions, indicating that uptake 

was reduced upon modification. We were therefore interested in studying the uptake pathways of 

negamycin and used Escherichia coli as a model organism. 

The first barrier for antibiotics is the outer membrane. As negamycin is small, hydrophilic and positively 

charged at neutral pH, it has the ideal molecular properties to diffuse through porins, which are water-

filled channels spanning the whole outer membrane. In this thesis, it could be shown for the first time 

that an aminoglycoside antibiotic uses the major E. coli porins OmpF and OmpC, as kanamycin 

translocation through these porins was demonstrated. For negamycin, only a small decrease in 

bioactivity was detected when both porin genes ompF and ompC were deleted. Alternative pathways 

across the outer membrane, like the self-promoted uptake mechanism, could not be observed for 

negamycin. The deletion of the genes of other porins, which so far have not been associated with 

antibiotic translocation, had an effect on negamycin susceptibility, namely of OmpN, ChiP, LamB, 

OmpG, OmpW and OmpA. In vitro, electrophysiological experiments showed translocation of 

negamycin through the purified proteins OmpN, ChiP, OmpF and OmpC. When measured in parallel, 

ertapenem, cefotaxime and kanamycin were not able to pass through OmpN. The selective barrier of 

OmpN was investigated further. To this end, the crystal structure of OmpN was resolved. The 

constriction region of OmpN, which is the narrowest region of a porin, showed a similar size as OmpF 

and OmpC. However, amino acid residues ranging inside the barrel structure of the OmpN protein create 

an electrostatic barrier, which hinders the passage of, e.g., kanamycin, but not of negamycin, as 

molecular dynamics simulations could show. Investigations of the E. coli BW25113 transcriptome 

revealed that the expression of the ompN and chiP genes was low, but increased when E. coli was treated 

with negamycin. These increased transcript levels, however, did not raise the protein amounts to an 

extent, where the proteins could be detected by Western blot analysis. 
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At the inner membrane, multiple uptake pathways and environmental conditions affecting negamycin 

activity could be identified. In a peptide-free medium, negamycin preferably uses the ATP-dependent 

dipeptide transporter Dpp. A decrease in negamycin accumulation was shown by [³H]negamycin 

measurements in a dppA-deficient mutant. Additionally, all mutants selected on peptide-free agar 

containing negamycin showed alterations in the dpp operon. Further ATP-dependent peptide 

transporters and proton-dependent oligopeptide transporters are involved in negamycin uptake as well. 

The effect of salts on negamycin was investigated and it could be observed that CaCl2 increases 

negamycin activity. Other salts, like MgCl2, NaCl, KCl or NH4Cl, did not increase negamycin activity, 

but NaCl, KCl or NH4Cl actually decreased susceptibility at high salt concentrations. A shift to alkaline 

pH increased negamycin activity and an additive effect could be observed, when CaCl2 was added to a 

peptide-rich medium at pH 8.5. CaCl2 increases binding of negamycin to phospholipids, which was 

shown by surface acoustic wave measurements. Negamycin forms a complex with Ca2+, which was 

demonstrated by a reduction of the retardation factor during thin layer chromatography in the presence 

of CaCl2 and by binding studies using isothermal titration calorimetry. Negamycin activity was also 

affected by the deletion of genes involved in the respiratory chain and in an anaerobic growth 

environment, but only in a growth medium with peptides, as here the Dpp-mediated uptake pathway is 

not available. These results indicate that negamycin activity could be affected by the membrane potential 

across the cytoplasmic membrane, which may also explain the observations in the pH experiments. This 

abundance of multiple uptake pathways resulted in very low resistance rates, when E. coli cells were 

treated with negamycin concentrations equivalent to four times the minimal inhibitory concentration. 

Finally, a protocol for negamycin fermentation and batch purification could be established. From the 

supernatant of a Streptomyces purpeofuscus culture, negamycin was purified in two steps using cation 

exchange chromatography. The purified negamycin was less impure than material generated by total 

synthesis, as judged by thin layer chromatography and high-performance liquid chromatography. For 

the biosynthetic negamycin, a purity of >95% could be confirmed by nuclear magnetic resonance 

spectroscopy. 

The work summarized in this thesis provides new insights into the uptake of pseudopeptidic natural 

products into Gram-negative bacteria and on the opportunities of negamycin for entering E. coli. New 

uptake routes could be identified, both at the outer as well as the inner membranes, which so far have 

not been associated with negamycin accumulation. These findings improve our understanding of uptake 

of peptide-like natural products into bacteria and can support the further development of negamycin 

derivatives.  
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1. Introduction 

1.1. Antibiotics 

Antibiotics are molecules which inhibit growth of or kill microorganisms (Schofield 2015) and were 

famously first described by Alexander Fleming (Lalchhandama 2020). Health standards increased 

rapidly after his discovery and isolation of penicillin (Adedeji 2016). But mass application and bad 

handling of antibiotics, both in human as well as in veterinary medicine, led to the development of 

antibiotic resistant microorganisms (Davies et al. 2013). According to a report by the World Health 

Organization, the rise of resistant strains leads to 700.000 deaths per year and a predicted rise to 10 

million deaths per year by 2050 (O’Neill 2014). Some pathogens are already difficult to treat, since 

strains of, e.g., pathogenic Enterobacteriaceae or Pseudomonas acquired resistance against nearly all 

clinically used antibiotics (Livermore 2004). P. aeruginosa infections occur frequently in a clinical 

environment or when immune systems are weakened, and multidrug-resistant P. aeruginosa strains are 

marked as a serious threat by the Centers for Disease Control and Prevention (CDC 2019). Especially 

Gram-negative bacteria are difficult to treat, as active efflux and the two membranes form a strong 

barrier against antibiotic permeation (Nikaido 2003). 

Discoveries of new antimicrobial substances are rare. After the ‘golden age’ of antibiotic discovery 

between 1940 and 1970, a long gap of 40 years had to be endured before a new antibiotic class against 

Gram-negative bacteria was approved (Brötz-Oesterhelt and Sass 2010). The most recently discovered 

antibiotic class against Gram-negative bacteria are the quinolones, which were first used in clinical 

treatment in 1967 (Emmerson and Jones 2003). Despite the imminent threat, most big pharmaceutical 

companies ended their research on new antimicrobial agents and currently no members of new 

compound classes with an unique mode of action are being tested in clinical trials (Theuretzbacher et 

al. 2020). 

Most clinically important antibiotics were found in antibiotic producing microorganisms (Berdy 2005; 

Katz and Baltz 2016). Companies focused on high-throughput screenings to test hundreds of thousands 

of molecules against established and new target structures of antibiotics, but most searches failed, as 

this strategy mostly led to findings of unsuitable or already known agents (Brötz-Oesterhelt and Sass 

2010). Especially for agents derived from total synthesis, passage of the bacterial cell envelope turned 

out to be a major hurdle. New sources for antibiotics are needed, and as over 99% of all bacteria living 

in soil or water currently cannot be cultivated in a laboratory setup, new approached are being tested. 

New cultivation methods are being developed (Lefevre et al. 2008) and more efficient genomic 

sequencing and analysis techniques are applied for genome mining (Scheffler et al. 2013; Ziemert et al. 

2016). These approaches could have the potential to open doors to completely new biosynthetic 
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products. Additionally, researchers use previously discovered, but under-explored natural products as a 

basis for new, improved antimicrobial agents.  

1.2. Negamycin 

Negamycin was first isolated from a Streptomyces purpeofuscus culture in 1970 (Hamada et al. 1970). 

The antibiotic showed promising features, as it exhibited activity against a variety of strains, including 

clinically relevant Pseudomonas aeruginosa strains. Negamycin actually showed stronger inhibition of 

Gram-negative than Gram-positive strains, which led to its name-giving. The first results with mice and 

rabbits showed low toxicity upon injection (Hamada et al. 1970). Its low toxicity was confirmed in a 

more recent study with rats and dogs, and potential reactive metabolites, which had previously been 

discussed as a caveat, were found in the urine only at very low levels (Guo et al. 2015). 

 

Figure 1. Structure of negamycin. 

Negamycin is a small (248.28 g/mol), hydrophilic (logD7.4 < -1), dipeptide-like (Figure 1) molecule 

(Uehara et al. 1972; Guo et al. 2015). First results indicated that negamycin interfered with protein 

biosynthesis, but the exact mode of action remained unclear. Various inhibitory mechanisms of 

negamycin in protein biosynthesis were discussed, including the possibility to inhibit initiation (Mizuno 

et al. 1970a), a miscoding activity (Mizuno et al. 1970b; Uehara et al. 1972) or inhibiting the termination 

of protein biosynthesis (Uehara et al. 1974). The inhibition of the termination of protein biosynthesis 

was shown in a follow-up study (Uehara et al. 1976b). Crystal structures revealed that negamycin 

simultaneously interacts with the 16S rRNA and the anticodon site of the tRNA (Polikanov et al. 2014). 

This leads to the stabilization of nearby, unspecific tRNAs, resulting in a miscoding activity by 

incorporating the wrong amino acids in the peptide chain (Olivier et al. 2014; Polikanov et al. 2014). 

Although the binding site of tetracycline at the 16S rRNA overlaps with the binding site of negamycin, 

tetracycline shows a different mode of action, as it prevents binding of the tRNA and inhibits 

translocation this way (Chopra 1985). In direct competition for binding at the 16S rRNA, negamycin 

displaces tetracycline (Olivier et al. 2014). Mutations of the 16S rRNA could thereby lead to resistance 

to both antibiotics, but do not necessarily have to affect both antibiotics at the same time. In an E. coli 

strain carrying only one allele for 16 rRNA, the amino acid change U1060A increased resistance against 

both negamycin and tetracycline, whereas U1052G only enhanced resistance against negamycin and at 

the same time increased susceptibility against tetracycline strongly (Cocozaki et al. 2016). Nevertheless, 

cross-resistance in clinical pathogens seems unlikely, as bacteria possess multiple copies of rRNA genes 

(Klappenbach Joel et al. 2000). 
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Although negamycin had activity against various Gram-negative strains (Hamada et al. 1970), its 

activity needs to be improved for clinical usage. Almost all efforts towards improved analogs led to 

molecules with reduced activity against bacteria, although some showed increased binding to the target 

structure (Kondo et al. 1976; Uehara et al. 1976a; Raju et al. 2003). It has to be noted, that previous 

attempts at improved analogs had to be done without knowing details on how negamycin binds to its 

target structures. So far only the analog N6-aminopropyl negamycin has shown improved activity, with 

an up to four times increased activity (McKinney et al. 2015c). 

The miscoding mode of action of negamycin combined with its low toxicity makes negamycin an 

interesting candidate for other applications than treatment of bacteria. Duchenne muscular dystrophy, a 

muscle-wasting disease, is caused by a premature stop codon in the dystrophin gene (Arakawa et al. 

2003). Aminoglycosides have been proposed to be used for read-through of this premature stop codon, 

but are also associated with high toxicity (Munckhof et al. 1996). First experiments to treat Duchenne 

disease with negamycin showed that the expression of dystrophin could be restored (Arakawa et al. 

2003). Negamycin might be of interest for similarly caused diseases, like cancer caused by premature 

termination codons, and aminoglycosides were used as an treatment option (Floquet et al. 2011). 

Clinical usage of negamycin would require high amounts of the natural product. The initial publication 

and patent of negamycin described purification methods based on biosynthesis from a S. purpeofuscus 

culture (Hamada et al. 1970; Umezawa et al. 1972). Further studies focused on total synthesis of 

negamycin, but chemical synthesis of negamycin is expensive (Shibahara et al. 1972; Streicher et al. 

1978; Hayashi et al. 2008; Hayashi et al. 2009). So far, no study investigated further how to optimize 

fermentation and the follow-up purification. 

1.3. Escherichia coli as a model organism for antibiotic uptake 

Escherichia coli is a Gram-negative, rod-shaped, facultative anaerobic bacterium, usually found in the 

lower intestine (Escherich 1885; Eitinger and Schlegel 2007). Most E. coli strains are harmless and can 

be beneficial as a part of the human microbiome (LeBlanc et al. 2013). Research on treatment options 

for E. coli is necessary, as pathogenic E. coli strains, e.g., enterotoxigenic E. coli (ETEC), 

enteropathogenic E. coli (EPEC) or enterohemorrhagic E. coli (EHEC), are a problem, especially in 

areas where hygienic standards are low (Nataro and Kaper 1998; Torres et al. 2005). Within the last 

decades, E. coli strains with resistances against all major antibiotic classes have been observed, 

including strains producing carbapenemases, extended-spectrum beta-lactamases and strains with 

resistances against fluoroquinolones, colistin, trimethoprim or aminoglycosides (Pitout 2012; Liu et al. 

2016). This development makes it necessary to study E. coli and how antibiotics can be used as 

therapeutics. Additionally, the fast growth of E. coli and its easy handling in the laboratory, the 

availability of various genetic tools as well as genomic data makes E. coli an ideal organism to study 

general features of Gram-negative bacteria. 
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For an antibiotic against Gram-negative bacteria to reach its target in the periplasm, it has to overcome 

the outer membrane. If the target is within the cytoplasm, the antibiotic has to additionally cross the 

cytoplasmic membrane (Figure 2). For passage across both membranes, a molecule has to be small, 

hydrophilic and positively charged to diffuse through porin channels in the outer membrane and at the 

same time, the molecule should be hydrophobic and uncharged for passive diffusion across the 

cytoplasmic membrane (Nikaido 2003; Balaz 2012). As bacteria have to take up nutrients and these 

ideal molecule properties for translocation across both membranes are totally opposing, bacteria need to 

have additional pathways and mechanisms for uptake. 

 

 

Figure 2. Schematic overview of the cell envelope of Gram-negative bacteria. The asymmetric outer membrane 

consists of lipopolysaccharides in the outer leaflet and phospholipids in the inner leaflet. β-barrel proteins are 

integrated in the outer membrane. One class of β-barrel proteins are porins which allow diffusion of hydrophilic 

molecules through these water-filled channels. In contrast, the inner membrane consists of two phospholipid layers 

and separates the periplasm and cytoplasm. Image was adapted from Henderson et al. 2016.  
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1.3.1. The outer membrane as a barrier 

The outer membrane of Gram-negative bacteria is the first barrier against antibiotics. It is an asymmetric 

bilayer, with phospholipids as the inner leaflet and lipopolysaccharides (LPS) as the outer leaflet 

(Nikaido 2003). The LPS molecule is composed of the hydrophobic lipid A and a hydrophilic 

polysaccharide portion, which is made of the inner and outer core as well as the O-antigen, a sugar chain 

with up to 40 repetitions of the same oligosaccharide motif (Palva and Mäkelä 1980). The composition 

of each of these elements varies between species and strains (Nikaido 2003). Within the outer membrane 

of E. coli K-12, a strain widely used in laboratory work, the O-antigen is missing completely (Prehm et 

al. 1976). The rigid structure of the LPS, which is usually cross-linked by magnesium ions, hinders 

diffusion of hydrophilic and lipophilic molecules through this barrier (Nikaido 2003). This is not only 

an effective barrier against antibiotics, but also hinders nutrient uptake. 

Therefore, Gram-negative bacteria possess porin proteins, which are water-filled diffusion channels 

spanning the outer membrane (Pagès et al. 2008). Porins have a β-barrel structure, which is usually 

made of 16 antiparallel β-sheets in E. coli organized as trimers (Figure 3). The channels enable passive 

diffusion, driven by the concentration gradient across the outer membrane. Although some porins are 

described to be unspecific in substrate selectivity, even these unspecific porins limit the entry of 

molecules by size and charge. This selective barrier is formed by specific amino acidic residues within 

the barrel structure, most notably in the middle of the porin by the loop L3, protruding into the barrel. 

Together with the residues at the opposite wall, the amino acid residues of L3 form the narrowest spot 

along the porin channel, the so-called constriction region (Nikaido 2003; Pagès et al. 2008; Acosta-

Gutiérrez et al. 2018). Besides the size exclusion mediated by the constriction region, the charge of the 

amino acid residues forms an electrostatic barrier. In E. coli, the porins OmpF and OmpC are among the 

most strongly expressed proteins, with up to 100,000 copies per cell (Lugtenberg and Van Alphen 1983). 

As a rule of thumb, diffusion through these E. coli porins has been described to be limited to positively 

charged, hydrophilic molecules of up to 600 Da (Nikaido 1992), but recently more defined molecule 

properties have been proposed. More specifically, not only charge and size, but also the dipole moment 

and the minimal projection area are of importance (Acosta-Gutiérrez et al. 2018). E. coli encodes further 

general porin channels, e.g. OmpN, OmpW or OmpG, although the role of these porins is not fully 

understood yet (Nikaido 2003). Other porins, like LamB and ChiP, have higher substrate specificity and 

enable the uptake of maltose and chito-oligosaccharides, respectively (Charbit 2003; Soysa and Suginta 

2016). Additionally, some porins do not only enable transport of nutrients but have been associated with 

additional functions. OmpA is described to be important for cell integrity, as it connects the outer 

membrane to the cell wall (Samsudin et al. 2016). In recent studies, OmpC has been proposed to take 

part in maintenance of the outer membrane integrity by transporting phospholipids from the outer to the 

inner leaflet (Chong et al. 2015). 
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Figure 3. Structure of the E. coli porin OmpC. (A) The major porins of E. coli are organized as trimers. The loop 

(L2, marked in green) between the first and second β-sheet of the porin protein connects the monomers. The third 

loop (L3, marked in purple) ranges inside the porin channel and narrows the size of the channel. The porin is 

shown from the top, looking from outside the cell into the periplasm. (B) Amino acids in the constriction region 

are highlighted in one monomer of the OmpC porin. The narrowest region of the porin is determined by the amino 

acids of the loop L3 (Asp105, Glu109) and the amino acids on the opposing side (Lys16, Arg37, Arg74, Arg124) 

of the protein. (C & D) This constriction region is located in the middle of the porin barrel. Image was adapted 

and modified from Vergalli et al. 2019. 

Antibiotic translocation through E. coli porins has been shown for multiple antibiotic classes. 

Tetracyclines, quinolones and β-lactams have been reported to translocate through OmpF or OmpC 

(Nikaido 2003; Pagès et al. 2008; Masi et al. 2019; Vergalli et al. 2020). Porins from clinical E. coli 

isolates showed alterations in their peptide sequence, especially within the constriction region, which 

could be linked to a reduction in antibiotic translocation (Pagès et al. 2008). These alterations also led 

to a deficit in fitness, but seemed to be overall beneficiary when exposed to antibiotics (Phan and Ferenci 

2017). 

Structural variations among porins result in different substrate preferences. Bacteria use these different 

types of porins to adjust to different environmental conditions by changing the expression of these porins 

(Lugtenberg and Van Alphen 1983; Nikaido 2003). E. coli reacts to different environments by adjusting 

the ratio of expression of OmpF to OmpC, as OmpF is less restrictive than OmpC in substrate specificity. 

Regulation of porin expression is highly complex and occurs on multiple levels (Pratt et al. 1996; De la 

Cruz and Calva 2010). Over a dozen regulator genes have been described for E. coli porins, with 
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additional post-transcriptional regulation by small antisense RNA (sRNA). These different factors of 

porin expression enable quick adjustment to environmental changes, e.g., in the event that bacteria are 

exposed to antibiotics. Shifting the expression to more restrictive porins reduces antibiotic influx into 

bacteria. Total absence of certain porins has been observed in clinical isolates (Pagès et al. 2008; 

Vergalli et al. 2020). Although general fitness and growth rates are decreased for these strains (Phan 

and Ferenci 2017), pathogens gain more time to react to the antibiotic exposition, for instance by 

upregulating efflux pumps (Zgurskaya et al. 2011). 

For this purpose, E. coli possesses different classes of efflux pumps (Anes et al. 2015). In the context of 

antibiotic resistance, the efflux pump systems of the class resistance-nodulation cell division transporters 

(RND) are the most important. The RND are tripartite efflux pump systems, with the pump integrated 

in the inner membrane, a periplasmic adaptor protein and an outer membrane protein, forming a channel 

through the outer membrane. This outer membrane channel in E. coli is the TolC protein, which forms 

complexes with various efflux pump systems, including the five most important ones called AcrAB, 

AcrAD, AcrEF, MdtAB and MdtEF (Anes et al. 2015). The RND efflux pumps are driven by the proton 

motive force, which enables them to flux substances out from the cytoplasmic and periplasmic space. 

General resistance mechanisms, which do not target one antibiotic specifically by modifying the 

antibiotic or the antibiotic’s target, can function at multiple levels. The reduced uptake through porin 

alterations in combination with the efflux systems can have a synergistic effect against antibiotics. It has 

been reported, that reduced uptake through porins is not the main resistance mechanism of E. coli, but 

rather occurs in combination with other resistance mechanisms (Vergalli et al. 2020). 

Porins are the main uptake pathways for small, hydrophilic antibiotics. For other antimicrobial 

compounds, alternative, porin-independent translocation mechanisms have been observed. 

Aminoglycosides and polymyxins destabilize the outer membrane by displacing cations, like Ca2+ and 

Mg2+, which stabilize the outer membrane by linking LPS molecules, which leads to brief disruption 

and enables their so called self-promoted uptake (Hancock et al. 1991; Vaara 1992). Antibiotics with 

targets inside the cytoplasm must not only overcome the outer membrane, but the inner membrane of 

Gram-negative bacteria as well. 

1.3.2. The cytoplasmic membrane as a barrier 

The cytoplasmic membrane is made of a phospholipid bilayer (Silhavy et al. 2010). Its arrangement 

favors diffusion of hydrophobic molecules, whereas diffusion of hydrophilic molecules is hindered. As 

very lipophilic molecules interact strongly with the phospholipids, their uptake is slowed down as well 

(Hansch and Fujita 1964). Additionally, diffusion is favored for uncharged molecules (Shore et al. 

1957). As nutrients need to get in the cytoplasm, bacteria use a range of active transporters for uptake 
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across the cytoplasmic membrane (Silver 2016). Additionally, weakly charged molecules can use the 

proton motive force to cross the cytoplasmic membrane (Zarfl et al. 2008). 

Different translocation mechanisms across the cytoplasmic membrane have been described for 

antibiotics, both carrier-dependent and –independent, as antibiotics using the porin-mediated pathway 

through the outer membrane cannot diffuse easily through the cytoplasmic membrane. Some 

antimicrobial compounds can use peptide transporters of E. coli for cell entry. For instance, the 

nucleoside blasticin S has been associated with DtpA- and DtpD-dependent uptake (Kitamura et al. 

2017) and the aminocephalosporins cephradine, cephalexin and cefadroxil can use DtpA (Weitz et al. 

2007). For the tetrapeptide-antibiotic GE81112, cell entry via Opp has been shown (Maio et al. 2016) 

and the aminoglycoside kasugamycin is dependent on Dpp (Shiver et al. 2016). In general, antibiotics 

using these peptide transporters compete with peptides for uptake and some lose activity upon removal 

of the respective transporter genes. For fosfomycin uptake into E. coli, the two active transporters GlpT 

and UhpT, i.e., transporters for glycerol-3-phosphate and hexose phosphate, respectively, are of 

importance (Maloney et al. 1990; Kadner et al. 1993; Hall and Maloney 2001). 

Although aminoglycosides are already in clinical usage and their uptake has been investigated by 

multiple groups, the exact translocation mechanism through the cytoplasmic membrane is still not fully 

understood. It has been reported that uptake is transporter-independent and occurs in two phases, which 

are both affected by energy metabolism (Taber et al. 1987). Within the first phase, some aminoglycoside 

molecules translocate across the cytoplasmic membrane, driven by the proton motive force, which 

enables their binding to the ribosome, miscoding and consequently defective proteins (Bryan and Van 

Den Elzen 1977b; Taber et al. 1987). It has been proposed, that these mistranslated proteins insert into 

the cytoplasmic membrane, which destabilizes barrier integrity and enables uptake of further 

aminoglycosides within this so called second energy-dependent phase (Bryan and Elzen 1976). 

Diffusion of tetracyclines into the cytoplasm is also described to be carrier-independent and energy-

dependent (Chopra et al. 1991).  For the prototype compound tetracycline, different microspecies, 

charged and neutral, exist in an equilibrium in the periplasm. At pH 7.4, 7.1% of tetracycline 

microspecies are net uncharged and therefore able to diffuse through the phospholipid bilayer (Nikaido 

and Thanassi 1993). Interestingly, to cross the outer membrane, protonated tetracyclines chelate Mg2+, 

which leads to a net positively charged complex that favors diffusion through porins. Within the 

periplasm, Mg2+ disassociates, which enables diffusion through the cytoplasmic membrane (Nikaido 

and Thanassi 1993). 
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First investigations on negamycin uptake into E. coli demonstrated that in peptide-free medium the 

dipeptide transporter Dpp plays a role in negamycin uptake and susceptibility (Rafanan et al. 2003; 

McKinney et al. 2015b). A crystal structure of negamycin bound to Dpp could not be determined, but 

computational simulations showed interactions between negamycin and the periplasmic binding protein 

DppA (McKinney et al. 2015b). Additional uptake routes, driven by the proton motive force, were 

hypothesized but not elucidated. 

These examples demonstrate the complexity of antibiotic uptake across the cell envelope of Gram-

negative bacteria. For structural optimization of a new antimicrobial compound in the course of lead 

optimization, understanding of the uptake pathways is desirable, as intracellular compound levels 

strongly impact antibacterial activity.  
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1.4. Research objectives 

Negamycin is an antibiotic of interest, as it showed activity against Gram-negative bacteria, potential in 

infection models and low toxicity. For clinical application, an analogue with improved activity would 

be desirable, but with the exception of one analogue (McKinney et al. 2015c), all derivatization studies 

failed. Multiple negamycin analogues showed improved efficacy at the target structure, but tested 

against bacterial cells, their activity did not increase, indicating that uptake into the bacterial cells might 

be hindered. Therefore, understanding the molecular uptake mechanisms across both membranes is 

crucial for further optimization of the negamycin molecule structure. 

The first objective of this work was to understand translocation pathways of negamycin across the 

cytoplasmic membrane of E. coli. Transporters important for negamycin uptake should be identified by 

gene deletions and measuring negamycin susceptibility. Previously, dpp genes were shown to affect 

negamycin activity (Rafanan et al. 2003; McKinney et al. 2015a), but uptake was only shown indirectly 

by activity measurements without proof of transport. In order to demonstrate the negamycin uptake route 

via the investigated transporters, negamycin was to be directly quantified in these gene deletion mutants 

measuring intracellular levels of radiolabeled negamycin. Based on the peptide-like structure of 

negamycin, further peptide transporter genes of the proton-dependent oligopeptide transporter family 

could be linked to negamycin activity. Another observation was the beneficial effect of calcium to 

negamycin activity. For this purpose, complex formation of negamycin and calcium as well as 

interaction with phospholipids should be investigated to elucidate how calcium facilitates negamycin 

uptake. 

The second goal of this thesis was to identify translocation mechanisms of negamycin across the outer 

membrane of E. coli. No results have been previously published on the permeation of negamycin 

through the outer membrane. Therefore, the aim was to identify porins involved in negamycin 

translocation by targeted gene deletions and negamycin susceptibility determinations. Porins of interest 

should be examined in detail by investigating their structure, physiology, intracellular expression levels 

and molecular interaction with negamycin. Uptake into whole cells should again be directly measured 

with radiolabeled negamycin. Prior to this work, translocation of aminoglycosides through porins could 

not directly be shown, although this compound class is in clinical use for decades. As a side project, 

kanamycin translocation through the outer membrane of E. coli was investigated, studying purified porin 

proteins by electrophysiology and kanamycin sensitivity in the absence of the respective porin genes.  

The third goal was to establish an optimized fermentation protocol for negamycin biosynthesis. The 

original patent (Umezawa et al. 1972) describes multiple methods to purify negamycin from a 

Streptomyces culture, but it requires multiple steps of ion exchange chromatography. In this thesis, yield 

from biosynthesis was to be improved by adjusting growth conditions, media composition and 

comparing negamycin producing strains. In parallel, I tried to improve the purification procedure.  
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2. Summary of results & discussions 

This section is structured by publications and manuscripts. Within each section of chapter 2., the results 

and corresponding discussions of one publication or manuscript are summarized separately. 

2.1. The antibiotic negamycin crosses the bacterial cytoplasmic membrane by 

multiple routes (publication 1) 

2.1.1. Results 

Negamycin targets the ribosome, therefore it does not only need to translocate across the outer 

membrane of Gram-negative bacteria, but across the cytoplasmic membrane as well (Olivier et al. 2014; 

Polikanov et al. 2014). As diffusion of such a hydrophilic molecule through the phospholipid bilayer of 

the cytoplasmic membrane is unlikely, uptake pathways through the inner membrane were investigated. 

Two minimal media of different composition were used in this study, as negamycin is not active in rich 

media (Table 1, publication 1). On the one hand, we used 0.5% polypeptone (PP), which is a mixture of 

peptides. On the other hand, we employed M9, a medium solely composed of glucose and salts. M9 

lacks peptides or amino acids, which might compete for uptake with negamycin due to its dipeptide-like 

structure. A negamycin MIC of 4 and 8 µg/ml could be determined for E. coli BW25113 in M9 and PP, 

respectively (Table 1, publication 1). 

The dipeptide-like structure of negamycin suggested the dipeptide transporter Dpp and other peptide or 

amino acid transporters as possible uptake pathways for cell entry. To follow this hypothesis, multiple 

single gene deletion mutants from the Keio collection were investigated (Baba et al. 2006), and multiple 

gene deletion strains were generated. The strongest effect on the negamycin MIC was observed, when 

one of the genes of the ABC transporter Dpp was deleted and when the MIC was determined in the 

peptide-free medium M9 (Table 2, publication 1). The deletion of dppA, dppB, dppC, dppD or dppF 

increased the MIC four-fold from 4 µg/ml to 16 µg/ml. This effect of the dppA gene deletion could be 

complemented by expressing dppA on a plasmid (Figure S1, publication 1). This observation on 

negamycin sensitivity could be linked to reduced uptake, as experiments with radioactively labeled 

negamycin showed a significant decrease in [3H]negamycin accumulation, when comparing E. coli 

ΔdppA to its isogenic wild type strain (Figure 2D, publication 1). 

As E. coli ΔdppA was only four-fold less susceptible to negamycin, other uptake opportunities must be 

available. The deletion of sapA, a paralog of dppA, increased the MIC from 4 to 8 µg/ml in M9 (Table 

2, publication 1). Gene deletions of subunits of the oligopeptide transporter Opp showed no effect on 

negamycin susceptibility. Further single gene deletions of amino acid and peptide transporters did not 

affect the negamycin MIC in M9 (Table 2, publication 1). As the substrates of these paralogs are 
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structurally similar molecules, the deletion of single genes might be compensated by other transporters. 

To investigate this hypothesis, multiple gene deletion strains were generated and the negamycin MIC 

was determined. The double knockout strains E. coli ΔdppAΔoppA and E. coli ΔdppAΔsapA did not 

show higher negamycin resistance compared to E. coli ΔdppA (Table 2 and Figure 2A, publication 1). 

As negamycin was still active in the triple deletion strain, other uptake routes across the cytoplasmic 

membrane must be available. As a comparative example, the tripeptide herbicide bialaphos was strongly 

dependent on Dpp and Opp in our study. The double deletion of both oppA and dppA increased the 

bialaphos MIC more than 64,000 fold (Figure 2B, publication 1). Within the same strain background, 

the negamycin MIC increased only by four-fold (Figure 2A, publication 1). Negamycin activity was not 

only affected by the Dpp ABC transporter, but also by a proton-dependent oligopeptide transporter 

(POT). The deletion of dtpD increased the negamycin MIC in M9 up to two-fold and this effect was 

even more pronounced in PP (Table 2, publication 1). The additional deletion of dtpD within the multiple 

deletion strain led to E. coli ΔdppAΔoppAΔsapAΔdtpD, which had a significantly higher negamycin 

MIC (32 µg/ml) than E. coli ΔdppA. The contribution of peptide transporters to negamycin uptake and 

the competition by nutrient peptides could be shown by peptide addition to M9 medium. PP added at a 

concentration of 0.005% increased the negamycin MIC significantly from 4 to 8 µg/ml and the addition 

of 0.05% PP was enough to even increase the MIC to 64 µg/ml (Figure 2C, publication 1). This 

observation correlated with [3H]negamycin uptake studies, in which negamycin accumulation was 

reduced markedly by the addition of 0.05% PP to M9 (Figure 2D, publication 1). 

Mutants selected on M9 agar with negamycin added reflect these trends. At 2x MIC of negamycin added 

to the agar, the resistance frequency of E. coli BW25113 was 6 x 10-7 and therefore quite high. As 

described above, the deletion of dppA is sufficient for growth up to 4x MIC (Table 2, publication 1). 

Investigations of the genome of these mutants revealed that all 12 mutants grown at 2x MIC of 

negamycin showed variations in the dpp operon, with 9 mutants showing a large chromosomal deletion 

comprising the whole operon plus flanking regions (Figure 3, publication 1). This result emphasizes the 

importance of the Dpp transporter as the primary entry point for negamycin in peptide-free medium. In 

contrast, mutants selected at 2x MIC on PP had a similarly high resistance frequency of 5 x 10-7, but all 

8 mutants investigated showed no alterations in the dpp operon. In both media, no mutants could be 

selected at a negamycin concentration corresponding to 4x MIC, corresponding to a resistance rate 

below 7 x 10-9. The fact that single mutations did not lead to high-level negamycin resistance, confirms 

that multiple uptake pathways must be available. 

To investigate if other environmental conditions could play a role in negamycin activity, further 

conditions were tested. The two minimal media M9 and PP do not only differ in their peptide content, 

but also in the presence of salts, which PP is lacking. The negamycin MIC was lower in M9, which is 

due to the absence of competing peptides at the peptide transporters, but salts could also play a role in 

intracellular negamycin accumulation. To investigate this, the effect of salts on the activity of negamycin 
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was investigated using PP. CaCl2 increased negamycin activity against E. coli BW25113, with the 

lowest MIC occurring at a concentration of 2.5 mM CaCl2 (Table 3, publication 1). With 2.5 mM CaCl2 

added, the MIC dropped from 8 to 2 µg/ml, corresponding to a four-fold change in activity. A similar 

effect could be observed with Pseudomonas aeruginosa PAO1 and Staphylococcus aureus ATCC 

29213, where the addition of 2.5 mM CaCl2 decreased the MIC from 32-64 to 8 µg/ml and from >64 to 

16 µg/ml, respectively (Figure 4A, publication 1). The effect of CaCl2 was not limited to Gram-negative 

strains, indicating that the effect of CaCl2 on the activity probably happens at the cytoplasmic membrane. 

MgCl2 added to the medium showed no effect on the negamycin MIC of E. coli BW25113, implying 

that calcium and not chloride was causing the MIC shift (Table 3, publication 1). Other salts, i.e., NaCl, 

KCl or NH4Cl, did not improve negamycin activity, but rather increased the MIC at high salt 

concentrations (Table 3, publication 1). The improvement of negamycin activity by Ca2+ addition is 

probably not attributed to a disturbance of the integrity of the outer or inner membrane, as CaCl2 and 

MgCl2 did not decrease MICs of ciprofloxacin, tetracycline or gentamicin against E. coli BW25113, and 

at high salt concentrations of 50 mM negamyin MICs were even increased, further precluding membrane 

destabilization (Table S1, publication 1). Neither did the addition of CaCl2 affect the IC50 of negamycin 

in an in vitro translation assay, suggesting that the improvement of activity by CaCl2 is not due to better 

target affinity, but rather based on improved uptake. As CaCl2 also improved negamycin activity against 

Staphylococcus aureus (Figure 4A, publication 1), we studied the interactions of negamycin and CaCl2 

with the cytoplasmic membrane in more detail. 

The interaction between negamycin and phospholipids was investigated by surface acoustic wave 

(SAW) biosensor measurements by our cooperation partners. Binding experiments with a mixture of 

90% 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and 10% 1,2-dioleoyl-phosphatidylglycerol 

(DOPG) was used to resemble the negatively charged cytoplasmic membrane of bacteria. Binding events 

of negamycin to this lipid mixture increased when 2.5 mM CaCl2 was added (Figure 5C). As 2.5 mM 

MgCl2 affected binding of negamycin to the phospholipids only slightly (Figure 5D, publication 1), the 

effect of increased binding can be accounted specifically to calcium. Previous MIC measurements had 

shown a similar trend, with only CaCl2, but not MgCl2, increasing negamycin activity (Table 3, 

publication 1). 

The interaction of negamycin and CaCl2 was further characterized. First, negamycin was mixed with 

CaCl2 in different concentration ratios and subjected to thin layer chromatography (TLC). At a molar 

ratio of 1:1, negamycin’s retardation factor was slightly increased compared to the sample without salts 

(Figure 6A, publication 1). At a fivefold molar excess of Ca2+, migration of negamycin was slowed 

down substantially, and negamycin remained at the baseline, when the molarity of Ca2+ was ten times 

higher than negamycin. This shift in running behavior suggests direct interactions between negamycin 

and calcium. A similar trend could be observed with MgCl2, and spot shifting of negamycin seemed 

even stronger with negamycin staying at the baseline at a molar ratio of 1:5 of negamycin to MgCl2 
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(Figure 6A, publication 1). Spot shifting could only be observed with the divalent cations Ca2+ and Mg2+, 

but not with Na+, and even a ten-fold higher concentration of NaCl did not change migration of 

negamycin on the TLC plate. Notably, although MgCl2 had a strong effect on the running behavior of 

negamycin on the TLC plate, the previous SAW experiment had shown only a marginal effect of MgCl2 

on the binding of negamycin to phospholipids (Figure 5D, publication 1) and the addition of MgCl2 did 

not affect the MIC of negamycin (Table 3, publication 1). Thus, CaCl2 seemed more relevant for 

negamycin uptake. 

As the TLC experiment did not reveal quantitative data on binding affinity and stoichiometry, isothermal 

titration calorimetry (ITC) was performed next. Determining the binding affinity of negamycin to CaCl2 

was difficult and due to the low affinity, a stoichiometry of the interaction could not be determined. 

Therefore, for further analysis, the stoichiometry was set manually to 1:1 and a dissociation constant 

(Kd) of 7.98 mM could be obtained (Figure 6B and C, publication 1). The Kd did not change strongly 

when the stoichiometry was varied between 0.5:1 and 2:1, leading to Kd values of 8.62 or 7.36 mM, 

respectively. Under alkaline conditions the Kd improved, e.g., to 4.1 mM at pH 8.5. The charges of the 

carboxyl and amine groups of negamycin vary with pH (Figure S4, publication 1), which could explain 

a shift in binding affinity. Binding between MgCl2 and negamycin could not be investigated by ITC 

measurements, as the background signal of MgCl2 interacting with the buffer solution was too high 

compared to the low levels of heat released by negamycin and MgCl2. 

Also, the pH influences the activity of negamycin. When PP was shifted from neutral to basic pH, the 

negamycin MIC improved from 8 to 2-4 µg/ml (Figure 4B, publication 1). The addition of CaCl2 had 

an additive positive effect on negamycin activity, as the combination of pH 8.5 and 0.5 mM CaCl2 

lowered MIC to 2 µg/ml. The previously determined “ideal” concentration for negamycin activity of 2.5 

mM CaCl2 (Table 3, publication 1) could not be applied under basic conditions, as calcium precipitated 

at higher pH. Ca2+ and basic pH did not only have an effect on E. coli, but on P. aeruginosa and S. 

aureus as well, where the MIC of negamycin dropped under these ideal conditions to 4 µg/ml (Figure 

4A, publication 1). Therefore, the pH does not only have an effect on Gram-negative bacteria, suggesting 

that the benefit results predominately from an interaction with the cytoplasmic membrane. 

The beta-amino group of negamycin has a pKa of 8.0, which results in a larger proportion of zwitterionic 

molecules present at pH 8.5 compared to pH 7 (Figure S4, publication 1). As uncharged molecules 

permeate easier than charged molecules through phospholipids, a higher pH might increase the uptake 

of the net neutral subfraction of negamycin into the cytoplasm. Additionally, a shift to basic pH increases 

the membrane potential, as the electrical potential difference ΔΨ between the periplasm and the 

cytoplasm is more negative at alkaline pH (Krulwich et al. 2011). This increase of the trans-negative 

membrane potential could work as sort of a pull for the translocation of the positively charged fraction 

of negamycin across the cytoplasmic membrane. A control experiment, where efflux pumps might be 

affected by the change of pH, did not show an increase in negamycin sensitivity, neither at pH 7 nor 8.5 
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(Table S2, publication 1). The increase in negamycin sensitivity at alkaline pH could be linked to an 

increased accumulation of radioactive [3H]negamycin. When uptake of tritium-labeled negamycin into 

E. coli BW25113 was determined after 15 min of incubation, an increase of 46% of accumulated 

[3H]negamycin was detected when comparing alkaline growth conditions at pH 8.5 to neutral growth 

conditions at pH 7 in PP (Figure 4C, publication 1). 

The membrane potential of bacteria is dependent on the activity of the respiratory chain complexes 

(Krulwich et al. 2011). Therefore, the dependency of negamycin activity on genes involved in the 

respiratory chain was investigated by determining the MIC of gene deletion mutants, namely E. coli 

Δndh, ΔsdhA, ΔsdhC, ΔcyoA, ΔcyoB, ΔubiG, ΔubiI or ΔubiX. The antibacterial activity of negamycin 

in M9 was not increased, when one of these genes was deleted (Figure 7A, publication 1). The previously 

described uptake pathway by the ATP-dependent Dpp transporter (Figure 2, publication 1) must still be 

sufficiently powered by ATP, when single genes from the respiratory chain are missing. On the other 

hand, the deletion of sdhA, cyoA or cyoB led to a two-fold increase in the negamycin MIC when 

determined in PP (Figure 7B, publication 1). In the peptide-rich medium, the peptide transporters are 

less available to negamycin, as shown above, and the peptide transporter-independent uptake route 

seems to be influenced by the membrane potential. This trend of MIC increase upon gene deletion of 

components of the respiratory chain was even more pronounced in cation-adjusted Mueller-Hinton 

broth, where the negamycin MIC was increased two times or more, when either ndh, sdhA, cyoA, cyoB, 

ubiG, ubiI or ubiX was deleted (Figure 7C, publication 1). Although deletions of these genes clearly 

affected negamycin susceptibility, it remains an open question if this membrane potential-dependent 

uptake pathway is carrier dependent or independent or if metabolic changes triggered by the respiratory 

chain defect influence negamycin uptake in a more indirect manner. 

The respiratory chain depends on the presence of oxygen. We were interested in how the reduction of 

oxygen could affect negamycin activity. Therefore, the activity of negamycin was investigated against 

E. coli under anaerobic growth conditions. In PP, the negamycin MIC increased significantly from 8 

µg/ml to 64 µg/ml under anaerobic growth conditions (Figure 8A, publication 1). This decrease in 

negamycin activity could also be observed at pH 8.5, where the MIC increased from 2-4 µg/ml to 32 

µg/ml. Similar observations were made for the aminoglycosides kanamycin and gentamicin, where the 

activity decreased under anaerobic growth conditions, both in PP and M9 (Figure S5, publication 1). In 

M9 medium, however, the activity of negamycin was not affected by a shift from aerobic to anaerobic 

growth conditions (Figure 8A, publication 1). The negamycin MIC against E. coli BW25113 remained 

at 4 µg/ml. This result suggests, that negamycin uses a membrane potential-dependent uptake route 

when peptides are present, but in a peptide-free medium as M9, peptide transporters are still available 

for translocation inside the cytoplasm and do not seem strongly affected by the membrane potential 

decrease. The impact of gene deletions of peptide transporters on negamycin sensitivity was more 

pronounced under anaerobic growth conditions (Figure 8B, publication 1). In the anaerobic 
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environment, the dppA deletion increased the negamycin MIC to 32 µg/ml. Additionally, the double 

gene deletion of ΔdppAΔoppA in E. coli showed a slight trend towards further increased negamycin 

resistance (MIC: 32-64 µg/ml), here demonstrating a small but reproducible contribution of Opp, which 

could not be detected under aerobic growth conditions. The effect of multiple gene deletions of peptide 

transporters was also more pronounced under anaerobic growth conditions, where E. coli 

ΔdppAΔoppAΔsapA and E. coli ΔdppAΔoppAΔsapAΔdtpD were even less susceptible to negamycin 

and MIC increased to 64 µg/ml (Figure 8B, publication 1). This observation of the combining effect of 

the anaerobic growth conditions and peptide transporter gene deletions further reinforces the many 

uptake opportunities of negamycin. 

2.1.2. Discussion 

In this study, we described translocation mechanisms of negamycin across the cytoplasmic membrane, 

emphasizing its many uptake options to reach its target in the cytoplasm. When uptake opportunities are 

limited to a one predominant transporter, a quick rise of resistance is likely, as we could observe with 

bialaphos. The single deletion of oppA increased the bialaphos MIC by 1,000-fold and the additional 

gene deletion of dppA increased the MIC of bialaphos over 64,000 fold (Figure 2B, publication 1). The 

dependency on oppA was also reflected in the high resistance rates even at 100x MIC of bialaphos 

(resistance frequencies of 7 x 10-7 at 100x MIC). A similar dependency on transporters was described 

for the tetrapeptide antibiotic GE81112, which lost activity in E. coli strains without Opp (Maio et al. 

2016). On the contrary, negamycin is able to use multiple peptide transporters and even after deletion 

of four relevant peptide transporter genes, the negamycin MIC increased only eight-fold (Figure 8B, 

publication 1). As negamycin targets ribosomal RNA, which is encoded in multiple gene copies in most 

organisms (e.g., seven rRNA operons in E. coli), quick development of high-level resistance is unlikely. 

We could show that [3H]negamycin accumulation is decreased in E. coli ΔdppA in a peptide-free 

environment (Figure 2D, publication 1). This is in accordance with previous reports, where Dpp was 

described to play a role in negamycin activity against E. coli (Rafanan et al. 2003; McKinney et al. 

2015a). In a mouse thigh infection model, the presence of DppA was not required for the activity of 

negamycin, but it has to be noted, that the effective antibiotic concentration was two times higher, when 

E. coli ATCC 25922 ΔdppA was compared to its isogenic wildtype strain (McKinney et al. 2015a). 

Although negamycin does not strictly depend on Dpp-mediated transport, its importance in a peptide-

free environment could clearly be seen by resistance development (Figure 3, publication 1). Using PP, 

negamycin competes with peptides for Dpp-mediated uptake, and other peptide transporters, or 

components thereof, are also important for negamycin translocation, namely the POT DtpD and SapA, 

the periplasmic binding protein of the the Sap transporter (Table 2, publication 1). The deletion of other 

subunits of the Sap transporter showed no effect on negamycin activity. SapA might therefore interact 

with permease domains of other transporters for negamycin uptake. Interaction between different 
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periplasmic binding proteins and permeases has been described before (Park James et al. 1998; Létoffé 

et al. 2006). DtpD belongs to the class of proton-dependent oligopeptide transporters (POTs) (Paulsen 

and Skurray 1994). Uptake of aminocephalosporins has been previously described for the POT DtpA 

(Weitz et al. 2007). These POTs are also present in mammalian cells (Newstead 2017), which might be 

of interest to the application of negamycin against Duchenne disease, which is caused by a premature 

stop codon (Arakawa et al. 2003; Taguchi et al. 2012). 

In the peptide containing environment of PP, further factors contributing to negamycin activity could be 

observed. The activity of negamycin could be improved by CaCl2 addition, with an ideal concentration 

of 2.5 mM (Table 3, publication 1). This concentration is of interest, as it resembles the concentration 

of calcium in the human blood (Walker et al. 1990; Enna and Bylund 2008). MgCl2 did not improve the 

activity of negamycin, but at the same time did not increase the MIC (Table 3, publication 1). This 

observation is in contrast to other antibiotics tested, namely ciprofloxacin, tetracycline and gentamicin, 

where the MICs increased when salts were added to the medium (Table S1, publication 1). The addition 

of divalent cations has previously been linked to reduced activity of quinolones and tetracycline against 

E. coli (Chapman and Georgopapadakou 1988; Valisena et al. 1990; Lecomte et al. 1994; Marshall and 

Piddock 1994). The aminoglycoside streptomycin accumulated less in E. coli and P. aeruginosa in the 

presence of divalent cations (Bryan and Van Den Elzen 1977a). The reduced uptake of streptomycin 

could also be observed for the Gram-positive bacterium S. aureus, indicating an effect at the cytoplasmic 

membrane. It has been generally described, that calcium and magnesium improve the stability of 

membranes, especially the outer membrane, by binding to the negatively charged LPS (Nikaido 2003; 

Silhavy et al. 2010). In contrast, activity of daptomycin increased in the presence of calcium, but 

decreased when substituted with magnesium, nickel or manganese (Jones and Barry 1987; Weitz et al. 

2007). Similarly, we could observe substantially facilitated binding of negamycin to phospholipids by 

SAW measurements in the presence of calcium but not magnesium (Figure 5, publication 1). Interactions 

of negamycin with magnesium could be shown by TLC (Figure 6A, publication 1), which might play a 

more important role for binding to the ribosome than for uptake (Polikanov et al. 2014). Binding of 

negamycin to CaCl2 was also investigated by ITC. The high Kd of 7.98 mM at neutral pH hindered 

determination of the binding stoichiometry, but was comparable to ofloxacin binding to magnesium or 

tetracycline binding to calcium with reported Kd values of 1.1 mM at pH 6.5 and 0.59 mM at pH 7.5, 

respectively (Lecomte et al. 1994; Jin et al. 2007). Although we could clearly show direct interactions 

between negamycin and calcium and improved negamycin activity on the whole-cell level by calcium 

addition, cellular uptake measurements over a time period of 60 min with [3H]negamycin did not 

correlate with these binding and activity studies, as no increase in uptake could be observed (Figure 4C, 

publication 1). It cannot be excluded, that the beneficial effect of calcium is more important at later time 

points. The binding of calcium to negamycin could also have an impact on the physicochemical behavior 

of negamycin, altering the distribution behavior of negamycin during sample processing in the 

radioactive experiment series. 
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Negamycin activity against E. coli could also be linked to the membrane potential. The MIC increased 

at acidic pH, in energy mutants and under anaerobic growth conditions (Figures 4, 7 & 8, publication 

1), indicating that a membrane potential dependent pathway plays a role in negamycin accumulation. 

This dependency was only seen in peptide rich media, where the main uptake routes of negamycin 

through peptide transporters was restricted. A similar trend for pH-dependent activity was shown for 

aminoglycosides, although for this compound class the exact translocation mechanism across the 

cytoplasmic membrane remains elusive (Damper and Epstein 1981). Physicochemical calculations 

predict that a shift to alkaline pH leads to a bigger fraction of zwitterionic negamycin molecules (Figure 

S4, publication 1), which could facilitate diffusion through the phospholipids of the cytoplasmic 

membrane. Similarly, it has been observed that uncharged fluoroquinolones and tetracyclines diffused 

better through lipids (Nikaido and Thanassi 1993). 

In conclusion, this study provided new insights on the various uptake opportunities of negamycin across 

the cytoplasmic membrane of E. coli. This knowledge could help in further derivatization campaigns of 

the antibiotic, as for this antibiotic not only binding to its target structure is of importance, but also the 

translocation mechanisms to reach the cytoplasmic space. 
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2.2. Kanamycin uptake into Escherichia coli is facilitated by OmpF and OmpC 

porin channels located in the outer membrane (publication 2) 

2.2.1. Results 

The porins OmpF, OmpC and OmpN of E. coli were investigated as possible uptake pathways for the 

aminoglycoside kanamycin. The porins OmpF and OmpC were previously associated with antibiotic 

translocation (Nikaido 2003). OmpN was selected as an additional porin of interest, as it is structurally 

closely related to the major porin OmpC (Prilipov et al. 1998). Purified porin proteins were used to 

determine their permeability for kanamycin. A concentration gradient of kanamycin was applied and by 

determining the reversal potential, the permeability ratio of kanamycin compared to SO4
2- was 

determined for OmpF, OmpC and OmpN (Table 1, publication 2). The permeability ratios of kanamycin 

to sulfate were 1 : 14 and 1 : 4.2 for OmpF and OmpC, respectively. This means that kanamycin could 

permeate easier through OmpC than OmpF. At the same time, kanamycin permeation through OmpN 

was very low, as a ratio of 1 : >600 indicated no translocation of kanamycin through OmpN. In a next 

step, kanamycin translocation events through single channels were investigated at different voltage 

levels (Figure 1, publication 2). High event rates could be observed for all three porins tested, but it is 

important to note that this observation does not necessarily mean translocation (Mahendran et al. 2010). 

Decreasing dwell times with increasing voltage levels indicate translocation of molecules through 

porins. For OmpF and OmpC, lower dwell times were observed at higher voltage, indicating 

translocation through these porins (Figure 2B, publication 2). In contrast for OmpN, dwell times were 

voltage independent, therefore indicating no translocation of kanamycin through OmpN (Figure 2B, 

publication 2). 

Molecular dynamics simulations were conducted to investigate the translocation mechanism of 

kanamycin through the porins OmpF and OmpC. Key regions for molecule interaction within the porin 

barrel structure and therefore translocation through a porin are the preorientation and constriction 

regions. The constriction region is located in the middle of the porin, separating the top and bottom 

halves of the porin protein (Figure 3C & D). This is the narrowest spot within the porin, as the loop L3 

ranges inside the porin and therefore reduces the inner diameter of the barrel. The preorientation region 

is located between the entry of the porin on the extracellular side and the constriction region. In OmpF 

and OmpC it is a zone ranging from 5 to 10 Å before the constriction region. Both constriction and 

preorientation regions are identified by a strong electric field, with a stronger electric field at the 

constriction region. As the name implies, molecules interact at the preorientation region with the amino 

acid residues of the porin protein, before moving to the constriction region where molecules orientate 

their dipole moment to fit through the porin channel. 
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The simulation could show translocation of kanamycin through OmpF and OmpC (Figure 3, publication 

2). The first minimum for kanamycin is within the preorientation region of OmpF (S0 in Figure 3A, 

publication 2), where kanamycin already interacts with the negatively charged residues E117 and D121 

of the loop L3 within the constriction region (Figure 4B, publication 2). Although the dipole moment of 

kanamycin is aligned to the transversal electric field of the porin, the flux through the OmpF porin is 

not blocked completely. In the second minimum (S1 in Figure 3A, publication 2), kanamycin is 

interacting with multiple residues from the constriction region (Figure 4E, publication 2). By interacting 

with R42, R82, R132, D113, E117 and D121, kanamycin’s dipole moment is aligned again to the 

transversal electric field and here now blocking the porin. For OmpC, no interactions with the loop L3 

could be observed, when kanamycin was located in the preorientation region (Figure S4, publication 2). 

This could be attributed to the smaller electric field of OmpC, when compared to OmpF (Figure 3 & S4, 

publication 2). Within the constriction region of OmpC, kanamycin interacts with the residues R37, R74, 

D105, E109 and D113 (Figure 4G, publication 2). Similar to OmpF, kanamycin’s dipole moment is here 

aligned to the transversal electric field and blocking the pore (Figure 4F, publication 2). These two 

blocking states within OmpF and OmpC were further investigated by simulating a flux of K+ or Cl-. For 

both porins, flux of the cation K+ was reduced strongly, from 33 K+ to 1 K+ and 39 K+ to 3 K+ in OmpF 

and OmpC, respectively (Figure S5B & Table S2, publication 2). Interestingly, at the same time, anions 

are not blocked but the numbers of anions crossing these porins are even increased by kanamycin 

binding. Compared to empty trimeric porins, the passage of Cl- anions increased from 5 to 8 and 3 to 15 

for OmpF and OmpC, respectively (Figure S5B & Table S2, publication 2). 

These observations from in vitro experiments and the computational setup were checked for relevance 

using E. coli cells. To this end, kanamycin susceptibility was investigated in E. coli lacking either ompF, 

ompC or both genes. Susceptibility was determined either by standardized MIC testing or streaking 

E. coli cells on agar plates with a linear kanamycin gradient. With both methods, a decrease in 

kanamycin susceptibility was only observed, when the genes of both ompF and ompC were deleted 

(Figure 5, publication 2). Single gene deletions of either ompF or ompC had no effect when compared 

to the wild type strain, indicating that both porins are involved in kanamycin accumulation, as suggested 

by the electrophysiology and molecular dynamics results. A similar trend was observed for other 

aminoglycosides like paromomycin, amikacin and gentamicin (Figure S6, publication 2). It has to be 

noted, that for all aminoglycosides tested, the MIC increased by only one dilution step in the E. coli 

ΔompFΔompC mutant compared to the wild type. For other antibiotics, as the cephalosporin cefoxitin, 

the deletion of both porin genes had a stronger effect, and the MIC increased from 1-2 µg/ml to 8-16 

µg/ml (Figure S6, publication 2). The results from this study suggest that kanamycin is able to diffuse 

through OmpF and OmpC, but the activity of kanamycin is not strictly dependent on the presence of 

these two porins, indicating further uptake opportunities into E. coli. 
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2.2.2. Discussion 

The translocation of kanamycin through the E. coli porins OmpF and OmpC was shown for both porins 

by electrophysiological experiments and molecular dynamics simulations. Porin translocation requires 

molecules to be small and kanamycin is quite bulky, with a minimal projection area of 71 Å2 (Table S3, 

publication 2). Other small antibiotics, which are used to treat Gram-negative pathogens, usually do not 

exceed a projection area of 60 Å2, with the exception of ceftazidime and piperacillin with sizes of 68 

and 77 Å2, respectively, which are in a similar size range as kanamycin (Malloci et al. 2015). Kanamycin 

is able to diffuse through OmpF and OmpC, as it aligns perfectly to the structure of the pore. 

Kanamycin’s dipole moment is oriented transversal to the long axis of the molecule, which enables it to 

place its long axis parallel to the axis of diffusion and with the dipole oriented to the transversal electric 

field of the porin (Figure 4, publication 2). 

The cation selectivity of OmpF and OmpC is due to the negative electrostatic potential within the porins, 

especially caused by the anionic residues of the loop L3 (Nikaido 2003; Acosta-Gutiérrez et al. 2018). 

The reversal potential method showed, that kanamycin is able to pass through both OmpF and OmpC 

(Table 1, publication 2). The even more cationic-selective porin OmpN was investigated for kanamycin 

diffusion as well, but the reversal potential method showed no translocation through this porin (Table 1, 

publication 2). The structure of OmpN was not resolved at the time of this publication, but based on 

K2SO4 conductivity measurements, it was estimated that OmpN has a pore radius smaller than 1 Å, 

which would be significantly smaller than the pore sizes of OmpF and OmpC, with radii of 3.1 ± 1.1 

and 2.8 ± 1.1 Å, respectively (Acosta-Gutiérrez et al. 2018). The recent structural analysis of OmpN 

revealed, however, that the constriction zone of OmpN (2.8 ± 1.1 Å) has a similar size to OmpF and 

OmpC (Figure 3, manuscript 1). The selective filter of OmpN must therefore be based on an electrostatic 

barrier. 

Kanamycin does not only interact with OmpF at the constriction region, but also in the preorientation 

region, as shown by an additional minimum of the free energy surface determined by molecular 

dynamics (Figure 3A, publication 2). This region is exactly where previously interactions between 

ampicillin and norfloxacin have been reported (Ziervogel and Roux 2013; Bajaj et al. 2017). The 

preorientation region is wider than the constriction region, which results in an incomplete blockage of 

the ion flux by kanamycin, which was seen by single channel measurements (Figure 1A, publication 2). 

On the cellular level, kanamycin susceptibility was affected by the gene deletion of ompF and ompC, 

but only when both porin genes were removed (Figure 5A, publication 2). This result fits the previous 

observations by the electrophysiological experiments and computational analyses, indicating that 

kanamycin is able to translocate through both porins (Table 1 & Figure 3, publication 2). The change in 

susceptibility was only weakly seen in the standardized determination of the MIC, but showed 

significantly when E. coli strains were grown on agar with a linear kanamycin concentration gradient, a 

method offering better resolution (Figure 5B, publication 2). In previous publications investigating the 
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effect of OmpF and OmpC on kanamycin susceptibility, results were contradictory. An OmpF-deficient 

E. coli strain showed an increase in kanamycin resistance, but was at the same time polymyxin B-

resistant, indicating that other resistance mechanisms at the outer membrane could play a role as well 

(Foulds and Chai 1978). In another study, in which the expression of both ompF and ompC was reduced 

by deletion of a regulator of both porins, kanamycin susceptibility was not affected (Hancock et al. 

1991). Slight differences in susceptibility might be overlooked when expression is not reduced 

completely, in contrast to our markerless gene deletions ensuring full prevention of expression. It has to 

be noted, that even when both porin genes were deleted, only one dilution step in difference could be 

determined by MIC measurements. This indicates that kanamycin activity does not depend on the 

presence of these porins, as other uptake pathways must be available. For polycationic aminoglycosides, 

it has been reported repeatedly that translocation across the outer membrane is possible by the self-

promoted uptake pathway (Taber et al. 1987; Mingeot-Leclercq et al. 1999; Serio et al. 2018a; Serio et 

al. 2018b). Here, polycationic antibiotics displace cations between lipopolysaccharides, which 

destabilizes the outer membrane briefly and enables translocation. These multiple uptake opportunities 

minimize the risk of resistance development. Previous clinical observations on aminoglycoside 

resistance development reported that aminoglycoside-modifying enzymes or 16S rRNA 

methyltransferases are the predominant resistance mechanism in the clinical environment (Garneau-

Tsodikova and Labby 2016). 

Although permeation rates of kanamycin through OmpF and OmpC were low, the abundance of these 

porins could lead to quick equilibration between concentrations outside the bacterial cell and the 

periplasm. As a rough estimate, ten to twenty molecules/s/monomer diffuse through OmpF or OmpC at 

a 10 µM concentration gradient. Still, the importance of porins for aminoglycoside accumulation inside 

E. coli cells needs further investigation, as other uptake pathways were reported as more important 

previously (Hancock et al. 1991). Although aminoglycosides have been in clinical use for decades, the 

uptake pathways into the cells to reach their cytoplasmic target are not fully understood. In our study, 

the translocation of an aminoglycoside through porins could clearly been shown for the first time. 
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2.3. Porin-mediated passage of negamycin across the outer membrane of 

Escherichia coli (manuscript 1) 

2.3.1. Results 

Negamycin’s size and hydrophilicity makes the molecule an ideal candidate for translocation through 

porins. These water-filled channels enable permeation of small, hydrophilic molecules, in E. coli up to 

a size of about 600 Da (Nikaido 2003). Therefore, the role of porins for negamycin uptake was 

investigated, using E. coli as a model organism. Additionally, further outer membrane translocation 

mechanisms and the influence of efflux pumps on negamycin activity were explored. 

The absence of the major E. coli porins OmpF and OmpC has been linked to antibiotic resistance of 

different classes of antibiotics (Nikaido 2003; Vergalli et al. 2020). Therefore, in our study, the gene 

deletion mutants lacking either ompF, ompC or both genes were tested for negamycin susceptibility, but 

no decrease in activity could be determined by the broth microdilution method (Table 1, manuscript 1). 

When negamycin susceptibility of these E. coli mutants was tested on a linear negamycin concentration 

gradient in agar, a weak growth advantage of E. coli ΔompFΔompC could be observed (Figure 1A & B, 

manuscript 1). Although negamycin is not dependent on the presence of these two porins, the outer 

membrane of E. coli BW25113 seems to be, at least in 0.5% polypeptone (PP) medium, a rate limiting 

barrier for negamycin uptake, as the addition of the outer membrane permeabilizer polymyxin B 

nonapeptide (PMBN) decreased the MIC from 8 µg/ml to 2 µg/ml (Table 2, manuscript 1). Therefore, 

other translocation pathways across the outer membrane must exist. The self-promoted uptake 

mechanism, which enables permeation across the outer membrane by displacing divalent cations, which 

enhance binding between LPS molecules, could not be observed for negamycin (Table S7, manuscript 

1). Additionally, uptake does not seem to be hindered by efflux in E. coli, as the deletion of multiple 

efflux pump genes did not increase negamycin activity markedly (Table S1, manuscript 1). As these 

other factors did not explain how negamycin crosses the outer membrane of E. coli cells and negamycin 

is an ideal candidate for porin translocation, further porin genes were investigated. The deletion of either 

ompN, chiP, lamB, ompG, ompW or ompA increased the negamycin MIC by one dilution step (Table 2, 

manuscript 1). This effect on the MIC could be reversed by the addition of PMBN, which indicates that 

the observed MIC increase is based on outer membrane translocation (Table 2, manuscript 1). Our study 

focused on the two porin genes ompN and chip. ompN was selected for further investigations as it 

showed high similarity to ompF and ompC and was previously proposed to be a backup porin for these 

two major porins (Pagès et al. 2008). ChiP was chosen, as the MIC shift occurred in both minimal media 

used in this study, which was not the case for all the other porin gene deletion mutants (Table 2, 

manuscript 1). Deletions of ompN or chiP did not only affect negamycin susceptibility in the E. coli K-

12 derivative strain E. coli BW25113, but also in the clinical isolate E. coli ATCC 25922 (Table 2, 
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manuscript 1). Surprisingly, no additive effect on negamycin activity could be observed when both 

ompN and chiP genes were deleted, neither with E. coli BW25113, nor E. coli ATCC 25922. 

Negamycin uptake was reduced in the absence of the ompN or chiP gene. The gene deletion of either 

ompN or chiP in E. coli ATCC 25922 led to a decrease in [³H]negamycin accumulation, measured 15 

min after the addition of radioactively labeled negamycin (Figure 1C & S1, manuscript 1). Again, the 

double deletion strain ΔompNΔchiP showed no additive effect on negamycin uptake. 

Uptake through the porins OmpN, ChiP, OmpF and OmpC was also investigated with purified proteins 

in an electrophysiological assay setup. The passage of negamycin through OmpN, ChiP, OmpF and 

OmpC could be clearly observed (Table 3, manuscript 1). As controls, ertapenem and cefotaxime 

translocation through OmpN was probed, but these beta-lactams could not pass through OmpN (Table 

3, manuscript 1). Single channel measurements could not detect blockage of the ion current (Figure S5, 

manuscript 1), which is why a translocation rate of negamycin through OmpN could not be quantified. 

But a rough estimate of ten to hundred molecules/s/OmpN monomer at a 1 µM negamycin gradient 

shows fast translocation through this porin. 

To understand the selectivity of the OmpN porin for negamycin, the X-ray crystal structure of E. coli 

OmpN was resolved. As proposed by comparison of the amino acid sequence (Prilipov et al. 1998), the 

structure of OmpN is similar to OmpC (Figure S6, manuscript 1). One difference is the elongation of 

the loop L7 in OmpN, ranging outside the cell. Additionally, at the loop L3, responsible for the 

constriction region within the barrel structure, Thr101 is replaced with Glu102 in OmpN (Figure 2 & 

S6, manuscript 1). Furthermore, OmpN has His173, Asp248 and Asp250 protruding into this 

constriction region, making the porin more cation selective (Figure 2, manuscript 1). These changes 

could explain a shift in the electrostatic barrier, as the observation of kanamycin impermeability (Bafna 

et al. 2020) cannot be justified by size comparison of the constriction region between OmpN (2.8 ± 1.1 

Å), OmpF (3.1 ± 1.1 Å) and OmpC (2.8 ± 1.1 Å) (Acosta-Gutiérrez et al. 2018). 

The resolved structure of OmpN allowed further investigations on the translocation mechanisms and 

interactions of negamycin with OmpN by molecular dynamics. The free energy surface (FES) of 

negamycin through the porin was determined and two minima could be detected (Figure 3A & 3B, 

manuscript 1). The minimal FES near the constriction region, labeled Min-CR, showed stronger 

interactions of negamycin with the protein and was closer to the constriction region than the minimal 

FES at Min-Above, located just above the constriction region. Therefore Min-CR was considered to be 

more relevant for negamycin translocation through the porin, as stronger interactions indicate the 

bottleneck for negamycin translocation through this OmpN. Still, the change in FES was low 

(-4 kcal/mol compared to outside), indicating only weak interactions of the antibiotic with the amino 

acid residues of the porin. The calculated flux through the OmpN porin was high, the residence time 

inside the pore being less than 0.1 µs, and saturation was only reached with millimolar concentrations 

(Figure 3C, manuscript 1). For comparison, kanamycin interactions with OmpN using the same 
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molecular dynamics simulations were performed. Kanamycin showed stronger interactions with the 

OmpN porin, especially at the constriction region (Figure 3D, 3E, 4C & 4D, manuscript 1). This was 

also reflected in the flux of kanamycin through OmpN, which was three orders of magnitude lower and 

saturation was already reached at µM concentrations (Figure 3F, manuscript 1). Overall, the calculations 

predicted kanamycin to permeate poorly through OmpN, which is in accordance with previous 

experimental data, where no diffusion of kanamycin through OmpN could be measured (Bafna et al. 

2020). 

Negamycin translocation through OmpF and OmpC could clearly be shown on the protein level (Table 

3, manuscript 1), but the respective genes did not have an impact on the negamycin MIC (Table 1, 

manuscript 1). To investigate the global response of E. coli to negamycin treatment, the transcriptome 

was investigated by transcriptome sequencing. Among the most strongly down-regulated transcripts was 

the dipeptide transporter operon dpp (Table 4, manuscript 1), which is known to be involved in 

negamycin uptake across the cytoplasmic membrane of E. coli, as reported in publication 1. The most 

strongly increased transcript was soxS, a transcriptional activator known to be induced upon oxidative 

stress (Table 4, manuscript 1). Negamycin susceptibility is not influenced by soxS levels, as E. coli 

ΔsoxS showed the same negamycin MIC of 8 µg/ml in PP as its isogenic wild type strain E. coli 

BW25113. Transcripts of porin genes were affected as well. ompF expression was reduced 2.6-fold, and 

at the same time, ompN and chiP expressions were increased 3.6- and 5.1-fold, respectively. More 

OmpN is available for outer membrane translocation, but it has to be noted, that although ompF 

expression is reduced, there are still many more ompF than ompN transcripts (Table 4, manuscript 1). 

Western blots never detected the OmpN or ChiP protein, neither with nor without negamycin treatment 

(Figure S9, manuscript 1).  

To determine possible side effects of the porin gene deletions, the transcriptomes of E. coli ΔompN, E. 

coli ΔchiP and E. coli ΔompNΔchiP were investigated. Most other porin transcripts were not affected 

by these gene deletions (Table S6, manuscript 1). Only in E. coli ΔompN, the chiP transcript was reduced 

2.3 times. Notably, the expression of ompN was low in wildtype E. coli BW25113, as the deletion of 

ompN did not significantly decrease ompN transcript amounts. 

Although the expression levels of ompN and chiP were generally low and the respective protein could 

not be detected in Western blot analysis, the role of these porins in negamycin translocation could be 

shown by susceptibility determinations, electrophysiological measurements and computational 

simulations. 
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2.3.2. Discussion 

Multiple uptake pathways of negamycin through porins across the outer membrane could be shown in 

this study. An increase in negamycin MIC could be observed when either ompN, chiP, lamB, ompG, 

ompW or ompA were deleted (Table 2, manuscript 1). Most importantly, the small and hydrophilic 

molecule was able to diffuse through various porins, which could be shown on the protein level for 

OmpN, ChiP, OmpF and OmpC (Table 3, manuscript 1). Negamycin permeated through these porins at 

rates comparable to NaCl and easier through OmpF than previously reported for kanamycin and 

ampicillin (Ghai et al. 2018; Bafna et al. 2020). 

Previous conductance measurements led to the assumption that the OmpN pore must be smaller than 

OmpF or ChiP (Bafna et al. 2020), but the resolved structure of OmpN showed a similar pore size 

(Figure 2, manuscript 1) as of OmpF and OmpC (Acosta-Gutiérrez et al. 2018). Therefore, the antibiotic 

selectivity must not solely rely on pore size but on other mechanisms, like an electrostatic barrier. Within 

clinical E. coli isolates, differences in ompC sequences have been linked to the reduction of antibiotic 

translocation, although the pore size was barely affected, but rather the transversal field inside the OmpC 

porin (Lou et al. 2011). Within the structure of OmpN, Asp248 and Asp250 have been identified to 

protrude into the barrel, which increases cation selectivity (Figure 2C, manuscript 1). 

OmpN and ChiP have not been associated with antibiotic translocation in E. coli, so far, as mainly OmpF 

and OmpC are affected by antibiotic resistance development (Vergalli et al. 2020). The development of 

high negamycin resistance at the outer membrane seems unlikely, as multiple pathways are available 

for translocation. The situation at the cytoplasmic membrane is different. Here, it was previously 

observed, that treatment with negamycin led to genomic changes of genes associated with peptide 

transport or energy metabolism, depending on the growth medium composition (McKinney et al. 2015b; 

Hörömpöli et al. 2021). Within our transcriptome study, we could also observe that negamycin treatment 

had strong effects on transporter transcripts at the cytoplasmic membrane (Table 4, manuscript 1). At 

the outer membrane, the major E. coli porin gene ompF was affected and ompF transcripts were reduced 

compared to the untreated cells. The increase of ompN and chip expression (Table 4, manuscript 1) 

could enable additional uptake opportunities for negamycin across the outer membrane. Negamycin 

might therefore be an interesting option for treatment when other antibiotics are affected by reduced 

uptake by the lowered expression of the major porins OmpF and OmpC (Vergalli et al. 2020). Although 

ompN transcripts increased by negamycin treatment, the OmpN protein was still too low to be detected 

by Western blot analysis (Figure S9, manuscript 1). 

Previously, it was proposed that a bicistronic ydbK-ompN operon exists (Fàbrega et al. 2012). In the 

transcriptome data in this study, multiple copies of the ydbK transcript were found in untreated E. coli 

BW25113, but none of ompN, indicating that there is a single transcript of ydbK (Supplemental 

information 2, manuscript 1). Additionally, a transcription start site was found upstream of the ompN 

gene, indicating a monocistronic ompN transcript (Ettwiller et al. 2016). It was also proposed that the 
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ydbK-ompN operon might be induced in response to oxidative stress, although only the ydbK gene 

seemed relevant when exposed to oxidative stress inducing agents (Fàbrega et al. 2012). In another 

study, the ompN promotor was reported to be induced by carbapenems and cephalosporins (Dam and 

Masi 2017). In this work, the whole region between the ompN and micC genes was used for a reporter 

construct, which responded by an increase in fluorescence when cells were exposed to certain 

antibiotics. Notably, also these authors did not detect the OmpN protein on Western blots, even when 

the promoter signal increase was strong (Dam and Masi 2017). 

The high number of translocation options of negamycin across the outer membrane and its lack of 

dependency on a single porin make negamycin interesting for applications against various pathogens. 

In Klebsiella pneumoniae, porins are described to be more permeable to β-lactams and sugars than porins 

in E. coli (Sugawara et al. 2016). This fact might explain why porin loss in K. pneumoniae has been 

associated strongly with antibiotic resistance. It could be observed, that some clinical Klebsiella isolates 

react to antibiotic exposition by reduced expression of their major porins OmpK35 and OmpK36, which 

was compensated be an increase in expression of OmpK37 (Doménech-Sánchez et al. 1999). 

Structurally, OmpK35, OmpK36 and OmpK37 of K. pneumoniae are similar to OmpF, OmpC and 

OmpN of E. coli, respectively. Negamycin as an antimicrobial treatment might be of use here to counter 

resistance development, although further research on permeability within other bacteria would be 

necessary. 

Our study provides first evidence that porins other than OmpF or OmpC could be of interest in regard 

to antibiotic accumulation in E. coli. The physiological role of OmpN and ChiP needs to be further 

investigated to determine if these alternative pathways across the outer membrane might be of interest 

in clinical treatment.  
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2.4. Two-step batch purification of negamycin from biosynthesis using cation 

exchange chromatography (manuscript 2) 

2.4.1. Results 

The in-depth biological characterization of natural product antibiotics depends on effective production 

of these molecules. Chemical synthesis of natural compounds can be demanding and expensive. At the 

time of this study, negamycin was available to us from total synthesis, but amounts were limited. To 

support the multitude of studies conducted by us and our external collaboration partners in the course of 

this thesis project, we produced negamycin by fermentation. The purification protocol of the negamycin 

patent (Umezawa et al. 1972) was adapted and improved. Although negamycin was already discovered 

in 1970, it recently re-gained attention of academical and industrial research groups, as it is a promising 

candidate for an antimicrobial drug to combat Gram-negative pathogens (Rafanan et al. 2003; 

McKinney et al. 2015a; McKinney et al. 2015c; Hörömpöli et al. 2021). 

Prior to this work, a biosynthesis and purification protocol for negamycin was described, using multiple 

ion exchange chromatography columns (Umezawa et al. 1972). In the current study, the strain 

Streptomyces purpeofuscus ATCC 21477 was used for fermentation, as it showed the highest yield of 

negamycin among three putative negamycin producer strains (Hörömpöli 2016). The negamycin 

production medium (NPM) proposed in the original negamycin publication and patent was used 

(Hamada et al. 1970; Umezawa et al. 1972), only the soybean meal was exchanged by soybean flour, 

as it led to higher negamycin production (Hörömpöli 2016). 

Here, one exemplary isolation process is described. The first step for negamycin biosynthesis was the 

inoculation of a culture with a spore suspension (Figure 1, manuscript 2). After cultivation for four days 

at 27°C, this culture was used to inoculate the main production culture of 2.2 l, which was further 

incubated at 27°C for four days. This procedure led to a negamycin concentration of about 125 mg/l 

within the supernatant of the production culture. The sample was centrifuged, the supernatant was 

filtered and applied to the cation exchange chromatography material Amberlite IRC-50 (Na+ form). 

After washing, negamycin was eluted with 0.25% NH4OH and fractions with bioactivity against E. coli 

BW25113 were pooled and concentrated under low pressure to a volume of ~10 ml (Table 1, manuscript 

2). This sample was applied to the second cation exchange chromatography column, Amberlite CG50 

(Figure 2, manuscript 2). Negamycin was eluted with deionized H2O and fractions of 15 ml were 

collected. Eluates showing similar bioactivity were pooled (Table 2) and were freeze-dried. This 

procedure led to three pooled samples with a total of ~72 mg of a white powder. This powder was 

dissolved in water and the MIC against E. coli BW25113 was determined. A pool of 12.98 mg showed 

similar activity as the negamycin available from total synthesis (Pool 2, Table 2, manuscript 2). 

Furthermore, 58.79 mg were only a factor of two less active than negamycin from total synthesis. 
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The purity of the batch of 12.98 mg with highest activity was further investigated. This sample was 

compared side by side with the negamycin from chemical synthesis by TLC and HPLC. The purified 

biosynthetic product showed only one spot by ninhydrin staining, whereas the total synthetic negamycin 

had three spots, and only the strongest signal had the same retention factor as the purified biosynthetic 

negamycin sample (Figure 3A, manuscript 2). The additional spots of the total synthetic sample 

correspond probably to residual material from chemical synthesis, in particular negamycin still carrying 

protection groups that could not be removed. Comparing the samples by HPLC on a Luna Omega Polar 

column, both samples showed the strongest peak at the retention time of 11 min (Figure 3B, manuscript 

2) and each a minor, additional signal at different retention times, but with a much lower peak compared 

to the negamycin signal. 

Purity of the purified fermentation product was further investigated by nuclear magnetic resonance 

(NMR). Compared to total synthetic negamycin, various additional peaks could be detected in the 

material isolated from biosynthesis (Figure 4, manuscript 2). Most smaller peaks could not be assigned 

to organic material. One additional peak at 3.25 ppm indicated a residual natural product impurity. Based 

on signal strength, purity of the biosynthetic sample was calculated to be above 95%. 

2.4.2. Discussion 

The procedure for negamycin purification from a S. purpeofuscus culture, based on the previous patent 

(Umezawa et al. 1972), could be established as a method in our lab. Additionally, the protocol was 

improved, as the method was reduced from four ion exchange chromatography steps to only two. 

The yield of negamycin produced by the culture varied between different fermentation runs between 60 

and 150 µg/ml within the fermentation supernatant. The yield of pure negamycin per 2.2 l fermentation 

was between 12 and 15.5 mg. In the exemplarily isolation described in this study, about 13 mg of pure 

negamycin (>95% purity) could be purified from a culture of 2.2 liter (Table 2, manuscript 2). Additional 

~59 mg of semi-pure negamycin was extracted. This led to a yield of 72 mg negamycin, which 

corresponds to about 26% of the estimated total 275 mg in the production culture. This yield is 

comparable to the original patent, where 39 mg negamycin from a total 210 mg was purified (19%). 

Taking the higher fermentation volume of the 6 l culture into account, the purified amounts of 

negamycin per fermentation volume was lower in the original publication. But the proportion of pure 

negamycin, with 20 mg from the total 39 mg, was higher in the original patent (Umezawa et al. 1972). 

Further optimization of negamycin fermentation and purification can be achieved by scaling up and by 

replacing or adding chromatography steps after the first cation exchange chromatography. One 

promising column material could be the Luna Omega Polar, which was used for analysis in this study 

(Figure 3B, manuscript 2). Here, a single peak at a retention time of 13 min could be observed, while 

many other column materials tested, did not retain the highly polar negamycin. This method must first 
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be applied to a larger, semi-preparative setup, but looks promising. Increasing negamycin amounts 

within the production culture might be difficult with classical methods, as so far alternative media or 

other potential producer strains did not increase the negamycin concentration in the supernatant 

(Hörömpöli 2016). The gene cluster for negamycin biosynthesis has not been identified, yet. Therefore, 

the search for new negamycin producer strains or genetic modifications of the gene cluster are not 

possible yet. However, the negamycin gene cluster is currently being studied by colleagues in our 

department.  

The isolation of hydrophilic natural products is, in general, a difficult task, as large amounts of water 

have to be removed, which is a time-consuming task (Berlinck et al. 2019). Additionally, residual salts, 

sugars and amino acids are difficult to remove during the isolation process. New column materials, like 

the hydrophilic interactions liquid chromatography (HILIC), have been developed but so far have been 

only successfully applied for analysis (Berlinck et al. 2019). 

For most previous studies on negamycin conducted to date, negamycin was obtained by chemical total 

synthesis (Shibahara et al. 1972; Streicher et al. 1978; Wang et al. 1982; Hayashi et al. 2008; Hayashi 

et al. 2009). These chemical synthesis procedures require multiple steps, varying from 13 to 19 working 

steps to achieve a yield of up to 26% (Wang et al. 1982; Hayashi et al. 2009). Although a more efficient 

procedure, with eight steps leading to a yield of 42% has been described (Hayashi et al. 2008), our 

isolation protocol from biosynthesis with only two purification steps might offer a convenient alternative 

for obtaining negamycin.  
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