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Natural products from microorganisms, animals, and plants constitute a rich 

source for drug discovery. In the last decades, many natural products have 

been found with potent antimicrobial activity 1. Nature-derived products and 

natural product mimics are an important source for therapeutic drugs. For 

instance, 32 of the 132 drugs approved by the FDA in 2008-2012 are natural 

product mimics or derived from natural products 2. In this thesis, we develop 

strategies to derive or mimic natural peptidic products as antimicrobials.  

In the present introduction, we describe some subclasses of natural products 

that have potent antimicrobial activity. We point out several problems in the 

development of these antimicrobials and as a solution to these problems we 

propose and develop alternative strategies. 

1. Recent advances in engineering lantibiotics by using the nisin 

biosynthesis machinery  

In recent decades, more and more antibiotic resistance (AMR) has been 

encountered among human and veterinary bacterial pathogens. AMR causes 

more than half a million deaths each year. The UK government predicted that 

AMR will be the major cause of death in 2050 3. Despite the AMR situation 

being so urgent, the number of newly approved antibiotics has been steadily 

decreasing over the past 50 years 4,5. Therefore, new antibiotics that 

circumvent resistance mechanisms are required to treat AMR infections. 

Lantibiotics are lanthionine ring-containing ribosomally synthesized and post-

translationally modified peptides (RiPPs) 6. Many lantibiotics show potent 

antimicrobial activity against human pathogens and/or even against antibiotic-

resistant human pathogens. Importantly, several lantibiotics, including 

duramycin, NVB-302, mutacin 1140 and NAI-107, have been tested in the clinic 

or are very close to the start of clinical trials. These all have been demonstrated 

to display potent antimicrobial activity in vivo 7–9. The ribosomal synthesis and 

low substrate specificity of some of the lantibiotic modification enzymes 

provide an opportunity to engineer large numbers of novel antimicrobials. 

Here, we describe the progress in engineering lantibiotics by using the nisin 

biosynthesis machinery that has taken place in the last twelve years. 
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1.1. The nisin biosynthesis machinery 

Lactococcus lactis containing the nisin biosynthesis enzymes NisB, NisC, and the 

transporter NisT, together with the nisin-controlled gene expression (NICE) 

system provides a micro-factory that can produce lanthipeptides that belong to 

the group of ribosomally synthesized and post-translationally modified 

peptides (RiPPs) (Fig. 1) 10,11. The NICE system, comprises a nisin-controlled 

two-component signal transduction system (NisRK) to regulate expression of 

the gene of interest 12,13. It can for instance be applied in strains for that 

harbour chromosomally encoded nisRK genes and a two-plasmid nisin-

promotor-controlled expression system, one plasmid encoding the genes to 

express the dehydratase NisB, the cyclase NisC and the transporter NisT, and 

the other plasmid encoding the gene of interest to express a lanthipeptide 

precursor peptide comprising the nisin leader sequence.  

 
Fig. 1 Schematic presentation of the nisin biosynthetic machinery (L. lactis NZ900), which is 

controlled by the nisin-controlled gene expression (NICE) system. a, nisin activates the two-

component signal transduction. b, NisRK activates the expression of the dehydratase NisB, the 

cyclase NisC and the transporter NisT (c) and the expression of precursor peptide (A) (d). e, 

precursor peptide is modified by the dehydratase NisB and the cyclase NisC. f, the transporter 

NisT transports the modified peptide from intracellular to extracellular. g, modified peptide is 

treated with leader-protease NisP for removing the leader peptide. 

1.2. Engineering nisin variants  

In 1992, the nisin biosynthetic machinery was used for the first time for 
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engineering some nisin variants by Kuipers et al. 14. The influence of amino acid 

substitutions in the nisin leader peptide on biosynthesis and secretion was 

studied by using the nisin biosynthesis machinery in 1994 15. In 1995, a 

mutagenesis study demonstrated that ring C of nisin is important for its potent 

antimicrobial activity 16. Recently, Rink et al. demonstrated that the three 

amino acid residues in nisin’s ring A have high mutational freedom 17. Plat et al. 

used the nisin biosynthesis machinery to produce truncated nisin (1-22) 

variants 18 and demonstrated that an additional C-terminal positive charge 

significantly increases the antimicrobial activity of nisin (1-22) analogs. Kuipers 

et al., Rouse et al., and Healy et al. found that the nisin hinge is important for 

the antimicrobial activity 19–21. These data were obtained by screening nisin 

variants from libraries that were modified by NisBTC enzymes. In another study, 

the influence of tryptophan analogs on the antimicrobial activity of nisin was 

investigated 22. More recently, Li et al. found that some pore-forming peptide 

tails increased the antimicrobial activity of nisin against Gram-negative 

pathogens 23.  

1.3. Engineering heterologous lantibiotics  

A difficult-to-obtain class II two-component lantibiotic of Streptococcus 

pneumonia, pneA1 and pneA2, was produced by using a strain with NisBTC 24. 

In addition, after removal of the leader peptide, both modified peptides 

showed antibacterial activity against Micrococcus flavus. To isolate 

antimicrobial peptides from large numbers of different native microorganism, 

production can be a bottleneck in the discovery of antimicrobials. Therefore, 

van Heel et al. used the in-house developed genome mining tool BAGEL3 to 

find some “sleeping” lantibiotic genes and thereafter heterologously produced 

the peptides via NisBTC 25. Five potent lantibiotics were found following this 

strategy. Moreover, Li et al. used the nisin system to produce a non-antibiotic-

vasopressin analog, a human peptide hormone26. 

1.4. Engineering lantibiotics, followed by a selection from genetically 

encoded libraries  

Rink et al. used the nisin biosynthesis machinery to produce and thereafter 

screen nisin variants from genetically encoded libraries 17. Large numbers of 

nisin variants with potent antimicrobial activity can be obtained from 
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genetically encoded libraries. In another study, nisin variants with enhanced 

antimicrobial activity against pathogens were obtained 27. Moreover, Schmitt et 

al. found some highly scrambled lanthipeptides with potent antimicrobial 

activity against pathogenic bacteria. This was achieved by high-throughput 

screening of antimicrobial lanthipeptides from genetically encoded libraries by 

using a nanoFleming screening system 28. 

In conclusion, the above studies demonstrate that the nisin biosynthesis 

machinery is widely and successfully used for the production of rationally 

designed nisin variants, heterologous production of lantibiotics and screening 

lantibiotics from genetically encoded libraries.  

2. Lipid II-targeting lantibiotics 

Lipid II (GlcNAc-MurNAc-pentapeptide-pyrophosphoryl-undecaprenol, Fig. 2) 

plays an essential role in the synthesis of the bacterial cell wall 29,30. The vital 

role of lipid II in the cell wall synthesis makes it an excellent target for many 

antibiotics, including vancomycin, ramoplanin, mannopeptimycins, teixobactin 

and including a number of lantibiotics: nisin, NAI-107, gallidermin, nukacin ISK-

1, mersacidin, haloduracin and lacticin 3147 29–38. The first papers that 

described lantibiotics that need lipid II as docking molecule were Breukink et al. 

Science 1999 39, Sahl et al. JBC 2001 40,  and Hasper et al. Science 2006 41, which 

described binding and abduction of lipid II from the cell wall synthesis sites by 

nisin. Here, we seek to cover the progress in the understanding lantibiotics 

with N-terminal/C-terminal lipid II binding motifs and consider opportunities to 

engineer different lipid II targeting motifs in lantibiotics as a new weapon in the 

treatment of bacterial infections. 

 
Fig. 2 Structures of lipid II. 
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2.1. Lantibiotics with an N-terminal lipid II binding domain 

Lantibiotics such as nisin 29,30, epidermin 42,43, mutacin 1140 44–46 and subtilin 47 

are potent antimicrobial agents with similar N-terminal lipid II binding motifs 

(Fig. 3). Nisin, the best-studied lantibiotic, is a 34 amino acid (or 29 amino acids, 

if one considers a (methyl)lanthionine as a single amino acid) cationic 

lanthipeptide produced by various Lactococcus lactis strains. Because of its 

potent antimicrobial activity and safety, it has been used as a food preservative 

for many years. The N-terminal A/B-rings of nisin form a “pyrophosphate cage” 

that physically interacts with the pyrophosphate of lipid II, resulting in the 

formation of nisin-lipid II hybrid pores in the target membrane and inhibition of 

cell wall synthesis via lipid II abduction 29,41. This A/B-ring pattern lipid II-

binding motif can also be seen in other lantibiotics, including epidermin 42,43, 

mutacin 1140 44–46 and subtilin 47, suggesting that binding of the pyrophosphate 

of lipid II is a common mode of action of these kind of lantibiotics.  

 
Fig. 3 Structures of some lantibiotics with N-terminal lipid II binding motif. Residues known to 
be involved in lipid II binding are blue. Dha: didehydroalanine, Dhb: didehydrobutyrine, Abu: 
aminobutyric acid. 
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2.2. Lantibiotics with an internal lipid II binding domain 

Haloduracin 31,34,35,48, mersacidin 49,50 and Lacticin 3147 33,51–53 are lantibiotics 

that bind to lipid II with an internal binding domain (Fig. 4). All of these 

peptides contain a C-terminal CTLTXEC lipid II binding motif. Variants with 

mutations in this area have reduced or no antimicrobial activity 31,32,34,35,53. Also 

for these lantibiotics, their binding to the peptidoglycan precursor lipid II likely 

explains their high antimicrobial activity at nanomolar concentration 54. 

 

Fig. 4 Structures of some lantibiotics with an internal lipid II binding motif. Residues known to 

be involved in lipid II binding are green. Dha: didehydroalanine, Dhb: didehydrobutyrine, Abu: 

aminobutyric acid. 

In conclusion, the N-terminal lipid II-binding domains and the C-terminal lipid 

II-binding domains of lantibiotics provide an opportunity to engineer hybrid 

lantibiotics with two lipid II-binding motifs. 

3. Antibacterial non-ribosomally produced peptide (NRP) drugs 

Most of the NRPs are produced by bacteria and fungi. NRPs form a vital source 

of therapeutic compounds. NRPs display a broad range of therapeutic effects, 

including anti-inflammatory, antitumor, antibacterial, antifungal, anthelmintic, 
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Table 1. Overview of marketed NRP drugs 
56

. 

Agent Curative effect 
Marketed 
1  

Agent Curative effect 
Marketed 
1 

dactinomycin antitumor 1964 
ergometrine 
(ergonovine) 

obstetrics 
(therapy as uterus 
stimulant and 
vasoconstrictor) 

1947 

bacitracin antibacterial 1948 ergotamine migraine 1921 

bialaphos herbicide 1984 
Gramicidin A, 
B, and C 

antibacterial 1952 

bleomycin A2, B2 antitumor 1969 Gramicidin S 
antibacterial, 
antifungal 

1942 

carbapenems antibacterial 1985 lincomycin antibacterial  1964 

capreomycin 
IA+IB 

antituberculous 1971 monobactams antibacterial 1986 

carfilzomib anticancer 2012 
oritavancin 
(LY333328) 

antibacterial 
(Gram-positive; 
MRSA) 

2014 

caspofungin 
(MK-0991) 

antifungal 2006 penicillins antibacterial 1942 

cephalosporins antibacterial 1964 polymyxin B antibacterial 1952 

chloramphenicol antibacterial 1949 
pristinamycin 
(Ia+IIa) 

antibacterial 1972 

colistin 
(polymyxin E) 

antibacterial 1958 
romidepsin 
(FR901228) 

antitumor 2009 

cyclosporine A 
immunosuppressive, 
auto-immune 
diseases 

1983 teicoplanin 
antibacterial 
(Gram-positive, 
MRSA) 

1988 

dalbavancin antibacterial 2014 telavancin antibacterial  2009 

daptomycin 
(LY146032) 

antibacterial 2003 
trabectedin 
(ET-743) 

antitumor 2007 

emodepside 
(BAY44-4400) 

anthelmintic 2005 tyrothricin antibacterial 1940s 

enduracidin  antibacterial 1974 vancomycin antibacterial 1955 

enniatins 
Antibacterial, 
antifungal,  
anti-inflammatory 

1963 
virginiamycin 
(S1+M1) 

antibacterial 1959 

1 Year of approval by regulatory authorities of Europe, US, or Japan. 
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antituberculous activity next to many other activities 55. These peptides 

comprise more than 30 marketed drugs, including some recently approved 

drugs, such as anticancer compounds (carfilzomib) and antibacterials 

(dalbavancin, oritavancin) (Table 1) 56. Antibacterial NRP drugs consist of more 

than 60% of the marketed NRP drugs. Although NRPs show excellent 

antibacterial activity, some of them lack safety, precluding internal application 

and generally the complex natural biosynthesis hampers the rapid discovery 

and development of more NRP antibacterial drugs to treat antibiotic-resistant 

pathogens 55. Here, we seek to summarize the problems of the development of 

NRPs as antibacterial drugs and consider opportunities to engineer NRP mimics 

via ribosomal synthesis.  

 

Fig. 5 Structures of some marketed nonribosomal peptide drugs (Taken from 
55

). 

3.1. Structural Complexity  

Most of the currently known NRPs are head-to-tail cyclized peptides with non-
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classical amino acids and various side chains 55. Lipopeptides with different 

linking patterns and various modifications consist of another important 

subgroup of NRPs. The structural complexity of many NRPs results in low 

feasibility of semi-synthesis and lack of total synthesis at a reasonable cost of 

goods (Fig. 5). Therefore, most of the researchers are focusing on the 

development of bioengineering approaches to increase the yield of NRPs. In 

addition, many researchers are interested in the generation of variants with 

improved properties, although with a very low rate of success up to now. 

3.2. Biosynthesis of NRPs  

NRP synthesis requires many NRP synthetases (NRPSs) that are large, modular, 

multifunctional enzymes 57,58. Each NRPS is specifically responsible for the 

incorporation of a module into the NRP 55,59. Moreover, NRPSs show high 

substrate specificity 60–62. NRPSs are extremely large enzymes with a mass of 

220 kDa to 2.2 MDa 59. The high substrate specificity and large size of the 

enzymes involved in the NRP synthesis make it impractical to rapidly synthesize 

variants based on known NRPs or to screen NRPs variants from genetically 

encoded libraries. 

In conclusion, NRPs constitute one of the most important sources of antibiotics. 

However, the low feasibility of chemical synthesis and of biosynthesis of NRP 

variants are hurdles in the generation of libraries that could be subjected to 

screening. Therefore, mimicking NRPs by ribosomal synthesis followed by 

posttranslational modifications could be a practical strategy for discovering 

novel antibacterial agents that would enable high-throughput production and 

screening of variant peptides from gene libraries. 

4. Role of the NisB dehydratase in the nisin biosynthesis 

Lanthipeptides are lanthionine ring-containing RiPPs. To produce mature class I 

lanthipeptides, the following types of enzymes are required: LanB enzymes 

(NisB, MibB and SpaB etc ) 63–66, LanC enzymes (NisC, SpaC and MibC etc) 65–70, 

combinations of LanBC called LanM (MrsM, CinM, ProcM and) 71,  LanT 

transporters (NisT, MibT and SpaT etc) 64,66,67, LanP leaderproteases (NisP etc) 
15,72,73. Nisin is the best-studied class I lantibiotic. Three essential 

posttranslational modifications of the ribosomally synthesized nisin precursor 
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take place to yield active nisin (Fig. 6). NisB and NisC enzymes are responsible 

for introducing (methyl)lanthionine rings into lanthipeptides. The presence of a 

(methyl)lanthionine is a typical feature of lanthipeptides. NisB, is an enzyme 

that may catalyze the dehydration of Ser and Thr residues in the precursor core 

peptide, which is the first step of the posttranslational modifications. Therefore, 

NisB plays a critical role in generating mature nisin.  As NisB has a vital role in 

the biosynthesis of nisin, it is of interest to get insight into the mechanism and 

substrate specificity of NisB. 

 

Fig. 6  Schematic representation of the biosynthetic route of the model lantibiotic nisin.  

Overall structure of the117-kDa lantibiotic dehydratase NisB was revealed by a 

crystal structure analysis in 2015 74. The active NisB enzyme consists of two 

NisB subunits (Fig. 7a). Each subunit contains a glutamylation domain and an 

elimination domain that is responsible for catalyzing the Ser/Thr glutamylation 

and glutamate elimination, respectively, and a pocket involved between the 

glutamylation domain and the elimination domain for interacting with nisin 

leader. NisB is a tRNA-dependent dehydratase (Fig. 7b) 74. Glutamyl-tRNAGlu is 
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required for activating the side chain of Ser/Thr residues during the 

dehydration of Ser/Thr residues by the NisB dehydratase. 

b

NisA 

peptideNisA 

peptide Elimination

domain

Glutamylation

domain

a

 

Fig. 7 Crystal structure of the lantibiotic dehydratase NisB and model for tRNA engagement by 

NisB (Figure taken from 
74

). a, Overall structure of the NisB homodimer in complex with its 

substrate peptide NisA, showing the disposition of the glutamylation (purple) and glutamate 

elimination (green) domains; the other monomer is shown in grey. The NisA peptide is shown in 

cyan. b, tRNA
Glu

-NisB binding model with the NisB glutamylation domain in pink and the 

elimination domain in green. The leader peptide is shown in a yellow ball-and-stick 

representation. The double-stranded RNA-binding proteinA complexed with its cognate RNA 

(PDB 1DI2) was used to derive a NisB docking pose for binding to bacterial tRNA
Glu

 (T. 

thermophilus tRNA taken from PDB 1N78). The model results in the placement of the 

aminoacylated CCA terminus in the vicinity of residues that have been shown to be important for 

glutamylation activity. 

Some of the lanthipeptide biosynthetic enzymes display a low substrate 

specificity, allowing to modify substrates with both proteinogenic and non-

proteinogenic amino acids 10. Notably, the NisB dehydratase has shown low 

substrate specificity for dehydrating Ser/Thr residues in the core peptides, and 

it has been widely used in lanthipeptide engineering 17,18,24,25,28,75–78. However, 

some amino acid sequences are unfavorable for NisB-catalyzed dehydration. 

Ser/Thr residues have a higher opportunity to be dehydrated when flanked by 

hydrophobic rather than by hydrophilic, in particular negatively charged, amino 

acid residues (Fig. 8) 79. These substrate amino acid sequences that are 

unfavorable for NisB-mediated dehydration trigger the engineering of NisB 

variants with modulated substrate specificity capable of dehydrating Ser/Thr in 

positions that are not or ineffectively dehydrated by wild type NisB.  
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Fig. 8 N- and C-terminal flankings of converted serines and threonines (Taken from 
79

). 

Abbreviations: S*, dehydroalanine/D-alanine; T*, dehydrobutyrine/R-aminobutyric acid; C*, 

cysteine-derived part of (methyl)lanthionine/ vinylcysteine. The size of the letters corresponds to 

the abundance in the indicated position. 

In conclusion, NisB dehydratase shows a relatively low substrate specificity, and 

it has been widely used in lanthipeptide engineering. However, Ser/Thr 

positions in some core peptides are not or incompletely dehydrated. Therefore, 

high-throughput screening methods for discovering NisB dehydratase variants 

with an even broader substrate specificity are of interest. 

5. Nanotechnology-based antimicrobials for biofilm-infection 

control 

Nanotechnology-based antimicrobials have been looked at as a promising 

source of antimicrobial agents, which can penetrate biofilms and kill pathogens 

as well as kill multidrug-resistant strains 80. Currently, there are three 

nanotechnology-based strategies for generation nanotechnology-based 

antimicrobials, including metal-based nanocomposites, carbon-based 

nanomaterials and polymer-based nanoparticles 80. The characteristics of 

nanotechnology-based antimicrobials are shown in Table 2. 

Silver-based nanocomposites showed potent antimicrobial activity against both 

planktonic pathogens and pathogen biofilms 81; moreover, they showed strong 

synergistic effects with antibiotics 82–84. Silver (Ag) is a widely used material for 

producing metal-based nanocomposites, and it is currently approved by the U.S. 

Food and Drug Administration (FDA) as a topical antimicrobial 85. Nisin is a 

natural antimicrobial peptide produced by various Lactococcus lactis strains, 

and it has been approved and used in the food industry for decades over the 

world 86,87. Recently, the antimicrobial effects of nisin against mastitis, 

respiratory, gastrointestinal and skin infections have been investigated, and the 
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results showed that nisin had a potent antimicrobial effect against Gram-

positive caused infections 88. Therefore, Ag- and nisin-based nanocomposites 

may show potent antimicrobial activity against both Gram-positive and Gram-

negative biofilm-forming pathogens during topical infection. 

Table 2 Characteristics of nanotechnology-based antimicrobials for biofilm-infection control 
80

. 

Nanoparticle 
(NP) 

Advantages Disadvantages 

Metal-based 
nanocomposites 

 

 Killing major Gram-positive and Gram-
negative planktonic pathogens 

 Easy to synthesize through physical, 
chemical or biological methods 

 Synergistic effects with antibiotics 

 Diverse formulations possible (e.g. 
coating 

     or emulsion) 

 

 Mechanism of biofilm 
penetration and killing 
not fully understood 

 Potentially cytotoxic  
 

Ag and other 
heavy 
metal NPs 
 
 
 
 

Au NPs 
 
 

 Easy to synthesize through physical, 
     chemical or biological methods 

 Easy-tunable surface properties and 
shape 

     (e.g. spheres, tubes, or flowers) 

 Photothermal properties  

 Killing only 
demonstrated for a 
limited number of 
strains 

 Potentially cytotoxic 

 Poor storage stability 

 Costly 

Carbon-based 
nanomaterials 

 

 Bacterial killing efficacy  

 Diverse formulations possible (e.g. 
coating or emulsion) 

 Electronic, thermal and mechanical 
     properties 

 

 Poor storage stability 

 Potentially cytotoxic 

Graphene-based 
NPs 
 

Polymer-based 
nanoparticles 

 

 Tunable surface properties  

 Easy to synthesize and modify 

 Can be made biocompatible and 
biodegradable 

 

 Poor storage stability 
due to positively charged 
surfaces 

 Limited number of 
polymers available 

 Potential toxic solvent 
residuals 

Natural and 
synthetic 
polymeric NPs 
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6. Scope of this thesis 

In this thesis, we focus on the development of various antimicrobial strategies. 

In Chapter 2, we used the biosynthesis system of the lantibiotic nisin to 

synthesize a two lipid II binding motifs-containing lantibiotic, termed TL19, 

which contains the N-terminal lipid II binding motif of nisin and the distinct 

internal lipid II binding motif of haloduracin. Its characterization demonstrated 

that TL19 exerts 64-fold stronger antimicrobial activity against E. faecium than 

nisin(1-22), which has only one lipid II binding motif. In Chapter 3, we applied a 

completely novel strategy to synthesize mimics of a recently discovered 

antimicrobial NRP, brevicidine. Following this strategy, peptides were 

engineered with potent antibacterial activity against Gram-negative pathogenic 

bacteria susceptible to brevicidine. In Chapter 4, we developed a bacterial 

display system for high-throughput selecting tailored NisB dehydratase. 

Selection was performed for the NisB mutant with the capacity to dehydrate 

the Ser of DSHPQFC. Following the dehydration, the cyclic-streptavidin ligand 

was formed by cyclase NisC, and subsequently displayed on the cell surface. 

The bacteria that displayed a cyclic DSHPQFC-containing peptide showed a 

much higher affinity to streptavidin than linear ligand containing bacteria, 

allowing panning rounds to fish out the bacteria with the cyclic streptavidin 

ligand, which contain a tailored NisB dehydratase. In Chapter 5, we show that 

silver@nisin nanoclusters can be synthesized by microwave-assisted molecular 

self-assembly. The synthesized Ag@nisin NC showed higher antimicrobial 

activity than either silver nitrate or nisin alone. Notably, Ag@nisin NC showed 

potent anti-biofilm activity against bacterial pathogens, which are responsible 

for wound infections. Moreover, due to the nisin peridium, Ag@nisin NC 

showed much lower cytotoxicity than silver nitrate to a human kidney 

epithelium cell line.  
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