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Introduction: Antimicrobial drug resistance is driving the need for novel
therapeutics. Amongst the most promising antibacterial agents that are
being investigated as replacements for current therapeutic antibiotics
are antibacterial peptides, such as the lanthionine-containing peptide
antibiotics (lantibiotics).

Areas covered: This review focuses on the current methods used for discovery
of potentially exploitable lantibiotics for medical applications and discusses
relevant recent innovations that will have a positive impact on the discovery
of useful lantibiotics.

Expert opinion: Recent technological advances in a number of fields mean
that increased research into the identification and characterisation of new
lantibiotics is feasible. We need to increase our understanding of the various
mechanisms of antibacterial action exhibited by lantibiotics and apply this
knowledge to peptide engineering or novel practical applications. The advent
of next-generation sequencing approaches now negate the need for exten-
sive reverse genetics and employment of bioinformatics approaches is greatly
assisting the identification of potentially useful inhibitors in the genomes of
a range of clinically significant bacteria. These advances in genetic analysis
and engineering will facilitate increased exploitation of lantibiotics in
medical therapy.
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1. Introduction

1.1 The significance of naturally produced cationic peptide antibiotics is
reflected in their evolutionary origin as inhibitory substances that
microbes use against each other

The knowledge that naturally produced cationic peptide substances evolved as
inhibitory substances that microbes use against each other demonstrates their eco-
logical relevance. In the past, these agents have been very useful as a supply of clin-
ically important antibacterial drugs, as in the case of glycopeptides. One of the most
significant examples in this regard is vancomycin, which was isolated from the
fermentation broth of the actinomycete, Amycolatopsis orientalis 11).

There are also other classes of antibacterial substances that are naturally produced
by Gram-positive bacteria, which have not yet been fully appraised for application
in medical practice. The class I bacteriocins, the lantibiotics (Table 1), are among
the most interesting of these developmental agents [2] and have recently attracted
the interest of many groups [3].
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Article highlights.

» Conventional antibiotics are becoming increasingly less
useful in the fight against drug resistant bacteria and
novel therapies are urgently needed.

Lantibiotics have been trialled in some veterinary
settings, but their full potential in clinical use in humans
has not been realised.

Conventionally, screening programmes and downstream
identification of genetic pathways required for lantibiotic
production have been time consuming and laborious.
Recent advances in DNA sequence determination,
bioprocess engineering and bioinformatics should be
exploited to expedite the development of lantibiotics in
the medical field.

This box summarises key points contained in the article.

1.2 The increase in antibiotic resistance requires
discovery of novel therapeutics, rather than
modification of existing agents

Since the discovery of penicillin > 80 years ago by Alexander
Fleming, antibacterial drugs have had an enormous impact
on the treatment of diseases caused by bacteria [4-6]. The inap-
propriate and widespread use of antibacterial drugs has pre-
sented a strong evolutionary pressure for the development
and spread of resistant and harmful bacteria that either have
an inherent resistance to a certain antibiotic or have the ability
to gain such resistance [7]. In spite of the introduction of a
number of new antibacterial substances in several distinct
drug classes, resistance persists [5]. Accordingly, at present
there is no clinically used antibacterial drug to which resis-
tance has not arisen, and so there is a serious demand to
discover and develop novel pipelines of antibacterial sub-
stances that are active against pathogenic bacteria, including
resistant strains that inhabit healthcare settings, such as the
staphylococci [5,7].

However, the clear and urgent need for novel antibacterial
substances has not driven industry to move its focus to that of
novel therapeutic discovery [4,6,7], even though infectious dis-
eases are still amongst the leading causes of mortality in the
world (8]. This fall in antibacterial agent discovery, together
with the growing threat resulting from diseases caused by
resistant bacterial pathogens, represents a very real public
health risk [46-8]. Therefore, industry must act in response to
these clinical challenges by bringing forward a flow of novel
substances with antibacterial activity against pathogenic bacte-
ria 5] and a clear and urgent need for finding ways to advance
the level and quality of industrial research in this field is
evident [4,6-8].

In this review, the focus is on the investigation of one
potentially useful class of novel antibiotics, the lantibiotics.
Lantibiotics are cationic peptides, members of the bacteriocins
and have a number of promising features. Over 50 lantibiotics
that have been discovered to date display antimicrobial
inhibitory activity at nanomolar levels against a range of

hospital-acquired pathogens such as methicillin resistant
Staphylococcus aureus and vancomycin resistant Enterococcus
Jaecalis 19,101 In addition, even after > 40 years of widespread
use as a food preservative, food-borne pathogens have not
developed any considerable levels of resistance to the most
prominent representative of the large number of lantibiotics,
nisin [11]. The lack of development of resistance in susceptible
bacteria, the potent activity and, more recently, the scope for
modification of physicochemical properties and activity thor-
ough bioengineering approaches [12] are the features of lantibi-
otics that place them above conventional agents as potential
immensely promising future therapeutics.

1.3 Lantibiotics: bacteriocins that represent novel
therapeutic agents

The bacteriocins are produced by bacteria and are generally
active against the same or closely related species [8,10,13],
though there have been recent reports of lantibiotics that
lack antimicrobial activity [14]. Based on Gram-staining of
the producing bacteria, bacteriocins can be divided into two
major groups (3,15,16].

The bacteriocins of Gram-negative bacteria were first to be
studied extensively. The colicins, which are produced by
members of the Enterobacteriaceae, are considered the proto-
types [3.16]. They are large proteinaceous compounds with
domains specific for certain functions, such as binding to
receptor proteins in the outer membrane and translocation
through the peptidoglycan layer and periplasmic space [16,17].

The bacteriocins of Gram-positive bacteria (Tables 1 and 2)
have been classified into numerous subtypes [17,18]. The
principal groups are: i) bacteriocins that contain lanthionine,
the lantibiotics; ii) bacteriocins-containing cysteine ring
structures instead of lanthionine and B-methyl-lanthionine;
iii) bacteriocins whose mode of action is dependent on their
content of a single cysteine residue; iv) bacteriocins not
containing free cysteine residues and v) bacteriocins whose
action is dependent on the cooperative action of more than
one peptide.

While the majority of the bacteriocins are linear, unmodi-
fied peptides, which may contain disulfide bonds (3], lantibi-
otics (lanthionine-containing anzibiotics) (Table 1) are small,
complex peptides with post-translational modifications.
Dehydration of amino acids and non-ribosomal introduction
of the thioether amino acid lanthionine (Lan) or 3-methyllan-
thionine leads to ring formation, giving scope for variability in
structures encoded by lantibiotic genes [19].

A feature common of all of the Gram-positive bacteriocin
subtypes is that they are produced ribosomally as a prepeptide
consisting of two parts or pseudodomains, the leader region
and the propeptide components. After the synthesis of the
prepeptide (leader + propeptide), amino-acid modifications
that may be necessary for the biological functionality of the
peptide occur. It is this mechanism of ribosomal biosynthesis,
sometimes followed by post-translational modification, which
principally distinguishes the bacteriocins from other peptide
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Table 1. General characteristics of some currently described lantibiotics.

Al-Mahrous & Upton

Lantibiotic* Producer species Mass (Da) Residues* Charge* Rings® Modified residues

Type A lantibiotics

Nisin A Lactococcus lactis 3353 34 +3 5 Dha, Dhb

Nisin Z Lactococcus lactis 3330 34 +3 5 Dha, Dhb

Subtilin Bacillus subtilis 3317 32 +2 5 Dha, Dhb

Pep5 Staphylococcus epidermidis 3488 34 +7 3 Dha, Ob

Epilancin K7 Staphylococcus epidermidis 3032 31 +5 3 Dha, Dhb, Hop

Epilancin 15X Staphylococcus epidermidis 3173 31 nk 3 Hop, Dha, Dhb

Epicidin 280 Staphylococcus epidermidis 3133 30 +4 3 Dhb, Hop

Epidermin Staphylococcus epidermidis 2164 22 +3 4 Dhb, AviCys

(Val-1, Leu-6)-epidermin Staphylococcus epidermidis 2151 22 +3 4 Dhb, AviCys

Gallidermin (leu-6)-epidermin  Salmonella gallinarium 2164 22 +3 4 Dhb, AviCys

SA-FF22 Streptococcus pyogenes 2795 26 +1 3 Dhb

Lacticin 481 Lactococcus lactis 2901 27 0 3 Dhb

Salivaricin A Streptococcus salivarius 2315 22 0 3 None

(Lys-2, Phe-7)-salivaricin A Streptococcus pyogenes 2321 22 0 3 None

(Thr-4, Phe-7)-salivaricin A Streptococcus salivarius 2368 22 0 3 None

Variacin Micrococcus varians 2658 25 0 3 Dhb

Sublancin 168 Bacillus subtilis 3878 37 nk 1 Dha, 2 Dsb

Lactocin S Lactococcus sake 3764 37 -1 2 Dhb, D-Ala, Ob

Mutacin B-Ny266 Streptococcus mutans 2270 21 nk 3 Dha, Dhb

Mutacin 1140 Streptococcus mutans 2263 21 nk 3 Dha, Dhb

Mutacin Il Streptococcus mutans 2266 22 nk 3 Dha, Dhb

Mutacin I Streptococcus mutans 3245 27 nk 3 Dhb

Carnocin Ui49 Carnobacterium piscicola 4635 nk nk nk nk

Cypemycin Streptomyces species 2094 22 0 1 allo-lle,AviCys

Butyrivibriocin OR79A Butyrivibrio fibrisolvens nk 25 nk 3 Dhb

Staphylococcin 1580 Staphylococcus epidermidis 2165 nk nk nk nk

Staphylococcin T Staphylococcus cohnii 2166 22 nk nk nk

Nukacin ISK-1 Staphylococcus warneri 2960 27 nk 3 Dhb

Nukacin KQU-131 Staphylococcus hominis 3003 27 nk 3 Dhb

Type B lantibiotics

Cinnamycin Streptoverticillium 2042 19 0 4 Asp-OH, LysAla
cinnamoneus

Duramycin Streptoverticillium 2014 19 0 4 Asp-OH, LysAla
cinnamoneus

Duramycin B Streptoverticillium species 1951 19 0 4 Asp-OH, LysAla

Duramycin C Streptoverticillium 2008 19 -1 4 Asp-OH, LysAla
cinnamoneus

Ancovenin Streptomyces species 1959 19 0 3 Dha

Mersacidin Bacillus species 1825 20 -1 4 Dha, MeAviCys

Actagardine Actinoplanes species 1890 19 0 4 LanO

Two-component lantibiotics

Cytolysin A1 Enterococcus faecalis 4164 38 0 nk Dha, Dhb

Cytolysin A2 2631 21 0 nk Dha, Dhb

Staphylococcin C55a Staphylococcus aureus 3339 29 nk nk Dha, Dhb

Staphylococcin C558 2993 32 nk nk Dhb

Plantaricin Wo Lactococcus plantarum 3223 29 nk 3

Plantaricin Wf 3099 32 nk 3 Dha, Dhb

Lacticin 3147 A1 Lactococcus lactis 3322 30 nk nk Dha, Dhb, D-Ala

Lacticin 3147 A2 2847 29 nk 3 Dha, Dhb, D-Ala, Ob

Haloduracin A1 Bacillus halodurans 2332 28 nk nk nk

Haloduracin A2 3046 30 nk nk nk

*Includes modified residues and N-terminal modifications. Each lanthionine (Lan), B-methyl-lanthionine (MeLan), aminovinyl-cysteine (AviCys) and 3-methyl AviCys

(MeAviCys) is counted as two residues.

At pH 7.0 (includes free N and/or C terminus).

SRings resulting from covalent linkage of various residues, including Lan, MeLan, AviCys, MeAviCys and lysinoalanine (LysAla).

YModified residues: Dha, ov/p-didehydroalanine; Dhb, ov/B-didehydrobutyrine; D-Ala, D-alanine; allo-lle, allo-isoleucine; Asp-OH, hydroxyaspartic acid; LanO,
lanthionine oxide; 2-hydroxypropionyl (Hop); 2-oxobutyryl (Ob); 2 disulfide bridges (Dsb).
#Lantibiotics are divided into two groups based on the proposal of Jung and Sahl [46] and a third group including the two-component lantibiotics.

nk: Not known.
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Table 2. The currently known staphylococcal bacteriocins.

Bacteriocins* Species Mass (Da) Residues
Class I, type A lantibiotics

Pep5* Staphylococcus epidermidis 3488 34
Epilancin K7+% Staphylococcus epidermidis 3032 31
Epicidin 280% Staphylococcus epidermidis 3133 30
Epilancin 15X* Staphylococcus epidermidis 3173 31
Epidermin® Staphylococcus epidermidis 2164 22
(Val-1, Leu-6)-epidermin®, ** Staphylococcus epidermidis 2151 22
Gallidermin (leu-6 epidermin)®, ** Salmonella gallinarium 2164 22
Staphylococcin 15808, ** Staphylococcus epidermidis 2165 22
Staphylococcin TH Staphylococcus cohnii 2166 22
Nukacin ISK-1 Staphylococcus warneri 2960 27
Nukacin KQU-131 Staphylococcus hominis 3003 27
BSa1 Staphylococcus aureus 2281 23
BSa2 Staphylococcus aureus 2091 21
Class |, two-component lantibiotics

Staphylococcin C55a Staphylococcus aureus 3339 nk
Staphylococcin €558 2993 nk
Class Ild, one-peptide non-pediocin-like linear bacteriocins (without a leader sequence)

Aureocin A53 Staphylococcus aureus 6012 51
Aureocin A70* Staphylococcus aureus nk 30 and 31
Class IV, complex bacteriocins that contain carbohydrate and/or lipid moieties

Aureocin 215FN Staphylococcus aureus nk nk
Aureocin MB92 Staphylococcus aureus nk nk
Aureocin 146L Staphylococcus aureus nk nk
Unclassified bacteriocins

BacR, " Staphylococcus aureus 3338 nk
Bac1829 Staphylococcus aureus 6418 nk
IYS2 Staphylococcus aureus 5000 nk
Staphylococcin 263 Staphylococcus aureus nk nk
Staphylococcin 414 Staphylococcus aureus nk nk
Staphylococcin 462 Staphylococcus aureus nk nk
Staphylococcin 412 Staphylococcus aureus 200,000 nk
Staphylococcin A Staphylococcus aureus nk nk
Staphylococcin D91 Staphylococcus aureus 76,000%* nk
Bac201 Staphylococcus aureus 41,000 nk

*Bacteriocins of Gram-positive bacteria can also be divided into five groups based on previous proposals [17,18]. Class | (lantibiotics), containing small post-
translationally-modified residues. A distinction is made between type A lantibiotics, positively-charged flexible elongated peptides and type B lantibiotics, which are
rigid globular molecules with either no or a net negative charge. Class Il (small unmodified-membrane active peptides) is divided into four subclasses: class lla
(pediocin-like bacteriocins), with strong inhibitory effect on Listeria monocytogenes and containing a conserved YGNG sequence motif in the N-terminal half of the
mature protein; class Ilb (two peptide bacteriocins), which require complementary action of two peptides for full activity; class lic (Sec-dependant) are exported via
the Sec machinery rather than via dedicated ABC transporters and class Ild that does not contain a leader sequence and are produced with further processing.
Class Il is composed of large heat-labile bacteriocins. Class IV covers complex proteins that require carbohydrate or lipid moieties for bacteriocin activity. Class V is

circular, head-to-tail ligated bacteriocins.
iClosely-similar lantibiotics in this table are: epilancin 280 and Pep5 (75%); epilancin K7 and epilancin 15X.

*Almost identical lantibiotics in this table are: gallidermin and epidermin; (Val-1, Leu-6)-epidermin and epidermin; staphylococcin 1580 and epidermin;

staphylococcin T and gallidermin.
YProduced by phage group Il Staphylococcus aureus, and associated with production of exfoliative toxin B (ET-B), but not A (ET-A).

#It is not clear if aureocin A70 is a novel four-peptide bacteriocin that each contains 30 and 31-residue, or simply four separate one-peptide bacteriocins with
similar sequences. They are small, strongly cationic (pl values of 9.85 - 10.04) and highly hydrophobic peptides with theoretical mass of 2924 Da (31 residues),
2797 Da (30 residues), 2954 Da (31 residues) and 3086 Da (31 residues), respectively.

**Epidermin variant.
#Gallidermin variant.
$Most probable.

nk: Not known; pl: Isoelectric point.
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antibiotics, that is, those produced in bacterial cells by multi-
enzyme complexes, for which no gene encoding a ribosomally
synthesised peptide exists [2].

1.4 A generic nomenclature for the functional
genetic determinants of all lantibiotics is suggested
The genetic determinants encoding enzymes involved in lanti-
biotic processing have now been described for various mem-
bers of types A and B (Table 1). A generic nomenclature for
the functional genetic determinants of all lantibiotics has
been recommended [20]. These include structural genes encod-
ing the precursor peptide (LanA), modification enzymes
(LanB, C, M and D), proteases responsible for cleavage of
the leader peptide (LanP), ABC transport proteins involved
in peptide translocation (LanT), regulatory proteins
(LanR, K, Q) and immunity mechanisms (Lanl, F, E, G),
in addition to other genes with no homologues in the data-
bases (2162122, which may be involved in immunity
(Figure 1).

The role of some of these enzymes is now being studied in
more detail and it has been shown that lacticin 481 is modi-
fied by LctM, which can successfully process different LetA
mutants [23]. As such, LctM exhibits a relaxed substrate spec-
ificity allowing modification of lantibiotic variants [24].

More detailed studies examining biosynthetic inter-
mediates have shown that LctM, and similarly HalM2,
are bi-functional and catalyse dehydration reactions
and Michael-type additions of cysteine residues to the
dehydro-serines and -theronines [25].

It has been reported that other rare or special residues occur
for which the mechanism of biosynthesis is not known in all
cases [26]. Cotter ez al. have also reported that dehydrated ser-
ine residues can be converted to D-alanine by a novel enzyme
designated Lan] (o).

Two-component, /anK and /anR genes have been identified
in connection with a number of lantibiotics including
nisin [27], subtilin [28], streptococcin A-FF22 [29], salivaricin
A 30] and mersacidin 31]. LanK and LanR are representatives
of two-component signal transduction systems [27; the LanK
proteins being histidine protein kinases and the LanR proteins
are response regulators.

EpiQ is the regulator of epidermin biosynthesis and has
some similarity to response regulators at its C terminus, but
lacks the conserved phosphoryl-accepting aspartic acid
residue [32].

The existence of specific immunity proteins, such as
Lanl, F, E and G, has been shown to be closely linked to bac-
teriocin production [21], although the exact mechanisms
involved in immunity remain largely unknown [33].

The genes lanF/E/G encode a second ABC transporter,
where LanF is the ATP-binding domain, and LanE and
LanG are the membrane-spanning subunits. So far, this type
of transporter has been identified in the gene clusters of
nisin [34], epidermin [35], lacticin 481 [36] and mersacidin [31].
This mechanism of immunity was proposed to involve either

Al-Mahrous & Upton

the active extrusion of the lantibiotic from the membrane or
uptake and subsequent intracellular degradation of the lanti-
biotic (35]. The first mechanism would be the most likely,
and in fact cells incubated with gallidermin were shown to
have a fourfold higher extracellular gallidermin concentrations
in EpiFEG-producing strains compared to control strains [37].

Varying degrees of sequence conservation are observed
within the functional genes. This has been exploited to good
effect in a number of recent studies that have utilised degener-
ate PCR primers for amplification of genetic loci encoding
putative bacteriocins or lantibiotics (38] and data mining
approaches targeting speciﬁc sequence conservation [39-41].
These approaches have facilitated efficient access to the
genetic machinery underlying production of several interest-
ing inhibitors and similar methods may be among those
seen more frequently in genome mining programmes.

Lantibiotic genetic determinants may be chromosomally
encoded, as is the case for subtilin [42] and SA-FF22 1291, but
in most cases they are located on large plasmids or conjugative
transposons. The nisin genes, for example, are found on a
number of large (~ 70 kb) conjugative transposons such as
Tn5301 in Lactococcus lactis NCFB894 (431 and Tn5276 in
L. lactis NIZO R5 [44]. These transposons also harbour genes
for sucrose utilisation and integrate into the chromosome
following conjugal transfer [17].

The genetic structure and sequence conservation in lantibi-
otic loci can also be exploited by software tools searching for
relevant genes/loci. Recently, de Jong and colleagues reported
that Prodigal open reading frame (ORF) prediction improves
bacteriocin discovery (45]. The performance of two analysis
tools available data on the National Center for Biotechnology
Information (NCBI) website, namely Glimmer and Prodigal,
was assessed using the genomes of four Gram-positive bacteria
(Bacillus subtilis 168, Lactobacillus plantarum WCES1, Strep-
tococcus pneumoniae TIGR4 and E. faecalis V583). These
genomes were considered to have been well annotated using
the BAGEL2 web server (http://bagel2.molgenrug.nl.), which
is used as an automated prediction and classifying tool based
on mining bacteriocin genomic data [45]. The investigators
claimed that use of the BAGEL2 web server revealed that
the current annotation systems used by Joint Genome Insti-
tute, NCBI and The Institute for Genomic Research data-
bases cannot be used to discover all putative bacteriocin
genes in prokaryotic genomes. In addition, they reported
that BAGEL2 adds value to bacterial genome annotation
pipelines, as it quickly and precisely identifies small ORFs
that code for bacteriocins [45).

Examples of lantibiotics are listed in Table 1. They are
grouped into type A and type B peptides according to a pro-
posal by Jung and Sahl in 1991 (46], based on their structural
and functional features. Type A lantibiotics (Table 1) are gen-
erally elongated cationic peptides up to 34 residues in length.
Many show close similarity in the arrangement of their bridge
structures. These peptides act primarily by disrupting the
membrane integrity of target organisms, allowing the efflux
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Figure 1. Comparison of the nisin A, streptin and subtilin gene clusters. Gene designations are as recorded by de Vos et al. [77].

of essential intracellular components, usually disrupting the
proton motive force or proton gradient, limiting the produc-
tion of ATP [33). Type B lantibiotics (Table 1) are generally
more globular structures, carry a net negative or neutral
charge and comprise up to 19 residues. These, in contrast to
the type A lantibiotics, act principally through disruption
of enzyme function, such as inhibition of cell wall
synthesis [47]. Table 2 summarises the known staphylococcal
bacteriocins. These have been the focus of recent interest in
a number of groups, given the problems of drug resistance
in this genus of bacteria.

Further subdivisions have been proposed and, based on the
different structures of type A molecules, three subgroups
have been suggested: A (I) elongated and flexible lantibiotics
(e.g., nisin); A (II) lantibiotics with linear N termini
and globular C termini (e.g., lacticin 481) and A (III)
two-component bacteriocins (e.g., lactocin S) [15.48].

The discovery of lantibiotics with two synergistically
acting and structurally different peptides [49-51] and those
that interfere with enzymatic reactions (such as peptidoglycan
synthesis) have bought into question some of the above classi-
fications [10,47). Consequently, Willey and van der Donk [10]
proposed a new classification based on biosynthetic pathways,
where all previously discovered lantibiotics fall into one of
three classes: i) class I lantibiotics are modified by LanB and
LanC enzymes (e.g., NisB and NisC for nisin) [52], exported
by an ABC transporter LanT, when the leader sequence is
concomitantly cleaved by a specific LanP enzyme; ii) class 11
lantibiotics (e.g., lacticin 481, lactocin S, SA-FF22) where
the respective roles of LanB/C and LanT are carried out by
LanM and LanT(P), which has an N-terminal protease
activity [53] and iii) class III lantibiotics are those that lack
antibiotic activity (e.g., SapT from Strepromyces tendae (14)).

Recently, an additional class of lanthionine synthetases
(LanL) has been described in Strepromyces venezuelae [54).

This enzyme contains three catalytic domains that phos-
phorylate Ser/Thr residues leading to conversion to dehydroa-
mino acids and subsequent removal of the phosphate by a
phospho-(Ser/Thr) lyase domain. LanL enzymes have proba-
bly developed through the evolution of stand-alone protein
phospho-(Ser/Thr) lyases, Ser/Thr kinases and enzymes
catalyzing thiol alkylation [54].

The reported lantibiotic synthetases (LanB/C, L and M) do
not share significant homology with any other known protein
families suggesting an isolated evolutionary origin.

Lanthionine-containing peptides are also produced as sec-
ondary metabolites from the marine cyanobacterium Prochlor-
ococcus, probably the most abundant photosynthetic organism
on the Earth. Most striking in this context is the discovery
that in some of these organisms, a single enzyme can modify
the structure of 29 different ribosomally synthesised linear
peptides. The modifications include introduction of diverse
ring structures. Such promiscuity allows an organism with a
small genome to maximise efficiency [55).

Similarly, nisin has five rings of different sizes. NisC
catalyses the five different cyclisation reactions required to
develop the rings, indicating the flexibility of NisC, which
is, however, stringent enough to shape each ring in the
required conformation and order [56].

2. Understanding native lantibiotic genetics
and biosynthetic pathways will facilitate
increased discovery and in vitro production

2.1 Lantibiotic loci show conservation and synteny

Examination of the organisation of the gene clusters for
nisin A, streptin and subtilin (Figure 1) reveals significant dif-
ferences in the positioning of the individual genes within the
streptin locus, when compared with the nisin A and subtilin
loci (57,58]. The GC-content of the streptin locus is 29.8%,
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whereas that of the entire Streptococcus pyogenes genome (the
producing organism) is 38.5% [57) suggesting an origin
outside S. pyogenes. Similarly, the nisin Z locus has been found
to have a GC-content of 32%, which is less than that observed
for the lactococcal chromosome in general (average GC-
content of 38%) [59]. The subtilin locus has an average
GC-content of 37%, which is also less than the 43% average
value for the B. subtilis chromosome, although this is known
to fluctuate significantly throughout the genome (60]. Exami-
nation of the percent homology of each putative streptin
gene with the corresponding genes in the nisin and subtilin
loci showed that there is relatively high identity among the
streptin, nisin A and subtilin gene products involved in lanti-
biotic regulation and transport [58,61]. Lower relative identity
was found for gene products putatively associated with lanti-
biotic modification and immunity. Furthermore, by contrast
with the nisin locus, the streptin and subtilin loci appear to
lack a specific protease gene.

Understanding the genetic organisation of lantibiotic loci
enables the use of bioinformatics approaches or (degenerate)
PCR-based methods for targeted identification of homo-
logues of known inhibitors. This can allow screening bacteria
of varied genera, opening the possibility of identifying
inhibitors with different activity spectra.

2.2 The chemical composition of lantibiotics
undergoes extensive post-translational modification
to form the biologically active peptide

Aside from lanthionine and 3-methyl-lanthionine, lantibiotics
may also contain a number of other modified residues, such
as 0/B-didehydroalanine and 0/B-didehydrobutyrine unusual
amino-acid derivatives. For example, an unsaturated (S)-([Z]-
2-aminovinyl)-D-cysteine at the C terminus forms the fourth
ring in Pep5 and epidermin (621, whereas that of epilancin
K7 and lactocin S have an o/B-didehydrobutyrine at the
N terminus when the propeptide is cleaved from the leader
region (Figure 2) [22]. These dehydrated residues, however,
are not stable when N terminally exposed and spontaneous
deamination occurs through the addition of a water molecule,
resulting in the formation of 2-oxobutryl (from o/f3-didehy-
drobutyrine) and 2-oxopropionyl (from o/p-didehydroala-
nine). The 2-oxobutyryl is modified to oxopropionyl in
Pep5 [46], lactocin S [63] and epicidin 280 [64] while the 2-oxo-
propionyl is further reduced to hydroxypropionyl in epilancin
K7 1201. Lactocin S also features D-alanine at three positions
where the structural gene specifies serine. Similarly, lacticin
3147 (a two-component lantibiotic) was recently shown
to have serine to D-alanine conversions in both of the
peptides involved in its biological action (s1]. Figure 3
demonstrates examples of the disulfide cross linkages in
different lantibiotics.

These residues may contribute to the broad antimicro-
bial spectrum of lacticin 3147. The functions of these
unusual residues are slowly being unravelled, with the ring
conformations thought to be essential for the maintenance
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of peptide rigidity [65], insensitivity to proteolytic degradation
and resistance to thermal inactivation [66]. D-amino acids are
also thought to contribute significantly to the activity and sta-
bility of the molecules [67]. The function of didehydroamino
acids is stll largely speculative, but they are thought to
contribute to antimicrobial activity by interaction with free
sulfydryl groups in the cell envelopes of target organisms [68].

Studies with nisin have demonstrated the importance of the
1% (A) and 2™ (B) ring structures in the biological activity of
the molecule [69]. Interestingly, replacement of o/f3-didehy-
droalanine with o/B-didehydrobutyrine at position 5 of
nisin Z (Figure 2) resulted in a peptide with 2- to 10-fold
less activity than native nisin [65. The replacement of
o./B-didehydroalanine at position 5 with alanine did not
greatly affect the pore forming activity of nisin, but did signi-
ficantly reduce the inhibition of spore outgrowth when com-
pared with native nisin. This indicates that there are at least
two different mechanisms of action associated with nisin [70].

Other lantibiotics such as Pep5 [22] and subtilin [71] have
also been studied with regard to the importance of their ring
structures and modified residues. Disruption or replacement
of the thioether rings or modified residues in Pep5 reduced
the antimicrobial activity, and in the case of alterations to
the ring structures, the molecules became more susceptible
to proteolytic digestion [22]. In other studies, the dehydro-
alanine residue at position 5 of subtilin was shown to be
necessary for activity against bacterial spore outgrowth [71].

Understanding the impact on activity of such changes in
amino-acid composition or sequence is informing engineering
studies aimed at manipulating the activity and enhancing the
utility of lantibiotics.

2.3 Lantibiotics undergo extensive modification
before being released from the cell
The leader peptide encoded by the LanA gene is often cleaved
from the propeptide during the last step of lantibiotic biosyn-
thesis (Figure 2). For example, nisin has a 57-residue prepep-
tide, 23 residues of which comprise the leader and 34 the
propeptide. The latter undergoes modifications and, when
cleaved from the leader, is released from the cell as the mature
peptide [72). Modification of the lantibiotic prepeptide only
occurs in the propeptide part. Thus, even if the leader
sequence contains the hydroxyl amino acids serine and threo-
nine, they are not modified during lantibiotic processing [73].
The leader peptides of all characterised lantibiotics are also
devoid of cysteine, which together with serine or threonine
residues in the propeptide part of the molecule are involved
in thioether bridge formation. Lantibiotic leaders contain
between 23 and 30 residues and have no resemblance to sec-
dependant transport signal sequences, as they lack the hydro-
phobic membrane-spanning core and the typical processing
site [74].

The lantibiotic leaders have been classified into two groups
(type Al and type AIl) based on their size, charge and

sequence characteristics. The type Al leaders are generally
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Leader Cleavage Propeptide
Lantibiotic 5 1 stte 1 +5
Streptin (1) K K D T A P Y \Y G
Streptin (2) T A T P Y \ G S Y
Nisin A G A S P R I T S I S
Nisin Z G A S P R I T S I S
Subtilin K I T P Q W K S E S
Epidermin G A E P R | A S K F
Gallidermin G A E P R v I A S K F
Pep 5 E L E P Q T A G P A
Epicidin 280 E L E A Q S L G P A
Epilancin K7 D L E P Q S A S \Y L

Figure 2. Comparison of cleavage sites of some widely studied type A1 lantibiotics.

hydrophilic and possess a high proportion of charged amino
acids, some of which are highly conserved (e.g., the FNLDV
box) and have a net negative or slightly positive charge.
They also possess a conserved serine (position -6 (the start
of the propeptide is position 1)) and proline (position -2).
Mutations introduced to the -18 to -14 (FNLDV) region of
nisin made the secretion or intracellular accumulation of nisin
undetectable [75], and similar mutations in Pep5 also signifi-
cantly decreased the production of Pep5 [76]. Both type Al
and type All lantibiotics also differ in the residues preced-
ing the propeptide. Site directed mutagenesis at arginine
(position -1) and alanine (position -4), but not at the con-
served proline (position -2) in prenisin, strongly affected
cleavage of the leader and resulted in the extracellular accumu-
lation of unprocessed inactive nisin [75]. This demonstrated
that cleavage of the leader sequence is not essential for trans-
location and that the mutated residues are probably involved
in leader protease recognition.

Type AIl leaders generally possess highly negative net
charges and have consensus sequences unlike those found in
the type Al group (e.g., ELS/EVS and EL/EM [77]). These
leaders are also more similar to the class II bacteriocin leader
sequences as they contain a double glycine ‘GG, GA or GS’
motif immediately preceding the cleavage site (e.g., cytoly-
sin (78] and lacticin 481 [79]). Because of this similarity, it is
thought that the leaders are cleaved by peptidases with similar
specificities [77] and that the LanM enzymes are present in
this group of lantibiotics rather than LanB/C because of the
difference in their leader sequences [3].

One function proposed for the leader sequences is protec-
tion of the producer strain against high concentrations of
intracellular bacteriocin, as lantibiotics remain inactive while
the leader peptide is attached [75]. Alternatively, the leader

either may be involved as a recognition signal for the modifi-
cation enzymes and transport proteins, or may help ensure a
suitable conformation of the propeptide for its interaction
with the processing enzymes [76].

Much work has been done to clarify the role of the different
parts of the genetic loci required for lantibiotic production.
The data obtained in these studies are now invaluable in
programmes being designed to enhance productivity through
bioproduction of lantibiotics. Immobilised enzyme complexes
are able to introduce modifications into genetically engi-
neered peptides. These approaches may be the key in the
future, if lantibiotics are to be produced in a cost-
effective manner, though such approaches are currently not
routine and do not yet represent a less expensive alternative
to fermentation in most cases.

2.4 Lantibiotics exert their primary actions at the
cytoplasmic membrane of susceptible bacteria
Lantibiotics are generally only active against Gram-positive bac-
teria because they exert their primary action at the cytoplasmic
membrane and the outer membrane of Gram-negative bacteria
is impenetrable to these peptides [47]. A small number of reports
of activity against Gram-negative bacteria have been made (80].

It is acknowledged that the main target in the cell wall for
lantibiotics is the membrane bound precursor lipid II, which
results in compromised peptidoglycan synthesis. This binding
leads to the sequestration of lipid II blocking the actions of
the transglycosylase and transpeptidase enzymes that crosslink
the glycan chains of the cell wall [81]. A conserved sequence
motif of one complete thioether ring system appears to be
necessary for this to occur [82].

The two groups of lantibiotics defined by Jung and Sahl [46]
differ significantly in their mechanisms of action. The type A
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lantibiotics act through the formation of pores in the cyto-
plasmic membrane, leading to the loss of intracellular compo-
nents and immediate cell death [47). Nisin (type A) causes
biosynthetic processes in susceptible cells to stop almost
instantly (83]. Black lipid membrane studies demonstrated
that nisin caused the formation of nonselective, voltage-
dependent, short-lived transmembrane pores in the mem-
brane (84). In contrast, type B lantibiotics, while also
acting at the cytoplasmic membrane, tend to bind to, and
form complexes with, specific integral membrane components
inactivating or inhibiting their function (47].

NMR-based structural analysis of nisin, in the presence of
membrane mimicking micelles, indicated that the hydrophilic
groups of the peptides interact with the phospholipid head
groups, while the hydrophobic side chains were immersed in
the hydrophobic core of the membrane bilayer, so that the
molecules adopted a rod-like conformation (s5.86. These
experiments gave rise to a model of action for pore formation
as follows [87). The ionic forces are responsible for the attrac-
tion between the positively-charged peptide side chains and
the phospholipid head groups of the target membrane.
Because the peptides are too small, and the attraction will
not be sufficient to span the bilayer more than once, it has
been suggested that several molecules preaggregate for pore
formation [47). As a result of the wedge-like insertion into
the membrane, the peptides remain surface bound, which in
turn would lead to local perturbation that finally creates
short-lived pores [47].

This model, however, does not correlate with the activity
data for type A lantibiotics in vivo. Much higher concentrations
of peptide are necessary for pore formation in model mem-
brane systems than for killing 77 vitro. There are also significant
differences in the sensitivity of bacteria to these lantibiotics even
in closely related strains [47. Linnet and Strominger (s8] showed
that nisin could inhibit cell wall biosynthesis in i vitro systems,
and this has since been shown to be due to the binding of nisin
to the cell wall precursors, lipid-I and -II [89]. Epidermin and
nisin are the only type A lantibiotics demonstrated to bind to
lipid-I and -1 to date. Pep5 has been shown to have no affinity
for either, and thus may bind another (as yet unidentified)
membrane molecule [82].

The N-terminal part of nisin was shown to be necessary for
the initial binding to lipid-II. Mutations affecting the confor-
mation of the N-terminal rings (e.g., S3T) reduced the affin-
ity of nisin for lipid-II and the ability to block peptidoglycan
biosynthesis, and prevented pore formation [90]. However,
mutations affecting the flexible hinge region resulted in the
peptides having no pore-forming activity at all. Interestingly,
despite the loss of pore-forming ability, the peptides were
reduced only a little in their 7 vitro activity (90]. This demon-
strates that nisin has two distinct killing mechanisms:
inhibition of cell wall biosynthesis at low concentrations
and pore formation in the cytoplasmic membrane, leading
to subsequent ‘starvation’ of the cell and death at higher
concentrations. Pore formation probably overrides the

slow lytic effect caused by peptidoglycan biosynthesis
inhibition, but the latter effect may be a backup system
important for the killing of cells that survive pore forma-
tion [47] or has a more significant role in situations of low
peptide concentration.

Recent work has shown that interaction with lipid-II, lead-
ing to inhibition of cell wall construction, is exhibited by
non-lanthionine containing peptides and the role of lipid-II
in mode of action of these agents may, perhaps, be a more
general phenomenon of cationic peptides, whether they are
modified or not [91,92).

Mutacin II appears to have a completely different mode of
action to that of any of the other lantibiotics described so far.
It has been shown that mutacin II completely dissipates the
transmembrane electrical potential and pH gradient of sensi-
tive cells and causes only partial release of amino acids
[1—14C]2—0L—aminoisobutyric acid (a non-metabolisable ana-
logue of alanine) and glutamate [93]. This indicates that the
mode of action of mutacin II may not rely on pore formation.
A dramatic depletion of cellular ATP levels was observed. It
was proposed that the partial depolarisation of the proton
motive force was due to the permeation of the molecules
across the cytoplasmic membrane to gain access to the cytosol.
Once in the cytosol the molecule can interact with its primary
target, which may be an enzyme involved in the generation of
ATP at the substrate level [93].

The observation that several lantibiotics, including nisin
and haloduracin, inhibit spore outgrowth (70,94 may be
directly linked to membrane damage in germinating
spores [95]. The maximum level of haloduracin activity against
Gram-positive bacteria and Bacillus anthracis spores is seen at
a ratio of 1:1 for the two-component peptides [96]. Halo
initially binds to a target on the bacterial cell surface and
HalP leads to pore formation and potassium efflux.

Pore formation is used by nisin [97] and mersacidin [82] and
can manifest in combination with the inhibition of peptido-
glycan synthesis by some lantibiotics [8]. Defined, stable pore
formation is a consequence of the utilisation of lipid-II as a
docking molecule by lantibiotics, which results in membrane
damage, depolarisation and eventually the death of cell 98].

Hasper ez al. have described an alternative mode of action
in which lipid-II of Gram-positive bacteria is removed from
the septum (the cell division site), thus, blocking cell wall
synthesis [99].

Understanding the mode of action of different lantibiotics
and the importance of different domains in key proteins will
have an impact on engineering strategies for production of
lantibiotics and, possibly, chimeras with modified or extended
activity spectra. These data will also inform decisions about
the most appropriate indications for certain lantibiotics for
therapeutic use.

2.5 Bioproduction of lantibiotics
Given the sometimes problematic fermentation of lantibiotics,
which has hampered exploitation to an extent, there is a
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growing interest in development of bio-catalysis pathways
for in wvitro production of ‘artificial’ lantibiotics [99,100). This
field benefits from recent advances in genome sequencing,
bioinformatic analysis and biosynthetic pathway manipulation.

Haloduracin is produced as two post-translationally modi-
fied peptides, Halo. and HalB by Bacillus halodurans
C-125 [39,40,96]. Expressed and purified precursor peptides
(HalAl and HalA2) can be processed iz wvitro by purified
modification enzymes HalM1 and HalM2, respectively, in
what is a reconstruction of the biosynthetic pathway for a
two-component lantibiotic [40].

More recently, in vitro-reconstituted lacticin 481 synthetase
(LctM) was used in combination with synthetic peptide sub-
strates containing Ser, Thr and Cys analogues to generate
11 analogues of lacticin 481 [100). In addition to allowing
examination of the substrate specificity of the synthetase
enzymes, it was also observed that a number of the analogues
generated exhibited higher levels of antibacterial activity than
the parent compound [100). The LctA analogues were pro-
duced using a combination of solid-phase peptide synthesis
and expressed protein ligation. It is suggested that such
approaches could be used for other ribosomally synthesised
and post-translationally modified natural products including
the microcins and patellamides [101,102].

The nisin modifying enzyme NisC has also been reconsti-
tuted 77 vitro allowing examination of the cyclisation process.
The crystal structure of the reconstituted protein was also
determined revealing similarities in fold and substrate activa-
tion with mammalian farnesyl transferases. This interesting
observation indicates that human homologues of NisC
may be involved in modification of a peptide or protein
substrate [103].

It is also worth noting that recent advances in modification
and bioengineering have allowed the production of efficacious
lantibiotics that have proven otherwise difficult to obtain, or
were identified solely through data mining exercises. A key
example is the recent use of the nisin synthetase machinery,
which includes the modification enzymes NisB, NisC and
NisT, for production of novel streptococcal lantibiotics [104].
Such approaches are proving more adaptable than previously
would have been expected and will have a significant impact
in future discovery programmes.

2.6 Lantibiotics have potential as therapeutic agents

The most extensive practical application of lantibiotics to date
has been that of nisin, which is now used as a food preserva-
tive in > 50 countries [105]. Its proteinaceous nature and lack
of toxicity, as measured when used non-systemically, makes
nisin ideally suited for use in the food industry, where its
broad spectrum activity allows control of many important
Gram-positive and endospore-forming food pathogens.
More recently, it has been suggested that nisin may also be
useful in therapy of peptic ulcers caused by Helicobacter
pylori 1105). This is due to its stability in acidic conditions
and insensitivity to pepsin, which allows it to maintain
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antimicrobial activity in the stomach. The degradation of
nisin on exposure to pancreatic enzymes on the other hand
means the intestinal flora is not affected by it [105].

The minimum inhibitory concentrations of mutacin
B-Ny266 and nisin A have been compared with those of van-
comycin and oxacillin against various bacterial pathogens [80].
In addition, both lantibiotics were found to be active against
strains of Neisseria species, making them good candidates for
use against Neisseria infections. Mutacin B-Ny266 was also
found to be active against H. pylori strains, thus, making it a
potential option to replace conventional antibiotics.

Adsorption of nisin onto silica surfaces has been shown to
suppress the colonisation of Listeria monocytogenes onto these
surfaces [106]. This indicates that the adsorption of nisin to
food contact surfaces may have the potental to prevent
unwanted colonisation of pathogenic organisms, such as
L. monocytogenes.

The direct application of lantibiotic-producing bacteria
as fermenters either in food production (as in the case for
nisin) or in normal flora replacement therapy in humans
and other animals may also be a way to broaden their use.
For example, nisin has proven to be effective in the treatment
of bovine clinical mastitis, mainly those infections caused by
staphylococci [107].

Although lantibiotics have not yet been used in the setting
of clinical chemotherapy on the same scale as conventional
antibiotics, they have already been examined in preclinical
phase trials. Some of the following companies have been
leading in the development of cationic peptides for
clinical use and their websites are a source of regularly
updated information.

A number of patents have been filed claiming utility of
lantibiotics in a range of indications. Novacta Biosystems
Ltd is developing a type-B lantibiotic-based compound that
has antibacterial activity (PCT/GB2008/002463). The com-
pound is proposed for use in therapy or prophylaxis for infec-
tions caused by Clostridium difficile and for treatment of
pseudomembranous colitis.

The agent is administered orally and survives passage
through the stomach, thus, displaying an increased stability
to enzymatic degradation compared to nisin. This is probably
a result of the globular structure. As the spectrum of activity
of lantibiotics can be narrow, it has been suggested that the
agent in development by Novacta Biosystems may have
reduced activity against commensal gut flora (e.g., Bifidobac-
terium species and Bacteroides species), compared to vancomy-
cin or metronidazole. Clearly, this is an advantage for
treatment of C. difficile infection.

Molchem Medicines, Inc. has incorporated at least one
lantibiotic into a pharmaceutical preparation for the treat-
ment of membrane-associated diseases and disorders (PCT/
US2005/015901).

The lantibiotic nisin has been shown to act synergistically
with mupirocin and gentamicin for treating bacterial
infections by Biosynexus, Inc., who have suggested that
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combinations of a variety of lantibiotics including subtilin,
epidermin, gallidermin, pep 5, cinnamycin, duramycin
or ancovenin may have use in this respect (PCT/
US2006/039608). It is proposed that these pharmaceutical
compositions could be formulated as a cream, spray, used in
timed-release formulations or solutions (e.g., colloidal solu-
tion), mixed with fibrin glue, impregnated onto a wound
dressing or bandage, or formulated into a delivery vehicle
such as liposomes.

Clearly, a number of attempts to exploit lantibiotics have
been described, but we now need to capitalise on previous
advances and make good use of recent innovations to fully
realise the potental of some lantibiotics for use in the

medical field.

3. Expert opinion

The dawn of the post-antibiotic era has been heralded for sev-
eral years, but until very recently we have been spared the
spectre of ‘un-treatable’ infections. The description of New
Delhi metallo-B-lactamase-1 producing Klebsiella isolates [108]
is probably the closest we have come to bacteria that are resis-
tant to all antibiotics. This is as clear a warning we are likely to
get that new therapeutics is urgently required.

is now based on
the selection and careful use of a large group of low-
molecular-mass  inhibitors

The control of infectious diseases

with diverse mechanisms of
action and various spectra of antibacterial and antifungal
activities [80]. Microorganisms, however, have developed a
variety of defence mechanisms against antibiotics and anti-
bacterial drug resistance has been reported for most of the
predominant pathogenic bacteria [13,109. Amongst the
most promising antibacterial agents being investigated as
useful replacement therapeutics are antibacterial peptides,
such as the lantibiotics 13.

Conventional approaches to discovery of lantibiotics for
medical application have centred on large programmes involv-
ing labour intensive screening for inhibitory activity followed
by chromatographic purification, amino-acid sequence deter-
mination and time consuming reverse genetic approaches.
Recent advances in genetics and peptide engineering offer
more efficient and cost effective means of accessing the
potentially useful novel antibiotics in bacteria.

The phenomenal developments in generation of DNA
sequence data are already proving their utility in the field of
bacteriocin discovery. Using draft genome sequence determi-
nation, our group has recently been able to progress from
amino-acid sequence tag data to identification of the genetic
apparatus required for production of several novel agents in
a matter of 2 weeks (unpublished data); this process would
have taken a minimum of several months using reverse
genetic approaches. The costs we incurred for draft genome
sequence determination were probably equivalent to those

for reverse genetic methods, especially if investigator time
was accounted for.

It has also been recently suggested that increases in perfor-
mance of the next-generation sequencing platforms, with lon-
ger read and contig lengths, will allow access to data relating
to bacteriocin genetics in the outputs from metagenomic
studies [45], many of which are becoming publicly available.

Further use of lantibiotics may depend greatly on the suc-
cess of peptide engineering to create variant structures.
Increasing the stability of presently-known lantibiotics may
also broaden their applicability by reducing their sensitivity
to increased temperature and pH extremes, increasing their
solubility in water and increasing their inhibitory range. The
improvement of some of these characteristics has already
been demonstrated for nisin Z, where the solubility in water
was increased by the substitution of lysine for the amino acids
in positions 27 or 31, without altering the antimicrobial activ-
ity and inhibitory spectrum of the molecule [110]. Alterations
such as these may allow a wider range of lantibiotics to be
used in the food industry [71].

Another potential therapeutic benefit of certain lantibiotics
may include immunoregulation. The cinnamycin subtype of
type B lantibiotics has been shown to bind specifically to
phosphatidylethanolamine resulting in the inhibition of
phospholipase A2, an important enzyme involved in the
biosynthesis of prostaglandins and leucotrienes [111].

As cationic antibacterial peptides, lantibiotics are consid-
ered to be anti-infective agents, as they have potential as effec-
tors or have a role in innate immunity and could upregulate
the expression of multiple genes in eukaryotic cells [111,112].
It has been suggested that cationic peptides have a role in
modulation of the immune system as their presence leads to
suppression of the eukaryotic cellular response to bacterial
molecules such as lipopolysaccharide and lipoteichoic
acid [112].

The potential applications for lantibiotics that are described
above more than justify continued research into the identifica-
tion of new bacteriocins. By increasing our understanding of
the various mechanisms of antibacterial action and working
to expand the range of applications for these agents, we will
be well placed to maximise the benefit that these peptides
may provide. The increasing availability of public genome
and meta-genome data and the ease with which draft genome
data can be generated for a lab strain of interest will have a
huge impact in the near future. If we can sensibly combine
bioinformatics, genetic and peptide engineering approaches,
developmental lantibiotics may have significant benefit for
therapy of infectious diseases in these difficult times.
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