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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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Abstract  

Lipid II is an essential precursor of the bacterial cell wall biosynthesis and 

thereby an important target for various antibiotics. Several lanthionine-

containing peptide antibiotics target lipid II with lanthionine-stabilized lipid II-

binding motifs. Here, 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 C-

terminal lipid II binding motif of one peptide of the two-component 

haloduracin (i.e. HalA1). Further characterization demonstrated that (i) TL19 

exerts 64-fold stronger antimicrobial activity against E. faecium than nisin(1-22), 

which has only one lipid II binding site, and (ii) both the N- and C-terminal 

domains are essential for the potent antimicrobial activity of TL19, as 

evidenced by mutagenesis of each single and double domains. These results 

show the feasibility of a new approach to synthesize potent lantibiotics with 

two different lipid II binding motifs to treat specific antibiotic-resistant 

pathogens.  
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Introduction 

Lantibiotics are potent lanthionine-containing antimicrobial peptides that are 

ribosomally synthesized and post-translationally modified (RiPPs) 1. The 

ribosomal synthesis and enzymatic modifications installed by lantibiotic 

enzymes provide a powerful discovery platform to develop novel antimicrobial 

peptides with high therapeutic potential 2. One of the best-studied lantibiotics 

is nisin. Its synthesis is controlled by the NisRK two-component regulatory 

system 3. In this system, nisin induces the nisin operon at the nisin A promoter 

via the NisRK signal-transduction system thus controlling the expression of the 

genes coding for prenisin, the dehydratase NisB, the cyclase NisC and the 

transporter NisT or any cloned gene of interest 4. The nisin biosynthetic system 

has a wide substrate tolerance; a variety of precursor peptides can be modified 

by this biosynthetic machinery when fused to the leader peptide of nisin 5–9. 

Therefore, this system is very well suited and convenient for engineering 

lantibiotics.  

To engineer a lantibiotic containing two lipid II binding sites, we made use of 

the lantibiotics nisin, haloduracin, and lacticin A as templates. Nisin is a 34-

residue RiPP produced by various Lactococcus lactis strains (Fig. 1a). The two 

N-terminal rings of nisin physically interact with lipid II, resulting in formation 

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

synthesis via lipid II abduction 10,11. Haloduracin and lacticin 3147 are both two-

peptide lantibiotics composed of HalA1 and HalA2 and LtnA1 and LtnA2, 

respectively. Both two-peptide lantibiotics have high antimicrobial potency 

against a range of Gram-positive bacteria 8,12–14. Notably, the single peptides of 

the pair are avoided of antimicrobial activity. HalA1 and LtnA1 both contain a 

CTLTXEC lipid II binding motif (Fig. 1b, d). Variants with mutations in this area 

have reduced or even abolished antimicrobial activity 12,13,15,16. The N-terminal 

lipid II-binding site of nisin (Fig. 1a; green part) and the C-terminal lipid II-

binding site of HalA1 and LtnA1 (Fig. 1b, d; green part) provide an opportunity 

to engineer lantibiotics with two lipid II-binding motifs.  

Lipid II (GlcNAc-MurNAc-pentapeptide-pyrophosphoryl-undecaprenol, Fig. 1e) 

plays an essential role in the synthesis of the bacterial cell wall 11,17. The crucial 

role of lipid II in the cell wall synthesis makes it an excellent target for many 
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antibiotics, including vancomycin, ramoplanin, mannopeptimycins, teixobactin 

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

1, mersacidin, haloduracin and lacticin A 11–20. A large number of potent 

antibiotics have the lipid II binding motif and bind lipid II in a 2:1 stoichiometry 
14,17,19,21–26. Only NAI-107, a very effective lantibiotic close to the start of clinical 

trials, appears to bind in a 1:1 stoichiometry. Notably, while the short nisin(1-

12) fragment is inactive, a vancomycin-nisin(1-12) hybrid is active against 

vancomycin-resistant Enterococci 27. 

 
FIG 1 Structures of some lipid II-binding lantibiotics and lipid II. Residues known to be involved 

in lipid II binding are colored green. a, nisin is a natural lantibiotic produced by various 

Lactococcus lactis strains; b, hal A1 is one of the peptides of the natural two-component 

lantibiotic haloduracin, which is produced by Bacillus halodurans C-125; c, nisin(1-22) is a 

truncated synthetic lantibiotic derived from nisin; d, Ltn A1 is one of the peptides of the natural 

two-component lantibiotic lacticin 3147, which is produced by Lactococcus lactis subspecies 

lactis DPC3147; e, structures of Gram-positive and Gram-negative lipid II. 

As lipid II is an important target, it is of interest to study whether molecules 

with two different lipid II binding motifs display enhanced antimicrobial activity 

and/or exert altered specificity for difficult-to-treat target organisms. In this 

study, the nisin biosynthetic system was used to produce, modify, and secrete 

designed lantibiotics with two lipid II binding motifs. The following aspects of 
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these lantibiotics were investigated: lipid II binding, bacterial killing, ability to 

form pores, and structure-dependent antimicrobial activity against pathogenic 

microorganisms. Taken together, the study demonstrates that the combination 

of two different lipid II binding motifs in engineered lantibiotics provides a 

novel and viable approach in the discovery of effective lantibiotics. 

Results 

Expression of lanthipeptides with two lipid II binding motifs. The designed 

peptides are composed of the N-terminal lipid II binding site of nisin (Fig.1a; 

green part), the C-terminal lipid II-binding site of either haloduracin (HalA1) or 

lacticin 3147 (LtnA1) (Fig. 1b, d; green part), and appropriate linkage between 

these domains (Table 1). DNA sequencing confirmed the correct sequence of all 

of the 20 double lipid II binding motifs-containing peptides. All the 20 designed 

peptides (Table 1) were produced and efficiently modified by the dehydratase 

NisB; more than 75% of Thr and Ser residues were dehydrated (Table 1). Two of 

the modified candidates (TL17 and TL19) showed potent antimicrobial activity 

against Micrococcus flavus (Fig. S1b), and both of these peptides were correctly 

dehydrated as predicted (Table 1). NisC-mediated cyclization was investigated 

using free cysteine-modifying CDAP under reducing conditions followed by MS 

analysis. No adducts were observed for the TL19 main product, indicating that 

all cysteines had reacted with dehydroamino acids to form 

(methyl)lanthionines (Fig. 2b). However, CDAP adducts were observed in TL17 

(Fig. 2a), indicating that not all rings had been formed. These results suggest a 

likely TL19 structure (Fig. 2c), a lantibiotic with seven thioether rings and two 

potential lipid II binding motifs. Mass spectrometry demonstrated TL17 and 

TL19 were correctly collected by HPLC purification (Fig. S2). 

TL19 exerts high activity against antibiotic-resistant E. faecium. The 

antibacterial activities of TL17 and TL19 were measured by a MIC assay. Due to 

its ability to form pores in the target cell membrane and to inhibit cell wall 

synthesis, nisin (Fig. 1a) is a very potent lantibiotic 10. Nisin(1-22) (Fig. 1c)  is 

unable to form pores, and only binds to lipid II and thereby halts cell growth 

without killing the cells 28. Therefore, in the MIC assays, nisin was used as a 

well-known antibiotic control, and nisin(1-22) was used as a one lipid II binding 

C
h

a
p

te
r 2

 



Chapter 2 

34 
 

Table 1 Amino acid sequence and dehydrations of designed peptides. 

Peptide Amino acid sequence Predicted 
Mass (Da) 

Measured 
Mass(Da) 

Observed 
dehydrations 

/predicted 
dehydrations 

TL1 ITSISLCTPGCTLTVECMPSCN 5453.16 5452.5 6/6 

TL2 ITSISLCTPGCTLTHECMAWCK 5578.33 5596.12 5/6 

TL3 ITSISLCTPGCKTGALMYCTLTVECMPSCN 6303.22 6302.93 7/7 

TL4 ITSISLCTPGCKTGALMWCTLTHECMAWCK 6451.53 6469.35 6/7 

TL5 ITSISLCTPGCKTGALMGCTLTVECMPSCN 6197.10 6196.88 7/7 

TL6 ITSISLCTPGCKTGALMGCTLTHECMAWCK 6322.27 6340.12 6/7 

TL7 ITSISLCTPGCKTGALMGYCTLTVECMPSCN 6360.27 6360.54 7/7 

TL8 ITSISLCTPGCKTGALMGWCTLTHECMAWCK 6508.48 6526.11 6/7 

TL9 ITSISLCTPGCKTCRLGNKGAYCTLTVECMPSCN 6730.67 6729.89 7/7 

TL10 ITSISLCTPGCKSCRLGNKGAYCTLTVECMPSCN 6716.65 6716.24 7/7 

TL11 ITSISLCTPGCKTDYWGNNGAWCTLTHECMAWCK 6956.80 6957.34 7/7 

TL12 ITSISLCTPGCKSDYWGNNGAWCTLTHECMAWCK 6942.77 6969.10 6/7 

TL13 ITSISLCTPGCKTGALMGCNMKTAGCTLTVECMPSCN 6884.92 6884.21 8/8 

TL14 ITSISLCTPGCKTGALMGCNMKTAGCTLTHECMAWCK 7010.09 7027.98 7/8 

TL15 ITSISLCTPGCKTGALMGCNMKTAGYCTLTVECMPSCN 7048.09 7065.84 7/8 

TL16 ITSISLCTPGCKTGALMGCNMKTAGWCTLTHECMAWCK 7196.30 7214.05 7/8 

TL17 ITSISLCTPGCKTGALMGCNMKTATCHCTLTVECMPSCN 7151.24 7150.87 9/9 

TL18 ITSISLCTPGCKTGALMGCNMKTATCHCTLTHECMAWCK 7276.42 7311.80 7/9 

TL19 ITSISLCTPGCKTGALMGCNMKTATCHYCTLTVECMPSCN 7314.41 7315.06 9/9 

TL20 ITSISLCTPGCKTGALMGCNMKTATCHWCTLTHECMAWCK 7462.63 7480.25 8/9 

TL19 (2Asp) IDSISLCTPGCKTGALMGCNMKTATCHYCTLTVECMPSCN 7346.67 7364.27 7/8 

TL19 (34Ala) ITSISLCTPGCKTGALMGCNMKTATCHYCTLTVACMPSCN 7256.65 7257.13 9/9 

TL19 (2Asp, 
34Ala) 

IDSISLCTPGCKTGALMGCNMKTATCHYCTLTVACMPSCN 6334.59 6351.82 7/8 

For peptides TL1 to TL20, the amino acids from N-terminal of nisin are colored blue; the amino acids from C-
terminal of haloduracin A1 are colored red; the amino acids from C-terminal of lacticin A1 are colored black. 
The mutated amino acid/acids of TL19 mutations are colored yellow. The major assay products with 
predicted dehydration are colored green. Dehydration of Ser/Thr is the first step in the lanthionine ring 
formation. 
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FIG 2 MALDI-TOF MS data of TL17 and TL19 before (blue) and after (red) treatment with CDAP. 

a, TL17, b, TL19 ; c, hypothetical structure of TL19. 

motif-containing lantibiotic control with relatively low activity. Both TL17 and 

TL19 displayed potent activity against Gram-positive pathogens, including 

difficult-to-treat enterococci (Table 2). TL17 and TL19 were much more active 

against most target bacteria than nisin(1-22) (Table 2), which has only one lipid 

II binding motif and which is devoid of pore-forming capacity 28. In particular, 

TL17 and TL19 displayed higher antimicrobial activity against E. faecium, E. 

faecalis and B. cereus. TL17 and TL19 had potent antibacterial activity against 

antibiotic-resistant E. faecium, and had 16-fold and 64-fold higher antibacterial 

activity than nisin(1-22), respectively. Moreover, TL19 had a 2-4 times lower 

MIC value against most of the E. faecium strains tested than native nisin, which 

not only binds lipid II but also forms pores 11,17. TL17 and TL19 were ineffective 

against most Gram-negative bacteria. However, TL19 showed antimicrobial 

activity against a strain of A. baumannii. In contrast to TL19, TL17 was 

incompletely modified and exerted lower antimicrobial activity against the 
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tested pathogens (Table 2, Fig. 2a, S3). Therefore, TL19 was selected for further 

studies, in particular on its mode of action. 

Table 2 Antimicrobial activity of TL17 and TL19 against pathogenic microorganisms. 

Organism and genotype 
MIC (μM (μg/mL)) 

Nisin Nisin(1-22) TL17 TL19 

E. faecium LMG 16003 (VRE) 1.9 (6.4) 60 (128) 3.8 (14.7) 0.9 (3.6) 

E. faecium LMG 11423 1.9 (6.4) 60 (128) 3.8 (14.7) 0.9 (3.6) 

E. faecium ATCC E1321 (AGRE ) 1.9 (6.4) 60 (128) 3.8 (14.7) 0.9 (3.6) 

E. faecium ATCC TX0133a04 1.9 (6.4) 60 (128) 3.8 (14.7) 0.9 (3.6) 

E. faecium ATCC TX0082 ( AEKVRE) 1.9 (6.4) 60 (128) 3.8 (14.7) 0.9 (3.6) 

E. faecium 4Tom19 1.9 (6.4) 60 (128) 3.8 (14.7) 0.9 (3.6) 

E. faecium 6Tom18 1.9 (6.4) 30 (64) 1.9 (7.3) 0.5 (2) 

E. faecium ATCC HF50105 ( ETVRE) 1.9 (6.4) 30 (64) 1.9 (7.3) 0.5 (2) 

E. faecium ATCC U0317 ( ACRE) 3.8 (12.7) ＞60 (128) 7.5 (29) 1.9 (7.6) 

E. faecium ATCC E1162 (ARE) 3.8 (12.7) ＞60 (128) 7.5 (29) 1.9 (7.6) 

E. faecalis LMG 8222 1.9 (6.4) ＞60 (128) 15 (58) 7.5 (30) 

E. faecalis LMG 16216 (VRE) 1.9 (6.4) ＞60 (128) ＞15 (58) 15 (60) 

E. faecalis LMG V583 1.9 (6.4) ＞60 (128) ＞15 (58) 7.5 (30) 

S. aureus LMG 10147 3.8 (12.7) 15 (32) ＞15 (58) 7.5 (30) 

B. cereus  ATCC 10987 1.9 (6.4) ＞60 (128) 15 (58) 15 (60) 

B. cereus  ATCC 14579 1.9 (6.4) 30 (64) 15 (58) 15 (60) 

A. baumannii LMG 01041 3.8 (12.7) ＞60 (128) ＞15 (58) 7.5 (30) 

E. coli GSK 12 15 (50) ＞60 (128) ＞15 (58) ＞15 (60) 

The MIC was determined by broth microdilution. Nisin was used as an well-known antibiotic control, and 
nisin(1-22) was used as a one lipid II binding motif lantibiotic control. MRSA, methicillin-resistant S. aureus; 
VRE, vancomycin-resistant enterococci; AGRE, ampicillin-gentamicin-resistant enterococci; AEKVRE, 
ampicillin-erythromycin-kanamycin-vancomycin-resistant enterococci; ETVRE, erythromycin-tetracycline-
vancomycin-resistant enterococci; ACRE, ampicillin-ciprofloxacin-resistant enterococci; ARE, ampicillin- 
resistant enterococci. 

Time-dependent killing of E. faecium by TL19. Measuring the time-

dependence of antibiotic action is widely used to establish whether a 
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compound is bacteriostatic or bactericidal 22,29. In this study, we monitored the 

killing kinetics of the engineered peptide TL19 and a number of other 

lantibiotics against vancomycin-resistant E. faecium cells. Due to its ability to 

form pores in the target cell membrane, together with cell wall biosynthesis 

inhibition, nisin is well known as a bactericidal lantibiotic 10. However, nisin(1-

22) is unable to form pores, and only halts cell growth without killing the cells 
28. The time dependent-killing assay showed that TL19 had caused complete 

killing at 24 h post-exposition (Fig. 3). Nisin(1-22) did not reduce the population 

of viable cells within 11 hours post-exposition, and only slight killing was 

observed in 48 h (Fig. 3). Nisin acted faster than TL19 and much faster than 

nisin(1-22), significantly reducing the population of viable cells until completely 

killing all cells within 11 hours. The results demonstrated that TL19 not only 

halts cell division, like nisin(1-22), but in addition can reduce the population of 

viable bacterial cells.  

 
FIG 3 Time-dependent killing of pathogens by TL19, nisin, nisin(1-22). E. faecium (LMG 16003; 

vancomycin-resistant strain) were challenged with lantibiotics (10 × MIC). Data are 

representative of 3 independent experiments ± s.d. 

TL19 does not form pores. To assess pore-forming capacity of TL19 on whole-

cell membranes, a pore-formation assay was performed using the dye 

propidium iodide (Fig. 4a). Propidium iodide is a cell-membrane impermeable 

nucleic acid-intercalating dye. Upon pore formation in the cell membrane, this 

dye enters the cell and binds to nucleic acids in the cytoplasm, causing an 
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increase in fluorescence. Immediate pore formation was observed when E. 

faecium 16003 cells pretreated with propidium iodide were exposed to nisin, 

which not only binds lipid II but also forms pores 11,17, whereas addition of 

neither TL19 nor nisin(1-22) caused any fluorescence increase, even after a 

relatively long period of 3 hours 30. These results indicate that TL19, under the 

experimental conditions applied, does not form pores in the cellular membrane. 

 
FIG 4 a, E. faecium LMG16003 cells pretreated with propidium iodide were exposed to 

antimicrobial peptides (3 μM) and the extent of membrane leakage visualized as an increase in 

fluorescence. b, TL19 binds to cell wall precursors. Complex formation of TL19 with purified cell 

wall precursors at the origin at the bottom. Binding of TL19 is indicated by a reduction of the 

amount of free lipid II intermediates (visible at the top on the thin-layer chromatogram). The 

figure is representative of two independent experiments. c, d, Spot-on-lawn assay with E. 

faecium LMG16003 cells. Lipid II reduces TL19 or nisin activity by a lantibiotic/lipidII ratio-

dependent reduction/disappearance of the zone of inhibition. Neither lipid II-lys nor lipid II-dap 

disrupted the diffusion of a non-lipid II binding peptide antibiotic bogorol k in the agar. Lipid II 

alone did not show activity. 
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TL19 has two functional lipid II binding domains. The direct interaction of TL19 

with Gram-positive lipid II (lipid II-lys) or Gram-negative lipid II (lipid II-dap) was 

investigated. Purified lipid II-lys or lipid II-dap was incubated with TL19 in 

various molar ratio’s ranging from 0.3 to 2 (TL19/lipid II). Subsequent thin-layer 

chromatography was used to analyze the migration behavior (Fig. 4b1, b2). 

Free lipid II migrated to a defined position (Fig. 4, b1 and b2, first lane). 

However, in complex with TL19, lipid II remained at the origin line, as a clear 

spot (Fig. 4, b1 and b2, 2nd to 4th lanes). Already at a low ratio (0.3:1) of TL19 to 

lipid II, lipid II migration was significantly inhibited. At a 1:1 ratio of lipid II and 

TL19, both lipid II-lys and lipid II-dap could be fully trapped in a stable complex 

that prevented migration of the lipid II from the origin line. Interestingly, the 

stoichiometry of both nisin and two-component haloduracin to lipid II reported 

in earlier studies is 2:1 11,16. Further studies were performed by a Spot-on-lawn 

assay (Figure 4c, d). Addition of either lipid II-lys or lipid II-dap at a 1:1 

(nisin/lipid II) ratio abolished the antibacterial activity of nisin against E. 

faecium LMG16003. In sharp contrast to nisin, TL19 still showed potent 

antibacterial activity against E. faecium LMG16003 upon addition of either lipid 

II-lys or lipid II-dap at a 1:1 (TL19/lipid II) ratio. The antibacterial activity of TL19 

against indicator strains was only abolished by further addition of lipid II 

resulting in a 1:2 ratio (TL19/lipid II). These results indicated that TL19 has two 

active lipid II binding domains. 

Both lipid II-binding domains of TL19 contribute to antibacterial activity. A 

highly conserved glutamate in Hal A1 (Glu22) is essential for binding to its 

target lipid II 12,15,16. Mutating the glutamate residue in the CTLTXEC motif to 

alanine or glutamine completely abolished antibacterial activity 15. Recently, we 

found that exchange of the Thr2 residue in nisin’s lipid II binding motif by 

aspartic acid or glutamic acid decreased or completely abolished nisin’s 

antibacterial activity (Fig. S4). Therefore, either Glu34 in TL19 was mutated to 

Ala, or Thr2 in TL19 was mutated to Asp, or both mutations were installed 

together in the same TL19 variant. Exchange of the threonine residue in TL19 

(Thr2) by aspartic acid caused a loss of one dehydration in the peptide, 

mutation of the glutamate residue in the TL19 (Glu34) to Ala did not affect the 

extent of dehydration (Table 1). NisC-catalyzed cyclization of the mutated 

peptides was investigated using CDAP treatment under reducing conditions 
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followed by MS analysis. No adducts were observed for the TL19 main product; 

however, CDAP adducts were observed in all the mutated peptides (Fig. 2, 5). 

Bioactivity analysis after removal of the leader peptide with the NisP 

leaderpeptidase demonstrated a strong decrease in antibacterial activity for 

both single amino acid mutat peptides and a complete abolishment of activity 

for the double amino acid mutant under the conditions used (Fig. 5d). 

Moreover, combination of the two single mutant species in one assay did not 

show any synergistic antimicrobial activity. These data prove that both lipid II-

binding domains are important for antibacterial activity, by binding to lipid II.  

 
FIG 5 Importance of both lipid II binding motifs for antimicrobial activity against E. faecium 

LMG16003. a, b, c: MALDI-TOF MS data of TL19 or TL19 mutants before (blue) and after (red) 

treated with CDAP. a, TL19 (2Asp); b, TL19 (34Ala); c, TL19 (2Asp, 34Ala). d, antimicrobial activity 

for TL19 mutants against E. faecium LMG16003. 1, TL19 (1 nmol); 2, TL19 (2Asp) (1 nmol); 3, 

TL19 (34Ala) (1 nmol); 4, TL19 (2Asp, 34Ala) ) (1 nmol); 5, TL19 (2Asp) (1 nmol) + TL19 (34Ala) (1 

nmol); 6, Negative control (buffer). 
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Discussion 

Lipid II-binding lantibiotics show potent antibacterial activity by binding to lipid 

II and subsequently inhibiting the cell wall synthesis and forming pores in the 

cell membrane 11,12,14,20,31. The lipid II binding motif of this class of antibiotics is 

essential for their potent antimicrobial activity (Fig. S4) 13,15. Here we show how 

a lantibiotic with two different lipid II binding motifs, which showed 64-fold 

stronger antimicrobial activity than the activity of a one lipid II binding motif-

containing lantibiotic nisin(1-22) against difficult-to-treat enterococci (Table 2), 

was engineered, followed by functional characterization. 

Engineering of lanthipeptides has been carried out in producer strains or via 

heterologous expression 6,7,28,32–34. In this study, the nisin biosynthesis system 

was used to produce 20 peptides with double lipid II-binding motifs. Of the 

designed peptides, two showed potent antimicrobial activity against 

Micrococcus flavus. These two active peptides have a relatively longer 

backbone than others, allowing the two different lipid II binding motifs to bind 

to different lipid II units, respectively. The MIC assay showed that TL19 has 

potent antibacterial activity against the human pathogen E. faecium, including 

the antibiotic-resistant strains. Tow-component haloduracin showed better 

antimicrobial activity against E. faecium than against E. faecalis and S. aureus 35, 

indicating that the haloduracin lipid II binding motif and its surrounding 

residues in TL19 might be the cause of the relatively higher target specificity to 

E. faecium. Moreover, the specificity towards E. faecium strains might also 

relate to a possibly altered make-up of the cell wall of E. faecium, but this 

would require additional studies, because such biochemical analysis is lacking 

in literature. Importantly, the fact that TL19 has higher activity than nisin 

against E. faecium strains shows that the additional lipid II binding site can 

completely compensate for the loss of pore forming activity (a property that 

nisin, haloduracin and many other lantibiotics have). The thioether rings in 

lantibiotics are essential for their potent antimicrobial activity, and in general, 

disruption of a ring results in severe reduction or abolishment of antimicrobial 

activity 15,36–38. TL19 had a 4-fold higher antibacterial activity against E. faecium 

than the incompletely modified TL17, which indicates that full ring formation is 

essential for the optimal antimicrobial activity of this two-lipid II binding motif-
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containing peptide. These results are consistent with previous research which 

showed that ring C of HalA1 is essential for the antimicrobial activity of 

haloduracin 15. TL19 did not show pore formation capability, but showed 64-

fold higher antimicrobial activity against E. faecium than nisin(1-22) (Table 2), 

which has only one lipid II binding site. These results highlight the key content 

of this study, which is the demonstration that introduction of two lipid II 

binding motifs in one molecule is a novel and viable approach to engineer 

potent antimicrobial peptides.  

Thin-layer chromatography is widely used to analyze the peptide and lipid II 

binding stoichiometry 14,20,29. Previous studies showed that both nisin and 

HalA1 bind the peptidoglycan precursor lipid II with 2:1 stoichiometry 11,16. In 

contrast, NAI-107 binds lipid II in a 1:1 ratio (NAI-107/lipid II), which then 

transiently converts to a 2:1 ratio, possibly as a result of a second step of NAI-

107 dimerization 20. In this study, thin-layer chromatography was used to 

analyze the binding stoichiometry of TL19 and lipid II. The results showed that 

TL19 completely immobilizes lipid II when present in a 1:1 stoichiometry. 

Furthermore, a spot-on-lawn assay showed that the antimicrobial activity of 

nisin was abolished by lipid II at a 1:1 (nisin/lipid II) ratio. In contrast to nisin, to 

abolish the antimicrobial activity of TL19 a 1:2 (TL19/lipid II) ratio was required. 

These results indicate that both the lipid II binding motifs in TL19 bind lipid II, 

which may contribute to its potent antimicrobial activity. The combination of 

two different lipid II binding sites in one molecule may cause an overall 

stronger target-binding affinity.  

Mutagenesis of lantibiotics has been widely performed to improve the 

therapeutic potential of peptides or investigate the structure-activity 

relationship of new peptides 15,32,34,37,39–42. In this study, the novel lantibiotic 

TL19 was produced by the nisin biosynthesis system. The introduction of a T2D 

mutation in TL19 almost abolished the antimicrobial activity of TL19. This result 

is consistent with previous studies, which showed that mutant 2T to D 

abolished the antimicrobial activity of nisin (Fig. S4) and that HalA1 alone did 

not have antibacterial activity 8. The E34A mutant of TL19 also severely 

reduced the antimicrobial activity of the peptide. These results are consistent 

with previous studies on haloduracin 8, which showed that a highly conserved 
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glutamate in Hal A1 (Glu22) was essential for binding to its target lipid II 12,15,16. 

The T2D and E34A double mutant of TL19 decreased or completely abolished 

the antimicrobial activity of the peptide. All of the results from these three 

mutants clearly demonstrate that both the lipid II binding sites are essential for 

the potent antimicrobial activity of TL19.  

In conclusion, our results show that the nisin biosynthetic system can 

successfully be used to engineer and produce a lantibiotic (TL19) with seven 

thioether rings and two lipid II binding motifs. The engineered two lipid II 

binding motifs-containing TL19 shows higher antimicrobial activity against 

specific pathogens than nisin(1-22), which has only one lipid II binding motif. In 

particular, TL19 shows a 64-fold higher antimicrobial activity against difficult-to-

treat enterococci than nisin(1-22) and 2-4 times higher activity than nisin itself 

against E. faecium. This study provides a new approach for the biosynthesis of 

potent lantibiotics with two different lipid II binding motifs to treat antibiotic-

resistant pathogens. 

Materials and Methods 

General materials and methods. Reagents used for molecular biology 

experiments were purchased from Thermo Fisher Scientific (Waltham, MA). 

Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). L. lactis 

NZ9000 was used as host cell for plasmid maintenance and protein expression. 

Constructed plasmids were sequenced at Macrogen Inc. (Amsterdam, NL).  

Molecular biology techniques. Oligonucleotide primers used for PCR, cloning 

and sequencing in this study are provided in supplementary Table S1; all of the 

oligonucleotide primers were purchased from Biolegio B.V. (Nijmegen, The 

Netherlands). Plasmids encoding the peptides were constructed by amplifying 

template plasmid using a phosphorylated downstream sense (or upstream 

antisense) primer and an upstream antisense (or downstream sense) primer. 

Phusion DNA polymerase (Thermo Fisher Scientific, Waltham, MA) was used to 

amplify the DNA. Self-ligation of the PCR product was carried out with T4 DNA 

ligase (Thermo Fisher Scientific, Waltham, MA). The electrotransformation of L. 

lactis was carried out as previously described using a Bio-Rad gene pulser (Bio-

Rad, Richmond, CA) 43. The mutations were verified by sequencing using the 
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PrXZ12 reverse primer. 

Expression, and trichloroacetic acid (TCA) precipitation of peptides. L. lactis 

NZ9000 cells containing the genes of the nisin synthetic machinery nisBTC were 

electroporated with His6-peptide plasmids (50 ng), plated on GM17 agar plates 

supplemented with chloramphenicol (5 μg/ml) and erythromycin (5 μg/ml) 

(GM17CmEm) and grown at 30 °C for 20–24 h. A single colony was used to 

inoculate 5 mL of GM17CmEm broth. The culture was grown overnight at 30 °C, 

and then used to inoculate 45 mL (20-fold dilution) of minimal medium. 

Cultures were grown at 30 °C to an OD600 of 0.4. Peptide expression was 

induced by the addition of nisin to a final concentration of 5 ng/mL and 

cultures were grown at 30 °C for 3h. Cells were harvested by centrifugation at 

15,000 × g for 15 min, and supernatants were collected. Ice-cold 100% TCA was 

added to the ice-cold supernatants to a final concentration of 10%, and 

samples were subsequently kept on ice for 1h to precipitate peptides. Samples 

were then centrifuged at 10,000 × g at 4 °C for 30 min. The precipitate was 

washed several times with 20 mL ice-cold acetone to remove any residual TCA. 

Samples were dried in the fume hood, and resuspended in 0.5 mL PBS. 

Tricine-SDS protein gel assay. Peptides isolated from the supernatant were 

separated by Tricine-SDS gel (16%) electrophoresis and visualized by Coomassie 

Blue staining.  

Screening the antibacterial activity of peptides by spot-on-lawn assay. To 

assess the antibacterial activity of TCA precipitated samples on a agar plate, an 

overnight cultured of Micrococcus flavus was added to the GM17 containing 

0.8% (w/v) agar (at 42 °C), and then the mixture was poured to the plates, 30 

mL per plate. After that, 5 μL of the peptides together with 1 μL of NisP were 

added onto the plates, and the plates were transferred to the 30 °C incubator 

for incubation overnight. 

Expression, and purification of His6-tagged peptides. L. lactis NZ9000, 

containing the plasmids with the genes of the nisin synthetic machinery and of 

the designed peptide, was used to inoculate 50 mL of GM17CmEm broth. The 

culture was grown overnight at 30 °C, and then used to inoculate 1 L (20-fold 

dilution) of GM17CmEm media. Cultures were grown at 30 °C to an OD600 of 0.4. 
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Peptide expression was induced by the addition of nisin to a final concentration 

of 5 ng/mL, and cultures were grown at 30 °C for 3h. After centrifugation at 

15,000 × g for 15 min, supernatants were collected, the pH of the supernatant 

was adjusted to 7.4, and the supernatant was filtered through a 0.45 μm 

membrane. Supernatants were applied to a HisTrap™ Excel column (GE 

Healthcare) equilibrated with 50 mM NaH2PO4, 300 mM NaCl, 10 mM 

imidazole, pH 8.0. The flow-through was discarded, and the column was 

subsequently washed with 16 column volumes (CV) of wash buffer (50mM 

NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). The peptide was eluted 

with 15 CV elution buffer (50mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, 

pH 8.0). The eluted peptide was then applied to a SIGMA-ALDRICH C18 Silica 

gel spherically equilibrated first with 8 CV of MeCN containing 0.1% 

trifluoroacetic acid followed by 8 CV of 5% aq. MeCN containing 0.1% 

trifluoroacetic acid. The column was washed with 8 CV of 5% aq. MeCN 

containing 0.1% trifluoroacetic acid to remove the salts. Peptide was eluted 

from the column using up to 8 CV of 50% aq. MeCN containing 0.1% 

trifluoroacetic acid. Fractions containing the eluted peptide were freeze-dried, 

and the peptide was subsequently dissolved in PBS containing an appropriate 

amount of NisP and incubated at 37 °C for 2 h to cleave off the leader peptide. 

The insoluble material was removed by filtration through a 0.2 μm filter, and 

the supernatant was purified on an Agilent 1260 Infinity HPLC system with a 

Phenomenex Aeris™ C18 column (250 × 4.6 mm, 3.6 μm particle size, 100 Å 

pore size). Acetonitrile was used as the mobile phase, and a gradient of 35–

40% aq. MeCN over 18 min at 1 mL/min was used for separation. Peptide was 

eluted at 37-38% MeCN. 

Mass spectrometry. Matrix-assisted laser desorption ionization-time-of-flight 

(MALDI-TOF) mass spectrometer analysis was performed using a 4800 Plus 

MALDI TOF/TOF Analyzer (Applied Biosystems) in the linear-positive mode at 

University of Groningen. Briefly, one μL sample from HPLC or TCA precipitation 

was spotted on the target, and dried at room temperature. Subsequently, 0.6 

μL of matrix solution (5 mg/mL of α-cyano-4-hydroxycinnamic acid) was 

spotted on each sample. After the samples had dried, MALDI-TOF MS was 

performed.  
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Evaluation of (methyl)lanthionine formation. After dissolved the freeze-dryer 

dried samples in 18 μL of 0.5 M HCL (pH=3), the samples were treated with 2 

μL of 100 mg/mL tris[2-carboxyethyl]phosphine in 0.5 M HCL (pH=3) for 30 min 

at room temperature. Subsequently, 4 μL of 100 mg/mL 1-Cyano-4-

dimethylaminopyridinium tetrafluoroborate (CDAP) in 0.5 M HCL (PH=3) was 

treated to the samples. After incubation at room temperature for 2 hours, the 

samples were desalted by C-18 ZipTip (Millipore) and analyzed by MALDI-TOF 

MS 42,44. 

Minimum inhibitory concentration (MIC). MIC was evaluated by broth micro-

dilution according to the standard guidelines 45. Briefly, the test medium was 

cation-adjusted Mueller-Hinton broth (MHB). Cell concentration was adjusted 

to approximately 5×105 cells per ml. After 20 h of incubation at 37 °C, the MIC 

was defined as the lowest concentration of antibiotic with no visible growth. 

Each experiment was performed in triplicate.  

Time-kill assay. This assay was performed according to a previously described 

procedure 29. An overnight culture of cells (Enterococcus faecium LMG 16003; 

vancomycin-resistant strain) was diluted 50-fold in MHB and incubated at 37 °C 

with aeration at 220 r.p.m.. Bacteria were grown to an OD of 0.5, and then the 

cells concentration was adjusted to ≈5×105 cells per ml. Bacteria were then 

challenged with nisin (20 μM), with nisin (1-22) (600 μM) or with TL19 (10 μM) 

in culture tubes at 37 °C and 220 r.p.m. (peptides at 10×MIC, a desirable 

concentration at the site of infection). Bacteria not treated with peptides were 

used as a negative control. At desired time points, one hundred μl aliquots 

were taken, centrifuged at 8,000 g for 2 min and resuspended in 100 μl of MHB. 

Ten-fold serially diluted samples were plated on MHA plates. After incubated at 

37 °C overnight, colonies were counted and c.f.u. per ml was calculated. Each 

experiment was performed in triplicate.   

Propidium iodide assay for membrane pore formation. The excitation and 

emission wavelengths on the fluorescence spectrometer were adjusted to 533 

nm and 617 nm, respectively. E. faecium LMG 16003 was grown to an OD600 = 

0.6. To this cell suspension, propidium iodide (final concentration 2.5 μg per ml) 

was added and incubated for 5 min. Peptides were added to a final 

concentration of 3 μM. Fluorescence was monitored for 3 h, with the peptide 
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added after ~60 s. Representative examples from three technical replicates are 

shown. 

Analysis of complex formation of TL19 with lipid II by thin-layer 

chromatography. Purified lipid II-lys or lipid II-dap (4 nmol) was incubated in 

chloroform/methanol/water (2:3:1), in the presence of increasing TL19 

concentrations (TL19:lipid II molar ratios ranging from 0.3 to 2:1) in a total 

volume of 30 μl. After incubation for 30 min at 25 °C, the mixture was analyzed 

by thin-layer chromatography using chloroform/methanol/water/ ammonia 

(88:48:10:1), and the spots were visualized by iodine vapor 20,26.  

Spot-on-lawn assay to measure TL19-lipid II complex formation. An overnight 

cultured E. faecium LMG16003 was added to 0.8% MHA (w/v, temperature 

42°C) at a final concentration of 0.1% (v/v) , and then the mixture was poured 

to the plates 30 mL for each. Binding of peptide and lipid II was further 

evaluated by incubating purified lipid II with peptide in various molar ratios 

ranging from 0.5 to 2 in respect to the peptides (1 nmol). Subsequently a spot-

on-lawn assay was used to analyze the antimicrobial activity. After the peptide 

with lipid II solution drops had dried, the plates were transferred to the 37 °C 

incubator for overnight incubation.  

Data availability. The authors declare that all the data supporting the findings 

of this study are available within the paper and its Supplementary Information 

files. Additional raw data are available from the corresponding author upon 

reasonable request. 
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FIG S1 a, expression of peptides measured by SDS-tricine gel, 1-24 lanes: TL1-TL20, lane 21: nisin 
(1-22), lane 22: empty plasmid, lane 23: nisin. b, antimicrobial activity of peptides against 
Micrococcus flavus.  TL1-16, TL18 and TL20 did not show antimicrobial activity against 
Micrococcus flavus (Data not shown). 
 

 

 

 

 

 
FIG S2 MALDI-TOF MS of HPLC-purified TL17 (a), TL19 (b) and nisin(1-22) (c).  

C
h

a
p

te
r 2

 



Chapter 2 

54 
 

 

 
FIG S3 MALDI-TOF MS of TL17 and TL19. His-tag column-purified samples after removal of the 
leader were analyzed by MALDI-TOF MS. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG S4 Antimicrobial activity of nisin, nisin (2E) and nisin (2D) against M. flavus.  
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Table S1 Primers for PCRs used in this study.  

Mutants Templates primers Nucleic acid sequences (5' to 3') Characteristics (5'-lable) 

Nisin(1-
22) 

pNZnisA-
E3-his2 

PZ 3 AAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 4 ATTTCATGTTACAACCCATCAGAGCTC   

pNZnisA-
E3-his2 

pNZnisA-
E3 

PZ 1 CATCACCATAGTACAAAAGATTTTAACTTGGATTTGGTATCTG 5'- phosphorylation 

PZ 2 GTGATGATGCATGGTGAGTGCCTCCTTATAATTTATTTTG   

TL1 
pNZnisA-
E3-his2 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 6 CTACTGTCAATGTACAACCGGGTGTACATAGCGAAATAC   

TL2 
pNZnisA-
E3-his2 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 8 GTGTGTCAATGTACAACCGGGTGTACATAGCGAAATAC   

TL3 
pNZnisA-
E3-his2 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 9 CTACTGTCAATGTACAATACATCAGAGCTCCTGTTTTACAAC   

TL4 
pNZnisA-
E3-his2 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 10 GTGTGTCAATGTACACCACATCAGAGCTCCTGTTTTACAAC   

TL5 
pNZnisA-
E3-his2 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 11 CTACTGTCAATGTACAACCCATCAGAGCTCCTGTTTTACAAC   

TL6 
pNZnisA-
E3-his2 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 12 GTGTGTCAATGTACAACCCATCAGAGCTCCTGTTTTACAAC   

TL7 TL5 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 13 CTACTGTCAATGTACAATAACCCATCAGAGCTCCTGTTTTACAAC   

TL8 TL6 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 14 GTGTGTCAATGTACACCAACCCATCAGAGCTCCTGTTTTACAAC   

TL9 TL3 

PZ 15 CCAATCTACATGTTTTACAACCGGGTGTACATAG   

PZ 16 GAAACAAAGGAGCTTATTGTACATTGACAGTAGAATGTATGCCAAGTTG 5'- phosphorylation 

TL10 TL3 

PZ 16 GAAACAAAGGAGCTTATTGTACATTGACAGTAGAATGTATGCCAAGTTG 5'- phosphorylation 

PZ 17 CCAATCTACATGATTTACAACCGGGTGTACATAGCGAAATAC   

TL11 TL4 

PZ 18 CCCAATAGTCTGTTTTACAACCGGGTGTACATAG   

PZ 19 GAAACAATGGAGCTTGGTGTACATTGACACACGAATGTATG 5'- phosphorylation 

TL12 TL4 

PZ 18 GAAACAATGGAGCTTGGTGTACATTGACACACGAATGTATG   

PZ 20 CCCAATAGTCTGATTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 
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Table S1 Primers for PCRs used in this study (continuing).  

Mutants Templates primers Nucleic acid sequences (5' to 3') Characteristics (5'-lable) 

TL13 
pNZnisA-E3-

his2 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 21 CTACTGTCAATGTACATCCTGCTGTTTTCATGTTACAACCCATCAGAG   

TL14 
pNZnisA-E3-

his2 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 22 GTGTGTCAATGTACATCCTGCTGTTTTCATGTTACAACCCATCAGAG   

TL15 
pNZnisA-E3-

his2 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 23 CTACTGTCAATGTACAATATCCTGCTGTTTTCATGTTACAACCCATCAGAG   

TL16 
pNZnisA-E3-

his2 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 24 GTGTGTCAATGTACACCATCCTGCTGTTTTCATGTTACAACCCATCAGAG   

TL17 
pNZnisA-E3-

his2 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 25 CTACTGTCAATGTACAATGACAAGTTGCTGTTTTCATGTTAC   

TL18 
pNZnisA-E3-

his2 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 26 GTGTGTCAATGTACAATGACAAGTTGCTGTTTTCATGTTAC   

TL19 
pNZnisA-E3-

his2 

PZ 5 AATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 27 CTACTGTCAATGTACAATAATGACAAGTTGCTGTTTTCATGTTAC   

TL20 
pNZnisA-E3-

his2 

PZ 7 GAATGTATGGCTTGGTGTAAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 28 GTGTGTCAATGTACACCAATGACAAGTTGCTGTTTTCATGTTAC   

Nisin(2D) 
pNZnisA-E3-

his2 

PZ29 AATGCGTGGTGATGCACCTG 5'- phosphorylation 

PZ30 GATAGTATTTCGCTATGTACACCCGGTTG   

Nisin(2E) 
pNZnisA-E3-

his2 

PZ29 AATGCGTGGTGATGCACCTG 5'- phosphorylation 

PZ31 GAAAGTATTTCGCTATGTACACCCGGTTG   

TL19(2D) TL19 

PZ29 AATGCGTGGTGATGCACCTG 5'- phosphorylation 

PZ30 GATAGTATTTCGCTATGTACACCCGGTTG   

TL19(34A) TL19 

PZ32 CATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 27 CTACTGTCAATGTACAATAATGACAAGTTGCTGTTTTCATGTTAC   

TL19(2D, 
34A) 

TL19(2D) 

PZ32 CATGTATGCCAAGTTGTAACTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PZ 27 CTACTGTCAATGTACAATAATGACAAGTTGCTGTTTTCATGTTAC   

Sequencing primer PrXZ12 CTATCAATCAAAGCAACACGTGC  



 

 
 



 

 



 

 
 

 

Chapter 3 

 

 

Mimicry of non-ribosomally produced antimicrobials by 

ribosomal synthesis and posttranslational modification 

 

Xinghong Zhao, Zhibo Li, Oscar P. Kuipers * 

Department of Molecular Genetics, Groningen Biomolecular Sciences and Biotechnology Institute, University 

of Groningen, Groningen, The Netherlands. 

 

 

 

 

Under revision in Cell Chemical Biology. 

 



Chapter 3 

60 
 

Abstract 

The group of bacterial non-ribosomally produced peptides (NRPs) forms a rich 

source of antibiotics, like daptomycin, vancomycin, teixobactin, brevicidine and 

many others. The difficulty to functionally express and engineer the 

corresponding large biosynthetic complexes is a bottleneck to develop novel 

variants of such peptides.  Here, we apply a completely novel strategy to 

synthesize mimics of the recently discovered antimicrobial NRP brevicidine. We 

mimicked the molecular structure of brevicidine by ribosomally synthesized, 

post-translationally modified peptide synthesis (RiPPs), introducing several 

relevant modifications, such as dehydration and thioether ring formation. 

Following this strategy, in two rounds peptides were engineered in vivo, with 

potent antibacterial activity against Gram-negative pathogenic bacteria 

susceptible to wild type brevicidine. This study demonstrates the feasibility of a 

strategy to structurally and functionally mimic NRPs by employing the synthesis 

and posttranslational modifications typical for RiPPs. This enables the future 

generation of large genetically-encoded peptide libraries of NRP-mimicking 

structures to screen for antimicrobial activity against relevant pathogens. 
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Introduction 

The increasing antibiotic resistance in pathogenic bacteria is a serious threat to 

healthcare all over the world 1. Moreover, the number of approved new 

antibiotics has been decreasing in the past decades, especially of those for 

treating infections by Gram-negative pathogenic bacteria 2–4. Therefore, 

alternative sources of novel antibiotics are urgently required. Non-ribosomally 

produced peptides (NRPs) constitute an important source of antibiotics. These 

peptide antibiotics include more than twenty marketed antibacterial drugs, 

such as vancomycin, penicillin G and daptomycin 5. The synthesis of NRPs 

requires NRP synthetases (NRPSs) that act in modular assembly-line logic 6,7. 

NRPSs are large proteins of about 220 kDa to 2.2 MDa mass range, with a high 

substrate specificity and encoded by very large gene clusters 8–11. Importantly, 

the combination of the large size of their gene clusters and the high substrate 

specificity of NRPSs make it difficult to efficiently engineer libraries of 

structural- and functional mimics of NRP to screen for activity against 

antibiotic-resistant pathogens. 

Lanthipeptides are lanthionine ring-containing ribosomally synthesized and 

post-translationally modified peptides (RiPPs) 12. The lanthipeptide biosynthetic 

dehydratase LanB and cyclase LanC are enzymes that act on ribosomally-

produced precursor peptides to introduce dehydrated residues and 

(methyl)lanthionine rings into ribosomally-synthesized precursor peptides (Fig. 

1) 13,14. LanT transporters act as rafts for secreting RiPPs 15. Some of these 

enzymes and transporters have low substrate specificity, allowing to modify 

and secrete substrates with both proteinogenic and non-proteinogenic amino 

acids 15. The dehydratase NisB, the cyclase NisC and the transporter NisT 

constitute one of the best studied lanthipeptide modification and secretion 

machineries, the nisin biosynthetic machinery (Supplementary Fig. 1) 16–18. This 

biosynthetic machinery has been widely and successfully used in producing 

designed lanthipeptides and in screening potent genetically-encoded libraries 

of lanthipeptides 19–27. 

In this study, we aimed to mimic potent antimicrobial NRPs by peptides that 

are ribosomally produced. The rationale for such endeavor is the resulting 

opportunity to screen for a large number of variants via high-throughput 
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Fig. 1 Schematic of lanthipeptide biosynthetic dehydratases LanB and cyclases LanC introduce 

dehydrated residues and (methyl)lanthionine rings into ribosomally synthesized precursor 

peptides. LanB enzymes glutamylate Ser/Thr residues and subsequently eliminate the glutamate 

to form dehydro amino acids, and thereafter LanC enzymes forms (methyl)lanthionine ring 

between dehydro amino acid and Cys. Dha, dehydroalanine; Dhb, dehydrobutyrine; Abu, α-

aminobutyric acid. 

mutagenesis or combinatorial DNA synthesis of the peptide-encoding gene. 

There are several steps required for the production of NRPs, such as acylation, 

introduction of D-amino acids, substitution of non-canonical amino acid 

residues, introduction of other (ring-forming) modifications and secretion. Here, 

we employ a novel strategy to mimic a recently found antimicrobial NRP, 

brevicidine 28 (Fig. 2A), by synthesis of this molecule in the RiPP way, i.e. by 

using lanthipeptide synthetic machineries. We explored whether the 

(methyl)lanthionine ring can be used to mimic the lactone ring, whether the D-

amino acids can be replaced by L-amino acids, whether ornithin can be 

mimicked by lysine and whether a hydrophobic amino acid chain can be used 

to mimic an acyl chain. After two rounds of engineering, RiPPs with potent 

antibacterial activity against Gram-negative pathogenic bacteria were 

successfully obtained. This work shows that mimicking NRPs by RiPP synthesis 

provides a valuable strategy to discover effective new antimicrobials.   
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Results 

Using NRPs as scaffolds for RiPPs biosynthesis yields modified peptides with 

strong antimicrobial activity against Gram-negative bacteria. Brevicidine and 

laterocidine are recently described NRPs with potent antibacterial activities 

against Gram-negative pathogenic bacteria, which were found through global 

genome mining 28. Brevicidine and laterocidine are produced by Brevibacillus 

laterosporus DSM 25 and Brevibacillus laterosporus ATCC9141, respectively. 

Moreover, laterocidine and brevicidine are resembling each other in molecular 

structure and function; they are cationic NRPs with a hydrophobic acyl-chain at 

the N-terminus, positively charged non-canonical amino acid residues in the 

central part and a hydrophobic lactone ring at the C-terminus (Fig. 2A). In this 

study, we developed a strategy to mimic laterocidine and brevicidine by 

synthesizing structurally resembling RiPPs by the following strategy: (1) all five 

D-amino acids were replaced by L-amino acids, (2) Ser, which in laterocidine 

might perturb the intended ring formation, was replaced by Asn, (3) positively 

charged amino acids D-Orn and L-Orn were replaced by structurally similar Lys 

residues, and (4) the C-terminal amino acid was replaced by Cys to enable the 

formation of a methyl-lanthionine ring with Dhb-9 after dehydration of Thr9. 

Subsequently, RiPep1 and RiPep2 peptide sequences were designed to mimic 

the structure and function of the selected NRPs (Fig. 2A). Precursor peptides 

composed of leader-peptide fusions were expressed using the nisin 

modification and export machinery and purified after production. Matrix-

assisted laser desorption ionization-time-of-flight mass spectrometer analysis 

(MALDI-TOF MS) (Fig. 2B) demonstrated that RiPep2 was fully dehydrated, in 

contrast to RiPep1. After removal of the leader peptide, the antimicrobial 

activities of RiPep1 and RiPep2 were evaluated using Gram-negative 

Xanthomonas campestris (pv. campestris NCCB92058) and Gram-positive 

Micrococcus flavus as indicator strains. Both of the two designed peptides 

lacked antimicrobial activity against M. flavus under the experimental 

conditions used (data not shown). Surprisingly, RiPep2 showed potent 

antimicrobial activity against X. campestris (Supplementary Fig. 2), while 

RiPep1 showed no antimicrobial activity against X. campestris at all, probably 

because of lack of ring formation (Supplementary Fig. 2). Therefore, RiPep2, 
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which mimicked the structure of brevicidine, was selected for further 

characterization and engineering studies. 

 
Fig. 2 Antibacterial peptides discovered by mimicking the structure and function of NRPs. A, 

Structure of selected NRPs and proposal structure of designed RiPeps. Positively charged amino 

acids are highlighted in red; amino acids for ring formation are highlighted in light green; 

hydrophobic N-terminus chain are highlighted in dark green. B, The dehydration patterns of the 

designed peptides. 

An N-terminal hydrophobic tail increases the activity of RiPep2. The N-

terminal acyl chain, in this case a C10 extension, has been proven to be 

important for the antibacterial activity of NRPs 29. In order to mimic the N-

terminal acyl chain of NRPs, a tail of either one or two isoleucines, or a tail 

composed of isoleucine-alanine-isoleucine were introduced at the N-terminus 

of RiPep2, respectively (Fig. 2A). All of the three produced peptides were fully 

dehydrated as evidenced by MALDI-TOF MS (Fig. 2B and Supplementary Fig. 3). 

After removal of the leader peptide (Fig. 3), the antimicrobial activity of RiPep3, 

RiPep4, and RiPep5 against X. campestris was evaluated (Fig. 4). All 3 
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hydrophobic N-terminal tails increased the antibacterial activity of RiPep2. 

RiPep4, having an N-terminal Ile-Ile extension displayed the highest 

antimicrobial activity (8-fold increase, compared to RiPep2) against X. 

campestris under the experimental conditions used. 

 

Fig. 3 MALDI-TOF MS data of HPLC-purified RiPep2 (A), RiPep3 (B), RiPep4 (C) and RiPep5 (D). 

 
Fig. 4 N-terminal hydrophobic tails improve the antimicrobial activity of RiPep2. The Gram-

negative indicator strain is Xanthomonas campestris. 

RiPep2, RiPep3, RiPep4, and RiPep5 contain a (methyl)lanthionine ring. LC-

MS/MS is widely used to analyze the (methyl)lanthionine ring information of 

lantibiotics 23,30,31. To assess whether the (methyl)lanthionine ring was formed 

in RiPep2, RiPep3, RiPep4 or RiPep5, LC-MS/MS analysis was applied after 
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Fig. 5 LC-MS/MS spectrum and the proposed structures of RiPep2 (A), RiPep3 (B), RiPep4 (C) 

and RiPep5 (D). Fragment ions are indicated. 
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removal of the leader peptide. The observed fragments indicated that the 

(methyl)lanthionine rings were correctly formed in all 4 peptides (Fig. 5).  

The novel RiPeps show antimicrobial activity against several Gram-negative 

pathogenic bacteria. The antibacterial activity of RiPep2, RiPep3, RiPep4 and 

RiPep5 against X. campestris, and the important human pathogens 

Acinetobacter baumannii (LMG01041), Escherichia coli (LMG8223) and 

Pseudomonas aeruginosa (PAO1) was evaluated by MIC assays. Brevicidine was 

used as the wild-type NRP for benchmarking. MALDI-TOF MS data and LC-

MS/MS data of HPLC-purified brevicidine is shown in Supplementary Fig. 4. The 

MIC assay results are shown in Table 1. RiPep3, RiPep4, and RiPep5 showed 

potent antimicrobial activity against X. campestris, i.e. 

having a less hydrophobic tail, exerted less antimicrobial activity against X. 

campestris . Consistently, RiPep2, 

lacking any hydrophobic tail, was the least active compound against X. 

campestris. The RiPeps furthermore showed potent antimicrobial activity 

against A. baumannii, E. coli and P. aeruginosa, again in line with the notion 

that a hydrophobic tail increases the antimicrobial activity. Overall, RiPep4 and 

RiPep5 showed only 4-fold less antibacterial activity against X. campestris, 4-

fold less antibacterial activity against A. baumannii, 8-fold less antibacterial 

activity against E. coli and 16-fold less antibacterial activity against P. 

aeruginosa than wild-type NRP (brevicidine). 

Table 1 MIC value (μM) of RiPeps and brevicidine against pathogenic Gram-negative bacteria. 

Organism  brevicidine RiPep2 RiPep3 RiPep4 RiPep5 

X. campestris  1 32 8 4 4 

A. baumannii (LMG01041) 16 256 128 64 64 

E. coli (LMG8223) 2 128 32 16 16 

P. aeruginosa PAO1 2 256 64 32 32 

Discussion 

A large number of NRPs have potent antibacterial activity, including some 
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marketed antibiotics, such as vancomycin, penicillin and daptomycin 5. They 

show antibacterial activity against Gram-positive and/or Gram-negative 

pathogenic bacteria. However, it is not feasible to screen NRP antimicrobials on 

the basis of genetic libraries because the peptide sequences are not gene-

encoded 8–11. Here, we show a strategy that circumvents the difficulty to 

engineer NRP libraries. We mimicked the molecular structure of the NRP 

brevicidine by ribosomal synthesis and subsequent in vivo posttranslational 

modification. To this end, we employed a dehydration and circularization 

enzyme from a lantibiotic biosynthetic system to mimic the brevicidine lactone 

ring by a lanthionine ring. Along the peptide chain, we replaced positively 

charged ornithines by lysines, which are the closest resembling residues. 

Moreover, a fatty acid tail was mimicked by introducing 2 or 3 hydrophobic 

amino acid residues at the N-terminus. Following this strategy, we discovered 

ribosomally produced compounds with potent antibacterial activity against 

Gram-negative pathogenic bacteria. 

Obviously, to generate peptides that mimic a wide range of NRPs, several 

problems need to be solved, such as the expression of peptides with a C-

terminal lactone ring or larger ring structures. In this study, two recently found 

potent antibacterials, i.e. brevicidine and laterocidine, were selected as the 

NRP templates for mimicking NRPs by using a lantibiotic biosynthetic 

machinery and introducing several other changes. 28. As first-generation, the 

RiPep1 and RiPep2 were designed, expressed and analyzed after in vivo 

production. The results demonstrated that RiPep2 showed potent antimicrobial 

activity against Gram-negative bacteria. However, RiPep1 did not show 

antibacterial activity against the indicator strains used in our study. MALDI-TOF 

MS demonstrated that Thr9 of RiPep1 had escaped dehydration and therefore 

lanthionine-ring formation was precluded. This provided a nice control, since 

this peptide also lacked any antimicrobial activity, stressing the importance of a 

ring structure in the peptide at the C-terminus. In contrast, Thr9 in RiPep2 was 

fully dehydrated, and the LC-MS/MS analysis indicated that the C-terminal 

(methyl)lanthionine ring was correctly formed in RiPep2. Collectively, the 

results demonstrate that the (methyl)lanthionine ring mimicked the brevicidine 

crosslink and that the C-terminal ring is essential for the antibacterial activity of 

RiPeps. These results are consistent with previous studies that demonstrated 
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that the C-terminal ring is essential for the activities of brevicidine and 

laterocidine 28.  

The N-terminal acyl chain plays a critical role in the antibacterial activity of 

NRPs 29. The antibacterial activity of NRPs depends, within limits, on the length 

of acyl chain 32,33. In the engineering of the second generation mimetics, the 

hydrophobic and aliphatic amino acid Ile was selected to mimic the branched 

fatty acid chain of brevicidine 34. Because brevicidine only has a 7 carbon acyl 

chain, tails were designed with up to three hydrophobic residues. Increasing 

hydrophobicity from RiPep2 to RiPep5 resulted in bigger Tmax of HPLC 

(Supplementary Fig. 5). Likewise, the antibacterial activity against Gram-

negative pathogenic bacteria of RiPep2 increased 4-8 times by the N-terminal 

hydrophobic residues, which is consistent with previous studies 29,32,33. Together, 

the results clearly demonstrate that mimicking the acyl chain with hydrophobic 

amino acids contributes to the antibacterial properties of the peptides studied 

here. In future studies, an N-terminal acyl chain could be chemically introduced 

to explore if it will further enhance the antibacterial activity. 

In this study, L-amino acids were used instead of D-amino acids of the studied 

NRPs and Lys residues instead of Orn. The mimicked peptide (Table 1) showed 

only 4- fold less antibacterial activity than the original peptide, so these results 

indicate that D-amino acids and Orn residues of brevicidine do not play a very 

vital role in its antibacterial activity. However, D-amino acids have been shown 

to play an important role on the antibacterial activity and the stability of some 

NRPs 35,36. Peptide epimerases form a class of enzymes that can change L-amino 

acid residues to D-amino acid residues, including YydG, OspD and PoyD 37–39. 

Recently, substantial progress has been made in the study of peptide 

epimerases 40–43. These increasing achievements will likely make it possible that 

in the near future D-amino acids can be introduced in various types of RiPPs. 

Alternatively, some D-amino acids can be introduced in RiPPs by LtnJ-catalyzed 

hydrogenation of LanB-introduced dehydroamino acids 44. 

Recently, a ribosomally synthesized small peptide has been found in an NRP 

synthetic pathway, which serves as a scaffold for NRP extension and chemical 

modification 45. These results suggest that nature can partially recruit the 

ribosomal pathway for producing NRPs. In the present study, our results 
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demonstrate an alternative strategy for ribosomal biosynthesis and 

posttranslational modifications of NRP-antimicrobial mimics, which converts 

the natural route of NRPs synthesis into a RiPPs one 45. This enables the future 

generation of large genetically-encoded peptide libraries of NRP-mimicking 

structures to screen for antimicrobial activity against relevant pathogens.  

In conclusion, our results show that peptides with potent antibacterial activity 

against Gram-negative pathogenic bacteria can be successfully obtained by 

mimicking NRPs by employing RiPPs machineries and rational replacement of 

non-canonical residues.. The obtained highly active peptides demonstrate that 

the (methyl)lanthionine ring can be used to functionally mimic the lactone ring. 

L-amino acid residues can replace D-amino acid residues, at least in some cases, 

although this might come at a cost of reduced proteolytic stability. Moreover, 

we demonstrate that the acyl chains can be mimicked by adding a series of 

hydrophobic amino acid residues. Hence, these results justify the conclusion 

that structural and functional conversion of NRPs to RiPPs is possible and offers 

great opportunities for engineering a wide range of effective antibiotics.  

Materials and Methods 

General materials and methods. Reagents used for molecular biology 

experiments were purchased from Thermo Fisher Scientific (Waltham, MA). 

Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). L. lactis 

NZ9000 was used as host cell for plasmid maintenance and protein expression. 

Constructed plasmids were sequenced at Macrogen Inc. (Amsterdam, NL).  

Molecular biology techniques. Oligonucleotide primers used for PCR, cloning, 

and sequencing in this study are provided in Supplementary Table 1; all of the 

oligonucleotide primers were purchased from Biolegio B.V. ( Nijmegen, The 

Netherlands). Plasmids encoding the peptides were constructed by amplifying 

template plasmid using a phosphorylated downstream sense (or upstream 

antisense) primer and an upstream antisense (or downstream sense) primer. 

Phusion DNA polymerase (Thermo Fisher Scientific, Waltham, MA) was used to 

amplify the DNA. Self-ligation of the PCR product was carried out with T4 DNA 

ligase (Thermo Fisher Scientific, Waltham, MA). The electrotransformation of L. 

lactis was carried out as previously described, using a Bio-Rad gene pulser (Bio-
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Rad, Richmond, CA) 46. The mutations were verified by sequencing using the 

PrXZ12 reverse primer. By sequencing, the correct sequence of all plasmids was 

verified. 

Expression, and purification of peptides. Lactococcus lactis NZ9000, containing 

the plasmids with the genes of the nisin biosynthetic system and of the 

designed peptide, was used to inoculate 50 mL of GM17 broth containing 

erythromycin (5 μg/mL) and chloramphenicol (5 μg/mL). The cultures were 

grown overnight at 30 °C, and then used to inoculate 1 L (20-fold dilution) of 

minimal expression medium. After that, cultures were grown at 30 °C to an 

OD600 of 0.4. Peptide expression was induced by 5 ng/mL nisin, and cultures 

were grown at 30 °C for overnight. After centrifugation of the overnight 

expressed cultures, the supernatants were collected and adjusted the pH to 6.5. 

After that, the cultures were applied to CM SephadexTM C-25 column (GE 

Healthcare) equilibrated with MQ. The flow-through was discarded, and the 

column was subsequently washed with 12 column volumes (CV) of MQ. The 

peptide was eluted with 6 CV 2 M NaCl. The eluted peptide was then applied to 

a SIGMA-ALDRICH C18 Silica gel spherically equilibrated with 10 CV of 5% aq. 

MeCN containing 0.1% trifluoroacetic acid. After washing with a 10 CV of 5% aq. 

MeCN containing 0.1% trifluoroacetic acid, peptide was eluted from the 

column using up to 10 CV of 40% aq. MeCN containing 0.1% trifluoroacetic acid. 

Fractions containing the eluted peptide were freeze-dried, and the peptide was 

subsequently dissolved in Tris-HCl (pH=6) containing an appropriate amount of 

NisP leaderprotease and incubated at 37 °C for 2 h to cleave off the leader 

peptide. After filtration through a 0.2 μm filter, the core peptide was purified 

on an Agilent 1260 Infinity HPLC system with a Phenomenex Aeris™ C18 

column (250 × 4.6 mm, 3.6 μm particle size, 100 Å pore size). Acetonitrile was 

used as the mobile phase, and a gradient of 22-35% aq. MeCN over 18 min at 1 

mL per min was used for separation. Peptide was eluted at 28-32% MeCN. 

Mass spectrometry. Matrix-assisted laser desorption ionization-time-of-flight 

(MALDI-TOF) mass spectrometer analysis was performed using a 4800 Plus 

MALDI TOF/TOF Analyzer (Applied Biosystems) in the linear-positive mode at 

University of Groningen. Briefly, a 1 μL sample was spotted on the target, and 

dried at room temperature. Subsequently, 0.6 μL of matrix solution (5 mg/mL 
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of α-cyano-4-hydroxycinnamic acid) was spotted on each sample. After the 

samples had dried, MALDI-TOF MS was performed.  

LC-MS/MS. To gain insight into the lanthionine bridging pattern we performed 

MS/MS. LC-MS was performed using a Q-Exactive mass spectrometer fitted 

with an Ultimate 3000 UPLC, an ACQUITY BEH C18 column (2.1 × 50 mm, 1.7 

μm particle size, 200 Å; Waters), a HESI ion source and a Orbitrap detector. A 

gradient of 5-90% MeCN with 0.1% formic acid (v/v) at a flowrate of 0.35 

mL/min over 60 min was used. MS/MS was performed in a separate run in PRM 

mode selecting the doubly and triply charged ion of the compound of interest. 

Antibacterial activity measurement by agar diffusion assay. To preliminary 

assess the antibacterial activity of peptides on an agar plate, an overnight 

cultured of X. campestris was added to the  MHB containing 1% (w/v) agar (at 

42 °C), and then the mixture was poured to the plates, 10 mL per plate. After 

that, 30 μL of the peptides (500 μM) was added into the well of agar plates, 

and the plates were transferred to the 28 °C or 37°C incubator for incubation 

overnight. 

Minimum inhibitory concentration (MIC). MIC values were determined by 

broth micro-dilution according to the standard guidelines 47. Briefly, the test 

medium was cation-adjusted Mueller-Hinton broth (MHB). Cell concentration 

was adjusted to approximately 5×105 cells per ml. After 20 h of incubation at 

37 °C, the MIC was defined as the lowest concentration of antibiotic with no 

visible growth. Experiments were performed with biological replicates.  

Data availability. The authors declare that all the data supporting the findings 

of this study are available within the paper and its Supplementary file. 

Additional raw data are available from the corresponding author upon request. 
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Supplementary Fig. 1 | Schematic presentation of the nisin biosynthetic machinery ( L. lactis 

NZ900), which is controlled by a 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 leaderprotease NisP for removing the leader peptide. 

 

 

 

 

 

 

 
Supplementary Fig. 2 | RiPep2 shows potent antimicrobial activity. Xanthomonas campestris is 

the indicator strain. 
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Supplementary Fig. 3 | MALDI-TOF MS data of modified precursor peptides. (A), RiPep2;  (B), 

RiPep3; (C), RiPep4; (D), RiPep5. 

 

 

 

 

 
Supplementary Fig. 4 | MALDI-TOF MS data (A) and LC-MS/MS data (B) of HPLC purified 

brevicidine.  
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Supplementary Fig. 5 | The Tmax increased by engineering a hydrophobic tail at the N-

terminus of RiPep2. The Tmax increased more by addition of a more hydrophobic tail. 

 

 

 

 

 

Supplementary Table 1 | Primers for PCRs used in this study.  

Mutants Templates 
 

primers Nucleic acid sequences (5' to 3') Characteristics (5'-lable) 

RiPep1 pNZ8048 

 
PN1 CTTTTTTCCAATAGTTGCGTGGTGATGCACCTGAATC 5'- phosphorylation 

 
PN2 GTAAATGGACAATTAACGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG   

RiPep2 pNZ8048 

 
PN1 CTTTTTTCCAATAGTTGCGTGGTGATGCACCTGAATC 5'- phosphorylation 

 
PN3 GTAAATGGACAATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG   

RiPep3 pNZ8048 

 
PN4 CTTTTTTCCAATAGTTAATGCGTGGTGATGCACCTGAATC 5'- phosphorylation 

 
PN5 GTAAATGGACAATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG   

RiPep4 pNZ8048 

 
PN6 ATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

 
PN7 TGTCCATTTACCTTTTTTCCAATAGTTAATAATGCGTGGTGATGCACCTGAATC   

RiPep5 pNZ8048 

 
PN6 ATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

 
PN8 TGTCCATTTACCTTTTTTCCAATAGTTAATAGCAATGCGTGGTGATGCACCTGAATC   

Sequencing primer PrXZ12 CTATCAATCAAAGCAACACGTGC   
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Abstract 

Microbial lanthipeptides are formed by a two-step enzymatic introduction of 

(methyl)lanthionine rings. A dehydratase catalyzes the dehydration of 

serines/threonines, yielding dehydro-alanine and dehydro-butyrine, 

respectively. Cyclase-catalyzed coupling of the formed dehydro-residues to 

cysteines forms (methyl)lanthionine rings in a peptide. Lanthipeptide 

biosynthetic systems allow to discover target-specific, lanthionine-stabilized 

therapeutic peptides. However, the substrate specificity of existing 

modification enzymes imposes limitations in installing lanthionines in non-

natural substrates. Goal of the present study was to obtain a lanthipeptide 

dehydratase with the capacity to dehydrate substrates that are unsuitable for 

the nisin dehydratase NisB. We report high-throughput screening for tailored 

specificity of intracellular, genetically encoded NisB dehydratases. The principle 

is based on the screening of bacterially-displayed lanthionine-constrained 

streptavidin ligands, which have a much higher affinity for streptavidin than 

linear ligands. The designed, NisC-cyclizable high-affinity ligands can be formed 

via mutant NisB-catalyzed dehydration, but less effectively via wild type NisB 

activity. In Lactococcus lactis, a cell surface display precursor was designed, 

comprising DSHPQFC. The preceding Asp residue of the serine in this sequence 

disfavors its dehydration by wild type NisB. The cell surface display vector was 

co-expressed with a mutant NisB library and NisTC. Subsequently, mutant NisB-

containing bacteria that display cyclized strep-ligands on the cell surface were 

selected via panning rounds with streptavidin-coupled magnetic beads. In this 

way, a NisB variant with a tailored capacity of dehydration was obtained, which 

was further evaluated with respect to its capacity to dehydrated nisin mutants. 

These results demonstrate a powerful method for selecting lanthipeptide 

modification enzymes with adapted substrate specificity. 

 

Keywords: Lactococcus lactis; NisB; dehydratase; streptavidin; high-

throughput screening; bacterial display 
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Introduction 

Lanthipeptides are (methyl)lanthionine ring-containing ribosomally synthesized 

and post-translationally modified peptides (RiPPs) 1. Many natural 

lanthipeptides show potent antimicrobial activity against human pathogens 

and/or even against antibiotic-resistant human pathogens. Importantly, the 

lantibiotics duramycin and NVB-302 and the lanthipeptide MOR107 have 

already been tested in the clinic. The ribosomal synthesis and enzymatic 

modifications of lanthipeptides provide excellent opportunities for the 

discovery of lanthionine-stabilized and target-specific therapeutic peptides 2–4.  

The nisin biosynthetic machinery has been well-studied and is widely used. This 

system allows to engineer and heterologously produce novel lanthipeptides. It 

comprises the NisB dehydratase, which is responsible for serine/threonine 

dehydration in the core peptide, the NisC cyclase that couples the dehydro-

residues to cysteines yielding (methyl)lanthionine rings, and the transporter 

NisT that secretes modified peptides 5. The peptidase NisP is responsible for 

cleaving off the leader peptide, thus yielding mature lanthipeptides 5. NisB is a 

fascinating enzyme whose mechanism is glutamyl-tRNAGlu-dependent. The 

crystal structure of NisB, in complex with its natural substrate peptide NisA, 

reveals two separate domains, one domain that catalyzes the Ser/Thr 

glutamylation and the other domain responsible for glutamate elimination 6. Its 

Ser/Thr dehydration activity depends in part on the amino acids that directly 

flank the dehydratable Ser/Thr 7,8. In that light some substrates appear 

unsuitable for wild type NisB-mediated dehydration 7,8. As a consequence, the 

substrate specificity of wild-type dehydratase NisB can be a limitation for 

engineering novel lanthipeptides.  

Cell surface display is a powerful method for high-throughput screening of 

genetically encoded peptides with desired properties. Surface display on phage, 

yeast and Gram-positive bacteria have been successfully applied in high-

throughput screening 9–11. Also lanthipeptide display systems for phage, yeast 

and Gram-positive bacteria have been developed and applied 12. A 

lanthipeptide cell surface display system has been devised in L. lactis NZ9000 13. 

This bacterial display system contains a plasmid-encoded linear lanthipeptide 

precursor, fused to the N-terminus of the L. lactis surface protease PrtP C-
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terminal domain, and a second plasmid that encodes the NisBTC enzymes 13.  

Many cyclic His-Pro-Gln (HPQ) motif-containing peptides showed up to 3 orders 

of magnitude higher affinities to streptavidin than linear HPQ motif-containing 

peptides 14,15. In this study we exploited this high affinity of cyclic streptavidin 

ligands compared to linear unmodified streptavidin ligands. We employed the 

NisBC enzymes to introduce a thioether cross-link into a designed strep-ligand 

(SHPQFC), which showed higher affinity for streptavidin than the linear strep-

ligand. Subsequently, the strep-ligand was designed where the to-be-

dehydrated Ser residue is preceded by an Asp residue (DSHPQFC) which is an 

unsuitable substrate for NisB. By lack of dehydration this peptide would never 

be subject to NisC-catalyzed or spontaneous cyclization, thus having lower 

affinity to streptavidin than the cyclized variants. For high-throughput 

screening of tailored NisB variants from a genetically encoded NisB library, the 

unsuitable DSHPQFC substrate was genetically fused to the display scaffold 13 

and co-expressed with a plasmid encoding NisCT and a mutant NisB library. By 

using streptavidin-coupled magnetic beads, cyclized strep-ligand displaying 

bacteria were selected aiming at mutant-NisB-catalyzed dehydration of 

DSHPQFC. The results demonstrate that selection of mutant modification 

enzymes from genetically encoded libraries can be based on cell surface display 

of mutant-enzyme-modified products.  

Results 

Lanthionine-cyclized HPQF-containing peptides have enhanced capacity to 

bind streptavidin compared to linear HPQF peptides. Previous studies 

demonstrated that thioether cross-linked HPQ-containing cyclic peptides show 

up to 3 orders of magnitude higher streptavidin affinities than linear peptides 
14,15. In this study, a cyclic HPQF-containing strep-ligand, fused to the C-

terminus of nisin fragments, was used. To form the cyclic HPQF-containing 

strep-ligand by lanthipeptide synthetases, a Ser and a Cys were added at the N- 

and C-terminus of HPQF, respectively (SHPQFC). The N-terminus of the 

designed SHPQFC strep-ligand was engineered at the C-terminus of nisin, 

nisin(1-22) or nisin(1-12) (Supplemental Figure S1). Asn-Lys or Lys was 

engineered at the C-terminus of the designed SHPQFC strep-ligand, since these 
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residues are favorable for the NisC-catalyzed cyclization 8. Five peptides (CS1, 

CS2, CS3, CS4 and CS5) were designed by following this setup (Supplemental 

Figure S1). L. lactis NZ9000 with pTLR-BTC was transformed with plasmids 

encoding the designed peptides, respectively. Following the induction and 

purification, the mass of the produced peptides was checked by MALDI-TOF MS. 

Of the designed five peptides, only the construct CS5 was fully dehydrated 

(Supplemental Figure S2). The formation of the potentially three NisC-formed 

thioether cross-links, two in nisin(1-12) and one in the designed streptavidin 

ligand of CS5, was investigated using 1-Cyano-4-dimethylaminopyridinium 

tetrafluoroborate (CDAP), a compound that reacts with unmodified cysteines in 

peptides. CDAP reaction to cysteine results in an increase of 25 Da in the 

peptide’s molecular weight 4,16. CDAP treatment was executed under reducing 

conditions followed by trypsin cleavage and LC-MS/MS analysis. Very little 25 

Da adduct was observed for the CS5 main product (Figure 1a), indicating that 

no unmodified cysteines were present. This implied that most thioether cross-

links in CS5 were formed, including the intended thioether cross-link for the 

strep-ligand (Figure 1a). Subsequently, a trypsin-mediated cleavage 

demonstrated that the cyclic strep-ligand was correctly formed (Supplemental 

Figure S3). Furthermore, LC-MS/MS for CS5(13-20) confirmed the presence of 

the designed cyclic strep-ligand in CS5 (Figure 1c). These results proved the CS5 

structure (Figure 1a), a lanthipeptide composed of N-terminal nisin followed by 

a cyclic strep-ligand. Subsequently, CS5 was expressed in the presence of only 

NisT for production of linear strep-ligand. After purification, the streptavidin 

binding capacity of cyclic and linear CS5 peptides was investigated by using a 

streptavidin column. After elution, the fractions were analyzed by Tricine-SDS 

gel (Figure 1b, lanes 3 and 4). The cyclic strep-ligand-containing CS5 bound to 

the streptavidin column, since a clear band appeared from the elution fraction 

of cyclic strep-ligand-containing CS5 (Figure 1b, lane 3). However, no band was 

observed from the elution fraction of linear HPQF-containing CS5 (Figure 1b, 

lane 4), indicating that under the used conditions linear HPQF-containing CS5 

had no or too low binding affinity to streptavidin. These data confirm that the 

cyclic strep-ligand-containing CS5 peptide has significantly higher affinity to 

streptavidin than the linear one. 
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Figure 1. a, MALDI-TOF MS data of CS5 before (blue) and after (red) treatment with CDAP, and 

hypothetical structure of CS5. b, SDS-Tricine gel of CS5 co-expressed with NisBTC or NisT before 

(&) and after (#) streptavidin column purification. c, LC-MS/MS data of CS5(13-20). The observed 

fragments demonstrate that the cyclic strep-ligand was formed. 

Cyclic HPQF-containing peptide displayed on the cell surface by an improved 

display scaffold. A previous study demonstrated a PrtP protease-based cell 

surface display system in L. lactis 13. To display the cyclic HPQF strep-ligand of 

CS5 on the cell surface of L. lactis, the CS5 was genetically fused to an 

extension-improved L. lactis display scaffold described in materials and 

methods (peptides are fused to a cell wall bound part of PrtP protease via an 

LPXTG motif). A HRV-3C protease cleavage site (sequence: LEVLFQGP) was 

introduced between CS5 and the improved scaffold (stalk and cell wall spacer, 
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LPxTG domain and TMS domain) (BD-CS5, Supplemental Figure S1). To 

investigate whether the cyclic HPQF strep-ligand of CS5 was also formed within 

the L. lactis displayed BD-CS5, a streptavidin column binding experiment was 

performed. Briefly, BD-CS5 was expressed in the presence of either NisBTC 

(modified) or NisT (unmodified). After purification of expressed modified and 

unmodified BD-CS5 proteins, their streptavidin binding capacity was 

investigated by using a streptavidin column. After elution, the fractions were 

investigated by Tricine-SDS gel (Figure 2a, lanes 3 and 4). After the streptavidin 

column, the fraction corresponding to BD-CS5 co-expressed with the NisBTC 

enzymes showed a band on the tricine gel (Figure 2a, lane 3). In contrast, the 

fraction corresponding to BD-CS5 co-expressed with NisT showed no visible 

band (Figure 2a, lane 4). These results indicated that the thioether cross-link 

between Ser and Cys in SHPQFC had been installed by NisBC (Figure 2b). 

Subsequently, a whole cell ELISA assay was performed using horseradish 

peroxidase (HRP)-conjugated streptavidin to investigate whether the cyclic 

HPQF strep-ligand was displayed on the surface of L. lactis. Figure 2c clearly 

shows cell surface display 

 

Figure 2. a, SDS-Tricine gel of BD-CS5 co-expressed with NisBTC or NisT before (&) and after (#) 

streptavidin column purification. b, structure of BD-CS5 with a cyclic strep-ligand. c, whole-cell 

ELISA on L. lactis NZ9000 cells demonstrates that cyclic HPQF is displayed on the cell surface; 

each column represents the mean ± SD of three independent experiments; the statistical 

significance of differences was performed by Pearson r2, ns: p > 0.05, *p < 0.05 vs. L. lactis 

C
h

a
p

te
r 4

 



Chapter 4 

90 
 

NZ9000 cells (without plasmid). 

for induced L. lactis with plasmids pTLR-BTC and pBD-CS5, whereas only 

background level was observed in uninduced and NisBC lacking L. lactis. 

Together, these results clearly demonstrate that cyclic HPQF strep-ligand was 

successfully formed and displayed on the surface of L. lactis. 

 

Figure 3. a, dehydration of the designed peptides. Green: full dehydration; red: only four 

dehydrations. b, hypothetical structure of CS5D, which has no cyclic HPQF. c, BDD construct for 

selecting NisB variants that can dehydrate Ser when preceded by an Asp residue in a DSHPQFC 

sequence. 

Directly serine-flanking amino acids affect NisB-catalyzed dehydration of 

SHPQFC. Rink et al 8 demonstrated that some amino acid residues directly 

flanking Ser/Thr can inhibit or even abolish the dehydration of these Ser/Thr by 

NisB 8. A subsequent study demonstrated that essentially all hydrophobic 

flanking amino acids favor dehydration of Ser/Thr, whereas hydrophilic amino 

acids, Asp, Glu, Arg, and also Gly disfavor hydration 7. Based on these studies 7,8, 

three NisB-unfavorable (Asp, Glu, Arg) and four favorable (Ala, His, Met, Trp) 

amino acid codons were genetically inserted in front of SHPQFC of CS5 (CS5D, 

CS5E, CS5H, CS5M, CS5R, CS5W and CS5A, Supplemental Figure S1). Plasmids 

encoding the designed peptides were transformed into L. lactis NZ9000 with 

pTLR-BTC. After the induction and purification, the mass of the produced 

peptides was checked by MALDI-TOF MS. Insertion of hydrophobic amino acids, 

Ala, Met, Trp, or insertion of His resulting in the sequence ASHPQFC, MSHPQFC, 
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WSHPQFC or HSHPQFC allowed full dehydration (Figure 3a, Supplemental 

Figure S4). On the other hand, NisB-unfavorable Glu, Asp and Arg residues 

reduced the extent of dehydration (Figure 3a, Supplemental Figure S4). 

Moreover, insertion of a NisB-unfavorable Asp residue before SHPQFC 

completely abolished the dehydration of the resulting DSHPQFC (CS5D) (Figure 

3a, b, Supplemental Figure S4). Therefore, it would be interesting to find a NisB 

variant that can fully dehydrate CS5D. Hence, CS5D was selected for further 

studies (Figure 3b). CS5D was fused to the display scaffold (BD-CS5D, 

Supplemental Figure S1) and co-expressed with NisBTC enzymes. After 

purification, BD-CS5D was applied to a streptavidin column for testing its 

binding capability as described above. BD-CS5D which contained DSHPQFC 

showed no streptavidin column binding capability under the conditions used 

(data not shown); indicating that the Asp residue also blocked the dehydration 

of Ser in DSHPQFC within BD-CS5D. After removal of the his6 tag of pBD-CS5D, 

a pBDD vector (Figure 3c) was constructed for selecting NisB variants that can 

dehydrate Ser when preceded by an Asp residue in a DSHPQFC sequence. 

 

Figure 4. Schematic diagram of selection mutant NisB with improved dehydration capacity. Cyclic 

strep-ligand has higher affinity to streptavidin than linear strep-ligand, allowing the use of 

streptavidin-coupled magnetic beads to fish out the bacteria with NisB
mut

 that can dehydrate Ser 

preceded by Asp.  

Selected NisBS88P/D234N dehydrates DSHPQFC. High-throughput selection is a 

robust approach to improve properties of enzymes or proteins. To find NisB 

enzyme variants with the capability to dehydrate Ser preceded by Asp in the 

strep-ligand context used here, a full NisB mutant library was constructed by 
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error-prone PCR, which involved about 100,000 NisB variants according to 

colony counting and gene sequencing. After transformation of the NisB library 

into a pBDD plasmid-containing (Supplemental Figure S1) L. lactis NZ9000 

strain, streptavidin-coupled magnetic beads were used in panning rounds to 

select cyclic strep-ligand-displaying L. lactis (Figure 4). After three panning 

rounds, the cells were plated on GM17 agar with antibiotics. After overnight 

growth, 20 colonies were randomly picked and followed by sequencing of nisB. 

Strikingly, the NisBS88P/D234N appeared 18 times out of 20 randomly picked 

colonies (NisBN292K and NisBT115I appeared in the remaining two colonies, 

respectively). Subsequently, the dehydration capability of the three obtained 

NisB variants was evaluated by dehydration of CS5D and CS5A. The MALDI-TOF 

MS showed that fully dehydrated main products of CS5A were obtained in all of 

the three NisB variant containing strains, which means that the NisB variants 

obtained, still keep the function of NisBwt (Figure 5b). NisBN292K and NisBT115I 

showed low-efficiency dehydration of Ser preceded by Asp (CS5D) (data not 

shown). In contrast, the NisBS88P/D234N variant showed significant improvement 

in the dehydration of Ser preceded by Asp (CS5D), and produced a fully 

dehydrated main product (Figure 5a). To investigate whether this improvement 

also appeared in the displayed proteins, a HRV-3C protease was used to release 

the N-terminal part of the displayed proteins. NisBS88P/D234N almost completely 

dehydrated the Ser of SHPQFC preceded by either NisB-favorable Ala or NisB-

unfavorable Asp (Figure 5c and d). These results demonstrate that a NisB 

enzyme with tailored substrate specificity was discovered by selection of a 

bacterially displayed cyclic HPQF sequence. 

NisBS88P/D234N improves the dehydration of NisBwt unfavorable substrates. In 

order to investigate the dehydration capacity of the selected NisBS88P/D234N, six 

NisBwt unfavorable substrates were designed and co-expressed with 

NisBS88P/D234N and NisTC. MALDI-TOF MS results showed that NisBS88P/D234N 

improved the dehydration of all the six designed nisin variants with respect to 

NisBwt (Figure 5e, f, g, h, i and m, Table 1). Moreover, NisBS88P/D234N showed 

capacity to dehydrate nisin comparable to NisBwt (Table 1, Supplemental Figure 

S5a and b). Considering NisBS88P/D234N is an enzyme with two mutations, single 

mutant NisBS88P and NisBD234N were constructed and used to modify both NisBwt 

favorable and unfavorable substrates. Both NisBS88P and NisBD234N improved the 
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Figure 5. MALDI-TOF MS data of peptides modified by NisB
wt

 (blue) or NisB
S88P/D234N

 (green). a, 

CS5D; b, CS5A; c, N-terminal part of BDA, which was released by HRV-3C protease from cell 

surface; d, N-terminal part of BDD, which was released by HRV-3C protease from cell surface; e, 

nisin
T2D

; f, nisin
T2E

; g,  nisin(1-22)
K12D

; h, nisin(1-22)
K12E

; i, nisin(1-22)
G14D

; m, nisin(1-22)
G14E

. 

Table 1. Dehydration of designed peptides by different NisB mutations 

Peptide 

Predicted 

Mass (Da) / 

Dehydrations 

Observed Mass (Da, main product) / Dehydrations 

NisB
wt

 NisB
mut(S88P/D234N)

 NisB
mut(S88P)

 NisB
mut(D234N)

 

Nisin 5688 / 8 5689 / 8 5687 / 8 5687 / 8 5687 / 8 

CS5D 5477 / 5 5496 / 4 5477 / 5 5495 / 4 5495 / 4 

CS5A 5433 / 5 5434 / 5 5434 / 5 5432 / 5 5433 / 5 

Nisin
T2D

 5720 / 7 5739 / 6 5723 / 7 5736 / 6 5737 / 6 

Nisin
T2E

 5734 / 7 5747 / 6 5732 / 7 5734 / 7  5732 / 7 

Nisin(1-22)
K12D

 4460 / 5 4479 / 4 4479 / 4 4477 / 4 4476 / 4 

Nisin(1-22)
K12E

 4474 / 5 4473 / 5 4473 / 5 4472 / 5 4471 / 5 

Nisin(1-22)
G14D

 4531 / 5 4548 / 4 4532 / 5 4531 / 5 4530 / 5 

Nisin(1-22)
G14E

 4545 / 5 4559 / 4 4542 / 5 4543 / 5 4543 / 5 

NisinT2D, the second amino acid of nisin was changed from Thr to Asp; nisinT2E, the second amino acid of nisin 

was changed from Thr to Glu; Nisin(1-22)K12D, the 12th amino acid of nisin was changed from Lys to Asp; 

Nisin(1-22)K12E, the 12th amino acid of nisin was changed from Lys to Glu; Nisin(1-22)G14D, the 14th amino acid 

of nisin was changed from Gly to Asp; Nisin(1-22)G14E, the 14th amino acid of nisin was changed from Gly to 

Glu. The major products with less dehydration than predicted are in red. The major products with predicted 

dehydration are in green. 
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dehydration of nisinT2E, nisin(1-22)K12E, nisin(1-22)G14D and nisin(1-22)G14E with 

respect to NisBwt (Table 1, Supplemental Figure S6g and h, 7c, d, e, f, g and h). 

In addition, both NisBS88P and NisBD234N showed dehydration capacity 

comparable to NisBwt for nisin and CS5A (Table 1, Supplemental Figure S5a, c 

and d). However, both NisBS88P and NisBD234N showed less dehydration than 

NisBS88P/D234N for CS5D, nisin(1-22)K12E and nisinT2D (Figure 5a and e, Table 1, 

Supplemental Figure S6c, d, e and f, S7a and b). These results demonstrate that, 

in contrast to NisBwt, NisBS88P/D234N shows significant dehydration of Ser/Thr that 

are flanked by Asp/Glu. Furthermore NisBS88P/D234N has better dehydration 

capacity than the single mutant enzyme NisBS88P or NisBD234N.  

Discussion 

Although L. lactis cells containing NisB have been frequently used for the 

discovery of lanthionine-stabilized and target-specific therapeutic peptides 13,17–

20, unsuitable NisB substrates constitute a limitation in engineering 

lanthipeptides 8,21,22. The overall structure of the dehydratase NisB was 

revealed by crystal structure analysis in 2015 6, and some residues of the 

dehydratase NisB have been proven to be important for the dehydration 

activity 6,23,24. However, to the best of our knowledge, up to now no LanB 

variant has been generated with modulated/tailored substrate specificity. Here, 

we show a valuable approach for de novo selection of tailored intracellular NisB 

dehydratase by screening of cell surface displayed, high-affinity strep-ligand 

that was intracellularly modified by mutant NisB.  

Directed evolution has arguably become the most effective strategy for 

improving or altering the activity of enzymes 25–28, but the success of this 

strategy is dependent on the library size and the efficiency of the selection 

method. Focused mutagenesis and random mutagenesis are commonly used 

approaches for gene diversification 25. A focused mutagenesis approach 

requires phylogenetic information of enzymes; and even if the essential data 

are available, deducing the determinants of enzyme function at the amino acid 

level can be challenging 25. Moreover, the small library size of focused 

mutagenesis may be responsible for the low success rate for selecting enzymes 

with desired activity. Therefore, in this study, a random mutagenesis approach 
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was used to construct the NisB library and L. lactis containing this library was 

subjected to cell surface displayed product screening.  

The traditional screening approaches, which are based on agar plate or 

microplate assays would require robotics to handle such large libraries. In the 

absence of robust screening methods, it seems difficult or even impossible to 

identify enzyme variants with desired properties 29–31. If screening approaches 

are not amenable to automation, only about 1000 to 2000 of the mutants can 

be screened for desired properties 26,29. Cell surface display combined with 

target-displaying magnetic beads for panning rounds has been widely used in 

antibody 32,33 and drug 34,35 discovery. In this study, a lanthipeptide L. lactis 

display system was applied 13. A NisB dehydratase mutation with the capacity 

to dehydrate substrates that could not be dehydrated by wild-type NisB was 

successfully discovered (Table 1, Figure 5). These results raise the hope that the 

here-used principle can be widely applied. 

In previous cell surface display studies, protein libraries, which were used for 

screening protein variants with desired properties, were usually fused to a 

display scaffold and thereafter displayed on the cell surface 15,36–38. 

Subsequently, the selections were based on higher target affinity 15,36–38. In 

contrast, in our present study, the enzyme library itself was not displayed on 

the cell surface, but the corresponding aimed-for product (Figure 2c and 4). 

This constitutes a powerful strategy for high-throughput selecting of 

intracellular enzyme variants with desired properties.  

NisB is a glutamyl-tRNAGlu-dependent lantibiotic dehydratase, and the function 

of each domain has been revealed in previous studies 6 (Figure 6a). The 

dehydration process of NisB involves glutamyl-tRNAGlu to activate Ser/Thr 

residues 6. Therefore, glutamyl-tRNAGlu plays a vital role in the NisB-catalyzed 

dehydration of Ser/Thr residues. In the present study, the NisBS88P/D234N 

mutation was discovered by the herein developed method. Both of the 

mutation points of NisBS88P/D234N are located in the glutamyl-tRNAGlu binding site 

of NisB (Figure 6b). Also the single mutation point of NisBN292K and NisBT115I are 

located in the glutamyl-tRNAGlu binding site of NisB (Figure S8b and S9b). For 

further characterization, an amino acid sequence alignment of LanB protein 

sequences was performed 39. The results show that all of the four mutation 
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positions are non-conserved positions (Figure S10). Moreover, the mutated 

amino acid residues of NisBS88P/D234N and NisBN292K increased the probability 

value of the corresponding positions. These results suggest that the improved 

substrate tolerance of NisBS88P/D234N is caused by the mutations in NisB that 

promote a slightly different and more productive positioning of the glutamyl-

tRNAGlu, allowing a more efficient transfer of the glutamyl moiety. In addition, a 

slightly different positioning of the peptide substrate in the NisB mutant may 

also lead to a more efficient glutamyl-tRNAGlu-catalyzed activation of the 

respective amino acid residues for dehydration. The findings thus open the way 

for exciting follow-up studies aiming at understanding the exact underlying 

mechanistic aspects. 

 

Figure 6. a, Overall structure of the NisB dehydratase and the functions of each domain 
6
. b, 

glutamyl-tRNA
Glu

 binding site. Amino acids are shown in green that are known to be important 

for glutamyl-tRNA
Glu

 binding; mutation points of NisB
S88P/D234N

 are show in red.  

In conclusion, our results demonstrate that a tailored NisB dehydratase was 

selected from an intra-bacterial mutant NisB library by selecting a bacterial-

cell-surface-displayed, high-affinity, NisB-modified strep-ligand in panning 

rounds with streptavidin-coupled magnetic beads. These results open a new 

window for high-throughput selection of lanthipeptide synthetases with 
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modulated capacity to modify specific substrate peptides. 

Materials and Methods 

Microbial strains used and growth conditions. Strains and plasmids used in 

this study are listed in Supplemental Table S1. E. coli XL-10 Gold 

ultracompetent cells were used for construction of the NisB library. E. coli 

stains were grown in LB medium or LB medium solidified with 1% (wt/vol) agar 

at 37 °C. For plasmid selection, 250 μg/mL erythromycin (Sigma) was added.  

L. lactis NZ9000 was used for plasmid construction, plasmid maintenance and 

protein expression. L. lactis was grown at 30 °C in M17 broth (Oxoid) or M17 

broth solidified with 1% (wt/vol) agar, containing 0.5% (wt/vol) glucose (GM17), 

when necessary, supplemented with chloramphenicol (5 μg/ml) and/or 

erythromycin (5 μg/ml) for plasmid selection. For protein expression, 

stationary-phase cultures were inoculated (20-fold diluted) on GM17 broth and 

induced with nisin (5 ng/ml) at an optical density at 600 nm (OD600) of about 

0.4.  

Molecular biology techniques. Lists of oligonucleotide primers used for PCR, 

cloning and sequencing in this study are provided in Supplemental Table S2 and 

Supplemental Table S3, and all the oligonucleotide primers were purchased 

from Biolegio B.V. (Nijmegen, The Netherlands). Constructs coding for mutants 

of peptides or display proteins were made by amplifying template plasmid 

using a phosphorylated downstream sense- (or upstream antisense) primer 

and an upstream antisense (or downstream sense) primer with a peptide-

encoding tail. The DNA amplification was carried out by using phusion DNA 

polymerase (Thermo Fisher Scientific, Waltham, MA). Self-ligation of the 

resulting plasmid encoding linear leader peptide was carried out with T4 DNA 

ligase (Thermo Fisher Scientific, Waltham, MA). The electrotransformation of L. 

lactis was carried out as previously described using a Bio-Rad gene pulser (Bio-

Rad, Richmond, CA) 40. Correctness of all genetic constructs was verified by 

sequencing. The peptide mutations were verified by sequencing using the 

forward primer PS1 and/or the reverse primer PS2, and the NisB variants were 

verified by sequencing using primers PS3-PS8. 
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Plasmid cloning for lanthipeptide surface display. PrtP protease C-terminal 

domain (1586-1962 aa), here designated stalk and anchor, was amplified from L. 

lactis SK11 cells using primers Pbd1 and Pbd2. A DNA fragment encoding the 

NisA promoter, NisA leader peptide and CS5 core peptide was amplified from 

the pCS5 plasmid with primers Pbd3 and Pbd4. Part of the structure gene of 

pCS5 encoding an NdeI cleavage site was amplified from pCS5 with primers 

Pbd5 and Pbd6. The different amplification products were spin column-purified, 

and joined by PCR fusion. The full-length amplification product was amplified 

using oligos Pbd3 and Pbd6. After spin column purification, the full-length 

amplification product, and plasmid pCS5 were digested with BglII and NdeI. 

After collection of the digested fragments, T4 ligase was used to ligate the two 

fragments and thereafter electroporated to L. lactis NZ9000. The resulting 

plasmid was designated pBD-CS5 which encoded the NisA promoter, NisA 

leader peptide, pCS5 core peptide, stalk, and the cell wall anchor domain.  

NisB Library synthesis. To construct a NisB library, an error-prone PCR was 

performed by using the GeneMorph II Random Mutagenesis Kit (Agilent). 

Plasmid backbone of pTLR-BTC 41 was amplified by using high fidelity PCR with 

primers Ptlr1 and Ptlr2. The nisB gene was amplified by error-prone PCR with 

primers Ptlr3 and Ptlr4. The error-prone PCR of the nisB gene was performed 

by using 50, 250 and 750 ng of template to obtain a low, medium and high rate 

of mutation. In order to remove the template plasmids, a DpnI (FastDigest, 

Thermo) digestion was performed. After that, the error-prone PCR products 

were mixed at the same concentration (50 ng) that was used as template for a 

second generation of PCR amplification by using the enzyme pfu×7 42. For the 

ligation, various concentrations of insert ranging from 1 to 6 in respect to the 

backbone (200ng) were performed. After dialysis, the ligation mixes were 

transformed into E. coli XL-10 Gold chemo-competent cells. After grown 

overnight at 37 °C, the efficiency of the transformation was calculated. Cells 

were harvested from the plates, and NisB library plasmids were isolated by 

using the NucleoSpin Plasmid EasyPure kit (Macherey-Nagel, Düren, Germany). 

Gene sequencing identified the NisB library was obtained as expected. 

Expression, and purification of His6-tagged peptides and proteins. L. lactis 

NZ9000 cells contain pTLR-BTC for expression of the NisBTC enzymes were 
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electroporated with His6-protein plasmids (50 ng), plated on M17 agar plates 

containing 0.5% (wt/vol) glucose and supplemented with chloramphenicol (5 

μg/ml) and erythromycin (5 μg/ml), and grown at 30 °C for 20–24 h. A single 

colony was used to inoculate 50 mL of GM17 and supplemented with 

chloramphenicol (5 μg/ml) and erythromycin (5 μg/ml) (GM17EmCm), grown 

for 15–18 h at 30 °C. After that, the culture was used to inoculate 1 L (20-fold 

dilution) of GM17EmCm. Cultures were grown at 30 °C to an OD600 of 0.4. 

Protein expression was induced by the addition of nisin to a final concentration 

of 5 ng/mL and cultures were grown overnight at 30 °C. 

Purification of secreted peptides. After centrifugation at 15,000 × g for 15 min, 

supernatants were collected. The pH of supernatants was adjusted to 7.4, and 

then filtered through a 0.45 μm membrane. Supernatants were applied to a 

HisTrap™ Excel column (GE Healthcare) equilibrated with 50 mM NaH2PO4, 300 

mM NaCl, 10 mM imidazole, pH 8.0. The flow-through was discarded, and the 

column was subsequently washed with 16 column volumes (CV) of wash buffer 

(50mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). The peptide was 

eluted with 15 CV elution buffer (50mM NaH2PO4, 300 mM NaCl, 250 mM 

imidazole, pH 8.0). The eluted peptide was then applied to a SIGMA-ALDRICH 

C18 Silica gel spherically equilibrated first with 8 CV of MeCN containing 0.1% 

trifluoroacetic acid followed by 8 CV of 5% aq. MeCN containing 0.1% 

trifluoroacetic acid. The column was washed with 8 CV of 5% aq. MeCN 

containing 0.1% trifluoroacetic acid to remove the salts. Peptide was eluted 

from the column using up to 8 CV of 50% aq. MeCN containing 0.1% 

trifluoroacetic acid. Fractions containing the eluted peptide were freeze-dried, 

and the peptide was subsequently dissolved in PBS containing an appropriate 

amount of NisP and incubated at 37 °C for 2 h to cleave off the leader peptide. 

The insoluble material was removed by filtration through a 0.2 μm filter, and 

the supernatant was purified on an Agilent 1260 Infinity HPLC system with a 

Phenomenex Aeris™ C18 column (250 × 4.6 mm, 3.6 μm particle size, 100 Å 

pore size). Acetonitrile was used as the mobile phase, and a gradient of 20–

30% aq. MeCN over 35 min at 1 mL/min was used for separation. Peptides 

eluted at 27-29% MeCN. 

Purification of displayed bacterial proteins. After centrifugation at 15,000 × g 
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for 15 min, cells were collected. After treatment with lysis buffer (50 mM Tris-

HCl, 2 mM EDTA, 100 mM NaCl, 0.5% Triton X-100, pH 8.5) containing 10 

mg/mL lysozyme at 37°C for 1h, cell homogenates were sonicated for 12 min in 

total. The insoluble material was subsequently removed by centrifugation at 

10,000× g for 20 min, and supernatants were filtered through a 0.45 μm 

membrane. The supernatants were applied to a HisTrap™ Fast Flow column (GE 

Healthcare) equilibrated with 50 mM NaH2PO4, 300 mM NaCl, 10 mM 

imidazole, pH 8.0. The flow-through was discarded, and the column was 

subsequently washed with 16 CV of wash buffer (50 mM NaH2PO4, 300 mM 

NaCl, 20 mM imidazole, pH 8.0). The proteins were eluted with 15 CV elution 

buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0). After 

filtration through a 0.2 μm membrane, the eluted proteins were purified on an 

Agilent 1260 Infinity HPLC system with a Phenomenex Aeris™ C18 column (250 

× 4.6 mm, 3.6 μm particle size, 100 Å pore size). Acetonitrile was used as the 

mobile phase, and a gradient of 20–70% aq. MeCN over 60 min at 1 mL/min 

was used for separation. Proteins were eluted at 59-61% MeCN. 

Whole-cell ELISA for detection of surface-displayed cyclic HPQF. L. lactis 

NZ9000 cells containing plasmids pBD-CS5 and pTLR-BTC/pTLR-T, and L. lactis 

NZ9000 cells were grown with or without nisin (5 ng/ml) for induction of 

modification enzymes and protein expression. After production, cells were 

collected by centrifugation, washed three times with MES buffer (0.1 M, pH 7.4) 

plus 20 mM Cacl2 (MES-Ca) and then resuspended to an OD600 of =20. Aliquots 

of OD600=3.0 of these cell suspensions were incubated with a 4000-fold diluted 

horseradish peroxidase (HRP)-conjugated streptavidin solution (Thermo Fisher 

Scientific, Waltham, MA) in a final volume of 1 ml MES-Ca plus 0.2% Tween 20 

and 1% BSA at room temperature for 1 h under rotation. After three washes 

with MES-Ca-T-BSA, the displayed cyclic HPQF was visualized by the addition of 

1ml of 1-StepTM ABTS horseradish peroxidase substrate solution (Thermo Fisher 

Scientific, Waltham, MA). The absorbance was determined at 410 nm after a 

suitable time period, which is a measure for the displayed cyclic HPQF. 

Mass spectrometry. One μL sample was spotted and dried on the target. 

Subsequently, 0.7 μL of matrix solution (5 mg/mL α-cyano-4-hydroxycinnamic 

acid from Sigma-Aldrich dissolved in 50% acetonitrile containing 0.1% 
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trifluoroacetic acid) was spotted on top of the sample. Matrix-assisted laser 

desorption ionization-time-of-flight (MALDI-TOF) mass spectrometer analysis 

was performed using a 4800 Plus MALDI TOF/TOF Analyzer (Applied Biosystems) 

in the linear-positive mode. 

Evaluation of (methyl)lanthionine formation. After dissolving the freeze-dried 

samples in 18 μL of 0.5 M HCL (pH=3), the samples were treated with 2 μL of 

100 mg/mL tris[2-carboxyethyl]phosphine in 0.5 M HCL (pH=3) for 30 min at 

room temperature. Subsequently, 4 μL of 100 mg/mL 1-Cyano-4-

dimethylaminopyridinium tetrafluoroborate (CDAP) in 0.5 M HCL (pH=3) was 

treated to the samples. After incubation at room temperature for 2 hours, the 

samples were desalted by C-18 ZipTip (Millipore) and analyzed by MALDI-TOF 

MS 43. 

LC-MS/MS. To gain insight into the lanthionine bridging pattern we performed 

MS/MS. LC-MS was performed using a Q-Exactive mass spectrometer fitted 

with an Ultimate 3000 UPLC, an ACQUITY BEH C18 column (2.1 × 50 mm, 1.7 

μm particle size, 200 Å; Waters), a HESI ion source and a Orbitrap detector. A 

gradient of 5-90% MeCN with 0.1% formic acid (v/v) at a flowrate of 0.35 

mL/min over 60 min was used. MS/MS was performed in a separate run in PRM 

mode selecting the doubly and triply charged ion of the compound of interest. 

Library screening by streptavidin-coupled magnetic beads assistant cell 

sorting. An aliquot of the NisB library transformed cells (≈5 1010 cells) was 

inoculated in 50 ml of GM17EmCm. The culture was grown at 30°C until an 

OD600 of about 0.4. At this point protein and enzymes production were induced 

by adding nisin at a final concentration of 5 ng/mL. Incubation was continued 

overnight. Library-containing cells were collected by centrifugation, washed 

thrice with 0.1 M MES-Ca, and resuspended in 2 mL MES-Ca-T-BSA. To reduce 

the number of nonspecifically binding peptides from the initial library, a 1 ml 

library cell suspension was incubated for 30 min at room temperature with 200 

μL of biotin-saturated streptavidin-coupled magnetic beads (Dynabeads and 

MyOne Streptavidin T1; Invitrogen). The unbound cells in the supernatant were 

collected and resuspended in 1 ml of MES-Ca-T-BSA. For the first round of 

selection, 200μL of streptavidin-coupled magnetic beads was added and 

incubated under rotation at room temperature for 1 h. Streptavidin-binding 
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cells were collected by magnetic-bead assisted cell sorting (MACS), washed 3 

times with MES-Ca-T-BSA, resuspended in 50 ml of GM17EmCm, grown 

overnight at 30°C, and used to produce cells for the next round of selection. 

Two additional selection rounds were performed. After three rounds of MACS, 

the cells were plated and individual clones were picked for sequencing analysis. 

Protease induced removal of displayed peptides from the cell surface and 

peptide purification. L. lactis surface display vectors pBDA and pBDD were 

used to compare the dehydration ability of selected NisB mutation and wide-

type NisB. The produced proteins containing the HRV 3C protease recognition 

sequence (PreScission protease; GE Healthcare) to release the N-terminal part 

of proteins from the L. lactis cell surface. L. lactis NZ9000 cells displaying BDA 

or BDD was subjected to 16% trichloroacetic acid (TCA) for 1 h on ice. Cells 

were washed thrice with 10 ml of acetone, dried in a Speed Vac, and washed 

thrice with PBS. The cells were resuspended in 5 ml of PreScission protease 

cleavage buffer (GE Healthcare) containing 200 U of PreScission protease (GE 

Healthcare) and incubated at 4°C for 48 h under rotation. After protease 

digestion the supernatant was collected, and the N-terminal parts of the BDA 

and BDD peptides were purified by HPLC, and subsequently Mass spectrometry 

was performed. 
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Supplemental Figure 2. MALDI-TOF MS data of CS5 before (a) and after (b) cleavage of the 

leader peptide. 

 

 

 

Supplemental Figure 3. MALDI-TOF MS data of trypsin treated CS5 fragments. It demonstrates 

that the cyclic strep-ligand was correctly formed since CS5 was cleaved by trypsin after Lys12, 

liberating the cyclic strep-ligand.  
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Supplemental Figure 4. MALDI-TOF MS data of CS5A (a), CS5D (b), CS5E (c), CS5H (d), CS5M (e), 

CS5R (f), CS5W (g). 
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Supplemental Figure 5. MALDI-TOF MS data of nisin modified by NisB mutants. a, modified by 

NisB
wt

; b, modified by NisB
S88P/D234N

; c, modified by NisB
S88P

; d, modified by NisB
D234N

.  
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Supplemental Figure 6. MALDI-TOF MS data of peptides modified by NisB mutants. a, CS5A, 

modified by NisB
S88P

; b, CS5A, modified by NisB
D234N

; c, CS5D, modified by NisB
S88P

; d, CS5D, 

modified by NisB
D234N

; e, nisin
T2D

, modified by NisB
S88P

; f, nisin
T2D

, modified by NisB
D234N

; g, 

nisin
T2E

, modified by NisB
S88P

; h, nisin
T2E

, modified by NisB
D234N

.
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Supplemental Figure 7. MALDI-TOF MS data of peptides modified by NisB mutants. a, nisin(1-

22)
K12D

, modified by NisB
S88P

; b, nisin(1-22)
K12D

, modified by NisB
D234N

; c, nisin(1-22)
K12E

, modified 

by NisB
S88P

; d, nisin(1-22)
K12E

, modified by NisB
D234N

; e, nisin(1-22)
G14D

, modified by NisB
S88P

; f, 

nisin(1-22)
G14D

, modified by NisB
D234N

; g, nisin(1-22)
G14E

, modified by NisB
S88P

; h, nisin(1-22)
G14E

, 

modified by NisB
D234N

. 
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Supplemental Figure 8. a, Overall structure of the NisB dehydratase and the functions of each 

domain 
1
. b, glutamyl-tRNA

Glu
 binding site. Amino acids are shown in green that are known to be 

important for glutamyl-tRNA
Glu

 binding; mutation points of NisB
T115I

 are show in red. 

 

 

 

Supplemental Figure 9. a, Overall structure of the NisB dehydratase and the functions of each 

domain 
1
. b, glutamyl-tRNA

Glu
 binding site. Amino acids are shown in green that are known to be 

important for glutamyl-tRNA
Glu

 binding; mutation points of NisB
N292K

 are show in red. 
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Supplemental Figure 10. LanB-alignment-based probability of amino acid occurrence in positions 

88, 234, 115 and 292. Following the obtention of S88P, D234N, T115I, N292K mutations in NisB, 

the LanB family were aligned based on the full model of the N terminal domains (PFAM PF04737 

http://pfam.xfam.org/family/Lant_dehyd_N). The figure depicts the probability of the 

occurrence of each amino acid in the four positions. Clearly none of the four positions is 

conserved. Wild type amino acid is marked by black rectangle; amino acid of mutation is marked 

by a green rectangle. In positions 88, 234 and 292 the probability of the new amino acid is higher 

than of the wild type amino acid.  
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Supplemental Table 1. Stains and plasmids used in this study. 

Strain or plasmid Characteristics Source or reference 

Strains   

L. lactis NZ9000 MG1363 derivative; NisRK+ 2 

E. coli XL-10 gold XL10-Gold Ultracompetent Cells Agilent Technologies 

Plasmids   

pNZnisA leader his2 pNZ8048 derivative, nisA, Cmr, encoding his6 residues behind the 

first Met gene of nisin leader  
3 

pCS1 pNZ8048 derivative, CS1, Cmr This work 

pCS2 pNZ8048 derivative, CS2, Cm
r
 This work 

pCS3 pNZ8048 derivative, CS3, Cm
r
 This work 

pCS4 pNZ8048 derivative, CS4, Cmr This work 

pCS5 pNZ8048 derivative, CS5, Cmr This work 

pCS5A pNZ8048 derivative, CS5A, Cmr This work 

pCS5D pNZ8048 derivative, CS5D, Cmr This work 

pCS5E pNZ8048 derivative, CS5E, Cmr This work 

pCS5H pNZ8048 derivative, CS5H, Cmr This work 

pCS5M pNZ8048 derivative, CS5M, Cmr This work 

pCS5R pNZ8048 derivative, CS5R, Cmr This work 

pCS5W pNZ8048 derivative, CS5W, Cmr This work 

pBD-CS5 pNZ8048 derivative, BD-CS5, Cmr This work 

pBDA pNZ8048 derivative, BDA, Cmr This work 

pBD-CS5D pNZ8048 derivative, BD-CS5D, Cmr This work 

pBDD pNZ8048 derivative, BDD, Cmr This work 

pNZnisA pNZ8048 derivative, Nisin, Cmr 4 

pNisinT2D pNZ8048 derivative, NisinT2D, Cmr 5 

pNisinT2E pNZ8048 derivative, NisinT2E, Cmr 5 

pNisin(1-22) pNZ8048 derivative, Nisin(1-22), Cmr 5 

pNisin(1-22)K12D pNZ8048 derivative, Nisin(1-22)K12D, Cmr This work 

pNisin(1-22)K12E pNZ8048 derivative, Nisin(1-22)K12E, Cmr This work 

pNisin(1-22)
G14D

 pNZ8048 derivative, Nisin(1-22)
G14D

, Cm
r
 This work 

pNisin(1-22)G14E pNZ8048 derivative, Nisin(1-22)G14E, Cmr This work 

pTLR-BTC Pnis nisBTC, Emr 6 
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Supplemental Table 2. Primers for PCRs used in this study. 

Plasmids Templates Primer
s 

Nucleic acid sequences (5' to 3') Characteristics (5'-lable) 

pCS1 pNZnisA 

PXZ1 AAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PXZ2 
ATTTGTTACAAAATTGTGGGTGTGATTTGCTTAC 
GTGAATACTACAATGACAAGTTG 

  

pCS2 pNZnisA 

PXZ1 AAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PXZ3 
ATTTACAAAATTGTGGGTGTGATTTGCTTACGTG 
AATACTACAATGACAAGTTG 

  

pCS3 pNZnisA 

PXZ1 AAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PXZ4 
ATTTGTTACAAAATTGTGGGTGTGATTTCATGTT 
ACAACCCATCAGAGCTC 

  

pCS4 pNZnisA 

PXZ1 AAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PXZ5 
ATTTACAAAATTGTGGGTGTGATTTCATGTTACA 
ACCCATCAGAGCTC 

  

pCS5 pNZnisA 

PXZ1 AAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

PXZ6 
ATTTGTTACAAAATTGTGGGTGTGATTTACAACC 
GGGTGTACATAGCGAAATAC 

  

pCS5A/  
pBDA  

pCS5/  
pBDD 

PXZ7 TTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ8 GCTTCACACCCACAATTTTGTAACAAATAAGCTTTC   

pCS5D/  
pBD-CS5D  

pCS5/  
pBD-CS5 

PXZ7 TTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ9 GATTCACACCCACAATTTTGTAACAAATAAGCTTTC   

pCS5E  pCS5 
PXZ7 TTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ10 GAATCACACCCACAATTTTGTAACAAATAAGCTTTC   

pCS5H  pCS5 
PXZ7 TTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ11 CACTCACACCCACAATTTTGTAACAAATAAGCTTTC   

pCS5M  pCS5 
PXZ7 TTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ12 ATGTCACACCCACAATTTTGTAACAAATAAGCTTTC   

pCS5R  pCS5 
PXZ7 TTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ13 AGATCACACCCACAATTTTGTAACAAATAAGCTTTC   

pCS5W  pCS5 
PXZ7 TTTACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ14 TGGTCACACCCACAATTTTGTAACAAATAAGCTTTC   

pBDD pBD-CS5D 
PXZ15 GTGATGATGCATGGTGAGTGCCTCCTTATAATTTATTTTG 5'- phosphorylation 

PXZ16 CATCACCATAGTACAAAAGATTTTAACTTGGATTTGGTATCTG  

pNisin(1-
22)K12D 

pNisin(1-22) 
PXZ17 ACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ18 GATACAGGAGCTCTGATGGGTTGTAAC  

pNisin(1-
22)K12E 

pNisin(1-22) 
PXZ17 ACAACCGGGTGTACATAGCGAAATAC 5'- phosphorylation 

PXZ19 GAAACAGGAGCTCTGATGGGTTGTAAC  

pNisin(1-
22)G14D 

pNisin(1-22) 
PXZ20 

ATTTGTTACAAAATTGTGGGTGTGATTTACAACCGG 
GTGTACATAGCGAAATAC 

5'- phosphorylation 

PXZ21 ACAGATGCTCTGATGGGTTGTAACATGAAATAAG  

pNisin(1-
22)G14E 

pNisin(1-22) 
PXZ20 

ATTTGTTACAAAATTGTGGGTGTGATTTACAACCGG 
GTGTACATAGCGAAATAC 

5'- phosphorylation 

PXZ22 ACAGAAGCTCTGATGGGTTGTAACATGAAATAAG  
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Supplemental Table 3. Primers for PCRs used in this study. 

Primers Nucleic acid sequences (5' to 3') Purpose 

Pbd1 GAAGTTCTGTTTCAAGGACCCTTGCAGGCAGCTAAGCAGGAAC 
To construct the 

plasmid that 

encoding the 

gene of 

bacterial display 

protein BD-CS5   

Pbd2 CTAATTTTGGTTCAAAGAAAGCTTATTCTTCACGTTGTTTCCGTTTCAATC 

Pbd3 CAGCTCCAAGATCTAGTCTTATAACTATACTGAC 

Pbd4 CAAGGGTCCTTGAAACAGAACTTCCAATTTGTTACAAAATTGTGGGTGTGATTTAC 

Pbd5 GAAGAATAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 

Pbd6 CTTAGCAATAGCGTCCTTTGATTCATG 

Ptlr1 AACTTTTTATCAUGTTTTTTCCTCTCTTTATTTTTATAAGC 

NisB library 

construction 
Ptlr2 ATACATGAAAUGAGGACTAATAGATGGATGAAGTGAAAG 

Ptlr3 ATGATAAAAAGTUCATTTAAAGCTCAACCGTTTTTAG 

Ptlr4 ATTTCATGTAUTCTTCCGAAACAAACAACCTTTGAAGTGTG 

PS1 CTATCAATCAAAGCAACACGTGC 

Sequencing 

PS2 GATAACGCGAGCATAATAAACGG 

PS3 CTCCAAACGATAAACGGAGTTTTAC 

PS4 AACCCTTTTCTTCTTTAACAGACCAGC 

PS5 GATTTGTTGTCAGATTTTTCTTGGAAC 

PS6 GAATTTGGCAAAGGAGTATGAAAAAG 

PS7 CCCAAAGAGTTTTATATTGTCAATGG 

PS8 CGAAGCAATATTTTGTGCCGATTC 
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Abstract 

Wound infection is a serious threat to patients, in particular septic wound 

infections, which result in high mortality rates. Moreover, the treatment of 

wound infections with antimicrobial-resistant and/or biofilm-forming 

pathogens can be challenging. Nisin, a potent antimicrobial against Gram-

positive pathogens, has been used in the food industry for decades. Silver has 

been approved by FDA as a topical antimicrobial. However, both nisin and silver 

as stand-alone therapy show insufficient anti-biofilm activity against bacterial 

pathogens. Here, we show that silver@nisin nanoclusters, with an average 

diameter of 60 nm, 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 S. aureus, P. aeruginosa, A. baumannii, K. 

pneumoniae, and E. coli, which are pathogens 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. This work 

shows that microwave-assisted molecular self-assembly is a powerful and novel 

strategy to synthesize metal@antimicrobial peptide nanocomposites for 

biofilm-infected wound control. 
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Introduction 

The skin plays a critical role in keeping microorganisms away from the 

underlying tissues of the human body. Wound infection caused by mechanical 

disruption of the skin or by burn is a serious threat to patients 1. Particularly, 

septic wound infections can result in high mortality rates 2. Previous studies 

demonstrated that Staphylococcus aureus, Pseudomonas aeruginosa, 

Acinetobacter baumannii, Klebsiella pneumoniae, and Escherichia coli are 

major contributors to wound infections 1–6. Moreover, antimicrobial-resistant 

pathogens, including multi-drug resistant P. aeruginosa (MDR PA), A. 

baumannii (MDR AB) and methicillin-resistant S. aureus (MRSA), are playing an 

important role in the high morbidity and mortality rate of wound infections 4. 

Even more seriously, these major contributors (S. aureus, P. aeruginosa, A. 

baumannii, K. pneumoniae, and E. coli) usually form biofilms in the infected 

wound, and these biofilms make wound infections more difficult to treat 6. 

Therefore, new strategies are required to treat wound infections. 

Nanotechnology-based antimicrobials have been proposed as a promising 

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

including multidrug-resistant strains 7. Silver-based nanocomposites showed 

potent antimicrobial activity against both planktonic pathogens and pathogen 

biofilms 8; moreover, they showed strong synergistic effects with antibiotics 9–11. 

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 12. 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 13,14. More recently, the antimicrobial 

effects of nisin against mastitis, respiratory-, gastrointestinal- and skin 

infections have been investigated, and the results showed that nisin had potent 

antimicrobial effect against Gram-positive caused infections 15. Therefore, Ag- 

and nisin-based nanocomposites may show potent antimicrobial activity 

against both planktonic pathogens and pathogen biofilms in wound infections. 

In this study, we introduce a simple, ultrafast and quality-stable method to 

construct Ag@nisin nanoclusters by employing a strategy of microwave-

assisted molecular self-assembly. Under the selected conditions, Ag@nisin NC 
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with an average diameter of 60 nm was obtained. Notably, the synthesized 

Ag@nisin NC showed potent antimicrobial activity and anti-biofilm activity 

against S. aureus, P. aeruginosa, A. baumannii, K. pneumoniae, and E. coli, 

which are pathogens responsible for wound infections. Moreover, due to the 

nisin peridium, Ag@nisin NC showed much lower cytotoxicity than AgNO3 to a 

human kidney epithelium cell line. This work shows that microwave-assisted 

molecular self-assembly is a powerful and novel strategy to synthesize 

metal@antimicrobial peptide nanocomposites for wound biofilm-infection 

control.  

Results 

Synthesis and characterization of Ag@nisin NC. The synthesis of Ag@nisin NC 

was performed at different concentrations of nisin and different microwave 

irradiation times, and the size of the products was determined by dynamic light 

scattering (DLS). Ag@nisin NC was obtained with the smallest average size 

under the condition of addition 4 mL of 4 mM AgNO3 solution to 95 mL of nisin 

at a concentration of 62.5 μM and microwave irradiation for 15 s at 700 W 

(data not shown). A SEM assay was used to investigate the morphology of 

Ag@nisin NC, and the results show that Ag@nisin NC with an irregular 

morphology was obtained (Fig. 1a). Moreover, the size distribution of 

synthesized Ag@nisin NC, by counting 300 particles of SEM, is shown in Fig. 1b, 

and the results show that Ag@nisin NC with an average size of 60±19 nm was 

obtained. After that, X-ray diffraction (XRD) was used to investigate the phase 

of the Ag@nisin NC. As shown in Fig. 1c, the diffraction features appearing at 

32.3°, 46.2°, 67.5° and 76.7° are corresponding to the (111), (200), (220) and 

(311) planes of the cubic phase of Ag, respectively 16,17. These results indicate 

that silver crystals were formed in the Ag@nisin NC. Furthermore, to verify 

whether the nanocluster was formed by nisin and a silver crystal, an attenuated 

total reflection infrared (ATR-FTIR) assay was performed. The characteristic 

peaks of nisin at 1658.45 and 1527.32 are corresponding to a C=O stretching of 

amide I and N-H bending of amide II, respectively (Fig. 1d) 18–20. The same 

peaks were also observed for the Ag@nisin NC (Fig. 1d). These results 

confirmed that the synthesized Ag@nisin NC consists of silver crystal and nisin. 
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Figure 1 a, SEM of Ag@nisin NC; b, size distribution of synthesized Ag@nisin NC by counting 300 

particles of SEM result (average size 60 nm); c, XRD of Ag@nisin NC; d, FTIR of Ag@nisin NC and 

nisin. 

Ag@nisin NC exerts potent antimicrobial activity against biofilm-forming 

pathogens of wound infection. To determine the antimicrobial activity of 

Ag@nisin NC, a MIC assay was performed. AgNO3 and nisin were used as 

controls. Nisin showed potent antimicrobial activity against S. aureus 

(LMG15975, MRSA), which is a Gram-positive bacterium (Table 1). However, 

nisin showed very weak antimicrobial activity against most of the tested Gram-

negative bacteria pathogens (Table 1). These results are consistent with 

previous studies 21,22. AgNO3 showed potent antimicrobial activity against all of 

the tested strains (Table 1). Moreover, it was shown to have a better 

antimicrobial activity against Gram-negative bacteria than Gram-positive 

bacteria (Table 1). Ag@nisin NC showed potent antimicrobial activity against all 

of the tested pathogens, and it showed 2-fold better antimicrobial activity 

against all tested Gram-negative bacteria than AgNO3 (Table 1). Importently, 

Ag@nisin NC showed 4-fold better antimicrobial activity against tested Gram-

positive bacteria than AgNO3, which might be caused by the nisin lipid II 
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binding site helping the Ag@nisin NC to be more specifically targeting Gram-

positive bacteria. Moreover, Ag@nisin NC showed much better antimicrobial 

activity against tested Gram-negative bacteria than nisin (Table 1). 

Table 1 Antimicrobial activity of Ag@nisin NC against pathogenic microorganisms of wound 

infection. 

Organism and genotype 

MIC (μg/mL) 

Nisin AgNO3 Ag@nisin NC 

A. baumannii LMG01041 16 2 1 

P. aeruginosa LMG 6395 128 4 2 

E. coli LMG8223 64 4 2 

K. pneumoniae LMG20218 128 8 4 

S. aureus LMG15975 (MRSA) 4 16 4 

The MIC was determined by broth microdilution. MRSA, methicillin-resistant S. aureus. 

Ag@nisin NC showed low cytotoxicity to a human kidney epithelium cell line. 

To assess the safety of Ag@nisin NC to human beings in an initial test, the 

cytotoxicity of antimicrobials to a human kidney epithelium cell line was 

evaluated by an XTT assay. Human kidney epithelium cells were incubated in 

the presence of different concentrations of antimicrobials. After 24 h 

incubation, the cell viability was determined by using a XTT kit. Under the 

experimental conditions used, human kidney epithelium cells were unaffected 

by the presence of nisin at 128 μg/mL (Fig. 2).  AgNO3 showed potent 

cytotoxicity to a human kidney epithelium cell line at 4 μg/mL (Fig. 2), which is 

lower than most of the tested MIC values (Fig. 2, Table 1). These results 

indicate that AgNO3 is not suitable as an antimicrobial agent when used alone. 

Therefore, we did not use AgNO3 any more in further studies. However, 

Ag@nisin NC did not show cytotoxicity to a human kidney epithelium cell line 

at concentrations of 8×MIC value against A. baumannii (LMG01041), 4×MIC 

against P. aeruginosa (LMG 6395) and E. coli (LMG8223), and 2×MIC against K. 

pneumoniae (LMG20218) and S. aureus (LMG15975, MRSA) (Fig. 2, Table 1). 

These results indicate that Ag@nisin NC is a high efficiency and low toxicity 
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antimicrobial agent. 

 
Figure 2 Percentage of cell viability of human kidney epithelium cell line after 24 h treatment 
with different concentrations of nisin, Ag@nisin NC and AgNO3, respectively. a, nisin; b, Ag@nisin 
NC; c, AgNO3. Data are representative of three independent experiments; the statistical 
significance of differences was performed by Pearson r2, ns: p > 0.05, *p < 0.01 vs. untreated 
cells. 

Time-dependent killing of Planktonic pathogens by Ag@nisin NC. Measuring 

the time-dependence of antibiotic action is commonly used to establish 

whether a compound is bacteriostatic or bactericidal 23,24. In this study, we 

monitored the killing kinetics of A. baumannii (LMG01041), P. aeruginosa (LMG 

6395), E. coli (LMG8223), K. pneumoniae (LMG20218) and S. aureus 

(LMG15975, MRSA) cells exposed to either the synthesized Ag@nisin NC or 

nisin. Due to its pore-formation ability in the target cell membrane, together 

with cell wall biosynthesis inhibition, nisin is well known as a bactericidal 

lantibiotic 25. The time-dependent killing results show that nisin killed all of the 

A. baumannii (LMG01041), E. coli (LMG8223) and S. aureus (LMG15975, MRSA) 

in 2 hours (Fig. 3 a, c and e). Moreover, nisin killed most of the P. aeruginosa 

(LMG 6395) and K. pneumoniae (LMG20218) in 8 hours (Fig. 3 b and d). 

However, nisin did not completely kill P. aeruginosa (LMG 6395) and K. 

pneumoniae (LMG20218) at 24 h after treatment (Fig. 3 b and d), and the 
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bacteria were grown to an OD600 of around 6 at 72 h after treatment. These 

results indicate that P. aeruginosa (LMG 6395) and K. pneumoniae (LMG20218) 

can easily get resistant against nisin even at a concentration of 256 μg/mL. 

Ag@nisin NC showed fast kill kinetics against all of the tested pathogens, which 

killed all of the E. coli (LMG8223), K. pneumoniae (LMG20218) and S. aureus 

(LMG15975, MRSA) in 1 h after treatment (Fig 3 c, d, and e), killed all of the A. 

baumannii (LMG01041) in 2 h after treatment (Fig 3 a) and killed all of the P. 

aeruginosa (LMG 6395) in 4 h after treatment (Fig 3 b). 

Figure 3 Time-dependent killing of 

pathogens by Ag@nisin NC. Pathogens 

were challenged with antimicrobials (2 × 

MIC). a, A. baumannii (LMG01041); b, P. 

aeruginosa (LMG 6395); c, E. coli 

(LMG8223); d,  K. pneumoniae 

(LMG20218); e, S. aureus (LMG15975, 

MRSA). Data are representative of 3 

independent experiments ± s.d. 
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a

b

 
Figure 4 Anti-biofilm activity of Ag@nisin NC. a, Time–kill curves for S. aureus (LMG15975, MRSA) 

biofilm after treatment with antimicrobial agents; b, Time–kill curves for A. baumannii 

(LMG01041) biofilm after treatment with antimicrobial agents. 

Ag@nisin NC showed potent anti-biofilm activity. An XTT assay was used to 

measure the anti-biofilm activity of antimicrobial agents in previous studies 26–

28. In this study, we used XTT assay to investigate the anti-biofilm activity of 

Ag@nisin NC. Ag@nisin NC showed the rapid killing of bacteria in a biofilm (Fig. 

4 a, b). After 4 h of treatment, the viability of bacteria in a biofilm was only 
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26.8% for A. baumannii (LMG01041) and 8.4% for S. aureus (LMG15975, MRSA) 

under a 2×MIC treatment. Most of the killing happens in the first 2 hours after 

treatment, and a higher concentration of Ag@nisin NC showed better anti-

biofilm activity. Furthermore, Ag@nisin NC significantly decreased bacterial 

viability in P. aeruginosa (LMG 6395), E. coli (LMG8223) and K. pneumoniae 

(LMG20218) biofilms after 4 h treatment (Fig. 5). Under a 2×MIC treatment, 

Ag@nisin NC killed 88.3% of P. aeruginosa (LMG 6395), 82.5% of E. coli 

(LMG8223) and 73.6% of K. pneumoniae (LMG20218) in their biofilms, 

respectively. 

 

Figure 5 Anti-biofilm activity of different concentrations of Ag@nisin NC against P. aeruginosa 

(LMG 6395), E. coli (LMG8223) and K. pneumoniae (LMG20218) biofilms. 

Discussion 

Wound infection is a serious threat to patients, in particular septic wound 

infections, which result in high mortality rates 1,4. Here we show a simple, 

ultrafast, and quality-stable method for Ag@nisin NC synthesis. The synthesized 

Ag@nisin NC showed potent antimicrobial and anti-biofilm activity against A. 

baumannii, P. aeruginosa, E. coli, K. pneumoniae and S. aureus, which are vital 

pathogens of wound infections. 

Many methods have been used to construct silver nanocomposites, including 
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chemical, physical and biological methods 29. Microwave-assisted synthesis of 

silver nanocomposites has many advantages, such as smaller size, narrower size 

distributions, shorter reaction times, reduced energy consumption, and better 

product yields etc. 30,31. In this study, microwave-assisted synthesis of Ag@nisin 

NC was performed. The results showed Ag@nisin NC with an average size of 60 

nm (diameter) was obtained, and it only needs 15 s to construct this narrower 

size distribution Ag@nisin NC. In contrast, previous studies showed that 

nisin@silver nanoparticles can be synthesized by incubation of silver nitrate 

and nisin at room temperature for 24 h 32, and the synthesized nisin@silver 

nanoparticles showed a 233 nm (diameter) average size 32, which is known to 

be without anti-biofilm activity 7. These results demonstrate that microwave-

assisted synthesis of Ag@antimicrobial peptide nanocomposites is a much 

more effective approach. 

Most of clinical wound infections are mixed Gram-negative and Gram-positive 

pathogens infections 1–6. Nisin has only potent antimicrobial activity against 

Gram-positive pathogens 21,22, which limited the application of nisin as an 

alternative control for wound infection. Silver has a potent bactericidal effect 

against both Gram-positive and Gram-negative pathogens 12,33, but it’s difficult 

to balance antimicrobial activity with cytotoxicity. In this study, the synthesized 

Ag@nisin NC showed higher antimicrobial activity against both Gram-positive 

and Gram-negative pathogens than either nisin or AgNO3 alone. Notably, 

Ag@nisin NC showed much lower cytotoxicity against mammalian cells than 

AgNO3 alone. In contrast, antimicrobial peptide LL37 coated LL37@AgNP 

decreased the antimicrobial activity of AgNO3 against tested Gram-negative 

pathogens 34. These results indicate that a lanthionine-stabilized antimicrobial 

peptide nisin is more suitable to be used to synthesize silver nanocomposites. 

The stronger antimicrobial activity and lower cytotoxicity make Ag@nisin NC an 

attractive option to control wound infections. 

Many of the isolates of clinical wound infections are biofilm producing strains 
6.In this study, the synthesized Ag@nisin NC showed a broad-spectrum of anti-

biofilm activity against both Gram-positive and Gram-negative pathogens 

found in wound infections (Fig. 4). These results are consistent with previous 

studies, which showed that silver nanoparticles have anti-biofilm activity 34–37. 
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In addition, silver nanocomposites show strong synergistic effects with 

antibiotics 9–11. It could be also a good strategy to use Ag@nisin NC with other 

antibiotics for wound infections control. 

In conclusion, a microwave-assistant ultra-fast method was performed to 

synthesize of Ag@nisin NC. The synthesized Ag@nisin NC showed potent 

antimicrobial and anti-biofilm activities against both Gram-negative and Gram-

positive bacterial pathogens, which is 2-4 times better than clinically used ionic 

silver. Notably, the synthesized Ag@nisin NC showed much lower cytotoxicity 

than clinically used ionic silver against a human kidney epithelium cell line. 

These results suggest that Ag@nisin NC offer good application possibilities to 

treat wound infections. 

Materials and methods 

Assembly of Silver@nisin Nanocomposite. Nisin (99% purity, Handary S.A., 

Belgium) was dissolved in water (with an electronic resistance of 18.2 MΩ*cm, 

MQ) to concentrations of 125, 62.5 and 31.3 μM, respectively. Then 4 mL of 4 

mM AgNO3 (Sigma) was dropped into 95 mL of nisin solution at room 

temperature. Under microwave irradiation at power intensity of 700 W, the 

reaction of the mixture was carried out for 15, 30 and 60 S, respectively. After 

centrifugation at 10,000 × g for 15 min, the product was washed with MQ 

water three times.  

Characterization of Ag@nisin NC. Dynamic light scattering (DLS, Malvern 

Panalytical) was used to determine the size of  Ag@nisin NC in MQ water. A 

SEM was used to investigate the morphologies of the products. Attenuated 

total reflection infrared (ATR-FTIR) and X-ray diffraction (XRD) were used to 

investigate the composition and structure of Ag@nisin NC. 

Minimum inhibitory concentration (MIC). MIC values were determined by 

broth micro-dilution according to the standard guidelines 38, and A. baumannii 

(LMG01041), P. aeruginosa (LMG 6395), E. coli (LMG8223),  K. pneumoniae 

(LMG20218) and S. aureus (LMG15975, MRSA)) were used as indicator strains. 

Briefly, the test medium was cation-adjusted Mueller-Hinton broth (MHB). Cell 

concentration was adjusted to approximately 5×105 cells per ml. After 24 h of 

incubation at 37 °C, the MIC was defined as the lowest concentration of 
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antibiotic with no visible growth. Experiments were performed with biological 

replicates.  

Cell Culture. The human kidney epithelium cells was maintained in complete 

DMEM supplemented with 10% (v/v) foetal bovine serum (FBS, Gibco), 

100 U/mL penicillin (HyClone), and 100 μg/mL streptomycin (HyClone). For the 

maintenance medium (MM), the serum concentration was reduced to 2%. Cells 

were incubated at 37 °C with 5% CO2 
39. 

Mammalian cell metabolically active assay. The effect of materials to 

mammalian cell metabolically active was evaluated on human kidney 

epithelium cells by using the XTT (Cell Proliferation Kit XTT, AppliChem) assay. 

Briefly, cells in 96-well plates were exposed to different concentrations of 

materials in sextuplet. The test samples were suspended in MM (100 μL per 

well). After 24 h incubation, the XTT reagent was added to the cultures 

according to the manufacturer’s instructions, and the plates were incubated at 

37 °C for 2 h with 5% CO2. Then, the absorbance values were measured by 

using a Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific ) 

at 485 nm (reference 690 nm). 

Planktonic time-dependent killing assay. This assay was performed according 

to a previously described procedure 24. An overnight culture of cells (A. 

baumannii (LMG01041), P. aeruginosa (LMG 6395), E. coli (LMG8223), K. 

pneumoniae (LMG20218) and S. aureus (LMG15975, MRSA)) was diluted 50-

fold in MHB and incubated at 37 °C with aeration at 220 r.p.m.. Bacteria were 

grown to an OD of 0.5, and then the cells concentration was adjusted to ≈1×106 

cells per ml. Bacteria were then challenged with nisin (2*MIC) or Ag@nisin NC 

(2*MIC) in culture tubes at 37 °C and 220 r.p.m. Non-treated bacteria  were 

used as negative control. At desired time points, one hundred 200 μL aliquots 

were taken, centrifuged at 8,000 g for 2 min and resuspended in 200 μL of MHB. 

Ten-fold serially diluted samples were plated on MHA plates. After incubated at 

37 °C overnight, colonies were counted and c.f.u. per mL was calculated. Each 

experiment was performed in triplicate.   

Anti-biofilm assay. The strains (A. baumannii (LMG01041), P. aeruginosa (LMG 

6395), E. coli (LMG8223),  K. pneumoniae (LMG20218) and S. aureus 
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(LMG15975, MRSA) were cultured for one day at 37 ℃ in 4 mL of tryptone soya 

broth (TSB, Oxoid). The cultures were diluted to at an OD600 of 0.01 in TSB, and 

200 μL of the resulting bacterial suspension was aliquoted into the wells of a 

96-well tissue culture-treated polystyrene plate (corning). After 24 h of growth 

at 37 ℃, the plates were washed thoroughly three times with PBS to remove 

unattached bacteria. Next, MHB containing 0, 0.5, 1 and 2 times MIC of nisin or 

Ag@nisin NC was added to the wells. The plates were incubated at 37 ℃ under 

shaking at 60 r.p.m.. XTT assay was used to assess the cell metabolically  

viability at 1, 2 and 4 h post exposure to the tested compounds (A. baumannii 

(LMG01041) and S. aureus (LMG15975, MRSA)) or 4 h post exposure to the 

tested compounds (P. aeruginosa (LMG 6395), E. coli (LMG8223),  K. 

pneumoniae (LMG20218)). Briefly, after having removed the compounds, the 

plates were washed vigorously three times with PBS. After that, PBS (200 μL) 

containing 50 μL XTT (Cell Proliferation Kit XTT, AppliChem) was added to the 

wells and incubated at 37 ℃ for 2 h. The plates were then determined using a 

Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific ) at 485 

nm (reference 690 nm). Higher OD values correlated to higher numbers of 

viable pathogens in the biofilm. Each experiment was performed in triplicate.  
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The research described in this thesis aimed to develop novel approaches to 

engineer lantibiotics, to control either planktonic pathogens or biofilm-

infections. To expand the toolbox of engineering lantibiotics, this thesis 

furthermore aimed at generating a method for obtaining lanthipeptide 

synthetases with adapted substrate specificity by directed evolution. 

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

encountered among 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 1. Despite the AMR situation being so urgent, the 

number of newly approved antibiotics has been decreasing over the past 50 

years 2,3. 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) 4. 

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 that 

have been tested in the clinic or which are very close to the start of clinical 

trials, have been demonstrated to display potent antimicrobial activity in vivo 5–

7. The ribosomal synthesis and low substrate specificity of some of the 

lantibiotic modification enzymes provide a great opportunity to engineer large 

numbers of novel antimicrobials. In this thesis, two strategies were employed 

to engineer lantibiotics by using the lanthipeptide biosynthetic machinery 

(Chapters 2 & 3), a high-throughput selection approach was developed to 

discover tailored lanthipeptide synthetases (Chapter 4), and a nano-technology 

based Ag@nisin NC was developed for biofilm-infection control (Chapter 5). 

Lipid II plays an essential role in the synthesis of the bacterial cell wall 8,9. The 

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

antibiotics, including vancomycin, ramoplanin, mannopeptimycins, teixobactin 

and a number of lantibiotics, e.g. nisin, NAI-107, gallidermin, nukacin ISK-1, 

mersacidin, haloduracin and lacticin A 8–17. 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, more C-terminally located 
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lipid II binding motif of haloduracin. Further 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. Both the N- and C-

terminal domains are essential for the potent antimicrobial activity of TL19 

evidenced by mutagenesis of each single and double domains. The combined 

presence of two different lipid II binding sites within TL19 showed potent 

synergism in its antimicrobial activity (Fig. 1). Therefore, this study provides a 

new approach for biosynthesis of potent lantibiotics by combining two 

different lipid II binding motifs. 

Fig. 1 Schematic presentation of the tentative antimicrobial mechanism of TL19. First, TL19 
reaches the bacterial plasma membrane (a), where it binds to lipid II via one of the lipid II binding 
sites (b). This is then followed by TL19 reaching with its second lipid II binding site another lipid II 
(c), which leads to one TL19 binding to two lipid II molecules subsequently forming a carpet-like 
peptide-lipid II complex, thus potently inhibiting cell wall synthesis.  

Non-ribosomally produced peptides (NRPs) constitute an important source of 

antibiotics. These peptide antibiotics include more than twenty marketed 

antibacterial drugs, such as vancomycin, penicillin and chloramphenicol 18. The 

synthesis of NRPs requires NRP synthetases (NRPSs) that act in a modular 

assembly-line logic 19,20. NRPSs are large proteins of about 220 kDa to 2.2 MDa 

mass range, with a high substrate specificity and encoded by very large gene 

clusters 21–24. Importantly, the combination of the large size of their gene 
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clusters and the high substrate specificity of NRPSs make it difficult to 

efficiently engineer libraries of new NRP structural- and functional mimetics to 

screen for activity against antibiotic-resistant pathogens. In Chapter 3, we 

applied a completely novel strategy to synthesize mimetics of a recently 

discovered antimicrobial NRP, brevicidine. We mimicked the molecular 

structure of brevicidine by ribosomal synthesis and subsequent 

posttranslational modification. Such synthesis is typical of another class of 

peptides, RiPPs, ribosomally synthesized, post-translationally modified peptides. 

To this end, we employed a dehydration and circularization enzyme from a 

lantibiotic biosynthetic system to mimic the brevicidine lactone ring by a 

lanthionine ring. Along the peptide chain, we replaced positively charged 

ornithines by lysines, which are the closest resembling residues. Moreover, a 

fatty acid tail was mimicked by introducing 2 or 3 hydrophobic amino acid 

residues at the N-terminus. Following this strategy, peptides were engineered 

with potent antibacterial activity against Gram-negative pathogenic bacteria 

susceptible to brevicidine. This study demonstrates the feasibility of a strategy 

to mimic NRPs by employing the synthesis and posttranslational modifications 

typical for RiPPs (Fig. 2). This enables the future synthesis of large genetically-

encoded peptide libraries of NRP-mimicking structures to screen for 

antimicrobial activity against relevant pathogens. These results demonstrate 

that structural and functional conversion of NRPs to RiPPs is possible and offers 

great opportunities for engineering a wide range of effective antibiotics. 

 

Fig. 2 Schematic diagram of mimicking NRPs into RiPPs. 

The ribosomal synthesis and enzymatic modifications of RiPPs provide excellent 
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opportunities to design and engineer a large variety of novel antimicrobial 

compounds 25,26. However, a limitation in the heterologous production of novel 

or engineered lanthipeptides is the inefficiency of dehydration due to enzyme-

unfavorable amino acid residues that may flank Ser/Thr 27–29. To fully exploit the 

potential of RiPPs as antimicrobial candidates, tailored enzymes for the 

dehydration of unsuitable substrates in a lantibiotic are required. In Chapter 4, 

we showed that cell surface display of a cyclic HPQF-containing streptavidin 

ligand is suitable for de novo selection of mutant NisB dehydratases capable of 

dehydrating a Ser preceded by an Asp residue in the strep-ligand context. 

Following the critical dehydration step, the cyclic strep-ligand was formed 

either by the cyclase NisC or spontaneously, and subsequently displayed on the 

cell surface. The bacteria that displayed cyclic HPQF showed a much higher 

affinity to streptavidin than linear ligand containing bacteria. This allowed the 

selection of cyclic strep-ligand displaying Lactococci containing mutant NisB by 

using streptavidin-coated magnetic beads. These results indicate that cell 

surface display of cyclic strep-ligand is an excellent method for the mining of 

novel genetically encoded libraries of lanthipeptide synthetases (Fig. 3).  

 
Fig. 3 Schematic diagram of engineering of NisB with adapted dehydration capacity. Cyclic 
strep-ligand has higher affinity to streptavidin than linear one, allowing streptavidin-coupled 
magnetic bead to fish out the bacterial with NisB

mut
 that can dehydrate Ser preceded by Asp. 

Wound infection is a serious threat to patients, in particular septic wound 
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infections, which result in high mortality rates 30,31. Moreover, the treatment of 

wound infections with biofilm-forming pathogens can be challenging. Nisin is a 

green natural antimicrobial peptide. It shows potent antimicrobial activity 

against Gram-positive pathogens, but shows very limited antimicrobial activity 

against Gram-negative pathogens 32,33. However, Most of the clinical wound 

infections are mixed Gram-negative and Gram-positive pathogens infections 
30,31,34–37. This situation limited the application of nisin as an antimicrobial agent 

to treat wound infections. Silver has a potent bactericidal effect against both 

Gram-positive and Gram-negative pathogens 38,39, but it’s difficult to balance 

antimicrobial activity with cytotoxicity. In Chapter 5, we show that silver@nisin 

nanoclusters, with an average diameter of 60 nm, 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 S. aureus, P. 

aeruginosa, A. baumannii, K. pneumoniae, and E. coli, which are pathogens 

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. This work shows that microwave-assisted molecular 

self-assembly is a powerful and novel strategy to synthesize 

metal@antimicrobial peptide nanocomposites for biofilm-infected wound 

control. 

Outlook  

In Chapter 2, our results showed that a combination of two different lipid II 

binding sites within one peptide showed potent synergism in its antimicrobial 

activity especially against E. faecium, suggesting future work may focus on 

constructing more two different lipid II binding sites-containing peptides. 

Furthermore, synthesis of hybrid compounds with different antimicrobial 

mechanisms in one molecule would be interesting. Our results in Chapter 3 

showed that mimicking NRPs by ribosomal synthesis is a novel approach to 

engineer antimicrobials, and enables the future synthesis of large genetically-

encoded peptide libraries of NRP-mimicking structures to screen for 

antimicrobial activity against relevant pathogens. Future studies may focus on 
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mimicking more NRPs by ribosomal synthesis, followed by screening of more 

active antimicrobials from large genetically-encoded peptide libraries based on 

the NRPs-mimicked active molecules. Our results of Chapter 4 demonstrated 

that the selection of mutant modification enzymes from genetically encoded 

libraries can be obtained by cell-surface display of mutant-enzyme-modifiable 

products. In the future, this concept can be applied to other enzymes to 

generate desired properties, e.g. to LanMs and LanCs. In Chapter 5, our results 

showed that Ag@nisin NC was synthesized by microwave-assisted molecular 

self-assembly, and the synthesized 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. In the 

future, more metal@antimicrobial peptide nanocomposites could be 

synthesized for biofilm-infection control. 
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Het onderzoek beschreven in dit proefschrift had als doel om nieuwe 

benaderingen te verkennen voor de ontwikkeling van lantibiotica, welke 

ingezet kunnen worden om zowel planktonische als zich in biofilm bevindende 

cellen te bestrijden. In lijn met dit doel, is in dit proefschrift tevens een 

methode beschreven om de substraatspecificiteit van lanthipeptidesynthetases 

aan te passen door middel van high throughput screening, doelgerichte 

evolutie. 

De opkomst van antibiotica-resistentie onder pathogene bacteriën is een 

probleem dat in de afgelopen jaren enkel is toegenomen. Het is momenteel de 

directe oorzaak van meer dan een half miljoen overlijdens per jaar. En, er 

wordt algemeen aangenomen dat antibioticaresistentie in de toekomst een 

steeds grotere, dan wel niet de grootste, oorzaak van overlijden gaat zijn. In de 

bestrijding van dit probleem spelen antimicrobiële stoffen waarop 

resistentiemechanismen minder snel vat krijgen een belangrijke rol. Stoffen 

zoals lantibiotica. 

Lantibiotica zijn ribosomaal geproduceerde peptiden, in welke door 

gespecialiseerde enzymen post-translationeel lanthionine bruggen worden 

geïnstalleerd. Lantibiotica zijn lanthipeptiden die antimicrobiële activiteit 

vertonen, en lanthipeptiden vallen op hun beurt onder de noemer ribosomaal 

geproduceerde en posttranslationeel gemodificeerde peptiden (RiPPs). De 

RiPPs omvatten een zeer breed scala aan gemodificeerde peptiden, 

gecategoriseerd aan de hand van hun meest definiërende modificatie. In het 

geval van lanthipeptiden, betreft dit dus de lanthionine bruggen. 

Veel lantibiotica hebben goede antimicrobiële activiteit tegen pathogene 

bacteriën, in sommige gevallen zelfs als deze al resistent zijn tegen gebruikelijke 

antibiotica. Lantibiotica als duramycine, NVB-302, mutacin 1140 en NAI-107, 

zijn reeds onderhevig aan klinische tests of hebben bewezen antimicrobiële 

activiteit in vivo. Doordat lantipeptiden ribosomaal worden geproduceerd, en 

hun modificatie enzymen  vaak niet gebonden zijn aan een specifiek substraat, 

kunnen door middel van genetische recombinatie nieuwe moleculen gevormd 

worden. 

In dit proefschrift worden twee strategieën ingezet om nieuwe lantibiotica te 
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genereren, door gebruik te maken van biosynthetische enzymen afkomstig uit 

lanthipeptide systemen (Hoofdstuk 2 & Hoofdstuk 3). Een methode om ‘high-

throughput’ selectie toe te kunnen passen werd ontwikkeld om nieuwe 

aangepaste lanthipeptide synthetases te ontwikkelen (Hoofdstuk 4). Tot slot 

werd het op nanotechnologie gebaseerde Ag@nisin NC ontwikkeld voor 

biofilm-infection control (Hoofdstuk 5). 

Het eiwit lipid II is een essentiële precursor in de synthese van bacteriële 

celwanden, en hierdoor een belangrijk doelwit voor antibiotica. Meerdere 

lanthipeptiden zijn effectief door zich via hun lanthionine-gestabiliseerde lipid 

II bindingsdomeinen te hechten aan dit eiwit. In hoofdstuk 2 wordt het 

modificatie systeem van lantibioticum nisine gebruikt om een lanthipeptide dat 

twee lipid II bindingsdomeinen heeft, genaamd TL19. Het peptide bestaat uit 

het N-terminale lipid II bindingsmotief van nisine, en het C-terminale lipid II 

bindingsmotief van haloduracine. 

Verdere karakterisatie van TL19 onthulde een 64 keer hogere activiteit tegen E. 

faecium dan het lipid II bindingsdomein van nisine op zichzelf. Ook bewees 

mutagenese van respectievelijk het N-terminale en C-terminale domein dat 

beide bindingsdomeinen cruciaal zijn voor goede antimicrobiële activiteit. Deze 

resultaten bewijzen dat een dergelijke aanpak, waarin actieve elementen uit 

verschillende lantibiotica gecombineerd worden, bruikbaar is in de zoektocht 

naar nieuwe antibiotica. 

Non-ribosomaal geproduceerde peptiden (NRPs) vormen een rijke bron van 

antibiotica zoals daptomycine, vancomycine, teixobactine, brevicidine en vele 

anderen. Omdat deze peptiden niet ribosomaal, maar via proteïnogene 

biosynthese complexen gesynthetiseerd worden, is het moeilijk om van deze 

peptiden varianten of derivaten te creëren. In hoofdstuk 3 wordt een geheel 

nieuwe strategie toegepast om, ribosomaal, structurele replica's te produceren 

van de NRP brevicidine. Typificerende non-proteïnogene karakteristieken van 

deze NRP worden nagebootst  door modificatie enzymen in te zetten uit het 

biosynthetische systeem van lanthipeptides, i.e. dehydraties en thioetherringen. 

Aan de hand van deze strategie werden in twee rondes antimicrobiële peptiden 

ontwikkeld die activiteit vertonen tegen de Gram-negatieve bacteriën met een 
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natuurlijke gevoeligheid voor brevicidine. Dit resultaat demonstreert dat het 

mogelijk is structurele en functionele nabootsingen van NRPs te maken via een 

ribosomale route gevolgd door posttranslationele modificatie mechanismen 

van RiPPs. Deze strategie maakt het dus mogelijk om op grote schaal NRP-

nabootsende structuren te screenen voor antimicrobiële activiteit tegen 

relevante pathogenen. De ribosomale aard van de synthesemethode stelt men 

in staat om ook varianten en derivaten te ontwikkelen, om de effectiviteit en 

specificiteit van de peptiden te optimaliseren. 

Echter, deze methode is niet zonder nadelen. De naastgelegen aminozuren van 

residuen welke gemodificeerd dienen te worden, kunnen de 

modificatieefficientie verlagen. Deze beperking vermindert 

ontwerpmogelijkheden van nieuwe peptiden. In hoofdstuk 4 wordt 

gedemonstreerd dat door gebruik van zogenoemde ‘surface display’ van een 

HPQF-bevattende streptavidin ligand, selectie kan worden toegepast op een 

reeks gemuteerde lanthipeptide dehydratases, NisB. Op deze manier is een 

NisB variant geïsoleerd die ser residuen kan dehydrateren die voorafgegaan 

worden door een asp residu.  

Voor de binding van de door NisB gemodificeerde streptavidin ligand aan 

streptavidin, is het cruciaal dat de ring in de ligand gevormd is. En, omdat 

dehydratatie cruciaal is voor ring formatie, kan via surface display geselecteerd 

worden op actieve dehydratie, en dus actief NisB. Het dan wel niet 

gemodificeerde peptide wordt via het surface display aan het celoppervlak 

‘gepresenteerd’. Door met streptavidin-gecoate magnetische beads aan de 

cellen toe te voegen, kunnen cellen die peptiden met een ring presenteren 

gescheiden worden. Het succes van deze methode is veelbelovend voor haar 

toepassing om actieve mutanten uit een groep lanthipeptide synthetases te 

selecteren. 

Wondinfectie kan een dodelijk risico vormen voor patiënten, in het bijzonder 

wanneer dit leidt tot sepsis. De bestrijding van biofilm-vormende of resistente 

infectie-veroorzakende bacteriën kan problematisch zijn. Het lanthipeptide 

nisine, als wel elementaal zilver zijn goedgekeurd door de FDA als een topisch 

antibioticum. Echter, beide stoffen vertonen onvoldoende activiteit tegen 

bacteriën in een biofilm, wanneer respectievelijk toegepast. In hoofdstuk 5 
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wordt gedemonstreerd dat silver(Ag)@nisin nanoclusters, met een gemiddelde 

diameter van 60 nm, een hogere anti-biofilm activiteit hebben dan beide 

stoffen afzonderlijk. Deze clusters kunnen door ‘self-assembly’ gesynthetiseerd 

worden met behulp van een magnetron. Ag@nisin clusters vertonen goede 

activiteit tegen S. aureus, P.aeruginosa, A. baumannii, K. pneumoniae, en E. coli, 

welke allen wondinfecties kunnen veroorzaken. Ook suggereren tests op een 

menselijke nierepitheel cellijn dat de aanwezigheid van nisine de niertoxiciteit 

verlaagt van zilvernitraat. De hier beschreven resultaten zijn veelbelovend voor 

toepassing van metaal@antimicrobieel-peptide-composities in de bestrijding 

van wondinfecties veroorzaakt door biofilm vormende bacteriën. 
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