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Abstract 

The development of resistance in human pathogens against antibiotics threatens 

increasingly global public health. Therefore, it is necessary to investigate 

antibiotic alternatives, the mode of action of new potential drugs, and the 

pathogens' resistance mechanism to find new treatment options. One of the most 

crucial antibiotic targets is peptidoglycan synthesis (PGN) which exclusively 

occurs in bacteria. Antimicrobial peptides (AMPs), targeting PGN- synthesis such 

as nisin and colistin, are considered promising alternatives against multidrug-

resistant bacteria. Despite this, human pathogenic bacteria conferring resistance 

against these compounds evolved, by expressing a membrane-traversing ATP-

binding cassette transporter of the bacitracin efflux (BceAB) type. In the human 

pathogen Streptococcus agalactiae COH1, the upregulation of the genes located 

within nisin resistance operon confers resistance against the antimicrobial 

peptide nisin. The proteins expressed are the serine protease SaNSR, cleaving 

the 6 last amino acids of nisin, the two-component system SaNsrK and SaNsrR, 

and the BceAB transporter SaNsrFP.  

In this thesis, the BceAB transporter was shown to be actively involved in sensing 

the antibiotic, defends the cell wall by an ATP-hydrolysis-dependent mechanism 

that separates bacitracin from the cell wall precursor, and initiates a secondary 

defense mechanism that leads to cell wall modification.  

The large extracellular domain of SaNsrP was expressed, purified and 

characterized and the interaction with bacitracin was confirmed. This supports 

the described mechanism of SaNsrFP which involves sensing an antibiotic attack 

via its large extracellular domain.  

Within the scope of this work, compounds were screened to identify high affinity 

binding inhibitors which act specifically against NSR and NsrFP. In a primary 

screen, one potential compound (an indole-urea derivative) was discovered that 

is able to specifically inhibit both resistance proteins while not influencing the 

growth of the sensitive bacterial strain. This compound needs to be optimized for 

future experiments as it showed moderate µM activity.  
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Zusammenfassung 

Die Zunahme antibiotikaresistenter Krankheitserreger bedroht die öffentliche 

Gesundheit weltweit. Um neue Behandlungsmöglichkeiten zu finden, ist es daher 

notwendig, Antibiotika-Alternativen, die Wirkungsweise neuer potenzieller 

Medikamente und den Resistenzmechanismus der Erreger zu untersuchen. 

Einer der wichtigsten Angriffspunkte für Antibiotika ist die Peptidoglykan-

Synthese (PGN), die ausschließlich in Bakterien stattfindet. Antimikrobielle 

Peptide (AMPs), die wie Nisin und Colistin auf die PGN-Synthese abzielen, gelten 

als vielversprechende Alternativen gegen multiresistente Bakterien. Trotzdem 

haben humanpathogene Bakterien, gegen diese Wirkstoffe zum Beispiel durch 

Expression eines membranständigen ATP-bindenden Kassettentransporters 

vom Typ Bacitracin Efflux (BceAB) Resistenzen entwickelt. Im humanen Erreger 

Streptococcus agalactiae COH1 verleiht die Expression des Nisin-Resistenz-

Operons eine Resistenz gegen das antimikrobielle Peptid Nisin. Es besteht aus 

einer Serinprotease SaNSR, die die letzten 6 Aminosäuren von Nisin spaltet, 

einem Zweikomponentensystem SaNsrK und SaNsrR sowie einem BceAB-

Transporter SaNsrFP.  

In dieser Arbeit wurde gezeigt, dass der BceAB-Transporter aktiv an der 

Erkennung des Antibiotikums beteiligt ist, die Zellwand durch einen ATP-

Hydrolyse-abhängigen Mechanismus verteidigt, der Bacitracin vom 

Zellwandvorläufermolekül abtrennt, und einen sekundären 

Verteidigungsmechanismus initiiert, der zu Zellwandmodifikationen führt.  

Ein weiteres Ziel dieser Studie war die stabile Expression, Reinigung und 

Charakterisierung eines kürzeren Konstrukts der großen extrazellulären Domäne 

von SaNsrP. Dies wurde erfolgreich durchgeführt, und die Interaktion mit 

Bacitracin konnte mittels Tyrosinfluoreszenz und MALS bestätigt werden. Dieses 

bestätigt, dass SaNsrFP aktiv bei der Antibiotika-Erkennung involviert ist, indem 

es über seine große extrazelluläre Domäne das Antibiotikum Bacitracin bindet. 

Im Rahmen dieser Arbeit wurden zudem Verbindungen gescreent, um hochaffine 

Bindungsinhibitoren zu identifizieren, die spezifisch gegen SaNSR und SaNsrFP 

wirken. In einem ersten Screening wurde eine potenzielle Verbindung (ein Indol-

Harnstoff-Derivat) entdeckt, die in der Lage ist, beide Resistenzproteine 
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spezifisch zu hemmen, ohne das Wachstum des Kontroll-Bakterienstamms zu 

beeinflussen. Diese Verbindung muss für künftige Experimente optimiert werden, 

da sie im mikromolaren Bereich Aktivität zeigte.  
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1 Introduction 

1.1   Antimicrobial Peptides 

Antimicrobial peptides are natural products that are part of the innate immune 

system and can be isolated from organisms across all kingdoms of life (Chen and 

Lu, 2020, Malmsten, 2014). They are short, amphipathic oligopeptides of 5 to 100 

amino acids with a positive net charge ranging from +2 to +11 (Pasupuleti et al., 

2012; Bin Hafez et al., 2021). Over 3000 antimicrobial peptides have been 

identified so far and via bioinformatic peptide mining tools like BAGEL4, 

RIPPMiner or RODEO even more will be discovered (van Heel et al., 2018, 

Montalban-Lopez et al., 2021, Chen and Lu, 2020). Antimicrobial peptides are of 

high pharmaceutical interest due to the fact that they can have antibacterial (Diep 

and Nes, 2002, Malmsten, 2014), antifungal (Buda De Cesare et al., 2020, 

Makwana et al., 2023), antiviral (Fu et al., 2021, Urmi et al., 2023), antiparasitic 

(Rojas-Pirela et al., 2023, Chen et al., 2023a) even antitumor (Liu et al., 2022, 

Pandit et al., 2011), and antinociception activity (Iorio et al., 2014, Green and 

Olivera, 2016).  

Figure 1: Mode of actions of antimicrobial peptides. The image was modified from 

(Ongpipattanakul et al., 2022) 

These peptide antibiotics can target the membrane, inhibit transcription, 

translation, and proteases, or function as chalko-or siderophores but there are 
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still peptides with unknown modes of action (Figure 1) (Ongpipattanakul et al., 

2022, Chen and Lu, 2020, Arnison et al., 2013, Rushworth et al., 2022, Schmidt 

et al., 2005).  

Based on their synthesis, the peptides can be divided into two major classes: 

ribosomally synthesized and post-translationally modified peptides (RiPP) and 

non-ribosomally synthesized peptides (NRP) (Montalban-Lopez et al., 2021). The 

latter type of biosynthesis does not require mRNA, thus, resulting peptides can 

contain non-proteinogenic amino acids and fatty acids besides other post-

translational modifications (PTM) (Marahiel and Essen, 2009, Schwarzer et al., 

2003). Well-known examples of non-ribosomally synthesized peptide antibiotics 

are bacitracin and vancomycin (Economou et al., 2013, Schwarzer et al., 2003). 

RiPPs will be discussed more in detail in section 1.2.1. 

In the past several decades, bacteria have become increasingly multidrug-

resistant, posing a severe threat to global health, thus antimicrobial peptides have 

gained importance. Interestingly, bacteria represent also an important source of 

antimicrobial peptides.  

1.2   Bacteriocins and their Classification 

AMPs of bacterial origin are referred to as bacteriocins. They are synthesized by 

Gram-positive and Gram-negative bacteria under specific stress conditions. 

Targeted are often closely related species (Smits et al., 2020, Diep and Nes, 

2002) while producing strains have specialized mechanisms to confer immunity 

against their own bacteriocin (Alkhatib et al., 2012, Draper et al., 2008). An 

advantage of bacteriocins is their antibacterial activity in the nanomolar range 

(Antoshina et al., 2022, Reiners et al., 2017). Bacteriocins can be classified 

according to their structural characteristics, biosynthetic pathway, phylogenetic 

affiliation of their producing strain, mode of action, and posttranslational 

modification (Arnison et al., 2013, Klaenhammer, 1993).  

1.2.1   Bacteriocins from Gram-negative bacteria 

Colicins are high molecular mass (30-80 kDa) proteins encoded on a plasmid and 

produced by many E. coli strains (Cascales et al., 2007). They consist of three 
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different functional domains: 1) a translocation domain at the N-terminus, 

mediating transport across the outer membrane, 2) a receptor binding domain, 

and 3) a C-terminal pore-forming domain (Wiener et al., 1997). Regulation of the 

production of the bacteriocin is mediated by the SOS response regulon which is 

activated in response to DNA damage in bacteria. Colicins can kill their target 

cells via three possible mechanisms: 1) by forming pores in the inner membrane 

of the target bacteria, 2) by degrading the peptidoglycan, or 3) by nuclease 

activity (Upatissa and Mitchell, 2023, Cascales et al., 2007).  

Microcins are low molecular weight (<10 kDa) and ribosomally synthesized 

bacteriocins produced by Enterobacteriaceae (Cascales et al., 2007). They can 

be either encoded within a plasmid or on the chromosome and can be divided 

into two classes: Class I consists of small-sized (<5kDa), heavily post-

translationally modified peptides and class II are either unmodified, minimally 

modified, and larger microcins (Cole et al., 2022, Markovic et al., 2022). Class II 

microcins are produced as precursor peptides, containing an N-terminal secretion 

signal sequence fused to the core microcin peptide. Maturation and transport 

occur via C39 peptidase-containing ABC transporters, a membrane fusion 

protein, and TolC, an outer membrane efflux protein (Cole et al., 2022). Once 

processed and matured, the AMP is able to induce pore-formation, nuclease 

activity, inhibition of replication, and protein synthesis (Severinov et al., 2007, 

Markovic et al., 2022).  

1.2.2    Bacteriocins from Gram-positive bacteria 

Bacteriocins from Gram-positive bacteria can be divided into three distinct 

classes: Class I contains small (≤10kDa) peptides that are post-translationally 

modified by specific enzymes, whose genes are also located in the peptide 

biosynthetic gene clusters, so-called RiPPs (Cotter et al., 2013, Antoshina et al., 

2022, Alvarez-Sieiro et al., 2016). RiPPs are usually located with their 

modification enzymes in a gene cluster on the genome or on mobile gene 

elements (Arnison et al., 2013, Bartholomae et al., 2017). The biosynthetic gene 

cluster contains genes that code for enzymes, which catalyze the PTMs, a two-

component system (TCS; optional), an exporter protein, a peptidase (optional), 

and a self-defense system that protects the producer against its own antimicrobial 

peptide (Hudson and Mitchell, 2018, Bartholomae et al., 2017). The biosynthesis 
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of RiPPs at the ribosomes depends on mRNA and results first in a precursor 

peptide, ranging from 20 to 110 aa residues. This precursor contains an N-

terminal leader peptide and a C-terminal core peptide (Figure 2) (Arnison et al., 

2013, Oman and van der Donk, 2010, Lagedroste et al., 2020). The leader 

peptide is essential to keep the peptide in an inactive state and for the recruitment 

of the PTM-enzymes as well as further processing steps and export (van der 

Meer et al., 1994, Abts et al., 2013, Mavaro et al., 2011, Lagedroste et al., 2021). 

Only the core peptide is modified at specific amino acids which most frequently 

are cysteine residues in RiPP. Thus, the thiol group is converted to form for 

example (methyl-)lanthionine rings which are characteristic of lanthionine-

containing peptides (Arnison et al., 2013). Lanthipeptides are a large subgroup 

of class I bacteriocins and are mainly produced by lactic acid bacteria. Some well-

studied examples are nisin, mersacidin and lacticin 3147. Further 

subclassification of class I bacteriocins depends on the type of posttranslational 

modification present in the peptide.  

Figure 2: RiPP biosynthesis pathway. Peptides are synthesized at the ribosomes as 
precursor peptides. They can be subdivided in leader-peptide (orange), core peptide (light 
green), and in some cases, there is a follower peptide (grey) attached. Post-translational 

modifications are only installed within the core peptide. After the export, activation of the peptide 
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is achieved when the leader peptide is cleaved off. Scheme of biosynthesis pathway was 
modified from (Tung and van der Donk, 2021). Image created with Powerpoint 16.72. 

Class II bacteriocins are defined as heat-stable unmodified peptides with a 

molecular mass ≤10kDa (Cotter et al., 2013, Alvarez-Sieiro et al., 2016). 

Subgroups are pediocin-like peptides, two peptides bacteriocin, leaderless or 

single peptides (Antoshina et al., 2022, Nissen-Meyer et al., 2009). The activity 

of these peptides is based on their ability to insert into membranes, inducing 

membrane depolarization and cell death. Well-known examples are Lactococcin 

A and pediocin PA1. 

In class III large, heat-labile bacteriocins with molecular masses ≥10 kDa are 

divided into two subclasses: bacteriolysins, which function as peptidoglycanases, 

and non-lytic bacteriocins which inhibit carbohydrate transport, replication of 

DNA, or synthesis of proteins (Zimina et al., 2020, Cotter et al., 2013). 

This classification system is based on the antimicrobial activity of the bacteriocin 

but one of its weaknesses is the exclusion of lanthipeptides without antimicrobial 

activity. Furthermore, the increasing number of newly, via genome mining tools, 

discovered structurally diverse peptides made it necessary to establish another 

classification system. The new classification system was introduced in 2013 and 

is based on the characteristics of the modification enzymes (Arnison et al., 2013) 

which will be further discussed in section 1.3. 

1.3   Lanthipeptides 

Lanthipeptides are mainly found in Gram-positive bacteria but are not restricted 

to them as they also occur in Gram-negative and cyanobacteria (Tracanna et al., 

2017, Li et al., 2010, Wang et al., 2023). In general, peptides of this class contain 

two specific amino acid modifications, the bis-amino-bis acids lanthionine (Lan) 

or 3-methyllanthionine (MeLan)(Newton et al., 1953, Ingram, 1969). The PTM is 

a two-step reaction, catalyzed by one or two enzymes. In the first step, serine 

and threonine residues are dehydrated to form the unsaturated 𝛂, 𝛃 amino acids 

2,3-didehydroalanine (Dha) and 2,3-didehydrobutyrine (Dhb) (Gross and Morell, 

1967, Gross and Morell, 1968). Subsequently, these amino acids form (methyl-) 

lanthionine rings with a cysteine residue via a Michael-type condensation. 

Lanthipeptides are typically synthesized as inactive precursors containing an N-
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terminal leader peptide and a core peptide. Only the core peptide undergoes 

posttranslational modifications, not the leader peptide, which is recognized by the 

modification enzymes and the exporting ATP-binding cassette (ABC) transporter. 

In the last maturation step, the leader peptide is cleaved off by specific or 

nonspecific peptidases, releasing the active lanthipeptide (Gross and Morell, 

1967, Corvey et al., 2003).  

1.3.1   The Classification of Lanthipeptides 

The nomenclature of the biosynthetic gene cluster of lanthipeptides is based on 

the generic locus symbol lan and Lan for the proteins. Each individual gene and 

protein product from the lanthipeptide gene cluster derives its name from the 

produced lanthipeptide (e.g., nis / Nis for nisin) and a capital letter, which refers 

to the protein function within the biosynthetic cluster (i.e. A stands for the pre-

lanthipeptide, B for the dehydratase, C for the cyclase, etc.). 

Lanthipeptides can be categorized into five different classes based on the 

characteristics of their modification enzymes (Figure 3) (Smits et al., 2020, Xu et 

al., 2020, Ortiz-Lopez et al., 2020, Arnison et al., 2013). In class I the dehydration 

and the cyclization are catalyzed by a LanB enzyme and a LanC enzyme which 

form a complex in the cell. After maturation, the modified precursor peptide is 

secreted by the transporter LanT and activated by cleaving off the leader peptide 

by a specific protease LanP (Lagedroste et al., 2017, Montalban-Lopez et al., 

2018). Lanthipeptides of this class are i.e nisin (Figure 4), gallidermin, and subtilin 

which show antimicrobial activity in the low nanomolar range against Gram-

positive bacteria (Reiners et al., 2017).  

In class II, these enzymatic modification reactions are performed by a single, 

bifunctional protein LanM which contains a dehydratase domain and a LanC-like 

cyclase domain. Subsequently, the pre-peptide is exported by LanT and the 

leader is cleaved off (Repka et al., 2017, Chatterjee et al., 2005). Prominent 

examples of this class are mersacidin (Figure 4), lacticin 481, actagardine, and 

cinnamycin. 

The class III (LanKC) and class IV lanthipeptide (LanL) modification-enzymes 

consist of a lyase-, kinase-, and a C-terminal cyclase domain. The difference 
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between both classes is that the cyclase domain of LanKC is not Zn2+ dependent 

while in LanL the cyclase function relies on Zn2+
,
 similarily to LanC (Kodani et al., 

2004, Goto et al., 2010, Xu et al., 2020). Labyrinthopeptin A2, SapB and SapT 

are representatives of class III without antimicrobial activity. Venezuelin is part of 

class IV lanthipeptides (Figure 4).  

In class V, a tri-protein synthetase composed of LanK, LanX and LanY catalyze 

the Ser/Thr dehydration and cyclization (Xu et al., 2020, Ortiz-Lopez et al., 2020). 

In 2020, Cacaodin (Figure 4) was identified as a class V lanthipeptide (Ortiz-

Lopez et al., 2020).  

Figure 3: Classification of Lanthipeptides. Based on the biosynthetic enzymes for PTM, 
lanthipeptides can be subdivided into five different classes. In class I two enzymes catalyze the 
dehydration of Ser/Thr and the cyclization. LanM of class II is a fused protein of a dehydratase 

domain and a cyclase domain. Class III LanKC consisting of a lyase, kinase, and a putative 
cyclase domain, catalyzes the dehydration reaction and cyclization. Class IV LanL differs only 
from its LanC-like cyclase domain. In class V three different proteins install the modifications. 

Class I, III, and IV cyclization reactions depend on zinc as a ligand (black vertical lines). Class V 

cyclase domain has not yet been identified. Image modified from (Pei et al., 2022) and created 
with Powerpoint 16.72. 
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Figure 4: Schematic structure of representative lanthipeptides from each class. Unusual 
amino acids are highlighted in each structure. The most famous example of a class I 

lanthipeptide is nisin A. Class II and class III lanthipeptides are represented by mersacidin and 
labyrinthopeptin A2. An example of class IV and V lanthipeptides are venezuelin and cacaoidin. 

Image created with Powerpoint 16.72. 

1.3.2   Bacitracin 

Bacitracin is an antimicrobial peptide produced by Bacillus subtilis and Bacillus 

licheniformis by nonribosomal peptide synthases and contains D- and L-amino 

acids (Konz et al., 1997, Nakano and Zuber, 1990). The peptide antibiotic shows 

a spectrum of activities e.g., bacitracin acts as a redox agent, binding divalent 

ions, in its metal-free form bacitracin inhibits bacterial subtilisin-type proteases, it 

can also inhibit protein disulfide isomerases and most importantly shows 

antimicrobial activity. Bacitracin binds undecaprenyl pyrophosphate (UPP) which 

is a lipid carrier that transports cell-wall precursor from the cell´s cytoplasm to its 

exterior. The bound UPP cannot be dephosphorylated which blocks its 

regeneration, resulting in the accumulation of intracellular peptidoglycan 

precursor (Storm, 1974, Storm and Strominger, 1973, Economou et al., 2013, 

Kingston et al., 2014). This leads to cell wall destabilization and growth inhibition, 

consequently leading to cell death. The status quo is that bacitracin forms a 

compact ternary 1:1:1 antibiotic-metal-lipid complex, creating a highly 

amphipathic structure that enhances membrane-binding affinity (Economou et 

al., 2013). Due to the stabilizing effect and increased antimicrobial activity, a zinc-
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bacitracin (Zn-bacitracin) complex has been commonly used in medical antibiotic 

formulations (Lightbown et al., 1964, Rietkotter et al., 2008).  

Bacitracin has been used for medical applications for more than 70 years in 

human and veterinary medicine and also as an animal-feed additive (Johnson et 

al., 1945, Lightbown et al., 1964). Long-term usage of bacitracin in animals has 

led to the development of resistance genes in microorganisms, e.g., in bacteria 

(Manson et al., 2004, Ohki et al., 2003, Radeck et al., 2016, Ma et al., 2019).  

1.3.3   Nisin 

Nisin A from Lactococcus lactis was discovered as the first natural nisin variant 

in 1928 and is one of the best-studied antimicrobial peptides (Rogers, 1928, Field 

et al., 2023). Up until now, 14 natural nisin variants are known (Figure 5): nisin Z 

from Lactococcus lactis NIZO 221 86 strain (Mulders et al., 1991), nisin Q from 

Lactococcus lactis 61-14 (Zendo et al., 2003), nisin U and U2 from Streptococcus 

uberis 42 and D536 (Wirawan et al., 2006), nisin F from Lactococcus lactis F10 

(de Kwaadsteniet et al., 2008), nisin P from Streptococcus gallolyticus subsp. 

Pasteurianus (Zhang et al., 2012, Wu et al., 2014), nisin H from Streptococcus 

hypintestinalis DPC 6484 (O'Connor et al., 2015), nisin O1 to O4 from Blautia 

obeum A2-162 (Hatziioanou et al., 2017), LanA1-4 from Blautia producta BPSCSK

(Kim et al., 2019), nisin J from Staphylococcus capitis APC 2923 (O'Sullivan et 

al., 2020), Kunicin A from Apilactobacillus kunkeei FF30-6 (Zendo et al., 2020), 

nisin G from Streptococcus salivarius DPC6487 (Lawrence et al., 2022) and nisin 

E from Streptococcus equinus APC4007 (Sugrue et al., 2023). Nisin and its 

variants exhibit activity against a wide range of Gram-positive bacteria including 

clinically relevant Staphylococcus aureus, Clostridium difficile, Bacillus cereus, 

Listeria monocytogenes, and other streptococci, staphylococci, enterococci. Its 

high potency against multidrug-resistant bacteria has ignited an interest in its 

potential use as a biotherapeutic in human and animal health. Thus, it has been 

shown for nisin to be effectively used to treat atopic dermatitis (Valenta et al., 

1996), respiratory tract infections (De Kwaadsteniet et al., 2009), staphylococcal 

mastitis (Cao et al., 2007), sexually-transmitted infections (Aranha et al., 2004), 

and gastrointestinal illnesses like colon infections (Kim et al., 2003) and stomach 

ulcers (Dubois, 1995). Furthermore, recent microbiome-based studies have 

revealed the beneficial effect that nisin-producing bacteria have on the 
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gastrointestinal microbiome due to the inhibition of MDR pathogens (Heilbronner 

et al., 2021, Garcia-Gutierrez et al., 2019). 

Figure 5: Overview of natural nisin variants. Sequence alignment of the natural nisin variants 
Kuncicin A, Nisin O1-3, nisin P, nisin U and U2, nisin J, nisin H, nisin Q, nisin A, nisin Z and 

nisin F. Alignment was created with Clustal Omega and via Jalview 2.11.0 the Taylor color code 

was applied (Taylor, 1997, Waterhouse et al., 2009, Sievers et al., 2011). Image was modified 

from (Field et al., 2023). 

Nisin consists of 34 amino acids and is an amphipathic peptide with a 

hydrophobic N-terminus and a hydrophilic C-terminus (Figure 6a). The structure 

of mature nisin, which was solved in 1991 via NMR spectroscopy, comprises 

three different parts (van de Ven, 1992). The N-terminus contains the (methyl-

lanthionine rings A, B, and C and is involved in the binding of nisin to the cell wall 

precursor lipid II (Hsu et al., 2004). A flexible hinge region connects the N-

terminus with the last intertwined rings D and E of the C-terminus and grants the 

peptide flexibility which plays a crucial role during pore formation 

The high antimicrobial activity of nisin is based on two modes of action of the 

peptide (Figure 6b & c). First, nisin binds specifically with its N-terminal 

lanthionine rings the cell wall precursor lipid II, thus inhibiting cell wall synthesis 

(Figure 6b). The second functionality is facilitated by the flexible hinge region 

which allows nisin to insert the rings D and E in the membrane which leads to 

pore formation (Figure 6c). Eight nisin and four lipid II molecules make up one 

pore of 2-2.5nm diameter, consequentially to the rapid efflux of cell content and 

eventually cell death (Bierbaum and Sahl, 2009, Breukink and de Kruijff, 2006).  
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Figure 6: Schematic representation of nisin A and its dual mode of action. a) Nisin with its 
five characteristic lanthionine rings: Ring A-C are part of the N-terminus and the C-terminus 

comprises ring D & E. b) The N-terminal rings A & B of nisin bind lipid II. c) Pore formation of 
nisin. By binding lipid II and flipping the hinge region inside of the membrane. Pores have a 

diameter of 2-2.5 nm. Created with Powerpoint 16.72. 

1.3.4   The nisin biosynthetic gene cluster 

The nisin gene cluster in L. lactis contains eleven genes for synthesis, 

modification, transport self-immunity, and regulation: nisABTCIPRKFEG (Figure 

7) (Kuipers et al., 1993, Siegers and Entian, 1995). Nisin is part of class I

lanthipeptides with antimicrobial activity, thus termed as a lanthionine-containing

antibiotic- short lantibiotic (Ingram, 1969). It is synthesized ribosomally as an

unmodified precursor peptide consisting of an N-terminal leader peptide (23

amino acids) and a C-terminal core peptide of 34 amino acids. The core peptide

of the precursor is post-translationally modified by two distinct modification

enzymes, namely the dehydratase NisB and the cyclase NisC (Koponen et al.,

2002). They catalyze the dehydration of serines and threonine residues and the

cyclization, generating one lanthionine- and four methyl-lanthionine rings.

Subsequently, the modified nisin peptide is exported by NisT (Qiao and Saris,

1996). In the final step, NisP cleaves off the leader peptide to release the mature

biologically active peptide (van der Meer et al., 1993, Lagedroste et al., 2017,

Qiao and Saris, 1996)
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Figure 7: The nisin system. The nisin operon consists of 11 genes encoding biosynthesis, 
regulation, and immunity proteins. They comprise the lantibiotic nisin (red-green), the 

modification enzymes NisB (orange) and NisC (green), the exporter NisT (blue), the peptidase 
NisP, the TCS NisK and NisR and the lipoprotein NisI and ABC transporter NisFEG. Modified 

from (Abts, 2014) and created with Powerpoint 16.72. 

1.3.5   Nisin bioengineering 

The emergence of multi-drug resistance pathogens has challenged the 

effectiveness of commonly used antibiotics, resulting in an urgent need for new 

antimicrobial compounds. Lantibiotics are very promising alternatives due to their 

various advantages. An important advantage is that they are gene encoded which 

facilitates genetic manipulation. Nisin, as the most prominent representative of 

lantibiotics has been subjected to bioengineering in order to enhance its 

functional characteristics (Zheng et al., 2022, Zaschke-Kriesche et al., 2019b, 

Zaschke-Kriesche et al., 2019a, Desmond et al., 2022, Lagedroste et al., 2019). 

All generated mutants together are beginning to form a blueprint of residues and 

domains essential for structure-activity relationships related to nisin biosynthesis, 

antimicrobial spectrum and activity, immunity or resistance proteins, solubility, or 

heat stability (Field et al., 2023). Here, the focus will be on nisin variants that were 

successfully optimized in their characteristics in comparison to wild-type nisin A. 
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The substitution of N-terminal isoleucin 1 for an aromatic amino acid (I1W and 

I1F) led to a variant with superior antimicrobial activity against lactococcal strains 

expressing either one of the nisin immunity (nisI, nisFEG) or nisin resistance 

proteins (NSR, NsrFP)(Lagedroste et al., 2019) 

Also, when the threonine at position 2 was changed to a serine/ dehydroalanine 

nisin activity was improved against nonpathogenic target organisms (Kuipers et 

al., 1995).  

Two variants of nisin generated via saturation mutagenesis at positions 4-6 (4KSI6 

and 4KFI6) exhibited higher activity against several nonpathogenic strains (Rink 

et al. 2007) (Rink et al., 2007). Notably, a few natural variants as well as novel 

nisin-like peptides like agalacticin and maddinglicin contain a lysine at position 4 

(van Heel et al., 2016).  

The nisin I4V variant exhibited improved antimicrobial and antibiofilm activity 

against different strains of Staphylococcus pseudintermedius (Field et al., 2015). 

The ring C nisin variant M17Q performed better than nisin A at reducing biofilms 

of Staphylococcus epidermidis from medical device -related materials and 

significantly reduced viable cells in simulated wound experiments (Twomey et al., 

2020) 

The hinge region of nisin consists of a 3-amino acid linker region which provides 

conformational flexibility between the N- and C-termini of nisin. This is critical for 

antimicrobial activity since after the interaction of the two N-terminal rings of nisin 

with lipid II, the flexible hinge region allows the insertion of the C-terminal domain 

into the membrane (Wiedemann et al., 2001, Breukink and de Kruijff, 2006). Zhou 

et al., (Zhou et al., 2015) demonstrated that both shortened hinge peptides (-1 

amino acid) and extended hinge peptides (+2 amino acids) displayed a higher 

efficacy against several target strains like L. lactis, E. faecalis, L. monocytogenes, 

and B.cereus.  

Similarly, the extended hinge variant 20NMKIV24 exhibited increased activity 

against lactococcal strains expressing the nisin immunity proteins (NisI and 

NisFEG) and the nisin resistance proteins (SaNSR and SaNsrFP)(Zaschke-

Kriesche et al., 2019b) 
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The C-terminus of nisin A, consisting of rings D and E with a six amino acid tail, 

is crucial for pore formation. It plays an important role in recognition by the nisin 

resistance protein NSR (Khosa et al., 2016a). By treating an NSR-expressing 

lactococcal strain with a nisin variant lacking both rings or only ring E, it was 

demonstrated that NSR-provided resistance can be bypassed. Furthermore, it 

was shown that both rings are involved to ensure the exact coordination of the 

nisin cleavage point serine 29 at the enzymatic active site (Khosa et al., 2016c). 

Based on this, a nisin derivative (S29P) was identified. This variant displayed in 

comparison to nisin A a 20-fold increase in specific activity against NSR-

producing strains (Field et al., 2019). In the same study, a similar variant with an 

additional I30V substitution proved to be more stable.  

Alternatively, the replacement of Cys 28 with proline resulted in a variant, that 

was more effective against NSR-producing strains while antimicrobial activity as 

well as pore formation ability were comparable to nisin A (Zaschke-Kriesche et 

al., 2019a).  

In a different study, several nisin ring mutants were generated including a variant 

containing installed rings A-D (CCCCA), A-C variant (CCCAA), a variant lacking 

the last six amino acids (Nisin 1-28 with 5 rings), and a variant missing the entire 

C-terminus (Nisin 1-22) (AlKhatib et al., 2014b). Treatment of a lactococcal strain

empty vector control strain with the CCCCA mutant, resulted in an 8-fold loss of

antimicrobial activity in comparison to the wild-type nisin, while when treated with

the CCCAA mutant or the nisin1-28 mutant a 20-fold loss was exhibited. The nisin1-

22 variant without the C-terminus displayed a 25-fold loss of activity. When treating

a strain that expressed the immunity conferring ABC transporter NisFEG, it

became evident that the deletion of ring E resulted in a decrease of activity of

NisFEG by 50%, and additional loss of ring D did not result in further reduction

(AlKhatib et al., 2014b). Furthermore, in the same study, the deletion of the final

six amino acids reduced the activity of NisFEG to 60 % , whereas the truncated

nisin1-22 variant reduced the activity to 33%. Thus, it was concluded by the authors

that the C-terminus of nisin is essential for its activity and that NisFEG requires

the recognition of the C-terminus of nisin in order to provide full immunity

(AlKhatib et al., 2014b).
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In a later study, the same C-terminal mutants, nisin H and gallidermin were used 

to treat lactococcal strains expressing SaNsrFP (Reiners et al., 2017). The latter 

were chosen due to their structural resemblance to nisin from the N-terminal part 

of the molecule while in the case of gallidermin the C-terminus is structurally 

distinct. In that study, the authors demonstrated that upon treatment with C-

terminal variants of nisin, the fold of resistance of the SaNsrFP-expressing strain 

increased in comparison when treated with the wild-type nisin (Reiners et al., 

2017). Since SaNsrFP was still able to recognize the nisin mutants, gallidermin 

and nisin H, it was concluded that the N-terminus of the antimicrobial peptide is 

important for the transporter to be able to confer resistance (Reiners et al., 2017). 

For the natural nisin variant nisin H, the substitution of phenylalanine to isoleucine 

(F1I) resulted in a higher potency against lactococcal strains expressing the 

immunity proteins NisI, NisFEG, or the resistance proteins SaNSR or SaNsrFP 

(Reiners et al., 2020).  

Up until now, nisin, its variants as well as other antimicrobial peptides have 

demonstrated their high potential against Gram-positive bacteria. To affect Gram-

negative bacteria, antimicrobial peptides need access to the inner membrane to 

reach their target (Nikaido and Vaara, 1985). Consequently, many antimicrobial 

peptides display poor activity towards Gram-negative species. However, 

disruption of the outer membrane with chelating agents e.g. EDTA allowed 

susceptibility to nisin (Stevens et al., 1991). This indicated that nisin can kill 

Gram-negative bacteria if it can traverse the outer membrane. Thus, in a different 

approach anti-Gram negative peptides were fused to the C-terminal end of nisin 

(Zhou et al., 2016, Li et al., 2018). Several engineered variants were identified 

that exhibited greater activity against clinically relevant pathogenic Gram-

negative bacteria including E.coli, Klebsiella pneumonia, Acinetobacter 

baumanni, Pseudomonas aeruginosa and Enterobacter aerogenes (Li et al., 

2018).  

1.3.6   Other lantibiotics 

Lantibiotics show antimicrobial activity and many of these are highly active 

against multidrug-resistant pathogenic staphylococci, enterococci, streptococci, 

clostridia (Dischinger et al., 2014), and some even against Gram-negative 
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bacteria (Mota-Meira et al., 2000, Vestergaard et al., 2019). They can have 

multiple modes of action e.g. inhibition of peptidoglycan synthesis, pore 

formation, or targeting a receptor in the cell wall. Similarly to nisin, subtilin, 

mersacidin, nukacin ISK-1, plantaricin C, lacticin 3147 and lichenicidin are 

binding lipid II or other peptidoglycan precursors in order to inhibit peptidoglycan 

synthesis (Brotz et al., 1998, Wiedemann et al., 2006a, Wiedemann et al., 2006b, 

Shenkarev et al., 2010, Fujinami et al., 2018). Pore formation or membrane 

depolarization as a second mode of action can be found apart from nisin also in 

subtilin, Pep5 and epidermin (Bonelli et al., 2006, Kordel et al., 1989).  

Cinnamycin or cinnamycin-like peptides change the phospholipid composition by 

targeting phosphatidyl ethanolamine, thus inhibiting phospholipase A2 (Marki et 

al., 1991, Vestergaard et al., 2019). Via this mode of action, the membrane 

permeability can be increased (Sokolove et al., 1989). 

The veterinary medicine, food, and pharmaceutical industry take advantage of 

the antimicrobial activity of lanthipeptides (Cotter et al., 2013, Piper et al., 2009, 

Dischinger et al., 2014, Shin et al., 2016, Delves-Broughton et al., 1996). 

Lantibiotics are potent antibiotic alternatives and some are in preclinical and 

clinical phases of the development as a pharmaceutical drug. Prominent 

examples for treatment of clinically important pathogens like C. difficile, MRSA, 

or vancomycin-resistant enterococci infections are deoxy-actagardine B 

(NVB302, by Novacta Biosystems Limited)(Crowther et al., 2013) which is a class 

II lanthipeptide derivative, the class I lanthipeptide NAI-107 (by 

NIACON)(Castiglione et al., 2008) or the synthetic class II lanthipeptide mutacin 

1140-S (by Organics)(Ghobrial et al., 2009, Sandiford, 2020). Other 

lanthipeptides with partly even higher activity against MRSA and VRE than the 

antibiotic vancomycin, are mersacidin, lichenicidin(Bli𝛼 and Bli𝛽), lacticin 3147 

(LctA/A2) and epilancin 15X (Brotz et al., 1998, Piper et al., 2009, Begley et al., 

2009, Ekkelenkamp et al., 2005). The most active lanthipeptide with the highest 

potential against important pathogenic bacteria is NAI-107 and its derivatives 

produced by Microbiospora sp. 107891(Jabes et al., 2011, Maffioli et al., 2016). 

All these examples of pharmaceutically used lanthipeptides showcase the high 

potency of lantibiotics against clinically relevant pathogenic Gram-positive 

bacteria. 
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1.4   Lantibiotic Immunity and Resistance 

Lantibiotics target cell wall precursors which are present in all bacteria. This 

makes lantibiotics very active bactericidal drugs. Thus, lantibiotic producer 

strains, need an immune or self-resistance system that protects them from killing 

themselves. Genes encoding for at least one or two immunity proteins are found 

in class I and II lanthipeptides' gene clusters. This can be a lipoprotein LanI and/or 

an ABC transporter LanFEG.  

1.4.1   The Immunity Protein LanI – NisI  

LanI is a peripheral-located protein, anchored to the membrane by a fatty acid 

chain that is attached to an N-terminal cysteine residue. It was shown that the 

deletion of lanI, in this case nisI, leads to the loss of immunity of the producer 

strain against its own lanthipeptide (AlKhatib et al., 2014a). NisI grants immunity 

via two modes of action: first, it binds nisin via its C-terminus (Takala and Saris, 

2006, Koponen et al., 2004, AlKhatib et al., 2014a, Hacker et al., 2015, Jeong 

and Ha, 2018), protecting the cell wall of nisin-producing bacteria and second, by 

clustering the cells, reducing the available surface for the nisin (AlKhatib et al., 

2014a).  

LanI genes can be found in gene clusters of lantibiotics that act via pore formation 

as a main mode of action.  

The second line of defense against self-produced lantibiotics are LanFEG-type 

ABC transporters (Gebhard, 2012). They confer immunity by extruding the 

lantibiotic from the cytoplasmic membrane into the extracellular medium (Stein et 

al., 2003, Otto et al., 1998, Alkhatib et al., 2012, Peschel and Gotz, 1996).  

1.4.2   ABC transporter  

ATP-binding cassette (ABC) transporters represent one of the largest 

superfamilies of membrane proteins and can be found in eukaryotes, archaea, 

and bacteria. They exhibit various physiological functions including nutrient 

uptake, the transport of signaling molecules, or conferring multidrug resistance 

by defending the cell by its specific resistance mechanism e.g. exporting 

antibiotics (Holland, 2003, Thomas and Tampe, 2018).  
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The typical architecture of ABC transporters consists of a homodimeric or 

heterodimeric transmembrane domain (TMD) of twelve transmembrane helices 

(TM) and a dimer-forming nucleotide-binding domain (NBD) (Beis, 2015). All of 

the characteristic sequence motifs of ABC transporters reside within the NBD. 

These are the Walker A, the Walker B, the H-loop, and the signature motifs the 

C-loop (LSGGQ) and the D-loop (Schmitt and Tampe, 2002, Zaitseva et al.,

2006). The NBDs bind and hydrolyze ATP which provides energy for the transport

of a substrate across the membrane.

ABC transporters can be subdivided into seven classes, based on the sequence

and structural homology in their TMDs (Thomas and Tampe, 2018). Types I-III

import substrates e.g. nutrients, types IV and V function as exporters, while

members of class VI function as extractors, and type VII ABC transporters can

either be part of efflux pumps, operate as lipoprotein extractors, or regulate cell

division.

In 2020 a new classification approach based on the fold of the TMD of the ABC

transporter was proposed (Figure 8). Class I and II represent importers that are

primarily found in bacteria and contain TMDs of five to ten TM helices (Oldham

et al., 2007, Korkhov et al., 2012). Type III transporters uptake specific

micronutrients into eubacteria but can be found also in archaea and plants (Xu et

al., 2013). Their TMDs consist of a transmembrane component and a membrane-

embedded substrate-binding protein (Xu et al., 2013, Thomas and Tampe, 2018)

instead of two related TMDs.

Class IV transporters can have either homodimeric, heterodimeric, or single-

chain TMDs consisting of six TMHs each. In this group, the ABC transporters can

be drug exporters, metal-siderophore importers, ion channels, or regulators

(Thomas et al., 2020, Kamimoto et al., 2012, Terasaka et al., 2005, Dawson and

Locher, 2006). Type V systems comprise ABCG/ABCA/Wzm type ABC

transporter that includes on the one side channel-forming secretion systems in

bacteria (Chen et al., 2020) and on the other side importers such as ABCA4

(Quazi et al., 2012). According to Thomas et al., class VI and class VII systems

are defined as ABC transporters, exhibiting TMD folds similar to type V systems,

but lack an amphipathic N-terminal helix and extracellular reentrant helices

between TMH5 and TMH6. Furthermore, MacB as a representative of type VII
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ABC transporter contains only four TMHs as well as an additional coupling helix 

(Thomas et al., 2020, Crow et al., 2017).  

 

Figure 8: The different types of ABC transporters. Members of the ABC transporter 
superfamily can be subdivided into distinct types based on their TMD fold. The TMD 

architecture of each structure is depicted by a topology diagram. The two TMDs of each 
transporter are highlighted in green and blue, respectively. Substrate-binding components of 

type I-III folds are shown in orange, and auxiliary domains and additional TM helices are shown 
in pink. Class I and II represent importers that are primarily found in bacteria and contain TMDs 
of five to ten TM helices. Prominent examples are the importer MalFGK2 -MalE and the importer 
BtuC2D2-F. Type III transporters have TMDs that consist of a transmembrane component and a 

membrane-embedded substrate-binding protein. An example is the importer EcfTAA´-FoIT. 
Class IV transporters can have either homodimeric, heterodimeric, or single-chain TMDs 

consisting of six TMHs each. P-gp, MsbA and CFTR are representatives of this class. Type V 
systems comprise channel-forming secretion systems in bacteria and on the other side 

importers such as ABCA4. Other examples are the exporters ABCG5/8 and ABCG2. Class VI 
and class VII systems are defined as ABC transporters, exhibiting TMD folds similar to type V 
systems, but lack an amphipathic N-terminal helix and extracellular reentrant helices between 

TMH5 and TMH6. One example is the extractor LptB2FG and for class VII the 
mechanotransmitter MacB. Image was modified from (Thomas et al., 2020) 

1.4.3   The immunity ABC transporter LanFEG  

The LanFEG-type ABC transporters belong to the class IV subfamily of MDR 

proteins, involved in the efflux of antibiotics, toxins macrolides, or other 

hydrophilic and hydrophobic compounds. They are encoded in gene clusters of 

lantibiotics, whose mode of action is to interfere with cell wall synthesis, bind to a 

specific receptor, or modify the lipid composition of the membranes (Peschel and 

Gotz, 1996, Altena et al., 2000, Marki et al., 1991). LanFEG-type immunity 

transporters are homologous to each other and share the same domain 

organization. Subunits of the LanFEG-type ABC transporters, LanF, LanE, and 

LanG are encoded on separate genes with a completely assembled transporter 

in a hypothesized stoichiometry of 2:1:1 (Siegers and Entian, 1995, Chatterjee et 
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al., 2005). LanF proteins are cytoplasmic and dimeric NBDs, providing the energy 

for substrate transport by hydrolyzing ATP. They share the common conserved 

ATP-binding cassette motifs but instead of the Q-loop, an E-loop can be found, 

which is highly conserved in LanFEG-type ABC transporters (Okuda et al., 2010). 

This loop is thought to be involved in the communication of the NBDs with the 

TMDs, thus essential for lantibiotic transport (Okuda et al., 2010, Oldham et al., 

2008). 

LanE and LanG are integral membrane proteins, show high hydrophobicity, and 

have six putative TM helices (Stein et al., 2005). They are functional heterodimers 

and are important for substrate binding and translocation (Stein et al., 2003, 

AlKhatib et al., 2014b, Stein et al., 2005). Furthermore, LanFEG-type transporters 

confer immunity without any cross-reactivity and thus are specific for their native 

lantibiotic (Otto et al., 1998). The exact mechanism of how the ABC transporter 

provides immunity is still unknown. However, several studies have shown data 

that support an efflux mechanism, where the exporter extrudes the lanthipeptide 

from the membrane (Stein et al., 2005, Stein et al., 2003, Otto et al., 1998, Okuda 

et al., 2010).  

1.4.4   The ABC transporter NisFEG 

NisFEG is the immunity-providing ABC transporter that protects Lactococcus 

lactis from nisin. It is conserved in all species producing nisin and shows similarity 

with other LanFEG transporters from strains producing other lantibiotics such as 

subtilin. NisF is the NBD of 25 kDa. The TMD consists of the proteins NisE (28 

kDa) and NisG (24 kDa), each containing six predicted TM helices (Figure 9). It 

has been shown that the deletion of either NisF and NisE leads to a loss of 

immunity in comparison to the wild type, while mutations of NisG did not show a 

strong influence on immunity (Siegers and Entian, 1995). NisE and NisG contain 

conserved tryptophan/aromatic residues, that are hypothesized to be involved in 

the transport mechanism. In NisE there is a conserved Trp in helix V which is 

followed by a -PYTY-sequence which is a motif conserved among the immunity 

genes (Alkhatib et al., 2012). Also, in NisG at the end of helix V, there is a 

conserved Trp.  

NisFEG has been shown to remove nisin from the membrane (Stein et al., 2003). 

When homologously expressed in L. lactis, it is able to confer a seven to eight-
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fold of immunity against nisin, which represents 6-8% of immunity in comparison 

if NisI and NisFEG are together expressed (Stein et al., 2003, AlKhatib et al., 

2014b, Koponen et al., 2004, Takala and Saris, 2006, Geiger et al., 2019, Draper 

et al., 2009). Furthermore, an ATP-hydrolysis deficient mutant was generated by 

mutating H181 in NisF to alanine, and based on sequence comparison, it was 

identified to be the H-loop, which is an essential sequence motif present in all 

ABC transporters. The resulting NisFH181AEG strain still is able to bind ATP but 

cannot hydrolyze it, thus has lost its immunity (AlKhatib et al., 2014b). In the same 

study, the authors were able to show via a fluorescence-based assay using a 

DNA-binding dye that NisFEG withstands pore formation until a concentration of 

60 nM. They could also conclude that the immunity ABC transporter recognizes 

the C-terminus of nisin which is functionally associated with its pore formation 

mode of action (AlKhatib et al., 2014b).  

Figure 9: Model of the ABC transporter NisFEG calculated with Topmodel (Mulnaes et al., 
2020) and was provided by Pablo Cea Medina. Subdomains are highlighted: NisE in light 
blue, NisG light pink, and the NBDs in black and grey. The image was created using PyMOL 

2.3.0 and Powerpoint. 

1.4.5   Streptococcus agalactiae 

Streptococcus agalactiae (Group B streptococcus or GBS) is a Gram-positive 

pathogen that can asymptomatically colonize rectovaginal niches in women 

(Raabe and Shane, 2019). GBS infection can lead to invasive GBS disease which 

is a leading cause of global meningitis, neonatal and infant sepsis, bacteremia, 

pneumonia, and urinary tract infection in pregnant women and neonates (Chen 

et al., 2023b, Hall et al., 2017). GBS can be transmitted vertically from colonized 

mothers to the baby via the genital tract at or just before delivery. This may cause 
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within the first week of life early-onset invasive neonatal GBS disease (EOD) with 

symptoms of bacteremia and pneumonia (Schrag et al., 2016, Madrid et al., 

2017). Appears a GBS infection later than the first week of life, it is referred to as 

late-onset disease (LOD), which manifests as bacteremia, urinary tract infection, 

and meningitis (Berardi et al., 2013, Creti et al., 2021). A report from the World 

Health Organization (WHO) and the London School of Hygiene & Tropical 

Medicine (LSHTM) emphasized that GBS infections are the cause of over half a 

million preterm births, leading to nearly 100,000 newborn deaths, 46,000 

stillbirths annually, and significant long-term disability (Hall et al., 2017).  

The common treatment for GBS-colonized women or prophylaxis for women with 

risk factors for EOD is based either on penicillin, ampicillin, and cefazolin 

(Puopolo et al., 2019). For penicillin-allergic patients, erythromycin and 

clindamycin are recommended (Puopolo et al., 2019). Due to the overuse of 

antibiotics in hospitals, cattle production, and agriculture, bacteria develop 

mechanisms to become resistant. Up-to-date, researchers have informed about 

clinical isolates of S. agalactiae with reduced susceptibility to penicillin G and 

ampicillin (Mengist et al., 2017, Kasahara et al., 2010), as well as resistance to 

erythromycin, tetracycline, and clindamycin (Sadowy et al., 2010).  

In order to survive in a host and resist, a pathogen like S. agalactiae COH1 

expresses virulence factors such as the nisin resistance system. Such multi-drug-

resistant bacteria are highly problematic and challenge the global health system. 

Thus, it is of utmost importance to understand the resistance systems of 

pathogenic bacteria like S. agalactiae COH1 and find ways how to bypass them. 

1.4.6   The nisin resistance operon 

In contrast to the immunity system of lantibiotic-producing strains, non-producing 

bacteria have developed different mechanisms to prevent growth inhibition or cell 

death when encountering high levels of lantibiotics in their environment. These 

mechanisms can be a) modifications of the bacterial cell wall and membrane, 

leading to a repelling of cationic antimicrobial peptides (Draper et al., 2015, Saar-

Dover et al., 2012), or b) based on ABC transporter-mediated detoxification 

(Gebhard, 2012) c) proteolytic degradation via a peptidase (Sun et al., 2009) d) 

two-component system mediated resistance (Ohki et al., 2003, Diagne et al., 

2022, Dintner et al., 2014).  
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An example of such a resistance system is the nisin resistance system from 

Streptococcus agalactiae COH1, which encodes for the Bacitracin efflux 

(BceAB)-type ABC transporter SaNsrFP, the nisin resistance protein SaNSR, and 

a two-component system: NsrK and NsrR (Figure 10) (Khosa et al., 2013, Khosa 

et al., 2016c, Khosa et al., 2016a).  

Figure 10: The NSR operon. Encoded are the serine protease SaNSR (purple) (PDB:4Y68 

(Khosa et al., 2016a)), the ABC transporter SaNsrFP, consisting of the NBDs SaNsrF (orange), 
a TMD SaNsrP (light blue) and its ECD (blue), and the two-component system SaNsrR (green) 

(PDB:5DCM (Khosa et al., 2016b)) and SaNsrK (tealblue). 

1.4.5.1   The TCS: NsrK and NsrR 

TCS involved in lantibiotic resistance can be subclassified into two groups 

BceRS-like and LiaRS-like systems. Both types were first discovered in B. 

subtilis. The LiaRS-like TCS consists of three proteins, a kinase (LiaS), a 

response regulator LiaR, and a negative regulator of LiaR-mediated gene 

expression (LiaF)(Jordan et al., 2006). A prominent example besides LiaRS from 

L. monocytogenes is VraRS from S. aureus (Qureshi et al., 2014).

BceRS-like TCSs comprise a response regulator and an “intramembrane-sensing

kinase”, lacking an extracellular domain (Mascher et al., 2003, Dintner et al.,

2011).

NsrK belongs to the “intramembrane-sensing kinase” (IMSK) subfamily of

histidine kinases. They are characterized by a short N-terminal sensory domain,

composed of two TM helices separated by a short loop of less than 25 amino

acids (Mascher et al., 2003, Mascher, 2006). Due to their lack of an extracellular

domain, they are not able to act as sensors for an antibiotic attack. Thus, it needs
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to recruit accessory membrane proteins such as BceAB-type ABC transporter 

with an extracellular domain that can sense an external trigger (Clemens et al., 

2017, Khosa et al., 2013). It has been shown for the IMSK NsaS from S. aureus 

that it controls several genes associated with cell-wall biosynthesis, lipid-

modifying enzymes, proteases, and several membrane transporters (Mensa et 

al., 2014, Bhate et al., 2018). In general, the architecture of this type of kinases 

can be subdivided into three parts: 1) the TMD domain consisting of two TM 

helices, 2) the linker domain, and 3) a catalytic domain (Bhate et al., 2018). IM-

HKs contain HisKA, and HATPase domains for kinase activity and sometimes a 

HAMP domain for dimerization (Mascher, 2006). Furthermore, four key structural 

features were identified for NsaS: 1) it has a short N-terminal amphiphilic helix 

that anchors its four TM helices into the inner leaflet of the lipid bilayer, where it 

can sense membrane stress, antibiotic attacks that deform the bilayer or to 

interact with accessory proteins, 2) there is a break in the helical structure and 

increased dynamic at the membrane interface 3) the cytoplasmic linker of NsaS 

is an alpha-helical coiled-coil and 4) forms a dimer (Bhate et al., 2018). The 

architecture of NsaS can be compared to NsrK since both are intramembrane 

histidine kinases (Figure 11).  

Figure 11: Model of SaNsrK. The intra-histidine kinase SaNsrK can be subdivided into three 
domains: TM domain (blue), containing the characteristic HAMP transfer domain, a linker 

domain (grey), and a catalytic domain (green), containing the cytoplasmic dimerization and 
histidine phosphotransfer domain (DHp). A short amphipathic helix at the N-terminus of the 
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TMD (pink) is conserved in intramembrane histidine kinases (Bhate et al., 2018). Image created 

with PyMOL Version 2.3.0 and Powerpoint 16.72.  

Furthermore, the involvement of a two-component system in antimicrobial 

resistance was also shown for S. pneumoniae, where it was demonstrated that 

TCS01 cooperates with a BceAB-type ABC transporter, which was located in a 

different gene cluster, to sense and induce resistance to structurally unrelated 

antimicrobial peptides that target precursor of the cell wall (Diagne et al., 2022). 

For the BceRS-BceAB resistance system in Bacillus subtilis, the TCS and ABC 

transporter was proposed to form a sensory complex (Dintner et al., 2014). It can 

be hypothesized that SaNsrK shows similar mentioned characteristics.  

The response regulators (RRs) of TCS function as phosphorylation-activated 

switches that regulate e.g., the upregulation of genes (West and Stock, 2001). 

The general architecture of RRs comprises a receiver domain and an effector 

domain, that are connected by a flexible linker (Stock et al., 2000). Within the RD 

is a conserved aspartate residue which is phosphorylated by the histidine kinase 

upon reception of an external signal. This activates the ED which subsequently 

binds to specific promotors, initiating transcription of genes (West and Stock, 

2001, Mitrophanov and Groisman, 2008). This has been shown for GraSR in S. 

aureus as well as for BceSR in B. subtilis, where lantibiotic attack activates the 

histidine kinase and the corresponding RR BceR and GraR promote the 

transcription of graXSR, vraFG, and bceAB genes (Falord et al., 2012, Ohki et 

al., 2003). A similar function has been postulated for NsrR, where 

phosphorylation of its RD induces the expression of genes present in the nisin 

resistance operon (Khosa et al., 2016b)  

1.4.5.2   The nisin resistance protein NSR 

The nisin resistance protein (NSR) from S. agalactiae COH1 is an endopeptidase, 

belonging to the S41 family of C-terminal processing peptidases (CTPs)(Khosa 

et al., 2013, Khosa et al., 2015). It is a 35 kDa protein that is highly hydrophobic 

and anchored via a 21 amino acid residues transmembrane sequence at its N-

terminus (Froseth and McKay, 1991). The structure of NSR was solved in 2016 

and comprises eleven 𝛃-strands and eleven 𝛂-helices that form three domains: 

an N-terminal helical bundle, the protease cap, and a core domain (Figure 12) 

(Khosa et al., 2016a). These domains form a hydrophobic tunnel with a width of 
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10 Å. Using simulation and molecular docking, it was shown that nisin binds with 

its C-terminal in the tunnel near the catalytic dyad which consists of His98 and 

Ser236 (Khosa et al., 2016a). Once nisin has bound, NSR cleaves off its last six 

amino acids, resulting in a nisin molecule with 100-fold reduced antimicrobial 

activity and lower affinity towards the cell membrane (Khosa et al., 2013, Khosa 

et al., 2016a, Sun et al., 2009). Heterologous expression of NSR in L. lactis 

NZ9000 confers 20-fold resistance against nisin (Khosa et al., 2013, Khosa et al., 

2016a). 

Figure 12: NSR- the nisin resistance protein (PDB ID: 4Y68). The structure of the serine 
protease NSR is shown. NSR is anchored in the membrane. The residues around the active site 

are highlighted in light blue, and the protease cap in orange. Image created with PyMOL 
Version 2.3.0 and Powerpoint 16.72. 

1.4.5.3   Bacitracin efflux type ABC transporter 

The first BceAB-type ABC transporter was identified in B. subtilis which conferred 

high-level resistance to bacitracin (Ohki et al., 2003). Genomic analysis could 

show the presence of homologous BceAB transporters mostly in bacteria 

predominantly found in soil and in human pathogenic bacteria (Gebhard, 2012, 

Dintner et al., 2011).  

Adjacent to the bceAB genes, bceRS genes are located, encoding for a two-

component system (TCS) that regulates the expression of transporters. The 

cognate Bce-TCS system consists of an intramembrane HK BceS that 

phosphorylates the response regulator BceR (Ohki et al., 2003, Mascher, 2006). 

It has been shown for biotechnologically and medically relevant Gram-positive 

bacteria that BceS-like HKs require BceAB-type transporters for antibiotic 

signaling (Hiron et al., 2011, Dintner et al., 2014, Gebhard, 2012, Revilla-

Guarinos et al., 2014).  
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The structure of BceAB from B.subtilis was solved in 2022 at a resolution of 3.8 

Å using single particle cryo-EM (George et al., 2022). BceAB consists of two 

soluble BceA nucleotide-binding domains and one BceB domain with 10 

characteristic TM helices (Dintner et al., 2014). TM helices 1 to 4 and 7 to 10 form 

individual bundles, each representing an FtsX-domain fold like that observed in 

type VII mechanotransmission ABC transporters (Figure 13a) (Thomas et al., 

2020). TM helices 5 and 6 interact with one another and are positioned closer to 

helices 7-10 than to the other bundle, therefore creating an asymmetric 

arrangement (George et al., 2022). Furthermore, these helices form together a 

V-shaped hydrophobic pocket where a lipid could bind (George et al., 2022). The

authors were also able to identify a UPP-derivate in this binding site, using liquid

chromatography-tandem mass spectrometry. This aligns with the hypothesis that

BceB recognizes peptide-lipid complexes such as bacitracin and undecaprenyl

pyrophosphate (UPP) (Dintner et al., 2014).

The hallmark for Bce-type transporters is a large extracellular domain (200-250

amino acids long) between TM helices 7 and 8 of BceB (Clemens et al., 2017).

The architecture of the ECD can be divided into three domains (Figure 13b): 1) a

small alpha beta rich (SABRE) 2) a Porter domain and 3) stalk helices which is a

fold similar to those seen in Gram-negative mechanotransmission ABC

transporters MacB and LolCDE (George et al., 2022).
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Figure 13: Architecture of the BceAB-type ABC transporter (George et al., 2022) (PDB 

7TCG). a) TM Helix bundles 1-4 (grey), TM helix bundles 7-10 (blue), TM helices 5 and 6 (red), 
and NsrF (light orange/ orange). b) ECDs of BceB, NsrP, and VraG in comparison. Subdomains 

are highlighted: Sabre domain in (blue), Porter domain (cyan), and stalk helices (orange). 

Models of NsrPECD and VraGECD were created using AlphaFold2 (Jumper et al., 2021). 

Image created with PyMOL Version 2.3.0 and Powerpoint 16.72. 

The ECD shows a very low sequence homology with other Bce-type ECDs 

(Clemens et al., 2017). It has been proposed that the divergence of this domain 

directs specificity for resistance against different antimicrobial peptides in 

different Bce-type transporters (Dintner et al., 2011, Clemens et al., 2017). The 

status quo is that upon substrate binding e.g., to the ECD of the BceAB-

transporter, the signal is transferred to the intramembrane histidine kinase which 

subsequently phosphorylates its cognate response regulator which induces the 

expression of the ABC transporter genes. This signal transduction pathway was 

described e.g. for TCS-Bce systems in B. subtilis (BceRS-AB, YxdJK-LM and 

YvcPQ-RS) (Dintner et al., 2011, Dintner et al., 2014, Staron et al., 2011), in S. 

aureus (GraRS-VraFG, NsaRS-BraDE) (Cho et al., 2021, Bhate et al., 2018). The 

direct interaction of BceS and BceAB was shown in B. subtilis, where BceB, in 

order to initiate antibiotic resistance needs to form a complex with BceS (Dintner 

et al., 2014). 

Furthermore, it was found that ATP hydrolysis by BceA plays a crucial role in 

antimicrobial signaling (Rietkotter et al., 2008). Additionally, this type of signaling 
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is not possible in the absence of the transporter BceAB which strongly indicates 

that the transporter contains the sensor domain of this system (Revilla-Guarinos 

et al., 2014, Bernard et al., 2007). Furthermore, the binding of AMP LL-37 to the 

ECD of the homologous transporter VraG was described in S. aureus (Cho et al., 

2021). Several putative mechanisms for BceAB-type transporters have been 

proposed, ranging from AMP export, AMP removal from the membrane, flipping 

UPP to an ATP hydrolysis-driven mechanism, in which the target-AMP complex 

is recognized by the BceAB transporter and UPP is physically released from the 

bound bacitracin (Gebhard and Mascher, 2011, Kingston et al., 2014, Kobras et 

al., 2020). The expression of the BceAB-type transporter in B. subtilis is known 

to confer resistance against bacitracin and other antibiotics such as mersacidin, 

plectasine, and actagardine (Ohki et al., 2003, Staron et al., 2011).  

Very recently, the structure of BceAB in complex with its cognate histidine kinase 

BceS was published, showing that the interaction of BceS via its TM helices with 

the TM helices of BceB is mediated by membrane lipids (George and Orlando, 

2023). Furthermore, the authors demonstrate by performing ATPase assays on 

detergent-solubilized and purified BceAB and BceAB-BceS complex, that the 

activation of BceS requires BceAB and that both proteins regulate each other due 

to the significantly reduced maximal ATPase activity from the complex in 

comparison to the sole BceAB transporter. Via mutational experiments on BceS 

and testing the effect with ATPase assays, the strong influence of the 

conformation of BceS on the ATPase activity of the BceAB was demonstrated. In 

these experiments, the E115K variant of BceS reduced the ATPase activity of the 

complex while adding an H124Q mutation resulted in ATPase activity compared 

to the WT complex (George and Orlando, 2023).  

1.4.5.4   The BceAB-type transporter SaNsrFP 

The nisin resistance operon is found in the clinically-relevant pathogen S. 

agalactiae COH1 (Khosa et al., 2013, Alkhatib et al., 2012) and is similar to the 

operon of BceAB from B. subtilis. It encodes for a BceAB- type transporter and a 

TCS. The only difference to the bce operon is that there is an additional gene 

encoding the membrane-embedded nisin resistance protein.  

SaNsrFP consists of an NBD SaNsrF (28 kDa) which contains the typical ABC 

transporter signature motifs (Khosa et al., 2013). The TMD domain SaNsrP (74 
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kDa) comprises 10 TM helices. Similarily to BceAB, the TM helices 1 to 4 and 7 

to 10 form individual bundles, each representing an FtsX-domain fold like that 

observed in type VII mechanotransmission ABC transporters (Thomas et al., 

2020). TM helices 5 and 6 interact with one another and are positioned closer to 

helices 7-10 than to the other bundle, therefore creating an asymmetric 

arrangement (Figure 14). Between helix 7 and 8, there is a large ECD of 221 

amino acids. This ECD is the hallmark of BceAB-type transporters and is 

hypothesized to be involved in substrate binding and sensing (Ohki et al., 2003, 

Clemens et al., 2017, Khosa et al., 2013). This aligns well with the fact that 

intramembrane HKs lack an extracellular domain to sense extracellular stimuli 

and with the observation of previous studies that demonstrated that SaNsrFP 

does not need its cognate TCS system in order to provide resistance (Reiners et 

al., 2017). If expressed in the nisin-sensitive L. lactis NZ9000 strain NsrFP 

conferred a 16-fold resistance against nisin A, and a 12-fold resistance against 

nisin H and gallidermin. Furthermore, using a Sytox-fluorophore-based assay, it 

was identified that NsrFP prevents the cells from nisin-induced pore formation at 

concentrations between 40 and 60 nM (Reiners et al., 2017). Nonetheless, the 

exact mechanism and structure of the resistance system need to be investigated 

in more detail. 

Figure 14: The BceAB-transporter SaNsrFP. TM Helix bundles 1-4 (grey), TM helix bundles 
7-10 (blue), TM helices 5 and 6 (red), and NsrF (light orange/ orange). SaNsrFP model was

created using AlphaFold2 (Jumper et al., 2021). Image created with PyMOL Version 2.3.0 and 

Powerpoint 16.72. 
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2 Aim of the thesis 

Bacteria developing antimicrobial resistance are a leading cause of death around 

the world and challenge global health systems. This emphasizes the urgency of 

investigating antibiotic alternatives. Lantibiotics are small antimicrobial peptides 

with high potency against human pathogenic Gram-positive bacteria. 

Pharmaceutical use of lantibiotics such as nisin is limited due to Streptococcus 

agalactiae, known for causing pneumonia, sepsis, and meningitis. It expresses the 

nisin resistance operon characterized by the presence of a two-component system 

and a membrane-embedded ATP-binding cassette (ABC) transporter NsrFP. The 

latter alone is enough to confer resistance and in combination with the nisin 

resistance protein (NSR) it is an effective resistance system. The work reported in 

this thesis is part of a larger effort to characterize the ABC transporter protein 

SaNsrFP and the characteristic large extracellular domain of NsrP in vivo and in 

vitro. Furthermore, to identify high-affinity binding inhibitors, acting specifically 

against SaNSR and/or SaNsrFP, compounds were screened. 

Lantibiotic-producing bacterial strains express two proteins that confer immunity 

against their own lantibiotic. In the case of Lactococcus lactis which produces nisin, 

these proteins are NisI and NisFEG. By simultaneous expression full immunity is 

achieved. Since the mechanism of immunity ABC transporter could also be helpful 

to understand resistance systems, another objective of this thesis was to 

characterize NisFEG functionally and structurally.  
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characterization 
of the nucleotide‑binding domain 
nsrf from the BceAB‑type 
ABc‑transporter nsrfp 
from the human pathogen 
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treatment of bacterial infections is a great challenge of our era due to the various resistance 

mechanisms against antibiotics. Antimicrobial peptides are considered to be potential novel 
compound as antibiotic treatment. However, some bacteria, especially many human pathogens, are 
inherently resistant to these compounds, due to the expression of BceAB‑type ABC transporters. This 
rather new transporter family is not very well studied. Here, we report the first full characterization 
of the nucleotide binding domain of a BceAB type transporter from Streptococcus agalactiae, namely 
Sansrf of the transporter Sansrfp, which confers resistance against nisin and gallidermin. We 
determined the NTP hydrolysis kinetics and used molecular modeling and simulations in combination 
with small angle X‑ray scattering to obtain structural models of the SaNsrF monomer and dimer. The 
fact that the SansrfH202A variant displayed no ATPase activity was rationalized in terms of changes 
of the structural dynamics of the dimeric interface. Kinetic data show a clear preference for ATP as a 
substrate, and the prediction of binding modes allowed us to explain this selectivity over other NTPs.

Therapeutic compounds against bacterial infections are currently one of the biggest needs worldwide. Among 
antibiotics, antimicrobial peptides (AMP) offer promising potential for the treatment of bacterial infections, 
alone or in combination with already known  molecules1,2. An alarming number of pathogenic multidrug resist-
ant strains have evolved under the selective pressure caused by decades of incorrect antibiotic usage. Among 
them, methicillin-resistant Staphylococcus aureus (MRSA) or vancomycin-resistant Enterococcus (VRE) pose a 
high risk to therapeutic  regimens3. To include new classes of antibiotics in therapy, studies were performed with 
lantibiotics, a class of AMPs. These ribosomally-synthesized peptides exhibit high potency against several human 
pathogenic bacterial  strains2–4 and show high stability to chemical and enzymatic degradation due to multiple 
intramolecular thioether rings and unsaturated amino  acids4–8.

Most known lantibiotics act similar in that they inhibit cell wall  synthesis9. A common target for AMPs is the 
peptidoglycan layer, which exists in Gram-positive as well as Gram-negative bacteria. It is built up by altering 
amino sugars such as N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) and stabilized by 
a cross-linkage of those polymer chains. The inhibition of the cell wall synthesis results in reduced cell growth 
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and subsequent cell death. The well-known lantibiotic nisin contains five lanthionine rings and primarily tar-
gets the cell wall precursor Lipid II. The initial binding of the first two N-terminal lanthionine rings (A and B) 
of the lantibiotic to Lipid II is followed by a reorientation of the C-terminus into the membrane, resulting in 
pore formation and subsequently cell  lysis10,11. Even though lantibiotics are effective in the nanomolar range, 
their application is hampered by resistance-conferring mechanisms found in human pathogenic  bacteria7,12,13. 
The resistance is mediated by a newly discovered class of ATP binding cassette transporters, called Bacitracin 
efflux ABC transporters (BceAB), named after their first discovery in the bacitracin resistant strain of Bacillus 
subtilis14,15. In Streptococcus agalactiae such a BceAB-type ABC transporter is also present, as part of an operon 
that confers resistance against the lantibiotic  nisin16. This operon consists of the membrane-associated protease 
SaNsr17, the ABC transporter SaNsrFP8, and the two-component system comprising the response regulator 
SaNsrR and the histidine kinase SaNsrK18. So far, structural information is known only for SaNsr17 and SaNsrR18.

Like all ABC transporters, BceAB-type transporters are composed of a nucleotide-binding domain (NBD) 
and a transmembrane domain (TMD). The NBD hydrolyses ATP, which drives conformational changes in the 
TMD, leading to substrate translocation. The TMD of BceAB-type ABC transporters are characterized by ten 
predicted transmembrane helices and a large extracellular domain  (ECDL) of ~ 220 amino acids that is the hall-
mark of this transporter  family4,8,16.

Sequences of the TMD domains from various BceAB-type ABC transporters are not very similar, which 
explains the large variety of substances they are able to  translocate16. In contrast, NBDs share sequence and 
distinct motifs which are highly conserved throughout the ABC transporter  superfamily19–22. NBDs are mainly 
L-shaped and comprise a helical signaling domain and a catalytic domain built of α-helices and β-strands23–25.
The catalytic domain contains the Walker A motif that forms the nucleotide-binding site. A glutamate residue in 
the Walker B motif takes part in proper nucleotide binding; the γ-phosphate of the ATP molecule is sensed by
a conserved histidine (H-loop) which when mutated results in an inactive  variant22,23,26. Signaling and catalytic
domains are connected by the Q- and the P-loop. Within the signaling domain the C-loop is located, which is
the signature motif of an ABC transporter (for an alignment see Fig. S6 and Table S2)22,27,28.

Dimerization of two NBD monomers in a head-to-tail conformation, is needed to enable ATP hydrolysis with 
the nucleotide binding sites located in the dimer interface. Each ATP molecule is sandwiched between the Walker 
A motif of one monomer and the C-loop of the second one, which results in a closed, stable  complex24,29–31. An 
interaction between the NBD and the nucleotide is supposed to occur by π–π-stacking between the aromatic 
ring system of the nucleotide and an aromatic residue of the protein (F or Y). Hence, no preference towards any 
nucleotide-triphosphate (NTP) has been  assumed24, as also observed for example for yeast  PDR532. The hydrolysis 
of ATP is coupled to the presence of a cofactor, almost exclusively  Mg2+, which is coordinated by the Walker B 
motif. The divalent cation participates in the hydrolytic attack on the γ-phosphate of the  nucleotide26,28,31.

Here, we report for the first time biochemical and structural characteristics of the BceA nucleotide binding 
domain SaNsrF, through NTP hydrolysis assays, molecular modeling and simulations. SaNsrF is part of the 
BceAB-type ABC transporter NsrFP from Streptococcus agalactiae16. We show that the NBD SaNsrFWT and its 
hydrolysis-deficient variant SaNsrFH202A are monomeric in solution. Broad-ranging in vitro ATPase screenings 
delivered detailed information about the protein’s properties with regard to its structure and physiology. We show 
that the preferred substrate of SaNsrF is ATP as demonstrated by its kinetic parameters. Moreover, we built a 
structural model of the ATP/Mg2+-bound SaNsrF protein in its monomeric and dimeric form by comparative 
modeling and molecular dynamics simulations. In all, this constitutes the first biochemical characterization of 
a BceAB-type NBD.

Results
Cloning, expression and purification. For substrate transport BceAB-type ABC transporters depend 
on energy supply generated by ATP hydrolysis, which is mediated by the NBD. Here, we characterized the NBD 
NsrF of the BceAB-type ABC transporter NsrFP from Streptococcus agalactiae. To heterologously express SaN-
srFWT and SaNsrFH202A, we constructed expression vectors using a codon-optimized version of SaNsrF for the 
heterologous expression in E. coli (Gen Bank accession number: WP_000923537). These constructs expressed a 
SaNsrF protein with an N-terminal His10-tag attached for purification using Metal Ion Affinity Chromatogra-
phy. The corresponding SaNsrF constructs were expressed under the control of the plasmid-based T7-promoter 
via induction with Isopropyl-β-D-thiogalactopyranoside (IPTG). SaNsrFWT was purified to high homogene-
ity (Fig.  1A), and was examined by Size Exclusion Chromatography coupled to Multiangle Light Scattering 
(SEC-MALS)33, which revealed a molecular mass of 31.9 ± 0.4  kDa for the SaNsrFWT protein (Fig.  1B). This 
corresponds nicely with the calculated theoretical molecular mass of the recombinant monomer of 30.9 kDa 
including the His10-tag. Thus, the conducted SEC-MALS analysis revealed that SaNsrFWT exists as a stable 
monomer in solution, which is in line with previous observations of other NBDs from different ABC transporter 
 families34–36.

By sequence alignments,  His202 was identified to be the essential residue of the H-loop37–39. As shown for 
other NBDs, a point mutation to alanine results in a loss of the ATPase activity of the NBD. We generated this 
variant of SaNsrF (SaNsrFH202A), which indeed displayed no NTP hydrolysis (see below). This variant served 
as a negative control in all our experiments. The lack of NTP hydrolysis for SaNsrFH202A is in line with in vivo 
studies that show that this variant abolishes the activity of SaNsrFP8,40.

Activity of  SansrfWT. After successful purification, we functionally characterized SaNsrFWT. To do so, we 
screened the following parameters for their influence on the ATP hydrolysis velocity: (I) pH, (II) salt concentra-
tion, (III) nature of the divalent ion and (IV) temperature (see Supporting Information and Fig. S1). As a result, 
the optimized conditions were found to be 100 mM HEPES at pH 7 with 0 mM NaCl as an assay buffer. The 
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buffer included 10 mM  Mg2+ and the reaction was finally performed at 30 °C, with an incubation time of 18 min 
(Fig S1). These optimized conditions were applied in all following experiments.

Velocity of ntp hydrolysis by  SansrfWT and  SansrfH202A. Kinetic measurements were performed 
by quantifying the NTP hydrolysis under increasing concentrations of the respective nucleotide. We determined 
the NTP hydrolysis behaviour of SaNsrFWT and SaNsrFH202A using increasing amounts of ATP, GTP, CTP or 
UTP.

As depicted in Fig. 2A, the SaNsrFWT protein demonstrated a nonlinear dependency of ATPase activity 
over a range of 0–5 mM ATP. The maximal reaction velocity was calculated to be 190.9 ± 10.0 nmol min−1 mg−1 
when using ATP. Moreover, the calculation of the kinetic parameters resulted in a kinetic constant of 
 khalf = 0.41 ± 0.05 mM and a Hill coefficient of h = 1.72 ± 0.27 (Fig. 2A and Table 1). A Hill coefficient > 1 
demonstrates a cooperative behaviour, and suggests that SaNsrFWT needs to dimerize to hydrolyze ATP, 
which is in line with other previously characterized  NBDs41–43. For GTP, the maximal reaction velocity was 
221.6 ± 11.1 nmol min−1 mg−1 with a Hill coefficient of h = 1.82 ± 0.27 and a  khalf value of 0.69 ± 0.07 mM (Fig. 2B 
and Table 1). Interestingly, the highest reaction velocity with a value of 339.0 ± 30.4 nmol min−1 mg−1 was 
reached using CTP as a substrate with the highest measured  khalf value of 1.23 ± 0.20 mM and a Hill coefficient 
of 1.63 ± 0.53 (Fig. 2C and Table 1). The kinetic parameters using UTP as a substrate resulted in comparably high 
values of  vmax = 314.8 ± 23.4 nmol min−1 mg−1,  khalf = 0.90 ± 0.13 mM and h = 1.55 ± 0.25 (Fig. 2D and Table 1). 
The variant SaNsrFH202A displayed no hydrolytic activity for any of the four used NTPs (Fig. 2, dashed lines).

Structural models of SaNsrF monomer and dimer. Since no experimental structure of SaNsrF is 
available, we generated a structural model of the NBD by comparative modeling. NBDs are the most conserved 
parts of ABC transporters and in the case of SaNsrF, the templates used for modeling show a sequence identity 
of ~ 30–40% and a sequence similarity of 84–89% (Table S1). Of these X-ray structures (resolution between 1.7 
and 3.4 Å), two constitute NBDs in the functionally active assembly; they were crystallized with the TMD of the 
macrolide exporter MacAB from Acinetobacter baumannii (PDB ID  5GKO44) and MacAB-like from Streptococ-
cus pneumoniae (PDB ID  5XU145).

The homology model of SaNsrFWT in the monomeric form is of high quality, given the low overall  TopScore46 
(TS) value of 0.24 (Fig. 3A). This superimposition-free score evaluates local distance  differences47 of all atoms in 
a model, and a value closer to zero indicates higher quality. The regions modeled with lower reliability (TS > 0.5), 
accounting only for ~ 6% of the total sequence, are located at the β-hairpin (residues 15–18) and the two C-ter-
minal helices (residues 229–232, 235–236, 246–250). Both substructures can be found in other NDBs, however, 
indicating the plausibility of the model. For example, when compared to the structure of ComA from Streptococ-
cus mutans (PDB ID  3VX448), the C-terminal helices have a virtually identical fold, with an RMSD of 0.6 Å for 
the last 50 residues, based on sequence alignment followed by structural superimposition.

The dimeric SaNsrFWT model is structurally similar to other known structures, given RMSD values of ~ 5 Å 
or lower (RMSD of 3.5 Å, 4.5 Å and 5.2 Å for PDB IDs 1L2T, 5GKO, and 5XU1, respectively), indicating the 
suitability of the performed protein–protein docking. The reliability of the model is additionally verified by the 
presence of conserved motifs (Fig. 2B and Table S2), such as the phosphate-binding loop (P-loop or Walker 
A motif), the cofactor-chelating region (Walker B motif), and a short consensus sequence “LSGGQ” (C-loop 
or ABC signature motif), which signify ABC transporter family membership at the sequence level. Moreover, 
the α-helical and RecA-like domains are in the canonical head-to-tail arrangement (Fig. 3C). Interestingly, the 

Figure 1.  Purification and SEC-MALS of SaNsrFWT. (A) SDS-PAGE of the SaNsrFWT purification progress. 
PageRuler Prestained Protein Ladder (size indicator; 10 to 180 kDa), E. coli strain before IPTG induction (1), E. 
coli strain after IPTG induction (2), IMAC load (3), IMAC flow-through (4), IMAC wash-fraction (5), IMAC 
eluate (6), SEC eluate (7). (B) Multiangle Light Scattering of SaNsrFWT. Freshly purified SaNsrFWT was diluted 
in MALS-buffer and applied with a concentration of 3 mg mL−1 onto a Superdex 75 16/300 increase column. 
MALS-RI analysis shows that the SaNsrFWT protein elutes with an absolute molecular mass of 31.9 ± 0.4 kDa, 
consistent with a theoretical monomeric mass in solution.
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Figure 2.  Kinetic measurement of SaNsrFWT (black) and SaNsrFH202A (dashed lines) NTPase Activity [nmol 
 min−1 mg−1] after 18 min of incubation. A concentration range of each NTP from 0 to 5 mM was applied on 
freshly purified SaNsrF or SaNsrFH202A (0.1 mg mL−1; diluted in 100 mM HEPES at pH 7). The reaction was 
stopped after 18 min and dyed for 7 min. A sigmoidal fit was applied using GraphPad PRISM 8.3.0. (A) Kinetic 
parameters of SaNsrFWT exposed to 0–5 mM ATP:  vmax: 190.9 ± 10.0 [nmol  min−1 mg−1], h: 1.72 ± 0.27,  khalf: 
0.41 ± 0.05 [mM]. (B) Kinetic parameters of SaNsrFWT exposed to 0–5 mM GTP:  vmax: 221.6 ± 11.1 [nmol 
 min−1 mg−1], h: 1.82 ± 0.27,  khalf: 0.69 ± 0.07 [mM]. (C) Kinetic parameters of SaNsrFWT exposed to 0–5 mM 
CTP:  vmax: 339.0 ± 30.4 [nmol  min−1 mg−1], h: 1.63 ± 0.53,  khalf: 1.23 ± 0.20 [mM]. (D) Kinetic parameters of 
SaNsrF exposed to 0–5 mM UTP:  vmax: 314.8 ± 23.4 [nmol  min−1 mg−1], h: 1.55 ± 0.25,  khalf: 0.90 ± 0.13 [mM]. All 
experiments have been performed in at least three biological replicates and are represented as means ± s.d.

Table 1.  Kinetic parameters  Vmax [nmol  min−1 mg−1],  khalf [mM] and the Hill-coefficient h resulting from 
different NTPs as a substrate for SaNsrFWT. All experiments have been performed in at least three biological 
replicates and are represented as means ± s.d.

NTP Vmax khalf h

ATP 190.9 ± 10.0 0.41 ± 0.05 1.72 ± 0.27

GTP 221.6 ± 11.1 0.69 ± 0.07 1.82 ± 0.27

CTP 339.0 ± 30.4 1.23 ± 0.20 1.63 ± 0.53

UTP 314.8 ± 23.4 0.90 ± 0.13 1.55 ± 0.25
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Figure 3.  Homology models of SaNsrFWT monomer (A, B) and dimer (C, D). (A) Structure colored according 
to the residue-wise TopScore. Green/yellow colors indicate regions with low residue-wise error (< 50%). (B) 
Zoom into the NBD-NBD interface with ATP and  Mg2+ bound, highlighting the conserved motifs necessary for 
ATP binding and hydrolysis, and for NBD-NBD and NBD-TM communication. See Table S2 for the location of 
the conserved motifs in the primary  sequence22. (C) Structure colored according to domain organization and 
zoom into the NBD–NBD interface, reporting the conserved residues used as restraints for protein–protein 
docking. The α-helical domain is shown in violet; the RecA-like domain, further subdivided into F1-type 
ATP binding core, antiparallel β subdomain, and γ-phosphate linker is colored respectively in yellow, green, 
and red. The bound ATP (blue) and  Mg2+ (green) are shown in space-filling representation. The dashed line 
highlights the interface between subunits. (D) Electrostatic potential computed for the representative structure 
of the most populated cluster of conformations obtained by MD simulations. The color scale of the electrostatic 
potential ranges from − 3.0 (red) to + 3.0 (blue) kBTec

−1; the potentials were computed with the Adaptive Poisson-
Boltzmann Solver (APBS)49.
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calculated electrostatic potential shows a clear polarization (Fig. 3D) with positively charged residues (such as 
R and K) prevalent on the dimer’s side oriented towards the membrane (named “top”) and negatively charged 
residues (such as D and E) on the opposite side (named “bottom”) in agreement with the expected topology.

Structural dynamics at the NBD–NBD interface and impact of the  SaNsrFH202A substitu‑
tion. The SaNsrF models were subjected to all-atom MD simulations of in total 10 μs length to investigate the 
structural dynamics at the NDB-NDB interface and to highlight the impact of the H202A substitution on ATP/
Mg2+ binding. The RMSD profiles for SaNsrFWT and SaNsrFH202A monomers (Fig. S2) reach almost immediately 
a plateau at ~ 4 Å, indicating that the overall structure is mostly invariant over simulation times of 0.5 μs for each 
replica. Additionally, the low variability of ATP/Mg2+ coordinates (Fig. S3A,B) suggests that the SaNsrFH202A 
substitution does not impact ATP/Mg2+ binding, at least on the timescale of our simulations.

The RMSD profile for the SaNsrFWT and SaNsrFH202A dimers is mostly invariant (Fig. S4A) when the struc-
tures are superimposed onto the two subunits separately (red and blue lines). However, when the superimposition 
is done with respect to the least mobile regions in the whole dimer (black line), RMSD values reach ~ 6–9 Å in 
three out of five replicas for SaNsrFWT, indicating that the arrangement of the two subunits changes during the 
simulations. In particular, the interface between the subunits partially opens (Fig. S4B) up to ~ 25 Å (Fig. S5). 
The change of ATP molecule and  Mg2+ ion positions relative to the protein is more marked for SaNsrFWT dimer 
(Fig. S3). Interestingly, this is not happening in the SaNsrFH202A variant, where the interface seems to be more 
stable.

In terms of structural mobility, the central region of SaNsrFWT and SaNsrFH202A (residues ~ 50–150) shows 
a different profile in monomers and dimers (Fig. 4). In monomers (Fig. 4A,B), this region is less mobile than 
in dimers (Fig. 4C,D), with RMSF values lower than 2 Å and up to 4 Å, respectively. Moreover, in the dimeric 
SaNsrFH202A variant, this region is slightly less mobile than in SaNsrFWT. The residues of the central region are 
oriented towards the TM region of the transporter (Fig. 4E,D). In addition, after the alignment of SaNsrF with 
NBDs of structures containing the TMD (PDB ID 5XU1, Fig. 4G), most of the residues of this central region 
are located at < 5 Å distance from the coupling helices (CH1, between TM2 and TM3, and C-terminal CH2) 
of the transporter, suggesting that this central region is involved in NBD-TMD communication (Fig. 4H). A 
similar result was found for the HlyB  transporter50, where the X-loop motif (corresponding to residues 137–142 
in SaNsrF, located in the central region) has been proposed to be an important part of the NBD-TMD com-
munication. Even though we are considering an ATP-bound pre-hydrolysis state, SaNsrF in the dimer seems to 
be generally more mobile than in the monomer, in agreement with the idea that a dimeric assembly is needed 
in order to perform its function.

H-bond analysis in SaNsrFWT and SaNsrFH202A dimers reveals that the number of H-bond interactions
between SaNsrF and the ligands (ATP molecules and magnesium ions) is on average higher in the case of the 
SaNsrFH202A variant (Fig. 5A). This is due to the higher structural stability compared to SaNsrFWT. Besides the 
three residues used as restraints for protein–protein docking (S43–R152–D176), other residues contribute to 
the stability of the dimer with H-bond occupancies up to 70%, such as R13, T14, R15, E42, E144, and R178 
(Fig. 5B,C). Surprisingly, the residue-wise H-bond occupancy in SaNsrFWT is significantly higher (p < 0.01) for 
two specific H-bonds involving both side chains and backbone atoms (D136–R15 and R133–R15), although 
the interface of the SaNsrFWT dimer is less structurally stable (see above). Indeed, in the initial dimeric model, 
these interactions are not present, but require the movement of one monomer to the other for them to form.

To conclude, the generated models show a high structural stability over the simulation lengths. In the dimers, 
the central region is more mobile than in the monomers; in SaNsrFWT, the interface between subunits is structur-
ally less stable than in the SaNsrFH202A variant. Since a shift of one monomer to the other is necessary for NDBs 
to perform their function, these results together suggest that the mutation SaNsrFH202A impacts the structural 
dynamics at the SaNsrF interface and not only the catalytic mechanism.

Small angle X‑ray scattering. Unfortunately, we were not able to crystalize the SaNsrF protein, although 
extensively tried. In order to experimentally validate this new model, we choose Small Angle X-Ray Scattering 
(SAXS) to compare the theoretical model with the experimental scattering (Fig. 6A) measured with the Xenocs 
Xeuss 2. Based on the experimental data, we calculated an ab  initio model for SaNsrFWT with the program 
 GASBOR51 and obtained a χ2 value of 0.97. Superimposing the ab initio and the TopModel model reveals that 
the structure and the envelope obtained by the SAXS experiment overlap, but also a density tail at the C-termi-
nus of SaNsrFWT (Fig. 6B) that is not occupied by the model. Scrutinizing the templates used by  TopModel52 
shows that this helical part (Fig. 6B, orange helix) is rather unstructured or even missing. This finding indicated 
that this region might be highly flexible in solution, thereby covering the available free space in the SAXS enve-
lope (Fig. 6B, red helix). With the program  CRYSOL53 we compared the theoretical scattering curve obtained 
from the TopModel model against the experimental data. The resulting χ2 value of 1.16 indicates a good agree-
ment between the prediction and the experiment. We uploaded the SAXS data and the corresponding model 
of SaNsrF to the Small Angle Scattering Biological Data Bank (SASBDB)54,55 with the accession code SASDJR3.

Molecular docking of other NTPs. In order to rationalize the hydrolysis preference for ATP over other 
NTPs, we predicted the binding mode of these molecules in complex with the SaNsrFWT dimer. Ten different 
pocket conformations, obtained from five equilibrated structures used also for MD simulations times two pock-
ets each, were considered. When focusing on the configurations with lowest Coulomb (ecoul) and van der Waals 
(evdw) energies, ATP is slightly enriched compared to the other NTP (3 × ATP, 2 × UTP, 1 × CTP and 1 × GTP), 
suggesting that ATP binding is preferred due to enthalpic contributions to binding (Fig. 7A). Residues giving rise 
to this preference are those interacting with the nucleobase, namely F12, T49, A23 of one subunit and F143′ and 
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Figure 4.  Structural mobility of the SaNsrFWT and SaNsrFH202A systems expressed as RMSF of Cα atoms. Before RMSF 
calculation, the structures were fitted onto the 15% least mobile residues, averaged over five MD simulation replicas. The 
variability between replicas is expressed as SEM and shown as colored area (grey for the monomers, red for chain A and blue 
for chain B). (A) SaNsrFWT monomer. (B) SaNsrFH202 variant monomer. (C) SaNsrFWT dimer. (D) SaNsrFH202 variant dimer. 
The secondary structure elements of the initial model are shown as black and white bands. The central region of SaNsrFH202 
(residues ~ 50–150) is highlighted with brackets. Residues of the central region with RMSF > 2 Å are mapped onto the dimer 
structures. (E) For SaNsrFWT (in grey) and (F) for SaNsrFH202 variant (in pink). The other two regions with RMSF > 2 Å 
(hairpin of the antiparallel β subdomain and the C-term) are not shown for clarity. The dashed line highlights the interface 
between subunits. (G) Structure of the MacAB-like transporter from Streptococcus pneumoniae (PDB ID  5XU145) reported 
as comparison to highlight the expected orientation of the NBD to the TMD (shown as dashed shape), its coupling helices 
(CH1 and CH2, highlighted in green) and the membrane (as grey area). (H) After superimposition of the NBDs, regions of 
SaNsrF located at < 5 Å from the coupling helices of the MacAB-like structure, and therefore likely involved in NBD-TMD 
communication, are highlighted in orange.
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E144′ of the other (Fig. 7B). In particular, the phenylalanines are interacting with the nucleobase by π-π stacking 
interactions, and the amino groups of CTP and GTP form H-bonds with the backbone oxygen of F143′ and the 
carboxylate group of E144′, respectively. Since in ATP the amino group has the same orientation as in CTP, a 
similar kind of H-bond pattern can be expected.

Over respective pockets 1 or 2, which are not symmetric as described above, ATP shows the largest sums of 
Coulomb and van der Waals energies compared to the other NTPs (Fig. 7C), indicating strongest binding based 
on enthalpic components, which is in line with the biochemical data where ATP shows the lowest  khalf value 
(Fig. 2 and Table 1).

Discussion
A rather novel family of ABC-transporters, the Bacitracin efflux (Bce) type transporters, have been identified 
to confer high-level resistance against bacitracin as well as against lantibiotics such as nisin and gallidermin in 
Bacillus subtilis, Staphylococcus aureus, and Streptococcus agalactiae8,14,16,57–60. These transporters have been rudi-
mentarily characterized in vitro. We set out to characterize the NBD of the transporter SaNsrFP; this transporter 
has been shown to be involved in lantibiotic  resistance8.

Figure 5.  H-bond analysis in SaNsrFWT and SaNsrFH202A dimers. (A) The average number of H-bonds between 
the two proteins and between the protein and the ligands per MD replica. Standard deviations are reported 
in parentheses. For the numbers in bold, the SEM was computed according to n = 5. **p < 0.01 according 
to a two-tailed t-test. (B) Residues in the interface that predominantly form H-bonds (occupancy > 20%). 
H-bonds are shown as lines connecting the Cα atoms of these residues. The dashed line highlights the interface 
between subunits. (C) H-bond occupancy for the most prevalent interactions (occupancy in at least one of the
systems > 10%). Error bars are showing the SEM. **p < 0.01 according to a two-tailed t-test for the comparison of 
SaNsrFWT and SaNsrFH202A variant; n.s.: not significant.
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We have purified and characterized the SaNsrFWT and SaNsrFH202A proteins regarding their ability of ATP 
hydrolysis. The results revealed that inorganic phosphate is only released in a pH range of 6–8, where an HEPES 
buffer at pH 7 was found to yield maximal ATPase activity. Interestingly, 20% difference could be found in a 
TRIS buffer system at the same pH (Fig S1A). Similar results were obtained by Zaitseva et al. examining the 
HlyB-NBD36. In that study, a correlation between the pH of 6 and the  pKa values of the glutamate residue and/
or the γ-phosphate of the nucleotide and between the pH of 8 and the  pKa value of the conserved histidine 
bound in a salt bridge with the γ-phosphate was made. On that basis, the nucleophilic attack on the γ-phosphate 
is preceded, originating from a hydrolytic water molecule, which results in the cleavage of the γ-phosphate 
 moiety26,36,61. Moreover, the importance of the conserved histidine could be confirmed since the SaNsrFH202A 
variant was shown to be incapable of hydrolysing ATP. Here, the ‘linchpin’-role during ATP-hydrolysis is con-
ducted by the H-loop22,36,38,62. Also, this allows a possible explanation for the observed decrease of activity with 
increasing concentrations of NaCl (Fig. S1B). Since the conserved histidine is in contact with the γ-phosphate 
of the nucleotide by forming a salt bridge, rising salt concentration could disrupt this existing interaction. In 
contrast, a buffer system containing 300 mM of NaCl was used for protein storage, which indicates an inverse 
correlation between protein stability and activity at rising NaCl  concentrations63. The incapability of SaNsrFH202A 
to hydrolyse ATP supports in vivo studies where a loss of resistance against the lantibiotic nisin was observed 
when expressed in L. lactis bacterial  cells8.

Like many other NBDs, SaNsrF was observed to be strictly dependent on its cofactor  Mg2+39,64,65, because 
this is required as a Lewis acid in the catalytic cycle.  Mg2+ is involved in proton abstraction from the nucleotide 
and the nucleophilic attack of the catalytic water, which results in the hydrolytic cleavage of its γ-phosphate36.

Finally, we conducted kinetic measurements including all optimized parameters and the preference of SaN-
srFWT and SaNsrFH202A for hydrolysing different NTPs. We propose that the main interaction of the nucleoside 
triphosphate and the protein occurs by π–π-stacking between the adenine moiety and F12 downstream of the 
Walker A motif (Fig. 3B,C) as also observed for other NBD’s22,24,25,30. Also,  Mg2+, anchored to the protein through 
Asp and Glu residues of the Walker B motif, interacts with the phosphate region of ATP. The Walker A motif 
binds to the other side of the phosphate region (Fig. 3B).

Based on a comparison of docked binding poses of other NTPs, additional interacting residues were predicted 
(Fig. 7B). Amino group-containing NTPs (ATP, CTP and GTP) can form H-bonds with the backbone oxygen of 
F143′ and the carboxylate group of E144′, whereas purines in ATP and GTP form more extended π–π stacking 
interactions with F12 and F143′. ATP shows the largest sums of Coulomb and van der Waals energies compared 
to the other NTPs in either pocket of the NBD, in line with the biochemical data where ATP displayed the lowest 
 khalf value (Fig. 2 and Table 1).

By comparing the measured kinetic parameters of each examined NTP, it becomes obvious that the reac-
tions including UTP or CTP resulted in a significantly higher reaction velocity, respectively, when compared to 
ATP. Nevertheless, the CTPase and UTPase activities revealed noticeably high kinetic constants  (khalf) as well. 
With regards to the substrate affinity represented by the  khalf value, a minimum of 0.41 ± 0.05 mM was reached 
using ATP as a substrate, which signifies ATP as the most favoured of all four tested NTPs for SaNsrFWT. Hence, 
ATP has the highest affinity to SaNsrFWT compared to the other examined NTPs, which corresponds with the 
physiological appearance in vivo of each NTP ([ATP] > [GTP] > [UTP] > [CTP]), which underlines that ATP is 
the preferred substrate for the  protein32,66–68. Considering the physiology of purine (ATP, GTP) and pyrimidine 
(UTP, CTP) nucleotides, we concluded that the involved aromatic ring systems play a major role concerning 
the substrate affinity and stability of the protein-substrate-complex. Here, pyrimidine bases exhibit a smaller 
electron density that can be involved in π–π-stacking. Thus, dissociation of pyrimidine nucleotides from the 
enzyme occurs faster than purine nucleotides. By contrast, the stabilized protein–purine-complex is less liable 

Figure 6.  Comparison of the ab initio model with the homology model. (A) Experimental scattering data are 
shown as black dots and the ab initio model fit as red line. The intensity is displayed as a function of momentum 
transfer s. (B) Ab initio model of the SaNsrFWT. The volumetric envelope from SaNsrFWT, calculated from the 
scattering data using  GASBOR51, is shown by the blue mesh. The homology model of the SaNsrFWT monomer 
(shown in green) was docked into the volumetric envelope using  SUPCOMB56. Concerning the flexibility of the 
C-terminal helix (shown in orange), we show a possible, changed orientation of this helix in red.
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to dissociation. Together, this may explain the small  khalf values found for ATP and GTP and the high reaction 
velocities caused by a high turnover of CTP and UTP.

NBDs are assumed to share a large number of properties due to highly conserved sequences and specific 
motifs (see Fig. 3B,C and Table S2)22–26,30. The presence of a certain substrate such as ATP is supposed to induce 
a dimerization of the two NBD monomers in a typical head-to-tail formation, resulting in two ATP molecules 
in the dimer interface, sandwiched by the Walker A motif of one monomer and the signature motif of the other 
one as a cooperative  process22,24,25.

NBDs hydrolyse ATP, which drives substrate translocation by conformational changes of the TMD. In the 
case of the BceAB-type ABC transporter SaNsrFP, the energy supply is provided by the BceA-domain SaNsrF16. 
By employing SEC-MALS-coupled analysis we were able to confirm a monomeric state of SaNsrFWT and its 
variant SaNsrFH202A in solution since the measured molecular masses corresponded with the calculated values 
for each monomer. This agrees with the oligomeric state of other NBDs from other ABC transporter families in 
the absence of  nucleotide34–36.

Furthermore, this is in line with our SAXS data that allowed the construction of a volumetric envelope of the 
SaNsrFWT monomer. The experimental structure of SaNsrF has not been published yet. Here, we generated a 
structural model using  TopModel52 based on five main templates 1F3O_A, 5XU1_B, 2PCL_A, 5GKO_A, 2OLJ_A 
(Fig. 3A, 6B). We compared this model with the volumetric envelope obtained from SAXS data, showing high 

Figure 7.  Molecular docking of other NTPs. (A) Scatterplot representing the Coulomb (ecoul) versus the van 
der Waals (evdw) energy terms of the docking score. Each data point represents an NTP configuration inside the 
two pockets of five different, equilibrated SaNsrF structures. In quadrant IV, NTP configurations with respective 
lowest energies are circled. (B) Representative binding modes of NTPs, referring to the circled data points in 
section A. Residues at ≤ 4 Å from the nucleobases are shown in sticks and labelled. The  Mg2+ ion is shown as a 
green sphere (C) Normalized average energy terms for pockets 1 and 2 of each SaNsrF complex. The error is 
reported as normalized SEM (n = 5).
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reliability and agreement with experimental data. It is striking that the density of the protein model is partly 
not occupied. A flexible C-terminus could be the reason, which would make a temporary fit of the versatile 
C-terminal helix to the proposed model possible. As for well-studied NBDs such as HisP, the modeled SaNsrF
dimer exhibits the typical head-to-tail formation including two sandwiched ATP molecules in the dimer inter-
face between the Walker A motif of the first monomer and the C-loop of the second  one22,24,25,30. Therefore, the
SaNsrF protein shares many structural similarities with other known NBDs. As the γ-phosphate moiety of ATP
was predicted to be in close proximity of the conserved histidine (H-loop) and the cofactor  Mg2+, one can deduce
a consensus with the hypothesis of the H-loop acting as a sensor, whereas the cofactor is involved in hydrolytic
cleavage while being coordinated by the Walker B motif (Fig. 3B,C)22,23,26,28. Furthermore, in SaNsrFWT, the
interface between subunits is structurally less stable than in SaNsrFH202A. Since a shift of one monomer to the
other is necessary for NDBs to perform their function, these results suggest that the substitution SaNsrFH202A

impacts the structural dynamics at the SaNsrF interface and not only the catalytic mechanism.
Clearly, the SaNsrF protein represent an isolated NBD and we do not know if the kinetic correspond to the 

ATP hydrolysis that will occur in the presence of the transmembrane protein SaNsrP. However, when comparing 
the data with known NBDs which has been described before in the presence and absence of the transmembrane 
segment it can be observed that  vmax might be changed, the  km values however remains very similar. For example 
the ATP hydrolysis kinetics have been described for the HlyB NBD as well as for the purified full length trans-
porter in detergent  solution26,36,38,43,69. Here the NBD showed a  vmax of 200 nmol min−1 mg−1 with a  km value of 
0.31 where as the full length transporter displayed a lower  vmax of 8.1 nmol min−1 mg−1 with a  km value of 0.36. 
This reduction is likely due to the detergent, which is present to keep the HlyB transporter in solution. Important, 
however is that in both cases the kinetic displayed cooperativity (Hill coefficient > 1) as in the case of SaNsrF and 
the corresponding histidine mutation also resulted in an inactive protein. This shows that our NTP analysis of 
the SaNsrF will likely be similar even when the TMD SaNsrP is present. The same observations were found for 
the nisin transporter NisT from L. lactis70 and the nukacin ISK-1 transporter NukT from Staphylococcus arneri 
ISK-171 albeit in detergent solution.

In summary, the experiments revealed the first detailed insights into biochemical properties of the BceA 
domain of the BceAB-type ABC transporter SaNsrFP. We showed that SaNsrFWT and its variant SaNsrFH202A 
exist as monomers in solution and determined several physiological and structural properties of the protein by 
evaluating its ATPase activity in comprehensive in vitro studies and molecular modelling and simulations. Hence, 
this study contributes to the mechanistic and structural understanding of the BceAB-type ABC transporter fam-
ily, which opens up the possibility to pharmacologically target this family in order to combat multidrug-resistant 
species in the long run. It further confirms in vivo data where the H202A variant of SaNsrF displayed a loss in 
the activity, which now can be pinpointed to a lack of ATP hydrolysis, and shows that this variant can well serve 
as a negative control in studies concerning BceAB type transporters since the histidine is conserved throughout 
the sequence of this family.

Materials and methods
Expression of  SaNsrFWT and  SansrfH202A. E. coli BL21 (DE3) strains were transformed via heat shock 
 method72 with pET-16b-NHis10-SaNsrFWT or pET-16b-NHis10-SaNsrFH202A, respectively. Precultures were 
selectively grown with 20 µg mL−1 ampicillin at 37 °C and 180 rpm overnight. Lysogeny Broth (LB) medium was 
pre-incubated with 20 µg mL−1 ampicillin and inoculated with the respective preculture to an  OD600 of 0.1. The 
cultures were grown to an  OD600 of 0.4 at 37 °C and 180 rpm whereupon the temperature was reduced to 18 °C. 
Protein expression was induced by the addition of 1 mM IPTG at an  OD600 of 0.8 and the cultures were further 
grown overnight.

Protein purification. SaNsrFWT and SaNsrFH202A were purified using Immobilized Metal Ion Chromatog-
raphy (IMAC). Therefore, a 5 mL HiTrap Chelating HP column, loaded with  Zn2+, was equilibrated with low 
IMAC-buffer (100 mM HEPES at pH 8, 300 mM NaCl, 20% glycerol). Protein elution was undertaken with the 
high IMAC-buffer (low IMAC-buffer plus 125 mM histidine). A washing step of 40-percent high IMAC-buffer 
was introduced before. The concentrated eluted proteins were then injected onto a Superdex 75 16/60 size exclu-
sion column at a flow rate of 0.5 mL min−1, pre-equilibrated with SEC buffer (100 mM HEPES at pH 8, 300 mM 
NaCl, 20% glycerol). Protein eluates were collected and stored at 4 °C.

ATPase activity assay. The ATPase activity of SaNsrFWT and SaNsrFH202A (diluted in 100  mM HEPES 
at pH 8, 100 mM NaCl) was examined by the Malachite Green Phosphate Assay at a protein concentration of 
0.1 mg mL−1 that was initially undertaken at room temperature (20 °C). Several parameters were screened to 
determine the optimal buffer and temperature conditions for the protein activity (see Supplementary Informa-
tion).

Kinetic measurements for SaNsrFWT and SaNsrFH202A were performed under the influence of NTP (ATP, 
GTP, CTP, UTP) with concentrations ranging from 0 to 5 mM.

Therefore, the kinetics were fitted using the Hill equation: 

Y: ATPase activity [nmol  min−1 mg−1], X: substrate concentration [mM],  khalf: substrate concentration at 
half-maximal reaction velocity [mM], h: Hill coefficient.

Y =
vmax × Xh

(

khhalf + Xh
) .
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All shown data are representing the average of a triple evaluation at least, with the standard deviation reported 
as errors.

Small angle X‑ray scattering (SAXS). We collected all SAXS data on our Xeuss 2.0 Q-Xoom system 
from Xenocs, equipped with a PILATUS 3 R 300 K detector (Dectris) and a GENIX 3D CU Ultra Low Diver-
gence x-ray beam delivery system (Xenocs). The chosen sample to detector distance for the experiment was 
0.55 m, results in an achievable q-range of 0.18–6 nm−1. All measurements were performed at 15 °C with protein 
concentrations between 0.5 and 4.2 mg mL−1. Samples were injected in the Low Noise Flow Cell (Xenocs) via 
autosampler. For each sample, twelve frames with an exposer time of ten minutes were collected. By comparing 
these frames, we excluded the possibility of aggregation and radiation damage during the measurement. Data 
were scaled to absolute intensity against water. All used programs for data processing were part of the ATSAS 
Software package (Version 3.0.1), available on the EMBL  website73. Primary data reduction was performed with 
the program  PRIMUS74. With the Guinier approximation we determined the forward scattering I(0) and the 
radius of gyration (Rg)75. The program GNOM was used to estimate the maximum particle dimension (Dmax) 
with the pair distribution function p(r)76. Low resolution ab initio models were calculated using  GASBOR51. The 
superposition of a predicted SaNsrF model (see below) was done using the program  SUPCOMB56.

Structural models of SaNsrF complexes. As an experimental SaNsrF structure is not available, a 
homology model was constructed using the template-based protein structure prediction program  TopModel52 
and the SaNsrFWT sequence as input (NCBI Reference Sequence: WP_000923535.1). In order to build a SaNsrF 
model arranged in a dimeric assembly with substrate (ATP) and cofactor  (Mg2+) bound, starting from the SaN-
srFWT monomer in the apo state, a search for sequence similarity and structural properties was performed on 
the Protein Data Bank. The results were filtered according to the following criteria: sequence identity ≥ 33% and 
E-value cutoff 0.001 as determined by  BLAST77; oligomeric state equals 2; sequence length of 250 ± 50 residues;
resolution ≤ 2 Å. Out of six results, only one (PDB ID:  1L2T28) is crystallized as a functionally active “ATP sand-
wich” symmetrical dimer and was therefore used as a reference. Since ATP is bound at the interface of the dimer 
and its binding is influenced by both protein subunits, both protein–ligand and protein–protein docking would
be particularly challenging in this case. Hence, we constructed first the SaNsrFWT dimer in the apo form and the 
ATP/Mg2+-bound form subsequently.

To do so, protein–protein docking was performed with the program  HADDOCK78,79, using distances between 
respective three residues that bridge the two subunits together with H-bond interactions as restraints (S40/S43, 
R153/R152 and D177/D176, for PDB ID 1L2T/SaNsrFWT sequences, respectively). The most similar docking 
solution to the reference PDB ID 1L2T was used for further modeling steps.

Both, SaNsrFWT monomer and dimer structures were preprocessed with the Protein Preparation  Wizard80 
of Schrödinger’s Maestro Suite. Since the residues at the binding sites are highly conserved, ATP and  Mg2+ are 
considered to bind in a very similar way as in PDB ID 1L2T. Thus, their coordinates were copied from the ref-
erence into the SaNsrFWT model after alignment to one protein subunit. Residues located ≤ 5 Å away from the 
ATP molecules were energy-minimized using the OPLS 2005 force  field81 with standard cutoff values for van der 
Waals, electrostatic, and H-bond interactions, until the average RMSD of non-hydrogen atoms reaches 0.30 Å. 
Bond orders as well as missing hydrogen atoms were assigned, and the H-bond network was optimized. Finally, 
residue 202 was substituted to construct the SaNsrFH202A variant of the monomer and dimer.

Molecular dynamics simulations. In order to validate the modeled protein–protein interface and the 
ATP binding mode, and to investigate the impact of the SaNsrFH202A substitution on structural dynamics, a set 
of MD simulations was performed using Amber  201982. Four different ATP/Mg2+-bound SaNsrF systems were 
prepared for this with the LEaP  program83: monomer and dimer, both for SaNsrFWT and SaNsrFH202A.

After establishing charge neutrality by adding sodium counter ions, each system was placed in a truncated 
octahedral box of  TIP3P84 water with a distance of the nearest atom to the border of the box of ≥ 11 Å. Structural 
relaxation, thermalization, and production runs of MD simulations were conducted with pmemd.cuda85 using 
the ff14SB force  field86 for the protein, Joung-Cheatham  parameters87 for ions, and available ATP  parameters88. 
For each starting complex, five independent replicas of 500 ns length each were performed, resulting in a cumu-
lative simulation time of 10 µs. In order to set up independent replicas and obtain slightly different starting 
structures, the target temperature was set to different values during thermalization (299.8 K, 299.9 K, 300.0 K, 
300.1 K, 300.2 K and 300.3 K). A detailed description of the thermalization protocol can be found  elsewhere89. 
The analysis of the MD trajectories was carried out with  cpptraj90 on snapshots extracted every 1 ns. All the 
MD-generated conformations were clustered applying a hierarchical agglomerative approach and an RMSD
cutoff value of 4 Å. The representative structure of the SaNsrFWT monomer was compared to the experimentally
determined SAXS density.

The representative structure of the most populated cluster for the SaNsrFWT dimer was used to calculate the 
electrostatic potential with the Adaptive Poisson-Boltzmann Solver (APBS) software  package49 as implemented 
in  PyMOL91. Dielectric constants (ε) of 2.0 and 78.0 were used, respectively, for the protein and for water, and 
the concentration of monovalent cations and anions was set to 0.15 M.

To measure structural mobility, we computed the residue-wise root-mean-square fluctuation (RMSF) of 
backbone atoms. Structural changes over time, both for the apo SaNsrF proteins and the ATP/Mg2+-bound 
form, were detected calculating the root-mean-square deviation of atomic positions (RMSD) compared to the 
initial structure. To describe the changes occurring at the level of the interface, we performed two analyses: (I) 
measurement of the distance between the center of mass of two residues located in opposite subunits at the center 
of the interface (S43 and S146); (II) H-bond analysis (i) in terms of the total number of interactions between 
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two subunits (SaNsrFA–SaNsrFB) and between protein and ligands (SaNsrF-(ATP-Mg2+)) and ii) residue-wise 
H-bound occupancy between residues of the two subunits (SaNsrFA–SaNsrFB), allowing to identify which resi-
dues perform more frequent H-bonds throughout the simulations. For this analysis, only H-bonds with the
following criteria were considered: occupancy between specific donor and acceptor > 1%; H-bond present in at 
least two replicas of the same system; H-bonds between two residues with residue-wise occupancy > 10% in at
least one system.

Molecular docking of other NTPs. To predict the binding mode of other NTPs in complex with the 
SaNsrFWT dimer, molecular docking was performed. The starting points for these calculations were the five 
structures resulting from thermalization and equilibration steps, then used also for independent MD simula-
tions replicas (production).

First, for each binding site a cubic grid of 20 Å length centered on the respective ATP molecule was built 
in the Maestro  platform92, for a total of 10 different grids. Then, starting from the ATP structures, other NTPs 
were built (GTP, CTP and UTP) by modifying the nucleobase. The generated conformations were refined and 
scored with the Glide-Extra precision (XP) mode of  Glide93. Only the best solution for each NTP in each grid 
was considered. The Coulomb interaction energy (ecoul) and the van der Waals energy (evdw), components of 
the XP GlideScore scoring function, were computed, and used to describe the enthalpic contribution of binding.

Data availability
We upload the SAXS data and the corresponding model of SaNsrF to the Small Angle Scattering Biological Data 
Bank (SASBDB)54,55, with the accession code SASDJR3.
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S-2 

Materials and Methods 

Multiangle Light Scattering (MALS) 

To determine the protein’s stoichiometry, Multiangle Light Scattering (MALS) was employed. Each 
protein was diluted in 100 mM HEPES at pH 8 and 300 mM NaCl. An Agilent 1260 HPLC system was 
used in combination with a triple-angle light scatter detector (miniDAWN TREOS II) and a differential 
refractive index detector (Optilab T-rEX) (both Wyatt Technology). SaNsrFWT at a concentration of 
3 mg/mL were injected onto a Superdex 75 16/300 increase column with a flowrate of 0.6 mL/min. For 
analysis the ASTRA software package (Astra 7.1) (Wyatt Technology) was used (Fig. 1B). 

ATPase Activity Assay 

The ATPase activity of SaNsrFWT and SaNsrFH202A (diluted in 100 mM HEPES at pH 8, 100 mM NaCl) 
was examined by the Malachite Green Phosphate Assay at a protein concentration of 0.1 mg/mL that was 
initially undertaken at room temperature (20 °C). The initial conditions required a final Mg2+-
concentration of 10 mM and an ATP concentration from 0 – 5 mM that was used for the reaction start.  

Changes in protein’s activity were detected in a time range from 4 – 26 min by stopping a part of the 
reaction every two minutes, whereupon 18 min were chosen as an optimal time of incubation. An ATP (or 
NTP) concentration was set at 3 mM for following ATPase screenings. By the addition of EDTA (final 
concentration: 50 mM) a control was implemented in order to observe the process of autohydrolysis in a 
Mg2+-free solution. 

To determine the maximal possible hydrolysis activity of SaNsrFWT, the protein was exposed to various 
buffer systems including a citrate buffer for pH 4 and 5, MES for pH 6, HEPES for pH 7 and 8, TRIS for 
pH 7, 8, 9 and CAPS for pH 10 and 11 (100 mM for each). Moreover, the influence of the NaCl 
concentration on the ATPase-buffer was analysed by determining the ATP hydrolysis of the SaNsrFWT 
proteins in a buffer with 0, 100, 200, 300, 400, 500 and 1000 mM NaCl. Investigations were made 
concerning the cofactor choice of SaNsrFWT by introducing Ca2+, Mn2+, Zn2+, Fe2+ and Cu2+ instead of 
Mg2+ at a final concentration of 10 mM. An identical setup was performed without the addition of protein, 
which was used as a blank to encounter for autohydrolysis. The reaction including the optimized 
parameters was performed at 20 °C, 25 °C, 30 °C and 37 °C. 

Results 

Activity of SaNsrFWT

After successful purification, we functionally characterized SaNsrFWT. To do so, we screened the 
following parameters on their influence on the ATP hydrolysis velocity: I) pH, II) salt concentration, 
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III) nature of the divalent ion, and IV) temperature. This allowed us to obtain optimal conditions for our
kinetic measurements

pH dependency of SaNsrFWT

We assayed the ATP hydrolysis of the SaNsrFWT protein at different pH conditions in order to determine 
the optimal buffer composition. Therefore, we used 100 mM of the following buffers: citrate at pH 4.0 – 
5.0, MES at pH 6.0, HEPES at pH 7.0 – 8.0, TRIS at pH 7.0 – 9.0 and CAPS at pH 10.0 – 11.0.  

We observed a large dependence on the pH of the buffer system (Figure 2A). ATP hydrolysis mediated 
by SaNsrFWT can only be observed in a pH range from 6.0 – 8.0, and the highest ATPase activity was 
reached in a HEPES buffer at pH 7.0. Interestingly, a reduction in activity of about 20 – 30 % is observed 
between HEPES (zwitterionic sulphonic acid) and TRIS (cationic primary amine) buffer systems although 
the pH was very similar (7.0 and 8.0, respectively). 

Influence of salt concentration on the activity of SaNsrFWT

Next, we tested the influence of the ionic strengh on the activity of the SaNsrFWT protein. We used 
100 mM HEPES at pH 7.0 as the optimal conditions for protein activity and varied the NaCl 
concentration ranging from 0 – 1 M in steps of 0.1 M (Figure 2B).  

With increasing NaCl concentration, the hydrolytic activity strongly decreased. At a concentration of 1 M 
NaCl, 20% residual activity was recorded when compared to the maximum reached at 0 mM NaCl. 

Choice of Cofactor 

As a third optimization step, we examined the influence of the cofactor of SaNsrFWT on ATP hydrolysis. 
We replaced the 10 mM Mg2+ used so far with 10 mM Ca2+, Mn2+, Zn2+, Fe2+ or Cu2+, respectively. This 
revealed a clear dependency on the nature of the divalent ion where only for Mg2+ a reasonable hydrolytic 
activity was detected. Besides Mg2+, also Mn2+ was taken up as cofactor, with an ATPase activity of about 
a fourth of the maximally measured value. The other tested divalent ions did not significantly (e.g. Cu2+ 
caused about 15 % of the activity maximum) contribute to the ATPase activity of SaNsrFWT (Fig. S1C).  

Temperature dependence 

We assayed the ATPase activity of SaNsrFWT within a temperature range from 20 °C – 37 °C including 
the optimized parameters of 100 mM HEPES assay buffer at pH 7 with no added NaCl (see above). 
10 mM Mg2+ were used to provide the protein with its cofactor. As illustrated in Figure 2D, the ATPase 
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activity of SaNsrFWT was maximal at 30 °C. Further increase in the temperature resulted in a significant 
loss of activity as observed for 37 °C.  

In summary, we varied several parameters of the ATPase activity assay in order to obtain the maximal 
hydrolytic activity for the SaNsrFWT protein. As a result, the optimized conditions were found to be 
100 mM HEPES at pH 7 with 0 mM NaCl as an assay buffer. The reaction approach included the addition 
of 10 mM Mg2+ and was finally performed at a temperature of 30 °C. The reaction with the respective 
NTP was followed for an incubation time of 18 min, then stopped and measured. These optimized 
conditions were applied in all following experiments. 

53



S-5 

Figure S1. Influence of ATPase activity of SaNsrFWT by parameter variations. (A) ATPase activity 
[%] of SaNsrFWT dependent on pH and buffer system. 100 mM of citrate, MES, HEPES, TRIS and CAPS 
were diluted in ddH2O and adjusted to the respective pH. At pH 7 and 8 HEPES as well as TRIS were 
tested. (B) ATPase activity [%] of SaNsrFWT dependent on concentrations of 0 mM to 1 M NaCl. 
SaNsrFWT was diluted in 100 mM HEPES at pH 7 (0.1 mg/mL). (C) ATPase activity [%] of SaNsrFWT 
dependent on twofold metal ions. SaNsrFWT was exposed to 10 mM of Mg2+, Ca2+, Mn2+, Zn2+, Fe2+ or 
Cu2+. SaNsrFWT was diluted in 100 mM HEPES at pH 7 (0.1 mg/mL). (D) ATPase activity [%] of 
SaNsrFWT dependent on temperature (triple evaluation). A concentration of 3 mM ATP was applied on 
SaNsrFWT (0.1 mg/mL; diluted in 100 mM HEPES at pH 7). The reaction was incubated at temperatures 
of 20 °C, 25 °C, 30 °C, 35°C and 37 °C and was stopped after 18 min and dyed as described in ATPase 
Activity Assay for 7 min. All experiments have been performed in at least three biological replicates and 
are represented as means ± s.d.. 
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Figure S2: Structural variability of SaNsrF monomers. The RMSD of backbone atoms was calculated 
after fitting the structures onto the 15% least mobile residues for each replica for SaNsrFWT (left) and for 
the SaNsrFH202A variant (right). The profiles are reported in a different color for each replica. 
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Figure S3: Change of ATP molecule and Mg2+ ion positions with respect to the protein for different 

SaNsrF systems. (A) RMSD of ATP molecules; (B) RMSD of Mg2+ ions. The RMSD was calculated 
after fitting the structures onto the 15% least mobile protein residues for each replica. The profiles are 
shown in a different color for each molecule in each replica. 
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Figure S4: Structural variability of SaNsrFWT and SaNsrFH202A dimers. (A) The RMSD of backbone 
atoms was calculated for SaNsrFWT (left) and for the SaNsrFH202A variant (right) after fitting the structures 
onto the 15% least mobile residues for the whole dimer (black) and separately for either subunit A (red) 
or B (blue). Each box represents a replica of 0.5 µs simulation length (roman numbers). (B) Three 
representative structures of SaNsrFWT with higher RMSD values are displayed from two orientations. 
Arrows highlight the partial opening of the dimer interface. 
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Figure S5: Structural variability of dimers, expressed as distance between residues. (A) 

Representation of the distances d1 and d2 between the residues S43 and S146 (centers of mass) located on 
different monomers. (B) Distances for SaNsrFWT dimer (left) and the SaNsrFH202A variant (right). Each 
box represents a replica of 0.5 µs simulation length (roman numbers). (C) Distances for three 
representative structures with higher RMSD values are reported; these structures are identical to the ones 
shown in Figure S4. The largest distance values, indicating the separation of the subunits, are underlined.  
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Figure S6: Sequence alignment of different NBDs. The sequence aligment was done with Clustal 
Omega 1. TopModel templates are marked with an asterix (*). The conserved motives are labeled in cyan 
(Walker A), green (Q-loop), red (C-loop), purple (Walker B), orange (D-loop) and brown (H-loop).  
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Table S1: Five main templates used by the TopModel software for modeling of SaNsrF. 

[a] 2; [b] 3; [c] According to RCSB: “To be published”; [d] 4; [e] According to RCSB: “To be published”.

Table S2: Consensus sequence of conserved motifs in the NBDs listed according to their occurrence 

from N- to C-terminus 5. For a graphical representation see Fig. 3B. 

PDB 

ID: 

Identity 

[%] 

Similarity 

[%] 

Coverage 

[%] 

TM-Score 

[%] 
Note 

1F3O 
[a] 

37.7 88.4 88.0 91.9 
ADP/Mg2+-bound dimer, not 
functionally active assembly 

5XU1 
[b] 

39.5 89.4 88.0 90.9 
Mg2+-bound dimer with TM 
domain 

2PCL 
[c] 

40.5 84.1 88.8 90.6 
Mg2+-bound dimer, not 
functionally active assembly 

5GKO 
[d] 

35.5 83.6 93.6 90.3 
Apo dimer with TM domain 

2OLI 
[e] 

30.9 76.1 93.2 89.2 
α-helical domain only 

Motif Consensus sequence SaNsrF 

A-loop (F/K)xY 10-KVF-12

Walker A or P-
loop 

GxxGxGK(S/T) 41-GESGSGKT-48

Q-loop hV(S/P)Q 90-FVFQ-93

X-loop TRVGDKGTQ 137-LLDKRP-142

Signature motif 
or C-loop 

LSGGQ(K/R)Q 145-LSGGQKQ-151

Walker B hhhhDE 165-ILLADE-170

D-loop SALD 173-AALD-176

H-loop hAHRL 200-VTH202SA-204
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Table S3: Overall SAXS Data 

SAXS Device Xenocs Xeuss 2.0 with Q-Xoom 

Data collection parameters 

Detector PILATUS 3 R 300K windowless 
Detector distance (m) 0.550 
Beam size (mm x mm) 0.8 x 0.8 
Wavelength (Å) 1.54 (Cu Source) 
Sample environment Low Noise Flow Cell, 1 mm ø 
s range (nm-1)‡ 0.18 – 6.0 
Temperature (K) 288 
Exposure time per frame (min) 10 

Sample SaNsrFWT 

Mode of measurement static 
Protein concentration (mg/ml) 0.5 – 4.2 

Structural parameters 

I(0) from P(r) 0.023 
Rg (real-space from P(r)) (nm) 2.46 
I(0) from Guinier fit 0.023 
s-range for Guinier fit (nm-1) 0.23 – 0.54 
Rg (from Guinier fit) (nm) 2.40 
Dmax (nm) 7.90 
POROD volume estimate (nm3) 64.37 

Molecular mass (kDa) 

From I(0) 31.85 
From MoW2 6 33.36 
From Vc 7 38.51 
From POROD 40.23 
From sequence 30.86 

Structure Evaluation 

Ambimeter score 0.6990 
Crysol  c2 1.16 

Software 

     ATSAS Software Version 8 3.0.1 
Primary data reduction PRIMUS 9 
Data processing GNOM 10 
Ab initio modelling GASBOR 11 
Superimposing SUPCOMB 12 
Structure evaluation AMBIMETER 13 / CRYSOL 14 
Model visualization PyMOL 15 

‡s = 4π sin(θ)/λ, 2θ – scattering angle 
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Original Figure 1. Purification and SEC-MALS of SaNsrFWT. (A) SDS-PAGE of the SaNsrFWT 

purification progress. PageRuler Prestained Protein Ladder (size indicator; 10 to 180 kDa), E. coli strain 

before IPTG induction (1), E. coli strain after IPTG induction (2), IMAC load (3), IMAC flow-through 

(4), IMAC wash-fraction (5), IMAC eluate (6), SEC eluate (7). 
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Lantibiotics are a growing class of antimicrobial peptides, which possess antimicrobial

activity against mainly Gram-positive bacteria including the highly resistant strains such

as methicillin-resistant Staphylococcus aureus or vancomycin-resistant enterococci. In

the last decades numerous lantibiotics were discovered in natural habitats or designed

with bioengineering tools. In this study, we present an insight in the antimicrobial

potential of the natural occurring lantibiotic nisin H from Streptococcus hyointestinalis as

well as the variant nisin H F1I. We determined the yield of the heterologously expressed

peptide and quantified the cleavage efficiency employing the nisin protease NisP.

Furthermore, we analyzed the effect on the modification via mass spectrometry analysis.

With standardized growth inhibition assays we benchmarked the activity of pure nisin

H and the variant nisin H F1I, and their influence on the activity of the nisin immunity

proteins NisI and NisFEG from Lactococcus lactis and the nisin resistance proteins

SaNSR and SaNsrFP from Streptococcus agalactiae COH1. We further checked the

antibacterial activity against clinical isolates of Staphylococcus aureus, Enterococcus

faecium and Enterococcus faecalis via microdilution method. In summary, nisin H and

the nisin H F1I variant possessed better antimicrobial potency than the natural nisin A.

Keywords: lantibiotics, nisin, nisin H, MS analysis, antimicrobial activity

INTRODUCTION

Lantibiotics (lanthionine containing antibiotics) are a growing class of antimicrobial peptides
(AMPs), which posses antimicrobial activity even against highly resistant strains such as
methicillin-resistant Staphylococcus aureus (MRSA) or vancomycin-resistant enterococci (VRE) and
some are already in pre-clinical trials (Mota-Meira et al., 2000; Jabes et al., 2011; Dawson and
Scott, 2012; Crowther et al., 2013; Dischinger et al., 2014; Ongey et al., 2017; Brunati et al., 2018;
Sandiford, 2019). Lantibiotics are peptides, containing 19–38 amino acids and are mainly produced
by Gram-positive bacteria (Klaenhammer, 1993; Sahl and Bierbaum, 1998). In the last decades an
increasing number of lantibiotic gene clusters were found by data-mining approaches using tools
such as BAGEL4 (van Heel et al., 2018).
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The best studied lantibiotic is nisin, which was first discovered
in 1928 by Rogers and Whittier and belongs to the class I
lantibiotics (Rogers, 1928; Rogers and Whittier, 1928; Arnison
et al., 2013). It is used in the food industry since 1953 and
obtained the status as generally recognized as safe (GRAS) in
1988 from the Food and Drug Administration (FDA) (Delves-
Broughton et al., 1996). The class I lantibiotic nisin contains
34 amino acids and five (methyl)-lanthionine rings. These
(methyl)-lanthionine rings require multiple posttranslational
modifications (PTMs) which are introduced in the precursor
peptide. First, the serine and threonine residues in the core
peptide are dehydrated by a specific dehydratase NisB (lantibiotic
class I LanB dehydratase) (Kaletta and Entian, 1989; Karakas Sen
et al., 1999; Koponen et al., 2002; Ortega et al., 2015; Repka
et al., 2017). The next step is a Michael-type condensation
of dehydrated residues with the thiol group of a cysteine
residue, thereby forming (methyl)-lanthionine rings, guided in
a regio- and stereospecific manner by the cyclase NisC (class I
lantibiotic cyclase) (Okeley et al., 2003; Li et al., 2006; Li and
van der Donk, 2007; Repka et al., 2017). These characteristic
(methyl)-lanthionine rings give lantibiotics high heat stability,
resistance against proteolytic digestion and are responsible
for the nanomolar antimicrobial activity (Gross and Morell,
1967; Rollema et al., 1995; Chan et al., 1996; Lu et al., 2010;
Oppedijk et al., 2016).

The sequence of nisin A can be subdivided into three parts
(see Figure 1). The N-terminal part with ring A, B, and C
is responsible for binding to the cell wall precursor lipid II
(Hsu et al., 2004). The hinge region is very flexible and allows
reorientation of the C-terminal part to insert into the membrane
(van Heusden et al., 2002; Hasper et al., 2004; Wiedemann et al.,
2004; Medeiros-Silva et al., 2018), while changes in this region
have a strong impact on the target antimicrobial activity (Zhou
et al., 2015; Zaschke-Kriesche et al., 2019b). After penetrating
the membrane, the C-terminal part with ring D and E forms a
stable pore with a stoichiometry of eight nisin and four lipid II
molecules, which subsequently leads to rapid cell death (Hasper
et al., 2004; Wiedemann et al., 2004; Alkhatib et al., 2014a;
Medeiros-Silva et al., 2018).

Unfortunately, some bacteria established resistance
mechanism against lantibiotics. For instance lantibiotic
producing strains express the immunity system LanI and
LanFEG (Alkhatib et al., 2014a,b), which prevent a suicidal
effect after the lantibiotic is secreted. In the case of nisin A from
Lactococcus lactis these proteins are called NisI and NisFEG.
But also non-lantibiotic producing strains showed resistance
against lantibiotics like Streptococcus agalactiae COH1, which
arises from the expression of the membrane-anchored peptidase
SaNSR and the ABC transporter SaNsrFP (Khosa et al., 2013,
2016a,b; Reiners et al., 2017).

Several natural nisin variants have been discovered and
up to now eight are known. First of all nisin A from L. lactis
(Rogers and Whittier, 1928), nisin Z from L. lactis NIZO
221 86 (Mulders et al., 1991), nisin F from L. lactis F10
(de Kwaadsteniet et al., 2008), nisin Q from L. lactis 61-14
(Zendo et al., 2003), nisin O1 to O4 from Blautia obeum
A2-162 (Hatziioanou et al., 2017), nisin U and U2 from

Streptococcus uberis 42 and D536 (Wirawan et al., 2006),
nisin P from Streptococcus gallolyticus subsp. pasteurianus
(Zhang et al., 2012; Wu et al., 2014), nisin J from
Staphylococcus capitis APC 2923 (O’Sullivan et al., 2020)
and nisin H from Streptococcus hyointestinalis DPC 6484
(O’Connor et al., 2015).

In this study we focused on the natural nisin H variant
(Figure 1). We used a standardized workflow for the
characterization of lantibiotics, previous described in
Lagedroste et al. (2019) to determine the impact on the
expression, modification and antimicrobial properties of this
nisin variant. We tested further the antimicrobial activity
against some pathogen strains from Staphylococcus aureus,
Enterococcus faecium, and Enterococcus faecalis using the
microdilution method. As a reference we used the wild-type
version of nisin A expressed using the same experimental
setup. Furthermore, we exchanged the phenylalanine at
position one (F1) of nisin H to isoleucine, which is the
natural amino acid of nisin A at this position (Figure 1). This
position one was previously analyzed in nisin A and showed
a major impact on different levels of the characterization
(Lagedroste et al., 2019).

MATERIALS AND METHODS

Microorganisms and Culture Conditions
Cultures of L. lactis NZ9000 (Kuipers et al., 1997) containing
the plasmids for immunity and resistance proteins were grown
in M17 medium (Terzaghi and Sandine, 1975) at 30◦C
supplemented with 0.5% glucose [GM17 and the appropriate
antibiotics descripted in Alkhatib et al. (2014a,b), Khosa et al.
(2016b), Reiners et al. (2017), Lagedroste et al. (2019)]. For
pre-nisin secretion, the L. lactis strain NZ9000 was grown
in minimal medium (Jensen and Hammer, 1993) at 30◦C
supplemented with 0.5% glucose and the appropriate antibiotics.
All bacteria used for minimum inhibitory concentration (MIC)
determination of nisin variants [Bacillus subtilis 168; S. aureus:
MSSA strain ATCC 29213, MRSA/VISA strain ATCC 700699;
E. faecium: ATCC 35667, ATCC 700221 (vancomycin resistant);
E. faecalis: ATCC 29212, ATCC 51299 (vancomycin resistant)]
were cultivated in Mueller-Hinton broth (MHB) at 37◦C and
shaking at 150 rpm.

Cloning of Nisin H and the F1I Variant
Nisin H was created as described in Reiners et al. (2017).
The substitution of the phenylalanine at position one
(F1I) to an isoleucine was performed by site-directed
mutagenesis. Here, we used the following primers (forward:
5′-GTGCATCACCACGCTTTACAAGTATTTCGC-3′; reverse:
5′-GCGAAATACTTGTAAAGCGTGGTGATGCAC-3′). After
sequence analysis a competent L. lactis NZ9000 strain was
transformed with the resulting plasmid via electroporation (Holo
and Nes, 1989). The L. lactis NZ9000 strain already contain a
vector (pil3-BTC) encoding for the modification and secretion
proteins (Rink et al., 2005).

Frontiers in Microbiology | www.frontiersin.org 2 October 2020 | Volume 11 | Article 573614

66



Reiners et al. Characterization of Nisin H

FIGURE 1 | Schematic overview of the used lantibiotics nisin A, nisin H, and the nisin H F1 I variant. Point mutations in nisin H and nisin H F1 I in comparison to nisin A

are highlighted in blue. Dehydrated amino acids and cysteine residues involved in (methyl)-lanthionine ring formation (ring A, B, C, D, and E) are labeled in yellow and

orange. The mutation of the nisin H F1 I variant is highlighted in green.

Expression, Purification and Activation
of Pre-nisin Variants
The precursor of nisin H and its variant were expressed and
purified as previously described (Abts et al., 2013; Alkhatib
et al., 2014b; Lagedroste et al., 2017, 2019). Briefly, for pre-nisin
secretion, the L. lactis strain NZ9000 was grown in minimal
medium (Jensen and Hammer, 1993) supplemented with 0.5%
glucose and 5 µg/ml of each erythromycin and chloramphenicol
at 30◦C. Cells were induced with 10 ng/ml nisin at an OD600 of
0.4 and further grown overnight at 30◦C without shaking. After
harvesting the cells, the 0.45 µm-filtered supernatant was loaded
onto a HiTrap SP HP cation exchange chromatography column.
After washing with 50 mM lactic acid, the buffer was changed to
50 mM Hepes pH 7 via gradient and the final elution was done
with 50 mM Hepes pH 7, 500 mM NaCl buffer. Elution fractions
were concentrated in a 3 kDa cutoff filter. With a soluble version
of NisP, the activation of all variants was performed overnight at
8◦C (Lagedroste et al., 2017). The yield and cleavage efficiency
determination was done by RP-HPLC (Agilent Technologies
1260 Infinity II) with a LiChrospher WP 300 RP-18 end-capped
column and an acetonitrile/water solvent system (Abts et al.,
2013; Lagedroste et al., 2017, 2019).

MALDI-TOF Analysis: Dehydration and
(Methyl)-Lanthionine Ring Analysis
WithMALDI-TOF analysis we analyzed the modification state of
nisin H and its variant. Dehydrations are directly visible in the
spectra, due to the loss of mass (−18 Da). For the determination
of the presence of (methyl)-lanthionine rings, we used the organic
coupling agent CDAP (1-cyano-4 dimethylaminopyridinium
tetrafluoroborate) that binds to free cysteine residues (Wu and
Watson, 1998). The reaction of the coupling agent to free cysteine

side chains would results in an increased mass in the spectra.
The analysis was performed as previously descripted (Lagedroste
et al., 2019). The samples were analyzed with MALDI-TOF
(UltrafleXtreme, Bruker Daltonics, Bremen, Software: Compass
1.4) in positive mode.

Tandem Mass Spectrometric Analysis of
Nisin H and Nisin H F1I
Nisin H and the nisin H F1I variant were purified using
solid phase extraction (Oasis HLB, Waters) and finally
resuspended in 0.1% trifluoroacetic acid. The samples were
first subjected to liquid chromatography on a rapid separation
liquid chromatography system (Ultimate 3000, Thermo Fisher
Scientific) using an 1 h gradient and C18 columns as described
(PMID 24646099) and further analyzed by a QExactive Plus
mass spectrometer (Thermo Fisher Scientific) coupled via a
nano-source electrospray interface. First, a precursor spectrum
was acquired at a resolution of 140,000 (advanced gain control
target 3E6, maximum ion time 50 ms, scan range 200–2000 m/z,
profile data type). Subsequently, up to four 4–6-fold charged
precursors were selected by the quadrupole (2 m/z isolation
window), fragmented by higher-energy collisional dissociation
(normalized collision energy 30) and recorded at a resolution of
35,000 (advanced gain control target 1E5, maximum ion time
50 ms, available scan range 200–2000 m/z, centroid data type).

Recorded spectra were analyzed by the MASCOT search
engine (version 2.4.1, Matrix Science) and searches triggered
by Proteome Discoverer (version 2.4.0.305, Thermo Fisher
Scientific). A database was generated for the searches including
1000 randomly generated sequence entries each 34 amino acid
long) and the sequences of nisin H and nisin H F1I. Methionine
oxidation and dehydration of serine and threonine residues were
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considered as variable modifications and the precursor mass
tolerance set to 10 ppm and the fragment mass tolerance set to
0.02 Da. For peptide validation, the Fixed Value PSM validator
was used (1% false discovery rate) and the IMP-ptmRS node for
site validation (PMID 22073976). No random sequences were
found by the search.

Determination of the Antimicrobial
Activity by Growth Inhibition Assay
The determination of the antimicrobial activity of the different
nisin variants was tested using a growth inhibition assay. The
used strains were described in Alkhatib et al. (2014a,b), Reiners
et al. (2017), and Lagedroste et al. (2019).

Briefly, the L. lactis NZ9000 strains were grown in M17
medium (Terzaghi and Sandine, 1975) at 30◦C supplemented
with 0.5% glucose (GM17 and the appropriate antibiotics)
overnight with 1 ng/ml nisin. In a 96-well plate, a serial dilution
of the nisin variant was applied and incubated with the test
strains at a final OD600 of 0.1 for 5 h at 30◦C. Later on, the
optical density was measured at 584 nm via 96-well plate reader
BMG. The normalized optical density was plotted against the
logarithm of the nisin concentration and the resulting inhibitory
concentration (IC50), represents the value where 50% of the
cells died in the presence of the different nisin variants. By
dividing the IC50 values of strains expressing the immunity or
resistance proteins from the IC50 value of the sensitive strain we
calculated the fold of immunity/resistance, which is an indicator
for the recognition of nisin H or its variant by the immunity or
resistance proteins.

Minimum Inhibitory Concentration
Determination of Nisin Variants
Nisin variants were tested for antibacterial capabilities against
B. subtilis and different strains from S. aureus, E. faecium, and
E. faecalis using the microdilution method, according to the
recommendations of Clinical and Laboratory Standards Institute
(2012). Briefly, fresh cultures prepared from overnight cultures
were incubated until exponential phase (OD ∼ 0.6) and seeded
at 5 × 104 CFU/well in 96-well round-bottom microplates, in
a total volume of 100 µL containing twofold serially diluted
test peptides. Moxifloxacin was used as a positive control. Plates
were incubated statically and aerobically for 24 h at 37◦C.
MICs were determined macroscopically by identifying the least
concentration of peptides that resulted in complete inhibition of
bacterial visual growth.

SYTOX Green Nucleic Acids Binding
Assay
The cells of NZ9000Cm were grown overnight in GM17
supplemented with 5 mg/ml chloramphenicol. The overnight
culture was diluted to an OD600 of 0.1 in fresh media and the
cultures were grown until the OD600 reaches 0.3. The SYTOX
green dye was added at a final concentration of 2.5 mM according
to the manual of the manufacturer (Invitrogen). After reaching a
stable baseline (∼200 s) we added 100 nM of the nisin variants.
The fluorescence signal wasmeasured at an excitation wavelength

of 504 nm and emission wavelength of 523 nm, respectively
(using a fluorolog Horiba III). After a stable baseline was reached,
the nisin variant was added and the fluorescence was monitored
over an additional time period. The measurement was performed
at 30◦C.

RESULTS

O’Connor et al. (2015) described a new natural nisin variant
from S. hyointestinalis DPC 6484 and named it nisin H. In
following, we compared nisin A and its natural variant nisin H,
both heterologously produced in L. lactis, following the protocol
of lantibiotic characterization (Lagedroste et al., 2019). We also
included the nisin H F1I variant.

The characterization starts with the expression, secretion and
purification of the lantibiotic and its comparison to nisin A. The
heterologously expressed and secreted nisin A and the variants
nisin H and nisin H F1I can be purified with high purity as
observed on the Tricine-SDS-PAGE gel (Figure 2A). Nisin A was
purified with a yield of 6.0 ± 0.3 mg/L of cell culture (Lagedroste
et al., 2019), nisin H was expressed and purified with a yield
of 5.3 ± 0.6 mg/L of cell culture, which is identical within
experimental error. The nisin H F1I variant displayed a slightly
reduced yield of 4.9 ± 0.2 mg/L of cell culture (Figure 2B and
Table 1).

An important step prior to the activity assay is the cleavage
of the leader sequence form the pre-nisin variants, resulting in
biologically active compounds. For the cleavage reaction, we used
the peptidase NisP and monitored the cleavage efficiency via RP-
HPLC (Figures 2C–E).

Intriguingly, the natural variant nisin H showed only a
low cleavage efficiency of 15.6 ± 1.4%, compared to nisin A
with 94.6 ± 2.0% (Figure 2C and Table 1). In comparison to
nisin A, nisin H contains a phenylalanine at the first position
(O’Connor et al., 2015), which apparently leads to a significant
reduction in cleavage efficiency. The first residue of nisin A is an
isoleucine, and as demonstrated before (Lagedroste et al., 2019),
the introduction of aromatic residues at position one results in
a clearly reduced cleavage efficiency. To counteract the lower
cleavage efficiency of nisinH byNisP, we created amutant of nisin
H, in which the phenylalanine was substituted by isoleucine and
termed it nisin H F1I. For this variant, nisin H F1I, the cleavage
efficiency of the pre-lantibiotic was restored with an efficiency of
91.8± 0.8% (Figure 2C andTable 1), which corresponds to levels
previously observed for nisin A. We monitored the cleavage via
RP-HPLC, the pre-nisin elutes normally between 18 and 22 min
(shown as blue dashed lines, Figures 2D,E). After cleavage by
NisP, the leader peptide can be detected at 14.5 and 15.5 min in
the chromatogram (shown as black lines, Figures 2D,E). For nisin
H there was a high amount of uncleaved nisin H visible (eluting
from 18 to 21 min) and only a small amount of cleaved product at
23–24 min (black lines, Figure 2D). For the nisin H F1I variant,
high amounts of leader peptide and cleaved product could be
detected in the chromatogram, indicating high cleavage efficiency
(black lines, Figure 2E). This efficiency was similar as observed
for nisin A and in line with previous results that the position
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FIGURE 2 | Determination of purity, yield and cleavage efficiency of the pre-nisin variants. (A) Purity of the purified nisin A and the variants nisin H and nisin H F1 I

(Marker: Precision Plus Protein Dual Xtra standards Bio-Rad). (B) Yields after purification of nisin A and their corresponding variants via cation-exchange

chromatography. (C) Quantification of the cleavage efficiency of NisP. (D) Chromatogram of nisin H. (E) Chromatogram of the nisin H F1 I variant. The pre-nisin

variants before NisP cleavage were shown by blue dashed lines and after NisP cleavage by black lines. Error bars represent the standard deviation of at least three

biological replicates.

one is important for the cleavage reaction (Lagedroste et al.,
2019). Thus, we assume, that the four other mutations naturally
occurring in nisin H (compared to nisin A) do not interfere with
cleavage, however the isoleucine at position one does.

The next step was to determine the modification state of the
heterologous produced nisin H and its F1I variant. As the natural
variant nisin H contains ten possible residues in the core peptide
that can be dehydrated, we were curious to determine if the
modification machinery of nisin A was able to modify the peptide

TABLE 1 | Determination of the yield, cleavage efficiency, dehydrations, and

(methyl)-lanthionine ring formation for nisin A, nisin H, and nisin H F1 I.

Variant Yield (mg/L

culture)

Cleavage

(%)

Dehydrations Lanthionine

rings

Nisin A 6.0 ± 0.3 94.6 ± 2.0 8, 7 5

Nisin H 5.3 ± 0.6 15.6 ± 1.4 9, 8, 7 5

Nisin H F1 I 4.9 ± 0.2 91.8 ± 0.8 9, 8, 7, 6 5

Main species found in MALDI-TOF analysis are marked in bold.

as efficiently (O’Connor et al., 2015). In theMALDI-TOF spectra,
a dominant species of eightfold dehydrated residues was observed
for nisin H, followed by a minor species containing nine- and
sevenfold dehydrations. The possible 10-fold dehydrated species
however was not observed (Figure 3A and Table 1). Furthermore
no CDAP-coupling products were observed, which indicates that
all cysteine residues are linked in (methyl)-lanthionine rings.
We proved the functionality of the assay with unmodified pre-
nisin A as demonstrated in Lagedroste et al. (2019). Thus, the
modification enzymes were able to modify nisin H proving the
promiscuity of the nisin modification machinery. Interestingly,
the nisin H F1I variant showed a dominant ninefold dehydrated
species in comparison the nisin H wild-type (Figure 3B and
Table 1) and also showed noCDAP-coupling products, indicating
that all cysteine residues are closed to (methyl)-lanthionine
rings. The difference in the dehydration pattern for the nisin
H F1I variant indicates a different accessibility of the serine
and/or threonine residues in the core peptide for at least the
dehydratase NisB. To validate which serine or threonine residues
is dehydrated, we performed a tandem mass spectrometric
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FIGURE 3 | MALDI-TOF analysis to determine dehydrations and (methyl)-lanthionine ring formations. (A) MS spectra of nisin H, threated with CDAP. Dominant

species was eightfold dehydrated. (B) MS spectra of nisin H F1 I variant, threated with CDAP. Dominant species was ninefold dehydrated. Both variants showed no

coupling products, indicating that all cysteine residues were involved in (methyl)-lanthionine rings.

analysis of nisin H and the F1I variant. Here we found that
the Thr2 partially escape the dehydration in nisin H. Only
in the small amount of the ninefold dehydrated species the
Thr2 is dehydrated, in all other species we found a mix in the
dehydration pattern, where Thr2 partially escape the dehydration.
For example in the eightfold species we have a mix of dehydrated
Thr2 or Ser33. In the nisin H F1I variant the Thr2 was in all species
dehydrated, which suggests that, the phenylalanine at position
one in nisin H is critical for the dehydratase NisB. Ser29 was never
dehydrated in the found species.

Lantibiotics are very potent and possess an antimicrobial
activity in the nanomolar range (Gross andMorell, 1967; Rollema
et al., 1995; Chan et al., 1996; Lu et al., 2010; Oppedijk et al.,
2016). To verify this potential for nisin H and the nisin H F1I
variant we used a standardized growth inhibition assay and first
screened against the nisin sensitive L. lactis strain NZ9000Cm.
Here, Cm stands for chloramphenicol resistance, which arises
from the empty plasmid, which was transformed. In comparison
to nisin A (IC50 value: 4.8 ± 0.7 nM), the heterologous expressed
variant nisin H possessed a comparable IC50 value (5.3± 1.0 nM)
(Figure 4 and Table 2). Both values are in line with previously
determined IC50 values for the strain NZ9000Cm (Reiners et al.,
2017). The effect of the nisin H F1I variant wasmore pronounced.
For the NZ9000Cm sensitive strain we calculated an IC50 value of
14.2 ± 0.2 nM, approximately threefold lower than the wild-type
nisin H (Figure 4 and Table 2).

To test the effect of the nisin variants on the immunity
proteins NisI (Alkhatib et al., 2014a) and NisFEG (Alkhatib
et al., 2014b), as well as the resistance proteins SaNSR (Khosa
et al., 2016a) and SaNsrFP (Reiners et al., 2017), we expressed
each of them in a plasmid-based system in a L. lactis NZ9000
strain. We termed these strains NZ9000NisI, NZ9000NisFEG,
NZ9000SaNSR and NZ9000SaNsrFP, respectively.

Nisin A displayed an IC50 value of 48.6± 6.3 nM against strain
NZ9000NisI and 53.0 ± 4.5 nM against strain NZ9000NisFEG.
For the resistance strains NZ9000SaNSR and NZ9000SaNsrFP
nisin A displayed IC50 values of 73.0 ± 3.6 and 82.1 ± 3.1 nM,
respectively (Figure 4 and Table 2). By comparing theses values,

we calculated the fold of immunity/resistance to 10.1 ± 2.0
for NZ9000NisI, 11.1 ± 1.9 for NZ9000NisFEG, 15.2 ± 2.5 for
NZ9000SaNSR and 17.1 ± 2.7 for NZ9000SaNsrFP (Table 2).
After the first screen against the sensitive strain NZ9000Cm,
nisin H and its variant were used to screen against the strains
expressing the immunity or resistance proteins.

Nisin H revealed an IC50 value of 43.2 ± 8.7 nM against the
NZ9000NisI strain, similar to nisin A, and a fold of immunity
of 8.1 ± 2.2. Against the NZ9000NisFEG strain we determined
an IC50 value of 23.4 ± 3.3 nM for nisin H which displayed
a fold of resistance of 4.4 ± 1.0. Against the NZ9000SaNSR
strain we obtained an IC50 value of 52.4 ± 9.9 nM, resulting
in a fold of resistance of 9.8 ± 2.6. Nisin H showed an
IC50 value of 86.4 ± 4.0 nM for the NZ9000SaNsrFP strain,
resulting in a fold of resistance of 16.2 ± 3.1 (Figure 4 and
Table 2). NZ9000SaNsrFP showed the highest fold of resistance
for nisin H [in-line with a previous report (Reiners et al., 2017)].
Intriguingly, strain NZ9000NisFEG showed a reduced immunity
and consequently we propose that nisin H is not recognized
as efficiently as nisin A. Even NZ9000SaNSR had a reduced
resistance. That could be due to the exchange of His31 against
lysine in the C-terminal part of nisin H (Figure 1).

Surprisingly, all strains displayed a reducing
resistance/immunity effect for the nisin H F1I variant in
comparison to nisin A and also, with exception of NZ9000FEG
for nisin H. Against the NZ9000NisI strain we determined an
IC50 value of 34.1 ± 0.3 nM for the nisin H F1I variant, with
a fold of resistance 2.4 ± 0.1, which is nearly threefold lower
than for nisin A. We obtained an IC50 value of 32.1 ± 0.8 nM
against the ABC transporter NZ9000NisFEG, with a fold of
resistance 2.3 ± 0.1 (Figure 4 and Table 2). Nisin H F1I showed
for the resistance strain NZ9000SaNSR and NZ9000SaNsrFP
an IC50 value of 44.2 ± 1.3 and 50.2 ± 1.6 nM, respectively.
The calculated folds of resistance were 3.1 ± 0.1 and 3.5 ± 0.1,
respectively (Figure 4 and Table 2) and both are fivefold less
than the observed fold of resistances for nisin A.

Since a similar activity for nisin H and nisin A was observed it
became obvious that both exhibit the same mode of action. In
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FIGURE 4 | Growth inhibition assays in the presence of nisin A and the nisin H varants. The lantibiotic nisin A (black bars), the heterologous expressed nisin H (red

bars) and the position 1 variant of nisin H F1 I (blue bars) were used for growth inhibition (IC50) with the strains NZ9000Cm, NZ9000NisI, NZ9000NisFEG,

NZ9000SaNSR, and NZ9000SaNsrFP. Values represent the average of at least five biological independent measurements and the errors report the standard

deviation of the mean (SDM).

TABLE 2 | IC50 values (nM) for nisin A, nisin H, and nisin H F1 I with the corresponding fold of resistance (FR) against the strains NZ9000Cm, NZ9000NisI,

NZ9000NisFEG, NZ9000SaNSR, and NZ9000SaNsrFP.

Variant NZ9000Cm NZ9000NisI NZ9000NisFEG NZ9000SaNSR NZ9000SaNsrFP

IC50 FR IC50 FR IC50 FR IC50 FR

Nisin A 4.8 ± 0.7 48.6 ± 6.3 10.1 ± 2.0 53.0 ± 4.5 11.1 ± 1.9 73.0 ± 3.6 15.2 ± 2.5 82.1 ± 3.1 17.1 ± 2.7

Nisin H 5.3 ± 1.0 43.2 ± 8.7 8.1 ± 2.2 23.4 ± 3.3 4.4 ± 1.0 52.4 ± 9.9 9.8 ± 2.6 86.4 ± 4.1 16.2 ± 3.1

Nisin H F1 I 14.2 ± 0.2 34.1 ± 0.3 2.4 ± 0.1 32.1 ± 0.8 2.3 ± 0.1 44.2 ± 1.3 3.1 ± 0.1 50.2 ± 1.6 3.5 ± 0.1

the case of nisin A this combines growth inhibition with pore
formation in the membrane with subsequent cell death. To test
this we performed a SYTOX assay previously used for nisin A
(Reiners et al., 2017). Here the SYTOX dye was added to L. lactis
cells and displayed an increased fluorescence signal upon binding
of DNA which is released from the cell upon pore formation
(Roth et al., 1997). We use 100 nM of nisin A, nisin H and
nisin H F1I variant respectively and observed an almost instant
fluorescence increase similar to the signal increase observed for
nisin A (Figure 5). This shows that nisin H as well as its F1I
variant form pores in the membrane of L. lactis cell.

The nisin variants were further tested for antibacterial
capabilities against B. subtilis and different pathogenic strains
from S. aureus, E. faecium, and E. faecalis using the microdilution
method, according to the recommendations of CLSI (2012). Here
we found that nisin H and the F1I variant performed almost
identically or in most cases even better than the natural nisin
A. Especially against the MSSA and MRSA strains, nisin H had
significant lower MIC values of 0.19 and 0.78 µM, in comparison
to 0.78 and 6.25 µM for nisin A, respectively (Table 3). Also,
against E. faecium ATCC 35667, B. subtilis 168 as well as
E. faecium ATCC 700221 (VRE), nisin H showed more potency

with about two to eightfold lower MIC values than nisin A [0.39,
0.1, and 0.39 µM compared to 1.56, 0.78, and 0.78 µM for nisin
A, respectively (Table 3)]. While the nisin H F1I variant and nisin
A had similar MIC values against both MSSA and MRSA strains,
the nisin H F1I variant only performed better than nisin A or
nisinH against E. faecalisATCC 51299 (VRE) with aMIC value of
0.78 µM compared to 1.56 µM for nisin A and nisin H. Against
E. faecium ATCC 35667 and B. subtilis 168 nisin H F1I was less
efficient than nisin H, but still better than nisin A (Table 3).

DISCUSSION

We focused in this study on the natural variant nisin H and
the nisin H F1I mutant. Nisin H was discovered from the gut-
derived strain S. hyointestinalis DPC6484 in 2015 by O’Connor
et al. (2015). Here, we showed the heterologous expression of
nisin H and the F1I variant with the NICE-system in L. lactis
(Eichenbaum et al., 1998; Mierau and Kleerebezem, 2005; Rink
et al., 2005; Zhou et al., 2006; Lagedroste et al., 2019) and
extended the characterization in terms of cleavage efficiency
by the protease NisP and the antimicrobial activity against

Frontiers in Microbiology | www.frontiersin.org 7 October 2020 | Volume 11 | Article 573614

71



Reiners et al. Characterization of Nisin H

FIGURE 5 | Nisin mediated pore formation, visualized with the SYTOX green

assay. The NZ9000Cm strain incubated with the SYTOX dye. After a stable

baseline (∼200 s), one of the nisin variants (100 nM) was added (indicated

with an arrow). The fluorescence signal was measured using a fluorolog

(Horiba III). The rapid increase in fluorescence indicates pore formation. The

black line represents the addition of nisin A, the red line nisin H, and the blue

line nisin H F1 I. As a control we added buffer shown as green line.

the immunity proteins NisFEG (Alkhatib et al., 2014b) and
NisI (Alkhatib et al., 2014a), as well as the resistance proteins
SaNSR (Khosa et al., 2013; Khosa et al., 2016a,b) and SaNsrFP
(Khosa et al., 2016a; Reiners et al., 2017). We further tested
for antibacterial capabilities against B. subtilis and different
pathogenic strains from S. aureus, E. faecium, and E. faecalis.

Both lantibiotics, nisin H and the F1I variant were purified
in high amounts and purity with 5.3 ± 0.6 mg/L of cell culture
for nisin H and 4.9 ± 0.2 mg/L of cell culture for nisin H F1I
variant, respectively (Figure 2B and Table 1). In comparison, the
homologous expression of nisin H in S. hyointestinalis and nisin
A in L. lactisNZ9700 results in a very low amount of 0.15 mg/L of
cell culture and 0.50 mg/L of cell culture (O’Connor et al., 2015),
respectively, which demonstrates the enormous potential of the
NICE-system, for lantibiotic and even non-lantibiotic expression
(Eichenbaum et al., 1998; Mierau and Kleerebezem, 2005; Rink
et al., 2005; Zhou et al., 2006; Lagedroste et al., 2019).

An important step in the maturation of a lantibiotic is
the cleavage of the leader peptide to become biological active.
The cleavage efficiency of the natural substrate nisin A was

determined with 94.6 ± 2.0%. For nisin H the cleaving efficiency
was drastically reduced to 15.6 ± 1.4%. The first residue of
nisin A is an isoleucine, while the corresponding residue in
nisin H is phenylalanine and as demonstrated before (Lagedroste
et al., 2019), aromatic residues prevent efficient cleavage likely by
interfering with the S1′ binding pocket of NisP. With the nisin H
F1I variant, the cleavage efficiency was restored to 91.8 ± 0.8%
(Figures 1, 2C and Table 1). This indicated that the other point
mutations naturally occurring in nisin H did not affect cleavage
by NisP. With respect to other natural nisin variants, NisP
cleavage could be a critical step. For example nisin O1 to O4 from
B. obeum A2-162 (Hatziioanou et al., 2017) has a tyrosine or a
threonine, respectively, at position one, which should also result
in a low NisP cleavage efficiency. Natural variants such as nisin
U (Wirawan et al., 2006), nisin J (O’Sullivan et al., 2019, 2020),
nisin Q (Zendo et al., 2003), nisin Z (Mulders et al., 1991) and
nisin F (de Kwaadsteniet et al., 2008) have an isoleucine and nisin
U2 (Wirawan et al., 2006) and nisin P (Zhang et al., 2012; Wu
et al., 2014) a valine at position one, which should result in high
NisP cleavage efficiency.

Furthermore, we made a sequence alignment with Clustal
Omega (Madeira et al., 2019) for the NshP (the natural protease
for the nisin H cleavage) from S. hyointestinalis and NisP from
L. lactis to see if there is any difference in the active site, which
could be the reason for the reduced cleavage efficiency (Figure 6A
and Supplementary Figure 1). Here the three important residues
His306, Asp259, and Ser512 which build up the catalytic triad in
NisP are conserved in NshP. We also calculated a homology
model of NshP based on the known NisP structure (PDB
code 4MZD) using Phyre2 (Kelley et al., 2015; Figure 6B and
Supplementary Figure 2). Here, no significant differences are
found within the overall fold as well as the active site which would
explain the difference in the cleavage site. This is intriguing since
the recognition site within the leader peptide differs between
nisin A (sequence is ASPR) and nisin H (sequence is ASTR)
(see Supplementary Figure 3). This suggests that the proteases
NisP and NshP recognize their substrate by small difference in
their active site.

Nevertheless, for an efficient cleavage, (methyl)-lanthionine
rings have to be present. This even holds true in light
of the presence of all (methyl)-lanthionine rings, which is
generally assumed as the prerequisite for fast and efficient
conversion of the pre-nisin to modified nisin (Plat et al., 2011;

TABLE 3 | MIC values for nisin A, nisin H, and nisin H F1 I against different pathogenic strains.

Organisms Minimum inhibitory concentration (µM)

Nisin A Nisin H Nisin H F1I

Staphylococcus aureus ATCC 29213 (MSSA) 0.78 0.19 0.78

Staphylococcus aureus ATCC 700699 (MRSA) 6.25 0.78 6.25

Enterococcus faecalis ATCC 29212 1.56 1.56 1.56

Enterococcus faecium ATCC 35667 1.56 0.39 0.78

Bacillus subtilis 168 0.78 0.1 0.39

Enterococcus faecalis ATCC 51299 (VRE) 1.56 1.56 0.78

Enterococcus faecium ATCC 700221 (VRE) 0.78 0.39 0.78
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FIGURE 6 | Sequence alignment of NisP from Lactococcus lactis and NshP from Streptococcus hyointestinalis. (A) The important residues from the active site

(Asp259, His306, and Ser512 for NisP and Asp178, His225, and Ser431 for NshP) are marked in red, shown together with the close neighborhood residues. The

sequence alignment was done with Clustal Omega (Madeira et al., 2019). (B) Zoom-in into the active sites of NshP (magenta) and NisP (cyan). The important

residues for the catalytic activity (Asp259, His306, and Ser512 for NisP and Asp178, His225, and Ser431 for NshP) are shown in stick representation. Figure was

generated using Pymol (2015). For a full alignment and a corresponding homology model, please see Supplementary Material.

Lagedroste et al., 2017). To check the amount of dehydrations,
necessary for (methyl)-lanthionine ring formation we applied
MALDI-TOF analysis. The loss of water molecules within the
peptide is directly visible in the reducedmolecular weight, but not
the (methyl)-lanthionine ring formation. Here we used 1-cyano-
4 dimethylaminopyridinium tetrafluoroborate (CDAP) (Wu and
Watson, 1998), which binds to free cysteine residues, indicating
that these cysteines are not involved in a (methyl)-lanthionine
ring. For both lantibiotics, nisin H and the nisin H F1I variant
no CDAP coupling products were found, indicating that no
(methyl)-lanthionine ring is lacking (Figure 3 and Table 1).
Nisin H has 10 possible dehydration sites and is predicated to
be ninefold dehydrated when expressed homologous (O’Connor
et al., 2015). A minor species of nine dehydrations was found, but
the dominant species was eightfold dehydrated. The dehydration
pattern of the F1I variant is changed in comparison to nisin
H. Here we determined a dominant ninefold species (Figure 3

and Table 1). This provides a hint, that position two of wild-
type nisin H might not have been previously dehydrated, due to
steric hindrance of the phenylalanine. To validate which serine
or threonine residues is dehydrated, we perform a tandem mass
spectrometric analysis of nisin H and the F1I variant. Here we
found that the Thr2 partially escape the dehydration in nisin H.
In the nisin H F1I variant the Thr2 was in all species dehydrated,
which gives a hint that, the phenylalanine at position one in nisin
H is critical for the dehydratase NisB. This is in line with previous
data from the I1F variant of nisin A, where the dominant species
was sevenfold dehydrated and not eightfold as wild-type nisin A
(Lagedroste et al., 2019). It has also been reported for the natural
nisin Z (Mulders et al., 1991), that the I1W mutation showed
a partial inhibition of dehydration of the Thr2 (Breukink et al.,
1998), which could also be the case for nisin H with the aromatic
phenylalanine at position one, resulting in eight dehydrations.
A dehydration of position Ser29 normally goes in line with the
lack of ring E (Lubelski et al., 2009), which drastically reduces the
antimicrobial activity of nisin A against the sensitive NZ9000Cm

strain (Alkhatib et al., 2014b; Khosa et al., 2016a; Reiners et al.,
2017). Since the activity was high for nisin H and the F1I variant,
we expected that Ser29 was not dehydrated and tandem mass
spectrometric analysis supported this.

Nisin H showed nearly the same activity as nisin A against
the sensitive NZ9000Cm strain but the nisin H F1I variant is
roughly threefold less active. For the immunity protein NisI,
it was revealed that nisin H has an identical activity like nisin
A within experimental error. However, the nisin H F1I variant
exhibited a lower IC50 value of 34.1 ± 0.3 nM and due to the
weaker wild-type activity more than a threefold lower fold of
resistance (2.4 ± 0.1 compared to 8.1 ± 2.2) (Figure 4 and
Table 2). NisI recognizes the N-terminus of nisin (Wiedemann
et al., 2001) and the lower IC50 could be due to the fact that Thr2
is dehydrated in the nisin H F1I variant in contrast to nisin H. An
additional change is the leucine at position 6 against methionine
in nisin H and the nisin H F1I variant, which could be responsible
for the better recognition by NisI.

The immunity protein NisFEG, in comparison to nisin
A, showed a strong reduction in immunity in the presence
of nisin H and the nisin H F1I variant. NisFEG recognizes
the C-terminus of nisin (Alkhatib et al., 2014b), which
indicates that the point mutations of nisin H affect NisFEG.
So, we suppose that nisin H and the nisin H F1I variant
are not recognized and subsequently transported out of the
membrane like nisin A.

The resistance protein SaNSR also recognizes the C-terminus
of nisin (Khosa et al., 2016a), and cleaves nisin between the
positions 28 and 29. Other studies showed that mutations in this
area of the nisin molecule, e.g., S29P or C28P strongly reduce the
efficiency of SaNSR (Field et al., 2019; Zaschke-Kriesche et al.,
2019a). We assume that the exchange of His31 against lysine in
nisin H and the nisin H F1I variant (Figure 1) has the same effect
on SaNSR thereby lowering the resistance efficiency to an IC50

value of 52.4 ± 2.6 nM for nisin H and 44.2 ± 1.3 nM for the
nisin H F1I variant, respectively (Figure 4 and Table 2).
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For the resistance protein SaNsrFP, we observed an activity
for nisin H identical to nisin A. SaNsrFP recognizes the
N-terminus of nisin (Reiners et al., 2017), which is affected due
to the different dehydration pattern in wild-type nisin H in
comparison to the nisin H F1I variant. The nisin H F1I variant
showed a lower IC50 value of 50.2 ± 1.6 nM, compared to
86.4 ± 4.1 nM for nisin H. This effect is even more pronounced
when comparing the fold of resistances of 16.2 ± 3.1 for nisin H
to 3.5 ± 0.1 for the nisin H F1I variant, respectively (Figure 4

and Table 2).
This study demonstrated again that only a complete

characterization of a lantibiotic reveals the full antimicrobial
potential. Based on the IC50 value of the sensitive NZ9000Cm
strain the F1I variant might be classified as weakly antimicrobial
active, but with respect to the immunity and resistance proteins,
it becomes more interesting, due to its high activity even against
the immunity proteins NisI and NisFEG from L. lactis and the
nisin resistance proteins SaNSR and SaNsrFP from S. agalactiae
COH1. Against the tested pathogenic bacteria, we found that
nisin H and the nisin H F1I variant performed almost identically
or in the most cases even better than the natural nisin A.
Nisin H displayed high antimicrobial potential against both
methicillin-resistant and –susceptible the S. aureus strains, both
vancomycin-resistant and -susceptible, E. faecium strains, as well
as B. subtilis.
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Figure S1: Sequence alignment of NispP from Lactococcus lactis and NshP from 

Streptococcus hyointestinalis. The important residues of the active site (Asp259, His306, and 

Ser512 for NisP and Asp178, His225, and Ser431 for NshP) are highlighted in red. The sequence 

alignment was done with Clustal Omega [1]. 
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Figure S2: Homology model of NshP from Streptococcus hyointestinalis. A homology model 

of NshP was created using Phyre2 [2]. We used the sequence of the active protein without the 

self-cleaving part. The NshP model is shown in magenta and NisP (PDB code: 4MZD) in cyan. 

Figure was generated using PyMol [3]. 
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New insights into the resistance 
mechanism for the BceAB‑type 
transporter SaNsrFP
Julia Gottstein1,4, Julia Zaschke‑Kriesche1,4, Sandra Unsleber2, Irina Voitsekhovskaia2, 
Andreas Kulik2, Lara V. Behrmann1, Nina Overbeck3, Kai Stühler3, Evi Stegmann2 & 
Sander H. J. Smits1*

Treatment of bacterial infections is one of the major challenges of our time due to the evolved 
resistance mechanisms of pathogens against antibiotics. To circumvent this problem, it is necessary 
to understand the mode of action of the drug and the mechanism of resistance of the pathogen. One 
of the most potent antibiotic targets is peptidoglycan (PGN) biosynthesis, as this is an exclusively 
occurring and critical feature of bacteria. Lipid II is an essential PGN precursor synthesized in the 
cytosol and flipped into the outer leaflet of the membrane prior to its incorporation into nascent PGN. 
Antimicrobial peptides (AMPs), such as nisin and colistin, targeting PGN synthesis are considered 
promising weapons against multidrug‑resistant bacteria. However, human pathogenic bacteria 
that were also resistant to these compounds evolved by the expression of an ATP‑binding cassette 
transporter of the bacitracin efflux (BceAB) type localized in the membrane. In the human pathogen 
Streptococcus agalactiae, the BceAB transporter SaNsrFP is known to confer resistance to the 
antimicrobial peptide nisin. The exact mechanism of action for SaNsrFP is poorly understood. For 
a detailed characterization of the resistance mechanism, we heterologously expressed SaNsrFP in 
Lactococcus lactis. We demonstrated that SaNsrFP conferred resistance not only to nisin but also 
to a structurally diverse group of antimicrobial PGN‑targeting compounds such as ramoplanin, 
lysobactin, or bacitracin/(Zn)‑bacitracin. Growth experiments revealed that SaNsrFP‑producing cells 
exhibited normal behavior when treated with nisin and/or bacitracin, in contrast to the nonproducing 
cells, for which growth was significantly reduced. We further detected the accumulation of PGN 
precursors in the cytoplasm after treating the cells with bacitracin. This did not appear when SaNsrFP 
was produced. Whole‑cell proteomic protein experiments verified that the presence of SaNsrFP 
in L. lactis resulted in higher production of several proteins associated with cell wall modification. 
These included, for example, the N‑acetylmuramic acid‑6‑phosphate etherase MurQ and UDP‑
glucose 4‑epimerase. Analysis of components of the cell wall of SaNsrFP‑producing cells implied 
that the transporter is involved in cell wall modification. Since we used an ATP‑deficient mutant of 
the transporter as a comparison, we can show that SaNsrFP and its inactive mutant do not show the 
same phenotype, albeit expressed at similar levels, which demonstrates the ATP dependency of the 
mediated resistance processes. Taken together, our data agree to a target protection mechanism and 
imply a direct involvement of SaNsrFP in resistance by shielding the membrane‑localized target of 
these antimicrobial peptides, resulting in modification of the cell wall.

Abbreviations
UDP  Undecaprenyl-phosphate
GlcNAc  N-acetylglucosamine
MurNAc  N-acetylmuramic acid
MurN  N-deacetylated muramic acid
Ala  Alanine
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iGlu  Isoglutamic acid
iGln  Isoglutamine
Glu  Glutamine
Asp  Aspartate/aspartic acid
Asn  Asparagine
Lys  Lysine

Bacterial infections cause over 150,000 deaths every year and are a major threat for  humans1,2. The treatment 
of many infectious diseases is possible due to the development of antibiotics, which have been discovered over 
the last 100 years, starting with penicillin in 1929. In recent years, however, antibiotic resistance has become a 
major challenge, as pathogenic bacteria have evolved several resistance mechanisms against antibiotics in  use3.

An Achilles heel of bacteria is the synthesis pathway of peptidoglycan (PGN), the main component of the 
cell  wall4. PGN is a heteropolymeric layer that completely encloses the bacterial cell and provides the bacterial 
shape and integrity. The biosynthesis of PGN requires several steps, which are evolutionarily conserved in all 
bacterial species but are missing in eukaryotic  cells5. Therefore, it is an optimal target for antibacterial agents.

PGN synthesis occurs in three distinctive compartments of the bacterial cell, namely, the cytoplasm, the 
cytoplasmic membrane, and the cell  surface6: (1) In the cytoplasm, lipid II synthesis takes place; lipid II is a PGN 
precursor composed of an undecaprenyl pyrophosphate (UPP) anchor, the two amino sugars N-acetylglucosa-
mine (GlcNAc) and N-acetylmuramic acid (MurNAc) and a covalently attached  pentapeptide7. (2) Lipid II is 
afterwards flipped to the extracellular space (or periplasm for gram-negative bacteria) and is still anchored to 
the membrane via  UPP8. (3) Following this, the GlcNAc-MurNAc-pentapeptide subunit is incorporated into the 
nascent PGN, leaving UPP attached to the membrane. UPP is subsequently dephosphorylated to undecaprenyl 
phosphate (UP), which is flipped back into the cytoplasm and implemented into a new PGN synthesis  cycle9.

This biosynthetic pathway has been shown to be an ideal target for antimicrobial compounds at any stage 
of (1)–(3)4,10. In many cases, the incorporation of lipid II into the nascent PGN layer is prevented; antibiotics 
either bind directly to lipid II or to enzymes that catalyze its incorporation into PGN. Both types of binding lead 
to nonrecycling of UP and subsequent inhibition of lipid II synthesis. As a consequence, bacterial cell growth 
is hindered.

Binding of antibiotics occurs to various moieties of lipid II, e.g., to the pyrophosphate moiety (lantibiotics such 
as nisin and gallidermin)11–13 or to the pentapeptide moiety (glycopeptides such as vancomycin)10,14,15 (Fig. 1). 
A particular class are small antimicrobial peptides (AMPs) that bind specifically to the pyrophosphate-sugar 
moiety of lipid  II11, such as the lipoglycodepsipeptide ramoplanin and the acylcyclodepsipeptide  lysobactin10,16–18.

In addition to lipid II binders, antibiotics are known to inhibit PGN biosynthesis at another stage, e.g., the 
cyclic peptide bacitracin. The binding of bacitracin to UPP inhibits the dephosphorylation of UP and blocks 
its regeneration, resulting in the accumulation of intracellular PGN  precursors19–21 (Fig. 1). The net effect is the 
destabilization of the cell wall, leading to cell growth inhibition and subsequently to the death of the bacteria.

Bacitracin has been suggested to form a compact ternary 1:1:1 antibiotic-metal-lipid complex that, with its 
highly amphipathic structure, enhances membrane-binding  affinity20. Due to a stabilizing effect and increased 
antimicrobial activity, a zinc-bacitracin (Zn-bacitracin) complex has been commonly used in human and vet-
erinary medicine in antibiotic  formulations22,23.

Bacitracin has also been used as a growth-promoting additive in animal  feed24. Additionally, it has been shown 
to control necrotic enteritis  effectively25 and is therefore used as a drug in many countries. Long-term usage of 
bacitracin in animals leads to an increase in resistance genes in microorganisms. Some molecular bacitracin 
resistance mechanisms have been reported in  bacteria26–29.

One of the identified resistance mechanisms against AMP in human pathogens is based on the expression of 
bacitracin efflux (Bce) transporter, a member of the ABC transporter family. Bce confers high-level resistance 
to bacitracin and/or lantibiotics such as nisin and gallidermin in Bacillus subtilis, Staphylococcus aureus and 
Streptococcus agalactiae27,30–34. Genomic analysis revealed the presence of homologous transporters (BceAB-type 
transporters) mostly in bacteria predominantly found in soil and in human pathogenic  bacteria35.

The first BceAB-type transporter was identified in B. subtilis. Adjacent to the bceAB genes, the bceRS genes 
are located, encoding a two-component system (TCS). The TCS regulates the expression of  transporters27 and 
it is hypothesized that the detoxification against peptide antibiotics is functionally linked to  it36. Status quo 
is that upon substrate binding the BceAB type transporter transfers a signal to the histidine kinase that then 
phosphorylates its cognate response regulator which induces the expression of the ABC transporter genes. This 
was described i.e. for the GraRS-VraFG  system37 in S. aureus and also for several TCS-ABC transporters in 
B. subtilis (BceRS-AB, YxdJK-LM and YvcPQ-RS)35,38. The direct interaction between the BceAB transporter
and the BceS histidine kinase was demonstrated in B. subtilis36. In that study, it was shown that BceAB, which
was purified from the membrane, needs to form a complex with BceRS in order to initiate antibiotic resistance
 signalling36. A characteristic feature of these BceAB-type transporters is an extracellular domain (ECD) of
roughly 210–230 amino acid located between transmembrane helices 7 and 8. These domains are supposed to
be involved in binding the substrate (e.g., bacitracin). This is hypothesized due to the reason that the cognate
histidine kinase, consists only of a short loop which is buried almost entirely in the cytoplasmic membrane and 
thus cannot detect extracellular  stimuli39. So the binding to the ECD is supposed to trigger simultaneously the
histidine kinase (HK)36. It has been shown with medically and biotechnologically relevant Gram-positive species
that BceS-like HKs require BceAB-type transporters for antibiotic  signaling31,36,40,41. Moreover, ATP hydrolysis
by the ATPase BceA was shown to play an essential role for lantibiotic  signaling23. Additionally, it was found that 
the associated sensor kinase BceS is unable to detect bacitracin in the absence of the transporter BceAB, which 
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led to proposition that the transporter contains the involved sensory domain of the  system40,42. More recently, 
the binding of AMP LL-37 to the ECD of VraG (a BceAB homologous transporter) was described in B. subtilis37.

Similar operon structures have been reported for other BceAB-type transporters, in some cases with an addi-
tional gene encoding a membrane-embedding protein such as SaNSR, a BceAB-type transporter in the human 
pathogen S. agalactiae, conferring resistance against lantibiotics such as nisin A, nisin H and  gallidermin32,43. 
Using a peptide release assay, it was postulated that SaNsrFP transports these peptides via an efflux mechanism 
back into the  medium34.

Several putative mechanisms for BceAB-type transporters have been proposed, ranging from AMP removal 
from the  membrane44, functioning as an  exporter34, to flipping the  UPP21. Recently, a study proposed a target-
AMP dissociative, ATP-hydrolysis-driven mechanism for BceAB-type transporters, in which the target-AMP 
complex is recognized and UPP physically released from the grip of  bacitracin45.

In our study, in order to elucidate the mechanism of SaNsrFP, we expressed the BceAB-type transporter SaN-
srFP in L. lactis NZ9000 without its cognate  TCS34. We hypothesized that the transporter alone is able to sense 
an AMP in the surrounding since the Bce type transporters are known to play a crucial role in the signalling 
 process37,42,43,46. It was shown for the related BceAB transporter that signalling is triggered by the activity of the 
transporter itself and the transporter can autoregulate its own  production46. In previous work, it was shown that 
SaNsrFP is able to confer resistance against nisin without its  TCS34. As a control for our study, we also analyzed 
the ATPase-deficient mutant of the ABC transporter that showed no ATPase function in-vitro47.

Since the BceAB system of B. subtilis is known to confer resistance against bacitracin and also other anti-
biotics i.e. mersacidin, plectasine and  actagardine27,38, we wanted to test whether the SaNsrFP is also able to 
confer resistance against bacitracin and structurally different antibiotics. By investigating the effect the expres-
sion of sansrfp has on the proteome level, we gained further insights into the mode of action. Since here it was 
observed that genes involved in cell wall biosynthesis were downregulated, we also analyzed the composition 
of the peptidoglycan layer. Cell wall modification is one of several mechanisms of being involved in antibiotic 
resistance and has been shown to play an important role in the resistance mechanism in S. aureus, C. difficile, 
S. pneumoniae and S. agalactiae48–50. Also, in recent studies it is suggested that transporters can have a direct or
indirect influence on peptidoglycan biosynthesis or peptidoglycan remodeling as was shown recently for the
ABC transporter YtrBCDEF in B. subtilis51.

In this study, we aimed to characterize SaNsrFP in larger detail and analyzed the ability of this transporter to 
confer resistance against different structurally unrelated compounds, such as lysobactin, ramoplanin, vancomycin 

Figure 1.  Schematic view of peptidoglycan synthesis. Synthesis of lipid II in the cytoplasm and its 
incorporation into the peptidoglycan. Phosphates are marked with a P, undecaprenyl as a black curved line, 
uridine phosphate (UDP) in light blue, GlcNAc in blue, MurNAc in red and amino acids of the pentapeptide 
in orange. Enlarged step of peptidoglycan synthesis showing targets of bacitracin, which is undecaprenyl 
pyrophosphate (green circle), and targets of many antimicrobial peptides, such as nisin, gallidermin, lysobactin, 
and ramoplanin: lipid II (violet, dotted circle). GlcNAc N-acetylglucosamine; MurNAc N-acetylmuramic acid. 
The figure was created using Microsoft Powerpoint Version 16.54.
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and bacitracin, as well as its zinc complex Zn-bacitracin. Whole-cell proteome and cytosolic PGN precursor 
analysis supported our hypothesis that the different antibiotics bind to SaNsrFP inducing an altering of the cell 
wall. This is relying on the ATP hydrolysis of SaNsrFP since the ATP hydrolysis deficient mutant does not show 
this phenotype. The transporter is able to protect the target via a first-line and second-line defense, and the 
energy set free by ATP hydrolysis could be the key to resetting the system. Our study provides new insights into 
the resistance mechanism of the BceAB-type transporter SaNsrFP. The data presented are in agreement with a 
mechanism of protection by shielding the target of the antimicrobial peptide.

Results
SaNsrFP enables normal growth in the presence of bacitracin. The BceAB-type transporter NsrFP 
from the human pathogen S. agalactiae COH1, SaNsrFP, has been shown to confer resistance against the lanti-
biotic nisin and structurally related compounds such as nisin H and gallidermin by recognizing and binding to 
the N-terminus of these  lantibiotics34.

To investigate whether SaNsrFP confers resistance against bacitracin and Zn-bacitracin, binding to the lipid 
carrier  UPP20,52, we analyzed the influence of the expression of the sansrfp gene. The sensitive L. lactis strain 
NZ9000, served as an indicator strain for these studies which was transformed with a plasmid encoding the 
nsrfp gene. We included two controls where the strains were transformed with (I) an empty plasmid (L. lac‑
tis NZ9000Cm) (II) a plasmid containing a variant of the nsrfp gene (L. lactis NZ9000SaNsrFH202AP)34. This 
NZ9000SaNsrFH202AP strain is used since the transporter carries a mutation in the H-loop, a highly conserved 
region of ABC transporters, and as a result is not able to hydrolyze  ATP47. This mutation causes loss of ATP 
hydrolysis and stabilization of the closed  conformation53. Although the substrate still binds to it as the trans-
porter, it cannot be translocated because the required energy cannot be  provided34,47. The growth of L. lactis 
NZ9000Cm, L. lactis NZ9000SaNsrFP, L. lactis NZ9000SaNsrFH202AP and L. lactis NZ9000NisT was monitored 
online over a time period of 500 min (Fig. 2a,b). After adding the different antibiotics to the culture, the growth 
curve was determined.

The expression of the sansrFP and sansrFPH202A genes was induced by adding a sublethal concentration of 
0.3 nM nisin to the cells. This subinhibitory concentration of nisin is able to induce the nisA promotor in the pIL-
SV plasmids which enables the gene expression of the respective protein. Important to note that this low concen-
tration of nisin is not harming the cells as observed by different growth  studies54,55. Simultaneously, either 1 µM 
bacitracin in combination with 1 mM  ZnCl2 (Fig. 2a) or 4 µM bacitracin without zinc (Fig. 2b) was added. As a 
control, all strains were only induced with 0.3 nM nisin without receiving any additional supplements (Fig. 2c).

Severe growth inhibition was shown for the L. lactis NZ9000Cm and L. lactis NZ9000NisT strains. When using 
the L. lactis NZ9000SaNsrFP strain, however, the growth behavior was comparable to that of L. lactis NZ9000Cm 
without the addition of bacitracin (Fig. 2a,b light blue curve and c). Interestingly, L. lactis NZ9000SaNsrFH202AP 
cells were unable to grow when treated with (Zn)-bacitracin (Fig. 2a orange), whereas reduced growth was 
observed when bacitracin was added (Fig. 2b orange). Growth retardation, as observed in L. lactis NZ9000Cm 
upon the addition of bacitracin, has been shown for many bacterial cells, such as methicillin-resistant S. aureus 
and group B  streptococci56,57. It is caused by the binding of bacitracin to UPP, preventing the dephosphorylation 

Figure 2.  (a) Growth curve of the BceAB type ABC transporter expressing strain L. lactis NZ9000NsrFP (light 
blue), the ATP-hydrolysis deficient mutant strain L. lactis  NZ9000NsrFH202AP (orange), the empty plasmid 
expressing strain L. lactis NZ9000Cm (black) and the nisin transporter expressing strain L. lactis NZ9000NisT 
(dark red) were induced with 0.3 nM nisin and treated with 1 µM bacitracin and 1 mM  ZnCl2. As a control, L. 
lactis NZ9000NsrFP (dark blue) was induced with 0.3 nM nisin, and 1 mM  ZnCl2 was added. (b) Growth curve 
of L. lactis NZ9000NsrFP (light blue), L. lactis  NZ9000NsrFH202AP (orange), L. lactis NZ9000Cm (black), L. 
lactis NZ9000NisT (dark red) induced with 0.3 nM nisin and treated with an additional 4 µM bacitracin without 
 ZnCl2. As a control, L. lactis NZ9000NsrFP (dark blue) was induced with 0.3 nM nisin. (c) Growth curve of the 
control, L. lactis NZ9000NsrFP (dark blue), L. lactis NZ9000Cm (black) and L. lactis NZ9000NisT (dark red) 
induced with 0.3 nM nisin, and 1 mM  ZnCl2 was added. The normalized  OD600 was plotted against the time 
using GraphPad Prism version 9.2.0 for Mac, GraphPad Software, San Diego, California USA, www. graph pad. 
com.
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reaction and leading to the interruption of PGN  biosynthesis20. Intriguingly, L. lactis NZ9000SaNsrFP did not 
show reduced growth (Fig. 2a,b light blue) in the presence of bacitracin in comparison to the control strain L. 
lactis NZ9000SaNsrFP (Fig. 2a,b blue) and the sensitive strain L. lactis NZ9000Cm.

These results demonstrated that SaNsrFP is involved in bacitracin resistance with a requirement for ATP 
hydrolysis. For our study, we expressed sansrfp without its TCS, leading us to the conclusion that the transporter 
alone is directly involved in bacitracin resistance.

SaNsrFP confers resistance against bacitracin, ramoplanin, vancomycin and lysobactin. Since 
SaNsrFP conferred resistance in addition to lanthipeptides against bacitracin and Zn-bacitracin, we extended 
the resistance study to a structurally diverse, rather unrelated group of antibiotics, including ramoplanin, vanco-
mycin and lysobactin, all of which bind to different parts of lipid  II10,18.

After adding the different antibiotics to the cultures of the strains L. lactis wild type (WT), L. lactis NZ9000Cm, 
L. lactis NZ9000SaNsrFP and L. lactis SaNsrFH202AP, the  IC50 was determined. By dividing the  IC50 obtained for
the strains producing SaNsrFP or the inactive variant  SaNsrFH202AP by the  IC50 value obtained for the sensitive
strain NZ9000Cm, the fold change of resistance was calculated, which was independent of small variations in
bacterial cell growth behavior.

Compared to L. lactis WT, L. lactis NZ9000SaNsrFP exhibited small resistance to the lipid II binders, van-
comycin and lysobactin (two to sixfold) (Fig. 3a, SI Fig. S1, Table 1). No significant differences were detected 
between NZ9000NsrFP and NZ9000NsrFH202AP with ramoplanin. The fold increases of resistance (two, fivefold 
increases) obtained were significantly lower than the fold changes described for nisin (16-fold) and gallidermin 
(12-fold)34, suggesting that nisin is a preferred substrate of the transporter.  IC50 values decreased to similar 
levels in L. lactis  NZ9000SaNsrFH202AP (one, two and threefold), as observed for the L. lactis NZ9000Cm strain 
(73.0 nM, 213.5 nM, and 30.7 nM, respectively, Table 1), indicating that resistance was not achieved solely by 
the expression of the  SaNsrFH202AP transporter. To ensure that this loss of resistance was not due to different 
production levels, we performed Western blot analysis on the purified membrane fractions of the transporter 
expressing cells using a polyclonal antibody against the ECD of SaNsrP (Fig. 3b). We confirmed that comparable 
levels of transporters were produced in both strains. Since ATP hydrolysis activity was deleted in the  SaNsrFH202AP 
mutant, the obtained results suggested that SaNsrFP requires ATP hydrolysis to confer resistance.

However, high-level resistance was observed for L. lactis NZ9000SaNsrFP to bacitracin (350-fold) and (Zn)-
bacitracin (132-fold) compared to L. lactis WT (Fig. 3a, SI Fig. S1, Table 1). In contrast, L. lactis NZ9000SaN-
srFH202AP displayed only moderate resistance (13-fold), which was completely abolished when the cells were 
treated with (Zn)-bacitracin (0.7-fold). Resistance at a low level against nisin (2.6-fold) was shown in Khosa 
et al., in which an inactive variant of the protease SaNSR (SaNSRS236A) was  produced32. Even though, it was 
demonstrated that NZ9000SaNsrFH202AP shows no ATPase activity in-vitro47, it is known that it is difficult to 
compare in-vitro with in-vivo data since it cannot be excluded that other processes in the bacterial cell might 

Figure 3.  (a) Fold of resistance of L. lactis NZ9000NsrFP and  NZ9000NsrFH202AP (hatched bars) against 
L. lactis NZ9000Cm calculated with the determined  IC50 of ramoplanin A2 (yellow), vancomycin (orange),
lysobactin (green), bacitracin (blue) and bacitracin with  ZnCl2 (dark red). Values for nisin and gallidermin were 
taken from Reiners et al.34 and marked with an asterisk. Values were calculated from at least 4 independent
measurements and are also listed in Table 1. A two-sided Students t-test was performed with the  IC50 data
obtained for SaNsrFP and SaNsrFH202AP. Significance was marked with an asterisk. p-values were listed in a 
separate table (SI Table S1) in the supplement. (b) Expression of SaNsrFP (1) and SaNsrFH202AP (2) and the
empty vector pIL-SV (3) in L. lactis NZ9000, monitored via western blot with a polyclonal antibody against the 
extracellular domain of SaNsrP. Loaded are purified membranes from the corresponding strains. A nonlinear
regression curve fit and a two-sided, unpaired Students t-test was performed using Graphpad Prism version 
9.2.0 for Mac, GraphPad Software, San Diego, California USA, www. graph pad. com.
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lead to such a residual bacitracin resistance for SaNsrFH202AP. On the other hand, the residual resistance is only 
observed with bacitracin not with zinc-bacitracin. It has been shown that bacitracin shows a higher attraction to 
the membranes in the presence of zinc and the target most probably due to the observation that it is forced into 
an amphiphile  conformation20. This could explain why only residual resistance is observed with only bacitracin 
since it cannot access the membrane as easily as with zinc.

To strengthen this hypothesis and to exclude that the resistance to bacitracin in L. lactis  NZ9000SaNsrFH202AP 
is caused by an altered membrane protein composition due to the overexpression, we performed growth inhibi-
tion experiments with another large ABC transporter, namely, NisT from L. lactis, which is not present in the 
genome of the NZ9000 strain used, using the same plasmid backbone. Recently, it was shown that NisT is pro-
duced in high amounts in the used  strain58,59. However, NisT is not relevant to bacitracin resistance, as evidenced 
by similar  IC50 values of the strain NZ9000NisT, producing no NisT (Table 1). Therefore, it can be concluded that 
the production of large membrane proteins, as well as ATP hydrolysis and a possible alteration of the membrane 
protein composition is not the explanation for the resistant phenotype but is due to the production of SaNsrFP 
or its inactive variant.

SaNsrFP prevents the accumulation of peptidoglycan precursors after the addition of bacitra‑
cin. To further understand the mechanism of action of SaNsrFP, we analyzed PGN precursor accumulation in 
the cytoplasm of L. lactis NZ9000SaNsrFP, L. lactis NZ9000Cm and L. lactis NZ9000SaNsrFH202AP grown in the 
presence of bacitracin. HPLC/MS analysis of the PGN extracts revealed the presence of the characteristic PGN 
precursors UDP-MurNAc-l-Ala-d-iGlu-l-Lys-d-Ala-d-Ala (1148.4 m/z−1) and MurNAc-l-Ala-d-iGlu-l-Lys-
(d-Asp)-d-Ala-d-Ala (1263.4 m/z−1) in the L. lactis NZ9000Cm strain (Fig. 4a,b light gray).

Table 1.  Measured  IC50 values and calculated fold of resistance for the antibiotics ramoplanin A2, 
vancomycin, lysobactin and bacitracin and for the strains NZ9000Cm, NZ9000SaNsrFH202AP and 
NZ9000SaNsrFP. The control strain NZ9000NisT was only treated with bacitracin or (Zn)-bacitracin. Each 
measurement was performed at least by 3 biological replicated with 3 technical replicates each.

Antibiotic

L. lactis

NZ9000Cm L. lactis NZ9000NsrFP L. lactis  NZ9000NsrFH202AP L. lactis NZ9000NisT

IC50 (nM) IC50 (nM)
Fold of 
resistance IC50 (nM)

Fold of 
resistance IC50 (nM)

Fold of 
resistance

Ramoplanin A2 73 ± 18 121 ± 34 2 ± 1 92 ± 21 1 ± 0 95 1.3 ± 0

Vancomycin 214 ± 27 1078 ± 264 5 ± 1 325 ± 117 2 ± 1 133 ± 9 1 ± 0

Lysobactin 31 ± 17 182 ± 37 6 ± 1 101.8 ± 52.2 3 ± 2 25 ± 3 1 ± 0

Bacitracin 938 ± 94
327,500 ± 
60,884

349 ± 65 12,855 ± 8517 14 ± 9 733 1 ± 0

Bacitracin  ZnCl2 81 ± 16 10,694 ± 1541 132± 19 58.7 ± 17.9 1 ± 0 49 ± 16 1 ± 0

Figure 4.  Relative abundance of obtained mass in cps against retention time in min of precursor accumulation 
after treatment with bacitracin. (a) Extracted ion chromatography (EIC) spectrum for UDP-MurNAc-l-Ala-
d-iGlu-l-Lys-d-Ala-d-Ala (1148.4 m/z−1) and (b) EIC spectrum for UDP-MurNAc-l-Ala-d-iGlu-l-Lys(d-
Asp)-d-Ala-d-Ala (1263.4 m/z−1) of the strains NZ9000Cm (light gray), NZ9000SaNsrFH202AP (gray) and 
NZ9000SaNsrFP (black). Extracted ion chromatograms (EICs) in negative ion mode for UDP-MurNAc-l-Ala-
d-iGlu-l-Lys-d-Ala-d-Ala (m/z−1 1148.34 ± 0.1) and UDP-MurNAc-l-Ala-d-iGlu-l-Lys-(d-Asp)-d-Ala-d-
Ala (m/z−1 1263.37 ± 0.1) were analyzed with Data Analysis (Bruker), exported and presented with GraphPad 
Prism 6.0, GraphPad Software, San Diego, California USA, www. graph pad. com. UDP undecaprenyl-phosphate, 
MurNAc N-acetylmuramic acid, Ala alanine, iGlu isoglutamic acid, Glu glutamine, Asp aspartate/aspartic acid, 
Lys lysine.
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Interestingly, no accumulation of the PGN precursors was observed in the L. lactis NZ9000SaNsrFP strain 
(Fig. 4a,b black line), whereas L. lactis NZ9000SaNsrFP without bacitracin treatment revealed the accumula-
tion of the PGN precursor UDP-MurNAc-l-Ala-d-iGlu-l-Lys-d-Ala-d-Ala (1148.4 m/z−1) (SI Fig. S6a,b). The 
fact that bacitracin was not able to block UPP recycling, together with the results obtained in the resistance test, 
clearly suggests that SaNsrFP prevents the binding of bacitracin to UPP and thus the accumulation of PGN 
precursors. This hypothesis is further supported by the results obtained for the L. lactis NZ9000SaNsrFH202AP 
strain. Here, reduced PGN precursor accumulation was observed compared to the bacitracin-sensitive L. lactis 
NZ9000Cm strain (Fig. 4a,b gray line), implicating that the availability of UPP for bacitracin binding is decreased 
in the L. lactis NZ9000SaNsrFH202AP strain. Considering that bacitracin did not inhibit PGN synthesis in L. lactis 
NZ9000SaNsrFP, SaNsrFP might protect the bacitracin target and directly interact with a component of PGN, 
most likely UPP, to evade the accumulation of PGN precursors.

Binding of bacitracin to the UPP or UP normally results in the accumulation of lipid II precursors in the 
cytosol. The lack of this accumulation in L. lactis SaNsrFP suggests that bacitracin is unable to bind to its 
membrane-localized target UPP. This, together with the observation that the cell growth of L. lactis SaNsrFP 
in the presence of bacitracin is similar to that of cells without bacitracin, supports the shielding mechanism 
proposed by Kobras et al.45.

SaNsrFP causes downregulation of proteins involved in peptidoglycan synthesis. To get an 
insight to the mode of action initiated by SaNsrFP expression, we analyzed the whole proteome of L. lactis 
NZ9000SaNsrFP, L. lactis NZ9000Cm and L. lactis NZ9000SaNsrFH202AP grown under identical growth condi-
tions (at 30 °C in GM17 medium containing 5 µg/ml chloramphenicol and induced with 0.3 nM nisin) by mass 
spectrometry. The analyses led to the identification of 894 proteins (identified by at least two unique peptides in 
each strain). The comparison between L. lactis NZ9000Cm and NZ9000SaNsrFP revealed 315 with differential 
abundances (Fig. 5a) and 339 proteins showing differential abundances between the L. lactis strains NZ9000SaN-
srFH202AP and NZ9000SaNsrFP (Fig. 5b). In 231 proteins there was no change of abundance. Here, we took the 
slightly different OD after 5 h of cell growth into account and adjusted the whole cell protein concentration 
accordingly. In particular, the latter highlights that these up- or downregulation of the proteins do not arise 
from the expression of the transporter since they are expressed at similar levels (see Fig. 2b). This high number 
of differentially produced proteins implied that the L. lactis NZ9000SaNsrFP strain has to respond significantly 
to counteract the effects mediated by the presence and activity of the SaNsrFP BceAB-type ABC transporter.

In-depth analysis showed that the production of proteins involved in PGN synthesis was reduced in L. lactis 
NZ9000SaNsrFP (Fig. 4a,b, SI Fig. S3). Among them the UDP-N-acetylglucosamine 1-carboxyvinyltransferase 
MurA (ADJ59532), was produced 6.2-fold less in the L. lactis NZ9000SaNsrFP compared to L. lactis NZ9000Cm; 
UDP-N-acetylmuramate-l-alanine ligase MurC (ADJ61283), 4.0-fold, UDP-N-acetylmuramoyl-l-alanyl-
d-glutamate synthetase MurD (ADJ59924) the 3.5-fold, UDP-N-acetylmuramoylalanyl-d-glutamate-2,6-di-
aminopimelate ligase MurE (ADJ60966), 4.0-fold less produced in the control strain as well as UDP-N-acetyl-
muramoylalanyl-d-glutamyl-2,6-diaminopimelate-d-alanyl-d-alanine ligase MurF (ADJ59966). Furthermore, 
proteins involved in the synthesis of components of lipid II synthesis, such as uracil phosphoribosyl transferase 
or glucosamine-fructose-6-phosphate aminotransferase, responsible for UMP and glucosamine-6-phosphate 
synthesis, respectively, were downregulated in L. lactis NZ9000SaNsrFP (Table 2, SI Fig. S3).

We included in the analysis proteins from other metabolic pathways, such as amino sugar metabolism and 
translation, represented by α-d-glucosamine-1,6-phosphomutase or phenylalanyl-tRNA synthetase beta subunit 
in order to show that the expression of the ABC transporter SaNsrFP is not toxic to the cells and has an influence 

Figure 5.  (a) Volcano plot of the proteome analysis of NZ9000SaNsrFP against NZ9000Cm and (b) 
NZ9000SaNsrFP against NZ9000SaNsrFH202AP. Proteins involved in cell wall synthesis are highlighted in 
orange if upregulated in NZ9000Cm (a) and NZ9000SaNsrFH202AP (b) and highlighted in blue if upregulated in 
NZ9000SaNsrFP. Proteins with a p-value ≤ 0.05 and a fold change ≥ 2 were considered as statistically significant. 
Proteome data was plotted using GraphPad Prism 6.0 for Mac, GraphPad Software, San Diego, California USA, 
www. graph pad. com.
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on other important cell processes. These proteins did not reveal any differences in production among all three 
tested strains (Table 2), confirming that the observed differences for the other proteins were due to the expres-
sion of the active SaNsrFP transporter.

In summary, upregulated proteins when SaNsrFP was produced, such as UDP-glucose-4-epimerase, N-acetyl-
muramic acid-6-phosphate etherase MurQ and RodA, were found to be associated with AMP resistance and 
cell wall modification (Fig. 6).

Additionally, the components of the nascent cell wall of L. lactis NZ9000Cm-, SaNsrFP- and SaNsrFH202AP-
expressing L. lactis cells were analyzed via LC–MS. The comparison of their chromatograms revealed that some 
peaks, which are occurring only in the sensitive strain and the inactive mutant (Fig. 7, SI Fig. S5a–f). These 
peaks correspond to components consisting of GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(d-Asn) with m/z 938.37 
[M +  H]+ (RT 27.0–28.3 min) (Fig. 7, SI Fig. S5a, peak 1), to GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(d-Asp) 
with m/z 939.37 [M +  H]+ (RT 29.8–30.6 and 32.4–33.1 min) (Fig. 7, SI Fig. S5b, peak 2), to GlcNAc-MurNAc-
l-Ala-d-iGln-l-Lys-(d-Asn)-d-Ala with m/z 1009.45 [M +  H]+ (RT 35.8–36.9 min) (Fig. 7, SI Fig. S5c, peak 3), 
to GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(d-Asn)-d-Ala-d-Ala with m/z 1080.50 [M +  H]+ (RT 38.0–39.3 min) 
(Fig. 7, SI Fig. S5d, peak 4). The obtained masses are in agreement with the data described in the  literature60,61.

Table 2.  Selected proteins of the proteome analysis with their description and their fold of down regulation 
in NZ9000SaNsrFP compared to NZ9000Cm and NZ9000SaNsrFH202AP. The number of replicates were n = 5. 
We performed an ANOVA test and the p values are also part of the protein lists. Only significant p-values were 
listed.

Protein Description

Fold of expression of SaNsrFP in comparison to

NZ9000Cm p-value NZ9000SaNsrFH202AP p-value

ADJ59532 UDP-N-acetylglucosamine 1-carboxyvinyltransferase MurA 1.2 2.1 0.018

ADJ61283 UDP-N-acetylmuramate-l-alanine ligase MurC 4.0 0.013

ADJ59924
UDP-N-acetylmuramoyl-l-alanyl-d-glutamate synthetase 
MurD

3.5 0.007 9.0 0.012

ADJ60966
UDP-N-acetylmuramoylalanyl-d-glutamate-2, 6-diami-
nopimelate ligase MurE

4.0 0.001 4.9 0.019

ADJ59382
UDP-N-acetylmuramoylalanyl-d-glutamyl-2,6-diami-
nopimelate-d-alanyl-d-alanine ligase MurF

2.5 0.032 4.5 0.037

ADJ60503 Glucosamine-fructose-6-phosphate aminotransferase 7.6 0.002 12.4 0.041

ADJ61146 Uracil phosphoribosyltransferase 2.4 0.001 2.1

ADJ59249 UDP-galactopyranose mutase 3.9 0.011 7.2 0.034

ADJ59465 a-d-glucosamine 1,6-phosphomutase 1.0 1.0

ADJ61162 Phenylalanyl-tRNA synthetase subunit beta 1.0 1.0

Figure 6.  Schematic view of the proposed mechanism of SaNsrFP. Phosphates are marked with a P, 
undecaprenyl as a black curved line, GlcNAc in blue, MurNAc in red and amino acids of the pentapeptide 
in orange. The transporter SaNsrFP is shown in blue, showing its functions of sensing antibacterial attack, 
shielding the target most likely by releasing the target from the grip of bacitracin and initiating a secondary 
defense leading to possible cell wall thickening, modifying the electrostatic charge of the cell wall by integrating 
lipoteichoic acids and increasing d-alanylation in the cell wall. Subsequentially, the released target can enter 
a new cell wall synthesis cycle and be incorporated into the peptidoglycan (not shown fully here but in 
Fig. 1). GlcNAc N-acetylglucosamine, MurNAc N-acetylmuramic acid. The figure was created using Microsoft 
Powerpoint Version 16.54.
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In contrast, one peak at RT 40.4–41.4 min with mass m/z 1037.49 [M +  H]+ (Fig. 7, SI Fig. S5e, peak 5) was 
detected only in L. lactis SaNsrFP-expressing cells. The detected mass may indicate the presence of GlcNAc-
MurNAc-l-Ala-d-iGln-l-Lys-(Ala)-d-Ala-d-Ala muropeptide fragment, that could contain an Ala residue 
attached to Lys, forming the crosslinking bridge. In addition, we detected three peaks (Fig. 7, SI Fig. S5f, peaks 
6–8) whose masses presumably corresponded to GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(Ala-Ala)-d-Ala-d-Ala 
(RT 44.4–45.5 min, 47.0–51.8 min and 54.4–55.7 min) with m/z 1108.53 [M +  H]+.These masses are in accord-
ance with the masses described in the  literature62–64. Intriguingly, the SaNsrFH202AP-expressing strain also showed 
some double alanine muropeptide species, albeit with a lower percentage than in the active transporter. These 
findings suggest that the transporter not only confers resistance by defending the target but also induces modu-
lation of the cell wall.

Discussion
To elucidate the mechanism of the SaNsrFP resistance mechanism, we showed that this transporter is able to 
circumvent reduced cell growth when cells are treated with bacitracin and/or Zn-bacitracin. Furthermore, we 
determined that resistance occurs against lipid II-binding AMPs. However, the highest resistance was observed 
for bacitracin and its Zn-bacitracin counterpart. This suggesting that this is the main substrate for NsrFP. The 
previously observed nisin resistance (Reiners et al.34) appears to be a side effect of the resistance mechanism. 
Here, our data implies that this resistance is ATP hydrolysis dependent and therefore is an active process, 
something that has been underestimated until now. Bacitracin resistance has been shown for several other 
BceAB-type transporters and appears to be conserved within this protein family. Examples include the AnrAB 
transporter from Listeria monocytogenes30, VraDE from S. aureus31,33, and the ABC transporter BceAB from B. 
subtilis38. However, similar to SaNsrFP, these transporters additionally exhibited a certain degree of resistance 
to nisin and gallidermin, suggesting a general resistance mechanism rather than specific resistance to one type 
or even to specific antibiotics. Therefore, considering that SaNsrFP confers resistance to structurally unrelated 
compounds, we concluded that SaNsrFP is neither able to inactivate nor bind various compounds but rather that 
the resistance is based on a more general mechanism, such as shielding PGN biosynthesis components, including 
lipid II, UPP or UP, which are exposed on the outer surface of the bacterial membrane. The high-level resistance 
observed for the UPP binders bacitracin and (Zn)-bacitracin suggested that SaNsrFP could shield either UPP 
or lipid II. (Figs. 1, 3a). Current hypotheses explain the resistance mechanism by the inaccessibility of the target 
UPP to bacitracin in this strain by either (i) target  removal21, (ii) target  protection45 or (iii) the combination of 
an active AMP defense mechanism that also mediates a multifactorial AMP defense response. The AMP defense 

Figure 7.  LC–MS chromatogram of isolated muropeptides from L. lactis NZ9000Cm (purple), L. lactis 
NZ9000NsrFP (red) and L. lactis  NZ9000NsrFH202AP (blue). The peaks that only occur in L. lactis NZ9000Cm 
and L. lactis  NZ9000NsrFH202AP are framed in green. Black framed is the peak, which can especially be 
observed in L. lactis NZ9000NsrFP. Peak 1: GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(d-Asn); peak 2: GlcNAc-
MurNAc-l-Ala-d-iGln-l-Lys-(d-Asp); peak 3: GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(d-Asn)-d-Ala; peak 
4: GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(d-Asn)-d-Ala-d-Ala; peak 5: GlcNAc-MurNAc-l-Ala-d-iGln-l-
Lys-(Ala)-d-Ala-d-Ala, and peaks 6–8: GlcNAc-MurNAc-l-Ala-d-iGln-l-Lys-(Ala-Ala)-d-Ala-d-Ala. UDP 
undecaprenyl-phosphate, GlcNAc N-acetylglucosamine, MurNAc N-acetylmuramic acid, MurN N-deacetylated 
muramic acid, Ala alanine, iGlu isoglutamic acid, iGln isoglutamine, Glu glutamine, Asp aspartate/aspartic acid, 
Asn asparagine, Lys lysine.
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mechanism does not involve only a higher expression of ABC transporter encoding genes but also modifica-
tions of the cell wall structure or the membrane lipid composition, PGN thickening, changes in net charge and 
degrading  enzymes4. Given that L. lactis SaNsrFP cells are still growing at high (Zn-) bacitracin concentrations, 
PGN synthesis was not completely inhibited. Since SaNsrFP cells repel structurally diverse antibiotics, as is 
known for the related BceAB transporter of B. subtilis27, we hypothesize that SaNsrFP could mediate resistance 
by shielding UPP and subsequent modification of PGN synthesis. These mechanisms have also been postulated 
by recent  studies45. Based on previous studies and transporter activity studies in the presence of accumulated 
UPP or C35 isoprenoid heptaprenyl diphosphate (HPP), the authors proposed that the BceAB transporter detects 
UPP-bacitracin complexes and shields the target (e.g., lipid II or UPP or HPP) by severing the bond between 
 them65. This further excludes other mechanisms, such as UPP flipping for BceAB in B. subtilis21 and import and 
inactivation of the  target23.

Current opinion of researchers investigating antibiotic resistance conferring ABC transporters is that detoxi-
fication against peptide antibiotics is functionally linked to a two-component  system36. It is hypothesized that 
upon sensing the antibiotic, the histidine kinase phosphorylates its cognate response regulator which induces 
the expression of the ABC transporter genes. Such a scenario was described i.e., for the GraRS-VraFG  system37 
in S. aureus and also for several TCS-ABC transporters in B. subtilis (BceRS-AB, YxdJK-LM and YvcPQ-RS)36,38. 
Moreover, a direct interaction of the BceRS and BceAB was shown in in vitro and in vivo  studies36. In their study, 
it is claimed that BceAB and the TCS need to form a complex in order to be able to sense the AMP.

In our study, in order to elucidate the mechanism of the BceAB-type transporter SaNsrFP, we expressed it 
without its cognate TCS. It has been shown that the ABC transporter without its TCS can confer resistance against 
 nisin34. The large extracellular domain is the hallmark of BceAB-type transporter which is hypothesized to be 
involved in extracellular detection of  antibiotics43. Interestingly, the cognate histidine kinase consists only of a 
short loop which is buried almost entirely in the cytoplasmic membrane and thus cannot detect extracellular 
 stimuli39. The crucial role of a Bce-type transporter for lantibiotic signalling has been shown in various studies 
 already23,42. For the BceAB transporter it was shown that signalling is triggered by the activity of the transporter 
itself and the transporter can autoregulate its own  production45,46. This is the reason we hypothesize that the 
ABC transporter SaNsrFP should also be able to sense the AMP via its large extracellular domain. Therefore, 
we strived to investigate the role SaNsrFP plays together with its 221 amino acid large extracellular domain in 
conferring resistance without its cognate TCS.

Since SaNsrFP is able to confer resistance against bacitracin and other AMP’s, we can show that the trans-
porter is directly involved in sensing the antibiotic and the resistance process.

By the expression of sansrfp, adjustments within the bacterial cells occur. For example, the downregulation 
of proteins involved in lipid II biosynthesis. The reduced production of the key enzymes of the lipid II cycle 
was remarkable and suggested that the biosynthesis of new lipid II molecules occurred with less efficiency in 
the L. lactis NZ9000SaNsrFP strain. This could be the case if lipid II or UPP might be the actual substrate of 
SaNsrFP, but this hypothesis remains controversial, as it does not correspond to the growth behavior observed 
in the growth analysis. Here, the SaNsrFP-expressing strain showed similar growth to the control strains L. lactis 
NZ9000NisT and L. lactis NZ9000Cm (see above Fig. 2c).

This strengthens the idea that BceAB-type transporters interact with precursors of cell wall synthesis or its 
recycling by binding. Therefore, the lipid II cycle might be inhibited, and the bacteria react by downregulating 
its lipid II pool. This has been directly shown by the analyses of the cell wall precursors that were clearly reduced 
in the SaNsrFP strain. This would not only result in growth inhibition but would also lower the number of avail-
able targets at the membrane surface. Controversially, we could not see reduced growth in SaNsrFP-expressing 
cells, and thus far, it was not possible to measure a difference in targets at the membrane surface. Less target 
on the surface could explain the moderate resistance observed for the lipid II binding AMPs like ramoplanin, 
vancomycin and others but it is not at all clear if this is a possible scenario since the removal of the target would 
likely lead to growth inhibition which would be toxic for the cell. Therefore, we cannot entirely exclude that the 
heterologous expression of the BceAB-type transporter influences the cell wall synthesis of L. lactis or whether 
the transporter itself is responsible for the alteration of its cell wall. Nonetheless, the NICE expression system 
(nisin-controlled gene expression system) that we used for the overexpression of SaNsrFP is a tightly regulated 
system which can be turned on by adding a subinhibitory concentration of nisin to the media. It has been shown 
for the system that genes of closely related Gram-positive organisms (e.g., Streptococcus, Enterococcus, Staphy-
lococcus, and low-GC Lactobacillus) are expressed effectively usually without any  problems66. Interestingly, in 
the work of Marreddy et al.67, overexpression of a membrane protein led to an upregulation of cell wall synthesis 
in the membrane protein expressing strain. In our data we detected a downregulation of involved proteins of 
cell wall synthesis but a slight upregulation of cell wall modification proteins. Moreover, we could not observe a 
significant change of expression of proteins responsible for a general stress response. Nonetheless, we chose the 
best possible system for heterologous expression of SaNsrFP to overcome possible bottlenecks.

We show evidence that cells expressing SaNsrFP obtain a modified cell wall: instead of an apartate/asparagine 
bridge in the pentapeptide found for the sensitive mutant, a species with two alanines was detected. In SaNsrF-

H202AP, a mixture was found, although the two alanine species were present in only minor amounts (Fig. 7). This 
suggests that the transporter might already sense and mediate a second line of defense ATP-independently. ABC 
transporters that confer resistance against cationic antimicrobials are hypothesized to be involved or mediate 
modification processes of peptidoglycan in Gram-positive bacteria. d-alanylation of teichoic acids is assumed to 
diminish electrostatic attraction based on the observation that a lack of alanylation leads to increased binding to 
several positively charged molecules, e.g., gallidermin and  vancomycin41. Additionally, the upregulation of the gal 
operon, especially of UDP-glucose-4-epimerase (GalE), influences the lipoteichoic acid (LTA) structure. GalE is 
responsible for the synthesis of α-galactose, which is transported across the membrane to become a part of  LTA68.
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We can see this in our data with the upregulation of the MurQ which is responsible for the intracellular con-
version of MurNAc-6P to N-acetylglucosamine-6-phosphate and d-lactate for the SaNsrFP and SaNsrFH202AP 
mutants in comparison to the sensitive strain. For transporter-expressing cells, we also observed an upregulation 
of proteins associated with antimicrobial resistance, such as UDP-glucose-4-epimerase and  RodA68.

In the case that SaNsrFP might mediate cell wall modifications upon receiving information on the cell wall 
targeting AMP, altered expression of genes could be the consequence. This finding might also reduce the number 
of proteins in the cytosol that are involved in lipid II biosynthesis, as seen by the whole proteome data where the 
expression of the genes is downregulated but not completely abolished. It needs to be verified whether SaNsrFP 
is directly responsible for this or whether the L. lactis strain is reacting since its lipid II cycle is severely changed 
and, as a consequence, alters its cell wall composition.

Based on all results from this study, a joint activity of the transporter as a first-line defender and initiator 
for a second-line defense is very likely and results in resistance against compounds targeting the lipid II cycle 
and thus cell wall synthesis. By shielding the target UPP and lipid II from the extracellular space, e.g., by PGN 
modification that alters electrostatic attraction, less antibiotic, e.g., bacitracin, can be bound, and increased 
antibiotic concentrations can be detected in the supernatant. Our findings are in agreement with the previous 
conclusions for an export mechanism and further assumptions on the removal of AMPs from the  membrane34,44. 
The tendency for upregulation of proteins associated with antimicrobial resistance and cell wall modification in 
SaNsrFP-producing cell proteins indicates the activation of a second-line defense system.

Conclusively, BceAB-type transporters such as SaNsrFP are evolutionarily conserved in human pathogenic 
and nonpathogenic strains. Although they are less conserved at the sequence level, the topology of the protein 
and their encoding operons are conserved. The resistance observed in different BceAB-type transporter studies 
indicates a common mechanism. The findings in this study are in line with a target protection mechanism, as 
was postulated for the BceAB transporter. Our data implies that AMP resistance is a far more complex process 
that involves a combination of an active target mechanism, which enables continuous growth, and a second line 
of defense, which could be initiated after sensing the AMP directly by the SaNsrFP transporter.

Materials and methods
Cloning and expression. The plasmids pIL-SV SaNsrFP and pIL-SV  SaNsrFH202AP, the latter harboring a 
point mutation in the H-loop, known to be crucial for ATP hydrolysis, were generated by cloning nsrfp from S. 
agalactiae COH1 as described in Alkhatib et al.69 and Reiners et al.34. Each plasmid and the empty vector pIL-
SVCm was transformed into electrocompetent L. lactis NZ9000  cells70, and the resulting strains were termed 
NZ9000SaNsrFP, NZ9000SaNsrFH202AP and NZ9000Cm.

All strains used in this study have been described in previous  publications34,69.
The L. lactis strains NZ9000SaNsrFP and NZ9000SaNsrFH202AP were cultured in GM17 medium containing 

5–10 µg/ml chloramphenicol. Expression was induced by adding 0.3 nM nisin, and cultures were grown at 30 °C.
To analyze the expression, cultures were grown for 5 h and subsequently harvested using a centrifugation step 

for 30 min at 5000×g. The pellets were resuspended to an  OD600 of 200 in resuspension buffer (50 mM HEPES 
pH 8.0, 150 mM NaCl, 10% glycerol), then 1/3 (w/v) 0.5 mm glass beads were added. The cells were lysed, and 
the supernatant was separated from cell debris as well as glass beads by centrifuging at 10,000×g. Subsequently, 
the membranes were harvested from the supernatant by a 100,000×g centrifugation step. Membrane fractions 
were mixed with SDS-loading dye (0.2 M Tris–HCl, pH 6.8, 10% (w/v) SDS, 40% (v/v) glycerol, 0.02% (w/v) 
bromophenol and β-mercaptoethanol) and used for SDS-PAGE and western blot analysis. A polyclonal antibody 
against the extracellular domain of SaNsrP was used to detect the expressed SaNsrFP protein (Davids Biotech-
nologie, Regensburg, Germany).

Biological assays. Purification of nisin. Nisin was purified with ion-exchange chromatography as previ-
ously  described71, and the concentration was determined with RP-HPLC according to Abts et al.72.

Determination of the half‑maximal inhibitory concentration  (IC50). The half maximal inhibitory concentration 
was determined according to Abts et al.71. Briefly, L. lactis NZ9000Cm, L. lactis NZ9000SaNsrFP and L. lac‑
tis NZ9000SaNsrFH202AP cells were grown in GM17 medium containing 5 µg/ml chloramphenicol and 0.3 nM 
nisin at 30 °C overnight. Fresh GM17Cm medium with a sublethal amount of nisin (0.3 nM) was inoculated 
with overnight cultures to an  OD600 of 0.1. A 96-well plate was prepared with a serial dilution of examined 
antibiotics (concentration ranges ramoplanin 0.014  nM–3.75  µM; lysobactin 0.002  nM–10  µM; vancomycin 
0.02 nM–80 µM; nisin 0.0001 nM–0.5 µM) and subsequently the cell culture was added and plates were incu-
bated at 30 °C for 5 h. Afterwards, the optical density was measured, and the  IC50 values for each strain and 
antibiotic were  calculated34. To make those values more comparable, the fold of resistance was determined by 
dividing the  IC50 values of L. lactis NZ9000SaNsrFP and L. lactis NZ9000SaNsrFH202AP by the corresponding 
value for L. lactis NZ9000Cm.

Growth curves. To detect the growth behavior of the different strains, precultures of L. lactis NZ9000Cm, L. 
lactis NZ9000SaNsrFP and L. lactis NZ9000SaNsrFH202AP cells were grown in GM17 medium with 5 or 10 µg/
ml chloramphenicol and 0.3 nM nisin at 30 °C overnight. Freshly prepared GM17Cm medium with 0.3 nM nisin 
was inoculated with overnight cultures to an  OD600 of 0.1 and grown to an  OD600 of 0.4–0.5 at 30 °C. Afterwards, 
the cells were diluted to an  OD600 of 0.05 in GM17Cm medium containing 0.3 nM nisin. Cells were treated with 
either 1 µM bacitracin and 1 mM  ZnCl2 or 4 µM bacitracin without  ZnCl2. Growth was detected at  OD584 every 
10 min with a FLUOstar OPTIMA (BMG Lab technology).

93



12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4232  | https://doi.org/10.1038/s41598-022-08095-2

www.nature.com/scientificreports/

Cell wall precursor analysis. Growth condition and sample preparation. Cells were grown in M17 medi-
um supplemented with 0.5% glucose and 0.3 nM nisin overnight at 30 °C without shaking. The next day, 100 ml 
with 0.5% glucose and 0.3 nM nisin was inoculated with overnight cultures to  OD600 = 0.1. When  OD600 = 1.2 
bacitracin (100 µg/ml) was added to the cultures to enrich cell wall precursors, and the cultures were incubated 
for an additional 30 min at 30 °C. This step was repeated once. (As a control, a second culture each was harvested 
before bacitracin was added at an  OD600 = 1.2, and cell pellets were stored at − 20  °C) After incubation with 
bacitracin, the cells were harvested, and the cell pellets were stored at − 20 °C. The next day, the cell pellets were 
resuspended in 25 ml water and cooked for 60 min in boiling water to break the cells. Cell debris was removed 
by centrifugation (15 min, 500×g, 4 °C). The supernatant, containing the cell wall precursors, was lyophilized 
overnight. Cell pellets were resuspended in 150 µl water and used for LC/MS analysis.

LC/MS analysis of cell wall fragments. Five microliters of each sample were injected into an 
XCT6330 LC/MSD ultratrap system (Agilent Technologies) equipped with a Nucleosil 100 C18 column 
(3 μm × 100 mm × 2 mm internal diameter, Dr. Maisch GmbH). The column was used at 40 °C. A linear gradi-
ent was performed from 0 to 10% eluent B (0.06% formic acid in acetonitrile) over 25 min with a flow rate of 
400 µl/min. The column was re-equilibrated for 10 min with 100% buffer A (0,1% formic acid in water). Ioniza-
tion alternated between positive and negative ion modes with a capillary voltage of 3.5 kV at 350 °C. Extracted 
ion chromatograms (EICs) in negative ion mode for UDP-MurNAc-l-Ala-d-iGlu-l-Lys-d-Ala-d-Ala (m/z−1 
1148.34 ± 0.1) and UDP-MurNAc-l-Ala-d-iGlu-l-Lys-(d-Asp)-d-Ala-d-Ala (m/z−1 1263.37 ± 0.1) were ana-
lyzed with Data Analysis (Bruker), exported and presented with GraphPad Prism 6.0.

Peptidoglycan analysis. Isolation of peptidoglycan. 600 ml main culture of L. lactis NZ9000Cm, L. lactis 
SaNsrFP and L. lactis SaNsrFH202AP were inoculated with overnight culture and incubated to an OD600 of 0.1 at 
30 °C. After reaching the late exponential growth phase, the cells were harvested. To isolate the peptidoglycan, 
the cells were thawed on ice and resuspended in 15 ml of 50 mM Tris/HCl buffer pH 7.0. The cell suspension was 
added dropwise to 60 ml of boiling, stirred 4% SDS solution. After boiling for another 15 min, the suspension 
was cooled to room temperature and centrifuged at 13,000×g for 10 min. The pellet was washed twice with 1 M 
NaCl followed by water until no SDS was detectable in the supernatant. Pellet was resuspended in 1 ml water, 
and 1/3 volume of glass beads (Æ 0.5 mm) were added. After cell lysis the glass beads were harvested at 2000×g 
for 5 min. The supernatant was centrifuged at 25,000×g for 15 min, and the pellet containing the cell walls were 
resuspended in 100 mM Tris/HCl pH 8.5 buffer with 20 mM  MgSO4. After addition of 10 µg/ml DNase I and 
50 µg/ml RNase, the samples were incubated at 37 °C with 180 rpm for 2 h. Following the addition of 10 mM 
 CaCl2 and 100 µg/ml trypsin, an 18 h incubation was performed under the same conditions. Enzymatic activi-
ties were stopped by the addition of 1% SDS and incubation at 80 °C for 15 min. The suspension was diluted to 
20 ml with water and centrifuged at 25,000×g for 30 min. The pellet was resuspended and incubated at 37 °C for 
15 min with 10 ml 8 M LiCl and 10 ml 100 mM EDTA pH7, respectively. The peptidoglycan pellet was washed 
with water, acetone and water and was lyophilized.

Samples were treated as follows: 150 µl of resuspended peptidoglycan were mixed with 60 µl of mQ water 
and with 75 µl of TES buffer (200 mM TES, 4 mM  MgCl2, pH 7.0 with final concentration in sample: 150 mM 
TES, 3 mM  MgCl2, pH 7.0) and 15 µl of mutanolysine (75U) (Sigma-Aldrich, 5 kU/ml, dissolved in mQ water). 
Samples were incubated overnight at 37 °C and then centrifuged at RT for 5 min at 14,000 rpm. 90 µl of the 
supernatant were used for HPLC–MS analysis.

HPLC–MS analysis of muropeptides. 90 µl of the sample were injected for HPLC–MS analyses (XCT 6330 LC/
MSD Ultra Trap system; Agilent Technologies) and Reprosil-Gold 300  C18 column (5 µm by 250 mm by 4.6 mm 
internal diameter). The HPLC parameters were as follows: Holding with 5% of solvent B (methanol + 0.06% 
HCOOH) for 5 min and then start with a linear gradient from 30% solvent B to 70% solvent A (water + 0.1% 
HCOOH) for 150 min with additional holding with 30% solvent B over 30 min at a flow rate of 500 µl/min. 
The MS parameters were as follows: Ionization alternating positive and negative, capillary voltage 3.5 kV, and 
temperature 350 °C.

Proteome analysis. Sample preparation. The L. lactis strains NZ9000SaNsrFP and NZ9000SaNsrFH202AP 
were grown at 30 °C in GM17 medium containing 5 µg/ml chloramphenicol and 0.3 nM nisin. Precultures were 
inoculated to an  OD600 of 0.1 and grown to the exponential growth phase before a main culture was inoculated to 
an  OD600 of 0.1. The cells were harvested using 5000×g, and the pellets were resuspended in phosphate buffer pH 
7 to an  OD600 of 200. Then, 1/3 (w/v) 0.5 mm glass beads were added. The cells were lysed, and the supernatant 
was separated by centrifugation at 10,000×g.

Protein concentration was determined by means of a Pierce 660 nm Protein Assay (Fischer Scientific, Schw-
erte, Germany), and 10 µg protein per sample was loaded on an SDS-PAGE gel for in-gel digestion. The isolated 
gel pieces were reduced, alkylated and underwent tryptic digestion. The peptides were resolved in 0.1% trif-
luoracetic acid and subjected to liquid chromatography.

LC–MS analysis. For the LC–MS analysis, a QExactive plus (Thermo Scientific, Bremen, Germany) con-
nected with an Ultimate 3000 Rapid Separation liquid chromatography system (Dionex/Thermo Scientific, 
Idstein, Germany) equipped with an Acclaim PepMap 100 C18 column (75 µm inner diameter, 25 cm length, 
2 mm particle size from Thermo Scientific, Bremen, Germany) was applied. The length of the LC gradient was 
120 min. The mass spectrometer was operated in positive mode and coupled with a nano electrospray ionization 
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source. The capillary temperature was set to 250 °C, and the source voltage was set to 1.4 kV. In the QExactive 
plus mass spectrometer for the survey scans, a mass range from 200 to 2000 m/z at a resolution of 70,000 was 
used. The automatic gain control was set to 3,000,000, and the maximum fill time was 50 ms. The 10 most inten-
sive peptide ions were isolated and fragmented by high-energy collision dissociation (HCD).

Computational mass spectrometric data analysis. Proteome Discoverer (version 2.1.0.81, Thermo 
Fisher Scientific, Bremen, Germany) was applied for peptide/protein identification by applying Mascot (version 
2.4, Matrix Science, London, UK) as a search engine employing the EnsemblBacteria database (Lactococcus lactis 
subsp. cremoris NZ9000; date 03-11-2019). A false discovery rate of 1% (p ≤ 0.01) at the peptide level was set as 
the identification threshold. Proteins were quantified with Progenesis QI for Proteomics (Version 2.0, Nonlinear 
Dynamics, Waters Corporation, Newcastle upon Tyne, UK). Only proteins containing at least two unique pep-
tides were taken into consideration. For the calculation of enriched proteins in the groups, a 5% false discovery 
rate and a minimum fold change of two were used.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the 
PRIDE partner repository with the data set identifier PXD017318.

The protein lists, which have been uploaded to PRIDE, are also provided as Supplementary Material.
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SI Figure 1 

SI Figure 1: Representative inhibitional growth curves of a) Ramoplanin A2, b) Vancomycin, c) Lysobactin, d) Bacitracin e) & f) Zn-Bacitracin. The 

normalized OD595 is plotted against the logarithmic concentration of the antibiotic. NZ9000Cm is demonstrated in black, NZ9000SaNsrFH202AP in light grey, 

NZ9000SaNsrFP in grey and NZ9000NisT in brown. 
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SI Figure 2. 

SI Figure 2: Structures of a) Ramoplanin A2 from AdipoGen life sciences, b) Vancomycin from Fluka Analytical, c) Lysobactin from Sigma life sciences and 

d) Bacitracin  from Fisher BioReagents.

100



101



102



103



104



 

SI Figure 3: Normalized abundance of several proteins of the proteome analysis of L. lactis NZ9000Cm (blue), NZ9000NsrFP (violette) and NZ9000NsrFH202AP 

(orange). 
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SI Figure 4: Expression of SaNsrFP (1) and SaNsrFH202AP (2) and the empty vector pIL-SV (3) in L. lactis NZ9000Cm from three different cultures, monitored 

via western blot with a polyclonal antibody against the extracellular domain of SaNsrP. 

106





SI Figure 5a: Muropeptide structure corresponding to peak 1. 

GlcNAc-MurNAc-L-Ala-D-iGln-L-Lys-(D-Asn) detected in L. lactis NZ9000Cm and L. lactis NZ9000SaNsrFH202AP with m/z 938.37 [M+H]+. 
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SI Figure 5b: Muropeptide structure corresponding to peak 2. 

GlcNAc-MurNAc-L-Ala-D-iGln-L-Lys-(D-Asp) detected in L. lactis NZ9000Cm and L. lactis NZ9000SaNsrFH202AP with m/z 939.37 [M+H]+. 
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SI Figure 5c: Muropeptide structure corresponding to peak 3.  

GlcNAc-MurNAc-L-Ala-D-iGln-L-Lys-(D-Asn)-D-Ala detected in L. lactis NZ9000Cm and L. lactis NZ9000SaNsrFH202AP with m/z 1009.45 [M+H]+. 
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SI Figure 5d: Muropeptide structure corresponding to peak 4. 

GlcNAc-MurNAc-L-Ala-D-iGln-L-Lys-(D-Asn)-D-Ala-D-Ala detected in L. lactis NZ9000Cm and L. lactis NZ9000SaNsrFH202A  with m/z 1080.50 [M+H]+. 
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SI Figure 5e: Muropeptide structure corresponding to peak 5. 

GlcNAc-MurNAc-L-Ala-D-iGln-L-Lys-(Ala)-D-Ala-D-Ala detected in L. lactis NZ9000SaNsrFP with m/z 1037.49 [M+H]+. 
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SI Figure 5f: Muropeptide structure corresponding to peaks 6-8. 

GlcNAc-MurNAc-L-Ala-D-iGln-L-Lys-(Ala-Ala)-D-Ala-D-Ala detected in L. lactis NZ9000SaNsrFP and L. lactis NZ9000SaNsrFH202AP with m/z 1108.53 

[M+H]+. 
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SI Figure 6a: UDP-linked intermediate detected in this study. 

UDP-MurNAc-L-Ala-D-iGlu-L-Lys-D-Ala-D-Ala detected in L. lactis NZ9000SaNsrFH202AP and L. lactis NZ9000SaNsrFP with mass m/z-1 (1148.4). 
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SI Table 1: A two-sided Students t-test was performed using Graphpad Prism version 9.2.0 with the IC50 data obtained for SaNsrFP and SaNsrFH202AP. 

P-values were listed. A two-sided, unpaired Students t-test was performed using Graphpad Prism version 9.2.0 for Windows, GraphPad Software, San Diego, 

California USA, www.graphpad.com”. 

Antibiotic p-values (p<0.05)

Ramoplanin A2 ns 

Vancomycin 0.0228 

Lysobactin 0.0076 

Bacitracin 0.0001 

Bacitracin ZnCl2 <0.0001 

Nisin <0.0001 

Gallidermin <0.0001 
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Streptococcus agalactiae. Durch die dort 
codierten Proteine besitzt das Bakterium 
zwei Möglichkeiten zur Abwehr: (I) durch 
Nutzung eines Transporters oder (II) proteo-
lytischen Abbau. Das Nsr-Operon wird durch 
die Anwesenheit eines Zweikomponenten-
systems, eines BceAB-Typ-ABC-Transporters 
(SaNsrFP) und einer Serinprotease (SaNsr) 
charakterisiert. Nsr erkennt die C-terminalen 
Ringe D und E des Nisins und inaktiviert es 
durch Abspaltung der letzten sechs Amino-
säuren, welche die antibakterielle Wirkung 
um den Faktor 102 reduzieren [8]. Da diese 
Resistenzproteine die Wirkung von Lantibio-
tika inhibieren, wurden zwei Ansätze 
gewählt, um ihre Funktion zu umgehen: (I) 
Inhibition der Resistenzproteine und (II) Ent-
wicklung von inerten Varianten.

Spezifi sche Inhibitoren würden die Resi-
stenz eines humanpathogenen Bakteriums 
aufheben. Als Startpunkt wurden daher Inhi-
bitoren evaluiert, die vergleichbare Struktur-
eigenschaften wie der Erkennungsbereich 
des Nisin besitzen. Ein Phenylharnstoffderi-
vat (SaNSR) konnte als spezifischer Nsr-
Inhibitor mittels Dosis-Wirkungs-Analysen 
identifi ziert werden (Abb. 2, [9]). Dieses Bei-
spiel belegt das Potenzial derartiger Ansätze, 
um Inhibitoren zu identifi zieren.

Ein anderer Ansatz, die Lantibiotikaresi-
stenz zu umgehen, ist die genetische Verän-
derung bekannter Lantibiotika. Eine Studie 
konnte zeigen [10], dass die Veränderung 
einer einzigen Aminosäure in Nisin H 
(S. hyotin testinalis DPC 6484) die Wirksam-
keit gegen Resistenzproteine oder resistente 
Pathogene beeinfl ussen kann. Hierzu wurde 
Position 1 durch Valin substituiert und die 
antimikrobiellen Eigenschaften untersucht 
(Abb. 3). Die Mutante besaß ein leicht gestei-
gertes Potenzial gegen SaNsr/NsrFP-expri-
mierende Lactobacillus lactis-Stämme. Gegen 
humane Pathogene wie Staphylococcus 

au reus oder Enterococcus faecium konnte 
sowohl für Nisin H als auch seine Variante 
im Vergleich zu Nisin eine erhöhte Aktivität 
nachgewiesen werden. Diese Studie demon-
striert, dass biotechnologische Ansätze die 
Antibiotikaresistenz humanpathogener 
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ó Lanthipeptide sind ribosomal syntheti-
sierte und posttranslational modifi zierte Pep-
tide, die als Hauptmerkmal (Methyl-)Lan-
thioninringe besitzen. Im Fall einer antibak-
teriellen Wirkung werden Lanthipeptide als 
Lantibiotika bezeichnet [1]. Diese stehen 
verstärkt im Fokus der Forschung, da oft eine 
potente, antimikrobielle Wirkung gegenüber 
humanpathogenen Stämmen vorliegt [2]. Vor 
dem Hintergrund steigender Antibiotikare-
sistenzen [3] sind dies wichtige Vorausset-
zungen für eine Anwendung.

Eines der meist untersuchten Lantibiotika 
ist Nisin aus dem Gram-positiven Bakterium 
Lactococcus lactis, das seit 1983 (EU) in der 
Lebensmittelindustrie unter der Bezeich-
nung E234 [4] verwendet wird. Nisin wirkt, 
indem es: (I) an Lipid II, eine Zellwandvorstu-
fe, bindet und (II) nach der Bindung Poren in 
der Membran bildet. Das detaillierte Wissen 
über das Nisin-Produktionssystem kann 
daher auch prinzipiell zur Herstellung und 
Modifi kation heterologer Lantibiotika einge-
setzt werden [2].

Lantibiotika, generell als LanA bezeichnet, 
liegen nach ribosomaler Synthese als Vorläu-
ferpeptid vor und bestehen aus einem N-ter-
minalen Signalpeptid (SP) und C-terminalen 
Kernpeptid (KP). Das SP interagiert mit den 
Modifi kationsenzymen, woraufhin alle Modi-
fi kationen im KP stattfi nden. Das zweistufi ge 
Modifi kationssystem des Nisins beinhaltet 

die Dehydratase NisB sowie die Cyklase NisC 
(Abb. 1). NisB dehydriert die Aminosäuren 
Serin und Threonin zu Dehydroalanin (Dha) 
bzw. Dehydrobutyrin (Dhb). Diese dehydrier-
ten Aminosäuren gehen mit räumlich in der 
Nähe befi ndlichen Cysteinen eine Michael-
Addition ein, die durch NisC katalysiert wird 
und zur Ausbildung der (Methyl-)Lanthionin-
ringe führt [1, 5]. Nach erfolgreicher Modifi -
kation wird das Peptid mittels eines ABC-
Transporters, NisT im Fall von Nisin, expor-
tiert und die Aktivierung erfolgt durch pro-
teolytische Abspaltung des SP durch die 
Protease NisP (Abb. 1, [1, 5]).

Die Aktivierung beinhaltet die Gefahr, 
dass Nisin zu einem „Selbstmord“ des Produ-
zenten führt. Dies wird durch die Immuni-
tätsproteine NisI und NisFEG [6] verhindert. 
Das Nisinsystem wird durch das Zweikompo-
nentensystem NisR und NisK komplemen-
tiert, welches die Expression des Operons 
reguliert (Abb. 1, [7]). Trotz dieser Immuni-
tätsproteine haben sich weitere Resistenzsys-
teme gegen Lantibiotika entwickelt, die 
einen möglichen Ansatzpunkt zur Bekämp-
fung darstellen.

Umgehung der Resistenz gegenüber 

Lantibiotika

Humanpathogene Bakterien besitzen unter-
schiedliche Abwehrsysteme gegen Lantibio-
tika. Ein Beispiel ist das Nsr-Operon aus 

Antimikrobielle Peptide

Lantibiotika – hoffnungsvolle Alternative 
gegen Antibiotikaresistenz?
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Bakte rien teilweise oder ganz aufgeheben 
können und eine Alternative darstellen, das 
akute Problem zunehmender Antibio tika-
resistenzen zu umgehen.

Biotechnologische Optimierung von 

Nisin

Als dritte Möglichkeit kann eine biotechno-
logische Optimierung durchgeführt werden. 
Am Beispiel des Nisins wurde hierzu ein 
ra tionaler Ansatz mittels Punktmutationen 
verfolgt. Eine Mutation von Cystein an Posi-
tion 28 zu Alanin verhindert die Ausbildung 
des letzten Lantioninrings (Ring E), wodurch 
die Fähigkeit des Resistenzproteins Nsr, die-
se Variante zu erkennen, sinkt. Aber auch 
die antimikrobielle Aktivität war reduziert. 
In einem zweiten Schritt wurde daher 
Cystein zu Prolin verändert (Abb. 3). In die-
ser Mutante blieb die antimikrobielle Aktivi-
tät erhalten, während die Nsr-Resistenz wei-
terhin reduziert war. Experimentell konnte 
zudem gezeigt werden, dass Nisin C28P 

˚ Abb. 1: Das Nisin-Operon aus Lactococcus lactis. Die Proteine der Biosynthese NisB (blau), NisC (türkis), NisT (grün) und NisP (dunkelgrün) sind 
links abgebildet. Die Regulationsproteine NisK (rot) und NisR (orange) befi nden sich im mittleren Teil, während die Immunitätsproteine NisI (grau) und 
NisFEG (braun) rechts dargestellt sind. NisB katalysiert die Dehydrierung der Aminosäuren Serin und Threonin innerhalb des Kernpeptids von pre-Nisin, 
welche in ihrer dehydrierten Form zur Ringbildung durch die Cyclase NisC mit den enthaltenen Cysteinen genutzt werden. Zur vollen Entfaltung der 
Aktivität wird pre-Nisin mithilfe eines ABC-Transporters (NisT) exportiert und das Signalpeptid durch die Protease (NisP) entfernt. Aktives Nisin wird 
durch die Immunitätsproteine (NisI und NisFEG) inaktiviert, während das Zweikomponentensystem (NisK und NisR) in Gegenwart ausreichender Kon-
zentration von Nisin die Expression der Proteine des Nisin-Operons induziert.

˚ Abb. 2: Umgehung der Resistenz durch einen Inhibitor. A, Schema der Dosis-Wirkungs-Kurven 
für einen SaNSR-exprimierenden Stamm (blau) und einen Kontrollstamm (schwarz) im Vergleich 
zu einem SaNSR-Stamm, der mit einem Inhibitor und Nisin behandelt wurde (pink). B, Darstellung 
der Struktur von SaNsr und seiner Bindetasche (gold) mit dem bindenden Inhibitor NPG9 (grün). 
SaNsr mit seiner katalytische Dyade His98 und Ser236 ist im Hintergrund gezeigt. Im Ausschnitt 
ist die Oberfl ächenstruktur der Bindetasche von SaNsr mit gebundenem Inhibitor (grün) darge-
stellt.

A B
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Diese Zusammenfassung belegt hoffent-
lich, dass Lantibiotika ein enormes Potenzial 
besitzen, das sicherlich durch biotechnologi-
sche Ansätze gesteigert werden kann. Even-
tuell eröffnet sich damit auch die Möglich-
keit, Lantibiotika großfl ächig gegen Bakte-
rien einzusetzen ohne neue Resistenzen zu 
generieren.
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nicht nur eine antibakterielle Wirkung gegen 
L. lactis, sondern auch gegen nosokomiale
S. aureus und E. faecalis Stämme besaß [11].

Über eine Sättigungsmutagenese an Posi-
tion 2 konnte die Expression bei gleichblei-
bender biologischer Aktivität auf das Niveau 
des Nisins angehoben werden. Diesmal wur-
de neben Position 29 auch Position 30 verän-
dert (Abb. 3). Die beste Variante, NisinA_
S29P_I30V, besaß eine 7,5fach höhere Akti-
vität gegenüber L. lactis. Viel wichtiger, diese 
Variante besaß im Gegensatz zu Nisin eine 
antimikrobielle Aktivität gegen lantibiotika-
resistente Streptococcus uberis- und Entero-

coccus casselifl avus-Stämme [12].
Neben Ring E ist die Scharnier-Region von 

Interesse. Diese Region ist für die Porenbil-
dung von Nisin essenziell und wurde als 
wichtiger pharmazeutischer Hotspot identi-
fiziert. Deletionsmutanten belegten, dass 
eine Kürzung der Scharnier-Region zu einer 
Versteifung von Nisin führt (Abb. 3). 
Dadurch kann nach Bindung an Lipid II keine 
Pore in der Zellmembran ausgebildet wer-
den. Eine Verlängerung dieser Region durch 
die Aminosäuren Isoleucin (I) und Valin (V) 
wies jedoch wie Nisin ein Wirkspektrum im 
nanomolaren Bereich auf – und Porenbil-
dung, wenn auch verlangsamt, wurde eben-
falls nachgewiesen. Der Einfl uss dieser Muta-
tionen auf Resistenzmechanismen wurde 
anhand zweier Modeltransporter untersucht: 
NisFEG (Immunität) und SaNsrFP (Resi-
stenz). In beiden Fällen blieb die antimikro-
bielle Wirkung erhalten, während die Erken-
nung durch NisFEG und SaNsrFP ineffi zient 
erfolgte [11].

˚ Abb. 3: Nisin A. In blau sind die Mutationen durch rationales Design hervorgehoben: Der Aus-
tausch von Isoleucin (I) zu Valin (V) an Position 1, die Veränderung von Cystein28 zu Alanin (A) 
und Prolin (P) sowie die Addition von Isoleucin und Valin in der Scharnier-Region. Reste, die einer 
Sättigungsmutagenese unterworfen wurden, sind orange dargestellt. Zur Verdeutlichung wurden 
ebenfalls die deletierten Aminosäuren Methionin (M) und Lysin (K) in der Scharnier-Region mar-
kiert.

Oben: Lutz Schmitt, Vivien Knospe und Hans  Klose (v. l. n. r.), unten: Jens Reiners,  Sander Smits und 
Julia Gottstein (v. l. n. r.).
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Abstract: 

It is of utmost importance for bacteria to sense and adapt rapidly to environmental 

changes. In the case of an antimicrobial attack, the bacterial cell needs to 

accurately assess the severity of the situation to react with a minimized metabolic 

cost and ensure survival. Immediate reactions require most likely two-component 

systems that induce transcriptional changes, leading to modulation of gene 

expression 

Moreover, in human pathogenic bacteria, gene clusters were identified, encoding 

for a resistance system, containing membrane-embedded proteins, that include 

a Bacitracin efflux (BceAB)-type ATP-binding cassette transporter. One example 

is Streptococcus agalactiae which expresses the BceAB-type transporter 

SaNsrFP that confers resistance against multiple antimicrobial peptides and 

mainly against bacitracin. The characteristic of BceAB type transporter is a 

transmembrane consisting of 10 transmembrane helices and between the 

seventh and the eighth there is a large extracellular domain that is hypothesized 

to be involved in sensing the antimicrobial peptide. We show that BceAB-type 

transporter are more widely distributed and that a BceAB-like transporter with an 

extra ECD between transmembrane helix 1 and 2 (also known as YbbP) can be 

found in all clinically relevant ESKAPE organisms. By comparing the ECDs of 27 

BceB permeases, we could assign them to five subgroups with conserved 

secondary structures in the SABRE and Porter domains. 
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 To elucidate the structure-function relationship of the ECD and its role for the 

ABC transporter SaNsrFP, we expressed, purified, and analyzed the ECD of 

SaNsrP from S. agalactiae via MALS, SAXS and measured intrinsic tyrosine 

fluorescence. We show that the ECD binds Zn-bacitracin and bacitracin. By 

performing a docking experiment on the ECD, we found that K481 in the ECD is 

possibly involved in binding. In vivo experiments showed that when an L. lactis 

NZ9000 strain expresses SaNsrFP(K481A) and is treated with bacitracin or Zn-

bacitracin, the ABC transporter was not able to confer resistance. 

Introduction: 

It is of utmost importance for bacteria to sense and adapt rapidly to environmental 

changes. To survive, microbial cells need to constantly monitor various 

parameters i.e nutrient supply, the concentration of ions, oxygen levels, pH, 

temperature, cell densities, and the presence of toxic compounds. In the case of 

an antimicrobial attack, the bacterial cell needs to accurately assess the severity 

of the situation to react with a minimized metabolic cost and ensure survival. 

Immediate reactions require most likely two-component systems that induce 

transcriptional changes, leading to modulation of gene expression (Fritz et al., 

2015, Tollerson and Ibba, 2020). There are different methods of how a stimulus 

can be monitored by the cell: I) i.e in Bacillus subtilis cell wall damage is 

monitored by the cell envelope stress response system LiaRS (Wolf et al., 2012) 

II) in Streptomyces coelicolor, the histidine kinase VanS senses vancomycin by

binding it via its extracellular domain and induces the expression of resistance

genes (Lockey et al., 2020).

Moreover, in human pathogenic bacteria, gene clusters were identified, encoding

for a resistance system, containing membrane-embedded proteins, that include

a Bacitracin efflux (BceAB)-type ATP-binding cassette transporter. Genome

analysis revealed the presence of homologous transporters mainly in soil and

human pathogenic Gram-positive bacteria (Dintner et al., 2011). Recently, the

cryo-electron microscopy structure of BceAB was published (George et al., 2022).

It consists of two nucleotide-binding domains in a complex with a single

transmembrane domain. which is composed of 10 transmembrane helices

(TMH). TMH 1 to 4 (grey) and TMH 7 to 10 (blue) form bundles that are related

by two-fold pseudosymmetry, representing an FtsX-domain fold similar to type

VII ABC transporters which are involved in mechanotransmission (Thomas et al.,
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2020). The overall arrangement of the TMHs of BceB is asymmetrical due to the 

close position of TMH 5 and 6 to TMH 7 to 10 than to the other TMH bundle 

(George et al., 2022). TM 7 and TM8 form longer and extended stalk helices that 

lead into the 200-250 amino acid large extracellular domain (ECD) which is the 

hallmark of Bce-type transporters (Khosa et al., 2013). Since BceAB confers 

resistance against bacitracin, it is proposed that it detects the complex of 

bacitracin and undecaprenylpyrosphate (UPP). In the structure of BceAB, 

between its TMH 5,6 and TMH 7,9, a hydrophobic lipid-binding pocket with a 

suggested bound UPP derivate 4-amino-4-deoxy-L-arabinopyranosyl 

undecaprenyl phosphate (AUP) (orange) was identified which is situated directly 

beneath the ECD (George et al., 2022). It is proposed that most likely native UPP 

and other UPP-lipid derivates can bind to this binding site. This suggests that the 

ECD binds bacitracin when bound to UPP (Kobras et al., 2020).  

Recently a high level of resistance against bacitracin was observed for the BceAB 

transporter from S. agalactiae COH1, SaNsrFP which was previously found to 

mediate resistance against lantibiotics like nisin (Gottstein et al., 2022, Reiners 

et al., 2020). SaNsrFP shows a very similar structure, while sequence similarity 

is low (Permease cealign RMSD 5.228 (408 atoms), super align with outlier 

(3.647 (2934 atoms))/ without outlier: 5.452 (3471atoms))  

(TMD: cealign RMSD 3.233 (416atoms), (outlier rejection) super align RMSD 

2.780 (2244atoms), no outlier super align: 3.959 (2611 atoms). SaNsrFP looks 

structurally very similar to BceAB (Figure 15a).  
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Figure 15 a) Alphafold model of the SaNsrFP transporter. The transporter consists of two 
nucleotide-binding domains NsrF (greencyan & tealblue) and forms a complex with NsrP which 
contains 10 transmembrane helices. TMH 5,6 (red) and TMH 7,9 (blue) create a hydrophobic 
pocket where the substrate of NsrP i.e a lipid could bind. TMH 1 to 4 (grey) are more distant 

from the extracellular domain. b: Alphafold model of NsrP ECD. The ECD of SaNsrFP can be 
divided into subdomains: in dark blue a small alpha/beta rich extracytoplasmic (SABRE) 

domain, a porter domain with a repeated motif on either side of the SABRE domain (light blue), 
and stalk helices (in orange). Structures were modeled using alphafold (Jumper et al., 2021).  

The transporter consists of two nucleotide-binding domains NsrF (greencyan & 

tealblue) and forms a complex with NsrP which contains 10 transmembrane 

helices. TMH 5,6 (red) and TMH 7,9 (blue) create together a hydrophobic pocket 

where a lipid could bind. TMH 1 to 4 (grey) is more distant from the extracellular 

domain which creates an asymmetric architecture (Figure 15a). 

Part of the bce operon is a co-evolved BceRS-type TCS, a response regulator, 

and an intramembrane-sensing histidine kinase (HK) with a short extracellular 

domain of ca. 25 amino acids (Mascher et al., 2003, Rietkotter et al., 2008, 

Mascher, 2006). The function of the TCS has been shown to be associated with 

the upregulation of the corresponding ABC transporter in the presence of its 

specific lantibiotic (Staron et al., 2011). When the substrate binds, the BceAB 

type transporter transmits a signal to the histidine kinase which leads to 

phosphorylation of its cognate response regulator, inducing the expression of the 

BceAB ABC transporter genes. This process was described for the detoxification 

system GraRS-VraFG in S. aureus (Cho et al., 2021) and various TCS-ABC 
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transporters in B. subtilis (BceRS-AB, YxdJK-LM, and YvcPQ-RS) (Dintner et al., 

2011, Fritz et al., 2015). For the BceAB transporter, it was shown that 

antimicrobial activity depends on ATP-hydrolysis of the ATPase BceA (Rietkotter 

et al., 2008) as well as the complex formation with BceRS (Dintner et al., 2014). 

The cognate Histidine-kinases of these TCS-ABC transporter systems lack an 

extracellular domain which disables them to detect extracellular stimuli (Mascher, 

2006). Moreover, it has been shown with medically and biotechnologically 

relevant Gram-positive species that BceS-like HKs require BceAB-type 

transporters for antibiotic signaling (Gebhard, 2012, Revilla-Guarinos et al., 

2014). This is supported by the observation that the associated sensor kinase 

BceS is unable to detect bacitracin in the absence of the transporter BceAB 

(Bernard et al., 2007). By treating a bacterial strain that does not contain BceAB 

but carries a bceA:lacZ transcriptional fusion with bacitracin, the authors showed 

that the BceAB transporter is required to trigger transcription from its own 

promotor in the presence of bacitracin (Bernard et al., 2007). This led to the 

proposition that the transporter contains the involved sensory domain of the 

system. More recently, the binding of the AMP LL-37 to the ECD of the BceAB 

homolog VraG was described in B. subtilis (Cho et al., 2021). 

Major efforts have been made to unravel the mechanism for BceAB-type 

transporters. Proposals ranged from AMP removal from the membrane (Gebhard 

and Mascher, 2011), functioning as an exporter (Reiners et al., 2017), to flipping 

the UPP (Kingston et al., 2014). A more recent study postulated a target-AMP 

dissociative, ATP-hydrolysis-driven mechanism for BceAB-type transporters, in 

which the target-AMP complex is recognized and UPP physically released from 

the grip of bacitracin (Kobras et al., 2020). 

Current previous work could show that the BceAB-type transporter SaNsrFP from 

Streptococcus agalactiae is able to sense antimicrobial peptides without its 

cognate two-component system and defend the cell wall by an active process 

that leads to high bacitracin resistance. Furthermore, a secondary defense 

mechanism is initiated that leads to the modification of the peptidoglycan, thus 

repelling positively charged lantibiotics like nisin, gallidermin, lysobactin, and 

vancomycin (Gottstein et al., 2022, Reiners et al., 2017). It was proven that these 

mechanisms are ATP-hydrolysis dependent by using an ATP-hydrolysis deficient 
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mutant of SaNsrFP termed SaNsrFH202AP that showed no ATPase function in-

vitro (Furtmann et al., 2020). To initiate resistance, the 230 amino acids large 

extracellular domain of SaNsrP, is supposed to be involved in binding the 

antimicrobial peptide, most likely bacitracin. Mutational experiments replacing the 

ECD of VraG in S. aureus with its counterpart from VraE, responsible for 

bacitracin resistance, led to enhanced bacitracin resistance in VraG and 

increasing sensitivity to colistin (Falord et al., 2012, Hiron et al., 2011, Cho et al., 

2022). This indicates that the ECD dictates the specificity and resistance against 

antimicrobial peptides. Moreover, it was demonstrated that the lysine residues 

play an important role in interacting with the negatively charged residues of the 9 

amino acids small ECD of GraS (Cho et al., 2022). Especially, the lysine residue 

K380 of VraG was identified in the same study to be responsible for modulating 

the sensing of antimicrobial peptides like LL-37.  

The role of the ECD is intriguing and we set out to analyze the mode of action in 

relation to its architecture. Interestingly, the ECD shows only low sequence 

similarity with other ECDs from BceAB-like ABC transporters (Khosa et al., 2013). 

Thus, we compared the overall structure of various BceAB-like ECDs to each 

other. The composition of BceAB-type ECDs is comparable to that of Gram-

Negative mechanotransmission ABC transporters (George et al., 2022). These 

consist of a small alpha/beta-rich cytoplasmic region, a porter domain with a 

repeated motif at either side of the SABRE domain, and stalk helices (Crow et 

al., 2017, Bilsing et al., 2023). Similarly, the ECD of NsrP contains a small 

alpha/beta-rich extracytoplasmic region (SABRE) (dark blue), a porter domain 

showing a ß-a-ßß /turn-alpha-ß (light blue) motif (light blue), and stalk helices (in 

orange) (Figure 15b). 

In this study, we aim to elucidate the structure-function relationship of the ECD 

and its role in the ABC transporter SaNsrFP via in vivo and in vitro experiments. 

Experimental procedures: 

Databank search in structural model data bank from Alphafold. 

Alphafold databank was screened for BceAB type ABC transporters. Parameters 

that were looked for were the characteristic domain architecture found for BceAB 

transporters of 10 transmembrane helices and a large extracellular domain (150 

-250 amino acids) located in between transmembrane helices 7 and 8 (Mascher

et al., 2008; Collins et al., 2010). Furthermore, the nucleotide-binding domain
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BceA should be located next to the gene encoding the transmembrane protein. 

BceB permease models were found under different names such as BceB, 

Bacitracin-export permease, FtsXlike-Permease, FtsX domain-containing 

protein, and YbbP. 

Cloning and heterologous expression in Lactococcus lactis NZ9000. 

The plasmids pIL-SV SaNsrFP were generated by cloning nsrfp from S. 

agalactiae COH1 as described in (Alkhatib et al. 2014) and (Reiners et al. 2017). 

The substitution of lysine at position 481 and 513 to alanine/glutamate was 

performed by site-directed mutagenesis. Here, we used the following primers  

K481A forward: 5´- AAAACCTTTGCAGCATATTTGGATTTGAATAG-3´;  K481A 

reverse: 5´- GGAAAAGTATTGATGTTCTTAG-3´ 

K481E forward: 5´- AAAACCTTTGAAGCATATTTGGATTTG-3´ 

K481 E reverse: 5´- GGAAAAGTATTGATGTTCTTAG-3´ 

K513 A forward: 5´- CGACATAATAGAGGTAGATGGTAAGTATGTT-3´ 

K513 A reverse: 5´-TATTAGCACTGCACAGAGTTTTCTAAAAG-3´ 

K513 E forward: 5´- CGACATAATAGAGGTAGATGGTAAGTATGTT-3´ 

K513 E reverse: 5´-TTTCCAACATACTTACCATC-3´ 

Each plasmid and the empty vector pIL-SVCm were transformed into 

electrocompetent L. lactis NZ9000 cells (Holo & Nes et al., 1989), and the

resulting strains were termed NZ9000SaNsrFP, NZ9000SaNsrFP(K481A), 

NZ9000SaNsrFP(K481E), NZ9000SaNsrFP(K513A), NZ9000SaNsrFP(K513E), 

NZ9000SaNsrFP(K481A, K513A), NZ9000SaNsrFP(K481E, K513E)  and 

NZ9000Cm. 

The strains NZ9000SaNsrFP and NZ9000Cm have been described in previous 

publications (Reiners et al., 2017), (Alkhatib et al., 2014). The mutant strains were 

generated for this study. 

The L. lactis strains NZ9000SaNsrFP and NZ9000SaNsrFP (mutants) were 

cultured in GM17 medium containing 5–10 μg/ml chloramphenicol. Expression 

was induced by adding 0.3 nM nisin, and cultures were grown at 30 °C. To 

analyze the expression, cultures were grown until an OD600 of 1 and subsequently 

harvested using a centrifugation step for 30 min at 5000×g. The pellets were 

resuspended to an OD600 of 300 in resuspension buffer (50 mM HEPES pH 8.0, 

150 mM NaCl, 10% glycerol), then 1/3 (w/v) 0.5 mm glass beads were added. 

The cells were lysed, and the supernatant was separated from cell debris as well 
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as glass beads by centrifuging at 10,000×g. Subsequently, the membranes were 

harvested from the supernatant by a 100,000×g centrifugation step. Membrane 

fractions were mixed with SDS-loading dye (0.2 M Tris–HCl, pH 6.8, 10% (w/v) 

SDS, 40% (v/v) glycerol, 0.02% (w/v) bromophenol and β-mercaptoethanol) and 

used for SDS-PAGE and western blot analysis. A polyclonal antibody against the 

extracellular domain of SaNsrP was used to detect the expressed SaNsrFP 

protein Davids Biotechnologie, Regensburg, Germany.  

Structural alignments 

TMDs of the different BceAB transporters from the structural model server 

Alphafold (Jumper et al., 2021) were cropped so that only the SABRE and Porter 

domain of the ECD with the first helical turn of the stalk helices remained. The 

structural alignment was performed by using the cealign tool of Pymol Version 

2.5.4. The resulting RMSD matrix was taken to the power of two and 

subsequently analyzed with the kitsch tool of the phylip program package (V. 

3.698) (Felsenstein, 2005). Then, the structural alignment tree was generated 

with the help of the draw gram tool of the same program package. 

Computational predictions of bacitracin binding mode 

A full model of the NsrFP protein (Uniprot: A0A2X2LSF6) was generated with 

ColabFold (Mirdita et al., 2022) using 12 recycling cycles and creating four 

independent models. A sequence search for MSA construction was performed 

against Mgnify, UniRef, and PDB70 databases. The final model was chosen 

based on the resulting pLDDT score. The extracellular domain comprising the 

residues between the amino acids N307 and L517 was taken for further 

experiments. 

Extensive conformational sampling of bacitracin was carried out using the 

MacroModel tool in Schrödinger (Mulnaes and Gohlke, 2018) based on the 

protocol used in previous macrocycle sampling benchmarks (Alogheli et al., 

2017). The initial structure of bacitracin was taken from the PDB entry 4K7T. 

Protonation states for side chains were assigned using Propka (Rostkowski et 

al., 2011). 1,000,000 steps of the Monte Carlo Multiple Minimum (MCMM) search 

were performed incorporating distance restraints between the peptide and the 

bound zinc ion. Extended sampling was allowed by incorporating the sampling of 
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torsional angles of amides, esters, C-N and N-N single bonds, as well as C=N 

and N=N double bonds. A wide-opening ring criterion was used (0 – 100 Å) 

avoiding atoms adjacent to stereocenters. 50,000 steps of truncated Newton’s 

conjugate gradient (TNCG) method were performed for energy minimization. 

Redundancy within the resulting conformers was removed using an RMSD 

criterion of 0.5 Å for heavy atoms. This resulted in 67,949 unique conformations. 

The zinc ion was removed before moving on to docking experiments to prevent 

steric clashes with the receptor.  

A putative binding region within the extracellular loop domain was identified using 

Schrodinger’s SiteMap (Halgren, 2009). A 46 Å Grid was manually placed within 

the site. Rigid docking was carried out using Glide in standard precision (Repasky 

et al., 2007) mode, including a reward for intramolecular hydrogen bonds. The 

resulting poses were filtered according to their docking energy score. Poses with 

energies below -6.0 kcal mol-1 were kept for further analyses. The final poses 

were clustered with cpptraj (Roe and Cheatham, 2013) using the DBScan 

algorithm with an RMSD-based cut-off of 2 Å for heavy atoms and three minimum 

points 

Biological assays. 

Purification of nisin 

Nisin was purified with ion-exchange chromatography as previously described by 

(Abts et al., 2011), and the concentration was determined using RP-HPLC 

according to Abts et al. (Abts et al., 2013). 

Determination of the half-maximal inhibitory concentration (IC50). 

The half-maximal inhibitory concentration was determined according to (Abts et 

al., 2011). In short, L. lactis NZ9000Cm, L. lactis NZ9000SaNsrFP, and L. lactis 

NZ9000SaNsrFP mutant cell lines were grown in GM17 medium containing 5 

μg/ml chloramphenicol and 0.3 nM nisin at 30 °C overnight. Fresh GM17Cm 

medium with a sublethal amount of nisin (0.3 nM) was inoculated with overnight 

cultures to an OD600 of 0.1. A 96-well plate was prepared with a serial dilution of 

examined antibiotics (concentration ranges nisin 0.0001 nM–0.5 μM; 

bacitracin 0.2 nM-7.5 mM) and subsequently, the cell culture was added and 

plates were incubated at 30 °C. After 5 hours of incubation, the optical density 
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was measured, and the IC50 values for each strain and antibiotic were calculated. 

To make those values more comparable, the fold of resistance was determined 

by dividing the IC50 values of L. lactis NZ9000SaNsrFP and L. lactis 

NZ9000SaNsrFP mutant strains by the corresponding value for L. lactis 

NZ9000Cm. 

Multi-Angle Light Scattering (MALS) 

Purified ECD was concentrated to 2 mg/mL using centrifugal filters with a 3-kDa 

cut-off (Amicon Ultra-0.5 MERCK/ Millipore) and the samples were centrifuged at 

100,000 g, at 4°C for 30min. For the measurement with bacitracin, the protein 

sample was preincubated with 1mM bacitracin. Superdex 75 Increase 10/300 GL 

column (GE Healthcare) was pre-equilibrated overnight at 0.1 ml/minute flow rate 

with buffer (20 mM Tris pH 8.0, 500 mM NaCl). For each analysis, 200 μl of a 

protein sample at 2.0 mg/ml concentration was loaded onto the column at 0.6 

ml/minute flow rate using a 1260 binary pump (Agilent Technologies). The 

scattered light was measured with a miniDAWN TREOS II light scatterer, (Wyatt 

Technologies), and the refractive index was measured with an Optilab T-rEX 

refractometer, (Wyatt Technologies). Data analysis was performed with ASTRA 

7.3.2.21 (Wyatt Technologies) (Slotboom et al., 2008) 

Tyrosine quenching 

The measurements were conducted using a Fluorolog Jobin Yvon FL-3-11. 1 ml 

of NsrPECD solution in SEC buffer (25mM Tris pH 8, 500mM NaCl), with 

concentrations of NsrPECD in range from 1.3 to 1.7 nM) was prepared in a 

Hellma Macro-cuvette 100-QS. 10–50 µl of 20 mM bacitracin stock solution in 

H2O was added to the cuvette. The cuvette was placed into the fluorolog sample 

holder and the reaction mixture was incubated for 2 minutes while stirring before 

measuring the fluorescence intensity. The measurements were conducted for 

bacitracin concentrations in the range from 0 to 2.8 mM. For measurements with 

Zn2+, 100 mM of ZnCl2 was added to the 20 mM bacitracin stock solution. 

In this experiment, the fluorescence of tyrosine was monitored, due to the fact 

that  SaNsrP ECD lacks tryptophan residues. The excitation wavelength used 

was 260 nm. The fluorescence was monitored in the 

range from 303 nm to 450 nm.  
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 The measurements with nisin were conducted using the same procedure. The 

concentration range was selected based on the IC50 of NZ9000SaNsrFP shown 

in previous work (Gottstein et al., 2022). 

Small Angle X-ray Scattering 

We collected all SAXS data on beamline BM29 at the ESRF Grenoble (Pernot et 

al., 2010, Pernot et al., 2013). The BM29 beamline was equipped with a PILATUS 

2M detector (Dectris) at a fixed distance of 2.812 m. The measurements were 

performed with a NsrP ECD (without His-tag) concentration of 1.65 mg/ml at 

10°C. The corresponding Buffer contains 25 mM MES, pH 6.0, 500 mM NaCl. 

We collected 10 frames with an exposer time of one second per frame and scaled 

the Data to absolute intensity against water. We checked each frame for radiation 

damage using CorMap/ χ2 test, implemented in PRIMUS (Konarev et al., 2003).  

All used programs for data processing were part of the ATSAS Software 

package (Version 3.1.3) (Manalastas-Cantos et al., 2021). Primary data 

reduction was performed with the program PRIMUS (Konarev et al., 2003). With 

the Guinier approximation (Guinier, 1939), we determine the forward scattering 

I(0) and the radius of gyration (Rg). The program GNOM (Svergun, 1992) was 

used to estimate the maximum particle dimension (Dmax) with the pair-

distribution function p(r).  

Results: 

Distribution of BceAB-type transporters 

BceAB-like transporters have been identified in non-AMP-producing strains as a 

protection mechanism of the cell wall. They have been shown to confer resistance 

against structurally diverse AMPs (Mascher et al., 2003, Reiners et al., 2017, 

Gottstein et al., 2022). It has been accepted as the status quo that BceAB-like 

ABC transporters occur almost exclusively in Firmicutes bacteria (Dintner et al., 

2011, Kobras et al., 2020). 

With the structural model server Alphafold (Jumper et al., 2021, Varadi et al., 

2022), we strived to investigate these in more detail and searched for other 

BceAB-type transporters using structural alignments. Here, the characteristic 

domain architecture found for BceAB transporters is 10 transmembrane helices 

and a large extracellular domain (150 -250 amino acids) located in between 
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transmembrane helices 7 and 8 (Mascher et al., 2008; Collins et al., 2010). 

Furthermore, the nucleotide-binding domain BceA should be located next to the 

gene encoding the transmembrane protein. Via this method, we identified several 

BceAB-type ABC transporters in the genomes of different organisms including 

opportunistic pathogens as well as medically relevant human pathogens and 

ESKAPE organisms listed by the WHO (Tacconelli et al., 2018) such as C. 

difficile, S. pneumonia, MRSA, E. faecium and others (Figure 16).  

Figure 16: Alpha fold database search shows the presence of BceAB-type transporters 
and related not only in Firmicutes but also in opportunistic pathogenic and clinically 
important ESKAPE bacterial strains. A full list of organisms and accession numbers is 

displayed in the supplement (Table S1). TMD models were found on the structural model server 
Alphafold (Jumper et al., 2021, Varadi et al., 2022). The image was created using Pymol 

Version 2.3.0 and Powerpoint Version 16.76. 

The structural comparison revealed that the transmembrane domain is 

structurally conserved as displayed by a root mean square (RMSD) of 1 to 4 Å. 

Especially within closely related bacteria i.e. Streptococcae the TMDs show a 

structural high conservation RMSD around 1-2 Å. 

Interestingly, we analyzed another set of ABC transporter in Gram-negative 

bacteria with the typical BceAB-like features but in addition, contains a second 

extracellular domain between the first and second helix, known as YbbP (Greene 

et al., 2018). Interestingly, the protein MacB also contains an ECD between the 

first and second ECD. This type of BceAB-like permease can be found in clinically 

important pathogenic, Gram-negative, bacteria (Figure 16, last row). The 

topology of the transmembrane helices however is substantially different from the 
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BceAB type transporter found in Gram-positive bacteria. So far, the function of 

these type of ABC transporter is unknown. 

Altogether, this suggests that the BceAB ABC transporter family appears to be 

larger than described so far. Furthermore, the models predicted by Alphafold 

reveal two distinct groups in which the TMDs in the BceAB groups are highly 

similar- and the TMDs in the BceAB-like group are differently oriented. 

Structural alignments of ECDs reveal six distinct groups  

Since all the ECDs have a brain-like form and therefore look similar, we strived 

to analyze and align their structure. Therefore, the TMDs of the different BceAB 

transporters from the Alpha fold database were cropped so that only the SABRE 

and Porter domain of the ECD with the first helical turn of the stalk helices 

remained. ECDs with approximately 200-260 amino acids were used for 

structural alignments.  

Further, the ECDs share very different sequences, making sequential alignment 

difficult. To gain insight into structurally similar ECDs, we determined RMSD 

values of the ECDs over 100 – 180 Cα with the cealign tool of PyMOL. The 

resulting RMSD matrix was used to generate the structural distance tree shown 

in Figure 17a. Overall, we could assign the ECDs into five distinct classes (I-V).  

Interestingly, class I which contains NsrP from S. agalactiae is separated early 

from the other ECDs from the structural distance tree with an average RMSD of 

5.7 Å. Further, this group contains other Streptococcus species such as S. 

mutans, S. pneumoniae, and L. lactis, which is closely related to Streptococcus 

species. This was also shown in a very recent study in a phylogenetic tree based 

on the alignments of the DNA-dependent RNA polymerase Streptococcus 

species and Lactococcus lactis form together their separate lineage in 

comparison to Lactobacilli species (Price et al., 2012). Additionally, one ECD from 

the ESKAPE organism S. aureus is present in the group. This combination of 

bacterial strains also clusters together when comparing their TMDs which show 

RMSDs in the range from 1.1 to 2.0 Å. The RMDs of the ECDs in group I range 

from 2.6 Å to 4.2 Å (ECD of S. aureus Hrt29092: 6.0 Å). The ECD and TMD of S. 

aureus show the highest RMSDs when compared to S. agalactiae. This might be 

due to the fact that S. aureus is not part of the Streptococcae family, so higher 

deviations can be expected.  
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Group two is separated with an average RMSD of 5.2 Å and contains two ECDs 

of C. neonatale and C. intestinalis with an RMSD of 3.6 Å. As the largest group, 

group III is divided from group IVa with an average RMSD of 4.6 Å. This group 

harbors a total of nine ECDs, ranging from L. monocytogenes to B. cereus, B. 

subtilis, E. faecium, E. faecalis, and C. difficile. When comparing the ECDs 

against the ECD of Lmo2115 of L. monocytogenes, it becomes evident that ECDs 

are more similar within the same family (VirAB:3 Å, AnrAB: 3.7 Å). The ECD of 

VirAB and AnrAB which are both involved in the resistance mechanism from L. 

monocytogenes, share a very high similarity (RMSD of 0.4). The bacillus family 

is closely related to Listeria (Buchrieser et al., 2003) which is also reflected in 

their RMSDs for the ECDs: B. cereus 3.7 Å, B. subtilis PsdB: 4.1 Å, B. subtilis 

YxdM: 4.7 Å. E. faecium, E. faecalis and C. difficile show the least similar RMSD 

in this group compared to the ECD of Lmo2115 with RMSDs of approximately 6 

Å. It is important to note that L. monocytogenes and B. cereus are both pathogens 

causing food-borne diseases while Enterococci and C. difficile both infect the 

gastro-intestinal tract. They can infect patients usually after antibiotics treatment 

in clinical settings (Wells et al., 2023, Zhou et al., 2020).  

Group IVa features BceB from B. subtilis as well as 4 ECDs from the 

Staphylococcae family and one from F. tadaridae, a bacterial strain isolated from 

bat guano. The ECD from Hrt03096 and VraE are the most similar with an RMSD 

of 0.8, then followed by VraG ECD from S.aureus (RMSD: 2.4 Å) and S. 

schweitzeri 2.9 Å, the ECD from BceB from F. tadaridae 3.6 Å and lastly the ECD 

of B. subtilis with 5.6 Å compared to VraE but the ECDs more similar to VraG 

ECDs (approximately 3 Å). In group 4b two ECDs clustered together from R. 

peoriensis and S. oralis showed RMSDs of approximately 5Å when compared to 

each other.  

Lastly, ECDs of a new type of ABC transporter that contains all characteristics of 

a BceAB transporter with an additional ECD between transmembrane helix 1 and 

2 (Figure 16 last row) from clinically relevant Gram-negative ESKAPE pathogens 

are gathered in group five, which show the highest difference to the other groups 

(RMDs in the range of 8 to 16 Å). Group V is the first group that is split off from 

the structural distance tree. For a better comparison in the structural distance 

tree, the ECDs were compared separately from each other. The ECD between 

TMH 1 and 2 was named “ECD left” and the ECD 7 and 8 “ECD right”.  
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The Gram-Negative left ECDs are very similar to each other with below 2 Å 

RMSDs between 1-2 Å. This also holds true for the right ECDs compared to each 

other. Remarkably, the right ECD of A. baumannii is structurally very similar to 

the ECD of HrtB0292 of S. aureus (RMSD of 1.9 Å). However, if left and right 

ECDs are compared to each other, it becomes evident that they are very different 

from each other with a mean RMSD of 5.5 Å. Thus, indicating that both left and 

right ECDs of the Gram-negative are different in structure. More importantly, the 

average RMSD to all other ECDs is above 6 Å. Overall, RMSD values between 

each group are above 4.5 Å. An Excel file list of all RMSDs can be found in the 

supplements.  

Throughout the different groups, multiple conserved secondary structure features 

were found. These features are displayed in the well-known ECD of BceB from 

B. subtilis together with the most prominent ECDs of each group in Figure 17b.

Eight conserved secondary structure elements in the SABRE domain are

conserved throughout all ECDs. These secondary structures are presented in the

alpha fold model of the ECD of BceB in Figure 17b and consist of two long β-

sheets that connect the Porter and SABRE domain, three β-sheets flanking two

β-sheets resembling a β-turn and one α-helix with a varying length that connects

the SABRE β-sheets with the second long β-sheet leading back to the porter

domain.

Within the individual groups, the RMSD values are below 4.5 Å, and characteristic

secondary structures supplementing the conserved topology were found for each

group. These are depicted in the bottom part of Figure 17b and are with some

exceptions present in each member of the designated group.

In group I we found that the three + two β-sheets in the SABRE domain are

intersected by one to two short α-helices. Further, the N-terminal β-sheet

connection for the Porter and SABRE domain ends in an extended larger loop

which contains an additional β-sheet. Thus, changing the overall shape of the

ECD in a minor way.

While the ECD of C. neonatale of group II does not display major changes in the

porter domain, the helical part of the Porter domain is extended and disordered

in the ECD from C. intestinalis. This might explain the high RMSD value of 3.6

between both ECDs. Further, the three + two β-sheets in the SABRE domain are
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extended by large unstructured regions and three to four α-helices, reshaping the 

SABRE domain at the lower bottom right corner. 

As group III is quite large, we noticed the Porter domain of the ECDs from E. 

faecium, E. faecalis, and C. difficile were extended at the C-terminal stalk helix 

and harbored either three β-sheets and an α-helix (E. faecium and E. faecalis) or 

multiple helices (C. difficile). Additionally, all members of group III show an 

extended intersection between the three + two β-sheets containing two α-helices 

and one β-sheet. The extended Porter domain section of the aforementioned 

ECDs changes the overall shape of the SABRE domain, by adding a region in 

the upper left corner (Figure 17b, class III). Changes introduced in the SABRE 

domain are not extensively altering the layout of the SABRE domain.  

In contrast to all described groups, the SABRE domain of group IVa is altered in 

a smaller manner. The three + two β-sheets are intersected with a β-sheet and 

multiple small α-turns or small β-sheets and unstructured regions. Overall, the 

ECD profile is not altered in this subgroup. 

However, members of group IVb feature a more diverse SABRE domain, 

containing one to three large α-helices and larger unstructured regions 

neighboring the three + two β-sheets. Additionally, the ECD from R. peoriensis 

features a large unstructured region in the Porter domain. Notably, the ECD 

shape of group IVb resembles ECDs of group IVa with added α-helices, leading 

to an extension at the left side of the SABRE domain. 

Lastly, group V containing the ECDs of Gram-negative bacteria shows two to 

three added α-helices as well as two additional β-sheets surrounding the three 

plus two β-sheets in the SABRE domain. Thus, extending the SABRE domain in 

the bottom left corner. 

Taken together, the classification reveals, that the addition of secondary structure 

elements characteristic for each group alters the core structure and determines 

the overall ECD shape. In most cases, supplementary secondary structures 

appear to alter the left side of the SABRE domain. 

137





3 Publications 

 

binding region. Thus, we performed docking into this identified region using the 

structural model of the ECD. 

Given the large size and high amount of rotable bonds present in bacitracin 

conventional flexible docking is unviable. Therefore, we decided to combine rigid 

docking with extensive conformational sampling of the ligand. 

We generated over 60,000 unique ligand conformations and docked them into 

the EC domain of NsrFP. The resulting poses were filtered according to their 

docking energy (<-6 kcal mol-1) and clustered according to their RMSD. The 

experimental characterization of the K481A mutant highlighted the importance of 

K481 in the binding of bacitracin, therefore, we expected that this residue is part 

of the interaction interface between the lantibiotic and the protein. From the 

clustered docked poses, we found three clusters where K481 is forming non-

covalent interactions with bacitracin: Clusters N°1, N°6, and N°8, according to 

their indexes. 

Figure 18: Bound poses from rigid docking. a) Bacitracin bound to a target analog (GPP). The 
structure is colored from the N-terminus (blue) to the C-terminus (red). b) Docked poses belonging 
to clusters in agreement with experimental results. The extracellular domain of NsrP is shown as 
a surface while the transmembrane region is shown as cartoon. Lower panels show the best 
scoring poses from clusters in agreement with experimental results. The mutated lysine residue 
is highlighted in orange, and the macrocyclic region of bacitracin is highlighted with a red circle 
for Cluster 1 (c), Cluster 6 (d), and Cluster 8 (e). 

In all three clusters, bacitracin is in an extended conformation, with the N- and C-

terminus apart from each other. These conformational states differ from the one 
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in which bacitracin binds its lipidic target, where both ends come close together, 

leading to a compact conformation (Figure 18a). Cluster 1 is most populated with 

207 poses, followed by Cluster 6 with 32 poses, and Cluster 8 with 23. In terms 

of energy, Cluster 8 has the best median score of -8.04 kcal mol-1, followed by 

Cluster 1 with a median score of -7.44 kcal mol-1, and Cluster 8 with a median 

score of -7. 33 kcal mol-1 (Supplementary Figure 2). 

In Clusters 1 and 6, bacitracin is similarly oriented within the ECD (Figure 18b). 

The N-terminus — which contains the thiazoline ring — is positioned in the center 

of the binding cleft, while the cyclic region of the peptide is located at the edge of 

the protein. On the other hand, bacitracin in Cluster 8 is located perpendicularly 

to the membrane plane, extending over the central cleft along its vertical axis 

(Figure 18b). The N-terminal group points towards the transmembrane region, at 

the lower edge of the ECD. 

To analyze the details of the putative binding mode, we took the best scoring 

pose from each cluster and mapped out the interactions between the protein and 

the bacitracin. In Cluster 1, K481 interacts with the carbonyl group adjacent to 

the thiazoline ring, while the rest of the macrocyclic ring interacts with polar 

residues such as S515 (Figure 18c). In the representative binding pose for 

Cluster 6, we observe a more complex network of interactions formed around 

K481 (Figure 18d). In this case, the nitrogen of the thiazoline ring plus an aspartic 

acid residue and the free N-terminus of bacitracin are in direct contact with these 

residues, resembling how these moieties coordinate zinc when bacitracin is free. 

Meanwhile, the backbone of the macrocyclic part of bacitracin forms hydrogen 

bond interactions with S525 and T512. Finally, in the pose derived from Cluster 

8, K481 interacts with the backbone of the macrocyclic region of bacitracin, also 

involving Y385 and Y506 (Figure 18e). However, no direct interactions between 

the N-terminus of bacitracin and the protein were observed. 

Lysin K481 and K513 in SaNsrFP are important residues for bacitracin 

resistance. 

To verify our computational results, we performed in vivo experiments by 

determining the growth behavior of our L. lactis strain with and without SaNsrFP 

and two Lysine variants in the presence and absence of bacitracin. To 

characterize the contribution of important lysins 481 and 513 to bacitracin 
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resistance in the complete BceAB transporter, alanine, and glutamine 

(introducing a negatively charged residue) mutations were generated. SaNsrFP 

single and double mutants were cloned in a pIL-SVCm shuttle vector, 

transformed, and expressed in L. lactis NZ9000 by inducing expression with a 

sublethal amount of nisin (0.3 nM) (Reiners et al., 2017, Gottstein et al., 2022 ). 

This sub-inhibitory nisin concentration can induce the nisA promotor in the pILSV 

plasmid, allowing gene expression of the respective protein. All measurements 

were compared to the ATP-deficient SaNsrFH202AP mutant that cannot hydrolyze 

ATP and the sensitive control strain, which was transformed with an empty vector 

and treated in the same way as the mutant strains.  

The activity of nisin, bacitracin, and Zn-bacitracin against the SaNsrFP lysin 

mutants, WT, and control strains was determined by treating the strains with 

different concentrations of one antimicrobial peptide.  

Upon treatment with bacitracin, strains expressing the BceAB transporter 

mutants exhibited a strong decrease in resistance although not more sensitive 

than for the empty vector control strain (Figure 19a left plot). When treated with 

Zn-bacitracin, the cells expressing the mutated SaNsrFP displayed a loss of 

resistance with a lower IC50 than for bacitracin (Figure 19a right plot).  

Figure 19 a) IC50 measurements of L. lactis NZ9000NsrFP (red), NZ9000pILSVsens (empty 
vector) (black), NZ9000NsrFP(K481A) (purple), NZ9000NsrFP(K513A) (pink), 

NZ9000NsrFP(K481E) (teal), NZ9000NsrFP(K513E) (lightblue). Cells were treated with either 
7.5 mM – 30 nM bacitracin, or 2 mM – 0.7 nM Zn-bacitracin and monitored for up to 7 hours. 
Curves were fitted using GraphPad Prism version 9.5.1 for MacOS, GraphPad Software, San 

Diego, California USA, www.graphpad.com. b) Growth curves of the same strains induced with 
0.3 nM nisin and treatment of 4 mM bacitracin or 1 mM Zn-bacitracin. The cell density was 
monitored overnight. c) Purified membrane fractions of SaNsrFP and its lysin mutants in L. 

lactis NZ9000 monitored by Western Blot using a polyclonal antibody against the extracellular 
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domain. The expression levels of the SaNsrFP mutants were similar in all cases. d) IC50 and 
Growth50% values from performed growth inhibition experiments in a) and b). 

This is due to the conformational change of bacitracin in the presence of Zn2+ 

which allows higher affinity to membranes (Economou et al., 2013). The wildtype 

strain showed resistance towards the tested antimicrobial peptides as was shown 

in previous work by (Reiners et al., 2017, Gottstein et al., 2022). On the contrary, 

the empty vector strain and the ATP-deficient ABC transporter strain control 

showed expected sensitivity toward all antimicrobial peptides (Figure 19d). 

SaNsrFP K to A mutants and K to E mutants did not display any significant 

differences in their IC50 (Figure 19d).  

To test if the lysine-alanine or lysine-glutamate mutants influenced bacterial 

growth of the SaNsrFP mutant expressing strain, growth assays were performed 

(Figure 19b). The strains were treated with either 4 mM bacitracin (Figure 19b left 

plot) or 1 mM Zn-bacitracin (Figure 19b right plot) and the OD600 was monitored 

online for 12h. The wildtype strain, the sensitive as well as the ATP-deficient ABC 

transporter strain were tested as controls. The K481E strain showed a similar 

rapid growth as the SaNsrFP WT strain reaching 50% of its maximal growth after 

4 hours (Figure 19b teal and Figure 19d). All other mutant strains showed a 

slower growth similar to the sensitive strain reaching 50% of its optical density 

after approximately 5 hours (Figure 19b left plot) and approximately 6 hours in 

the presence of Zn-bacitracin (Figure 19b right plot). These results suggest that 

lysins 481 and 513 in SaNsrFP seem to influence growth which could be 

explained by the loss of activity. On the contrary, the charged amino acid 

glutamate at position 481 seems to rescue the ability for more rapid growth while 

still displaying low IC50 values when treated with both bacitracin variants. It has 

been shown also in previous work that the strain expressing SaNsrFH202AP (green 

curve) shows slow growth when treated with both bacitracin variants (Gottstein 

et al., 2022). The growth retardation as observed for the mutant strains and 

control strains upon the addition of bacitracin has been shown for many bacterial 

cells such as group B streptococci and methicillin-resistant S. aureus (Klinzing et 

al., 2013, Vemula et al., 2017). 

To confirm that the loss of resistance was not caused by differences in production 

levels, we performed Western blot analysis on purified membrane fractions of 

SaNsrFP-mutant-expressing cells using a polyclonal antibody against the ECD 
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of SaNsrP (Figure 19c). We were able to prove that comparable levels of 

transporters were produced in all used strains. This indicates that K481 and K513 

play an important role in establishing bacitracin resistance.  

In vitro characterization of the ECD of SaNsrP. 

SaNsrFP consists of a large extracellular domain (ECD) that is hypothesized to 

be involved in binding an antibiotic most likely bacitracin/Zn-Bacitracin. To 

characterize its function and express the protein in sufficient amounts for further 

characterization, the stalk helices of the ECD were removed via cloning. This led 

to a stable protein, successfully expressed in E. coli BL21 and purified by a three-

step purification protocol. For all further functional in-vitro analysis, the Histag 

was cleaved off the ECD, applied to another Ni-chromatography to separate it 

from the uncleaved protein and subsequently analyzed by size exclusion 

chromatography (SEC). The success of the purification was monitored via SDS-

PAGE (Figure 20a). 

Figure 20 a) 15% SDS gel showing the different fraction samples from the purification of 
the short construct of the ECDsh of SaNsrP. Lane 1 shows the standard protein marker. 
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Lanes 2-4 represent samples taken from crude extract, flowthrough, and wash fraction. Lane 5 
shows the IMAC eluate at 300 mM of imidazole, Lane 6 the flowthrough sample of the second 
IMAC after Thrombin digestion, and Lane 7 the eluate sample of the SEC b) SAXS scattering 

data for monomeric NsrP ECD without His-tag. Experimental data are shown in black dots, with 
grey error bars. The GNOM fit is shown as a red line and below is the residual plot of the data. 

c) MALS measurement of SaNsrPECD (blue) and SaNsrPECD with the addition of Zn-
Bacitracin (light blue). The normalized UV absorption at 280 nm and molecular mass were 

plotted against the elution volume. d) Relative quenching of tyrosine fluorescence intensity of 
SaNsrPECD with bacitracin (blue) and Zn-bacitracin (black). The measurements were 

conducted in the range of 303 to 450 nm and 0-2.79 mM bacitracin was added subsequently to 
the protein. Dissociation constants were calculated and graphs were fitted using GraphPad 

Prism version 9.5.1 for MacOS, GraphPad Software, San Diego, California USA, 
www.graphpad.com”. e) Representation of the SAXS envelope (pink) fitted with the model of the 

short ECD construct (blue). 

The ECD construct eluted at 300 mM in the third peak without contaminations. 

This is reflected by the thick band in lane 4 on the SDS-gel at 25 kDa which 

matches the theoretically calculated mass for the ECD with Histidine tag 

(25.3 kDa). After cleaving the Histag the protein was subjected to another IMAC 

to separate the cleaved protein from the uncleaved one. The cleaved protein 

eluted in the flowthrough fractions (Figure 20a, lane 5). On the SDS-gel a band 

lower than 25 kDa was observed, matching the theoretical mass of 23.8 kDa of 

cleaved protein without tag (Figure 20a). After SEC chromatography, the cleaved 

ECD eluted in a single peak. Thus, for the first time, we can show the stable and 

successful expression and purification of the extracellular domain of SaNsrP.  

To confirm the molecular weight and oligomeric state of the protein sample Small- 

Small-angle X-ray spectroscopy (SAXS) was performed. SAXS experimental 

scattering data for the ECD without its His-tag are shown in Figure 20b, 

confirming that the ECD of SaNsrP is a monomer. Table 1 gives an overview of 

all collected data via SAXS, which supports that the ECD is monomeric. Figure 

6e shows the monomeric ECD. 

Table 1: Overall SAXS data. 

SAXS Device 
BM29, ESRF Grenoble (Pernot et al., 2010, Pernot et al., 
2013) 

Data collection parameters 

Detector PILATUS 2 M 

Detector distance (m) 2.827 

Beam size 200 µm x 200 µm 

Wavelength (nm) 0.099 

Sample environment Quartz capillary,1 mm ø 

s range (nm-1)‡ 0.025–5.0 

Exposure time per frame (s) 1 (10 frames) 

Sample NsrP ECD 

Organism Streptococcus agalactiae COH1 

UniProt ID Q8DZX0 
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Mode of measurement Batch 

Temperature (°C) 10 

Protein concentration 
(mg/ml) 

1.65 

Protein buffer 25mM MES pH 6.0, 500 mM NaCl 

Structural parameters 

I(0) from P(r) 22.70 

Rg (real-space from P(r)) 
(nm) 

2.41 

s-range for GNOM fit (nm-1) 0.134 – 4.033 

I(0) from Guinier fit 22.94 

s-range for Guinier fit (nm-1) 0.134 – 0.524 

Rg (from Guinier fit) (nm) 2.43 

points from Guinier fit 1 - 77 

Dmax (nm) 7.47 

POROD volume estimate 
(nm3) 

50.23 

Molecular mass (kDa) 

From I(0) 22.82 

From Qp (Porod, 1951) 24.92 

From MoW2 (Fischer et al., 
2010) 

23.87 

From Vc (Rambo and Tainer, 
2013) 

27.39 

From Bayesian Inference 

(Hajizadeh et al., 2018) 
24.33 

From GNNOM (Molodenskiy 

et al., 2022) 
24.80 

From POROD 25.12 – 31.39 

From sequence 23.38 

 Structure Evaluation 

GASBOR fit χ2 1.093 

CRYSOLfit χ2 3.159 

Ambimeter score 1.204 

Software 

ATSAS Software Version 

(Manalastas-Cantos et al., 
2021) 

3.1.3 

Primary data reduction PRIMUS (Konarev et al., 2003) 

Data processing GNOM (Svergun, 1992) 

Ab initio modelling GASBOR (Svergun et al., 2001) 

Superimposing SUPCOMB (Kozin and Svergun, 2001) 

Structure evaluation 
AMBIMETER (Petoukhov and Svergun, 2015) / CRYSOL 
(Svergun et al., 1995) 

Model visualization PyMOL (PyMOL, 2015) 

‡s = 4πsin(θ)/λ, 2θ – scattering angle, λ – Xray-wavelength, n.d. not determined 

It is known from previous work that SaNsrFP has been shown to confer resistance 

to a structurally unrelated group of antibiotics, including nisin, gallidermin, 

vancomycin, lysobactin, and 100-/350-fold against Zn-bacitracin/bacitracin 

(Reiners et al., 2017, Gottstein et al., 2022). Due to the absence of an 

extracellular domain in the histidine kinase SaNsrK, its function (i.e., sensing of 
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antibiotics was hypothesized to be taken over by the BceAB transporter with its 

large extracellular domain. So far, the direct binding of an antimicrobial peptide 

to the extracellular domain of a BceAB transporter was only reported for the 

related VraG from S.aureus (Cho et al., 2021). To unveil the interaction partner 

for the ECD of S. agalactiae, we used two independent methods 1) Multi-Angle 

Light Scattering (MALS) and 2) monitoring the intrinsic tyrosine fluorescence of 

the ECD, taking advantage of 9 tyrosines and 0 tryptophans.  

The binding of Zinc-bacitracin to the ECD of SaNsrP was confirmed via the MALS 

measurement (Figure 20c). The peak of the ECD without Zn-bacitracin (blue) 

shows a molecular weight of 25.8 kDa, while the peak of the ECD with Zn-

bacitracin (light blue) contains particles with 28 kDa. Thus, the difference of 2.2 

kDa and the peak shift correlate with the expected size of Zn-bacitracin (1.5 kDa). 

Using a second independent method by monitoring the tyrosine fluorescence of 

SaNsrP upon the addition of bacitracin or Zn-bacitracin, we could measure the 

change of tyrosine fluorescence with increasing concentrations of the antibiotic 

peptide (Figure 20d). For Zn-bacitracin a KD of 255 µM was obtained and for 

bacitracin, a KD of 300 µM was obtained. This could be expected since bacitracin 

is supposed to be repelled from the cell wall after ATP-dependently releasing its 

grip from its substrate UPP (Kobras et al., 2020). Controversially, it was shown 

for the complete permease BceB that bacitracin is bound with a KD of 60 nM 

(Dintner et al., 2014). Loss of binding force for the ECD of SaNsrP could be 

explained by using an ECD construct without its stalk helices. Furthermore, it 

could be hypothesized that the stalk helices might also be involved in stabilizing 

the bound bacitracin. Finally, we are the first to show stable expression and 

purification of an ECD and demonstrate via two independent experiments the 

interaction of the ECD of SaNsrP with the antimicrobial peptides Zn-bacitracin 

and bacitracin. 

Discussion: 

To elucidate the structure-function relationship of the ECD and its role for the 

ABC transporter SaNsrFP in conferring resistance against antimicrobial peptides, 

we are the first to successfully express and purify an ECD and demonstrate via 

SEC-MALS and via measuring intrinsic tyrosine fluorescence that it binds Zn-

bacitracin/bacitracin and not nisin. In recent previous work, we show that L. lactis 
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NZ9000 cells expressing SaNsrFP showed the highest resistance against Zn-

bacitracin and bacitracin while conferring less fold resistance against cationic 

antimicrobial peptides such as nisin in comparison to the sensitive empty vector 

control strain (Gottstein et al., 2022). Due to the high difference of fold of 

resistance, it was concluded in the same study that there must be a first-line 

mechanism resulting in high bacitracin resistance and a general second-line 

defense, leading to modifications of the cell wall that wards off several structurally 

diverse cationic antimicrobial peptides. Thus, our data confirms this since only 

Zn-bacitracin/bacitracin can bind to the ECD of SaNsrP. Furthermore, we 

analyzed putative binding sites in the ECD of NsrP. The analysis of putative 

binding sites in NsrP through SiteMap revealed two sites in the transmembrane 

region and the ECD. The presence of two binding sites is consistent with the 

mechanistic model proposed for the homologous protein BceAB, which 

postulates that this family of proteins detaches the lantibiotic from its lipidic target 

by first sequestering the complex through interactions with the transmembrane 

domain and then forming a direct interaction with the lantibiotic through the ECD 

(George et al., 2022). 

Our docking results showed that bacitracin only yields good scoring poses and 

an interface consistent with the mutagenesis studies when it extends over the 

surface of the ECD. This might imply that the binding of bacitracin would prevent 

NsrP from adopting its active conformation. Moreover, the fact that two of the 

possible poses involve an interaction with the thiazoline moiety, which is essential 

for zinc coordination and, hence, antibiotic activity, suggests that the binding of 

bacitracin to NsrP and to lipid II are mutually exclusive, thus, making the ECD an 

effective inhibitor of the formation of a lipid II:bacitracin complex. 

Out of the three bacitracin : NsrP complexes proposed, Cluster 8 was the least 

frequent solution and had the worst docking score and, therefore, is the least 

likely binding pose. On the other hand, Cluster 1 and Cluster 6 were the most 

frequent and best-scoring solutions, respectively. Despite displaying a similar 

relative orientation of bacitracin within the ECD, the interaction networks formed 

in each pose are different. The predicted network of interactions involving K481 

is more complex for Cluster 6 than Cluster 1, which might result in an increased 

enthalpic contribution and, therefore, a better score. K481 likely is an essential 

component of the binding interface, since mutating it to alanine hindered 
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significantly the activity of NsrP. Overall, Cluster 6 is in better agreement with our 

experimental results. 

Nonetheless, major conformational rearrangements in the ECD might occur upon 

bacitracin binding, which would limit the accuracy of our docking experiments. 

Still, our results constitute the first atomistic-level prediction of a binding 

mechanism between a protein belonging to the BceAB family of transporters and 

a lantibiotic target. Further research is needed to unravel the role of the 

conformational changes triggered by ATP hydrolysis in the process of decoupling 

bacitracin from Lipid II. 

Bacitracin resistance has been displayed for several other BceAB-type 

transporter e.g. in B. subtilis, L. monocytogenes, S. mutans, S. aureus (Gebhard, 

2012), and S. pneumoniae (Diagne et al., 2022). We furthermore show that 

BceAB transporters can be found in opportunistic pathogenic, clinically 

pathogenic, and a possibly related BceAB transporter of the YbbP type can be 

found even in Gram-negative ESKAPE organisms such as A. baumannii and P. 

aeruginosa. We postulate that it is highly likely that these BceAB transporters 

also confer resistance against bacitracin. This means that bacteria with bacitracin 

resistance can not only be found in soil bacteria, animals such as the 

gastrointestinal tract of bats but in human mucus bacteria (S. mutans), human 

gut bacteria, and excrement (S. intestinalis, E. faecalis), infection-causing 

bacteria in animals (R. peoriensis) and in humans (E. faecium, S.aureus, MRSA, 

S. schweitzeri, C. difficile, C. neonatale, S. pneumoniae, S. agalactiae, B. cereus,

L. monocytogenes. If YbbP type BceAB transporter could also confer resistance

against bacitracin then the list of clinical pathogens gets extended to the Gram-

negative ESKAPE organisms A. baumanni, Enterobacter, and P. aeruginosa.

The question remains how and why Gram-negative bacteria should have

developed a resistance mechanism against bacitracin since bacitracin is not able

to reach the cell wall due to the outer membrane. On the other side, to control

Gram-positive as well as Gram-negative bacteria in minor wounds, ointments

containing bacitracin plus polymyxin are prescribed and used (Cartotto, 2017).

Thus, in the case that the outer membrane was destroyed by polymyxin,

bacitracin could reach the peptidoglycan layer. Other methods also have been

explored e.g., attaching bacitracin to biodegradable hydrophobic copolymers of
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poly (D, L-lactide-coglycolide (PLGA) which can bring the nanoantibiotic to the 

periplasmic space of bacteria (Hong et al., 2017). It has been shown in the same 

study that this bioengineered molecule is active against Gram-negative bacteria. 

MacAB is one example of a Gram-negative bacteria-originating protein that has 

shown resistance against bacitracin (Crow et al., 2017). MacB is part of a tripartite 

efflux pump (MacAB-TolC) that confers antibiotic resistance. It is not at all clear 

if the bacitracin resistance mechanism is a side effect mechanism in Gram-

negative bacteria or if it was actively developed.  

Furthermore, we could assign ECDs from BceB structures from different bacteria 

in five groups, identifying conserved secondary structures in all (a set of 2 𝛃-

sheets over	a set of three	𝛃-sheets and individual secondary structures for each 

group. In a previous study by (Dintner et al., 2011), ECDs were analyzed and 

grouped into 8 different groups. Within their tested BceAB transporters they 

identified a conserved arrangement of secondary structures in the order 𝛂-𝛃-	𝛂-	

𝛃2-3	-𝛂-	𝛃3-4-	𝛂-𝛃-	𝛂1-2	however some groups showed deviations from this (Dintner 

et al., 2011). In addition, the authors found that ECDs in their assigned group 2 

contained a large number of both positively and negatively charged conserved 

residues, while in their groups 7 and 8 several conserved aromatic side chains 

were discovered. To date, a correlation of the sequence of the ECD with its 

substrate range has not been possible.  

Conclusively, BceAB-type transporters such as SaNsrFP are evolutionarily 

conserved in clinically relevant human pathogenic strains and nonpathogenic 

strains. Although less conserved at the sequence level, the topology of the protein 

and its cognate encoding operons are conserved. The results of this study are 

consistent with previous observations that SaNsrFP confers resistance against 

bacitracin and now we were able to show that the ECD indeed binds bacitracin.  
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Supplementary Figure 1AKHG. Putative ligand binding sites on NsrFP. The 
putative binding site located in the transmembrane domain is shown as a blue 
mesh, whereas the putative binding site on the extracellular domain is shown as 
an orange mesh. 
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Supplement Table S1: Overview of RMSDs and atoms of the structural alignment for BceB ECDs of different bacterial strains

RMSD in Å
NsrFP agalactiae 

(310 - 516)
BceB subtilis 

(321 - 516)
BceB peoriensis 

(321- 568)
BceB oralis 
(315 - 540)

BceB intestinalis 
(326 - 588)

BceB cereus 
(319 - 519)

BceB difficile 
(315 - 567)

BceB neonatale 
(320 - 541)

BceB tadaridae 
(316 - 518)

VraG schweitzeri 
(316 - 498)

FtsX faecalis 
(326 - 552)

FtsX baumannii right 
(495 - 679)

FtsX baumannii left 
(51 - 245)

NsrFP agalactiae (310 - 516) 6.286 5.542 6.088 5.913 5.823 5.94 5.645 6.601 5.667 5.913 5.802 5.254

BceB subtilis (321 - 516) 6.286 5.098 4.694 5.766 4.591 5.001 4.573 3.829 2.798 4.363 5.642 6.908

BceB peoriensis (321- 568) 5.542 5.098 5.506 5.318 5.563 5.197 6.38 4.836 5.185 4.799 5.742 6.333

BceB oralis (315 - 540) 6.088 4.694 5.506 5.124 4.648 6.487 5.09 5.53 4.563 4.555 6.732 5.94

BceB intestinalis (326 - 588) 5.913 5.766 5.318 5.124 4.063 6.005 3.557 5.749 5.423 5.25 6.673 6.063

BceB cereus (319 - 519) 5.823 4.591 5.563 4.648 4.063 3.987 4.347 3.6653 5 3.019 6.033 6.288

BceB difficile (315 - 567) 5.94 5.001 5.197 6.487 6.005 3.987 4.88 5.439 5.724 5.335 6.015 6.643

BceB neonatale (320 - 541) 5.645 4.573 6.38 5.09 3.557 4.347 4.88 5.577 5.389 5.086 6.335 6.004

BceB tadaridae (316 - 518) 6.601 3.829 4.836 5.53 5.749 3.6653 5.439 5.577 4.6743 3.838 5.761 6.503

BceB VraG schweitzeri (316 - 498) 5.667 2.798 5.185 4.563 5.423 5 5.724 5.389 4.6743 3.363 6.121 5.926

FtsX faecalis (326 - 552) 5.913 4.363 4.799 4.555 5.25 3.019 5.335 5.086 3.838 3.363 6.398 6.54

FtsX baumannii right (495 - 679) 5.802 5.642 5.742 6.732 6.673 6.033 6.015 6.335 5.761 6.121 6.398 5.3

FtsX baumannii left (51 - 245) 5.254 6.908 6.333 5.94 6.063 6.288 6.643 6.004 6.503 5.926 6.54 5.3

FtsX aeruginosa (501 - 697) right 6.533 5.587 5.274 6.354 6.593 5.743 6.947 6.765 7.085 6.084 6.246 1.986 6.615

FtsX aeruginosa (59 - 252) left 4.908 6.886 6.582 6.101 6.316 6.83 7.507 6.305 7.128 6.166 6.463 5.257 1.846

FtsX faecium (326 - 553) 5.963 3.585 5.12 4.722 5.507 4.085 5.134 5.227 4.358 4.207 1.657 6.628 7.306

FtsX pneumoniae (314 - 527) 4.434 5.354 7.983 5.182 6.154 5.527 5.828 6.134 6.115 5.436 5.033 5.395 5.707

YbbP (482 - 665) sp right 5.048 6.69 5.321 6.611 6.68 6.148 5.722 6.171 6.853 5.957 6.338 1.524 5.575

YbbP (48 - 235) sp left 4.928 7.401 5.85 6.43 6.957 6.587 6.706 6.341 7.261 6.812 7.876 5.128 1.781

VraG aureus (320 - 502) 5.619 2.912 5.631 4.52 5.471 5.011 5.661 5.249 4.61 1.028 4.565 5.87 6.21

HrtB03 aureus (320 - 496) 5.192 3.321 6.108 4.922 5.713 4.466 5.145 4.856 4.63 2.165 4.39 5.85 5.317

HrtB02 aureus (315 - 528) 3.995 5.834 5.903 6.75 6.574 5.535 5.567 6.711 7.031 5.072 6.066 6.313 5.818

VraE aureus (320- 496) 6.468 3.181 4.959 5.054 4.358 4.359 5.936 5.2 4.215 2.417 4.259 5.84 5.529

Lmo monocytogenes (320 - 516) 5.681 4.082 4.902 4.717 4.758 3.253 4.275 5.614 4.586 4.393 3.857 5.96 6.715

AnrAB monocytogenes (330 - 540) 6.801 4.642 5.029 5.084 5.363 4.824 4.494 6.18 5.367 5.115 4.438 5.327 6.649

VirAB monocytogenes (319 - 528) 6.248 5.149 5.418 5.158 5.294 4.789 4.346 5.414 5.385 5.142 4.503 5.554 6.709

PsdB subtilis (313 - 516) 6.099 3.88 4.639 5.497 6.186 3.92 3.396 5.206 4.111 4.513 4.569 5.861 6.776

YxdM subtilis (301 - 495) 5.892 4.924 4.647 5.717 4.935 3.52 3.792 4.702 4.548 5.358 3.548 5.517 6.389

MbrB mutans (310 - 532) 2.66 5.471 5.998 5.773 6.759 5.451 5.539 5.141 6.571 5.194 5.735 6.202 5.172

YsaB lactis (310 - 532) 4.196 6.611 6.066 6.239 6.002 5.945 5.878 5.796 6.807 5.926 6.017 5.993 6.377

ABC3 pneumonie right (482 - 665) 5.673 6.681 6.387 5.909 6.686 6.453 6.371 6.183 6.846 5.803 7.114 1.698 5.615

ABC3 pneumonie left (48 - 234) 4.964 7.368 5.836 6.421 6.906 6.609 7.545 6.266 7.236 6.647 7.208 5.161 1.737

Number of atoms in alignment
NsrFP agalactiae 

(310 - 516)
BceB subtilis 

(321 - 516)
BceB peoriensis 

(321- 568)
BceB oralis 
 (315 - 540)

BceB intestinalis 
(326 - 588)

BceB cereus 
(319 - 519)

BceB difficile 
(315 - 567)

BceB neonatale 
(320 - 541)

BceB tadaridae 
(316 - 518)

VraG schweitzeri 
(316 - 498)

FtsX faecalis 
(326 - 552)

FtsX baumannii right 
(495 - 679)

FtsX baumannii left 
(51 - 245)

NsrFP agalactiae (310 - 516) 168 144 168 176 168 160 176 160 160 128 160 160

BceB subtilis (321 - 516) 168 144 176 160 168 168 168 184 176 168 152 152

BceB peoriensis (321- 568) 144 144 152 152 160 144 160 152 144 136 144 144

BceB oralis (315 - 540) 168 176 152 200 168 168 192 184 168 168 160 152

BceB intestinalis (326 - 588) 176 160 152 200 160 128 208 152 160 152 144 168

BceB cereus (319 - 519) 168 168 160 168 160 176 176 176 160 160 152 152

BceB difficile (315 - 567) 160 168 144 168 128 176 112 168 160 168 104 144

BceB neonatale (320 - 541) 176 168 160 192 208 176 112 184 160 168 168 168

BceB tadaridae (316 - 518) 160 184 152 184 152 176 168 184 176 168 136 136

BceB VraG schweitzeri (316 - 498) 160 176 144 168 160 160 160 160 176 160 144 152

FtsX faecalis (326 - 552) 128 168 136 168 152 160 168 168 168 160 136 136

FtsX baumannii right (495 - 679) 160 152 144 160 144 152 104 168 136 144 136 152

FtsX baumannii left (51 - 245) 160 152 144 152 168 152 144 168 136 152 136 152

FtsX aeruginosa (501 - 697) right 128 152 136 160 160 152 136 168 160 144 144 184 152

FtsX aeruginosa (59 - 252) left 160 152 136 152 160 160 136 160 144 160 144 152 184

FtsX faecium (326 - 553) 152 160 152 168 160 168 168 152 168 160 224 144 136

FtsX pneumoniae (314 - 527) 184 160 144 168 168 176 168 184 160 168 152 152 168

YbbP (482 - 665) sp right 160 160 136 152 160 152 144 160 160 152 128 176 160

YbbP (48 - 235) sp left 168 136 128 144 160 160 136 160 144 152 136 160 184

VraG aureus (320 - 502) 160 176 144 168 160 160 160 160 176 176 168 152 160

HrtB03 aureus (320 - 496) 152 168 136 160 168 152 152 152 168 168 160 144 136

HrtB02 aureus (315 - 528) 184 160 128 168 120 168 176 168 176 160 160 144 160

VraE aureus (320- 496) 144 168 128 160 152 152 152 152 168 168 160 144 136

Lmo monocytogenes (320 - 516) 168 176 168 176 176 176 160 176 184 160 160 160 152

AnrAB monocytogenes (330 - 540) 160 176 176 176 144 184 176 176 184 160 176 152 136

VirAB monocytogenes (319 - 528) 152 176 176 176 144 184 176 168 184 160 176 152 136

PsdB subtilis (313 - 516) 168 168 160 184 152 176 176 184 184 168 168 160 168

YxdM subtilis (301 - 495) 152 160 144 152 144 176 168 168 168 152 152 152 120

MbrB mutans (310 - 532) 200 168 152 160 184 176 168 184 184 168 160 160 176

YsaB lactis (310 - 532) 192 176 144 168 152 176 168 168 168 160 160 160 176

ABC3 pneumonie right (482 - 665) 160 160 144 160 160 152 152 160 160 152 136 176 160

ABC3 pneumonie left (48 - 234) 168 136 128 144 160 160 136 160 136 152 144 160 184
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Supplement Table S1: Overview of RMSDs and atoms of the structural alignment for BceB ECDs of different bacterial strains

RMSD in Å

NsrFP agalactiae (310 - 516)
BceB subtilis (321 - 516)

BceB peoriensis (321- 568)
BceB oralis (315 - 540)

BceB intestinalis (326 - 588)
BceB cereus (319 - 519)
BceB difficile (315 - 567)

BceB neonatale (320 - 541)
BceB tadaridae (316 - 518)

BceB VraG schweitzeri (316 - 498)
FtsX faecalis (326 - 552)

FtsX baumannii right (495 - 679)
FtsX baumannii left (51 - 245)

FtsX aeruginosa (501 - 697) right
FtsX aeruginosa (59 - 252) left

FtsX faecium (326 - 553)
FtsX pneumoniae (314 - 527)

YbbP (482 - 665) sp right
YbbP (48 - 235) sp left

VraG aureus (320 - 502)
HrtB03 aureus (320 - 496)
HrtB02 aureus (315 - 528)

VraE aureus (320- 496)
Lmo monocytogenes (320 - 516)

AnrAB monocytogenes (330 - 540)
VirAB monocytogenes (319 - 528)

PsdB subtilis (313 - 516)
YxdM subtilis (301 - 495)
MbrB mutans (310 - 532)

YsaB lactis (310 - 532)
ABC3 pneumonie right (482 - 665)

ABC3 pneumonie left (48 - 234)

Number of atoms in alignment

NsrFP agalactiae (310 - 516)
BceB subtilis (321 - 516)

BceB peoriensis (321- 568)
BceB oralis (315 - 540)

BceB intestinalis (326 - 588)
BceB cereus (319 - 519)
BceB difficile (315 - 567)

BceB neonatale (320 - 541)
BceB tadaridae (316 - 518)

BceB VraG schweitzeri (316 - 498)
FtsX faecalis (326 - 552)

FtsX baumannii right (495 - 679)
FtsX baumannii left (51 - 245)

FtsX aeruginosa (501 - 697) right
FtsX aeruginosa (59 - 252) left

FtsX faecium (326 - 553)
FtsX pneumoniae (314 - 527)

YbbP (482 - 665) sp right
YbbP (48 - 235) sp left

VraG aureus (320 - 502)
HrtB03 aureus (320 - 496)
HrtB02 aureus (315 - 528)

VraE aureus (320- 496)
Lmo monocytogenes (320 - 516)

AnrAB monocytogenes (330 - 540)
VirAB monocytogenes (319 - 528)

PsdB subtilis (313 - 516)
YxdM subtilis (301 - 495)
MbrB mutans (310 - 532)

YsaB lactis (310 - 532)
ABC3 pneumonie right (482 - 665)

ABC3 pneumonie left (48 - 234)

FtsX aeruginosa right 
(501 - 697) 

FtsX aeruginosa left
(59 - 252) 

FtsX faecium 
(326 - 553)

FtsX pneumoniae 
(314 - 527)

YbbP sp right
(482 - 665) 

YbbP sp left 
(48 - 235) 

VraG aureus 
(320 - 502)

HrtB03 aureus 
(320 - 496)

HrtB02 aureus 
(315 - 528)

VraE aureus 
(320- 496)

Lmo monocytogenes 
(320 - 516)

AnrAB monocytogenes 
(330 - 540)

VirAB monocytogenes 
(319 - 528)

6.533 4.908 5.963 4.434 5.048 4.928 5.619 5.192 3.995 6.468 5.681 6.801 6.248

5.587 6.886 3.585 5.354 6.69 7.401 2.912 3.321 5.834 3.181 4.082 4.642 5.149

5.274 6.582 5.12 7.983 5.321 5.85 5.631 6.108 5.903 4.959 4.902 5.029 5.418

6.354 6.101 4.722 5.182 6.611 6.43 4.52 4.922 6.75 5.054 4.717 5.084 5.158

6.593 6.316 5.507 6.154 6.68 6.957 5.471 5.713 6.574 4.358 4.758 5.363 5.294

5.743 6.83 4.085 5.527 6.148 6.587 5.011 4.466 5.535 4.359 3.253 4.824 4.789

6.947 7.507 5.134 5.828 5.722 6.706 5.661 5.145 5.567 5.936 4.275 4.494 4.346

6.765 6.305 5.227 6.134 6.171 6.341 5.249 4.856 6.711 5.2 5.614 6.18 5.414

7.085 7.128 4.358 6.115 6.853 7.261 4.61 4.63 7.031 4.215 4.586 5.367 5.385

6.084 6.166 4.207 5.436 5.957 6.812 1.028 2.165 5.072 2.417 4.393 5.115 5.142

6.246 6.463 1.657 5.033 6.338 7.876 4.565 4.39 6.066 4.259 3.857 4.438 4.503

1.986 5.257 6.628 5.395 1.524 5.128 5.87 5.85 6.313 5.84 5.96 5.327 5.554

6.615 1.846 7.306 5.707 5.575 1.781 6.21 5.317 5.818 5.529 6.715 6.649 6.709

7.425 5.849 6.387 1.621 6.211 5.592 5.064 6.383 5.85 5.476 5.226 5.365

7.425 6.608 5.319 5.048 1.571 6.277 5.448 6.566 5.682 6.056 7.071 6.762

5.849 6.608 5.009 6.774 7.451 4.315 4.28 5.2 4.57 3.772 3.665 3.724

6.387 5.319 5.009 5.62 6.541 5.409 5.199 3.8 5.277 5.719 5.267 5.911

1.621 5.048 6.774 5.62 5.176 5.58 5.987 6.17 6 5.848 5.831 5.317

6.211 1.571 7.451 6.541 5.176 6.68 5.789 5.997 5.803 6.65 7.162 7.12

5.592 6.277 4.315 5.409 5.58 6.68 2.142 4.994 2.359 4.572 5.256 4.896

5.064 5.448 4.28 5.199 5.987 5.789 2.142 4.698 0.589 4.222 5.824 5.546

6.383 6.566 5.2 3.8 6.17 5.997 4.994 4.698 4.945 4.965 5.914 5.719

5.85 5.682 4.57 5.277 6 5.803 2.359 0.589 4.945 4.303 5.383 5.399

5.476 6.056 3.772 5.719 5.848 6.65 4.572 4.222 4.965 4.303 3.675 3.771

5.226 7.071 3.665 5.267 5.831 7.162 5.256 5.824 5.914 5.383 3.675 0.391

5.365 6.762 3.724 5.911 5.317 7.12 4.896 5.546 5.719 5.399 3.771 0.391

6.183 6.675 3.951 6.415 5.962 6.969 4.323 4.223 5.899 4.133 4.422 3.931 3.974

5.156 6.438 3.733 5.862 5.838 6.479 5.198 5.581 5.147 5.317 4.194 4.147 4.088

6.258 5.485 5.406 3.804 5.744 5.125 5.153 6.721 3.902 4.678 5.851 5.918 5.859

5.631 5.691 5.664 4.585 5.918 5.875 6.785 6.115 4.246 5.792 6.179 6.51 6.13

1.6 5.241 6.08 5.498 0.466 5.392 5.631 5.976 5.786 6.097 5.007 5.859 5.478

6.242 1.537 7.465 6.559 5.783 0.403 6.512 5.755 6.296 5.769 6.731 6.952 7.008

FtsX aeruginosa right
(501 - 697) 

FtsX aeruginosa left
(59 - 252) 

FtsX faecium 
(326 - 553)

FtsX pneumoniae 
(314 - 527)

YbbP sp right
 (482 - 665) 

YbbP sp left
(48 - 235) 

VraG aureus 
 (320 - 502)

HrtB03 aureus 
(320 - 496)

HrtB02 aureus 
(315 - 528)

VraE aureus 
(320- 496)

Lmo monocytogenes 
(320 - 516)

AnrAB monocytogenes 
(330 - 540)

VirAB monocytogenes 
(319 - 528)

128 160 152 184 160 168 160 152 184 144 168 160 152

152 152 160 160 160 136 176 168 160 168 176 176 176

136 136 152 144 136 128 144 136 128 128 168 176 176

160 152 168 168 152 144 168 160 168 160 176 176 176

160 160 160 168 160 160 160 168 120 152 176 144 144

152 160 168 176 152 160 160 152 168 152 176 184 184

136 136 168 168 144 136 160 152 176 152 160 176 176

168 160 152 184 160 160 160 152 168 152 176 176 168

160 144 168 160 160 144 176 168 176 168 184 184 184

144 160 160 168 152 152 176 168 160 168 160 160 160

144 144 224 152 128 136 168 160 160 160 160 176 176

184 152 144 152 176 160 152 144 144 144 160 152 152

152 184 136 168 160 184 160 136 160 136 152 136 136

128 144 152 184 152 144 136 144 144 160 152 160

128 128 168 152 184 160 136 152 136 152 152 120

144 128 152 136 128 160 152 152 160 160 176 176

152 168 152 160 168 160 152 176 152 176 152 160

184 152 136 160 152 152 152 144 152 160 152 152

152 184 128 168 152 144 136 160 128 152 120 120

144 160 160 160 152 144 168 160 168 168 168 160

136 136 152 152 152 136 168 152 176 152 168 160

144 152 152 176 144 160 160 152 152 176 168 168

144 136 160 152 152 128 168 176 152 152 160 160

160 152 160 176 160 152 168 152 176 152 184 184

152 152 176 152 152 120 168 168 168 160 184 208

160 120 176 160 152 120 160 160 168 160 184 208

160 160 168 168 152 160 168 160 176 160 182 184 184

152 112 152 144 160 112 152 144 152 144 160 176 176

152 168 160 200 152 168 168 152 192 152 184 168 168

152 168 160 192 160 168 168 152 192 160 184 176 168

184 152 136 152 184 152 152 152 160 152 160 160 160

152 184 128 168 152 184 160 136 160 128 152 128 120
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Supplement Table S1: Overview of RMSDs and atoms of the structural alignment for BceB ECDs of different bacterial strains

RMSD in Å

NsrFP agalactiae (310 - 516)
BceB subtilis (321 - 516)

BceB peoriensis (321- 568)
BceB oralis (315 - 540)

BceB intestinalis (326 - 588)
BceB cereus (319 - 519)
BceB difficile (315 - 567)

BceB neonatale (320 - 541)
BceB tadaridae (316 - 518)

BceB VraG schweitzeri (316 - 498)
FtsX faecalis (326 - 552)

FtsX baumannii right (495 - 679)
FtsX baumannii left (51 - 245)

FtsX aeruginosa (501 - 697) right
FtsX aeruginosa (59 - 252) left

FtsX faecium (326 - 553)
FtsX pneumoniae (314 - 527)

YbbP (482 - 665) sp right
YbbP (48 - 235) sp left

VraG aureus (320 - 502)
HrtB03 aureus (320 - 496)
HrtB02 aureus (315 - 528)

VraE aureus (320- 496)
Lmo monocytogenes (320 - 516)

AnrAB monocytogenes (330 - 540)
VirAB monocytogenes (319 - 528)

PsdB subtilis (313 - 516)
YxdM subtilis (301 - 495)
MbrB mutans (310 - 532)

YsaB lactis (310 - 532)
ABC3 pneumonie right (482 - 665)

ABC3 pneumonie left (48 - 234)

Number of atoms in alignment

NsrFP agalactiae (310 - 516)
BceB subtilis (321 - 516)

BceB peoriensis (321- 568)
BceB oralis (315 - 540)

BceB intestinalis (326 - 588)
BceB cereus (319 - 519)
BceB difficile (315 - 567)

BceB neonatale (320 - 541)
BceB tadaridae (316 - 518)

BceB VraG schweitzeri (316 - 498)
FtsX faecalis (326 - 552)

FtsX baumannii right (495 - 679)
FtsX baumannii left (51 - 245)

FtsX aeruginosa (501 - 697) right
FtsX aeruginosa (59 - 252) left

FtsX faecium (326 - 553)
FtsX pneumoniae (314 - 527)

YbbP (482 - 665) sp right
YbbP (48 - 235) sp left

VraG aureus (320 - 502)
HrtB03 aureus (320 - 496)
HrtB02 aureus (315 - 528)

VraE aureus (320- 496)
Lmo monocytogenes (320 - 516)

AnrAB monocytogenes (330 - 540)
VirAB monocytogenes (319 - 528)

PsdB subtilis (313 - 516)
YxdM subtilis (301 - 495)
MbrB mutans (310 - 532)

YsaB lactis (310 - 532)
ABC3 pneumonie right (482 - 665)

ABC3 pneumonie left (48 - 234)

PsdB subtilis 
(313 - 516)

YxdM subtilis 
(301 - 495)

MbrB mutans 
(310 - 532)

YsaB lactis 
(310 - 532)

ABC3 pneumonie right 
(482 - 665)

ABC3 pneumonie left 
(48 - 234)

6.099 5.892 2.66 4.196 5.673 4.964

3.88 4.924 5.471 6.611 6.681 7.368

4.639 4.647 5.998 6.066 6.387 5.836

5.497 5.717 5.773 6.239 5.909 6.421

6.186 4.935 6.759 6.002 6.686 6.906

3.92 3.52 5.451 5.945 6.453 6.609

3.396 3.792 5.539 5.878 6.371 7.545

5.206 4.702 5.141 5.796 6.183 6.266

4.111 4.548 6.571 6.807 6.846 7.236

4.513 5.358 5.194 5.926 5.803 6.647

4.569 3.548 5.735 6.017 7.114 7.208

5.861 5.517 6.202 5.993 1.698 5.161

6.776 6.389 5.172 6.377 5.615 1.737

6.183 5.156 6.258 5.631 1.6 6.242

6.675 6.438 5.485 5.691 5.241 1.537

3.951 3.733 5.406 5.664 6.08 7.465

6.415 5.862 3.804 4.585 5.498 6.559

5.962 5.838 5.744 5.918 0.466 5.783

6.969 6.479 5.125 5.875 5.392 0.403

4.323 5.198 5.153 6.785 5.631 6.512

4.223 5.581 6.721 6.115 5.976 5.755

5.899 5.147 3.902 4.246 5.786 6.296

4.133 5.317 4.678 5.792 6.097 5.769

4.422 4.194 5.851 6.179 5.007 6.731

3.931 4.147 5.918 6.51 5.859 6.952

3.974 4.088 5.859 6.13 5.478 7.008

3.617 5.718 5.662 5.923 6.988

3.617 5.918 5.656 5.675 6.463

5.718 5.918 3.834 5.999 5.308

5.662 5.656 3.834 4.966 5.902

5.923 5.675 5.999 4.966 6.001

6.988 6.463 5.308 5.902 6.001

PsdB subtilis 
(313 - 516)

YxdM subtilis 
(301 - 495)

MbrB mutans 
(310 - 532)

YsaB lactis 
(310 - 532)

ABC3 pneumonie right 
(482 - 665)

ABC3 pneumonie left 
(48 - 234)

168 152 200 192 160 168

168 160 168 176 160 136

160 144 152 144 144 128

184 152 160 168 160 144

152 144 184 152 160 160

176 176 176 176 152 160

176 168 168 168 152 136

184 168 184 168 160 160

184 168 184 168 160 136

168 152 168 160 152 152

168 152 160 160 136 144

160 152 160 160 176 160

168 120 176 176 160 184

160 152 152 152 184 152

160 112 168 168 152 184

168 152 160 160 136 128

168 144 200 192 152 168

152 160 152 160 184 152

160 112 168 168 152 184

168 152 168 168 152 160

160 144 152 152 152 136

176 152 192 192 160 160

160 144 152 160 152 128

182 160 184 184 160 152

184 176 168 176 160 128

184 176 168 168 160 120

176 184 184 152 160

176 176 152 160 112

184 176 208 160 168

184 152 208 160 168

152 160 160 160 152

160 112 168 168 152
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Abstract 

Lantibiotics are small antimicrobial peptides, ribosomally synthesized as a pre-

peptide in Gram-positive bacteria. Their genes are encoded on highly structured 

operons containing all the genes required for the peptides as well as for the 

proteins involved in maturation, transport, immunity, and synthesis. The most 

prominent and best-characterized lantibiotic is nisin from Lactococcus lactis. 

Nisin is active against other Gram-positive bacteria by binding Lipid II and its 

ability to form pores. To protect itself from self-killing, the producer strain is 

expressing an ABC transporter called NisFEG, which confers 6 to 8-fold 

immunity. Furthermore, nisin constructs missing either the last six amino acids or 

the last lanthionine ring did not result in full immunity exhibited by NisFEG in 

comparison to the complete nisin molecule, demonstrating that the ABC 

transporter recognizes the C-terminus of nisin. Although the exact mechanism is 

still unknown, LanFEG-type transporters are hypothesized to confer immunity by 

extruding the antimicrobial peptide from the cell membrane. NisFEG is part of the 

LanFEG-type ABC transporters consisting of the heterodimers NisE and NisG 

together with the homodimer of NisF. By characterizing the structure of NisFEG 

via homology modeling and its function by mutating specific amino acids, and 

assessing its effect by checking the influence on immunity, a new insight into the 

mechanism can be given.  

Introduction 

Lantibiotics belong to the class of ribosomally synthesized, small antimicrobial 

peptides produced by Gram-positive bacteria. They are produced as precursor 

peptides that undergo posttranslational modification, are transported out of the 

cell, and subsequently are activated by cleaving off the lantibiotic-specific leader 

sequence (Kuipers et al., 2004). The activated lantibiotic shows activity against 

Gram-positive bacteria as well as a limited number of Gram-negative bacteria by 
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targeting cell wall synthesis (Wiedemann et al., 2001, Chatterjee et al., 2005). 

Even lantibiotic-producing bacteria would be affected if not immunity proteins 

such as the lipoprotein LanI and an ATP-binding cassette (ABC) transporter 

LanFEG would be expressed (Kuipers et al., 1993, Siezen et al., 1996, Alkhatib 

et al., 2012, Smits et al., 2020). If a lantibiotic only forms pores, only lanI is present 

in the biosynthetic cluster, which is the case for example for Pep5 (Reis et al., 

1994, Pag et al., 1999) and lactocin S (Skaugen et al., 1997). LanFEG-type 

transporter genes are present in bacterial strains, producing peptides that target 

cell wall synthesis (Altena et al., 2000) modify the lipid composition of membranes 

(Marki et al., 1991), or bind to a specific receptor (Peschel and Gotz, 1996, 

Alkhatib et al., 2012, Ra et al., 1996, Klein and Entian, 1994). Both genes can be 

found in the biosynthetic cluster of e.g. epidermin (Peschel and Gotz, 1996), 

subtilin (Klein and Entian, 1994), and nisin (Ra et al., 1996).  

Nisin is produced by various Lactococcus lactis strains and is the most 

extensively studied lantibiotic. Due to its high bactericidal activity in the 

nanomolar range and low toxicity in humans, nisin is explored as a promising 

therapeutic compound (De Kwaadsteniet et al., 2009, Aranha et al., 2004, 

Valenta et al., 1996, Cotter et al., 2013, Barbosa et al., 2021, Geitani et al., 2019, 

Rana et al., 2019, Santos et al., 2019). It is synthesized as a precursor peptide, 

consisting of a leader peptide and a core peptide, which is modified prior to its 

transport out of the cell. Nisin is activated by the protease NisP which cleaves off 

the leader peptide. The resulting peptide consists of 34 amino acids and contains 

five lanthionine rings. The N-terminal two rings are important for binding the cell 

wall precursor Lipid II and are connected via a flexible hinge region with the last 

two lanthionine rings which have been shown to be important for pore formation 

(AlKhatib et al., 2014b, Rink et al., 2007). In order not to be affected by their 

lantibiotic, nisin-producing L. lactis strains express the lipoprotein NisI and the 

ABC transporter NisFEG which provide together full immunity, with an IC50 of 990 

nM against nisin (Ra et al., 1996). When each protein is expressed alone, they 

confer with an IC50 of 60 to -70 nM only 8-20% of immunity against nisin, thus this 

indicates a cooperative immunity mechanism (Ra et al., 1996, Stein et al., 2003, 

AlKhatib et al., 2014b). Both proteins contribute together to immunity, NisI binds 

up to 1 µmol/L nisin at the surface of the cytoplasmic membrane, preventing it 

from inserting into the membrane (AlKhatib et al., 2014a). Furthermore, NisI-
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expressing strains form long-chain cluster of L. lactis cells which protects against 

high nisin concentrations (AlKhatib et al., 2014a). In addition, NisFEG exports 

nisin molecules that have already entered the cytoplasmic membrane before or 

during pore formation (Stein et al., 2003).  

ABC transporter, such as NisFEG, belong to one of the largest families of 

membrane proteins which can be found in fungi, plants, archaea, and bacteria 

(Holland, 2003). They can have multiple functions, including uptake of nutrients, 

transport of signaling molecules, and also conferring multi-drug resistance 

through various mechanisms e.g., by exporting toxic metabolites or compounds 

like xenobiotics (Beis, 2015, Thomas and Tampe, 2018). The general 

architecture of ABC transporter consists of two transmembrane domains (TMDs) 

and two nucleotide-binding domains (NBDs)(Beis, 2015). The NBDs exhibit the 

characteristic sequence motifs like Walker A, Walker B, the H-loop, the ABC 

transporter signature motif (LSGGQ) (Schmitt and Tampe, 2002) and the D-loop 

(van der Does and Tampe, 2004, Zaitseva et al., 2006). By binding and 

hydrolyzing ATP, the NBDs provide the energy for the specific function of the 

ABC transporter e.g. transporting a substrate across the membrane.  

NisFEG forms a functional immunity transporter when assembled as a complex 

with two NBDs NisF and the heterodimeric TMDs NisE and NisG (Alkhatib et al., 

2012).  

NisE is a 28 kDa integral membrane protein consisting of six TM helices, similarily 

NisG consists also of six TM helices with a molecular weight of 24 kDa. Deletion 

of either TMD resulted in a complete loss of immunity against nisin, highlighting 

their importance for function (Siegers and Entian, 1995). Furthermore, it is known 

that the C-terminus of nisin is recognized by NisFEG, since, compared to the full-

length peptide its immunity is reduced in the presence of nisin constructs lacking 

either the last six amino acids or the last lanthionine ring (AlKhatib et al., 2014b). 

Nonetheless, the exact mechanism behind the conferred immunity by LanFEG 

transporters is still unknown, however, it has been proposed for several 

lantibiotics like subtilin, epidermin, and nisin that the lantibiotic is extruded from 

the cell membrane (Stein et al., 2003, Peschel and Gotz, 1996, Otto et al., 1998). 

To characterize the role of the ABC transporter NisFEG, a homologous 

expression system based on the plasmid pILSV was used which permits the 

expression of NisFEG dependent on the nisA promotor in L. lactis NZ9000. 
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By introducing specific point mutations in NisFEG, we sought to elucidate the 

amino acid's role in conferring immunity against nisin. For that, we determined 

IC50 values for the generated mutant strains and compared them to the wild-type 

strain NisFEG and an ATP-hydrolysis deficient mutant NisFH181AEG strain.  

Material and Methods 

Cloning of nisFEG, nisFH181AEG, nisFEG mutants 

The pILSV-nisFEG and pILSV-nisFH181AEG plasmid were generated as described 

by (AlKhatib et al., 2014b). In order to generate alanine, cysteine, and tryptophan 

NisFEG mutants, single-point or double mutations were introduced via site-

directed mutagenesis into the pILSV-nisFEG plasmid. The successfully mutated 

plasmids were transformed into L. lactis NZ9000 by electroporation at 1 kV, 25 

µF, 5.0 msec, and the corresponding strain were termed NZ9000NisFEG 

(mutant). The primers, plasmids, and control strains that were used are listed in 

Tables 2 and 3. 

Table 2: Primers used in this study. The following primers were used to generate 
pILSVNisFEG cysteine- alanine- and tryptophan- mutants. 

Primer Name Primer Sequence (5`- 3`) 

NisF(L95C)EG_fwd AACTAAGGCTTGCCTTTTTGGAA 

NisF(L95C)EG_rev TTAAGATTATCGAAAGCAGATAAATTCATAT 

NisF(L96C)_fwd TAAGGCTTTGTGTTTTGGAATTTCAGATAAG 

NisF(L96C)_rev GTTTTAAGATTATCGAAAGCAG 

NisF(T92C)_fwd TAATCTTAAATGTAAGGCTTTGCTTTTTGGAATTTC 

NisF(T92C)_rev TCGAAAGCAGATAAATTCATATATATTGCTGG 

NisFE(I10C)G_fwd ATCAGAAGCATGCAAATTAAAAAAATCAGGAACTC 

NisFE(I10C)G_rev GCTATTATTCTTTTCATATCACATTCATCCATG 

NisFE(F172C)G_fwd TGTTGCCCCTTGCGTTGCACAAAC 

NisFE(F172C)G_rev ATTAAACAAATCAAGGTATTCGCAGCTAACAAT 

NisFEG(S4C)_fwd CATGATAAGATGTGAATGTCTCAAATTAAAAAATAG 

NisFEG(S4C)_rev TTCTATCACTCCTTTAAGTAAATACGAAACTCC 

NisFEG(N165C)_fwd TTTTGCCAGTTGTAAAGTTTTATTAGCAG 

NisFEG(N165C)_fwd ATAATGAGTAATATTTCAATAATCGCGAT 
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NisFE(Q76A)G_fwd TGGAAATTTTGCAAATGTGAAATGGAAAAAG 

NisFE(Q76AG)_rev GCTTGCTCCTCTGATTTTATATC 

NisFE(W80A)G_fwd AAATGTGAAAGCGAAAAAGCTGAGTTGG 

NisFE(W80A)G_rev TGAAAATTTCCAGCTTGC 

NisFE(K67A)G_fwd TTATGATATAGCATCAGAGGAGCAAGC 

NisFE(K67A)G_rev AGAAAAAGCAAACTCATCAAAAG 

NisFEG(E66A)_fwd TCTAATCTTTGCACAGGAGAGTC 

NisFEG(E66A)_rev ATAGACAAAATTGTAACCAG 

NisFEG(E76A)_fwd TCGTTTCCAAGCAATAAATGTAAATAAAAAAAGTAG 

NisFEG(E76A)_rev TTGGCCAGACTCTCCTGT 

NisFEG(N72A)_fwd GAGTCTGGCCGCACGTTTCCAAG 

NisFEG(N72A)_rev TCCTGTTCAAAGATTAGAATAG 

NisFE(A102W)G_fwd AGGTATACTATGGAGCATAGTCTTGATTATTTTG 

NisFE(A102W)G_rev CTTAGCCAAATCAACAAC 

NisFE(A139W)G_fwd ATTACTAGCATGGTCTTGGAATTTACCCTTTATATAC 

NisFE(A139W)G_rev ATAGCAATCAATGCCACAC 

NisFE(L233W)G_fwd TTCGTATTTATGGAAAGGAGTGATAGAACATG 

NisFE(L233W)G_rev ACTCCTATCGTTACAACTATG 

NisFE(I104W)G_fwd ACTAGCGAGCTGGGTCTTGATTATTTTG 

NisFE(I104W)G_rev ATACCTCTTAGCCAAATC 

NisFE(I133W)G_fwd TGTGGCATTGTGGGCTATATTACTAGC 

NisFE(I133W)G_rev CTTACTTTCATAAAATCCACC 

NisFE(V224W)G_fwd ACTTTCCATATGGGTAACGATAGGAGTTTC 

NisFE(V224W)G_rev CCAAATGGTAATAAAACTTCC 

NisFEG(V29W)_fwd GCTTTTAACGTGGCCTATTTATTTAGCTTTTG 

NisFEG(V29W)_rev TCTAATAAAGTAAAGAGAAAAACTAAATAAAAC 

NisFEG(L98W)_fwd GGATTTCCTTTGGTTCTTTCCATC 

NisFEG(L98W)_rev ACTACTATTAGCTTTCATAAC 

NisFEG(L205W)_fwd CACAATAATTTGGGTAGCATTATCTAAAAAAAAG 

NisFEG(L205W)_rev GATAAAACAATCCACCCTAC 
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Table 3: Control strains used in this study. Mutant strains were generated based on the 
plasmid pILSV NisFEG. 

Expression of NisFEG and NisFEG mutants in L. lactis NZ9000. 

The NZ9000NisFEG, NZ9000NisFEG mutants, and control strains were grown in 

GM17 media supplemented with 10 µg/mL chloramphenicol and induced with a 

final concentration of 1 ng/mL and were further grown overnight. On the next day, 

the cells were diluted to an OD600 of 0.1 in fresh media supplemented with 10 

µg/mL chloramphenicol with the inducer nisin (20 ng/mL). Cells were grown to an 

OD600 of 1 and subsequently harvested at 5000x g for 30 min. The resulting pellet 

was resuspended with a resuspension buffer (50 mM HEPES pH 7, 150 mM 

NaCl, 10% (w/v) glycerol) to an OD600 of 300. Further 1/3 (w/v) glass beads (0.3 

mm) were added and cells were lysed. A cycle of 1 min disruption and 2 min

cooling the sample on ice was repeated five times. To collect the cytoplasmic

fraction the sample was centrifuged at 10,000 x g. Subsequently, the supernatant

was subjected to centrifugation at 100,000 x g to harvest the membranes. To

purified membrane fractions, SDS-loading dye (0.2M Tris-HCl, pH 6.8, 10% (w/v)

SDS, 40% (v/v) glycerol, 0.02% (w/v) bromophenol, and β-mercaptoethanol) was

added and samples were further used for SDS-PAGE and Western Blot analysis

(5µL loaded).

NisFEG(L27W)_fwd ATTAGAGCTTTGGACGGTTCCTATTTATTTAG 

NisFEG(L27W)_rev AAAGTAAAGAGAAAAACTAAATAAAAC 

NisFEG(F96W)_fwd AGTAGTGGATTGGCTTTTGTTCTTTC 

NisFEG(F96W)_rev ATTAGCTTTGATAACCAAATTC 

NisFEG(I203W)_fwd GTTTTATCCACAATAATTCTGGTAGCATTATC 

NisFEG(I203W)_rev AATCCACCCTACGGCAG 

Strain Plasmid Reference 

NZ9000sens pILSV (empty) (de Ruyter et al., 1996) 

NZ9000NisFEG pILSV-NisFEG (AlKhatib et al., 2014b) 

NZ9000NisFH181AEG pILSV- NisFH181AEG (AlKhatib et al., 2014b) 
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Purification of nisin  

Nisin was purified as described in (Abts et al., 2011). The concentration of nisin 

was measured by using RP-HPLC as previously described in (Abts et al., 2013). 

Determination of the activity of nisin by growth inhibition experiments 

(IC50).  

The control strains NZ9000sens, and NZ9000NisFEG as well as the alanine and 

tryptophan mutant strains of NisFEG were grown overnight in GM17 media 

supplemented with 10 µg/mL chloramphenicol in the presence of 1 ng/mL of nisin. 

The following day, the cells were diluted to an OD600 of 0.1 in fresh GM17 media 

and incubated at 30°C for 30 minutes. In a 96-well plate, 50 µL of dilutions of 

either nisin or bacitracin (Zn-bacitracin) were prepared. Then, 150 µL of L. lactis 

NZ9000NisFEG, NZ9000sens, or NZ9000NisFEG mutants were added. After 5-

7 hours of incubation at 30°C, the optical density was measured, and the fold of 

resistance was calculated by comparing the normalized values for L. lactis 

NZ9000NisFEG/ and its mutants against the sensitive strain NZ9000sens. 

Crosslinking experiments with generated NisFEG cysteine mutants. 

Cysteine mutants were generated in order to confirm if during the transport of 

nisin specific helices of the ABC transporter NisFEG move in proximity to other 

hypothesized helices of the same proteins. 

NisFEG cysteine mutants were expressed and membranes were isolated as 

described above. Membranes were suspended in R-buffer (50 mM HEPES pH 7, 

150 mM NaCl, 10% (w/v) glycerol) containing 10 mM MgCl2. Then membranes 

were either preincubated 30 min at 4°C in the presence of 5mM ATP or without 

any additive. Subsequently, the membranes were incubated with 0.2 mM 1,3-

propanediyl bismethanethiosulfonate crosslinker (M3M) (6.5 Å) or the control 

reagent Copper-phenanthroline (Cu-Phe). M3M was selected based on 

calculated distances between the domains of interest in a model of NisFEG. The 

M3M compound was prepared as 100 mM stock solutions in DMSO. The 

reactions were stopped by the addition of an equal volume of SDS sample buffer 

(0.2M Tris-HCl, pH 6.8, 10% (w/v) SDS, 40% (v/v) glycerol, 0,02% (w/v) 

bromophenol + 10mM N-ethylmaleimide). Samples were further analyzed via 

SDS PAGE and Western Blotting.  
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Results 

The activity of NisFEG mutants against Nisin 

Nisin was purified as previously described by (Abts et al., 2011). The generated 

pILSV plasmid with a single point mutation or double mutation in NisFEG was 

transformed into L. lactis NZ9000. The expression of the nisFEG genes was 

induced by adding a sublethal concentration of 0.3 nM nisin to the cells. This 

subinhibitory dose of nisin is able to trigger the nisA promotor in the pIL-SV 

plasmids, enabling the gene expression of the respective protein. It has been 

shown by different growth studies that this low centration of nisin is not harming 

the cells (Mierau and Kleerebezem, 2005, Alkhatib et al., 2012, de Ruyter et al., 

1996). NisFEG confers immunity against nisin by extruding nisin from the 

membranes. However, the exact mechanism is unknown. In order to validate the 

NisFEG structure model and to get insight into the role of selected amino acids 

in conferring immunity against nisin, six NisFEG alanine mutants were generated. 

Q76 and W80 are located at the NisE-NisF interface. K67 and E66 are part of the 

NisG-NisE interface while E76 and N72 are found at the NisG-NisF interface 

(Figure 21a). After adding nisin to the cultures of the NisFEG mutant strains, WT, 

and the sensitive empty vector control strain, the IC50 was determined using 

Prism 9 Version 9.5.1. The fold of change, which is independent of small 

variations in bacterial growth behavior, was obtained by dividing the IC50 of the 

NisFEG WT or mutant strain by the IC50 value obtained for the sensitive strain. 

To address the activity of nisin against the mutant strains of NZ9000NisFEG, the 

IC50 of NisFEG for nisin was set as 100% activity and based on this the activity 

for the NisFEG mutants was calculated (Figure 21b). All calculated values are 

summarized in Table 3. 
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Figure 21: Generated alanine mutants in NisFEG. a) Model of NisFEG showing the location 
of the introduced alanine mutations (red). Q76 and W80 are located at the NisE-NisF interface. 
K67 and E66 are part of the NisG-NisE interface of the ABC transporter. Amino acids E76 and 
N72 are at the NisG-NisF interface. Model calculated with Topmodel (Mulnaes et al., 2020) of 
NisFEG and was provided by Pablo Cea Medina. b) Nisin activity of L. lactis NZ9000NisFEG 
mutants compared to the wild type strain NZ9000NisFEG and the empty vector control strain 

(sens) in %.  

The mutant strains NZ9000NisFE(K67A)G and NZ9000NisFEG(E66A) exhibited only 

63/62% of activity against nisin in comparison to the wild type. This could indicate 

that K67 and E66 might be involved in the nisin export mechanism but are not 

crucial amino acids since 60% of activity was retained. The double mutant, on the 

contrary, showed 20% more activity than the single mutants. For the NisE-NisF 

interface alanine mutants Q76A and W80A, no loss of activity and a 25% loss of 

activity were observed, respectively. The double mutant showed a similarly 

reduced activity of 72%. Furthermore, a 25% reduction of activity was observed 

for the NisFEG(N72A) mutant in comparison to the wild-type while the NisFEG(E76A) 

strain showed wild-type activity against nisin. The double mutant NisFEG(N72A,

E76A) exhibited 94% of nisin activity, restoring 18% of activity in comparison to the 

N72A mutant strain. None of the alanine mutations lead to a complete loss of 

nisin activity compared to the sensitive empty control vector strain with an IC50 of 

12 nM (Table 4) 
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Table 4: Calculated IC50 values, fold of resistance, and activity in percent for the NisFEG 
alanine mutants and the control strains NZ9000NisFEG and NZ9000sens. 

Furthermore, NisFEG Trp mutants were generated to explore the role of the 

selected ten amino acids on the stability and the activity of the ABC transporter 

NisFEG by mutating them to tryptophans. For this Trp-scanning experiment, 

buried residues in NisE and NisG as well as solvent-exposed residues were 

mutated (Figure 22a). After generated NZ9000 NisFEG mutant strains were 

treated with nisin, the IC50 was determined as described previously (Table 5). 

Furthermore, the fold of resistance and the activity in percent were calculated 

using Prism 9 version 9.5.1 (Table 5). 

Figure 22: NisFEG model displaying the location of the Trp mutants (pink). Model was 
calculated with Topmodel (Mulnaes et al., 2020) of NisFEG and was provided by Pablo Cea 

Medina. a) The following residues of NisE A102, A139, and L233 represent buried amino acids. 
Solvent-exposed residues in NisE are I104, I133, and V224. In NisG V29, L98 and L205 are 
buried residues while L27, F96, and I203 are solvent-exposed. The model was provided by 

Pablo Cea Medina. b) Nisin activity of L. lactis NZ9000NisFEG mutants compared to the wild 
type strain NZ9000NisFEG and the empty vector control strain (sens) in percent. 

After treatment with nisin, the NZ9000NisFE(A102W)G and NZ9000NisFE(I203W)G, 

mutant strains displayed a complete loss of resistance (3%, 5% respectively) 

(Figure 22b and Table 5) in the same range as the nisin-sensitive empty vector 

control strain (sens). Also, NZ9000NisFE(A139W)G displayed a reduced activity of 

19%. This indicates that the substituted amino acids destabilize NisFEG, 
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disrupting the ability to confer immunity. The mutant strain NZ9000NisFE(I104W)G 

displayed a residual activity of 43% while the activity of the L233W-, I133W-, and 

V224W-mutant strains 63%, 69%, and 76% range in the middle field. In contrast, 

the mutation of amino acids L205, F96, and V29 lead to a reduction of activity of 

14%, 12%, or 2% respectively. These amino acids seem not to be involved in 

stabilizing NisFEG. Mutations in NisG are with the exception of the I203W mutant 

strain mostly tolerated. For the strains L27W and L98W an increase in nisin 

activity by 20% was observed (Table 5). This implies that the exchange to 

tryptophan possibly stabilized the ABC transporter. The potential role of Trp 

contributing to membrane protein stability by interacting with lipids has been 

shown in several studies (Situ et al., 2018, McDonald and Fleming, 2016, Hong 

et al., 2007).  

Table 5: Calculated IC50 values, fold of resistance, and activity in percent for the NisFEG 
tryptophan mutants and the control strains NZ9000NisFEG and NZ9000sens.  

Transport in ABC transporter involves often the movement of certain domains 

and rearrangement of helices that lead to a change of conformation (Husada et 

al., 2018, Lewinson et al., 2020). In order to prove the movement of certain 

helices, several amino acids were substituted with cysteine in different helices in 

NisFEG that are hypothesized to move toward each other (Figure 23a). In order 

to be able to analyze the proteins on Western Blot a C-terminal-His6-tag was 

introduced in the construct pILSVNHis6-NisFEG. The effect of the additional C-

terminal Histidine tag was tested by determining its nisin activity (IC50) via growth 

inhibition experiments.  
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Figure 23 a) NisFEG Model showing the positions of cystein substitutions (cyan) Model 
was calculated with Topmodel (Mulnaes et al., 2020) of NisFEG and was provided by Pablo 

Cea Medina. b) Nisin activity of the L. lactis NZ9000NisFEG mutant in comparison to the wild 
type strain NZ9000NisFEG and the empty vector control strain (sens) in percent. c) The 

expression of the NisFEG mutants NisF(L95C)E(I10C)G (R1), NisF(L96C)EG(S4C) (R2), 
NisF(T92C)EG(S4C) (R3), NisFE(F172C)G(N165C) (R4) and NisF(L95C)EG(S4C) (R5) in L. lactis NZ9000 was 

monitored by Western Blot using an anti-Histidine-tag antibody. d) As a preliminary control 
experiment membranes from the strain expressing the wild-type NisFEG were treated with 

either the M3M crosslinker (X-linker) in the presence of ATP (++) or no ATP (+-). As negative 
controls, buffer (50 mM HEPES, 150 mM NaCl, 10% glycerol pH 7) (--) or only ATP (+-) or β-

Mercaptoethanol (Cβ) was added to the membranes. As a positive control copper 
phenanthroline was used which triggers disulfide bridge formation (+P).  

After the generated NisFEG mutant strain was treated with nisin, the IC50 was 

determined as previously described. For the strain with the new construct, a 

reduction of 20% nisin activity in comparison to the NHis6-NisFEG construct 

expressing strain was displayed (Figure 23b). This new construct was used to 

generate the new cysteine mutants. Following NZ9000NisFEG double mutants 

were generated: NisF(L95C)E(I10C)G, NisF(L96C)EG(S4C), NisF(T92C)EG(S4C), 

NisFE(F172C)G(N165C) and NisF(L95C)EG(S4C). In the next step, NisFEG mutants were 

successfully transformed and expressed in L. lactis NZ9000. Subsequently, the 

membrane fraction was isolated for Western blot analysis. The proteins were 

detected with an anti-histidine antibody at approximately 20 kDa and thus were 

successfully expressed (Figure 23c). Subsequently, the membrane fraction was 

purified for Western Blot analysis. The proteins were detected with an anti-
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histidine-tag antibody at approximately 20 kDa (Figure 23c). Thus, NisG runs 

lower than its actual molecular weight (24 kDa).  

To validate the NisFEG structural model, an MTS crosslinker was chosen as a 

molecular ruler to estimate whether the cysteines introduced into NisFEG are in 

close proximity to be cross-linked. Thiol-reactive MTS cross-linkers have the 

ability to crosslink cysteine residues which allows them to be used to determine 

distances between neighboring helices. Previously, the distance between new 

cysteines in the NisFEG model was determined using Pymol Version 2.3.0. For 

three of the double cysteine mutants, a distance of approximately 6 Å was 

measured. Due to possible uncertainties of the model a slightly longer crosslinker, 

1,3-propanediyl bismethanethiosulfonate, which measures 6.5 Å (M3M) was 

used. M3M was described among other MTS crosslinkers in the study by (Loo 

and Clarke, 2001, Loo and Clarke, 2002).  

The control experiment was performed using purified membranes from wild-type 

NisFEG. Copper-phenanthroline (Cu-Phe), which triggers disulfide formation, 

was used as a negative control. Since wild-type NisFEG contains seven 

endogenous cysteines that are not in close proximity to form disulfide bridges or 

be crosslinked with the chosen cross-linker, treatment with Cu-Phe should not 

lead to a mass shift of the protein on the Western Blot. To test this, membranes 

were suspended in a resuspension buffer (50 mM HEPES pH 7, 150 mM NaCl, 

10% (w/v) glycerol) containing 10 mM MgCl2. Subsequently, the membranes 

were incubated with either 0.2 mM 1,3-propanediyl-bismethanethiosulfonate 

crosslinker (M3M) (6.5 Å) or 1 mM of Cu-Phe or without for 30 minutes at 4°C in 

the presence of 5 mM ATP or without. Reactions were stopped by adding an 

equal volume of SDS sample buffer (0.2 M Tris-HCl, pH 6.8, 10% (w/v) SDS, 40% 

(v/v) glycerol, 0,02% (w/v) bromophenol, and 10 mM N-ethylmaleimide) and 

analyzed by SDS-PAGE and subsequent Western Blotting.  

For the five reactions with wild-type NisFEG membranes treated with either ATP 

and M3M (++), or without ATP and M3M (-+), or only buffer (--), or ATP without 

M3M (+-), or with 𝛽-Mercaptoethanol (𝛽-M) a thick band at 20 kDa was detected 

(Figure 23d). Since wild-type NisFEG does not contain cysteine residues in a 

distance of 6.5 Å, it was to be expected that M3M should not be able to produce 

crosslinks. Controversially, the negative control (NisFEG membranes treated with 
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Cu-Phe) showed no band at the molecular weight of NisG. This indicates that Cu-

Phe induced disulfide formation in wild-type NisFEG, shifting the protein band to 

a higher molecular weight that is not visible on the Western blot.  

The same experiment with the same conditions was conducted with membranes 

of the NisFEG mutant NisF(L95C)E(I10C)G. Similarly, to wild-type NisFEG, treatment 

with the crosslinking agent M3M did not result in crosslinks. Further experiments 

to optimize the crosslinking conditions or different lengths of crosslinkers need to 

be tested for more insight.  

Discussion 

Transport in ABC transporter involves, after binding of the substrate, often the 

movement of certain domains and rearrangement of helices that lead to a change 

of conformation (Husada et al., 2018, Lewinson et al., 2020). To elucidate the 

transport mechanism and validate a model of NisFEG, calculated with Topmodel 

(Mulnaes et al., 2020) and provided by Pablo Cea Medina, specifically selected 

amino acids in NisFEG were substituted with alanines or tryptophans to 

determine their role in nisin immunity. Furthermore, to prove the movement of 

certain helices of the NisE, NisG, and NisF domain interfaces of the ABC 

transporter, several amino acids were substituted with cysteine residues in 

NisFEG that are hypothesized to move toward each other. Figure 24 gives an 

overview of all mutants and their activity (red = loss of activity; yellow = low 

reduction of activity; green = no loss of reduction or enhanced resistance).  

Figure 24: Mapping of Ala and Trp mutations of NisFEG. Front and back views are 
shown. Mutations are highlighted as colored spheres centered on the C𝛂 of the residue. 
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Mutations that lead to a complete loss or reduction of nisin activity up to 50 % are labeled in red. 
Mutations that lead to a low reduction of nisin activity (50-99% of residual activity) are labeled in 

yellow. All mutations that do not lead to loss of nisin activity or enhance activity are labeled in 
green. Cysteine mutants are marked in blue. Model calculated with Topmodel (Mulnaes et al., 

2020) of NisFEG and was provided by Pablo Cea Medina. The figure was created using 
Powerpoint Version 16.76. 

The highest loss of resistance (38-25%) within the alanine mutants in comparison 

to the wild-type NisFEG-expressing strain was observed for the NisFE(K67A)G and 

NisFEG(E66A) at the NisE- NisG interface as well as for NisFE(W80A)G at the NisF-

NisE interface. Mutating these amino acids to alanine removed all sidechain 

atoms past the 𝛃-carbon, allowing to test for their role at their specific position. 

Since the mutation to alanine did not change the protein backbone, therefore did 

not influence the helix bundle arrangement, and did not lead to a complete loss 

of activity, it can be speculated that these amino acids are involved in substrate 

binding or substrate transport. Due to the change to the charge-less amino acid 

alanine, nisin cannot bind to its binding site in NisFEG as effectively. It is known 

that residues like arginine, aspartate, glutamate, and lysine act as gate-keepers 

on the flanks of hydrophobic regions that are prone to aggregation (Reumers et 

al., 2009). E66 and K67 could act as a gate to prevent the hydrophobic core of 

NisE and NisG to aggregate during folding, therefore these amino acids 

contribute also to the stability of the protein.  

Tryptophans are the least abundant amino acids in proteins and several studies 

on membrane proteins have shown that tryptophan residues act as anchors along 

the lipid bilayer interface, stabilizing membrane-spanning proteins (Granseth et 

al., 2005, Barik, 2020). Thus, it can be hypothesized that W80 is involved in the 

stabilization of NisFEG but is not a critical amino acid. 

The A102W and I203W substitutions resulted in a complete loss of activity, 

indicating their importance for the stability of the transporter. It has been shown 

that mutations in NisG often do not lead to a strong loss of nisin activity while 

strains expressing NisE mutations show a more severe loss (Siegers and Entian, 

1995).  

To validate the NisFEG structural model, specific selected amino acids on either 

side of each domain interface that are hypothesized to interact during substrate 

transport were replaced with cysteine residues. The mutants were successfully 

expressed in L. lactis NZ9000. NisG is detected at a lower molecular weight than 
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its theoretical molecular weight (24 kDa). This is a phenomenon frequently 

observed in membrane proteins that migrate anomalously due to the increased 

charge of the SDS-protein complex or so-called SDS-resistant helix-helix 

interactions which could result in residual tertiary structure (Rath and Deber, 

2013, Rath et al., 2009, Rais et al., 2004, Ra et al., 1999). In a study by Rath et 

al., it was observed that membrane proteins, migrating faster on the SDS-gel 

were detected at 82% of their relative molecular mass (Rath and Deber, 2013). 

This also holds true for NisG.  

Wild-type NisFEG contains seven endogenous cysteine residues that, according 

to our NisFEG model, should be too distant from each other to form disulfide 

bridges. Thus, it would have been expected that after treatment with Cu-Phe, the 

protein NisFEG stays unchanged. Controversially, our results show the contrary. 

This might imply that NisFEG changes its conformation in the presence of ATP, 

allowing disulfide bridge formation. Thus, a different negative control is necessary 

for future experiments. In the study by Loo et al., the authors demonstrated that 

dependent on ATP hydrolyzation different residues became exposed to the drug 

binding site of the human multidrug resistance P-glycoprotein, strongly 

emphasizing that substrate transport can rearrange helices of the ABC 

transporter (Loo and Clarke, 2002). This could have been the case for NisFEG 

and thus disulfide-bridge formation could occur.  

A potential approach to this problem could be to generate an endogenous 

cysteine-free and active mutant of NisFEG to increase the likelihood of crosslinks 

between exogenous cysteines. This was shown for the ABC transporter P-gp 

(Loo et al., 2004). By treating P-gp carrying exogenous cysteines on 

transmembrane segments five and eight with Cu-phenanthroline, the authors 

validated the proximity of these transmembrane helices. 

Furthermore, treatment with the selected cross-linker M3M did not lead to 

crosslinks in the tested mutant strain. Since molecular distances between 

cysteine mutations were estimated from a theoretical model, it is possible that 

M3M with a length of 6.5 Å did not fit. A screen of different-sized cross-linkers 

needs to be conducted to result in a better readout. On the other hand, applied 

assay conditions might need to be further improved even though similar 

conditions as stated in (Loo and Clarke, 2002) were used.  
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Abstract 

A major challenge of our time is the treatment of life-threatening bacterial 

infections due to the evolved resistance mechanisms of pathogens against 

antibiotics. To counteract this problem, it is necessary to understand the drug's 

mode of action and the pathogen's resistance mechanism. The biosynthesis of 

the peptidoglycan (PGN), which is a critical feature of bacteria is one of the most 

potent antibiotic targets. Antimicrobial peptides (AMPs), such as nisin and 

colistin, targeting PGN synthesis are considered promising weapons against 

multidrug-resistant bacteria. However, human pathogenic bacteria conferring 

resistance to these compounds evolved by the expression of resistance proteins: 

a serine protease NSR cleaving nisin and an ATP-binding cassette transporter of 

the Bacitracin efflux (BceAB) type that is localized in the membrane. In 

Streptococcus agalactiae, the BceAB transporter SaNsrFP is known to confer 

resistance to a wide variety of structurally diverse antimicrobial peptides. In 

previous studies, it has been demonstrated that it is possible to bypass this 

resistance system e.g. by modifying the target and also by screening for small 

molecule inhibitors that sensitize the strains to nisin. In this study latter method 

was used to identify a compound that is able to inhibit L. lactis strains that express 

one of the nisin resistance proteins while not inhibiting the empty vector control 

strains. For this, 95 compounds were tested and screened for specific inhibition 

against SaNSR and SaNsrFP. Two compounds were identified that could inhibit 

both nisin resistance proteins specifically without inhibiting the sensitive control 

strain. Further optimization of the compounds is necessary to reduce the 

concentration needed to inhibit 50 % of the cells.  
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Introduction 

Natural products derived from bacteria, fungi, or plants constitute an abundant 

source of bioactive drugs, accounting for almost half of all released 

pharmaceuticals in the past forty years (Newman and Cragg, 2020, Miethke et 

al., 2021). Their rich scaffold diversity and structural complexity is an asset that 

has enabled scientists to find treatments for cancer, cardiovascular disease, 

multiple sclerosis, and infections. Today, life-threatening bacterial infections 

caused by multidrug-resistant pathogens pose major challenges to the global 

health system and drive growing demand for new antimicrobial drugs.  

Antimicrobial peptides are promising alternatives to antibiotics. They are natural 

products that can be isolated from organisms across all kingdoms of life 

(Malmsten, 2014, Chen and Lu, 2020) and most importantly, they are gene-

encoded which facilitates genetic manipulation. Antimicrobial peptides are of high 

pharmaceutical interest due to their diverse activity including antibacterial, 

antifungal, antiviral, antitumor, antinociceptive, and more (Diep and Nes, 2002, 

Green and Olivera, 2016, Buda De Cesare et al., 2020, Fu et al., 2021, Liu et al., 

2022, Rojas-Pirela et al., 2023). The mode of action of these peptides ranges 

from inhibiting transcription, translation, or functioning as chalco- or siderophores 

to targeting the membrane (Schmidt et al., 2005, Arnison et al., 2013, 

Ongpipattanakul et al., 2022).  

Peptides that kill other bacteria, so-called lantibiotics, are produced by mainly 

Gram-positive bacteria (Klaenhammer, 1993, Sahl and Bierbaum, 1998). They 

are produced as precursor peptides which undergo a maturation process leading 

to the formation of lanthionine rings, important for activity and stability (Oman and 

van der Donk, 2010, Arnison et al., 2013, Chatterjee et al., 2005). They are then 

transported out of the cell and activated (Lagedroste et al., 2021). The most 

prominent example of a lantibiotic is nisin, produced by Lactococcus lactis. The 

high antimicrobial activity of nisin is based on two modes of action. First, nisin 

specifically binds the cell wall precursor lipid II with its first three lanthionine rings 

and thereby inhibits cell wall synthesis (Wiedemann et al., 2001). The second 

functionality is facilitated by the flexible hinge region which allows nisin to insert 

its rings D and E into the membrane resulting in the formation of pores (Hasper 

et al., 2004). Eight molecules of nisin and four molecules of lipid II constitute one 
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pore of 2-2.5nm diameter, allowing rapid efflux of cell content and eventually cell 

death (Hsu et al., 2004, Breukink and de Kruijff, 2006).  

However, the pharmaceutical applications of nisin and other lantibiotics are 

challenged by resistance mechanisms in human pathogenic bacteria (Gebhard, 

2012, Draper et al., 2015, Kobras et al., 2020, Gottstein et al., 2022). 

Streptococcus agalactiae COH1 is one example, conferring resistance against 

nisin (Khosa et al., 2013, Sun et al., 2009) and other structurally diverse 

antimicrobial peptides (Reiners et al., 2017, Gottstein et al., 2022) by expressing 

the nisin resistance operon (nsr). It consists of genes encoding a two-component 

system NsrRK, an ABC transporter NsrFP, and a serine protease NSR (Khosa et 

al., 2013). The latter belongs to the S41 peptidase family which is characterized 

by a catalytic dyad consisting of a serine and a histidine residue (Khosa et al., 

2016a, Rawlings et al., 2018). The resistance mechanism of NSR involves the 

enzymatic inactivation of nisin by cleaving the last six amino acid residues. The 

resulting peptide fragment exhibits a 100-fold reduced antibacterial activity and 

lower affinity towards bacterial membranes (Sun et al., 2009). In a previous study, 

it was shown that heterologous expression of the NSR protein in a nisin-sensitive 

L. lactis strain conferred a 20-fold resistance against nisin (Khosa et al., 2013,

Khosa et al., 2016c, Khosa et al., 2016a).

Part of the nsr operon is a gene encoding for the BceAB-type transporter

SaNsrFP consisting of a nucleotide-binding domain NsrF and a transmembrane

domain NsrP (Clemens et al., 2017, Reiners et al., 2017). Similar to BceAB, the

TM helices 1 to 4 and 7 to 10 form individual bundles, representing an FtsX-

domain fold like that observed in type VII mechanotransmission ABC transporters

(Thomas et al., 2020). Furthermore, TM helices 5 and 6 interact with each other

and are positioned closer to helices 7-10 than to the other bundle, creating an

asymmetrical arrangement. Between helix 7 and 8 is a large ECD of 221 amino

acids. This ECD, characteristic of BceAB-type transporters, is hypothesized to be

involved in substrate binding and recognition (Ohki et al., 2003, Clemens et al.,

2017, Khosa et al., 2013). SaNsrFP was shown to recognize the N-terminus of

nisin and its heterologous expression in the nisin-sensitive L. lactis NZ9000 strain

resulted in a 16-fold resistance against nisin A, and a 12-fold resistance against

nisin H and gallidermin (Reiners et al., 2017). Additionally, previous work has

shown that SaNsrFP protects against a structurally diverse group of antimicrobial
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peptides by actively shielding the cell wall and initiating a second line of defense, 

resulting in cell wall modification (Gottstein et al., 2022). The nisin resistance 

system is one of many types of antimicrobial resistance systems that has 

emerged as a complex and multi-faceted mechanism that requires further 

investigation.  

One method to overcome the nisin resistance system is to find and screen for 

potent small molecule inhibitors that potentially inhibit the nisin resistance 

proteins SaNSR and SaNsrFP from S. agalactiae. In a previous study, a 

halogenated phenyl-urea derivative (NPG9) that specifically inhibits NSR was 

identified by virtual screening based on a structural model of the NSR/nisin 

complex (Porta et al., 2019) (Figure 25). Based on this molecule, a new 

generation of small molecules was designed by the research group of Prof. Dr. 

Gohlke and tested in this study.  

Figure 25: NSR- the nisin resistance protein (PDB ID: 4Y68) and its inhibitor NPG9. The 
structure of the serine protease NSR is shown. The residues around the active site are 

highlighted in light blue and the protease cap in orange. The catalytically active His98 and 
Ser236 are shown as sticks. NPG9 was designed to fit the active site of NSR (Porta et al., 

2019). Image created with PyMOL Version 2.3.0 and Powerpoint 16.72. 

186



3 Publications 

 

Material and Methods 

Molecular dynamics simulation 

Molecular dynamics simulation was performed by taking NPG9 as a model 

inhibitor as described in previous works by (Porta et al., 2019).  

Compound acquisition 

The tested compounds were either custom-synthetized or purchased from 

different suppliers as a powder (Table S9). The compounds were dissolved in 

100% sterile DMSO to make a stock of 100mM. To ensure that compounds are 

pure enough to be used for the screening assays of this study their purity was 

assessed via LC-MS. For the specific growth inhibition assay the compounds 

were diluted with media. A list of all compounds is attached in the supplementary 

of this chapter. 

Purity assessment using LC-MS 

For the LC-MS measurement, the compound-stock solutions were diluted with 

sterile methanol (hypergrade) to concentrations of 0.1-0.2 mg/mL. A volume of 2 

µL was injected for each measurement. The relative purity of the compounds was 

determined as a ratio of the area under the curve. The following LC system was 

used: Elute SP LC System (Bruker Daltonics, Bremen, Germany) with a vacuum 

degasser, binary pump, autosampler, and column oven. Furthermore, the 

following column was used: Intensity Solo 2 C18 (100 mm *2.1 mm). Parameters 

were set as described in the following: Temperature: 50°C; Mobile phase: A. 

Water hypergrade with 0.1% formic acid (v/v) (Merck); B. Acetonitrile hypergrade 

(Merck); Flow rate:  0.2 mL/min. Method 1: 0-4 min 95% A, 4-16 min gradient 

95% to 5% A, 16-17 min gradient 5% to 0% A, reconditioning: 17-18 min gradient 

0% to 95% A, 18-21 min 95% A. Method 2: 0-4 min 98% A, 4-5 min gradient 98% 

to 95% A, 5-9 min 95% A, 9-16 min gradient 95% to 5% A, 16-17 min gradient 

5% to 0% A, reconditioning: 17-18 min gradient 0% to 98% A, 18-21 min 98% A. 

MS-System: amazon speed ETD ion Trap LC/MSn System (Bruker Daltonics, 

Bremen, Germany); Ionisation: electronspray; Polarity: positive; Alternating ion-

polarity: on; Scan range: m/z: 80-1200; Nebulizer: Nitrogen, 15 Psi; Dry Gas: 

Nitrogen, 8L/min, 200°C; Massrange mode: UltraScan.  
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Cloning of the proteins SaNSR and SaNsrF

Cloning was performed as described in previous work by (Khosa et al., 2013) 

and (Reiners et al., 2017). The respective plasmid (pNZ-SVSaNSR) or 

(pIL-SVSaNsrFP) was transformed using electro-competent L. lactis NZ9000. 

Thus, the cells were electroporated, using a pulse-setting of 1 kV, 25 µF, 200 𝛺, 

for 4.5-5.0 ms (Holo and Nes, 1989). Subsequently, 950 µL GM17 media was 

added, and the cells were incubated at 30°C for 3h. In the last step, cells were 

plated on SMGG-agar plates containing either 5 µg/mL erythromycin (for pNZ-

SV) or 10 µg/mL chloramphenicol. 

Purification of nisin 

Nisin was purified with cation exchange chromatography and its concentration 

was determined by RP-HPLC as described in previous work by (Abts et al., 

2011, Abts et al., 2013).  

Compound growth inhibition assay 

To verify whether the selected compounds specifically inhibit the growth of strains 

expressing SaNSR or SaNsrFP, a growth inhibition assay was performed as 

previously described in (Porta et al., 2019). L. lactis strains expressing the 

resistance proteins were grown in GM17 medium with 1 ng/mL nisin with either 5 

µg/mL erythromycin for SaNSR-expressing strains or 10 µg/mL chloramphenicol 

for SaNsrFP-expressing L. lactis strains. The cells were grown overnight at 30°C. 

The next day, cells were diluted in fresh media to an OD600nm of =.1 and incubated 

for 30 min at 30°C. 50 µL of the selected compound and the DMSO control (20%) 

were added to a 96-well plate. 150 µL of the empty vector-control 

NZ9000senspNZ-SV/ NZ9000senspIL-SV without nisin and NZ9000pNZ-

SVSaNSR, and NZ9000pIL-SVSaNsrFP supplemented respectively with 30 nM 

nisin, was added. After 5 h-7 h at 30°C, the optical density was measured and 

the relative growth inhibition was calculated by comparing the normalized values 

for L. lactis NZ9000 pNZ-SV-SaNSR or pIL-SV SaNsrFP. 

Measurement of nisin activity (IC50) 

The control strains NZ9000senspNZ, NZ9000senspIL, and strains expressing the 

resistance proteins were grown overnight in GM17 media supplemented with 

either 5 µg/mL erythromycin (pNZ-SVSaNSR) or 10 µg/mL chloramphenicol (pIL-

SVSaNsrFP) in the presence of 1 ng/mL of nisin. The following day, the cells 
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were diluted to an OD600 of 0.1 in fresh GM17 media with respective antibiotics 

and incubated at 30°C for 30 minutes. In a 96-well plate, 50 µL of dilutions of nisin 

were prepared. Then, 150 µL of each strain supplemented with 30 nM nisin was 

added to the plate. After 5 to 7 hours of incubation at 30°C, the optical density 

was measured, and the IC50 was calculated. 

Results 

Experimental validation of the compounds was performed using a modified 

growth inhibition assay that allows screening for specific inhibition against the 

nisin resistance proteins bacterial cells tested in vivo. With this assay, the 

compounds were examined on specific inhibition of L. lactis strains expressing 

either SaNSR or SaNsrFP. This was possible due to supplementing each strain 

with 30 nM of nisin which is the concentration that was determined in previous 

work to kill nisin-sensitive cells but not the resistance protein-expressing cells 

(dashed line in Figure 26). Thus, susceptibility to nisin by a resistance protein-

expressing L. lactis strain in the presence of the compound was taken as a direct 

indication of specific inhibition of nisin resistance proteins (Figure 26). As a 

control, a sensitive L. lactis strain, expressing the empty vector (pNZ-SV or pIL-

SV) was used in the assay. Figure 26 shows exemplary growth inhibition curves 

for the sensitive control strain (black), the resistance protein-expressing strain 

without compound (purple), and the resistance strain treated with different 

concentrations of compound and 30 nM of nisin (pink) which is shifted toward the 

sensitive strain. This shift indicates that the compound inhibits the respective 

resistance protein, due to its susceptibility against a low nisin concentration of 30 

nM (the dashed line in Figure 26 represents 30 nM). 
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Figure 26: Exemplary growth inhibition curves. The normalized OD595nm was plotted against 
the logarithmic nisin concentrations in nanomolar for the sensitive control strain L. lactis NZ9000 
(black) treated with nisin, L. lactis NZ9000 expressing a resistance protein (purple) treated with 
nisin, and L. lactis NZ9000 with a resistance protein treated with different concentrations of an 
inhibitor in the presence of 30 nM nisin (pink). The dashed line shows that at a concentration of 

approximately 30 nM nisin, the sensitive strain is killed but the resistance protein-expressing 
strain survives. In the presence of 30 nM of nisin and an inhibitor, specifically inhibiting the 

resistance protein, a shift of the growth inhibition curves can be observed.  

Screening for specific small molecule inhibitors against SaNSR and 

SaNsrFP 

53 newly designed and purchased compounds were provided by the research 

group of Prof. Dr. Gohlke and 43 newly synthesized compounds by the research 

group of Prof. Dr. Stark. Compounds that precipitated during the preparation of 

the assay were omitted. This was the case for all compounds provided by the 

research group of Prof. Dr. Stark and compounds 4 and 25 from the research 

group of Prof. Dr. Gohlke. The remaining stable compounds were tested for 

specific inhibition against SaNSR and SaNsrFP. For this purpose, the bacterial 

cells expressing either SaNSR or SaNsrFP were treated with a concentration of 

150 µM, 75 µM, and 37.5 µM of a compound in the presence of 30 nM of nisin. 

After 5 hours of incubation, the OD600nm was measured. The sensitive control 

strain was treated with the compound alone as 30 nM nisin would directly kill the 

strain. Furthermore, all strains were also treated with DMSO as a control. To 

calculate the specific inhibition against one of the resistance proteins, the OD600nm 

was normalized against the DMSO control. In the next step, the normalized ODs 

for the strain expressing a resistance protein were subtracted from the ODs of 

the respective sensitive strain and this value was multiplied by 100. The specific 

inhibition was plotted against the concentration of the tested compound. Since 

190



3 Publications 

 

NPG9 showed 67% of specific inhibition against NSR in previous work, this value 

was set as a threshold (dashed line in Figure 27) for compounds screened for 

specific inhibition against NSR (Figure 27). Figures 27 and 28 display the results 

for the compounds tested on L. lactis NZ9000 pNZ-SV-SaNSR and L. lactis 

NZ9000 pNZ-SV-SaNsrFP.  

Figure 27 a) Screen of compounds on L. lactis NZ9000 pNZ-SV-SaNSR. The bacterial cells 
were treated with 150 µM of the compound and screened on their potential of specifically 
inhibiting SaNSR in the presence of 30 nM nisin. The line at 67% percent represents the 

specific growth inhibition of NPG9 which was taken as a threshold. Compounds 4 and 15 were 
omitted due to precipitation in the assay. All compounds from the research group Prof.Dr. Stark 

had to be omitted due to precipitation in the assay. Compounds without specific inhibition 
activity are shown in the graph without a bar. b) Molecular structures of the compounds with the 
highest specific inhibition against SaNSR. The graph was plotted using Prism Version 10.0.2, 
molecules were drawn using ChemDraw 20.1, and the figure was arranged using Powerpoint 

16.72. 

Compounds that showed the highest specific inhibition against the SaNSR-

expressing strain were C3 (21%), C31 (45%), C45 (34%), C51 (26%), and C53 

(36%). However, none of the tested compounds reached the minimal threshold 

of 67% set by NPG9 (Figure 27).  
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Figure 28 a) Screen of compounds on L. lactis NZ9000 pNZ-SV-SaNsrFP. The bacterial 
cells were treated with 150 µM of compound and screened on their potential of specifically 

inhibiting SaNsrFP in the presence of 30 nM nisin. Compounds without specific inhibition activity 
are shown in the graph without a bar. b) Molecular structures of the compounds with highest 

specific inhibition against SaNsrFP. The graph was plotted using Prism Version 10.0.2, 
molecules were drawn using ChemDraw 20.1, and the figure was arranged using Powerpoint 

16.72. 

For the SaNsrFP-expressing strain, compounds C31 (33%), C40 (84%), C43 

(41%), C45 (61%), C51 (80%), C52 (49%), and C53 (51%) exhibited the highest 

specific inhibition against SaNsrFP within the tested compounds (Table 6). 
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Table 6: Overview of the compounds with the highest specific inhibition against the 
resistance proteins SaNSR and SaNsrFP. The horizontal line indicates low activity and n.t 

indicates not tested at this stage. 

Specific 
inhibition 

[%] 
C3 C31 C40 C43 C45 C51 C52 C53 

NSR 21% ± 1 45% ± 8 - - 34% ± 6 36% ± 2 - 36% ± 4 

NsrFP n.t 34% ± 3 84% ± 5 41% ± 5 72% ± 3 81% ± 3 49% ± 5 51% ± 7 

The most promising compounds were then analyzed to determine an IC50. Due 

to the unavailability of the compounds C40, C43, C45, C51, C52, and C53 from 

Molport, only C3 and C31 could be purchased and were tested further. To 

determine the IC50 of the compounds, bacterial cells expressing either SaNSR or 

SaNsrFP were treated with a concentration of different concentrations of the 

compound in the presence of 30 nM nisin. After 5 to 7 hours of incubation, the 

OD600nm was measured and the IC50 value was determined.  

Figure 29: Structure of compounds and growth inhibition curves. L. lactis NZ9000 pNZ-
SV-NSR were treated with either C3 (limegreen) or C31 (darkgreen) in presence of 30 nM nisin 
and growth inhibition curves L. lactis NZ9000 pIL-SV-NsrFP treated with either C3 (darkblue) or 
C31 (blue) in presence of 30 nM nisin. The black dotted line represents the sensitive strain L. 
lactis NZ9000 pNZ-SV or L. lactis NZ9000 pIL-SV that was treated also with each compound. 
The curves were plotted using Prism Version 10.0.2, molecules were drawn using ChemDraw 

20.1, and the figure was arranged using Powerpoint 16.72. 

C3 and C31 inhibited the nisin resistance protein in the presence of 30 nM of nisin 

with IC50 values of 455 µM and 180 µM, respectively (Table 7), wheras they did 
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not inhibit the sensitive control strain (dashed black line in Figure 29). 

Furthermore, both compounds were also able to inhibit the ABC transporter 

SaNsrFP in the presence of nisin, while not inhibiting the sensitive strain (dashed 

black line in Figure 29). C31 shows a lower IC50  for SaNsrFP with 151 µM than 

C3 with 363 µM (Table 7). Thus, two urea derivatives were identified as potential 

inhibitors against the nisin resistance proteins NSR and NsrFP of S. agalactiae. 

Table 7: IC50 values of the tested compounds against the resistance proteins SaNSR and 
SaNsrFP. 

Compound IC50 [µM] IUPAC NSR NsrFP 

C3 

3-(1,3-dihydroxy-2-
methylpropan-2-yl)-1-[1-(2-
methylpropyl)-1H-indol-5-
yl]urea 

455± 51 363 ± 43 

C31 

1-[3-(hydroxymethyl)-
oxolan-3-yl]-3-(4-methyl-5-
[(4-methylphenyl)methyl]-
1,3-thiazol-2-yl)urea 

180 ± 3 151 ± 8 

Discussion 

From preliminary 96 compounds, two urea derivatives were identified as potential 

inhibitors against the resistance-conferring proteins from S. agalactiae: 3-(1,3-

dihydroxy-2-methylpropan-2-yl)-1-(1-(2-methylpropyl)-1H-indol-5-yl]urea (C3) 

and 1-(3-(hydroxymethyl)-oxolan-3-yl]-3-(4-methyl-5-((4-methylphenyl)methyl]-

1,3-thiazol-2-yl)urea (C31). C31 showed 2.5 times higher inhibition of both 

resistance proteins than compound C3. Structural differences are the oxolan or 

thiazol moiety of C31 and the indole moiety of C3 but more experiments and data 

are needed for more insight. Both compounds exhibited an IC50 value in the 

micromolar range, insufficient to be used in clinical applications. Therefore, 

optimization of both molecules is necessary to reduce the amount needed to 

inhibit 50 % of bacterial cells. The question that remains is how these two 

compounds can inhibit two structurally very different resistance proteins, SaNSR 

(a serine protease) and SaNsrFP (a membrane-bound ABC transporter). While  

structurally different, they have a common basis, as both proteins potentially 

interact with nisin. Thus, hypothetically, the compounds could bind to such a nisin 

binding site but this remains to be elucidated in detail. 

The compounds that selectively inhibited the ABC transporter SaNsrFP with a 

high specific inhibition of 50% to 84% were C40, C43, C45, C51, and C53. These 
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compounds could not be tested further due to limited availability. However, it is 

important to examine them as possible inhibitors in future experiments. 

Furthermore, a potent inhibitor was identified in previous work (Zaschke-Kriesche 

et al., 2019), with a very different molecular structure compared to the compounds 

of this study here. Cerebroside C was shown to have a lipid-like structure 

consisting of a fatty acid and sphingosine which form together a ceramide and 

finally a monosaccharide. This compound was able to inhibit SaNsrFP with a 

specific inhibition of 83 % (Zaschke-Kriesche et al., 2019). Indeed, a close relative 

of this inhibitor, Cerebroside D, did not show inhibition towards SaNsrFP, 

indicating highly specific binding of Cerebroside C (Zaschke-Kriesche et al., 

2019). A recent study described the structure of the related ABC transporter 

BceAB, which showed a lipid-binding pocket between its transmembrane helices 

5 and 6 and 7 and 9 (George et al., 2022). SaNsrFP as a homolog of BceAB is 

hypothesized to have a similar lipid-binding pocket between its TM helices 5,6 

and 7,9. This could be the potential binding site for the previously identified 

compound Cerebroside C. 

In previous work, a halogenated phenyl-urea derivative, NPG9, was identified as 

a potent inhibitor against the nisin resistance protein (NSR). So far, all NPG9-

derived compounds in this study here failed to improve inhibitory activity or reach 

the nanomolar concentration range. This could be due to the specific chemical 

properties of the inhibitor NPG9 which was modeled to fit the active site of NSR 

(Porta et al., 2019). In the same study, it was observed that the inhibition activity 

required a linear molecular shape in combination with one or two hydrophobic 

regions separated by an amide-like moiety similar to nisin (Porta et al., 2019, 

Graham et al., 2014). Nisin´s hydrophobic regions are reflected by methyl-

lanthionine and isoleucine residues. Additionally, a hydroxyl group as shown in 

NPG9, or an aromatic polar group (Porta et al., 2019), mimicking Ser29 and His28 

of the NSR active site could result in stronger inhibitory activity in the compounds. 

Several publications have shown that urea derivatives play an important role as 

pharmacologically active drugs (Listro et al., 2022, Patil et al., 2019, Ommi et al., 

2023, Poonia et al., 2022, Ghosh and Brindisi, 2020). The bioactivity of drugs 

depends on molecular recognition through interactions between the drug and the 

target protein. Hydrogen bonding, among other forces, can stabilize drug-
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receptor interactions (Kuhn et al., 2010) thus, compounds with this capability can 

show biological activity. Urea derivatives act as hydrogen bond donors or 

acceptors which allows them to be involved in diverse interactions (Ghosh and 

Brindisi, 2020). They can have a diverse spectrum of activities including antiviral, 

anticonvulsant, and antibacterial (Venkatachalam et al., 2004, Ghosh and 

Brindisi, 2020, Ommi et al., 2023, Patil et al., 2019). Furthermore, they can inhibit 

enzymes (Porta et al., 2019), be used as a sedative, or act as an anticancer drug 

(Listro et al., 2022, Ghosh and Brindisi, 2020).  

As shown in this study, small molecule inhibitors represent a powerful method to 

bypass resistance systems in bacteria such as the nisin resistance system in S. 

agalactiae. One of the major advantages of this method of combating antibiotic 

resistance mechanisms is that pathogenic bacteria become susceptible to potent 

and well-known antimicrobial peptides such as nisin. Screening for potential small 

molecule inhibitors against antimicrobial resistance is therefore very promising 

and important for combating antibiotic resistance in other clinically relevant 

pathogens as well.  
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Table S8: Following 53 compounds were provided by the research group 
of Prof. Dr. Gohlke and 43 compounds were provided by the research 

group of Prof.Dr.Stark to be examined on their ability of specific inhibition 
against the nisin resistance proteins. 

Internal ID, structure Mol-Port ID MW IUPAC 

#1 

MolPort-027-
929-772

323.27 

3-(1,3-dihydroxy-2-
methylpropan-2-yl)-1-

[6-(2,2,2-
trifluoroethoxy)pyridin-

3-yl]urea

C12H16F3N3O4 

#2 

MolPort-027-
929-777

312.43 

1-[4-(tert-
butylsulfanyl)phenyl]-
3-(1,3-dihydroxy-2-

methylpropan-2-
yl)urea 

C15H24N2O3S 

#3 

MolPort-028-
782-031

319.41 

3-(1,3-dihydroxy-2-
methylpropan-2-yl)-1-
[1-(2-methylpropyl)-
1H-indol-5-yl]urea 

C17H25N3O3 
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#4 

MolPort-035-
830-065

254.67 

1-{[(4-
chlorophenyl)carbamo
yl]amino}cyclopropane

-1-carboxylic acid

C11H11ClN2O3

#5 

MolPort-038-
962-886

333.61 

1-(2-bromo-5-chloro-4-
methylphenyl)-3-[1-

(hydroxymethyl)cyclop
ropyl]urea 

C12H14BrClN2O2 

#6 

MolPort-039-
310-041

340.44 

1-[4-
(cyclopentylsulfanyl)ph
enyl]-3-[1,3-dihydroxy-

2-
(hydroxymethyl)propan

-2-yl]urea

C16H24N2O4S 

#7 

MolPort-042-
598-883

309.37 

1-[(1S)-2-hydroxy-1-
phenylethyl]-3-(1-
methyl-1H-indol-6-

yl)urea 

C18H19N3O2 
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#8 

MolPort-042-
604-826

336.19 

3-(5-bromopyridin-3-
yl)-1-(2-hydroxy-1-
phenylethyl)urea 

C14H14BrN3O2 

#9 

MolPort-044-
226-201

335.40 

1-(2-tert-butyl-1,3-
benzoxazol-5-yl)-3-[3-

hydroxy-2-
(hydroxymethyl)-2-
methylpropyl]urea 

C17H25N3O4 

#10 

MolPort-044-
490-349

349.39 

3-[1-
(hydroxymethyl)cyclob
utyl]-1-[2-(morpholin-4-
yl)-1,3-benzoxazol-6-

yl]urea 

C17H22N4O4 

#11 

MolPort-044-
499-524

289.34 

1-[3-
(hydroxymethyl)oxolan
-3-yl]-3-(1-methyl-1H-

indol-6-yl)urea 

C15H19N3O3 
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#12 

MolPort-044-
542-265

304.35 

1-(3-cyanophenyl)-3-
[1-hydroxy-3-
(morpholin-4-

yl)propan-2-yl]urea 

C15H20N4O3 

#13 

MolPort-044-
601-547

313.78 

1-(4-chlorophenyl)-3-
[1-hydroxy-3-
(morpholin-4-

yl)propan-2-yl]urea 

C14H20ClN3O3 

#14 

MolPort-046-
080-232

381.48 

N-tert-butyl-3-({[2-
(hydroxymethyl)-2,3-
dihydro-1H-inden-2-

yl]carbamoyl}amino)be
nzamide 

C22H27N3O3 

#15 

MolPort-046-
452-058

365.43 

N-cyclopropyl-3-({[1-
(hydroxymethyl)-2,3-
dihydro-1H-inden-1-

yl]carbamoyl}amino)be
nzamide 

C21H23N3O3 
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#16 

MolPort-046-
533-255

266.30 

1-(2-ethylpyrimidin-5-
yl)-3-[3-

(hydroxymethyl)oxolan
-3-yl]urea

C12H18N4O3 

#17 

MolPort-046-
539-915

312.37 

3-[2,3-dihydroxy-2-
(hydroxymethyl)propyl]

-1-{4-[(propan-2-
yloxy)methyl]phenyl}ur

ea 

C15H24N2O5 

#18 

MolPort-046-
633-670

251.29 

3-[3-
(hydroxymethyl)oxolan

-3-yl]-1-(2-
methylpyridin-4-yl)urea 

C12H17N3O3 

#19 

MolPort-028-
906-665

321.15 

1-(3-bromo-5-
fluorophenyl)-3-(1,3-

dihydroxy-2-
methylpropan-2-

yl)urea 

C11H14BrFN2O3 
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#20 

MolPort-028-
906-666

336.34 

1-{2',6'-difluoro-[1,1'-
biphenyl]-3-yl}-3-(1,3-

dihydroxy-2-
methylpropan-2-

yl)urea 

C17H18F2N2O3 

#21 

MolPort-039-
318-707

349.34 

1-[6-(2,3-
difluorophenoxy)pyridi

n-3-yl]-3-[1-
(hydroxymethyl)cyclob

utyl]urea 

C17H17F2N3O3 

#22 

MolPort-039-
319-880

298.77 

1-(4-chloro-3,5-
dimethylphenyl)-3-[3-

(hydroxymethyl)oxolan
-3-yl]urea

C14H19ClN2O3 
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New 

number 

for 

figure 

Internal ID, structure MolPort ID MW IUPAC 

#23 #2 

MolPort-

046-714-

890

326.356 

1-[1-hydroxy-2-(3-

hydroxyphenyl)prop

an-2-yl]-3-(1H-

indazol-5-yl)urea 

C17H18N4O3 

#24 

#3 

MolPort-

028-802-

683

367.405 

3-(2-cyclopropyl-

1,3-benzoxazol-6-

yl)-1-[(2S)-1-

hydroxy-3-(4-

hydroxyphenyl)prop

an-2-yl]urea 

C20H21N3O4 

#25 

#4 

MolPort-

027-678-

616

337.379 

3-(2-cyclopropyl-

1,3-benzoxazol-6-

yl)-1-(2-hydroxy-1-

phenylethyl)urea 

C19H19N3O3 

#26 
#5 

MolPort-

023-241-

287

317.389 

1-(2-cyclopropyl-

1,3-benzoxazol-6-

yl)-3-(1-hydroxy-4-

methylpentan-2-

yl)urea 

C17H23N3O3 
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#27 #6 

MolPort-

023-171-

165

343.383 

3-(2-tert-butyl-1,3-

benzoxazol-5-yl)-1-

[1-(furan-2-yl)-2-

hydroxyethyl]urea 

C18H21N3O4 

#28 
#7 

MolPort-

028-793-

290

326.356 

3-(1-hydroxy-2-

methylpropan-2-yl)-

1-[2-(pyridin-2-yl)-

1,3-benzoxazol-6-

yl]urea 

C17H18N4O3 

#29 #8 

MolPort-

028-781-

481

339.395 

3-(2-hydroxyethyl)-

1-{1-[(3-

methoxyphenyl)met

hyl]-1H-indol-6-

yl}urea 

C19H21N3O3 

#30 #9 

MolPort-

023-158-

450

317.389 

1-(2-

hydroxycyclopentyl)

-3-[1-(2-

methoxyethyl)-1H-

indol-5-yl]urea

C17H23N3O3 

#31 #10 

MolPort-

044-499-

379

361.46 

1-[3-

(hydroxymethyl)oxol

an-3-yl]-3-{4-

methyl-5-[(4-

methylphenyl)methy

l]-1,3-thiazol-2-

yl}urea 

C18H23N3O3S 
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#32 #11 

MolPort-

047-337-

210

428.55 

3-[1-hydroxy-3-

(thiophen-2-

yl)propan-2-yl]-1-{1-

[2-(morpholin-4-

yl)ethyl]-1H-indol-5-

yl}urea 

C22H28N4O3S 

#33 #12 

MolPort-

023-171-

283

360.458 

3-(1-ethyl-1H-indol-

6-yl)-1-[2-hydroxy-

2-methyl-3-

(morpholin-4-

yl)propyl]urea

C19H28N4O3 

#34 #13 

MolPort-

046-533-

596

357.454 

1-(1-

benzylpiperidin-3-

yl)-3-[2-(furan-2-yl)-

2-

hydroxypropyl]urea 

C20H27N3O3 

#35 

#14 

MolPort-

046-459-

037

343.427 

3-(2-cyclobutyl-2-

hydroxyethyl)-1-{2-

[2-(4-methylphenyl)-

1,3-oxazol-4-

yl]ethyl}urea 

C19H25N3O3 

#36 #15 

MolPort-

044-579-

351

317.389 

3-(2-ethyl-1,3-

benzoxazol-5-yl)-1-

[(1-

hydroxycyclohexyl)

methyl]urea 

C17H23N3O3 

#37 #16 

MolPort-

044-502-

368

365.433 

1-(2-benzyl-1,3-

benzoxazol-6-yl)-3-

[(1-

hydroxycyclopentyl)

methyl]urea 

C21H23N3O3 
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#38 
#17 

MolPort-

044-584-

414

315.373 

1-(2-cyclopropyl-

1,3-benzoxazol-6-

yl)-3-[(1-

hydroxycyclopentyl)

methyl]urea 

C17H21N3O3 

#39 

#18 

MolPort-

044-501-

544

331.372 

3-(2-cyclopropyl-

1,3-benzoxazol-6-

yl)-1-[(4-

hydroxyoxan-4-

yl)methyl]urea 

C17H21N3O4 

#40 

#19 

MolPort-

044-573-

923

317.345 

1-(2-cyclopropyl-

1,3-benzoxazol-6-

yl)-3-[(3-

hydroxyoxolan-3-

yl)methyl]urea 

C16H19N3O4 

#41 #20 

MolPort-

044-573-

920

291.307 

1-[(3-

hydroxyoxolan-3-

yl)methyl]-3-(2-

methyl-1,3-

benzoxazol-6-

yl)urea 

C14H17N3O4 

#42 
#21 

MolPort-

047-331-

865

333.388 

1-{2-[(4R)-2,2-

dimethyl-1,3-

dioxolan-4-yl]-2-

hydroxyethyl}-3-(2-

methyl-1H-indol-5-

yl)urea 

C17H23N3O4 

#43 #22 

MolPort-

047-331-

863

349.391 

1-{2-[(4R)-2,2-

dimethyl-1,3-

dioxolan-4-yl]-2-

hydroxyethyl}-3-

{1,3-dimethyl-1H-
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pyrazolo[3,4-

b]pyridin-5-yl}urea

C16H23N5O4 

#44 

#23 

MolPort-

027-927-

603 

360.365 

3-[2-

(difluoromethyl)-1H-

1,3-benzodiazol-5-

yl]-1-(1-hydroxy-3-

phenylpropan-2-

yl)urea 

C18H18F2N4O2 

#45 

#24 

MolPort-

044-505-

114 

366.413 

1-(2-cyclohexyl-1-

hydroxypropan-2-

yl)-3-[2-

(difluoromethyl)-1H-

1,3-benzodiazol-5-

yl]urea 

C18H24F2N4O2 

#46 

#25 

MolPort-

044-502-

403 

326.304 

1-[2-

(difluoromethyl)-1H-

1,3-benzodiazol-5-

yl]-3-[(3-

hydroxyoxolan-3-

yl)methyl]urea 

C14H16F2N4O3 

#47 

#26 

MolPort-

046-632-

537

344.415 

3-[1-(3,5-

dimethylphenyl)-5-

methyl-1H-pyrazol-

3-yl]-1-[(3-

hydroxyoxolan-3-

yl)methyl]urea

C18H24N4O3 

#48 #27 

MolPort-

046-803-

128 

306.326 

3-{5,7-dimethyl-

[1,2,4]triazolo[1,5-

a]pyrimidin-2-yl}-1-

[(3-hydroxyoxolan-

3-yl)methyl]urea

C13H18N6O3 
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#49 

#28 

MolPort-

046-464-

744

366.82 

1-{1-[(2-chloro-5-

fluorophenyl)methyl

]-1H-pyrazol-4-yl}-3-

(2-cyclopropyl-1-

hydroxypropan-2-

yl)urea 

C17H20ClFN4O2 

#50 
#29 

MolPort-

028-294-

478

343.383 

3-(2-ethyl-1,3-

benzoxazol-5-yl)-1-

[2-hydroxy-2-(5-

methylfuran-2-

yl)propyl]urea 

C18H21N3O4 

#51 #30 

MolPort-

028-276-

164

319.405 

3-(2-hydroxy-3-

methoxypropyl)-1-

[1-(2-methylpropyl)-

1H-indol-5-yl]urea 

C17H25N3O3 

#52 #31 

MolPort-

028-312-

944

301.39 

3-(2-cyclopropyl-1-

hydroxypropan-2-

yl)-1-(1-ethyl-1H-

indol-6-yl)urea 

C17H23N3O2 

#53 

#32 

MolPort-

028-275-

566

333.432 

3-(1-hydroxy-4-

methylpentan-2-yl)-

1-[1-(2-

methoxyethyl)-1H-

indol-5-yl]urea 

C18H27N3O3 
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Internal ID Structure Molecular Weight 

ST-2396 

370.2 

ST-2397 

386.2 

ST-2398 

386.2 

ST-2399 

414.2 

ST-2400 

430.2 

ST-2401 

415.5 
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ST-2302 

455.6 

ST-2147 

470.6 

ST-2301 

552.1 

ST-2186 

410.6 

ST-2146 

455.6 

ST-2267 

472.6 
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ST-2390 

376.5 

ST-2403 

401.5 

ST-2402 

443.5 

ST-2404 

407.9 

ST-2360 

381.5 

ST-2450 

430.2 
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ST-2451 

388.2 

ST-2452 

274.1 

ST-2453 

342.1 

HG008 414.2 

ST-2478 474.2 

ST-2479 454.1 

ST-2480 258.1 

LSE-064 509.2 
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LSE070 409.2 

ST-2542 371.4 

ST-2547 414.29 

ST-2543 506.6 

ST-2546 360.4 

LSE-106 358.40 
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LSE-110 
396.49 

LSE117 
398.55 

LSE119 
414.46 

LSE121 
360.41 

LSE122 
413.52 

219



Supporting information 

 

LSE123 
431.45 

LSE-124 
446.50 

LSE125 
416.54 

LSE134 
170.17 

LSE141 
388.42 
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LSE138 
388.46 
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4  Discussion 

Antimicrobial peptides such as nisin represent important alternatives to antibiotics 

in the face of increasing multi-drug resistance in pathogenic bacteria that threaten 

the global health system. Thus, to tackle this crisis efforts have to be made to 

elucidate and characterize resistance systems in human pathogens. One such 

resistance system is the nisin resistance operon of Streptococcus agalactiae 

COH1 consisting of the nisin resistance protein (NSR), a BceAB-type transporter 

NsrFP and a two-component system (TCS) (Khosa et al., 2013). Expressing this 

operon confers resistance against multiple antimicrobial peptides, including nisin. 

In this thesis the BceAB transporter SaNsrFP and its large extracellular domain 

were characterized in vivo and in vitro, elucidating the involved mechanism of 

resistance. 

Resistance gene clusters similar to the nisin resistance operon are found in 

Firmicutes and also in clinically relevant pathogenic bacteria (Chapter V) 

(Gebhard, 2012). They mostly contain a BceAB-type ABC transporter and a 

coevolved cognate TCS (Dintner et al., 2011). The hallmark of BceAB-type 

transporters is a large extracellular domain (ECD) that is hypothesized to be 

involved in sensing antimicrobial peptides instead of the cognate histidine kinase. 

This cognate histidine kinase is part of the intramembrane histidine kinase family, 

thus lacks an extracellular sensor domain (Mascher, 2014, Clemens et al., 2017). 

Therefore, it is postulated that the BceAB-type transporter takes over the sensor 

function of the histidine kinase while also conferring resistance against AMPs 

(Fritz et al., 2015). In very recent work the complex of BceAB and BceS was 

published, showing an interaction phase that is mediated by lipids (Figure 30) 

(George and Orlando, 2023). It is evident, that the histidine kinase is dependent 

on the BceAB transporter for sensing extracellular stimuli. 
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Figure 30: Architecture of the BceAB-BceS ABC transporter (George and Orlando, 2023) 
(PDB 8G3A). TM Helix bundles 1-4 (grey), TM helix bundles 7-10 (blue), TM helices 5 and 6 
(red), and NsrF (light orange/ orange). The intra-histidine kinase BceS can be subdivided into 

three domains: TM domain (greenteal & teal) containing the characteristic HAMP transfer 
domain, a linker domain (grey), and a catalytic domain (lightgreen & green), containing the 
cytoplasmic dimerization and histidine phosphotransfer domain (DHp). A short amphipathic 
helix at the N-terminus of the TMD (pink) is conserved in intramembrane histidine kinases 

(Bhate et al., 2018). Image created with PyMOL Version 2.3.0 and Powerpoint 16.72. 

In contrast to other resistance-conferring transporters, BceAB-type transporters 

confer resistance against structurally diverse AMPs (Gebhard and Mascher, 

2011, Reiners et al., 2017, Gottstein et al., 2022), regulate their own production, 

thus finetuning antimicrobial resistance of a bacterial cell (Bernard et al., 2007, 

Fritz et al., 2015). Elucidating the resistance mechanism and the role of the ECD, 

BceAB and TCS in conferring resistance is crucial to combat antimicrobial 

resistance also in other pathogenic bacteria.  

Lantibiotic-producing bacteria such as L. lactis have a different mechanism to 

protect themselves from suicide by their own lantibiotic. Within the biosynthetic 

cluster of nisin, also the immunity genes are located. By producing the immunity 

lipoprotein NisI, an immunity-conferring ABC transporter NisFEG, and its cognate 

TCS NisRK, L. lactis survives nisin production. The immunity response is 

characterized by the interplay between NisI which binds nisin and NisFEG, 

extruding nisin from the cytoplasmic membrane into the extracellular medium 

(Stein et al., 2003, Peschel and Gotz, 1996, Otto et al., 1998, Alkhatib et al., 

2012). 
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In this thesis, the BceAB transporter NsrFP with its extracellular domain was 

elucidated structurally and functionally. Here I will discuss and compare the role 

of resistance transporters such as NsrFP, the interplay between TCS and BceAB 

transporters, and compare it to immunity transporters like NisFEG. Lastly, I 

discuss the importance of designing and finding small molecule inhibitors to 

inhibit resistance system such as the nisin resistance system. 

4.1 The BceAB-type transporter SaNsrFP 

The ABC transporter NsrFP originating from Streptococcus agalactiae COH1 is 

part of the BceAB-type transporter family. BceAB-type ABC transporters are 

characterized by a TMD consisting of 10 transmembrane helices and by a large 

extracellular domain between the 7th and the 8th transmembrane helix (Ohki et 

al., 2003, Clemens et al., 2017). Furthermore, BceAB-type transporters are 

known to confer resistance against a spectrum of different antimicrobial peptides 

(Ohki et al., 2003, Staron et al., 2011, Hiron et al., 2011, Yang et al., 2012, Cho 

et al., 2021). It was also shown for SaNsrFP that it confers resistance against 

nisin A, nisin H and gallidermin (Reiners et al., 2017). In Chapter III I show that 

SaNsrFP confers resistance against a group of structurally diverse antimicrobial 

peptides (Gottstein et al., 2022). Furthermore, I unravel the resistance 

mechanism of SaNsrFP. Several putative mechanisms were proposed for 

BceAB-type transporters, ranging from AMP export, AMP removal from the 

membrane, flipping UPP to an ATP hydrolysis-dependent target protection 

mechanism, in which the target-AMP complex is recognized by the BceAB 

transporter and UPP is physically released from the bound bacitracin (Gebhard 

and Mascher, 2011, Kingston et al., 2014, Kobras et al., 2020). 

4.2 Spectrum of Antimicrobial Resistance of SaNsrFP 

In Chapter III, a different set of cell wall targeting antimicrobial peptides were 

used to treat L. lactis strains expressing the ABC transporter SaNsrFP. 

Expressing the active ABC transporter conferred resistance against vancomycin 

(targets the D-Ala D-Ala residues of lipid II), lysobactin (targets the sugar-

pyrophosphate-lipid region of lipid II) (Figure 31a) and most importantly against 

Zn-bacitracin and bacitracin which target the diphosphate group of UPP (Figure 

31b). 
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Figure 31 a: Schematic representation of Lipid II. Phosphates are marked with a P, 
undecaprenyl as a black curved line, GlcNAc in blue, MurNAc in red and amino acids of the 

pentapeptide in orange. Different domains of Lipid II are targeted by the antimicrobial peptides 
used in the study by (Gottstein et al., 2022). Vancomycin targets the D-Ala D-Ala residues of 

lipid II, lysobactin and ramoplanin recognize the sugar-pyrophosphate-lipid domain of lipid II and 
the target region of nisin and gallidermin is the pyrophosphate domain of lipid II. b: Zn-bacitracin 

and bacitracin target the pyrophosphate domain of undecaprenylpyrophosphate. 

SaNsrFP showed the highest resistance against Zn-bacitracin and bacitracin with 

a 350-fold and 132-fold of resistance which is 26 to 70 times higher than the 

resistance against vancomycin and lysobactin. The difference in resistance is 

remarkable between these antimicrobial peptides and the question remains, why 

there is this difference and how can the ABC transporter defend the cell wall 

against so many different antimicrobial peptides? Also for the BceAB transporter 

AnrAB from Listeria monocytogenes such a similar phenomenon was observed, 

in which the ABC transporter showed 21-fold to 85-fold higher resistance against 

bacitracin in comparison to nisin (Collins et al., 2010). A difference of the 

antimicrobial peptides in comparison to bacitracin is that bacitracin targets UPP 

while vancomycin, lysobactin, and gallidermin are lipid II binders. These results 

indicate that the mechanism most likely involves bacitracin and UPP as the main 

target of SaNsrFP as was also described for BceAB from B. subtilis. Several other 

BceAB-type transporters have been shown to confer resistance against 

lantibiotics and bacitracin (Table 8). Remarkably, bacitracin resistance seems to 

be conferred by almost all BceAB transporters in this list as can be seen by the 

MIC values (Table 8) and it can be hypothesized that further BceAB-type 

transporters are able to confer resistance against bacitracin. In comparison, 

almost all transporters confer less resistance against nisin. Thus, it can be 

presumed that these transporters share a common mechanism. Nonetheless, 
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since most of the studies have not tested the effect of the BceAB without their 

TCS, more in-depth studies are needed to confirm this. 

Table 9: Examples of BceAB transporter, their substrates, and MIC values for Bacitracin 
and Nisin. 

BceAB 
transporter 

Organism Substrate Reference 
MIC 

Bacitracin 
MIC Nisin 

BceAB Bacillus subtilis 
Bacitracin, 

actagardine, 
mersacidin 

(Ohki et al., 2003, 
Rietkotter et al., 

2008, Staron et al., 
2011) 

351 µM - 

AnrAB 
Listeria 

monocytogenes 

Nisin, gallidermin, 
bacitracin, penicillin, 

(others) 
(Collins et al., 2010) 180 µM 0.3 µM 

BraDE 
Staphylococcus 

aureus 
Bacitracin, nisin 

(Hiron et al., 2011, 
Blake et al., 2011, 
Kolar et al., 2011) 

33.7 µM >38 µM

MbrAB 
Streptococcus 

mutans 
Bacitracin 

(Tsuda et al., 2002, 
Ouyang et al., 2010) 

4U/ml 
48 U/mL 

30 µM 
0.1 µM 

PsdAB Bacillus subtilis 
Nisin, subtilin, 
gallidermin, 
enduracidin 

(Staron et al., 2011) 211 µM 0.8 µM 

VraDE 
Staphylococcus 

aureus 

Bacitracin, nisin, 
gallidermin,  
daptomycin, 

(Yoshida et al., 
2011, Popella et al., 

2016) 
24 µM 12 µM 

VraFG 
Staphylococcus 

aureus 

Nisin, colistin, 
bacitracin, 

vancomycin, 
indolicidin, 

LL-37, hBD3

(Meehl et al., 2007, 
Falord et al., 2012, 
Cho et al., 2021) 

24 µM >24.4 µM

YxdLM Bacillus subtilis LL-37
(Pietiainen et al., 

2005) 
- - 

BceAB 
Streptococcus 
pneumoniae 

Actagardin, 
bacitracin, nisin, 

planosporicin 
(Diagne et al., 2022)  6 µM 0.08 µM 

4.3 The Mechanism of SaNsrFP 

To elucidate the mechanism of SaNsrFP, we showed in Chapter III that bacterial 

cells expressing the transporter are able to resist bacitracin and/or Zn-bacitracin 

and show unaffected growth (Gottstein et al., 2022). Furthermore, we determined 

that the highest resistance occurs against bacitracin/Zn-bacitracin, binding UPP 

which is a cell wall precursor. This suggests that bacitracin is the main substrate 

for SaNsrFP. The previously reported resistance against nisin appears to be a 

side effect of the resistance mechanism (Reiners et al., 2017). Since other BceAB 

transporter also confer resistance against bacitracin and lantibiotics such as 

nisin, gallidermin, vancomycin, it suggests that a general mechanism is 

responsible to ward off cationic antimicrobial peptides (Section 4.2, Table 8). 

Thus, it was concluded that SaNsrFP is neither able to inactivate nor bind various 
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compounds but that resistance is provided by shielding peptidoglycan precursors, 

including lipid II, UPP or UP, which are located at the outer surface of the bacterial 

membrane. In contrast to the lower resistance against lipid II binders, high-level 

resistance was observed for the UPP binders Zn-bacitracin/ bacitracin suggesting 

that SaNsrFP shields UPP. Current hypotheses explain the resistance 

mechanism as a process that protects the cell wall by either target removal 

(Kingston et al., 2014), target protection (Kobras et al., 2020) or the combination 

of an active AMP defense mechanism that mediates a multifactorial defense 

response against cationic antimicrobial peptides (Gottstein et al., 2022). Other 

cell wall defense mechanisms are modification of the cell wall structure or 

membrane lipid composition, peptidoglycan thickening, changes in net charge 

and production of proteases (Draper et al., 2015).  

Since SaNsrFP was expressed without its cognate TCS system in our study, 

however is still able to confer resistance against bacitracin and other AMP’s, we 

can show that the transporter is directly involved in sensing the antibiotic and the 

resistance process. 

The expression of sansrfp, causes adjustments within the bacterial cells. For 

example, we observed the downregulation of proteins involved in lipid II 

biosynthesis (Gottstein et al., 2022) by whole cell mass spectrometry. The 

reduced production of the key enzymes of the lipid II cycle was remarkable and 

suggested that the biosynthesis of new lipid II molecules occurred with less 

efficiency in the L. lactis NZ9000SaNsrFP strain. This could be the case if lipid II 

or UPP might be the actual substrate of SaNsrFP, but this hypothesis remains 

controversial, as it does not correspond to the growth behavior observed in the 

growth analysis. In Chapter III, the SaNsrFP-expressing strain showed 

comparable growth as the control strains (Chapter III, Figure 2c). 

Furthermore, we showed evidence that cells expressing SaNsrFP obtain a 

modified cell wall: instead of an aspartate/asparagine bridge in the pentapeptide 

found for the sensitive mutant, a species with two alanines was detected. In 

SaNsrFH202AP, a mixture was found, although the two alanine species were 

present in only minor amounts (Chapter III Figure 7). This indicates that the 

transporter might already sense and mediate a second line of defense ATP-

independently. ABC transporters that confer resistance against cationic 
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antimicrobials are hypothesized to be involved or mediate modification processes 

of peptidoglycan in Gram-positive bacteria (Rismondo and Schulz, 2021). D-

alanylation of teichoic acids is assumed to diminish electrostatic attraction based 

on the observation that a lack of alanylation leads to increased binding to several 

positively charged molecules, e.g., gallidermin and vancomycin (Revilla-Guarinos 

et al., 2014). Additionally, the upregulation of the gal operon, especially of UDP-

glucose-4-epimerase (GalE), influences the lipoteichoic acid (LTA) structure. 

GalE is responsible for the synthesis of α-galactose, which is transported across 

the membrane to become a part of LTA (Kramer et al., 2006).  

The experimentally derived data supports this with the observation of 

upregulation of the MurQ which is responsible for the intracellular conversion of 

MurNAc-6P to N-acetylglucosamine-6-phosphate and D-lactate for the SaNsrFP 

and SaNsrFH202AP mutants in comparison to the sensitive strain. For transporter-

expressing cells, we furthermore observed an upregulation of as UDP-glucose-

4-epimerase and RodA which are proteins associated with antimicrobial

resistance (Kramer et al., 2006).

In the case that SaNsrFP is able to mediate cell wall modifications upon receiving

information on the cell wall targeting AMP, altered expression of genes could be

the consequence. This would result in a reduction of the number of proteins in

the cytosol that are involved in lipid II biosynthesis, as seen by the whole

proteome data where the expression of the genes is downregulated but not

completely abolished. However, it needs to be verified whether SaNsrFP is

directly responsible for this or whether the L. lactis strain is reacting since its lipid

II cycle is severely changed and, as a consequence, alters its cell wall

composition.

Based on all results from the study presented in Chapter III, a joint activity of the

transporter as a first-line defender and initiator for a second-line defense is very

likely and builds up resistance against compounds targeting the lipid II cycle and

thus cell wall synthesis (Figure 32). By shielding the target UPP and lipid II from

the extracellular space, e.g., by PGN modification that alters electrostatic

attraction, less antibiotic, e.g., bacitracin, can be bound, and increased antibiotic

concentrations can be detected in the supernatant. These results are in

agreement with the previous conclusions for an export mechanism and further

assumptions on the removal of AMPs from the membrane (Reiners et al., 2017,
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Kobras et al., 2020). The tendency for upregulation of proteins associated with 

antimicrobial resistance and cell wall modification in SaNsrFP-producing cell 

proteins indicates the activation of a second-line defense system. 

Figure 32: Schematic view of the proposed mechanism of SaNsrFP (Gottstein et al., 
2022). Phosphates are indicated with a P, undecaprenyl as a black wavy line, GlcNAc in blue, 

MurNAc in red and amino acids of the pentapeptide in orange. The transporter SaNsrFP is 
shown in blue, showing its functions of sensing the antibacterial attack, shielding the target most 
likely by releasing the target from bound bacitracin and initiating a secondary defense resulting 

in possible cell wall thickening, modification of the electrostatic charge of the cell wall by 
integrating lipoteichoic acids and increasing d-alanylation in the cell wall. Subsequentially, the 

released target can enter a new cell wall synthesis cycle and be incorporated into the 
peptidoglycan. The figure was created using Microsoft Powerpoint Version 16.54. 

4.4 The role of the TCS and the ECD for AMP resistance 

Current opinion of researchers investigating BceAB transporters such as NsrFP 

is that detoxification against peptide antibiotics is functionally linked to a two-

component system (Dintner et al., 2011). It is presumed that upon sensing the 

antibiotic, the histidine kinase phosphorylates its cognate response regulator 

which induces the expression of the ABC transporter genes. Such a process was 

described i.e., for the GraRS-VraFG system (Cho et al., 2021) in S. aureus and 

also for several TCS-ABC transporters in B. subtilis (BceRS-AB, YxdJK-LM and 

YvcPQ-RS) (Dintner et al., 2014, Staron et al., 2011). Moreover, a direct 

interaction of the BceRS and BceAB was shown in in vitro and in vivo studies 

(Dintner et al., 2011). In their study, it is claimed that BceAB and the TCS need 

to form a complex in order to be able to sense the AMP. Controversially, the 

cognate histidine kinase of BceAB transporter consists only of a short loop which 

is buried almost entirely in the cytoplasmic membrane and thus cannot detect 

extracellular stimuli (Mascher, 2006). 

In Chapter III, in order to elucidate the mechanism of the BceAB-type transporter, 

SaNsrFP without its cognate TCS was expressed. Previously, it was shown that 
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the ABC transporter without its TCS can confer resistance against nisin (Reiners 

et al., 2017). This is possible due to the large extracellular domain which is the 

hallmark of BceAB-type transporter hypothesized to sense antimicrobial peptides 

(Clemens et al., 2017). The essential role of a Bce-type transporter for lantibiotic 

signalling has been shown in various studies already (Rietkotter et al., 2008). For 

the BceAB transporter of B. subtilis it was reported that signalling is triggered by 

the activity of the transporter itself and the transporter can autoregulate its own 

production (Fritz et al., 2015, Kobras et al., 2020). Thus, the ABC transporter 

SaNsrFP should also be able to sense the AMP via its large extracellular domain. 

In Chapter V, direct proof is shown via two independent methods using MALS 

and measuring tyrosine fluorescence that the ECD of SaNsrFP binds bacitracin 

and Zn-bacitracin. Surprisingly, determined KD values for bacitracin and Zn-

bacitracin are in the micromolar range. Since for the ECD construct of the study 

in Chapter V the stalk helices were deleted, bacitracin might not have tightly 

bound. In a different study it was postulated that the closely related BceAB 

transporter detects and binds bacitracin-UPP complexes (Kobras et al., 2020). In 

a very recent study, the structure of BceAB was solved, revealing a lipid pocket 

with a bound lipid right under the extracellular domain (George et al., 2022). This 

lipid reaches near the stalk helices making it plausible that bacitracin would be 

ankered via UPP to the transmembrane domain of BceAB. More studies have to 

be conducted in order to confirm the dissociation constant for different 

constructs in order to exclude a bias of instability. Thus, we can show that 

SaNsrFP acts as a sensor for antimicrobial peptides and that antimicrobial 

resistance is not dependent on the cognate TCS. On the contrary, it has 

been shown for the intramembrane kinase NsaS from S. aureus that it 

controls several genes associated with cell wall synthesis, lipid-modifying 

enzymes, proteases and several membrane transporters (Mensa et al., 2014, 

Bhate et al., 2018). One key structural feature of a IMHK as was reported for 

NsaS is a short N-terminal amphiphilic helix that anchors its four TM helices 

into the inner leaflet of the lipid bilayer, thus sensing membrane stress such as 

antibiotic attacks that deform the bilayer or to interact with accessory proteins 

such as membrane transporters (Bhate et al., 2018). In contrast to that in our 

study from Chapter III modified cell wall was found in SaNsrFP expressing 

strains without its cognate TCS, furthermore the ATP hydrolysis deficient 

mutant showed mainly unmodified cell 
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wall. In S. pneumoniae TCS01 contributes to pneumococcal virulence and it was 

shown that it co-operates with a BceAB-type ABC transporter not located in the 

same gene cluster (Diagne et al., 2022). It could be hypothesized that SaNsrFP 

in this study without a TCS could interact also with other TCS that might substitute 

for the missing one. More in-depth study is necessary to explain how the ABC 

transporter without its cognate two component system is able to initiate the 

secondary defense mechanisms.  

In a recent study, the cryo-EM structure of the BceAB transporter of B. subtilis 

together with its TCS was published (Figure 30). The authors show that BceS 

and BceAB interact mediated by lipids near the N-terminal region (TM1-4) of 

BceB (George and Orlando, 2023). In an earlier study, the authors showed that 

ATP binding induced full closure of the BceA NBDs of BceAB and a subsequent 

closure of the BceB TM helices resulting in a tilted extracellular domain (George 

et al., 2022). When BceS and ATP bind within the complete BceAB-S complex, 

the partial closing of BceA is induced disabling ATP hydrolysis (George and 

Orlando, 2023). Thus, this was taken as indication that both proteins regulate 

each other.  

It is evident that to date there is not much knowledge on the function of the two 

component system of BceAB type transporter and how it is involved in the 

multifactorial process of antimicrobial resistance.  

For SaNsrFP, we provided insight that the sole ABC transporter confers 

resistance by actively freeing bound cell wall precursor from the grip of bacitracin 

while also initiating a secondary defense mechanism resulting in cell wall 

modification (Chapter III). Furthermore, we show that SaNsrFP conferred 

antimicrobial resistance is independent of its cognate histidine kinase NsrK. Also, 

we are the first to successfully purify the ECD of NsrP and demonstrate that it 

binds to bacitracin and Zn-bacitracin (Chapter V). In addition, we show that 

BceAB transporter occur in opportunistic pathogenic and pathogenic bacteria. 

Finally, we could identify a new ABC transporter that is possibly related to BceAB 

type transporters that are characterized by 10 TMH and an ECD between helix 7 

and 8 but additionally contains an extracellular domain between helix 1 and 2 

(Chapter V). 
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In future experiments the interaction of SaNsrK and SaNsrFP should be 

elucidated to unravel the role the histidine kinase plays in the process of 

antimicrobial resistance. The first preliminary steps to elucidate the complete 

ABC transporter SaNsrFP have already been conducted (Figure 33). Two NsrP 

constructs were generated in C41dd E.coli strains: pET16b Nter10x NsrP and 

pET26b NsrP C-terminal 6x Histag. Both were successfully expressed (Figure 

33a) and membranes were isolated (Figure 33b). Bands are shown at 55 kDa 

which was expected since NsrP runs lower than its actual molecular weight. 

Figure 33 a) Expression of NsrP in E.coli C41dd (pET16b Nter10x NsrP and pET26b NsrP 
C-terminal 6x Histag). NHis-NsrP: lanes 1,2: before induction; lanes 3,4: 4 hours after

induction; CHis-NsrP: lanes 5,6: before induction; lanes 7,8: 4 hours after induction. C1 and C2 
present positive controls. An antibody against the extracellular domain of NsrP was used. b) 

Isolated membranes of NsrP from E.coli C41dd Nter10xHisNsrP construct: Lane 1: supernatant 
after centrifugation; Lane 2&3 membranes of Nter10xHisNsrP. Isolated membranes of NsrP 

from E.coli C41dd Cter6xHisNsrP construct: Lane 4: supernatant after centrifugation; Lane 5: 
membrane fraction Cter6xHisNsrP. 

4.5 Comparison of SaNsrFP and NisFEG. 

Bacteria depend on their ability to sense and adapt rapidly to environmental 

changes and defend against competitors. To survive, bacterial cells need to 

constantly assess various parameters such as nutrient supply ion concentration, 

oxygen levels, pH, temperature, cell density and the presence of toxic 

compounds e.g. antimicrobial peptides. Different types of bacterial strains have 

developed protein systems that enable them to survive. Bacteria producing 

lantibiotics e.g., the nisin producer Lactococcus lactis contain an immunity 
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system to prevent suicide. This immunity system is encoded on the same operon 

as the genes for nisin biosynthesis and consists of a lipoprotein NisI and an ABC 

transporter NisFEG. Bacteria that are non-antimicrobial peptide producers have 

developed a different resistance system. One example is Streptococcus 

agalactiae expressing the nisin resistance operon consisting of the nisin 

resistance protein (NSR), a serine protease that cleaves nisin and an BceAB 

transporter SaNsrFP. 

Both ABC transporter differ structurally and functionally from each other (Figure 

34). 

NisFEG is conserved in all species producing nisin and shows similarity with other 

LanFEG transporters from producer strains of other lantibiotics such as subtilin. 

The immunity transporter consists of NisF, the NBD of 25 kDa. The TMD consists 

of the proteins NisE (28 kDa) and NisG (24 kDa), each containing six predicted 

TM helices. On the contrary, BceAB transporters are found in opportunistic 

pathogenic as well as pathogenic bacterial strains (Chapter V). Structurally 

BceAB type transporter resemble each other however most display a rather low 

sequence identity (20-40%) (Chapter V) (Gebhard, 2012). SaNsrFP consists of 

an NBD SaNsrF (28 kDa) which contains the typical ABC transporter signature 

motifs (Khosa et al., 2013). The TMD domain comprises 10 TM helices (74 kDa). 

Similar to BceAB, the TM helices 1 to 4 and 7 to 10 form individual bundles, each 

representing an FtsX-domain fold like that observed in type VII 

mechanotransmission ABC transporters (Thomas et al., 2020, George et al., 

2022). TM helices 5 and 6 interact with one another and are positioned closer to 

helices 7-10 than to the other bundle, therefore creating an asymmetric 

arrangement. Between helix 7 and 8, there is a large ECD of 221 amino acids 

that acts as a sensor for antimicrobial peptides.  

233



4 Discussion 

 

Figure 34: Model of NisFEG calculated using TopModel (Mulnaes et al., 2020) and 
alphafold model of SaNsrFP. Left: Subdomains are highlighted: NisE in light blue, NisG light 
pink, and the NBDs in black and grey. Right: TM Helix bundles 1-4 (grey), TM helix bundles 7-

10 (blue), TM helices 5 and 6 (red), and NsrF (light orange/ orange). SaNsrFP model was 
created using AlphaFold2 (Jumper et al., 2021). Image created with PyMOL Version 2.3.0 and 

Powerpoint 16.72. 

Thus, SaNsrFP senses bacitracin via its ECD and initiates a first line defense that 

ATP-dependently releases UPP from bacitracin. Subsequently, the ABC 

transporter is able to trigger cell wall modification which results in cell wall 

thickening, change of electrostatic attraction and other (Chapter III) (Gottstein et 

al., 2022). This enables the bacterial cell to additionally ward off cationic 

antimicrobial peptides like nisin, gallidermin, vancomycin and lysobactin 

(Gottstein et al., 2022). Due to the cell wall modifications and processes such as 

cell wall thickening possibly initiated by SaNsrFP, cell wall precursors in the cell 

wall become less accessible to antimicrobial peptides such as the 

aforementioned (Gottstein et al., 2022). Thus, SaNsrFP shields indirectly lipid II 

by initiating these processes and nisin and other antimicrobial peptides do not 

need to interact with the ABC transporter in order to be expelled from the cell 

wall. This is how the slight increase of resistance against multiple structurally 

diverse antimicrobial peptides could be explained. 

In contrast to this, NisFEG mainly confers immunity against nisin by extruding it 

from the inner cell membrane leaflet to the extracellular space. So far it has not 

been investigated if production of NisFEG can influence the cell wall composition. 

Furthermore, NisFEG production is regulated via NisK/NisR (Ra et al., 1996, van 

der Meer et al., 1993). It has been shown that NisFEG recognizes the last ring 

and the last 6 amino acids of nisin. When expressed in L. lactis NZ9000 NisFEG 

confers 8-fold immunity against nisin (AlKhatib et al., 2014b). However, when NisI 
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and NisFEG are expressed together they reach full immunity (AlKhatib et al., 

2014b). By expressing SaNsrFP in L. lactis NZ9000 15-fold resistance against 

nisin was conferred, however most importantly 132 to 350 fold resistance against 

Zn-bacitracin and bacitracin (Gottstein et al., 2022). To date, it is not clear if 

SaNsrFP and SaNSR show cooperativity in conferring resistance. This has to be 

yet determined in future experiments.  

4.6 Small molecule inhibitors against AMP resistance. 

One of the major challenges of our time is the treatment of life-threatening 

bacterial infections due to the rapid evolving resistance mechanisms of 

pathogens against antibiotics. To counteract this problem, it is crucial to 

understand the drug's mode of action and the pathogen's resistance mechanism. 

The biosynthesis of the peptidoglycan (PGN), which is a critical feature of bacteria 

is one of the most effective antibiotic targets. Antimicrobial peptides (AMPs), 

targeting PGN synthesis such as nisin and colistin, are considered as promising 

weapons against multidrug-resistant bacteria. However, human pathogenic 

bacteria conferring resistance to these compounds evolved. They survive by 

expressing resistance proteins such as e.g. a serine protease NSR cleaving nisin 

and an ATP-binding cassette transporter of the Bacitracin efflux (BceAB) type 

that is localized in the membrane. In Streptococcus agalactiae, the BceAB 

transporter SaNsrFP is known to confer resistance to a wide variety of structurally 

diverse antimicrobial peptides (Gottstein et al., 2022). In previous studies, it has 

been demonstrated that it is possible to bypass this resistance system e.g. by 

modifying the target (Zaschke-Kriesche et al., 2019a) and also by screening for 

small molecule inhibitors that sensitize the strains to nisin (Porta et al., 2019). In 

Chapter VII latter method was used to identify a compound that is able to inhibit 

L. lactis strains that express one of the nisin resistance proteins while not

inhibiting the empty vector control strains. For this, 95 compounds were tested

and screened for specific inhibition against SaNSR and SaNsrFP. Two

compounds were identified that could inhibit both nisin resistance proteins

specifically without inhibiting the sensitive control strain. The first one C3 was a

indolurea derivative and C31 a thiazolurea derivative. C31 showed 2.5 times

higher inhibition of both resistance proteins than compound C3. Structural

differences are the oxolan or thiazol moiety of C31 and the indole moiety of C3
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but more experiments and data are needed for more insight. Both compounds 

exhibited an IC50 value in the micromolar range, insufficient to be used in clinical 

applications. Therefore, optimization of both molecules is necessary to reduce 

the amount needed to inhibit 50 % of bacterial cells. The question that still 

remains to be answered is how these two compounds inhibit two structurally very 

different resistance proteins, SaNSR (a serine protease) and SaNsrFP (a 

membrane-bound ABC transporter). While structurally different, both proteins 

have a common basis, they potentially interact with nisin. Thus, hypothetically, 

the compounds could bind to such a nisin binding site but this remains to be 

elucidated in detail.  

In previous work, a potent inhibitor was identified (Zaschke-Kriesche et al., 2019), 

with a very different molecular structure compared to the compounds of this study 

here. Cerebroside C was shown to have a lipid-like structure consisting of a fatty 

acid and sphingosine which form together a ceramide and finally a 

monosaccharide. This compound was able to inhibit SaNsrFP with a specific 

inhibition of 83 % (Zaschke-Kriesche et al., 2019). Remarkably, a close relative 

of this inhibitor, Cerebroside D, did not show inhibition towards SaNsrFP, 

indicating highly specific binding of Cerebroside C (Zaschke-Kriesche et al., 

2019). In a recent study the structure of the related ABC transporter BceAB was 

published, which showed a lipid-binding pocket between its transmembrane 

helices 5 and 6 and 7 and 9 (George et al., 2022) The homolog of BceAB, 

SaNsrFP is hypothesized to have a similar lipid-binding pocket between its TM 

helices 5,6 and 7,9. This might be the potential binding site for the previously 

identified inhibitor Cerebroside C. 

In another previous study, a halogenated phenyl-urea derivative, NPG9, was 

identified as a potent inhibitor against the nisin resistance protein (NSR) (Porta 

et al., 2019). In contrast, all NPG9-derived compounds in this study described in 

Chapter VII failed to improve inhibitory activity or reach the nanomolar 

concentration range. This could be due to the specific chemical properties of the 

inhibitor NPG9 which was modeled to fit the active site of NSR (Porta et al., 2019). 

In the same study, it was observed that the inhibition activity required a linear 

molecular shape in combination with one or two hydrophobic regions separated 

by an amide-like moiety similar to nisin (Porta et al., 2019, Graham et al., 2014). 

Nisin´s hydrophobic regions are reflected by methyl-lanthionine and isoleucine 
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residues. Additionally, a hydroxyl group as shown in NPG9, or an aromatic polar 

group (Porta et al., 2019), mimicking Ser29 and His28 of the NSR active site 

could result in stronger inhibitory activity in the compounds. Figure 35 displays 

potent inhibitors of previous work and this current work. 

Several publications have shown that urea derivatives play an important role as 

pharmacologically active drugs (Listro et al., 2022, Patil et al., 2019, Ommi et al., 

2023, Poonia et al., 2022, Ghosh and Brindisi, 2020). The bioactivity of drugs 

depends on molecular recognition through interactions between the drug and the 

target protein. Hydrogen bonding, among other forces, can stabilize drug-

receptor interactions (Kuhn et al., 2010) thus, compounds with this capability can 

show biological activity. Urea derivatives act as hydrogen bond donors or 

acceptors which allows them to be involved in diverse interactions (Ghosh and 

Brindisi, 2020). They can have a diverse spectrum of activities including antiviral, 

anticonvulsant, and antibacterial (Venkatachalam et al., 2004, Ghosh and 

Brindisi, 2020, Ommi et al., 2023, Patil et al., 2019). Furthermore, they can inhibit 

enzymes (Porta et al., 2019), be used as a sedative, or act as an anticancer drug 

(Listro et al., 2022, Ghosh and Brindisi, 2020).  

As shown in Chapter VII, small molecule inhibitors represent a powerful method 

to bypass resistance systems in bacteria such as the nisin resistance system in 

S. agalactiae. One of the major advantages of this method of combating antibiotic

resistance mechanisms is that pathogenic bacteria become susceptible to potent

and well-known antimicrobial peptides such as nisin. This is a great advantage,

considering that if the inhibitor specifically inhibits the pathogenic protein, then

benign bacteria will not be harmed which is important in a clinical setting for the

patient. Furthermore, by using small molecule inhibitors it will not be necessary

to urgently find new antibiotics due to the fact that inhibited bacterial cells become

sensitized to well-known “old” lantibiotics such as nisin (see Chapter VII).

It is important to understand that Bce resistance systems are evolutionarily

conserved. In Chapter V, it was shown that BceAB type transporters and related

are found in non-pathogenic bacteria and pathogenic clinically-relevant ESKAPE

bacteria such as E. faecium, MRSA, C. difficile, P. aeruginosa, Enterobacter spp.,

A. baumannii, S. pneumoniae, S. agalactiae (see Chapter V). ESKAPE bacteria

challenge the global health system due to their multi-resistance against clinically

used antibitoics and even last resort antibiotics. In 2019 infections by resistant
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bacteria were responsible for approximately 4,95 million deaths (Antimicrobial 

Resistance, 2022). Thus, it becomes evident how crucial the elucidation of 

resistance systems such as the nisin resistance system of S. agalactiae helps to 

understand the resistance mechanism of MRSA and other multiresistant strains 

causing yearly global deaths. Small molecule inhibitors active against 

antimicrobial resistance-conferring protein systems are therefore powerful 

weapons to combat antibiotic resistance and most importantly save human lives. 

Figure 35: Inhibitors of SaNSR (Khosa et al., 2016a) PDB ID: 4Y68 and SaNsrFP. Selective 
inhibitors from previous work: NPG9 inhibits SaNSR (Porta et al., 2019) and Cerebroside C 

inhibits SaNsrFP (Doctoral thesis by Zaschke-Kriesche, 2019). In this work compounds C3 and 
C31 were found as selective inhibitors against both resistance-conferring proteins. Red arrows 
indicate inhibition. The structure of the serine protease NSR is shown. The residues around the 

active site are highlighted in light blue, and the protease cap in orange. Image created with 
PyMOL Version 2.3.0 and Powerpoint 16.72. Alphafold model of SaNsrFP. Right: TM Helix 
bundles 1-4 (grey), TM helix bundles 7-10 (blue), TM helices 5 and 6 (red), and NsrF (light 

orange/ orange). SaNsrFP model was created using AlphaFold2 (Jumper et al., 2021). Image 
created with PyMOL Version 2.3.0 and Powerpoint 16.72. 
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