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Antibiotic resistance has become one of the biggest threats to glob-
al health today [1, 2]. The development of antibiotic resistance is a 
natural ecological phenomenon, but the abuse and misuse of antibi-
otics is accelerating the process [1–4]. It is estimated that more than 
2 million people are infected with antibiotic-resistant bacteria, which 
causes 23,000 deaths and renders $20 billion per year in excess health 
care costs in USA annually [5–7]. In Europe, around 400,000 people 
were infected by multi-drug resistant bacteria, in 2007. The costs as-
sociated with these infections in terms of extra hospital expense and 
productivity losses exceeds €1.5 billion annually [7]. Many of these 
infections are caused by Gram-negative pathogens, which have an 
additional protective outer-membrane. However, the pace of discovery 
and development of new antibiotics is much slower than the emergence 
and spreading of the antibiotic resistance [1]. There is an urgent need 
for discovering new antibiotics and for a better use of existing antibi-
otics, in order to fight the increased resistance of bacteria to existing 
antibiotics. One group of novel compounds with a new mechanism of 
action in therapeutics is constituted by lantibitotics, which have been 
regarded as good candidates for clinical development. 

Lantibiotics are ribosomally synthesized and post-translationally 
modified peptides, containing lanthionine (Lan) and methyllanthi-
onine (MeLan) residues, which possess antimicrobial activity. In the 
model lantibiotic nisin, these (methyl)lanthionine bonds are intro-
duced by the enzymes NisB and NisC, which dehydrate and cyclize the 
peptide, respectively, before the transporter NisT exports the peptide. 
Nisin becomes active when the protease NisP, at the outside, cleaves off 
the leader peptide. The two-component system NisRK constitutes the 
nisin inducible system (NICE), that controls the expression of these 
enzymes as well as of the immunity system. (Methyl)lanthionines are 
critical for lantibiotic activities [8, 9] as well as their thermostabili-
ty, proteolytic resistance and are important features in pharmaceu-
tical applications [10–12]. The NICE system has been reported to 
be extensively and successfully used for high expression of proteins 
from different origins for various applications, and the promiscuity of 
NisBTC enlarged the expression system achieving the introduction of 
Melan/Lan to clinically relevant peptides to improve their stability and 
pharmacodynamic properties [13–18].
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Nisin is one of the oldest and most widely used antibiotics and 
is highly effective against Gram-positive bacteria, with its minimal 
inhibition concentration being at nanomolar concentrations [19, 20]. 
Nisin binds to the pyrophosphate moiety of lipid II via the N- terminal 
rings A and B that form a pyrophosphate cage. Then nisin bends, in-
serts its C-terminus into the membrane and forms transmembrane 
pores [21]. Thus, nisin exerts two killing mechanisms: it permeabilizes 
the membrane and inhibits cell wall synthesis [19, 22, 23]. Since the 
pyrophosphate is essential and not prone to mutation and also facili-
tates the transmembrane orientation of nisin, low levels of resistance 
to nisin can be expected [19, 24]. Like nisin, vancomycin also binds 
to lipid II and exerts antibiotic activity against Gram-positive bacteria 

Figure 1. Schematic overview of the two strategies for nisin/vancomycin to penetrate the 

outer- membrane.  Left: Vancomycin or nisin alone cannot penetrate the outer-membrane due 

to their size and charge. Middle: in the fused peptide, the tail can help the nisin moiety to pass 

through the outer-membrane and reach the inner membrane. Right, in the presence of GNPs, a 

gap will be formed on the OM and vancomycin or nisin can reach the inner membrane. GNPs, 

anti-Gram-negative peptides.
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[19]. Its target is formed by D-Ala-D-Ala peptides in lipid II, blocking 
the glycan polymerization and cross-linking [25, 26].

Nevertheless, the activity of nisin or vancomycin against Gram- 
negative bacteria is much lower than that against Gram-positive 
bacteria. The main reason is that the protective outer-membrane of 
Gram-negative bacteria constitutes an efficient barrier to prevent ni-
sin or vancomycin to reach its target, lipid II, at the inner membrane. 
Thus, the main bottleneck for nisin or vancomycin to be effective 
against Gram-negative pathogens is their capacity to penetrate the 
outer-membrane. To address this issue, two strategies were employed 
(Figure 1)(Chapter 3, Chapter 4 and Chapter 5).

Chapter 3 describes the bioengineering of nisin to increase its activ-
ity against Gram-negative pathogens. Several tails with transmembrane 
activity were attached to various nisin moieties. And then, rational 
design of nisin, tails or both was performed. After expression and 
purification of sufficient amounts, the activities of nisin, the tails and 
fusions were tested both on Gram-negative and Gram-positive bac-
teria. The results revealed that the tails of the fusions changed both 
the activity and spectrum of activity of nisin, but the fusion was still 
bactericidal. Variant T16m2 was proved to be up to 12-fold better 
than nisin against Gram-negative bacteria. These data support that 
rational design is a potential way to develop highly potent lantibiotic- 
derivatives with modified activities. 

For this strategy, fusions were bioengineered combining the capacity 
of penetrating outer-membrane and binding to lipid II. The tails work 
as a Trojan horse and enable the nisin moieties to reach the inner 
membrane. Nonetheless, there are three disadvantages of these fusion 
peptides, namely the big size, low production yield and purity. The big 
size of the hybrid molecules might impact the stability, bioavailabil-
ity and even the route of administration. The low production yield 
can make this production costly and unpractical. In order to obtain 
peptides with high purity, without a mixture of different dehydration 
statuses, several steps of purification should be performed and it can 
be time-consuming and difficult. One possible venue to facilitate the 
development of the most successful candidates is the directed evolution 
of enzymes (i.e. NisB or even NisC), that can recognize them as their 
ideal cognate peptide, thereby reducing heterogeneity and increasing 
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the production yield. Semisynthesis of nisin (or nisin parts) with im-
proved properties has been accomplished using commercial nisin, 
treating it with appropriate proteases for prolonged time if necessary, 
and then attaching the second molecule with chemical methods [27, 
28]. This approach is of particular interest when nonpeptidic moieties 
are going to be tested. In any case, further preclinical tests on toxicity 
and pharmacokinetic and pharmacodynamics characterization are 
still needed for these heterologous peptides.

A more direct way to expand the activity of lantibiotics, and similarly 
other anti-Gram-positive antibiotics, against Gram-negative bacteria is 
their combination with independent molecules that can facilitate their 
access to the periplasmic space. Following this reasoning, synergism 
between membrane perturbing peptides and lipid II-targeting anti-
biotics is employed in both Chapter 4 and Chapter 5. In Chapter 4, 
the synergism between several anti-Gram-negative peptides (GNPs) 
(L-peptides) with modest activity against Gram-negative bacteria and 
nisin or vancomycin was tested. These peptides were synthesized and 
tested either alone or in combination with vancomycin/nisin against 
five selected Gram-negative pathogens. We observed that GNP-6 was 
very efficient alone and showed a modest synergism when combined 
with either vancomycin or nisin against the Gram-negative pathogens 
tested. In contrast, GNP-8 exhibited an astonishing synergism with 
vancomycin or nisin in spite of its poor activity when tested alone. 
Highly synergistic activity of GNP-8 and vancomycin or nisin leads 
to dramatically reduced minimal inhibitory concentration values (up 
to 32-fold). Considering the size, charge and potency of the L-GNPs, 
GNP-6 and GNP-8 were found to be the best candidates for further 
investigation in combination with either vancomycin or nisin. A mech-
anism of gateway activity of membrane disrupting peptides is proposed. 

Subsequently in Chapter 5, some rational mutants were design and 
synthesized for GNP-6 and GNP-8, and the MIC of them alone and 
combined with vancomycin/nisin were tested. Overall, engineering 
and sequence reversal did not provide better molecules with the ex-
ception of the D-GNPs that retain the activity and are less prone to 
proteolytic degradation. Thus, no specific receptors are involved in 
the actions of the selected peptides GNP-D6 or GNP-D8. LPS and 
Mg2+ were added in the activity assays, and the activity of vancomycin, 
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GNP-D6 and GNP-D8 were significantly compromised either when 
they were tested alone or in combination. These results further suggest 
that the GNPs, especially GNP-D8, interact with LPS on the outer- 
membrane and improve the perturbation capacity of outer-membrane, 
although a detailed mechanism has not been proved yet. Thus, in 
the presence of these GNPs, nisin/vancomycin can penetrate the 
outer-membrane and reach lipid II then. 

Notably, vancomycin is already a clinically used antibiotic, while 
nisin is not. Therefore, the antimicrobial activity towards MDR 
Gram-negative pathogens, the cytotoxicity, hemolytic effect were test-
ed for vancomycin, GNP-D6, GNP-D8 and the combinations thereof. 
Vancomycin and GNP-D8 neither caused lysis of hRBCs nor showed 
significant toxicity against the human cell line HEK-239 when tested 
alone or in combination. The concentration of GNP-D6 to cause  hemo-
lysis and toxicity was high compared to the concentration required to 
inhibit the growth of Gram-negative pathogens, including MDR strains. 
Thus, vancomycin, GNP-D8 and GNP-D6 are potential candidates for 
therapeutic use although further clinical characterization is required. 

Remarkably, the synergism between two compounds highly increas-
es the activity of nisin against Gram-negative pathogens (more than 
30-fold, higher than fusions, which is 12-fold). Lower amounts of both 
membrane perturbing peptides or vancomycin/nisin are desirable, 
which can lower the chance of adverse effects appearing. In addition, 
each compound possesses a different mechanism of action, therefore 
reducing the chances to resistance happening simultaneously to both 
compounds. Moreover, synergism overcomes the disadvantages of 
fusion peptides. For this strategy, the membrane perturbing peptides, 
as well as nisin and vancomycin, can be commercial synthesized or 
purchased. We do not need to worry about the production yield and 
purity. Nisin, vancomycin and the membrane perturbing peptides are 
separated molecular entities, which decrease the size of each molecule 
a bit. The size of our membrane perturbing peptides is around 1.2 kDa. 
This may help the administration of drugs. Especially vancomycin is 
already a clinical used antibiotic. Nisin is safe and has been used as 
food preservative for decades and nisin has been reported to be safe in 
preclinical tests (cell toxicity and hemolysis) [29]. Therefore, nisin in 
synergy with D8 might fond topical or GI-tract (gastrointestinal tract) 
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applications. D-peptides are also more stable in vivo than L-peptides 
against proteolysis. In vivo experiments are ongoing for vancomycin 
and GNP-D8 at the moment and further pharmacokinetic/pharma-
codynamics tests will be provided to probe how far this combination 
can go into therapeutics. Combined therapy is already in use against, 
for instance, tuberculosis and many authors point at this strategy as 
an alternative to deal with MDR infections [30–33].

The research work described in this thesis focuses on expanding 
the use of the lantibiotic engineering and nisin/vancomycin (Figure 2). 
Chapter 3, Chapter 4 and Chapter 5 address work expanding the 
spectrum and use of nisin or vancomycin to inhibit the growth of 
Gram-negative pathogens. The bioengineering strategy, described in 
Chapter 3, proved the feasibility of the discovery of new compounds 
and new activities by engineering. But the inefficient production yield 
for engineered peptides limits its use and only peptide compounds 
are attachable in this system. The synergistic strategy performed in 
Chapter 4 and Chapter 5 provides a quick assay of known available 
compounds (not only peptides) and it is an easy screening in high 
throughput systems for synergy. It also overcomes the low yield and 

Figure 2. Overview scheme of this thesis showing the relation between different chapters.  

The nisin biosynthesis machinery was successfully applied to produce fused peptides which were 

against Gram-negative pathogens as well as introduce a lanthionine ring into vasopressin. In the 

battle against Gram-negative pathogens, nisin can be either bioengineeried or combined with 

membrane perturbing peptides, and then to be active against Gram-negative pathogens. Vanco-

mycin also exhibited high synergism with membrane perturbing peptides against Gram-negative 

pathogens.
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purity problem when using the bioengineering process. However, in 
this system, only a pair of compounds can be detected at one time. 

 In Chapter 2, the NICE system and nisin modification machinery 
was applied to introducing a lanthionine bridge into vasopressin. In 
order to do that, the first cysteine of wild type vasopressin was changed 
to serine, and then expressed in the NICE system and isolated, purified 
and characterized. The formation of a lanthionine ring has been con-
firmed by the LC-MS/MS results. It has been reported that cyclization 
of therapeutic peptides is a successful method to produce peptide ana-
logs with improved stability and biological properties [10]. Thioether 
bridges can render peptide analogues more stable when compared to 
their linear or disulfide bond-cyclized counterparts due to the higher 
stability of the thioether linkage against oxidation and proteolysis 
compared to the disulfide bond [34]. Lantionine-containing clinically 
relevant peptides, including somatostain, angiotensin, and enkephalin, 
have been reported to exerted improve stability and pharmacodynamic 
properties [17, 18, 35]. Still, further purification and characterization 
of both in vitro and in vivo tests are needed for this work. As in Chap-
ter 3, production of sufficient amounts of highly pure compound has 
been the main bottleneck for a thorough characterization of this novel 
vasopressin derivative. Further engineering e.g. by directed evolution of 
the already promiscuous NisB and NisC remains a challenge that can 
boost the use of this system for the production of relevant bioactive or 
antimicrobial (e.g. nisin hybrids, exotic lantibiotics) compounds [36].

In summary, the nisin biosynthesis machinery was successfully ap-
plied and produced functional fused peptides against Gram-negative 
pathogens as well as introduced a lanthionine ring into vasopressin. 
Moreover, two strategies were employed to increase the activity of nisin 
against selected Gram-negative pathogens. Even though further in vivo 
tests (e.g. pharmacokinetic/pharmacodynamics tests) are needed, the 
fused peptides and combinations of two compounds described here 
constitute new candidate therapeutic approaches to deal with (MDR) 
Gram-negative pathogens. 
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