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Zusammenfassung

Viele Antibiotika gegen Gram-positive Bakterien zeigen keine Aktivitit gegen Gram-negative Spezies,
da die Aufnahme durch eine weitere, dullere Membran verhindert wird. Sofern sich die Zielstruktur des
Antibiotikums innerhalb des Zytoplasmas befindet, so muss das Antibiotikum sowohl die &ulere
Membran als auch die Zytoplasmamembran tiberwinden. Zur Diffusion iiber die &ulere Membran durch
Porine miissen Molekiile klein, hydrophil und geladen sein, wohingegen fiir passive Diffusion iiber die
Zytoplasmamembran Molekiile hydrophob und ungeladen sein sollten. Negamycin ist ein Antibiotikum,
welches in vorherigen Publikationen gute Aktivitit gegen Gram-negative und Gram-positive Spezies
zeigte. Diese Eigenschaft macht es zu einem interessanten Molekiil fiir Aufnahmeversuche, da es sowohl
die duflere 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 fiihrt. In Derivatisierungs-Studien zeigten die meisten Negamycin-Analoga keine
verbesserte Aktivitdt gegen Bakterien, obwohl manche Analoga eine stirkere Interaktion mit der
Zielstruktur aufwiesen, was auf eine verringerte Aufnahme in Bakterien hindeutet. Wir waren daher am
Aufnahmemechanismus von Negamycin interessiert und haben hierfiir Escherichia coli als

Modellorganismus verwendet.

Die erste Barriere fiir Antibiotika ist die duflere Membran. Da Negamycin klein, hydrophil und bei
neutralem pH positiv geladen ist, hat es ideale Molekiileigenschaften zur Diffusion durch Porine, die als
wassergefiillte Kanile die ganze duflere 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 Bioaktivitit festgestellt werden, wenn die
beiden Poringene ompF und parallel ompC in E. coli deletiert wurden. Ein alternativer Aufnahmeweg
tiber die duBere Membran, wie der sogenannte Self~-Promoted Uptake-Mechanismus, konnte fiir
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 aufgeldst. OmpN zeigte zwar in der
Constriction Region, der engsten Stelle eines Porins, einen dhnlichen Durchmesser wie OmpF und
OmpC, aber die Anordnung der Aminoséduren innerhalb von OmpN sorgt fiir eine elektrostatische
Barriere. Diese elektrostatische Barriere verhinderte die Passage von Kanamycin, ermdglichte aber den

Durchtritt von Negamycin durch OmpN, was anhand von Simulationen berechnet und gezeigt werden
\%



konnte. Das Transkriptom von E. coli BW25113 wurde untersucht und die Expression von ompN und
chiP war zwar sehr gering, aber E. coli BW25113 erhohte die Expression dieser Poringene, wenn es mit
Negamycin behandelt wurde. Diese erhdhte Expression reichte jedoch nicht aus, um die zugehorigen

Porinproteine im Western Blot nachzuweisen.

An der inneren Membran konnten mehrere Aufnahmewege und der Einfluss der Zusammensetzung von
Néhrmedien auf die Aktivitit von Negamycin demonstriert werden. In einem Peptid-freien Medium
nutzt Negamycin bevorzugt den ATP-abhingigen Dipeptid-Transporter Dpp. FEine verringerte
zytoplasmatische Akkumulation von Negamycin konnte durch Messung von [*H]negamycin in dppA-
defizienten Mutanten gezeigt werden. Weiterhin wurde beobachtet, dass Mutanten, die auf Peptid-
freiem Agar selektiert wurden, dem Negamycin zugesetzt worden war, Verdnderungen im dpp Operon
zeigten. AuBlerdem konnte der Einfluss von weiteren ATP-abhéngigen Transportern sowie Protonen-
abhingigen Oligopeptid-Transportern auf die Negamycinaufnahme nachgewiesen werden. Der Effekt
von Salzen auf Negamycin wurde untersucht, und es wurde beobachtet, dass die Zugabe von CaCl, die
Aktivitdt von Negamycin erhoht. Andere Salze, wie MgCl,, NaCl, KCl und NH4Cl, erhohten die
Negamycinaktivitédt jedoch nicht. Bei hohen Konzentrationen von NaCl, KCI oder NH4Cl wurde sogar
eine Verringerung der Negamycinaktivitit festgestellt. Ein basischer pH erhohte die
Negamycinaktivitdt, und ein additiver Effekt wurde beobachtet, wenn CaCl, zu einem Peptid-reichen
Medium mit pH 8,5 gegeben wurde. Akustische Oberflichenwellen-Messungen zeigten, dass CaCl, die
Bindung von Negamycin an Phospholipide erhohte. Negamycin und Ca** bilden einen Komplex, was
durch eine Verringerung des Retentionsfaktors von Negamycin bei der Diinnschichtchromatographie
und bei Affinititsversuchen mit der Isothermen Titrationskalorimetrie gezeigt wurde. Die Aktivitit von
Negamycin war auch beeintrichtigt, wenn Gene der Atmungskette deletiert wurden oder unter
anaeroben Wachstumsbedingungen, jedoch nur in Peptid-reichen Néhrmedien, da hier der Dpp-
abhéingige Aufnahmeweg nicht zur Verfiigung stand. Diese Ergebnisse deuten darauf hin, dass die
Aktivitdt 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 flihrte zu sehr geringen Resistenzraten, wenn FE. coli mit einer
Negamycinkonzentration behandelt wurde, die der vierfachen minimalen Hemmkonzentration

entsprach.
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SchlieBlich wurde noch ein Protokoll fiir die Biosynthese und Batch-Aufreinigung von Negamycin
etabliert. Aus dem Uberstand 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 Diinnschichtchromatographie und Hochleistungsfliissigkeitschromatograhie zeigten.
Eine Reinheit von iiber 95% konnte fiir das biosynthetisch gewonnene Negamycin durch

Kernspinresonanzspektroskopie nachgewiesen werden.

Diese Arbeit bietet neue Erkenntnisse zu den Aufnahmemdglichkeiten von Negamycin in E. coli. Neue
Aufnahmewege konnten identifiziert werden, sowohl an der dufleren als auch inneren Membran. Diese
Ergebnisse verbessern unser Verstindnis der Aufnahme von pseudo-peptidischen Naturstoffen in

Bakterien und kdnnen 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.

VIII



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 [*H]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 CaCl, increases
negamycin activity. Other salts, like MgCl,, NaCl, KCI 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 CaCl, was added to a
peptide-rich medium at pH 8.5. CaCl, increases binding of negamycin to phospholipids, which was
shown by surface acoustic wave measurements. Negamycin forms a complex with Ca**, which was
demonstrated by a reduction of the retardation factor during thin layer chromatography in the presence
of CaCl, 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 ef 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 (Brotz-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 (Brotz-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



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 ef al. 2015).

Figure 1. Structure of negamycin.
Negamycin is a small (248.28 g/mol), hydrophilic (logD74 < -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 ef 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 ef 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).



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 ef al. 1976a; Raju ef 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 ef 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 ef 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.



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.
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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. f-barrel proteins are
integrated in the outer membrane. One class of B-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.



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 Makeld 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 (Pagés et al. 2008). Porins have a B-barrel structure, which is usually
made of 16 antiparallel B-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; Pages 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 ef 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).



Outer membrane

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 B-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, Argl24)
of the protein. (C & D) This constriction region is located in the middle of the porin barrel. Image was adapted
and modified from Vergalli ef al. 2019.

Antibiotic translocation through FE. coli porins has been shown for multiple antibiotic classes.
Tetracyclines, quinolones and B-lactams have been reported to translocate through OmpF or OmpC
(Nikaido 2003; Pages 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 (Pagés 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 (Pagés 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 ef 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 ef 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 Ca** and
Mg?**, 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



across the cytoplasmic membrane (Silver 2016). Additionally, weakly charged molecules can use the

proton motive force to cross the cytoplasmic membrane (Zarfl ef 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 ef 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 Mg?*,
which leads to a net positively charged complex that favors diffusion through porins. Within the
periplasm, Mg?" disassociates, which enables diffusion through the cytoplasmic membrane (Nikaido

and Thanassi 1993).



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.



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 ef 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 . co/i 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 ef 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 pg/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 pg/ml to 16 pg/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 [*H]negamycin accumulation, when comparing E. coli

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

As E. coli AdppA 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 png/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 AdppAAoppA and E. coli AdppAAsapA did not
show higher negamycin resistance compared to E. coli AdppA (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 opp4 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 d¢pD within the multiple
deletion strain led to E. coli AdppAAoppAAsapAAdtpD, which had a significantly higher negamycin
MIC (32 pg/ml) than E. coli AdppA. 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 pg/ml and the addition
of 0.05% PP was enough to even increase the MIC to 64 pg/ml (Figure 2C, publication 1). This
observation correlated with [*H]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 107 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 107, 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 107, 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. CaCl, increased negamycin activity against £. coli BW25113, with the
lowest MIC occurring at a concentration of 2.5 mM CaCl, (Table 3, publication 1). With 2.5 mM CaCl,
added, the MIC dropped from 8 to 2 pg/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 CaCl, decreased the MIC from 32-64 to 8 ug/ml and from >64 to
16 pg/ml, respectively (Figure 4A, publication 1). The effect of CaCl, was not limited to Gram-negative
strains, indicating that the effect of CaCl, on the activity probably happens at the cytoplasmic membrane.
MgCl, 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,
KCI 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 Ca®" addition is
probably not attributed to a disturbance of the integrity of the outer or inner membrane, as CaCl, and
MgCl, did not decrease MICs of ciprofloxacin, tetracycline or gentamicin against £. 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 CaCl, affect the ICso of negamycin
in an in vitro translation assay, suggesting that the improvement of activity by CaCl, is not due to better
target affinity, but rather based on improved uptake. As CaCl, also improved negamycin activity against
Staphylococcus aureus (Figure 4A, publication 1), we studied the interactions of negamycin and CaCl,

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 CaCl, was added (Figure 5C). As 2.5 mM
MgCl, 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 CaCl,, but not MgCl,, increasing negamycin activity (Table 3,

publication 1).

The interaction of negamycin and CaCl, was further characterized. First, negamycin was mixed with
CaCl; 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 Ca*", migration of negamycin was slowed
down substantially, and negamycin remained at the baseline, when the molarity of Ca** 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 MgCl,, and spot shifting of negamycin seemed

even stronger with negamycin staying at the baseline at a molar ratio of 1:5 of negamycin to MgCl,
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(Figure 6A, publication 1). Spot shifting could only be observed with the divalent cations Ca** and Mg?*,
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 MgCl, 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 MgCl,
on the binding of negamycin to phospholipids (Figure 5D, publication 1) and the addition of MgCl, did
not affect the MIC of negamycin (Table 3, publication 1). Thus, CaCl, 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 CaCl,
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
(Kq) of 7.98 mM could be obtained (Figure 6B and C, publication 1). The Ky did not change strongly
when the stoichiometry was varied between 0.5:1 and 2:1, leading to Kq values of 8.62 or 7.36 mM,
respectively. Under alkaline conditions the K4 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 MgCl, and negamycin could not be investigated by ITC
measurements, as the background signal of MgCl, interacting with the buffer solution was too high

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

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 pg/ml (Figure 4B, publication 1). The addition of CaCl, had
an additive positive effect on negamycin activity, as the combination of pH 8.5 and 0.5 mM CacCl,
lowered MIC to 2 pg/ml. The previously determined “ideal” concentration for negamycin activity of 2.5
mM CacCl, (Table 3, publication 1) could not be applied under basic conditions, as calcium precipitated
at higher pH. Ca*" 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 pg/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 pK, 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 AY 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

14



(Table S2, publication 1). The increase in negamycin sensitivity at alkaline pH could be linked to an
increased accumulation of radioactive [*H]negamycin. When uptake of tritium-labeled negamycin into
E. coli BW25113 was determined after 15 min of incubation, an increase of 46% of accumulated
[*H]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
Andh, AsdhA, AsdhC, AcyoA, AcyoB, AubiG, Aubil or AubiX. 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, ubil 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
pg/ml to 64 pg/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 pg/ml to 32
pg/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 pg/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 pg/ml. Additionally, the double
gene deletion of AdppAAoppA in E. coli showed a slight trend towards further increased negamycin
resistance (MIC: 32-64 pg/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
AdppAAoppAAsapA and E. coli AdppAAoppAAsapAAdipD were even less susceptible to negamycin
and MIC increased to 64 ng/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 107 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 [*H]negamycin accumulation is decreased in E. coli AdppA 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 AdppA was compared to its isogenic wildtype strain (McKinney ef 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 ef al. 1998; Létofté
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 ef 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 CaCl, 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). MgCl; 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 ef 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 ef 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 CaCl, was also investigated by ITC. The high K4 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 Kq 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 [*H]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 £. 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 ef 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* 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 A 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 (SO 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 CI". 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 S5SB & 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 £. 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
AompFAompC 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 pg/ml to 8-16
pg/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 A2 (Table S3,
publication 2). Other small antibiotics, which are used to treat Gram-negative pathogens, usually do not
exceed a projection area of 60 A2, with the exception of ceftazidime and piperacillin with sizes of 68
and 77 A2, 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
K>SO, conductivity measurements, it was estimated that OmpN has a pore radius smaller than 1 A,
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 A, respectively (Acosta-Gutiérrez et al. 2018). The recent structural analysis of OmpN
revealed, however, that the constriction zone of OmpN (2.8 + 1.1 A) 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 uM 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 AompFAompC 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 pg/ml to 2 pg/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 (Pagés 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 [*H]negamycin accumulation, measured 15
min after the addition of radioactively labeled negamycin (Figure 1C & S1, manuscript 1). Again, the

double deletion strain AompNAchiP 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 pM 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

A), OmpF (3.1 + 1.1 A) and OmpC (2.8 + 1.1 A) (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 ps, 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 pM 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
AsoxS showed the same negamycin MIC of 8 pg/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 ompfF’ 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 AompN, E.
coli AchiP and E. coli AompNAchiP were investigated. Most other porin transcripts were not affected
by these gene deletions (Table S6, manuscript 1). Only in E. coli AompN, 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 e 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 ez al. 2015b;
Horompoli 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 (Fabrega 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 ef 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 (Fabrega ef 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 -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-Sanchez 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. 2015¢; Horompdli 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 (Horompoli 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 (Horompoli 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 1, which was further
incubated at 27°C for four days. This procedure led to a negamycin concentration of about 125 mg/I
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 H,O 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 pg/ml within the fermentation supernatant. The yield of pure negamycin per 2.2 1 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 1 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 ef 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
(Horompoli 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 ef al. 2019).

For most previous studies on negamycin conducted to date, negamycin was obtained by chemical total
synthesis (Shibahara ef 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 ef 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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ABSTRACT Negamycin is a natural pseudodipeptide antibiotic with promising ac-
tivity against Gram-negative and Gram-positive bacteria, including Enterobacteriaceae,
Pseudomonas aeruginosa, and Staphylococcus aureus, and good efficacy in infection
models. It binds to ribosomes with a novel binding mode, stimulating miscoding and
inhibiting ribosome translocation. We were particularly interested in studying how the
small, positively charged natural product reaches its cytoplasmic target in Escherichia
coli. Negamycin crosses the cytoplasmic membrane by multiple routes depending
on environmental conditions. In a peptide-free medium, negamycin uses endogenous
peptide transporters for active translocation, preferentially the dipeptide permease
Dpp. However, in the absence of functional Dpp or in the presence of outcompeting
nutrient peptides, negamycin can still enter the cytoplasm. We observed a contribu-
tion of the DppA homologs SapA and CppA, as well as of the proton-dependent oli-
gopeptide transporter DtpD. Calcium strongly improves the activity of negamycin
against both Gram-negative and Gram-positive bacteria, especially at concentrations
around 2.5mM, reflecting human blood levels. Calcium forms a complex with negamy-
cin and facilitates its interaction with negatively charged phospholipids in bacterial
membranes. Moreover, decreased activity at acidic pH and under anaerobic conditions
points to a role of the membrane potential in negamycin uptake. Accordingly,
improved activity at alkaline pH could be linked to increased uptake of [*Hlnega-
mycin. The diversity of options for membrane translocation is reflected by low re-
sistance rates. The example of negamycin demonstrates that membrane passage
of antibiotics can be multifaceted and that for cytoplasmic anti-Gram-negative
drugs, understanding of permeation and target interaction are equally important.

KEYWORDS Dpp, DtpD, Escherichia coli, antibiotic, calcium, membrane, natural
product, negamycin, peptide transporters, uptake

acterial infections and the increase in antibiotic resistance are among the main
health issues of today (1). Discovering and developing new antibiotics against
Gram-negative bacteria is particularly challenging. This difficulty is not based on a lack
of suitable targets but caused by the strict penetration prerequisites of the Gram-nega-
tive cell envelope. In recent years it has become increasingly clear that the failure in
identifying new antibiotics with whole-cell activity against Gram-negatives is related to
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FIG 1 Negamycin structure and mode of action. (A) Structure of negamycin with pKa values (8). (B)
Effect of negamycin on coupled in vitro transcription-translation using an E. coli 530 extract and
plasmid-based Photinus pyralis luciferase as reporter. Error bars showing standard deviation (SD)
of five independent experiments, (C) Effect of negamycin, streptomycin (positive control), or tetracycline
(negative control) in a whole-cell miscoding assay demonstrating the readthrough of a stop codon
within the luciferase gene, Error bars indicating SD of two independent experiments, RLU, relative
luminescence units,

the incomplete understanding of the mechanisms underlying permeation of bacterial
membranes (2). An antibiotic needs special characteristics to translocate through the
Gram-negative cell envelope, as the outer membrane and cytoplasmic membrane
have orthogonal penetration requirements (3-6).

To learn from nature, we studied the uptake of the natural product antibiotic nega-
mycin across the cytoplasmic membrane of Escherichia coli. Negamycin is a pseudo-
peptide with hydroxy-f-lysine as the central amino acid (Fig. 1A). It is a small, hydro-
philic compound with a molecular weight of 248.3 g/mol and a positive net charge at
neutral pH, discovered already in 1970 in culture filtrates of strains closely related to
Streptomyces purpeofuscus (7). In animal models, negamycin cured systemic infections
with E. coli, Kiebsiella pneumoniae, Salmonella enterica serotype Typhi, Pseudomonas
aeruginosa, and Staphylococcus aureus and demonstrated low acute toxicity (7, 8).
Interestingly, it is more potent against Gram-negative than against Gram-positive bac-
teria. Due to its high polarity, it showed low oral bioavailability (6% in rats), low plasma
protein binding (10%), and low hepatic clearance, and it was excreted almost entirely
via the kidneys in an unmodified form (8).

Negamycin inhibits translation. Early studies reported an inhibition of ribosome
translocation, stabilization of polysomes, disturbance of the termination process,
and miscoding (9-13). In crystal structures, the compound was found bound to sev-
eral sites of the small and large ribosomal subunits (14-16). Resistance mutations in
a strain carrying only one rRNA allele mapped the primary site of antibiotic action
to helix 34 of the 165 rRNA, a position that overlaps with the tetracycline binding
site. However, in contrast to tetracycline, negamycin also establishes contacts with
the aminoacyl-tRNA and increases the residency time of noncognate tRNAs (14). In
accordance with this miscoding activity, negamycin is bactericidal (10). Negamycin
triggers miscoding at the eukaryotic ribosome as well and cured Duchenne muscular
dystrophy in mice, which carried a nonsense mutation in the dystrophin gene
(17,18).

In an attempt to improve the efficacy of negamycin, several derivatization cam-
paigns were conducted by companies and academic groups, which almost exclu-
sively resulted in a loss of activity (19-21). Only a single recently reported derivative,
N6-(3-aminopropyl) negamycin, showed 4-fold improved antibacterial activity (22).
Notably, among the derivatives generated over the years, several were active in ribo-
somal extracts but failed in whole-cell MIC assays, suggesting uptake issues (23). This
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TABLE 1 Antimicrobial activity of negamycin and the reference antibiotics ciprofloxacin, tetracycline, and gentamicin in different growth

media

MIC (reg/ml)

Negamycin Ciprofloxacin Tetracycline Gentamicin

MHB LB M9 PP MHB LB M9 PP MHB LB M9 PP MHB LB M9 PP
E. coliBW25113 64 64 4 8 0016 0016 0.008 0.008 1 2 1-2 2 0.5 4 025 0.06
E. coli ATCC 25922 =64 =64 2° 16 0.008 0.008 0.008° 0004 1 1 05% 1 1 8 059 0.25
P. aeruginosa PAO1 =64 =64 64 32 0.06 0.06 0.06 0.06 16 16 16 8 0.25 2 2 0.25
S.aureus ATCC 29213 =64 =64 ng =64 025 0.25 ng 0.125 05 05 ng 1 0.25 4 ng 0.25
B. subtilis 168 trpC2 =64 =64 ng =64 0.06 0.06 ng 0.06 4 8 ng 8 0.06 025 ng 0.03

“M9 minimal medium supplemented with thiamine (1 mg/liter) for E. coli ATCC 25922. ng, no growth.

observation and the fact that negamycin activity had displayed strong media de-
pendency (7) stimulated our interest in studying the uptake process of the agent
across the cell envelope. For optimization of negamycin, a thorough understanding
of the uptake mechanism seems equally important as detailed insight into the target
interaction.

When we started our investigations, we were aware of a poster presented by Versicor
Inc. at the Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC)
already in 2002 (24) demonstrating that £. coli mutants with a defective dipeptide per-
mease Dpp or deficient in components of the electron transport chain show low-level re-
sistance to negamycin. While our work was in progress, a publication by AstraZeneca
confirmed these findings and showed that Dpp plays a minor role in negamycin uptake
during treatment of an £. coli mouse thigh infection (25).

In our studies, with a mechanistic focus in mind, we compared growth media of
entirely different composition, on the one hand, M9 minimal medium rich in salt and
glucose but free of peptides, versus on the other hand, 0.5% polypeptone (PP) in water
containing a nondefined mixture of peptides but no externally added sugars, salts, or
buffer. Here, we report on the passage of negamycin across the cytoplasmic mem-
brane of E. coli and demonstrate that more than one route can be used, with their re-
spective contributions determined by the environment. The complex uptake process
of negamycin shows that more than one entry mechanism should be considered when
studying natural product passage into bacterial cells. Evolution can bestow natural
products with a variety of interactions facilitating entry, which makes them valuable
models for studying antibiotic uptake.

RESULTS

Media conditions significantly affect negamycin activity. Negamycin used in this
study was of synthetic origin and inhibited translation in an E. coli cell-free system with
a half-maximal inhibitory concentration (IC;,) of 2.8 M (0.69 ng/ml, Fig. 1B), in accord-
ance with previously published values (20, 22, 26). The compound also induced stop
codon readthrough in an £. coli whole-cell miscoding assay (Fig. 1C). The antibacterial
activity of negamycin against E. coli varied substantially in growth media of different
compositions. In rich media, such as Mueller-Hinton broth (MHB) and lysogeny broth
(LB), MICs were greater than or equal to 64 wg/ml (Table 1). Markedly stronger antibac-
terial activity was detected in M9 or PP, corresponding to MICs of 4 ig/ml and 8 reg/ml
for E. coli strain BW25113, respectively. Pseudomonas aeruginosa strain PAO1 was also
inhibited, although at higher concentrations (32 to 64 pg/ml), while the Gram-positive
bacteria tested (i.e., Staphylococcus aureus strain ATCC 29213, Bacillus subtifis strain 168
trp(2) were not inhibited up to 64 wg/ml under these conditions (Table 1), demonstrat-
ing that negamycin is stronger against Gram-negatives. As comparators, we used the
antibiotics ciprofloxacin, tetracycline, and gentamicin for MIC determinations in the
same set of media. We did not detect any large differences in activity between the four
media for these reference antibiotics, with the exception of the decreased activity of
gentamicin in media containing a larger amount of salt (i.e., LB and M9), which was
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TABLE 2 Negamycin MICs of various £. coli BW25113 transporter mutants in M9 or 0.5%
polypeptone (PP)

Negamycin MIC (peg/ml)?

E. coli strain M9 PP
BW25113 wild type 4 8

Single transporter deletions®
ATP-dependent oligopeptide transporters

AdppA, AdppB, AdppC, AdppD, AdppF 16 8
AoppA, AoppB, AoppC, AoppD, AoppF 4 8
AsapA 8 16
AsapB, AsapC, AsapF 4 8
AsapD 2 8
AddpA, AgsiB, AmppA, AnikA, AygiS 4 8
Proton-dependent oligopeptide transporters
AdtpD (AybgH)® 4-8 16
AdtpA (AtppB), AdtpB (AyhiP), AdtpC (AyjdL) 4 8
Amino acid transporters
AlysP, AhisP 4 nd
AcadB, AhisQ, Ahis), AargT 4 nd
AhisM 2-4 nd
Multiple transporter deletions®
AdppAAloppA 16 8-16
AdppAAsapA 16 8
AdppAAdtpD 16 8
AdppAloppAAsapA 16-32 8
AdppAdoppAAsapAAdipD 32 8

aStrains originating from the Keio collection (76).

bln cases where genes of previously unknown function were later renamed according to their function, the
names in parentheses refer to names employed in the Keio collection.

<Strains generated in the course of this work. nd, not determined.

“Numbers in bold indicate increases in the MIC compared to the parent strain £. colf BW25113.

observed across different species (Table 1). The activity of negamycin in media of or-
thogonal composition was a first indication of the use of multiple entry routes into the
bacterial cytoplasm. To dissect these uptake mechanisms, we chose M9 as well as PP
for all further experiments.

Negamycin crosses the cytoplasmic membrane via different endogenous E. coli
peptide transporters. Due to its pseudopeptide-like structure and previous reports on
the dipeptide permease Dpp as an entry route into E. coli (24, 25), we investigated
whether negamycin is capable of using one or more additional peptide transporters.
Aiming at a comprehensive picture, we tested a large variety of £, coli peptide as well
as amino acid transporter mutants (Table 2). Dpp mutants elicited the strongest effect.
Single knockouts of each of the genes encoding the different subunits of the ABC
transporter Dpp displayed a 4-fold increase in the negamycin MIC in M9 medium
(Table 2), which is in accordance with previous reports (24, 25). Expressing dppA from a
plasmid complemented the dppA deletion (Fig. 51). To prove that the decreased nega-
mycin susceptibility observed in MIC determinations is directly linked to a reduced an-
tibiotic uptake, we performed experiments with radiolabeled negamycin. Here, we
detected a significantly decreased [*Hlnegamycin uptake into the AdppA mutant com-
pared to its isogenic parent strain, with a 15% smaller amount after 15 min and a 20%
smaller amount after 60 min of treatment (Fig. 2D). Since negamycin is still capable of
inhibiting the growth of dpp knockout mutants, additional uptake routes into the cyto-
plasm must be available. The knockout of sapA, a paralog of dppA, led to a 2-fold
increase in the negamycin MIC, while the deletion of the other genes encoding the
Sap ABC transporter (i.e., permease domains sapB and sapC, ATPase domains sapD and
sapF) did not reduce negamycin susceptibility (Table 2). No clear effects were detected
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FIG 2 Negamycin uses multiple peptide transporters and competes with peptides for uptake, whereas
entry options for bialaphos are limited to Opp and Dpp transporters. (A and B) Impact of single or
multiple ABC peptide transporter deletions in the E. coli BW25113 background on negamycin (A) or
bialaphos (B) susceptibility in M9 medium. (C) Impact of peptide addition on negamycin MICs in MO.
Negamycin susceptibility of E. coli BW25113 in M9 decreases with supplemented polypeptone (PP) in a
concentration-dependent manner. (D) Uptake of [*HInegamycin into £. coli BW25113 wild type or its
isogenic AdppA mutant in M9. [*HInegamycin (specific activity: 0.052 Ci/mmol) was added to the cells
at a concentration of 32 ug/ml. One sample of the wild type was supplemented with 0.05% PP
concurrently with negamycin additien. Samples were taken after 15 (left) or 60 (right) min of
incubation at 37°C with shaking. Negamycin uptake is significantly reduced in M9 with the addition
of 0.05% PP or the deletion of the peptide transporter gene dppA. Each diamond represents an
independent MIC determination (A to C) or [*Hlnegamycin uptake measurement (D). Statistical
significance was determined using unpaired Student’s t test with Holm-Bonferroni correction. ns,
P> 005; *, P=0.05 *, P=0.01; *** P=0.001; "™, P=0.0001.

in single-knockout mutants of the genes encoding the different subunits of the main E.
coli oligopeptide transporter Opp (Table 2). SapA and OppA share 36% and 25% amino
acid identity with DppA, respectively. The deletion of the genes encoding DppA paral-
ogs like DdpA, GsiB, MppA, NikA, and YgiS did not reduce negamycin susceptibility
(Table 2). To detect putative cross talk or compensatory effects due to redundancy of
paralogous periplasmic binding proteins of different ABC transporters, double and tri-
ple knockout mutants were generated. The double knockouts AdppAAoppA and
AdppAAsapA did not display a higher negamycin resistance than AdppA alone. The
AdppAAoppAAsapA triple deletion mutant showed a marginal, nonsignificant increase
in the negamycin MIC compared to the AdppA single-knockout (Table 2 and Fig. 2A).
The herbicide bialaphos (L-alanyl-L-alanyl-phosphinothricin) is a tripeptide that has
been described as a substrate of mainly the Opp transporter, but it can also use Dpp
as a second route for cell entry (27). When comparing bialaphos to negamycin, it
became apparent that bialaphos has limited options for cell entry apart from the
two main E. coli peptide ABC transporters Opp and Dpp. Single deletion of oppA
already increased the MIC dramatically (1,000-fold), and, although a single deletion
of dppA did not show a significant effect, the MIC rose more than 64,000-fold in a
AoppAAdppA double mutant (Fig. 2B). In contrast, only a 4-fold increase in negamy-
cin MIC was observed in both the AdppA single as well as the AdppAAoppA double
knockout mutants (Fig. 2A), confirming that negamycin has considerably more
options of entering the cytoplasm than bialaphos. In addition to the ABC transporters
mentioned above, the deletion of one of the four E. coli proton-dependent oligopep-
tide transporters (POTs), namely, DtpD (YbgH), led to a 2-fold decrease in negamycin
susceptibility (Table 2). When we additionally deleted dtpD in the AdppAAoppAAsapA
mutant background, the resulting quadruple mutant showed a 2-fold negamycin MIC
increase compared to that of AdppA and consequently an 8-fold MIC increase com-
pared to that of the wild type in M9 medium (Table 2). Notably, none of the multiple
knockout mutants showed complete negamycin resistance, indicating the presence
of further negamycin uptake routes and revealing the highly promiscuous nature of
this natural product antibiotic.
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large chromosomal deletion of ~ 95 kb (9 mutants)

r A
locus 3625590 bp locus 3720632 bp
putative 1S150
SSRGS 185 insertion IS1 insertion
locus 3705058 bp locus 3707417 bp
(1 mutant) (1 mutant)
SNP
A 3706552 G
Y385C
(1 mutant)

FIG 3 Schematic overview of the dpp operon in E coli and spontaneous mutations induced by
negamycin exposure, Indicated deletions, 1S element insertions, and a point mutation were detected
in spontaneous negamycin resistant mutants isolated from M9 agar plates containing 2x MIC
negamycin. Locus numbers based on E. cofi K-12 MG1655 (GenBank access no. U00096.3). SNP, single
nucleotide polymorphism.

Generally, the effects of peptide transporter deletions on negamycin susceptibility
were significantly more pronounced in M9 than in PP medium (Table 2). Here, the or-
thogonal composition of our two growth media is relevant. In M9 lacking any peptide
ingredient, negamycin has free access to peptide transporters. In contrast, in PP, where
peptides represent the sole carbon and nitrogen source, nutrient peptides are highly
abundant, and negamycin is under strong competition with them at the transporters.
The unaltered negamycin susceptibility of the dpp mutants in PP compared to that of
the wild type demonstrates that here, negamycin entry is not dominated by passage
through Dpp. Accordingly, when peptides (i.e., polypeptone) were added to M9 me-
dium, the negamycin MIC increased in a concentration-dependent manner (Fig. 2C)
and to a level surpassing that of the dppA knockout, which suggests a role of peptide
transporters unrelated to Dpp. Likewise, we observed that significantly less [*Hlnega-
mycin accumulated in E. coli after addition of 0.05% polypeptone to M9 medium in ra-
dioactive uptake experiments (Fig. 2D). The activity of negamycin against multiple pep-
tide transporter knockouts as well as in peptide-containing media indicates that
negamycin must enter the cell via at least one additional uptake route.

Negamycin resistance frequencies reflect the availability of multiple uptake
routes. Strong preference for a single uptake route versus the option of multiple entry
routes is also reflected by the risk of acquiring high-level resistance. Thus, we next
compared the mutation frequencies of negamycin in our two selected growth media
and first concentrated on the situation close to the MIC. In M9, the resistance fre-
quency at 2x MIC for negamycin in E. coli BW25113 was 6 x 1077. As dpp deletion had
shown the strongest impact on negamycin activity in M9 (Table 2), we next analyzed
the dpp operon of 12 E. coli BW25113 mutants isolated from M9 agar at 2x MIC. No
PCR product was obtained for 9 of the 12 selected mutants when using primers flank-
ing the dpp operon (dppA-F-2 and dppA-F rev2). Whole-genome sequencing of one of
these mutants revealed a large chromosomal deletion of approximately 95 kB, contain-
ing the entire dpp operon plus large flanking regions (Fig. 3). This large deletion was
subsequently also identified in the 8 other mutants that initially had not yielded a PCR
product for the dpp operon. Interestingly, two mobile genetic elements (putative trans-
posase yhh! upstream and 15150 downstream) flank the deleted region, which might
have facilitated excision. The deletion had occurred at the start of a REP260 element
and fused this part to the inverted repeat left (IRL) of IS150. A similar deletion (approxi-
mately 100 bp smaller) had been detected in negamycin resistant mutants in an £. coli
W3110 background (25). When we conducted a BLAST search, we found that the same
deletion had also occurred in an E. coli K-12 MG1655 strain during exposure to subinhi-
bitory concentrations of the antibacterial phenolic monoterpene carvacrol (sequence
ID CP026026.1 [28]). According to the Profiling of E. coli Chromosome database (PEC;
shigen.nig.ac.jp/ecoli/pec), no essential genes are found in this 95-kB region of the
chromosome (29). With regard to our three remaining mutants isolated from M9 agar
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TABLE 3 Negamycin activity against E. coli BW25113 in the presence of different
concentrations of salts added to 0.5% polypeptone medium

Negamycin MIC {(ug/ml)®

Salt concentration CaCl, MgCl, NaCl KCl NH,CI
0mM 8 8 8 8 8
0.5mM 4 8 8 8 8
2.5mM 2 8 8 8 8
5mM 2-4 8 8 8-16 8-16
10mMW 4 8 8 8-16 16

50 mM 8 8 32-64 32 64

“Numbers in bold indicate changes in the MIC compared to activity without salts.

under negamycin selection pressure, one mutant harbored a point mutation in dppA
that led to a Y385C amino acid exchange, while two of the mutants had insertions of
mobile genetic elements in the dpp operon. Among these, one mutant carried an
insertion of the insertion element IS1 in dppA, and in the second mutant, IS5 had inte-
grated into dppB (Fig. 3). In total, all 12 out of 12 E. coli BW25113 mutants isolated on
M9 agar at 2x MIC showed alterations in the dpp operon, confirming Dpp as the pref-
erential uptake route for negamycin in peptide-free media. The negamycin MIC of all
mutants was increased by 4-fold in M9 (MIC, 16 ng/ml), in agreement with the genetic
knockout of dppA and other genes of the dpp operon. In PP medium, the MIC of all
mutants was unchanged.

While the resistance frequency for negamycin was high at 2x MIC in M9, it already
strongly decreased at 4x MIC (<7 x 10 ®). This humber reflects our limit of detection
and might be even lower. For comparison, for the tripeptide bialaphos, mutation fre-
quencies in M9 were high even at 100x MIC (frequencies of 4 x 1075 at 4x MIC,
4 x 1077 at 10x MIC, and 7 x 107 at 100x MIC). This result confirms that loss of func-
tion of a single transporter already leads to a large decrease in bialaphos activity, i.e.,
a 1,000 MIC increase in a AoppA strain (Fig. 2B). On PP agar, negamycin resistance fre-
quencies were similar to those on M9, with a high frequency of 5x10~7 at 2x MIC
and less than 7 x 1072 at 4x MIC. However, in contrast to M9, no alterations in the dpp
operon were detected in 8 mutants isolated from PP agar, confirming that Dpp does
not play a prominent role in negamycin transport in peptide-containing media.
Importantly, the low mutation rate at 4x MIC in both very different media indicates
that no high-level negamycin resistance can be obtained by mutation of a single trans-
porter, as other uptake routes remain available.

Negamycin activity is significantly improved by calcium. Next, we investigated
the impact of different salt conditions on negamycin activity in PP medium, which
does not contain salts a priori. The addition of 0.5 mM CaCl, to the medium improved
the negamycin MIC in E. coli BW25113 by 2-fold, while a concentration of 2.5 mM was
the most effective and led to a 4-fold decrease of the negamycin MIC (Table 3).
Calcium also had a beneficial effect on negamycin activity against other species, e.g.,
P. geruginosa and S. aureus (Fig. 4A). MICs dropped by 2- to 4-fold when cation-
adjusted MH broth (MHBII) compared to standard MHB was used. MHBII contains cal-
cium at a concentration of 20 to 25ug/ml, corresponding to approximately 0.5 mM.
Magnesium, on the other hand, had no significant effect. Other divalent cations (i.e.,
Mn2', Zn?", and Ni?") could not be tested in the same concentration range as calcium
and magnesium due to toxicity for the E. coli cells. Low concentrations of NaCl did not
improve negamycin activity, and the addition of 50 mM NaCl was even inhibitory, as
were other monovalent cations like K* and NH,* (Table 3). On a side note, when
reducing the total salt concentration of M9 to one-fourth of its regular content (and
leaving the glucose amount unchanged), the negamycin MIC dropped from 4 wg/ml to
1 ng/ml for E. coli. M9 contains monovalent cations (Na™, K, NH,™), the sum of which
amounts to approximately 145 mM. Thus, the monovalent cations present in M9 may
negatively affect activity in this medium, especially the Dpp unrelated routes. For
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FIG 4 Basic pH and calcium are additive in improving negamycin activity. Negamycin MICs of P.
aeruginosa PAO1 and S. aureus ATCC 29213 (A) and of E. cofi BW25113 (B) in 0.5% PP medium
adjusted to different pH values and in combination with CaCl,. (C) Influence of pH and CaCl, on
[PHlnegamycin uptake in E cofi BW25113 in PP. A total amount of 32ug/ml of [PHlnegamycin
(specific activity: 0.052 Ci/mmol) was added to the cells. CaCl, and [*H]negamycin were added to the
cultures in parallel. Samples were taken after 15 (left) or 60 (right) min of incubation with PHInegamycin
at 37°C with shaking. Alkaline pH increased [*Hlnegamycin uptake, while we could not detect such an
effect after the addition of CaCl,. Each diamond represents an independent MIC determination (A and B)
or [PHlnegamycin uptake measurement (C). Statistical significance was determined using unpaired
Student’s t test with Holm-Bonferrani correction. ns, P> 0.05; **, P=0.01; ***, P = 0.001; ™", P = 0.0001.

comparison, the MICs of ciprofloxacin, tetracycline, and gentamicin were also deter-
mined in PP in the presence of different salts. Here, CaCl, and MgCl, did not improve
activity of these compounds and rather increased their MICs at 50 mM respective salts
(Table S1). As observed for negamycin, NaCl decreased the activity of the aminoglyco-
side gentamicin, while ciprofloxacin and tetracycline MICs remained unaffected (Table
S1).

In a published ribosome cocrystal structure, negamycin established contacts to the
rRNA as well as the tRNA by coordinating a magnesium ion (14). Not to overlook a poten-
tial benefit of calcium at the target level, we performed the E. coli in vitro translation assay
and added 1 to 8 uM calcium to the assay mixture. The 1C;, of negamycin remained
unchanged. E. coli keeps its cytoplasmic free Ca?* concentration low and tightly regulated
(steady-state levels of 200 to 300 nM), even when exposed to external Ca?* concentra-
tions in the millimolar range (30), while cytoplasmic magnesium concentrations are much
higher (1 to 5 mM free Mg?~ [31]). Therefore, it was unlikely that the beneficial effect that
external calcium exerted on negamycin activity was related to target binding.

Calcium enhances binding of negamycin to phospholipid membranes, To inves-
tigate the interaction of negamycin with a phospholipid membrane, we performed sur-
face acoustic wave (SAW) biosensor measurements. A model membrane bilayer con-
sisting of a lower lipid layer immobilized at the sensor surface and an upper
phospholipid layer was exposed to negamycin in a flow chamber, and binding events
were recorded. As phospholipids, we compared, on the one hand, 1-palmitoyl-2-ole-
oyl-phosphatidylcholine (POPC) and, on the other hand, a mixture of 90% POPC (net
neutral)/10% 1,2-dioleoyl-phosphatidylglycerol (DOPG, net negative) to provide the
negative charge common to bacterial cytoplasmic membranes. Each experiment
started with the injection of negamycin at nanomolar concentrations, and further neg-
amycin was added to the system by serial injections up to the micromolar range. SAW
experiments showed that negamycin already has a certain binding tendency to an
uncharged POPC model membrane indicated by the small phase change starting at
the fourth injection (Fig. 5A). Binding of negamycin was substantially increased by add-
ing 10% of DOPG to the POPC membrane, as shown by the earlier onset and the higher
degree of binding (Fig. 5B). Furthermore, the presence of 2.5mM CaCl, strongly
improved the interaction of negamycin with the membrane, clearly indicated by the
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FIG 5 Calcium supports the binding of negamycin to phospholipid membranes. Surface acoustic
wave (SAW) sensorgrams comparing the interaction of negamycin with a POPC membrane (A), a
POPC/DOPG membrane (B), or a POPC/DOPG membrane in the presence of 2.5 mM CaCl, (C) or with
a POPC/DOPG membrane in the presence of 2.5mM MgCl, (D). The empty triangles at the x axis
indicate the injection steps of negamycin. The total concentration of negamycin ranges from
7.5x107% M (outermost left triangle) to 1% 107° M (outermast right triangle). Filled arrows at the
curves indicate binding events. The large phase shifts at high negamycin concentrations which drop
back after injection are a consequence of increased viscosity and do not indicate real binding events.

rapid onset of binding already at the lowest negamycin concentration and the larger
phase change (Fig. 5C). The cation species appears to be crucial for the membrane-
binding affinity, as the addition of 2.5mM MgCl, had only a marginal effect on the
binding process (Fig. 5D). The observation that CaCl, improved negamycin activity not
only against Gram-negative but also against Gram-positive bacteria (Fig. 4A) suggests
that calcium facilitates negamycin uptake at the cytoplasmic membrane. However, an
additional beneficial effect at the outer membrane cannot be excluded at this point.

To rule out secondary antibiotic effects emerging from the interaction of negamy-
cin with phospholipid membranes stimulated by calcium, we determined the mem-
brane potential and permeability in E. coli upon negamycin treatment. The membrane
potential was unaffected up to 4x MIC of negamycin over a time course of 180 min in
the absence and presence of calcium (Fig. $2). We also could not observe an increased
membrane permeability within 60 min of negamycin treatment as monitored by stain-
ing with the DNA-binding, cell-impermeant fluorescent dye SYTOX Green (Fig. S3). In
contrast, colistin increased membrane permeability within 10 to 20 min of treatment.
After 90 to 120 min of negamycin treatment, the SYTOX Green assay signaled a begin-
ning impairment of membrane integrity, an effect probably related to the miscoding
activity of this compound (Fig. S3). Importantly, the addition of calcium did not pro-
mote the disruption of membrane integrity; on the contrary, it rather seemed to have
a stabilizing effect on the cells.

Negamycin forms a complex with calcium. We further tested the capacity of neg-
amycin to interact with calcium directly. Mainly the carboxyl, but also the carbonyl and
amine groups within the flexible negamycin molecule, indicate that it may be able to
chelate cations. In thin-layer chromatography (TLC), the addition of Ca2' in a molar ra-
tio of 1:1 reduced negamycin migration (spot-shift), implying complex formation (Fig.
6A). At 5-fold molar surplus of Ca?™ over negamycin, the antibiotic was almost com-
pletely retained at the origin. The addition of Mg?™ influenced negamycin migration to
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FIG 6 Negamycin forms a complex with calcium. (A) Thin-layer chromatography (TLC) analysis of
negamycin with CaCl,, MgCl,, or NaCl at different molar ratios. (B and C) Isothermal titration
calorimetry (ITC) of negamycin titrated with CaCl,. (B) Heat differences monitored by differential
power (DP) measurements upon two consecutive series of 19 injections of CaCl, after baseline
correction and subtraction of control experiments of CaCl, titration into buffer, buffer titration into
buffer, and negamycin titration into buffer. (C) Binding enthalpies (AH) against the Ca®~/negamycin
molar ratio. ITC data were fitted to the one-site binding model. Due to the low binding affinity,
fitting required to preset stoichiometry manually, which we set to 1:1. With these settings, a K, of
7.98mMW was obtained.

a similar extent, while NaCl at a molar surplus of 1:10 showed no effect (Fig. 6A). The
ability of negamycin to form a complex with calcium could be confirmed by isothermal
titration calorimetry (ITC). Here, binding of Ca®* to negamycin was clearly detected
(Fig. 6B), but the affinity of the interaction was low. Due to the low affinity of binding
(low c-value titration), ITC did not allow us to determine the stoichiometry of the com-
plex. When manually setting the stoichiometry to 1:1, a binding affinity (K;) of 7.98 mM
was obtained in Tris buffer pH 7.0 (Fig. 6C). Although the stoichiometry of negamycin
and calcium could not be determined with certainty, the K, is not largely dependent
on this parameter. When imposing a stoichiometry of 0.5:1 or 2:1, K, values of 8.62 mM
or 7.36 mM were obtained, respectively. Furthermore, an effect of the pH on the bind-
ing affinity of negamycin and calcium was observed. At pH 8.5, a slightly improved K,
of 4.1 mM was determined when fixing the stoichiometry to 1:1. The charges of the dif-
ferent groups (carboxyl, amine) within the negamycin molecule vary with pH as their
protonation changes (Fig. $4), which may explain why binding affinities change with
pH. Of note, we were not able to detect binding of Mg?~ to negamycin by ITC. Most
likely, the large heat of dilution resulting from the titration of MgCl, into buffer con-
taining negamycin masked the small quantity of heat released by the binding.

pH has a substantial impact on negamycin activity. Negamycin activity was also
strongly influenced by the pH of the medium. The pH of 0.5% PP is around 7, and the
medium is not buffered. By adjusting the pH of PP to pH 5, an 8-fold reduction in nega-
mycin activity was observed for E. coli, while on the other hand, the MIC improved 2-
to 4-fold at pH 8.5 (Fig. 4B). The beneficial effect of calcium on negamycin activity was
additive to the alkaline pH, leading to a MIC of 1 wg/ml in E. coli under these optimized
conditions (pH 8.5 and 0.5 mM CaCl,). Of note, since a CaCl, concentration of 2.5 mM,
which had shown the strongest effect on negamycin MIC at pH 7, could not be tested
at pH 8.5 due to precipitation, the concentration of CaCl, was lowered to 0.5 mM.
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FIG 7 Mutations affecting the respiratory chain reduce negamycin sensitivity in peptide-rich media.
Negamycin MICs of different energy mutants of £. cofi BW25113 in M9 (A), 0.5% PP (B), or MHBII (C).
Each diamond represents an independent MIC determination. Statistical significance was determined
using unpaired Student’s t test with Holm-Bonferroni correction, comparing the various deletion
strains to the wild type (WT). ns, P> 0.05; *, P=0.05; **, P=0.01; ***, P =0.001; ****, P=0.0001; n. g.,
no growth under this condition.

Improvement of negamycin activity at pH 8.5/0.5 mM CaCl, was not limited to E. coli
but also affected P. geruginosa and S. aureus, where the negamycin MIC dropped to
4 ng/ml (Fig. 4A).

The pH of the surrounding medium affects the membrane potential of bacteria
(32). The electrical potential Ay across the cytoplasmic membrane of E. coli is more
negative at alkaline pH than at acidic pH. The passage of positively charged negamycin
molecules across the cytoplasmic membrane may be facilitated by the trans-negative
(i.e., surplus negative charge inside) electrical potential gradient. With increasing A
at alkaline pH, more negamycin molecules may pass the cytoplasmic membrane in a
given time period than at neutral pH, leading to an increased accumulation of negamy-
cin inside the cell. Such behavior has also been reported for the positively charged
aminoglycosides (33). However, for the negamycin structure, an additional pH-depend-
ent aspect should be considered. The beta-amino group of negamycin has a pK, of 8.0,
meaning that at pH 8.5, the number of negamycin molecules that are zwitterionic is
considerably higher than that at pH 7.0 (Fig. S4). At pH 7.0, approximately 99% of nega-
mycin molecules contain a net charge of +1, while only 1% of negamycin is present in
its zwitterionic form. At pH 8.5, the two different zwitterionic species of negamycin to-
gether make up about 30% of the total amount of molecules, and this net neutral state
may contribute to passage across the cytoplasmic membrane, putatively by passive
diffusion.

In this regard, we also determined the negamycin MIC of isogenic AacrA, AacrB,
and AacrAB mutants under our media conditions. We did not detect a decrease in neg-
amycin MIC in these mutants devoid of the main E. coli efflux pump, neither at pH 7
nor at pH 8.5 plus 0.5 mM CaCl, (Table S2). In contrast, novobiocin MICs were affected
heavily by the deletion of this efflux pump, also under alkaline conditions in the pres-
ence of CaCl,.

By performing experiments with tritium-labeled negamycin, we measured a signifi-
cantly increased uptake of negamycin at pH 8.5 than at pH 7 (Fig. 4C). At alkaline pH,
the amount of accumulated [*Hlnegamycin was increased by 46% and 53% after
15 min and 60 min, respectively. The uptake data directly explain the improved nega-
mycin activity observed at pH 8.5. However, with our experimental setup, we could not
detect an increased [*Hlnegamycin accumulation over 60 min when adding CaCl, to
the cultures, neither at pH 7 nor at pH 8.5 (Fig. 4C). Similar to the situation at neutral
pH, we did not observe a dissipation of the membrane potential or disruption of mem-
brane integrity upon negamycin treatment at pH 8.5, neither in the absence nor pres-
ence of CaCl, (Fig. S2 and S3).

April 2021 Volume 65 Issue 4 e00986-20

49

Antimicrobial Agents and Chemotherapy

aacasm.org 11



Hérompoli et al.

B aerobic  anaerobic aerobic anaerobic
_ 80 wheh _ 80 i hddd
E b g - : ns
EX 2 60 -
= ) ns 5
Z 40 = 4] oo Do
5 =1 -
= 2
£2 £ 20
Sl e i Hlem " ole ToHONCNiel AealHEON
DAL ADLS O RIASAY » N & AP
S~ E SR SO
o Q\Q @ Q\Q AR v v }57 (AN },V \rd v OV TAZ ?,D W A
< < \Q? @Q 'wQ 4 OQ\’ ip\j bQQ w\’ aq? OQQ’&Q'
LA A AN LA A
Wt AN
b vV
v&é VW

FIG 8 Anaerobic growth conditions reduce negamycin susceptibility in peptide-containing media and
in peptide transporter mutants, (A) Negamycin MICs of £, coli BW25113 wild type in different media
under aerobic and anaercbic conditions. Statistical significance was determined using Student's t test
comparing anaerobic te aerobic growth conditions, (B) Effect of peptide transporter deletions in the
E. coli BW25113 background on negamycin susceptibility under aerobic versus anaerobic growth
conditions in M9 medium. Each diamond represents an independent MIC determination. Statistical
significance was determined using unpaired Student's t test with Helm-Bonferroni correction. ns,
P==005; %, P=0.05; *** P=0.001; ***, P=0.0001.

Negamycin susceptibility is reduced in E. coli energy mutants. The membrane
potential A is dependent on the activity of the respiratory chain complexes (32).
Thus, we analyzed several strains of the E. coli Keio collection lacking proteins involved
in different stages of the respiratory chain for their susceptibility to negamycin under
our media conditions (Fig. 7). In M9 medium, all of the energy mutants tested
remained fully susceptible (Fig. 7A). The glucose level in M9 seems sufficient to ensure
activity of the ATP-fueled Dpp also in energy mutants, and this transporter is the pre-
ferred uptake route in M9. In polypeptone, we observed a 2-fold negamycin MIC
increase in some of the mutants (Fig. 7B). Overall, the effects of energy mutations on
negamycin susceptibility detected by us were lower than previously reported. Versicor
had noted a 2- to 4-fold MIC increase for a negamycin derivative in Ahem8, AubiD, and
AcydAB mutants, and more recently, McKinney and coworkers reported an over-4-fold
MIC increase of an ubiX mutant (24, 25). As we did not observe such substantial effects
of the energy mutants under our assay conditions (using M9 or PP), we repeated the
MIC determination in MHBII, the medium that had been used before (25). For MHBII,
we confirm more pronounced changes with up to 4-fold MIC increase for several of the
mutants (Andh, AsdhA, AubiG, Aubil, AubiX) (Fig. 7C). One obvious difference between
the three media is their peptide content (0 g/liter in M9, 5 g/liter in 0.5% polypeptone,
17.5 g/liter casein hydrolysate, plus 2 g/liter beef infusion in MHBII). Peptide trans-
porter-based entry routes are less available for negamycin the higher the competition
with nutrient peptides, with a stronger impact on Dpp than on DtpD, which puts more
emphasis on alternative uptake mechanisms that are more dependent on a certain
membrane potential threshold. In addition, it cannot be excluded that metabolic
changes in E. coli while growing in the different media play a role.

Negamycin activity is reduced under anaerobic conditions in peptide-rich
media. We also investigated negamycin activity under anaerobic conditions. E. coli
BW25113, when growing in PP in the absence of oxygen, was substantially less suscep-
tible to negamycin, and the MIC increased from 8 pg/ml to 32 to 64 pug/ml (Fig. 8A).
The same trend was observed for kanamycin and gentamicin in PP (Fig. S5), and it is
well described that aminoglycoside activity is strongly impaired under anaerobic con-
ditions (34). Vice versa, when performing the MIC determination in ambient air while
shaking the microplate, negamycin MIC was improved by 2-fold in PP most likely as a
consequence of the increased oxygen availability (Fig. $6). On the other hand, and in
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contrast to that of aminoglycosides, the negamycin MIC remained unchanged in M9
minimal medium when incubating the cells under anaerobic conditions (Fig. 8A and
Fig. S5). Similar to the results obtained for the energy mutants in M9, the unaltered
negamycin MIC probably reflects the availability of Dpp and other peptide transport-
ers for uptake in M9 also under anaerobic conditions. When comparing the set of our
single and multiple peptide transporter mutants in M9 under aerobic versus anaero-
bic conditions, we observed that peptide transporters have a higher impact on nega-
mycin uptake in the latter case (Fig. 8B). Here, the contribution of the two further
periplasmic binding proteins OppA and SapA, as well as of the POT DtpD, to negamy-
cin uptake became clearly visible (Fig. 8B). Anaerobiosis also raised the MIC of the
quadruple peptide transporter knockout, indicating that at least one further negamy-
cin entry route exists and that this route is oxygen-dependent. An explanation would
be the membrane potential-dependent uptake in an aminoglycoside-like manner.

DISCUSSION

The initial publication on the discovery of negamycin had already described a
media dependency of its antibacterial activity (7), providing a first indicaticn that
bacterial uptake of this compound may be influenced by the environment. On a
molecular level, we now found that the dipeptide-like antibiotic has multiple
options to cross the cytoplasmic membrane. In the absence of peptides, negamycin
preferably enters the cell by active transport via the dipeptide permease Dpp.
Versicor had previously reported a 4-fold MIC increase of a fluorinated negamycin
analog in a dpp mutant in M9, and the same observation was also made later for
unmodified negamycin by AstraZeneca (24, 25). We confirm this primary uptake
route by uptake assays using tritium-labeled negamycin (Fig. 2D) as well as by the
exclusive selection of Dpp mutants at 2x MIC in M9. Dpp is one of the main E. coli
peptide transporters and preferably transports dipeptides composed of L-amino
acids along with some tripeptides (27, 35, 36). Its periplasmic binding protein DppA
was further shown to be involved in the uptake of 5-aminolevulinic acid as well as
heme, proving that Dpp can transport substrates that do not contain a peptide
bond (37, 38). It has been postulated that modification of the peptide bond atoms
in peptide analogs may lower their binding affinities to DppA (39), a potential ex-
planation for our observation that negamycin uptake is outcompeted at DppA by
nutrient peptides.

It is clear that Dpp is not the only uptake route used by negamycin in M9, as only a
maximal 4-fold decrease in susceptibility was detected in dpp mutants. We found a sec-
ond periplasmic binding protein, SapA, to be involved in negamycin uptake. Among the
seven paralogs of DppA in E. coli, SapA shares the highest homology with DppA and was
the only paralog that showed decreased negamycin activity in a single-knockout mutant.
The Sap ABC transporter was described to be involved in antimicrobial peptide (AMP) re-
sistance in Salmoenella enterica serotype Typhimurium and Haemophilus influenzae (40,
41). In E. coli, the function of the SapA protein in E. coli is unclear. Even though Sap from
E. coli shares high amino acid identity with its homolog in Salmonella, a function in AMP
resistance could not be detected in E. coli. Furthermore, SapBCDF, but not SapA, was
shown to contribute to the export of the polyamine putrescine (42). As negamycin activ-
ity was decreased, when sapA was deleted but not the other subunits of the Sap trans-
porter, SapA may interact with the permease domains of another transporter to support
negamycin uptake. Cross talk between periplasmic binding proteins and noncognate
permease domains has been described before, e.g,, MppA interacts with Dpp for heme
transport (38) as well as with Opp for recycling of the cell wall murein (43). Due to the re-
dundancy of transport systems, contributions of single transporters may only become
visible when preferred routes are not available. While no decrease in negamycin suscep-
tibility was visible in AoppA to AoppE single and AdppAAoppA double knockouts in M9,
a AdppAAoppAAsapA triple mutant showed a small increase in negamycin MIC com-
pared to that of AdppA. The contribution of OppA was more clearly visible under
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anaerobic conditions (Fig. 8B), demonstrating that OppA also plays a minor role in nega-
mycin uptake.

Besides the contribution of different ABC transporters, a decreased susceptibility
was also identified in a dtpD (ybgH) mutant, representing one of the four E. coli proton-
dependent oligopeptide transporters (POTs). POTs are found in all kingdoms of life
except archaea, and they transport mainly di- and tripeptides but are remarkably pro-
miscuous concerning their substrate specificity (44). Interestingly, POTs play an impor-
tant role in the absorption of several peptide-like drugs, i.e,, the human POT homologs
PEPT1 and PEPT2 present in the mammalian brush border and renal membranes trans-
port orally administered beta-lactam antibiotics (45, 46). POTs are less well described
for the uptake of antimicrobials by bacteria, but it has been shown in competition
assays that E. coli DtpA (YdgR) has a similar substrate specificity as PEPT1, interact-
ing with the aminocephalosporins cefadroxil, cephalexin, and cephradine (47). It
has also been suggested recently that uptake of the peptidyl nucleoside blasticidin S
could be mediated by POT transporters, especially DtpA and DtpD (48). The presence of
a peptide bond is not a prerequisite for substrate recognition by human PEPT1 (49), and
the minimal features were described to be a positively charged amino terminus and a
negatively charged carboxy terminus separated by at least 4 methyl groups (50), further
substantiating that negamycin may serve as a substrate for the E. coli homolog DtpD.
Due to redundancy in substrate specificities among the four POTs of E. coli, it cannot be
excluded that other POTs besides DtpD contribute to negamycin uptake.

Illicit transport was described for several antimicrobial compounds with peptide-
like structural elements, among them pacidamycin and kasugamycin (51, 52). GE81112,
a natural tetrapeptide antibiotic, which inhibits protein biosynthesis, was shown to
enter the cell via Opp (53). The compound shows very good MICs in minimal media.
However, its activity is completely abolished in rich media containing peptides (E. coli
MG1655, MIC =512 ug/ml in MHB), and E. coli strains lacking Opp were described to
be resistant to GE81112 (53). Similarly, bialaphos, which we used as a comparator for
negamycin in this study, is mainly transported via Opp and, to a lesser extent, via Dpp.
The deletion of oppA increased the bialaphos MIC by 1,000-fold, and a AdppAAoppA
double mutant showed complete resistance in M9. Comparison with GE81112 and
bialaphos emphasizes the particular strength of negamycin in promiscuous uptake.
Negamycin is active in minimal salt as well as peptide-containing media, and a quadru-
ple knockout mutant (AdppAAoppAAsapAAdipD) still has only an 8-fold reduced sus-
ceptibility. This diversity of options is directly reflected by the mutation rates. While
negamycin mutation frequencies were high at 2x MIC, they immediately dropped to
low rates at 4x MIC. Notably, the risk of spontaneous target mutations is also
extremely low. All contacts of negamycin to its target site are established to rRNA (14,
15), and most bacterial species harbor multiple rRNA gene alleles {e.g., 7 rRNA gene
copies in E. coli).

Negamycin even showed good activity in PP medium, i.e., when competing with
natural peptide substrates at the peptide transporters. Impressively, negamycin can
still use peptide transporters under these highly competitive conditions, as indicated
by our observation that increasing the amount of polypeptone from 0.5% to 2% raised
the negamycin MIC by 4-fold. This observation leads to the question of whether pep-
tide transporters can play a role in negamycin uptake in vivo. McKinney and colleagues
reported that Dpp was not relevant for negamycin efficacy in a mouse thigh infection
(25); nonetheless, the total dose that they required for an equivalent reduction of the
bacterial load was increased by 2-fold for the AdppA mutant compared to that for the
wild type. In our MIC assays, we could still detect effects of peptide transporter dele-
tions when peptides were present (e.g., AdtpD and AsapA). Thus, although it is clear
that negamycin is much less dependent on a single specific peptide transporter than
agents that solely rely on illicit transport by a particular route, it still might use such
transporters for uptake in vivo. However, negamycin also certainly has alternatives to
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illicit uptake, and the specific environment at the site of infection determines its pre-
ferred uptake route.

In peptide-containing media, we detected a substantial impact of calcium on nega-
mycin activity (Table 3), which was particularly beneficial in the concentration range of
human blood calcium levels (54, 55). Substituting calcium with magnesium was not
effective, but importantly the latter ion also did not negatively affect negamycin activ-
ity. In contrast to those of negamycin, aminoglycoside MICs rise in the presence of
divalent cations (33). A decreased uptake of streptomycin following the addition of
MgCl, and CaCl, was reported for E. coli and P. aeruginosa but also for the Gram-posi-
tive S. aureus (56). Divalent cations also hampered the intracellular accumulation of
quinolones in E. coli and S. aureus (57-60), and magnesium ions inhibited the uptake
of tetracycline in £. coli (61). When testing ciprofloxacin, tetracycline, and gentamicin
against E. coli under our experimental conditions, we observed the same trends (Table
$1). On the other hand, enhancing effects of calcium on bicactivity have been shown
for daptomycin (62). In this case, the substitution of calcium with other divalent cations
like Mg?*, Ni#*, or Mn?~ increased daptomycin MICs by at least 32-fold (63).
Mechanism-wise, it was suggested that Ca** is more effective than Mg?* in bridging
daptomycin and negatively charged phospholipid headgroups (64), based on the find-
ing that Ca2' seems to fit better between phospholipid headgroups and to interact
more strongly with phosphate and carbonyl groups than Mg?" (65). These observa-
tions match our data obtained by SAW experiments, where we observed a substan-
tially better binding of negamycin to phospholipid membranes in the presence of
Ca’* than of Mg?* (Fig. 5), although a direct interaction of negamycin in solution with
both calcium and magnesium was detected by TLC (Fig. 6A). We obtained K, values of
7.98 mM or 4.1 mM by low c-value titration via ITC for calcium binding to negamycin at
pH 7 or pH 8.5, respectively. Previously determined binding affinities of other antibiot-
ics to divalent cations were in a similar range, i.e., the quinolone ofloxacin bound Mg?"
with a K; of 1 mM as determined by nuclear magnetic resonance (NMR) and tetracy-
cline showed a pH-dependent binding affinity to Ca?* with K, values of 1.1 mM and
0.59mM at pH 6.5 and pH 7.5, respectively (60, 66). We were not able to determine the
stoichiometry of the complex of negamycin and calcium in this study. Tetracycline was
shown to bind calcium and magnesium with distinct stoichiometries, namely, one
Ca?* or 0.5 Mg?™ per tetracycline molecule (66). Since the negamycin-ribosome cocrys-
tal structure revealed a magnesium-mediated contact of negamycin via its carboxylic
moiety to the 165 rRNA (14), complex formation of negamycin with Ca?* or Mg2 ™" in so-
lution may involve the carboxyl and also putatively the carbonyl and amine groups.
Complexation of quinclones with Mg?* frequently involves both the ketone and
deprotonated carboxylate groups (60), while they more rarely bind the metal ion via
the two carboxyl oxygen atoms (67). Taken together, calcium significantly improves
negamycin activity in Gram-negative and Gram-positive bacteria, in contrast to other
antibiotics with intracellular targets (aminoglycosides, fluoroquinolones, tetracyclines),
which were shown to be antagonized by divalent cations (Table S1). Enhanced binding
to phospholipid membranes mediated by calcium may suggest a role of this cation in
negamycin uptake. However, an effect of CaCl, on cell entry did not emerge in our
uptake studies with [*Hlnegamycin over a time course of 60 min (Fig. 4C). As calcium
binding modifies the physicochemical behavior of negamycin, we cannot exclude an
altered distribution behavior of this compound during sample processing in our radio-
active assay setup. In addition, we cannot rule out that the beneficial effect of calcium
comes into play at a later point in time, which would be difficult to dissect as mixed
effects are expected due to the miscoding mode of action of negamycin, On the other
hand, our data clearly show that the interaction of negamycin with bacterial mem-
branes stimulated by calcium does not enhance membrane permeability or disturb the
membrane potential as a secondary, translation-independent mode of action (Fig. $2
and S3). Thus, the specific molecular mechanisms on how calcium improves negamy-
cin activity needs further investigation.
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Our results of decreased negamycin activity at acidic pH, in energy mutants, and
under anaerobic conditions indicate that at least one uptake route is affected by the
membrane potential. The negative impact of acidic pH on negamycin uptake had pre-
viously been noted for E. coli and attributed to the correspondingly lower membrane
patential, a characteristic also known for aminoglycosides (25, 68). However, our stud-
ies with different growth media emphasize that the impact of the membrane potential
on negamycin activity is dependent on the environment. The lack of effect of respira-
tory chain mutations (Fig. 7A) and oxygen depletion (Fig. 8A) in M@ medium underline
that negamycin has entry options that do not rely on a certain membrane potential
threshold, such as Dpp. A significant increase in negamycin MICs in different energy
mutants was only observed in peptide-containing media (Fig. 7B and C), and the
effects were more pronounced in MHBII than in PP. The higher peptide content
of MHBII compared to that of PP seems to render peptide transporter routes less acces-
sible and the membrane potential more crucial. Although it has been known for deca-
des that aminoglycoside uptake is membrane potential-dependent, the specific molec-
ular mechanism of translocation of these highly cationic, hydrophilic compounds
across the cytoplasmic membrane is not fully elucidated. It remains unclear if yet un-
identified transporters or carriers are involved. For negamycin, we have identified a
proton-dependent oligopeptide transporter to contribute to uptake. The main driving
force of this secondary active transporter family is the membrane potential, as these
transporters couple substrate translocation to proton flux down an electrochemical
proton gradient (47).

With regard to increased uptake at alkaline pH (Fig. 4C), a second factor deserves
consideration besides the membrane potential, namely, microspeciation of negamycin.
The number of net neutral negamycin molecules increases with pH, reaching about
30% at pH 8.5 (Fig. 54). Flucroquinolones and tetracyclines have been proposed to dif-
fuse passively through the lipid bilayer in their uncharged forms (69). At physiological
pH, zwitterionic ciprofloxacin is predominant over the neutral (uncharged) form. It was
proposed that zwitterionic molecules form stacks, which reduces their polarity and
favors insertion into the bilayer, Neutralization is achieved by the intramolecular trans-
fer of protons favored by partial solvation loss, and ciprofloxacin crosses the mem-
brane by passive diffusion as a neutral monomer (70). Whether a zwitterionic fraction
of negamycin might also be able to cross the cytoplasmic membrane without an active
transport process remains speculative considering that negamycin is notably more
hydrophilic than ciprofloxacin.

In summary, our data show that negamycin is exceptional in its capacity to employ
multiple, independent uptake routes across the bacterial cytoplasmic membrane,
which highlights the very promiscuous nature of this small natural product, thereby
decreasing the risk of high-level resistance by transporter mutations.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used in this study are listed in Table S3.
Strains were grown in either 0.5% polypeptcne (PP) in water (BD BBL polypeptone, catalog no. 211910),
M9 minimal medium (47.74 mM Na,HPO, x 2H,0, 22.04mM KH,PC,, 8.56 mM NaCl, 18.7mM NH,CI,
2mM MgS0,, 100 uM CaCl,, 0.4% glucose), lysogeny broth (LB), Mueller-Hinton broth (MHB; BD Difco),
or cation-adjusted Mueller-Hinton broth (MHBII; BD Difco) at 37°C with shaking (190 rpm) or on respec-
tive agar. Antibiotics, salts, or PP were added as indicated. Negamycin (=>95% purity) was synthesized by
Squarix GmbH, Marl, Germany, based on published procedures (20, 71). Tritium-labeling of negamycin
was performed by Hartmann Analytic GmbH, Braunschweig, Germany. Bialaphos was obtained from Alfa
Aesar, tetracycline from Sigma-Aldrich Chemie GmbH, streptomycin sulfate from AppliChem, and genta-
micin sulfate and kanamycin sulfate from Carl Roth. The pH was adjusted to the indicated values using 1
M HCl or 1 M NaOH. For growth curve experiments, strains were cultivated in microplates with shaking
at intervals, and the optical density at 600 nm (OD,,,) was recorded in a microplate reader (Infinite M200
PRQ, Tecan).

Determination of antibacterial activity. The MIC was determined by the broth microdilution
method according to the Clinical and Laboratory Standards Institute (CLSI) guidelines using the direct
colony suspension method with an inoculum of 5 x 10° CFU/mI (72). In addition to the standard MHB,
antimicrobial susceptibility testing was performed using different media and conditions. MICs were read
after incubation at 37°C for 20 h or after 24 h when M9 minimal medium was used. Anaerobic growth
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conditions were generated using the GasPAK Anaerobe Pouch System (BD), and the incubation time in
M9 medium was extended to 28 h under anaerobic conditions. All values were determined in at least
three independent experiments, i.e., different bacterial cultures grown on different days were subjected
to the same experimental procedures. Each independent measurement is represented as a diamond in
the dot plot overlaid on the bar chart, and the arithmetic mean of the single measurements is displayed
as a colored, vertical bar (Fig. 2, 4, 7, and 8). Statistical analysis was performed using R (the R Foundation
for Statistical Computing, version 3.6.1). Unpaired Student’s t test was used for statistical evaluation. For
multiple comparisons, the Holm-Bonferroni correction was applied. A P value =0.05 was considered stat-
istically significant.

In vitro transcription-translation assay. An in vitro coupled transcription/translation assay was per-
formed to assess the potency of negamycin on bacterial translation in a cell-free system. The assay is
based on 530 extracts prepared from logarithmically growing E. coli strain MRE600 (73), an RNase | defi-
cient strain, according to a procedure described by Zubay (74). The system further uses the pBESTluc
plasmid (Promega Corporation, Madison, USA) encoding the firefly (Photinus pyralis) luciferase gene
under the control of a tac promoter as a reporter, allowing the detection of translation inhibition by
measuring luminescence. Apart from S30 extract and pBESTIuc plasmid, the reaction mixture contained
the following supplements: 2.5 mM ATP, 0.5 mM GTP, 0.5 mM UTP, 0.5 mM CTP, 20 amino acids (0.04 miM
each), an ATP regenerating system (creatine phosphokinase/phosphocreatine), 3.2% (wt/vol) polyethyl-
ene glycol 600, 8 mM putrescine, and 2 mM dithiothreitol (DTT) in an appropriate buffer system (40 mM
triethylamine [pH 7.51, 140 mM potassium acetate, 8 mM magnesium acetate, 20mM ammonium ace-
tate, 1.4 mM spermidine). In vitro coupled transcription-translation reactions in the presence of a concen-
tration series of negamycin were performed for 2h at 25°C. After addition of the substrate luciferin,
chemiluminescence was recorded in a multiplate reader (Infinite M200, Tecan). The IC., was determined
as the concentration of negamycin, which led to 50% reduction of luminescence compared to an
untreated control.

Miscoding assay. A K31STOP mutation was intreduced inte the pBESTIuc plasmid by site-directed
mutagenesis using the primers Luc-mut_for and Luc-mut_rev (Table S$4). The resulting plasmid
pBESTIuc-mut harbors a stop codon in the firefly luciferase gene that leads to a truncated, nonfunctional
enzyme. For the miscoding assay, E. coli BW25113 carrying the pBESTluc-mut plasmid was grown to the
exponential phase. The culture was diluted to an OD,,, of 0.1 and treated with either negamycin, strep-
tomycin (positive control), or tetracycline (negative control} at sub-MICs. After incubation in M9 for 5 h
at 37°C, ODg,, and chemiluminescence were measured following the addition of 2mM luciferin in a
microplate reader (Infinite M200 PRO, Tecan). Miscoding (readthrough) activity was detected as the ratio
of relative light units (RLU) per ODgq

Knockout of genes in E. coli. Knockout strains were constructed as previously described by
Datsenko and Wanner (75), Briefly, the pKD3 {chloramphenicol) or pKD13 (kanamycin) resistance cas-
sette was amplified using primers with homelogous ends to the gene of interest. The used primers are
listed in Table S4. £, coli cells were first transformed with the helper plasmid pKD46 and then with the
extended resistance cassette. Recombination took place during incubation for 24 h at 37°C. The resist-
ance cassette was subsequently deleted using the FLP-expression plasmid pCP20. Gene deletions were
confirmed by PCR followed by Sanger sequencing. For the deletion of multiple genes in the same strain,
the single-gene knockout strains of the Keio collection (76) were used as the templates.

Complementation of dppA in E. coli. The dppA gene was amplified by PCR from genomic DNA of £,
coli BW25113 using the primers dppA-Xbal_for and dppA-Xhol_rev (Table 54) and cloned into pASK-
IBAS (IBA GmbH, Gottingen). The resulting plasmid pASK-dppA was used for £ coli strain JW3513
(AdppA) transformation. Expression of dppA in M9 medium was induced by adding 10 ng/ml anhydrote-
tracycline (Cayman Chemical, USA).

[*Hlnegamycin uptake. Radiolabeled [*H]negamycin with a specific activity of 16.6 Ci/mmol was
acquired and used in all uptake assays after dilution with unlabeled compound to a final specific activity
of 0.052 Ci/mmol. E. cofi BW25113 or its isogenic AdppA mutant were grown in M9 or PP under shaking
conditions at 37°C until early exponential growth phase. Cells were harvested by centrifugation at roem
temperature and resuspended in fresh medium to an OD,, of 5. The cell suspension was shaken at 37°C
for 10 min before 32 ng/ml of [PHlnegamycin (specific activity: 0.052 Ci/mmol) were added and cells
were further incubated at 37°C under shaking conditions. 500 il samples were taken after 15min and
60 min and quickly cooled on ice. Samples were centrifuged, washed two times with 500 ul ice-cold 3%
NaCl (wt/vol), and transferred intc a precooled tube containing 800 wl silicone oil (two parts of AR 200
[Sigma-Aldrich] to one part of AK 100 [Wacker]). After centrifugation, the aqueous phase and the silicone
oil were removed. The cell pellet was resuspended in 100 ul ice-cold 3% NaCl (wt/vol) and transferred to
a liquid scintillation counting vial. 1ml Scluene (PerkinElmer) was added and incubated over night
at room temperature. The next day, 3ml of the liquid scintillation cocktail Ultima Geld (PerkinElmer)
was added, mixed thoroughly, and incubated for 3h at room temperature, Samples were measured
(counts per minute [cpm] over 10 min) using the liquid scintillation analyzer Tri-Carb 2900TR (Packard
Bioscience) with the software package QuantaSmart 1.31 (Packard Bioscience). Negamycin amounts (1.g)
were calculated based on a dilution series of the [*Hlnegamycin compound standard (specific activity:
0.052 Ci/mmol) and put in relation to the E. coli cell number, determined by 0D, which was measured
in parallel when samples were taken. Statistical significance was calculated using R (the R Foundation
for Statistical Computing, version 3.6.1) as described in the methods for determination of antimicrobial
activity.

Isolation of spontaneous antibiotic-resistant mutants. A single E. colf BW25113 colony was trans-
ferred in 10ml LB and incubated overnight at 37°C with shaking (190 rpm). The overnight culture was

April 2021 Volume 65 Issue 4 e00986-20

55

Antimicrobial Agents and Chemotherapy

aacasm.org 17



Hérompoli et al.

centrifuged and resuspended in 0.9% saline (0.9% wt/vol of NaCl in MilliQ water), and 1x 10% to 5 x 10®
CFU were plated on M9 or PP agar, containing different concentrations of either negamycin or biala-
phos. Agar plates were incubated at 37°C, and colonies grown after 24 h were transferred cnto a fresh
agar plate containing either negamycin or bialaphos and checked for growth. In cases where the resist-
ance rate turned out to be high, the experiment was repeated with lower cell numbers per plate to allow
for precise colony counting.

Sequencing of the dpp operon of negamycin resistant mutants. The dpp operon was amplified
from genomic DNA of the negamycin resistant mutants selected on either M9 or 0.5% PP media
using the primers dppA-F-2 and dppA-F rev2 (Table 54). The resulting PCR products (size approxi-
mately 8.5 kB) were subjected to Sanger sequencing (LGC Genomics, Germany) using the primers
listed in Table S4. Since no PCR product was obtained for several of the negamycin resistant
mutants selected on M9, one of these mutants (M9-2) was subjected to whaole-genome sequenc-
ing. After detection of a large chromosomal deletion in M9-2, the same deletion was confirmed by
PCR and Sanger sequencing in 8 other mutants using the primers dpp-flank_for and dpp-flank_rev
(Table 54).

Whole-genome sequencing. Genomic DNA from overnight cultures of E. coli strains BW25113 wild
type and M9-2, a negamycin resistant mutant selected on M9 agar at 2x MIC which had not yielded a
PCR product for the dpp operon (dppA-F-2 and dppA-F rev2 primers) was purified using the MasterPure
Gram-positive DNA purification kit (Epicentre Biotechnologies). Shotgun libraries with an insert size of
approximately 300 bp of the different £ coli strains were generated by fragmentation followed by end
repair of DNA (Eurofins Genomics GmbH). The libraries were sequenced on lllumina MiSeq using chemis-
try ¥3, and the obtained reads were mapped on the reference genome of E. coli strain K-12 substrain
MG1655 (NCBI accession number NC_000913.3) (Eurofins Genomics GmbH).

SAW biosens Y s. Surface acoustic wave (SAW) measurements were performed to
investigate the membrane-binding capacity of negamycin using a sam®5 blue sensor device (SAW
Instruments GmbH, Bonn, Germany) as described before (77). Binding events were measured by means
of phase shifts of the acoustic wave. SAW sensor chips were cleaned as described, followed by preincu-
bation with a chloroform solution of 10 mM hexadecanethiol overnight. After drying the quartz, a model
membrane consisting of either POPC or POPC with 10mol% DOPG was formed by Langmuir-Blodgett
technique and transferred to the sensors as described before (78). After embedding the dried sensor
into the device and rehydrating the model membrane with ultrapure water, binding of negamycin to
the membrane was investigated in a 200 mM morpholinepropanesulfonic acid (MOPS) (pH 7) buffer flow
after injecting negamycin in a dilution series ranging from 7.5 x 10 Mto 1 x 107° M.,

Thin-layer chromatography. Thin-layer chromatography (TLC) was performed on TLC silica gel
60 F254 (Merck) with chloroform-methanol-25% aqueous ammonia (2:2:1) as mobile phase. 6 ul of
each sample containing negamycin in a concentration of 6 mM without or with the respective salts
(CaCl,, MgCl,, or NaCl) in molar ratios of 1:1, 1:5, or 1:10 were applied to the adsorbent layer. The
developed plates were dried at 60°C, treated with ninhydrin for visualization, and dried for another
15 min at 100°C.

Isothermal titration calorimetry {ITC). Binding of negamycin to Ca?" was determined by isother-
mal titration calorimetry (ITC). Experiments were performed by titrating 50mM CaCl, inte the cell
filled with 0.5 mM negamycin. Both components were dissolved in the same buffer (200 mM Tris, pH
7 or 8.5) to prevent unspecific heat caused by dilution effects. Subsequently, the first point of the
isotherm and signals from three different control experiments (titration of 50 mM CaCl, into buffer,
buffer into 0.5 mM negamycin, and buffer into buffer) were subtracted from the isotherm before
data evaluation. All ITC experiments were performed on a Microcal PEAQ-ITC (Malvern) at 25°C with
a stirring speed of 750rpm and 2 consecutive experiments of 19 injections of 2 ul each. The two
data sets of 19 injections each were combined using the Malvern MicroCal Concat tool. The resulting
isotherm was integrated and fitted with the one side binding model of the corresponding Malvern
MicroCal PEAQ-ITC analysis software.

Cell membrane integrity assay. The impact of antibiotic treatment on cell membrane integrity was
investigated using the cell-impermeant nucleic acid dye SYTOX Green (Invitrogen). E. coli BW25113 was
grown in PP pH 7 or pH 8.5 to the exponential growth phase, and cultures were diluted to an OD,,, of
0.05 in fresh medium witheut or with CaCl, (2.5mM at pH 7 and 0.5mM at pH 8.5). SYTOX Green was
added to the cells to a final concentration of 5 «M, and the cell suspensions were incubated for 5 min at
room temperature. Samples of 100l were transferred to a black 96-well microplate and antibiotics
were added at the indicated concentrations. Immediately after antibiotic addition, fluorescence emission
at 510 to 650 nm was measured with a wavelength step size of 2 nm after excitation at 475nm in a
microplate reader (Spark, Tecan). Fluorescence emission spectra were recorded every 10 min over a time
course of 3h at 30°C, with periodic shakihng before each measurement. Of note, the SYTOX Green dye
showed an increased fluorescence intensity in PP pH 8.5 compared to that in PP pH 7 even in the ab-
sence of cells, correlating with the higher relative fluorescence units (RFU) measured in the untreated
control samples at pH 8.5 compared to those at pH 7.

Membrane potential assay. The membrane potential upon antibiotic treatment was assessed using
the DIOC,(3) dye (Molecular Probes, Fisher Scientific). To minimize dye efflux, the assay was performed
using E. coli BW25113 AacrA. E. coli BW25113 AacrA was grown in PP pH 7 or pH 8.5 to the exponential
growth phase, and the 0D, was adjusted to 0.5 in fresh medium with or without CaCl, (2.5 mM at pH 7
and 0.5 mM at pH 8.5). 30 M DiOC,(3) was added and samples were incubated at room temperature for
15min in the dark. Volumes of 100 1l were transferred to a black 96-well microplate and the red/green
fluorescence (excitation at 485 nm, emission at 530 nm [green] and 630 nm [red]) was measured in a
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microplate reader (Infinite M200 PRO, Tecan). After an initial fluorescence measurement, the program
was paused and antibiotics were added at the indicated concentrations. Thereafter, the red/green fluo-
rescence was recorded every 5 min over a time course of 3 h at 25°C.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
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Figure S1. Deletion of chromosomal dppA in E. coli BW25113 reduces negamycin susceptibility and
can be complemented by DppA expression from a plasmid (pASK-dppA). The same plasmid lacking
dppA (pASK-empty) served as a negative control. Negamycin MICs were determined in M9. DppA
expression was induced with 10 ng/ml anhydrotetracycline. Each diamond represents an independent
MIC determination. Statistical significance was determined using unpaired Student’s t-test with Holm-

Bonferroni correction. ****, P <(0.0001.

61



PP pH 7 + 2.5 mM CaCl,

2.01
£ =
| _ E — 1.5
2§ g3
2 = S =
g2 3 L
$3 i3
S - s =
= E 0.54
= =9
0 T T 1 0.0 T T 1
0 60 120 180 0 60 120 180
Time (min) Time (min)
PP pH 8.5 PP pH 8.5 + 0.5 mM CaCl,
51 51
-é 44 £ 44
o
= - —
£33 $8 3
B o= S
g g
$T 2 272 24
P ™ A e
£ s>
= 14 = 14
0 60 120 180 ) 0 6I0 Iél] léﬂ
Time (min) Time (min)
— Neg [32 pg/ml] — Neg[8pg/ml] —— Neg[4pgml]] — CCCP[5pM] — control

Figure S2. Negamyecin treatment does not lead to rapid membrane depolarization under different media
conditions. E. coli BW25113 AacrA was used for the DIOC»(3) dye-based membrane potential assay to
minimize dye efflux. Negamycin (Neg) was applied at different concentrations up to 32 pg/ml
(corresponding to 4x MIC at pH 7 and to 32-64x MIC at pH 8.5 + 0.5 mM CacCl,). No dissipation of the
membrane potential was observed over a time course of 180 min in 0.5% polypeptone medium (PP) at
pH 7 and pH 8.5, neither in the absence nor in the presence of CaCl,, while the addition of the
protonophore CCCP led to a quick depolarization of the E. coli cells indicated by the decrease in the
red/green fluorescence ratio under all media conditions. The experiment was performed in at least three

biological replicates, graphs represent the mean + standard deviation.
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Figure S3. Negamycin treatment does not lead to a rapid permeabilization of the cytoplasmic membrane
in the presence of CaCl,. Membrane integrity upon antibiotic treatment was assessed using the cell
membrane impermeant nucleic acid stain SYTOX Green, that emits increased fluorescence when
binding to nucleic acids after having gained access through membrane pores. Negamycin concentrations
up to 32 pg/ml (i.e. corresponding to 4x MIC in PP pH 7 and 16x MIC at pH 7 + 2.5 mM CaCl,) did
not lead to an increased permeability of E. coli BW25113 within 60 min of treatment, neither at pH 7 +
CaCl; (A) nor at pH 8.5 + CaCl, (B). After 90 min of negamycin treatment, first effects on membrane
integrity appeared, which, however, can be most likely attributed to the miscoding activity of this
compound. The effect was best visible at concentrations reflecting the MIC in the respective media (i.e.
8 ng/mlatpH 7,2 pg/mlin pH 7 + 2.5 mM CaCl,, 4 pg/ml at pH 8.5 and | pg/ml at pH 8.5 + 0.5 mM
CaCly), in agreement with the fact that negamycin, although having miscoding as the primary
mechanism, leads to full translation inhibition at higher concentrations. Similarly, aberrant membrane
proteins resulting from translational miscoding were also suggested to be responsible for membrane
permeabilization during prolonged aminoglycoside exposure (1, 2). Importantly, CaCl, addition did not
accelerate the permeabilization process, also not under alkaline conditions. In contrast, the membrane
disrupting agent colistin disturbed the membrane integrity already after 10-20 min at 4x MIC, as
indicated by the increase in fluorescence signal compared to the untreated control. Cell lysis caused by
the treatment with the cell wall inhibitor ampicillin became visible after 90-120 min of treatment in
accordance with the fact that peptidoglycan sacculus weakening requires some time to take effect. The
graph shows the data representative of three independent biological experiments. Of note, SYTOX

Green shows a higher fluorescence intensity at alkaline pH, even in the absence of cells.
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Negamycin microspecies distribution
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Figure S4. Negamycin microspecies distribution calculated with ChemAxon MarvinView (version
17.29.0). Calculated pKa values (4.02, 8.88 and 9.69) by ChemAxon differ slightly from the

experimentally determined pKa values (3.2, 8.0 and 9.6) by Guo et al. (3).
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Figure S5. Susceptibility of E. coli BW25113 to the aminoglycosides kanamycin (A) and gentamicin
(B) under aerobic and anaerobic growth conditions in 0.5% polypeptone (PP) pH 7 or pH 8.5 or in M9
minimal medium. Each diamond represents an independent MIC determination. Statistical significance
was determined using unpaired Student’s t-test comparing the effect of anaerobic growth conditions to
the same antibiotic within the same medium under aerobic growth conditions. ns, P > 0.05; *, P < 0.05;

% P<0.01; ¥ P <0.001; **** P <0.0001.
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Figure S6. Effect of negamycin on the growth of E. coli BW25113 in 0.5% polypeptone (PP) in
microplates with (A) or without (B) agitation. Microplates were either incubated with periodic shaking
(218 rpm for 30 s at 5 min intervals) (A) or kept static as customary during MIC determinations (B) and
ODgoo was measured in a microplate reader (Infinite M200 pro, TECAN). Negamycin susceptibility is

increased under well-aerated growth conditions in PP.
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Tables

Table S1. Antimicrobial activity of ciprofloxacin, tetracycline and gentamicin against E. coli BW25113

in the presence of different concentrations of salts added to 0.5% polypeptone medium.

Ciprofloxacin
Tetracycline

Gentamicin

MIC [ug/ml]
CaCl, MgCl, NaCl
OmM |[25mM 10mM  50mM | 25mM  10mM  50mM | 25mM  10mM 50
0.008 0.008 0.016 0.06 0.008 0.016 0.125 0.004 0.004 0.(
2 4-8 4 16 8 16 >64 2 2 1
0.06 0.06 0.06 1 0.06 0.06 0.25 0.06 0.25 0
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Table S2. Antibacterial activity of negamycin and novobiocin in efflux deficient mutants in PP pH 7
and PP pH 8.5 with 0.5 mM CaCls. Deletion of the main E. coli efflux pump AcrAB did not improve
negamycin activity under either growth condition, while the activity of the known AcrAB substrate

novobiocin strongly increased in the pump deletion mutant.

MIC [pg/ml]
Negamycin Novobiocin
WT AacrA AacrB AacrAB | WT  AacrAd AacrB AacrAB
pH7 8 8 8 16 32 1-2 1-2 0.5
pH 8.5 + 0.5 mM CaCl; 0.5-1 0.5 0.5 1 >64 32 32 4-8

10
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Table S3. Bacterial strains used in this study.

Strain Gene function (4) Genotype/characteristics source
E. coli ATCC 25922™ Clinical isolate, CLSI reference strain (5)
E. coli BW25113 wildtype; F-, A(araD-araB)567, 6,7)
AlacZ4787(::rrmB-3), A-, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli JW0422 AcyoA cytochrome hos ubiquinol F-, A(araD-araB)567, AlacZ4787(::rrnB- (6, 7)
oxidase subunit II 3), A-, AcyoA789: kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli TW0421 AcyoB cytochrome bos ubiquinol F-, A(araD-araB)567, AlacZ4787(::rrnB- (6, 7)
oxidase subunit 11 3), -, AcyoB788: kan, 1ph-1, A(rhaD-
rhaB)568, hsdR514
E. coli IWO0711 AsdhC succinate:quinone F-, AaraD-araB)567, NlacZ4787(::rrnB- (6, 7)
oxireductase 3), A-, AsdhC771.kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli IW0713 AsdhA succinate:quinone F-, AMaraD-araB)567, NacZ4787(::rnB- (6, 7)
oxireductase, FAD binding 3), A-, AsdhA773: :kan, rph-1, A(rhaD-
protein rhaB)568, hsdR514
E. coli TW1095 Andh NADH:quinone F-, AfaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
oxireductase 1 3), A-, Andh771::kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli JW2226 AubiG 3-demethylubiquinone-8 3-  F-, AfaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
O-methyltransferase, 2- 3), -, AubiG785::kan, rph-1, A(rhaD-
octaprenyl-6- rhaB)568, hsdR514
hydroxyphenol methylase
E. coli YW2874 Aubil 2-octaprenylphenol F-, AfaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
hydroxylase 3), A-, Aubil 757 : :kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli JW2308 AubiX flavin prenyltransferase F-, AtaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
3), A-, AubiX732::kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli YW3513 AdppA dipeptide ABC transporter F-, A(araD-araB)567, AlacZ4787(::krnB- (6, 7)
periplasmic binding protein  3), A-, AdppA728::kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli YW3513 AdppA dipeptide ABC transporter F-, A(araD-araB)567, AlacZ4787(::rrnB-  this study
PASK-dppA periplasmic binding protein  3), A-, AdppA728,rph-1, A(rhaD-
rhaB)568, hsdR314, pASK-dppA
E. coli YTW3513 AdppA dipeptide ABC transporter F-, AlaraD-araB)567, AlacZ4787(::rrnB-  this study
PASK-empty periplasmic binding protein  3), A-, AdppA728,rph-1, A(rhaD-
rhaB)568, hsdR514, pASK-empty
E. coli YW3512 AdppB dipeptide ABC transporter F-, A(araD-araB)567, AlacZ4787(::rrnB- (6, 7)
membrane subunit 3), A-, AdppB726: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli YW3511 AdppC dipeptide ABC transporter F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
membrane subunit 3), -, AdppC725::kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli YW3510 AdppD dipeptide ABC transporter F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)

ATP binding subunit
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3), -, AdppD724: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514
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E. coli JW3509 AdppF dipeptide ABC transporter F-, A(araD-araB)567, AlacZ4787(::rrnB- (6, 7)
ATP binding subunit 3), A-, AdppF723: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

E. coli TW1287 AsapA dipeptide ABC transporter  F-, A(araD-araB)567, AlacZ4787(::rrmB- (6, 7)
periplasmic binding protein  3), A-, AsapA730::kan, rph-1, A(rhaD-
rhaB)568, hsdR514

E. coli JW1286 AsapB peptide ABC transporter F-, AfaraD-araB)567, AlacZ4787(:.rrnB- (6, 7)
membrane subunit 3), A, AsapB729::kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli IW1285 AsapC dipeptide ABC transporter F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
membrane subunit 3), A~, AsapC728.::kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli TW1284 AsapD dipeptide ABC transporter F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
ATP binding subunit 3), A-, AsapD727: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli YW1283 AsapF dipeptide ABC transporter F-, A(araD-araB)567, AlacZ4787(:.rrnB- (6, 7)
ATP binding subunit 3), A-, AsapF'726: kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli JW1235 AoppA oligopeptide ABC F-, A(araD-araB)567, AlacZ4787(::rrnB- (6, 7)
transporter periplasmic 3), A-, AoppA750: :kan, rph-1, A(rhaD-
binding protein rhaB)568, hsdR514
E. coli TW1236 AoppB oligopeptide ABC F-, A(araD-araB)567, AlacZ4787(::rrnB- (6, 7)
transporter membrane 3), A-, AoppB751: :kan, rph-1, A(rhaD-
subunit rhaB)568, hsdR514
E. coli TW1237 AoppC oligopeptide ABC F-, A(araD-araB)567, AlacZ4787(::rvnB- (6, 7)
transporter membrane 3), A-, AoppC752: kan, rph-1, A(rhaD-
subunit rhaB)568, hsdR514
E. coli JW1238 AoppD oligopeptide ABC F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
transporter ATP binding 3), A-, AoppD753: kan, rph-1, A(rhaD-
subunit rhaB)568, hsdR514
E. coli TW1239 AoppF oligopeptide ABC F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
transporter ATP binding 3), A-, AoppF754: :kan, rph-1, A(rhaD-
subunit rhaB)568, hsdR514
E. coli JW1322 AmppA peptide ABC transporter F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)

periplasmic binding protein  3), A-, AmppA767::kan, rph-1, A(rhaD-
rhaB)568, hsdR514

E. coli TW2988 AygiS putative deoxycholate F-, AaraD-araB)567, AlacZ4787(:rrnB- (6, 7)
binding periplasmic protein  3), A-, AygiS790::kan, rph-1, A(rhaD-
rhaB)568, hsdR514

E. coli TW5111 AgsiB glutathione ABC transporter  F-, A(araD-araB)567, AlacZ4787(::rnB- (6, 7)
periplasmic binding protein  3), A-, AgsiB730: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli YW5240 AddpA putative dipeptide ABC F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
transporter periplasmic 3), A-, AddpA780: :kan, rph-1, A(rhaD-
binding protein rhaB)568, hsdR514
E. coli YW3441 AnikA nickel ABC transporter F-, A(araD-araB)567, AlacZ4787(::rrnB- (6, 7)

periplasmic binding protein  3), A-, AnikA730: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

E. coli ITW0699 AdipD dipeptide:H" symporter F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
(AybgH) 3), A-, AybgH759: kan, iph-1, A(rhaD-

rhaB)568, hsdR514
E. coli JW1626 AdtpA dipeptide/tripeptide:H" F-, AlaraD-araB)567, AlacZ4787(::rrnB- (6, 7)
(AydgR) symporter 3), A-, AydgR784. kan, rph-1, A(rhaD-

rhaB)568, hsdR514
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E. coli TW4091 AdtpC
(AyjdL)

E. coli TW3463 AdipB

(AyhiP)

E. coli JW2143 AlysP

E. coli JW2303 AhisP

E. coli IW4093 AcadB

E. coli JW2305 AhisQ

E. coli JW2306 AhisJ

E. coli JW2307 AargT

E. coli IW2304 AhisM

E. coli AdppAAsapA

E. coli AdppAAoppA

E. coli AdppAAdipD

E. coli AdppAAsapAAoppA

E. coli
AdppAAsapAAoppAAdipD

E. coli AacrA

E. coli AacrB

E. coli AacrAAacrB

dipeptide/tripeptide:H'
symporter

dipeptide/tripeptide:H*
symporter

lysine:H* symporter

histidine/lysine/arginine/orn
ithine ABC transporter,
ATP binding subunit

lysine:cadaverine antiporter

histidine/lysine/arginine/orn
ithine ABC transporter,
membrane subunit

histidine ABC transporter,
periplasmic binding protein

lysine/arginine/ornithine
ABC transporter,
periplasmic binding protein

histidine/lysine/arginine/orn
ithine ABC transporter,
membrane subunit

multiple peptide
transporters

multiple peptide
transporters

multiple peptide
transporters

multiple peptide
transporters

multiple peptide
transporters

Multidrug efflux pump
membrane protein

Multidrug efflux pump
permease

Multidrug efflux pump
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F-, AlaraD-araB)567, AlacZ4787(::rrnB-
3), A-, AyidL757::kan, ,rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AlaraD-araB)567, AlacZ4787(::rrnB-
3), A-, AvhiP752::kan, , rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), &, AlysP783: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), &, AhisP778: :kan, rph-1, AfrhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), 4, AcadB759: kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), &, AhisQ780: :kan, rph-1, AfrhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), &, AhisJ730: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), A, AargT721: kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), &, AhisM779: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AlaraD-araB)567, AlacZ4787(::rrnB-
3), A-, AdppA728: :kan, AsapA.:cm, rph-1,
A(rhaD-rhaB)568, hsdR514

F-, A(araD-araB)567, AlacZ4787(::rrnB-
3), A-, AdppA728::kan, AoppA::cm, rph-
1, A(rhaD-rhaB)568, hsdR514

F-, A(araD-araB)567, AlacZ4787(::rrnB-
3), A-, AdppA728, AybgH759::kan, rph-
1, A(rhaD-rhaB)568, hsdR514

F-, AlaraD-araB)567, AlacZ4787(::rrnB-
3), A-, AdppA 728, AsapA730,

AoppA750: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AlaraD-araB)567, AlacZ4787(::rrnB-
3), -, AdppA728, AsapA730, AoppA750,
AybgH759: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), &, AacrA7480: :kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AtaraD-araB)567, AlacZ4787(::rrnB-
3), A, dacrB747: kan, rph-1, A(rhaD-
rhaB)568, hsdR514

F-, AlaraD-araB)567, AlacZ4787(::rrnB-
3), -, AfacrB747-acrA748): :kan, rph-1,
A(rhaD-rhaB)568, hsdR514

6,7

6,7

6,7

6,7

6,7

6,7

6,7

6,7

6,7

this study

this study

this study

this study

this study

6,7

6,7

this study
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Pseudomonas aeruginosa
PAO1

Staphylococcus aureus
ATCC 29213

Bacillus subtilis 168 trpC2
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reference strain

reference strain

npC2

8,9

(%)

(10)
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Table S4: Oligonucleotides used in this study.

Oligonucleotide

Sequence (5°-3")

Knockout generation
AGAGAAGTTTAGTAGCAGCTGGCGTTCTGGCTGCGCTAATGGTGTAGGCTGGAGCTGCTTC

CCGGGTATAGGTATTATCCAGCGGATCTTTGCCGGTATAGCCATATGAATATCCTCCTTAG
TGAATCTCCCCCGCATGCTGATATCCGCGACAGCGGTTTTGGTGTAGGCTGGAGCTGCTTC
CCAGCAAAGGAGGCGTTACCAAACGGGCTAAGTACCAGACCATATGAATATCCTCCTTAG
GCGCAACTATTACGTGACGTTGCCGTCAATTGTGGAATTATTATGTGTAGGCTGGAGCTG
GCATCAGGCATCGGTGCTGGCCTATTAAGACTCCAGCGCCAGCGCATCCGGGGATCCGT

oppA-H1-pKD3
oppA-H2-pKD3
sapA-H1-pKD3
sapA-H2-pKD3
dtpD-H1-pKD13
dtpD-H2-pKD13

DppA complementation

dppA-Xbal_for
dppA-Xhol_rev

TTGGTCTAGATTGGAGCAGAATAATGCGTA
TTGCCTCGAGTTGCCTTTGCCATCAGTCTT

Dpp operon PCR amplification and sequencing

dppA-F-2
dppA-F-1
dppA-F 0
dppA-F 1
dppA-F 2
dppA-F 3
dppA-F 4
dppA-F 5
dppA-F 6
dppA-F 7
dppA-F 8
dppA-F 9
dppA-F rev
dppA-F rev2

Characterization and sequencing of the 95 kb deletion including the dpp operon

TGACAACTCGGTGACCTATG
GATTGACGAGGGCGTATCTG
CCGCCTTATTCGACCTACAC
CTCACCGTTGGTGTAAATCC
AAGGCATGGGCTTGCCAGAG
GCTGAAAGAAGCGGGTCTGG
CCATCCGGCAGCAATACTTC
CCGTCGCCCATATGATCTTG
ATGTGCTGTCGCGCCTGATG
GCATTTCGGCGACGAAAGCG
CGCGTCACCCGTATACTCAG
CGAGCACTATGACCGCTATC
ATTGTGTCGTGCCTCATTCC
GCAGCGATCATTGCTTATCC

dpp-flank_for
dpp-flank_rev
dpp-flank2_for
dpp-flank3_for

Miscoding assay

Luc-mut_for

Luc-mut_rev

GCAATAGATAACCACGGGAAGG

TTTACGGAAGGTCGTTACCAG

TTATTGCTTATACATGATC
ATGACGGTCAGATATTAT

ACTGCATAAGGCTATGTAGAGATACGCCCTGGT
ACCAGGGCGTATCTCTACATAGCCTTATGCAGT

74
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ABSTRACT: Despite decades of therapeutic application of
aminoglycosides, it is still a matter of debate if porins contribute
to the translocation of the antibiotics across the bacterial outer
membrane. Here, we quantified the uptake of kanamycin across the
major porin channels OmpF and OmpC present in the outer
membrane of Escherichia coli. Our analysis revealed that, despite its
relatively large size, about 10—20 kanamycin molecules per second
permeate through OmpF and OmpC under a 10 4M concentration
gradient, whereas OmpN does not allow the passage. Molecular
simulations elucidate the uptake mechanism of kanamycin through
these porins. Whole-cell studies with a defined set of E. coli porin
mutants provide evidence that translocation of kanamycin via
porins is relevant for antibiotic potency. The values are discussed
with respect to other antibiotics.

Microscopic

Whole-cell

KEYWORDS: E. coli, OmpF, OmpC, OmpN, bacterial porins, optimal transport

he complex cell envelope of Gram-negative bacteria
comprises two membranes: the outer membrane (OM)

and the cytoplasmic membrane. The two membranes delimit
the periplasmic space of the bacterial cell and prevent the
accumulation of toxic agents in the cytosol while regulating the
access of nutrients vital for growth and cell function. The OM
is the first barrier during compound uptake. It is composed of
an asymmetric bilayer: an inner leaflet of phospholipids and an
outer leaflet of lipopolysaccharides (LPS). Both OM leaflets
combined prevent the efficient diffusion of hydrophilic as well
as hydrophobic molecules. Porins, water-filled channels
spanning across the OM, enable passive diffusion of small,
hydrophilic molecules into the periplasm. Substrate specificity
is mainly defined by the constriction zone within the barrel
structure of these porins, determining entry of molecules by
factors such as size, shape, electric multipoles, and rigidity.' ™
E. coli encodes multiple porins. The major porins OmpF and
OmpC are highly abundant and both cation-selective, and it
has been thought that they restrict the passage to compounds
with a size-exclusion limit of about 600 Da.* However, it has
recently been suggested that this limit should be redefined
using other parameters.”® The translocation of several classes
of antibiotics, e.g., f-lactams and fluoroquinolones, through
porins has been investigated extensively. Also, porin
modification emerged as antibiotic resistance mechanism in
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clinical isolates,” based on specific changes in amino acid
residues or decreased expression of wild-type porins.”

Aminoglycosides (AGs) target the ribosome in the
cytoplasm, thus they have to overcome both membranes in
Gram-negative bacteria. Despite their frequent use as
therapeutic agents, the mechanisms of their OM translocation
remain incompletely understood. The self-promoted pathway
is a proposed uptake mechanism. Here, divalent cations
between LPS molecules are displaced by AGs, which leads to
briet OM destabilization, thereby enabling OM translocation.”
However, since AGs are both cationic and hydrophilic
structures with a molecular size below 600 Da, they have
also been hypothesized to diffuse through porins of E. coli. First
in vitro assays using the liposome swelling technique had
suggested translocation of various aminoglycosides through
E. coli porins,"” but whole-cell experiments were inconclusive
and contradictory.”"!
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Table 1. Reversal Potential Permeability Measurements”

(trans-side) (mM) (GND/cis-side) (mM)

channel kanamycin S0, kanamycin 50,
OmpF 20 35 50 87.5
OmpC 20 35 50 87.5
OmpN 20 35 50 884
(trans-side) (mM) (GND/cis-side) (mM)
channel K* 50,2 K* 502
OmpF 100 50 500 250
OmpC 100 50 500 250
OmpN 20 10 100 50

“Determined zero current potentials (V,

ev.

flux extrapolated to 10 gM
ion gradient (molecules/s)

V,o(mV) P =P P cations SO,
—8.7 £ 2.5 1:14 9 73
=51+ 0.0 1:4.2 16 20
-120 3 1:>600" too low

flux extrapolated to 10 uM ion
gradient (molecules/s)
V,er{mV) P =P /Py’ cations SO
10.7 + 0.7 2.4:1 1,300 1,100
134+ 1.2 2.8:1 800 600
335+ 31 21:1 900 100

) with standard deviation, calculated permeability ratios and flux-rate from the mean zero current

potential. ®Permeability ratio is too small to estimate the flux. The concentration value of SO, is also determined by the addition of H,SO,? used

to adjust the buffer pH.

To elucidate the passage of AGs through E. coli porins, we
characterized the permeability of kanamycin through three
outer membrane porins of E. coli, namely, OmpF, OmpC, and
the structurally similar OmpN. We quantified the uptake by an
electrophysiological zero-current assay using concentration
gradients of kanamycin under bi-ionic conditions, and
combined it with single-channel measurements to determine
the net flux of kanamycin.'™'* Our single-channel study in the
presence of low amounts of kanamycin revealed clear
blockages. Thus, we analyzed also the change in event rates
with increasing transmembrane applied voltage. To reveal the
main interactions of kanamycin while diffusing along the pore,
we examined the translocation event of kanamycin through
OmpF and OmpC employing enhanced sampling molecular
dynamics simulations. We could confirm these new insights in
whole-cell assays, where the double deletion of both porin
genes ompF and ompC decreased kanamycin susceptibility. A
single deletion of only one of these porins had no detectable
effect on kanamycin resistance, which corroborates that both
major porins OmpF and OmpC play a role in kanamycin
translocation across the OM of E. coli. Combining the
electrophysiological data, all-atom simulations, and whole-cell
results, we conclude that both OmpF and OmpC are
permeable to kanamycin.

B RESULTS

Experimental Flux Quantification Using Reversal
Potential Measurements. We have previously shown that
the net flux of charged compounds driven by a concentration
gradient can be estimated from the experimentally accessible
reversal potential, in combination with single channel
conductance recordings.”” In a first series of experiments, the
three porins of interest from the E. coli outer membrane
(OmpF, OmpC, and OmpN) were reconstituted into a planar
bilayer, and the single channel currents in the presence of
kanamycin sulfate, and potassium sulfate as control, were
recorded. Table S1 summarizes the conductance measure-
ments of the three E. coli porins obtained in symmetrical 20
mM kanamycin sulfate or K,SO, at pH 7 and AV = +100 mV.
Due to the diverse size of the cations (kanamycin versus K,
see Table S3 for a comparison with pore sizes), the single
trimeric channel conductance with K;SO, was substantially
higher than that with kanamycin sulfate: 240 pS vs 16 pS,
respectively, for OmpF. Moreover, OmpF conductance was
comparable to that of OmpC, whereas OmpN conductance
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was significantly lower (16:13:9.5 pS in case of kanamycin
sulfate or 240:180:58 pS$ in case of KCI).

To further quantify the concentration-driven flux, we applied
a concentration gradient and recorded the induced voltage to
obtain the permeability ratio. The latter was obtained by fitting
the experimental I-V curves to the Goldman—Hodgkin—Katz
(GHK) current equation.'® Despite the fact that the
assumptions of the GHK-theory (point-like noninteracting
ions in a homogeneous electric field) are not fulfilled, we
expect in general a reasonably good prediction for the ion
permeability ratio.'” We used a bi-ionic symmetrical 20 mM
concentration of kanamycin and 35 mM of the sulfate salt on
both sides of the membrane containing, respectively, OmpF,
OmpC, or OmpN porins (the difference in the $O,*~
concentrations is due to the titration of H,S50, for adjusting
the pH to 7). The cis compartment was then supplemented
with 50 mM of kanamycin and 87.5 mM of the sulfate salt and
the zero-current-potential was measured (Figure SIA—C). As
summarized in Table 1, the reversal potentials, in the case of
kanamycin sulfate, are negative for the same ionic concen-
trations cis/frans for the three porins assessed, with the
maximal reversal potential value for the OmpN porin. This
implies that anions permeate faster compared to cations in all
three channels, with OmpN almost impermeable to
kanamycin. In contrast, the reversal potentials in the case of
potassium sulfate are positive for the same ionic concentration
gradients cis/trans for the three porins studied, with the highest
cation selectivity for OmpN. Our results are in agreement with
the qualitative observation of the permeation specificities by
Nikaido and Prilipov et al.'>'®

In a second series of measurements, we recorded the
permeation of single kanamycin with single channel electro-
physiology. Reconstituted OmpF, OmpC, or OmpN showed a
stable conductance in their open conformation. In the
membrane potential range used in these experiments, from
—150 to +150 mV, the channel open conductance is ohmic,
with ~4 nS for OmpF, 2.7 nS for OmpC, and ~1.6 nS for
OmpN, all at 1 M KCL. Throughout this study, the membrane
potential was defined as positive on the trans-side of the
chamber, the cis-side being the virtual ground, and the
respective channel was inserted into the bilayer from the cis-
side of the chamber, unless otherwise noted.

After successful single channel reconstitution was achieved,
the ion current was recorded for 30 s at each applied potential
from (+150 to —150 mV), then 10 4M of kanamycin sulfate

https://dx.doi.org/10.1021/acsinfecdis.0c00102
ACS Infect. Dis. 2020, 6, 18551865
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Figure 1, lon current traces in the presence of kanamycin. Single channel measurements of (A) OmpF, (B) OmpC, and (C) OmpN in the
presence of 10 M kanamycin sulfate in 1 M KCI, 10 mM HEPES at pH 7. A is the single channel trace of OmpF in the presence of kanamycin
sulfate at an applied potential of —100 mV. Its corresponding zoom of the events are below and all point histogram are on the right. Similarly, B and
C show, respectively, the traces of OmpC and OmpN, with their zoomed events and all point histograms.

was added to the cis-side of the chamber and their
translocation was investigated under the applied membrane
potential (note the solution was buffered with 10 mM HEPES,
the pH was stable at pH 7). The entry of kanamycin molecules
into the constriction zone of the porin causes a resolvable
reduction in the open pore conductance with resolvable dwell
times (z; > 0.1 ms)), referred to as “events” in this work.
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Figure 1A—C shows the current traces of the porins in the
presence of 10 4uM of kanamycin sulfate with resolvable events
at a membrane potential of —100 mV. We analyzed the event
rates f, and mean dwell times 7, to assess the translocation of
these molecules through these general diffusion porins, where
7, is obtained from fitting an exponential to the distribution of
dwell times and N, is the number of events in a given time

https://dx.doi.org/10.1021/acsinfecdis.0c00102
ACS Infect. Dis. 2020, 6, 18551865
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Figure 2. Event rates and dwell times. Statistical analysis of the traces measured at different applied voltages for OmpF, OmpC, and OmpN of
Figure 1. (A) Event rate f, vs applied negative voltages. Increasing the negative voltage pulls more cationic kanamycin molecules into the channel.
(B) Dwell time analysis. In the case of OmpC, higher negative voltage drives kanamycin faster through the channel, whereas in OmpF only voltages
above —75 mV reduce the residence time. Note that at low voltages up to —75 mV kanamycin is less prone to permeate and is rather pushed
against the inner barrier. In contrast for OmpN, the dwell time is independent of the voltage indicating mainly nontranslocating events. The black,
red, and blue lines are intended to serve as guidelines for the reader to follow the data points.
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Figure 3. Kanamycin permeation path through OmpF and OmpC. Qualitative free energy surface for a single kanamycin translocation event
showing the region of main interactions. The relevant conformations for kanamycin transport through OmpF (a) and OmpC (b) are highlighted.
The ion current blocking states are highlighted as S1 and the bottleneck for transport (the energetic saddle point) as a star. The key regions for
transport are delimited and labeled, e.g., PR (preorientation region) and CR (constriction region)

interval. For calculation of 7, f, at least ~1000 events were
analyzed.

The results of the analysis of 74 and f, are shown in Figure 2
for OmpF, OmpC, and OmpN. The event rate increases
throughout. However, an event rate itself does not allow
drawing conclusions on the translocation.'” The decrease of
the dwell time at high voltage is a signature of translocation. In
the case of OmpF, Figure 2B (black filled squares) shows the
maximum of dwell time at around —75 mV. This may indicate
that kanamycin ions translocate with higher probability
through OmpF above this potential, although a significant
increase in f, is observed (Figure 24, filled black squares).'® In
case of OmpC, we see a clear trend in the dwell time pattern
(decreasing dwell time with increasing transmembrane
potential}, which again may hint toward the enhanced
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translocation of kanamycin through OmpC. From the
permeability ratios obtained by reversal potential measure-
ments of OmpF and OmpC, we see that kanamycin should
permeate better through OmpC than OmpF at low
concentrations (Table 1). However, the event rate f, in
OmpF shows saturation at high voltages, which is not observed
for OmpC. When extrapolating the flux obtained at high
concentrations (reversal potential) to low concentrations
(single channel), one needs to account for the saturation of
OmpF. Indeed, we expect both values to be rather similar at
low kanamycin concentrations. While OmpN shows an
increasing number of event rates (Figure 2A, blue filled
triangles) at high voltages, their respective dwell times shown
in Figure 2B (blue filled triangles) are voltage independent,

https://dx.doi.org/10.1021/acsinfecdis.0c00102
ACS Infect. Dis. 2020, 6, 18551865
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which means rather caused by short-lived (bounce back)
events.'®

Translocation Mechanism through the Main Porins
of E. coli (Molecular Dynamics). Starting from the available
high-resolution structures of OmpF and OmpC, we used
enhanced sampling molecular dynamics simulations (metady-
namics) to provide an atomistic view of the main interactions
of kanamycin within the channel, when translocating from CIS
to TRANS. In previous works,** ! two crucial regions for
small molecule translocation along the transport direction (Z,
Figure 3) were identified in OmpF: (i) the preorientation
region (PR), (from 5 A < Z < 10 A; Figure 3) with R167,
R168, and D121 as key motifs allowing the binding of
ampicillin and other dipolar melecules;”"** (i) the con-
striction region (CR) (from 5 A < Z < —5 A; Figure 3) whose
key motifs are the positively charged residues of the basic
ladder (R42, R82, R132, K16) and the negatively charged
residues of the constricting loop L3 (D113 and E117).

Both regions are characterized by a strong electric field
component perpendicular to the axis of diffusion, more intense
in the CR than in the PR*™' (Figure $2b). One striking
difference between the porins is that in OmpF the transversal
electric field is always higher than that in OmpC,® as reported
in Figure S2b. In the case of kanamycin transport through
OmpF, the first deep minimum (Figure 3a, state S0) is located
in the PR. As it can be observed in Figure 4b,c, in this position
and due to its size (71 A% Figure 4a, and Table $3), kanamycin

Figure 4. Structure of kanamycin and main conformations along the
translocation path in OmpF and OmpC. (a) Licorice representation
of kanamycin with its van der Waals surface superimposed in orange,
dipole moment in green and positively charged groups highlighted in
blue. Kanamycin (represented as violet van der Waals spheres)
position with respect to the main diffusion axis of the pore (partial
surface representation) in the main conformations during permeation
through OmpF (b, d) and OmpC (f). Kanamycin interactions with
charged groups from the walls of the pore are depicted in licorice for
each conformation panels (¢, e, g).
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already interacts with two of the negatively charged key motifs
of the CR, E117 and D121 of loop L3. Its total dipole moment
is aligned to the transversal electric field of the pore (Figure
4b); however, kanamycin does not completely block the pore
at this position.

From this position, kanamycin misaligns its dipole moment
in order to approach the CR, attracted by the other two
negatively charged motifs of the loop L3, E117, and D113
(Figure S2, S3, states 2 and 3). In the second minimum S1 of
Figure 3, kanamycin is located in the narrowest region of the
CR (Figure 4d), again with its dipole moment fully aligned to
the transversal electric field. It interacts with all key charged
motifs of the eyelet, namely, the positively charged arginines
R42, R82, R132 and the negatively charged D113, E117, and
D121 (Figure 4e). As it can be seen now, kanamycin
completely blocks the pore. The energetic bottleneck for
kanamycin transport is the exit of the CR. As it can be seen
from the main interactions in the saddle point conformation,
Figure 3 (saddle-point indicated with a star), the interactions
of kanamycin with the charged motifs of the loop L3 are very
strong (Figure S3, state 0).

In the case of the kanamycin transport through OmpC,
fewer steps seem to be relevant in the transport process
(Figure S2c, bottom panel). The capture of kanamycin in
OmpC (Figure 3, Figure $4) is less pronounced than in
OmpF, probably due to the smaller electric field in the
preorientation region. Conversely to OmpF, in OmpC
kanamycin does not interact with the charged key motifs of
the loop L3 when located in the PR, but it interacts mainly
with the walls and the loop L2 of the monomer 2 (Figure $4,
states 1—2). Once inside the CR (Figure 3b: S1), kanamycin
aligns its dipole moment to the transversal electric field of the
pore (Figure 4f), interacting with the main charged motifs of
the OmpC eyelet, namely the positively charged arginines R37
and R74 and the negatively charged residues of the loop L3
(D105, E109, and D113). As in OmpF, the main energetic
bottleneck is the exit from the CR, due to the strong
interactions with its charged motifs (Figure S4, state 0).

In order to further investigate the two blocking-states
identified respectively for OmpF and OmpC, we performed 4
single replica simulations of OmpF/OmpC with kanamycin
inside the eyelet and with an applied voltage of —100 mV
(Figure SS). The four replicas were stable and retained the
interactions with the pore for the whole length of the
simulation, as it can be observed in Figure SSa. The probability
distribution of the distance of the center of mass of kanamycin
to the blocking site in OmpF is centered in ~1 A + (Figure
S§5a, upper panel). We observed that although kanamycin is
predicted to block the cation (K*, blue) passage almost
completely, on average 1 K' translocates compared to 33 K* in
the empty trimer (Figure SSb, upper panel, and Table S2); it
does not block anions (Cl7, red), instead it is predicted to
enhance their passage, as we have 8 CI” on average that can
pass compared to S in the empty trimer (Figure SSb, upper
panel, and Table S2). The same is predicted with OmpC: the
presence of kanamycin in the CR blocks partially the passage
of cations (on average 3K' versus 39 K' in the empty trimer,
Figure S5b and Table S2), while it somehow enhances the flux
of anions, as on average 15 CI” translocate in the presence of
kanamycin, while in the empty trimer 3 CI~ go through (Figure
S5b, lower panel, and Table S2).

Whole-Cell Assays. The experiments with purified
proteins as well as the numerical simulations indicated

https://dx.doi.org/10.1021/acsinfecdis.0c00102
ACS Infect. Dis. 2020, 6, 18551865
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Figure 5. Role of porins in kanamycin susceptibility of E. coli BW25113. (A) The kanamycin MIC is significantly increased when both major porin
genes ompF and ompC are deleted, while single porin knockout strains did not show increased resistance. MIC values are represented on a
logarithmic scale. (B, C) The same trend could be observed when E. celi porin mutant strains were streaked on agar plates with a linear kanamycin
gradient. The dotted line represents the maximal length of the plate. One representative biological replicate of B is shown in C. Each diamond
represents one independent measurement from a different day. The vertical colored bars show the arithmetic mean of all data points. Statistical
analysis was done using unpaired Student’s t-test with Holm—Bonferroni correction, comparing the mutants to the wildtype (WT) strain. not

significant (ns), P > 0.05; **, P < 0.01; *#* P < 0.001.

permeation of kanamycin through both major porins OmpF
and OmpC. To validate the relevance of these observations in
bacterial cells, we determined the kanamycin susceptibility of
different porin mutants. We employed the single-gene deletion
mutants of ompF and ompC from the Keio collection and
generated in the current study a double deletion strain missing
both of these major porin genes.”” Kanamycin susceptibility
was measured by a standard assay for the determination of the
minimal inhibitory concentration (MIC) as well as by
streaking of the E. coli strains on an agar plate containing a
linear kanamycin gradient. E. coli missing either ompF or ompC
alone (single knockout strains) showed similar susceptibility to
kanamycin as the wild type parent strain E. coli BW25113
(Figure 5). However, the double deletion strain E. coli
AompFAompC showed a clear and statistically significant
decrease in kanamycin susceptibility. This result indicates that
kanamycin is able to use both porins, ompF as well as ompC for
outer membrane translocation and that a single deletion of
either porin still leaves the other available. Similar observations
were made with the further aminoglycosides paromomycin,
amikacin, and gentamicin (Figures S6 and $7), and data for
aminoglycosides were compared to f-lactams and fluoroqui-
nolones, representatives of which were previously shown to
pass through OmpF and OmpC (Figure S8 and Table S4).
Importantly, although the susceptibility to aminoglycosides
was clearly and reproducibly decreased in the AompFAompC
double knockout strain, the absolute value of the MIC
increased only about 2-fold. This finding indicates that at
least one further translocation mechanism, such as self-
promoted up’take9 and/or one or more further porin(s), is
still available for the AGs as option to cross the OM of E. coli.

B DISCUSSION

The combination of two independent experimental techniques
and molecular dynamics simulations showed that kanamycin
can translocate through OmpF and OmpC, but not through
OmpN. In both OmpF and OmpC, kanamycin shows strong
interactions with the pore wall, especially with the anionic

1860

81

residues of the loop L3, due to its positive charge. Further, the
orientation of its dipole, transversal to the long axis of the
molecule itself (Figure 4a) allows the accommodation of
kanamycin in the pore with its long axis parallel to the axis of
diffusion and, at the same time, with the dipole aligned to the
transversal electric field (Figure 4d,efig). From a structural
point of view, kanamycin adapts perfectly to the geometry of
the pore and its electrostatics. The negative electrostatic
potential inside both OmpF and OmpC® creates the condition
for quite strong binding of cationic molecules such as
kanamycin, as shown from the current traces in Figure 2 and
simulations data in Figure 3 and Figure 4. This is not the case
for OmpN. Though more selective for small cations (K*), it
has a pore not compatible with the dimension of kanamycin
(the minimal pore radius is smaller than 1 A, as it can be
estimated from comparison of the K,80, conductivity for all
the pores, see Table S1). The reversal potential method
confirms that no translocation events occur in OmpN (Table
1).

It is worth to note that kanamycin has an average minimal
projection area of 71 A® (see Table S3). Among small-
molecule antibiotics presented in a recent database,”* only
ceftazidime and piperacillin show the size comparable to
kanamycin, respectively, 68 A* and 77 A% while all the other
antibiotics have the minimal projection area that does not
exceed 60 A? (see Table S3). Interestingly, both ceftazidime
and piperacillin are anionic, so they are not favored to
translocate through negatively charged OmpF and OmpC.
However, ceftazidime has been shown to translocate through
OmpF and with low numbers through OmpC,** while the
larger piperacillin showed extremely low permeability through
both of them.® In our study we observed a low MIC increase
for ceftazidime and none at all for piperacillin upon ompF and
ompC double deletion (see Figure S8 and Table $4).
Kanamycin, larger than ceftazidime, can go through OmpF
and OmpC with comparable numbers thanks to a larger dipole
moment, especially for the transverse component (Table $3).
This is the electrostatic compensation of the steric barrier.
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The simulations of the translocation of kanamycin through
OmpF showed the existence of an additional binding site in the
preorientation region (Figure 4b,c), exactly where the dipolar
and zwitterionic ampicillin and norfloxacin showed strong
interactions.”"** In this conformation, kanamycin’s dipole can
be aligned along the transversal electric field. However, due to
the relatively large pore size there, there is no complete
blockage of the passage of the small ions. This correlates with
the presence of two different conduction levels in OmpF, see
histogram on Figure 1A. This second site works also as a
reservoir, accumulating kanamycin from the solvent, thus
causing the saturation seen in Figure 2A.

The insights from these biophysical and computational
experiments could be transferred to and confirmed in living
E. coli cells. E. coli mutants, lacking one or both major porins,
were exposed to kanamycin in different experimental setups
and a resistance phenotype emerged, when OmpF and OmpC
were missing in parallel (Figure 5). Previous investigations on
the role of OmpF and OmpC in kanamycin resistance had
been contradictory. In an early publication, the OmpF-
deficient strain E. coli JF703 displayed increased kanamycin
resistance.'' However, this strain was also polymyxin B-
resistant,' " suggesting that it might carry farther mutations
besides that of ompF. In a later study, no effects on kanamycin
MICs could be observed for E. ¢oli single mutants of ompF and
ompC or in a regulator mutant lacking both porins.” In the
current study, we constructed a markerless ompF ompC double
knockout strain, and compared it to its isogenic wildtype and
both markerless single knockout strains, using two different
antimicrobial assay read-outs and conducting multiple
experimental repetitions for statistical validation. While we
corroborate that a single deletion of either ompF or ompC does
not change the susceptibility of E. coli to different AGs, the
double deletion of both major porins reduces susceptibility by
a factor of 2. This finding indicates, on the one hand that both
porins contribute to AG uptake in E. coli and on the other
hand it demonstrates that their impact is rather limited.
Besides OmpF and OmpC, AGs have further means of
entering E. coli. A different porin could potentially be involved,
it is also widely accepted that the polycationic AGs displace
divalent cations from the LPS molecules, thereby forcing their
passage across the destabilized outer membrane by self-
promoted uptake.**"*® The concept that AGs have multiple
and independent means of crossing the outer membrane is
reflected by the fact that uptake mutations are not the focus of
clinical resistance development. Indeed, AG resistance is
mostly based on acquired and plasmid-transferable AG-
modifying enzymes or 168 rRNA methyltransferases.”

Besides, we determined additional MIC values for a number
of antibiotics from different classes (see Figure S8 and Table
S4). Several factors contribute to the MIC value (e.g, target
aflinity, efflux, porin-mediated and additional porin-unrelated
uptake routes, environmental conditions). Although antibacte-
rial agents are often grouped within the same antibiotic class
according to a related pharmacophore and corresponding
mode of action, they are different structural entities that are
influenced by the range of these factors to a different extent.
Interestingly, the change in MIC upon porin deletion of AG is
in the range found for some cephalosporins and penicilling
(eg, ceftazidime, ceftriaxone, carbenicillin). In addition,
kanamycin needs further translocation across the inner cell
membrane to reach its target. Despite the relatively low flux
value, the periplasmic space might be rapidly equilibrated and
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the passage through both porins has only a small effect on the
activity,

Inspection of previous investigations on concentration
driven flux through OmpF at a 10 uM gradient revealed 600
molecules/s for avibz;lctarnf'[7 350 molecules/s for cefotaxime
(unpublished), 240 molecules/s for ampicillin,*" and 10—20
molecules/s of kanamycin, but also substantially lower values
for cefepi'me32 (0.035 molecules/s, extrapolated from on-rates,
without counting fast events™). These expected fluxes will
enter the periplasm of bacteria. To estimate the number of
molecules after equilibration inside bacteria, we assumed a
sphere with a radius of 1 pm size mostly filled by biomass. This
may allow for a few thousand antibiotics at 10 #M. Assuming
further a few hundreds to thousands of channels, the
concentration equilibrium will be easily achieved within a
few seconds also for kanamycin. Other techniques based on
single cell fluorescence using fluoroquinolones or mass
spectrometry determined that the equilibrium between the
inner and the outer concentration occurs within a few
minutes.>"** Porins are the limiting factors for the efficacy
of an antibiotic either (i) when there are no alternative uptake
pathways and the number of porins is low, or (ii) when the rate
of entry is very low. In the case of kanamycin, two highly
abundant porins are used and further uptake routes (i.e., self-
promoted uptake) contribute in addition.

B CONCLUSIONS

Although aminoglycosides are a mainstay of clinical anti-Gram-
negative therapy, their molecular uptake mechanism has
remained a matter of debate. In our interdisciplinary study
we tackled the problem by a complementary biophysical,
computational, and microbiological approach and demonstrate
the involvement of the porins OmpF and OmpC in kanamycin
translocation across the OM on three different levels: the
reconstituted proteins, pore structure, and growing bacterial
cells. By describing and quantifying the transport of kanamycin
through three different pores, with increasing size (OmpN,
OmpC, OmpF) and with inverted increased selectivity to small
cations, we were able to investigate the role of the steric term
and the electrostatic compensation. In OmpN, the small open
pore does not allow the translocation. In OmpC, the higher
negative charge compared to OmpF is enough to compensate
for the smaller size. Finally, the largest pore, OmpF, shows
reduced flux due to the presence of an additional binding site
near the mouth of the channel. This example provides a clear
picture of optimal transport through a size-constricted pore
combining electrostatic compensation of a steric barrier.
Kanamycin with its cylindrical shape can fit perfectly well
into the constriction region. At the same time, the position of
the four positively charged groups provides a dipole that can
align to the transversal electric field, thus allowing a binding
near the constriction region and compensating the steric
barrier while translocating. Eventually, about 10—20 kanamy-
cin molecules per second can permeate through OmpF and
OmpC under a 10 M concentration gradient, and whole-cell
studies provided evidence that translocation of kanamycin via
porins is relevant for antibiotic potency, though other uptake
mechanisms are not excluded.

B METHODS

Materials. Kanamycin sulfate and cefoxitin sodium salt
were obtained from Carl Roth (Mannheim, Germany),

https://dx.doi.org/10.1021/acsinfecdis.0c00102
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gentamicin sulfate from Applichem PanReac (Darmstadt,
Germany), paromomycin sulfate from Cayman Chemical
(Michigan, U.S.A.), amikacin disulfate from Acros Organics
(Geel, Belgium) potassium sulfate salt from Sigma-Aldrich
(Dorset, United Kingdom), and 1,2-diphytanoyl-sn-glycero-3-
phosphocoline from Avanti Polar Lipids (Alabaster, AL), and
all other chemicals used were procured from AppliChem. The
proteins were produced in house following previous
publicationsm and the SL

Planar Lipid Bilayer and Electrical Recording: Single
and Multichannel Measurements. Single channel record-
ing apparatus consisted of a two-compartment Teflon chamber
(~2.5 mL each) separated by a 25 ym thick Teflon partition
with an aperture of ~100 pum diameter for membrane
formation. Bilayer lipid membranes were formed from 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) using the
monolayer opposition technique.”® The aperture was pre-
treated with a hexadecane/hexane solution (1% v/v) and was
allowed to cure for ~20 min to achieve solvent evaporation.
The trans- and cis-sides of the chambers were filled with buffer
solution, 1 M KCL, 10 mM HEPES at pH 7.0. Ten uL of lipid
in pentane (§ mg/mL) was added to both sides of the
chamber, and a bilayer was formed after evaporation of
pentane. Single channel reconstitution was achieved by
addition of purified OmpF or OmpC porins into the cis-side
of the chamber at a volume of ~0.3 gL from their stock
solutions (1 mg/mL) and diluted by ~100 fold using Genapol
X-080 (1% v/v). The final protein concentration in the
chamber was &1 pM. Channel current traces were recorded
with Ag/AgCl pellet electrodes (World Precision Instruments),
the cis side of the chamber being the virtnal ground, using the
Axopatch 200B (Molecular Devices, LLC) patch-clamp
amplifier in V-clamp mode (whole cell § = 1) with a CV-
203BU headstage. The output signal was filtered by a lowpass
Bessel filter at 10 kHz and saved at a sampling frequency of 50
kHz using an Axon Digidata 1440A digitizer (Molecular
Devices, LLC). Data analysis was performed with an in-house
analysis suite created with the LabVIEW software suite
(National Instruments).

Further, for measuring the electrophysiological reversal
potential assay (Multi channel) for asymmetric condition we
used commercial calomel electrodes (Metrohm). The cis side
electrode of the cell was grounded, whereas the trans side
electrode was linked to the headstage of an Axopatch 200B
amplifier in the voltage clamp mode. Signals were filtered by an
on-board low pass Bessel filter at 10 kHz with a sampling
frequency of 50 kHz. Analysis of the current recordings was
completed using Clampfit (Axon Instruments). The relative
permeability of cations vs solute anions in the bi-ionic case
(Pranamycin® / Psulface®™) ) Were obtained by fitting of the
experimental I-V curves with the Goldman—Hodgkin—Katz
current equation.”” The flux was estimated using the
permeability ratios between the cation over anion flux and
an estimation of the ion current induced by a reversal
potential.'>'*%7

All-Atom Molecular Dynamics Simulations. The
experimental X-ray structures of OmpF and OmpC (PDB
ID: 20MF, 2JIN) were used as starting coordinates for
molecular dynamics (MD) simulations. All the amino acid
residues were simulated in the ionization state at neutral pH
except for the E296 (OmpF) and D299 (OmpC) which were
protonated (net charge 0) as suggested by Varma et al.*® For
both systems the entire trimer was embedded in a pre-
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equilibrated POPC (l-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine) bilayer of 259 lipids. The system was oriented
in order to center the protein at the origin of the coordinate
system and align the channel along the z-axis (positive z:
extracellular side; negative z: periplasmic side). Thus, we
solvated it in a 150 mM KCI sclution. The selected force fields
were as follows: AMBERI4SB* for the protein, AMBER
11‘pidl440 for the POPC molecules, TIP3P"" for water. After 1
ps of energy minimization (conjugate gradients), a slow
heating from 10 to 300 K was carried out for 1 ns. During this
stage, positional restraints were applied on the protein a-
carbons (all three dimensions) as well as on the lipids
phosphorus atoms (along z only). After releasing the
constraints on the POPC, an equilibration stage follows for 4
ns in the NPT ensemble at 1.0 bar and 300 K. Finally, 0.6 us
MD simulations were performed in the NVT ensemble after
the elimination of the protein restraints. The NPT
equilibration was performed with the program NAMD,*
with 1.0 fs time-step, and treating long-range electrostatics with
the soft particle mesh Ewald (SPME) method (64 grid points
and order 4 with direct cutoff at 1.0 nm and 1.0 A grid-size).
Pressure control was applied using the Nose-Hoover method
(extended Lagrangian) with isotropic cell, integrated with the
Langevin Dynamics (200 and 100 fs of piston period and
decay, respectively). The latter was also applied for temper-
ature control with 200 fs thermostat damping time. Production
run in the NVT ensemble with a time step of 4 fs was
performed through the ACEMD code® compiled for GPUs.
The Langevin thermostat was used with 1 ps damping time.
SPME was used to treat the electrostatics as for the
equilibration stage.

The GAFF force-field parameters™ were used to describe
kanamycin (PubChem: CID 6032). Partial atomic charges
were evaluated according to the RESP approach:™  the
molecule was first optimized at the HF/6-31G(d) level, up
to a convergence in energy of 1075 au, using the Gaussian03
package.'m Atomic RESP charges were derived from the
electrostatic potential using the antechamber module of the
AMBER package.”” The minimal projection area and the
charge at different pH were calculated with the software
Marvin,*®

Starting from the final configuration of the OmpF and
OmpC simulation described above, the molecule was placed
outside the lumen of the first monomer. The difference
between the z-coordinate of the center of mass (COM) of the
antibiotic and the z-coordinate of the COM of the protein
monomer was 32 A. A thousand steps of energy minimization
were performed. The equilibration stage followed for 1 ns in
the NVT ensemble at 300 K as described hereinbefore. Well-
tempered metadynamics™*” simulation were performed with
the ACEMD code®® combined with PLUMED,”" until the first
effective translocation through the protein constriction region
(CR) was observed. Two biased collective variables were used,
namely, the antibiotic position and the projection of the dipole
moment of the antibiotic onto the z-axis of the channel. In
practice, the “position” Az was defined as the difference of the
z-coordinate between the COM of the antibiotic and that of
the porin first monomer. During the metadynamics run, energy
biases were added every 50 ps to each collective variable
(height 0.1 au; ¢ 0.25 and 5.0 au for position and dipole
moment, respectively) with a bias factor of 10.0, to ensure the
slow exploration of the translocation event. For the two cation-
blocking conformations, 4 replicas of 100 ns were launched

https://dx.doi.org/10.1021/acsinfecdis.0c00102
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with an applied potential of —100 mV to evaluate ion current
in the presence of kanamycin.

Determination of the Aminoglycoside Sensitivity of
E. coli Porin Mutants. Minimal inhibitory concentrations
(MIC) of aminoglycosides were determined according to
guidelines of the Clinical Laboratory Standards Institute
(CLS1)** using cation-adjusted Mueller Hinton broth
(MHBII). Strains used in this work are listed in Table SS.
Bacterial cell numbers were adjusted to an inoculum of 5 X 10°
cells/mL and the lowest concentration to inhibit visible
bacterial growth was determined after 18 h of incubation at 37
°C. For agar gradient plates, 7.5 g/L of agar—agar was added to
the broth. The first layer was poured without kanamycin and
was solidified while the plate was at an inclined position. The
top layer containing kanamycin at a concentration of 1.5 pug/
mL was solidified when the plate was level. Prior to use the
plate was stored overnight at 4 °C. E. coli cells were suspended
in 0.9% NaCl (w/v) and the optical density at 600 nm
(ODyyq) was adjusted to 0.1. This cell suspension was streaked
on the agar gradient plates using cotton swabs and growth was
read after 18 h of incubation at 37 °C. Statistical analysis was
performed using R (the R foundation for Statistical
Computing, version 3.6.1). Unpaired Student’s t-test was
used to determine statistical significance. For multiple
comparisons, alpha was adjusted with the Holm-Bonferroni
method.

Generation of Gene Deletion Strains. Porin gene
deletions were performed as described by Datsenko and
Wanner.™ Briefly, the kanamycin resistance cassette was
amplified from the vector pKD13, using primers (Table S6)
attached to homeologous ends of the porin genes of interest.
E. coli cells were first transformed with the helper plasmid
pKD46 and in a second transformation round with the
constructed PCR products. The resistance cassette was
removed with the helper plasmid pCP20. Gene deletions
were confirmed by PCR.
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Bacterial strains and growth conditions.

For OmpN overexpression in untagged form, we used E. coli BL21 (DE3) Omp8.' This
strain lacks the major porins of E. coli (OmpF, OmpC, OmpA and LamB). These cells
were transformed with the plasmid pASK IBA5-ompN and grown at 37°C, 250 rpm in
Luria-Bertani (LB) medium (Roth, Germany) or LB agar plates supplemented with
ampicillin at 100 pg/mL for plasmid maintenance. OmpF and OmpC has been purified
according to the published recipe.Z’3

Expression and purification of OmpN

An overnight preculture of E. coli BL21 (DE3) Omp8 containing pASK IBAS-ompN
was inoculated into Luria-Bertani medium containing ampicillin at ODgg 0.1. When the
optical density of the culture reached 0.7, the culture was induced with 200 pg/L
anhydrotetracycline, and the expression was performed overnight at room temperature
while shaking (250 rpm). Cells were harvested by centrifugation at 6000 g for 30 min at
4°C and stored at -20°C until purification.

For purification, a pellet from 1 L of culture was resuspended in lysis buffer (10 mM
Tris pH 8, 5 mM MgCl,, | mM PMSF, 50 pg/ml RNase A and 5 pg/ml DNase I) and
disrupted by 3 passages at 4000 psi in a French Press on ice. After removing the cells
debris by 40 min of centrifugation at 3220 g, 4 °C, the membrane was pelleted by
ultracentrifugation (1 h, 110000 g at 4°C). The pellet was solubilized in 10 mM
Tris/HCI pH 8, 0.125 % Octyl POE (N-octylpolyoxyethylene from Bachem) using a
Potter homogenizer and incubated for 1 h at room temperature on the wheel. The
remaining insoluble material was separated by a second ultracentrifugation (110000 g,
room temperature, 1 h). OmpN was extracted by solubilization of this pellet with 10
mM Tris HCl pH 8, 3% Octyl POE and elimination of insoluble material by
ultracentrifugation. This step was performed two times.

The last supernatants contained the expected protein were pooled and concentrated with
an Amicon concentration unit (cut off 30 kDa).

The samples were supplemented with Laemmli sample buffer and heated at 98°C for 10
minutes (denaturing condition) or supplemented with Laemmli sample buffer lacking
beta mercapto-ethanol and not heated (non-denaturing condition) and loaded on 12%
SDS PAGE gel.* The gels were stained with Coomassie Brilliant Blue G250 (Figure
S5).
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Table S1. Conductivity measurements. Experimental single channel conductance value
with standard deviation of the OmpF, OmpC and OmpN trimer at low ionic strength (20
mM) under bi-ionic symmetrical addition.

Girimer (pS) trimer Girimer (pS) trimer
Vm=+100 mV Vm=+100 mV
Protein
20 mM Kanamycin sulphate Control: 20 mM K; SO4
OmpF 16 £3.7 pS 240 £ 27 pS
OmpC 13 +2.8pS 180 £ 30 pS
OmpN 9.5+2.2pS 58+ 17pS
OmpF OmpC OmpN
A, 5 B. 1000 C. 52
t Reveralty 20T ’ t Reeaity S ‘ S ety 2% |
5. £ 600-{ 2 - 15| % .
o] A 400 3 o 1*] ¢
0 P V., =-34mV ) v, =-14.9 me | -
v, =-86mV o 200 54
v\ s N Voltage (mV) ) Voltage (mV)
B W g Voltage (mV) 60 40 20 0 20 4 L T T N
0 a2 ) " 60 o0 -5
- 5 400 . 10
_ 0l . -600 . a5
o 15 ’ 800 2]

Figure S1. Reversal potentials (A) Current recording from bilayer containing multiple
reconstituted Ompl channels with symmetrical 20 mM kanamycin (GND-cis/trans) and
cis 50 mM kanamycin (bi-ionic conditions). (B) Current recording from bilayer
containing multiple reconstituted OmpC channels with symmetrical 20 mM kanamycin
(GND-cis/trans) and cis 50 mM kanamycin (bi-ionic conditions). (C) Current recording
from bilayer containing multiple reconstituted OmpN channels with symmetrical 20 mM
kanamycin (GND-cis/trans) and cis 50 mM kanamycin (bi-ionic conditions).
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Figure §2. Kanamycin permeation path through OmpF and OmpC. a) The average
pore radius with fluctuations, b) the internal electric field: the transversal component
(orange) and the longitudinal component (blue), ¢) a qualitative free energy surface for
a single kanamycin translocation event (the ion current blocking state is highlighted).
The upper panel depicts OmpF and the bottom panel corresponds to OmpC.
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Figure §3. Kanamycin transport path through OmpF. Kanamycin (represented as violet
van der Waals spheres) positioned with respect to the main diffusion axis of the pore
(partial surface representation) in the main conformations during transport through
OmpF. Kanamycin interactions with charged groups from the walls of the pore are
depicted in licorice for each conformation panel. States numbering refer to minima in
Figure S2. Minima 1 and 4 are renamed in the main text as S0 and SI respectively. The
state labeled 0 is highlighted with star in Figure 3 of the main text.

Figure S4. Kanamycin transport path through OmpC. Kanamycin (represented as
violet van der Waals spheres) positioned with respect to the main diffusion axis of the
pore (partial surface representation) in the main conformations during transport
through OmpF. Kanamycin interactions with charged groups from the walls of the pore
are depicted in licorice for each conformation panel. States numbering refer to minima
in Figure S2. Minimum 3 is renamed in the main text as SI and the state labelled as 0 is
highlighted with star in Figure 3 of the main text.
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Figure S5. Kanamycin blocking states, ion current analysis. a) Probability
distribution function of the distance of the centre of mass of kanamycin to the blocking
state site for the four independent replicas of 100 ns with an applied voltage of -100
mV, respectively, for OmpF (upper panel) and OmpC (lower panel). Each replica has a
different color. b) Superimposition of the ions (CI red, K blue) along the trajectory
with a kanamycin molecule (represented as violet van der Waals spheres) sitting in the
constriction region of monomer 1.
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Table S2. Translocating ions. Number of CI' and K' ions translocating through the
trimer during the simulations for the 4 replicas of each system with and without
kanamycin.

Empty-R1 2 34 4 42
Empty-R2 4 27 5 38
Empty-R3 8 29 1 43
Empty-R4 7 41 4 34
Average 52+2.4 32.7£5.4 35+1.5 39.2+3.5
Kanamycin-R1 6 2 13 2
Kanamycin-R2 11 0 20 3
Kanamycin-R3 8 1 18 2
Kanamycin-R4 6 2 10 6
Average 7.7+2.0 1.2+0.8 15.25+3.9 32+1.6
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Kanamycin is a quite large cationic molecule with an electric dipole moment (relative to
its center of mass) oriented almost transversally to the long axis of the molecule itself
(Figure 4a). The average parameters obtained by simulating kanamycin in a box of
water are summarized in Table S3 and compared with three beta-lactam antibiotics,
ampicillin, piperacillin and ceftazidime. Marvin was used for drawing, displaying and
characterizing chemical structures, substructures and reactions, Marvin 19.8.0,
ChemAxon (https://www.chemaxon.com).

Table S3. Molecular descriptors for permeation through porins. Molecular descriptors
for antibiotics calculated by averaging the MD trajectories of molecules in water.
Molecular descriptors from porins (OmpF and OmpC) as reported in Acosta-Gutierrez
et al.” The size of OmpN was predicted here using the data on conductance of this work.

Molecule Charge | Total dipole moment and | Effective average radius of
its transversal the minimal projection area
component (Debye) (A) and minimal projection
area (Az)
Kanamycin +4e 23.0 (Dxy=22.99) 4.8 (71.2)
Ampicillin 0 34.1 (Dxy=13.5) 4.0 (50.5)
Ceftazidime -le 18.5 (Dxy=13.0) 4.7 (68.3)
Piperacillin -le 28.1 (Dxy=15.6) 5.0 (77.5)
Porin Selectivity Conductance (nS) Minimum pore radius (A)
PK'/PCI and area (A%
IMKCI and 50mV
OmpF 1.3 4.0 3.1(30.2)
OmpC 2.2 29 2.8 (24.6)
OmpN 1.6 (this work) 1.0 (3.14) (predicted)
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Figure S6. Effect of porin deletions on the antibiotic susceptibility of E. coli
BW25113. The deletion of both major porin genes ompF and ompC was required to
significantly increase the MIC of the aminoglycosides paromomycin (A) and amikacin
(B). For gentamicin (C), a trend towards reduced susceptibility of the double knockout
mutant was also observed but without statistical significance. These data suggest that
aminoglycosides structurally distinct from kanamycin (Figure S7) can also pass
through both porins. The cephalosporin antibiotic cefoxitin (D) is known to pass
through OmpF and OmpC® and was used as a structurally unrelated positive control. In
the case of cefoxitin, already the single deletion of ompF was enough to markedly
increase the MIC and the additional deletion of ompC reduced susceptibility further.
The 4-fold MIC increase in the absence of both ompF and ompC indicates that this
cephalosporin is more dependent on uptake via porins than aminoglycosides. MIC
values are represented on a logarithmic scale. Each diamond represents one
independent measurement from a different day. The vertical colored bars show the
arithmetic mean of all data points. Statistical analysis was performed using unpaired
Student’s t-test with Holm-Bonferroni correction, comparing mutants to the wildtype
(WT) strain. Not significant (ns), P> 0.05; * P <0.05; ** P <0.01; *** P <0.001.
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Figure S7. Structural diversity of the AGs used in this study. Although paromomycin
(4), amikacin (B), gentamicin (C) and kanamycin (D) differ in their structure, they
showed similar susceptibility patterns when comparing porin deletion strains to the E.
coli wildtype (Fig. 5 & 56). Aminoglycoside resistance was slightly increased when
both major porin genes ompF and ompC were deleted, indicating that they are involved
in the outer membrane translocation of E. coli. Only the major components gentamicin

Ci, Ciy and C> (C) and kanamycin A (D) of the gentamicin and kanamycin natural
product complexes are shown.
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Figure S8. Determination of the effect of the deletion of the major porin genes ompF
and ompC in E. coli BW25113. The MIC of different carbapenems (A-C),
cephalosporins (D-J), penicillins (K-M) and fluoroquinolones (N-O) were compared.
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The activity of most antibiotics was affected by the absence of the ompF and ompC
genes, although the porin dependency differed even within the same class of antibiotics.
MIC values are represented on a logarithmic scale. Each diamond represents one
independent measurement from a different day. The vertical colored bars show the
arithmetic mean of all data points. Statistical analysis was performed using unpaired
Student’s t-test with Holm-Bonferroni correction, comparing mutants to the wildtype
(WT) strain. Not significant (ns), P > 0.05; * P < 0.05; ** P <0.01; *** P <0.001;
*REX P <0.0001.

Table S4. Relative MIC increase of the AompFAompC double deletion strain in relation
to the wildtype E. coli BW25113 for different aminoglycosides, p-lactams and
fluorogquinolones. The change in the MIC was calculated by dividing the MIC of E. coli
AompFAompC by the MIC of the wildtype culture measured in parallel on the same day.
Note that compounds commonly summarized within the same antibiotic class due to a
related pharmacophore and corresponding mode of action are different structural
entities with distinct size and physicochemistry, which leads to different uptake
modalities. SD, standard deviation.

Relative MIC increase
Antibiotic Class (AompFAompC/WT) [average £+

SD]
Ertapenem Carbapenem 58.33 +20.41
Cefalexin Cephalosporin T+2
Meropenem Carbapenem 6.61+2.77
Cefotaxime Cephalosporin 5.53+£2.39
Cefepime Cephalosporin 453 +3.47
Cefuroxime Cephalosporin 3+£2095
Paromomycin Aminoglycoside 225+ 1.26
Gentamicin Aminoglycoside 22+1.1
Carbenicillin Penicillin 217147
Kanamycin Aminoglycoside 2.17+0.98
Amikacin Aminoglycoside 1.8 £0.45
Ceftazidime Cephalosporin 1.75+ 0.6
Ceftriaxone Cephalosporin 1.5+0.55
Norfloxacin Fluoroquinolone 1.5+0.55
Ampicillin Penicillin 1.42 + 1.39
Imipenem Carbapenem 1.31+0.48
Piperacillin Penicillin 1.08 £ 0.79
Enrofloxacin Fluoroquinolone 1.08 £ 0.74
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Table S5. Bacterial strains used in this work.

Strain Genotype/characteristics source

E. coli BW25113 wildtype; F-, A(araD-araB)567, 738
AlacZ4787(..rrmB-3), A-, mph-1, A(rhaD-
rhaB)568, hsdR514

E. coli JW0912 AompF F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, 7.8
AompF746, rph-1, A(rhaD-rhaB)568, hsdR514

E. coli JW2203 AompC F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, 78
AompC768, rph-1, A(rhaD-rhaB)568, hsdR514

E. coli AompFAompC  F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, this

AompF746, AompC768, rph-1, A(rhaD- study
rhaB)568, hsdR514

Table S6. Oligonucleotides used for the generation of the porin gene deletions.
Homologous regions to the plasmid pKD13 are marked in bold.

Oligonucleotide  5°-3" sequence

KO-ompF_fwd TTAACAAAGAGGTGTGCTATTAGAACTGGTAAACGATACC
ATTCCGGGGATCCGTCGACC

KO-ompF rev.  GCAGGTGTCATAAAAAAAACCATGAGGGTAATAAATAATG
TGTAGGCTGGAGCTGCTTCG

KO-ompC_fwd TGTTCGATATCAATCGAGATTAGAACTGGTAAACCAGACC
ATTCCGGGGATCCGTCGACC

KO-ompC_rev.  AAAAGCAAATAAAGGCATATAACAGAGGGTTAATAACAT
GTGTAGGCTGGAGCTGCTTCG
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Flux calculation:

To calculate the individual flux of kanamycin and its counter ion sulphate for a single
OmpF channel from the reversal potential measurement, we make use of the diffusion
current (Osmotic driven flux)’ when a concentration gradient is generated across the
bilayer system (see Table S7). Below is the typical IV, representing Iyif fysion and

Vreversal-
OmpF
25 ~
s Blank IV 2 i& ]
e Reversal IV z Table S7
15 £
;3 Trans side Cis side

.

s
g
8
13
g

Kanamycin | SO, | Kanamycin | SO/

87.5

Voltage (mV) 20 35 50
2 40 60

=4 \

PKanamycin(4+) _ i

PSulphate(Z—) 14

By extracting the value of I4;¢fysion = 1.8 pA from the graph and simply dividing the
current based on the permeability ratio, one obtains:

[Kanamycfn = 0]3PA
Isut‘phme =175 pA

Lyiffusion = 1.9 pA at the concentration difference (see Table S7)

Resulting at such ionic density, 1 uM difference inducing

d I1dif fusion(Kanamycin) = 4 attoA e qul
dle]

Similarly, for sulphate ion we get 33.4 attoA e uM~1

From the above graph the conductance (slope) of the I-V (symmetric conditions) was
measured to be 0.35 nS and from the steps recording of OmpF insertion at 20 mM
Kanamycin sulphate, the average conductance of single OmpFy, channel at pH 7 is 16

+£3.7pS

Measured conductance (¢)  0.35nS

= ~23 ch l
Single channel conductance  0.016 nS channets

Number of channels =

100



In the case of a single channel:

For Kanamycin:

d Idiffusion,single channel

d[c] = (4 attoA « uM~1) /23 channels = 0.17 attoA e uM ™1

Similarly, for sulphate ion we get: 1.85 attoAd « pM ™1

To determine the number of net flux of Kanamycin ions (N) per second:

Similarly, for sulphate ion we get: 11 pM~1 o 5~

q/s 0.17 attoAepM~tes™1
N/s=——= —
e 1.6x1071°C

=1uM tes?t

1

Therefore, we calculated roughly ~1 Kanamycin and ~ 10 sulphate ions diffusing
through a single OmpF normalized to 1 pM gradient of kanamycin sulphate.
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Abstract

The rise of antimicrobial resistant pathogens calls for new antibacterial treatments, but potent new
compounds are scarce. Development of new antibiotics is difficult, especially against Gram-negative
bacteria, as here uptake is strongly hindered by the additional outer membrane. Most antimicrobial
agents against Gram-negatives, in particular small hydrophilic molecules, use the porin mediated
pathway to cross the outer membrane, which limits the choice of an antibiotic, as it has to fit by size,
charge and hydrophilicity. In E. coli, the major porins OmpF and OmpC are associated with antibiotic
translocation and therefore also with non-specific antibiotic cross-resistance. In this regard, alternative
uptake routes are of interest. We were interested in the uptake of the small, natural product antibiotic
negamycin and discovered new uptake pathways across the outer membrane of E. coli. Besides OmpF
and OmpC, we investigated the role of the minor porins OmpN and ChiP in negamycin translocation.
We detected an effect of OmpN and ChiP on negamycin susceptibility and confirmed passage by
electrophysiological assays. The structure of OmpN was solved by X-ray crystallography in order to
analyze the negamycin translocation mechanism by computational simulations. As abundancy of these
minor porins was low in E. coli, their transcript levels were analyzed by RNA-Seq. Increased
transcripts levels of ompN and chiP were observed upon negamycin treatment. These new, additional
uptake pathways across the outer membrane of E. coli highlight the antibiotic potential of negamycin,
especially as resistance development is low due to availability of multiple uptake routes at both the

outer and inner membranes.
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Introduction

The outer membrane of Gram-negative bacteria is the first barrier for antibiotics with peri- or
cytoplasmic targets. Translocation of antibiotics across the outer membrane is limited, as the
asymmetrical composition of the outer membrane, with phospholipids in the inner and
lipopolysaccharides (LPS) in the outer leaflet, hampers diffusion of molecules into the periplasm.® At
the same time, bacteria need to enable nutrient uptake across this stringent barrier. Porins, water-filled
channels, spanning across the whole outer membrane, allow diffusion of small, charged and polar
molecules. Translocation through the major porins of Escherichia coli, namely OmpF and OmpC, is
limited to smaller molecules, preferably positively charged and not bigger than 600 Da, although this
rule of thumb is just a rough estimate,” as previous studies report various factors for porin
translocation.® Although these porins have been studied for over 50 years, their role in antibiotic
translocation is still not fully understood. Just recently it has been shown that aminoglycosides,
already in clinical use, could diffuse through porins, as experimental data showed translocation of
kanamycin through OmpF and OmpC.* So far, porins other than OmpF or OmpC have not been the

focus of the antibiotic translocation studies in E. coli.

As uptake of some antibiotics is dependent on these porins, resistance can occur by modifying either
channel properties or alteration in expression.” Although a decrease of nutrient influx could lead to
reduced fitness, this tradeoff proved to be beneficial for bacteria under antibiotic exposition.® ’
Modifications of these rather unspecific channels could also lead to cross-resistance to other antibiotic
classes, as this resistance mechanism is not specific to one structural class. In E. coli, this mechanism

mainly affects the highly abundant porins OmpF and OmpC,® therefore investigations of alternative

pathways for antibiotics are of interest.

We were interested in the uptake opportunities across the outer membrane of the antibiotic negamycin,
as we recently could describe multiple influx pathways for this agent across the cytoplasmic
membrane of E. coli. Negamycin is a small (248.28 g/mol, 4.7 A average minimal radius), very
hydrophilic natural product, first described 1970 as a secondary metabolite of a Streptomyces

purpeofuscus strain.” Negamycin interferes with protein biosynthesis, as it binds to the small
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ribosomal subunit and inhibits translocation of the peptide chain.'” ' At the same time, negamycin
stabilizes binding of unspecific tRNA, leading to a miscoding activity, resulting in a bactericidal mode
of action. To reach its target in the cytoplasm, negamycin needs to cross both the outer as well as the
inner membrane. Uptake studies are needed, as, with the exception of one analogue,' most
optimizations of negamycin failed to achieve an increase in activity. Although some modifications led
to higher target binding, whole-cell bioactivity was decreased, probably due to reduced uptake. " So
far, negamycin translocation across the cytoplasmic membrane, but not the outer membrane, has been
investigated in previous studies.® '® With its molecular properties, negamycin is an ideal candidate for
porin translocation. Surprisingly, our results of antibiotic susceptibility testing in different knockout
mutants indicated that negamycin activity in E. coli is not dependent on either OmpF or OmpC, but
rather on other, less studied porins, namely OmpN or ChiP. Electrophysiological studies confirmed
that negamycin is able to pass through OmpN and ChiP. To uncover the structural basis of negamycin
translocation by OmpN, we solved its structure by X-ray crystallography. Based on the structure,
molecular simulations were performed, which gave further insights into the translocation mechanisms
of negamycin through OmpN. We also compared the translocation mechanism of kanamycin through
OmpN. To further understand how E. coli reacts to negamycin treatment, we carried out expression
analyses investigating their transcript levels by RNA-Seq and porin protein levels by Western Blot
detection. Our study could show new uptake pathways across the outer membrane of E. coli, which so

far have not been associated with antibiotic translocation.
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Results

Influence of porins on negamycin susceptibility. It is well known that the major E. coli porins
OmpF and OmpC play an important role in antibiotic uptake.* Negamycin has ideal physicochemical
properties for translocation across porins,” as it is hydrophilic and positively charged at neutral pH,
with an average dipole moment of 22.7 Debye. To investigate the roles of OmpF and OmpC in
negamycin susceptibility, the minimal inhibitory concentrations (MIC) of negamycin were determined
in E. coli BW25113 deletion strains without ompF, ompC or both major porin genes. Minimal media
containing either only 0.5% polypeptone (PP) or glucose and salts (M9) were used, as negamycin
competes with peptides for uptake opportunities and activity is strongly dependent on media
composition.? The deletion of the porin genes ompF, ompC and the combinational deletion of both
genes did not decrease negamycin susceptibility compared to the wildtype (Table 1). As a control, the
MIC of the B-lactam cefotaxime was determined under the same conditions, and MIC increased up to
8-fold upon deletion of ompF or the multiple deletion of both ompF and ompC, indicating that our
applied test conditions were suitable to detect effects due to porin loss (Table 1). Although we could
not detect a change in negamycin MIC in AompFAompC by broth microdilution testing, the double
deletion mutant showed a slight growth advantage compared to the wild type when streaked on a PP

agar plate with a linear negamycin concentration gradient (Figure 1A & B).

Table 1. Negamycin and cefotaxime MIC determinations with porin gene deletion strains. Negamycin activity is not affected
by deletion of ompF or ompC, whereas cefotaxime MIC is increased in ompF deletion mutants.

negamycin MIC cefotaxime MIC
[pg/ml] (pg/ml]
strain PP M9 PP M9
E. coli BW25113 (WT) 8 4 0.031 0.008
E. coli AompF 8 4 0.125 0.063
E. coli AompC 8 2-4 0.031 0.008
E. coli AompFAompC 4-8 ng 0.125 ng

ng, no growth

To test whether the outer membrane is a rate limiting barrier for negamycin translocation in general,
the integrity of the outer membrane was destabilized by addition of polymyxin nonapeptide B
(PMBN) and negamycin MIC was determined. The PMBN addition decreased negamycin MIC from 8
to 2 pg/ml in PP, whereas in M9 medium it stayed at 4 pg/ml, regardless of the presence of PMBN
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(Table 2). The reduced MIC in PP indicates that the outer membrane is a barrier for negamycin
translocation. This trend could not be observed in M9, although the presence of high amounts of salts
has to be considered, as these may at least partially antagonize the permeabilizing effect of PMBN by

stabilization of the outer membrane.
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Figure 1. Negamycin susceptibility and [3H]negamycin uptake of E. coli porin mutants. (A) Growth of E. coli BW25113
porin mutants on PP agar with a linear negamycin gradient (0 — 5 pg/ml). One agar gradient plate is shown exemplarily (A)
and the average of four independent experiments as a summary (B). The dotted line marks the limit of detection at the end of
the plate. Statistical significance shows comparison of the respective gene deletion mutant to the WT. (C) Uptake
measurements of [*H]|negamycin in E. coli ATCC 25922 porin mutants. 32 pg/ml negamycin (specific activity: 0.052
Ci/mmol) was added and accumulation of [*H]negamycin of E. coli ATCC 25922 porin mutants was compared to its isogenic
wildtype strain at 1, 5 or 12.5 min. Each diamond shows an independent measurement of susceptibility (B) or [*H]|negamycin
uptake (C) with the average displayed as a bar. Statistical significance was determined using unpaired Student’s t test with
Holm-Bonferroni correction. ns (not significant), P > 0.05; **, P < 0,01; **** P <(,0001.

As other uptake routes across the outer membrane of E. coli must be available and negamycin’s
physicochemical properties are perfectly suited for porin passage, we searched for further porin genes
in the E. coli genome. Negamycin MIC was determined in these deletion mutants in the E. coli
BW25113 background and we found multiple porin genes, namely ompN, chiP, lamB, ompG, ompW
and ompA, where the gene deletion led to a 2-fold increase in MIC (Table 2). The addition of PMBN
to these porin gene deletion mutants reversed the effect of decreased susceptibility to a level of WT
with PMBN treatment, hinting that the deletion of these porin genes had an effect on the barrier
function of the outer membrane. Further research focused on the two porin genes ompN and chiP, as
the OmpN porin showed high similarity to the major porins OmpF and OmpC," and the effect on

negamycin susceptibility of AompN and AchiP was reliably seen in both M9 and PP media. To test the
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relevance of ompN and chiP in other E. coli species, single-gene mutations were generated in E. coli
ATCC 25922. In contrast to the laboratory K-12 strain, from which BW25113 is derived, the ATCC
25922 strain originates from a clinical isolate.'® Within the outer membrane, E. coli ATCC 25922
contains an intact O-antigen and thereby a more stabilized outer membrane barrier, in contrast to the
K-12 strain and its derivatives, as here the O-antigen is missing.' In ATCC 25922, the deletion of the
ompN or chiP gene led to a two-fold negamycin MIC increase as well, from 16 to 32 pg/ml in PP and
1 to 2 pg/ml in M9 (Table 2). Additionally, double-deletion mutants, lacking both ompN and chiP,
were generated in E. coli BW25113 and E. coli ATCC 25922, as an additive effect on negamycin MIC
might be expected. However, negamycin MIC was not increased further and stayed at the same level

as single-gene deletion strains in both strain backgrounds (Table 2).

Table 2. Effects of gene deletions of porin genes, which are less described for antibiotic susceptibility, on negamycin MIC.
Deletion of specific minor porin genes influences negamycin activity, both in E. coli BW25113 and ATCC 25922. The
increased MIC by the porin gene deletion could be reversed by the addition of 15 pg/ml PMBN to a level similar to WT
treated with PMBN.

negamycin MIC [pg/ml]

strain PP PP+PMBN M9 M9+PMBN*
E. coli BW25113 (WT) 8 2 4 4

E. coli BW25113 AompN 16 2-4 8 4

E. coli BW25113 AchiP 16 2-4 8 4

E. coli BW25113 AlamB 16 4 ng ng

E. coli BW25113 AompG 16 2 4 nd

E. coli BW25113 AompW 16 2 4-8 nd

E. coli BW25113 AompA ng ng 4-8 nd

E. coli BW25113 AphoE, AompL, AbglH, Atsx, AfadL, 8 nd 4 nd
AnanC, AychO, AyfiB, AyfaZ, AyiaT

E. coli BW25113 AompNAchiP 16 2 8 nd

“E. coli ATCC 25922 (WT) 16 4 1 1 -

E. coli ATCC 25922 AompN 16-32 4 1-2 1

E. coli ATCC 25922 AchiP 32 4 2 1

E. coli ATCC 25922 AompNAchiP 16-32 2 2 nd

* M9 was supplemented with 1 pg/ml thiamine for E. coli ATCC 25922, ng, no growth. nd, not determined

The deletion of these porin genes decreased negamycin accumulation in E. coli ATCC 25922. When
ompN, chiP or both genes were deleted, on average 20% less radioactive-labeled [3H]negamycin was
accumulating in E. coli ATCC 25922 within 15 min after the addition of 32 pg/ml negamycin (Figure

1C & S1). Similarly to MIC determinations, the double deletion of both ompN and chiP did not have

7
109



an additive effect on negamycin uptake, as [3H]negamycin levels were similar in E. coli ATCC 25922
AompNAchiP as in the single gene deletion strains. This additional porin gene deletion might not be
enough to reach a certain threshold of resistance, as other porins are still available or a change in
uptake is masked by efflux. Therefore, the role of efflux pumps on negamycin susceptibility was

investigated.

Influence of efflux on negamycin susceptibility. The most important E. coli efflux pumps, in regard
to antibiotic resistance, were tested by examining the corresponding deletion strains.' The activity of
negamycin was measured in deletion strain mutants without acrA, acrB, acrD, acrE, acrF, macA,
macB or mdfA. Negamycin MIC stayed either at wildtype level or the gene removal had no large
impact on susceptibility (Table S1). The deletion of acrA, acrB or both genes had previously strong
effects on novobiocin MIC in PP, as it decreased from 32 pg/ml to 1-2 pg/ml for the single gene
deletion of acrA or acrB and down to 0.5 pg/ml in E. coli AacrAB.® Only the deletion of tolC
increased negamycin activity higher than two-fold in PP to a MIC of 2-4 pg/ml, but not in M9. In
another E. coli K-12 derivative, E. coli C600," the tolC deletion mutant did not change the negamycin
MIC in PP compared to the wildtype (4 pg/ml; Table S1). For TolC mediated efflux, a complex with
subunits composed of a permease and membrane fusion protein is necessary.” As the deletion of
single or multiple genes of these subunits did not affect negamycin MIC (Table S1), the effect of the
AtolC mutant might not necessarily be efflux specific. It has previously been reported, that the deletion
of tolC can lead to multiple defects on the outer and inner membrane integrity,”" which could affect
antibiotic susceptibility. Compared to other antibiotics, negamycin accumulation is not strongly
hindered by the common E. coli efflux systems.” Based on the results of the porin gene deletion
strains with whole E. coli cells, we were interested to investigate the porin-mediated uptake on a

protein level.

Negamycin translocation through porins by reversal potential determination. To check for
permeation of negamycin through the porins OmpN, ChiP, OmpF and OmpC in an in vitro system,
porin proteins were purified and antibiotic permeability was determined by reversal potential

measurements under tri-ionic conditions in the presence of salts. The OmpN porin was analyzed in
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detail and we could confirm previous conductance of the channel (Figure S2 & Table S2)." General
properties of the OmpN porin, e. g. channel conductance and ion selectivity, are described in detail in

the supplemental information (Figure S2, S3, S4 & Table S2, S4).

Under tri-ionic conditions, the reversal potentials were determined for OmpN, ChiP, OmpF and
OmpC, when negamycin was added. Negamycin passed through OmpN, ChiP, OmpF and OmpC, in
this order from fastest to slowest transport (Table 3 & Table S3). For quantification of negamycin
translocation through OmpN, single channel measurements with OmpN and negamycin could not be
obtained, as blockage of the ion current by negamycin addition could not be detected (Figure S5),
however, a rough estimate suggests that ten to hundred molecules/s/monomer may permeate at a 1 pM
negamycin gradient. The B-lactams ertapenem and cefotaxime (Table 3) and, as previously shown, the
aminoglycoside kanamycin,* did not translocate through OmpN. The major E. coli porins OmpF and

OmpC were not as selective as OmpN and permeable for ertapenem (Table 3) and kanamycin.*

Table 3. Permeability ratios of the antibiotics negamycin, ertapenem and cefotaxime through OmpN, ChiP, OmpF, or OmpC,
under tri-ionic conditions with NaCl as determined by the electrophysiological assay (Table S3). Negamycin is able to pass
through all the porins tested, whereas ertapenem and cefotaxime were not able to translocate through OmpN.

permeability ratio (Na™ : Cl : antibiotic)

negamycin ertapenem cefotaxime

OmpN 2:1:075 2:1:<0.0001 2:1:0.000001

ChiP 1:6:0.35 nd nd
OmpF 5:1:1.35 5:1:1.85 nd
OmpC 3:1:0.5 85:1:4.2 nd

nd, not determined

Based on the structure of negamycin, it is of no surprise that negamycin is able to permeate efficiently
through OmpF and OmpC, but this observation is not reflected by previous MIC determinations (Table
1). The electrophysiological data suggest that OmpN is more selective compared to other porins and

negamycin is exceptionally promiscuous in its translocation through various porins.

Structure of OmpN. To further understand the permeability restrictions of OmpN, we determined the
X-ray crystal structure of the protein using data to a resolution of 2.6 A (Figure 2). Structurally, OmpN
is very similar to OmpF and OmpC, but there are a few differences (Figure S6). The loop L7 outside
the cell is elongated compared to OmpF and OmpC and Thr101 is substituted by Glul02 in the helix
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of the otherwise conserved loop L3 within the constriction region of OmpN (Figure 2 & S$6). This
change to an acidic residue renders the OmpN porin more cation selective. At the extracellular mouth
of the porin, the ertapenem binding site at R167 and R168 in OmpF is modified in OmpN (Figure
S6).” In the same region in OmpC only one arginine is present (Arg174). On the other hand, in OmpN
no basic residues are present at this location, but only His173 and a longer loop with two acidic
residues (Asp248 and Asp250), thus making this region an attractor for positively charged molecules
(Figure 2). Based on previous conductance measurements of OmpN (58 + 17 pS, with 20 mM K2504
at +100 mV), a smaller constriction zone compared to OmpC (180 + 30 pS) and OmpF (240 £ 27 pS)
was expected. Surprisingly, the minimal size of the constriction zone of OmpN (2.8 + 1.1 A) is
similar to OmpC (2.8 + 1.1 A) and OmpF (3.1 + 1.1 A) (see also the comparison of minimal radius
distribution of OmpN and OmpF in figure S7).* Therefore, the differences observed in conductance

measurements from the actual pore size must base on electrostatic properties of the channel.

C L5 .

L6
L4 }. . / p L7
Npb2e A (o
D170 s34 D248/

R1727 r
R1692 0 ‘
H173

f\ ]

Figure 2. Structure of OmpN as resolved by X-ray crystallography. (a, b) Cartoon representation of OmpN, structures are
shown in rainbow with N-terminus (blue) and C-terminus (red) for each monomer. (c) side view and top view from
extracellular side (d) of OmpN monomer with highlighted residues from the constriction zone and extracellular mouth region.

Electrostatic surfaces (-5 kTe to5kTe ) of the OmpN monomer generated via ABPS server viewed from (e) the plane
of the OM (f) the outside of the cell and the periplasmic space (g). All crystal structure figures were generated with PyMOL.
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Translocation mechanism through OmpN (molecular dynamics). The structure of OmpN allowed
us to conduct numerical simulations on a molecular level, which enabled us to investigate interactions
of negamycin with the porin. As suggested by PROPKA for modelling the condition at pH 7 we
protonated two residues at the constriction region, Glu261 and Asp308.** In OmpF and OmpC only
one residue is protonated, corresponding to Asp308. To check the reliability of the double protonation
state, we performed molecular dynamics simulations with an external electric field to assess the ionic
current as a function of voltage. The predicted conductance is in good accordance with experimental

data measured at pH 7 and 1 M NaCl (Figure S8 & Table S2).
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Figure 3. Molecular dynamics showing negamycin and kanamycin translocation through OmpN. Free energy surface (FES)
of negamycin (A) and kanamycin (D) shown within the OmpN porin, depending on position and orientation of the antibiotics
within the porin. FES depending on negamycin (B) and kanamycin (E) position within OmpN. Translocation current shown
depending on substrate concentration of negamycin (C) or kanamycin (F).
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Negamycin translocation through OmpN was simulated using well-tempered metadynamics with 8
walkers and the free energy surface was determined after sampling 32 ps, 4 ps per walker. Inspecting
the 2-dimensional free energy surface we see two main minima, one at the constriction region (Figure
3A & 3B, Min-CR at Z-position = -2 A, -4 kcal/mol with respect to outside) and the other one in the
extracellular region, just above the constriction region (Figure 3A & 3B, Min-above at Z-position = 10

A, -3 kcal/mol with respect to outside).

A MiIN-above

negamycin

MiN-above

kanamycin

Figure 4. Interaction of negamycin and kanamycin within the barrel structure of the porin OmpN. (A) Negamycin at the
extracellular mouth region of OmpN interacting with Lys29 and Asn166. (B) At position Min-CR, the positively charged
groups of negamycin interact with Asp106 and Glu110 within loop L3 of OmpN, and the carboxylic group with Arg126. (C)
Kanamycin in contact with Glu66, Asn166, GIn61 of OmpN and three chloride ions at position Min-above. (D) Kanamycin
interactions at position Min-CR with Asp106, Asp114 and Glul10 of OmpN and additionally with two chloride ions.
Chloride ions are shown as red and sodium ions as blue dots.
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Another minimum is present at Z = 15 A, with negamycin trapped in the same extracellular mouth
region where ertapenem was co-crystallized in OmpF.” We focused on the two minima closer to the
constriction region. In Min-CR, negamycin interacts strongly with the loop L3 via contacts with
Aspl06 and Glull0 (Figure 4A). The carboxylic group is in contact with Argl26. Starting with
negamycin placed there, we recalculated the ionic current at positive and negative voltages (+100 mV
and -100 mV) obtaining a reduction of one third with respect to the empty system, as expected when
one monomer is blocked (Table S5). On the other hand, when negamycin is in Min-above (interaction
with Lys29 and Asnl66) the pore is completely free and we only see one chloride ion close to

negamycin (Figure 4A).

The flux of negamycin from the cis to trans side was determined imposing a gradient concentration
among the two cells. The flux was very high, with a residence time inside of less than 0.1 ps (Figure
3C), which might be too low to be measured in the single channel measurement setup (Figure S5).

Saturation was only reached in a milimolar concentration range (Figure 3C).

In order to understand the apparent electrostatic barrier in OmpN, we investigated by numerical
simulations the translocation of kanamycin, a large (minimum average radius of 5.5 A) and highly
(+4e) cationic molecule. Experimentally, the extremely low level of conductance using the reversal
potential method was already shown.* Simulations were performed exactly as for negamycin, with the
well-tempered metadynamics now using 16 walkers, for a total simulation time of 100 ps. The 2-
dimensional free energy surface shows an affinity site just above the constriction region (Min-above at
Z =6 A, -6 kcal/mol with respect to the exterior) and a weaker one at the constriction region (Min-CR
at Z = -2 A, -4 kcal/mol with respect to the exterior) (Figure 3D & 3E). The favourable interaction
between the high charge of kanamycin and the acidic environment of OmpN is probably the origin of
the electrostatic barrier or the extremely low measured flux (Figure 4C & 4D). To note that in Min-
above kanamycin is in contact (3 A) with three chloride ions, while it interacts with Glu66, Asn166
and GIn61. On the other hand, when in Min-CR there are two close chloride ions, while it interacts

with Asp106, Asp114 and Glu110 of OmpN.
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The predicted flux as function of gradient concentrations is in absolute value three orders of
magnitude lower for kanamycin than for negamycin (because of the different size and strong
interaction with the acidic residues, see figure S7) and, more interestingly, saturation of kanamycin is

reached already at pM concentrations (Figure 3F).

This computational data is in accordance with the in vitro data. To understand how E. coli reacts to
negamycin treatment, we set out to investigate the transcriptome of E. coli when exposed to the

antibiotic.

ompN and chiP expression under negamycin treatment. The results on a protein level clearly
showed translocation of negamycin through OmpF and OmpC (Table 3), but this was not reflected in
MIC measurements (Table 1). Although these major porins are described to be highly abundant,' only
a small decrease in negamycin susceptibility could be detected, when E. coli AompFAompC was
streaked on agar containing a linear negamycin gradient (Figure 1A & 1B). Therefore, we were
interested how E. coli reacts to negamycin exposure. For this, the transcriptome of E. coli BW25113
was investigated by RNA-Seq. Total RNA was isolated from exponentially growing E. coli cells,
treated with a negamycin concentration equivalent to 4x MIC for 45 min and expression was
compared to an untreated sample. Additionally, gene deletion mutants lacking either ompN, chiP or

both porin genes were investigated by RNA-Seq as well.

E. coli reacted to negamycin exposure by strongly decreasing the expression of multiple transporters,
especially the ones responsible for translocation across the cytoplasmic membrane (Table 4). The gene
malK, the ATP binding subunit of a maltose ABC transporter, was affected the strongest by a
downregulation of over 500-fold upon negamycin treatment. However, negamycin activity was not
dependent on malK, as E. coli AmalK showed the same MIC as the wildtype (8 pg/ml in PP).
Negamycin uptake might potentially still be affected by this operon, as the downstream gene of malK
is lamB, a porin which we had associated with negamycin susceptibility in this study (Table 2) and
whose expression was also decreased 48.8 times by negamycin treatment (Tables 4). Furthermore,
peptide transporters were affected by negamycin treatment as well, as the transcripts encoding the

dipeptide transporter Dpp were strongly decreased (Table 4). In previous studies, the Dpp transporter
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was described as one of the main uptake pathways for negamycin across the cytoplasmic membrane. ®
' Negamycin treatment also induced expression of the efflux pump subunits acrE, acrF and mdfA and
decreased expression of acrD slightly (Table 4). As mentioned above, E. coli AacrE, E. coli AacrF or
E. coli AmdfA as well as deletions of other efflux pump subunit genes, did not increase negamycin
activity (Table S1). Transcripts of tolC, acrA, acrB, macA and macB were not affected significantly
under negamycin treatment. The expression of bshA, associated with stress response,” was strongly
increased, but could not be linked to a resistance mechanism against negamycin, as the deletion of the

gene did not alter negamycin susceptibility and MIC stayed at wildtype level of 8 pg/ml.

At the outer membrane, the negamycin treatment reduced expression of the ompF transcript by 2.6
fold, compared to the untreated sample (Table 4). ompC expression was not affected significantly. At
the same time, ompN and chiP expression increased 3.6 and 5.1 fold, respectively (Table 4). Among
the porin genes, ompG expression was increased the strongest with a 13.6 fold change. In contrast,
ompW expression was reduced 2 times, but both ompG as well as ompW genes were associated with
negamycin susceptibility (Table 2). As E. coli reacts to the antibiotic pressure, it might compensate the
reduction of OmpF through other, more restrictive porins. Uptake of various antibiotics might
therefore be decreased in E. coli, but not of negamycin, as we could show permeation through freely
available minor porins like OmpN and ChiP (Table 3). Although these trends in porin gene
expressions could be clearly seen, it has to be noted that average expression of ompF (1308.08
transcripts per million) was stronger than ompN (0.34 transcripts per million) across both treated and

untreated samples (Table 4).
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Table 4. Transcript expression fold changes of selected genes affected by negamycin treatment measured by RNA-Seq.
Average fold change of transcripts shown from three independent biological experiments comparing treated to untreated E.
coli BW25113 cells grown in PP. The strongest affected transcripts by negamycin treatment (> 30x fold change) are listed in
Table S8 and the complete RNA-Seq dataset is available as supplementary data SI2.

Transcript MIC Average TPM

fold change® fold change® (transcripts per million)

Gene E. coli Gene deletion Average of both
Bw25113 mutant compared to  untreated and negamycin

+ negamycin® WT treated samples
Porins
ompN 3.6 2 0.3
chiP 51 2 3.1
ompF -2.6 1 1308.1
ompC ns 1
ompG 13.6 2 0.3
ompA 2.6 1.8
lamB -48.8 2 59.2
ompW -2.0 2 13.3
Cytoplasmic membrane transporters
malK -546.9 1 91.6
dppB -86.2 1° 61.5
dppD -84.0 1° 94.4
dppC 717 1P 72.2
dppF -63.6 1" 40.7
dppA -19.0 10 192.2
Efflux
acrD -2.8 1 26
acrE 39.6 1 0.1
acrF 23 1 1.1
mdfA 34 1 21.2
Stress
response
ydbK 2.3 2 48
pspB 62.7 nd 198.6
bhsA 105.3 1 1.8
soxS 1054.0 1 181.1

ACompared to untreated E. coli BW25113. BE. coli BW25113 treated with 16 pg/ml negamycin (4x MIC) in PP for 45 min. “Negamycin

MIC fold change determined in PP, comparing the respective gene deletion mutant to the WT. "MIC changed four fold in peptide free

media." ns, not significant (FDR corrected p-value > 0.05): nd, not determined.
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soxS, a transcriptional activator upon oxidative stress,” was overall the strongest increased transcript
(with more than 1,000 fold) after negamycin treatment. Again, negamycin activity was not dependent
on this specific stress reaction by the bacterial cell, as negamycin MIC for E. coli AsoxS was at
wildtype level (8 pg/ml). Interestingly, soxS dependent activation of the ompN gene was described
previously.” Although soxS was proposed to be an activator of the ydbK-ompN operon,”” negamycin
treatment showed a different trend. YdbK has been described as an oxidoreductase and has been
associated with superoxide resistance, but not with antibiotic resistance.”" ** The strong induction of
soxS did not increase ydbK transcript levels, but actually reduced ydbK expression by 2.3 fold (Table

4). The MIC of negamycin increased two-fold in a AydbK mutant (Table 4).

To confirm the increases of ompN and chiP transcripts on a protein level, outer membrane protein
fractions from exponential growth phase were extracted and applied for detection via Western blot. E.
coli was treated at early exponential phase with negamycin equivalent to concentrations between
0.125x to 8x MIC, and samples were taken at different time points after negamycin exposition. No
OmpN or ChiP could be detected, neither in untreated nor treated samples (Figure S9). Although the
ompN and chiP transcripts were clearly increased after negamycin treatment (Table 4), it has to be
noted, that the transcript amounts of ompN were very low (Table 4, Supplemental information 2).
Protein levels might not be sufficient for Western blot detection. Additionally, various porin gene
deletion mutants were investigated, as the removal of ompF, ompC or both genes might be
compensated by increased expression of OmpN, but the latter could not be shown by Western blot
(Figure S9). Under the tested conditions, OmpN or ChiP were never expressed to a degree, where we

were able to detect the proteins via Western blot.

To investigate if the deletion of ompN, chiP or both genes affected expression of other genes, which
could indirectly influence negamycin susceptibility, the transcripts of the strains E. coli AompN,
E. coli AchiP and E. coli AompNAchiP were examined under the same conditions as the wildtype
strain before. The gene deletions did not lead to a significant change of expression of other porin
genes, with the exception of the chiP transcript, which was reduced 2.3 fold in E. coli AompN (Table

S6). The change in negamycin susceptibility in E. coli AompN or E. coli AchiP might therefore not be
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due to a change in expression of other porins. Furthermore, other transcripts were not strongly affected
by these gene deletions (Supplemental information 2). When ompN transcripts were compared
between E. coli AompN and its isogenic wildtype strain, no decrease in ompN transcripts could be
observed, which would have been expected when the gene is removed. This indicates a very low basal
expression of ompN in the wildtype strain. Although expression of OmpN and ChiP could not be
shown on a protein level, the transcriptional analysis did not reveal unrelated changes of the

transcriptome when ompN or chiP was deleted, which could affect negamycin susceptibility.

Porins are the main uptake pathways for nutrients across the outer membrane of E. coli, but antibiotics
are not limited to these channels. Other mechanisms, interfering with the outer membrane integrity,
have been proposed for certain antibiotic classes.” Negamycin’s ability to use this self-promoted-

uptake mechanism was investigated.

Analysis of the self-promoted uptake as a translocation mechanism for negamycin. For
polycationic antibiotics, like aminoglycosides, it has been shown that they disrupt the outer membrane
briefly, which led to an increase of the antibiotic itself.” This self-promoted uptake is an alternative
translocation mechanism across the outer membrane of Gram-negative bacteria. As negamycin
possesses two amine groups, negamycin might be able to use this channel-independent uptake
mechanism. The self-promoted uptake pathway was investigated by uptake measurements of 1-N-
phenyl-naphthylamine (NPN).* *' Fluorescence signal of NPN increases strongly when it is able to
interact with phospholipids of the cytoplasmic membrane. Here, polymyxins and aminoglycosides
increased NPN passage through the outer membrane about 9 and 5 times, respectively, whereas
negamycin addition did not increase signal above background level (Table S7). This result does not
exclude, that negamycin might briefly disrupt the outer membrane, but at least not to a degree which
could be measured by the employed NPN uptake assay. Outer membrane disruptors, like the tested
polymyxins and aminoglycosides, could show a more severe effect on the outer membrane integrity,
as molecules of these antibiotic classes are bigger and possess more amine groups. For negamycin the

translocation across the outer membrane via porins seems most likely.

18
120



Discussion

Previous studies on negamycin uptake in E. coli showed multiple pathways across the inner
membrane, both transporter dependent and independent.® ** For a hydrophilic, small compound like
negamycin, outer membrane translocation might be dependent on specific porins. In this study we
report on multiple porins available for negamycin translocation across the outer membrane.
Negamycin susceptibility was decreased when ompN, chiP, lamB, ompG, ompW or ompA were deleted
(Table 2). The single gene deletion of ompF or ompC had no effect on negamycin MIC, and only a
small increase in growth could be observed when the double knockout mutant was growing on a linear
negamycin concentration gradient (Figure 1A & 1B). Negamycin was able to diffuse through OmpF,
OmpC, ChiP and OmpN (Table 3). Although single channel conductance of OmpN was described to
be similar to OmpC," it is a more restrictive porin, as the OmpC-permeable antibiotics ertapenem and
cefotaxime could not pass through OmpN (Table 3).* These various uptake routes of negamycin
across the first barrier of bacterial defense in Gram-negatives make resistance development at this
barrier unlikely, both through spontaneous resistance development as well as by cross resistance from
previous antibacterial treatment, as usually the major porins OmpF and OmpC are affected.® The outer
membrane of E. coli does not seem to be the primary limiting barrier in cellular uptake of negamycin,
as previous isolated E. coli cells exposed to negamycin exclusively showed mutations in genes
encoding the dipeptide permease Dpp in peptide free media.? In this study, we also observed that
negamycin treatment had a strong effect on the expression of peptide transporter genes located in the

cytoplasmic membrane, mainly of the dpp operon (Table S8).

The permeability ratio, determined by electrophysiological measurements (Table 3), of negamycin
compared to NaCl (Na : Cl : negamycin) was high for OmpN (2 : 1 : 0.75), ChiP (1 : 6 : 0.35) and
lower for OmpF (5 : 1 : 1.35) and OmpC (3 : 1 : 0.5). Compared to previous electrophysiological
studies with OmpF, permeability ratios of kanamycin (14 : 1, permeability of sulfate : kanamycin)*
and ampicillin (1 : 4 : 0.75, permeability of Cl : K : ampicillin)* were lower. Inspection of table 3
reveals that the four investigated channels allow negamycin to permeate in a similar manner as sodium

chloride. A very rough estimation for a concentration gradient of 4 to 16 pM, which is in range of the
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MIC, negamycin resulted in about 50-500 molecules per second per channel to be translocated (Table
S3 & S4). Note that such rates can only be obtained in a diluted system whereas bacteria have an
additional LPS layer reducing the entry.** Furthermore, the periplasmic space is extremely crowded

and already a few molecules without an inner membrane sink would escape.™

Based on previous conductance measurements,’ a smaller pore was expected, but the size of the
constriction region of OmpN (Figure 2) was similar to OmpF and OmpC.? As OmpN showed a
different translocation pattern for antibiotics than OmpF and OmpC, other mechanisms, such as an
electrostatic barrier, must explain differences in substrate specificity. A previous study with clinical E.
coli isolates could indeed show that alterations in the ompC sequence had an impact on antibiotic
resistance, although pore size was not strongly affected.” The differences in antibiotic translocation
could be linked to the transverse electric field inside the OmpC porin, which was affected by subtle
changes of residues within the barrel structure. From the structure of OmpN we could identify Asp248

and Asp250 protruding into the barrel (Figure 2C), which could increase cation selectivity.

The physiological role of OmpN in E. coli is not known. OmpN was only first described in 1998, as it
has been overlooked in previous studies due to its low expression in standard laboratory media."” It has
been proposed, that the ydbK-ompN operon is part of the oxidative stress response, yet the ompN gene
deletion did not affect the oxidative stress sensitivity.”” Fabrega et al. (2012) could experimentally
show the existence of a single mRNA transcript containing both genes.”” This is in contradiction to the
transcriptomic data under our testing conditions, where we could find numerous copies of the ydbK
transcript, but none or only a few copies of ompN when untreated or treated with negamycin,
respectively (Supplemental information 2). If there is an operon containing both transcripts, which
could not be detected under our growth conditions, additional single transcription units of both genes,
an unidentified riboswitch between the two genes or post-transcriptional regulation of ompN are
plausible. Detection of transcription start sites (TSS) in E. coli revealed an additional TSS for ompN.*
Oxidative stress did not induce a putative ompN promoter, but increased the promoter signal of ydbK.”’
This indicates that if ompN is induced by oxidative stress, it is likely due to co-transcription with the

upstream ydbK.” The transcriptomic data in this study showed an opposite trend when E. coli was
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treated with negamycin (Table 4). Negamycin treatment increased ompN and decreased ydbK
expression. At the same time, the transcriptional activator soxS was the strongest increased transcript
in negamycin treated cells. Dam et al. (2017) chose the whole upstream region between ompN and
micC in their study to include a potential promoter of ompN.” Although no distinct ompN promoter
region was identified, their reporter plasmid containing the putative promoter sequence showed
upregulation when E. coli was exposed to certain antibiotics, e.g., carbapenems and cephalosporins,

but they could not detect the OmpN protein by Western blot in these samples.*

It has been proposed previously, that OmpN might act as a backup porin due to its similarity to OmpC,
when expression of the major porins OmpF and OmpC is reduced.” In Klebsiella pneumoniae, such a
mechanism has been observed with some clinical isolates.® When OmpK35 and OmpK36,
orthologues of OmpF and OmpC, were missing, some isolates showed expression of OmpK37, a porin
with high sequence similarity to OmpN. Even if OmpN would be similarly regulated as OmpK37, the
absence of OmpC and OmpF might not necessarily lead to OmpN expression, as also not all K.
pneumoniae isolates without OmpK35 or OmpK36 showed OmpK37 expression.® In this regard, it
would be interesting to see whether negamycin might be a treatment option in K. pneumoniae isolates

with major porin deficiencies, where uptake of -lactams is limited due to reduced porin expression.

In this study we could show that negamycin uses the E. coli porins OmpN and ChiP, which so far have
not been associated with antibiotic translocation across the outer membrane. The abundancy of
multiple uptake pathways across the outer and inner membranes of E. coli makes cross-resistance
development with other antibiotics unlikely. These newly identified pathways across the outer
membrane shed light on alternative uptake routes for antibiotics, which so far have not been in the
focus of the scientific community. These minor porins might be of further interest in cases, where

antibiotic uptake is limited due to decreased translocation through the major porins of E. coli.
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Materials and Methods

Bacterial strains and chemicals. Bacterial strains used in this study are listed in Table S9. Strains
were grown in lysogeny broth (LB), 0.5% polypeptone (PP) in water (BD BBL polypeptone, catalog
no. 211910) or M9 medium (47.74 mM NaHPO, x 2H.0, 22.04 mM KH.PO,, 8.56 mM NaCl, 18.7
mM NH.4Cl, 2 mM MgSQO., 100 pM CaCl,, 0.4% glucose) at 37°C. Negamycin (>95% purity) was
synthesized by Squarix GmbH.'* * based on published procedures. Cefotaxime was obtained from
Sigma-Aldrich, colistin sulfate from Cayman Chemical, ertapenem sodium from Sigma-Aldrich,
polymyxin B (PMB) sulfate from Fluka, polymyxin B nonapeptide (PMBN) from Sigma-Aldrich,
cefoxitin from Carl Roth, neomycin trisulfate from Sigma-Aldrich, gentamicin sulfate from

Applichem, and 1-N-phenyl-naphthylamine (NPN) from Sigma-Aldrich.

Determination of antibacterial activity. MIC was determined by standard broth dilution series
according to CLSI guidelines."® Briefly, antibiotics were diluted in a two-fold dilution series. Bacterial
cells, grown over night on LB agar plates, were diluted in saline (0.9% NaCl (w/v)) and added to a
final inoculum of 5 x 10° cells/ml. Microtiter plates were incubated at 37°C and MIC was readout after
incubation for 20 h for PP and 24 h for M9 medium. Negamycin susceptibility on PP agar (7.5 g/1)
plates was determined by pouring two layers. The bottom layer was poured and solidified at an
inclined position. The top layer, containing negamycin at a concentration of 5 pg/ml, was added
afterwards at level position. After the top layer solidified, plates were left at 4°C overnight, which
resulted in a linear negamycin concentration gradient plate. For the inoculation of the agar gradient
plates, E. coli strains were grown overnight on LB agar. Colonies were taken from these agar plates
and resuspended in saline (0.9% NaCl (w/v)). ODeo of the cell suspension was adjusted to 0.1 and

subsequently streaked with a sterile cotton swab on the PP agar gradient plate.

Gene knockouts. For gene deletions in E. coli, the method by Datsenko and Wanner (2000) was
used.” Briefly, primers with homologous sequences corresponding to the target gene were used to
amplify a kanamycin resistance cassette from the pKD13 plasmid (Table S10). Electrocompetent E.
coli cells containing the pKD46 plasmid were transformed with this PCR product and homologous
recombination was initiated by A Red recombinase from the pKD46 plasmid. Successful integration of
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the resistance cassette was checked by growth on LB with kanamycin. Gene deletion mutants were

confirmed by PCR and followed by Sanger sequencing.

[*H]negamycin uptake. Accumulation of [3H]negamycin in E. coli was performed as described
previously.® Briefly, tritium-labeled negamycin was acquired with a specific activity of 16.6 Ci/mmol
and mixed with unlabeled negamycin, resulting in a specific activity of 0.052 Ci/mmol. E. coli ATCC
25922 was grown in PP at 37°C under shaking conditions. At exponential growth phase, cells were
harvested by centrifugation at room temperature and resuspended in 25 mM tris buffer (pH 7) to an
ODgy of 5. The cell suspension was incubated for 5 min at 37°C under shaking conditions before 32
pg/ml [*H]lnegamycin (specific activity: 0.052 Ci/mmol) was added and samples were taken at
indicated time points. Samples were centrifuged in a pre-cooled centrifuge and resuspended in ice-cold
25 mM tris buffer (pH 7). This suspension was transferred in ice-cold silicone oil (two parts of AR
200 [Sigma-Aldrich], one part of AK 100 [Wacker]). After centrifugation, the aqueous and silicone
phases were removed, the cell pellet resuspended in 25 mM tris buffer (pH 7) and transferred to a
liquid scintillation counting vwial. 1 ml of Soluene (PerkinElmer) was added and samples were
incubated over night. On the next day, 3 ml of Ultima Gold (PerkinElmer) was added, mixed
thoroughly and measured using the liquid scintillation analyzer Tri-Carb 2500TR (Packard
Bioscience). Negamycin amounts were determined by a previously determined concentration series of

tritium-labeled negamycin and E. coli cell number by ODg, measurements.

chiP cloning. For the overexpression of ChiP, the gene chiP was cloned in a first step from gDNA of
E. coli BW25113. Using the primer pair chiP-pASK5 (Table S10), the porin gene sequence was
integrated via Gibson cloning® in the plasmid pASK-IBA5 (IBA GmbH), which was beforehand
digested with Xbal and Xhol. This resulted in the plasmid pASK-IBAS5-chiP, which was used as the
template for cloning the chiP gene into pET19b (Addgene) using the primer pairs pET19b-chiP and
chiP-pet19b with the Gibson cloning method (Table S10). Correct insertion was confirmed by
Xbal/Xhol digestion and Sanger sequencing. For further ChiP overexpression, E. coli BL21 (DE3)

omp8* was transformed with pET19b-chiP.
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ChiP & OmpN purification for electrophysiological analysis. An overnight preculture of E. coli
BL21 (DE3) Omp8 containing pET19b-chiP was inoculated LB medium containing 200 pg/ml
ampicillin at a ODggo of 0.1 and grown at 37°C (200 rpm) in Erlenmeyer flasks until ODgqo of the
bacterial culture reached 0.6. At this point, the expression of the protein was induced with 0.5 mM
isopropyl p-D-1-thiogalactopyranoside (IPTG, Sigma-Aldrich) and the flask was further incubated at
37 °C (200 rpm). After 6 h cells were centrifuged (30 min, 3,000 g at 4°C). The pellet was stored at -
20°C until extraction. For extraction, a pellet from a 500 ml of culture was resuspended in 10 ml per
mg of culture pellet in lysis buffer (20 mM Tris pH 8, 2.5 mM MgCl,, 0.1mM CaCl,, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 pg/ml RNase A and 10 pug/ml DNase I) and disrupted by
five passages at 15,000 psi in a French Press on ice. After removing the cell debris by centrifugation
(30 min, 3,220 g at 4°C), the membranes were pelleted by ultracentrifugation (1 h, 100,000 g at 4 °C).
The pellet was solubilized in 20 mM Tris/HCI pH 8, 0.15% Octyl POE (N-octylpolyoxyethylene from
Bachem) using a Potter homogenizer and incubated for 1 h at 4°C under constant rotation. The
remaining insoluble material was separated by a second ultracentrifugation (1h, 100,000 g at 4°C).
ChiP was extracted by solubilizing this pellet with 20 mM Tris HCI pH 8, 3% Octyl POE and
elimination of insoluble material by ultracentrifugation (1 h, 100,000 g at 4°C). This
ultracentrifugation step was repeated two times. The supernatants of the last two ultracentrifugation
steps contained the ChiP protein and were pooled and concentrated with an Amicon concentration unit
(cut off at 30 kDa). To obtain pure protein, the concentrated sample was subjected to anion-exchange
chromatography using a Mono Q® 5/50 GL prepacked column (5.7 x 1 ml) connected to BioLogic
DuoFlow chromatography systems (Bio Rad). Proteins were eluted with a linear gradient from 0 to 1
M KClI in 20 mM phosphate buffer, pH 7.4 containing 0.2% (v/v) dodecyldimethylaminoxid (LDAQ)
as previously reported.” The purity of ChiP was confirmed by SDS-PAGE analysis and the native
protein showed a slightly higher molecular mass unlike the former study.*® The presence of the protein
was confirmed by mass spectrometric analysis and Western blot analysis using an anti-ChiP antibody.

OmpN overexpression and purification was performed as described previously.*

Electrophysiological assays for porin permeability determination. Planar lipid bilayer conferring

to Montal and Mueller were formed as published.* Briefly, an aperture in a Teflon septum with a
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diameter of 100-120 pm was pre-painted with hexadecane dissolved in n-hexane at 1-5% (v/v) and the
cuvette compartments were dried for 30-35 min, in order to eliminate the solvent. The bilayer was
made with 1,2- diphytanoyl-sn-glycero-phosphatidyl-choline at a concentration of 4-5 mg/ml in n-
pentane. Stock solutions of the outer membrane porin OmpN (1-2 mg/ml) or ChiP (0.5 mg/ml) were
added to the cis (ground) side chamber containing 2.5 ml of a salt solution. Standard Ag/AgCl
electrodes were used to detect the ionic current. Furthermore, for measuring the electrophysiological
reversal potential to allow for asymmetric condition we used the commercial calomel electrodes
(Metrohm) containing a salt bridge. The cis side electrode of the cell was grounded, whereas the trans
side electrode was linked to the headstage of an Axopatch 700B amplifier, used for the conductance
measurements in the voltage clamp mode. Signals were filtered by an on board low pass Bessel filter
at 10 kHz and with a sampling frequency of 50 kHz. Examination of the current recordings was
completed using LABView (National Instruments). The current voltage relation of the individual
experiments was calculated from single averaged currents at the given voltages. The relative
permeability of cations vs solute anions in the tri-ionic case (P uont : Panion- : Psusuae) Were obtained by

fitting the experimental reversal potential value in the Goldman-Hodgkin-Katz current equation.*

Expression and purification of OmpN for crystallization. For crystallization studies, OmpN
expression and purification was done as follows. Porin-deficient BL.21 omp8* cells were transformed
with pASK-IBA OmpN plasmid and plated onto LB agar containing 100 pg/mL ampicillin (Melford,
UK). For overexpression, 6 L of cells in LB containing 100 pg/mL ampicillin were grown (37 °C,
180 rpm) until ODsgy ~0.6, when protein expression was induced with 200 pg/L. anhydro-tetracycline
(Sigma, UK) for 3 h at 37 °C Cells were harvested by centrifugation (5,000 rpm, 20 minutes, 4 °C),
and pellets were homogenized in TBS buffer (20 mM Tris 300 mM NaCl pH 8), and were broken by
one pass through a cell disruptor (Constant Systems 0.75 kW operated at 23 kpsi). Total membranes
and cell debris were centrifuged at 45,000 rpm for 1 h at 4 °C (45Ti rotor; Beckman), and the resulting
total membrane pellet was extracted twice in 0.5 % sarkosyl in 20 mM HEPES pH 7.5 to selectively
remove inner membrane proteins.” The resulting outer membrane pellet was homogenized in TBS
buffer containing 1.5% Lauryl-dimethylamine oxide (LDAO) (Sigma, UK). Membrane proteins were

extracted by stirring for 60 minutes, 4 °C and centrifuged at 42,000 rpm in 45Ti rotor for 30 minutes at
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4°C. OmpN was purified by using anion exchange chromatography (HiTrap Q in 20 mM HEPES, 50
mM NaCl, 0.2 % LDAO, pH 7.5) and further polished using size exclusion chromatography (Superdex
200 16/600 in 20 mM HEPES, 100 mM NaCl, 0.05 % LDAO, pH 7.5). Peak fractions were pooled
and concentrated and analysed on SDS-PAGE. Purified OmpN was buffer exchanged to 20 mM

HEPES, 100 mM NaCl, 0.4 % CB8E4, pH 7.5, flash frozen in liquid nitrogen and stored at -80 C.

Crystallization of OmpN. Initial crystal screens of OmpN at 18 mg/ml were set up using the sitting
drop method by using Mosquito robot (TTP Labtech). Crystal hits were optimized to obtain good
quality crystals. Diffracting crystals were obtained in 0.2 M Li,SQO,, 0.05 M MES, pH 6.5 and 20%
(v/v) PEG 400. Diffraction data were collected on beamline 104 at the Diamond Light Source, Didcot,
UK and were processed using Dials* (Space group P43 1 2 ; four OmpN trimers in the asymmetric
unit). The crystal structure was solved by Molecular Replacement with Phaser* using data to 2.61 A
resolution using search model PDB 5FVN* (for OmpE36). Phenix™ °!' was used for Refinement,

COOT™ for manual building and structure validation was carried out with MolProbity™.

Molecular Simulations. We prepared the system for molecular simulations following the protocol
already used for other general porins.> We placed the trimer as obtained from X-ray crystallography
in a pre-equilibrated POPC (1-palmitoyl-2-oleayl-sn-glycero-3-phosphocholine) symmetric bilayer of
220 lipids. The system was oriented in order to center the protein at the origin of the coordinate system
and align the channel diffusion axis along the z-axis, hence z positive values refer to the extracellular
vestibule (EV), and z negative values refer to the periplasmic vestibule (PV). According to pK
calculations performed with PROPKA, we protonated two residues near the loop L3, Asp308 (aligned
with Asp296 of OmpF) and Glu-261. Using the ACEMD code,” the system was equilibrated in the
gas-phase, in order to force lipids to adhere the hydrophobic regions of the porins. After 1 ps of energy
minimization (conjugate gradients), a slow heating from 10 to 300 K was carried out for 1 ns, with
positional restraints on the protein’s alpha carbons along the three dimensions and on the lipids
phosphorus atoms along z only. The system was solvated with ~26,000 water molecules, and the total
number of atoms was ~123,000 in a box with size 110 x 110 x 110 A. A suitable number of sodium

and chloride ions were added to reach the desired concentration (0.2M, 0.5M and 1.0M). An excess of
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Na' ions was required to neutralize the total negative charge of the trimer (—63 e). After releasing the
constraints in 20 ns, an equilibration stage of 5 ns in the NPT ensemble at 1.0 bar and 300 K was
performed. Finally, 200 ns MD simulations were performed in the NVT ensemble without restraints
with box size of 108 x 108 x 107 A, with a time step of 4 fs. This long time step is allowed by the
repartitioning of masses between heavy atoms and hydrogens (h — mass = 4 amu).”® The Langevin
thermostat (300 K) was used with 0.1 ps damping time, and the particle mesh Ewald (PME) method
with 9 A cutoff for electrostatic interactions. The Amber99SB-ILDN force field parameters were used
for OmpF, the General Amber Force Field for negamycin, GAFFlipid for POPC, and the TIP3P model

for waters.

Negamycin preparation for molecular simulations. The AMBER force field parameters of
Negamycin were generated by using antechamber (AMBER 16) software and standard GAFF
parameters.”’” The atomic charges were generated with the semiempirical (BCC) option and the
net molecular charge of +1. The molecule was then solvated in a box of 1847 water molecules
(TIP3P), 5 Na“ and 6 Cl ions what corresponds to a 0.15 M ionic concentration. Then the all-atom
MD simulations were performed by using the ACEMD 2016 software.*® To speedup the simulations,
the mass of all hydrogen atoms was set to 4 a.m.u. and the timestep was set to 4 fs [Fenstra]. The
system was equilibrated in a NPT ensemble (300K, 1 bar) for 1.3 ps, and then, the production run of 1
microsecond was performed in a NVT ensemble (300 K) with the volume of the box fixed to the last
value of the equilibration stage. The dipole moment of Negamycin molecule along the trajectory was
calculated every 10 ns, and the distribution histogram was calculated together with the average value
and the standard deviation. The minimal projection area of Negamycin molecule along the trajectory
was calculated every 100 ns by using MARVIN software [Calculator Plugins were used for structure

property prediction and calculation, Marvin 19.8.0, 2019, ChemAxon (http://www.chemaxon.com)],

and the distribution histogram was calculated together with the average value and the standard

deviation.

Electric field simulations. We applied a constant external electric field corresponding to a gradient of

-200, -100, +100, and +200 mV on the equilibrated OmpN system at 0.2M, 0.5M, and 1.0M
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concentration of NaCl (NVT ensemble), as described earlier.”® For each value we performed three
independent simulations 100 ns long. The average current was calculated for each voltage and used to
build the conductance curve as function of ion concentration. With the same scheme we performed the

calculations also in presence of negamycin in Min-CR.

Metadynamics simulations. We performed metadynamics simulations to sample the transport of
negamycin through OmpN. We used Well-Tempered metadynamics with 8 walkers as implemented in
Plumed 2.0 and coupled to ACEMD, simulating a total of 32 us, or 4 us/walker. We biased two
variables, (i) the orientation of the molecule along the axis Z, calculated as the distance between two
atoms (N2-C4) projected along the axis Z, and (ii) the relative Z position of the center of mass of
negamycin with respect to the center of mass of the monomer one. Bias is added by deposing
(gaussian) hills every 5 ps, with initial eight of 1 kcal/mol, bias factor 20, sigma 0.2 A and 0.5 A
respectively for the two variables. At the end of the simulations the eight of hills decreased by a factor

1000 (0.001 kcal/mol).

Flux calculations. We calculated from the one-dimensional FES the diffusive current of molecules
through a single pore as described previously,* ** from EV to PV, at different molecule gradient
concentrations. At a low substrate concentration, one can neglect the interaction between the substrate
molecules. Then, the diffusion is described by the linear 1D Smoluchowski equation, and the diffusion
current is proportional to the substrate concentration gradient and is given by a Kramers-type integral
formula.® ® At a higher substrate concentration, the probability to have two substrate molecules
occupying at the same time the pore is not negligible, that leads to saturation of the current. To take
into account saturation effects, we have bridged the diffusion scale model with the two-state Markov

model, as described earlier.>**’

RNA isolation and sequencing. For RNA extraction from E. coli BW25113, cells were grown in PP
at 37°C (190 rpm) until early exponential growth phase. For negamycin treatment, the bacterial liquid
culture was split into two. One culture remained untreated and to the other culture a final
concentration of 16 pg/ml negamycin was added. Samples were incubated for further 45 min at 37°C
(190 rpm). Cells were harvested by centrifugation (10 min, 4,600 g at 4°C) and resuspended in
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DNA/RNA Shield buffer (Zymo research). RNA was isolated using the Quick-RNA Miniprep Plus Kit
(Zymo Research) and stored at -80°C. 5 pg total RNA were treated with DNase I (Roche) for 20 min
at 37 °C and the DNase-digested RNA was cleaned up with the RNA Clean&Concentrator-5 Kit
(Zymo) according to the manufacturer’s instructions. Per replicate, a total amount of 150 ng RNA was
subjected to rRNA depletion, cDNA synthesis and subsequent library preparation using the Illumina
Stranded Total RNA Prep with Ribo-Zero Plus Kit according to the manufacturer’s instructions.
Libraries were checked for correct fragment length on an Agilent 2100 Biocanalyzer and then
sequenced as single-read (75 bp read length) on a NextSeg500 platform (Illumina) at a depth of 6.7—
14.4 million reads each. Library preparation and sequencing procedures were performed by the same
individual and a design aimed to minimize technical batch effects was chosen. Sequencing was
performed by the Quantitative Biology Center QBiC and NGS Competence Center NCCT (Tiibingen,

Germany).

RNA-Seq data assessment and analysis. Sequencing statistics including the quality per base and
adapter content assessment of resulting transcriptome sequencing data were conducted with FastQC
v0.11.5.°" All reads mappings were performed against the reference strain of E. coli K12 substr.
MG1655 (RefSeq ID NC_000913.3). The mappings of all samples were conducted with HISAT?2
v2.1.0.% Spliced alignment of reads was disabled (HISAT2 parameter --no-spliced-alignment). The
resulting mapping files in SAM format were converted to BAM format using SAMtools v1.9.%
Mapping statistics, including percentage of mapped reads and fraction exonic region coverage, were
conducted with the RNA-Seq module of QualiMap2 v2.2.2-dev.* Gene counts for all samples were
computed with featureCounts v1.6.4%* based on the annotation of the respective reference genome,
where the selected feature type was set to transcript records (featureCounts parameter -t transcript).
To assess variability of the replicates of each condition, a principal component analysis (PCA) was

conducted with the DESeq2 package v1.20.0.%

Differential gene expression, For the computation of genes differentially expressed between the
wildtype and the negamicyn treated samples and the strains E. coli AompN, E. coli AchiP and E. coli

AompNAchiP, repectively, DESeq2 v1.20.0% was applied to the absolute gene counts as computed
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with featureCounts. Genes with low counts (less than 10 reads) over all replicates in both media were
filtered prior to differential expression analysis. For differences between each condition genes with an
adjusted p-value (FDR) < 0.05 and absolute log2 fold change (FC) > 1 were reported as differentially
expressed. For normalized expression values, a TPM (transcripts per million) for each gene was

computed.

Data availability. All high-throughput sequencing data have been deposited in NCBI’s Gene

Expression Omnibus and are accessible under accession number GSE183363.

Outer membrane protein extracts for Western blot detection. Outer membrane proteins extraction
was based on a method described before.”” Briefly, E. coli cells were grown in PP at 37°C under
shaking conditions and harvested at exponential growth phase by centrifugation (10 min, 4,000 g at
4°C). Cell pellets were resuspended in 1 ml buffer containing 100 ml Tris-HCI and 20% sucrose (pH
8.0) and incubated on ice for 10 min. Samples were centrifuged (10 min, 16,000 g) and pellets were
resuspended in 1 ml buffer containing 100 mM Tris-HCI, 20% sucrose and 10 mM EDTA (pH 8.0).
Lysozyme was added to a final concentration of 100 pg/ml and samples were incubated on ice for 10
min. Samples were supplemented with 20 mM MgSO,, 5 pg/ml DNase I and 5 pg/ml RNase A.
Bacterial cells were lysed by seven repetitions of freezing at -80°C in EtOH and thawing in H-O at
RT. The last thawing step was done on ice. Samples were centrifuged (25 min, 16,000 g) and washed
with 500 pl of 20 mM NaPO, (pH 7.0). Samples were centrifuged again and resuspended in 1 ml of 20
mM NaPO4 and 0.5% sarcosyl (pH 7.0). After incubation for 30 min at RT, samples were centrifuged
(30 min, 16,000 g) and washed twice with 1 ml of 20 mM NaPQ, (pH 7) (15 min, 15,000 rpm). After
removal of the supernatant, the pellet was resuspended in 50 pl Laemmli buffer and heated for 10 min
at 100 °C.* 10 pl were applied on a SDS PAGE (Bolt™ 4-12% Bis-Tris Plus, invitrogen) and further

analyzed by Western blot detection.

Western blot analysis & antibodies. Immunoblotting was performed as described previously.® Outer
membrane proteins were extracted as described in methods and detected with peptide-specific,

polyclonal, primary antibodies from rabbits, provided by Eurogentec. Peptide sequence for anti-OmpN
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(GGADNPAGVDDKDLVKYAD) was based on a previous publication®” and sequence for anti-ChiP

(ATWQSNPDAYYDKNRT) was derived on a loop outside of the barrel structure of the porin protein.

Self-promoted uptake. Permeabilization of the outer membrane by antibiotics was measured by
uptake of 1-N-phenyl-naphthylamine (NPN) based on a method as described previously.*” *" Briefly,
E. coli BW25113 was grown in PP at 37°C under shaking conditions until exponential growth phase.
Cells were harvested by centrifugation (15 min, 3,000 g) and washed in the same volume with 5 mM
HEPES (pH 7.2). The cell suspension was centrifuged again (15 min, 3,000_g) and resuspended in 5
mM HEPES to an ODgy of 0.5. In a black flat-bottom microtiter plate, 100 pl of the cell suspension
and 50 pl of 40 pM NPN in 5 mM HEPES (for a final concentration of 10 pM in 200 pl) were added
for each sample. Subsequently, 50 pl of an antibiotic solution in 5 mM HEPES was added and the
microtiter plate was incubated under shaking conditions at 37°C for 5 min. Fluorescence was
measured at an excitation wavelength of 350 nm and an emission wavelength of 420 nm. Permeability
of NPN was determined by first subtracting the background fluorescence signal (NPN in buffer only)

and dividing antibiotic treated samples by untreated samples (no antibiotic added).
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Supplemental information

Table S1. Negamycin MIC determinations in efflux gene deletion mutant strains. Negamycin activity is not dependent on the
absence of efflux pumps in E. coli BW25113 and ATCC 25922. The deletion of the major efflux pump genes acrA and acrB
did not or only marginally increase negamycin activity. Deletion of other efflux pump subunits did not decrease negamycin

MIC.

negamycin MIC [pg/ml]
strain PP M9
E. coli BW25113 8 4
E. coli BW25113 AacrA 8 4
E. coli BW25113 AacrB 8 4
E. coli BW25113 AacrAB 16 2
E. coli BW25113 AacrD 8 4
E. coli BW25113 AacrE 8 4
E. coli BW25113 AacrF 8 4
E. coli BW25113 AmacA 8 2-4
E. coli BW25113 AmacB 8 4
E. coli BW25113 AtolC 2-4 ng
E. coli BW25113 Amdfa 8 4
E. coli ATCC 25922 16 nd
E. coli ATCC 25922 AacrAB 16 nd
E. coli HN817 8 nd
E. coli HN818 (AacrAB) 4 nd
E. coli C600 4 nd
E. coli C600 tolC::Tn10 4 nd

Table S2. The trimeric channel conductance of OmpN with 1 M KCl, 1 M NaCl or 1 M KCH;CO; in 10 mM HEPES buffer
at pH 7 revealed a stable conductance. In Figure S2, the red line is the Gaussian fit to the conductance histogram and their
respective mean values are tabulated here. The measured channel conductance with 1 M NaCl is in accordance with previous

results. '’
Salt [1 M] Guimer (nS) Number of steps
Potassium chloride (KCI) 2.3+0.25 249
Sodium chloride (NaCl) 1.6 +0.15 291
Potassium acetate (KCH;CO:) 0.9 +£0.15 161
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Table S3. Determination of antibiotic translocation through OmpF, OmpC, OmpN and ChiP by reversal potential
measurements. Permeability (P) of the antibiotics negamycin, ertapenem and cefotaxime were compared to permeability of
Na and Cl. OmpN is permeable for negamycin, but not for ertapenem or cefotaxime. OmpF and OmpC are permeable to both
negamycin and ertapenem. Additionally, permeation of negamycin through ChiP could be observed, but was lower compared

to OmpN.
Substrate Substrate (mM) Charge View (MV £ SD)  Pra:Poi: Pandvionic
Cis Trans

OmpF - negamycin
Na 1 1 +1
Cl 1 1 -1 11.5+3 5:1:1.35
negamycin 2.5 +1

OmpF - ertapenem
Na 3 1 +1
Cl 1 1 -1 75+18 5:1:1.85
ertapenem 3 0 -1

OmpC - negamycin
Na 1 1 +1
Cl 1 1 -1 85+22 3:1:0.5
negamycin 2.5 0 +1

OmpC - ertapenem
Na 3 1 +1
Cl 1 1 -1 35425 8.5:1:4.2
ertapenem 3 0 -1

OmpN - negamycin
Na 0.1 0.1 +1
Cl 0.1 0.1 -1 21+4 2:1:0.75
negamycin 0.5 0 +1

OmpN - ertapenem
Na 2 1 +1
Cl 1 1 -1 24.5+3.5 2:1: <0.0001
ertapenem 2 0 -1

OmpN - cefotaxime
Na 25 10 +1
Cl 10 10 -1 33.2+2 2:1:0.000001
cefotaxime 25 0 -1

ChiP - negamycin
Na 1 1 +1
Cl 1 1 -1 6+2 1:6:0.35
negamycin 2 0 +1
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Table S4. Bi-ionic measurements with OmpN. Permeability ratio of potassium to sulfate and sodium to chloride were

determined by applying a concentration gradient between the two chambers, separated by a lipid layer with integrated OmpN
proteins. The measured V., for a fixed salt concentration was used to calculate the permeability ratio P cuon/Panion With the help

of Goldman-Hodgkin-Katz er_]uation.11

Substrate Substrate View (V) Permeability ratio
Cis (mM) Trans (mM) (Pcation:Panion)
Potassium sulfate K' SO.” K' SO,
Blank 20 10 20 10 33.5 21:1
Gradient 100 50 20 10
Sodium chloride Na* CI Na* Ccr
Blank 10 10 10 10 8 2:1
Gradient 25 25 10 10

Table S5. Calculations of the simulated ionic current of OmpN when negamycin occupies Min-CR in the presence of 0.2 M
NaCl at either +100 or -100 mV. The simulated ionic current is reduced by 1/3 and close to the supposed current.

Average current without
negamycin (3 x 150 ns)

Supposed current with
one monomer blocked

Average current with
negamycin in Min-1

(4 x 140 ns)
+100 mV 580 pA £ 40 390 pA 410 pA £ 60
-100 mV 600 pA + 40 400 pA 440 pA £ 70
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Table S6. Effects of ompN and chiP porin gene deletions on other porin gene transcripts of E. coli BW25113. The deletion of
either ompN, chiP or the combined deletion of both genes did not have an impact on the gene expression of other porins, with
the exception of chiP, which showed significant decreased expression in all three mutants.

Fold change®
Gene/strain E. coli E. coli E. coli
AompN AchiP AompNAchiP
ompF ns ns ns
ompC ns ns ns
ompN ns ns ns
chiP -2.28 -924.74 -500.66
ompG ns ns ns
ompA ns ns ns
lamB ns ns ns
ompW ns ns ns

ACompared to E. coli BW25113 (WT). ns, not significant (FDR corrected p-value > 0.05).

Table S7. The self-promoted uptake assay using 1-N-phenyl-naphthylamine (NPN) to determine disruptions of the outer
membrane by substrate addition. Antibiotics were added to a final concentration of 64 pg/ml in the presence of NPN and
incubated for 5 min before measurement. The increase in fluorescence signal was put in relation to an untreated sample and
the mean of at least three independent measurements (+ SD) is shown. The strongest increase in signal was observed with
outer membrane permeabilizers colistin and polymyxin B (PMB), followed by aminoglycosides, which have also been
described to translocate through the outer membrane by the self-promoted uptake mechanism.” Negamycin and the p-lactam
cefoxitin did not increase the signal above background level.

Signal ratio to background (+ SD)

Colistin
PMB
Gentamicin
Neomycin
Negamycin

Cefoxitin

9.99 +3.75
8.91 + 3.32
6.13 + 2.68
5.76 + 3.82
1.24+0.73
0.94 +0.29
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Table S8. Strongest changes (> 30x fold change) of the transcriptome of E. coli BW25113 after negamycin treatment. E. coli
BW25113 cells were grown in PP until early exponential phase at 37°C and the bacterial liquid culture was split into two.
One culture remained untreated, whereas the other culture was treated with 16 pg/ml, corresponding to 4x MIC under
shaking conditions.' Cells were harvested after 45 min of incubation and RNA was extracted as described in methods. E. coli
BW25113 reacted by reducing multiple transporter protein transcripts, most prominently those at the inner membrane. One of
the strongest affected groups of transcripts was the dpp operon, which has previously been associated with negamycin
uptake.' The complete list of significantly affected transcripts is available in supplemental information 2.

Gene Description® Fold change®
malK  maltose ABC transporter ATP binding subunit -546.913322
dppB  dipeptide ABC transporter membrane subunit DppB -86.1695059
dppD  dipeptide ABC transporter ATP binding subunit DppD -84.0307185
dppC  dipeptide ABC transporter membrane subunit DppC -71.6544141
dppF  dipeptide ABC transporter ATP binding subunit DppF -63.5477396
ThgO  L-2-hydroxyglutarate oxidase -62.5898167
prpR - DNA-binding transcriptional dual regulator PrpR -62.0623088
cysJ  sulfite reductase. flavoprotein subunit -60.3411264
fliJ flagellar biosynthesis protein FliJ -58.03132
tdcD  propionate kinase -56.8560864
cysW  sulfate/thiosulfate ABC transporter inner membrane subunit CysW -55.4337997
gabT  4-aminobutyrate aminotransferase GabT -54.9744204
cysI sulfite reductase, hemoprotein subunit -50.0429702
malF  maltose ABC transporter membrane subunit MalF -49.0177085
lamB  maltose outer membrane channel/phage lambda receptor protein -48.7673527
tnaB  tryptophan:H(+) symporter TnaB -47.6795088
gabP  4-aminobutyrate:H(+) symporter -45.2387442
malM  maltose regulon periplasmic protein -44.8974575
malE  maltose ABC transporter periplasmic binding protein -43.1531039
IsrB Autoinducer-2 ABC transporter periplasmic binding protein -42.8836279
ydcT  putative ABC transporter ATP-binding protein YdcT -40.901354
astE  succinylglutamate desuccinylase -39.2896334
gabD  NADP(+)-dependent succinate-semialdehyde dehydrogenase -38.8883411
fliF flagellar basal-body MS-ring and collar protein -33.8950783
tdcE  2-ketobutyrate formate-lyase/pyruvate formate-lyase 4 -33.7341616
ydcV  putative ABC transporter membrane subunit YdcV -33.1285049
cysU  sulfate/thiosulfate ABC transporter inner membrane subunit CysU -32.3004167
csiD PF08943 family protein CsiD -32.0322829
actP  acetate/glycolate:cation symporter -31.8728591
ddpA  putative D,D-dipeptide ABC transporter periplasmic binding protein -31.4700146
tdcF  putative enamine/imine deaminase -30.4499997
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Table 8S, continued

Gene Description® Fold change®
metN  L-methionine/D-methionine ABC transporter ATP binding subunit 34.3947818
acrE multidrug efflux pump membrane fusion lipoprotein AcrE 39.623094
ibpA  small heat shock protein IbpA 40.8315531
ynbB  putative CDP-diglyceride synthase 44.6081198
metR  DNA-binding transcriptional dual regulator MetR 48.7587398
pspG  phage shock protein G 49.7664034
pspD  phage shock protein D 49.8693075
pspA  phage shock protein A 52.2579712
pspC  phage shock protein C 53.511095
ydeT  fimbrial usher domain-containing protein YdeT 59.9419091
pspB  phage shock protein B 62.7055176
bhsA  DUF1471 domain-containing multiple stress resistance outer membrane protein BhsA  105.302241
soxS  DNA-binding transcriptional dual regulator SoxS 1054.00369

AGene function description from ecocyc.org.” ®E. coli BW25113 treated with 16 pg/ml negamycin compared to untreated E.
coli BW25113.

Table S9. Bacterial strains used in this study. E. coli BW25113 single deletion mutant strains are originated from the Keio

collection.’ For multiple gene deletion strains, the kanamycin resistance cassette was removed.”

strain genotype/characteristics reference

E. coli BW25113 wildtype; F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompF F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AompF746, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompC F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AompC768, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompN F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A', AompN740, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AchiP F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, AchiP729, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AlamB F-, A(araD-araB)567, AlacZ4787(::rrnB-3), k', AlamB, rph-1, A(rthaD-  *
thaB)568, hsdR514

E. coli BW25113 AompG F-, A(araD-araB)567, AlacZ4787(::rrnB-3), X, AompG756::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompW F-, A(araD-araB)567, AlacZ4787(::rrnB-3), X, AompW764::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompA F-, A(araD-araB)567, AlacZ4787(::rrnB-3), X, AompA772::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AphoE F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AphoE759: :kan, 4
AompC768::Kan, rph-1, A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompL F-, A(araD-araB)567, AlacZ4787(::rrnB-3), X, AompL737::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AbglH F-, A(araD-araB)567, AlacZ4787(::rrnB-3), X, AbglH751::kan, rph-1,  *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 Atsx F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, Atsx773::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AfadL F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AfadL752::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AnanC F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AnanC779::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514
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Table S9, continued

strain genotype/characteristics reference

E. coli BW25113 AychO F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AychO731:kan, rph-1,  *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AyfiB F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AyfiB768::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AyfaZ F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AyfaZ731::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AyiaT F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AyiaT768::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompFAompC  F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AompF746,
AompC768, rph-1, A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AompNAchiP F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, AompN740, AchiP729,  this study
rph-1, A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AacrA F-, A(araD-araB)567, AlacZ4787(::rrnB-3), AacrA748, A-, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AacrB F-, A(araD-araB)567, AlacZ4787(::rrnB-3), AacrB747, A-, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AacrAB F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A(acrB747 - !
acrA748)::kan, A-, rph-1, A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AacrD F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AacrD790::kan, rph-1,  *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AacrE F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AacrE783::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AacrF F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AacrF784::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AmacA F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AmacA779::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AmacB F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AmacB780::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AtolC F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AtolC732::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AmdfA F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AmdfA742: kan, rph-1,  *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AmalK F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A, AmalK731::kan, rph-1, *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 ApspB F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", ApspB741::kan, rph-1,  *
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AbhsA F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AbhsA774::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli BW25113 AsoxS F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", AsoxS756::kan, rph-1, 4
A(rhaD-rhaB)568, hsdR514

E. coli ATCC 25922 Clinical isolate, CLSI reference strain &

E. coli ATCC 25922 AompN AompN this study

E. coli ATCC 25922 AchiP AchiP this study

E. coli ATCC 25922 AompNAchiP::kan this study

AompNAchiP

E. coli ATCC 25922 AacrAB AacrAB::kan this study

E. coli HN817 7

E. coli HN818 AacrAB 7

E. coli C600 F- galK thi-1 thr-1 leuB6 lacY1 tonA21 supE44, envA::Tnl0 8

E. coli C600 AtolC F- galK thi-1 thr-1 leuB6 lacY1 tonA21 supE44, tolC::Tn10 8
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Table S10. Primers used for knockout and expression strain generation in this study. Nucleotides marked in bold are

homologous sequences flanking the kanamycin resistance cassette of plasmid pKD13.4

Intended purpose

Sequence (5°-3)

Oligonucleotide
Knockout generation
BW-ompN_for
BW-ompN_rev

Deletion of ompN in E. coli BW25113

TAACAGCGGGCAGGAGGATTTAGAACTGATA
AACCAGACCATTCCGGGGATCCGTCGACC
GATAAAAGGCAAATAAAATAACTAAAGGATT
TATTCAATGTGTAGGCTGGAGCTGCTTCG

ATCC-ompN_for

ATCC-ompN_rev

AGAAAAAGCCCGCCAAAACAGCGGGCAGGG
GGATTTAGAACTGATATTCCGGGGATCCGT
GATGAAAGGCAAATAAAATAACTAAAGGATT
TATTCAATGTGTAGGCTGGAGCTGCTTCG

chiP_for

chiP_rev

Deletion of chiP in E. coli BW25113 and E.

coli ATCC 25922

TTGGTGCAGCAATTTATACGTCAAAGAGGAT
TAACCCATGATTCCGGGGATCCGTCGACC
AAACCTGCCGCGTCGGGCATCAGAAGATGGT
GAATGGTGCTGTAGGCTGGAGCTGCTTCG

acrAB_for

acrAB_rev

Deletion of acrAB in E. coli BW25113 and
E. coli ATCC 25922

Expression strain generation

chiP-pASK-IBAS5_for

chiP-pASK-IBAS5_rev

Cloning chiP from E. coli BW25113 into
the pASK-IBAS plasmid

CCATTGACCAATTTGAAATCGGACACTCGAG
GTTTACATATGAACTGTAGGCTGGAGCTG
CGGCCTTAGTGATTACACGTTGTATCAATGAT
GATCGACAGTATGATTCCGGGGATCCGT

ATGAATAGTTCGACAAAAATCTAGATGC
GTACGTTTAGTGGC
GGTCCCCCTGCAGGTCGACCTCGAGTCA
GAAGATGGTGAATGG

pET19b-chiP_for
pET19b-chip_rev
chiP-pET19b_for

chiP-pET19b_rev

Cloning chiP from pASK-IBAS5-chiP into
the pET19b plasmid
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ACGTACGCATGGTATATCTCCTTC
CATCTTCTGACATATGCTCGAGGATCC
GAGATATACCATGCGTACGTTTAGTGGC
CGAGCATATGTCAGAAGATGGTGAATG
GTG
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Figure S1. Negamycin uptake measurements in E. coli ATCC 25922 porin mutants using radioactive labeled [*H]negamycin.
Three replicates are shown exemplarily and the summary of this data displayed in Figure 1C. [3H]negamycin (specific
activity: 0.052 Ci/mmol) was added and accumulation was determined over 15 min. Negamycin accumulation was reduced in
the E. coli gene deletion strain mutants without ompN or chiP. The deletion of both ompN and chiP had no additive effect on
negamycin accumulation, as negamycin concentration in E. coli AompNAchiP was at a similar level as the single gene
deletion strains E. coli AompN or E. coli AchiP.
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Figure S2. In a first series of measurement we characterized the OmpN single channel conductance. Purified OmpN porin
were added on the cis (ground) side of the chamber and inserted stepwise into the planar lipid bilayer (A) Conductance
histogram (left) of 1 M KCI with respect to its insertion steps (right). (B) Conductance histogram of 1 M NaCl (left) with
respect to its insertion steps (right). (C) Conductance histogram of 1 M CHsCOK with respect to its insertion steps (right).
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Figure S3. Trimeric OmpN conductance as a function of applied voltage with 1 M NaCl. The channel conductance remains
stable up to + 100 mV, and above + 100 mV the conductance deviates towards the lower end. Error bars show SD from 3
individual measurements with a single OmpN channel.
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Figure S4. Selectivity test of the OmpN porin. Ion selectivity in a channel is not a single parameter but depends on the ion-
pairs as well as on their concentration. To check the general selectivity of the porin, we performed a Zero-current potential
experiment: measuring the ion current vs. voltage in the presence of a salt gradient. Low salt (A): we started with 10 mM salt
on both sides and titrated the stock solution on one side and the initial buffer on the other side until we reach a tenfold
concentration gradient (c1: 10 mM to 100 mM; c2: 10 mM). High salt (B): we started with 100 mM salt on both sides and
titrated the stock solution on one side and the initial buffer on the other side until we reach a tenfold concentration gradient
(c1: 100 mM to 2 M; c2: 100 mM salt). The selectivity was measured for three different salts (KCI, NaCl and KCH3CO; with
10mM HEPES as a buffer at pH 7).
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Figure S5. Single channel measurements with OmpN in the presence of 0.25 mM negamycin on the cis side at +100 or -100
mV. The addition of negamycin did not lead to blockage of the ion flux through the porin channel.
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Figure S6. Structural differences between OmpN, OmpC and OmpF. (a,b) Superimposed cartoon representations of OmpN
(blue), OmpC (green, PDB: 2JIN) and OmpF (orange, PDB: 4GCP) monomers. Side view and top view from extracellular
side of OmpN (c,d); OmpC (e,f) and OmpF (g,h) monomers with highlighted residues from the constriction zone and

extracellular mouth region.
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Figure S7. Probability distribution of the calculated minimal internal radius of OmpF (green) and OmpN (black) compared
with the probability distribution of minimal radius of negamycin (filled red) and kanamycin (open red). Distributions were
obtained from simulation trajectories of 200 ns and 1 ps in the NVT ensemble for OmpF/OmpN and negamycin/kanamycin,
respectively. Noteably for negamycin the long tail overlaps with the distribution of porins, which is not the case for
kanamycin.
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Figure S8. Simulated conductance of OmpN in the presence of 0.2, 0.5 or 1 M NaCl. The conductance simulations were in
accordance with the measurements at 1 M NaCl with the purified OmpN protein (Table 2E, 1.6 + 0.15 nS) and previous
results (1.63 + 0.06 nS)."°
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Figure S9. The effect of negamycin treatment or the gene deletions of ompF and ompC on the expression of OmpN and
ChiP. OmpN and ChiP expression was investigated in E. coli BW25113, grown in PP. Outer membrane proteins were
extracted as described in methods. Negamycin was added at early exponential growth phase at 0.25x to 8x MIC (,,1x“
corresponds to a negamycin MIC of 4 pg/ml). Samples were taken after 2, 4 and 24 h of incubation and are displayed in this
order from left to right within each concentration. Only in the sample with a plasmid mediated ompN or chiP induction could
a signal by Western blot be detected (,E“). The deletion of both major porin genes ompF and ompC in E. coli BW25113
(,A“) did not lead to OmpN or ChiP expression. Protein size was estimated by use of the Thermo Scientific PageRuler Plus
Prestained Protein Ladder.
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Abstract
Negamycin is a natural product, isolated from a Streptomyces purpeofuscus related strain and

described for the first time 50 years ago. In recent years it gained attention again, as its low toxicity
and activity against Gram-negative bacteria made it interesting for further optimization. At the same
time, it is also of interest for treatment of Duchenne muscular dystrophy, as negamycin‘s mode of
action leads to miscoding, which could be used to compensate genomic defects. Various publications
described total synthesis of negamycin, but chemical synthesis is costly. Therefore, we investigated
the biosynthesis and batch purification of negamycin to establish a scalable procedure for further
usage. For this, the original purification method by (Hamada et al. 1970) and Umezawa et al. (1972)
was adjusted. Fermentation was performed using the negamycin producer strain S. purpeofuscus
ATCC 21477. A two-step batch purification method by cation exchange chromatography was
established, which resulted in 13 mg of pure negamycin (>95% purity) and additional 58 mg of semi-

pure negamycin from a 2 | production culture.

Introduction
Streptomycetaceae have long been of interest as a source for new antibiotics (Hopwood 1999;

Claessen et al. 2006). About two third of all clinically used antibiotics are derived from Streptomyces
strains (Champness 1999). Although new antibiotic classes are nowadays rarely found, the potential to
find new antibiotics is still there, as most bacterial strains cannot be grown in the lab (Lewis 2013).
This leads to an estimate that over 100.000 different antibiotics could exist within the Streptomyces
genus (Watve et al. 2001). These antibiotics can also be used as a basis for further derivatization, to
get improved analogues with higher activity. This can either be achieved by genetic modification of
the producer strain, feeding studies or by chemically modifying the molecule of interest. For this latter
case, large amounts of the compounds are needed. For the molecule of our interest, the natural product
negamycin, various studies described total synthetic pathways (Shibahara et al. 1972; Streicher et al.
1978; Hayashi et al. 2008; Hayashi et al. 2009), but acquiring larger amounts remains difficult and

expensive.

Negamycin was first described 1970 after isolation from a Streptomyces purpeofuscus strain (Hamada
et al. 1970). By binding to the small subunit of the ribosome, negamycin hinders translocation and

stabilizes nearby tRINA, leading to a miscoding activity (Olivier et al. 2014; Polikanov et al. 2014). It
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is a dipeptide-like antibiotic, therefore rather small (248.28 g/mol). Its high hydrophilicity complicates
purification, but the original discoverers established multiple protocols for purification from
biosynthesis (Hamada et al. 1970; Umezawa et al. 1972). As the previously described but rather
ancient technique to use activated carbon to separate negamycin from the bacterial culture did not
work for us, we focused on purification by multiple ion exchange chromatography steps. On the basis
of the previous studies, we established a purification protocol for our lab and reduced purification
steps from four to two. Purity was confirmed by high-performance liquid chromatography (HPLC),

mass spectrometry {MS), thin layer chromatography (TLC) and nuclear magnetic resonance (NMR).

Materials and methods
Chemicals and strains used. Negamycin was synthesized by Squarix GmbH based on published

procedures (Wang et al. 1982; Raju et al. 2003). Column material Amberlite IRC-50 (The Dow
Chemical Company) was kindly provided by Andreas Kulik (University of Tiibingen) and Amberlite
CG50 (The Dow Chemical Company) was acquired from Sigma Aldrich. The negamycin production
medium (NPM) is based on the medium described by Hamada et al. (1970). NPM consists of 2%
starch, 2% soybean flour, 0.5% yeast extract, 0.5% NaCl, 0.7% CaCOs3, 20% glucose, 5 mg/L CuSO4 x
5 H:0, 5 mg/I. MnCl; x 4 H,0, 50 mg/l. ZnSO4 x 7 H,O. pH was adjusted to 7.2 using NaOH.
Glucose, CuSO4, MnCl, and ZnSO, were sterilized separately by filtration. The producer strain S.
purpeofuscus ATCC 21477 was purchased from ATCC.

Negamycin bioactivity determination by agar diffusion and MIC determination. Negamycin
activity was determined by an agar diffusion assay, where bioactivity was tested against E. coli in a
minimal medium with 0.5% polypeptone (BBL polypeptone peptone, BD) and 2.5 mM CaCl,. Agar
plates with polypeptone (polypeptone 0.5% (w/v), CaCl. 2.5 mM, agar-agar 7.5 g/l, pH 7.0),
inoculated with E. coli BW25113 (ODsgonm adjusted to 0.2, 100 pl cell suspension per 10 ml agar) were
prepared. After polymerization, holes with a volume of 50 pl were punched and filled either with
crude extract or purified samples. Plates were incubated at 37°C overnight and activity determined by
measuring the clear inhibition zone on the next day. The CLSI protocol for MIC determination by
broth microdilution ((CLSI) 2006) was adjusted for negamycin as described before (Hérdmpdli et al.
2021). Briefly, the cell suspension of a final inoculum of 5 x 10° colony forming units (CFU)/ml was
incubated with a concentration series of negamycin in M9 medium (47.74 mM NaHPO, x 2H;0,
22.04 mM KH,PO,, 8.56 mM NaCl, 18.7 mM NH.CI, 2 mM MgS0,, 100 mM CaCl,, 0.4% glucose)
for 24 h at 37°C, followed by the readout of the MIC.

Fermentation of the negamycin producer strain. This method is based on the first description of

negamycin biosynthesis (Hamada et al. 1970; Umezawa et al. 1972). The following protocol was
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optimized for a total volume of 2 1 of the negamycin production medium (NPM). A first culture of
S. purpeofuscus ATCC 21477 was grown in 125 ml NPM in a baffled flask by inoculating with 25 pl
of a dense spore suspension. The culture was grown for 3-4 days (27°C, 130 rpm), until a clear shift to
a darker color of the culture could be abserved. This preculture was used to inoculate the production
culture in fresh NPM with a final inoculum of 0.5%. This culture was grown in a volume of 125 ml in
500 ml baffled flasks. Bigger flasks with the same volume ratio also led to negamycin production,
albeit with a lower vield of negamycin per volume. This main production culture was incubated for 4
days (27°C, 130 rpm) and the culture was harvested, when the color of the medium turned darker. pH
of the harvested culture was adjusted to 4.0 using HCI. The sample was centrifuged (20 min, 4,800 g),
the supernatant was additionally filtered with a paper filter and afterwards applied to the first cation

exchange chromatography using Amberlite IRC-50.

Cation exchange chromatography with Amberlite IRC-50. Of the column material Amberlite IRC-
50 (Na* form), 160 ml were applied to a glass column (@ 2.5 cm). Before each usage, 500 ml of 10%
NaCl (w/v) were applied at a slow flow rate to regenerate the column material. Afterwards, the column
was washed with 100 ml of dH,O. The filtered sample was applied carefully and run through the
column at a slow flow rate (~ 1 ml/min). The column was washed with 3 1 of dH,0 at a high flow rate.
Afterwards, the column was washed with 3 1 of 0.064% NH,OH and fractions of 1 |1 were collected
after the dead volume of 130 ml, as parts of negamycin could elute early, depending on the amounts of
negamycin within the biosynthesis sample. Negamycin was eluted with 4.5 1 of 0.256% NH,OH and
fractions of 250/500 ml were collected after the dead volume. All fractions were tested for bioactivity
and the uncolored fractions with bioactivity were pooled together. Subsequently, the pooled sample

was carefully concentrated by rotary evaporation to a total volume of ~10 ml.

Cation exchange chromatography with Amberlite CG50. Of the column material Amberlite CG50
(NH," form), 900 ml were applied to a glass column (@ 3.125 cm). Before each usage, 1 1 of 1%
NH.,OH was applied at a slow flow rate to regenerate the column material. Afterwards, the column
was washed with 500 ml of dH,O. The concentrated sample from the first cation exchange column
(Amberlite IRC-50) was applied carefully on the Amberlite CG50 column and run through at a slow
flow rate (~1.5 ml/min). Negamycin was eluted with 3 1 of dH,O and fractions of 15 ml were
collected. Fractions were tested for negamycin content by the bioactivity assay. Fractions with
strongest activity were found between the fractions 85 and 123. To remove residual column material,
samples were centrifuged (14,000 g, 5 min) and the supernatant was used for further analysis. Samples
were frozen and subsequently freeze-dried. Purity was examined by bioactivity, HPLC-MS, TLC and
NMR.
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High-performance liquid chromatography (HPLC), mass spectrometry (MS), thin layer
chromatography (TLC) and nuclear magnetic resonance (NMR). HPLC for MS analysis was
performed with HP1090M (Hewlett-Packard Instruments) with a Nucleosil 100 C18 (3 pm, 100 x 2
mm ID) column (mobile phase; A = 0.1% formic acid, B = 0.06% formic acid in acetonitrile; gradient:
tomin =~ Gamin = 0% B; tiomn -> tizan = 100% B; flow rate: 400 pl/min; column temperature: 40°C;
injection volume; 2.5 pl). MS analysis was coupled to HPLC and performed with the LC/MSD Ultra
Trap System XCT 6330 (Agilent). For negamycin detection, MS? in positive mode for m/z 249 was
screened and compared to a negamycin standard from chemical synthesis. Further HPLC analysis was
performed with a Luna Omega Polar C18 (Phenomenex, 5 am, 250 x 10 mm) column (mobile phase:
A = acetonitrile, B = 0.1% trifluoroacetic acid; gradient: tomn => tiomn = 5% A; tiomin => tismn: 15% A;
t15min = Tosmin: 35% A; taomin -> tasmin: 100% A; flow rate: 2.0 ml/min). Thin layer chromatography (TLC)
was performed using TLC silica gel 60 F254 (Merck) with chloroform:methanol:25% aqueous
ammonia (2:2:1) as the mobile phase. 6 pl of samples, containing 10 mg/ml of negamycin, were
applied to the plate. After developing, the plate was dried at 60°C and treated with ninhydrin for
visualization. For NMR analysis, negamycin was solubilized in D,O/DCI (pH 1.0). '"H NMR spectra of
the synthetic negamycin were recorded with a Bruker NMR spectrometer at 600 Mhz. 'H NMR
spectra of the biosynthesized negamycin were recorded on a 400 MHz Bruker AVANCE III NMR
spectrometer operating at 400.17 MHz, respectively, which was equipped with a 5 mm broadband
SmartProbe and an AVANCE III HD Nanobay console. All NMR spectra were recorded in D,0 + DCI

(pH 1), the residual solvent signal (resonance at 8y 4.89) was used as internal reference.
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Results
Negamycin production & batch purification. Negamycin biosynthesis was performed with the

producer strain Streptomyces purpeofuscus ATCC 21477 and growing conditions based on the original
publication (Hamada et al. 1970; Umezawa et al. 1972). Within our previous studies, we could not
identify a strain or a nutrient medium with a higher production yield, with the exception of exchanging
soybean meal by soybean flour (H6rémpdli 2016). The general procedure of negamycin biosynthesis

and purification is shown in a schematic overview in figure 1 and one exemplary run is described here.

Pre culture Main culture Cation Exchange
Incubation: 4-5 days Incubation: 4 days Amberlite IRC-50 (Na*)
centrifugation
2% inoculation & filtration
— — Sample pH: 4.6

Elution: 0.256% NH,OH
Bed volume: 160 ml

Cation Exchange
Amberlite CG50 (NH,*)

_ Negamycin powder
concentration under

reduced pressure Sample pH: 4 lyophilisation
—) Elution: H,0 — Purity analysis by HPLC,
Bed volume: 900 ml TLC & NMR

ar

Figure 1. Schematic overview of the production and purification process of negamycin. A first culture is used to inoculate a
bigger main production culture. The supernatant of this culture is purified in two cation exchange chromatography steps.

Fermentation of the negamycin producer strain under the above mentioned conditions led to a yield of
roughly 125 mg/l, which was determined by bioactivity and compared to a standard curve based on a
concentration gradient with negamycin from chemical synthesis (Figure S1). The biosynthesis sample
was prepared for cation exchange chromatography as described in methods and applied to the
Amberlite IRC-50 (Na“ form) column (Table 1). Negamycin could be detected in fractions with
NH.OH, both at concentrations of 0.064% and 0.256%. The initial eluates of the washing steps looked
impure, as the color of these eluates was yellow(ish), although showed strong bioactivity compared to

the following eluate fractions. After initial washing with 0.064% NH.OH, fractions eluting with
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0.256% NH,OH looked clear. All fractions with bioactivity were pooled together for further

purification.

Table 1. Samples of the cation exchange chromatography using Amberlite IRC-50. The supernatant of the fermentation batch
was applied after preparation for the column as described in methods.

Sample V1 Bioactivity® [mm] Color of the fraction
Supernatant 2.2 7

Flow through 0

Washing (H,O) 3 0

W1 (0.064% NH4,OH) 1 0 yellow
w2 1 6 vellow
w3 1 6 yellowish
E1 (0.256% NH.OH) 0.25 7 clear
E2 0.25 6 clear
E3 0.25 5.5 clear
E4 0.25 4 clear
E5 0.25 3.5 clear
E6 0.25 3 clear
E7 0.25 2 clear
E8 0.25 2 clear
E9 0.25 1 clear
E10 0.5 0.5 clear
E11 0.5 0 clear
E12 0.5 0 clear
E13 0.5 0 clear

“Bioactivity determined as described in methods by the agar diffusion method. Radius of the inhibition zone is stated here,

In contrast to the previous purification protocol (Umezawa et al. 1972), the anion exchange
chromatography after the first cation exchange separation was left out. After concentration by rotary
evaporation to a volume of approximately 10 ml, the sample was applied to the second cation
exchange chromatography with Amberlite CG50 (NH," form). Fractions of ~15 ml were collected, and
every fourth fraction was tested for bioactivity (Figure 2). Bioactivity could be detected from fraction
45 to 205, which was the last fraction collected. Residual negamycin might have been lost, but activity
within these last fractions was low. Distribution of bioactivity looks normally distributed, with the

highest concentration of bioactive compound in fractions surrounding sample 89.
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Figure 2. Fractions collected after the second cation exchange chromatography using Amberlite CG50. The “Pre column”
sample originates from the first cation exchange chromatography using Amberlite IRC-50, which was concentrated before
applying to this second chromatography step. Samples were applied to bioactivity determination by the agar diffusion assay
as described in methods and the measured inhibition zone is displayed here.

For further characterization, fractions with bioactivity were pooled as shown in table 2. Subsequently,
these sample pools were freeze-dried, resulting in 54.71, 12.98, 4.08 and 3.28 mg of substances in
pools 1, 2, 3 and 4, respectively (Table 2). Samples from pool 1 to 3 showed characteristics similar to
negamycin from total synthesis, as the freeze-dried samples were white powder. In contrast, the
sample from pool 4 resembled brown grains. For the latter sample, bioactivity was lower compared to
the total synthesis by a four-fold change when tested by MIC determination against E. coli BW25113
in M9 medium. Pool 1 and 3 had a MIC of 8 pg/ml, which is one dilution step worse than the MIC of
the negamycin from total synthesis of 4 jig/ml. Pool 2 had the same MIC as the synthetic negamycin
and was therefore used for investigation of its purity.

Table 2. Pooled fractions after cation exchange chromatography using Amberlite CG50 were further characterized after

Iyophilization. Fractions without bicactivity were not further investigated and are not shown here. MIC was compared to
negamycin from total synthesis.

Sample Fractions® m [mg] Characteristics MIC®
(of 15 ml) [pg/ml]

Pool 1 45-84 54,71 White powder, ,,fluffy* 8

Pool 2 85-123 12.98 White powder, ,,fluffy* 4

Pool 3 124-162 4.08 White powder, ,,fluffy* 8

Pool 4 162-205 3.28 Brown grains 16

Total White powder, , fluffy* 4

synthesis

“Fraction number corresponds to fractions shown in figure 2, "MIC against E. coli BW25113 in M9 medium,

Negamycin purity. The sample from pool 2 (Table 2) was applied to thin layer chromatography
(TLC) and compared to the total synthetic negamycin (Figure 3A). Total synthetic negamycin showed
three spots when detected with ninhydrin. Although purity of this total synthetic negamycin sample

was reported to be at least 95%, the additional spots are intermediates from total synthesis with
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protection groups, which could not be removed by purification. In contrast, the purified negamycin
from the natural producer showed only one spot, which exhibited also the same retention factor (RF)
as the strongest spot from the total synthesis. As ninhydrin detects amine groups, at least no other

amine containing molecule could be found within the purified sample, indicating a high purity of this

sample.
A B
Total Biosynthesis B

synthesis

Total synthesis ]
2 Biosynthesiz
H,0
’ ) H.O

10.00 15.00 20,00

Minutes

Figure 3. Control of purity of the purified sample from pool 2 by TLC and HPLC. (A) TLC comparing the negamycin
standard from total synthetic (left) to the purified biosynthesized (right) negamycin sample (right). (B) The same samples
were applied to HPLC analysis on a Luna Omega Polar column. The signal peak for negamycin is marked in a green box.

The sample was further applied to HPLC analysis using the Luna Omega Polar column (Figure 3B).
At 11 min, the highest peak of the biosynthesis sample correlated with negamycin from total synthesis.
An additional signal could be detected at 15 min, which was not seen in the standard sample from total
synthesis, but the peak signal was much weaker than the negamycin signal. Lastly, the small signal at
23 min in the total synthesis sample was not seen in the purified material from biosynthesis. This

signal could correlate to one of the other spots detected by TLC (Figure 3A).
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Figure 4. '"H NMR spectra of negamycin from total synthesis (A) or purified from biosynthesis (B). Comparing the two
spectra side by side, additional peaks in the biosynthetic negamycin, which could not be seen for negamycin from total
synthesis, are highlighted by red arrows.

Finally, purity of the sample was determined by NMR as described in the methods. For comparison,
an 'H NMR spectrum of negamycin from total synthesis was kindly provided by Karl-Heinz
Gliisenkamp (Squarix GmbH), which was not necessarily determined by a similar instrument. The
total synthetic negamycin (Figure 4A) was compared to the purified negamycin (Figure 4B).
Comparing the NMR spectra side by side, additional signals could be detected in the biosynthetic
sample, indicated by red arrows. These signals on the left-hand side from the strongest signal could
not be necessarily assigned to organic groups, which could mean, on a rather speculative note, that
here some residual column material is contained within the sample. An additional signal could be seen
at 3.25 ppm, indicating residual impurity of the sample. Calculating the integral of the signals of the

biosynthetic sample, a purity of over 95% was determined by NMR analysis.

Discussion
The patent for negamycin described various methods for purification of the natural product from a

Streptomyces purpeofuscus culture (Umezawa et al. 1972). The application to four ion exchange
chromatography columns led to the best result. We adapted and improved this method by decreasing it
to two cation exchange chromatography columns, leaving two anion exchange chromatography
columns out (Figure 1). The purity could be confirmed by different methods, including NMR.

Residual impurities could be detected, but were overall very low.

One exemplarily isolation process was shown in this study. Biosynthesis of negamycin varied from 60
to 150 pg/ml between fermentation runs. Yield of pure negamycin varied between 12 and 15.5 mg
negamycin between different isolation procedures. From the 2.2 liter production culture with an
estimated negamycin concentration of 125 pg/ml, we were able to purify about 13 mg of pure

negamycin (>95% purity) and an additional 59 mg of semi-pure negamycin (Table 1 & Table 2).
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Thereby we purified 72 mg (~26%) from the approx. 275 mg negamycin from the production medium,
although it has to be mentioned that the exact negamycin concentration within the bacterial culture
was only estimated. In comparison, Umezawa et al. (1972) achieved a concentration of 35 pg/ml in
their 6 liter culture and purified 20 mg pure and 19 semi-pure (91% purity) negamycin after using four
different ion exchange chromatography columns. This leads to 39 mg negamycin purified from a total
of 210 mg contained within the bacterial production culture (~19%). Although their yield was a bit
lower, it is within a similar range as our result. Further increase of negamycin amounts could be easily

achieved by scaling up the fermentation and the batch purification, as bigger columns can be prepared.

An increase in yield and purity can probably be achieved by improving the purification steps, and not
necessarily the fermentation. The production so far could not be improved, as previous adaptions to
the negamycin production medium as well as alternative media did not increase negamycin
concentration (Horompaoli 2016). Other producer strains, e. g. S. purpeofuscus DSM 40283, were able
to produce negamycin, but only in lower amounts compared to S. purpeofuscus ATCC 21477
(Horompoli 2016). As the biosynthetic gene cluster is not identified yet, further negamycin producing
strains are not known and optimization of biosynthesis by heterologous expression or modification of

regulation can be further improved, when the gene cluster has been found.

Purification could be optimized with modern column materials, although purification of very
hydrophilic compounds remains tricky (Berlinck et al. 2019). Removal of large amounts of water is
tedious and removal of salts and polar metabolites, like sugars and amino acids, is difficult.
Hydrophilic interactions liquid chromatography (HILIC) columns have been proposed to be useful for
isolation of hydrophilic natural products. HILIC was used for analysis before, but so far has not been
reported for isolation of natural products (Berlinck et al. 2019). When used for negamycin analysis, a
sharp peak with a good retention time could never be achieved (not shown). The column in this study
used for analysis, Luna Omega Polar, might be of interest for semi-preparative HPLC. Such a
purification step via HPLC could be performed in addition to the batch cation exchange
chromatography, which might still be necessary, as a very rich medium has to be used for negamycin

production.

Various total chemical synthesis methods for negamycin synthesis have been reported before
(Shibahara et al. 1972; Streicher et al. 1978; Wang et al. 1982; Hayashi et al. 2008; Hayashi et al.
2009). Most methods are laborious, requiring 13 to 19 steps to achieve a yield of up to 26% (Wang et
al. 1982; Hayashi et al. 2009). A more efficient method has been published as well, with only 8 steps
leading to a yield of 42% (Hayashi et al. 2008), which would still need more working steps than the
purification protocol described in this study. Residual impurities might also be difficult to remove, as

we could observe when synthetic negamycin was analyzed (Figure 3A). Therefore, negamycin

10
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biosynthesis followed by batch purification using cation exchange chromatography is a good

alternative method to produce larger amounts of this natural antibiotic.
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Supplemental information
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Figure S1. Negamycin bioactivity determined by the agar diffusion method. A concentration dilution series of the chemically
synthesized negamycin was applied to the agar containing E. coli BW25113 under the conditions as described in methods.
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Abstract

Aminoglycosides are important clinical antibiotics but their molecular uptake mechanism is still not
completely understood. Here we quantify and compare the passive transport of three aminoglycosides
(kanamycin, gentamicin, and amikacin) across general or sugar specific porins of Escherichia coli
(OmpF, OmpC, LamB and ChiP). Our analysis revealed that permeation of aminoglycosides
(Kanamycin/Gentamycin/Amikacin) is about the same through ChiP (=5/3/2 molecules/s), OmpF
(=10/15/<1 molecules/s) and OmpC (=11/8/<1 molecules/s). In contrast, LamB of smaller pore diameter
has no significant permeation (=1/1/1 molecules/s, all values recalculated for a gradient of 10 uM).
Biological assays confirmed the relevance of these translocations for antibiotic potency.
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Introduction

Gram-negative bacteria are enclosed by the complex multi-layered cell envelope containing the
cytoplasmic membrane, the peptidoglycan layer and the outer membrane . Among these chemically and
structurally diverse layers, the outer membrane represents the first line of bacterial defense’. To overcome
the outer membrane barrier, hydrophobic antibiotics take the slow lipid-mediated route, while the small
hydrophilic ones — like [-lactams, tetracycline, chloramphenicol, and fluoroquinolones pass through
general diffusion porins such as OmpF or OmpCQ, Although most of these porins are constitutively
expressed and present in open conformations allowing passive diffusion of small molecules with likely a
defined exclusion limit (roughly <650 Da)’, there are some porins which are solute-specific. Examples of
such porins in E. coli include, but are not limited to, maltose and maltodextrin-specific LamB®, sucrose
specific SreY’, long chain fatty acid specific FadL® and nucleoside-specific Tsx’, along with
chitooligosaccharide-specific chitoporins®.

Among the sugar-specific porins in E. coli, LamB has been extensively studied for maltosugar transport
including maltodextrins as substrates. Another set of studies on sugar uptake has been performed on
chitoporins (ChiP) that allow diffusion of chitooligosaccharides across the outer membrane of chitinolytic
bacteria. First reported identifications of chitoporins came from marine species, including ¥ibrio furnissii
(I’j’ChiP)w, which uses chitin as a natural source of energy via the N-acetylglucosamine pathway,
followed by the chitoporin in Vibrio cholerae (VcChiP]“. Recently, Suginta and co-workers proved the
physiological function of the outer membrane chitoporin from Vibrio harveyi (VhChiP)" by heterologous
expression in E. coli, showing specifically a high translocation rate for chitohexose. The chip gene
encoding chitoporin is conserved in non-chitinolytic bacterial species as well e.g. in E. coli"’. Here the
ChiP channel encoded by the chiP gene (formerly ybfM) has been shown to also facilitate the specific
transport of chitin degradation products across the outer membrane’. Constitutive expression of chiP in E.
coli is repressed by transcriptional and post-transcriptional control mechanisms by the ChiX sRNA. In a
chiX knock-out mutant, the presence of chitobiose/chitotriose induced the expression of chip resulting in
increased cellular levels of both mRNA and protein B_ChiP of E. coli shows sequence homology to the
OprD family of porins and a monomeric structure is predicted 4 Surprisingly sequence comparison of
ChiP from E. coli to ChiP from opportunistic pathogens like Salmonella t}-phimurmmlj (Q7CQY4)
reveals 90% sequence identity, followed by 70% identity to Serratia marcescens ChiP'® (L7ZIP1) and
significantly lower identity (12-14%) to Vibrio ChiP sequences. At the same time ChiP of E. coli shows
broad substrate specificity with a lower binding constant for chitooligosaccharides as compared to its
Vibrio homologs. As per literature®, ChiP functions in E. coli only under stress conditions unlike the
constitutive activity of Vibrio ChiPs, e.g., during the utilization of chitin as a source of energy in glucose-
scarce environment. This broad specificity for substrate might further make this a potential porin for
allowing the transport of molecules with sugar-like structures.

Experimental investigations on bacterial antibiotic sensifivity revealed modifications in porin profiles,
including reduction in the expression level or overexpression of functionally mutated porins, as an
emerging mechanism in antibiotic resistant isolates'’. This brings the study of the antibiotic influx process
into the limelight. Here we focus on aminoglycosides, which are amino sugar containing aminocyclitols,
binding to 16s/30s TRNA and in turn inhibiting protein synthesis by miscoding, inhibition of translocation
or inhibiting recycling of ribosomal subunits and even disrupting biogenesis of the ribosome . Uptake
of clinically relevant aminoglycosides across the cytoplasmic membrane of Gram-negative bacteria is a
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two-step energy dependent process and prior to that, additional transport across outer membrane has to be
achieved™ >*. These polycationic aminoglycosides have been shown to follow the species-specific self-
promoted uptake mechanism®™. The polycations displace divalent cations cross-bridging neighboring TPS
molecules by competitive binding, which results in destabilization and permeabilization of the outer
membrane™. Our recent study”® demonstrated the contribution and relevance of the major outer
membrane porins OmpF and OmpC in the molecular uptake of kanamycin, one of the most abundantly
used aminoglycosides, into E. coli, showing a new diffusion route of these aminoglycosides through outer
membrane porins.

With the sugar-like structure of the aminoglycosides in mind, we were interested whether these
aminoglycosides are recognized as a substrate for translocation through the sugar specific minor porin
ChiP of E. coli. So far only major porins have been studied in great details for their contribution to
antibiotic transport’’. To identify the contribution of this specific minor porin, we used single channel
electrophysiology experiments. In the presence of low concentrations of antibiotics, we were unable to
detect the translocation events due to their fast pace. We confirmed and compared the uptake of above
molecules through ChiP and other porins using bi-ionic reversal potential measurements and supported
the relevance using whole-cell studies with a defined set of E. coli porin mutants. Our interdisciplinary
study showed a robust uptake pathway for aminoglycosides through ChiP of E. coli shedding light on
their nonspecific transport through this minor porin. This study increased our understanding of the
aminoglycoside translocation into Gram-negative bacteria, which might be useful for improving their
uptake.
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Materials and Methods

Bacterial strains and chemicals. For native porin overexpression, we used E. coli BL21 (DE3) OIILpSzS
strain lacking the major porins of E. coli (OmpF, OmpC, OmpA and LamB). These cells were
transformed with the respective plasmids and grown at 37°C, 200 rpm in Luria-Bertani (LB) medium
(Roth, Germany) or LB agar plates supplemented with ampicillin at 100 pg/mL for plasmid maintenance.
Gentamicin sulfate was obtained from Carl Roth, kanamycin sulfate, amikacin disulfate, potassium
chloride salt from Sigma-Aldrich (Dorset, United Kingdom), 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (PC) from Avanti Polar Lipids (Alabaster, AL) and all other chemicals used were
procured from AppliChem.

Gene knockout generation. For gene deletions in E. coli, the method by Datsenko and Wanner was
used”. Briefly, primers with homologous sequences corresponding to the target gene were used to
amplify a kanamycin resistance cassette from the pKD13 plasmid (Table S1). Electrocompetent E. coli
cells containing the pKD46 plasmid were transformed with this PCR product and homologous
recombination was initiated by A Red recombinase from the pKD46 plasmid. Successful integration of the
resistance cassette was checked by growth on LB with 50 pg/ml kanamyein. Gene deletion mutants were
confirmed by PCR and followed by Sanger sequencing.

Susceptibility measurements. The minimal inhibitory concentration (MIC) was determined as described
by the standardized method of CLSI'’. Briefly, an antibiotic two-fold concentration series was prepared in
microtiter plates in cation adjusted Mueller Hinton broth II (MHBII), and E. coli cells were added to a
final inoculum of 5 x 10° CFU/ml. The plates were incubated at 37°C and after 18 h of incubation, the
MIC was defined as the lowest concentration completely inhibiting bacterial growth. For agar plates with
a linear antibiotic concentration gradient, MHBII was supplemented with 7.5 g/L agar-agar. A first layer
was poured at an inclined position into square 12 x 12 em petri dishes. After polymerization of the agar,
the second layer, containing the indicated antibiotic concentration, was added at an even position. After
polymerization of this second layer, agar plates were stored over night at 4°C. On the next day, E. coli
cells were streaked on the agar concentration gradient plates from a cell suspension in 0.9% NaCl (w/v),
which was prepared from E. coli colonies grown on MHBII agar plates and where the optical density at
600 nm (ODgppa) Was adjusted to 0.1. Growth was measured after 18 h of incubation at 37°C.

Expression and purification of proteins. For the overexpression of ChiP, the gene chiP was cloned
from genomic DNA of E. coli BW25113. Using the primer pair chiP-pASKS5 (Table S$2), the porin gene
sequence was integrated via Gibson cloning®! into the plasmid pASK-IBA5 (IBA GmbH), which was
beforehand digested with Xbal and Xhol. This resulted in the plasmid pASK-IBAS5-chiP which was
further used as the template for cloning the chiP gene into pET19b plasmid (Addgene). This was done
using the primer pairs pET19b-chiP and chiP-pET19b with the Gibson cloning method (Table S2).
Correct insertion was confirmed by Xbal/Xhol digestion and Sanger sequencing. E. coli BL21 (DE3)
Omp¢8 was transformed with pET19b-chiP.

For protein expression, an overnight preculture of E. coli BL21 (DE3) Omp8 containing pET19b-EcChiP
was inoculated into Luria-Bertani medium containing 100 pg/mL ampicillin at ODge=0.1 and grown at
37°C and 200 rpm in Erlenmeyer flasks till optical density of the culture reached 0.6. At this point, the
expression of the protein was induced with 0.5 mM isopropyl [-D-1-thiogalactopyranoside (IPTG —
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Sigma) and the flask was placed at 37°C, 200 rpm. After 6 hours, cells were centrifuged at 3220xg
(Eppendorf centrifuge 5810 R, A-4-62 rotor) for 30min at 4°C. The pellet was stored at -20°C for the
extraction steps. For extraction, a pellet from 500 ml of culture was resuspended in 10 ml lysis buffer (20
mM Tris pH 8, 2.5 mM MgCl,, 0.1mM CaCl,, 1 mM PMSF, 10 pg/ml RNase A and 10 pg/ml DNase I)
and disrupted by five passages at 15000 psi in a French Press on ice. After removing the cell debris by
30min of centrifugation at 3220xg, 4°C, the membrane was pelleted by ultracentrifugation (1 hour,
100000xg at 4°C). The pellet was solubilized in 20 mM Tris/HCl pH 8, 0.15 % Octyl POE (N-
octylpolyoxyethylene from Bachem) using a Potter homogenizer and incubated for 1 hour at 4°C on the
wheel. The remaining insoluble material was separated by a second ultracentrifugation (100000xg, 4°C, 1
hour). ChiP was extracted by solubilization of this pellet with 20 mM Tris HCI pH 8, 3% Octyl POE and
elimination of insoluble material by ultracentrifugation. This step was performed two times. The last
supernatants containing the expected protein were pooled and concentrated with an Amicon concentration
unit (cut off 30 kDa). The samples were supplemented with Laemmli sample buffer and heated at 95°C
for 10 min (denaturing condition) or supplemented with Laemmli sample buffer lacking beta mercapto-
ethanol (non-denaturing condition) and loaded on 12% SDS PAGE gel. The gels were stained with
Coomassie Brilliant Blue G250. To obtain pure protein from the last supernatant, the concentrated sample
was subjected to anion-exchange chromatography using a Mono Q® 5/50 GL prepacked column
(5.7x1ml) connected to BioLogic DuoFlow chromatography system (Bio Rad). Proteins were eluted with
a linear gradient of 0-1 M KCI in 20mM phosphate buffer, pH 7.4 containing 0.2% (v/v)
lauryldimethylamine N-oxide (LDAO) as previously repoﬁed“. The purity of the ChiP was confirmed by
SDS-PAGE analysis and on our gels the native protein showed a slightly higher molecular mass than in
the former study4. The presence of the protein was confirmed by mass spectrometric analysis and Western
blot analysis using an anti-ChiP antibody. OmpF and OmpC were expressed and purified according to the
previously published protocolnj}.

Planar lipid bilayer and electrical recording: Single and multichannel measurements. Planar lipid
bilayers conferring to Montal and Mueller were formed as publishedls’“. Briefly, an aperture in a Teflon
septum with a diameter of 100-120 um was pre-painted with hexadecane dissolved in n-hexane at 1-5%
(v/v) and the cuvette compartments were dried for 10-15 min, in-order to eliminate the solvent. Bilayers
were made with 1,2- diphytanoyl-sn-glycero-phosphatidyl-choline at a concentration of 4-5 mg/ml in n-
pentane. Stock solutions (0.5 mg/mL) of the outer membrane porins were diluted 10° to 10*-fold using
Genapol X-080 (1% v/v). A small volume from the dilution was added to the cis side of the chamber
containing 2.5 ml of 1M KCI for single channel measurements. For reversal potential measurements the
gradient was created with the pure antibiotic solution®**. Throughout the experiments the pH was
maintained at 7.0 + 0.5. The cis side of the chamber was the virtual ground and the trans side was linked
with a CV- 203BU Headstage of the Axopatch 200B (Molecular Devices, LLC) patch-clamp amplifier in
V-clamp mode (whole cell f = 1). The output signal was filtered by a lowpass Bessel filter at 10 kHz and
saved at a sampling frequency of 50 kHz using an Axon Digidata 1440A digitizer (Molecular Devices,
LLC). Data analysis was performed with an in-house analysis suite created with the LabVIEW software
suite (National Instruments) or using Clampfit (Axon Instruments). Standard Ag/AgCl electrodes were
used to detect the ionic current in single channel experiments. For measuring Bi-ionic and tri-ionic
reversal potentials (multichannel) to allow for asymmetric condition, we used commercial calomel
electrodes (Metrohm) containing a salt bridge. The current voltage relation of the individual experiments
was calculated from single averaged currents at the given voltage. The relative permeability of cations vs
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solute anions in the bi-ionic case (th.-oﬁ;.me]fate_) and in tri-ionic case (Px /Peusste / Pmﬁhiotic+] were
obtained by fitting of the experimental I-V curves with the lf}{:nldrrlau:L—Hodgl«:j1'1—sz’S current equation’d.
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Results

Single channel and bi-ionic reversal potential measurement. In a series of measurements, we took the
single channel conductance of OmpF, OmpC, ChiP and LamB in Kanamycin 20mM, Gentamicin 20mM
and Amikacin SmM respectively. Moreover, antibiotic ions have much lower conductances and thus the
single channel conductance values for LamB are only estimates (Table 1). Further the single channel
conductance of OmpF, OmpC, ChiP, TamB were also measured for 1M KCIl (Table S3) which are in
agreement with previous measurements™*****_ For this we prepared lipid membranes in the respective
electrolyte solution and added the respective protein on one side, usually the ground connected side. The
subsequent increase in conductance steps were statistically analyzed and the smallest conductance peak
was identified as single channel conductance.

In a second series of measurements, we made the lipid membrane in 1M KCl and inserted the respective
single channel. Addition of small amounts of antibiotics resulted in channel blockages. A statistical
analysis of the blockage lengths or dwell times as a function of external voltage is used to reveal an
estimate for possible translocations through the channel. To begin with, the three porins of interest from
the E. coli outer membrane (OmpF, OmpC, and ChiP) were reconstituted into a planar DPhPC bilayer (in
individual experiments) from the electrically grounded or the cis side, and the single channel currents in
the presence of 1M KCI at pH 7 were recorded. Single channel blockages were observed at a
concentration of 100 uM gentamicin for ChiP when added to the cis side of the chamber, and a
transmembrane potential of -100mV was applied on the frans side. (Figure 1). Such behavior is due to
the cationic nature of gentamicin and with the application of negative potential, the molecules are pulled
through the pore due to the electrophoretic force. Decreasing the magnitude of AV further decreased the
number of blockages, as the gentamicin molecules were pulled at a slower rate across the channel by
virtue of a weaker electrophoretic force. To quantify the findings, the event rate f; was analyzed, which is
the number of events per second, and the dwell (or residence) time of gentamicin molecules in the
channel was analyzed as obtained from an exponential fit of the dwell time distribution (Figure 2). For
both quantities, multiple events were analyzed for each transmembrane voltage applied in the range from
-20 to -100 mV. In a similar manner, measurements were also performed for OmpF and OmpC, where
adding 10 uM of gentamicin was enough to observe a significant number of blockages (Figure 1). Again,
the event rates and dwell times were analyzed for these two porins, but we did not observe any trend in
dwell time change, although raising the negative voltage increased the overall number of events. As
mentioned in our previous paper, an event rate itself is not sufficient to conclude translocation and a
decrease of the dwell time with higher voltage is a hallmark of translocation’®. The independent behavior
of dwell time in the given range of transmembrane voltage indicated for OmpF and OmpC, that most
events are rather simple blockages and not actual translocations.
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Figure 1. Examples of ion current traces through a single porin channel in the presence of gentamicin at -
100 mV applied transmembrane volatge. A: ChiP in presence of 100 uM, B: OmpC in presence of 10
uM, and C: OmpF in the presence of 10 uM gentamicin sulfate in 1 M KCI, 10 mM HEPES at pH 7. The

insets show zoomed events. All experiments were performed at 25°C while the data were filtered at 1
KHz.
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Figure 2. Event rates and dwell times for gentamicin. Statistical analysis of the traces measured at
different applied voltages for OmpF, OmpC, and ChiP. A: Event rate f. vs applied negative voltages.
Increasing the negative voltage pulls more cationic molecules into the channel. B: Dwell time analysis. In
the case of ChiP, higher negative voltage drives gentamicin faster through the channel. In contrast, for
OmpF and OmpC, increasing the voltage in the range of -20 to -100 mV does not affect the residence
time significantly and the dwell time is independent of the voltage, indicating mainly non-translocating
events or an overestimation of possible translocation.

In a third series of measurements, we followed a different approach previously used to reveal
translocation for charged compounds as the current fluctuation analysis does not always identify
successful transport by distinguishing translocation from binding or reflected events. To directly
characterize quantitative transport of such charged molecules, the zero current assay or bi-ionic reversal
potential assay is used. To distinguish permeability from short-lived bounce back events, we performed a
concentration-driven relative permeation assay using bi-ionic reversal potentials for all the three
antibiotics for each of the porins (Table 1, Figure S2). We produced a symmetrical bi-ionic antibiotic-
sulfate condition on both sides of the porin reconstituted bilayer. A concentration gradient was then
established by increasing the solute concentration on the cis (ground) side of the bilayer, and the induced
zero-current membrane potential was observed. The permeability ratio of the antibiotic: sulfate through
the OmpF, OmpC and ChiP were determined using the simplified GHK equation considering the effective
charge of an antibiotic molecule as +4 for this bi-ionic situation. In this case, the reversal potentials for all
the antibiotics are negative for the same ionic concentrations cis/trans for all the three porins, implying
that anions permeate faster compared to cations through the three porin channels OmpF, OmpC and ChiP
(Table S5).
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Concentration gradient of Kanamycin A = 20 mM

Conductance estimated | P = Pmion“.f Psmwz' {molecules/sec/monomer)
& Viey (Extrapolated to 10 pM gradient)
OmpF 16 £ 5 pS 96mMvV | 1:14 10
OmpC 13 +3 pS S51mv 1:42 11
Chip 7+3psS 65mvV |16 5
LamB 3+2pS not «107 <1
measured

Gentamycin A= 20mM

Conductance estimated P = Peaion "/ Pautate-

OmpF 24 +8pS 15mV | 125 15

OompC 15+ 5 pS 16.5 1:30 8
mY

Chip 10+ 4 pS 2mv 13 3

LamB 4+ 1pS not «10’ <1
measured

Amikacin A=5 mM

Conductance estimated | P = Poagon / Pautate>

OmpF 14 +9pS 110° <1

OmpC 9+5pS 110" <1

Chip 5+4pS  10mvV 1:10 20

LamB 2+1pS not «10” <1
measured

Table 1. Measured single channel conductance in presence of antibiotic salt under symmetric condition
and reversal potential measurements for the indicated concentration gradient (5 and 20 mM). From these
values we extrapolated the permeability ratio and the flux. Details of the flux calculations are outlined in
the supplement.

For gentamicin the permeability ratios obtained were 1:25, 1:30 and 1:3 for OmpF, OmpC and ChiP.
These ratios imply that while both sulfate and gentamicin molecules can permeate through these channels,
for sach gentamicin cation, the sulfates anions are permeating roughly 25, 30 and 3 times faster,
respectively, until this flux is balanced by the reversal potential. This reversal potential approach is
relatively simple to measure and provides a handle to qualitatively compare the translocation rate of a
specific analyte across different porins. Further calculations from these measurements indicate that flux
for gentamycin molecules is in a same range for ChiP as compared to OmpF and OmpC. While for
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kanamycin the flux rates are higher for ChiP as compared to OmpF and OmpC, whereas for amikacin, the
rate of translocation is significantly higher through ChiP than through the other porins. In this context, as
a negative control we also checked for the permeation of these aminoglycosides through the major sugar
specific porin of E. coli — LamB. The reversal potential value of Vi, within experimental error, measured
in a tri-ionic conditions clearly shows that these large molecules cannot permeate through LamB. In
Table S4 supplementary file, calculated permeability ratios obtained under tri-ionic conditions are listed
for kanamycin sulfate, gentamicin sulfate and amikacin sulfate respectively.

‘Whole cell assay. To validate the biological relevance of our in vifro experiments, we tested the antibiotic
susceptibility of different E. coli porin mutants that had been constructed in the background of E. coli
BW25113, a K-12 derived, broadly-used laboratory model strain. To quantify the antibacterial activity of
the aminoglycosides, we measured the minimal inhibitory concentration (MIC) by a guideline-conform
standardized method in liquid culture in microtiter plates (Figure 3 A, B, and C). The MIC results were
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Figure 3. Susceptibility of E. coli BW25113 against the aminoglycosides kanamycin, amikacin or
gentamicin. Aminoglycoside activity was measured by MIC determination (A, B & C) or growth on agar
plates with a linear concentration gradient from 0 pg/ml to 3 pg/ml kanamycin (D), 0 to 2 pg/ml amikacin
(E) or 0 to 0.75 ng/ml gentamicin (F). The limit of detection (i.e., the maximal stretch that a strain could
grow given bei the breadth of the agar plate) is marked with a dotted line. Each diamond represents an
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independent experiment and the mean average is shown as a colored bar. Statistical analysis was done
using unpaired Student’s t-test with Holm—Bonferroni correction, comparing the mutants to the wildtype
(WT) strain. Not significant (ns), P > 0.05; **, P < 0.01; ***, P < 0.001.

complemented by streaking the E. coli strains on an agar plate containing a linear antibiotic gradient and
measuring their distance of growth (Figure 3D, E, F). The deletion of only one of the major porin genes,
i.e., either ompF or ompC, did not increase resistance of E. coli BW25113 against kanamycin, amikacin
or gentamicin in the gradient agar assay, and the differences in the MIC assay were also weak. However,
the combined deletion of both ompF and ompC led to a significant reduction of susceptibility in the
gradient agar assay. In the case of chiP, already the single gene deletion increased resistance against all
three aminoglycosides tested, and the effects were clearly visible on agar concentration gradient plates as
well as in the MIC assay, which supports the involvement of the ChiP channel in translocation of this
compound class. Notably, the overall impact of the chiP single gene deletion was even stronger than that
of the combined AompFAompC double gene deletion, suggesting that ChiP plays a physiological role in
the passage of all three aminoglycosides into E. coli BW25113. The chiP gene deletion was also tested
within the E. coli ATCC 25922 strain background, which is a clinical isolate but, interestingly, in this
strain the gene deletion had no effect on the resistance against kanamycin, amikacin or gentamicin when
compared to its isogenic wild type strain (Figure S3). Differences in general outer membrane
composition, the particular lipopolysaccharide structure, which differs between K12 strains and clinical
isolates, or chiP expression might explain why different E. coli strain backgrounds are affected differently
by the chiP gene deletion o

Discussion

The aim of this study was to quantify the possible flux of aminoglycosides through a few main E. coli
porins. The electrophysiology technique provided quantitative information on the rate of transport and the
nature of interaction at a single channel level. Furthermore, we combined in vifro techniques with
bacterial growth inhibition assays to compare the permeation of three selected aminoglycosides side-by-
side across several membrane channels located in the outer cell membrane of E. coli. Our data indicates
that kanamycin, amikacin and gentamicin can all translocate through ChiP of E. coli. The permeation of
kanamycin through OmpF and OmpC was already previously characterized’® and revisited here.
According to the reversal potential data presented here, OmpF and OmpC are more restrictive to
gentamicin compared to ChiP and amikacin is even more strongly preferred by ChiP in relation to the
other two porins. This special capacity of ChiP to allow the passage of aminoglycosides was also
reflected in our cell-based assays. Among the three porins investigated in this study, only ChiP caused a
consistent and clearly significant resistance phenotype upon single gene deletion in all of our assays. In
the absence of the structural data, we can conclude that due to the sugar-like structure of these
aminoglycosides, they are selected as a nonspecific substrate for the Chitoporin, which has not been
shown to permeate any antibiotic previously. Although LamB represents the major sugar-specific porin in
E. coli, it is poorly permeable to aminoglycosides. Thus, it is interesting that the permeation of these
antibiotics is prominent through the minor porin ChiP as compared to the major ones, and even more so
as antibiotic susceptibility loss was reproducibly associated with chiP single gene deletion in E. coli BW
25113. The reason, why this physiological phenotype only emerged in the K12 derivative E. coli BW
25113 is currently elusive and requires further extensive study. If the substantially shorter O-specific side

chains inherent to the laboratory K12 linage plays a role is currently not known 2,
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In this context it is also important to note that aminoglycosides have also porin-independent means of
entering E. coli. A commonly assumed way for aminoglycoside penetration is their lipid mediated self-
promoted uptake by destabilizing the outer membrane. Multiple options for cell entry may also explain,
why aminoglycoside resistance is commonly associated with aminoglycoside modifying enzymes or 16S
fRNA methyltransferases but not uptake mutations®’.

Nevertheless, inspection of the literature shows that the aminoglycoside class of antibiotics can also be
affected by the porin mediated resistance’’. For other antibiotic classed (carbapenems, cephalosporins
multiple porins including OmpF, OmpC have been shown to play a role in developing resistance
although they seem functionally redundant.***° Most of the available studies are about the major porins
OmpF or OmpC and only few reports on minor porins (e.g. NmpC) or specific porins (LamB) are
available*’. Our report on ChiP emphasizes that role of specific and minor porins concerning resistance

development.

Here, we were able to demonstrate that at least three different aminoglycosides utilize the E. coli porin
ChiP, which has not previously been linked to outer membrane antibiotic translocation. So far, the only
known physiological role of ChiP in E. coli is chitooligosaccharide uptake under glucose-deficient
conditions and ChiP was reported to be expressed at a low level in the absence of any inducer®. Although
it is not as abundant as OmpF or OmpC, ChiP seems to contribute to aminoglycoside uptake, potentially
due to its fast nonspecific permeation of the aminoglycosides investigated here. Especially considering
the miscoding activity of the aminoglycosides and the common model of their entry in two phasesy', a
minor porin with high permeation capacity could make a significant contribution. That means, a
comparably small number of molecules entering first may be sufficient to trigger the production of non-
functional membrane proteins by miscoding, thereby destabilizing the cell envelope to compound entry in
a more general way. Present whole cell data also showed a difference in the effect of porin deletions
between a nonpathogenic model strain and a clinical strain of E. coli, which emphasizes the need for
follow-up studies on aminoglycoside uptake pathways in pathogenic isolates.
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