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Abstract 
 
Nisin is a post-translationally modified, 34-residue antibacterial peptide produced by some 

strains of Lactococcus lactis that is effective against various Gram-positive bacteria. It is 

widely used in the food industry as a preservative. However, some nisin non-producing 

strains of bacteria are intrinsically resistant to nisin because of the presence of nsr gene, 

which encodes the 35-kDa nisin resistance protein (NSR). NSR-mediated nisin resistance 

results from the proteolytic degradation of nisin by this serine protease. Within this thesis, 

the mechanism of nisin resistance in Streptococcus agalactiae was studied on a molecular 

level.  

An operon encoding NSR was discovered in S. agalactiae and various other human 

pathogenic bacteria (nisin non-producers). In addition to NSR, this conserved operon 

consists of an ATP-binding cassette transporter (NsrFP) and a two-component system 

comprising of NsrR and NsrK. Furthermore, NSR from S. agalactiae  (SaNSR) was shown 

to confer 20-fold resistance against nisin. 

In this thesis, in vitro studies on the nisin resistance protein from S. agalactiae were 

performed. The structure of NSR was solved using X-ray crystallography at a resolution of 

2.1Å. The structure revealed that NSR consists of three structural domains: an N-terminal 

helical bundle, the protease cap and protease core, which together form a hydrophobic 

tunnel. The protease core harbors a highly conserved TASSAEM region. A model of 

SaNSR and nisin was generated through molecular modeling and MD simulations. The 

SaNSR/ nisin complex and mutagenesis studies revealed that SaNSR is specifically 

interacting with the N-terminus of nisin, especially the last C-terminally located 

lanthionine ring. 

Furthermore, this thesis also dealt with the molecular characterization of the response 

regulator NsrR involved in nisin resistance. The structure of NsrR was solved using X-ray 

crystallography and revealed that NsrR consists of two domains: a N-terminal receiver 

domain and a C-terminal effector domain. 

Finally, the last part of this thesis is dedicated to the cytoplasmic loop, NsrP loop of the 

ABC transporter NsrFP. An interaction event between NsrP loop and nisin was 

demonstrated using pull down assays and further confirmed via agar diffusion assays. A 

binding affinity was also determined by microscale thermophoresis. 

  



Zusammenfassung 

Nisin ist ein posttranslational modifiziertes, 34 Aminosäuren langes antimikrobielles 

Peptid. Es wird von einigen Lactococcus lactis Stämmen produziert und weist 

überwiegend gegen Gram-positive Bakterien eine antimikrobielle Aktivität auf. Seit 

Jahrzehnten wird es in der Lebensmittelindustrie als Konservierungsmittel eingesetzt und 

fast keine Resistenzen gegenüber Nisin wurden bisher dokumentiert.  

Jedoch besitzen einige bakterielle Stämme, die selbst kein Nisin produzieren, eine 

intrisische Nisin-Resistenz vermittelt durch das nsr Gen. Dieses Gen codiert für das 35 

kDa große Nisin Resistenz Protein (NSR). Die Serin-Protease NSR vermittelte eine 

Resistenz, bei der Nisin proteolytisch degradiert wird. In der vorliegenden Dissertation 

wurde der molekulare Mechanismus der NSR-vermittelten Nisin Resistenz in 

Streptoccocus agalactiae untersucht. 

In S. agalactiae und weiteren humanpathogenen Bakterien, die selbst kein Nisin 

produzieren, wurde ein NSR-kodierendes Operon entdeckt. Zusätzlich zum NSR, kodiert 

dieses konservierte Operon für einen ATP-binding-cassette Transporter (NsrFP) und für 

ein Zwei-Komponenten System bestehend aus NsrR and NsrK. Des weiteren konnte 

gezeigt werden, das NSR von S. agalactiae (SaNSR) eine 20-fach erhöhte Resistenz 

gegenüber Nisin vermittelt.  

In der vorliegenden Thesis wurden in vitro Studien zum Nisin Resistenz Protein aus S. 

agalactiae durchgeführt. Die Struktur von NSR konnte mittel Röntgen-Kristallographie 

gelöst werden. Dabei konnte gezeigt werden, dass NSR aus drei strukturellen Domänen 

besteht: aus einem N-terminalen α -Helixbündel, einer Deckel-Domäne und einer Kern-

Domäne. Dabei formen die zwei zuletzt genannten Domänen einen hydrophoben Tunnel. 

Außerdem besitzt die Kern-Domäne der Protease ein hoch-konserviertes TASSAEM-

Motiv. 

Mit Hilfe eines generierten Modells von SaNSR und Nisin konnte der SaNSR/Nisin-

Komplex untersucht werden. Das Model des Komplexes und Mutagenesestudien zeigten, 

dass SaNSR spezifisch mit den N-terminus und im Besonderen mit den letzten C-

terminalen Lanthioninring von Nisin interagiert 

Des Weiteren behandelt diese Thesis die molekulare Charakterisierung des Antwort-

Regulartors NsrR. Der Struktur von NsrR wurde mittels Röntgen-Kristallographie gelöst 



und ein Model der Struktur zeigt, dass das Protein aus zwei Domänen besteht. Nämlich aus 

einer N-terminale Empfänger-Domäne und eine C-terminale Effektor Domäne. 

Abschließend ist der letzte Teil der Thesis der extrazellulären Schleife des Proteins NsrP 

des ABC-Transporters NsrFP gewidmet. Mittels pull-down und Agar-Diffusion Assays 

konnte die Interaktion zwischen der NsrP-Schleife und Nisin bestätigt werden. Weiterhin 

konnte durch MicroScale Thermophorese Bindungsaffinitätskonstanten bestimmt werden. 
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1. Introduction 
 

1.1 Antimicrobial Peptides 
 

Antimicrobial peptides (AMPs) traditionally refer to peptides that can inhibit the growth of 

microbes and are produced virtually by all organisms. They are also known as the first and 

important line of defense [1, 2]. Since the early discovery of nisin from Lactococcus lactis 

in 1928 [3, 4] to the discovery of sonorensin from Bacillus sonorensis in 2014 [5], hundreds 

of AMPs have been isolated so far. According to the modern definition, AMPs are relatively 

short (<60 amino acids), positively charged (net charge of +2 to +9), amphipathic molecules 

with broad spectrum of antimicrobial activity and multiple modes of action [6-8]. 

AMPs possess a broad spectrum of antimicrobial activity against various Gram-positive and 

Gram-negative bacteria, fungi and viruses. Most AMPs interact with microbial membranes 

or cell surfaces, leading to the loss of cellular integrity [9]. Here, the AMPs can be either 

membrane-disruptive resulting in cell lysis, or membrane-interactive leading to pore 

formation and subsequent cell death. Furthermore, AMPs can have diverse intracellular 

targets including DNA, RNA and protein and also have the capability of inhibiting both cell 

wall and protein synthesis [10, 11].  

AMPs have been expressed by bacteria for millions of years and during the course of 

evolution, AMPs have retained their antimicrobial activity and are still effective [12]. 

Compared to the traditionally used antibiotics, AMPs have a broad spectrum of activity with 

multiple cellular targets and kill bacterial very rapidly [13, 14]. Furthermore, AMPs have the 

potential of neutralizing endotoxins and bypass the classical antibiotic resistance 

mechanisms [15-17]. In addition to the antimicrobial activity of AMPs, various other 

alternate functions of AMPs have been recently identified including immunomodulatory 

activities and neutralization of wound-healing and anti-neoplastic properties [18-22]. These 

diverse biological functions of AMPs make them ideal for the development of new 

therapeutic agents with wide applications involving cancer therapy and anti-inflammation. 

AMPs can generally be classified based on their distinct structural features like size, charge, 

amino acids and physical structure. Numerous classification schemes are currently available 

for grouping AMPs based on their biological source (amphibian, bacterial, insect, 

mammalian, plant and viral), biological functions (antibacterial, antiviral, antiparasital, 



antifungal, etc.), peptide properties (net charge: cationic, neutral and anionic; 

hydrophobicity: hydrophobic, amphipathic and hydrophilic; based on size: ultra small, 

small, medium and large) and molecular targets (cell surface targeting or intracellular 

targeting), based on three-dimensional structure (linear, β -sheet, loop and with 

predominance of one or more amino acids) [7, 23]. Likewise, for example, human defensins 

(Figure 1a) can be grouped as mammalian AMPs that function preliminarily as antibacterial. 

They are small (around 5kDa), cationic peptides and have β-sheet structure [24].  

 

 

Figure 1: Structural classes of different antimicrobial peptides. (a) β-sheeted human defensin-2 
(PDB code: 1FQQ), (b) α -helical magainin (PDB code: 2MAG), (c) the extended boat-
shaped structure of bovine indolicidin (PDB code: 1G89), and (d) looped thanatin (PDB 
code: 8TFV). Based on [25]. Created with MacPymol. 

However, the most prominently used classification scheme is based on the three-

dimensional structure of the AMPs [26, 27]. Linear peptides possess a α -helical structure 

and constitute 27% of all the AMPs. Common examples are silk moth’s cecropin [28] and 

magainin from the African clawed frog (shown in Figure 1b) [29]. β-sheet peptides usually 

have cyclic structures that are stabilized by disulphide bonds and include defensins (Figure 

1a) [30]. There are also peptides with predominance of one or more amino acids like 

tryptophan-rich indolicidin of cow neutrophil (Figure 1c) [31] and proline-rich apidaecins 



[32] which represent an extended conformation. Peptides with loop structures are highly 

stable due to the presence of hairpin structure that is stabilized via disulphide bonds in 

between the β-strands. The examples include tachyplesins [33] and bactenecin [34] (shown 

in Figure 1d).  

 

1.2 Bacterial AMPs: Bacteriocins 
 

AMPs produced by bacteria are also referred to as bacteriocins. Bacteriocins are 

proteinaceous and heterogeneous group of peptides produced by bacteria that are lethal 

towards other bacteria, either within the same bacterial genus (narrow spectrum) or across 

genera (broad spectrum) to which the producer has a specific immunity mechanism 

(Klaenhammer, 1993).  

Bacteriocins were the first among the AMPs to be isolated and characterized [35-37]. 

Colicins from E. coli were discovered as early as 1925 [38]. The most extensively studied 

bacteriocin is nisin, produced by L. lactis, it has been commonly used for the past 50 years 

in the food industry [39, 40]. Mersacidin is produced by Bacillus spp. and displays 

bactericidal activity against Methicillin-resistant Staphylococcus aureus (MRSA) [41]. 

 

1.2.1 Classification of Bacteriocins 
 

Bacteriocins are divided into three distinct classes: lantibiotics (class I), non-lantibiotics 

(class II) and bacteriolysins (class III) [42]. Lantibiotics are small peptides of 19-38 amino 

acids, which undergo various post-translational modifications yielding thioether-based ring 

structures like lanthionine or methyl-lanthionine rings and various unusual amino acids [43-

45]. Some examples of bacteriocins are nisin, mersacidin and lacticin 3147. Detailed 

description is in section 1.3. Class II bacteriocins are non-lanthionine containing and 

comprise of small (<10kDa) thermostable peptides, which do not undergo post-translational 

modifications. These peptides are also active in nanomolar range. Their activity is a result of 

their insertion into the membranes, promoting membrane depolization and cell death. 

Examples include pediocin PA1, enterocin AS48, lacticin F and lactococcin A. Class III 

includes large thermolabile bacteriocins (>30kDa) with complex activity. These are also 

called bacteriolysins and are non-bacteriocin lytic proteins. Their mode of action is different 



from the other classes as they function through cell lysis via hydrolysis of cell-wall [46]. 

Some examples are lysostaphin and enterolysin A.  

There are numerous applications of bacteriocins. Colicins are used in the treatment of 

urinogenital infection and haemolytic uremic syndrome and have been shown to inhibit the 

growth of tumour cells [47]. Enterocin CRL35 has potent antilisterial activity [48]. Some 

studies have also indicated that bacteriocins are active against tumour cells and thus, are 

potential candidates for anti-tumour drug [49]. Bacteriocins have also huge potential in the 

biopreservation of packaged food, dairy products, canned foods etc. [50]. 

 

1.3 Lantibiotics 
 

The term lantibiotics literally means lanthionine-containing antibiotics [51] which are 

produced by Gram-positive bacteria. Lantibiotics are ribosomally synthesized peptides of 

approximately 19-38 amino acids. They are characterized by the extensive post-translational 

modifications they undergo to be in their biologically active form and the presence of 

unusual amino acids [52, 53, 45, 54]. The dehydration of the serine and threonine residues in 

the prepeptide results in the formation of 2,3-didehydroalanine (Dha) and 2,3-

didehydrobutyrine (Dhb), which are covalently linked to the free cysteine residues to form 

the lanthionine (Lan) or 3-methlylanthionine (MeLan) rings [55, 56]. 

 

1.3.1 Classification of Lantibiotics  
 

Lantibiotics are classified in three distinct classes according to their size, properties and 

modification pathway: class I, class II and class III [57]. Class I lantibiotic peptides are less 

than 5kDa in size and are post-translationally modified by two enzymes, dehydratase LanB 

and the cyclase LanC [58, 59, 57]. The ABC transporter LanT exports the fully modified 

prepeptide into the extracellular space where the protease LanP cleaves off the leader 

peptide resulting in fully modified active peptide. This class of lantibiotics possesses 

antimicrobial activity in nanomolar range against various Gram-positive bacteria [59, 57]. 

The common examples are nisin, subtilin and epidermin (Figure 2).  

On the contrary, Class II lantibiotics are 5-10kDa in size and are post-translationally 

modified by a single enzyme, LanM containing N-terminal dehydratase and C-terminal 

LanC-like cyclase domains, that performs both dehydration and cyclization [57, 60]. 



Although, LanM bears no homology with LanB proteins, it displays low sequence identity 

to the cyclase LanC, including the three zinc-binding amino acids. Furthermore, LanT 

exports the modified prepeptide and cleaves off the leader peptide [61]. Prominent members 

of this class are lacticin 481 and mersacidin (Figure 2). This class also has antimicrobial 

activity against Gram-positive bacteria.  

 

 

Figure 2: Schematic representation of the structure of various lantibiotics depicting the 
unusual amino acids. The representatives of various classes of lantibiotics are shown: 
Class I – nisin and subtilin, Class II - lacticin 481 and mersacidin, and Class III – sapB 
and sapT. Based on [57] and created using Chem BioDraw 13.0. 

Class III lantibiotics, like SapB and SapT (Figure 2), do not possess any antimicrobial 

activity. Instead, they perform morphogenesis functions. The corresponding modification 

enzyme is a tri-functional synthetase that comprises of an N-terminal lyase domain, a central 

kinase domain and a putative C-terminal cyclase domain that lacks the active site residues 

found in LanC/LanM enzymes [62, 60]. 



1.3.2 Gene Cluster of Lantibiotics 

The genes for the biosynthesis of lantibiotics are generally found on chromosomes as 

clusters [57]. lanA is the structural gene that encodes the prepeptide and comprises of the N-

terminal leader sequence (composed of 23 to 59 amino acids) and the C-terminal (core) 

sequence that forms the mature peptide [63, 59]. lanB and lanC (class I) or lanM (class II) 

are the modification enzymes. lanT is an ABC transporter that transports the fully modified 

prepeptide. The protease lanP cleaves the leader peptide forming the mature active peptide 

[63].  

The biosynthesis of the lantibiotics is auto-regulated via a two-component system consisting 

of a histidine kinase (lanK) and a response regulator (lanR) [63]. In order to protect itself 

from the bactericidal effect of the lantibiotic, the producer strain has a self-protection 

immunity system comprising of a lipoprotein lanI and/or an ABC transporter encoded by 

lanFEG [63, 57]. The gene clusters of various lantibiotic classes are shown in Figure 3. 

 

 

Figure 3: Gene clusters of various lantibiotics from different classes. Shown are the operon for 
nisin, subtilin, epidermin, Pep5, lacticin 481 and SapB. The structural gene (red), genes 
for modification (orange), transport (grey), leader cleavage (purple), regulation (green) 
and immunity (blue) are shown for different lantibiotics. The respective promoters are 
depicted in red arrows. Based on [64].  



1.3.3 Applications of Lantibiotics 
 

With the increasing number of incidences of antibiotic resistance, there is an immense 

pressure to develop alternative therapeutic agents. Lantibiotics are the most promising 

candidates [65] due to their capability to inhibit various multidrug-resistant pathogenic 

bacteria like staphylococci, enterococci, streptococci and clostridia [66]. Some lantibiotics 

are also effective against Gram-negative bacteria like Neisseria and Helicobacter [67]. Their 

mode of action involves multiple targets, which might help in overcoming the pre-existing 

mechanisms of antibiotic resistance.  

Lantibiotics are also of great use in the food industry [68-70, 50, 42]. The lantibiotic nisin 

has been used for the past 50 years as a food additive. Lantibiotics are also effective in the 

bio-preservation of meat, dairy products, canned food, fish, alcoholic beverages, salads, egg 

products, high-moisture bakery products, and fermented vegetables [40].  

The pharmaceutical potential of lantibiotics has also been extensively studied and some are 

already in the preclinical and clinical phases of development [71]. The lantibiotic derivative 

NVB333 (NovactaBiosystems Limited) was used in the treatment of nosocomial infections 

[72]. The antimicrobial activity of nisin against Staphylococcus mastitis has been utilized in 

a commercial intramammary product (Mast Out®, ImmuCell) for the treatment of mastitis 

in cows [73]. It is also effective in the treatment of MRSA, peptic ulcers and enterocolitis 

[74]. Gallidermin and lacticin 3147 are active against acne causing bacterium 

Propionibacterium acnes, thus, have the potential of being used in cosmetics and personal 

care products [75]. Mutacin 1140 is active against Streptococcus mutans that causes dental 

cavity [76]. Duramycin is effective against bronchial epithelia and is a potential drug 

candidate for the treatment of cystic fibrosis and inflammation. It is already in phase II of 

clinical trials [77]. Cinnamycin is active against retroviruses such as herpes simplex and is 

also an inhibitor of angiotension converting enzyme. It can probably be used in regulation of 

blood pressure and in the treatment of virus infections and inflammation. Mersacidin and 

actagardine are effective against staphylococci and streptococci and therefore, can be used 

in the treatment of MRSA and streptococcal infections [78, 79]. 

 

 



1.4 Nisin 

Nisin is produced by some L. lactis and Streptococcus uberis strains and was first 

discovered in 1928 [3, 4]. Nisin is the most studied and best characterized lantibiotic [78]. It 

has a broad antimicrobial spectrum against a wide range of Gram-positive genera, including 

staphylococci, streptococci, Listeria spp., bacilli, and enterococci.  

Nisin is an amphipathic molecule with a hydrophobic N-terminal and hydrophilic C-

terminal part. The three-dimensional solution structure of nisin was solved via NMR 

spectroscopy in 1991 [80] (Figure 4). The structure of active nisin comprises of three parts: 

an N-terminal region formed by rings A, B and C (first three rings); a flexible hinge region; 

and a C-terminal region consisting of intertwined rings D and E followed by six amino acids 

(last two rings) [81, 82, 80] (Figure 4). The first three rings are important for binding to 

Lipid II, while the last two rings are important for pore formation. The flexible hinge region 

is crucial for flipping into the membrane [83-87].  

 

 

Figure 4: The NMR structure of nisin. The dehydrated amino acids are shown in blue, the cysteine 
residues are displayed in purple. The lanthionine ring A, methyl-lanthionine rings B and 
C are displayed in red, green and grey, respectively. In yellow are the methyl-lanthionine 
rings D and E. Based on PDB code: 1WCO [86] and created with MacPymol. 

1.4.1 Mode of Action of Nisin 

The target molecule of nisin is a precursor molecule of cell wall synthesis lipid II, which is 

anchored to the cytoplasmic membrane by an undecaprenyl residue [85]. This anchor is 



connected via an ester bridge to a diphosphate moiety that carries a N-acetylmuramic acid 

molecule and the attachment of a pentapeptide completes the lipid II molecule [57, 88]. 

Catalyzed by a transglycosylation reaction, more N-acetylmuramic acids molecules fuse to 

lipid II forming linear polymers that are cross-linked by a transpeptidation reaction to form 

the mature peptide glycane of Gram-positive bacteria [57, 88] (Figure 5a).  

 

 

Figure 5: The mode of action of nisin. Nisin comes in contact with the bacterial plasma membrane 
(a), where it binds to Lipid II via two of its amino-terminal rings (b). This leads to pore 
formation (c), which involves a stable transmembrane orientation of nisin. The pore 
complex is formed comprising of four nisin molecules and eight lipid II molecules. Based 
on [87] and created with Chem BioDraw 13.0. 

Nisin binds with the first two (methyl)-lanthionine rings (A and B) to the diphosphate 

moiety of lipid II [89, 86] and prevents the transglycosylation reaction, thereby inhibiting 

cell wall synthesis [85] (Figure 5b). When the concentration of nisin-lipid II complexes 

increases beyond a certain threshold an intermediate complex is formed which induces the 

insertion of the C-terminus of nisin into the cytoplasmic membrane (Figure 5c). This results 

in a complex consisting of eight nisin and four lipid II molecules [89], creating a pore 

(Figure 5c) with a diameter of 2 - 2.5 nm, releasing essential ions and small nutrients, 

thereby causing a collapse of the membrane potential, subsequently leading to cell death 

[89]. The threshold concentration for this reaction is in the low nanomolar range [90]. 

 

 



1.4.2 The Nisin System 

The nisin gene cluster in L. lactis is associated with a conjugative transposon comprising of 

eleven genes for synthesis, modification, transport, self-immunity and regulation in the order 

nisABTCIPRKFEG [91-94] (Figure 6). Nisin is synthesized ribosomally as a precursor 

peptide consisting of 57 amino acids [93]. This precursor peptide NisA is composed of the 

N-terminal leader peptide (23 amino acids) and the C-terminal core peptide (34 amino acids 

residues) [95]. The prepeptide is post-translationally modified through two modification 

enzymes. The dehydratase NisB, dehydrates the serine and threonine residues, while NisC 

the cyclase, is responsible for the cyclization reaction generating one lanthionine and four 

methyl-lanthionine rings [96]. For secretion, the ABC transporter NisT exports the peptide 

across the membrane into the extracellular environment [97, 98], where the protease NisP 

cleaves off the leader peptide sequence yielding active nisin [92, 99].  

 

 

Figure 6: Overview of the nisin operon comprising of genes for biosynthesis, immunity and 
regulation. The proteins involved in the biosynthesis of nisin are shown comprising NisB 
(orange), NisC (yellow), NisT (grey) and NisP (purple). The two-component system 
regulatory proteins: NisR (dark green) and NisK (light green) and the immunity proteins: 
NisI (red) NisFEG (blue) are also shown. The promoter nisA is shown with brown arrow 
and the promoters nisF, nisI and nisR are shown in black. Based on [100] and created 
with Chem BioDraw 13.0. 



Since the antimicrobial activity of nisin is targeted specifically against lipid II (precursor 

molecule for cell wall synthesis), and lipid II is also present in the cytoplasmic membrane of 

the producer cells; the producer strain has developed a self-immunity mechanism to protect 

itself from the suicidal effect of the produced nisin. Here, the lipoprotein NisI and the ABC 

transporter NisFEG provide immunity against nisin [101, 94, 102]. Furthermore, full 

immunity is achieved only when both NisI and NisFEG are expressed [103].  

Nisin acts as a quorum sensor and auto-regulates its own biosynthesis which is controlled by 

a two-component system comprising of NisRK [104, 105]. Presence of nisin in the 

extracellular medium of L. lactis induces an auto-regulation mechanism, activating NisR 

and NisK. External nisin acts as a signal, which is recognized by NisK, the histidine-kinase. 

NisK is attached to the cytoplasmic membrane, which binds to the active mature nisin, 

activating a signal transduction cascade [105]. After the binding, NisK is auto-

phosphorylated at a conserved histidine residue. This high energetic potential of the 

phosphoryl group is transferred to a conserved aspartate residue of the transcriptional 

response regulator NisR [104]. Upon activation, NisR binds to the nisA promoter on the 

nisin operon, stimulating the expression of the genes of the nisin operon [105]. Studies have 

shown that the first two rings of nisin are essential for this regulation mechanism, while the 

ring C of nisin is important for induction of the expression, whereas the last two rings have 

no specific influence on the expression [106, 104]. 

 

1.4.3 Applications of Nisin 
 

Nisin shows antimicrobial activity against a wide range of Gram-positive bacteria. The 

major application of nisin to date remains in the food industry as a food preservative and an 

additive in dairy products [40], canned vegetables [40], bakery products [107], meat [108] 

and alcoholic beverages [109, 110]. The therapeutic potential of nisin has also been 

extensively studied. Nisin is effective in the treatment of atopic dermatitis [111], stomach 

ulcers [112], colon infections [113], respiratory tract infections [114], staphylococcal 

mastitis [73] and sexually-transmitted infections [115]. In veterinary, nisin is currently used 

as a sanitizer against mastitis pathogens (Staphylococcus and Streptococcus species) [116, 

117]. 

 



1.5 Lantibiotic Resistance 
 

Lantibiotics are effective against numerous bacteria where the bacterial cell wall and 

membrane comprise the major target for the bactericidal efficiency of lantibiotics. However, 

bacteria can become resistant to lantibiotics by different mechanisms: (i) modifications in 

the cell membrane, (ii) changes in cell wall, (iii) two-component system regulation, (iv) 

ATP-mediated efflux pumps, and (v) lantibiotic degradation [118, 119, 9, 120, 121]. 

Interestingly, some resistant bacteria counter the effects of the lantibiotics by relying on 

more than one of the above said mechanisms in form of a gene cluster.  

 

1.6 Cell Wall Modifications 
 

The precursor of cell wall biosynthesis Lipid II is found at the outer leaflet of the bacterial 

membrane. The cell wall of Gram-positive bacteria is formed by a thick peptidoglycan 

fabric and by polymers of alternating phosphate and alditol groups called teichoic acids. 

These polymer chains are either covalently connected via phosphodiester linkage to the 

peptidoglycan (wall teichoic acids, WTA) or to membrane glycolipids (lipoteichoic acids, 

LTA). The net negative charge of the bacterial cell surface is generated by anionic 

components of the cell wall, such as phospholipids and teichoic acids which attracts the 

positively charged lantibiotics [122]. Therefore, one of the strategies for repelling the 

lantibiotics is to alter the cell wall components to decrease the overall net charge, thereby 

hindering the electrostatic attraction of the lantibiotics (Figure 7). 

D-alanylation of teichoic acids and lipoteichoic acids of the cell wall by the dlt operon 

(Figure 7a) of various Gram-positive bacteria like Staphylococcus, Listeria, Enterococcus, 

Bacillus, Clostridium, Streptococcus, Lactobacillus and Lactococcus [123-128] reduces the 

negative charge of the cell envelope, thereby influencing the binding and interaction of 

various lantibiotics. 

Penicillin-binding protein (PBP) is a bi-functional enzyme which catalyzes the 

polymerization of the sugar units (glycosyltransfer) as well as peptide cross-linking 

(transpeptidation), utilizing lipid II as the substrate [129].  An increased expression of PBP 

has been observed in various lantibiotic resistant species of Listeria monocytogenes [130] 

and L. lactis IL1403 [131].  



Furthermore, irpT is another gene that is involved in lantibiotic resistance through gene 

regulation and whose disruption results in increased levels of resistance in L. lactis MG1363 

[132].  

 

 

Figure 7: The various mechanisms involving modifications in cell wall and membrane that are 
associated with lantibiotic resistance. (a) D-Alanylation of lipoteichoic acids (LTA) and 
wall teichoic acids (WTA) by the dltABCD operon, which confers a positive charge. (b) 
Changes in phospholipid composition. (c) Changes in membrane fatty acid composition. 
(d) Cell wall thickening. (e) Lysine esterification of one of the two hydroxyl groups of 
phosphatidylglycerol (PG) by MprF. (f) Gram-negative outer cell membrane containing 
lipopolysaccharide (LPS). Based on [121]. Created with Chem BioDraw 13.0. 

1.7 Cell Membrane Modifications 

Other than lantibiotic repulsion, changes in the composition of the bacterial membrane 

(Figure 7) also contribute to lantibiotic resistance. 

Although, lantibiotics are active against Gram-positive bacteria, the Gram-negative bacteria 

are usually resistant towards them. This is solely because of the presence of the outer 

membrane that prevents the penetration of lantibiotics. Furthermore, the cell wall of Gram-



negative bacteria comprises only of a few Lipid II molecules [133, 134]. The outer layer 

forms a site of attachment for Lipid A (a negatively charged dimer of glucosamine linked to 

fatty acid chains and polar phosphate groups) [135]. A complex called LPS is formed by the 

covalent attachment of Lipid A to a chain of oligosaccharide units and a core polysaccharide 

[136]. However, application of chelating agents such as EDTA [137], citrate [138] or stress 

[139, 140] can disrupt this barrier. 

Membranes of Gram-positive bacteria contain phospholipids that vary in composition. 

However, the most common bacterial phospholipids are phosphatidylglycerol (PG) and di-

phosphatidylglycerol (D-PG), whose head groups are negatively charged. 

An increase [141] or decrease [142] in the levels of PG in the membrane of L. 

monocytogenes has been associated with lantibiotic resistance [143] (Figure 7b). 

Furthermore, analysis of the cell membrane components revealed that resistant cells contain 

a higher proportion of saturated (straight chain) fatty acids versus unsaturated (branched 

chain) fatty acids [144-146] (Figure 7c). All these modifications result in a decrease in cell 

membrane fluidity leading to a more rigid membrane conformation, thereby, making it 

difficult for the lantibiotics to access the membrane. 

Additionally, some Gram-positive bacteria have the capability of modifying the net negative 

charge of the PG via addition of a positively charged amino acid by the multipeptide 

resistance factor protein, MprF (Figure 7e). MprF is an integral lysyl-phosphatidylglycerol 

synthetase that synthesizes and translocates aminoacylated-phosphatidylglycerol to the 

external membrane layer of the bacterial cell. MprF incorporates a positively charged lysine 

into phosphatidylglycerol to produce lysyl-phosphatidylglycerol (L-PG), decreasing the net 

negative charge on the bacterial membrane [147, 148] (Figure 8). This MprF-mediated 

resistance has been observed in various Gram-positive bacteria like Staphylococcus aureus 

[149], L. monocytogenes [150], Bacillus subtilis [151], Enterococcus faecalis [152], 

Enterococcus faecium [153], Bacillus anthracis [154] and Mycobacterium tuberculosis 

[155]. 

Moreover, a fabDG1G2Z1Z2 operon is present in some Gram-positive bacteria, which is 

involved in membrane synthesis via saturation and elongation of phospholipids [156]. A 

decreased expression of this operon has also been associated with lantibiotic resistance in L. 

lactis cells [131]. 

 



Figure 8: Modification of the membrane net charge by the addition of L-lysine and L-alanine 
to phosphatidylglycerol. Dashed bonds indicate modifications of phosphatidylglycerol. 
The lysyl-phosphatidylglycerol synthase (L-PGS) and alanyl phosphatidylglycerol 
synthase (A-PGS), respectively, regulate the addition of L-lysine (R1, red) and L-alanine 
(R2, blue) to phosphatidylglycerol (black). Based on [157]. Created by Chem BioDraw 
13.0. 

1.8 Two-Component System: Regulatory Networks 

Bacteria have the ability to sense and survive various environmental stimuli through 

adaptive responses, which are regulated by two-component signaling systems (TCSs) [158]. 

TCSs control a wide variety of processes including drug resistance, quorum-sensing, 

phosphate uptake, sporulation and osmoregulation [159, 160].  

TCSs comprise of two genes: a membrane-bound histidine kinase (HK) that acts as a sensor 

and a response regulator (RR) that mediates the cellular response [159-161]. 

Many TCSs have been identified which are associated with lantibiotic resistance in various 

pathogenic bacteria and are encoded on gene clusters [121]: BceRS in Bacillus spp. 

(actagardine and mersacidin resistance) [162], LcrRS in S. mutans (nukacin-ISK-1  and 

lacticin 481) [163], LisRK of L. monocytogenes (nisin resistance) [164], GraRS (nisin and  

nukacin-ISK-1 resistance) [165-167], WalKR , BraRS (bacitracin, nisin and nukacin-ISK-1 

resistance) [168] and VraRS (resistance against nisin, mersacidin and nukacin ISK-I) [167] 

of S. aureus, CprRK of Clostridium difficile (nisin, gallidermin, subtilin, mutacin 1140 and 

cinnamycin resistance) [169]. 

 



1.8.1 Lantibiotic Resistance Associated Two-Component Systems 
 

Two main classes of TCSs can be identified that are linked with lantibiotic resistance: 

BceRS-like TCSs and LiaRS-type TCSs. Interestingly, the main differentiating 

characteristic between them is the sensor kinase. 

The BceRS-type of TCSs were first identified in B. subtilis where it conferred resistance 

against actagardine and mersacidin [162]. Since then, several Bce-type TCSs have been 

identified in S. aureus [168, 170], S. mutans [171] and E. faecalis [172].  

Interestingly, the associated histidine kinases of these groups possess two transmembrane 

helices but lack the characteristic extracellular sensory domain are thus, classified as 

intramembrane-sensing kinases (IMSK) [173, 174]. Because of their incapability in 

recognizing the stimulus, these types of kinases are functionally linked with ABC 

transporters of the BceAB family (described in section 1.9). These kinases rely on them for 

recognizing the presence of the lantibiotic involving a direct synchronization [174, 170] 

between sensing of the lantibiotic and signal transduction.  

On the contrary, the LiaRS-type form the so-called three-component systems that respond to 

cell stress signals and were named after LiaRS of B. subtilis [175]. This group in addition to 

the response regulator (LiaR) and the kinase (LiaS), are characterized by the presence of a 

third component (LiaF) that acts a negative regulator of the gene expression mediated by 

LiaR [175]. VraRS [167] of S. aureus, CesRS of L. lactis (nisin, plantaricin C, bacitracin 

and vancomycin resistance) [176, 177], and LiaRS of L. monocytogenes [178] belong to this 

group of TCSs. This TCSs system acts as a damage sensing and signal transduction system. 

It operates in an indirect manner via upregulation of the expression of genes involved in cell 

wall synthesis, thereby altering the composition of the cell wall and cell membrane. 

 

1.9 ABC Transporter-Mediated Lantibiotic Efflux Mechanisms 
 

Another common mechanism used by Gram-positive bacteria for the resistance against 

lantibiotics is through their transport, or efflux from the cells. The majority of lantibiotic-

resistant transport mechanisms consist of multi-protein ABC (ATP-binding cassette) 

transporter systems, which use ATP to drive the transport of substrates across the cell 

membrane. All ABC-transporters are composed of two distinct domains: the transmembrane 



domain (permease) and the nucleotide-binding domain (NBD), which facilitates ATP-

binding [179]. 

Two types of lantibiotic-associated ABC transporters are present in Gram-positive bacteria: 

three-component and two-component transporter systems. Three-component ABC 

transporters are members of the ABC-type 2 sub-family of transporters that consist of one 

nucleotide-binding domain and two distinct transmembrane permeases [179]. Generally, 

these types of transporters are present in the lantibiotic producing strains such as NisFEG in 

L. lactis [93, 103] and SpaFEG in B. subtilis [180], conferring immunity against their 

cognate lantibiotic [180, 94]. On the contrary, the two-component ABC transporters are 

often associated with lantibiotic resistance in Gram-positive bacteria. The canonical two-

component ABC-transporter consists of one nucleotide-binding protein and a separate 

membrane-spanning permease [181]. However, the only known exception to the best of our 

knowledge is the three-component CprABC transporter of C. difficile which provides 

resistance against lantibiotics such as nisin and gallidermin [182, 169]. 

The lantibiotic resistance-associated two-component ABC transporters are called BceAB-

type transporters and contain an archetypal ATP-binding protein of about 225–300 amino 

acids and a larger permease component that ranges in size from 620–670 amino acids with a 

characteristic cytoplasmic loop [183, 181, 184, 185]. Various BceAB-type ABC transporters 

have been identified such as BceAB in B. subtilis [186], BraAB [167], VraDE [187, 167] in 

S. aureus [168], PsdAB in B. subtilis [188], MbrAB [189] and BceAB in S. mutans [171], 

SP0812-SP0813 [190] and SP0912-SP0913 [191] Streptococcus pneumoniae and NsrFP in 

various bacteria of corynebacterium, enterococcus, leuconostoc, streptococci genera [184]. 

Although the members of this group have demonstrated resistance to a wide-range of 

lantibiotics such as nisin, gallidermin, mersacidin, actagardine and subtilin, antimicrobial 

peptides like mammalian and fungal defensins, and other antimicrobial compounds; the 

exact roles of these transporters in conferring resistance is still not known. 

 

1.10 Lantibiotic Degrading Mechanisms 
 

In addition to the above-mentioned resistance mechanisms, some Gram-positive bacteria 

possess resistance mechanisms that are highly specific for lantibiotics. In some nisin-

resistant Bacillus spp. strains, a nisin inactivating enzyme, named nisinase was found [192, 

193]. Nisinase was shown to be produced by several spp. of bacillus [192], lactobacillus 



[194], lactococcus, enterococcus, leuconostoc [39], streptococci [39, 195] and 

staphylococcus genera [196]. This non-proteolytic enzymatic inactivation of nisin was later 

identified as a dehydroalanine (Dha) reductase that reduces the carboxyl Dha to Ala (i.e., it 

breaks the C-terminal lanthionine ring), lowering the antimicrobial potency of nisin [193, 

197]. However, in addition to nisin, this enzyme could also inactivate subtilin [192]. 

Another different mechanism of nisin resistance observed in some nisin-non producing 

strains involves the presence of a nisin resistance protein NSR (serine protease) that 

proteolytically cleaves nisin by removing the C-terminal tail of nisin [198]. Similarly, a 

sublancin degrading protease YqeZ is involved in resistance against sublancin 168 in bacilli 

[199]. 

 

1.11 Lantibiotic Resistance Associated Operons 
 

As described in section 1.5, various lantibiotics non-producing strains including many 

human pathogenic bacteria are resistant towards lantibiotics because of the presence of a 

lantibiotic resistance-associated gene operon [184] comprising of four-five genes [170, 184, 

169] encoding a two-component system (response regulator and histidine kinase), an ABC 

transporter and/or a serine protease (or a protein of unknown function) [170, 184]. The 

encoded proteins utilize a combination of the previously mentioned mechanisms of 

resistance (section 1.8 and 1.9), thereby providing efficient resistance. Similar to the 

lantibiotic immunity operons, these lantibiotic resistant operons are also found as gene 

clusters on the chromosomes of various bacteria [184].   

The graXSR/vraFG locus in S. aureus (Figure 9) provides resistance against various AMPs 

including lantibiotics [200, 170] and this resistance is regulated by the presence of AMPs in 

the extracellular environment. graSR together encode for a two-component system while 

vraFG encodes for a BceAB-type ABC transporter (explained in section 1.9) [170]. 

Furthermore, the fifth component graX encodes a cytosolic protein that acts as an accessory 

protein to the TCS and assists in signalling [170]. 

A five genes operon cprABCK-R (Figure 9) has also been identified in C. difficile which 

confers resistance against lantibiotics nisin, gallidermin, subtilin, mutacin 1140, and 

cinnamycin [169] where cprABC encodes for an ABC transporter and cprK-R form a two-

component system [182, 169].  



In S. mutans, lctGEFlcrXRS (Figure 9) and nsrXRS form two distinct gene systems which 

confer resistance against nisin, nukacin ISK-1 and lacticin 481 [163]. lcrRS and nsrRS form 

two-component systems, while lcrGEF encode for an ABC transporter. LcrX is a 

hypothetical protein of unknown function while NsrX is homologous to acetyl transferase 

and binds to nisin, preventing its interaction with lipid II [163]. 

 

 

Figure 9: A schematic representation of distinct gene clusters conferring lantibiotic resistance. 
Shown are the resistance-associated operons graXSR/vraFG in S. aureus, nisin resistance 
operon in S. agalactiae, cprABCK-R in C. difficile, lctGEFlcrXRS in S. mutans and 
liaIHGFSR in Bacillus spp. The genes with similar functions are color-coded identically. 
The response regulator, histidine kinase (in shade of green); ATP-binding domain and the 
permease domain of ABC transporter (depicted in blue), the genes with unknown 
functions (colored in grey) and gene encoding for serine protease (pink) are shown.  

Similarly, a multicomponent operon system liaIHGFSR is present in Bacillus spp. (Figure 9) 

that is induced with the presence of bacitracin, ramoplanin, vancomycin and nisin [177, 

175]. Here, LisFSR form a three-component system, while LiaH is a homologue of E. coli 

phage shock protein A. liaI and liaG encode for proteins with unknown functions, however, 

they harbor transmembrane domains, indicating membrane localization [175]. 

A five gene cluster, vanRSHAX was also identified in Tn1546 from E. faecium BM4147 

which confers resistance against teicoplanin and vancomycin [201]. 

A sublancin resistance yqeZyqfAB operon is identified in Bacillus subtilis where yqeZ

encodes a serine protease and yqfAB encode for membrane-anchored proteins of unknown 

functions [199]. Similar sublancin resistance operon systems are also present in various 



species of Bacillus genera such as Bacillus licheniformis, Oceanobacillus iheyensis, 

Symbiobacterium thermophilum, S. aureus, and Staphylococcus epidermis [199]. 

In S. agalactiae, a multicomponent operon system (Figure 9), nsrFPRK comprising of five 

genes is involved in nisin resistance [184]. The nsr gene encodes for a serine protease, 

namely nisin resistance protein that proteolytically degrades nisin, reducing its bactericidal 

activity (explained below in section 1.12) [198, 184]. NsrRK and NsrFP form a two-

component system and an ABC transporter, respectively (refer to sections 1.13-15) [184]. 

Similar homologous operon systems have also been identified in various genera of Gram-

positive bacteria including human pathogens like streptococci, streptococcus, 

staphylococcus, enterococci and listeria [184].  

 

1.12 Nisin resistance protein- the serine protease 
 

A nsr gene is present in some species of Gram-positive bacteria that is associated with nisin 

resistance. Originally, this nisin resistance determinant in non-nisin producer Streptococcus 

lactis subsp. diacetylactis DRC3 was found to be associated with a 40-megadalton plasmid 

pNP40 [202]. However, subsequently various plasmids were identified in different strains 

that conferred nisin resistance [203-205]. The nisin resistance in non-producing strain DRC3 

is 1/10 of the immunity in producing strains [206].  

nsr encodes for a 35 kDa nisin resistance protein (NSR) which is strongly hydrophobic and 

membrane-associated via the N-terminus [206]. Homology modelling revealed that the 

mechanism by which NSR confers resistance is via a tail specific protease (TSP) domain at 

its C-terminal [87, 198, 207].  

TSPs are present in various species and usually cleave substrates that have non-polar 

residues and a free alpha-carboxylate at the C-terminus [208]. Such proteases usually 

contain a conserved PDZ domain adjacent to the TSP domain, which is indispensable for 

binding of the TSP domain to non-polar C-termini of the peptide substrates and thus 

important for the catalytic activity [209, 210]. However, NSR differs from other TSP-

containing proteins as it harbours charged and polar residues (Lys, His, and Ser) at the C-

terminus [209] and does not possess a PDZ domain. Recent in silico studies revealed that 

NSR belongs specifically to the S41 family of peptidases, specifically the CTPs (C-terminal 

processing peptidase). Furthermore, the active site of these proteases usually consists of a 

catalytic dyad formed by Ser and Lys or Ser and His [211]. 



Experimental studies showed that the presence of NSR reduces the bactericidal efficiency of 

nisin [207] in L. lactis MG1363. NSR-mediated nisin resistance is conferred via proteolytic 

degradation of nisin where NSR cleaves/hydrolyses the peptide bond between MeLan28 and 

Ser29 of nisin [198] (Figure 10). Interestingly, the predicted N-terminal signal sequence has 

no effect on the activity of NSR, as both the full-length and the smaller variant were able to 

inactivate nisin in vitro. The cleaved nisin fragment (nisin1-28) (Figure 10), still having the 

five characteristic lanthionine rings, displays a reduced affinity for the cell membrane, 

decreased affectivity in pore formation and a 100-fold less bactericidal activity [198], 

implicating towards the importance of the C-terminus of nisin in its bactericidal efficiency 

[207].  

 

 

Figure 10: Proteolysis of nisin catalyzed by NSR. Post-translationally modified residues are 
indicated in orange color. Molecular masses of intact and NSR-cleaved nisin are indicated 
in parentheses to the right of the corresponding peptides. Based on [198] and created with 
Chem BioDraw 13.0. 

 

Interestingly, this protein is found within an operon that contains other genes encoding an 

ABC transporter NsrFP, and a TCS named NsrRK which confers nisin resistance in these 

strains [184] (Figure 11). Furthermore, these operons were identified in various strains of 

different genera of corynebacterium, enterococcus, leuconostoc, staphylococcus and 

streptococcus bacteria. 

 



Figure 11: Overview of the nisin resistance operon. The nisin resistance protein (Nsr) is shown in 
shade of pink. The two-component system regulatory proteins: NsrR (dark green) and 
NsrK (light green) and the ABC transporter proteins: NsrF (sky blue) NsrP (blue) are also 
shown with the extracellular domain (loop) highlighted in dark blue. Adapted from 
chapter I and created with Chem BioDraw 13.0. 

1.12.1 Other resistance-associated serine protease 

Sublancin is a S-linked glycopeptide [212] encoded by the sunA gene located on the SPβ 

prophage [213] and is produced by B. subtilis 168 [214]. Various species of Gram-positive 

bacteria are found to be intrinsically resistant to sublancin due to the presence of yqeZyqfAB 

operon [199]. 

YqeZ is a member of the NfeD family of membrane-bound serine proteases (ClpP class; 

COG1030). Although, the exact molecular mechanism of YqeZ is not known yet, its N-

terminal region is similar to SppA (signal peptide peptidase) with conserved catalytic serine 

and lysine residues [199]. Furthermore, a NfeD homologue (PH1510) from Pyrococcus 

horikoshii is known to cleave within the C-terminal region of the downstream stomatin 

(PH1511) [215]. Furthermore, it is postulated that the membrane-integrated protease YqeZ 

might provide resistance by degrading peptides inserted into the membrane [199], indicating 

towards a similar mode of resistance involving cleavage of lantibiotics. 

 

1.13 The histidine kinases  

Histidine kinases (HKs) form integral part of TCS that act as sensors and monitor the 

external stimuli. ATP-dependent autophosphorylation of HK at a conserved histidine residue 

results in the dimerization of the kinase. Furthermore, phosphotransfer from the HK to the 



RR results in activation of the RR and leads to generation of the output response of the 

signaling pathway [161].  

Histidine kinases vary in size from 40kDa to 200kDa [160] and are cytoplasmic membrane-

associated, usually via one or two membrane-spanning sequences which are crucial for 

substrate binding. They typically contain extracellular sensory input modules fused to the 

conserved protein kinase catalytic core [159] and their overall activity is dependent on the 

input signals mediated by the sensory domains. 
The sensor domains are responsible for detection of the external signal, while the 350 amino 

acids long kinase catalytic core is composed of a dimerization domain and an ATP/ADP-

binding phosphotransfer (catalytic) domain which is responsible for ATP-binding and 

directing phosphorylation [160]. 

 

1.13.1 NsrK – the histidine kinase 
 

As previously mentioned, most of the known lantibiotic resistance-associated kinases belong 

to the so-called “intramembrane-sensing kinase” (IMSK) subfamily of histidine kinases 

which are characterized with a short N-terminal sensing domain, composed of two 

transmembrane helices separated by a short loop of only a few amino acids (less than 25 

amino acids) [173, 216]. Thus, these kinases are buried almost entirely in the cytoplasmic 

membrane and are conserved in low GC Gram-positive bacteria. These kinases are usually 

small of about 400 amino acids (Figure 12).  

Since they lack a typical HK extracellular sensing domain, it has been suggested that the 

signal detection involves a process [173] in response to the lantibiotic leading to increased 

synthesis of the ABC transporter encoded by the neighbouring genes. The ABC transporter 

then facilitates the removal of the corresponding lantibiotic [173, 216, 121].  

In silico studies revealed that NsrK also belongs to the IMSK family of kinases and 

comprises of the typical short sensory domain and the characteristic kinase domains (HisKA 

and HATPase_c) [217] and lacks any additional domains that would allow signal detection 

within the cytoplasm (Figure 12). Therefore, the presence of the ABC transporter NsrFP in 

the neighborhood is inevitable for providing the full resistance against nisin [184]. 

 



 

Figure 12: Domain organization of intramembrane-sensing histidine kinases. The structural 
domains of different lantibiotic resistance associated (IMSK family) kinases are shown in 
comparison to EnvZ histidine kinase from E. coli. NsrK and BceS are associated with 
ABC transporter while LiaS and YbdK are ABC transporter independent kinases. The 
figure on based on the graphical output of the SMART interface [217] and [173]. 

 

1.14 The response regulator - NsrR 
 

Response regulators of the TCS function as phosphorylation-activated switches that regulate 

the output responses [161] such as upregulation of genes. Generally, response regulators 

(RRs) consist of two distinct structural domains, a receiver domain (RD) and an effector 

domain (ED), that are separated from each other by a flexible linker [159, 160]. RDs contain 

a highly conserved aspartate residue, which acts as a phosphoacceptor and is phosphorylated 

by the kinase domain of the histidine kinase upon reception of the external signal. The ED is 

thereby activated and binds to the designated promoters, initiating transcription of the genes 

[159, 218].  

Lantibiotics serve as a signal for CprRK in C. difficile [169] and GraSR in S. aureus [170] 

and upon activation, the corresponding response regulators CprR and GraR promote the 



transcription of the cpr locus comprising of cprABCRK, and graXSR and vraFG genes 

[170, 169], respectively. 

A similar function for NsrR has been postulated wherein upon phosphorylation, it induces 

the expression of all the corresponding genes present in the nisin resistance operon nsr and 

nsrRKFP [184]. 

 

1.15 The ABC transporter NsrFP 
 

Within the nsr operon, the protein encoded by nsrF, designated NsrF represents the 

nucleotide-binding domain (NBD), and NsrP encoded by nsrP is the transmembrane domain 

(TMD), which forms the transport pore within the membrane [184]. The proteins NsrF and 

NsrP together encode a functional ABC transporter.  

NsrFP is a BceAB-type ABC transporter and is closely related to the ABC transporter 

MbrAB from S. mutans (45% sequence similarity). MbrAB, a homologue of BceAB in B. 

subtilis, is an exporter of bacitracin involved in bacitracin resistance [189] and functions 

together with BreSR, a two-component system to regulate its own gene expression [183]. 

Various similar ABC transporters associated with lantibiotic resistance have been 

characterized in S. pneumoniae (bacitracin and vancoresmycin resistance) [190], YsaBC in 

L. lactis IL140 (exporter and is involved in nisin resistance) [131], ABC09 and ABC12 of 

Lactobacillus casei BL23 (nisin, bacitracin, subtilin and plectasin resistance) [219], ABC 

multidrug-resistance efflux pump AnrAB in L. monocytogenes (exports nisin, gallidermin, 

bacitracin and β-lactam antibiotics) [220], BceAB in B. subtilis [162, 221, 222] and VraDE 

and BraDE in S. aureus (nisin and bacitracin resistance) [168]. 

Since NsrFP is an ABC transporter, it should either export or import the substrate. Based on 

the known ABC transporters from the lantibiotic immunity and resistance systems, the 

putative function of NsrFP can be postulated. The immunity ABC transporters, NisFEG and 

SpaFEG in the producer systems, are known to act as an exporter, transporting the 

nisin/subtilin molecules into the external environment [103, 223]. Thus, NsrFP probably acts 

as a second-line of defense exporting the nisin molecules out of the cell, thereby providing 

resistance [184]. 

 

  



2. Aims 
 

The elucidation of the mechanism of nisin resistance as present in S. agalactiae on a 

molecular level and its in vitro characterization was the overall aim of this thesis. Although 

various modifications in cell wall and membrane are responsible for nisin resistance in 

various nisin non-producing strains [123, 142, 143, 126, 132, 148, 128, 157, 9, 121], a 

distinct mechanism of nisin resistance in nisin non-producers involving a nisin resistance 

protein (NSR) was identified in 1957 [196, 192].  

This nisin resistant determinant was observed in various non- producing strains of L. lactis 

[202, 203, 206, 204, 205]. However, it was not until 2009 that the underlying mechanism of 

NSR-mediated nisin resistance was identified [198]. NSR confers nisin resistance by 

proteolytically degrading nisin by cleaving the six amino acids from the carboxyl tail of 

nisin [198]. The resulting nisin fragments showed 100-fold less bactericidal activity and 

reduced affinity for membrane. 

These results provide only limited insights into the functioning of this serine protease. 

Furthermore, biochemical characterizations of NSR including its substrate specificity are 

still lacking. Additionally, analogous to the immunity system in nisin producing strains [93, 

94, 224], involvement of any additional genes in nisin resistance is still ambiguous. 

In order to establish the possible involvement of additional genes in this resistance 

phenomenon, the first aim of the thesis was to characterize the operon involving nsr gene 

and subsequently identify other associated genes. 

After successful identification of the five-component operon involving NSR, NsrFP (ABC 

transporter) and NsrRK (two-component system), the second aim was to solve the crystal 

structure of NSR from S. agalactiae, determine the binding site and the substrate specificity 

in order to absolve the enigma behind the unusual proteolytic degradation of nisin. 

Finally, the third aim was to identify the contribution of NsrFP and NsrRK in nisin 

resistance in S. agalactiae, through biochemical characterization of the proteins on a 

structural level.  
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4. Discussion 
 

In this thesis, an operon responsible for conferring nisin resistance in Streptococcus 

agalactiae was discovered. Furthermore, the corresponding proteins were studied on a 

molecular level elucidating the involved mechanism of resistance through structural 

characterization.  

4.1 Nisin resistance  

Of all the lantibiotics known so far, nisin remains the most extensively studied lantibiotic 

[35, 59]. Nisin has been commercially used in the food industry for a long time [225] and 

displays antimicrobial activity against various Gram-positive bacteria including human 

pathogenic strains such as S. epidermis and S. aureus [226]. 

However, some bacteria like L. monocytogenes [146, 178] are inherently resistant to nisin 

[121]. Interestingly, a unique nisin degrading mechanism has been identified that involves 

the presence of a nisin resistance protein (NSR) [198]. NSR is present in lantibiotic non-

producing strains [206, 198] and proteolytically degrades nisin by cleaving the six amino 

acids from the carboxyl tail of nisin [198]. The resulting nisin fragment (nisin1-28) displays 

100-fold lower bactericidal activity and reduced affinity for cell membrane [198]. 

By genomic data and comparative sequence analysis, nsr gene was identified in various 

bacterial strains of corynebacterium, leuconostoc, enterococcus, staphylococcus and 

streptococcus genera (chapter I). Furthermore, nsr gene is localized on a specific operon 

within the genome, termed here as nsr operon encoding six different proteins (Figure 13). 

The nsr operon resembles the immunity operon of the nisin producing strains [64] as it 

consists of a membrane associated nsr, and an ABC transporter, termed here as nsrFP (NsrF 

is named after lanF found in the producer strains and P stands for the permease). 

Furthermore, a two-component system is also present, consisting of the response regulator 

and the histidine kinase (designated as nsrR and nsrK, respectively). Additionally, the nsr 

operons identified could be categorized in four different groups based on the orientation and 

the order of the genes (chapter I).  

Although a few similar resistance operons against lantibiotics are known such as cprABCK-

R in C. difficile provides resistance against lantibiotics such as nisin, gallidermin, subtilin 

[182]. A multicomponent operon liaIHGFSR in Bacillus spp. confers resistance towards 

bacitracin, ramoplanin, vancomycin and nisin [177, 175]. lctGEFlcrXRS and nsrXRS form 



two distinct gene systems in S. mutans which confer resistance against nisin, nukacin ISK-1 

and lacticin 481 [163]. However, other than determination of the genes involved in 

resistance, there is nothing known about these proteins on a molecular level. Furthermore, 

the molecular and structural characterizations of these proteins involved in lantibiotic 

resistance are still missing.  

 

 

Figure 13:  The nisin resistance system. The nisin resistance protein (NSR) is shown in shade of 
pink. The two-component system regulatory proteins: NsrR (dark green) and NsrK (light 
green) and the ABC transporter proteins: NsrF (sky blue) NsrP (blue) are also shown with 
the extracellular domain (loop) highlighted in dark blue. Adapted from chapter I and 
created with Chem BioDraw 13.0 

Thereby, to compare the results obtained within this thesis, the well characterized nisin 

immunity system from the nisin producing strains serves as a model. Additionally, the 

distinct proteins involved in immunity and regulation of nisin in lantibiotic producer strains 

are extensively studied and various studies involving these proteins are available including 

functional and structural information. 

 

4.2 Differentiating innate immunity of producers and intrinsic resistance 

of non-producers 

The focus within this section is on the innate immunity present in the producer strains 

towards lantibiotics, specifically nisin and the intrinsic resistance of the non-producers 

against nisin through a comparison of the known biochemical and structural data in the 

literature published and the data obtained within this thesis. 

Lantibiotics have a broad spectrum of activity including various Gram-positive bacteria, 

where low nanomolar concentrations of lantibiotics are already enough to permeabilize the 

bacterial membrane. Thus, the lantibiotic producer strains have an inbuilt self-protection 



mechanism (immunity) to prevent cell death caused due to the action of its cognate 

lantibiotic [93]. This immunity system consists of a membrane–associated lipoprotein 

(usually referred to as LanI), and/or an ABC transporter (termed as LanFEG and comprising 

of three subunits) [91]. Although, some lantibiotic immunity systems such as Pep5, epicidin, 

epilancin and lactocin S only require LanI for immunity, other lantibiotics with a dual mode 

of action involving pore formation and lipid II binding such as nisin, subtilin, epidermin, 

gallidermin and lacticin 3147 require additionally the presence of LanFEG also [227, 59, 

64]. Some examples are NisI and NisFEG of the nisin system, SpaI and SpaFEG confer 

immunity towards subtilin, PepI constitutes the immunity system of Pep5 producing strains 

[228].  

On the contrary, an intrinsic resistance mechanism is present in some lantibiotic non-

producer strains including human pathogenic strains to combat the effect of the lantibiotic 

present in the environment. This resistance is mediated by the expression of several genes 

localized on a specific operon, which resembles the genetic architecture of the lantibiotic 

immunity genes found in producing strains. However, it lacks the structural gene and the 

genes for modification and transportation of the lantibiotic outside the cell. Furthermore, the 

upregulation of these genes is mediated by a specific two-component system similar to the 

one found in lantibiotic producing strains [93, 184]. Some examples for such lantibiotic-

resistance operons are graXSR-vraFG in S. aureus conferring resistance against nisin A and 

nukacin ISK-1; the cpr operon in C. difficile conferring resistance against multiple 

lantibiotics such as nisin, gallidermin, subtilin, and mutacin 1140; lctGEFlcrXRS in S. 

mutans conferring resistance against nisin, nukacin ISK-1 and lacticin 481 [163]. The 

resistance system comprises of an ABC transporter (usually comprising of two subunits) 

and/or a resistance protein (in case of nisin – proteolytically cleaves nisin).  

The most extensively studied lantibiotic till date is nisin, which is produced by some strains 

of L. lactis and S. uberis strains [4, 78, 229]. Active nisin consists of 34 amino acids and 

contains five (methyl-)lanthionine rings where the first three rings (ring A-C) are separated 

from the last two intertwined rings (ring D-E) by a flexible hinge region [230]. Rings A and 

B are able to bind lipid II, a essential component in Gram-positive bacteria for cell wall 

synthesis which thereby is inhibited [231], whereas the hinge region and ring D and E, are 

able to flip into the membrane and create pores [85, 232, 89], which lead to an efflux of 

nutrients and small compounds out of the cell, subsequently leading to cell death [233]. 

 



Figure 14:  The nisin immunity and resistant system. Both the systems comprise of a lipoprotein 
(colored in red), an ABC transporter (depicted in blue) and a two-component system 
(shown in green). Six genes comprise the immunity system while there are five genes in 
the resistant system. Functionally similar genes are colour coded identically with the 
exception of NisI and NSR. 

The nisin producer L. lactis strains protect themselves from the suicidal activity of nisin by 

expressing two protein comprising the immunity system: the lipoprotein NisI and the ABC 

transporter NisFEG [94] (Figure 14).  

On the contrary, in non-nisin producer strains such as S. agalactiae, a similar operon confers 

resistance against nisin [184]. This operon is characterized by the presence of a nisin 

resistance protein (NSR) and an ABC transporter NsrFP which are auto-regulated by a two-

component system comprising of NsrR and NsrK (chapter I) (Figure 14).  

 

4.3 The first line of defense: NisI and NSR 

The following section compares the immunity protein of the nisin producing strains with its 

counterpart resistance protein in the nisin resistant strains, which forms the first line of 

defense against the killing mechanism of the lantibiotics.  

Since low amounts of lantibiotics are already enough to permeabilize the cell membrane and 

kill the bacteria, the producer strain regulates the expression of its immunity genes to 

combat this self-suicidal action. One of the primarily components of this self-immunity is 

the so-called LanI family of proteins. Although, some lantibiotic immunity systems such as 



Pep5, epicidin, epilancin and lactocin S only require LanI for immunity, other lantibiotics 

with a dual mode of action involving pore formation and lipid II binding such as nisin, 

subtilin, epidermin, gallidermin and lacticin 3147 require additionally the presence of 

LanFEG also [227, 59, 64]. 

 

4.3.1 The nisin immunity protein NisI 

 

In nisin producing strains, the immunity protein NisI is 27.8 kDa comprising of 245 amino 

acid residues [94, 234]. It carries a 19 residues long lipoprotein signal peptide, and a site for 

lipid modification (Cys1 in mature NisI) [91, 234]. NisI is secreted through the cytoplasmic 

membrane where cleavage of the signal peptide occurs, and the mature NisI (226 amino acid 

residues and 25.8 kDa in size) is anchored to the outside of the cytoplasmic membrane by its 

N-terminal lipid [224]. However, approximately one-third of NisI escapes this modification 

machinery and is released into the extracellular environment in a lipid-free form that forms 

an additional mechanism of immunity [102, 235]. 

The main function of NisI is to provide immunity by directly interacting with nisin to 

prevent its attachment to the membrane, inhibiting pore formation [103, 236], thereby 

protecting the nisin-producing bacteria. Important here is the fact that NisI is not involved 

any modification or degradation of nisin [93, 101, 224, 237, 103, 102, 238].  

When expressed in the nisin sensitive L. lactis strain NZ900, which does not carry the 

immunity genes nisI and nisFEG within its genome, NisI confers 8-10 fold immunity. This 

was measured by comparing the IC50 values against nisin with and without expressing NisI 

[238]. 

Various studies have indicated the importance of the C-terminus of NisI, especially the last 

22 amino acids, in binding to nisin and inhibition of nisin mediated pore formation [239, 

238]. A deletion of the last 5 residues decreases the immunity conferred by NisI to 

approximately 78% [239]. Furthermore, a longer deletion of the last 22 residues, reduces the 

capability of NisI to inhibit the activity of nisin by a factor of one-third [238].  

Recently, in addition to the binding capability of NisI, a second mechanism of conferring 

immunity by NisI was also identified. Upon addition of nisin to L. lactis cells, expressing 

solely NisI, the cells cluster and form large chains of up to 30 cells [238]. This clustering 

appears to reduce the possibility of nisin to reach lipid II. This effect has been called a 

“shielding mechanism” and is reversible [238]. This way when the concentration of nisin 



increases to a certain threshold (in the reported study around 60-70 nM), which coincides 

with the measured IC50 values, the cells are immune to nisin [238]. Interestingly, this 

phenomenon does not occur with the NisI variant lacking the C-terminal 22 amino acids, 

leading to the assumption that the observed cell clustering is initiated by the C-terminus 

[238]. This suggests that the inhibition observed when nisin was added to NisI expressing L. 

lactis cells is not due to cell death rather the cell clustering prevents the cells from further 

growing. 

Similarly, the pore formation is also observed when adding low amounts of nisin (10 nM) to 

nisin sensitive L. lactis strains as measured by Sytox Assay [238]. However, when 

expressing NisI even upto concentration of 1000 nM, this pore formation is not observed, 

clearly suggesting that the cell clustering is also a way of shielding L. lactis membrane and 

prevent nisin mediated pore formation [238]. Furthermore, pore formation was observed 

with the C-terminus deletion mutant of NisI reiterating the importance of the C-terminus of 

NisI (last 21 amino acid fragment) in interaction with nisin and provides specificity to NisI-

nisin interaction [239]. 

The substrate specificity of NisI lies in the N-terminus of nisin, presumably the first two 

rings. In vivo growth experiments have showed that variations at the C-terminus of nisin had 

no major effect on the L. lactis sensitive strain as the IC50 values still remain the same [240]. 

Since the first two rings of nisin (N-terminal region) are crucial for its initial binding to lipid 

II [85] which eventually leads to pore formation, it could be that NisI shares the same 

specificity.  

Since NisI conferred immunity is a result of its binding to nisin, it is surprising that nisin 

binds to NisI with a weak affinity as determined by its KD in low micromolar range 

(approximately 0.6–2 μM) [235, 236]. However, this high value might be the result of the in 

vitro measurement being performed without the membrane environment. 

Although NisI doesn’t show any sequence homology with other LanI immunity proteins 

[241], the cellular function of NisI is similar to the subtilin immunity protein SpaI in B. 

subtilis, involving binding to subtilin, thereby protecting the producer membrane [242]. 

Interestingly, despite the high sequence homology of 60% between nisin and subtilin, no 

cross immunity has been observed so far [223] indicating towards the specificity of the 

immunity protein towards its respective lantibiotic. 

 

 



4.3.2 Nisin Resistance Protein NSR 

 

The counter part of NisI in the nisin resistance system is, the nisin resistance protein termed 

NSR. NSR of S. agalactiae contains 320 amino acids and has a theoretical molecular weight 

of 36.2 kDa [206]. NSR has a N-terminus hydrophobic region encoding a transmembrane 

sequence of 21 residues [206] and is localized in the membrane.  

NSR is proteolytic degrading nisin [198]. This nisin degradation mechanism is quite unique 

since the lanthionine rings cause steric hindrance, inhibiting the protease cleavage [85]. NSR 

cleaves of the last six amino acids of nisin, yielding two fragments of nisin and the major 

product is called nisin1-28. This nisin variant displays 100-fold less bactericidal activity and 

has less affinity for the bacterial membrane [198]. So by reducing the effectiveness of nisin, 

the non-producing strains become more resistant. When expressed in a nisin sensitive L. 

lactis strain, NSR confers 18-20 fold resistance (chapter I) as determined by the IC50 assay.  

Furthermore, for the nisin variants CCCCA and CCCAA (last or the last two C-terminally 

located rings are missing), the resistance mediated by NSR in nisin sensitive L. lactis strain 

dropped to mere 1.4-1.7 fold (chapter III). Additionally, removing the last six or twelve 

amino acids of nisin (nisin1-28 and nisin1-22, respectively) completely abolished the 

resistance, clearly indicating the importance of the last ring as well as the C-terminal tail of 

nisin for recognition by NSR (chapter III). 

Although, nisin shares a high sequence similarity of around 63% with subtilin; and various 

lantibiotics such as subtilin, subtilomycin which also harbour five lanthionine rings in their 

structures [243]. However, the specificity of NSR towards other lantibiotics is still unknown 

and is possible that NSR exhibits broader substrate specificity. 

 

4.3.3 Structural comparison of NSR and NisI 

 

Recently, the structure of NisI (in two domains) from L. lactis was solved using NMR 

spectroscopy (PDB codes: 2N32 and 2N2E) [236]. NisI is a two-domain predominantly β-

sheet protein (Figure 15).  

The N-terminal part (1-111 residues) is connected to the C-terminal domain (120-226) via a 

flexible linker (112-119) (Figure 15). Interestingly, both the domains of NisI adopt a similar 

fold which has been previously been observed in the structure of SpaI the immunity protein 

of the lantibiotic subtilin from Bacillus subtilis [236]. However, in contrast to two domains 



NisI, SpaI is a single domain protein. A seven-stranded antiparallel twisted β -sheet forms 

the core of the N- and C- terminal domain of NisI with the strand order β1-β2-β3-β8-β7-

β6b-β4a. An extended β -hairpin is formed by strands β4b and β6a and is stabilized by 

hydrophobic packing interactions with residues from β1 and β2. In addition, the β-hairpin is 

flanked by a short 310 helix. However, NisI lacks the N-terminus unstructured region, which 

is present in SpaI and supposedly allows interaction with the host membrane [242, 236].  

 

 

Figure 15: Cartoon representation of the structures of NisI and NSR. The structures of (a) NisI 
(PDB codes: 2N32 and 2N2E) [236] and (b) NSR (chapter III) are shown with the 
secondary elements colour coded as red for helices, yellow for sheets and green for the 
loops. The figure was prepared with Pymol. 



Although, an interaction of NisI with the membrane was previously postulated, NMR 

experiments were performed to confirm the same. These revealed that only the N-terminal 

domain has affinity towards membrane environment, possibly localized at the membrane 

while the C-terminal domain does not bind to lipids. Instead, the C-terminal domain 

specifically binds nisin [236]. This further supports the previous observation about the 

importance of the C-terminal 22 amino acids for the functioning of NisI in vivo [239, 238].  

Although structurally similar (Figure 16), both the domains of NisI differ in their surface 

properties (Figure 17). While the surface of the N-terminal domain is highly positively 

charged and interacts with membranes, the C-terminal domain has highly negatively charged 

surface with hydrophobic patches and is able to bind nisin (Figure 17). Thereby modulating 

the membrane affinity of the N-terminal domain by shielding its membrane binding surface 

[236]. 

 



Figure 16: Surface representation of the structures of NisI and NSR. The different domains of 
(a) NisI (PDB codes: 2N32 and 2N2E) [236] and (b) NSR (chapter III) are colored 
differently. 

On the contrary, the crystal structure of nisin resistance protein from S. agalactiae (SaNSR; 

without the signal peptide) presented within this thesis (chapter III) was solved using X-ray 

crystallography and comprises of an equal ratio of α-helices and β-strands (eleven each) 

(chapter III) (Figure 15) and is composed of three domains (Figure 16). An N-terminal 

helical bundle, the protease cap and core domains, together form a hydrophobic tunnel of 

~10 Å width (Figure 16-17). Although the overall fold of NSR does not resemble any 

specific protein of which the structure is resolved, however the domains alone have some 

homologous structures. An interaction of NSR with the membrane has not been observed 

yet. The hydrophobic negatively charged tunnel (Figure 16) is responsible for binding to 

nisin by ‘roping in’ the peptide.

 

Figure 17: Electrostatic surface potential of the structures of NisI and NSR. The electrostatic 
surface potential of (a) NisI (PDB codes: 2N32 and 2N2E) [236] and (b) NSR (chapter 
III) structures is shown. Negatively charged surface areas are colored in red, positively 
charged areas colored in blue and white areas correspond to hydrophobic surfaces. The 
figure was prepared with Pymol. 



The structure of NSR highlights the importance of the highly conserved TASSAEM region 

that harbours the catalytically active serine (chapter III). Additionally, the residues forming 

the hydrophobic interactions for proper orientation of rings D and E of nisin are embedded 

in the protease core domain that is situated in the middle of NSR protein (chapter III). 

Although the structure of NSR lacks its substrate nisin, instead a peptide named ‘N-pep’ was 

bound in the active site. This information was further used for modeling and molecular 

dynamic simulations where the N-pep molecule was replaced by the nisin molecule which 

showed that nisin is stably bound in the tunnel created by the distinct domains of NSR 

(chapter III). 

Table 1: Summary of the comparison between NisI from nisin producing strains and NSR 
from nisin resistant strains. 
 

 NisI NSR 

Sequence length (amino acids) 245  320 

Molecular weight 
27.8 kDa (full-length) / 

25.8 kDa (processed) 
36.2 kDa 

Localization 
Membrane attached / 

lipid-free  
Membrane spanning 

Sequence motif 
N-terminal signal 

peptide 

N-terminal transmembrane helix / 

conserved TASSEAM region 

Modification Cys linked lipid - 

Function Nisin Binding Nisin cleavage at Ser 29 

Observed mechanism 
Reversible cell 

clustering 
Lowering activity of nisin  

Substrate specificity 
N-terminus of nisin  

(rings A and B) 

 C-terminus (rings D and E plus 

C-terminal located six amino 

acids) 

Conferred Immunity/ Resistance 

(sensitive L. lactis strain NZ9000 

4-6 nM) 

8-10-fold 20-fold 

Important residues Tyr152, Asp155 His98, Ser236 

Binding site 
C-terminus (last 21 

amino acids) 
TASSEAM region 

Binding affinity 1 µM Not determined 



Structure determined NMR X-ray crystallography 

Structure β-sheet (two domains) Three domains 

Binding site determined 
NMR / Mutational 

studies 

Molecular dynamic simulations/ 

Mutational studies 

 

NSR provides resistance against nisin by proteolytically cleaving the peptide bond between 

MeLan28 and Ser29 of nisin, resulting in two fragments that display less antimicrobial 

activity and low affinity for membrane [198]. The model of SaNSR/nisin complex certainly 

demonstrates the significance of C-terminally located last lanthionine ring of nisin for 

substrate specificity (chapter III). Additionally, mutagenesis analyses support the fact that 

NSR recognizes the last ring of nisin as it functions as a plug onto the tunnel, properly 

placing the nisin cleavage site (chapter III).  

 

4.4 Second line of defence: NisFEG and NsrFP 

 

In addition to the membrane anchored immunity/ resistance protein, both the nisin immunity 

and resistance systems have the presence of an ABC transporter, NisFEG and NsrFP, 

respectively (Figure 18).  They are build up of an soluble ATP binding domain NisF and 

NsrF which need to dimerize to hydrolyse ATP which consequently is the energy needed by 

the ABC transporter. The transmembrane domains are NisE and NisG for the immunity 

system and NsrP of the resistance system. 

 

4.4.1 NisFEG of nisin producers 

In the nisin immunity system of nisin producing strains, the cytoplasmic NisF is composed 

of 225 amino acids and is 24.6 kDa in size. It has ATP-binding sites within the N-terminal 

end of the protein [94]. Additionally, NisE and NisG are predominantly hydrophobic 

proteins that together form the integral membrane part of the ABC transporter and are 

composed of six transmembrane helices each [94]. NisE comprises of 242 amino acids and 

is 27.6 kDa whereas NisG is 24.1 kDa in size with 214 amino acids. Using sequence 

similarity searches likely NisFEG exhibits a 2:1:1 stoichiometry to form a functional 

lantibiotic immunity LanABC transporter [94] (Figure 18). Various gene knockout studies 



have shown that out of all the three genes encoding the ABC transporter, deletion of nisE 

gene has the most detrimental effect on the nisin production and immunity [94].   

The primarily function of NisFEG in providing immunity to the producer strains is to efflux 

nisin molecules from the membrane before they can form pores [103, 244]. A similar 

function has been identified for the subtilin immunity ABC transporter SpaFEG which 

expulses subtilin molecules from the cytoplasmic membrane into the extracellular medium 

[223]. 

 

 

Figure 18: Schematic representation of the ABC transporters involved in nisin immunity and 
resistance. The ABC transporter involved in nisin immunity (colored in brown and 
orange) represents a stoichiometry of NisF2:NisE:NisG while the resistance associated 
ABC transporter (shown in blue) exists in a NsrF2:NsrP ratio. 

When expressed in the nisin sensitive L. lactis strain NZ9000, which does not carry the 

immunity genes nisI and nisFEG within its genome, NisFEG confers seven-eight fold of 

immunity when expressed alone. [244]. 

The substrate specificity of NisFEG has been extensively studied. It has been shown that 

NisFEG recognizes the last C-terminally located lanthionine ring and the last six amino 

acids of nisin as a reduction of 50% in the immunity provided by NisFEG was seen upon 

deletion of either of them [244].  

 



 

4.4.2 NsrFP of nisin non-producers 

 

In contrast, the nucleotide-binding domain of the nisin resistance system is NsrF, which is 

28.3 kDa in size and comprises of 250 amino acids residues [245]. Although NisF and NsrF 

both belong to the P-loop NTPase superfamily and have the presence of the signature motifs 

of ABC transporters [246], they are just 28% identical [247].  

The lantibiotic resistance ABC transporters usually comprise of a single membrane subunit 

and in comparison to the lantibiotic immunity system, the transmembrane domains NisE and 

NisG are apparently fused as one into NsrP. Furthermore, NsrP is composed of 612 amino 

acids and is 69.4 kDa with ten transmembrane helices [248]. It forms the complete 

transmembrane domain of the ABC transporter NsrFP of the nisin resistance system, leading 

to a 2:1 stoichiometry for NsrFP (chapter I and VI) (Figure 18). Additionally, NisEG and 

NsrP share an identity of 21% [247]. The only known exception of a three-component 

lantibiotic resistance transporter is CprABC in C. difficile [182]. A noteworthy point worth 

mentioning is that unlike NsrFP, CprABC is not specific for a particular lantibiotic and 

instead recognizes various lantibiotics including nisin, subtilin and cinnamycin [169]. 

Although a part of NsrFP recognizes nisin (chapter VI), whether it also recognizes various 

substrates is yet to be determined. 

Contrarily, to the immunity ABC transporters that efflux out the lantibiotic, a binding 

function to the lantibiotic is postulated for lantibiotic resistance ABC transporter systems 

[121] as also confirmed in chapter VI where a part of the resistance NsrFP transporter binds 

to nisin. However, the knockout studies and substrate specificity is yet to be determined for 

NsrFP.  

 

4.4.3 The cytoplasmic loop 

 

The most remarkable difference between the ABC transporters involved in immunity of 

lantibiotic producing strains and the resistance-associated transporters in non-nisin 

producing strains is the presence of a large extracellular loop approximately 200-250 amino 

acids in between helices VII and VIII of the permease (Figure 19) (chapter VI) [174, 181, 



184]. This feature is not present in lantibiotic immunity-providing ABC transporters and is a 

characteristic for the two-component ABC transporters involved in lantibiotic resistance 

[121] such as BceAB in B. subtilis [186], BraAB [167] and NsrFP in S. agalactiae (chapter I 

and VI).  

 

 

Figure 19: Schematic representation of NsrP loop. The amino acid sequence of NsrP is shown. 
221 residues comprising NsrP loop are highlighted in blue while the rest residues are 
colored in grey. The figure is the output of TOPO2 server [249]. Taken from chapter VI. 

Although the loop is the least conserved domain among resistance associated ABC 

transporters, these loops are known to be specific for their own ABC transporters [250]. A 

hybrid of the permease BceB from B. subtilis and the extracellular domain from another 

related Bce-AB type transporter did not restore bacitracin resistance in the BceAB 

transporter [250]. 

Since the histidine kinases of the associated TCSs lack the sensory domain, these loops 

function as an additional co-sensor for the regulation of the transcription of the associated 

genes [186, 250] which includes binding to the AMP/lantibiotic and somehow passing on 

the signal to the TCSs for upregulation and sensing. 



Chapter VI focussed on the possible interaction between NsrP loop and nisin and it was seen 

that “NsrP loop” indeed interacts with nisin. NsrP loop is 221 amino acids (25.1 kDa) and is 

present in between helices VII and VIII (Chapters I and VI) (Figure 19).  

 

Furthermore, NsrP loop exhibits a weak affinity for nisin as indicated from the obtained 

value for the equilibrium dissociation constant KD for NsrP loop: nisin interaction in the 

micromolar range (around 1 μM). This rather low affinity of NsrP loop for nisin is 

unexpected since nanomolar concentrations of nisin are already enough to affect cell 

growth. Thus, if NsrP loop provides resistance against nisin through binding, it should have 

a higher affinity towards nisin. However, this high value is further supported by the weak 

affinity for nisin displayed by nisin immunity protein NisI of nisin producing strains [235, 

236] which also functions primarily by specific binding to nisin [103, 235]. It could be 

possible that this high value is a result of the absence of the membrane environment in in 

vitro experiments.  

Table 2: Summary of the differences between the ABC transporters from the nisin 
producing strains and the nisin resistant strains. 
 

 NisFEG NsrFP 

Sequence length (amino 

acids) 
225 + 242 + 214 250 + 612 

Molecular weight 24.6 kDa + 27.6 kDa + 24.1 kDa 28.3 kDa + 69.4 kDa 

Localization Membrane spanning Membrane spanning 

Genes encoding ABC 

transporters 
Three Two 

Extracytoplasmic loop Absent Present 

Transmembrane helices 6 + 6 10 

Stoichiometry 2:1:1 2:1 

Function Expelling nisin Not known 

Observed mechanism Preventing pore formation 
Binds nisin and additional 

function not determined yet 

Structure Not determined Not determined 

Substrate specificity 
C-terminus (last ring and the 

last 6 amino acids of nisin) 
Not determined 

Conferred Immunity/ 6-8-fold Not determined 



Resistance (sensitive L. 

lactis strain NZ9000) 

Structure determined Not determined Not determined 

 

In addition to binding to the substrate, various additional roles have been identified for these 

extracellular domains. In B. subtilis, the “BceB-loop” is required for bacitracin induced 

expression of bceAB genes and for proper folding of BceAB [250]. Further extensive 

studies of NsrP loop are required to elucidate these additional functions. 

 

4.5 Cooperativity amongst the immunity and resistance proteins? 

 

It is well known that both the nisin immunity proteins act cooperatively [237, 103] as full 

immunity up to ~ 750 nM nisin (1000 IU/ml) against nisin is only achieved when both nisI 

and nisFEG are expressed [224]. Gene knockout studies have shown that NisI and NisFEG 

alone provide only 4-20% of the full immunity [237, 103]. Furthermore, NisIFEG together 

confers a 100-fold immunity against nisin in the nisin sensitive L. lactis strain [240]. 

Similarly, in the subtilin immunity system, SpaI and SpaFEG cooperatively provide 

immunity to B. subtilis against the produced subtilin [223].  

Additionally, NisI is known to be more effective in providing immunity than NisFEG, thus, 

playing a larger role than NisFEG [94]. 

Previous studies have shown that the immunity system is specific for its cognate lantibiotic 

and no cross- immunity has been observed [103]. Although, nisin and subtilin share high 

sequence homology [223], no cross- immunity has been observed. 

However, it is still unknown whether in the resistance system, NSR and NsrFP act 

cooperatively or provide a higher resistance against nisin when both are expressed. 

Additionally, the exact contribution of NSR and NsrFP in providing resistance is still 

unidentified. 

 

4.6 Regulation of immunity and resistance 

 

The transcription of the immunity genes in the lantibiotic producing strains is activated via 

the two-component system comprising of a receptor histidine kinase and a transcriptional 



response regulator. Similarly, the two-component system present in the lantibiotic non-

producing strains is also responsible for the upregulation of the corresponding genes in the 

operon.  

Similar to lantibiotic systems [158, 251], the RR and HK genes of the resistance systems are 

genetically linked and cotranscribed, leading to increased protein production [121]. 

 

4.6.1 NisK and NsrK 

 

In nisin producing strains, external nisin acts as a signal, which is taken up by the histidine 

kinase NisK, inducing an autophosphorylation of its conserved histidine residue. NisK 

comprises of 447 amino acid residues and contains all the standard features: N-terminal 

sensory domain with cytoplasmic signalling modules and the transmitter domain comprising 

of HisKA and HATPase_c for kinase activity [217] (Figure 20). NisK belongs to the EnvZ 

(belonging to the TCS EnvZ-OmpR) subfamily of histidine kinases. Although the first ring 

A of nisin is important for auto inducing activity of NisK [252], the first three rings of nisin 

are required for activating NisK itself [253].  

 

 

Figure 20: Domain organization of the histidine kinases present in lantibiotic producing and 
resistant strains. The figure is based on the graphical output of the SMART web server 
Schultz, Milpetz [217]. Scale bar represents the number of amino acids and a grey line 
represents the proteins. The conserved domains are labelled in cyan. 

 
 

On the other hand, NsrK belongs to the class of intramembrane-sensing histidine kinases 

(IM-HKs) which are characterized by an N-terminal sensing domain consisting of two 



deduced transmembrane helices and the absence of signalling modules in the cytoplasmic 

part [173] as depicted from the smaller size (312 amino acids) (Figure 20). Some other 

notable members of this family of kinases are BceS, YvcQ and LiaS from resistance systems 

[162, 177, 175]. Although the exact functioning of NsrK has not been elucidated, it is 

suggested that these kinases detect their stimuli from within or at the membrane interface 

(Mascher, 2006; Mascher et al., 2006), with the aid of an ABC transporter that is usually 

cotranscribed and contains a sensory domain [181]. 

Table 3: Summary of the differences between the histidine kinases NisK and NsrK from 
the immunity and resistant systems, respectively. 
 

 NisK NsrK 

Sequence length (amino 

acids) 
447 312 

Molecular weight 51.3 kDa 36.5 kDa 

Localization Membrane spanning Membrane spanning 

Histidine Kinase Family EnvZ-like histidine kinases 
Intramembrane-sensing histidine 

kinases (IM-HKs) 

Cytoplasmic signalling 

modules 
Present Absent 

Sequence motif HisKA and HATPase_c HisKA and HATPase_c 

Function 
Nisin-mediated signal 

transduction 
Not determined 

Observed mechanism Quorum sensing Not determined 

Substrate specificity Ring A of nisin Not determined 

Activation of kinase Rings A-C of nisin Not determined 

Structure determined Not determined Not determined 

 

 

4.6.1 NisR versus NsrR 

 

NisR (from nisin producing system) is composed of 229 amino acid residues and is 26.7 

kDa in size (Figure 20). Upon phosphorylation NisR binds to various promoters such as 

nisA and nisF of the nisin operon, thereby activating the transcription of the structural, 

modification and immunity genes of the nisin operon [104, 105]. Although, the NisR-NisK 



induced NICE (nisin controlled gene expression) system has been used for a long time 

[254], detailed studies of NisR on a structural level are still missing.  

On the contrary, NsrR (nisin resistant system of non-producers) is 25.4 kDa and comprises 

of 222 amino acid residues (Figure 21). The structure of NsrR was solved using X-ray 

crystallography (chapter V) and reveals that it is a DNA-binding response regulator 

possessing all the characteristic structural features of the OmpR subfamily that are 

characterized with a typical helix-turn-helix motif (chapter V).  

Additionally, dimerization of NsrR occurs through α4-β5-α5 interface and putative residues 

involved in DNA-binding could be identified (chapter V). However, the distinct promoters 

for the nsr operon are yet to be identified. 

 

 

Figure 21: Sequence alignment of NsrR and NisR. A sequence alignment of NsrR with NisR is 
shown. The active site aspartate residue (highlighted in red), the residues forming the 
acidic pocket surrounding it (highlighted in pink), the switch residues (highlighted in 
blue), the conserved lysine residue (highlighted in green), the highly conserved residue of 
the linker region (colored in purple), the residues involved in dimer interface of receiver 
domain (highlighted in yellow), residues involved in interdomain interactions (shown in 
orange boxes and in cyan) and the residues involved in interaction with DNA (colored in 
blue) are shown. The linker region of NsrR is underlined within the sequence. Based on 
Figure 3 of chapter IV and [247]. 

Although both the response regulators NisR and NsrR are quite dissimilar with a sequence 

identity of 33% (Figure 21), both belong to the OmpR/PhoB subfamily of response 

regulators [255, 256]. Additionally, the residues forming the dimer interface as well as the 

interdomain interactions are different indicating towards distinct mode of interactions 

(Figure 21).  



Table 4: Summary of the differences between the response regulators NisR and NsrR from 
the immunity and resistant systems. 
 

 NisR NsrR 

Sequence length 

(amino acids) 
229 222  

Molecular weight 26.7 kDa  25.4 kDa  

Localization Cytosol Cytosol 

Response Regulator 

Family 
OmpR/PhoB OmpR/PhoB 

Sequence motif Not determined 
Active aspartate and switch 

residues 

Function 
Activation of the transcription of 

genes of nisin operon 
Not determined 

Observed mechanism Binding to nisA and nisF promoter Not determined 

Important residues Not determined 
Asp55, Ser82, Phe101, 

Lys104, Asp188 

Binding site Not determined Effector domain 

Structure determined Not determined X-ray crystallography 

Binding site 

determined 
Not determined Structural comparison 

 

4.7 Model for the mechanism of nisin resistance in S. agalactiae 
 

This section summarizes the results obtained in the preceding chapters. Considering 

lantibiotic immunity system as a paradigm, a model is proposed for nisin resistance in S. 

agalactiae as represented in Figure 22. 

 

1. The active nisin comes in contact with the membrane of the resistant strains such as S. 

agalactiae. 

2. The initial resistance process involves the binding of nisin to the serine protease NSR. In 

detail, NSR harbours a hydrophobic tunnel that ‘ropes in’ the nisin peptide through 

hydrophobic interactions. These interactions are highly relevant for the molecular  
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recognition of nisin and the substrate specificity of SaNSR. Furthermore, upon interaction of 

the C-terminally located lanthionine ring E with NSR, this ‘roping in’ is stopped, thereby 

acting as plug. 

3. Binding of the lanthionine ring E at one end of the hydrophobic tunnel of NSR ensures 

the exact coordination of the nisin cleavage site at the highly conserved TASSAEM region. 

This leads to the cleavage of nisin at MeLan position 28 and Ser29, yielding two fragments 

of nisin (nisin1-28 and nisin29-34). The nisin1-28 has 100-fold less antimicrobial activity and 

displays less affinity for the membrane, thereby providing resistant to S. agalactiae against 

nisin. 

4. Simultaneously, upon increasing concentrations of nisin in the environment, the ABC 

transporter NsrFP is activated through ATP hydrolysis. The NsrP loop recognises and binds 

nisin and induces a signal transfer to the two-component system. 

5. Upon receiving signal from the loop, the histidine kinase NsrK is phosphorylated at a 

conserved histidine residue. And the high energetic potential of this phosphoryl group is 

transferred to the response regulator NsrR. 

6. Subsequently, the receiver domain of NsrR is phosphorylated at the active aspartate 

residue, which leads to various conformational changes including the formation of dimer 

using α4-β5-α5 as an interface. 

7. Additionally, this activation signal reaches the effector domain of NsrR through the linker 

region. The effector domain is also dimerized and thereby binds DNA through various 

conserved residues, initiating the transcription of the genes of the nsr operon. 

8. Thus, the genes express more proteins making the process of resistance more efficient, so 

that the S. agalactiae is able to degrade/expel nisin out of the environment. When the nisin 

molecules are absent, the resistance system diverts back to its initial position. 
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