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Abstract 
 
The need for new compounds, which can be used as antibiotics is rising. Antimicrobial peptides 

are excellent candidates to fulfill this. The subclass of lantibiotics contain unusual amino acids 

and lanthionine rings, which ensure their high stability and high potency. They are active in 

the nanomolar range and exhibit two main modes of action: Binding to the cell wall precursor 

lipid II as well as in some cases pore formation within the bacterial membrane, which leads to 

cell death. Commercial usage is, however hampered by the presence of genes in human 

pathogenic strains which, when expressed, confer resistance. The human pathogen 

Streptococcus agalactiae COH1 for example is resistant against different lantibiotics due to 

the nsr-operon encoding a two-component system NsrRK, the nisin resistance protein (NSR) 

and a BceAB-type ABC transporter NsrFP (1). Interestingly, this operon appears to be 

evolutionary conserved in several other human pathogenic bacteria. 

The nisin resistance protein SaNSR is a C-terminal processing peptidase (CTP) and has a 

specific catalytic dyad mechanism consisting of a serine and a histidine residue (2, 3). It was 

shown that SaNSR confers resistance against nisin by degrading the lantibiotic at its C-

terminus resulting in a 100 fold less active nisin fragment (4, 5). The crystal structure of SaNSR 

was solved and shows a 10 Å width tunnel, which is hydrophobic, negatively charged and 

binds the last two (methyl–) lanthionine rings D and E of nisin (3). In this thesis I discovered 

how to overcome the resistance mediated by SaNSR by two approaches. The first approach 

was to bypass the protein by a nisin derivate, which is still active but the serine protease is not 

able to cleave this variant in vivo. The second approach was based on molecular modelling and 

revealed a small molecule which specifically inhibits SaNSR. 

The ABC transporter NsrFP from Streptococcus agalactiae belongs to the BceAB-type 

transporters (6). Several BceAB-type transporters are known which confer resistance against 

more than one antimicrobial peptide (7-10). In this thesis I elucidated the mechanism of 

SaNsrFP and demonstrated that the BceAB-type transporter flips the cell wall precursor lipid 

II inside of the cytoplasm. Further a specific inhibitor of the transporter was detected by 

screening of natural compounds and their derivatives. 
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Zusammenfassung 
 
Der Bedarf an neuen Wirkstoffen, die als Antibiotika eingesetzt werden können, steigt. 

Antimikrobielle Peptide sind ausgezeichnete Kandidaten, um dies zu erfüllen. Die Unterklasse 

der Lantibiotika enthält ungewöhnliche Aminosäuren und Lanthioninringe, die für ihre hohe 

Stabilität und hohe Wirksamkeit sorgen. Sie sind im nanomolaren Bereich aktiv und weisen 

zwei Hauptwirkungsweisen auf: Bindung an die Zellwandvorstufe Lipid II, sowie in manchen 

Fällen Porenbildung innerhalb der Bakterienmembran, die zum Zelltod führt. Die 

kommerzielle Nutzung wird jedoch durch das Vorhandensein von Genen in humanpathogenen 

Stämmen behindert, die, wenn sie exprimiert werden, Resistenz verleihen. Der humane Erreger 

Streptococcus agalactiae COH1 ist beispielsweise resistent gegen verschiedene Lantibiotika, 

da das nsr-Operon für ein Zweikomponentensystem NsrRK, das Nisin-Resistenzprotein (NSR) 

und einen BceAB-Typ ABC Transporter NsrFP kodiert (1). Interessanterweise scheint dieses 

Operon evolutionär in mehreren anderen humanpathogenen Bakterien konserviert zu sein. 

Das Nisin-Resistenzprotein SaNSR ist eine C-Terminal verarbeitende Peptidase (CTP) und 

weist einen spezifischen katalytischen Paar-Mechanismus auf, der aus einem Serin- und einem 

Histidinrest besteht (2, 3). Es wurde gezeigt, dass SaNSR Resistenz gegen Nisin vermittelt, 

indem es das Lantibiotikum an seinem C-Terminus abbaut, was zu einem 100-fach weniger 

aktiven Nisinfragment führt (4, 5). Die Kristallstruktur von SaNSR wurde gelöst und zeigt 

einen 10 Å breiten Tunnel, der hydrophob, negativ geladen ist und die letzten beiden      

(Methyl-) Lanthioninringe D und E von Nisin bindet (3). In dieser Arbeit habe ich entdeckt, 

wie man die von SaNSR vermittelte Resistenz durch zwei Ansätze überwindet. Der erste 

Ansatz bestand darin, das Protein durch ein Nisinderivat zu umgehen, das noch aktiv ist, aber 

die Serinprotease ist nicht in der Lage, diese Variante in vivo zu spalten. Der zweite Ansatz 

basierte auf molekularer Modellierung und zeigte ein kleines Molekül, das SaNSR spezifisch 

hemmt. 

Der ABC Transporter NsrFP von Streptococcus agalactiae gehört zu den Transportern vom 

Typ BceAB (6). Es sind mehrere Transporter vom Typ BceAB bekannt, die Resistenz gegen 

mehr als ein antimikrobielles Peptid verleihen (7-10). In dieser Arbeit habe ich den 

Mechanismus von SaNsrFP aufgeklärt und gezeigt, dass der Transporter vom Typ BceAB die 

Zellwandvorstufe Lipid II in das Zytoplasma umdreht. Weiterhin wurde ein spezifischer 

Inhibitor des Transporters nachgewiesen indem Naturstoffe und deren Derivate überprüft 

wurden. 
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amino acid three letter code one letter code 
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Arginine Arg R 
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Aspartic acid Asp D 
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Methionine Met M 
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Serine Ser S 
Threonine Thr T 
Tryptophan Trp W 
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1. Introduction 
 

1.1. Antibiotics 

 

Nearly one century ago the first antimicrobial substance penicillin was discovered (11), which 

drastically changed our era. Life expectancy increased due to antibiotic treatments, which cure 

bacterial infections (12). In the following decades several antibiotics and antibiotic classes 

were discovered, subdivided due to their mechanism of action (12, 13). The four main targets 

of antibiotics are nucleic acid synthesis, protein synthesis, the metabolic pathway and the cell 

wall synthesis. 

Inhibiting the nucleic acid synthesis is the mechanism of, for example, quinolones, which target 

the enzymes DNA gyrase and topoisomerase IV. DNA gyrase and topoisomerase IV are 

responsible for untwisting of double stranded DNA and relaxing of positive supercoils, 

allowing DNA polymerase to continue. Consequently, bacteria cells were killed by the 

antibiotic quinolone due to prevented DNA replication (14-16). 

 

Another mechanism of antibiotics is the inhibition of protein synthesis. Here, antibiotics target 

the 30S or 50S subunit of the bacterial ribosome, thereby circumvent the translation of the 

mRNA (17, 18). Antibiotics targeting the 30S subunit are aminoglycosides, causing misreading 

of the mRNA and preterm termination of the translation, and tetracyclines, preventing the 

binding of tRNA (17, 19). Inhibitors of the 50S subunit are chloramphenicol, macrolides and 

oxazolidinones (19). Chloramphenicol prevents binding of tRNA to the ribosome, whereas 

macrolides cause early detachment of uncompleted peptide chains (17, 19, 20). Oxazolidinones 

are synthetic antibiotics and impede the formation of the 70S ribosome (21). 

The metabolic pathway is target of sulfonamides and trimethoprim, which inhibit the folic acid 

metabolism, essential for nucleotide synthesis those antibiotics disturb cell replication (17, 19). 

 

Cell wall synthesis targeting antibiotics 
 

Glycopeptides, lipodepsipeptides and ß-lactam antibiotics target the cell wall synthesis of 

bacteria. The cell wall of all bacteria is composed of the peptidoglycan, a polymer of 

N-acteylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) cross-linked by a 

pentapeptide. Briefly, lipid I is built in the cytoplasm by MraY attaching UDP-MurNAc-
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pentapeptide to the lipid carrier undecaprenyl phosphate (UP), sequentially UDP-GlcNAc is 

attached through MurG resulting in lipid II. The peptidoglycan precursor is afterwards flipped 

to the extracellular space (or periplasm in Gram-negativ bacteria), still anchored to the 

membrane via undecaprenyl. Subsequently the GlcNAc-MurNAc-pentapeptide subunit is 

incorporated into the peptidoglycan by penicillin-binding proteins (PBP), which catalyze the 

transpeptidation, remaining undecaprenyl pyrophosphate (UPP). This UPP is then 

dephosphorylated to UP, which can be flipped back into the cytoplasm to reenter the 

peptidoglycan synthesis cycle (Figure 1).  

 
Figure 1: Schematic view of peptidoglycan synthesis. 

Synthesis of Lipid II in the cytoplasm and incorporation into the peptidoglycan. Phosphate atoms are marked with 
a P, undecaprenyl as a black curved line, uridine phosphate (UDP) in blue, GlcNAc in red, MurNAc in green and 
aminoacids of the pentapeptide in orange (Adapted from (22)).  
 

Glycopeptide antibiotics are synthesized by non-ribosomal peptide synthase (NRPS) assembly 

lines in actinomycetes (23). The glycopeptide antibiotic vancomycin, produced by 

Streptomyces orientalis, is active against Gram-positive bacteria (24). Vancomycin binds to 

the D-Ala-D-Ala sequence of the pentapeptide of lipid II (25-27), thereby inhibiting the 

crosslink of the peptidoglycan (Figure 2A).  

The best-known exemplar of lipoglycodepsipeptide antibiotics is ramoplanin, which is 

produced by Actinoplanes sp. ATCC 33076. Ramoplanin A2, which only differs in the N-

terminal part to ramoplanin A1 and A3, was found to be the most abundant variant and is active 

against Gram-positive bacteria (28, 29). It was shown to bind the pyrophosphate and the 

muramic acid moiety of lipid II as a dimer (30-32) (Figure 2A).  
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A member of the acylcyclodepsipeptides is lysobactin, also known as katanosin B. The 

antibiotic lysobactin was first isolated from a Lysobacter species and is active against several 

Gram-positive bacteria (33, 34), inhibiting the peptidoglycan synthesis by binding lipid II in a 

1:1 ratio (35). Lysobactin was shown to bind to the reducing end of lipid-linked cell wall 

precursors (35) (Figure 2A). 

In 2015 a novel depsipeptide antibiotic named teixobactin was discovered, which is produced 

by Gram-negative Eleftheria terrae. Teixobactin was shown to bind to the phosphate moiety 

and the MurNAc of lipid II and shows antimicrobial activity against human pathogens like 

M. tuberculosis, methicillin resistant S. aureus and vancomycin resistant Enterococci (36) 

(Figure 2A).  

 

 

Figure 2: A) Lipid II and B) Peptidoglycan with targets of antibiotics. 

A) Lipid II with target of vancomycin (black circle) and ramoplanin, lysobactin and teixobactin (dashed circle). 

B) Peptidoglycan with target of ß-lactams (black circle) and bacitracin (dashed circle). Phosphates are marked 

with a P, undecaprenyl as a black curved line, GlcNAc in red, MurNAc in green and aminoacids of the 

pentapeptide in orange. 

 

The first discovered antibiotics are ß-lactams, which characteristically contain a ß-lactam ring. 

The most prominent ß-lactam antibiotic is penicillin, but also cephalosporin and carbapenems 

belong to this subclass of antibiotics. ß-lactam antibiotics inhibit the cell wall synthesis by 

binding to the PBP, thereby preventing the cross-linking of the peptidoglycan (11, 37, 38) 

(Figure 2B).  
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In addition also other components of the peptidoglycan synthesis were shown to be effective 

targets for antibiotics. One of those targeting antibiotics is the cyclic peptide bacitracin. 

Produced by some Bacillus species bacitracin is used in medicinal treatments since decades 

(39-42). The target was shown to be undecaprenyl-pyrophosphate (UPP) and further a high-

resolution crystal structure demonstrated that bacitracin sequesters this and thereby prevents 

the recycling of the lipid carrier resulting in an interrupted peptidoglycan synthesis (43, 44) 

(Figure 2B). 

 

1.2. Antimicrobial peptides 

 

Antimicrobial peptides (AMPs) are found in all organisms as a conserved part of the innate 

immune response (45, 46). The first discovered AMP is lysozyme, found by Alexander 

Flemming in 1922 followed by hundreds of other AMPs in the last century (47). Antimicrobial 

peptides are relatively short (< 60 amino acids), amphipathic molecules with a positive net 

charge of +2 to +9 but differ in their antimicrobial activity and modes of action (48-50). They 

have an antimicrobial effect against Gram-positive and Gram-negative bacteria, fungi, 

parasites and also against viruses (49). The effect of most AMPs is given by an interaction with 

the cellular membrane or cell surface, subsequently permeation of the membrane, resulting in 

loss of cellular integrity. Here the effect can be either given by disruption of the cell membrane, 

leading to cell lysis, or due to interaction with the membrane, resulting in pore formation (51). 

Furthermore, those small peptides also have intracellular targets, like nucleic acids, cell wall 

synthesis, protein synthesis and proteins (52, 53). 

AMPs can be classified due to several properties like their biological source or function, their 

net charge, size and hydrophobicity, their molecular targets or most likely their three-

dimensional structure, which can be linear, a-helices, ß-sheet and loop-like (45, 48, 54).  

 

Bacteriocins 

 

Bacteriocins are ribosomally synthesized AMPs produced by bacteria, which have a broad 

activity spectrum and kill related bacteria or non-related bacteria (55). The group of 

bacteriocins are differentiated between those produced by Gram-negative bacteria and those 

produced by Gram-positive bacteria (56).  
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Bacteriocins produced by Gram-negative bacteria 

 

The bacteriocins produced by Gram-negative bacteria are called colicins and microcines. 

Colicins have an antimicrobial effect against host related bacteria, which is mediated due to 

pore-formation, nuclease activity or peptidoglycanase activity (56, 57). They are relatively 

large and contain three domains, an N-terminal translocation domain, necessary for the 

transport to the extracellular space, a receptor-binding domain and a C-terminal cytotoxic 

domain, responsible for the antimicrobial activity (56-58). Microcins are small (< 10 kDa) 

ribosomally synthesized AMPs with a broad bactericidal activity including pore-formation, 

nuclease activity, inhibition of protein synthesis and inhibition of DNA replication (56). 

Microcins are hydrophobic peptides and can either be post-translationally modified or not, 

since they are transported as core peptides with a leader peptide (59) (Figure 3A).  

 

Bacteriocins produced by Gram-positive bacteria 

 

Bacteriocins produced by Gram-positive bacteria can be subdivided in three classes: The class 

I are lantibiotics, class II are non-lantibiotics and class III are bacteriolysins (60, 61).  

Lantibiotics are post-translationally modified small (< 5 kDa) antimicrobial peptides, which 

contain lanthionine or methyl-lanthionine rings. Lantibiotics interact with bacterial membranes 

and show their activity in a low nanomolar range (62-64). The best known lantibiotic is nisin, 

produced by Lactococcus lactis and Streptococcus uberis strains (61, 65, 66) (Figure 3B). 

Class II bacteriocins are non-lantibiotics, which do not undergo post-translational 

modifications and do not contain lanthionine rings. They contain 30 to 60 amino acids (<10 

kDa), are positively charged and share a distinct heat tolerance. These peptides are active in a 

nanomolar range and induce membrane permeabilization due to insertion into the membrane 

(56, 60, 61). Class II bacteriocins can have a cyclic structure, like the non-lantibiotic 

gassericin A, or can be pediocin-like, like leucocin A (Figure 3C). Further two peptides can 

combine their activity which can be enhanced or synergistic (60, 67-69).  

Class III bacteriocins are large (>30 kDa), thermolabile antimicrobial proteins, which are 

named bacteriolysins or non-bacteriocin lytic proteins. Bacteriolysins, like enterolisin A, 

catalyze cell-wall hydrolysis, resulting in cell lysis, whereas some class III bacteriocins, like 

caseicin 80 are non-lytic proteins (56, 60, 61). 
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Figure 3: Structure of representatives for bacteriocins. 

Structure  of  representatives  for  bacteriocins produced  by  Gram-negative  bacteria  A)  Microcin  J25  in  green 

(PDB:1pp5) and bacteriocins produced by Gram-positive bacteria B) nisin A in red (Adapted from PDB: 1wco) 

and C) leucocin A in blue (PDB:1cw6). 

 

1.3. Lantibiotics 

 

Lantibiotics are small, ribosomally synthesized and post-translational modified antimicrobial 

peptides,  mostly  produced  by  Gram-positive  bacteria (55,  64).  They  are  produced  as 

prepeptides and mature in the cytosol of the bacteria. Specific amino acid residues, serine and 

threonine,  in  the  core  peptide  get  intrinsically  dehydrated  and  form  the  amino  acids 

2,3-didehydroalanine (Dha) and 2,3-didehydrobutyrine (Dhb). Those formed amino acids are 

subsequently covalently linked with a neighbored cysteine side chain, due to a Michael-type 

addition.  Those  originated  thioether  bridges are  called  (methyl-)lanthionine  rings  and  are 

eponymous  for  the lanthionine  containing  antibiotics (70-72). The  family  of  known 

lantibiotics is steadily increasing, mainly due to the opportunity to detect encoding genes by 

computational  techniques  such  as  BAGEL4 (73).  They  can  be  subdivided  in  four  classes 

depending on their post-translational modification enzymes (70, 74, 75). 

 

Class I lantibiotics are peptides with a small size of less than 5 kDa and are post-translationally 

modified by two enzymes, LanB and LanC (Figure 3). The dehydratase LanB dehydrates serine 

and  threonine residues  and  therefore  generates  the  amino  acids  Dha  and  Dhb (76,  77).  The 

cyclase LanC, which forms thioether bridges between Dha/Dhb and the thiol of the neighbored 

cysteine (71, 72), has a characteristic zinc binding motif (78, 79). After maturation the modified 

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

by  a  specific  protease  LanP (80,  81).  The  fully  modified  peptides,  like  nisin,  gallidermin 

(Figure 4) and subtilin, possess antimicrobial activity in a low nanomolar range against mainly 

Gram-positive bacteria (71, 74).  

 

A B C
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Class II lantibiotics are bigger in size (5-10 kDa) than class I lantibiotics and are maturated by 

a single enzyme LanM (Figure 3). This bifunctional synthetase consists of an N-terminal 

dehydratase and a C-terminal cyclase domain and therefore combines the dehydration and 

cyclization reaction (70, 74). LanM shows no homology with LanB but low sequence 

homology with the class I cyclase LanC, including the zinc binding motif (70). After 

maturation by LanM the enzyme LanT exports the prepeptide and cleaves off the leader peptide 

(82). Prominent class II lantibiotics are lacticin 481 (Figure 4) and mersacidin, showing 

antimicrobial activity against Gram-positive bacteria (74). 

 

The class III lantibiotics contain a tri-functional synthetase LanKC (Figure 3), which is 

composed of an N-terminal lyase domain, a central kinase domain an C-terminal putative 

cyclase domain. Latter lacks the zinc binding motif, the active site, found in class I and class 

II cyclase enzymes and domains, respectively (74). Class III lantibiotics are for example sapB 

(Figure 4) and sapT, which do not possess any antimicrobial activity (70). 

A fourth class of lantibiotics was discovered in 2010 and includes the peptide venezuelin 

(Figure 4). Those lantibiotics are also matured by a tri-functional synthetase, consisting of a 

lyase, a kinase and a cyclase domain (Figure 3). Latter contains, unlike class III, the zinc 

binding motif (70, 75, 83).   

 

 
 

Figure 3: Lanthionine modification enzymes.  

The four classes of lanthionines and their modification enzymes with dehydratase domains (blue), cyclase 

domains (orange), lyase domains (green) and kinase domains (yellow) (Adapted from (70)).  
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Figure 4: Representative lantibiotics and their classes. 

Schematically view of structural examples for class I: gallidermin, Class II: lacticin 481, class III: sapB and 

classIV: venezuelin. Dehydrated amino acids as well as cysteines are highlighted in grey, (methyl-) lanthionine 

rings are shown in red. 

 

Nisin 

 

The best studied bacteriocin is nisin, produced by Lactococcus lactis and Streptococcus uberis 

strains, which was discovered 1928 and is used in the food and dairy industry since decades 

(61, 65, 66). Nisin is an amphipathic, 34 amino acids long peptide, consisting of a hydrophobic 

N-terminus and a hydrophilic C-terminus (84, 85). It has a broad antimicrobial activity against 

Gram-positive bacteria like staphylococci, streptococci, bacilli and enterococci. The structure 

of nisin was solved in 1991 with NMR spectroscopy (86) and shows it can be subdivided in 

three parts. The N-terminal region of nisin is composed of three (methyl-)lanthionine rings A, 

B and C, followed by flexible hinge region and the C-terminal region consisting of two 

intertwined (methyl-)lanthionine rings D and E and the last 6 amino acids (86-88) (Figure 5A). 

Nisin has, at least, a dual mode of action. First the N-terminal part of nisin binds to the 

pyrophosphate moiety of the cell wall precursor lipid II, detected via NMR in 2004, and thereby 

inhibiting peptidoglycan synthesis (89, 90) (Figure 5B). Secondly, nisin forms pores of 2-2.5 

nm diameter into the membrane which leads to rapid cell death due to the efflux of nutrients 

and ions and subsequently to a collapse of the membrane potential. This complex, consisting 

of eight nisin and four lipid II molecules, is built if the concentration of nisin reaches a certain 
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threshold (91). When nisin binds to lipid II via the first two (methyl-)lanthionine rings the 

flexible hinge region between the rings C and D mediated the pore formation by flipping the 

last two rings D and E inside of the membrane (87, 90, 92, 93) (Figure 5C). Due to this dual 

mode of action nisin is active in a low nanomolar range (94). A putative third mode of action 

for nisin was discussed in 2006, proposing a sequestration of lipid II (95). 

 

 

Figure 5: Nisin and its dual mode of action. 

A) Nisin with the N-terminal rings A, B and C and the C-terminal intertwined rings D and E. Dehydrated amino 

acids as well as cysteines are highlighted in grey, (methyl-) lanthionine rings are shown in red. B) Nisin binding 

lipid II via the first two rings A and B. 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 (96).  

 

1.4. Lantibiotic resistance 

 

The bacteriocin subgroup lantibiotics are active in the nanomolar range and target the bacterial 

cell wall and membranes of mainly Gram-positive bacteria, including multi-drug resistant 

pathogenic bacteria (97, 98). Pharmaceutical usage of lantibiotics is however hampered by 

resistance mechanisms against lantibiotics. Those resistance mechanisms could be 

modifications in the cell membrane or in the cell wall, but also resistance operons containing 

a two-component system and an ATP-dependent transporter are known (51, 99-102). 
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Modifications of the cell membrane 

 

Changes in the composition of the bacterial membrane, which consists of different 

phospholipids, can lead to lantibiotic resistance. Cell membrane composition differs between 

species and growth phases. Although the total amount is variable per species, most bacterial 

membranes contain phosphatidylglycerol (PG), a phospholipid with a negatively charged head 

group (103). Resistance against lantibiotics can occur by an increase or decrease of the PG 

levels in the membrane (104-106). Besides PG membranes contain lipids like cardiolipin (CL), 

phosphatidylethanolamine (PE) and phosphatidylcholine (PC). It was shown that the lantibiotic 

nisin is able to penetrate membranes with a higher concentration of CL more effectively than 

PG, PE or PC high concentrated membranes (99). Furthermore, it could be shown that resistant 

cells contain more saturated fatty acids than unsaturated and rather long chain fatty acids. 

Those modifications lead to a decreased membrane fluidity and a more rigid conformation of 

the membrane, thereby hindering the lantibiotics to access the membrane (51, 107-109). 

 

Additionally, some Gram-positive bacteria developed the ability to modify the negative charge 

of the phospholipid PG. Those cells express the integral lysyl-phosphatidylglycerol synthetase 

multipeptide resistance factor (MprF), which synthesizes one of the hydroxyl groups of PG 

via a lysine esterification. Subsequently the originated lysyl-phosphatidylglycerol (L-PG) is 

translocated to the external membrane layer, decreasing the total negative charge of the 

membrane due to the positive charge of the free amino group (51, 110-112). Lantibiotic 

resistance mediated by MprF has been observed in several Gram-positive bacteria like 

Staphylococcus aureus (112, 113), Bacillus subtilis (114), Enterococcus faecalis (115), 

Enterococcus faecium (116) and Mycobacterium tuberculosis (117). 

Furthermore, a mechanism to obtain resistance against lantibiotics is provided by the 

fabDG1G2Z1Z2 (fab) operon, present in some Gram-positive bacteria. Fab is involved in the 

membrane synthesis steps of saturation and elongation of phospholipids. It was shown that a 

decreased expression results in lantibiotic resistance due to a less dense packed membrane 

which has an impact of lantibiotic interaction (118, 119). 

 

Modifications of the cell wall 

 

The cell wall of Gram-positive bacteria is composed of the peptidoglycan (PGN) and teichoic 

acids, which are polymers of alternating phosphate and alditol groups. Those teichoic acids are 
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either wall teichoic acids (WTA), which are covalently linked to the MurNAc of the PGN due 

to phosphodiesters or lipoteichoic acids (LTA), which are linked to the membrane glycolipids 

(120, 121). Since the phospholipids and teichoic acids include anionic components the cell 

wall is negatively charged, which attracts the positively charged lantibiotics (122). Therefore, 

changing the negative charge of the cell wall by changing its composition is a strategy to 

prevent the lantibiotics from interaction with the cell wall, hence to gain resistance against 

lantibiotics. A method to change the net charge is the D-alanylation of the teichoic acids 

mediated by the dltABCD operon, which has been found in many different bacteria like 

Staphylococcus, Listeria, Enterococcus, Bacillus, Clostridium, Streptococcus, Lactobacillus 

and Lactococcus (123-130).   

Bacteria can also gain resistance against lantibiotics by increasing the expression of the 

penicillin-binding protein (PBP). This bifunctional enzyme catalyzes the glycosyltransfer to 

the PGN and the transpeptidation between the PGN subunits (131). PBP related resistance 

could be observed in Listeria and Lactococcus (119, 132). 

 

Lantibiotic resistance operon 

 

Lantibiotic resistance can be mediated by resistance operons, which consist of a two-

component system (TCS), with a histidine kinase and a response regulator, and an ATP-

binding cassette transporter (ABC transporter) (Figure 6).  

 

Two-component system 

 

The histidine kinase of the TCS is anchored to the membrane and acts as a sensor for the 

lantibiotic, activated by the histidine kinase the response regulator mediates the signal 

intracellular which leads to expression of corresponding genes (133, 134). Lantibiotic 

resistance related TCS can be subdivided into two groups, the BceRS-like and the LiaRS-like.  

The BceRS-like TCS was first discovered in B. subtilis and is involved in resistance against 

actagardine and mersacidin (7). The BceS-like kinase is an intermembrane sensing kinase, 

since it lacks the characteristic large extracellular sensor domain (134-136). Therefore those 

kinases are functionally linked to BceAB-type ABC transporters  (134, 137). Other examples 

for the BceRS-like TCS are BraRS from S. aureus and NsrRK from S. agalactiae (138). The 

structure of the response regulator NsrR has been solved and it was classified as a member of 
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the OmpR/PhoB subfamily. Further conserved amino acids in lantibiotic resistance regulators 

were found to be involved in posphorylation, dimerization and DNA-binding (139). 

The LiaRS-like TCS was first discovered in B. subtilis and contains three proteins, the kinase 

LiaS, the response regulator LiaR and additional LiaF, which acts as a negative regulator of 

the LiaR mediated gene expression (140). Examples for this type of TCS are LiaRS from 

L. monocytogenes, VraRS from S. aureus and CeaRS from L. lactis (141-144) .  

 

ABC transporter 

 
ABC transporters of lantibiotic resistance operons in Gram-positive  bacteria mediate an active 

resistance by transporting or effluxing lantibiotics. ABC transporter consist of a 

transmembrane domain (TMD) with a permease function and a nucleotide binding domain 

(NBD), which is able to hydrolyze ATP to generate the energy for the transport (145). For 

lantibiotic resistance two main classes of ABC transporter are known, the homodimeric and 

the heterodimeric (51, 137). 

 

The homodimeric resistance ABC transporter are BceAB-type transporter, the bacitracin efflux 

transporter, which was first discovered in B. subtilis (146). Those transporter are encoded on 

one operon with the BceRS-like TCS and confer resistance against more than one substrate. 

BceAB of B. subtilis confers resistance against bacitracin, actagardine and mersacidin (7, 8), 

whereas VraDE of S. aureus together with the TCS BraRS mediates resistance against 

bacitracin, daptomycin and nisin (9, 10). The S. agalactiae resistance transporter NsrFP confers 

resistance against the lantibiotics nisin and gallidermin (1, 147). Those transporter contain a 

large (620-670 aa) TMD with ten transmembrane helices (TMH) and a characteristic large 

extracellular domain (ECD) between TMH VII and VIII, as well as an NBD of 225-300 amino 

acids (1, 137, 148, 149). Although it has been assumed that BceAB-type transporter are 

involved in antimicrobial peptide removal from the membrane (150), operate as an exporter 

(147) or flip undecaprenyl pyrophosphate (151) the resistance mechanism of the ABC 

transporter family remains unsolved. 

 

Heterodimeric lantibiotic resistance transporter consist of two TMDs and one NBD (145), and 

are rather immunity than resistance transporter since they are mostly found in lantibiotic 

producing strains. Those transporter are named LanFEG-like and are found in the nisin 

producing strain L. lactis (NisFEG), in the epidermin producing strain S. epidermidis (EpiFEG) 
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and in the subitilin producing strain B. subtilis (SpaFEG) (137, 152-154). Till date the only 

known cationic antimicrobial peptide resistance transporter, not used as a self-protection 

mechanism in producer strains, is CprABC from C. difficile, which confers resistance against 

nisin, gallidermin and subtilin (99, 137, 155).  

 

 
 

Figure 6: Overview of lantibiotic resistance operons. 

Three operon structures for the cprABC system and the BceAB system as well as the NisFEG system as a 

representative for LanFEG are shown. For CprABC system cprABCK-R from C. difficile, nsrFE1E2G-XRK and 

lcrSR-lctFEG from S. mutans are shown. The nisRK-FEG system from L. lactis involved in nisin immunity is 

also highlighted. For BceAB system bceRS-AB from B. subtilis, braSR-vraDE from S. aureus and the nsrFP-RK 

system from S. agalactiae are shown. The size of the genes corresponds directly with the gene length as deposited 

in the NCBI database. The TCSs with response regulator (dark green) and histidine kinase (light green); and the 

ABC transporters are shown in different shades of blue. In the bceAB system, the NBD is dark blue while the 

TMD is shown in light blue. The additional TMD present in the cprABC systems is shown in cyan. The proteins, 

which are part of the operon but the function has not been determined so far are shown in grey. In case of the nis 

and nsr operons, an additional membrane associated protein is present which is colored in red. Taken from 

Clemens et al. (138).  
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Other lantibiotic resistance proteins 
 
In almost all lantibiotic producing strains a LanI protein is found, which confers self-immunity 

(156). This membrane associated protein is on one operon with the LanFEG transporter, 

together those proteins protect the producer strain from the produced lantibiotic. In the nisin 

producer strain L. lactis the NisI protein together with NisFEG is expressed to gain immunity 

against nisin (152, 157, 158). Further this protein is found in the subtilin producer strain 

B.subtilis (SpaI), the gallidermin producer strain S. gallinarium (GdmH) and the epidermin 

producer strain S. epidermidis (EpiH) (153, 154, 159). A well-known LanI protein is NisI from 

L. lactis, which confers resistance against nisin and held two different immunity systems. NisI 

is able to bind nisin to protect the cell from pore formation mediated by nisin (152, 157). The 

other mode of action of NisI is clustering the cells in the presence of nisin, thereby forming 

long cell chains and prevent the cell from nisin. This process is reversible, if nisin is removed 

from the cells they start to behave normal again (157). 

Some Gram-positive bacteria, which contain the BceRSAB-type operon additionally contain a 

gene on this operon responsible for degrading lantibiotics. One of those proteins is the nisin 

resistance protein NSR produced by S. agalactiae. The membrane associated serine protease 

SaNSR confers resistance against nisin by cleaving off the last 6 amino acids of nisin and 

thereby decreasing its activity 100 fold (4, 157). 

Further the protein MlbQ is known, which is produced by Microbispora and confers resistance 

against NAI-107- like lantibiotics (160, 161).  

Additionally some Gram-positive bacteria are able to express a nisinase, which is a nisin 

inactivating enzyme. This enzyme is produced by E. faecalis but also by some Bacillus, 

Lactobacillus, Lactococcus, Enterococcus, Leuconostoc, Staphylococcus and Streptococcus 

specia and is supposed to reduce the C-terminal dehydroalanyl-lysine of nisin (99, 162-164). 

 
1.5. NSR operon 

 
Like described in 1.4.3. some strains confer resistance against lantibiotics due to an lantibiotic 

resistance operon, composed of four or five genes, which encode for a two-component system, 

an ABC transporter and some operons additionally hold a gene for a serine protease or a protein 

of unknown function (1, 138, 155, 165). These operons are often found in human pathogenic 

bacteria like S. aureus and S. agalactiae (138). Latter confers resistance against nisin via the 

nisin resistance protein operon (nsr operon), which is composed of a serine protease, an ABC 

transporter and a two-component system (1) (Figure 6 & 7).  
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The Nisin resistance protein 

 

The 36.2 kDa NSR protein of S. agalactiae is anchored to the membrane with the N-terminal 

part and has a high hydrophobicity (Figure 7). The hydrophobic N-terminus holds a 

transmembrane sequence of 21 amino acids (166). NSR belongs to peptidases of the S41 

family, further to the C-terminal processing peptidases (CTPs) and has a specific catalytic dyad 

mechanism consisting of a serine and a histidine residue (2, 3). NSR confers resistance against 

nisin by degrading the lantibiotic via cleavage between MeLan28 and Ser29 of nisin (4). 

Although it still contains the five characteristically (methyl-) lanthionine rings the originated, 

reduced nisin1-28 has a 100 fold less antimicrobial activity due to a reduced affinity for the cell 

membrane as well as a decreased effective pore formation (4, 5). If NSR is expressed in a nisin 

sensitive L. lactis strain a 18-20 fold resistance against nisin can be observed (1). The crystal 

structure of NSR was solved and shows three domains: An N-terminal helical bundle, the 

protease cap and a core domain. Those domains form a 10 Å width tunnel, which is 

hydrophobic, negatively charged and binds nisin (3). It was shown that the catalytic dyad is in 

the protease core domain and further that the last two (methyl–) lanthionine rings D and E of 

nisin are necessary for the interaction of the lantibiotic and the protease (3). 

 

The ABC transporter NsrFP 

 

The ABC transporter NsrFP from Streptococcus agalactiae consists of a nucleotide binding 

domain NsrF and a transmembrane domain NsrP (1) (Figure 7). NsrFP belongs to the BceAB-

type transporter and has a high sequence similarity (45 %) to MbrAB from S. mutans (6). The 

NBD NsrF has a size of 28 kDa, whereas the TMD NsrP has 74 kDa, including ten 

transmembrane helices and a characteristic large extracellular domain of 220 amino acids (1, 

138). Like described before several BceAB-type transporter are known which confer resistance 

against more than one antimicrobial peptide (1.4.3.2.). If expressed in a nisin sensitive L .lactis 

strain NsrFP was shown to confer a 16 fold of resistance against nisin A and 12 fold of 

resistance against another natural nisin variant nisin H and the lantibiotic gallidermin. As nisin 

and gallidermin are similar in the N-terminal part it was assumed that NsrFP also recognizes 

the N-terminal part of nisin. Further it was shown that NsrFP prevents the cells from pore 

formation mediated by nisin and an efflux mechanism of the transporter was postulated based 

on an peptide release assay (147). Despite this the mechanism and the structure of NsrFP from 

S. agalactiae remain elusive.  
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The Two-component system NsrRK 

 

In all lantibiotic immunity and resistance operons genes encoding a TCS are present. In 

S. agalactiae the TCS of the nsr operon is composed of the response regulator NsrR (25 kDa) 

and the histidine kinase NsrK (31 kDa) (1) (Figure 7). 

The response regulator NsrR belongs to the OmpR subfamily and its structure was solved with 

X-ray crystallography. This structure postulates a DNA-binding response regulator and shows 

the typical helix-turn-helix motif which is characteristic for OmpR type response regulators. 

Although the putative residues responsible for the DNA binding were identified, the distinct 

promoters for the nsr operon remain unknown (139). 

The histidine kinase NsrK belongs to the intermembrane sensing kinase (IMSK) family and is 

composed of a short sensory domain and a characteristic kinase domain (167). NsrK lacks 

additional domains which would be needed for cytoplasmic signal detection, so it is assumed 

that the ABC transporter NsrFP is necessary to gain full resistance against nisin (1). 

 

 

Figure 7: Proteins of the nsr operon. 

The structure of NSR in purple (PDB: 4Y68), the ABC transporter NsrFP with the TMD in blue and the NBD in 

orange, the histidine kinase in red and the response regulator in green (PDB: 5DCM).  
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2. Aims 
 
Elucidating and overcoming the nisin resistance mediated by the proteins NSR and NsrFP of 

S. agalactiae was the overall aim of this thesis. 

Since antibiotic resistance has become a great challenge in our era, it gets more and more 

important to overcome the evolved resistance mechanisms. One of those evolved mechanisms 

are the serine protein NSR and the ABC transporter NsrFP of the human pathogenic strain S. 

agalactiae.  

The nisin resistance protease SaNSR is a C-terminal processing peptidase (CTP) and has a 

specific catalytic dyad mechanism consisting of a serine and a histidine residue (2, 3). It was 

shown that NSR confers resistance against nisin by degrading the lantibiotic at its C-terminus 

resulting in a 100 fold less active nisin fragment (4, 5) . The crystal structure of SaNSR was 

solved and shows a 10 Å width tunnel, which is hydrophobic, negatively charged and binds 

the last two (methyl–) lanthionine rings D and E of nisin (3). Since the structure and the 

mechanism of SaNSR are known the first aim of this thesis was to overcome this nisin 

resistance by finding inhibiting compounds: Those compounds either derived from natural 

sources or virtual screenings, further effective nisin derivatives to bypass this resistance were 

investigated.  

The ABC transporter NsrFP from Streptococcus agalactiae belongs to the BceAB-type 

transporter (6). Several BceAB-type transporter are known which confer resistance against 

more than one antimicrobial peptide (7-10). The second aim of this thesis was to clarify the 

resistance spectrum of SaNsrFP.  

Although there have been a lot of studies about BceAB-type transporter and it has been 

assumed that they are involved in antimicrobial peptide removal from the membrane (150), 

operate as an exporter (147) or flip undecaprenyl pyrophosphate (151) the resistance 

mechanism of the ABC transporter family remains unsolved. The third aim of this thesis was 

to elucidate the mechanism of SaNsrFP as a model system for BceAB-type transporter.  

Additional several rational designed nisin variants as well as natural compounds and their 

derivatives were tested to subsequently overcome the resistance mediated by SaNsrFP.  
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4. Discussion 
 
In this thesis the nisin resistance proteins NSR and NsrFP of the human pathogenic strain 

S. agalactiae were investigated. Both resistance proteins are encoded on one operon together 

with a response regulator and a histidine kinase, combined forming a resistance mechanism 

(Chapter II).  

This operon is also found in many other firmicute bacteria, mostly a BceAB-type ABC 

transporter is associated and coevolved with a TCS (136). Interestingly those BceAB-type 

transporter contain a large extracellular domain (ECD), whereas the kinase encoded on the 

same operon lacks an extracellular sensing domain (1, 7, 146). Since this large ECD is unusual 

for ABC transporter it is assumed, that the transporter fulfills a dual function: On the one hand 

it acts as a sensor and on the other hand it mediates the resistance against AMPs (168). 

Surprisingly, those characteristic ECDs of the BceAB-type transporter share no sequence 

identities, which raises the question of their function.  

 

Unlike other immunity and resistance transporter BceAB-type transporter confer resistance 

against structurally very diverse AMPs (Chapter II and (150)). As they are evolutionary 

connected and fulfill the same function in different bacteria, it is of great interest to solve the 

overall mechanism of this type of ABC transporter.  

In lantibiotic producers a similar operon, named LanFEG, composed of a lipoprotein, a TCS 

and an ABC transporter is present. The best studied operon is NisFEG of the nisin system, with 

the lipoprotein NisI, the TCS NisRK and the ABC transporter NisFEG. It was shown that 

NisFEG is a nisin exporter (158), whereas the lipoprotein NisI binds nisin (157, 169). Further 

it was shown that the lipoprotein NisI plays a more effective role and is assumed to be the first 

line of defense, whereas the transporter is the second line (170-172). 

 

Encoded in Bce-like operons just a few additional membrane anchored proteins are known like 

NSR of S. agalactiae or VraH from S. aureus (1, 10). Those type of proteins are very interesting 

since they only confer resistance against one target in contrast to the corresponding transporter. 

Here it has to be elucidated whether the membrane anchored protein or the ABC transporter 

operates as the first line of defense. 
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In this thesis the mechanism of resistance of the ABC transporter SaNsrFP was elucidated. 

Furthermore, two approaches to overcome the resistance in SaNSR were identified. Here we 

discuss the achieved findings and their relevance on the previous described context. We will 

discuss which of the resistance proteins functions as the first line of defense or the second line 

and further consider the role of the extracellular domain.  

 

4.1. Characterization of SaNsrFP 

 

The ABC transporter NsrFP from Streptococcus agalactiae belongs to the BceAB-type 

transporter (6) and was known to confer resistance against the lantibiotic nisin (1). Several 

BceAB-type transporter are known which confer resistance against more than one 

antimicrobial peptide (7-10). Here we first discovered the spectrum of resistance mediated by 

SaNsrFP. Further the mechanism of the transporter was solved since, although there have been 

a lot of studies about BceAB-type transporter and it has been assumed that they are involved 

in antimicrobial peptide removal from the membrane (150), operate as an exporter (147) or flip 

undecaprenyl pyrophosphate (151), the resistance mechanism of the ABC transporter family 

remains unsolved. 

 

Resistance of the ABC transporter SaNsrFP 

 

In Chapter I and VI a broad substrate specificity of SaNsrFP was demonstrated. First it was 

thought the transporter recognizes the N-terminal part of nisin since it confers resistance to all 

tested nisin variants and also against gallidermin, which is similar in the first lanthionine rings 

A and B of nisin (Chapter I). Further nisin1-28, the product of the protease SaNSR was tested 

against NsrFP and resulted in an even higher fold of resistance than wildtype nisin, suggesting 

that both proteins of the nsr operon work together. Additionally, also nisinC28P was tested, 

which is able to bypass the protease SaNSR (Chapter III) and is less effective against the 

transporter SaNsrFP.  

In Chapter VI other AMPs targeting lipid II or UDP were tested, demonstrating that SaNsrFP 

confers resistance against all tested substances but especially against bacitracin, a cyclic 

peptide able to bind and sequester UPP and thereby prevents the recycling of the lipid carrier 

and interrupts the lipid II synthesis cycle (Figure 8).  
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Figure 8: Schematic representation of antibiotics targeting lipid II and UPP. 

A) Schematic view of lipid II, anchored to the membrane (yellow) with its undecaprenyl-pyrophosphate (blue), 

N-acetyl muramic acid (red), N-acetyl glucosamine (turquoise) and the pentapeptide Ala-Glu-Lys-(Asn)-Ala-Ala 

(orange). Highlighted are the target regions of the nisin and gallidermin (bold), ramoplanin and lysobactin 

(dashed) and vancomycin (plain). B) Schematic view of undecaprenyl-pyrophoshphate with its phosphates (blue), 

anchored to the membrane (yellow) and highlighted target region of bacitracin (bold) (Taken from Chapter VI). 

 

Interestingly, also other BceAB-type ABC transporter confer a high resistance against 

bacitracin. In Listeria monocytogenes the transporter AnrAB was detected, which was first 

thought to confer resistance against nisin. AnrAB was tested against other AMPs and showed 

resistance also against the lantibiotic gallidermin and the highest resistance, of all tested 

substances, against bacitracin (173). The ABC transporter BceAB of B. subtilis showed, 

besides resistance against nisin and gallidermin, as well the highest resistance against 

bacitracin (8). Also studies with VraDE of S. aureus showed resistance against nisin and 

gallidermin and also against bacitracin mediated by this transporter (9, 10). As all mentioned 

transporter confer resistance against the lantibiotic nisin and the cyclic peptide bacitracin, 

while that share neither structural nor target similarities, it can be assumed that the transporter 

must share a mechanism involving the lipid II recycling process. In the next part we will discuss 

the putative mechanism of the BceAB-type transporter. 
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Mechanism of the ABC transporter SaNsrFP 

 

As mentioned above a common mechanism for BceAB-type ABC transporter is very likely. 

Here we use NsrFP from S. agalactiae as a model system to elucidate their mechanism. In 

Chapter VI we hypothesize that SaNsrFP flips lipid II back in the cytoplasm, founded by 

several experimental indications (Figure 9). The first hint was the broad spectrum of antibiotics 

against which SaNsrFP, and also other BceAB-type transporter, confer resistance. Here it was 

noticeable that those antibiotics either target lipid II directly or target molecules inside of the 

lipid II recycling process. Based on these findings we checked the peptidoglycan composition 

of the SaNsrFP expressing strain, which is altered in the cross-linking bridge compared to our 

control strains, suggesting a modification of lipid II while flipping inside of the cells. 

Since the peptidoglycan synthesis should be disturbed by flipping lipid II inside of the cells an 

altered growth behavior of the SaNsrFP expressing cells was expected. Our results showed 

decelerated growth of those cells compared to the control strains, confirming our thesis. 

Additionally, cell growth was observed in the presence of 100 nM bacitracin, which did not 

influence the growth of the SaNsrFP expressing cells but result in a breakdown of the control 

cells growth, supporting the lipid II flipping postulation since the target of bacitracin UPP is 

absent in SaNsrFP expressing cells (Figure 2).   

 

 

Figure 9: Postulated mechanism of SaNsrFP. 

Schematic view of peptidoglycan synthesis Synthesis. 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 aminoacids of the 

pentapeptide in orange. The transporter SaNsrFP is demonstrated in blue with a highlighted arrow for the 

postulated flippase mechanism of lipid II inside of the cytoplasm (Taken from Chapter VI). 
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Since all these results would influence the lipid II synthesis, it was of major interest to check 

the proteome of the cells. Interestingly almost all proteins involved in cell wall synthesis are 

downregulated  in SaNsrFP  expressing  cells  (Figure 9:  MurA,  MurC,  MurD,  MurE,  MurF). 

Based on the thesis of lipid II flipping subsequently more lipid II is in the cytoplasm and less 

lipid  II  has  to  be  synthesized,  which  would  result  in  less  expression  rate  of  the  involved 

proteins.  

 

Overcoming the resistance mediated by SaNsrFP 

 

Since the overall aim is to fight human pathogenic bacteria it is of major interest to overcome 

the  resistance  mechanism  in  those  strains. In  Chapter  VII  we  demonstrated  that  natural 

compounds and derivatives from fungi and marine organisms are able to inhibit the resistance 

ABC transporter SaNsrFP.  The  best  inhibiting  compound  was  found  to  be  Cerebroside  C 

(Figure 10A), composed of a fatty acid and a sphingosine, which together form the ceramide 

structure and further a monosaccharide. Since Cerebroside D (Figure 10B), which only differs 

in one double bound, causes no inhibition of SaNsrFP expressing cells it can be assumed that 

the effect of Cerebroside C is rather specific than caused by membrane affinity because of its 

lipid structure. 

 

Figure 10:Structures of A) Cerebroside C and B) Cerebroside D (Taken from Chapter VII). 

 

Two putative mechanisms of inhibition were elucidated in Chapter VII. The first one is based 

on an proposed exporting mechanism of SaNsrFP (147) (Chapter I), which could be inhibited 

by a specific binding of Cerebroside C to the active site, resulting in competitive inhibition or 

by  binding  to  the  non-active  part  of  the  protein  and  thereby  changing  its  conformation  and 

A

B
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preventing substrate binding. Another postulated mechanism of the BceAB-type transporter is 

a flipping mechanism of undecaprenyl pyrophosphate (151). Here the same putative effects of 

Cerebroside C are possible, just differing in the substrate of the transporter. Considering 

Chapter VI and our new postulated mechanism for SaNsrFP it can be assumed that 

Cerebroside C can not only function as a competitive inhibitor or binding to the non-active part 

of the transporter but also could be a potential substrate of the ABC transporter due to its 

structural similarity to lipid II. Nevertheless, this would not explain the specific inhibition of 

Cerebroside C compared to Cerebroside D. Conclusively the inhibitional effect of this natural 

compound remains unsolved but creates a great basis for further studies to overcome the 

resistance mediated by SaNsrFP. 

 

4.2. Overcome the nisin resistance of SaNSR 

 

The nisin resistance protein SaNSR is a C-terminal processing peptidase (CTP) with a specific 

catalytic dyad mechanism, consisting of a serine and a histidine residue (2, 3). The crystal 

structure of SaNSR shows a 10 Å width tunnel, which is negatively charged, hydrophobic and 

binds the last two (methyl–) lanthionine rings D and E of nisin (3). SaNSR confers resistance 

against nisin by degrading the lantibiotic at its C-terminus, directly after ring E between 

MeLan28 and Ser29, resulting in a 100 fold less active nisin1-28 fragment (4, 5).  

 

Bypassing SaNSR with an effective nisin derivate 

 

The first approach to overcome this nisin resistance mediated by SaNSR was to find a nisin 

variant which is still active but cannot be cleaved by SaNSR (Chapter III). We investigated the 

nisin variant nisinC28P, lacking the last lanthionine ring E by substituting the cysteine at position 

28 with a proline, and thereby introducing a small ring-like structure which sterically is rather 

rigid (Figure 11).  
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Figure 11: Schematic view of nisin A wildtype and nisinC28P. 

Introduced mutation at position 28 is highlighted in blue. The (methyl-) lanthionine rings, formed by a cysteine 

residue sidechain and a dehydrated amino acid residue are highlighted in orange and yellow (rings A, B, C, D and 

E) (Taken from Chapter III). 

 

NisinC28P was applied to a L. lactis strain expressing the wildtype SaNSR protein as well as to 

a control strain carrying an empty plasmid and to SaNSRS236A expressing cells, an inactive 

mutant where the serine of the catalytic dyad is substituted by an alanine. In vivo assays showed 

that nisinC28P is still active in a low nanomolar range and further that the nisinC28P fold of 

resistance of NZ9000SaNSR as well as of NZ9000SaNSRS236A against the sensitive strain are 

similar to the nisin fold of resistance of the NZ9000SaNSRS236A. These studies suggest that 

SaNSR is also still able to bind the nisin variant in vivo but is not able to cleave it. In 

comparison to the SaNSRS236A mutant, which is able to bind nisin but not to cleave off the last 

six amino acids. This assumption also fits to the molecular dynamic studies which showed the 

interactions between the catalytic domain in SaNSR and the rings D and E of nisin (174). 

 
In vitro assays showed that nisinC28P is still able to form pores in L. lactis NZ9000 cells. Further 

it was shown that the nisin variant forms pores in L. lactis NZ9000NSR cells at a concentration 

of 30 nM, whereas the wildtype nisin shows no pore forming effect at this concentration. In 

addition it was indicated that pore formation starts slowly when nisinC28P is used, which is 

consistent with showing that the rings D and E of nisin are, together with the hinge region, 

responsible for the flipping inside the membrane to form the pores (175). 

 

Compared to previous studies on nisin derivates, the only known mutations leading to a 

decreased resistance of SaNSR are the results of the nisinC28P variant depicted here and further 
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the Ser29Pro mutations by Field et al. (2018) (176). This study presents a highly potent, pore 

forming  nisin  variant  as  an  alternative  lantibiotic  to  bypass SaNSR.  Here  we  detected  a 

lantibiotic  with  a  three  times  higher  activity  against SaNSR-expressing L.  lactis cells  than 

nisin. 

 

Small-molecule inhibitors of SaNSR 

 

The  second  approach  to  overcome  the  nisin  resistance  mediated  by SaNSR  was  to  identify 

first-in-class  small-molecule  inhibitors  by  virtual  screening  based  on  a  previously  derived 

structural model of the complex of SaNSR with nisin (Chapter V). During this virtual screening 

first compounds were selected based on shape similarities with the parts of nisin, lanthionine 

rings D and E as well as Ser29 and Ile30, involved in recognition by SaNSR. Subsequently the 

best  fitting  compounds  were  further  analyzed  by molecular  docking  studies  to  predict  their 

configuration in the binding site of SaNSR and to rank them in accordance with their potential 

molecular interactions. In the first screening 11 compounds were selected for further testing. 

In the second screening, with two additional filters, 23 compounds were selected. With those 

34 compounds a biological activity assay was performed to gain the specific growth inhibition 

of  the L.  lactis NZ9000NSR  cells  mediated  by  the  compounds.  The  best  specific  growth 

inhibition was shown by the compound NPG9, with 58 % at a concentration of 150 µM. NPG9 

is  a  halogenated  phenyl-urea  derivative.  Further  a  reduced  half  maximal  inhibitory 

concentration of nisin was measured in presence of 120 µM NPG9 (Figure 12) and results in 

50.5 % compared to L. lactis NZ9000NSR cells without the compound.  

 

 

Figure 12: Structure of NPG9. 
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Based on this derivatives of NPG9 were searched focusing on bioisosteric replacements of 

halogen atoms or variations of the two hydroxyl groups. None of the 12 NPG9 derivatives 

shows a higher activity against SaNSR than NPG9. 

Molecular docking studies showed that the tunnel of SaNSR is frequently accessible for NPG9. 

Further STD NMR measurements demonstrate that NPG9 is able to bind the resistance 

proteins, consistent with the binding mode model. Conclusively the first-in-class small-

molecule inhibitor of SaNSR was identified and till date no other biological activities have 

been reported.  

After revealing a strategy to bypass the SaNSR protein with the first approach of this thesis, 

the second approach shows a direct binding of the resistance protein and thereby an inhibition 

of its activity, making wildtype nisin more suitable again.  

 

4.3. The nisin resistance machinery in S. agalactiae 

 

In this thesis we elucidated the mechanism of the nisin resistance ABC transporter NsrFP from 

S. agalactiae and further exemplified different approaches to overcome SaNsrFP and the serine 

protease SaNSR. 

The serine protease SaNSR is very specific, resulting in inefficient cleavage of nisin derivates 

like nisinC28P (Chapter III). Further natural, structural unrelated compounds are not able to 

inhibit this protein (Chapter VII) whereas nisin based modelled small-molecule inhibitors show 

an inhibitional effect on the serine protease (Chapter V).  

In contrast the ABC transporter SaNsrFP confers resistance against lantibiotics, glycopeptides, 

lipoglycodepsipeptides, acylcyclodepsipeptides and cyclcic peptides, which target either the 

cell wall precursor lipid II or the peptidoglycan sub product undecaprenyl pyrophosphate 

(Chapter I and VI). Further we demonstrated that SaNsrFP can be specifically inhibited by 

some natural compounds, including cyclic peptides, diterpenes and ceramides (Chapter VII). 

 

In Chapter IV we investigated on nisin hinge-region variants, where this region is either 

partially deleted (Δ21MK22), extended within the hinge-region or at the C-terminus of the 

hinge-region (20NIVMK24 and 20NMKIV24) (Figure 13). We tested all three variants on the 

immunity proteins NisI and NisFEG as well as on the resistance proteins SaNSR and SaNsrFP. 

The nisin hinge-region variant 20NIVMK24 shows a higher fold of resistance compared to nisin 

against the immunity proteins NisI and NisFEG, whereas the resistance proteins seemed not to 

be influenced. On the other hand the nisin variant Δ21MK22 showed a decreased fold of 
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resistance against the resistance proteins SaNSR and SaNsrFP, whereas the immunity proteins, 

especially the lipoprotein NisI are not highly influenced by this mutation. Those studies 

indicate a different mechanism and substrate recognition between the immunity and the 

resistance system for both, the lipoproteins NisI and SaNSR and the ABC transporter NisFEG 

and SaNsrFP. Further the nisin variant 20NMKIV24 showed to be less recognized by all tested 

proteins, demonstrating a great approach for further studies to overcome lantibiotic immunity 

and resistance, by showing just a slight decrease of pore forming an antimicrobial activity. 

 

 

Figure 13: Schematic representation of nisin hinge-region variants. 

The (methyl-)lanthionine rings, formed by a cysteine residue side chain and a dehydrated amino acid residue are 

highlighted in yellow and green. The (methyl-)lanthionine rings A, B, C, D and E are depicted in red (Taken from 

Chapter IV) Introduced mutations are indicated in green (extension inside hinge-region), red (extension after 

hinge-region) and blue (partially deletion of the hinge-region). 

 

Considering both resistance proteins as a resistance machinery a few findings stand out. The 

nisin cleavage product of SaNSR is nisin1-28 and it was shown that SaNsrFP still shows 

resistance against this nisin variant, even with a higher fold than against wildtype nisin, 

suggesting that both resistance proteins of the nsr operon work together and complement each 

other. This complementation was also observed for some immunity operons like the nisin 

operon of L. lactis and the subtilin operon in B. subtilis (152, 177). Interestingly, nearly all 

lantibiotic immunity systems are composed out of a lipoprotein LanI, like NisI and SpaI, and 

an ABC transporter LanFEG, like NisFEG and SpaFEG, independent of their produced 

lantibiotic (156). The membrane associated LanI lipoproteins confer resistance against just a 

few substrates by for example binding or sequestering nisin (NisI) or subtilin (SpaI) (157, 169, 

177). The immunity ABC transporter NisFEG and SpaFEG are known to transport the substrate 

(nisin/subtilin) into the extracellular space (152, 177). The only known three-component ABC 
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transporter, which confers lantibiotic resistance is CprABC from C. difficile (148). Together 

with the TCS CprRK it confers resistance against nisin, gallidermin, subtilin, mutacin 1140 

and cinnamycin (155), therefore also showing a broad substrate specificity. Directly in front of 

this operon a gene encoding a lipoprotein can be found. Although it is uncharacterized yet, it 

is assumed that it could confer lantibiotic resistance (148, 155). 

However, BceAB-type resistance systems almost always lack this lipoprotein, which is 

assumed to be the first line of defense in lantibiotic immunity systems (170-172). One 

lipoprotein can be found in the nisin resistance system of S. agalactiae (Chapter III-V). 

Another membrane anchored protein, which is additional to a BceAB-type transporter is VraH 

of S. aureus forming a functional complex with the transporter VraDE. Again the transporter 

confers resistance against a few antibiotics like gallidermin, nisin and bacitracin, whereas the 

additional protein VraH only confers resistance against gallidermin and seems to be very 

substrate specific like SaNSR and the LanI proteins (10) (Chapter II).  

 

Conclusively it can be assumed that in Bce-systems rather the ABC transporter is the first line 

of defense, protecting the cell against a broad spectrum of antimicrobial peptides with a specific 

mechanism of flipping the cell wall precursor lipid II and thereby extracting the target from 

the extracellular space. The characteristic, uncommon large extracellular domain plays a great 

role in this mechanism, which still has to be elucidated. In contrast to the lantibiotic immunity 

system the lipoprotein is assumed to be the second line of defense. Since this protein is lacking 

in many Bce-systems it demonstrates the high effectiveness of the mechanism of the BceAB-

type ABC transporter (Figure 14). 
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Figure 14: Schematic representation of the proteins encoded on bce-like operons. 

The TCS with its histidine kinase (red) and response regulator (green) as well as the BceAB-type transporter with 

the permease domain (blue) and the NBD (orange) form the first line of defense. The mechanism of BceAB-type 

transporter is demonstrated by the flipping of lipid II (highlighted in blue). The additional second line of defense 

with the lipoprotein (purple) is demonstrated as an eventuality, lacking in most of the bce-like operons. 

 

The role and function of the characteristic extracellular domain of BceAB-type ABC 

transporter is still unknown. They are supposed to recognize the AMPs extracellularly and 

subsequently induce the TCS-dependent signal transduction within the cell, therefore being 

crucial for the resistance (9, 146). Further an initial substrate binding of the ECD was 

postulated based on indirect knockout mutant studies (165). Interestingly, as shown in Figure 

15, those ECDs share almost no sequence identity. 
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Figure 15: Alignment of representative ECDs. 

Alignment of the ECDs of NsrP from S. agalactiae, BceB from B. subtilis and VraE from S. aureus as 

representatives for BceAB-type ECDs. (Taken from 

https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobId=clustalo-I20191018-113235-0389-35180401-

p1m , 21.10.2019) 
 

Nevertheless, a structural or functional similarity for those characteristic domains is very 

likely. If this domain acts as a sensor the question arises whether it recognizes just one type of 

AMPs or several and how does this recognition part look like. Further, if it is responsible for 

the resistance against diverse AMPs the functional mechanism of this domain has to be 

elucidated and is of major interest to investigate on novel antibiotics to overcome the resistance 

mechanisms and to treat infections with related human pathogens. 

 
 



Literature 
 

 152 
 

5. Literature 
 
1. Khosa S, AlKhatib Z, Smits SH. NSR from Streptococcus agalactiae confers resistance 

against nisin and is encoded by a conserved nsr operon. Biol Chem. 2013;394(11):1543-9. 

2. Rawlings ND, Barrett AJ, Thomas PD, Huang X, Bateman A, Finn RD. The MEROPS 

database of proteolytic enzymes, their substrates and inhibitors in 2017 and a comparison with 

peptidases in the PANTHER database. Nucleic Acids Res. 2018;46(D1):D624-D32. 

3. Khosa S, Frieg B, Mulnaes D, Kleinschrodt D, Hoeppner A, Gohlke H, et al. Structural 

basis of lantibiotic recognition by the nisin resistance protein from Streptococcus agalactiae. 

Sci Rep. 2016;6:18679. 

4. Sun Z, Zhong J, Liang X, Liu J, Chen X, Huan L. Novel mechanism for nisin resistance 

via proteolytic degradation of nisin by the nisin resistance protein NSR. Antimicrob Agents 

Chemother. 2009;53(5):1964-73. 

5. Liang X, Sun Z, Zhong J, Zhang Q, Huan L. Adverse effect of nisin resistance protein 

on nisin-induced expression system in Lactococcus lactis. Microbiol Res. 2010;165(6):458-

65. 

6. Tsuda H, Yamashita Y, Shibata Y, Nakano Y, Koga T. Genes involved in bacitracin 

resistance in Streptococcus mutans. Antimicrob Agents Chemother. 2002;46(12):3756-64. 

7. Ohki R, Giyanto, Tateno K, Masuyama W, Moriya S, Kobayashi K, et al. The BceRS 

two-component regulatory system induces expression of the bacitracin transporter, BceAB, in 

Bacillus subtilis. Molecular Microbiology. 2003;49(4):1135-44. 

8. Staron A, Finkeisen DE, Mascher T. Peptide antibiotic sensing and detoxification 

modules of Bacillus subtilis. Antimicrob Agents Chemother. 2011;55(2):515-25. 

9. Hiron A, Falord M, Valle J, Debarbouille M, Msadek T. Bacitracin and nisin resistance 

in Staphylococcus aureus: a novel pathway involving the BraS/BraR two-component system 

(SA2417/SA2418) and both the BraD/BraE and VraD/VraE ABC transporters. Mol Microbiol. 

2011;81(3):602-22. 

10. Popella P, Krauss S, Ebner P, Nega M, Deibert J, Gotz F. VraH Is the Third Component 

of the Staphylococcus aureus VraDEH System Involved in Gallidermin and Daptomycin 

Resistance and Pathogenicity. Antimicrob Agents Chemother. 2016;60(4):2391-401. 

11. Flemming A. On the antibacterial action of cultures of a penicillium, with special 

reference to their use in the isolation of B. influenza. British journal of experimental 

pathology  1929. p. 226–36. 



Literature 
 

 153 
 

12. van Hoek AH, Mevius D, Guerra B, Mullany P, Roberts AP, Aarts HJ. Acquired 

antibiotic resistance genes: an overview. Front Microbiol. 2011;2:203. 

13. Powers JH. Antimicrobial drug development--the past, the present, and the future. Clin 

Microbiol Infect. 2004;10 Suppl 4:23-31. 

14. Higgins PG, Fluit AC, Schmitz FJ. Fluoroquinolones: structure and target sites. Curr 

Drug Targets. 2003;4(2):181-90. 

15. Drlica K, Zhao X. DNA gyrase, topoisomerase IV, and the 4-quinolones. Microbiol 

Mol Biol Rev. 1997;61(3):377-92. 

16. Hooper DC. Quinolone mode of action. Drugs. 1995;49 Suppl 2:10-5. 

17. Yoneyama H, Katsumata R. Antibiotic resistance in bacteria and its future for novel 

antibiotic development. Biosci Biotechnol Biochem. 2006;70(5):1060-75. 

18. Johnston NJ, Mukhtar TA, Wright GD. Streptogramin antibiotics: mode of action and 

resistance. Curr Drug Targets. 2002;3(4):335-44. 

19. Kapoor G, Saigal S, Elongavan A. Action and resistance mechanisms of antibiotics: A 

guide for clinicians. J Anaesthesiol Clin Pharmacol. 2017;33(3):300-5. 

20. Wise R. A review of the mechanisms of action and resistance of antimicrobial agents. 

Can Respir J. 1999;6 Suppl A:20A-2A. 

21. Bozdogan B, Appelbaum PC. Oxazolidinones: activity, mode of action, and mechanism 

of resistance. Int J Antimicrob Agents. 2004;23(2):113-9. 

22. Chapot-Chartier MP. Interactions of the cell-wall glycopolymers of lactic acid bacteria 

with their bacteriophages. Front Microbiol. 2014;5:236. 

23. Muller A, Klockner A, Schneider T. Targeting a cell wall biosynthesis hot spot. Nat 

Prod Rep. 2017;34(7):909-32. 

24. JORDAN DC, INNISS WE. Selective inhibition of ribonucleic acid synthesis in 

Staphylococcus aureus by vancomycin. Nature. 1959;184(Suppl 24):1894-5. 

25. ANDERSON JS, MATSUHASHI M, HASKIN MA, STROMINGER JL. LIPID-

PHOSPHOACETYLMURAMYL-PENTAPEPTIDE AND LIPID-

PHOSPHODISACCHARIDE-PENTAPEPTIDE: PRESUMED MEMBRANE TRANSPORT 

INTERMEDIATES IN CELL WALL SYNTHESIS. Proc Natl Acad Sci U S A. 1965;53:881-

9. 

26. Perkins HR. Specificity of combination between mucopeptide precursors and 

vancomycin or ristocetin. Biochem J. 1969;111(2):195-205. 



Literature 
 

 154 
 

27. Chatterjee AN, Perkins HR. Compounds formed between nucleotides related to the 

biosynthesis of bacterial cell wall and vancomycin. Biochem Biophys Res Commun. 

1966;24(3):489-94. 

28. Montecalvo MA. Ramoplanin: a novel antimicrobial agent with the potential to prevent 

vancomycin-resistant enterococcal infection in high-risk patients. J Antimicrob Chemother. 

2003;51 Suppl 3:iii31-5. 

29. Cavalleri B, Pagani H, Volpe G, Selva E, Parenti F. A-16686, a new antibiotic from 

Actinoplanes. I. Fermentation, isolation and preliminary physico-chemical characteristics. J 

Antibiot (Tokyo). 1984;37(4):309-17. 

30. Hu Y, Helm JS, Chen L, Ye XY, Walker S. Ramoplanin inhibits bacterial 

transglycosylases by binding as a dimer to lipid II. J Am Chem Soc. 2003;125(29):8736-7. 

31. Breukink E, de Kruijff B. Lipid II as a target for antibiotics. Nat Rev Drug Discov. 

2006;5(4):321-32. 

32. Hamburger JB, Hoertz AJ, Lee A, Senturia RJ, McCafferty DG, Loll PJ. A crystal 

structure of a dimer of the antibiotic ramoplanin illustrates membrane positioning and a 

potential Lipid II docking interface. Proc Natl Acad Sci U S A. 2009;106(33):13759-64. 

33. O'Sullivan J, McCullough JE, Tymiak AA, Kirsch DR, Trejo WH, Principe PA. 

Lysobactin, a novel antibacterial agent produced by Lysobacter sp. I. Taxonomy, isolation and 

partial characterization. J Antibiot (Tokyo). 1988;41(12):1740-4. 

34. Bonner DP, O'Sullivan J, Tanaka SK, Clark JM, Whitney RR. Lysobactin, a novel 

antibacterial agent produced by Lysobacter sp. II. Biological properties. J Antibiot (Tokyo). 

1988;41(12):1745-51. 

35. Lee W, Schaefer K, Qiao Y, Srisuknimit V, Steinmetz H, Müller R, et al. The 

Mechanism of Action of Lysobactin. J Am Chem Soc. 2016;138(1):100-3. 

36. Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I, Conlon BP, et al. A new 

antibiotic kills pathogens without detectable resistance. Nature. 2015;517(7535):455-9. 

37. Kong KF, Schneper L, Mathee K. Beta-lactam antibiotics: from antibiosis to resistance 

and bacteriology. APMIS. 2010;118(1):1-36. 

38. Terico AT, Gallagher JC. Beta-lactam hypersensitivity and cross-reactivity. J Pharm 

Pract. 2014;27(6):530-44. 

39. Konz D, Klens A, Schörgendorfer K, Marahiel MA. The bacitracin biosynthesis operon 

of Bacillus licheniformis ATCC 10716: molecular characterization of three multi-modular 

peptide synthetases. Chem Biol. 1997;4(12):927-37. 



Literature 
 

 155 
 

40. Nakano MM, Zuber P. Molecular biology of antibiotic production in Bacillus. Crit Rev 

Biotechnol. 1990;10(3):223-40. 

41. Johnson BA, Anker H, Meleney FL. BACITRACIN: A NEW ANTIBIOTIC 

PRODUCED BY A MEMBER OF THE B. SUBTILIS GROUP. Science. 1945;102(2650):376-

7. 

42. MELENEY FL, JOHNSON B. Bacitracin therapy; the first hundred cases of surgical 

infections treated locally with the antibiotic. J Am Med Assoc. 1947;133(10):675-80. 

43. Storm DR, Strominger JL. Complex formation between bacitracin peptides and 

isoprenyl pyrophosphates. The specificity of lipid-peptide interactions. J Biol Chem. 

1973;248(11):3940-5. 

44. Economou NJ, Cocklin S, Loll PJ. High-resolution crystal structure reveals molecular 

details of target recognition by bacitracin. Proc Natl Acad Sci U S A. 2013;110(35):14207-12. 

45. Hancock RE, Lehrer R. Cationic peptides: a new source of antibiotics. Trends 

Biotechnol. 1998;16(2):82-8. 

46. Malmsten M. Antimicrobial peptides. Ups J Med Sci. 2014;119(2):199-204. 

47. Flemming A. On a Remarkable Bacteriolytic Element Found in Tissues and Secretions. 

Proceedings of the Royal Society B: Biological Sciences: Royal Society; 1922. p. 306-17. 

48. Wang G. The Antimicrobial Peptide Database provides a platform for decoding the 

design principles of naturally occurring antimicrobial peptides. Protein Sci. 2019. 

49. Jenssen H, Hamill P, Hancock RE. Peptide antimicrobial agents. Clin Microbiol Rev. 

2006;19(3):491-511. 

50. Pasupuleti M, Schmidtchen A, Malmsten M. Antimicrobial peptides: key components 

of the innate immune system. Crit Rev Biotechnol. 2012;32(2):143-71. 

51. Nawrocki KL, Crispell EK, McBride SM. Antimicrobial Peptide Resistance 

Mechanisms of Gram-Positive Bacteria. Antibiotics (Basel). 2014;3(4):461-92. 

52. Hale JD, Hancock RE. Alternative mechanisms of action of cationic antimicrobial 

peptides on bacteria. Expert Rev Anti Infect Ther. 2007;5(6):951-9. 

53. Diamond G, Beckloff N, Weinberg A, Kisich KO. The roles of antimicrobial peptides 

in innate host defense. Curr Pharm Des. 2009;15(21):2377-92. 

54. Wang G. Improved methods for classification, prediction, and design of antimicrobial 

peptides. Methods Mol Biol. 2015;1268:43-66. 

55. Klaenhammer TR. Genetics of bacteriocins produced by lactic acid bacteria. FEMS 

Microbiol Rev. 1993;12(1-3):39-85. 



Literature 
 

 156 
 

56. Yang S-C, Lin C-H, Sung CT, Fang J-Y. Antibacterial activities of bacteriocins: 

application in foods and pharmaceuticals. Frontiers in microbiology. 2014;5. 

57. Cascales E, Buchanan SK, Duché D, Kleanthous C, Lloubès R, Postle K, et al. Colicin 

biology. Microbiol Mol Biol Rev. 2007;71(1):158-229. 

58. Kleanthous C. Swimming against the tide: progress and challenges in our 

understanding of colicin translocation. Nat Rev Microbiol. 2010;8(12):843-8. 

59. Severinov K, Semenova E, Kazakov A, Kazakov T, Gelfand MS. Low-molecular-

weight post-translationally modified microcins. Mol Microbiol. 2007;65(6):1380-94. 

60. Cotter PD, Hill C, Ross RP. Bacteriocins: developing innate immunity for food. Nat 

Rev Microbiol. 2005;3(10):777-88. 

61. Cleveland J, Montville TJ, Nes IF, Chikindas ML. Bacteriocins: safe, natural 

antimicrobials for food preservation. Int J Food Microbiol. 2001;71(1):1-20. 

62. B. Jarvis JJ, G.C. Cheeseman. Molecular weight distribution of nisin. Biochim Biophys 

Acta. 1968;168:153-5. 

63. Bierbaum G SC, Josten M, Heidrich C, Kempter C, Jung G, Sahl HG. Engineering of 

a novel thioether bridge and role of modified residues in the lantibiotic Pep5. Appl Environ 

Microbiol. 1996;62:385-92. 

64. Sahl HG, Bierbaum G. Lantibiotics: biosynthesis and biological activities of uniquely 

modified peptides from gram-positive bacteria. Annu Rev Microbiol. 1998;52:41-79. 

65. Rogers LA. The Inhibiting Effect of Streptococcus Lactis on Lactobacillus Bulgaricus. 

J Bacteriol. 1928;16(5):321-5. 

66. Rogers LA, Whittier EO. Limiting Factors in the Lactic Fermentation. J Bacteriol. 

1928;16(4):211-29. 

67. Hastings JW, Sailer M, Johnson K, Roy KL, Vederas JC, Stiles ME. Characterization 

of leucocin A-UAL 187 and cloning of the bacteriocin gene from Leuconostoc gelidum. J 

Bacteriol. 1991;173(23):7491-500. 

68. Marciset O, Jeronimus-Stratingh MC, Mollet B, Poolman B. Thermophilin 13, a 

nontypical antilisterial poration complex bacteriocin, that functions without a receptor. J Biol 

Chem. 1997;272(22):14277-84. 

69. Kawai Y, Kemperman R, Kok J, Saito T. The circular bacteriocins gassericin A and 

circularin A. Curr Protein Pept Sci. 2004;5(5):393-8. 

70. Knerr PJ, van der Donk WA. Discovery, biosynthesis, and engineering of lantipeptides. 

Annu Rev Biochem. 2012;81:479-505. 



Literature 
 

 157 
 

71. Chatterjee C, Paul M, Xie L, van der Donk WA. Biosynthesis and mode of action of 

lantibiotics. Chemical Reviews. 2005;105(2):633-84. 

72. Arnison PG, Bibb MJ, Bierbaum G, Bowers AA, Bugni TS, Bulaj G, et al. Ribosomally 

synthesized and post-translationally modified peptide natural products: overview and 

recommendations for a universal nomenclature. Nat Prod Rep. 2013;30(1):108-60. 

73. van Heel AJ, de Jong A, Song C, Viel JH, Kok J, Kuipers OP. BAGEL4: a user-friendly 

web server to thoroughly mine RiPPs and bacteriocins. Nucleic Acids Res. 

2018;46(W1):W278-W81. 

74. Willey JM, van der Donk WA. Lantibiotics: peptides of diverse structure and function. 

Annu Rev Microbiol. 2007;61:477-501. 

75. Goto Y, Li B, Claesen J, Shi Y, Bibb MJ, van der Donk WA. Discovery of unique 

lanthionine synthetases reveals new mechanistic and evolutionary insights. PLoS Biol. 

2010;8(3):e1000339. 

76. Koponen O, Tolonen M, Qiao M, Wahlström G, Helin J, Saris PE. NisB is required for 

the dehydration and NisC for the lanthionine formation in the post-translational modification 

of nisin. Microbiology. 2002;148(Pt 11):3561-8. 

77. Zhang Q, Yu Y, Vélasquez JE, van der Donk WA. Evolution of lanthipeptide 

synthetases. Proc Natl Acad Sci U S A. 2012;109(45):18361-6. 

78. Okeley NM, Paul M, Stasser JP, Blackburn N, van der Donk WA. SpaC and NisC, the 

cyclases involved in subtilin and nisin biosynthesis, are zinc proteins. Biochemistry. 

2003;42(46):13613-24. 

79. Li B, Yu JP, Brunzelle JS, Moll GN, van der Donk WA, Nair SK. Structure and 

mechanism of the lantibiotic cyclase involved in nisin biosynthesis. Science. 

2006;311(5766):1464-7. 

80. Lagedroste M, Smits SHJ, Schmitt L. Substrate Specificity of the Secreted Nisin Leader 

Peptidase NisP. Biochemistry. 2017;56(30):4005-14. 

81. Montalban-Lopez M, Deng J, van Heel AJ, Kuipers OP. Specificity and Application of 

the Lantibiotic Protease NisP. Front Microbiol. 2018;9:160. 

82. Pag U, Sahl HG. Multiple activities in lantibiotics--models for the design of novel 

antibiotics? Curr Pharm Des. 2002;8(9):815-33. 

83. Plat A, Kuipers A, Rink R, Moll GN. Mechanistic aspects of lanthipeptide leaders. Curr 

Protein Pept Sci. 2013;14(2):85-96. 



Literature 
 

 158 
 

84. Karam L, Jama C, Nuns N, Mamede AS, Dhulster P, Chihib NE. Nisin adsorption on 

hydrophilic and hydrophobic surfaces: evidence of its interactions and antibacterial activity. J 

Pept Sci. 2013;19(6):377-85. 

85. Zasloff M. Antimicrobial peptides of multicellular organisms. Nature. 

2002;415(6870):389-95. 

86. Van de Ven FJ, Van den Hooven HW, Konings RN, Hilbers CW. NMR studies of 

lantibiotics. The structure of nisin in aqueous solution. Eur J Biochem. 1991;202(3):1181-8. 

87. Wiedemann I, Breukink E, van Kraaij C, Kuipers OP, Bierbaum G, de Kruijff B, et al. 

Specific binding of nisin to the peptidoglycan precursor lipid II combines pore formation and 

inhibition of cell wall biosynthesis for potent antibiotic activity. J Biol Chem. 

2001;276(3):1772-9. 

88. Gross E, Morell JL. The structure of nisin. J Am Chem Soc. 1971;93(18):4634-5. 

89. Wiedemann I, Breukink E, Van Kraaij C, Kuipers OP, Bierbaum G, De Kruijff B, et al. 

Specific Binding of Nisin to the Peptidoglycan Precursor Lipid II Combines Pore Formation 

and Inhibition of Cell Wall Biosynthesis for Potent Antibiotic Activity. Journal of Biological 

Chemistry. 2001;276(3):1772-9. 

90. Hsu ST, Breukink E, Tischenko E, Lutters MA, de Kruijff B, Kaptein R, et al. The 

nisin-lipid II complex reveals a pyrophosphate cage that provides a blueprint for novel 

antibiotics. Nat Struct Mol Biol. 2004;11(10):963-7. 

91. Hasper HE, de Kruijff B, Breukink E. Assembly and stability of nisin-lipid II pores. 

Biochemistry. 2004;43(36):11567-75. 

92. Breukink E, van Kraaij C, Demel RA, Siezen RJ, Kuipers OP, de Kruijff B. The C-

terminal region of nisin is responsible for the initial interaction of nisin with the target 

membrane. Biochemistry. 1997;36(23):6968-76. 

93. Breukink E, Wiedemann I, van Kraaij C, Kuipers OP, Sahl HG, de Kruijff B. Use of 

the cell wall precursor lipid II by a pore-forming peptide antibiotic. Science. 

1999;286(5448):2361-4. 

94. Abts A, Mavaro A, Stindt J, Bakkes PJ, Metzger S, Driessen AJ, et al. Easy and rapid 

purification of highly active nisin. Int J Pept. 2011;2011:175145. 

95. Hasper HE, Kramer NE, Smith JL, Hillman JD, Zachariah C, Kuipers OP, et al. An 

alternative bactericidal mechanism of action for lantibiotic peptides that target lipid II. Science. 

2006;313(5793):1636-7. 

96. Wiedemann I, Benz R, Sahl HG. Lipid II-mediated pore formation by the peptide 

antibiotic nisin: a black lipid membrane study. J Bacteriol. 2004;186(10):3259-61. 



Literature 
 

 159 
 

97. Dischinger J, Chipalu SB, Bierbaum G. Lantibiotics: promising candidates for future 

applications in health care. International Journal of Medical Microbiology. 2014;304(1):51-62. 

98. Mota-Meira M, Lapointe G, Lacroix C, Lavoie MC. MICs of mutacin B-Ny266, nisin 

A, vancomycin, and oxacillin against bacterial pathogens. Antimicrobial agents and 

chemotherapy. 2000;44(1):24-9. 

99. Draper LA, Cotter PD, Hill C, Ross RP. Lantibiotic Resistance. Microbiology and 

Molecular Biology Reviews. 2015;79(2):171-91. 

100. de Freire Bastos MdC, Coelho MLV, da Silva Santos OC. Resistance to bacteriocins 

produced by Gram-positive bacteria. Microbiology. 2015;161(Pt 4):683-700. 

101. Nizet V. Antimicrobial peptide resistance mechanisms of human bacterial pathogens. 

Curr Issues Mol Biol. 2006;8(1):11-26. 

102. Hancock RE, Rozek A. Role of membranes in the activities of antimicrobial cationic 

peptides. FEMS Microbiol Lett. 2002;206(2):143-9. 

103. Huijbregts RP, de Kroon AI, de Kruijff B. Topology and transport of membrane lipids 

in bacteria. Biochim Biophys Acta. 2000;1469(1):43-61. 

104. Verheul A, Russell NJ, Van'T Hof R, Rombouts FM, Abee T. Modifications of 

membrane phospholipid composition in nisin-resistant Listeria monocytogenes Scott A. Appl 

Environ Microbiol. 1997;63(9):3451-7. 

105. Crandall AD, Montville TJ. Nisin resistance in Listeria monocytogenes ATCC 700302 

is a complex phenotype. Appl Environ Microbiol. 1998;64(1):231-7. 

106. Mantovani HC, Russell JB. Nisin resistance of Streptococcus bovis. Appl Environ 

Microbiol. 2001;67(2):808-13. 

107. Ming X, Daeschel MA. Nisin Resistance of Foodborne Bacteria and the Specific 

Resistance Responses of Listeria monocytogenes Scott A. J Food Prot. 1993;56(11):944-8. 

108. Mazzotta AS, Montville TJ. Nisin induces changes in membrane fatty acid composition 

of Listeria monocytogenes nisin-resistant strains at 10 degrees C and 30 degrees C. J Appl 

Microbiol. 1997;82(1):32-8. 

109. Martínez B, Rodríguez A. Antimicrobial susceptibility of nisin resistant Listeria 

monocytogenes of dairy origin. FEMS Microbiol Lett. 2005;252(1):67-72. 

110. Ernst CM, Staubitz P, Mishra NN, Yang SJ, Hornig G, Kalbacher H, et al. The bacterial 

defensin resistance protein MprF consists of separable domains for lipid lysinylation and 

antimicrobial peptide repulsion. PLoS Pathog. 2009;5(11):e1000660. 

111. Ernst CM, Peschel A. Broad-spectrum antimicrobial peptide resistance by MprF-

mediated aminoacylation and flipping of phospholipids. Mol Microbiol. 2011;80(2):290-9. 



Literature 
 

 160 
 

112. Peschel A, Jack RW, Otto M, Collins LV, Staubitz P, Nicholson G, et al. 

Staphylococcus aureus resistance to human defensins and evasion of neutrophil killing via the 

novel virulence factor MprF is based on modification of membrane lipids with l-lysine. J Exp 

Med. 2001;193(9):1067-76. 

113. Kristian SA, Dürr M, Van Strijp JA, Neumeister B, Peschel A. MprF-mediated 

lysinylation of phospholipids in Staphylococcus aureus leads to protection against oxygen-

independent neutrophil killing. Infect Immun. 2003;71(1):546-9. 

114. Staubitz P, Peschel A. MprF-mediated lysinylation of phospholipids in Bacillus 

subtilis--protection against bacteriocins in terrestrial habitats? Microbiology. 2002;148(Pt 

11):3331-2. 

115. Bao Y, Sakinc T, Laverde D, Wobser D, Benachour A, Theilacker C, et al. Role of 

mprF1 and mprF2 in the pathogenicity of Enterococcus faecalis. PLoS One. 2012;7(6):e38458. 

116. Mishra NN, Bayer AS, Tran TT, Shamoo Y, Mileykovskaya E, Dowhan W, et al. 

Daptomycin resistance in enterococci is associated with distinct alterations of cell membrane 

phospholipid content. PLoS One. 2012;7(8):e43958. 

117. Maloney E, Stankowska D, Zhang J, Fol M, Cheng QJ, Lun S, et al. The two-domain 

LysX protein of Mycobacterium tuberculosis is required for production of lysinylated 

phosphatidylglycerol and resistance to cationic antimicrobial peptides. PLoS Pathog. 

2009;5(7):e1000534. 

118. Heath RJ, Rock CO. Enoyl-acyl carrier protein reductase (fabI) plays a determinant role 

in completing cycles of fatty acid elongation in Escherichia coli. J Biol Chem. 

1995;270(44):26538-42. 

119. Kramer NE, van Hijum SA, Knol J, Kok J, Kuipers OP. Transcriptome analysis reveals 

mechanisms by which Lactococcus lactis acquires nisin resistance. Antimicrob Agents 

Chemother. 2006;50(5):1753-61. 

120. Weidenmaier C, Kristian SA, Peschel A. Bacterial resistance to antimicrobial host 

defenses--an emerging target for novel antiinfective strategies? Curr Drug Targets. 

2003;4(8):643-9. 

121. Ward JB. Teichoic and teichuronic acids: biosynthesis, assembly, and location. 

Microbiol Rev. 1981;45(2):211-43. 

122. Weidenmaier C, Peschel A. Teichoic acids and related cell-wall glycopolymers in 

Gram-positive physiology and host interactions. Nat Rev Microbiol. 2008;6(4):276-87. 

123. Neuhaus FC, Heaton MP, Debabov DV, Zhang Q. The dlt operon in the biosynthesis 

of D-alanyl-lipoteichoic acid in Lactobacillus casei. Microb Drug Resist. 1996;2(1):77-84. 



Literature 
 

 161 
 

124. Peschel A, Otto M, Jack RW, Kalbacher H, Jung G, Götz F. Inactivation of the dlt 

operon in Staphylococcus aureus confers sensitivity to defensins, protegrins, and other 

antimicrobial peptides. J Biol Chem. 1999;274(13):8405-10. 

125. Fabretti F, Theilacker C, Baldassarri L, Kaczynski Z, Kropec A, Holst O, et al. Alanine 

esters of enterococcal lipoteichoic acid play a role in biofilm formation and resistance to 

antimicrobial peptides. Infect Immun. 2006;74(7):4164-71. 

126. Perego M, Glaser P, Minutello A, Strauch MA, Leopold K, Fischer W. Incorporation 

of D-alanine into lipoteichoic acid and wall teichoic acid in Bacillus subtilis. Identification of 

genes and regulation. J Biol Chem. 1995;270(26):15598-606. 

127. Kovács M, Halfmann A, Fedtke I, Heintz M, Peschel A, Vollmer W, et al. A functional 

dlt operon, encoding proteins required for incorporation of d-alanine in teichoic acids in gram-

positive bacteria, confers resistance to cationic antimicrobial peptides in Streptococcus 

pneumoniae. J Bacteriol. 2006;188(16):5797-805. 

128. Giaouris E, Briandet R, Meyrand M, Courtin P, Chapot-Chartier MP. Variations in the 

degree of D-Alanylation of teichoic acids in Lactococcus lactis alter resistance to cationic 

antimicrobials but have no effect on bacterial surface hydrophobicity and charge. Appl Environ 

Microbiol. 2008;74(15):4764-7. 

129. Abi Khattar Z, Rejasse A, Destoumieux-Garzón D, Escoubas JM, Sanchis V, Lereclus 

D, et al. The dlt operon of Bacillus cereus is required for resistance to cationic antimicrobial 

peptides and for virulence in insects. J Bacteriol. 2009;191(22):7063-73. 

130. McBride SM, Sonenshein AL. The dlt operon confers resistance to cationic 

antimicrobial peptides in Clostridium difficile. Microbiology. 2011;157(Pt 5):1457-65. 

131. Schwartz B, Markwalder JA, Wang Y. Lipid II: total synthesis of the bacterial cell wall 

precursor and utilization as a substrate for glycosyltransfer and transpeptidation by penicillin 

binding protein (PBP) 1b of Escherichia coli. J Am Chem Soc. 2001;123(47):11638-43. 

132. Gravesen A, Sørensen K, Aarestrup FM, Knøchel S. Spontaneous nisin-resistant 

Listeria monocytogenes mutants with increased expression of a putative penicillin-binding 

protein and their sensitivity to various antibiotics. Microb Drug Resist. 2001;7(2):127-35. 

133. Stock AM, Zhulin IB. Two-Component Signal Transduction: a Special Issue in the. J 

Bacteriol. 2017;199(18). 

134. Mascher T. Intramembrane-sensing histidine kinases: a new family of cell envelope 

stress sensors in Firmicutes bacteria. FEMS Microbiol Lett. 2006;264(2):133-44. 



Literature 
 

 162 
 

135. Mascher T, Margulis NG, Wang T, Ye RW, Helmann JD. Cell wall stress responses in 

Bacillus subtilis: the regulatory network of the bacitracin stimulon. Molecular Microbiology. 

2003;50(5):1591-604. 

136. Dintner S, Staron A, Berchtold E, Petri T, Mascher T, Gebhard S. Coevolution of ABC 

transporters and two-component regulatory systems as resistance modules against 

antimicrobial peptides in Firmicutes Bacteria. J Bacteriol. 2011;193(15):3851-62. 

137. Gebhard S. ABC transporters of antimicrobial peptides in Firmicutes bacteria–

phylogeny, function and regulation. Molecular microbiology. 2012;86(6):1295-317. 

138. Clemens R, Zaschke-Kriesche J, Khosa S, Smits SHJ. Insight into Two ABC 

Transporter Families Involved in Lantibiotic Resistance. Front Mol Biosci. 2017;4:91. 

139. Khosa S, Hoeppner A, Gohlke H, Schmitt L, Smits SH. Structure of the Response 

Regulator NsrR from Streptococcus agalactiae, Which Is Involved in Lantibiotic Resistance. 

PLoS One. 2016;11(3):e0149903. 

140. Jordan S, Junker A, Helmann JD, Mascher T. Regulation of LiaRS-dependent gene 

expression in bacillus subtilis: identification of inhibitor proteins, regulator binding sites, and 

target genes of a conserved cell envelope stress-sensing two-component system. J Bacteriol. 

2006;188(14):5153-66. 

141. Mascher T, Zimmer SL, Smith TA, Helmann JD. Antibiotic-inducible promoter 

regulated by the cell envelope stress-sensing two-component system LiaRS of Bacillus subtilis. 

Antimicrob Agents Chemother. 2004;48(8):2888-96. 

142. Bergholz TM, Tang S, Wiedmann M, Boor KJ. Nisin resistance of Listeria 

monocytogenes is increased by exposure to salt stress and is mediated via LiaR. Appl Environ 

Microbiol. 2013;79(18):5682-8. 

143. Kawada-Matsuo M, Yoshida Y, Zendo T, Nagao J, Oogai Y, Nakamura Y, et al. Three 

distinct two-component systems are involved in resistance to the class I bacteriocins, Nukacin 

ISK-1 and nisin A, in Staphylococcus aureus. PLoS One. 2013;8(7):e69455. 

144. O'Connell-Motherway M, van Sinderen D, Morel-Deville F, Fitzgerald GF, Ehrlich SD, 

Morel P. Six putative two-component regulatory systems isolated from Lactococcus lactis 

subsp. cremoris MG1363. Microbiology. 2000;146 ( Pt 4):935-47. 

145. Lutz Schmitt RT. Structure and mechanism of ABC transporters. Current Opinion in 

Structural Biology. 2002;12:754-60. 

146. Rietkötter E, Hoyer D, Mascher T. Bacitracin sensing in Bacillus subtilis. Molecular 

microbiology. 2008;68(3):768-85. 



Literature 
 

 163 
 

147. Reiners J, Lagedroste M, Ehlen K, Leusch S, Zaschke-Kriesche J, Smits SHJ. The N-

terminal Region of Nisin Is Important for the BceAB-Type ABC Transporter NsrFP from 

Streptococcus agalactiae COH1. Front Microbiol. 2017;8:1643. 

148. McBride SM, Sonenshein AL. Identification of a genetic locus responsible for 

antimicrobial peptide resistance in Clostridium difficile. Infection and immunity. 

2011;79(1):167-76. 

149. Bernard R, Guiseppi A, Chippaux M, Foglino M, Denizot F. Resistance to bacitracin 

in Bacillus subtilis: unexpected requirement of the BceAB ABC transporter in the control of 

expression of its own structural genes. Journal of bacteriology. 2007;189(23):8636-42. 

150. Susanne Gebhard TM. Antimicrobial peptide sensing and detoxification 

modules:unravelling the regulatory circuitry of Staphylococcus aureus. Molecular 

Microbiology. 2011;81:581-7. 

151. Kingston AW, Zhao H, Cook GM, Helmann JD. Accumulation of heptaprenyl 

diphosphate sensitizes Bacillus subtilis to bacitracin: implications for the mechanism of 

resistance mediated by the BceAB transporter. Mol Microbiol. 2014;93(1):37-49. 

152. Stein T, Heinzmann S, Solovieva I, Entian K-D. Function of Lactococcus lactis nisin 

immunity genes nisI and nisFEG after coordinated expression in the surrogate host Bacillus 

subtilis. Journal of Biological Chemistry. 2003;278(1):89-94. 

153. Otto M, Peschel A, Götz F. Producer self-protection against the lantibiotic epidermin 

by the ABC transporter EpiFEG of Staphylococcus epidermidis Tü3298. FEMS Microbiol 

Lett. 1998;166(2):203-11. 

154. C. Klein KDE. Genes involved in Self-Protection against the Lantibiotic Subtilin 

Produced by Bacillus subtilis. Appl Environ Microbiol. 1994;60:2793-801. 

155. Suárez JM, Edwards AN, McBride SM. The Clostridium difficile cpr locus is regulated 

by a noncontiguous two-component system in response to type A and B lantibiotics. Journal 

of bacteriology. 2013;195(11):2621-31. 

156. Alkhatib Z, Abts A, Mavaro A, Schmitt L, Smits SH. Lantibiotics: how do producers 

become self-protected? J Biotechnol. 2012;159(3):145-54. 

157. AlKhatib Z, Lagedroste M, Fey I, Kleinschrodt D, Abts A, Smits SH. Lantibiotic 

immunity: inhibition of nisin mediated pore formation by NisI. PLoS One. 2014;9(7):e102246. 

158. AlKhatib Z, Lagedroste M, Zaschke J, Wagner M, Abts A, Fey I, et al. The C-terminus 

of nisin is important for the ABC transporter NisFEG to confer immunity in Lactococcus lactis. 

Microbiologyopen. 2014;3(5):752-63. 



Literature 
 

 164 
 

159. Peschel A, Schnell N, Hille M, Entian KD, Götz F. Secretion of the lantibiotics 

epidermin and gallidermin: sequence analysis of the genes gdmT and gdmH, their influence 

on epidermin production and their regulation by EpiQ. Mol Gen Genet. 1997;254(3):312-8. 

160. Repka LM, Chekan JR, Nair SK, van der Donk WA. Mechanistic Understanding of 

Lanthipeptide Biosynthetic Enzymes. Chem Rev. 2017;117(8):5457-520. 

161. Pozzi R, Coles M, Linke D, Kulik A, Nega M, Wohlleben W, et al. Distinct mechanisms 

contribute to immunity in the lantibiotic NAI-107 producer strain Microbispora ATCC PTA-

5024. Environ Microbiol. 2016;18(1):118-32. 

162. Jarvis B. Resistance to nisin and production of nisin-inactivating enzymes by several 

Bacillus species. J Gen Microbiol. 1967;47(1):33-48. 

163. Jarvis B. Enzymic reduction of the C-terminal dehydroalanyl-lysine sequence in nisin. 

Biochem J. 1970;119(5):56P. 

164. Galesloot TE. Lactic Acid Bacteria Which Destroy The Antibioticum (Nisin) Of S-

Lactis. Nederlands Melk-En Zuiveltijdschrift1956. p. 143-55 

165. Falord M, Karimova G, Hiron A, Msadek T. GraXSR proteins interact with the VraFG 

ABC transporter to form a five-component system required for cationic antimicrobial peptide 

sensing and resistance in Staphylococcus aureus. Antimicrob Agents Chemother. 

2012;56(2):1047-58. 

166. Froseth BR, McKay LL. Molecular characterization of the nisin resistance region of 

Lactococcus lactis subsp. lactis biovar diacetylactis DRC3. Appl Environ Microbiol. 

1991;57(3):804-11. 

167. Schultz J, Milpetz F, Bork P, Ponting CP. SMART, a simple modular architecture 

research tool: identification of signaling domains. Proc Natl Acad Sci U S A. 

1998;95(11):5857-64. 

168. Fritz G, Dintner S, Treichel NS, Radeck J, Gerland U, Mascher T, et al. A New Way 

of Sensing: Need-Based Activation of Antibiotic Resistance by a Flux-Sensing Mechanism. 

MBio. 2015;6(4):e00975. 

169. Stein T, Heinzmann S, Solovieva I, Entian KD. Function of Lactococcus lactis nisin 

immunity genes nisI and nisFEG after coordinated expression in the surrogate host Bacillus 

subtilis. J Biol Chem. 2003;278(1):89-94. 

170. Kuipers OP, Beerthuyzen MM, Siezen RJ, De Vos WM. Characterization of the nisin 

gene cluster nisABTCIPR of Lactococcus lactis. Requirement of expression of the nisA and 

nisI genes for development of immunity. Eur J Biochem. 1993;216(1):281-91. 



Literature 
 

 165 
 

171. Siegers K, Entian KD. Genes involved in immunity to the lantibiotic nisin produced by 

Lactococcus lactis 6F3. Appl Environ Microbiol. 1995;61(3):1082-9. 

172. Khosa S, Lagedroste M, Smits SH. Protein Defense Systems against the Lantibiotic 

Nisin: Function of the Immunity Protein NisI and the Resistance Protein NSR. Front Microbiol. 

2016;7:504. 

173. Collins B, Curtis N, Cotter PD, Hill C, Ross RP. The ABC transporter AnrAB 

contributes to the innate resistance of Listeria monocytogenes to nisin, bacitracin, and various 

beta-lactam antibiotics. Antimicrob Agents Chemother. 2010;54(10):4416-23. 

174. Khosa S, Frieg B, Mulnaes D, Kleinschrodt D, Hoeppner A, Gohlke H, et al. Structural 

basis of lantibiotic recognition by the nisin resistance protein from Streptococcus agalactiae. 

Scientific Reports. 2016;6:18679. 

175. Hasper HE, de Kruijff B, Breukink E. Assembly and stability of nisin-lipid II pores. 

Biochemistry. 2004;43(36):11567-75. 

176. Field D, Blake T, Mathur H, O'Connor PM, Cotter PD, Ross RP, et al. Bioengineering 

Nisin to overcome the Nisin Resistance Protein. Mol Microbiol. 2018. 

177. Stein T, Heinzmann S, Düsterhus S, Borchert S, Entian K-D. Expression and functional 

analysis of the subtilin immunity genes spaIFEG in the subtilin-sensitive host Bacillus subtilis 

MO1099. Journal of bacteriology. 2005;187(3):822-8. 

 

  



Curriculum Vitae 
 

 166 
 

6. Curriculum Vitae 
 

Personal Data           

 

Date of birth    20.03.1989, Dormagen 

Nationality   German 

 

Academic studies           

 

Since 04.10.2016 PhD student at the Institute of Biochemistry,  

Heinrich Heine-University Düsseldorf with 

 Prof. Dr. Lutz Schmitt and Dr. Sander Smits 

 

April 2014 – April 2016 Master of Science (M.Sc.)  

    Graduation Master of Biochemistry 

    at the Heinrich Heine University Düsseldorf 

  

23.03.2015 – 30.05.2015 Internship at the institute of Biochemistry of Mahidol 

University, Bangkok 

Supported by “Hedwig und Waldemar Hort” scholarship 

foundation 

 

October 2011 – March 2014 Bachelor of Science (B.Sc.)  

    Graduation Bachelor of Biochemistry 

    at the Heinrich Heine University Düsseldor 

 

Work experience           

  

18.07.2011 – 30.09.2011  Grünenthal Pharma GmbH,     

    Technician in biological test laboratory for quality control 

 

19.12.2010 – 30.06.2011 Grünenthal Pharma GmbH,     

    Technician in biological test laboratory for quality control 



Curriculum Vitae 
 

 167 
 

Education            

 

01.08.2008 – 19.12.2010  Training for biological laboratory technician at Grünenthal 

GmbH & Co.KG  

 

1999 – 2008   Abitur, Heinrich-Mann-Gymnasium, Köln  

 

Professional Membership          

 

2016 - present Member, Interdisciplinary Graduate and Research Academy 

Duesseldorf 

 

Workshops and Conferences         

 

May 2019   Symposium of the graduate school GRK2158, Duesseldorf  

 

April 2019   First international RiPPs Conference, Granada, Spain 

 

September 2018 Symposium of the graduate school GRK2158, Bejing, China 

 

March 2018 Gordon Research Conference New antibacterial discovery and 

development, Ventura, USA 

 

March 2018  Gordon Research Seminar, New antibacterial discovery and 

development, Ventura, USA 

 

September 2017  Symposium of the graduate school GRK2158, Duesseldorf  

 

July 2017    FEMS 2017, 7th Congress of European Microbiologists, 

    Valencia, Spain 

 

   



List of publications 
 

 168 
 

7. List of publications 
 
AlKhatib, Z., Lagedroste, M., Zaschke, J., Wagner, M., Abts, A., Fey, I., Kleinschrodt, D. & 

Smits, S. H. (2014). The C-terminus of nisin is important for the ABC transporter NisFEG to 

confer immunity in Lactococcus lactis. Microbiologyopen, 3(5), 752-763. 

doi:10.1002/mbo3.205 

  

Reiners, J., Lagedroste, M., Ehlen, K., Leusch, S., Zaschke-Kriesche, J., & Smits, S. H. J. 

(2017). The N-terminal Region of Nisin Is Important for the BceAB-Type ABC Transporter 

NsrFP from Streptococcus agalactiae COH1. Front Microbiol, 8, 1643. 

doi:10.3389/fmicb.2017.01643 

 

Clemens, R., Zaschke- Kriesche, J., Khosa, S., & Smits, S. H. J. (2017). Insight into Two 

ABC Transporter Families Involved in Lantibiotic Resistance. Front Mol Biosci, 4, 91. 

doi:10.3389/fmolb.2017.00091 

  

Zaschke-Kriesche, J., Behrmann, L. V., Reiners, J., Lagedroste, M., Gröner, Y., Kalscheuer, 

R., & Smits, S. H. J. (2019). Bypassing lantibiotic resistance by an effective nisin derivative. 

Bioorg Med Chem, 27(15), 3454-3462. doi:10.1016/j.bmc.2019.06.031 

  

Zaschke-Kriesche, J., Reiners, J., Lagedroste, M., & Smits, S. H. J. (2019). Influence of nisin 

hinge-region variants on lantibiotic immunity and resistance proteins. Bioorg Med Chem, 

27(17), 3947-3953. doi:10.1016/j.bmc.2019.07.014 

  

Porta, N., Zaschke-Kriesche, J., Frieg, B., Gopalswamy, M., Zivkovic, A., Etzkorn, M., Stark, 

H., Smits, S. H. J., Gohlke, H. (2019). Small-molecule inhibitors of nisin resistance protein 

NSR from the human pathogen Streptococcus agalactiae. Bioorg Med Chem, 27(20), 1-9, 

https://doi.org/10.1016/j.bmc.2019.115079 



Acknowledgement 
 

 169 
 

8. Acknowledgement 
 
Am Ende meiner Dissertation möchte ich mich noch bei den Menschen bedanken, die mich 

auf dem Weg unterstützt haben.  

 

Als aller erste möchte ich Dr. Sander Smits danken, dass er mich überhaupt dazu gebracht hat 

zu promovieren. Vielen Dank für das tolle Projekt und die Unmengen an guten Diskussionen 

und Ideen. Wir waren oft nicht einer Meinung aber ich glaube genau das hat die Diskussionen 

so fruchtbar gemacht. Danke für die Unterstützung bei den Veröffentlichungen und auch für 

das Korrektur lesen dieser Arbeit. Und vor allem vielen Dank für die Ehrlichkeit und den 

Einsatz für mich. Die letzten Jahre waren eine tolle Zeit und ich werde sie nie vergessen. 

 

Des Weiteren danke ich Prof. Dr. Lutz Schmitt für die Möglichkeit diese Promotion in seinem 

Institut machen zu können und vor allem für die vielen guten Denkanstöße in unseren 

Gruppenmeetings. Ich danke ihm auch sehr dafür immer eine „offene Tür“ zu haben, egal 

worum es gerade geht.  

 

Ein weiterer Dank geht an PD Dr. Ulrich Schulte für die gute Betreuung während des Studiums. 

Während der Betreuungs-Gespräche ist mir klar geworden dass ich weiter machen möchte und 

überhaupt den Master in Biochemie machen möchte. Außerdem möchte ich ihm für die gute 

Praktikumskoordination danken, irgendwie konnte immer alles geregelt werden. 

 

Ich möchte mich bei Prof. Dr. Holger Gohlke für die Übernahme des Koreferats und die gute 

Zusammenarbeit innerhalb des GRK2158 bedanken.  

 

Ich danke meiner liebsten Kaffeerunde für all die tollen Gespräche, Aufmunterungen, 

Lösungsvorschläge und auch einfach für die tolle Zeit. 

Katja ich danke dir für die vielen tollen Gespräche während unserer Laufeinheiten und auch, 

dass du das mit mir durch gezogen hast.  

Isa möchte ich danken dass sie immer ehrlich ist und oft sehr vernünftig an Probleme ran geht. 

Die Zeit mit dir im Büro fehlt mir jetzt schon, du hast mir so viel geholfen auch wenn es oft 

nur Kleinigkeiten waren.  



Acknowledgement 
 

 170 
 

Ich danke Dir, Oli, für sehr viel Spaß und Unmengen an guten Gesprächen. Mit dir ist es immer 

bunt und lustig aber gleichzeitig weiß ich dass ich mich auf dich verlassen kann wenn ich dich 

brauche.  

Ein besonderer Dank geht an Rebecca, meine „Leidensgenossin“, die auch nach ihrer 

Promotion immer ein offenes Ohr für mich hat. Danke, dass ich immer meinen Frust bei dir 

abladen durfte und du mir immer versuchst zu helfen. Und natürlich Danke, dass du immer so 

organisiert bist und mich damit schon das ein oder andere Mal gerettet hast. 

Ich danke euch für diese unvergessliche Zeit, gerade in den anstrengenden oder stressigen 

Phasen der Promotion waren die Kaffeepausen mit euch Gold wert. Vielen Dank! 

 

Ich möchte Martina für Alles danken. Du bist immer ansprechbar und hilfsbereit und einfach 

eine Bereicherung für das ganze Institut.  

 

Jens möchte ich danken für seine unglaublich Hilfsbereitschaft, egal ob an der HPLC oder im 

Büro. Du hast immer viele gute Ideen und Lösungsvorschläge und versuchst immer zu helfen 

auch wenn du eigentlich schon aus dem Labor raus bist.  

 

Sakshi I would like to thank first of all for this great project she passed to me. Thank you for 

the great introduction and the help during the first steps in the lab. Thank you for showing me 

your tricks and for always being helpful.  

 

Ich möchte mich bei Marcel bedanken für all die guten Ratschläge bei allem was mit Lactis zu 

tun hat. Du hast mir oft sehr geholfen und umsetzbare Vorschläge gemacht.  

 

Außerdem möchte ich Silke danken, du warst immer sehr hilfsbereit und hast mir im Screening 

viel Arbeit ab genommen.  

 

Bei Martin möchte ich mich bedanken für die lustigen Gespräche und das du unser Büro wieder 

was lebhafter gemacht hast.  

 

Tobi, dir danke ich für all dein „unnützes Wissen“ und die daraus resultierenden interessanten 

Gespräche und Diskussionen über jedes mögliche Thema. 

 



Acknowledgement 
 

 171 
 

Außerdem möchte ich Tim danken, für seine Frohnatur und die netten Gespräche. Mit dir ist 

es immer lustig und du bist immer gut gelaunt.  

 

Ich möchte auch Stefanie und Astrid danken für die gute Unterstützung bei all den 

Kristallisationsversuchen in meinem ersten Jahr. Es ist schön wieviel gute Laune und 

Optimismus ihr versprüht.  

 

Des Weiteren möchte ich gerne meinen Studenten Hans, Lara und Tri danken. Es hat mir viel 

Freude bereitet euch während eurer Bachelor- bzw. Masterarbeiten zu betreuen und ihr habt 

nicht nur gute Ergebnisse erzielt sondern mir auch nebenbei viel im Labor geholfen. Vielen 

Dank für Alles und ich hoffe (und glaube) dass der ein oder andere von euch Spaß an der 

Wissenschaft gefunden hat und weiter macht. 

 

Ich würde gerne allen „neueren“ Kollegen danken. Ihr habt unser Labor und die Küche wieder 

lebhafter gemacht. Vivien mit dem wahnsinnig guten Projekt, danke dass du mich in meiner 

zeitweise einsamen Nisin-Gruppe unterstützt hast. Florestan und Manuel danke, dass ihr so 

hilfsbereit seid und ein wenig Ordnung in unser Chaos bringt. Auch Steffi, Alex und Zoreh 

möchte ich danken für schöne Gespräche und ihre Hilfsbereitschaft. Und auch bei unserer 

neuen Arbeitsgruppe mit Alexej, Maryna, Michael und Athanasios möchte ich mich für all die 

lustigen Gesprächen bedanken.  

 

Und auch allen „älteren“ Kollegen möchte ich danken. Manuel, auch wenn du noch nicht ganz 

weg bist, Kalpana, die immer ein offenes Ohr hatte, Katharina, Sandra, Hilke, José, Jan-Peter 

und Andreas, Diana, die bei allen Klonierungsfragen helfen konnte, Michael der mir seinen 

Platz und seinen Stress-Max überlassen hat und vor allem Sven, bei dem ich gelernt habe mit 

Frust um zu gehen und immer einen Plan zu haben. Es hat immer sehr viel Spaß gemacht mit 

euch zusammen zu arbeiten.  

 

Außerdem möchte ich Frau Blum und Frau Platz danken, dass alle 

Verwaltungsangelegenheiten mit Ihnen immer so unkompliziert sind.  

 

Ich möchte meinen Freunden danken für ihr Verständnis wenn ich Verabredungen absagen 

musste weil ich zu lange im Labor war, wenn ich später kam oder wenn ich zeitweise auch 

sehr angespannt war. Danke, dass ihr mich immer unterstützt und verstanden habt. 



Acknowledgement 
 

 172 
 

Auch meiner Familie möchte ich danken, meiner alten Familie mit meinen Eltern, Fabian und 

Meike und auch meiner neuen Familie mit meinen Schwiegereltern, Patrick und Bea. Danke, 

dass ihr mich immer unterstützt habt und mir den Rückhalt gegeben habt den ich brauchte. 

Danke dass ihr euch immer dafür interessiert habt wo ich stehe und wie es weiter geht und 

danke, dass ihr auch Verständnis dafür hattet wenn ich mal keine Lust hatte zu reden.  

 

Zu guter Letzt möchte ich meinem Mann danken. Du hast mich immer unterstützt und 

aufgebaut. Danke, dass du oft lange mit mir diskutiert hast und immer versucht hast meine 

Problematiken zu verstehen. Danke, dass du so viel Verständnis für mich hattest wenn ich 

kaum zu Hause war. Danke, dass du immer versucht hast mir zu helfen und mir Ratschläge zu 

geben, die meine Situation verbessern können. Danke, dass du mir immer den Rücken frei 

gehalten hast und vor allem dass du mich immer ausgehalten hast, ich weiß es war nicht immer 

ganz einfach. Danke! 



Declaration 
 

 173 
 

9. Declaration 
 

Ich, Julia Schumacher, geb. Zaschke-Kriesche, versichere an Eides statt, dass die vorliegende 

Dissertation von mir selbstständig und ohne unzulässige fremde Hilfe unter Beachtung der 

„Grundsätze zur Sicherung guter wissenschaftlicher Praxis an der Heinrich-Heine-Universität 

Düsseldorf“ erstellt worden ist.  

Diese Dissertation wurde in der vorgelegten oder in ähnlicher Form noch bei keiner anderen 

Institution eingereicht. Ich habe bisher keine erfolglosen Promotionsversuche unternommen. 

 

 

 

 

 

 

 

 

Düsseldorf,  

          (Julia Schumacher) 

 

 


