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All organisms, both eukaryotic organisms and bacteria, are able to produce ribosomally 
antimicrobial peptides. In bacteria, such compounds are referred to as bacteriocins. 
The history of bacteriocins goes back to the early 1920s. One has experienced many 
disappointments in the efforts how to put these compounds into practical use 
despite being one of the most promising groups of antimicrobial agents to fight 
bacterial pathogens. However, today, we see new possibilities how to take advan-
tage of such peptides for the benefit of man and animals. Bacteriocin production 
has become an important property of probiotic bacteria, and targeted use of bacte-
riocins to fight certain pathogens may have a future.

We should separate bacteriocins from our traditional peptide antibiotics. First, 
the peptide antibiotics differ from ribosomally synthesized peptides because pep-
tide antibiotics are synthesized by enzymes. Second, bacteriocins are targeted at 
a narrow spectrum of bacteria often within the species of the producer or closely 
related ones, while the classical antibiotics are active against broad spectra of 
bacteria. Another feature that separates bacteriocins from antibiotics is their 
potency against susceptible bacteria; bacteriocins are unique because they can 
kill bacteria at nanomolar concentrations, while antibiotics are needed in much 
higher concentrations.

For many reasons, it is meaningful to separate the bacteriocins of gram-positive 
and gram-negative bacteria, and this short overview focuses on bacteriocins from 
gram-positive bacteria. It is most fruitful to divide G+ bacteriocins into two major 
groups: the heat-stable lantibiotics (Class I) and the nonmodified (some minor 
modifications may exist) and heat-stable bacteriocins (Class II). These two major 
classes are further divided into subclasses (Chatterjee et al. 2005; Cotter et al. 2005; 
Nes et al. 2006). Numerous excellent reviews on bacteriocins have been published 

I.F. Nes (*) 
Laboratory of Gene Technology, Department of Chemistry, Biotechnology and Food Science, 
Norwegian University of Life Sciences, Aas 1432, Norway 
e-mail: Ingolf.nes@umb.no
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History, Current Knowledge, and Future 
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in recent years (Breukink and de Kruijff 2006; Chatterjee et al. 2005; Cotter et al. 
2005; Diep et al. 2009; Drider et al. 2006; Nes et al. 2007; Nissen-Meyer et al. 2009; 
Oppegard et al. 2007; Willey and van der Donk 2007).

The focus of bacteriocins in gram-positive bacteria has for the most part been 
on lactic acid bacteria (LAB) due to their apparent importance in food and feed 
fermentation, and also by being considered as GRAS organisms by FDA, and not 
least because of good funding in the 1990s and into the twenty-first century by the 
European Union. An important reason for research on bacteriocin has been and still 
is their extreme potency as antimicrobials as observed with some bacteriocins that 
are active at nanomolar concentrations against a number of bacteria including 
pathogens such as Listeria monocytogenes. Some bacteriocins exhibit activity 
against multidrug-resistant nosocomial pathogens such as methicillin-resistant 
Staphylococcus aureus (MRSA) and vancomycin-resistant enterococcus (VRE). 
Thus, it is believed that they could have a potential in medical and veterinary 
applications.

Fermented food and feed and plant material have been a source for isolation of 
bacteriocin-producing LAB, but intestinal and fecal sampling of LAB from animals 
and humans has become an increasingly important source for such bacteria due to 
an increased awareness of their importance as probiotic bacteria.

Modification and Structure of Bacteriocins

Lantibiotics are gene-encoded peptides that contain intramolecular ring structures  
by the formation the thioether bridges between dehydrated serine or threonine and 
cysteines that confer lanthionine and methyllanthionine residues, respectively. Additional 
but less frequent modifications have been identified in some lantibiotics. Such modifi-
cations include lysinoalanine, 2-oxybutyrate, 2- oxopropionate, 2-hydroxypropionate, 
b-hydroxy-aspartate, S-aminovinyl-d-cysteine, S-aminovinyl-d-methylcysteine, and 
d-alanine.

After the discovery of lantibiotic bacteriocins that goes back to the early 1920s, 
it took more than 50 years for the structure of nisin, the first identified lantibiotic, 
to be determined, i.e., in 1971 (de Klerk and Smit 1967; Gross and Morell 1971). 
In the 1960s, it was reported that lactobacilli produced antimicrobial substances 
different from the organic acids (de Klerk and Smit 1967; Sabine 1963; Tramer 
1966). It was a slow start, and the area of lantibiotic research did not take off before 
the 1970s. Since then, numerous lantibiotics have been identified and characterized 
with respect to structure, mode of action, genetics, regulation, synthesis, and modi-
fication. Many excellent and comprehensive review articles have been published in 
recent years on these topics of lantibiotics (Bonelli et al. 2006; Chatterjee et al. 
2005; Dufour et al. 2007; Guder et al. 2000; Pag and Sahl 2002; Twomey et al. 
2002; Willey and van der Donk 2007; Xie and van der Donk 2004).

There is presently focus on development of bioengineered lantibiotics, to reveal 
the location of essential and variable domains therein and to create derivatives with 
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broader specificity, increased stability, and even higher activities against specific 
target organisms for both in vivo and in vitro use.

In vitro modification systems have successfully been used to introduce thioether 
rings into other biologically active peptides. These enzymes have been the focus of 
recent bioengineering studies.

Of particular significance with respect to posttranlational modification is the 
new bacteriocin thuricin CD, a strong anticlostridial bacteriocin that is particularly 
effective against Clostridium difficile (Rea et al. 2010), produced by Bacillus  
thuringiensis. This two-peptide bacteriocin is quite unique not just because of its anti-
clostridial activity but also because both peptides feature three posttranslationally 
modified sulfur to alpha carbon in thioether linkages. It should also be added that 
such modification has previously been identified in the circular bacteriocin.

Also, class II bacteriocins can be structured by inducing certain posttranslational 
changes, and the most common modification is the conserved N-terminal cysteine-
bridge formation that has shown to be of crucial importance for the antimicrobial 
activity of class IIa bacteriocin (Eijsink et al. 1998).

Also, circular bacteriocins are posttranslationally modified through a head-to-
tail backbone covalent linkage (Maqueda et al. 2008).

Structures of many bacteriocins have been resolved by NMR analysis. Such 
studies include both classes of lantibiotics, Class II bacteriocins (Kristiansen et al. 
2005; Oppegard et al. 2007; Rogne et al. 2009; Sprules et al. 2004) and cyclic bac-
teriocins (Gonzalez et al. 2000; Martin-Visscher et al. 2009). Combined with func-
tional analysis, important structural features important for the antimicrobial activity 
have been determined. In addition, immunity proteins have also been structurally 
determined (Johnsen et al. 2005; Martin-Visscher et al. 2008). Hopefully, these 
structural studies combined with functional studies will bring together how the 
bacteriocins work and how the immunity interacts with its bacteriocin to prevent 
self-destruction of the host.

Genetics

The genes required for biosynthetic machinery of lantibiotics are complex and are 
often organized in operons. Together with the structural gene(s) (lanA), genes 
encoding modification enzymes, externalization system of the bacteriocins as well 
as immunity genes to protect the producer for self-destruction are needed. In addi-
tion, it has been shown that the production of some lantibiotics is also regulated by 
a two-component regulatory system (Kleerebezem et al. 2001), although alternative 
regulatory systems are identified in a few lantibiotics as seen for lactocin S 
(Rawlinson et al. 2005).

The modifications are introduced either by one biosynthetic enzyme (LanM) or 
by a dehydratase (LanB) in combination with a cyclase (LanC). The structure of 
NisC has been resolved; the reaction mechanism of LctM has been studied, and the 
amino-acid residues in the active site were identified by mutagenesis studies 
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(Chatterjee et al. 2006; Li and van der Donk 2007; Li et al. 2006; Rink et al. 2007; 
You and van der Donk 2007).

Class II bacteriocins need usually only four genes for synthesis that constitute a 
structural bacteriocin gene, a dedicated immunity gene, and a transporter and its 
accessory gene.

As seen with some lantibiotics, class II bacteriocins can also be regulated by a 
two- or three-component regulatory system, and under such circumstances, three 
more genes are needed: a gene that encodes a peptide pheromone, and genes for a 
sensor (histidine protein kinase) and a DNA-binding protein that activates gene 
expression (response regulator) (Nes et al. 1996; Nes and Eijsink 1999). Often, 
several bacteriocins are clustered together and share both the transport and regulatory 
system as seen in the plantaricin system (Diep et al. 2009).

Mode of Action and Targets

Numerous mode-of-action studies have been published through all these years, and 
the membrane has been the target for most of these studies. With few exceptions, 
bacteriocins cause membrane permeabilization, triggering leakage of intracellular 
compounds and dissipation of the proton-motive force. Such studies have been 
carried out with both whole cells and various liposome and vesicle systems. Most 
of the permeabilization studies suffered by using higher concentrations of bacte-
riocins than what is needed to kill living target cells. The most obvious conclusion 
from such studies is that the observed leakage of intracellular components was most 
likely due to detergent effects and other secondary effects produced by high bacte-
riocin concentrations and was not associated with the in vivo mode of action.

The identification of lipid II as target of nisin was of crucial importance to 
understand the antimicrobial activity of this bacteriocin (Brotz et al. 1998). It was 
a breakthrough when it was shown that nisin actually binds to lipid (Breukink and 
de Kruijff 2006; Brotz et al. 1998; Pag and Sahl 2002; Schneider and Sahl 2010). 
Recently, it has been shown that lipid II is the target not only for certain lantibiotics 
but also for plectasin, a fungal defensin that acts by binding to the bacterial cell-
wall precursor (Schneider et al. 2010).

Some class II bacteriocins have been shown to need a specific target for activity. 
Already in the early 1990s, it was suggested that lactococcin A, a class II bacte-
riocin, kills susceptible bacteria through a target. This suggestion was based on a 
study that proposed a membrane-associated protein specific for lactococci acts as 
receptor for lactococcin A (van Belkum et al. 1991). But this notion was not proved 
before 2007, when it was experimentally demonstrated that a membrane protein 
component of the man-PTS system was the actual target site of lactococcin A (Diep 
et al. 2007). Also, class IIa bacteriocins target the same membrane component of 
the mannose PTS system, but the recognition specificity is different from that of 
lactococcin A (Arous et al. 2004; Diep et al. 2007; Gravesen et al. 2002; Héchard 
et al. 2001; Kjos et al. 2009). It has now been shown that amino-acid sequence of 
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ManC membrane protein is required for the target specificity of the class IIa 
bacteriocins (Kjos and Diep unpublished results).

Not only bacteriocins from gram-positive bacteria are using the mannose-PTS 
as a target for killing but it has been demonstrated that certain microcins from 
gram-negative bacteria also need this membrane protein(s). A study of microcin 
E492 produced by Klebsiella pneumoniae has shown that a mannose permease 
is involved in the antimicrobial activity, too. The work concluded that the toxicity is 
strictly dependent on the presence of ManYZ, the inner membrane protein complex 
involved in mannose uptake (Bieler et al. 2006).

In the future, we will certainly disclose new targets for other bacteriocins, and 
there are good reasons to believe that all bacteriocins do have specific targets/
receptors/docking molecule.

Application

Many foodborne lactic acid bacteria produce bacteriocins, and several of the most 
recognized bacteriocins have been isolated from such LAB obtained from fer-
mented food, just to mention, nisin, lactococcin A, and lacticin 3147. Therefore, 
we can conclude that bacteriocins have a long history of use in food production, 
on one hand. On the other hand, implementation of either bacteriocin-producing 
starter cultures or use of cell-free bacteriocin supplements in foods has been 
much less. But both kinds of products are available for commercial applications. 
It is surprising that the industry has not used this opportunity more, but this may 
be due to too high expectation of such compounds that set back such efforts. 
Several attractive applications have been investigated, but only a few are presently 
in use.

In recent years, probiotics have become very popular, and LAB are important 
probiotic players among them. Bacteriocin production has always been considered 
a beneficial and probiotic feature of LAB, but it has been questioned if bacteriocins 
are produced and work within the intestinal tract of the host. In a recent work, it has 
been shown that bacteriocin-producing Lactobacillus salivarius protected mice 
against infection with the invasive foodborne pathogen L. monocytogenes (Corr 
et al. 2007). It was conclusively confirmed that bacteriocin production was the 
primary mediator of protection against Listeria infection. This study supports the 
idea that bacteriocin production should be included as an important trait and a cri-
terion for selection of probiotic bacteria.

Medical application of antimicrobial peptides, particularly peptides from 
eukaryotic organisms, has been under investigation for a long time. Bacteriocins 
have not attracted the same attention mainly because their activities are more bac-
terial species-specific than that of their eukaryotic counterparts, which often act on 
both gram-positive and gram-negative bacteria (Zasloff 2002). However, bacterio-
cins are much more potent against the ones they strike, and they act at nanomolar 
concentrations, while eukaryotic peptides have to be used at micromolar range.



8 I.F. Nes

In order to benefit the broad specificity of the eukaryotic peptides with the high 
potency of bacteriocins, it may be useful to combine these two activities. It has 
been demonstrated that by combining pediocin-like bacteriocins (Class IIa) with 
eukaryotic peptides, a synergistic effect can be obtained (Luders et al. 2003).

Future Trends

There has been a continuous effort to isolate new bacteriocins. The most common 
approach is to isolate new bacteria, test for antimicrobial activity and then isolate and 
characterize the activity. This approach is limited by the susceptibility of the indica-
tors used. Also, the growth conditions used for screening new isolates are limiting 
factors to uncover potential bacteriocin producers, since bacteriocin production 
can be under the control of a quorum-sensing mechanism (Nes et al. 1996) and 
the expression can also be off or on only under very narrowly defined conditions 
(Diep et al. 2000). By the advent of genome sequencing, an increasing number of 
bacterial genomes are published, and now more than 1,000 genomes are available. 
Owing to reduced cost of genome sequencing, genome sequencing will be the 
preferred approach to obtain new bacteriocins and their genes. Development of in 
silico approaches to identify bacteriocin operons is becoming available, including 
bacteriocin databases (de Jong et al. 2006, 2010; Hammami et al. 2010). By using 
such tools, new bacteriocins have already been identified (Begley et al. 2009; Diep 
et al. 2006; Lawton et al. 2007).

New features will be found and included to improve algorithms for identification 
of new bacteriocin genes in genome DNA sequence data banks. Recently, a new 
group of membrane-bound bacteriocin immunity proteins has been identified, and 
this information has been used to search for novel bacteriocins in sequenced 
genomes, and seven new bacteriocin-like loci have been identified in gram-positive 
bacteria (Kjos et al. 2010).

Target identification is a promising area of bacteriocin research. Identification of 
bacteriocin targets will permit a more detailed molecular analysis and insight into 
the mechanism of action and rational designs to improve and produce antimicrobial 
peptides with a broader target specificity and high potency. It is of particular inter-
est that mannose-PTS is target for bacteriocins from both gram-negative and gram-
positive bacteria because such PTS systems are unique to bacteria and accordingly 
bacteriocins should not affect eukaryotic cells. It is tempting to refer to Dr. Erni’s 
commentarial note “Development of The Mannose Transporter Complex: an Open 
Door for the Macromolecular Invasion of Bacteria” (Erni 2006). His view has been 
further supported and extended by the finding that the same transport system is the 
target for Class II bacteriocins in gram-positive bacteria, too.

Peptide and gene sequence information of bacteriocins have laid ground for 
protein engineering aimed at production of peptides with new properties. 
Lantibiotics are structurally more complex than Class II bacteriocins and have 
attracted most focus for protein engineering (Kuipers et al. 1996). Such studies 



91 History, Current Knowledge, and Future Directions on Bacteriocin Research

have also included changes of the dehydrated amino acid as well as lanthionines 
(thioether bridge) in new peptides. New molecules with increased solubility in 
water (Rollema et al. 1995) and increased stability and sporicidal activity have been 
achieved (Liu and Hansen 1992). Hopefully, the future will bring forward new and 
more efficient antimicrobial peptides based on our knowledge of biologically pro-
duced peptides. The future looks bright for both medical and food applications of 
bacteriocins.

References

Arous S, Dalet K, Hechard Y (2004) Involvement of the mpo operon in resistance to class IIa 
bacteriocins in Listeria monocytogenes. FEMS Microbiol Lett 238:37–41

Begley M, Cotter PD, Hill C, Ross RP (2009) Identification of a novel two-peptide lantibiotic, 
lichenicidin, following rational genome mining for LanM proteins. Appl Environ Microbiol 
75:5451–5460

Bieler S, Silva F, Soto C, Belin D (2006) Bactericidal activity of both secreted and nonsecreted 
microcin E492 requires the mannose permease. J Bacteriol 188:7049–7061

Bonelli RG, Wiedemann I, Sahl H-G (2006) “Lantibiotics” in Handbook of Biological Active 
Peptides, page-97-105. Academic Press, San Diego, CA, USA

Breukink E, de Kruijff B (2006) Lipid II as a target for antibiotics. Nat Rev Drug Discov 
5:321–332

Brotz H, Josten M, Wiedemann I, Schneider U, Gotz F, Bierbaum G, Sahl HG (1998) Role of 
lipid-bound peptidoglycan precursors in the formation of pores by nisin, epidermin and other 
lantibiotics. Mol Microbiol 30:317–327

Chatterjee C, Paul M, Xie L, van der Donk WA (2005) Biosynthesis and mode of action of 
lantibiotics. Chem Rev 105:633–684

Chatterjee C, Patton GC, Cooper L, Paul M, van der Donk WA (2006) Engineering dehydro amino 
acids and thioethers into peptides using lacticin 481 synthetase. Chem Biol 13:1109–1117

Corr SC, Li Y, Riedel CU, O’Toole PW, Hill C, Gahan CG (2007) Bacteriocin production as a 
mechanism for the antiinfective activity of Lactobacillus salivarius UCC118. Proc Natl Acad 
Sci U S A 104:7617–7621

Cotter PD, Hill C, Ross RP (2005) Bacteriocins: developing innate immunity for food. Nat Rev 
Microbiol 3:777–788

de Jong A, van Hijum SA, Bijlsma JJ, Kok J, Kuipers OP (2006) BAGEL: a web-based bacteriocin 
genome mining tool. Nucleic Acids Res 34:W273–W279

de Jong A, van Heel AJ, Kok J, Kuipers OP (2010) BAGEL2: mining for bacteriocins in genomic 
data. Nucleic Acids Res 1(38 suppl):W647–W651

de Klerk HC, Smit JA (1967) Properties of a Lactobacillus fermenti bacteriocin. J Gen Microbiol 
48:309–316

Diep DB, Axelsson L, Grefsli C, Nes IF (2000) The synthesis of the bacteriocin sakacin A is a 
temperature-sensitive process regulated by a pheromone peptide through a three-component 
regulatory system. Microbiology 146(Pt 9):2155–2160

Diep DB, Godager L, Brede D, Nes IF (2006) Data mining and characterization of a novel pedi-
ocin-like bacteriocin system from the genome of Pediococcus pentosaceus ATCC 25745. 
Microbiology 152:1649–1659

Diep DB, Skaugen M, Salehian Z, Holo H, Nes IF (2007) Common mechanisms of target cell 
recognition and immunity for class II bacteriocins. Proc Natl Acad Sci U S A 
104:2384–2389

Diep DB, Straume D, Kjos M, Torres C, Nes IF (2009) An overview of the mosaic bacteriocin pln 
loci from Lactobacillus plantarum. Peptides 30:1562–1574



10 I.F. Nes

Drider D, Fimland G, Héchard Y, McMullen LM, Prévost H (2006) The continuing story of class IIa 
bacteriocins. Microbiol Mol Biol Rev 70:564–582

Dufour A, Hindre T, Haras D, Le Pennec JP (2007) The biology of lantibiotics from the lacticin 
481 group is coming of age. FEMS Microbiol Rev 31:134–167

Eijsink VG, Skeie M, Middelhoven PH, Brurberg MB, Nes IF (1998) Comparative studies of class 
IIa bacteriocins of lactic acid bacteria. Appl Environ Microbiol 64:3275–3281

Erni B (2006) The mannose transporter complex: an open door for the macromolecular invasion 
of bacteria. J Bacteriol 188:7036–7038

Gonzalez C, Langdon GM, Bruix M, Galvez A, Valdivia E, Maqueda M, Rico M (2000) 
Bacteriocin AS-48, a microbial cyclic polypeptide structurally and functionally related to 
mammalian NK-lysin. Proc Natl Acad Sci U S A 97:11221–11226

Gravesen A, Ramnath M, Rechinger KB, Andersen N, Jansch L, Hechard Y, Hastings JW, 
Knochel S (2002) High-level resistance to class IIa bacteriocins is associated with one general 
mechanism in Listeria monocytogenes. Microbiology 148:2361–2369

Gross E, Morell JL (1971) The structure of nisin. J Am Chem Soc 93:4634–4635
Guder A, Wiedemann I, Sahl HG (2000) Posttranslationally modified bacteriocins – the lanti- 

biotics. Biopolymers 55:62–73
Hammami R, Zouhir A, Le Lay C, Ben Hamida J, Fliss I (2010) BACTIBASE second release: 

a database and tool platform for bacteriocin characterization. BMC Microbiol 10:22
Héchard Y, Pelletier C, Cenatiempo Y, Frere J (2001) Analysis of sigma(54)-dependent genes in 

Enterococcus faecalis: a mannose PTS permease (EII(Man)) is involved in sensitivity to a 
bacteriocin, mesentericin Y105. Microbiology 147:1575–1580

Johnsen L, Dalhus B, Leiros I, Nissen-Meyer J (2005) 1.6-Angstroms crystal structure of 
EntA-im. A bacterial immunity protein conferring immunity to the antimicrobial activity of 
the pediocin-like bacteriocin enterocin A. J Biol Chem 280:19045–19050

Kjos M, Nes IF, Diep DB (2009) Class II one-peptide bacteriocins target a phylogenetically 
defined subgroup of mannose phosphotransferase systems on sensitive cells. Microbiology 
155:2949–2961

Kjos M, Snipen L, Salehian Z, Nes IF, Diep DB (2010) The abi proteins and their involvement in 
bacteriocin self-immunity. J Bacteriol 192:2068–2076

Kleerebezem M, Kuipers OP, de Vos WM, Stiles ME, Quadri LE (2001) A two-component signal-
transduction cascade in Carnobacterium piscicola LV17B: two signaling peptides and one 
sensor-transmitter. Peptides 22:1597–1601

Kristiansen PE, Fimland G, Mantzilas D, Nissen-Meyer J (2005) Structure and mode of action of 
the membrane-permeabilizing antimicrobial peptide pheromone plantaricin A. J Biol Chem 
280:22945–22950

Kuipers OP, Bierbaum G, Ottenwalder B, Dodd HM, Horn N, Metzger J, Kupke T, Gnau V, 
Bongers R, van den Bogaard P, Kosters H, Rollema HS, de Vos WM, Siezen RJ, Jung G, Gotz F, 
Sahl HG, Gasson MJ (1996) Protein engineering of lantibiotics. Antonie Van Leeuwenhoek 
69:161–169

Lawton EM, Cotter PD, Hill C, Ross RP (2007) Identification of a novel two-peptide lantibiotic, 
haloduracin, produced by the alkaliphile Bacillus halodurans C-125. FEMS Microbiol Lett 
267:64–71

Li B, van der Donk WA (2007) Identification of essential catalytic residues of the cyclase NisC 
involved in the biosynthesis of nisin. J Biol Chem 282:21169–21175

Li B, Yu JP, Brunzelle JS, Moll GN, van der Donk WA, Nair SK (2006) Structure and mechanism 
of the lantibiotic cyclase involved in nisin biosynthesis. Science 311:1464–1467

Liu W, Hansen JN (1992) Enhancement of the chemical and antimicrobial properties of subtilin 
by site-directed mutagenesis. J Biol Chem 267:25078–25085

Luders T, Birkemo GA, Fimland G, Nissen-Meyer J, Nes IF (2003) Strong synergy between a 
eukaryotic antimicrobial peptide and bacteriocins from lactic acid bacteria. Appl Environ 
Microbiol 69:1797–1799

Maqueda M, Sanchez-Hidalgo M, Fernandez M, Montalban-Lopez M, Valdivia E, Martinez-
Bueno M (2008) Genetic features of circular bacteriocins produced by gram-positive bacteria. 
FEMS Microbiol Rev 32:2–22



111 History, Current Knowledge, and Future Directions on Bacteriocin Research

Martin-Visscher LA, Sprules T, Gursky LJ, Vederas JC (2008) Nuclear magnetic resonance 
solution structure of PisI, a group B immunity protein that provides protection against the type 
IIa bacteriocin piscicolin 126, PisA. Biochemistry 47:6427–6436

Martin-Visscher LA, Gong XD, Duszyk M, Vederas JC (2009) The three-dimensional structure of 
Carnocyclin A reveals that many circular bacteriocins share a common structural motif. J Biol 
Chem 284:28674–28681

Nes IF, Eijsink VGH (1999) Regulation of Group II Peptide Bacteriocin Synthesis by Quorum - 
Sensing Mechansims p. In: Dunny GM, Winans SC (eds) Cell-Cell Signaling in Bacteria. 
ASM Press, Washington, D.C, pp 175–192

Nes IF, Diep DB, Havarstein LS, Brurberg MB, Eijsink V, Holo H (1996) Biosynthesis of bacte-
riocins in lactic acid bacteria. Antonie Van Leeuwenhoek 70:113–128

Nes IF, Brede DA, Holo H (2006) The non-lantibiotic heat-stable bacteriocins in gram positive 
bacteria. In: Kastin AJ (ed) Handbook of Biological Active Peptides. Academic Press, San 
Diego, CA, USA

Nes IF, Diep DB, Holo H (2007) Bacteriocin diversity in Streptococcus and Enterococcus. 
J Bacteriol 189:1189–1198

Nissen-Meyer J, Rogne P, Oppegard C, Haugen HS, Kristiansen PE (2009) Structure-function 
relationships of the non-lanthionine-containing peptide (class II) bacteriocins produced by 
gram-positive bacteria. Curr Pharm Biotechnol 10:19–37

Oppegard C, Rogne P, Emanuelsen L, Kristiansen PE, Fimland G, Nissen-Meyer J (2007) The 
two-peptide class II bacteriocins: structure, production, and mode of action. J Mol Microbiol 
Biotechnol 13:210–219

Pag U, Sahl HG (2002) Multiple activities in lantibiotics–models for the design of novel antibiotics? 
Curr Pharm Des 8:815–833

Rawlinson EL, Nes IF, Skaugen M (2005) Identification of the DNA-binding site of the Rgg-like 
regulator LasX within the lactocin S promoter region. Microbiology 151:813–823

Rea MC, Sit CS, Clayton E, O’Connor PM, Whittal RM, Zheng J, Vederas JC, Ross RP, Hill C 
(2010) Thuricin CD, a posttranslationally modified bacteriocin with a narrow spectrum of 
activity against Clostridium difficile. Proc Natl Acad Sci U S A 107:9352–9357

Rink R, Kluskens LD, Kuipers A, Driessen AJ, Kuipers OP, Moll GN (2007) NisC, the cyclase of 
the lantibiotic nisin, can catalyze cyclization of designed nonlantibiotic peptides. Biochemistry 
46:13179–13189

Rogne P, Haugen C, Fimland G, Nissen-Meyer J, Kristiansen PE (2009) Three-dimensional struc-
ture of the two-peptide bacteriocin plantaricin JK. Peptides 30:1613–1621

Rollema HS, Kuipers OP, Both P, de Vos WM, Siezen RJ (1995) Improvement of solubility and 
stability of the antimicrobial peptide nisin by protein engineering. Appl Environ Microbiol 
61:2873–2878

Sabine DB (1963) An antibiotic-like effect of Lactobacillus acidophilus. Nature 199:811
Schneider T, Sahl H-G (2010) An oldie but a goodie – cell wall biosynthesis as antibiotic target 

pathway. Int J Med Microbiol 300:161–169
Schneider T, Kruse T, Wimmer R, Wiedemann I, Sass V, Pag U, Jansen A, Nielsen AK, Mygind PH, 

Raventos DS, Neve S, Ravn B, Bonvin AM, De Maria L, Andersen AS, Gammelgaard LK, 
Sahl HG, Kristensen HH (2010) Plectasin, a fungal defensin, targets the bacterial cell wall 
precursor Lipid II. Science 328:1168–1172

Sprules T, Kawulka KE, Gibbs AC, Wishart DS, Vederas JC (2004) NMR solution structure of the 
precursor for carnobacteriocin B2, an antimicrobial peptide from Carnobacterium piscicola. 
Eur J Biochem 271:1748–1756

Tramer J (1966) Inhibitory effect of Lactobacillus acidophilus. Nature 211:204–205
Twomey D, Ross RP, Ryan M, Meaney B, Hill C (2002) Lantibiotics produced by lactic acid 

bacteria: structure, function and applications. Antonie Van Leeuwenhoek 82:165–185
van Belkum MJ, Kok J, Venema G, Holo H, Nes IF, Konings WN, Abee T (1991) The bacteriocin 

lactococcin A specifically increases permeability of lactococcal cytoplasmic membranes in a 
voltage-independent, protein-mediated manner. J Bacteriol 173:7934–7941

Willey JM, van der Donk WA (2007) Lantibiotics: peptides of diverse structure and function. 
Annu Rev Microbiol 61:477–501



12 I.F. Nes

Xie L, van der Donk WA (2004) Post-translational modifications during lantibiotic biosynthesis. 
Curr Opin Chem Biol 8:498–507

You YO, van der Donk WA (2007) Mechanistic investigations of the dehydration reaction of 
lacticin 481 synthetase using site-directed mutagenesis. Biochemistry 46:5991–6000

Zasloff M (2002) Antimicrobial peptides of multicellular organisms. Nature 415:389–395



13D. Drider and S. Rebuffat (eds.), Prokaryotic Antimicrobial Peptides:  
From Genes to Applications, DOI 10.1007/978-1-4419-7692-5_2,  
© Springer Science+Business Media, LLC 2011

Abstract Explaining the coexistence of competing species is a major challenge 
in community ecology. In bacterial systems, competition is often driven by the 
production of bacteriocins; narrow spectrum proteinaceous toxins that serve to kill 
closely related species providing the producer better access to limited resources. 
Bacteriocin producers have been shown to competitively exclude sensitive, non-
producing strains. However, the interaction dynamics between bacteriocin producers, 
each lethal to its competitor, are largely unknown. Several recent studies have 
revealed some of the complexity of these interactions, employing a suite of in vitro, 
in vivo, and in silico bacterial model systems. This chapter describes the current 
state of knowledge regarding the population and community ecology of this potent 
family of toxins.

Introduction

Bacteria engage in a never-ending arms race in which they compete for limited 
resources and niche space. The outcome of this intense interaction is the evolution 
of a diverse and powerful arsenal of biological weapons. Most species of bacteria 
produce one, and usually many more, of these potent biocontrol agents, including 
classical antibiotics, lytic agents, lysozymes, and bacteriocins (Cascales et al. 
2007). The microbial weapons of choice, as assessed by the frequency with which 
they are encountered in natural populations of bacteria and in their diversity of 
forms, are the bacteriocins.

Bacteriocins are loosely defined as biologically active protein moieties with a 
bacteriocidal mode of action (Tagg et al. 1976; James et al. 1991). Two main features 
distinguish the majority of bacteriocins from classical antibiotics: bacteriocins are 
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ribosomally synthesized and have a relatively narrow killing spectrum (Riley and 
Wertz 2002). Indeed, bacteriocins are often only toxic to bacteria closely related to 
the producing strain. The bacteriocin family includes a diversity of proteins in 
terms of size, microbial target, mode of action, release, and immunity mechanisms 
and can be divided into two main groups: those produced by Gram-negative and 
Gram-positive bacteria (Gordon et al. 2006; Heng et al. 2007).

Their production occurs across all major groups of Eubacteria and the 
Archaebacteria (Webster 1991). Within a species, tens or even hundreds of different 
kinds of bacteriocins are produced (James et al. 2002; Riley and Gordon 1992). 
Colicins, bacteriocins produced by Escherichia coli, are found in 30–50% of the 
strains isolated from human hosts and are often referred to as virulence factors 
(Riley and Gordon 1992). Much higher levels of bacteriocin production have been 
found in some Gram-negative bacteria, such as Pseudomonas aeruginosa, in which 
>90% produce bacteriocins (Michel-Briand and Baysse 2002).

Despite high levels of bacteriocin diversity, these proteins share many general 
characteristics (James et al. 2002; De Vuyst et al. 1994). They are generally high-
molecular weight protein antibiotics that kill closely related strains or species. The 
bacteriocin gains entry into the target cell by recognizing specific cell surface 
receptors and then kills the cell by forming ion-permeable channels in the cytoplasmic 
membrane, by nonspecific degradation of cellular DNA, by inhibition of protein 
synthesis through the specific cleavage of 16s rRNA, or by cell lysis.

Without question, bacteriocins serve some function in microbial communities. 
This statement follows from the detection of bacteriocin production in all surveyed 
lineages of prokaryotes. Equally compelling is the inference of strong positive selec-
tion acting on some bacteriocins (Tan and Riley 1996; Riley 1998). Finally, there is 
a well-developed body of theory and empirical data that details the potential role of 
bacteriocins which play in maintaining microbial diversity at the population and 
community levels (Chao and Levin 1981; Frank 1994; Gordon and Riley 1999; 
Czárán et al. 2002; Kerr et al. 2002). Such empirical observations and theoretical 
results argue that these toxins play a critical role in mediating microbial interactions. 
What remains in question is what, precisely, that ecological role is. Bacteriocins may 
serve as anticompetitors enabling the invasion of a strain or a species into an estab-
lished microbial population or community. They may also play a defensive role and 
act to prohibit the invasion of other strains or species into an occupied niche or limit 
the advance of neighboring cells. An additional role has recently been proposed for 
bacteriocins produced by Gram-positive bacteria, that of regulating quorum sensing 
(Miller and Bassler 2001). This chapter describes the current state of knowledge 
regarding the population and community ecology of this potent family of toxins.

Colicins: The Model Bacteriocin

The most extensively studied bacteriocins are the colicins, which are produced by 
E. coli (Pugsley 1985; Pugsley and Oudega 1987; James et al. 2002; Cascales et al. 
2007). Colicins were first identified almost 100 years ago as a heat-labile product 



152 Bacteriocin-Mediated Competitive Interactions

present in cultures of E. coli V and toxic to E. coli S. They were given the name of 
colicin to identify the producing species (Gratia 1925). Fredericq demonstrated that 
colicins were proteins and that they had a limited range of activity due to the pres-
ence or absence of specific receptors on the surface of sensitive cells (Fredericq and 
Levine 1947).

Colicins are archetypical of a large subfamily of bacteriocins found primarily in the 
family Enterobacteriaceae. One of the defining features of colicin-like toxins is that 
they are composed of three functional domains: a central binding domain that recog-
nizes and adheres to specific receptor sites on the surfaces of target cells, an amino-
terminal translocation domain responsible for entry into the cell, and a carboxy-terminal 
killing domain that actually kills the cell. Colicins kill target cells through a variety of 
mechanisms. Nomura showed that colicins E1 and K inhibit macromolecular synthe-
sis without the arrest of respiration, colicin E2 causes DNA breakdown, and colicin 
E3 stops protein synthesis (Nomura and Witten 1967). In each case, he showed that 
the lethal action is reversed by treatment with trypsin. Since his pioneering work, 
colicins were shown to kill their targets by either membrane permeabilization or 
nucleic acid degradation (Braun et al. 1994; Riley and Wertz 2002; Smarda and Smajs 
1998). Colicins are classified according to the nature of the killing domain. The nucle-
ase group includes colicins that degrade DNA, rRNA, or tRNA. The pore former 
colicins kill by the formation of voltage-gated channels in the cytoplasmic membrane. 
The third group contains colicins that affect the peptidoglycan cell wall. Colicin oper-
ons typically contain three genes: the toxin-encoding gene; an immunity gene, whose 
product specifically binds to and confers protection against the encoded toxin; and a 
lysis gene, whose product contributes to the release of toxin into the environment.

Recent surveys of E. coli, Salmonella enterica, Hafnia alvei, Citrobacter freundii, 
Klebsiella oxytoca, Klebsiella pneumoniae, and Enterobacter cloacae reveal levels 
of bacteriocin production ranging from 3 to 26% of environmental isolates (Gordon 
2006; Riley 2002). Colicins are found in 30–50% of the strains isolated from 
human hosts (Riley and Gordon 1992). Much higher levels of bacteriocin produc-
tion have been found in some Gram-negative bacteria, such as P. aeruginosa, in 
which >90% of both environmental and clinical isolates produce bacteriocins 
(Michel-Briand and Baysse 2002).

Until recently, little was known about the phylogenetic breadth over which 
bacteriocins kill. To produce such an estimate, we took advantage of a recently 
determined molecular phylogeny of enteric bacteria (Wertz et al., 2003). The fre-
quency of killing within each taxon for each bacteriocin was mapped onto the 
enteric phylogeny (Fig. 2.1) (Riley et al. 2003). Not surprising, these data reveal 
that bacteriocins usually kill members of their own species. However, a surprisingly 
high level of interspecific killing was observed, with almost half of the bacteriocins 
killing in more than one taxon. Further, the relationship between killing ability and 
phylogenetic distance is nonlinear. In other words, some bacteriocin producers kill 
distantly related bacteria but not their closest relatives. This nonlinear relationship 
is seen in Fig. 2.1, in which 18 of 36 columns indicate killing outside of the 
producer strains own species (off the diagonal). The observation of a broad killing 
range for numerous enteric bacteriocins requires that the ecological role proposed 
for bacteriocins be reconsidered. It may well be that they serve a broader, community 
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level role than has been envisioned to date. This finding complements recent 
theoretical work, which suggests that bacteriocins (and other microbial defense 
systems) may be responsible for maintaining much of the extraordinary diversity of 
microbes observed in nature (Czárán et al. 2002; Kerr et al. 2002).

The Ecological Role of Colicins

Despite the pervasive role of toxin production in the microbial world, little is 
known about the ecology of this form of competition. Previous theoretical and 
empirical studies have suggested that toxin production serves as a strategy to obtain 
access to nutrients (Chao and Levin 1981; Ivanovska and Hardwick 2005; Riley 
and Gordon 1992). However, a more recent study testing competitive interactions 
between toxin producers and sensitive yeast strains under low and high nutrient 
conditions concluded that toxin producers only out-compete sensitive cells in high 
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nutrient environments (Wloch-Salamon et al. 2008). This observation supports the 
theoretical prediction that toxin production has evolved to occur as a competitive 
strategy under conditions of abundant resources (Frank 1994). Both studies suggest 
that toxin production may be more important in the invasion of niches, than in 
obtaining nutrients ( Brown and Taddei 2009).

One of the more compelling models of toxin-mediated bacterial competition 
employs E. coli and their colicins. Some of the earliest ecological studies were 
inconclusive and sometimes even contradictory (Ikari et al. 1969). More recently, 
however, a more robust theoretical and empirical base has been established defining 
the conditions that favor maintenance of toxin-producing bacteria in both popula-
tion and community settings. Chao and Levin (1981) showed that the conditions for 
invasion of a colicin-producing strain are much broader in a spatially structured 
environment (i.e., one that restricts the movement of strains and nutrients), than in 
an unstructured one (i.e., where mass action prevails). In an unstructured environ-
ment with mass action, a small population of producers cannot invade an estab-
lished population of sensitive cells (Durrett and Levin 1997). This failure occurs 
because producers pay a price for toxin production (energetic costs of plasmid 
carriage and lethality of production), while the benefits (the resources made 
available by killing sensitive organisms) are distributed at random. In a physically 
structured environment, such as on the surface of an agar plate, the strains grow as 
separate colonies and toxin diffuses out from a colony of producers, killing sensi-
tive neighbors (Kerr et al. 2002). The access to resources that would have otherwise 
been consumed by the sensitive cells, as well as the nutrients from the killed 
individuals, is made available to the producing colony owing to its proximity. 
Therefore, killers can increase in frequency even when initially rare.

Several modeling efforts have incorporated additional biological reality. Two 
such efforts introduced a third species, one that is resistant to the toxin but cannot 
itself produce the toxin (Nakamaru and Iwasa 2000). Resistance can be conferred 
through mutations in either the binding site or the translocation machinery required 
for a bacteriocin to enter the target cell. Acquisition of an immunity gene will also 
confer resistance to its cognate bacteriocin. It is assumed that there is a cost to resis-
tance and that this cost is less than the cost of toxin production borne by the killer 
strain (Riley and Wertz 2002). Owing to this third member, pair-wise interactions 
among the strains have the nontransitive structure of the childhood game of rock–
scissors–paper (Karolyi et al. 2005; Kerr et al. 2002). The producer strain beats the 
sensitive strain, owing to the toxin’s effects on the latter. The sensitive strain beats 
the resistant strain because only the latter suffers the cost of resistance. And the 
resistant strain wins against the producer because the latter bears the higher cost of 
toxin production and release while the former pays only the cost of resistance.

Kerr et al. (2002) investigated this colicin-mediated nontransitive interaction. 
Their study revealed that in environments where interactions and dispersal are not 
solely local, the resistant strain overtook the community during the course of the 
experiment. In contrast, in a structured environment, this game permits a quasi-
stable global equilibrium, one in which all three strains can persist with nearly 
constant global abundance (Laird and Schamp 2008; Neumann and Schuster 2007). 
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A third environment, mixed plate, which is intermediate between structured and 
unstructured, revealed that growth on a surface is not the key factor, as resistance 
overtook the other strains on this plate also. Additional complexity was incorpo-
rated by the addition of a second producing strain. In one such study, two producing 
strains were grown in competition in a static environment, on plates. In this study, 
each colicin was able to induce its counterpart’s production. The static plate experi-
ment showed that in a structured environment that allow only local interactions 
coexistence results in absolute spatial isolation of the two strains. These results 
support the prediction that balanced chasing in a spatially structured, nonhierarchical 
community may result in the maintenance of diversity.

Surveys of colicin production in natural populations suggest that natural popula-
tions of E. coli partially match the predictions of these ecological models: E. coli 
producer strains are found at frequencies ranging from 10 to 50% (Riley and 
Gordon 1992; Gordon and Riley 1999; Gordon and O’Brien 2006; Barnes et al. 
2007). Resistant strains are even more abundant, being found at frequencies of 
50–90%. In fact, most strains are resistant to all co-segregating colicins. Finally, 
there is a small population of sensitive cells. The simultaneous presence of both 
colicin-producing and -resistant strains raises an interesting paradox. How can we 
explain the persistence of colicin-producing strains when their putative targets are 
relatively rare? The models predict this distribution of phenotypes results from 
frequent horizontal transfer of resistance and the significant cost associated with 
colicin production (Barnes et al. 2007). In other words, if a strain can gain resistance 
and lose production, they will over time – just as was observed in E. coli isolated 
from field mouse population over a period of 3 months (Gordon et al. 1998).

Some of the most recent investigations into colicin ecology and evolution have 
examined how the presence of a colicin impacts levels and types of gene expres-
sion. The first such study (Vreizen et al. 2009) followed the population dynamics 
of a colicin-producing strain of E. coli exposed to serial transfer conditions, with 
no competitors, over 253 generations. To this end, an in vitro serial transfer 
experiment was conducted in which a colicinogenic strain and its nonproducing 
ancestor were evolved for 253 generations. As was previously observed in a similar 
experiment carried out in vitro, the strain evolved a reduction in killing activity and 
a corresponding increase in fitness, relative to the ancestral strain. This result is not 
surprising, given that colicin production is quite costly due to (1) the cost of replica-
tion and maintenance of the colicin plasmid (Feldgarden et al., 1995), (2) the cost 
of colicin production, and (3) the occurrence of autolysis of the producing cells 
(Braun et al. 1994). When colicins are produced in an environment with no com-
petitors, as is the case in this serial transfer experiment, it is reasonable to expect 
that the costs of colicin production will outweigh its benefits. We speculate that the 
lack of competitive interactions results in strong selection for a decrease or 
elimination of colicin production. In the in vitro study described above, molecular 
characterization of the evolved strains revealed no changes in the DNA sequence of 
the evolved colicin plasmids. However, a set of chromosomally encoded loci 
experienced changes in gene expression that were positively correlated with the 
reduction in killing. Further studies are required to more accurately identify 
the precise molecular changes that result in the observed reduction in killing. 
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Perhaps these future studies will also reveal why selection results in changes in gene 
expression, rather than simple elimination of the plasmid itself.

Experimental and theoretical work on the ecology of bacteriocin-mediated 
allelopathy highlights the importance of cell–cell interactions and spatial structure 
in mediating the outcome of competition. One recent study explored this hypothesis 
using two E. coli colicin producers (colicins E2 and E9), which are sometimes 
found together in the same host (Gordon et al. 1998). This study demonstrated that 
each colicin has the ability to induce its counterpart’s production (Fig. 2.2). Over 
50 years ago, it was found that colicin induction could be enhanced by the addition 
of mutagenic agents, such as mitomycin C and UV light (Herschman and Helinski 
1967). Induction by DNA damaging agents was later linked to the SOS motifs, 
conserved in all the promoter regions of colicins (Gillor et al. 2008). Interestingly, 
transcriptional response of an E. coli strain to damage induced by a DNA degrading 
colicin showed strong induction of the LexA-regulated SOS system (Walker et al. 
2004). These data suggest that the colicin mutual induction presented in this study 
results from the DNase toxins induction of the SOS response that in turns control 
colicin production.

The next step in these studies involved the introduction of two colicin-producing 
strains in a structured environment that allow only local interactions, such coexis-
tence results in absolute spatial isolation of the two strains. These results support 
the prediction that balanced chasing in a spatially structured, nonhierarchical 
community may result in the maintenance of diversity. This was tested in vivo using 
a murine model by allowed pairs of co-caged mice, each carrying a single enteric 
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Fig. 2.2 Mutual colicin induction. The proteins of isogenic strains carrying colicin E2 or E7 
plasmids and a colicin-free control strain were crudely extracted and used to induce reporter 
strains carrying ce2a and ce7a promoters (colicin E2 and E7 promoters) fused to Photorhabdus 
luminescence luxCDABE reporter operon. Colicin E2 crude protein extract was used to induce 
pDEW-E7 reporter vector (A; filled circle), while colicin E7 extract was used to induce pDEW-E2 
reporter vector (B; filled triangle); the colicin-free strain was tested with the pDEW-E7 (C; open 
circle), and pDEW-E2 (D; open triangle) reporter vectors
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strain producing one of the tested colicins, to interact freely and monitored their 
colon enteric residents for almost 4 months. Unlike previous reports in which colicin 
producers, nonproducers, and resistant strains competitively replaced one another 
(Kirkup and Riley 2004); in the current setting, no such invasion was observed. 
Throughout the experiment, the colicin-producing strains persisted, each in its 
host’s colon, excluding the invasion of the competing producer population. Finally, 
in an attempt to generalize these observations, simulations were undertaken with 
competing bacteriocin-producing populations assuming mutual induction. The 
mathematical model further supported the empirical results, demonstrating that 
spatially distributed, cross-inducing producer populations can mutually exclude 
one another and thus maintain a steady-state coexistence (Fig. 2.3).
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Such studies suggest that cross-induction in structured environments controls 
the invasion of susceptible bacteriocin producers as the established community acts 
to increase the local concentration of the toxin to a lethal dose in order to prevent 
invasion. The outcome of such an interaction pattern on the relative cost and benefit 
of investment in allelopathy has strong implications on an evolutionary scale. It has 
been shown that when toxin producers are locally scarce, they are unable to generate 
sufficient toxins to compensate for the cost of production (Chao and Levin 1981; 
Gardner et al. 2004). In contrast, if toxin producers are induced by their competi-
tors/invaders, then bacteriocin production confers a fitness advantage, as the gain 
from a given investment in killing is maximized, being directed against an evident 
adversary. This will favor the regulation of bacteriocin that is readily susceptible to 
induction by a competing toxin producer, which should, in turn, become wide-
spread, and thereby maintain and even enhance bacteriocin diversity.

The Colicin Mouse Model

A variety of mouse models have been employed to provide a more realistic evaluation 
of the role of bacteriocins in mediating bacterial strain dynamics. Although none of 
these models are able to control precisely the bacterial communities in mice or 
measure the impact of host responses, they do provide a clear indication of popula-
tion dynamics of strains that have differing abilities to produce or resist colicins. 
One of the very first such studies demonstrated that bacteriocin production 
improves the establishment success of the producing strains in the mouse colon 
(McCormick et al. 1989). In this case, a pair of E. coli strains, isogenic save for the 
production of microcin V, were introduced into the large intestine of streptomycin-
treated mice. When the two strains were fed together, the microcin-deficient strain 
was eliminated from the large intestine.

Additional realism was incorporated into such studies with the introduction of 
the same three strains employed by Kerr et al. (2002) (producer, sensitive, and 
resistant), which were monitored after introduction into a mouse colon (Kirkup and 
Riley 2004). These experiments revealed exactly the same nontransitive interac-
tions described in the in vitro studies of Kerr et al. (2002). When a mouse harbored 
a sensitive strain, an introduced colicin-producing strain was able to invade. When 
a colicin-producing strain was resident, an introduced R strain was able to invade. 
In both experimental systems, the nontransitive nature of colicin-mediated 
dynamics was further revealed (Kirkup and Riley 2004).

Further mouse-based studies of colicin ecology focused solely on the colicin-
producing strains (Majeed et al., 2011). One such study monitored the evolution of 
killing phenotype of a colicin-producing strain maintained in a mouse colon. Prior 
to introduction of the colicin-producing strains in the mice, the native Gram-
negative bacterial community was eliminated with antibiotic application. Thus, 
there was a little or no competition with close relatives in this experimental 
design. The producing strains evolved significantly reduced killing activity over the 
4 months of sampling.
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More recent studies employed the same mouse model and incorporated additional 
colicin diversity into the experimental design (Gillor et al. 2009). Mice were inocu-
lated with a single enteric strain producing one colicin. The mice were then paired 
in cages and allowed to interact freely, while their colon-based enteric residents 
were monitored for almost 4 months. Unlike previous reports in which colicin 
producers, nonproducers, and resistant strains competitively replaced one another 
(Kirkup and Riley 2004), in the current setting, no such invasion was observed 
(Fig. 2.4). Throughout the experiment, the colicin-producing strains persisted, each 
in its host’s colon, excluding the invasion of the competing producer population.

These results may be subject to spatial dispersal; it has been previously suggested 
that limited dispersal favors toxin producers, while high dispersal, although still 
beneficial to toxin producers, is nevertheless insufficient to compensate for the cost 
of carrying toxin-encoding agents (Cascales et al. 2007; Wloch-Salamon et al. 2008; 
Inglis et al. 2009). Enterobactereaceae adhere to the colon epithelial cells, forming a 
stable biofilm (Everett et al. 2004), in other words, a structured environment in which 
cell–cell interactions are localized. Thus, in an unstructured environment at high 
dispersal, the interactions between bacteriocin producers may increase, and due to 
mutual induction, lead to elevated toxin production and release. As colicin production 
is costly and release is lethal to the producing cell, the competitive advantage of the 
producer’s population will consequently be reduced. However, in a structured environ-
ment at low dispersal, competitive interaction will be localized and only a small 
percentage of the producer’s population will be induced to fend off invading cells.
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In this final in vivo study, the competitive interactions between two populations 
of colicin producers in the mouse colon were resolved in mutual exclusion. This 
result suggests that the established biofilm of each of the producing cells could 
successfully prevent the invasion of cells producing a different colicin, both 
competing in a structured environment at low dispersal. It is assumed that the inter-
action between the populations was localized such that only a small part of the 
established population was induced by the invaders, just enough to prevent their 
advance. The mathematical model demonstrating mutual exclusion to be a robust 
result when bacteriocin producers interact locally, cross-inducing one another, 
further supported this observation.

These experimental and theoretical studies of the ecology of bacteriocin-
mediated allelopathy highlight the importance of cell–cell interactions and spatial 
structure in mediating the outcome of competition. The data suggest that cross-
induction in structured environments controls the invasion of susceptible bacteriocin 
producers as the established community acts to increase the local concentration of 
the toxin to a lethal dose in order to prevent invasion. The outcome of such an 
interaction pattern on the relative cost and benefit of investment in allelopathy has 
strong implications on an evolutionary scale. It has been shown that when toxin 
producers are locally scarce, they are unable to generate sufficient toxins to 
compensate for the cost of production (Chao and Levin 1981; Gardner et al. 2004). 
In contrast, if toxin producers are induced by their competitors/invaders, then 
bacteriocin production confers a fitness advantage, as the gain from a given investment 
in killing is maximized, being directed against an evident adversary. This will favor 
the regulation of bacteriocin that is readily susceptible to induction by a competing 
toxin producer, which should, in turn, become widespread, and thereby maintain 
and even enhance bacteriocin diversity.

Conclusions

There has been a virtual explosion in studies of the probiotic and antibiotic use of 
bacteriocins (Breukink and de Kruijff 1999; Audisio et al. 2005; Hillman et al. 
2000; Aroutcheva et al. 2001; Avonts and De Vuyst 2001; Brashears et al. 2003; 
Gillor et al. 2004; Joerger 2003; Aslim and Kilic 2006; Corr et al. 2007; 
Diez-Gonzalez 2007; Falagas et al. 2007). As the potential health benefits of bac-
teriocins are being realized, it is critical to maintain a strong link between the ecological 
and applied studies. We learned far too late the cost (in terms of human morbidity 
and mortality) of our overuse and misuse of classical antibiotics. This failure to under-
stand how we were creating ideal conditions for the rapid evolution and spread of 
antibiotic resistance has, unfortunately, resulted in one of the most significant 
human health challenges, the rise of human pathogens able to resist many of our 
most powerful antibiotic drugs. We are in a far better position to employ our growing 
understanding of bacteriocin ecology to develop sound and resilient methods with 
which to apply the power of bacteriocins for humans needs. As this review clearly 
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illustrates, the studies of bacteriocin ecology and evolution have kept pace with, 
and in some cases advanced far beyond, our more limited forays into their medical 
applications. Clearly, we have far to go in developing a generalized model of 
bacteriocin ecology. With each new finding, we learn how complex are the roles 
these toxins serve in bacterial populations and communities. Even more challenging, 
it is almost certainly the case that such roles will differ for different species and 
even for the same species experiencing different environmental pressures.
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Abstract Bacteriocins are ribosomally synthesised antimicrobial peptides produced 
by bacteria, including many Gram-positive species. The classification of bacte-
riocins from Gram-positive bacteria is complicated by their heterogeneity and  
thus, as the number of Gram-positive bacteriocins identified has continued to 
increase, classification schemes have had to continuously evolve. Here, we review 
the various classification approaches, both historical and current, their underlying 
scientific basis and their relative merit, and suggest a rational scheme given the 
state of the art.

Introduction

Bacteriocins are ribosomally synthesised antimicrobial peptides produced by one 
bacterium that are active against other bacteria. It has been hypothesised that all 
bacteria produce at least one bacteriocin, and it is merely the lack of suitable 
expression and detection systems to detect the antimicrobial activity which prevents 
its detection (Tagg et al. 1976). While this may not be strictly true, it is apparent 
that bacteriocin producers are widespread in nature. Their frequent presence is 
probably a reflection of their importance in providing competitive advantages in 
complex microbial niches (O’Shea et al. 2009). Indeed, it has been suggested that 
many strains only produce bacteriocins in nutritionally deprived, overcrowded 
environments (Riley and Wertz 2002). The term “bacteriocine” was first coined 
more than 50 years ago to describe the prototype Gram-negative bacteriocin, 
colicin (Jacob et al. 1953). However, the first reference to bacteriocin-mediated 
inhibition dates from over 130 years ago when Pasteur and Joubert (1877) reported 
the inhibition of Bacillus anthracis by bacteria isolated from urine samples.  
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In 1976, Tagg et al. defined bacteriocins as proteinaceous compounds that kill 
closely related bacteria, but it is now recognised that bacteriocins can also have 
activity across genera (broad spectrum). Indeed, the antimicrobial sensitivity of a 
target strain to any given bacteriocin may depend on the ecological conditions 
under which it is grown as variations in salt concentration, pH, the presence of 
membrane disrupting molecules or inducing cultures, and a large number of other 
environmental parameters can have a significant impact (Ganzle et al. 1999; 
 Rojo-Bezares et al. 2007).

With the continuing discovery and characterisation of new bacteriocins, including 
many produced by Gram-positive bacteria, it has become apparent that these are a 
very heterogeneous group of compounds. Early criteria employed to define Gram-
positive bacteriocins evolved from approaches employed to define colicins and 
were originally outlined by Tagg et al. (1976) which are given as follows:  
(1) a narrow spectrum of inhibitory activity against closely related species, 
(2) the presence of an essential, biologically active protein moiety, (3) a mode of 
action that is bactericidal in nature, (4) attachment to specific cell receptors, (5) 
genetic determinants for production are plasmid borne and (6) production leads to 
the death of the producing cell. However, due to the increased understanding of the 
biosynthesis, structure and mode of action of bacteriocins, it is now generally 
accepted that these criteria no longer accurately describe the myriad of bacteriocins 
produced by Gram-positive bacteria as many have a broad spectrum of inhibition, 
are not always plasmid encoded and contain self-protective immunity proteins. 
We would suggest the following criterion is a more accurate description of the 
modern usage of the term “bacteriocin”: modified or unmodified peptide antimicro-
bials produced by bacteria which are protected by a dedicated immunity system.

Classification Schemes

With respect to bacteriocins produced by Gram-positive bacteria, those produced 
by lactic acid bacteria (LAB), including the genera Lactococcus, Lactobacillus, 
Leuconostoc, Enterococcus, Pediococcus, Carnobacterium and some members of 
the genus Streptococcus, have been the focus of particular attention. This is primarily 
due to the fact that the food grade nature of many of these producers means that 
their associated peptides can potentially be employed in a variety of different ways, 
including food preservation, food safety and in human and veterinary medicine 
(Cotter et al. 2005; Piper et al. 2009). The Lactococcus lactis produced Nisin A is 
the most extensively characterised of all bacteriocins, and the significant interest in 
bacteriocin-related research can largely be traced to the successful development of 
nisin from the initial observation of inhibitory activity by a strain of L. lactis against 
Lactobacillus bulgaricus (Rogers and Whittier 1928), through to its regulatory 
approval as a bio-protective agent for food (Delves-Broughton 2005). Due to the 
extensive focus on LAB bacteriocins, a number of classification schemes have 
been suggested which are largely applicable to other Gram-positive bacteriocins. 



313 Classification of Bacteriocins from Gram-Positive Bacteria

Early attempts to classify LAB bacteriocins involved placing individual bacteriocins 
into one of eight groups based on their heat resistance, host range, trypsin sensitiv-
ity and the degree of cross-reactivity between various bacteriocin and host combi-
nations (Geis et al. 1983; Kozak et al. 1978). This approach was superseded by that 
developed by Klaenhammer (1993), who grouped bacteriocins into four distinct 
classes with further subclasses. These groupings have formed the basis of all sub-
sequent classification schemes for bacteriocins of Gram-positive bacteria (Table 3.1). 
Klaenhammer suggested four classes of bacteriocins as follows:

Class I or lantibiotics: defined as small membrane-active peptides (<5 kDa) •	
containing the unusual amino acids lanthionine or b-methyl lanthionine (hence 
the name lantibiotics) and dehydrated residues. Nisin is the most characterised 
of the Class I bacteriocins.
Class II: defined as small heat-stable non-lanthionine containing membrane-•	
active peptides characterised by the presence of a Gly-Gly processing site in the 
bacteriocin’s precursor, the presence of amphiphilic helices with varying amounts 
of hydrophobicity and moderate-to-high heat stability. These were further sub-
divided into three subgroups:

Subclass IIa:  – Listeria-active peptides with a consensus sequence in the 
N-terminal of –Tyr-Gly-Asn-Gly-Val-Xaa-Cys-
Subclass IIb: Poration complexes consisting of two proteinaceous peptides  –
for activity
Subclass IIc: Thiol-activated peptides requiring reduced cysteine residues for  –
activity

Class III: Large heat-labile proteins, often with enzymatic activity.•	
Class IV: Complex proteins composed of one or more chemical moieties, either •	
lipid or carbohydrate.

All subsequent classification schemes accept the first two major classes of LAB/
Gram-positive bacteriocins, the Class I lanthionine and Class II non-lanthionine 
containing peptides (Cotter et al. 2005; Diep and Nes 2002; Heng et al. 2007; 
Klaenhammer 1993; Pag and Sahl 2002; Willey and van der Donk 2007), and most 
also agree that since Class IV remains unpopulated to date, it can be omitted from 
more recent schema.

With respect to the Class I peptides, it is important to emphasise that the presence 
of lanthionine residues in a peptide does not automatically make it a lantibiotic, since 
not all such peptides necessarily possess antimicrobial activity (Jack et al. 1995). 

Table 3.1 Original classification scheme of Klaenhammer (1993)

Group Description Distinctive features

Class I Post-translationally  
modified bacteriocins

Contain the unusual amino acids lanthionine, b-methyl 
lanthionine and dehydrated residues

Class II Unmodified peptides Small (<10 kDa) heat-stable membrane-active peptides
Class III Unmodified proteins Large (>30 kDa) heat-labile proteins
Class IV Complex proteins Contain lipid or carbohydrate moieties
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For example, SapB, AMfs and SapT secreted by Streptomyces coelicolor, 
Streptomyces griseus and Streptomyces tendae, respectively, are lanthionine con-
taining peptides which play an important role in aerial mycelium formation in 
Streptomyces without any known antimicrobial activity (Kodani et al. 2004; Kodani 
et al. 2005; Ueda et al. 2002). It was also suggested that the Class II bacteriocins 
could also be divided on the basis of particular chemical groups, such as thiolbiotics 
(having an active –SH group) or cystibiotics (with a cysteine residue). However, 
this suggestion has not been widely adopted.

Diep and Nes (2002) broadly retained the classification scheme of Klaenhammer 
(1993), with the exception of the aforementioned exclusion of class IV (Diep and 
Nes 2002). The scheme proposed by Pag and Sahl (2002) dealt with lantibiotics 
only and this scheme was further modified by Willey and van der Donk (2007). 
Cotter et al. (2005) suggested that there are only two classes of Gram-positive bac-
teriocins: the Class I lantibiotics (further subdivided on the basis of the sequences 
of the unmodified pre-peptide) and Class II peptides which can be subdivided into 
four subclasses (IIa, pediocin-like; IIb, two-peptide; IIc, cyclic; and IId, non-pediocin 
unmodified peptides). This scheme reclassified the Class III bacteriocins as bacte-
riolysins, since they are lytic enzymes rather than peptides and as such should not 
be classified as bacteriocins. Heng et al. (2007) agreed broadly with this scheme but 
suggested a further modification in that cyclic bacteriocins which should be moved 
to a new Class IV and they also favoured the retention of Class III containing the 
large proteins such as the lysins. Class II bacteriocins have more recently been 
further subgrouped on the basis of their amino acid sequences (Martin-Visscher 
et al. 2009; Nissen-Meyer et al. 2009). Similarly, enterococcal bacteriocins have 
also been classified on the basis of homology of their amino acid sequences (Franz 
et al. 2007).

These various schemes are expanded on, and updated, below.

Class I: Post-translationally Modified Bacteriocins

Traditionally, the post-translationally modified bacteriocin group has only con-
tained the lantibiotics. However, as outlined below, the identification of a number 
of additional post-translationally modified bacteriocins has confused this issue. 
As a consequence, we propose that Class I be further divided into Class Ia (the 
lantibiotics), Ib (the labyrinthopeptins) and Ic (the sactibiotics). These are each 
expanded upon below.

Class Ia (Lantibiotics)

The term lantibiotic, derived from lanthionine containing antibiotics, is generally 
applied to small peptides (<5 kDa; 19–28 amino acids in length) which undergo 
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extensive post-translational modification and contain the eponymous unusual 
amino acids lanthionine (Lan) and/or b-methyllanthionine (meLan) as well as other 
unusual amino acids, most frequently but not only dehydroalanine (Dha) and dehy-
drobutyrine (Dhb). A number of classification schemes for subdividing the lantibi-
otics have been suggested over the last ~20 years which reflect the complexity of 
the structure and function of these peptides (Table 3.2). Lantibiotics have been clas-
sified by structure into Type A or Type B (Jung 1991), by the amino acid sequence 
of the unmodified pre-peptide (Cotter et al. 2005), by the enzymes utilised for 
modification and secretion of the active peptide (Pag and Sahl 2002; Willey and van 
der Donk 2007) and by whether they require a single or two peptides for optimal 
activity (Heng et al. 2007).

In 1991, two categories of lantibiotics were suggested, linear or globular using 
the limited number of structures available (Fig. 3.1). The linear or Type A lantibiot-
ics included nisin, subtilin, Pep5 and epidermin and were grouped on the basis of 
being elongated, amphiphilic, screw shaped, cationic lantibiotics (up to 34 amino 
acid residues long) which are similar in the arrangement of their (me) Lan bridges. 
These were thought to share a similar mode of action with cell death resulting from 
the formation of pores resulting in the dissipation of membrane potential and the 
efflux of small molecules from the target cell. In contrast, globular lantibiotics 
included mercsacidin, cinnamycin, mutacin II and lacticin 481 were grouped due to 
having more compact structures (up to 19 residues in length) and were at first 
defined as lantibiotics whose mode of action was mediated through enzyme inhibi-
tion of cell wall biosynthesis (Jung 1991). However, owing to a much improved 
understanding of the mode of action of lantibiotics, this division based on functional 

Table 3.2 Classification schemes previously proposed for the lantibiotics

Scheme Subclass

Jung (1991) Type A Type B
Elongated, screw-shaped 
amphiphilic membrane acting 
cationic peptides

Globular, short peptides active 
through cell wall enzyme 
inhibition

Klaenhammer (1993) No subclassification

Piper et al. (2009) and 
Cotter et al. (2005)

Twelve subclasses separated on the basis of structural propeptide 
sequence similarities (see also Table 3.3)

Willey and van der  
Donk (2007) and  
Pag and Sahl (2002)

Class I Class II Class III
Modification  
– LanB/C
Export – LanT
Leader cleavage – LanP

Modification  
– LanM
Export/cleavage  
– LanT

No significant 
antimicrobial activity 
includes SapB, AmfS 
and SapT

Heng et al. (2007) Type A Type B Type C
Linear structure Globular structure Two component
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attributes has become blurred. This is illustrated by the fact that nisin, in addition 
to being a pore former and therefore a Type A on that basis, also inhibits peptido-
glycan synthesis in Gram-positive target cells by binding to the peptidoglycan 
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precursor lipid II and thus can also be classified as Type B (Breukink et al. 1999). 
It has also been revealed that Type A epidermin is not capable of pore formation in 
some target cells and in those circumstances its activity is a reflection of its ability 
to inhibit cell wall formation only, a Type B activity (Bonelli et al. 2006). The 
“Jung” classification scheme also pre-dated the identification of two peptide lan-
tibiotics such as lacticin 3147, which are active as a consequence of the synergistic 
activity of both component peptides, Ltn-a and Ltn-b. Investigations to date have 
revealed that Ltn-a first targets lipid II in the cytoplasmic membrane forming a 
lipid II–Ltn-a complex which then recruits the Ltn-b to form a three-component 
complex which has the dual function of inhibiting both cell wall biosynthesis and 
causing subsequent pore formation (Morgan et al. 2005; Wiedemann et al. 2006). 
Thus, it could be argued that lacticin 3147 is composed of both Type A and Type B 
peptides. A similar mode of action is proposed for a number of other related two-
peptide lantibiotics (Lawton et al. 2007; Oman and van der Donk 2009).

Given that the distinction between Type A and Type B bacteriocins has become 
blurred, this approach to classification has been superseded by schemes based on 
the nature of the modification enzymes employed or on the sequence of the ribo-
somally synthesised inactive peptides prior to modification. Pag and Sahl (2002) 
suggested two schemes for subdividing lantibiotics into groups based on (1) their 
primary structures and bridging patterns (creating groups represented by the proto-
typical lantibiotics nisin, epidermin, pep5, lacticin 481, mersacidin and cinnamycin) 
or (2) their biosynthetic and export machinery (leader peptide of either FNLD or 
GG type; modification enzymes of the LanB, LanC or LanM type, and whether 
export and processing required LanP, LanT or LanT(P) proteins). This latter 
approach was further developed by Willey and van der Donk (2007) who suggested 
three subdivisions based on the pathway by which maturation of the peptide occurs 
and also on the presence or absence of antibiotic activity (Table 3.2), as follows:

Subclass I: Linear peptides, the best characterised member being nisin, whose •	
pre-peptides are modified by two distinct enzymes LanB and LanC which dehy-
drate the Thr and Ser residues and mediates cyclisation, respectively. They have 
a dedicated ABC transporter (LanT). LanP, subtilisin-like sereine proteinases, 
cleave the leader peptides.
Subclass II: Often with a more globular structure than the Subclass I lantibiotics, •	
these peptides are modified by large LanM proteins (900–1,000 residues) – 
modification enzymes which exhibit both dehydratase and cyclase activity. In 
addition, a single multifunctional protein with a conserved N-terminal cysteine 
protease domain, also designated LanT, has a dual function of secretion and pro-
cessing. Included in this class are lactocin S and the two-component lantibiotics 
such as lacticin 3147. Such is the homology between the genes encoding these 
modification enzymes, it has been possible to perform rational genome mining 
for LanM proteins to screen for novel lantibiotic producers (Begley et al. 2009).
Subclass III: This class of lantibiotic-like peptides, grouped on the basis of •	
related modification enzymes, is unusual in that the peptides have no associated 
antimicrobial ability (and as such would not fulfil the definition of lantibiotic 
suggested earlier in this review). Three have been described to date, namely 
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SapB, AmfS and SapT, which function in aerial mycelium production in 
Streptomyces (Kodani et al. 2004; Kodani et al. 2005; Ueda et al. 2002). The 
proposed modification enzymes for SapB and AmfS bear homology to the 
C-terminal domain of the LanM enzymes while lacking the zinc ligands which 
are important for LanM-catalysed cyclisation.
Subclass IV: This class of lantibiotics was recently described by Goto et al. in •	
2010 and is grouped on the basis of an association with yet another novel class 
of lanthionine synthetases, designated LanL. Investigations with a LanL, encoded 
within the genome of a Streptomyces venezuelae strain, revealed that the enzyme 
generates dehydroamino acids via phosphorylation of Ser/Thr residues by a 
protein kinase domain and the subsequent elimination of a phosphate by a Ser/
Thr lyase domain. LanLs also contain a C-terminal LanC-like cyclisation 
domain. The fact that the associated modified peptide also lacks antimicrobial 
activity leads to the coining of the term “lantipeptides” to describe “compounds 
that by structure and biosynthetic strategy are clearly related to lantibiotics but 
that are not known to possess antimicrobial activity” (Goto et al. 2010).

It is also possible to further subdivide lantibiotics (i.e. those with antimicrobial 
activity) into 12 subclasses on the basis of the sequences of the unmodified forms 
of the associated propeptides. This approach was first employed for LAB lantibio-
tics by Twomey et al. (2002) and has since been expanded to include all Gram-
positive lantibiotics (Cotter et al. 2005; Piper et al. 2009). The 12 subclasses of 
lantibiotics based on their amino acid sequence, updated from Piper et al. (2009) to 
include lichenicidin (Begley et al. 2009) and clausin (Bressolier et al. 2007), are 
outlined in Table 3.3. In addition, microbisporicin, a potent lantibiotic active 
against multiresistant pathogens, has been described by Castiglione et al. (2008). 
The two associated peptides are, on the basis of structural analysis, obviously 
representative of a new lantibiotic subfamily. However, they have been excluded 
from the current classification system until such time as the corresponding struc-
tural and modification gene(s) have been published (Castiglione et al. 2008).

Class Ib (Labyrinthopeptins)

More recently, a new class of post-translationally modified peptides, designated 
the labyrinthopeptins (Meindl et al. 2010), has been identified. The newly identified 
labyrinthopeptins, so named as a consequence of their “labyrinthine” structure, 
are distinguished by the presence of labionin, a previously unidentified carba-
cyclic, post-translationally modified amino acid. Two labionins are located in 
Actinomadura namibiensis DSM 6313-produced labyrinthopeptins A2 and A1 
(as well as the A1 derivative, A3) and are derived from Ser-Xxx-Xxx-Ser-Xxx-
Xxx-Xxx-Cys motifs in the corresponding propeptides. These modifications are 
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thought to be catalysed by LabKC, a bifunctional protein with an N-terminal 
serine/threonine kinase function and a C-terminal lanthionine cyclase function. 
In addition to being significant as a consequence of containing these unusual struc-
tures, the labyrinthopeptins are also noteworthy by virtue of their being active 
against the herpes simplex virus and exhibiting potential as agents for the treatment 
of neuropathic pain.

Class Ic (Sactibiotics)

During the early years of the last decade, the elucidation of the structure of sub-
tilosin A created an interesting conundrum. Subtilosin A, produced by Bacillus 
subtilus, is a cyclic peptide but differs significantly from all other circular bacteriocins 
(subclass IId) in that it is considerably smaller in size and is extensively post-
translationally modified, with cross-linkages formed between the sulphurs of three 
cysteine residues and the a-carbon of two phenylalanines and one threonine 
(Kawulka et al. 2003; Marx et al. 2001). Initially, the existence of this unusual 
peptide was not normally taken into consideration when developing new classification 
schemes, although Martin-Visscher et al. (2009) proposed that subtilosin A should 
be put in a class of its own. The recent identification of another Gram-positive 
bacteriocin, the two-peptide thuricin CD, which also contains cysteine to a-carbon 
bridges (Rea et al. 2010) means that this emerging group of bacteriocins can no 
longer be omitted from classification schemes. Thuricin CD is a two-peptide bac-
teriocin (Trna and Trnb) produced by Bacillus thuringiensis 6431 which is active 
against Clostridium difficile. It shows some similarity to subtilosin A by virtue of the 
size of the respective peptides and the existence of intramolecular cross-linkages 
between three cysteines in each peptide and the a-carbons of Ser

21
, Thr

25
 and Thr

28
 

in Trn-a and Thr
21

, Ala
25

 and Tyr
28

 in trn-b, respectively. Although the Trn-a and 
Trn-b peptides share a degree of homology (57% sequence similarity and 47.4% 
identity) with one another, they do not share any significant degree of homology 
with subtilosin A (Table 3.4). Genetic sequencing of the thuricin operon identified 
two complete and overlapping ORFs designated trnC (1,521 bp) and trnD 
(1,245 bp), ten nucleotides downstream of the structural genes (Rea et al. 2010). 
Homology searches revealed that TrnC and TrnD belong to the radical 
S-adenosylmethionine (SAM or AdoMet) superfamily of proteins. These enzymes 
generally generate catalytic radicals via the reductive cleavage of AdoMet by 

Table 3.4 Alignment of sactibiotics (Class Ic)
P E P T ID E
T rn-a G W N A C V I G C I G S C V I S E G I G S L V G T A F T L G
T rn-b G W V A C V G A C G T V C L A S G G V G T E F A A A S Y F L
S ubtilos in  A N K G C A T C S I G A A C L V D G P I P D F E I A G A T G L F G L W G

A M IN O  A C ID  S E Q U E N C E

Amino acid residues conserved through Trn-a and Trn-b are shaded in black. Amino acid residues 
conserved between thuricin peptides and subtilosin A are shaded in grey
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combining SAM and an unusual iron sulphur cluster [4Fe–4S] (Fontecave et al. 
2004). A conserved single hallmark signature motif (C–X

3
–C–X

2
–C) that coordi-

nates the [4Fe–4S] cluster was identified within the N-termini of both putative 
enzymes. TrnC exhibited sequence similarity to conserved domains of the Fe–S 
oxidoreductase arylsulfatase regulatory proteins (AslB) and TrnD had sequences 
similar to the MoaA family of molybdenum co-factor enzymes. Radical SAM 
enzymes rarely occur in bacteriocin gene clusters, but are included in those of 
subtilosin A and propioicin F (Brede et al. 2004; Zheng et al. 2000). Sequence 
alignments indicated that AlbA of subtilosin A exhibits only 19 and 17% identity 
to TrnC and TrnD, respectively, although AlbA exhibits some features of each 
individual thuricin CD proteins. As a consequence of the nature of the linkages 
that are found in both subtilosin A and thuricin CD, we propose that bacteriocins 
containing these structures be known as sactibiotics (sulphur to a carbon 
linkage-containing antibiotics).

Class II: Unmodified Bacteriocins

The Class II group of bacteriocins are a heterogenous group of peptides (<10 kDa) 
consisting of standard amino acid residues (which may be linked by disulphide 
bridges or cyclised at the N and C terminus). These were subdivided into three 
classes by Klaenhammer (1993); IIa pediocin-like, IIb two-component and IIc 
thiol-activated. Others have suggested alternative groupings but all classifications 
have identified two major classes, namely, the Class IIa “pediocin-like” or Listeria-
active, and the Class IIb two-peptide bacteriocins. A more recent approach has been 
to change the third subclass, IIc, such that it now contains all other class II bacterio-
cins (Drider et al. 2006; Eijsink et al. 2002; Nes et al. 1996) while Cotter et al. 
(2005), in an effort to introduce more order into the classification scheme, have 
suggested four subdivisions; retaining the IIa and IIb subclasses while introducing 
two new subdivisions. These would be the Class IIc (cyclic bacteriocins) and Class 
IId (non-pediocin single linear peptides). Nissen-Meyer et al. (2009) retain this 
classification scheme in their review of the structure–function relationships of Class 
II bacteriocins.

Class IIa (Pediocin-Like Bacteriocins)

Pediocin-like bacteriocins are produced by a wide range of Gram-positive bacteria. 
In recent years, they have been recognised as having potential as natural food 
preservatives and in possible biomedical applications through their inhibition of 
spoilage/pathogenic bacteria such as Listeria monocytogenes and Staphylococcus 
aureus and spore forming bacteria such as Bacillus cereus and Clostridium perfrin-
gens (Drider et al. 2006). These potential applications and the fact that they are 
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often produced by food grade organisms have resulted in a resurgence of interest in 
these peptides. There are now 28 different bacteriocins in Class IIa (Nissen-Meyer 
et al. 2009). One characteristic that unites all members is their narrow spectrum of 
activity and their high potency against L. monocytogenes. They range in size from 
55 amino acids for acidocin A (Tahara et al. 1996) to 37 amino acids in the case of 
sakacin G (Simon et al. 2002), and share a conserved N-terminal region containing 
the amino acids Y-G-N-G-V-X

1
-C-X

2
-K/N-X

3
-X

4
-C (where X is any amino acid). 

This hydrophilic, cationic sequence is sometimes referred to as the “pediocin box.” 
The N-terminal region of all pediocin-like bacteriocins identified to date contains 
two cysteines joined by a disulphide bond with X

1–4
 representing polar uncharged 

or charged residues (Papagianni and Anastasiadou 2009). They are otherwise 
unmodified except for the cleavage of the leader peptide from its precursor which 
frequently occurs at a specific Gly-Gly processing site and is preformed in conjunc-
tion with export from the cell by a dedicated ABC transporter and its accessory 
protein (Ennahar et al. 2000). The hydrophobic and/or amphiphilic C-terminal 
region is less conserved, and the use of sequence alignments of the mature peptides 
as the basis for further division of class IIa bacteriocins into four subgroups has 
been proposed by Nissen-Meyer et al. (2009) as outlined in Table 3.5. There is a 
flexible hinge at the conserved Asp17 in peptides of subgroup 1 and also at Asn17/
Asp17 in peptides of subgroups 2, 3 and 4. It is proposed that the conserved region 
within the pediocin box is responsible for the non-specific binding to the cell sur-
face while the less conserved region of C-terminal domains have been shown to 
determine target specificity (Johnsen et al. 2005). To date, the three-dimensional 
(3D) structure of four Class IIa bacteriocins has been determined using nuclear 
magnetic resonance (NMR); including carnobacteriocin B2 (Sprules et al. 2004), 
curvacin A (Haugen et al. 2005), leucocin A (Fregeau Gallagher et al. 1997) and 
sakacin P (and a sakacin P variant) (Uteng et al. 2003). It has been shown that the 
pediocin-like bacteriocins do indeed consist of two domains which are separated by 
a flexible hinge, and variation in the 3D structure is suggested as a basis for the 
differences in specificity between these bacteriocins. The three class IIa bacterio-
cins with a second disulphide bridge (pediocin PA-1, enterocin A and sakacin G) 
have been shown to display increased antimicrobial potencies at high temperatures 
and broader inhibition spectra of activity than their one disulphide bridge contain-
ing counterparts (sakacin P and curvacin A) (Eijsink et al. 1998; Fimland et al. 
2000). The maintenance of antimicrobial potency at elevated temperatures has been 
investigated in greater depth. It was noted that at higher temperatures peptides with 
a single disulphide bond, such as sakacin P or enterocin P, experience partial dis-
ruption of the helical structure, whereas those with a second disulphide bond at the 
C-terminal like PA-1 retain their tertiary structure (Kaur et al. 2004). This study 
also established that the retention of the a-helix in the C-terminal region is critical 
for activity. This activity is mediated by the induction of membrane permeability of 
the target cell membrane, probably by the formation of ion selective pores causing 
dissipation of the proton motive force and depletion of intracellular ATP (Chikindas 
et al. 1993; Drider et al. 2006; Herranz et al. 2001a, b).
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Class IIb: Two-Peptide Unmodified Bacteriocins

There are currently 16 two-peptide unmodified bacteriocins (Nissen-Meyer et al. 
2009). These are primarily of LAB origin, but this subclass also contains the anti-
botulinum bacteriocin brochochin-C produced by Brochothrix campestris. The 
number of amino acid residues within these peptides varies from <40 amino acid 
residues, for example, plantaricin S and lactococcin G with 26/24 and 39/35 resi-
dues in its two peptides, respectively (Jimenez-Diaz et al. 1995; Nissen-Meyer 
et al. 1992), to larger peptides such as brochocin-C, sakacin T, gassericin T and 
lactacin F, in which case at least one of the peptides is >50 amino acid residues in 
length (Kawai et al. 2000; McCormick et al. 1998; Muriana and Klaenhammer 
1991; Vaughan et al. 2001). In all cases, the genes encoding the two bacteriocin 
components are found side-by-side on the same operon, while the gene encoding 
the corresponding immunity protein, which provides protection to both peptides, is 
immediately adjacent. The gene encoding the dedicated ABC transporter is also 
located within the same, or an adjacent, operon (Nes et al. 2002; Oppegard et al. 
2007). The bacteriocin peptides have little or no activity in isolation and need to 
physically interact to form an active complex (Oppegard et al. 2007). Mode of 
action studies with a number of class IIb bacteriocins has revealed that permeabili-
sation of the target cell membrane occurs on contact with the peptides, leading to 
an efflux of small molecules and ultimately cell death (Nissen-Meyer et al. 2009). 
While amino acid sequences and structures of the two-peptide bacteriocins vary, a 
common GxxxG-motive present on both peptides is conserved (Table 3.6). On rare 
occasions, some additional homology is observed, e.g. enterocin 1071A and lacto-
coccin Ga share 64% similarity, enterocin 1071B shares 61% similarity with 
lactococcin Gb and lactococcin Qb (Zendo et al. 2006) and enterocin L50 A and B 
share 72% similarity to each other (Criado et al. 2006; Garneau et al. 2002; Zendo 
et al. 2006). In general, peptides are only active with their complementary peptides 
from the same two-component complex, but enterocin 1071, lactococcin G and 
lactococcin Q are exceptional in that, as a consequence of the similarity between 
the various peptides, components from two different bacteriocins can function 
together without compromising the antimicrobial activity (Oppegard et al. 2007). 
To date, the three-dimensional structure of three unmodified two-component bacte-
riocins have been elucidated; plantaricin EF, plantaricin JF and lactococcin G 
(Fimland et al. 2008; Rogne et al. 2008; Rogne et al. 2009). In all three cases, the 
peptides were shown to form amphiphilic a-helixes when exposed to membrane-
mimicking environments. It had been demonstrated that in lactococcin G the 
 helix–helix interaction motif GxxxG is vital to its antimicrobial activity (Senes 
et al. 2004). Using plantaricin JK as a model, variants were produced whereby 
replacement of the Gly residues of the GxxxG motif with large residues caused loss 
of antimicrobial activity. As a result, it was proposed that the two peptides interact 
through their GxxxG motives and that replacement of the Gly residues interrupted 
this interaction (Rogne et al. 2009). It has been suggested that all three Class IIb 
bacteriocins for which the three-dimensional structures have been elucidated form 
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a membrane spanning helix–helix structure that may interact with a membrane 
bound receptor (Rogne et al. 2009) and thus these bacteriocins function in a manner 
similar to the single peptide Class IIa and Class IId bacteriocins. The availability of 
structure-related data may be of critical importance with respect to further classifi-
cation of these peptides. Following structural analysis of the brochocin C a- and 
b-peptides, it was proposed that they possess a b-sheet structure rather than a-helices 
(Garneau et al. 2003). In turn, Oppegard et al. (2007) suggested that since thermo-
philin 13 shares a high degree of sequence similarity with brochocin C, its compo-
nents may also have a b-sheet structure while the ABP-118 peptides have large 
hydrophobic segments with cysteine at both ends (Flynn et al. 2002) and are not 
likely to easily form amphililic a-helices. Therefore, the presence of two quite 
different structures among subclass IIb bacteriocins may in the future permit further 
structure-based subclassification.

Class IIc: Circular Bacteriocins

As with other bacteriocins, class IIc peptides are ribosomally synthesised and thus 
are distinct from enzymatically synthesised cyclic antimicrobial peptides such as 
gramicidin-S and mycosubtilin (Duitman et al. 1999; Maqueda et al. 2008; Mogi 
and Kita 2009). The class IIc precursor proteins undergo post-translational modifi-
cations resulting in the covalent linkage of their N- and C-termini to create a circu-
lar backbone. This subclass thus could arguably also include subtilosin A, but as a 
consequence of its associated structures, it has been positioned in a new class 
Ib category as noted above. NMR and X-ray diffraction approaches have been 
employed to elucidate the structure of two such peptides, carnocyclin A and AS-48, 
and has revealed the presence of regularly repeated a-helical motifs (Jimenez et al. 
2005; Kawulka et al. 2003; Martin-Visscher et al. 2009). These peptides are gener-
ally heat stable, show significant resistance to proteolytic digestion and have been 
shown to display antilisterial activity. They have been placed in class IIc by Cotter 
et al. (2005) while Kemperman et al. (2003) recommended that an additional class 
should be added to accommodate circular bacteriocins. Furthermore, Franz et al. 
(2007) placed the cyclic bacteriocins, enterocin AS-48 and AS-48RJ, into a dis-
tinct, separate class when classifying enterococcal bacteriocins (Cotter et al. 2005; 
Franz et al. 2007; Kemperman et al. 2003) while Maqueda et al. (2008) and Heng 
et al. (2007) propose that the circular bacteriocins should be moved to a separate 
class IV (Heng et al. 2007; Maqueda et al. 2008). To date, eight cyclic bacteriocins 
have been characterised excluding subtilosin A and thuricin CD (Table 3.7). Six are 
LAB associated (Gassericin A, Reutericin 6, Enterocin AS-48, Enterocin 4, 
Carnocyclin A and Lactocyclicin Q) while two are non-LAB bacteriocins (cirularin 
A and butyrivibriocin AR10 produced by Clostridium beijerinckii and Butryrivibrio 
fibrisolvens, respectively). They have been subdivided into two subgroups on the 
basis of amino acid sequence identity (Cotter et al. 2005; Martin-Visscher et al. 2009). 
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Cotter et al. (2005) proposed two divisions of the class IIc bacteriocins, namely, 
class IIc(i) containing enterocin AS-48 and the non-LAB circularin A and IIc(ii) 
containing gassericin A, reutericin 6 and AR10 produced by B. fibrisolvens. In 
contrast, Martin-Visscher et al. (2009) while still basing the subdivisions on amino 
acid sequences placed the disparate carnocyclin A, lactocyclicin Q, AS-48, circu-
larin A and uberolysin in subclass IIc(i) and the highly homologous bacteriocins 
gassericin A, reutericin 6 and AR10 in subclass IIc(ii). The sequence alignments as 
shown in Table 3.8 are adapted from Martin-Visscher et al. (2009), where they 
show that the greatest similarity existed among N-terminal domains and predict that 
this region contains two distinct helices. Sequence analysis of group 2 containing 
the homologous bacteriocins gassericin A, reutericicn 6 and butryivibriocin AR10 
predicted four helices (Table 3.8).

Class IId: Unmodified, Linear, Non-pediocin-Like Bacteriocins

According to the various classification schemes, the unmodified, linear, non- 
pediocin-like, one peptide bacteriocins are placed in class IId (Cotter et al. 2005; 
Nissen-Meyer et al. 2009) or IIc (Heng et al. 2007), simply because they do not 
conform to any of the criteria now set down in the currently available classification 
schemes (Cotter et al. 2005; Heng et al. 2007; Nissen-Meyer et al. 2009). As a 
result, this group of bacteriocins encompasses a heterogeneous compilation of anti-
microbial peptides from a wide variety of strains from various ecological niches of 
which lactococcin A, the first to be isolated, is the best characterised. Nissen-Meyer 
et al. (2009) have classified 31 class IId bacteriocins which are primarily LAB in 

Table 3.7 Circular bacteriocins

Bacteriocin Producing strain Structure References

Acidocin B Lactobacillus 
acidophilus

Not determined Leer et al. (1995)

Butyrivibriocin 
AR10

Butryrivibrio fibrisolvens 
AR10

Not determined Kalmokoff et al. (2003)

Carnocyclin A Carnobacterium 
maltaromaticum

Compact globular 
bundle composed of 
four helices

Martin-Visscher et al. 
(2008, 2009), Gong 
et al. (2009)

Circularin A Clostridium beijerinckii Not determined Kemperman et al. 
(2003)

Gassericin A Lactobacillus gasseri 
LA39

Not completely resolved. 
Primarily a-helices

Kawai et al. (2004)

Lactocyclicin Q Lactococcus sp QU 12 Predicted to consist of 
four a-helices

Sawa et al. (2009)

Reutericin 6 Lactobacillus reuteri LA6 Not completely resolved. 
Primarily a-helices

Kawai et al. (2004)

Uberolysin Streptococcus uberis Not determined Wirawan et al. (2007)



46 M.C. Rea et al.

Ta
bl

e 
3.

8 
A

lig
nm

en
t o

f 
C

la
ss

 I
Ic

 c
ir

cu
la

r 
ba

ct
er

io
ci

ns
 (

ad
ap

te
d 

fr
om

 M
ar

tin
-V

is
sc

he
r 

et
 a

l. 
20

09
)

G
R

O
U

P

C
c1

A
-

L
V

A
Y

G
I

A
Q

G
T

A
E

K
V

V
S

L
I

N
A

G
-

-
-

L
T

V
G

S
I

I
S

-
I

L
G

-
G

-
-

-
-

-
V

T
V

G
L

S
G

V
F

T
A

V
K

A
A

I
A

K
Q

G
I

K
K

A
I

Q
L

La
ct

Q
1

L
I

D
H

L
G

A
P

R
W

A
V

D
T

I
L

G
A

I
A

V
G

-
-

-
-

N
L

A
S

W
V

L
-

A
L

V
P

G
-

P
G

W
A

V
K

A
G

L
A

T
A

A
A

I
V

K
H

-
-

-
-

Q
G

K
A

A
A

A
A

W
A

S
-4

8
M

A
K

E
F

G
I

P
A

A
V

A
G

T
V

L
N

V
V

E
A

G
G

W
V

T
T

I
V

S
I

L
T

-
A

V
G

S
G

G
L

S
L

L
A

A
A

G
R

E
S

I
K

A
Y

L
K

K
E

I
K

K
K

G
K

R
A

V
I

A
W

C
irA

V
A

G
A

L
G

V
Q

T
A

A
A

T
T

I
V

N
V

I
L

N
A

G
T

L
V

T
V

L
G

I
I

A
-

S
I

A
S

G
G

A
G

T
L

M
T

I
G

W
A

T
F

K
A

T
V

Q
K

-
L

A
K

Q
S

M
A

R
A

I
A

Y
U

be
r

L
A

G
Y

T
G

I
A

S
G

T
A

K
K

V
V

D
A

I
D

K
G

A
A

A
F

V
I

I
S

I
I

S
T

V
I

S
A

G
A

L
G

-
A

V
S

A
S

A
D

F
I

I
L

T
V

K
N

Y
I

S
R

N
L

K
A

Q
A

V
I

W

G
as

sA
I

Y
W

I
A

D
Q

F
G

I
H

L
A

T
G

T
A

R
K

L
L

D
A

M
A

S
G

A
S

L
G

T
A

F
A

A
I

L
G

V
T

L
P

A
W

A
L

A
A

A
G

A
L

G
A

T
A

A
R

eu
t 6

I
Y

W
I

A
D

Q
F

G
I

H
L

A
T

G
T

A
R

K
L

L
D

A
M

A
S

G
A

S
L

G
T

A
F

A
A

I
L

G
V

T
L

P
A

W
A

L
A

A
A

G
A

L
G

A
T

A
A

B
-A

R
10

I
Y

F
I

A
D

K
M

G
I

Q
L

A
P

A
W

Y
Q

D
I

V
N

W
V

S
A

G
G

T
L

T
T

G
F

A
I

I
V

G
V

T
V

P
A

W
I

A
E

A
A

A
A

F
G

I
A

S
A

A
M

IN
O

 A
C

ID
 S

E
Q

U
E

N
C

E
S

u
b

g
ro

u
p

 1

S
u

b
g

ro
u

p
 2

Su
bg

ro
up

 1
: 

A
m

in
o 

ac
id

s 
co

ns
er

ve
d 

in
 a

t 
le

as
t 

75
%

 o
f 

m
em

be
rs

 a
re

 s
ha

de
d 

in
 b

la
ck

; 
am

in
o 

ac
id

s 
co

ns
er

ve
d 

in
 a

t 
le

as
t 

40
%

 o
f 

m
em

be
rs

 a
re

 s
ha

de
d 

in
 g

re
y.

 
Su

bg
ro

up
 2

: A
m

in
o 

ac
id

 r
es

id
ue

s 
co

ns
er

ve
d 

th
ro

ug
ho

ut
 a

ll 
th

e 
m

em
be

rs
 o

f 
Su

bg
ro

up
 2



473 Classification of Bacteriocins from Gram-Positive Bacteria

origin but have also been isolated from Staphylococcus and Weissella sp. (Nissen-
Meyer et al. 2009). Heng et al. (2007) have also included bacteriocins from 
Propionibacterium sp. among this class.

Bacteriolysins (Formerly Class III Bacteriocins)

Bacteriolysins (formerly class III bacteriocins) are large, heat-labile antimicrobial 
proteins. They have a domain-type structure, in which different domains have func-
tions for translocation, receptor binding and lethal activity. They include five 
domains produced by LAB which have been genetically characterised, including 
helveticin J from Lactobacillus helveticus, zoocin A from Streptococcus zooepider-
micus, enterolysin A produced by Enterococcus faecalis, millericin B produced by 
Streptococcus milleri and linocin M18 produced by a strain of Brevibacterium 
 linens (Beukes et al. 2000; Hickey et al. 2003; Joerger and Klaenhammer 1986; 
Simmonds et al. 1997; Valdes-Stauber and Scherer 1994). Of the non-LAB proteins 
that fall into this category, lysostaphin is the best known (Browder et al. 1965; 
Schindler and Schuhardt 1964).

Table 3.9 Updated classification scheme for Gram-positive bacteriocins and bacteriocin-like 
peptides and proteins

Class Description Further subdivisions

Class I Modified peptides
(a) Lantibiotics and 

lantipeptides
Subclasses I and II (modified by LanBC and 

LanM proteins) can also be further divided 
into 12 further subclasses based on amino 
acid sequences

Subclasses III and IV (modified by RamC-like 
and LanL proteins, respectively)

(b) Labyrinthopeptins
(c) Sactibiotics Two subclasses: single- and two-peptide 

bacteriocins

Class II Non-modified peptides
(a) Pediocin-like Four subclasses I–IV
(b) Two-peptide bacteriocins Two subclasses, i.e. A and B
(c) Circular bacteriocins Two subclasses, i.e. 1 and 2
(d) Linear non-pediocin-like 

one peptide bacteriocins

Bacteriolysins 
(formerly 
Class III)

Non-bacteriocin lytic proteins
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Conclusions

Classification schemes for bacteriocins have evolved over the last 25 years, reflecting 
the identification of new bacteriocins and the sophistication of both molecular and 
chemical tools available to modern-day researchers. For instance, novel sequence 
data now available for many bacteriocins has allowed classification schemes to 
become more refined. As more information regarding the composition, three-
dimensional structure and mode of action of bacteriocins becomes available, the 
classification schemes will without doubt have to be modified to reflect this. Here, 
we have endeavoured to combine existing classification approaches with new infor-
mation. The most notable divergence from previous classification schemes reflects 
the identification of lantibiotic-like peptides that lack antimicrobial activity, i.e. the 
lantipeptides, and of modified bacteriocins which are obviously neither lantibiotics 
nor lantipeptides. Taking this approach, Class I bacteriocins have now been divided 
into three subclasses, namely, lantibiotics/lantipeptides, which can be further sub-
divided based on the amino acid sequences of the propeptides and modification 
enzymes, labyrinthopeptides and sactibiotics. While Class IIa bacteriocins continue 
to be broadly defined on the basis of the conserved N-terminal region, the “pediocin 
box,” and subdivided through sequence alignments of the less conserved C-terminal 
region, it is likely that as the three-dimensional structure of more of these peptides 
is elucidated, further subdivisions will be proposed. This is likely to be also the case 
with the two-peptide, unmodified bacteriocins (Class IIb) and circular bacteriocins 
(Class IIc). A summary of the classification scheme that we propose is depicted in 
Table 3.9.
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Abstract Bacteria produce an arsenal of toxic peptides and proteins, which are 
termed bacteriocins and play a role in mediating the dynamics of microbial popu-
lations and communities. Bacteriocins from Gram-negative bacteria arise mainly 
from Enterobacteriaceae. They assemble into two main families: high molecular 
mass modular proteins (30–80 kDa) termed colicins and low molecular mass 
peptides (between 1 and 10 kDa) termed microcins. The production of colicins is 
mediated by the SOS response regulon, which plays a role in the response of many 
bacteria to DNA damages. Microcins are highly stable hydrophobic peptides that 
are produced under stress conditions, particularly nutrient depletion. Colicins and 
microcins are found essentially in Escherichia coli, but several other Gram-negative 
species also produce bacteriocin-like substances. This chapter presents the basis of 
a classification of colicins and microcins.

Introduction

To understanding the diversity and complexity of nature and its components at the 
different levels of organization, scientists need classification. Since the ancient times, 
Greeks and Latins tried to classify plants. Since then, classification of  organisms has 
been for many centuries one of the main concerns for scientists. A classification is an 
orderly arrangement of organisms or objects in a hierarchical series. In this way, 
biologists reconstruct the pattern of events that have led to the distribution and diver-
sity of life in the course of evolution. The basis of the contemporary phylogenetic 
classification of organisms results from the double influence of Carl von Linné 
(1707–1778) and Charles Darwin (1809–1882). It was further modified, according to 
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the revolutionary concepts introduced in 1950, by the entomologist Willy Hennig, 
who founded the phylogenetic systematics or cladistics. Phylogenetic classifications 
are often so hardly complex that they are subject to controversies and thus to changes, 
as fast as novel species are discovered. But apart natural classification of species, 
plants, animals and microorganisms, which is constructed in connection with 
evolutionary relationships, deciphering the Tree of Life, artificial classifications 
may be structured for convenience, using readily identifiable characters that are not 
 necessarily indicative of phylogenetic relationships. Classifications rely on  comparative 
analyses of characters, functions, properties, molecules and so on that allow bringing 
out similarities or differences at the organism, cellular or molecular level. Adding 
more parameters generally allows improving classifications. Indeed, molecules are 
also classified: they gather according generally to their molecular masses, functional-
ities, chemical or biological properties as well.

The production of molecules able to inhibit the growth of microorganisms is 
probably the most widespread defence strategy developed in nature. From  mammals 
to bacteria, antimicrobial peptides contribute to the strategies that allow organisms 
to fight against pathogens (innate immunity) or to develop themselves at the 
 detriment of others for the conquest of a given niche (competitions). The term 
 bacteriocin was introduced at first in the 1950s by François Jacob (Jacob et al. 1953). 
It was further used by Tagg et al. (1976) and Klaenhammer (1988), successively to 
define proteinaceous compounds of bacterial origin being lethal to bacteria that 
were different from the producing strain. The sensible bacterial species are gener-
ally closely related to the producer organism or occupy the same ecological niche. 
It is worth noting that nowadays, in the literature, the term bacteriocin is very often 
restricted to the ribosomally synthesized antibacterial peptides of Gram-positive 
bacteria, principally from lactic acid bacteria. However, the first bacteriocin to be 
described had been identified in 1925 from the Gram-negative bacterium 
Escherichia coli (Gratia 1925). It inhibited the growth of another E. coli strain. This 
pioneering work has inaugurated the very numerous studies that were further 
 conducted on these antimicrobial (poly)peptides or proteins.

Actually, bacteriocins can be considered today as antimicrobial (poly)peptides 
or proteins that are ribosomally synthesized by many bacteria, have generally a 
narrow spectrum of antibacterial activity, and against which the producing strains 
are protected by a dedicated immunity system. They may undergo or not posttrans-
lational modifications that endow them with very diverse structures and mecha-
nisms of action. It has been estimated that 30–99% of bacteria and archaea very 
probably are able to produce at least one bacteriocin (Klaenhammer 1988; Riley 
1998). Moreover, many strains have been shown to produce two or more bacterio-
cins (Gordon and O’Brien 2006). Indeed, bacteriocins have been largely found in 
E. coli and some other enterobacteria, as well as in lactic acid bacteria. Therefore, 
for both historical and economical reasons, colicins from enterobacteria and bacte-
riocins from lactic acid bacteria have been more extensively studied than other 
bacteriocins, leading to the very impressive literature on these antimicrobial 
 peptides and proteins. Parallel to colicins, which are large proteins, lower molecular 
mass bacteriocins have been identified in Enterobacteriaceae (Asensio et al. 1976; 
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Baquero and Moreno 1984). The name microcin was coined by Asensio to 
 differentiate these lower molecular mass and protease-resistant bacteriocins 
 produced by enteric bacteria from colicins (Asensio et al. 1976). This was the 
 starting point for numerous studies leading to the identification of 14 microcins, 
and the analysis and characterization of the mechanisms involved in the production 
and antibacterial activity of seven of them (for reviews refer to Destoumieux-
Garzón et al. 2002; Duquesne et al. 2007a; Severinov et al. 2007). It is striking to 
note that the first bacteriocin to be described, colicin V (ColV) (Gratia 1925), is 
produced by E. coli and is indeed a microcin, based on several parameters including 
its low molecular mass, noninducible production and dedicated export system 
(Fredericq et al. 1949; Duquesne et al. 2007a).

Although colicins and microcins are the most studied bacterial antimicrobial 
(poly)peptides/proteins, E. coli is not the single species to produce bacteriocins for 
killing neighbouring bacteria. A limited number of bacteriocins have been charac-
terized in other Gram-negative organisms. Some of them are related to colicins, 
showing a similar domain organization, such as pyocins and lumicins in 
Pseudomonas species (Jacob 1954) and Photorhabdus luminescens (Sharma et al. 
2002), respectively, pesticins in Yersinia pestis (Ferber and Brubaker 1979) or 
klebicins in Klebsiella pneumoniae (Chibber and Vadehra 1986) (see below). It is 
worth noting that K. pneumoniae is also the producer of a microcin (de Lorenzo 
1984), namely microcin E492. Others, sharing part of the characteristics of lower 
molecular mass bacteriocins, are frequently termed bacteriocin-like inhibitory sub-
stances (BLIS), according to the recommendations of Ray and colleagues (Jack 
et al. 1995). Such BLIS have been also characterized in archaea. Archaea possess 
a remarkable variety of cell envelope structure and chemical, which make them 
having heterogeneous response to Gram staining. However, they are rather consid-
ered as being closer to Gram-positive than Gram-negative bacteria (Gupta 1998). 
For this reason, bacteriocins from archaea will not be considered here.

Identified Gram-negative bacteria producers of BLIS include mainly Vibrio 
(Farkas-Himsley and Seyfried 1962), Myxococcus (Munoz et al. 1984) and 
Aeromonas (Messi et al. 2003). A few bacteriocins produced by the genus Vibrio 
have been identified, namely vibriocins isolated from V. cholerae (Wahaba 1965) 
and V. harveyi (Mc Call and Sizemore 1979) and the bacteriocins from V. sp strain 
NM10 (Sugita et al. 1997), V. vulnificus (Shehane and Sizemore 2002) and V. medi-
terranei (Carraturo et al. 2006). Among these BLIS, a very restricted number 
has been well identified. In majority, they have been only partly purified and/or 
 characterized. Therefore, BLIS are not prone to classification.

But what criterions have to be considered to elaborate a classification for bacte-
riocins, given the heterogeneity of bacterial sources, of peptide structures and of 
mechanisms of action? In the case of Gram-positive bacteria, the high number of 
bacteriocins isolated, purified and fully characterized makes the answer easier, even 
if elaborating the classification remains complex. The classification into groups and 
subgroups relies essentially (1) on the primary structures, including the size of the 
(poly)peptide and the presence or absence of consensus sequences and of posttrans-
lational modifications, and (2) on the mechanisms of action and bacterial target 
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specificity (for more details on this classification, the reader is referred to Chap. 3 
by Paul Cotter). Contrary to antimicrobial peptides from eucaryotes, where the 
three-dimensional structures acquired by the peptides are one of the important cri-
terions considered for their classification, this aspect is not taken into account for 
bacteriocins, presumably as a lower number of three-dimensional structures has 
been determined. In Gram-negative bacteria, except for colicins where the classifi-
cation is clear enough, a classification based on similar criterions is made more 
difficult, given the great structural heterogeneity inside the very restricted group of 
bacteriocins formed by microcins. Finally, it is worth noting that, similar to all clas-
sifications, the classification of bacteriocins requires constant revision, as it con-
tinuously evolves according to the knowledge that accumulates rapidly, as soon as 
novel bacteriocins or mechanisms of action are brought to light.

This introductive chapter to bacteriocins from Gram-negative bacteria presents 
their classification, dealing with colicins, colicin-like bacteriocins and microcins, 
successively. The less-studied bacteriocins, which are described in this chapter, will 
not be spoken of later in the book, while for a more extensive description of colicins 
and microcins, readers are referred to the corresponding chapters, which provide 
comprehensive overviews of these classes of bacteriocins.

The Colicin Classification

Colicins are the most studied bacteriocins from Gram-negative bacteria (for reviews 
see Konisky 1982; Braun et al. 1994; Braun et al. 2002; Duché et al. 1995; Cascales 
et al. 2007). They are high-molecular mass (30–80 kDa) bactericidal proteins 
(Table 4.1 and Fig. 4.1) produced by many E. coli strains in periods of stress. 
Colicins are produced by E. coli strains harbouring one colicinogenic plasmid. The 
production of colicins is lethal for the producing cells, as a consequence of the 
concomitant production of a lysis protein, coexpressed with the colicin. The typical 
colicin operon contains one to three genes: a gene encoding the colicin (cxa for 
colicin X activity), a gene often located downstream from the structural gene that 
encodes the immunity protein (cxi for colicin X immunity or imX) and a gene 
encoding the lysis protein (or bacteriocin release protein, BRP), whose product 
permits the release of the colicin into the external medium (for reviews, the reader 
is referred to Van der Wal et al. 1995; Braun et al. 2002). Regulation of colicin gene 
clusters is mediated by the SOS response regulon, which plays a role in the 
response of bacteria to DNA damages (Walker 1995). Since 1963, it was demon-
strated that the various identified colicins had different modes of action (Nomura 
1963). The classification elaborated for colicins relies on both their killing mecha-
nisms and the uptake machineries they use (for reviews, the reader is referred to 
Braun 1995, Cascales et al. 2007). Indeed, colicins kill target cells through three 
main mechanisms (Cascales et al. 2007; refer to Chap. 14 by Miklos de Zamarockzy) 
(Table 4.1) either (1) by making voltage-dependent channels in the inner membrane 
of the target bacteria, (2) by a nuclease action in the cytoplasm or (3) by degrading 
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Name of the bacteriocin Three-dimensional structure

Colicin A
Group A

(PDB: 1COL)

Colicin N
Group A 

(PDB: 1A87)

Colicin B
Group B

(PDB: 1RH1)

Colicin Ia
Group B

(PDB: 1CH)

Fig. 4.1 Three-dimensional structures of pore-forming colicins of groups A and B

the peptidoglycan (Barreteau et al. 2010). The activity of colicins requires a recogni-
tion step that uses a number of receptors normally involved in the uptake of essen-
tial nutrients, such as vitamin B12 (cobalamin), siderophore-bound iron or 
nucleosides, which have been parasitized by colicins, helping them entering more 
efficiently in target bacteria. The receptors that have been hijacked by colicins are 
principally the siderophore receptors FhuA (hydroxamate siderophores), FepA, Cir 
and Fiu (catecholate siderophores) (Ferguson and Deisenhofer 2002), the cobala-
mine receptor BtuB (Taylor et al. 1998) and the nucleoside receptor Tsx (Bremer 
et al. 1990). Porins, the membrane proteins that form aqueous channels in the outer 
membrane and control the passive diffusion of specific small metabolites (sugars, 
phosphates, amino acids and so on) into the bacterial cells (Nikaido and Vaara 1985; 
Nikaido 2003), are also used by some colicins (Table 4.1). In many cases, the coli-
cin translocation step remains poorly understood since it is questionable if the 
receptor is used also as a translocator, or the translocation step does need a second 
protein partner. For example colicin Ia uses Cir for both recognition and transloca-
tion (Jakes and Finkelstein 2009), while colicin A uses BtuB for the recognition 
step and OmpF for translocation (Lazzaroni et al. 2002) (for a detailed description 
of this aspect, the reader is referred to Chap. 14 by Miklos de Zamarockzy). The 
receptors used for the recognition step are each coupled to one of two protein 
machineries, namely the Ton (Krewulak and Vogel 2008) and Tol membrane sys-
tems (Lloubès et al. 2001). These two machineries are anchored at the inner mem-
brane and provide energy to the receptors, using the proton-motive force. The Ton 
system is composed of three inner membrane proteins TonB, ExbB and ExbD, 
while the Tol system contains several proteins of similar topology TolA, TolQ, 
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TolR, and a periplasmic protein TolB and an outer membrane-anchored lipoprotein 
Pal, which is very probably not required for colicin import (Cascales et al. 2007). 
Colicins of group A require the Tol proteins or a subset of these proteins (e.g. TolA/
TolQ for colicin E1 and TolA/TolQ/TolR for colicin N), while all colicins of group 
B require TonB/ExbB/ExbD (Table 4.1). Moreover, colicins of group A are encoded 
by small plasmids and are released into the culture medium, while colicins of group 
B are encoded by large plasmids and are not released into the medium. Group A 
comprises colicins A, E1 to E9, K, N, U (Cascales et al. 2007), and S4 (Pilsl et al. 
1999; Arnold et al. 2009), which are translocated by the Tol machinery; group B 
comprises colicins B, D, Ia, M, 5 and 10, which use the Ton system (Cascales et al. 
2007) (Table 4.1). In addition, colicin-like bacteriocins, which have been character-
ized in non-E. coli strains, have been shown (or are supposed) to split also into the 
two groups A and B: cloacin DF13 (Oudega and de Graaf 1976; Thomas and 
Valvano 1993), klebicins (Chavan et al. 2005), pyocin AP41 (Michel-Briand and 
Baysse 2002), marcescin 28b (Guasch et al. 1995a, b; Enfedaque et al. 1996) and 
alveicins (Wertz and Riley 2004) fit with group A and pesticins (Rakin et al. 1996) 
and pyocins S1 to S5 (Michel-Briand and Baysse 2002) with group B (Table 4.1).

Most colicins and colicin-like bacteriocins are organized into three protein 
functional domains, each corresponding to one step of the mode of action: (1) the 
central domain is involved in binding to the receptor (R-domain for Receptor), and 
thus recognizes and adheres to specific regions on the surface of target cells; (2) the 
N-terminal domain is responsible for translocation (T-domain for Translocation) and 
enables entry of the bacteriocin into the target cells and (3) the C-terminal domain, 
which is the active region, is the killing domain (C-domain, for Cytotoxicity) 
(Braun et al. 1994; Cascales et al. 2007). Inside each of the two groups, A and B, 
previously defined, colicins and colicin-like bacteriocins may be assembled according 
to their killing mechanisms, pore-forming, nuclease or peptidoglycan degradation 
activities.

The Microcin Classification

Microcins are the lower molecular mass bacteriocins produced by Gram-negative 
bacteria, mostly E. coli, in stress conditions (Baquero and Moreno 1984; Duquesne 
et al. 2007a), and particularly, in poor nutrient conditions. They are peptides rang-
ing from 1 to 10 kDa that are generally resistant to proteases, extreme pHs and 
temperatures. They are encoded by gene clusters carried by plasmids or in some 
cases by the chromosome. The gene clusters involved in the production of microcins 
include a variable number of genes, but show a conserved organization: open read-
ing frames encode the precursor of the microcin, secretion proteins and self immu-
nity factors and, in some cases, posttranslational modification enzymes. In contrast 
with the bacteriocins from Gram-positive bacteria, where identification of a high 
number of representatives sharing common structural features and mechanisms of 
action allows identifying classes and subclasses, and with colicins that share 
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 characteristics related to their uptake and mode of cell killing that have been 
exploited for their classification, classifying microcins appears as a difficult task. 
This is related to the restricted number of representatives identified until now and 
the high diversity in structures and mechanisms of action they exhibit (Table 4.2). 
They also arise from various biosynthetic pathways, including or not the acquisition 
of different complex posttranslational modifications, and display various mecha-
nisms of uptake. In the 2000s, Pons and colleagues proposed the first microcin 
classification into two classes, depending on the presence or absence of a posttrans-
lational modification (Gaillard-Gendron et al. 2000; Pons et al. 2002a). However in 
2004, while microcin E492 was described as unmodified until then (Pons et al. 
2002b), the finding of a modified form of microcin E492 carrying a siderophore at 
the C terminus (Thomas et al. 2004) prompted our group to propose a novel clas-
sification (Duquesne et al. 2007a). This classification takes into account the three 
following criteria: (1) the presence, nature and localization of posttranslational 
modifications, (2) the gene cluster organization and (3) the sequences of the leader 
peptides, therefore assembling microcins into two classes (Table 4.2 and Fig. 4.2).

Class I gathers peptides with a molecular mass below 5 kDa, which have sup-
ported extensive backbone posttranslational modifications, namely microcins B17, 
C7-C51 and J25 (Duquesne et al. 2007b; Severinov et al. 2007). Microcin B17 
contains four thiazole and four oxazole rings that result from an unusual posttrans-
lational modification of six glycines, four serines and four cysteines in the 39–66 
region of the 69-amino acid precursor of microcin B17. Microcin C7-C51 is an 
N-formylated heptapeptide carrying a C-terminal modified nucleotide: a C-terminal 
aspartic acid is covalently linked to a phosphoramidate group, itself substituted 
with both an adenosine moiety and a propylamine chain (Fig. 4.2). Microcin J25 is 
a lasso peptides, which means that it adopts the typical compact lasso structure 
consisting of an N-terminal ring formed by a lactam bond between the N-terminal 
extremity (Gly/Cys) and the side chain of an acidic residue (Asp/Glu) in position 8 
or 9, where the C-terminal tail is irreversibly threaded (Rebuffat et al. 2004) 
(Fig. 4.2). Class II includes higher molecular mass peptides (in the 5–10 kDa range) 
and is itself further subdivided into two subclasses, IIa and IIb. Class IIa contains 
plasmid-encoded peptides without posttranslational modification and forming pos-
sibly disulfide bonds (MccL, MccV and Mcc24) (Fig. 4.2). Class IIb gathers those 
chromosome-encoded linear microcins that carry a C-terminal siderophore post-
translational modification (microcins E492, M, H47 and presumably I47 and G47 
that have been hypothesized through genome analyses), (Poey et al. 2006; 
Vassiliadis et al. 2010), (Fig. 4.2). It is to note that microcin 24 does not fit perfectly 
with the criteria previously defined for any of the classes. This microcin has neither 
been isolated nor biochemically characterized, but based on its precursor sequence 
 predicted from the gene, it contains neither disulfide bond nor posttranslational 
 modification. Nevertheless, it was incorporated into class IIb to which it was more 
tightly related when considering its gene cluster organization (Duquesne et al. 
2007a). For a more detailed description of the microcins from classes I and II, the 
reader is referred to Chaps. 15 and 16 by Konstantin Severinov et al. and Vassiliadis 
et al. 2010, respectively.
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Similar to colicins, microcins have receptor-mediated mechanisms of action. This 
is reflected in their minimal inhibitory concentrations, which are in the nanomolar 
range, while they are in the micromolar range for antimicrobial peptides of eukaryotic 
origin, which act through a direct interaction with phospholipid membrane bilayers. 
To improve their intake into sensible bacteria, microcins hijack receptors involved in 
the uptake of essential nutrients, such as the iron siderophore receptors (FhuA, FepA, 
Cir and Fiu) or the porin OmpF (Duquesne et al. 2007a) (Table 4.2). These receptors, 
which are also exploited by bacteriophages, antibiotics and bacterial toxins, are thus 
critical for bacteria for which they represent an Achille’s hill. In general, translocation 
of microcins requires the TonB–ExbB–ExbD complex (Duquesne et al. 2007a), 
which uses the proton-motive force from the cytoplasmic membrane for energy trans-
duction to the outer membrane and its receptors. However, microcin B17 uses the 
outer-membrane porin OmpF and the protein SbmA, and microcin C7–C51 requires 
OmpF and the inner-membrane ABC-transporter YeJ to be actively transported 
through the inner membrane (refer to Chap. 15 by Konstantin Severinov et al.). 
Microcins exhibit very heterogeneous killing mechanisms (Table 4.2). Class I 
microcins inhibit vital bacterial enzymes. Microcins B17 and J25 inhibit DNA gyrase 

Name of the bacteriocin
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(1) primary structure;
(2) three-dimensional structure
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(Heddle et al. 2001) and RNA polymerase (Mukhopadhyay et al. 2004, Adelman 
et al. 2004), respectively. Microcin C7–C51 needs a preliminary cleavage inside the 
target bacteria to generate the toxic entity, which is a mime of aspartyl adenylate that 
inhibits aspartyl tRNA synthetase, thus blocking protein synthesis at the translation 
step (Metlitskaya et al. 2006). More complex and subtle mechanisms appear to be 
developed in certain cases, as microcin J25 has been shown to target mitochondria 
and the respiratory chain (Niklison-Chirou et al. 2010) in addition to its inhibitory 
effect of RNA polymerase. Class II microcins rather target the inner membrane or 
their components. Microcin H47 targets the F

0
 proton channel of ATP synthetase 

(Rodríguez and Laviña 2003). Microcins E492 (Lagos et al. 1993; Bieler et al. 2006) 
and V (Yang and Konisky 1984) both permeabilize the inner membrane. However, 
microcin E492 not only forms channels in the inner membrane (Lagos et al. 1993) 
but also requires the ManYZ inner-membrane components of the mannose permease, 
which is involved in the active uptake of mannose and related hexoses, to exert its 
bactericidal activity (Bieler et al. 2006). Microcins can also require proteins at the 
inner membrane for activity, such as SdaC, which is involved in serine uptake, for 
microcin L (Gérard et al. 2005) or SbmA for microcins B17 (Yorgey et al. 1994) and 
J25 (De Cristobal et al. 2006). The exact role of these proteins is presumably helping 
microcins passing through the inner membrane.

Conclusions

In contrary to the classification of bacteriocins from Gram-positive bacteria, which 
mainly relies on the structural features, the classification of colicins is based on 
functional criteria that are the recognition machineries and the killing mechanisms. 
In the case of microcins, due to the high heterogeneity of this restricted class of 
bacteriocins as regards the structural characteristics, the complexity of the genetic 
systems and the killing mechanisms developed, the classification has to take into 
account these different criteria to assemble microcins sharing common characters. 
For bacteriocins produced by Gram-positive and Gram-negative bacteria, from both 
commensal and environmental origin, a classification helps pointing more easily 
similarities or differences in the strategies they developed to make bacteriocino-
genic strains better adapted to the natural conditions in a given niche. No doubt that 
genomic advance will contribute to the rapid identification of novel bacteriocins 
(refer to Chap. 5 by Oscar Kuipers and colleagues), which will allow describing 
novel mechanisms at different levels in bacteriocin production and activity, i.e. 
synthesis of the bacteriocins, immunity of the producing bacteria, penetrating 
capacity inside target bacteria and killing mechanisms. This will possibly change 
the classification and also modify and improve our use of bacteriocins as models 
for deciphering novel, clever and sophisticated strategies of antibacterial activity 
and of resistance to antimicrobials, thus providing tools for various applications in 
the environment and for the development of novel antibiotics.
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Abstract Bioinformatic tools can greatly improve the efficiency of bacteriocin 
screening efforts by limiting the amount of strains. Different classes of bacteriocins 
can be detected in genomes by looking at different features. Finding small bacte-
riocins can be especially challenging due to low homology and because small open 
reading frames (ORFs) are often omitted from annotations. In this chapter, several 
bioinformatic tools/strategies to identify bacteriocins in genomes are discussed.

Introduction

Screening for the production of new bacteriocins in bacteria is a challenging endea-
vour due to the huge screening space (number of potential producer strains × number 
of potential expression conditions). Limiting the number of potential producer 
strains by using predictions from genomic data can therefore be a valuable step in 
the search for and exploitation of new bacteriocins. The availability of more and 
more genomic data makes this a good starting point for the discovery of novel 
bacteriocins. Bacteriocins can be mined directly from genomic data based on 
homology with either known bacteriocins, bacteriocin motifs, or, even more important, 
bacteriocin biosynthesis genes. Until now, only a few bacteriocins have been discov-
ered by genome mining. Although it is possible to screen for homology to known 
bacteriocins, this approach is limited to larger bacteriocins and subgroups of bacte-
riocins, which show high sequence homology. Screening proteins based on conserved 
motifs is a good alternative, especially for small bacteriocins, but will not discover 
all, due to the poor conservation of amino acid sequences among bacteriocins. 
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To enhance the reliability of the predictions and to predict the class to which the 
bacteriocin belongs, it is of vital importance that the genomic context of a bacteriocin 
is taken into account. Genomic context of bacteriocins is class dependent and con-
sists of genes encoding modification, regulation, leader processing, transport and 
immunity proteins. The current understanding of bacteriocins provides a set of 
general (class dependent) and more specific (subclass dependent) features which 
can be exploited to explore the vast amount of genomic data to find bacteriocins.

Bioinformatic Tools

Homology Searches in Bacteriocin Databases

The proper analysis tool to determine whether a protein is a bacteriocin strongly 
depends on the size of the bacteriocin. For proteins larger than 200 amino acids, an 
alignment algorithm like BLAST is sufficient to determine if a protein is a bacteriocin 
or not, because large bacteriocins are more conserved in sequence than small ones. 
In these cases, no specialised bacteriocin database is needed besides the standard 
nr-database available at the NCBI BLAST server. For blasting smaller proteins 
(<200 aa), the NCBI nr-database is not suitable and a dedicated database is needed. 
Two bacteriocins and one more general database are freely accessible for this pur-
pose: (1) the BACTIBASE (Hammami et al. 2007) database holds most known 
bacteriocins and offers tools like BLAST and a Hidden Markov Model (HMM) for 
classification of bacteriocins, (2) BAGEL2 (de Jong et al. 2010) which offers, next 
to automated screening of genomes for bacteriocins with class prediction, an exten-
sive database that allows BLAST searches, (3) PIRSF contains a complete database 
of proteins but allows good filtering for keywords and therefore can be useful 
to specifically screen for bacteriocins. The advantage of these bacteriocin-specific 
databases is that higher cutoff E-values for BLAST can be used without increasing 
the background. The drawback of these dedicated databases is that interesting 
novel bacteriocins without or with low homology to known ones will not be 
found using BLAST. The discovery of the two-component lantibiotic haloduracin 
by McClerren et al. (2006) is an example of a discovery solely based on sequence 
homology.

Mining for Conserved Protein Domains

In genome annotation projects, functions of proteins are routinely assigned using 
conserved protein sequence patterns. Many databases that include intelligent search 
and/or mining tools are available via Web interfaces nowadays (Table 5.1). For 
mining bacteriocins, some annotation servers contain none or only one bacteriocin 
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peptide-specific pattern, where others contain up to 11 conserved bacteriocin domains 
(Table 5.1). The ExPASy proteomics server enables to screen for bacteriocin class IIa 
family signatures, but does not contain signatures for other types of bacteriocins. 
TIGRFAM, PRINTS and PFAM contain more conserved protein domains based on 
bacteriocin alignments. Because these databases do not completely overlap, 14 
unique protein patterns could be deduced from them.

Screening Genomic Context

The methods mentioned above allow to screen for bacteriocins that have either 
homology with known bacteriocins or that at least contain a conserved motif within 
the bacteriocin. To mine for novel bacteriocins with low homology to known ones, 
the genomic context of small open reading frames (ORFs) can be screened for 
genes involved in synthesis, regulation, transport, processing or immunity of bacte-
riocins. From the literature, it is known that these context genes are conserved 
between a broad range of species. Especially genes encoding the modification 
enzymes of lantibiotics have been successfully used to screen genomic data and 
identify new bacteriocins. Begley et al. (2009) describe the discovery of lichenicidin 
by LanM (modification enzyme) mining.

Bacteriocin Mining Tool: BAGEL2

The BAGEL2 (de Jong et al. 2010) Webserver, which is the follow-up of BAGEL 
(de Jong et al. 2006), is still the only fully automated tool available that 
allows genome mining for bacteriocins, and several publications raised in the lit-
erature have used BAGEL successfully (Knoll et al. 2008; Navarro et al. 2008; 
Holtsmark et al. 2008). This Web-based tool is specialised in mining genomes for 
bacteriocins using a combined approach of homology search in a bacteriocin 
database and bacteriocin motif screening together with screening the genome context. 

Table 5.1 Online databases suitable for bacteriocin analysis using conserved protein domains

Database # Bacteriocin domains URL
PROSITE  1 http://www.expasy.ch/prosite
PFAM 11 http://pfam.sanger.ac.uk
PRINTS  8 http://www.bioinf.manchester.ac.uk/dbbrowser/ 

PRINTS/index.php
TIGRFAM  8 http://www.jcvi.org
PIRSF NA http://pir.georgetown.edu
ProDom NA http://prodom.prabi.fr

http://www.expasy.ch/prosite
http://pfam.sanger.ac.uk
http://www.bioinf.manchester.ac.uk/dbbrowser/PRINTS/index.php
http://www.bioinf.manchester.ac.uk/dbbrowser/PRINTS/index.php
http://www.jcvi.org
http://pir.georgetown.edu
http://prodom.prabi.fr
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BAGEL2 does not need annotation of any protein coded by the genome because 
that is done “on the fly” during the bacteriocin mining process. If the resource is 
DNA, then an ORF calling is needed to deduce the proteins from the DNA. For 
this purpose, a good algorithm is available on the BAGEL2 Website. A typical 
result of a putative bacteriocin and its context genes is shown in Fig. 5.1 where 
BAGEL2 could annotate three context genes as LanT, LanM and an ABC-
transporter. Furthermore, detailed information of the putative bacteriocin is given, 
including a scoring table showing the most important features that contributed to 
the positive hit.

Prediction of Small ORFs

Small ORFs are regularly omitted in the annotation process of bacterial genomes 
when they have low homology to existing proteins. Especially, the small proteins 
of class I and class II bacteriocins are frequently absent in annotated genomes. 
For ORF prediction in prokaryotic genomes, the following tools can be used: 
Glimmer (Delcher et al. 2007) and Prodigal (Table 5.2). Normally, these programs 
give a FastA formatted file as end product, but for genome context mining the 
organisation of the genome is also needed, therefore these files must be converted 
to a GenBank or EMBL format. Fully automated ORF calling systems which give 
a genbank or EMBL format as output can be found on http://bagel2.molgenrug.nl 
and http://bioinformatics.biol.rug.nl/websoftware/orf/orf_start.php. Artemis is a 
popular program for annotation of bacterial genomes and can export results in 
GenBank format, but is very laborious for a high number of samples and therefore 
not suitable for high-throughput approach. Alternatively, the genome data can  
be submitted at NCBI or at the Doe Joint Genome Institute where the data will be 
processed upon request.

Fig. 5.1 Graphics from the BAGEL2 report of putative bacteriocin SPN23F_12701 of 
Streptococcus pneumoniae ATCC 700669. The leader sequence is indicated in green and amino 
acids involved in dehydration and/or lanthionine ring formation in red and blue

http://bagel2.molgenrug.nl
http://bioinformatics.biol.rug.nl/websoftware/orf/orf_start.php
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High-Throughput Data Mining

The number of completely sequenced genomes is increasing fast, but currently 
more and more genome sequences remain unfinished, especially in meta-genomics 
projects, although they are undoubtedly very interesting data sources for bacteriocin 
mining. The NCBI Entrez Genome Project database consists of complete and 
incomplete (in progress) genome sequencing projects. Currently (January 2010), 
3,215 prokaryotes genome projects are available from this database. High-
throughput screening in these kinds of sequence data is possible with the command line 
driven version of BAGEL2 (available on request at http://bagel2.molgen.rug.nl).

Transcriptome Analysis

To get further insight in the expression and transcriptional regulation of putative 
bacteriocins and their accompanying immunity, regulation and synthesis of genes, 
analysis of transcriptome data derived from DNA-microarray or deep-sequencing 
experiments can be performed using the tools FIVA, MOTIFATOR and DISCLOSE. 
FIVA (Blom et al. 2007) is used to discover differential expression of functional 
classes between two experiments. Therefore, a functional class should first be 
defined for the bacteriocin and its context genes. MOTIFATOR (Blom et al. 2009) 
predicts cis-regulatory motifs using the gene expression profiles of functional 
classes. Furthermore, it creates an interactive visualisation of the results. For 
analysing multiple experiments, DISCLOSE (Blom et al. 2008) is used which is 
also used for the discovery of de novo DNA motifs involved in the transcriptional 
regulation. Using these tools will speed up validation of expression of bacteriocin 
gene clusters and identify possible motifs as targets for regulation. Moreover, they 

Table 5.2 Web links to programs and analysis servers

Program/server URL

BLAST http://blast.ncbi.nlm.nih.gov/
BACTIBASE http://bactibase.pfba-lab-tun.org
BAGEL2 http://bagel2.molgenrug.nl
PIRSF http://pir.georgetown.edu
GILMMER http://www.cbcb.umd.edu/software/glimmer
Zcurve http://tubic.tju.edu.cn/Zcurve_B
Artimis http://www.sanger.ac.uk/resources/Software/Artemis
NBCI Annotation http://www.ncbi.nlm.nih.gov/Genbank/genomesubmit_annotation.html
JGI Annotation http://merced.jgi-psf.org/cgi-bin/img_er_submit/main.cgi
NCBI Genome Projects http://www.ncbi.nlm.nih.gov/genomeprj
FIVA http://bioinformatics.biol.rug.nl/standalone/fiva
MOTIFATOR http://bioinformatics.biol.rug.nl/standalone/motifator
DISCLOSE http://bioinformatics.biol.rug.nl/standalone/disclose

http://bagel2.molgen.rug.nl
http://blast.ncbi.nlm.nih.gov/
http://bactibase.pfba-lab-tun.org
http://bagel2.molgenrug.nl
http://pir.georgetown.edu
http://www.cbcb.umd.edu/software/glimmer
http://tubic.tju.edu.cn/Zcurve_B
http://www.sanger.ac.uk/resources/Software/Artemis
http://www.ncbi.nlm.nih.gov/Genbank/genomesubmit_annotation.html
http://merced.jgi-psf.org/cgi-bin/img_er_submit/main.cgi
http://www.ncbi.nlm.nih.gov/genomeprj
http://bioinformatics.biol.rug.nl/standalone/fiva
http://bioinformatics.biol.rug.nl/standalone/motifator
http://bioinformatics.biol.rug.nl/standalone/disclose
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will provide possible links between bacteriocin production and co-expression of 
other genes, enabling the reconstruction of gene regulatory networks to which the 
bacteriocins belong.

Conclusion

Prediction of bacteriocins and the (sub)class it belongs becomes more and more 
reliable due to the increasing number of class-specific protein motifs and, very 
importantly, by taking the genomic context into account. The Webserver BAGEL2 
applies decision rules for combinations of bacteriocin protein patterns and the func-
tion of context genes, which further enhance the prediction of the bacteriocin (sub)
class. Although mining for novel bacteriocins is a challenging task, modern bioin-
formatic tools allow discovery of thousands of new bacteriocin candidates in (un)
finished genomes and in meta-genomics data.

References

Begley M, Cotter PD, Hill C, Ross RP (2009) Identification of a novel two-peptide lantibiotic, 
lichenicidin, following rational genome mining for LanM proteins. Appl Environ Microbiol 
75:5451–5460

Blom EJ, Bosman DWJ, Van Hijum SAFT, Breitling R, Tijsma L, Silvis R, Roerdink JBTM, 
Kuipers OP (2007) FIVA: Functional Information Viewer and Analyzer extracting biological 
knowledge from transcriptome data of prokaryotes. Bioinformatics 23:1161–1163

Blom EJ, van Hijum SA, Hofstede KJ, Silvis R, Roerdink JB, Kuipers OP (2008) DISCLOSE: 
DISsection of CLusters Obtained by SEries of transcriptome data using functional annotations 
and putative transcription factor binding sites. BMC Bioinform 9:535

Blom EJ, Roerdink JBTM, Kuipers OP, Van Hijum SAFT (2009) MOTIFATOR: detection and 
characterization of regulatory motifs using prokaryote transcriptome data. Bioinformatics 
25:550–551

de Jong A, van Hijum SAFT, Bijlsma JJE, Kok J, Kuipers OP (2006) BAGEL: a web-based 
bacteriocin genome mining tool. Nucleic Acids Res 34:W273–W279

de Jong A, van Heel AJ, Kok J, Kuipers OP (2010) BAGEL2: mining for bacteriocins in genomic 
data. Nucleic Acids Res 38:W647–W651

Delcher AL, Bratke KA, Powers EC, Salzberg SL (2007) Identifying bacterial genes and endo-
symbiont DNA with Glimmer. Bioinformatics 23:673–679

Hammami R, Zouhir A, Hamida B, Fliss I (2007) BACTIBASE: a new web-accessible database 
for bacteriocin characterization. BMC Microbiol 7:89

Holtsmark I, Eijsink VH, Brurberg M (2008) Bacteriocins from plant pathogenic bacteria. FEMS 
Microbiol Lett 280:1–7

Knoll C, Divol B, du Toit M (2008) Genetic screening of lactic acid bacteria of oenological origin 
for bacteriocin-encoding genes. Food Microbiol 25:983–991

McClerren AL, Cooper LE, Quan C, Thomas PM, Kelleher NL, van der Donk WA (2006) 
Discovery and in vitro biosynthesis of haloduracin, a two-component lantibiotic. Proc Natl 
Acad Sci U S A 103:17423–17428

Navarro L, Rojo-Bezares B, Sáenz Y, Díez L, Zarazaga M, Ruiz-Larrea F, Torres C (2008) 
Comparative study of the pln locus of the quorum-sensing regulated bacteriocin-producing 
L. plantarum J51 strain. Int J Food Microbiol 128:390–394



81D. Drider and S. Rebuffat (eds.), Prokaryotic Antimicrobial Peptides:  
From Genes to Applications, DOI 10.1007/978-1-4419-7692-5_6,  
© Springer Science+Business Media, LLC 2011

Abstract Thousands of antimicrobial peptides (AMPs) of prokaryotic, fungal, 
plant, or animal origin have been identified, and their potential as lead compounds 
for the design of novel therapeutic agents in the treatment of infection, for stimulat-
ing the immune system, or in countering septic shock has been widely recognized. 
Added to this is their possible use in prophylaxis of infectious diseases for animal 
or plant protection, for disinfection of surgical instruments or industrial surfaces, 
and for food preservation among other commercially important applications. Since 
the early eighties, AMPs have been subject to a vast number of studies aimed at 
understanding what determines their potency and spectrum of activities against 
bacterial or fungal pathogens, and at maximizing these while limiting cytotoxic 
activities toward host cells. Much research has also been directed toward under-
standing specific mechanisms of action underlying the antimicrobial activity and 
selectivity, to be able to redesign the peptides for optimal performance. A central 
theme in the mode of action of many AMPs is their dynamic interaction with bio-
logical membranes, which involves various properties of these peptides such as, 
among others, surface hydrophobicity and polarity, charge, structure, and induced 
conformational variations. These features are often intimately interconnected so 
that engineering peptides to independently adjust any one property in particular is 
not an easy task. However, solid-phase peptide synthesis allows the use of a large 
repertoire of nonproteinogenic amino acids that can be used in the rational design 
of peptides to finely tune structural and physicochemical properties and precisely 
probe structure–function relationships.
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Introduction

Antimicrobial peptides (AMPs) are ubiquitous host defense molecules and an 
impressive body of literature covers their isolation, purification, classification, and 
biology in both prokaryotic and eukaryotic organisms, as well as their modes of 
action in vivo, in vitro, and in model systems, and their redesign for development 
as potential therapeutic agents. This chapter limits itself to considering some facets 
of the design and engineering of AMPs used for probing structure–activity relation-
ships and optimizing specific characteristics. For a more extensive understanding 
of these essential components of immunity, readers are referred to the many reviews 
(for examples see Hancock 1997; Zasloff 2002; Tossi and Sandri 2002; Brogden 
2005; Hancock and Sahl 2006) as well as other chapters of this book, which provide 
brief but comprehensive overviews on historical, biological, and functional aspects 
of AMPs.

Endogenous AMPs (also known as host defense peptides or HDPs) have an 
ancient origin, possibly preceding that of eukaryotic organisms, and so have a very 
long evolutionary history. Furthermore, they are produced by epithelial cells or 
phagocytes that are at the interface between a producing host organism and the 
constantly varying microbial biota in its environment, so their genes are subject to 
strong adaptive pressures. In fact, a recurrent theme in the evolution of the gene-
encoded HDPs appears to be repeated duplication events followed by rapid diver-
sification (Hughes 1999; Vanhoye et al. 2003; Maxwell et al. 2003; Patil et al. 2004; 
Tennessen 2005). Time and hypervariation have resulted in an extraordinary 
molecular diversity, so that classification according to sequence or structure is only 
possible on rather broad terms (see Chaps. 1 and 3), and AMP/HDPs with novel 
structural features are continuously discovered. Added to this is a disconcerting 
functional multiplicity; many HDPs seem to have developed the capacity to interact 
concurrently with different components of target microorganisms, initiating diverse 
inactivation pathways (Brogden 2005; Hancock and Sahl 2006). Several HDPs also 
interact with and variously attract and/or stimulate host immune cells, thus partici-
pating in other innate or adaptive responses by the host and indirectly contributing 
to pathogen inactivation (Oppenheim et al. 2007). Any attempt at the rational rede-
sign or engineering of AMPs needs to take this complexity into account.

Notwithstanding the diversity of gene-encoded AMPs, two broad structural 
classes stand out for their abundance and prevalence throughout the eukaryotic 
kingdom: helical peptides and defensins. The former group comprises linear, cat-
ionic peptides that usually undergo a transition to an amphipathic, helical confor-
mation on contact with biological membranes. This favors insertion of the 
so-formed hydrophobic face of the helix into anionic microbial membranes, initiat-
ing processes that eventually lead to channel formation or membrane lysis, as 
described by the Huang–Matsuzaki–Shai model (Matsuzaki 1998; Yang et al. 2001; 
Shai 2002; Huang 2006), or inhibition of membrane-associated metabolic pro-
cesses (Pag et al. 2008). Peptides presenting this simple but very effective scaffold 
are found in organisms ranging from bacteria to humans (Tossi et al. 2000; 
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Tossi and Sandri 2002). Defensins have a more complex scaffold consisting of a 
small, triple-stranded b-sheet platform onto which a short helix is often grafted, 
stabilized by the presence of three or four disulfide bonds. Their mechanism of 
action is less clear but involves interaction with and likely partial insertion into 
biological membranes as an initial step in their mechanisms of action (Aerts et al. 
2008; Sass et al., 2008). Defensins of different types are produced by fungi, plants, 
and vertebrate and invertebrate animals (Antcheva et al. 2006; Wong et al. 2007) 
and possibly have a prokaryotic origin (Zhu 2007). Both the simpler helical scaf-
fold and more complex defensin platform are present in peptides from widely 
diverging organisms, ranging from plants to vertebrate and invertebrate animals, 
and therefore represent cases either of convergent evolution to or of long-term con-
servation of structural elements that are likely to be important for antimicrobial 
activity (Tossi et al. 2000; Yount and Yeaman 2004; Yeaman and Yount 2007).

This chapter briefly describes some of the design methods that have been used 
to study the mode of action of helical or defensin AMPs from vertebrate and inver-
tebrate animals and how both natural and nonproteinogenic amino acid building 
blocks can be used in the rational design of peptides based on these scaffolds.

Rational Design Methods

Four general approaches have been used to design AMPs and guide SAR studies: 
(1) sequence modification of naturally occurring HDPs so as to produce congeners, 
fragments, or hybrids of various types; (2) minimalist approaches based on the 
maintenance of specific structural features (e.g., the amphipathic helix); (3) genera-
tion of peptide libraries or arrays; and (4) sequence–template-guided approaches. 
These methods have most often been applied to the simpler helical type peptides but 
are also commonly extended to other types, such as beta-hairpin peptides, proline-
rich peptides, or defensins. The ultimate aim is generally to obtain molecules that 
are easier and more cost effective to produce, are more stable and/or bioavailable, 
and display increased antimicrobial activity accompanied by decreased toxicity 
toward host cells, in view of potential therapeutic applications. These approaches 
can be combined in several permutations, and applied in iterative cycles, resulting 
in a form of “directed evolution” of the AMPs toward an optimal activity against 
particular pathogens.

Peptide Congeners, Fragments, and Hybrids

In this approach, naturally occurring AMP sequences are modified by single or 
multiple replacements, deletions, or additions of one or more residues, carried out 
simultaneously or in sequence. Alternatively, fragments are generated from a natural 
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peptide either by truncating at the N- or C-termini or by excising internal regions 
predicted to be important for activity. A further popular variation on this theme is 
that of assembling chimeric peptides from the active segments of different natural 
AMPs (see also Chap. 6). A good example of sequential mutations leading to a 
structure with improved activity is pexiganan (Lamb and Wiseman 1998; Gottler 
and Ramamoorthy 2009), a variant of magainin that has come close to approval 
for clinical use in the treatment of infections associated with diabetic foot ulcers. 
In common with many other examples, these variations resulted in a considerably 
increased cationicity and improved amphipathicity. Similarly, directed mutations of 
the fungal defensin, plectasin (Mygind et al. 2005) that also increased positive 
charge and modulated surface hydrophobicity, have resulted in an analogue currently 
under development as an antibiotic.

Studies on peptide fragments have also led to shortened AMPs with unaltered or 
sometimes even improved properties, with respect to the parent peptides, both for 
helical and defensin-type HDPs (e.g. Braff et al. 2005; Varkey et al. 2006; 
Krishnakumari et al. 2006; Antcheva et al. 2009, among many others). However, it 
should be stressed that variations such as alterations in the sequence or truncation 
may result in loss of structure-stabilizing factors, such as disulfide bonds or internal 
salt bridges, which can severely alter the structure of peptides. This may cause them 
to switch to different modes of membrane interaction, thus also altering their 
mechanisms of action toward microbial or host cells (Morgera et al. 2008a; 
Tomasinsig et al. 2008, 2009; Antcheva et al. 2009). Design of hybrid peptides has 
been extensively applied to the study of helical peptides of insect and amphibian 
origin (e.g., cecropins, melittin, magainin, and PGLa; see Chap. 6 for a comprehen-
sive report).

Minimalist Approaches and AMP mimics

Most often, minimalist AMPs are designed de novo based purely on broad struc-
tural requirement, such as a compliance with the amphipathic a-helical scaffold, 
while limiting the types of residues used to one or the other of the basic amino acids 
lysine and arginine, and one or two of the hydrophobic residues alanine, leucine/
isoleucine, phenylalanine, or tryptophan. This can result in potent antimicrobial 
agents but ignores finer structural attributes selected for by evolution, leading to 
reduced selectivity for microbial with respect to host cells. Taken to an extreme, 
these approaches also decrease the peptidic nature of the molecule, to the extent of 
doing away with the peptide backbone altogether, in attempts to improve bioavail-
ability. Numerous minimalist peptide mimics have been described, including pep-
toids (in which the side chain is placed on an N-substituted glycine, Chongsiriwatana 
et al. 2008), oligo-acyl-lysines (OAKs, Rotem and Mor 2009), beta-peptides 
(b-amino acid oligomers with cationic, amphiphilic helical structures, Porter et al. 
2002), and ceragenins (cholic-acid based scaffolding with appended amine groups, 
Lai et al. 2008) among several others.
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AMP Combinatorial Libraries and Arrays

Synthetic or biological combinatorial libraries are powerful tools that can help in 
rapidly obtaining optimized classes of active compounds, especially when com-
bined with directed evolution (Castro et al. 2006). In the past, solid-state chemical 
synthesis methods have somewhat limited the size of both the peptides that could 
be synthesized and the libraries themselves. However, powerful new methodologies 
such as spot synthesis are making these approaches more accessible (Winkler et al. 
2009; Hilpert et al. 2005). Furthermore, the creation of a library can be made sim-
pler by limiting the amino acid types that are used to build the peptides (converging 
with the minimalist approach) or by acting combinatorially only at certain positions 
in natural peptides (converging with the sequence modification methods) (Blondelle and 
Houghten 1996). As an alternative to chemical syntheses, biosynthetic peptide 
libraries can be obtained by making use of the phage-display technology (Pini et al. 
2005) or methods such as the “Suicide Expression System” (SES). The latter method 
involves involves the controlled expression of systematically mutated AMP genes 
in susceptible bacteria (Kristensen and Yaver 2004), and by identifying those that 
result in bacterial self-inactivation under the control of an inducer.

Sequence Templates (an Evolutionary Approach)

Sequence templates can be obtained by comparing structurally homologous 
stretches from a large collection of naturally occurring HDPs and abstracting con-
served patterns in terms of residue type (e.g., charged, polar, hydrophobic, etc.). 
Depending on the origin of the peptides used to create each collection, one can 
probe for structural aspects that have been selected for by evolution at different 
levels. Comparing helical peptides from insects, amphibians, and mammals, for 
example, allowed defining important generic scaffold characteristics that have 
arisen by convergent evolution or have been conserved over hundreds of millions 
of years (Zelezetsky and Tossi 2006). Considering just orthologues of the helical 
cathelicidin in primates instead allowed to better understand specific structural 
characteristics of the scaffold that have arisen over tens of millions of years 
(Zelezetsky et al. 2006). On an intermediate level, comparing many paralogues 
from different vertebrate animals allowed to determine a minimal generic beta-
defensin scaffold (Antcheva et al. 2009).

The rationale in developing templates is not to determine significant sequence 
homologies or positional conservation of specific amino acids in the natural pep-
tides that are compared (which is in any case likely to be poor due to the fact that 
evolution of HDPs in animals is often accelerated). It is rather to identify underly-
ing patterns in the distribution of different types of residues (charged, neutral polar, 
structure determining, or hydrophobic), and the maintenance of physico-chemical 
parameters that may be correlated to potency and specificity (Zelezetsky and Tossi 
2006). Using templates as a guide can then significantly reduce the number of variants 
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that need to be synthesized in order to obtain useful structure/activity information 
for a given HDP, with respect to the conventional “sequence modification” 
approach. Furthermore, it ensures that evolutionarily conserved, and therefore func-
tionally important, sequence patterns are maintained. Once developed, templates 
are also compatible with minimalist and high-throughput library approaches. The 
following section provides an overview of how templates can be rationally filled 
with appropriate amino acid residues, so as to design or engineer peptides with a 
broad-spectrum antimicrobial activity and to probe the structural factors that influ-
ence their antimicrobial potency and selectivity.

Amino Acid Building Blocks for Peptide Engineering

Parameters Influencing AMP Activity

Helical HDPs and defensins have different scaffolds, which display some common 
characteristics (e.g., a net cationicity balanced by the presence of hydrophobic resi-
dues resulting in amphipathic structures) and other quite different parameters (e.g., the 
nature of their amphipathic structures), affecting activity.

The helical amphipathic structure segregates polar/charged residues on one face 
of the helix cylinder (the polar sector) and hydrophobic residues on the other (the 
hydrophobic sector), which can then be inserted into biological membranes. 
Structural and physicochemical parameters that influence the folding/insertion 
process include size, residue arrangement, propensity for helical structuring, net 
charge, global hydrophobicity, amphipathicity, angle subtended by each face on a 
helical wheel projection, and the side-chain depths of each face (Tossi et al. 2000; 
Giangaspero et al. 2001; Zelezetsky and Tossi 2006). These parameters are inti-
mately related so that modifications aimed at altering one can result in significant 
changes to one or more of the others as well. For example, increasing the number 
of hydrophobic residues necessarily increases the size of the hydrophobic sector, 
affecting amphipathicity, and similarly for the number of residues in the polar sector. 
For shorter peptides (<20 residues), increasing the positive charge can bring cationic 
side chains next to each other when the helix forms (especially if separated by three 
or four residues in the primary sequence). The resulting repulsion reduces the 
propensity for helix formation.

Defensins have considerably more complex structures, so that while it is possible 
to quantitatively assess such parameters as overall charge and global hydrophobicity, 
other parameters such as amphipathicity are not as well defined or easily controllable 
as in helical peptides. In any case, sequence templates, by providing the possibility of 
generating simplified model peptides with more defined structural and physico-
chemical characteristics, have been quite useful in helping to explain the general 
mode of action of both types of peptides, and in helping to explain the behavior of 
natural HDPs. For example, they have helped explain differential interactions 
with the microbial cell wall under different conditions, the effect of interactions with 
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medium or serum components on biological activities, and how antimicrobial or 
host-cell modulating activities are affected by the molecular evolution of peptide 
orthologues in different species (Zelezetsky et al. 2005a; Zelezetsky and Tossi 2006; 
Tomasinsig et al. 2008; Antcheva et al. 2009). The wide repertoire of nonproteino-
genic amino acids (in principle over 400 alongside the 20 natural ones) combined 
with specific sequence templates provides a powerful tool for these studies. Their use 
requires an accurate assessment of side-chain hydrophobicities. However, the pub-
lished hydrophobicity index scales include only natural amino acids. A consensus 
hydrophobicity scale that includes some nonproteinogenic amino acids and appropri-
ate analysis software has thus been developed ad hoc and is available on the Trieste 
University Web site at http://www.bbcm.units.it/~tossi/antimic.html. It allows 
quantitative estimates of global per residue hydrophobicity, and global or relative 
amphipathicity for sequence stretches of homogeneous conformation.

Charge and Hydrophobicity

These parameters are modulated by balancing the content of amino acid residues 
with charged, neutral polar and aliphatic/aromatic side chains in the peptide. 
Cationicity is widely recognized as being important for the activity of HDPs and is 
normally provided by the presence of Lys and/or Arg residues. Arg, however, 
undergoes added H-bonding and p interactions that need to be taken into account. 
For a helical scaffold, the polar/charged residues Glu, Gln, and Orn (ornithine) and 
the aliphatic residue Nle (norleucine) are a good choice to start with for probing 
charge effects (see Table 6.1). Their side chains are of similar size and so ensure 
that the polar and hydrophobic sectors of the helix have similar depths and that the 
anionic Glu, neutral Gln, and cationic Orn have similar hydrophobicity index values. 
For an 18-residue helix, it is thus possible, by interchanging them, to vary charge 
from +1 to +6 without significantly affecting the global hydrophobicity, amphipath-
icity, or helix-forming propensity of the sequence (Zelezetsky et al. 2005a; 
Zelezetsky and Tossi 2006). Further increasing the cationicity can, however, lead to 
conformational destabilization due to excessive charge density in the polar sector. 
Decreasing cationicity by introducing anionic residues can instead facilitate helix 
formation due to intramolecular salt-bridge formation.

The global hydrophobicity is normally modulated by altering the residues in the 
hydrophobic face as well as by altering its width on the helix cylinder (i.e., the 
angle subtended by the hydrophobic sector on a helical wheel projection). In a heli-
cal template derived from a combination of invertebrate and vertebrate animal 
peptides, interface positions between polar and hydrophobic faces were undefined, 
allowing to modulate face widths by inserting either polar or hydrophobic residues. 
Interestingly, glycine is often present at the interface. Overall hydrophobicity is also 
decreased by switching from aromatic to long aliphatic to short aliphatic residues. 
Use of long-chain a-branched amino acids such as Dpg (dipropylglycine) or Deg 
(diethylglycine) (Table 6.1) increases the density of aliphatic side chains in the 

http://www.bbcm.units.it/~tossi/antimic.html
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hydrophobic face, markedly increasing global hydrophobicity. Unlike the short-chain 
alpha-branched residue aminoisobutiric acid (Aib, see below), these residues do not 
affect helix stability (Zelezetsky et al. 2005a).

For defensins, the more complex scaffold makes quantification of parameters 
such as amphipathicity and surface depths less meaningful, and use of nonprotei-
nogenic amino acids is thus less significant. A template derived from avian and 
mammalian b-defensins in principle allows variation of charge up to +11, as 
observed in some natural peptides such as human hBD3 (Antcheva et al. 2009), 
with about half the positions being open to hydrophopic residues, for control of 
hydrophobicity.

Surface Properties and Amphipathicity

For the helical scaffold, surface properties can be altered by either varying the size 
of the polar and hydrophobic faces (angle subtended on a helical wheel) or varying 
the depth of each face by controlling the size of residue side chains. As mentioned 
above, the respective size of the two faces can be altered by interchanging Gly with 
polar or hydrophobic residues at their interface. Switching between nonproteino-
genic residues such as Nle (norleucine), Nva (norvaline), and Abu (aminobutyric 
acid) (Table 6.1) allows for a gradual decrease of hydrophobic face depth. Similarly, 
it is possible to vary the polar sector depth by switching between Lys, Orn, Dab 
(diaminobutyric acid), and Dap (diaminopropionic acid) (Table 6.1). This variation 
is useful in probing the relevance of the so-called snorkel or periscope effect from 
the polar sector when the helical peptide binds parallel to the membrane surface and 
then sinks with its hydrophobic sector into the membrane lipid bilayer (Monne 
et al. 1998; Zelezetsky and Tossi 2006).

Amphipathicity can be modulated by simply interchanging polar with hydrophobic 
residues so as to decrease the homogeneity of the respective faces. This can be taken 
to an extreme in completely scrambled peptides. As residue content is unaltered, 
global hydrophobicity and charge are not affected by this. By redistributing residues 
in the sequence it is however possible to inadvertently favor other types of regular 
amphipathic conformations (such as extended b-sheet-like or other types of helical 
conformations), which may show some form of antimicrobial activity. A simple 
computational tool at Trieste University (http://www.bbcm.units.it/~tossi/antimic.
html) allows simple visualizations of residue distribution to check for this.

The dynamic interaction of helical AMPs with membranes requires the forma-
tion of an amphipathic conformation, and this occurs equally well in all-d 
enantiomers (composed only of d-amino acids), which form left-handed helices 
with similar surfaces to the right-handed ones. For several naturally derived or 
artificial AMPs, these enantiomers in fact display comparable antimicrobial proper-
ties in vitro, and these are likely to be improved in vivo, as they are less prone to 
be sequestered by stereospecific interactions with serum components or removal by 

http://www.bbcm.units.it/~tossi/antimic.html
http://www.bbcm.units.it/~tossi/antimic.html
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proteolysis, thus displaying improved bioavailability. Possibly for the same reasons, 
however, all-D peptides have been found to be somewhat more cytotoxic than the 
natural enantiomers (Pacor et al. 2002; Tomasinsig et al. 2009).

Conformational Stability

For helical AMPs, this active conformation normally occurs only on interaction 
with biological membranes, while they are disordered in aqueous solution. Both a 
propensity for helix formation and the presence of an amphipathic residue arrange-
ment are required for the peptide to insert into the lipid bilayer. It is possible to 
modulate the propensity for helix formation in various different ways. The appro-
priate placement of anionic and cationic residues at positions i+3 or i+4 from each 
other results in helix-stabilizing salt bridges. If the number of intramolecular side-
chain attractions exceeds that of repulsions, helix formation is strongly favored. 
However, as each salt bridge comes at the cost of a positive charge, only longer 
peptides can accommodate several bridges while maintaining a high global catio-
nicity. This trait may have been selected for in the evolution of some primate cathe-
licidin. Thus, the human LL-37 (37 residues, charge +6) and its orangutan orthologue 
(charge +4) have an excess of attractions and form more-or-less stable helices even 
in aqueous solution, while rhesus RL-37 (charge +10), with an excess of repulsion, 
behaves in the canonical manner and only forms a helix at the membrane surface, 
being randomly coiled in aqueous solution (Zelezetsky et al. 2006). These features 
were found to modulate their interactions with both microbial and host cells 
(Morgera et al. 2008b; Tomasinsig et al. 2008, 2009).

For shorter peptides, it is possible to stabilize the helical conformation consider-
ably using specific nonproteinogenic, a-branched amino acids, due to the Thorpe–
Ingold effect (Toniolo et al. 2001). Aib (aminoisobutyric acid) is well known in this 
respect and indeed is found in natural, nonribosomally synthesized helical antimi-
crobial peptaibols such as alamethicin (Duclohier 2007). Acp (1-amino-1-cylopen-
tanecarboxylic acid) (Table 6.1), with a cyclic a-branched side chain, is particularly 
effective, and a few residues interspersed in the hydrophobic sector are sufficient to 
ensure helix formation in aqueous solution, even in the absence of membranes, 
while its hydrophobicity is comparable to that of aliphatic residues commonly pres-
ent in this sector (Zelezetsky et al. 2005a). It is interesting to note that short, stable 
helical peptides of this type show an antimicrobial and cytotoxic behavior in some 
ways similarly to those of stable helical HDPs such as LL-37, thus helping to 
explain some aspects of their mode of action (Zelezetsky et al. 2005a; Zelezetsky 
et al. 2006).

Helix destabilization is sometimes useful in probing functional aspects of 
AMPs. This is achieved by introducing residues such as proline, preferably in the 
polar sector of the helix, or by introducing d-enantiomers of amino acids already 
present. Substitution of two successive residues with their enantiomers significantly 
reduces the helix-forming propensity (Krause et al. 1995; Zelezetsky et al. 2005a). 
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It is interesting to note that diastereomers of helical AMPs have been found to 
selectively maintain antimicrobial activity toward some bacteria (Zelezetsky et al. 
2005a), with significantly reduced cytotoxicity toward host cells and improved 
bioavailability (Oren et al. 2002). Introduction of Gly residues may render the helix 
more flexible and also sometimes correlates with a better selectivity for bacterial 
with respect to host cells (Zelezetsky et al. 2005b).

Peptide Capping, Cyclization, Linearization, and Oligomerization

Peptide capping can render peptides more stable, protecting them from exopepti-
dases. This can be effected either by acetylating the N-terminus and/or amidating 
the C-terminus (which respectively also results in a decrease or increase of catio-
nicity) or by introducing a pyroglutamic acid at the N-terminus, as present in some 
natural AMPs, including b-defensins (Antcheva et al. 2009). Cyclization, either by 
introducing a disulfide bridge between N- and C-terminal cysteines or by covalent 
linkage of the termini, has also been used to modulate AMP properties and to 
increase peptide stability and bioavailability. Interestingly, a substantial mainte-
nance of the helical conformation was observed on end-to-end cyclization of natu-
ral helical peptides or disulfide bridge cyclization of an artificial one, although 
effects on antimicrobial potency and cytotoxicity were quite variable (Krishnakumari 
et al. 1999; Unger et al. 2001). End-to-end cyclization of defensins improved anti-
microbial activity by reducing salt sensitivity (Yu et al. 2000).

Many studies have been carried out to test the effects of the linearization of 
defensins, by removing disulfide bonds, regarding activities toward both microbial 
and host cells (Wu et al. 2003; Kluver et al. 2005; Antcheva et al. 2009). These 
studies often report that antimicrobial activity is either unaffected or actually 
improved. It is, however, highly unlikely that a structural scaffold that has been 
maintained throughout the evolution of these peptides could be so easily dispens-
able for their biological functions. Rather, the scaffold supports sequences display-
ing a certain balance of cationic and hydrophobic residues necessary for the 
peptides’ activity. This balance remains in the linearized versions, although resi-
dues are likely arranged in distinctly different structures, allowing different modes 
of membrane interaction and resulting in different mechanisms of bacterial inacti-
vation (Antcheva et al. 2009).

Both helical AMPs and defensins may oligomerize at the membrane surface. 
Covalent dimerization can be useful to probe the relevance of these processes to 
biological functions. For helical peptides, covalent dimerization has been effected 
by placing cysteine residues at the N- or C-termini, so as to produce head-to-head 
(parallel) or head-to-tail (antiparallel) homo- or heterodimers (Hara et al. 2001a, b), 
and used to probe the effect of dimerization on membrane pore formation and sta-
bility. An alternative means of producing parallel dimers is that of carrying out 
solid-phase synthesis starting from an unprotected lysine residue, so that identical 
helices grow from both the a- and e-amine groups. This technique has also been 
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used to form multiply branched dendrimers with interesting antimicrobial properties 
(Pini et al. 2005) that are being developed as potential novel antibiotics.

For defensins, loss of one Cys residue has been reported to result in covalent 
intermolecular dimer formation in mammalian b-defensins and results in somewhat 
altered antimicrobial activities (Circo et al. 2002; Campopiano et al. 2004). Starting 
from a b-defensin sequence template, covalent dimerization of this type was useful 
in probing the relevance of noncovalent dimerization to biological activities in 
primate b-defensins 2 and 3 (Antcheva et al. 2009).

Peptide Labeling with Spectroscopic Probes

For membrane-active AMPs, the possibility of following membrane interactions 
via spectroscopic techniques is very useful. This is most often carried out by using 
fluorescence or infrared techniques, based on internal or introduced spectrophores. 
In the first case, the presence of a tryptophan residue is highly desirable, as its fluo-
rescence is very sensitive to environmental transitions (e.g., from bulk solution to 
the membrane lipid bilayer) and also to inter- or intramolecular quenching from 
quencher groups specifically placed in the external aqueous environment or lipid 
acyl chains. However, some care should be taken if tryptophan residues are not 
naturally present and must be introduced, as they are known to favor partitioning at 
the membrane surface interface and may thus affect the mechanism of action. 
Tryptophan also has interesting CD properties useful for probing the rigidity of its 
environment (Agashe et al. 1995). An alternative is to replace naturally present Phe 
or Tyr residues with the nonproteinogenic residue CN-Phe (cyanophenylalanine, 
see Table 6.1) (Tucker et al. 2004; Tang et al. 2009). This has useful emission prop-
erties, as its fluorescence intensity is markedly reduced in organic environments 
such as the lipid bilayer, and is also strongly quenched by Cl- ions present in bulk 
solution. It can also be used as an IR probe, as its IR spectrum changes significantly 
on passing from an aqueous to a membrane environment. Both these effects have 
been useful in better understanding the interaction of human b-defensin 3 with 
model membranes (Morgera et al. 2008a). CN-Ala (cyanoalanine) can also be used 
as a nonaromatic IR probe.

Introduced fluorophores are often based on fluorescein isothiocyanate (FITC), 
BODIPY, or the Alexa dyes (Mattiuzzo et al. 2007; Scocchi et al. 2008; Benincasa 
et al. 2009; Morgera et al. 2009). These can be covalently conjugated to a- 
(N-terminal) or e-amine groups (lysines), or to the SH groups of cysteines. Care 
should be taken when linking to naturally present amine groups, as formation of the 
amide bond removes a positive charge, which can be important for antimicrobial 
activity (addition of fluorophores such FITC, which are anionic, further decreases 
cationicity). For this reason, it is sometimes useful to introduce extra N- or 
C-terminal cysteine or lysine residues specifically for linking of the fluoropores. 
In this respect, anecdotal accounts indicate that introduction of the fluorophore 
at the C-terminus is less likely to affect the mode of action of AMPs than that at the 
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N-terminus. Combined with extracellular quenchers, fluorescently labelled AMPs 
are also very useful for following peptide internalization into bacterial cells 
(Benincasa et al. 2009).

Conclusions

AMP sequence templates, in combination with the use of rationally selected non-
proteinogenic amino acids, are powerful tools for obtaining structure/activity data 
for different classes of AMPs, and for designing peptides with optimized antimicro-
bial properties. Together with other design methodologies, they have allowed a 
better understanding of how AMPs function and what structural and physicochemical 
features are important for their activities. All these methodologies should, however, 
be applied with caution. HDPs can have multiple modes of action against bacteria, 
and many are multifunctional, also modulating the activities of host immune cells. Even 
quite slight alterations in sequence can cause significant alterations in structure, 
which rather than modulating a particular functional feature, may cause a switch to 
a different mode of action than that being probed. It is therefore essential to subject 
newly designed analogues of any given AMP or HDP to an extensive series of 
structural and functional assessments, using diverse biochemical, biophysical, and 
microbiological assays, before any firm conclusions as to the relevance of structural 
variations on the biological functions can be made.
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Abstract The search for new antimicrobial peptides produced by lactic acid 
 bacteria and other Gram-positive microorganisms has become an interesting field 
of research in the past decades.

The fact that bacteriocins are active against numerous foodborne and human 
pathogens, are produced by generally regarded as safe (GRAS) microorganisms, 
and are readily degraded by proteolytic host systems makes them attractive candi-
dates for biotechnological applications. However, before suggesting or choosing a 
new bacteriocin for future technology developments, it is necessary to elucidate its 
biochemical structure and its mode of action, which may be carried out once the 
bacteriocin is purified to homogeneity.

This chapter focuses on describing the main strategies used for the purification 
of numerous bacteriocins.

Introduction

The production of antimicrobial peptides (AMPs) is widely distributed among all 
living organisms where they play an essential role as part of the innate immune 
defenses. After the initial discovery of AMPs in insects and amphibians, many 
more have subsequently been identified and isolated. Probably, the best character-
ized AMPs are those derived from insects (cecropins), amphibians (magainins), and 
humans (a- and b-defensins) (Zasloff 2002; Hancock and Sahl 2006).

Regardless of the origin of the AMPs, they share distinguishing features such 
as being short (between 10 and 50 amino acids) and cationic (charge of generally 
+2 to +9), imparted by the presence of multiple lysine and arginine and with a 
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substantial portion (³30% or more) of hydrophobic residues. However, their 
primary sequence and structure may vary considerably among the groups 
(Hancock and Sahl 2006).

In bacteria, AMPs are called bacteriocins including those produced by Gram-
positive and Gram-negative bacteria (Riley and Wertz 2002). Among the 
Gram-positive group of microorganisms, lactic acid bacteria (LAB) are particu-
larly prolific in bacteriocin production (Klaenhammer 1988).

In the last 20 years, many studies have focused on bacteriocins from LAB due 
to their potential biotechnological applications. Many of them have shown both 
in vitro and in vivo to be effective against foodborne human pathogens and spoilage 
microorganisms (Fimland et al. 2005; Guinane et al. 2005; Lawton et al. 2007; 
Castellano et al. 2008). In food, antibiotics are not allowed, so the utilization of 
these natural antagonistic additives with preservative or antimicrobial properties 
has become a trademark approach in food safety and preservation. The in situ or ex 
situ production of bacteriocins constitutes the two alternative directions for food 
biocontrol: (1) the use of bacteriocin-producing LAB or (2) the direct addition of 
bacteriocin preparations, either synthetic or purified from the culture supernatant of 
the producer strains. Such applications could be greatly facilitated with the devel-
opment of efficient procedures for detection, quantification, and purification of 
bacteriocins (Martinez et al. 2000). In this regard, only nisin, a posttranslationally 
modified lantibiotic produced by certain strains of Lactococcus lactis, is presently 
licensed for food use in a partially purified form.

Current drawbacks for the extensive use of this kind of peptides are the high cost 
of a large-scale production mainly attributed to (a) the complex culture media used 
for growing LABs and (b) the nature of bacteriocins, which entails a difficult and 
expensive purification process. A general procedure is not yet available.

Strategies for Purification of LAB and Other 
Gram-Positive Bacteriocins

Peptide bacteriocins are classified on the basis of structural and functional 
 characteristics. The Class I group is called “lantibiotics” because of the distinctive 
posttranslational modifications, whereas Class II group are those bacteriocins 
lacking such modifications. In the classification suggested by Cotter et al. (2005), 
the Class II bacteriocin group presents four subclasses, although another classifica-
tion system has been proposed (Heng et al. 2007).

Besides their nature, several approaches for the analytical purification to 
homogeneity of LAB bacteriocins have been published through the years 
(Table 7.1) (Carolissen-Mackay et al. 1997; Suarez et al. 1997; Parente and 
Ricciardi 1999; Guyonnet et al. 2000; Uteng et al. 2002; Berjeaud and Cenatiempo 
2004; Saavedra et al. 2004a).

The classical strategy includes the following: (a) concentration of the pep-
tide present in the culture supernatant by salt precipitation (Muriana and 
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Table 7.1 Purification strategies of selected bacteriocins produced by LAB and other 
Gram-positive bacteria

Lantibiotics (Class I) Purification strategy Reference

Bovicin HJ50 Solvent extraction (isopropanol), 
acetone concentration, HIC, 
Gel filtration

Xiao et al. (2004)

Epidermin and 
gallidermin

Chloroform extraction, RP-HPLC Bonelli et al. (2006)

Epicidin 280 
and Pep5

HIC, cation-exchange (CM-sephadex 
C-25), RP-HPLC

Heidrich et al. (1998)

Epilancin 15X FPLC, cation-exchange, HID, 
RP-HPLC

Ekkelenkamp et al. 
(2005)

Lacticin 481 Ammonium sulfate precipitation 
Gel filtration (Ultragel 
ACA202), C

18
 RP-HPLC

Piard et al. (1992)

Lacticin 3147 (2p) Amberlite XAD-16, RP-HPLC, 
RP-FPLC

McAuliffe et al. (1998)

Mersacidin Serdolit PAD-I resin, RP-HPLC Hsu et al. (2003)
Michiganin Ammonium sulfate precipitation, 

cation-exchange 
(SP-sepharose), RP-FPLC

Holtsmark et al. (2006)

Mutacin H-29B Cell pellet extraction 
(ethanol–HCL), C

18
 Sep-Pak 

cartridges, RP-HPLC

Nicolas et al. (2006)

Nukacin ISK1 Amberlite XAD-16, cation- 
exchange (SP-Sepharose), 
RP-HPLC

Aso et al. (2005)

Nisin A Single-step immunoaffinity 
chromatography

Suarez et al. (1997)

Nisin A Trypsin digestion at pH 5, HPLC Coughlin and Crabb (2002)

Nisin A (and 
derivatives) Patent

Cell pellet extraction 
(isopropanol), SPE C

18

Cotter and Hill (2009)

RP-HPLC WO/2009/135945
Nisin Q Amberlite XAD-16, ion-exchange 

(SP-sepharose) RP-HPLC
Zendo et al. (2003)

Nisin Z Single-step immunoaffinity  
(magnetic beads coated 
with antinisin Z monoclonal 
antibodies)

Prioult et al. (2000)

Salivaricin A2 XAD-2 resin, DEAE-Sephadex, 
CM-Sephadex FPLC Superose 
12HR 10/30, RP-HPLC

Ross et al. (1993)

Subtilin Supernatant concentrated 
with Tosohaas Toyopearl 
Butyl-650 resin concentration, 
C

18
 RP-HPLC

Parisot et al. (2008)

(continued)
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Table 7.1 (continued)

Class IIa bacteriocins Purification strategy Reference

Bifidocin B Absorption in diatomite 
calcium silicate, cation- 
exchange (CM-cellulose)

Yildirim et al. (1999)

Carnobacteriocin A Amberlite XAD-8, Gel filtration 
(Sephadex LH-60) RP-HPLC

Worobo et al. (1994)

Enterocin CRL35 Ammonium sulfate 
precipitation – Gel filtration 
Biogel P-6 – cation-exchange 
chromatography – HPLC

Farias et al. (1996)

Enterocin P Ammonium sulfate precipitation, 
Gel filtration cation-exchange 
(Q-sepharose), HIC, RP-FPLC

Cintas et al. (1997)

Leucocin A Ammonium sulfate precipitation, 
Amberlite XAD-2, Gel filtration 
(Sephadex G25), RP-HPLC

Hastings et al. (1991)

Mundticin KS Ammonium sulfate precipitation, 
cation-exchange (SP-Toyopearl), 
C

18
 SPE cartridge

Kawamoto et al. (2002)

Pediocin PA-1 Amberlite XAD-8, SPE C
18

 
column, RP-HPLC

Kaur et al. (2004)

Piscicolin 126 Ammonium sulfate precipitation, 
cation-exchange (CM-Sepharose, 
RP-HPLC)

Jack et al. (1996)

Piscicocin CS526 Ammonium sulfate precipitation, 
Gel filtration (Sephadex G50), 
cation-exchange (SP-Sepharose), 
C

18
 SPE cartridge, RP-HPLC

Yamazaki et al. (2005)

Plantaricin 423 Rotavap concentration, 
ultrafiltration, RP-HPLC

van Reenen et al. (1998)

Mesentericin Y105 
Sakacin A
Sakacin P
Enterocin A
Pediocin PA-1
Divercin V41

Cation-exchange (CM-cellulose), 
SPE C

18
 cartridge, RP-HPLC

Guyonnet et al. (2000)

Class IIb bacteriocins Purification strategy Reference

ABP-118 Ammonium sulfate precipitation, 
Amberlite XAD-16, 
Ion-exchange (SP-Sepharose), 
RP-FPLC

Flynn et al. (2002)

Brochocin C Butanol extraction – Acetone 
precipitation Gel filtration 
(Sephadex G-50)

McCormick et al. (1998)

Enterocin C Ammonium sulfate precipitation, 
cation-exchange SP-Sepharose, 
HIC, RP-FPLC

Maldonado-Barragan et al. 
(2009)

(continued)
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Table 7.1 (continued)

Class IIb bacteriocins Purification strategy Reference

Enterocin 1071 Ammonium sulfate 
precipitation, 
cation-exchange 
SP-Sepharose

Balla et al. (2000)

Lactacin F Ultrafiltration, ammonium sulfate 
precipitation Gel filtration 
(Sephacryl S-300), RP-HPLC

Muriana and Klaenhammer 
(1991)

Lactocin 705 Adsorption–desorption; RP-HPLC Palacios et al. (1999)
Lactococcin G Ammonium sulfate precipitation, 

cation-exchange SP-Sepharose, 
HIC, RP-FPLC

Nissen-Meyer et al. (1992)

Lactococcin Q Acetone precipitation, 
cation-exchange 
SP-Sepharose, RP-HPLC

Zendo et al. (2006)

Mutacin IV Chloroform extraction, HIC 
(Source 15 RPC)

Qi et al. (2001)

Plantaricin S Ammonium sulfate precipitation 
SP-Sepharose, HIC, RP-FPLC

Jimenez-Diaz et al. (1995)

Plantaricin E/F 
and J/K

Ammonium sulfate precipitation, 
cation-exchange SP-Sepharose, 
HIC, RP-FPLC

Anderssen et al. (1998)

Plantaricin NC8 Ammonium sulfate precipitation, 
cation-exchange SP-Sepharose, 
HIC, RP-FPLC

Maldonado et al. (2003)

Thermophilin 13 TCA precipitation, HIC (Source 15 
PHE resin), RP chromatography 
(Resource RP column)

Marciset et al. (1997)

Circular bacteriocins Purification strategy Reference

AS-48 Cation-exchange CM-Sephadex, 
Gel filtration, (Biogel P-6), 
RP-chromatography

Galvez et al. (1989)

Butyrivibriocin 
AR10

Ammonium sulfate 
precipitation, ultrafiltration 
RP-chromatography

Kalmokoff and Teather 
(1997)

Carnocyclin A Amberlite XAD-16 resin SPE C
18

 
cartridge, RP-HPLC

Martin-Visscher et al. (2008)

Circularin A Ammonium sulfate 
precipitation butanol 
extraction, RP-HPLC

Kemperman et al. (2003)

Gassericin A and 
reutericin 6

HIC, RP-chromatography 
(LiChroprep RP-8 resin)

Kawai et al. (2004)

Subtilosin A Anion-exchange (High Q), butanol 
extraction, gel filtration 
(Sephadex LH-20)

Zheng and Slavik (1999)

Uberolysin Ammonium sulfate precipitation, cation-
exchange (CM Macroprep), Gel 
filtration (Superdex 75) RP-HPLC

Wirawan et al. (2007)

Lactocyclicin Q Adsorption–desorption, cation-
exchange (SP-Sepharose), 
HIC, RP-HPLC

Sawa et al. (2009)
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Klaenhammer 1991) or acid extraction (Yang et al. 1992), (b) ion-exchange 
chromatography, (c) hydrophobic interaction, and (d) gel filtration and/or 
reversed-phase chromatography (RP-HPLC).

Since bacteriocins are secreted into the culture medium during bacterial growth 
and considering the relatively low specific production of these peptides, a first 
necessary step is the concentration of the cell-free culture supernatant (CS). 
Therefore, sequential precipitation or adsorption steps are routinely performed. 
Salt precipitation with ammonium sulfate is generally used. Although most bacte-
riocins display a reduced activity at high salt concentrations, ammonium sulfate as 
concentrated as 80% saturation does not interfere with the antimicrobial activity. 
In addition, vacuum concentration and extraction with organic solvents (acetone, 
ethanol, chloroform) were also reported (Holck et al. 1994, 1996; Coventry et al. 
1996; Burianek and Yousef 2000; Taylor et al. 2007).

On the other hand, LABs are fastidious microorganisms that require rich and com-
plex culture medium (LAPTg broth, MRS broth, Tryptic Soy broth, M17G broth) for 
growth, which often contain considerable amounts of small peptides (3,000–6,000 Da) 
in the range of most bacteriocins [10–30 g l−1 compared to a  bacteriocin concentration 
of 10–100 mg l−1 (Parente and Ricciardi 1999)]. Because of the presence of these 
contaminants, freeze-drying or any other direct removal of water is not suitable. An 
appropriate alternative would be the use of a culture medium that allows the maxi-
mum production of the peptides with minimum  interference with the purification 
scheme. Concerning this issue, Vera Pingitore et al. (2009) have recently optimized 
the production of salivaricin CRL1328 in a chemically defined medium lacking 
 interference peptides, which facilitates its purification. Among medium constituents 
that interfere not only with bacteriocin purification but also with bacteriocin produc-
tion is Tween 80. One example is gassericin A where Tween 80 from the culture 
medium has been replaced by oleic acid, which resulted in a 4,500-fold increase in 
specific activity (Kawai et al. 1994).

An interesting shorter and inexpensive alternative to concentrate LAB bacterio-
cins was described by Yang et al. (1992), in which bacteriocins such as pediocin 
AcH, nisin, sakacin A, and leuconocin Lcm1 were adsorbed onto producer bacteria 
at pH 5–7 and desorbed later by lowering the pH. This method is based on the fact 
that most bacteriocins have a specific range of pH where they are completely 
adsorbed onto cell surfaces. Therefore, after an overnight incubation, cultures are 
heated to inactivate the bacteria. Then, pH is adjusted to assure complete adsorption 
of bacteriocins followed by a number of washes in order to get rid of culture 
medium contaminants. Finally, the peptides are released by dropping the pH with 
strong acids and using 50 mM sodium dodecyl sulfate (SDS). Daba et al. (1994) 
also purified pediocin PA-1 by acid extraction (at pH 2) and a final RP-HPLC, 
using a C

18
 column maintained at 39°C throughout the separation. The peptide was 

released with acetonitrile–0.1% trifluoroacetic acid (TFA) gradient. Following 
Yang scheme, other adsorbents have been reported to be effective. For instance, 
nisin, pediocin PO2, brevicin 286, and piscicolin 126, were extracted from fermen-
tation media by adsorption onto Micro-Cel (a food-grade diatomite calcium silicate 
anticaking agent) and subsequent desorption with 1% sodium deoxycholate and 1% 
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SDS (Coventry et al. 1996). These authors also showed that this protocol resulted 
in bacteriocin preparations free of proteinaceous contaminant substances. Another 
adsorption/desorption technique was implemented by Janes et al. (1998) where 
nisin, pediocin RS2, leucocin BC2, lactocin GI3, and enterocin CS1 were bound to 
rice hull ash or silicic acid. This methodology raised a relatively purer sample, 
although an additional dialysis step must be performed with a resulting decreased 
recovery of the peptide. In addition, several lantibiotics have also been extracted 
from CS using different resins (Amberlite XAD 16; XAD-2) or unpolar resins such 
as Serdolit PAD-I (Ross et al. 1993; McAuliffe et al. 1998; Zendo et al. 2003; Aso 
et al. 2008). In general, this seems to be a cleaner method that gives a purer final 
sample with less contaminants. However, it is not suitable for all bacteriocins; for 
instance, the yield of two-component bacteriocins is often low and inappropriate for 
large-scale purification (Nissen-Meyer et al. 1992; Anderssen et al. 1998).

Since the concentration steps only reduce the working volume and do not 
 provide a high degree of purity, several subsequent chromatographic steps are still 
required. Taking advantages of the cationic and hydrophobic nature of bacteriocins, 
different types of column of chromatography are used. As a first choice, a cation-
exchange column [SP (sulfopropyl)-Sepharose or CM (carboxymethyl)-Sephadex] 
is used in most of the procedures (Table 7.1), and the release of the peptides is often 
achieved using a linear NaCl gradient. Finally, active fractions are pooled and 
 concentrated by RP-HPLC or RP-FPLC. The most common column packings are 
silica or polymeric supports to which straight chain of hydrocarbons ranging from 
C

4
 to C

l8
 are bonded. Then, bacteriocins are eluted using a gradient of water-miscible 

organic solvents such as methanol, isopropanol, or acetonitrile (Liu and Hansen 
1990; Floriano et al. 1998; Palacios et al. 1999; Berjeaud and Cenatiempo 2004; 
Saavedra et al. 2004a). This is usually the last step of the preparative purification. 
This final step is always included, not only to check the purity of the samples but 
also to eliminate the last contaminants.

This general protocol, though it is the most widely used, is time consuming, and 
the final recovery of peptides is generally low, which makes it unsuitable for large-
scale purification for biotechnological applications. To circumvent these problems 
and improve the recovery of bacteriocins, various reports offering advantages in 
the proceeding have been published. Callewaert and de Vuyst (1999) reported the 
isolation of amylovorins L471 [two active antimicrobial peptides (4,800 and 
5,800 Da)] directly from the crude fermentation broth of Lactobacillus amylovorus 
DCE 471 through expanded bed adsorption using a strong cation-exchanger; how-
ever, this methodology did not allow a good recovery of the sample. Later on, the 
same authors proposed a novel three-step method for the purification of one of the 
peptides where the concentration of the sample was followed by a chloroform/
methanol extraction/precipitation step and finally ending in a single separation by 
RP-FPLC (Callewaert et al. 1999; De Vuyst et al. 1996;). Guyonnet et al. (2000) 
also reported a three-step method for the purification of class IIa bacteriocins or 
anti-Listeria peptides. Basically, the authors modified two steps of the previous 
published protocol (Biet et al. 1998) consisting of the elimination of color 
 contaminants from the culture medium by modifying the extent and temperature 
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of sterilization; moreover, the ammonium sulfate precipitation was replaced by 
cation-exchange chromatography. Although the purification yield varied between 
10 and 60%, they claimed that the purified bacteriocins appeared to be at least 
95% pure. Uteng et al. (2002) shortened the protocol even more when they 
 published a two-step purification protocol for the same type of peptides. The first 
step consists in the direct application of the bacterial culture on a SP-Sepharose 
Fast Flow cation-exchange column (Amersham Pharmacia Biotech); in these con-
ditions, the cationic bacteriocins are eluted with 1 M NaCl. In the second step, the 
active fraction issued from the cation-exchanger is applied at a high flow rate on 
a low-pressure Resource reversed-phase column (Amersham Pharmacia Biotech) 
and eluted with a propanol gradient. The final recovery of the sample is signifi-
cantly increased from 10 to 20% using the original methodology to 90–100% with 
the new and improved protocol (Uteng et al. 2002).

In addition to the schemes described above, immunoaffinity chromatography 
represents a relatively novel and specific strategy that allows a rapid and clean way 
to purify bacteriocins. For instance, antinisin A monoclonal antibodies were 
 coupled to a HiTrap N-hydroxysuccinimide-activated column for a successfully 
one-step purification process (Suarez et al. 1997). In the same trend, specific anti-
bodies against enterocin B, nizin Z, pediocin PA-1, and enterocin P have also been 
generated and used for the purification and detection of these bacteriocins (Rose 
et al. 2001; Prioult et al. 2000; Gutierrez et al. 2004; Naghmouchi et al. 2008). 
Although specific antibodies against Lacticin RM, enterocin A, and an heterolo-
gously produced pediocin PA-1 were also reported, they were mainly used for the 
development of detection and quantification methods rather than the purification of 
these bacteriocins (Keren et al. 2004; Martinez et al. 2000). Although the yield 
obtained using this technique appears to be variable among the bacteriocins tested, 
it seems to be an interesting alternative that needs further improvements to achieve 
a good recovery of the sample.

Detection of Purified Bacteriocins

The detection or visualization of the antimicrobial peptides during different 
 purification stages represents an important part of the whole process. The most 
widely used methodologies are the radial diffusion assay and the spot-on-lawn tech-
nique where aliquots from different stages of the process are tested against a target 
cell usually grown on an agar base culture medium. The difference between both the 
methods is that in the first one, samples from the stages are loaded into small sample 
wells (e.g., 3 mm diameter), while in the second, small aliquots are spotted onto a 
lawn of the sensitive cell (Steinberg and Lehrer 1997). The inhibitory activity of 
active fractions is visualized as “inhibition halos,” i.e., clear zones where no growth 
of target cell is evident. Also, microdilution assay is also reported, although the 
procedure is time consuming and requires approximately ten times more sample.
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A modified SDS-PAGE is another very useful technique to examine and  estimate 
the molecular mass of partially or completely purified bacteriocins (Schagger and 
von Jagow 1987). The inconvenience is that small hydrophobic peptides tend to 
diffuse out of the polyacrylamide gel during staining, which makes it difficult to 
visualize them after electrophoresis. To overcome this problem, Bhunia et al. 
(1988) described a method where stained/destained gel was overlaid with a lawn of 
the target cell showing a clear zone of inhibition around the lowermost protein 
band, indicating that this band contained the antimicrobial activity. This technique 
(gel overlay assay or bioassay) has shown to be very useful for direct detection of 
antimicrobial peptides (Fig. 7.1). However, depending on the yield of the purifica-
tion process, several laboratory staining protocols [Coomasie Blue, Silver staining, 
SYPRO-Ruby (Molecular Probes-Invitrogen), Lumitein] have also been reported 
for SDS-PAGE of bacteriocins (Onda et al. 2003; Ball and Karuso 2007; Vera 
Pingitore et al. 2007, 2009; Nock et al. 2008). In addition, new fluorescent dyes 
offer the advantages of staining and cutting off the bands from the gels, which allow 
downstream analysis such as mass spectrometry or sequencing. Alternatively, a 
direct transfer to a PVDF membrane is also possible, which can be followed by the 
standard procedure.

As a complementary approach for the detection and quantification of bacterio-
cins, the generation of specific antibodies and the development of immunochemical 
methods had also proved to be effective, sensitive, and specific.

Fig. 7.1 Detection of antimicrobial activities of different bacteriocins after SDS-PAGE by using 
a bioassay. Lc291 and Lc268 correspond to bacteriocins produced by Lactococcus lactis strains 
(Palacios et al. unpublished); E35 is enterocin CRL35 (4.3 kDa; Saavedra et al. 2004b) and L705 
is a two-peptide bacteriocin (L705alpha, 3.5 kDa and L705beta 3.3 kDa, Cuozzo et al. 2003) 
produced by Lactococcus curvatus CRL705; MW, Low-molecular-mass marker (Sigma). (Source: 
Palacios, 2000. Used with permission of the author)
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Conclusion

The purification process of bacteriocins from LAB and related Gram-positive 
bacteria is often cumbersome due to a combination of (1) small amounts of bacte-
riocin produced and (2) the interference of contaminant hydrophobic peptides 
present in the complex culture media that “mimic” the chromatographic behavior 
of these antimicrobial compounds. This has led to a vast number of publications 
of protocols offering new or different alternatives to overcome the problems. The 
improvement of these techniques, along with the development of special and 
 low-cost fermentation media, will have a huge impact not only on basic research 
but also on the industries due to the tremendous potential of LAB bacteriocins in 
food and medical fields.
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Abstract Bacteriocins are ribosomally synthesized antimicrobial peptides 
produced by bacteria, and their use as natural and nontoxic food preservatives has 
been the source of considerable interest for the research community. In addition, 
bacteriocins have been investigated for their potential use in human and veterinary 
applications and in the animal production field. In the native bacterial strain, most 
bacteriocins are synthesized as biologically inactive precursors, with N-terminal 
extensions, that are cleaved concomitantly during export of the bacteriocin by dedicated 
ABC transporters, or the general secretory pathway (GSP) or Sec-dependent path-
way. However, a few bacteriocins are synthesized without an N-terminal extension, 
and others are circularized through a head-to-tail peptide bond, complicating 
the elucidation of their processing and transport across the cytoplasmic membrane. 
The high cost of synthetic bacteriocin synthesis and their low yields from many 
natural producers recommends the exploration of recombinant microbial systems for 
the heterologous production of bacteriocins. Other advantages of such systems 
include production of bacteriocins in safer hosts, increased bacteriocin produc-
tion, control of bacteriocin gene expression, production of food ingredients with 
antimicrobial activity, construction of multibacteriocinogenic strains with a wider 
antagonistic spectrum, a better adaptation of the selected hosts to food environ-
ments, and providing antagonistic properties to lactic acid bacteria (LAB) used as 
starter, protective, or probiotic cultures. The recombinant production of bacterio-
cins mostly relies on the use of expression vectors that replicate in Gram-negative 
bacteria, Gram-positive bacteria, and yeasts, whereas the production of bacteriocins 
in heterologous LAB hosts may be essentially based on the expression of native 
biosynthetic genes, by exchanging or replacing leader peptides and/or dedicated 
processing and secretion systems (ABC transporters), or by fusion of mature 
bacteriocins to signal peptides that act as secretion signals.
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Introduction

Compounds with antimicrobial activity are produced by a wide range of mammals, 
birds, insects, plants, and microorganisms, while ribosomally synthesized antimi-
crobial peptides produced by bacteria are generally referred to as bacteriocins 
(Klaenhammer 1993; Nes et al. 1996; Eijsink et al. 2002). Bacteriocin production 
is common in bacteria and mostly in lactic acid bacteria (LAB), and since bacterio-
cins produced by LAB display antimicrobial activity against a broad range of 
Gram-positive bacteria and, to a lesser extent, Gram-negative bacteria including 
spoilage and foodborne pathogenic microorganisms, they are attracting consider-
able interest for their potential use as natural and nontoxic food preservatives 
(Cintas et al. 2001; Cleveland et al. 2001; Cotter et al. 2005; Deegan et al. 2006; 
Gálvez et al. 2007). However, bacteriocins may also be useful in human and veteri-
nary applications. As the emergence of bacterial antibiotic resistance is an increasing 
problem in medical treatments and animal production, there is a pressing need 
for novel or alternative sources of antimicrobial agents. Potential applications for 
bacteriocins include the treatment of local and systemic bacterial and viral infec-
tions of humans and food-producing animals (Wachsman et al. 1999, 2003; 
O’Connor et al. 2006; Dezwaan et al. 2007; Klostermann et al. 2008; Knoetze et al. 
2008; Kang et al. 2009). The advantages of bacteriocins in clinical applications 
include their broad-spectrum antagonistic activity against bacteria and their low 
propensity for development of resistance. Hence, the complementary use of antibi-
otics together with bacteriocins can be an alternative approach for preventing the 
emergence of resistant bacterial pathogens (Sit and Vederas 2008). However, con-
comitant use of bacteriocins as therapeutic agents and food preservatives should be 
avoided in the animal production and food field. As the mechanisms of target cell 
recognition, producer cell self-protection (immunity), and bacteriocin resistance of 
sensitive bacterial cells become better understood in the bacteriocin research field, 
such advances would also permit the design of efficient bacteriocins against unrec-
ognized sensitive bacteria and to circumvent bacterial resistance (Diep et al. 2007). 
LAB not only add to food quality and safety, but may also exert direct positive 
effects on human and animal health (Parvez et al. 2006). Moreover, bacteriocin-
producing isolates may also be useful as probiotics with anti-infective effects in 
humans and animals (Corr et al. 2007; Gillor et al. 2008; Shin et al. 2008). 
Accordingly, the knowledge, evaluation, and improvement of the natural and heter-
ologous production of bacteriocins in microbial hosts hold a considerable funda-
mental and applied interest.

Natural Production of Bacteriocins

Bacteriocins are ribosomally synthesized peptides produced and exported by both 
Gram-negative and Gram-positive bacteria for the apparent purpose of destroying 
their competitors. They generally act at the bacterial membrane by combining 
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pleiotropic membrane activities with targeting of specific molecules and are extremely 
potent, often exhibiting their antagonistic effects at nanomolar  concentrations. Bacte-
riocins are also naturally present in foods and are nontoxic to mammals (Cotter 
et al. 2005; Sit and Vederas 2008). Although classification schemes for bacteriocins 
are made to provide a common nomenclature, they are still subject to revision. 
While the classification scheme devised by Klaenhammer (1993) comprised four 
bacteriocin classes, recent proposals recommend classification of bacteriocins into 
two major groups: the class I lantibiotics, containing posttranslationally modified 
amino acids, and the class II nonlantibiotics, containing nonmodified amino acids 
(Cotter et al. 2005; Nes et al. 2007). Although there is also a lack of consensus on 
how to subdivide class I and II bacteriocins into subclasses, the class II bacteriocins 
have been categorized into several subgroups: the subclass IIa (pediocin-like 
bacteriocins containing the N-terminal conserved motif YGNGVxC), the subclass 
IIb (bacteriocins whose full activity is dependent on the complementary action of 
two different peptides), the subclass IIc (leaderless bacteriocins), the subclass IId 
(circular bacteriocins), and the subclass IIe (bacteriocins that do not belong to any 
of the above groups) (Fimland et al. 2005; Drider et al. 2006; Franz et al. 2007; Nes 
et al. 2007). However, some researchers maintain that a class III division should be 
retained for heat-sensitive, large bacteriocins, with a further division into subclass 
IIIa (bacteriolysins) and IIIb (nonlytic proteins) (Heng and Tagg 2006). Furthermore, 
recommendations are also made for the circular, postranslationally modified bacte-
riocins, to be upgraded to a new class IV bacteriocins (Kemperman et al. 2003; 
Maqueda et al. 2004; Heng and Tagg 2006; Maqueda et al. 2008). The circular 
bacteriocins constitute a unique family of active proteins in which the N- and 
C-terminal ends are linked to form a circular backbone. The term “circular” has 
been adopted to distinguish this group of gene-encoded proteins from the classic 
“cyclic” peptides produced by microorganisms via multiple steps of enzymatic 
synthesis (Maqueda et al. 2008). Nine class IV bacteriocins have been reported to 
date and these can be further divided into two major groups according to their 
primary structures, biochemical characteristics, and genetic arrangements (Kawai 
et al. 2009).

Most bacteriocins produced by LAB are synthesized as biologically inactive 
precursors or propeptides containing an N-terminal extension, whereas the mature 
peptides are often cationic, amphiphilic, membrane-permeabilizing molecules. 
The N-terminal extensions of most lantibiotics and nonlantibiotics are of the so-called 
double-glycine type (leader peptide) and are cleaved concomitantly with export 
across the cytoplasmic membrane by dedicated ATP-binding cassette transporters 
(ABC transporters) and their accessory proteins (Håvarstein et al. 1995; Venema 
et al. 1995). However, some class II bacteriocins, such as acidocin B, divergicin A, 
bacteriocin 31, enterocin P, lactococcin 972, listeriocin 743A, propionicin T1, 
enterolysin A, and hiracin JM79/bacteriocin T8 (Sánchez et al. 2007a), contain 
N-terminal extensions of the so-called Sec type (signal peptide), which are prote-
olytically cleaved concomitantly with bacteriocin externalization by the general 
secretory pathway (GSP) or Sec-dependent pathway. They contain canonical Sec 
signal peptides consisting of a positively charged N-terminus, a hydrophobic core, 
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and a defined cleavage site that is removed by a specific signal peptidase during 
translocation (van Wely et al. 2001; Herranz and Driessen 2005).

However, a few bacteriocins described to date are synthesized without an 
N-terminal extension, including enterocin L50 (EntL50A and EntL50B), enterocin 
Q (EntQ), enterocin EJ97, aureocin A70, and aureocin A53 (Cintas et al. 1998; 
Sánchez-Hidalgo et al. 2003; Cintas et al. 2000; Criado et al. 2006a). The produc-
tion of two bacteriocins, designated LsbA and LsbB, synthesized with and without 
an N-terminal extension, respectively, was shown to be mediated by LmrB a mul-
tidrug resistance (MDR) transporter protein involved in the secretion and immunity 
of both antimicrobial peptides (Gajic et al. 2003). The genetic characterization of 
the EntQ production and immunity revealed that EntqB is involved in an ABC 
transporter-mediated secretion, while EntqC confers immunity to the bacteriocin 
(Criado et al. 2006a). For the circular bacteriocins such as enterocin AS-48, 
 butyrivibriocin AR10, circularin A, gassericin A and reutericin 6, subtilosin A, 
uberolysin, carnocyclin A, and lactocyclin Q, the expression of structural genes 
must be combined with the activity of proteins involved in their maturation (cleav-
age/circularization) and secretion outside the cells, as well as with the production 
of multifaceted immunity mechanisms essential to ensure bacterial self-protection 
(Kemperman et al. 2003; Maqueda et al. 2008; Ito et al. 2009; Martin-Visscher 
et al. 2009). The operons coding for production of several of the circular bacterio-
cins have been elucidated, enabling the identification of putative immunity proteins 
and accesory proteins involved in the production and export of these peptides. 
However, the function of the leader peptide that directs the processing and secretion 
of the mature bacteriocin, and the details of how cyclization of the secreted bacte-
riocin occurs remain unknown (Martin-Visscher et al. 2008).

The production of most lantibiotics and class II bacteriocins synthesized with a 
leader peptide relies on a well-conserved genetic organization including the following 
four genes often organized in one or two operon-like structures in gene clusters: 
(1) the structural gene encoding the probacteriocin, (2) a gene encoding the immunity 
protein, (3) a gene encoding a dedicated ATP-binding cassette (ABC transporter) 
required for processing and transport of the bacteriocin, and (4) a gene encoding an 
accessory protein required for proper bacteriocin externalization (Nes et al. 1996; 
Drider et al. 2006). However, bacteriocins synthesized with a signal peptide show 
a genetic organization of only two colinear genes, the structural gene and the putative 
immunity gene (Cintas et al. 1997; Drider et al. 2006). The leaderless peptide 
bacteriocins are produced as single or multiple homologous peptides, each encoded 
by individual genes localized in tandem repeats (Cintas et al. 1998; Criado et al. 
2006a; Nes et al. 2007). Gene clusters involved in the production of, and immunity 
to, circular bacteriocins include structural genes encoding the probacteriocin, putative 
biosynthetic and processing genes, putative immunity genes, putative ABC-type 
transporters, and regulatory genes (Maqueda et al. 2008).

In most cases, bacteriocin production appears to be regulated, and the produc-
tion of many bacteriocins including lantibiotics, class II and circular bacteriocins, 
seems to involve a quorum-sensing mode of regulation mediated by a secreted 
peptide pheromone (induction peptide; IP), a histidine protein kinase (HPK), and a 
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response regulator (RR) (Diep et al. 1995; Kuipers et al. 1995; Diep et al. 1996). 
The genes of these regulatory determinants are normally organized within the same 
operon and have a low basal expression at low cell density. This regulatory operon 
can be activated by the presence of specific bacteria, by environmental modifica-
tions, or by a critical threshold concentration of the secreted IP when the cell den-
sity reaches a certain level (hence the term “quorum sensing”). The IP signal 
activates the gene activator RR via a series of phosphorylation reactions mediated 
by the sensor HPK. Subsequently, the phosphorylated RR binds to regulated pro-
moters and activates a defined set of genes including its own operon, which eventu-
ally triggers a burst in bacteriocin production (Diep et al. 2009). Furthermore, 
components of well-characterized regulatory systems involved in quorum-sensing 
bacteriocin production have been exploited in the construction of a number of gene 
expression vectors for protein expression (Mierau and Kleerebezem 2005; Diep 
et al. 2009). In addition to the cell density-dependent regulation, the biosynthesis 
of many different bacteriocins is regulated in response to temperature, medium 
composition, ionic strength, and pH (Drider et al. 2006; Criado et al. 2006b). 
Generally, bacteriocin production by LAB is a growth-associated process ceasing 
at the end of the exponential phase. However, good cell growth does not necessarily 
result in high bacteriocin production. Many times, the biosynthesis of bacteriocins 
is stimulated by stress conditions leading to lower growth rates and cell yields but 
to higher bacteriocin activity (Neysens et al. 2003).

Heterologous Production of Bacteriocins

One factor limiting the use of bacteriocins in commercial applications is their high 
cost of production due to the low and, in many cases, controlled production rates 
by the producer strains. Bacteriocins can also be produced by chemical synthesis 
and/or in vitro translation systems. However, a problem with both is the requirement 
to form intramolecular disulfide bonds to produce a biologically active peptide. 
The high cost of synthetic peptide synthesis and the low yields from natural producers 
drive the exploration of recombinant microbial systems for the production of 
antimicrobial peptides. However, the production of peptides and proteins by heter-
ologous hosts depends on many factors such as the expression vector, the host 
strain, and the use of signal sequences for alternative protein secretion pathways, in 
the sense that the choice of each component must confer the successful expression 
of the gene of interest.

Nevertheless, all efforts toward production of bacteriocins in heterologous hosts 
should merit recognition, since their production and functional expression would 
lead to the production of bacteriocins in safer hosts, increased bacteriocin produc-
tion, control of bacteriocin gene expression, production of food ingredients with 
antimicrobial activity, construction of multibacteriocinogenic strains with a wider 
antagonistic spectrum, a better adaptation of selected hosts to food environments, 
and providing antagonistic properties to LAB used as starter, protective, or  probiotic 
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cultures (Table 8.1). It should also be recognized that enterococci are LAB that are 
members of the gut microbiota of humans and animals and part of the food micro-
biota, and their ability to produce antimicrobial peptides, referred to as enterocins, 
may be useful to control undesirable microorganisms in food and feed, in human 
medicine, and in veterinary applications (Franz et al. 2003; Foulquié-Moreno et al. 
2006; Sánchez et al. 2007b). However, because enterocins may be produced by 
enterococcal species carrying antibiotic-resistance genes and/or genes coding for 
potential virulence factors, it would be desirable to express the bacteriocins from 
an alternative and safer bacterium. For this reason, the production of enterocins in 
other microbial hosts is growing rapidly (Gutiérrez et al. 2005a; Gutiérrez et al. 
2006). The emergence of multiple antibiotic-resistant enterococci as agents of 
nosocomial disease and the presence of virulence factors among food isolates 
require a careful safety evaluation of isolates intended for potential biotechnologi-
cal use. Enterococcal bacteriocins produced by heterologous hosts or added as 
cell-free preparations may still be atractive for application in food preservation or 
in other potential medical and veterinary applications (Gutiérrez et al. 2006; 
Sánchez et al. 2008).

Heterologous Production of Bacteriocins 
by Gram-Negative Bacteria

Among prokaryotic expression systems, the highest protein production levels are 
probably obtained using E. coli as the host strain, although the most commonly 
used production strategies are intracellular (in the periplasm or cytoplasm) and 
involve expensive and often problematic downstream purification processes 
(Morello et al. 2008). The use of Gram-negative bacteria for heterologous produc-
tion of bacteriocins may also present obstacles due to major differences in codon 
usage, potential toxicity of the recombinant protein, stability of the mRNA tran-
scripts, incomplete processing of signal sequences, variable secretion efficiency, 
formation of inclusion bodies in the cytosol and periplasm when using strong 
promoters, and incorrect formation of disulfide bonds (Choi and Lee 2004).

Nevertheless, a number of bacteriocins have been expressed in Gram-negative 
hosts. When the pediocin PA-1 operon (ped), from P. acidilactici PAC1.0, producer 

Table 8.1 Expected outcomes for production of bacteriocins in heterologous hosts

(a) Increase bacteriocin production
(b) Production of bacteriocins in safer hosts
(c) Control of bacteriocin gene expression
(d) Production of food ingredients with antimicrobial activity
(e) Construction of multibacteriocinogenic strains with a wider antagonistic spectrum
(f) Better adaptation of selected hosts to food environments
(g) Provide antagonistic properties to LAB used as starter, protective, or probiotic cultures



1218 Natural and Heterologous Production of Bacteriocins

of pediocin PA-1 (PedA-1), was expressed in both E. coli and a sensitive LAB 
strain, under control of its own promoter, this permitted the production of active 
PedA-1 and the functional analysis of the ped operon (Venema et al. 1995). 
The mature form of PedA-1/AcH could also be produced and secreted in E. coli, 
without coexpression of its own processing and transport genes (pedB and pedC), 
if fused to a secretory maltose-binding protein (MBP) released into the culture 
medium when expressed in a periplasmic leaky host (Miller et al. 1998). Fusing 
alkaline phosphatase to mature divergicin A, produced by Cb. divergens LV13, 
resulted in secretion of this enzyme in the periplasmic space and the supernatant of 
an E. coli host (Worobo et al. 1995). Fusion of the signal peptide of divergicin A to 
mature mesentericin Y105 behind an inducible lac promoter (Plac) led to mesen-
tericin Y105 intracellular production in transformed E. coli DH5a cells (Biet et al. 
1998). Piscicolin 126, a bacteriocin produced by Cb. piscicola JG126, was cloned 
into an E. coli expression system and expressed as a thioredoxin–piscicolin 126 
cytoplasmic fusion protein. Purified recombinant piscicolin 126 was obtained after 
cyanogen bromide (CNBr) cleavage of the fusion protein followed by reverse-phase 
high-performance liquid chromatography (RP-HPLC) (Gibbs et al. 2004). A syn-
thetic gene (dvnRV41) encoding the mature divercin V41 (DvnV41), a bacteriocin 
produced by Cb. divergens V41, was fused as a translational intracytoplasmic 
fusion protein with thioredoxin and overexpressed with the pET-32b vector under 
control of the T7 RNA polymerase promoter in the E. coli Origami (DE3) (pLysS/
pCR03) host strain. The fusion protein TRX-(His)

6
-DvnRV41 accumulated in the 

cytoplasm in soluble form and was further cleaved by enzymatic hydrolysis or acid 
cleavage to release pure active DvnRV41. Such an expression and purification system 
permitted the production of 23 mg l−1 of DvnRV41 during cultivation of the pro-
ducer strain in shake flasks (Richard et al. 2004). Biomass and bacteriocin yields 
(30 and 74 mg ml−1 of pure DvnRV41) were both increased from E. coli Origami 
(DE3) (pLysS/pCR03) cultures by varying the inducer concentration and the use of 
controlled batch and fed-batch cultures (Yildirim et al. 2007). The expression of 
enterolysin A (EnlA), a heat-labile class III bacteriocin from E. faecalis II/1 has 
also been achieved in E. coli. The expression of the enlA structural gene led to the 
synthesis of a functionally active His-tagged EnlA (Nigutova et al. 2008).

The cloning and production of enterocin P (EntP), a Sec-dependent bacteriocin 
produced by E. faecium P13 (Cintas et al. 1997), was also evaluated in E. coli. 
When mature EntP (entP) was cloned in the vector pETBlue-1 under control of the 
inducible T7 lac promoter to obtain plasmid pJG01, the transformation of this plas-
mid in the E. coli Tuner (DE3)pLacI host permitted the production and quantifica-
tion of EntP in the supernatant (SN), cellular soluble protein fraction (CSF), and 
inclusion bodies (IB) of the E. coli Tuner (DE3)pLacI (pJG01) cells. Production of 
EntP in the supernatants of the E. coli producers was very low, but biologically 
active EntP was recovered at a high efficiency by immunoaffinity chromatography 
using specific polyclonal anti-EntP antibodies (Gutiérrez et al. 2005a). Cloning of entP 
into the expression vector pCM80, under control of the methanol dehydrogenase 
promoter (PmxaF) to generate plasmid pS25, and its transformation into the methy-
lotrophic bacteria Methylobacterium extorquens ATCC 55366 also permitted the 
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extracellular production of EntP, but with a low production, and an antimicrobial 
activity much lower than that deduced from its presence in the supernatant 
(Gutiérrez et al. 2005b). The low production of EntP by E. coli and M. extorquens 
as compared to E. faecium may respond to many factors such as that the N-terminal 
signal peptides and other components of the Sec-dependent system may differ 
among these bacteria, to differences in codon usage, to the stability and transla-
tional efficiency of the mRNA, to differences in secretion patterns among these 
bacteria, and to the rapid degradation of the secreted EntP by the host cell proteases. 
Nevertheless, the successful production of EntP by E. coli and M. extorquens might 
permit the heterologous production in these hosts of other bacteriocins, peptides, or 
proteins by fusing their structural genes to the nucleotide sequence of the EntP 
signal peptide (Gutiérrez et al. 2005b).

The expression of thioredoxin–bacteriocin chimeric proteins in E. coli has 
resulted in the production of intracellular soluble proteins that require chemical, 
enzymatic, or acid hydrolysis to release the recombinant fused protein (Gibbs et al. 
2004; Richard et al. 2004; Yildirim et al. 2007). However, of major interest would 
be the development of systems for the cloning and expression of self-cleaving 
forms of secretable mature bacteriocins. Such a system has been developed based 
on the construction of an expression vector pSuV1 containing an inducible T7 RNA 
polymerase promoter, the pectate lyase secretion signal (pelB), the fusion partner 
open reading frame of the intein (VMA intein) and chitin-binding domain (CBD), 
and a multicloning site (MCS) for cloning of the bacteriocins of interest (Ingham 
et al. 2005). Codon-optimized genes encoding the active mature region of the bac-
teriocins BacR1, DvnV41, EntP, PedA-1, and piscicolin 126 were inserted into 
pSuV1 in frame with the PelB secretion signal to facilitate export of the mature 
protein, whereas the VMA intein-CBD of the fusion partner permitted a column-
based adsorption of the fusion protein. Mature bacteriocins were released from the 
bound fusion following cleavage under reducing conditions in a dithiothreitol-
reduced environment. The production levels of around 1 mg ml−1 for all bacteriocins 
are comparatively lower, as high, or higher than those previously reported for 
related bacteriocins using other heterologous production systems (Ingham et al. 2005; 
Yildirim et al. 2007). An optimization of the production and purification processes 
of the carnobacteriocins Cbn BM1 and Cbn B2 from Cb. maltaromaticum CP5, by 
their heterologous expression in E. coli, has also been described (Jasniewski et al. 
2008). The genes encoding mature bacteriocins were cloned into an pET32a 
expression system to produce a thioredoxin fusion protein that also contained a His 
tag for affinity purification and an enzymatic or chemical site for cleavage with 
enterokinase or CNBr. Recombinant E. coli BL21 (DE3) hosts were cultivated fol-
lowing a fed-batch fermentation process, while the overexpression of the fusion 
protein was improved by replacing the inducer by lactose. The fusion proteins were 
purified by thermal coagulation followed by affinity chromatography; the thiore-
doxin fusion protein was removed by CNBr instead of enterokinase, and the car-
nobacteriocins were recovered by RP-HPLC. These conditions permitted production 
of up to 320 mg of pure bacteriocin per liter of culture, which is up to tenfold higher 
than what has been described for other E. coli heterologous expression systems 
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(Jasniewski et al. 2008). However, for the successful production of bacteriocins in 
heterologous recombinant hosts, a high production of the bacteriocin is not the only 
important aspect. Obtaining of a peptide with an antimicrobial activity and an 
specific antimicrobial activity, similar or higher to that of the bacteriocin produced 
by the natural producer strain, is also essential.

Heterologous Production of Bacteriocins by Lactic Acid Bacteria

The production of bacteriocins by Gram-positive LAB may not only permit the 
production of antimicrobial peptides in microbial hosts with a generally recognized 
as safe (GRAS) or a qualified presumption of safety (QPS) status (EFSA 2007), but 
also accomplish many of the objectives described in Table 8.1. The production of 
bacteriocins in heterologous LAB strains likely to be used as starters or as producers 
of food ingredients with antimicrobial activity is desirable, as is the development of 
bacteriocin-producing heterologous LAB strains with a view of the potential uses 
of the bacteriocins in food, medical, and veterinary applications. Bacteriocins pro-
duced by LAB strains would be secreted into the medium, thus facilitating their 
recovery and purification. While bacteriocins with high antimicrobial activity are 
naturally produced by LAB of food origin, interest for their production in heterolo-
gous LAB adapted to specific food substrates is growing (Buyong et al. 1998; 
Coffey et al. 1998; Rodríguez et al. 2005; Reviriego et al. 2007; Liu et al. 2008).

The production of bacteriocins in heterologous LAB requires the use of expression 
vectors that in addition to an origin of replication of a wide host range may contain 
a multiple cloning site (MCS) flanked by gene expression signals preceeded by a 
recognized ribosome-binding site (RBS), and a gene product that confers a resis-
tance marker. The recognition during the mid-nineties of the existence of regulated 
strong promoters driving lantibiotic production in lactococci, as well as the produc-
tion of nonmodified bacteriocins in other LAB, were landmarks in bacteriocin 
research. Furthermore, these findings opened up new avenues for development of 
gene expression systems for LAB that would allow gene expression to be both 
highly efficient and strongly regulated (Mierau and Kleerebezem 2005; Diep et al. 
2009). Kuipers et al. (1995) initially described the autoregulatory mechanism for 
production of the lactococcal bacteriocin nisin, and this marked the birth of one of 
the most successful and widely used Gram-positive gene expression systems, sub-
sequently dubbed as NICE (NIsin-Controlled gene Expression) (de Ruyter et al. 
1996; Mierau and Kleerebezem 2005). Numerous expression vectors have been 
constructed for translational and transcriptional fusions, and for the intracellular 
production or secretion of the gene product. Plasmid pNZ8048 is the most com-
monly used expression vector for translational fusions, and NZ9000 (with the nisK 
and nisR genes integrated in its chromosome) is the most commonly used L. lactis 
host strain. Using a dual plasmid system, the NICE system has been evaluated for 
their usefulness in different LAB hosts, and single vectors that carry both the nisRK 
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genes and the nisA promoter (PnisA) have also been developed, simplifying the use 
of single and suitable expression vectors among different heterologous LAB hosts 
(Mierau and Kleerebezem 2005).

A system for the efficient inducible heterologous production of bacteriocins 
was also described based on a versatile two-plasmid system for expression of class 
II bacteriocins in a nonbacteriocin-producing Lb. sakei strain (Axelsson et al. 1998). 
The first plasmid (pSAK20) contained the genes necessary for transcriptional 
activation of the sakacin A promoter as well as for processing and export of prebac-
teriocins with so-called double-glycine leader peptides. The second plasmid (a pLPV111 
derivative) contained the structural and immunity genes of the bacteriocin of 
interest fused to the sakacin A promoter. Using this system, efficient heterologous 
expression of sakacin P, PedA-1, and piscicolin 61 was obtained at levels equal to 
or higher than those obtained with the corresponding wild-type producer strain 
(Axelsson et al. 1998). Versatile expression vectors based on the sakacin A (sap 
regulon) (pSIP300 series) and the sakacin P (spp regulon) (pSIP400 series) have 
also been developed for expression studies of several homologous and heterologous 
genes of interest (reporter genes) in Lb. plantarum NC8 and Lb. sakei Lb790 
(Sørvig et al. 2005).

Another novel expression system for use in L. lactis hosts has been developed 
by combining the use of the P

Zn
zitR expression system and the SP

Exp4
 signal peptide 

into an htrA mutant L. lactis strain (Llull and Poquet 2004; Morello et al. 2008). 
Proteases are known to be involved in inactivation of native proteins, processing of 
propeptides, and proteolysis of secreted recombinant proteins, and a L. lactis strain 
deficient in both its major proteases, intracellular (ClpP) and extracellular (HtrA), 
has been shown as a useful host for the high-level production of stable heterologous 
proteins (Cortes-Perez et al. 2006). For L. lactis as a host, the inactivation of the 
HtrA protease or complementation of the Sec machinery with the B. subtilis SecDF 
accessory protein results in an increase in heterologous protein yields (Morello 
et al. 2008). Other results indicate that suppression of the acid tolerance response 
(ATR) in wild-type L. lactis may serve as a better strategy than the use of a L. lactis 
htrA mutant for production of secreted recombinant proteins (Sriraman and 
Jayaraman 2008). A short synthetic propeptide can be fused between a SP and the 
mature protein to improve the efficiency of heterologous secretion in L. lactis, as 
shown for several proteins (Morello et al. 2008). However, their usefulness for 
secretion of bacteriocins from expression vectors remains to be proven.

The examples detailed above highlight the importance of promoter choice in 
lactococci and lactobacilli gene expression systems. Inducible expression systems 
are often preferable when the aim is to overproduce a desired protein at high levels. 
However, when a steady-state gene expression is required, inducible systems are 
less suitable, and constitutive promoters could be used as an alternative for such 
applications. A large effort has been performed to identify constitutive promoters 
functional in lactococci and lactobacilli and a corresponding range of these promo-
ters, including synthetic promoters, have been identified (Van der Vossen et al. 
1987; Rud et al. 2006). Nevertheless, inducible expression systems usually yield 
expression levels higher than those obtained with the best constitutive promoters 
(Gutiérrez et al. 2006; Diep et al. 2009).
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The use of genetically modified strains in food-related applications may 
demand cloning vectors devoid of antibiotic resistance genes. Food-grade cloning 
systems utilizing different selection methods to obtain recombinant strains have 
been developed for a number of LAB. Preferred methods are complementation of 
auxotrophic phenotypes for carbohydrate or DNA metabolism, and the use of 
dominant selection methods, such as resistance to bacteriocins or metal ions for 
the positive selection of transformants (Takala and Saris 2002; Liu et al. 2005; 
Sridhar et al. 2006). Several food-grade vectors for integration of the genes of 
interest by gene-replacement strategies or single crossover integration in the LAB 
genomes have also been described, including vectors that either do not replicate at 
all in the LAB hosts or are conditionally nonreplicative (Leenhouts et al. 1998; 
Henrich et al. 2002; Simoes-Barbosa et al. 2004).

Another important consideration for bacteriocin gene expression is the likely 
location of the expressed bacteriocin peptide. Production of secreted recombinant 
proteins provides advantages over systems that culminate in cytosolic production. 
A number of putative signal peptides (SP) from different LAB have been selected 
for their ability to drive secretion of various model proteins (Brockmeier et al. 
2006; Mathiesen et al. 2008). However, despite tremendous efforts in under-
standing secretion in Gram-positive bacteria, it is generally difficult to predict how 
efficient protein secretion can be genetically engineered (Brockmeier et al. 2006; 
Diep et al. 2009). Nevertheless, production of bacteriocins in heterologous LAB 
hosts may be essentially based on (a) the expression of native biosynthetic genes, 
(b) exchanging or replacing leader peptides and/or dedicated processing and secre-
tion systems (ABC transporters), or (c) fusion of mature bacteriocins to signal 
peptides that act as secretion signals (Table 8.2) (Rodríguez et al. 2002; Gutiérrez 
et al. 2006).

Heterologous Production of Bacteriocins Based on Expression 
of Native Biosynthetic Genes

Cloning of the genes involved in the synthesis, processing, and secretion of bacte-
riocins in plasmid vectors that replicate in heterologous hosts constitutes the easiest 
and simplest procedure for the production of bacteriocins. Following this approach, 
bacteriocins from different classes and subclasses could be produced by different 
LAB hosts, usually at concentrations below that of the natural producer (Rodríguez 
et al. 2002). However, production of PedA-1 was increased in L. lactis LL108 by 
increasing the copy number of the pMC117-encoded ped operon (Chikindas et al. 1995). 

Table 8.2 Production of bacteriocins in heterologous lactic acid bacteria (LAB) hosts

(a) Expression of native biosynthetic genes
(b) Exchange or replacement of leader peptides and/or dedicated processing and 

secretion systems (ABC transporters)
(c) Fusion of mature bacteriocins to signal peptides (SP) that act as secretion signals
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Later on, L. lactis MM210, a strain used in Cheddar cheese manufacture, was 
selected as a host for pMC117. In experimental cheeses, the counts of L. monocy-
togenes decreased in the presence of the lactococcal starter culture (Buyong et al. 
1998). In a second example, the cloning of the structural (entA), immunity (entiA), and 
processing and transport genes (entTD) of the bacteriocin enterocin A (EntA), 
produced by E. faecium DPC1146, into the expression vector pENT02 containing 
the lactococcal P

32
 promoter permitted the production of EntA by different 

E. faecalis and L. lactis hosts, although plasmid and phenotypic instability was 
observed (O’Keeffe et al. 1999). The cloning of the complete operon (10,769 bp) 
of the bacteriocin ABP-118, produced by Lb. salivarius UCC118, in the expression 
vector pSF05, a derivative of pNZ8048 containing the PnisA inducible promoter, 
permits the production and functional expression of the bacteriocin in the superna-
tants of transformed Lb. plantarum, L. lactis, and B. cereus hosts containing a 
second plasmid with the functional nisRK genes (Flynn et al. 2002).

Lacticin 3147 is a broad-spectrum, two-peptide lantibiotic whose genetic deter-
minants are located on two divergent operons found naturally in the lactococcal 
plasmid pMRC01. Surprisingly, cloning of the two operons in a high-copy-number 
vector (pOM02) did not lead to a higher production of lacticin 3147 than that 
observed with the same construct into a low-copy-number plasmid pMR01. 
However, the antimicrobial activity of the L. lactis MG1363 (pMRC01, pOM02) 
derivative was much higher than that of the strains containing either plasmid alone. 
After introducing different combinations of lacticin 3147 genes into L. lactis 
MG1363 (pMRC01), it was determined that while the provision of additional cop-
ies of genes encoding the biosynthetic/production machinery and the regulator 
LtnR is a requirement for high-level overproduction, the presence of additional 
copies of the structural genes is not (Cotter et al. 2006). When enterocin AS-48, a 
thermostable circular bacteriocin produced by E. faecalis S-48 encoded by the as-48 
gene cluster, ribosomally synthesized as a propeptide and posttranslationally modi-
fied by a head-to-tail peptide bond, was cloned in the expression vector pAM401, 
the successfully transformed E. faecalis JH2-2 (pAM401-81) strain produced 
enterocin AS-48 as efficiently as the native S-48 strain. However, the full expres-
sion of enterocin AS-48 derived from cloning of the as-48 gene cluster in different 
expression vectors transformed in various enterococcal, lactococcal, and lactobacilli 
hosts was not possible in organisms not belonging to the genus Enterococcus, because 
only a partial expression of its immunity was obtained (Fernández et al. 2007).

Heterologous Production of Bacteriocins by Exchanging 
or Replacing Leader Peptides and/or Dedicated Processing 
and Secretion Systems (ABC Transporters)

Since most bacteriocins are synthesized with N-terminal extensions that determine 
their processing and secretion, many research efforts have been directed toward 
production of bacteriocins in heterologous LAB hosts through the exchange of 
leader peptides and/or dedicated processing and secretion systems of the dedicated 
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transport system (DTS), or by replacement of leader peptides by signal peptides 
recognized by the general secretory pathway (GSP) or Sec-dependent pathway. The 
recognition that leader peptides of the double-glycine type (Gly-Gly at positions 1 
and 2 of the leader peptide) are cleaved during the export of the bacteriocin and 
function as export signals for ABC transporters constitutes the basis for the 
exchange or replacement of the leader peptides for secretion of the antimicrobial 
peptides by heterologous hosts (Håvarstein et al. 1995; Van Belkum et al. 1997).

Based on the homology among the N-terminal extensions of the bacteriocin 
lactacin F (LacF), produced by Lb. johnsonii VPI 11088, and the carnobacteriocins 
A, BM1, and BM2, produced by Cb. piscicola LV17, Allison et al. (1995) noticed 
the capacity of transformed cells of Cb. piscicola with lacF to produce LacF. This 
observation implied that the machinery for the translocation and processing of the 
carnobacteriocins was also able to facilitate the secretion of LacF. Since this report, 
several further reports have described the production of bacteriocins using heterolo-
gous ABC transporters, although heterologous production was not as high as that 
measured in the homologous hosts with their own dedicated transport machinery. 
However, it remained unclear whether this was due to low expression of the genes 
in a heterologous background or because the precursors are not efficiently recog-
nized and/or processed by the heterologous export proteins (Van Belkum et al. 
1997; Rodríguez et al. 2002). When the leader peptides of leucocin A, lactococcin A, 
and colicin V were fused to mature divergicin A (DvnA), a bacteriocin secreted 
via the general secretory pathway, and introduced via expression vectors into 
Lc. gelidum, L. lactis, and E. coli strains carrying the dedicated export and processing 
systems for leucocin A, lactococcin A, and colicin V, respectively, the highest effi-
ciency of DvnA secretion was observed when the leader peptides were homologous 
to the host’s transport proteins. However, in some cases, the leader peptides did not 
direct DvnA secretion, suggesting that some leader peptides are poorly recognized 
or not recognized at all by the proteolytic domain of heterologous ABC transporters 
(Worobo et al. 1995; Van Belkum et al. 1997). As described previously, a procedure 
for the inducible heterologous production of bacteriocins was also developed based 
on a versatile two-plasmid system for expression of class II bacteriocins in a non-
bacteriocin-producing Lb. sakei strain. Efficient expression of sakacin P, PedA-1, 
and piscicolin 61 was obtained at levels equal to, or slightly higher than, those 
obtained with the corresponding wild-type producer strain (Axelsson et al. 1998).

Horn et al. (1998) also determined that pediocin PA-1 (PedA-1), produced by 
P. acidilactici 347, and lactococcin A (LcnA), produced by L. lactis subsp. lactis 
diacetylactis WM4, were likely candidates for translocation and processing 
of PedA-1 via the replacement of leader peptides and the use of heterologous 
 translocators. With this aim, these researchers designed a vector system containing 
an in-frame fusion of the lactococin A (lcnA) promoter, the lcnA leader sequence, 
and the mature pediocin PA-1 (pedA) for transformation into L. lactis IL1403 
 harboring chromosomal genes analogous (lcnC’, lcnD’) to those encoding the 
LcnA translocation and processing system. The resulting L. lactis strains secreted 
PedA-1 with an antimicrobial activity of, approximately, 25% of that displayed 
by P. acidilactici 347. This heterologous production system was enhanced by the 
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introduction in L. lactis of the LcnA-dedicated translocation genes, lcnC and lncD, 
and by increasing the gene dosage of the cloned genes using multicopy plasmids. 
The yield of LnCD-mediated translocation of PedA-1 was also influenced by the 
choice of L. lactis host strain. In the same study, L. lactis strains with the ability to 
coproduce nisin A (NisA) and PedA-1 were constructed by introducing the recom-
binant plasmid for production of PedA-1 into a NisA-producing strain (Horn et al. 
1999). However, when the enterocin A (EntA) and/or PedA-1 structural genes, 
containing their own leader peptides, were introduced in plasmid vectors trans-
formed in L. lactis IL1403, a very low-level production and/or coproduction of both 
bacteriocins was achieved. This reduction in bacteriocin production may be due to 
the low copy number of the chromosomal lcnC’ and lcnD’ analogs in L. lactis 
IL1403, and/or to inefficient recognition of the resulting gene products by the LcnA 
translocation apparatus (Martínez et al. 2000). The production of PedA-1 was fur-
ther enhanced by placing the chimeric genes encoding the fusion leader of lactococ-
cin A-propediocin PA-1 or procolicin V under control of the inducible nisA 
promoter (PnisA) and the LcnA-dedicated secretion genes (lcnCD) into L. lactis 
strains expressing the two component regulator NisRK, leading to the nisin-con-
trolled production of PedA-1 and colicin V in nisin- and nonnisin-producing L. 
lactis strains (Horn et al. 2004).

The design of LAB as coproducers of bacteriocins with activity for Gram-
positive (NisA) and Gram-negative (colicin V) bacteria is of great interest, as it is the 
capacity of the recombinant plasmids responsible for the production of PedA-1 to 
transform lactococcal strains of dairy origin for their use as starter culture adjuncts 
in cheese making (Rodríguez et al. 2005). The introduction of the plasmid(s) 
encoding the fusion between the LcnA leader sequence and propediocin PA-1, the 
lcnCD genes of the LcnA secretion machinery, and the PedA-1 immunity gene 
(pedB) into nisin- and nonnisin-producing lactococcal hosts, has also led to an 
increase in the activity of PedA-1 compared with the equivalent pedB-devoid systems. 
In addition, a nisin-producing strain with the ability to produce PedA-1 with an 
antimicrobial activity equivalent to that of P. acidilactici 347 has been obtained 
(Arqués et al. 2008).

Heterologous Production of Bacteriocins by Fusion to Signal Peptides  
that Act as Secretion Signals

The recognition, also during the mid-nineties, that a number of bacteriocins were 
synthesized with N-terminal extensions of the so-called Sec type and used the GSP 
or Sec-dependent pathway for translocation and processing prompted interest for 
their production in homologous and heterologous LAB hosts. The Sec system is a 
universally conserved protein export system that translocates unfolded proteins 
across the cell membrane via a protein-conducting pore formed by the SecYEG 
complex and a molecular motor, the ATPase SecA. Secretory proteins are equipped 
with an N-terminal signal peptide (SP) that functions as a target and recognition 
signal for signal peptidases that remove the signal peptide from the translocated 
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protein, resulting in the release of the mature protein or peptide (Fekkes and 
Driessen 1999). Divergicin A (DvnA), produced by Cb. divergens LV13, was the 
first bacteriocin reported to be synthesized with a SP to access the GSP. Production 
of DvnA in other Carnobacterium spp. and L. lactis hosts was determined after 
their transformation with expression vectors containing only the two genes associ-
ated with DvnA production (dvnA) and immunity (dviA) (Worobo et al. 1995).

In-frame fusions of the SP of DvnA (SP
DvnA

) with the mature sequence of car-
nobacteriocin B2 (McCormick et al. 1996), colicin V (McCormick et al. 1999), and 
enterocin B (Franz et al. 1999) permitted the production of these bacteriocins in the 
supernatants of different LAB hosts, including L. lactis. The production of mesen-
tericin Y105 (MesY), produced by Lc. mesenteroides Y105 via a dedicated transport 
system (DTS), was also evaluated using two expression vectors. In one of them, the 
mature mesY and its putative immunity gene (mesI) were fused to the SP

DvnA
 under 

control of a constitutive lac promoter (pFBYC07), whereas plasmid pFBYC04 
contained the entire mesentericin Y105 gene cluster (mesYICDE). The production 
of MesY by a nonbacteriocin-producing Lc. mesenteroides strain transformed with 
pFBYC07 was approximately fourfold lower than the production of the same bac-
teriocin by Lc. mesenteroides Y105, while the level of MesY produced by the same 
strain transformed with pFBYC04 was similar to that obtained with the natural 
producer strain (Biet et al. 1998). Although it remains unclear why most bacterio-
cins have a dedicated secretion and processing system if provided with an adequate 
SP (McCormick et al. 1996), it would seem likely that bacteriocins would employ 
a dedicated export machinery because they drive a more efficient process (Biet 
et al. 1998). The bacteriocin PedA-1, produced by P. acidilactici, has also been 
expressed in the heterologous host Bifidobacterium longum MG1 and secreted from 
the transformed strain by fusing the bacteriocin gene to the SP of the bifidobacterial 
a-amylase. The recombinant B. longum MG1 derivative, secreting PedA-1, killed 
L. monocytogenes cells in a coculture (Moon et al. 2005).

Enterocin P, a Sec-dependent bacteriocin produced by E. faecium P13, was also 
evaluated for its production and functional expression in L. lactis (Herranz and 
Driessen 2005; Gutiérrez et al. 2006). The EntP structural gene (entP) with or with-
out the EntP immunity gene (entiP) was cloned in (1) plasmid pMG36c under the 
control of a constitutive promoter, (2) plasmid pNG8048e under the control of 
the inducible PnisA promoter, and (3) the integration vector pINT29 (Fig. 8.1), and 
the introduction of the recombinant vectors in L. lactis resulted in the production of 
biologically active EntP in the supernatants of L. lactis IL1403 and L. lactis NZ9000, 
and the coproduction of NisA and EntP in L. lactis DPC5598 (Fig. 8.2). The pres-
ence of entP was the minimum requirement for the production of biologically active 
EntP, whereas the production of EntP, detected by specific polyclonal anti-EntP 
antibodies and a noncompetitive indirect enzyme-linked immunosorbent assay 
(NCI-ELISA), by the recombinant L. lactis strains depended on expression vector, 
the host strain, and the presence of the entiP gene in the constructs of the recombi-
nant strains. The highest amount of EntP was produced with derivatives containing 
entP and entiP for both L. lactis IL1403 and L. lactis NZ9000. These derivatives 
produced up to 5- to 6-fold more EntP than E. faecium P13 (Gutiérrez et al. 2006). 
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Interestingly enough, the production of EntP in the supernatants of most of the 
recombinant L. lactis strains was, in most of the cases, comparatively higher than 
production of a number of bacteriocins in other LAB hosts using dedicated ABC 
transport systems (Chikindas et al. 1995; van Belkum et al. 1997; Axelsson et al. 
1998; Biet et al. 1998; Horn et al. 1998, 1999; Horn et al. 2004; Arqués et al. 2008) 
or the Sec-dependent system (Worobo et al. 1995; Biet et al. 1998; McCormick et al. 
1999; Moon et al. 2005), suggesting that whereas production of EntP in E. coli hosts 
was rather low (Gutiérrez et al. 2005a), the EntP signal peptide (SP

EntP
) of E. faecium 

efficiently directs the processing and secretion of EntP in L. lactis (Gutiérrez et al. 
2006). Accordingly, fusions between the SP

EntP
 and other mature bacteriocins may 

allow L. lactis to secrete bacteriocins in the absence of specific immunity and secre-
tion proteins, as well as to serve as a model system for the secretion of numerous 
peptides or proteins of interest in the food industry by L. lactis and other LAB 
(Gutiérrez et al. 2006).

It has also been reported that the dehydration and cyclization of the lantibiotic 
nisin propeptide still occur when the nisin leader is preceeded by the signal peptide 
of Usp45 (SP

Usp45
) and that the Sec system of L. lactis efficiently secretes dehy-

drated therapeutic peptides (Kuipers et al. 2006). Cloning of the synthetic dvnRV41 
gene with the codon usage for E. coli, encoding mature DvnV41, fused in frame 
to the SP

Usp45
 and under control of the PnisA promoter in the pSEC-ET vector, origi-

nated the recombinant plasmid pSEC:DvnRV41. The induction with NisA of the 
transformed L. lactis NZ9000 (pSEC:DvnRV41) cells permitted secretion of 
DvnRV41 into the supernatant. However, although the levels of DvnRV41 produced 
by the L. lactis cells were similar to those produced by the natural host, Cb. divergens 
V41, their antimicrobial and specific antimicrobial activities were lower than 

Fig. 8.2 Production of enterocin P by L. lactis as determined by the agar well diffusion test with 
E. faecium T136 as the indicator strain. (a) Supernatants of lactococcal strains carrying constitu-
tive promoter constructs: (1) L. lactis IL1403 (pMG36c), (2) L. lactis IL1403 (pJP26), 
(3) L. lactis IL1403 (pJP214), (4) L. lactis NZ9000 (pMG36c), (5) L. lactis NZ9000 (pJP26), and 
(6) L. lactis NZ9000 (pJP214). (b) Supernatants of L. lactis NZ9000 carrying inducible promoter 
constructs: (1, 4) pNG8048e, (2, 5) pJR22, and (3, 6) pJR199, before (1, 2, 3) and after (4, 5, 6) 
induction of the cultures with nisin. (c) Supernatants of L. lactis NZ9000 cells transformed with 
the integrative vectors: (1) pINT29, (2) pJB3, (3) pJB19, EntP from E. faecium P13 at 8 mg ml−1 
(4), 2 mg ml−1 (5), and 0.5 mg ml−1 (6). Supernatants of E. faecium P13 (7) and E. faecium T136 
(8) were used as controls. Reproduced from Gutiérrez et al. (2006) with kind permission of 
Springer Science and Business Media



132 L.M. Cintas et al.

expected from this level of bacteriocin. Since the antagonistic activity of DvnRV41 
was not affected by the ClpP and HtrA proteases of the producing L. lactis hosts, 
several other factors such as those described in Table 8.3 could explain the differ-
ences in the antimicrobial activity between the natural DvnV41 and the DvnRV41 
produced by L. lactis (Bermúdez-Humarán et al. 2007).

Hiracin JM79/bacteriocin T8, another Sec-dependent bacteriocin produced by 
E. hirae DCH5 (Sánchez et al. 2007a), was also evaluated for its production and 
expression in other LAB hosts. Two recombinant plasmids, derivatives of either 
pMG36c or pNZ8048c and containing the HirJM structural gene (hirJM79) with or 
without the HirJM79 immunity gene (hiriJM79), permitted the production of bio-
logically active HirJM79 in the supernatants of L. lactis IL1403, L. lactis NZ9000, 
Lb. sakei Lb790, and E. faecalis JH2-2; the coproduction of HirJM79 and NisA in 
L. lactis DPC5598; and the coproduction of HirJM79 and EntP by E. faecium 
L50/14-2. All recombinant LAB evaluated produced larger quantities of HirJM79 
than E. hirae DCH5, although the antimicrobial activities of most transformants 
were lower than that predicted from their production of HirJM79. It is possible to 
speculate that disulfide bond formation (DSB), a universally conserved mechanism 
for stabilizing extracytoplasmic proteins, is not performed adequately by lactococci, 

Table 8.3 Factors that may affect the production and antimicrobial activity of bacteriocins in 
heterologous microbial hosts

Regulatory responses to a secretion stress due to overproduction of bacteriocins
Differences in components of the Sec-dependent translocon and Sec machinery
Characteristics of the signal peptide (SP)
Characteristics of the mature bacteriocin
Efficiency of recognition of the SP by signal peptidases
Protein quality control network involving folding factors and housekeeping proteases
Host cell physiology and genera and species of the heterologous LAB hosts
Copy number of the plasmid expression vector
Characteristics of the promoter that drives gene expression
Level of transcription of the two-component regulatory systems
Differences in codon usage, stability, and translational efficiency of the produced mRNA
Proper or improper bacteriocin disulfide bond formation (DSB)
Efficiency of posttranslational processing of probacteriocins to active bacteriocins
Intramolecular folding of bacteriocins that maintain the propeptide in a secretion-incompetent 

conformation
Spontaneous chemical modification of amino acid residues
Bacteriocin oxidation events
Conformational modifications of bacteriocins to less active extracellular forms
Differences in protein-folding efficiency and turnover
Variable bacteriocin production in multibacteriocinogenic hosts
Bacteriocin self-aggregation
Degradation of bacteriocins by host-cell proteases, intracellular and extracellular
Bacteriocin retention within the cytoplasmic membrane
Interactions of the hydrophobic bacteriocins with the producer cell membrane
Adsorption of bacteriocins to the producer cells or to growth media components



1338 Natural and Heterologous Production of Bacteriocins

that the bacteriocin could undergo conformational modifications rendering less 
active extracellular HirJM79 forms, or that some of the factors cited in Table 8.3 
are responsible for the lower antimicrobial activity of HirJM79 by the recombinant 
LAB hosts (Sánchez et al. 2008).

To evaluate the potential of the signal peptide of EntP (SP
EntP

) to direct the syn-
thesis, processing, and secretion of mature bacteriocins in other LAB, chimeric 
genes encoding the Sp

entP
 fused to mature PedA-1 (pedA), with or without its immu-

nity gene (pedB), were cloned into the expression vector pMG36c to generate 
recombinant plasmids that after transformation into competent L. lactis IL1403, 
L. lactis NZ9000, and L. lactis DPC5598 cells permitted the detection and quanti-
fication of PedA-1 and the coproduction of NisA and PedA-1 in supernatants of the 
producer hosts. Although only a 261-bp fragment is required for the production and 
functional expression of PedA-1 in L. lactis, its production was less efficient (47–55%), 
and its antimicrobial and specific antimicrobial activities (12–44%) were lower 
than its production and antagonistic activity by the P. acidilactici PLBH9 natural 
PedA-1 producer (Martín et al. 2007a). However, chimeras of the SP

entP
 fused to 

mature enterocin A (entA), with and without its immunity gene (entiA), cloned in 
the same vector as cited above permitted the production and functional expression 
of EntA in L. lactis IL1403 and L. lactis NZ9000, and the coproduction of NisA 
and EntA by L. lactis DPC5598. Mature EntA (entA) was the minimum require-
ment for the synthesis, processing, and secretion of biologically active EntA by 
L. lactis in the absence of specific induction, immunity, and secretion proteins. The 
production of EntA by the recombinant L. lactis hosts was larger (1.5 to 2.4-fold), 
although the antimicrobial activity and antimicrobial specific activity of the EntA 
produced by L. lactis was lower (44–58%) than expected (Martín et al. 2007b). 
It is hypothesized that some of the factors cited in Table 8.3 are responsible for the 
lower production and antimicrobial activity of PedA-1 by L. lactis. The N-terminus 
of mature PedA-1 may also affect its translocation across the cytoplasmic mem-
brane of L. lactis hosts, as the presence of basic amino acids has been shown to 
reduce the secretion of peptides, whereas acidic or neutral residues may improve its 
secretion (Le Loir et al. 2001).

Heterologous Production of Bacteriocins by Yeasts

Yeasts have not been fully exploited as alternative hosts for production of bacterio-
cins, although they provide attractive expression platforms given the ease of genetic 
manipulation and the option of a single fermentation design. Whereas the initial yeast 
system for heterologous protein production was based on the yeast Saccharomyces 
cerevisiae, recent alternative yeast production systems include, among others, the 
methylotrophic species Pichia pastoris, Hansenula polymorpha (Pichia angusta), 
and Klyveromyces lactis, and the dimorphic species Arxula adeninivorans and 
Yarrowia lipolytica (Gellissen et al. 2005; Böer et al. 2007a). As no single yeast 
system is likely to be optimal for production and expression of all proteins, the 
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development and use of a wide-range vector system may permit the assessment of 
several yeast expression platforms in parallel for criteria such as efficient processing 
or secretion (Steinborn et al. 2006; Böer et al. 2007b).

The structural pedA gene, coding for mature PedA-1, was first expressed in 
S. cerevisiae Y294 under control of the alcohol dehydrogenase I gene promoter and 
terminator, whereas secretion of the peptide was directed by the yeast mating 
pheromone a-factor 1 secretion signal (MFa1s). A difference in PedA-1 activity 
levels was observed among transformants grown on solid or liquid media, which was 
ascribed to the possibility that the recombinant PedA-1 molecules become stuck 
within the yeast plasma membrane or remained cell wall associated (Schoeman 
et al. 1999). The bacteriocin plantaricin 423 was also cloned into the multicopy 
yeast shuttle vector YepPla423 and heterologously produced by S. cerevisiae 
L5366h (YepPla423). Clear zones of inhibition were observed around colonies of 
the yeast transformant when loaded with the indicator strains, but no inhibitory 
activity could be detected in the supernatant of the recombinant yeast strain without 
concentration (Van Reenen et al. 2002).

Expression of the pedA gene was also evaluated after its cloning in the pPICZaA 
expression vector using P. pastoris KM71H (MutS) as the host strain. Although a 
significant concentration of extracellular PedA-1 was confirmed through antibody 
specific assays, the bacteriocin showed no biological activity. Strong evidence indi-
cated that some “collagen-like” material was tightly associated, most probably via 
covalent binding, with the recombinant bacteriocin (Beaulieau et al. 2005).

However, when the entP gene encoding mature EntP was cloned into pPICZaA 
in frame to the MFa1s without the Glu-Ala spacers adjacent to the Kex2 protease 
cleavage site, giving plasmid pJC31, and the recombinant vector was linearized and 
transformed into P. pastoris X-33 competent cells, the P. pastoris X-33t1 derivative 
showed potent direct antimicrobial activity. Moreover, maximum production of 
EntP by P. pastoris X-33t1 grown in the complex medium BMMY was 3.7-fold 
higher, its antimicrobial activity 16-fold higher, and its specific antimicrobial activity 
4.3-fold higher, than production of EntP by the natural producer E. faecium P13 
(Gutiérrez et al 2005c). Similarly, the heterologous production and functional 
expression of HirJM79, produced by E. hirae DCH5, has also been achieved by the 
P. pastoris X-33TH host transformed with pPICH5, a derivative of pPICZaA. 
However, whereas the production of HirJM79 by P. pastoris X-33TH, grown in the 
BMMY medium, was higher than that by E. hirae DCH5 (Fig. 8.3), its antimicro-
bial activity and specific antimicrobial activity were lower than that expected from 
their production of HirJM79 (Sánchez et al. 2008).

The structural genes of the two leaderless peptides of enterocin L50 (EntL50A 
and EntL50B) from E. faecium L50 have also been cloned, separately (entL50A or 
entL50B) and together (entL50AB), into a segregationally stable expression and 
secretion vector for S. cerevisiae, named pYABD01, under control of the galactose 
inducible promoter P

gal1
. The generation of recombinant S. cerevisiae strains heter-

ologously expressing and secreting biologically active EntL50A and EntL50B 
demonstrates the suitability of the MFa1s-containing vector pYABD01 to direct 
processing and secretion of these antimicrobial peptides through the S. cerevisiae 
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Sec system. However, despite promising results, further research is needed to optimize 
the enterocin L50 production, increase bacteriocin stability under oxidative stress, 
and achieve paired production of EntL50A and EntL50B by a single yeast strain 
(Basanta et al. 2009).

Conclusions and Perspectives

If the use of bacteriocins as natural antimicrobial agents in food, veterinary, and 
medical applications is ever to meet the high expectations of the research commu-
nity, then high-level production of active bacteriocin is essential. Similarly, all 
efforts to improve their production in heterologous microbial hosts are welcome. 
However, bacteriocin production levels and their biological activity vary, mostly in 
an unpredictable manner, depending on the expression vector, the gene of interest, 
and the host strain. Apparently, the effectiveness of the expression systems depend 
on subtle properties that are not straightforward to predict as they are often case 
specific. Accordingly, further research efforts should be performed for a more effi-
cient genetically engineered bacteriocin production, secretion, and stabilization of 
the bacteriocin molecule.

A deeper understanding and overcoming of the factors that may affect the 
production and antimicrobial activity of mature bacteriocins fused to SP would 
surely improve the production and antagonistic activity of the bacteriocins pro-
duced in heterologous LAB. It is difficult to ascertain secretion efficiencies and each 
combination of host strain and target bacteriocin may need individual optimization. 

Fig. 8.3 Production of hiracin JM79 by P. pastoris X-33TH as determined by the agar well 
diffusion test with E. faecium T136 as the indicator strain. Supernatants of P. pastoris X-33TH, 
grown in (a) the minimal medium BMM or (b) the complex medium BMMY, after 0 (d), 4 (e), 
6 (f), 8 (g), 10 (h), 12 (i), and 24 h (j) of incubation. The supernatants of P. pastoris X-33 cultures 
grown in BMM or BMMY for 0 (a), 6 (b), and 12 h (c), the supernatants of E. hirae DCH5, not 
diluted (l), fourfold diluted (m), and 16-fold diluted (n), and the supernatant of E. faecium T136 
(k), were all used as negative controls. Reproduced from Sánchez et al. (2008) with permission 
from the American Society for Microbiology (ASM)
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Novel computer tools should also be developed to identify the complex interaction 
patterns between SP and the mature part of the secretion target bacteriocin. In fact, 
selecting an optimal SP for each individual bacteriocin of interest may be an optimal 
approach.

The development of expression vectors with novel inducible or constitutive pro-
moters, improved peptide tags, and/or SP with a more efficient recognition by 
signal peptidases, and the use and design of synthetic genes with an adapted codon 
usage could improve not only the stability and translational efficiency of the pro-
duced mRNA but also the production of single and multiple bacteriocins, or the 
production of hybrid bacteriocins with improved properties. The use of food-grade 
self-cloning expression/secretion vectors for the overproduction of bacteriocins 
would also help to overcome the legislation over the use of genetically modified 
organisms for certain biotechnological applications. This implies further the devel-
opment of plasmid-based systems using food-grade genes for positive selection of 
transformants and novel systems for the integration of the genes of interest into the 
host chromosome, and that antibiotic selection markers should be avoided.

Furthermore, the improvement of the genetic tools for the overproduction of 
bacteriocins by LAB hosts may also be valuable for the design and evaluation of 
other LAB as potential cell factories for the production of many other bioactive 
peptides (i.e., immunomodulatory, antihypertensive, hypocholesterolemic, etc.) of 
biotechnological interest. Whereas the production of bacteriocins by yeasts has 
mostly relied on the use of S. cerevisiae and P. pastoris as the heterologous producers, 
the recent development of novel yeast production hosts and wide host-range vector 
systems awaits the assessment of such expression platforms for the efficient 
production of bacteriocins in other yeasts.
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Abstract Lantibiotics are lanthionine-containing peptide antibiotics. They are 
characterized by having meso-lanthionine(s) and/or b-methyllanthionine(s) or both. 
These intramolecular monosulfide cross-links render the peptide resistant against 
breakdown by peptidases. Moreover, in several cases, the (methyl)lanthionines 
are essential for interaction with the so-called docking molecule lipid II. The best 
known lantibiotic, nisin, highly effectively inhibits growth of target cells via two 
mechanisms: (1) abduction of the cell wall precursor lipid II from the septum 
and (2) formation of pores composed of lipid II and nisin. (Methyl)lanthionines 
result from two enzyme-catalyzed posttranslational modifications: dehydration of 
serines/threonines and coupling of the resulting dehydro amino acids to cysteines. 
Besides the localization of the thioether bridges and dehydro amino acids in the 
lantibiotics, also the three-dimensional structure of some lantibiotics has been 
resolved by NMR. Genes encoding proteins involved in the biosynthesis of lantibi-
otics are present in clusters and may comprise combinations of the following genes 
in varying order: a structural gene that encodes a leader peptide and the lantibiotic 
propeptide, modification enzyme(s), a transporter responsible for the export of the 
lantibiotic and in some cases for cleavage of the leader peptide, a leader peptidase, 
a so-called immunity protein involved in self-protection of the host cell, compo-
nents of a transporter also involved in self-protection, and two components of an 
autoinduction system.

Introduction

The name lantibiotics was introduced more than two decades ago (Schnell et al. 1988). 
Lantibiotics are ribosomally produced dehydroresidue- and (methyl)lanthionine-
containing peptides (Fig. 9.1). Lanthionines are thioether-bridged amino acids 
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(Fig. 9.2a). They are predominantly produced by Gram-positive bacteria, and those 
with antibiotic activity are principally effective against Gram-positive bacteria. 
Besides meso-lanthionine (Ala-S-Ala) and b-methyllanthionine, several other post-
translational modifications may occur in lantibiotics (Table 9.1).

Nisin was the first lantibiotic described in literature (Rogers and Whittier 1928) 
and is the most studied lantibiotic. It is produced by different Lactococcus lactis 
strains. Already in 1969, nisin was approved for use as a food preservative (Delves-
Broughton 2005). Nisin has a broad activity spectrum against Gram-positive bacteria, 
including strains of Staphylococcus, Streptococcus, Micrococcus, Lactobacillus, 
Bacillus, Listeria, and Clostridium, (Thomas et al. 2000), and has antimicrobial 
activity in the nanomolar range (de Vos et al. 1993). Despite its world wide applica-
tion as a food additive, virtually no resistance against nisin has occurred. Owing to 
their stability, high activity, and virtual absence of resistance development, lantibi-
otics are promising candidates for biomedical application. Their features make the 
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search for new lantibiotic variants that are further improved by genetic engineering 
an exciting and relevant approach in the battle against multiple-antibiotic-resistant 
pathogens (Kuipers et al. 1992; Rink et al. 2007b; Field et al. 2008).

Nisin, subtilin, epidermin, Pep5, and some similar lantibiotics were first desig-
nated as type A lantibiotics, which are rod-shaped, flexible with an elongated 
structure, and mainly act by forming pores in the bacterial membrane (Jung 1991). 
Type B lantibiotics (e.g., cinnamycin, duramycin, and ancovenin) were discerned 
as having a higher degree of cyclization resulting in structures that are more globular 
and being devoid of pore-forming activity. To date, more than 60 different lantibiotics 
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Table 9.1 Residues occurring within lantibiotics

Residue Lantibiotic Reference

meso-Lanthionine Most lantibiotics Chatterjee et al. (2005b)
b-Methyllanthionine Most lantibiotics Chatterjee et al. (2005b)
2,3-Dehydroalanine Most lantibiotics Chatterjee et al. (2005b)
(Z)-2,3-Dehydrobutyrine Most lantibiotics Chatterjee et al. (2005b)
S-(Z)-Aminovinyl- 

D-cysteine
Epidermin, gallidermin, 

cypemycin
Allgaier et al. (1986), Kellner et al. 

(1988), Minami et al. (1994)
S-Aminovinyl-D-3-

methylcysteine
Mersacidin Chatterjee et al. (1992)

D-Alanine Lactocin S, lactocin 
3147

Skaugen et al. (1994); Martin 
et al. (2004)

Alloisoleucine Cypemycin Minami et al. (1994)
Dimethylalanine Cypemycin Minami et al. (1994)
Amide Nisin(1-32)amide Chan et al. (1989)
Erythro-3-hydroxy- 

L-aspartic acid
Cinnamycin, duramycin, 

duramycin B, 
duramycin C

Kessler et al. (1988); Naruse et al. 
(1989); Fredenhagen et al. 
(1991)

(2S, 8S)-Lysinoalanine Cinnamycin, duramycin, 
duramycin B, 
duramycin C

Kessler et al. (1988); Naruse et al. 
(1989); Fredenhagen et al. 
(1991)

2-Oxobutyryl Pep5 Kellner et al. (1989)
2-Oxopropionyl Lactocin S, epilancin 

K7 (3-31)
Skaugen et al. (1994); van de  

Kamp et al. (1995a)
Hydroxypropionyl Epilancin K7 van de Kamp et al. (1995b)
Acetyl Paenibacillin He et al. (2008)
Sulfoxide Actagardine Boakes et al. (2009)
disulfide Thermophilin 1277 Kabuki et al. (2009)
5-Chloro-trypthopan Microbisporicin Castiglione et al. (2008)
Mono-/bis-hydroxylated 

proline
Microbisporicin Castiglione et al. (2008)

Labionine Labyrinthopeptins Meindl et al. (2010)

have been discovered (Bierbaum and Sahl 2009), and several different posttransla-
tional modifications have been described (Willey and van der Donk 2007; Table 1). 
After the finding of many new lantibiotics, the clarity of the old type A and type B 
classification diminished, and two (Oman and van der Donk 2010) or three (Pag 
and Sahl 2002; Willey and van der Donk 2007) groups were proposed on the basis 
of novel criteria. The three-group classification placed all lantibiotics in one of 
three classes initially on the basis of the biosynthesis machinery used for maturation 
of the peptide (class I and class II) or the absence of antibiotic activity (class III). 
Moreover, in class III lantibiotics, LanM maturation enzymes might act via a 
mechanism distinct from that of class II LanM enzymes.

Several detailed reviews on all lantibiotics exist (Chatterjee et al. 2005b; Bierbaum 
and Sahl 2009; Asaduzzaman and Sonomoto 2009) and also reviews on clinical 
applications of lantibiotics (Smith and Hillman 2008), on subgroups of lanti-
biotics (Lawton et al. 2007; Dufour et al. 2007; Willey et al. 2006), on a single 
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lantibiotic (Lubelski et al. 2008), and on the application of lantibiotic enzymes for 
modifying nonlantibiotic peptides (Moll et al. 2010). In this chapter, we focus on 
the genetics, synthesis, structure, and mode of action of lantibiotics including the 
most recent developments.

Genetics and Biosynthesis

The genes involved in lantibiotic synthesis are arranged in clusters. These gene 
clusters can be organized on a transposon (nisin), on the chromosome (subtilin), or 
on a plasmid (epidermin). Genes on these clusters have been designated the generic 
locus symbol lan (de Vos et al. 1991). In 1993, the gene cluster involved in the nisin 
biosynthesis was unraveled (van der Meer et al. 1993, Kuipers et al. 1993a). 
Besides the gene products required for the biosynthesis of the peptides, proteins 
that are needed for the processing (LanP), translocation (LanT), self-protection/
immunity (LanI, LanEFG), and regulation (LanRK) are also encoded. Per type, 
many of these proteins encoded on the different gene clusters show amino acid 
homology, which indicates that indeed they have similar functions (Siezen et al. 
1996; Kuipers et al. 1993a; Qiao et al. 1996).

The lantibiotics nisin, epidermin, and Pep5 belong to the class I lantibiotics. 
In class I lantibiotics, the prepeptide LanA is modified by two distinct enzymes, 
LanB and LanC. The lantibiotic prepeptide contains a leader sequence that is 
thought to be necessary for targeting the propeptide part to the separate modifying, 
processing, and translocating enzymes. LanB dehydrates the serines and threonines 
in the propeptide part of LanA, and LanC couples these dehydrated residues regio- 
and stereoselectively to cysteines to form respectively mesolanthionines and 
b-methyllanthionines. After translocation of the modified peptide via an ABC 
transporter LanT, the leader part is, in most class I lantibiotic systems, removed by 
a protease LanP, releasing the active lantibiotic (Willey and van der Donk 2007).

In class II lantibiotics, e.g., lacticin 481, mersacidin, and actagardin, only one 
enzyme is responsible for dehydration and cyclization of the propeptide LanA. These 
bifunctional LanM enzymes as well as LanB enzymes are both composed of about 
1000 amino acids and share no sequence homology. The N-terminal parts of LanM 
enzymes are responsible for the dehydration reaction, but surprisingly, their sequences 
are about 400 amino acids shorter than those of LanB dehydratases, and they have no 
similarity to LanB enzymes. LanC enzymes are composed of around 400 amino acids. 
The C-terminal part of LanM enzymes has low sequence homology with the LanC 
enzymes (Siezen et al. 1996), including three zinc- coordinating amino acids (Patton 
and van der Donk 2005). Knockouts of one of these zinc ligands completely abol-
ished the cyclase activity of NisC or LctM (Li et al. 2006, Paul et al. 2007). Another 
dissimilarity to class I lantibiotics is the dual functionality of LanT. Before transloca-
tion of the modified peptide, the peptide is intracellularly processed by the conserved 
N-terminal protease part of LanT (Pag and Sahl 2002, Willey and van der Donk 
2007). Class II lantibiotics also comprises the two-component lantibiotics, 
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e.g., lacticin 3147 (Ryan et al. 1996) and haloduracin (McClerren et al. 2006). In the 
case of lacticin 3147, the two prepeptides LtnAa and LtnAb are each separately 
modified by the two corresponding enzymes, respectively, LtnM1 and LtnM2. After 
modification, both peptides are processed and translocated by one LtnT enzyme. The 
gene cluster of lacticin 3147 contains a gene coding for an additional posttransla-
tional modification enzyme, LtnJ. This enzyme converts some dehydroalanines in the 
prepeptides Ltna and Ltnb to D-alanines (Ryan et al. 1999).

The third class of lantibiotics was initially discerned as (methyl)lanthionine-
containing peptides often devoid of antimicrobial activity. Instead, they would have 
other –for instance, morphogenetic– features that may be beneficial to the producing 
cells. The three lantibiotics that were first found for this group were SapB (Kodani 
et al. 2004; Fig. 9.1d), SapT (Kodani et al. 2005), and AmfS (Ueda et al. 2002). 
SapB and SapT are believed to be biosurfactants that may have a positive effect on 
the surface of aerial hyphae of the producer strains. In addition, SapT has anti-
microbial activity against Bacillus cereus (Kodani et al. 2005). Interestingly, RamC, 
the presumed SapB modification enzyme has an N-terminal domain that resembles 
a Ser/Thr kinase and a central dimerization domain (Kodani et al. 2004). 
Furthermore, the enzymes involved in the biosynthesis of SapB and AmfS share 
homology with the C-terminal part of other LanM enzymes except for the zinc 
ligands, which are not conserved.

Three recent and exciting publications further characterized class III lantibiotics. 
Labyrinthopeptins were discovered by Meindl and coworkers by following the 
activity of labyrinthopeptin A2 against Herpex simplex virus. In addition, laby-
rinthopeptin A2 has an excellent efficacy against neuropathic pain in an in vivo 
mouse model. Labyrinthopeptins belong to class III lantibiotics and contain labionine, 
a carbacyclic triamino acid (Meindl et al. 2010; Fig. 9.1e). Subsequently, the 
in vitro reconstitution of the prelabyrinthopeptin A2 biosynthesis was demon-
strated, which required guanosine triphosphate for the phosphorylation and dehy-
dratation reaction of serines (Müller et al. 2010). A paper from the group of van der 
Donk demonstrated that a class III enzyme LanL comprises a kinase domain, 
which phosphorylates Ser/Thr, a phosphoSer/Thr lyase domain, and a cyclase 
domain comprising a zinc finger. It was proposed that LanL enzymes have evolved 
from stand-alone protein Ser/Thr kinases, phospho-Ser/Thr lyases, and enzymes 
catalyzing thiol alkylation. The name lantipeptides was suggested for compounds 
that by structure and biosynthesis are related to lantibiotics but that are not known 
to possess antimicrobial activity (Goto et al. 2010).

Engineering of Lantibiotics

With the elucidation of gene clusters involved in the biosynthetic pathways of lantibi-
otics, genetic engineering of lantibiotics became the next challenge. Much more stud-
ies have been performed on the engineering of the lantibiotics than on the mutagenesis 
of their leader peptides. The existence of natural variants among lantibiotics (e.g., nisin 
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A/nisin Z, nisin Q (Fukao et al. 2008), nisin U (Wirawan et al. 2006), epidermin/
gallidermin) and the high homology between certain lantibiotics (i.e., nisin/subtilin/
lantibiotic 97518 (Maffioli et al. 2009), mutacin II/lacticin 481) suggest that the iden-
tity of amino acids present at certain locations is flexible. Indeed, by site-directed 
mutagenesis of the structural genes and the development of expression systems, many 
lantibiotic variants were designed and produced in vivo (Cotter et al. 2005).

In 1992, the first nisin mutants were reported (Kuipers et al. 1992) followed by 
many other nisin mutants (reviewed by: Kuipers et al. 1996; Lubelski et al. 2008). 
Interestingly, a T2S mutant had increased activity (Kuipers et al. 1996) and some 
nisin hinge region mutants had antimicrobial activity against Gram-negative spe-
cies (Yuan et al. 2004). By altering the charge of the nisin lantibiotic, solubility 
could be improved (Yuan et al. 2004). Randomization of the codons of the amino 
acids in nisin’s ring A and ring B yielded a large number of mutants (Rink et al. 
2007b). Nisin ring A mutants I4K/S5F/L6I and I4K/L6I showed enhanced activity 
against some target strains (Rink et al. 2007b), as did mutations M21V, N20P, and 
K22T in the hinge region (Field et al. 2008). Ring A mutants were obtained with 
enhanced activity against some strains, mutants that were not recognized by the 
self-protection systems, whereas opening of ring B caused loss of antimicrobial 
activity while the induction capacity remained intact (Rink et al. 2007b). Early suc-
cessful mutagenesis studies also concerned subtilin (Liu and Hansen 1992) and 
gallidermin (Ottenwälder et al. 1995).

The first novel thioether bridge was introduced in Pep5. By the substitution 
A19C, a b- methyllanthionine was introduced in the peptide, which was formed 
between the Dhb on position 16 and the introduced cysteine at position 19. This 
mutant exhibited increased proteolytic stability against chymotrypsin and Lys-C. 
However, the novel thioether bridge had a negative effect on the antimicrobial activity 
of Pep 5 (Bierbaum et al. 1996). Also, in the class II lantibiotics, comprising mutacin II 
(Chen et al. 1998), mersacidin (Szekat et al. 2003), cinnamycin (Widdick et al. 2003), 
and actagardine (Boakes et al. 2009), new variants were made by site-directed 
mutagenesis. A systematic mutant analysis by alanine scanning of the two-peptide 
lantibiotic lacticin 3147 revealed the areas within the peptide that are amenable 
to changes and areas that are essential for the production. None of the mutants 
displayed an antimicrobial activity higher than that of the wild-type producer 
(Cotter et al. 2006). Succesful methods and strategies have been developed to engi-
neer new lantibiotic variants and analyze libraries (Cortés et al. 2009).

By random mutagenesis and NNK scanning of nukacin ISK-1, a series of nuka-
cin ISK-1 variants was generated to identify the positional importance of individual 
residues responsible for antimicrobial activity (Islam et al. 2009). Furthermore, by 
random mutagenesis of mersacidin, 80 mutants that produced mature mersacidin at 
good levels were made, and novel variants were obtained with improved overall 
bioactivity, such as F3W (Appleyard et al. 2009).

Novel lantibiotics with enhanced antimicrobial activity may be lethal for the 
producer itself. Many prelantibiotics are inactive; apparently, the presence of the 
N-terminal leader peptide keeps these prelantibiotics inactive. To avoid lethality of 
engineered lantibiotics, a production system can be used without leader peptidase 
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(Rink et al. 2007b). After production, the leader can be removed. Another 
approach is using an in vitro modification system. The lantibiotics lacticin 481 and 
the two peptide lantibiotic haloduracin were both modified successfully by incuba-
tion of the precursor peptide with the LanM enzymes in vitro (Xie et al. 2004; 
McClerren et al. 2006). Furthermore, NisC could successfully cyclize dehydrated 
prenisin (Li et al. 2006).

Lantibiotic chimeras of nisin and subtilin have been made (Chakicherla and 
Hansen 1995). By replacing the propeptide-encoding sequence of one lantibiotic by 
the propeptide-encoding sequence of another lantibiotic, lantibiotics have been 
produced by the biosynthesis machinery of a system within the same class (Kuipers 
et al 1993b; Patton et al. 2008), and also of another class. Class II pneumococcins 
have been dehydrated, cyclized, and exported by Class I enzymes from the nisin 
system (Majchrzykiewicz et al. 2010). Overall, the biosynthetic systems used for 
the biosynthesis of lantibiotics seem to have a remarkable flexibility.

Mechanistic Aspects of the Biosynthesis of Lantibiotics

Lantibiotic genes code for prepeptides, which are composed of a leader peptide and 
a modifiable propeptide. The leader peptide appears to have a leading role in the 
posttranslational modification processes and in export (Patton et al. 2008). It induces 
the LanB/LanM-catalyzed dehydration of serines and threonines, the LanC/LanM-
catalyzed cyclization, and the LanT-mediated export. However, it was demonstrated 
that presenting the leader in trans, not attached to the substrate, still leads to 
modification of the structural peptide (Levengood et al. 2007; Patton et al. 2008). 
Some, but only strongly reduced, LctM activity has also been demonstrated in the 
absence of the leader peptide. Since LanB, LanC, LanM, and LanT can be active in 
the absence of other lantibiotic enzymes, it is likely that each enzyme itself has a 
leader peptide-binding site. Possible roles of the leader could thus be stabilizing of an 
active conformation of the enzyme (Patton et al 2008) and bringing the modifiable 
substrate propeptide in the vicinity of the active center of the modification enzymes 
(Fig. 9.2b).

Alignments of leader peptides suggest at least two groups (Plat et al. 2010). One 
group containing an FNLD sequence, mainly occurring in Class I, LanB and LanC-
modified prelantibiotics (Chatterjee et al. 2005b; Table 9.2). Mutagenesis of residues 
in this box affected nisin biosynthesis (van der Meer et al. 1994) and Pep5 produc-
tion (Neis et al. 1997). Another group with an EVxxxEL sequence occur in Class II, 
LanM-modified prelantibiotics (Chatterjee et al. 2005b; Table 9.2). Some mutations 
of some leader peptide residues in mutacin II eliminated biosynthesis, whereas other 
mutations only affected the level of production (Chen et al. 2001). In the leader 
peptide of lacticin 481, not one of the conserved and not-conserved residues appears 
essential. Introduction of prolines, however, seems to interfere with the functionality 
of the leader peptide (Patton et al. 2008). For nukacin ISK-1, the importance of the 
a-helicity of the leader peptide was demonstrated (Nagao et al. 2009).
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The leader peptides from two component lantibiotics seem to differ from the 
aforementioned leader peptides, e.g., plantaricin Wa/Wß (Holo et al. 2001), staph-
ylococcin C55a/ß (Navaratna et al. 1999). The leader peptides from the two-
component lantibiotic cytolysin (Gilmore et al. 1994, Table 2) are processed at two 
cleavage sites in each peptide.

Most lantibiotic leader peptides are composed of about 20–35 amino acids. 
In contrast, the leader peptides from actagardine (Boakes et al. 2009), michiganin 
(Holtsmark et al. 2006, Table 9.2), and mersacidin (Bierbaum et al. 1995) are com-
posed of respectively 45, 47, and 48 amino acids, whereas the leader peptide from 
the globular-shaped lantibiotic cinnamycin (Kessler et al. 1988) is even composed 
of 59 amino acids (Widdick et al. 2003; Table 9.2). Structures of some leader 
peptide-dependent lantibiotic modification enzymes may provide further insight 
into the roles of the leader peptide in the intriguing biosynthesis of lantibiotics. 
Indeed, the structure of NisC indicates a leader peptide binding site (Li et al. 
2006).

Data on the substrate specificity of the lantibiotic modification enzymes have 
been obtained mainly for the nisin and lacticin 481 modification enzymes.  
The nisin biosynthesis machinery NisBTC proved to be highly versatile and can 
be used for the introduction of thioether rings in a broad spectrum of nonlantibiotic 
peptides (Rink et al. 2005; Kluskens et al. 2005; Rink et al. 2007c). Furthermore, 
successful dehydration of threonines/serines seems to be influenced by the flanking 
residues. Hydrophobic flanking residues on one or both sides may favor dehy-
dration, whereas the simultaneous presence of hydrophilic flanking residues on 
both sides seems to disfavor dehydration (Rink et al. 2007a). Lantibiotic cyclases 
can catalyze the coupling of dehydroalanines and dehydrobutyrines to cysteines 
yielding lanthionines and b- methyllanthionines, respectively. However, dehydro-
alanines are reactive and can, in the absence of cyclase action, also spontaneously 
form a lanthionine when reacting with a cysteine under mild conditions (Rink 
et al. 2007c). Such nonenzymatic ring closure can result in a mixture of stereoisomers 
(Burrage et al. 2000).

Table 9.2 Diversity of lantibiotic leader peptides. In bold: residues (partly) conserved within an 
alignment (sub)group

Lantibiotic Leader peptide sequence
References for peptide  
and/or alignment

Nisin MSTKDFNLDLVSVSKKDSGASPR Gross and Morell (1971); 
Chatterjee et al. (2005b)

Mutacin II MNKLNSNAVVSLNEVSDSELDTILGG Woodruff et al. (1998); 
Chatterjee et al. (2005b)

Cytolysin 
LS

MLNKENQENYYSNKLELVGPSFEELSLEE 
MEAIQGSGDVQAE

Gilmore et al. (1994)

Cinnamycin MTASILQQSVVDADFRAALLENPAAFGASA 
AALPTPVEAQDQASLDFWTKDIAATEAFA

Widdick et al. (2003)

Michiganin MNDILETETPVMVSPRWDMLLDAGEDTSP 
SVQTQIDAEFRRVVSPYM

Holtsmark et al. (2006)
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Not only are small thioether-bridged peptides synthesized by utilization of 
NisBTC, but a more complicated substrate peptide with the sequence ITPGC-
KATVECKITGPCKATVECK can also be successfully modified to a peptide with 
four thioether linkages. Also, introduction of intertwined thioether rings is possible, 
thanks to the stereo- and regiospecificity of NisC (Rink et al. 2007c).

The lacticin 3147 enzymes LtnT and LtnM2 were also successfully used in vivo 
for the introduction of thioether bridges in nonnatural peptide substrates. Before 
translocation of the nonnatural substrate by LtnT, the peptide first has to be pro-
cessed. The LtnA2 leader is intracellularly cleaved off by the same LtnT enzyme. 
Not all designed peptides could in vivo be produced via the Ltn enzymes. It is not 
clear whether the processing or the translocation itself limits the production of 
nonlantibiotic peptides in the case of cells containing LtnT (Kuipers et al. 2008).

Studies of lantibiotic biosynthesis systems for nisin, subtilin, and nukacin ISK1 
revealed that the modification enzymes and transporters are arranged in multimeric 
membrane-associated enzyme complexes (Siegers et al. 1996; Kiesau et al. 1997; 
Nagao et al. 2005). Additionally, a study suggested the presence of a multimeric 
enzyme complex and the importance thereof for optimal production of prenisin 
(van den Berg van Saparoea et al. 2008). Alternatively, the presence of thioether 
rings might impose a structure, which is transported more efficiently by NisT 
(Kuipers et al. 2008) and is capable of autoinduction (Kuipers et al. 1995).

The composing enzymes of the nisin synthethase complex are separately func-
tional in the absence of other lantibiotic enzymes (Kuipers et al. 2004, Kuipers 
et al. 2006). In the absence of other nisin enzymes, NisB-dehydrated peptides were 
exported via the Sec pathway when the nisin leader was preceded by a Sec signal 
sequence. Prenisin with or without preceding Sec or Tat signal was intracellularly 
fully modified by NisB and NisC in the absence of NisT, which precludes the 
necessity of either NisT or Sec action. In view of the above case, it is difficult to 
comprehend the proposed enzyme-complex-dependent NisT-driven-modification 
working model for nisin biosynthesis by Lubelski et al. (2009).

In vitro activity of the biosynthetic enzyme of lacticin 481 (Xie et al. 2004) of 
both haloduracin modification enzymes (McClerren et al. 2006), and of the cyclase 
of nisin (Li et al. 2006) has been attained (Li et al. 2009). Although LctM does not 
display an evident ATP-binding domain, ATP is necessary for functionality of LctM 
(Chatterjee et al. 2005a) and likely – in view of the kinase domain- ATP or GTP is 
necessary for RamC, the modification enzyme of SapB (Kodani et al. 2004). With 
the powerful in vitro thioether modification system, the substrate specificity and 
several mechanistic aspects of the LctM 481 enzyme were explored. Like NisB, 
LctM has high substrate promiscuity. LctM can dehydrate a range of nonlantibiotic 
peptides when attached to the N-terminal leader peptide (Chatterjee et al. 2006; 
Levengood and van der Donk 2008; Patton et al. 2008). Whereas hydrophilic amino 
acids, especially negatively charged amino acids, which flank dehydratable substrate 
residues, disfavor NisB-mediated dehydration, this does not appear to be the case for 
LctM (Chatterjee et al. 2006). Semisynthetic LctA derivates with nonproteinogenic 
amino acids like b-amino acids, D-amino acids, and N-alkyl amino acids, derived by 
expressed protein ligation, are successfully modified by LctM (Zhang and van der 
Donk 2007; Levengood et al. 2009a; Levengood et al. 2009b).
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LctM phosphorylates the serines and threonines of its substrate prior to the 
dehydration of these residues (Chatterjee et al. 2005a; You and van der Donk 2007). 
An LctM T405A mutant was not affected in phosphorylation of serines and thre-
onines of its substrate but was hampered in the phosphate-elimination step and 
thereby lost the ability to dehydrate its substrate. This mutant turned out to be a 
highly efficient kinase for a broad range of peptide substrates with serines, provided 
that the lacticin leader was N-terminally present (You et al. 2009). Recently, dis-
tributive and a tendency to an apparently directional behavior of the LctM enzyme 
were revealed (Lee et al. 2009). LctM has a high, though not strict, propensity for 
an apparent N- to C- directionality. When the leader peptide is present in trans, 
dehydrations were nondirectional. Also, intermediates were found, which were not 
completely dehydrated but already contained rings within their N-terminal region. 
This latter finding suggests that the dehydration and the cyclization activity of 
LctM can be alternating activities. This alternating feature was also observed 
for NisB- and NisC activity (Kuipers et al. 2008; Fig. 9.2b). The latter data were 
supported by data obtained by Lubelski et al., who also suggested that NisB and 
NisC are acting in an N- to C- direction (Lubelski et al. 2009). On the basis of the 
above observations, we propose a model depicted in Fig. 9.2b. When NisB and 
NisC have each a fixed leader peptide-binding site close to the active site, the dis-
tances of the residues that have to be modified in the prepeptide part of nisin to 
the active site are set. A residue that is located close to the leader and to the active 
site will have a much higher chance to be modified compared to a residue further 
away. The result will appear as directionality, but is actually the result of different 
binding constants of the residues determined by sequence and distance.

Lantibiotics and lantibiotic enzymes constitute a fascinatingly rich and diverse 
field of research. Important new mechanistic insights may follow from the crystal-
lization of lantibiotic enzymes other than the cyclase NisC (Li et al. 2006) and the 
decarboxylase MrsD (Blaesse et al. 2003). In vitro reconstitution of LanB activity, 
which has not been attained despite many efforts in several laboratories, will hope-
fully be realized one day and facilitate further mechanistic studies.

Structure

The (methyl)lanthionines give lantibiotics their unique features such as thermosta-
bility and proteolytic resistance, and most (methyl)lanthionines are essential for high 
antimicrobial activity. The primary structure of lantibiotics is highly variable. 
Aligning the sequences of unmodified propeptides led to three structural groups with 
one or more conserved (methyl)lanthionine positions, represented by nisin (Fig. 9.1a), 
mersacidin (Fig. 9.1b), and duramycin (Fig. 9.1c), and a remaining number of appar-
ently unrelated lantibiotics containing among others the morphogenetic sapB 
(Fig. 9.1d) (Rink et al. 2005). On the basis of primary lantibiotic structures also other 
groups have been discerned (Chatterjee et al. 2005b; Twomey et al. 2002).

Structural data have been reported on some lantibiotics that share the (methyl)
lanthionine positions of rings A and B of nisin (Fig. 9.1a). The structure of nisin 
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was elucidated by chemical degradation (Gross and Morell 1971) and further studied 
by nuclear magnetic resonance (NMR) spectroscopy in the presence and absence 
of membrane-mimicking agents (van de Ven et al. 1991; Lian et al. 1992; van 
den Hooven et al. 1993, Van den Hooven et al. 1996). The data indicated an 
overall extended conformation and the presence of two amphipathic screw-shaped 
domains consisting of the N-terminal A-, B-, and C-rings, and the C-terminal 
fused rings D and E that are joined by a flexible hinge region. Similarly, for galli-
dermin, in the presence of the structure-inducing solvent trifluoroethanol, an 
extended amphiphilic screw-shape structure was observed (Freund et al. 1991a, b). 
Also, the solution structure of mutacin 1140 measured in acetonitrile–water (80:20) 
indicated rigidity within the lanthionine rings as well as the flexibility of the C-terminal 
part (Smith et al. 2003).

NMR studies have also been performed on lantibiotics that share the position of 
the third ring of mersacidin (Fig. 9.1b). Mutacin II consists of an N-terminal helix 
formed by residues 1-8 (Novak et al. 1997). CD studies on SA-FF22 in lipid-
mimicking conditions indicated a significant change compared to the structure in 
aqueous environment (Jack et al. 1994). The NMR solution structure of plantaricin 
C indicates a flexible, positively charged N-terminus and a rigid globular C-terminal 
domain (Turner et al. 1999). The mersacidin NMR structure in methanol solution 
is globular and has three domains formed by the thioether ring spanning residues 
(Prasch et al. 1997; Hsu et al. 2003). The X-ray crystallography structure of mer-
sacidin (Schneider et al. 2000) largely resembled the solution structure. The NMR 
solution structure of actagardine was determined in a water–acetonitrile mixture. 
Actagardine has a compact globular structure composed of two domains. The 
N-terminal domain consists of a single lanthionine ring, while the C-terminal 
domain is composed of three intertwined methyllanthionine rings. Residues 7-8, 
9-12, and 17-19 form a small, three-stranded b-sheet with one antiparallel and two 
parallel strands (Zimmermann and Jung 1997). Preliminary NMR solution structure 
data of LtnA1 (Martin et al. 2004) indicate a globular shape resembling mersacidin 
(Hsu et al. 2003).

Detailed structural studies are also known for highly globular lantibiotics 
which share the (methyl)lanthionine and lysinoalanine structure of duramycin 
(Fig. 9.1c). The NMR solution structure of cinnamycin has been determined in 
DMSO and a water–acetic acid mixture (Kessler et al. 1991). The conformation 
of cinnamycin changes in the presence of SDS micelles (Kessler et al. 1992). The 
lipophilic part of cinnamycin changed in the presence of SDS bilayers (Kessler 
et al. 1992) and in the presence of 1-dodecanoyl-sn-glycerophosphoethanolamine 
(C12-LPE) (Wakamatsu et al. 1990) due to interactions with hydrophobic seg-
ments of the lipids.

Taken together, detailed structural information for several lantibiotics has been 
obtained in solution and in the presence of lipophilic membrane-mimicking agents. 
Generally, lantibiotics contain a few rigid domains, and their conformation changes 
when interacting with lipophilic or membrane-mimetic surroundings. Furthermore, 
mechanistically highly important structures describing the interaction of lantibiotics 
with docking molecules have been obtained (Hsu et al. 2004).
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Modes of Action

Pore Formation

Many studies have been performed on the capacity of several lantibiotics to 
permeabilize membranes. These studies involved liposomes, proteoliposomes, cell-
membrane vesicles, black lipid membranes, lipid monolayers, and intact cells and 
provided much information on the biophysical aspects of the interaction of lantibiotics 
with these different membrane models. However, up to three orders of magnitude 
higher concentrations of nisin were needed for permeabilization of model mem-
branes than for pore formation in intact cells. This difference was explained by an 
excellent study by Sahl and coworkers who were the first to demonstrate that nisin 
interacts with lipid II, a precursor in the cell wall synthesis. Nisin activity could be 
eliminated by adding ramoplanin, a compound interacting with lipid II (Brötz et al. 
1998a). Subsequent studies demonstrated that hybrid pores composed of nisin and 
lipid II with a stoichiometry of 1:2 were formed in the target cell membrane. The 
presence of lipid II in liposome strongly reduced the concentration of nisin required 
for pore formation (Breukink et al. 1999). The presence of lipid II in black lipid 
membranes reduced the required threshold membrane potential from about 100 mV 
to 5–10 mV, allowed the induction of pores by not only trans-negative but also 
trans-positive membrane potential, and strongly prolonged the lifetime of the 
formed nisin pores from milliseconds to seconds. Nisin can also form pores in cells 
when there is no transmembrane electrical potential at all (Moll et al. 1997). 
Dissipation of a transmembrane electrical potential by itself is not leading to 
growth inhibition, but dissipation of the transmembrane pH gradient is sufficient for 
complete growth inhibition (Moll et al. 1999). The structure of nisin lipid II com-
plexes reveals a pyrophosphate cage formed by ring A (Hsu et al. 2004). Interaction 
with lipid II, leading to pore formation, has also been suggested for a central part 
of the LtnA1 peptide from the two-component lantibiotic lacticin 3147 (Cotter 
et al. 2006). Interaction of LtnA1 with lipid II was experimentally demonstrated, 
and the role of LtnA2 in pore formation has been elucidated (Wiedemann et al. 
2006b). Pep5 and epilancin K7 do not interact with lipid II or lipid I but still have 
high antibacterial activity. Likely, this high activity might be explained in the future 
by the interaction with (an) other docking molecule(s).

Antibacterial Activity by Interaction With Lipid II 
Without Pore Formation

Resistance against vancomycin is increasingly threatening. Hybrids of vancomycin 
and just an N-terminal nisin fragment, nisin(1-12), which does not span the mem-
brane, could prevent the raise of such resistance. These hybrids simultaneously 
interact with two different sites of lipid II (Arnusch et al. 2008). Epidermin, which 
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shares the pattern of ring A and ring B with nisin, also interacts with lipid II. Likely, 
other lantibiotics, e.g., mutacin I, mutacin III, mutacin 1140, mutacin B-Ny266, 
gallidermin, ericin A, ericin S, subtilin, nisin Z, nisin Q, which all share this ring 
pattern of ring A and B interact with lipid II. Nisin can interact with lipid I and lipid 
II. Nisin and epidermin cause an accumulation of lipid I in in vitro peptidoglycan 
synthesis (Brötz et al. 1998b). Truncated nisin(1-23) variants have significant activity 
but are unable to dissipate the membrane potential (Rink et al. 2007b). Interaction 
of epidermin and mutacin 1140 with lipid II has been demonstrated. Epidermin 
whose activity can be even higher than that of nisin does not form pores, since it is 
too short to span the membrane; in thin model membranes, it does permeabilize the 
membrane. Breukink and coworkers demonstrated that nisin is able to dislocate 
lipid II from the septum, thus inhibiting growth of the cell wall (Hasper et al. 2006). 
It might be worthwhile to investigate whether this mechanism might be responsible 
for the activity of truncated nisin(1-23) and short lantibiotics that share the ring 
pattern of nisin’s ring A and ring B. Also, other mechanisms have been described. 
Plantaricin C forms complexes with lipid I and lipid II and inhibits lipid II synthesis 
and the addition of the first glycine of the pentapeptide chain of lipid II (Wiedemann 
et al. 2006a, b). Mersacidin and actagardine, whose structures are entirely different 
from nisin, also bind to lipid II but do not form pores (Brötz et al. 1995; 1997; 
1998b). Instead, they exert in vivo high antibacterial activity by blocking the trans-
glycosylation step in the peptidoglycan synthesis.

Inhibition of the Outgrowth of Spores

Some lantibiotics such as nisin and subtilin inhibit the germination of spores of the 
species from the genera Bacillus and Clostridium (Thomas et al. 2002). It was sug-
gested that the mechanism of inhibition resulted from the reaction of thiol groups 
in proteins of the spores with dehydroalanine in position 5 of subtilin and nisin 
(Morris et al. 1984). Indeed, replacement of the dehydroalanine in position 5 for an 
alanine caused loss of the capacity to inhibit the outgrowth of spores. However, 
nisin ringA mutants with other residues in position 5 even had enhanced activity in 
inhibiting the outgrowth of spores (Rink et al. 2007b).

Other Activities

Cinnamycin and its natural variant duramycin effectively inhibit phospholipase A2 
by binding to its phosphatidylethanolamine substrate (Märki et al. 1991). The stoi-
chiometry of the binding is 1:1, as measured by NMR, and binding appears to be 
specific for (lyso)phosphatidylethanolamine since no binding was observed with 
other phospholipids (Hosoda et al. 1996; Wakamatsu et al. 1990). Since in eukaryote 
cells amino phospholipids are usually localized in the inner layer of the plasma 
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membrane, either the lantibiotic has to translocate across the bilayer or it has to 
induce lipid flip-flop, or both. Lantibiotic-induced lipid flip-flop has been reported 
for nisin (Moll et al. 1998), but not yet for cinnamycin. Nisin and Pep5 induce 
autolysis of Staphylococcal strains. It is thought that these cationic peptides bind to 
lipoteichoic and teichoic acids and thereby displace and activate N-acetyl-alanine 
aminidase and N-acetylglucosaminidase, which normally interact with teichoic 
acids (Bierbaum and Sahl 1985). Ancovenin modulates the activity of angiotensin 
I-converting enzyme (Kido et al 1983). Antiviral activity and activity against neuro-
pathic pain have been reported for some class III lantibiotics (Meindl et al 2010).

Development of Resistance of Gram-Positive Bacteria 
Against Lantibiotics

Despite its worldwide application, little resistance has been developed against 
nisin. Resistance against lantibiotics can be due to among others changes of the cell 
wall and or the cell membrane and has been reviewed in detail (Chatterjee et al. 
2005b). Gravesen and coworkers have proposed that nisin resistance in a Listeria 
monocytogenes strain was due to shielding of lipid II from nisin through its binding 
to a penicillin-binding protein (Gravesen et al. 2001; Gravesen et al. 2004). Nisin 
resistance in M. flavus appeared to be independent of lipid II levels (Kramer et al. 
2004). Studies on a resistant Lactococcus lactis strain, which was able to grow at a 
75-fold higher nisin concentration than the parent strain, demonstrated that less 
nisin was able to bind to lipid II in the membranes of the resistant strain. The cell 
wall of the resistant strain displayed significantly increased thickness at the septum. 
Comparison of modifications in lipoteichoic acid revealed an increase in D-alanyl 
esters and galactose as substituents in the resistant strain, resulting in a less nega-
tively charged cell wall. Shielding lipid II and thereby decreasing abduction of lipid 
II and pore formation appeared to be a major defense mechanism of L. lactis against 
nisin (Kramer et al. 2008).

Lantibiotic Activities Exploited for Clinical Developments

Animal studies demonstrated the in vivo efficacy of several lantibiotics. Human 
cells do not possess the target of several lantibiotics, i.e., lipid II. Duramycin (also 
called: Moli1901) is being developed for the treatment of reduced mucociliary 
clearance in cystic fibrosis. The molecular target of duramycin is the phospholipid 
phosphatidylethanolamine present in the cellular membrane. Duramycin binds to 
the polar head of phosphatidylethanolamine and induces changes in intracellular 
calcium levels, which in turn activate calcium-dependent chloride channels. These 
alternative calcium-activated chloride channels produce an output of chloride and 
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water. This may compensate for reduced or absent cystic-fibrosis-transmembrane-
conductance-regulator/Cl− channel function in cystic fibrosis patients. A phase II 
study in cystic fibrosis patients showed that the inhalation of duramycin over 5 days 
resulted in an improvement in pulmonary function parameters (Grasemann et al. 
2007). Phase II clinical studies are also being carried out on duramycin for treating 
dry eyes (Grasemann et al. 2007). By opening the abovementioned alternate salt 
channel, duramycin promotes the hydration of epithelial tissue. Patients with dry 
eye disease may thereby experience increased hydration of the eyes. A product that 
contains Streptococus salivarius that produces salivaricin is marketed for oral care 
to counteract infections (Boakes and Wadman 2008).

Perspectives

Existing and novel effective lantibiotics are of great interest because of the increase 
in resistance to multiple antibiotics. The identification of docking molecules and 
the characterization of the detailed molecular interaction with docking molecules 
will enable contributions to the development of improved lantibiotics. Lantibiotics 
may also have therapeutic activities that are entirely different from antibiotic 
 activities such as the anti-inflammatory inhibition of pospholipase A2 by duramycin 
via binding of the phospholipase substrate, phosphatidylethanolamine. Mechanistic 
studies on the lantibiotic modification enzymes will allow for their directed engi-
neering and subsequent aimed for application. Thioether bridges may also stabilize 
a variety of peptides, which are drugs for diverse indications (Kluskens et al. 2005; 
Kluskens et al. 2009; Kuipers et al. 2009; Levengood and van der Donk 2008; Rink 
et al. 2010). By stabilization, these therapeutic peptides are less sensitive to prote-
olytic breakdown and accordingly need less frequent administration and/or in a 
lower dose. In addition, stabilization may allow oral and pulmonary delivery of 
short peptides (de Vries et al. 2010). These delivery ways are more patient-friendly 
than injection. Furthermore, the structural constraint resulting from the introduction 
of thioether bridges may enhance the receptor specificity and/or the efficacy of the 
receptor interaction, thus enhancing the therapeutic potential.
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Abstract Lactic acid bacteria (LAB) are known to produce antibacterial peptides 
and small proteins called bacteriocins, which enable them to compete against other 
bacteria in the environment. Bacteriocins fall structurally and chemically into three 
different classes, I, II, and III. Bacteriocins are ribosomally synthesized peptides 
with antagonism against closely related bacteria. This late observation has evolved 
because bacteriocins active against Gram-negative bacteria have recently been 
reported. Members of class IIa bacteriocins, referred to as pediocin-like bacterio-
cins, are among the most studied bacteriocins. This chapter is aimed at providing 
an updated review on the biology of class IIa bacteriocins.

Introduction

Class IIa bacteriocins are peptides below 10 kDa composed of a varying number of 
amino acids, ranging from 37 for sakacin G (Simon et al. 2002) to 58 for mundticin 
L (Feng et al. 2009). Sequence alignment of class IIa bacteriocins displays two 
distinct regions referred to as N- and C-terminal regions (Fig. 10.1). While, the 
N-terminal region is hydrophilic and contains the consensus sequence Y-G-N-G-V-
X

1
-C-X

2
-K/N-X

3
-X

4
-C (where X is any amino acid), the C-terminal region is vari-

able, hydrophobic, and/or amphiphilic. Other characteristics unifying all members 
of class IIa bacteriocins are (1) their potent activity against Listeria spp., (2) their 
resistance to elevated temperatures and extreme pHs, and (3) their cystibiotic 
 feature attributed to the presence of at least one disulfide bridge, which is crucial 
for antibacterial activity.
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Class IIa bacteriocins were formerly considered as “narrow”-spectrum antibiotics, 
with antimicrobial activity directed against related strains. Recently, some class IIa 
bacteriocins, such as bacteriocin OR-7, enterocin E50-52, and enterocin E760, have 
been shown to be active against both Gram-negative and Gram-positive bacteria, 
including Campylobacter jejuni, Yersinia spp., Salmonella spp., Escherichia coli 
O157:H7, Shigella dysenteriae, Morganella morganii, Staphylococcus aureus, and 
Listeria spp. (Line et al. 2008; Stern et al. 2006; Svetoch et al. 2008a, b). The activity 
of class IIa bacteriocins seems to be tightly dependent on the number of disulfide 
bridges, as evidenced by a principal component analysis, which has revealed a strong 
correlation between the spectrum of activity and the presence of an extra disulfide 
bridge (Richard et al. 2006).

From studies on class IIa bacteriocins, it has become clear that an YGNGV 
(Tyr-Gly-Asn-Gly-Val) pediocin box is a prerequisite for class IIa bacteriocins. 
However, class IIa bacteriocins with YGNGL motif (replacement of valine by 
leucine) are reported in the literature; this is the case of bacteriocin 31 (Tomita 
et al. 1996), plantaricin C19 (Atrih et al. 2001), and sakacin 5x (O’Mahony et al. 
2000). The residues leucine and valine have similar hydrophobicities, but leucine 
does not have the b-methyl side chain of valine, which provides a force restraining 
the freedom of the j and y torsion angles and may have an effect on the stereo-
structure of the bacteriocin (Feng et al. 2009). Therefore, we suggest that the 
highly conserved pentapeptide motif or “pediocin box” of class IIa bacteriocins 
should instead be denoted by YGNG[V/L].

The most recently reported repertoire of class IIa bacteriocins constituted 28 
peptides. (Nissen-Meyer et al. 2009). Here, we wish to complete that repertoire 
by adding pentocin 31-1 (Zhang et al. 2009), bacteriocin 0R-7 (Stern et al. 2006), 
ubericin A (Heng et al. 2007), mundticin L (Feng et al. 2009), enterocin E50-52 
(Svetoch et al. 2008a), and avicin A (Birri et al. 2010). Briefly the sequence of 
pentocin 31-1, although it is only partial, does contain the YGNGV box. 
Bacteriocin OR7 is composed of 54 aminoacids and does contain the YGTNGV 
motif and one cysteine residue. Ubericin A is composed of 40 amino acids and 
has an YGNGL motif at the N-terminal half. Mundticin L is composed of 58 
amino acids and exhibits the YGNGL signature. Enterocin E50-52 does contain 
the pediocin-box sequence YGNGV from positions 5-9 within the 39 amino acids 
of the peptide (Svetoch et al. 2008a). The main characteristics of these novel class 
IIa bacteriocins are given in Table 10.1, while their respective sequences are 
shown in Fig. 10.1.

As stated above, the C-terminal region is less conserved and rather diverse. 
The sequence alignment of the mature peptides has allowed for the division of 
class IIa bacteriocins into four subgroups (Nissen-Meyer et al. 2009). There is a 
flexible hinge at the conserved Asp 17 in peptides of subgroup 1 and also at 
Asn17/Asp17 in peptides of subgroup 2, 3, and 4. The conserved region within 
the “pediocin box” directs the nonspecific binding to the cell surface, and the 
C-terminal domain is involved in target specificity (Johnsen et al. 2005). The 
three dimensional (3D) structures of several class IIa bacteriocins have been 
determined, as for leucocin A (Frégeau Gallagher et al. 1997), plantaricin  
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A (Hauge et al. 1998), sakacin P (Uteng et al. 2003), carnobacteriocin B2 
(Sprules et al. 2004), curvacin A (Haugen et al. 2005). Circular dichroism (CD) 
and nuclear magnetic resonance revealed that the above class IIa bacteriocins 
adopted an unfolded structure in water, while they were able to adopt their struc-
ture when just in contact with membrane-mimicking environments (Frégeau 
Gallagher et al. 1997; Haugen et al. 2005; Watson et al. 2001). As class IIa 
 bacteriocins are constituted of N- and C-terminal domains, one has to understand 
how each domain is structured. The conserved N-terminal region of about 17 resi-
dues forms a three-stranded antiparallel b-sheet-like structure that is stabilized by 
a conserved disulfide bridge. The hydrophobic C-terminal region  usually forms a 
hairpin-like structure consisting of an amphiphilic a-helix (from about residue 18 
to about residue 33) followed by a rather extended C-terminal tail that folds back 
onto the central a-helix (Fig. 10.2; Nissen-Meyer et al. 2009). Notwithstanding 
that all of the above class IIa bacteriocins possess only one  disulfide bridge. The 
effect of temperature on the antibacterial activity of class IIa bacteriocins has 
been largely investigated. At higher temperatures, peptides with a unique disul-
fide bridge showed partial disruption of the helical structure, while those carrying 
an additional disulphide bridge at the C-terminal half retained their tertiary struc-
ture and a-helix (Kaur et al. 2004). Among class IIa bacteriocins with two disul-
fide bridges, divercin V41 is likely the most active one and also the studied 
model. A recent review reported specifically the achievements realized on this 
peptide during the last decade (Rihakova et al. 2009b).

Hydrophilic outside

W18

W33

W18

ba

W33

W41
-S-S-

Hinge Hinge

C-terminal
hairpin domain

C-terminal
hairpin domain

N-terminal
β-sheet domain

N-terminal
β-sheet domain

Hydrophobic core
of membrane

Membrane
interface

Fig. 10.2 A cartoon depiction of the structure and orientation in membranes of class IIa bacteriocins 
that belong to subgroups 1 and 2. In class IIa bacteriocins, the C-terminal hairpin structure is 
stabilized by (a) a disulfide bridge (such as in enterocin A, divercin V41,divergicin M35, coagulin, 
pediocin PA-1, sakacin G, and plantaricin 423), and by (b) an interface-localized tryptophan residue 
near the C-terminal end of the bacteriocin (such as in the other subgroup 1 and 2 bacteriocins). 
Tryptophan residues that become localized in the membrane–water interface are indicated by 
either a red or a blue W, tryptophan residues that become localized in the hydrophobic core of the 
membrane by a black W, and the disulfide bridge by -S-S-
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Biosynthesis of Class IIa Bacteriocins

Intercellular communication plays a key role in the regulation of several physiological 
processes in gram-positive bacteria. Cell–cell communication is often mediated 
by secreted inducer peptide pheromones (IPs), which upon reaching a threshold 
concentration in the environment specifically activate a cognate membrane-
localized histidine protein kinase (HPK). The process of quorum sensing is regu-
lated by the production and monitoring of quorum sensing molecules (QSMs). 
When an apparent threshold concentration of QSMs (reflecting high bacterial 
density) is reached, the bacterial colony in concert ‘switches on’ the density-
dependent trait. Quorum-sensing systems used for the regulation of class IIa 
bacteriocin production are composed of three gene products and termed three-
component regulatory systems (Nes and Eijsink 1999). The three components 
are (1) the inducer peptide (a peptide pheromone), (2) the transmembrane histi-
dine protein kinase (pheromone receptor), and (3) the cytosolic response regulator 
(Nes and Eijsink 1999). The inducer peptide is ribosomally synthesized at low 
levels as a prepeptide, which is cleaved and secreted through the dedicated 
bacteriocin ABC transporter (Ennahar et al. 2000; Nes and Eijsink 1999). At a 
certain concentration threshold of the externalized inducer peptide, the trans-
membrane histidine kinase is activated, leading to the autophosphorylation of a 
conserved histidine residue at the cytosolic side of the transmembrane protein 
(Cho et al. 2001; Nes and Eijsink 1999). Plantaricin A inducer peptide was 
shown to interact extensively with cell membranes, and stereospecific interac-
tions with the histidine kinase are thus necessary to elicit the histidine kinase 
response (Hauge et al. 1998; Kristiansen et al. 2005). Then, the activated histidine 
kinase interacts with its cognate response regulator protein through transphos-
phorylation, and the phosphate group residing on the histidine residue of the 
activated histidine kinase is transferred to a conserved Asp residue in the 
response regulator (Cho et al. 2001; Nes and Eijsink 1999). The phosphorylated, 
and thus activated, response regulator functions as a transcriptional activator, 
which binds to bacteriocin gene-specific promoters and stimulates transcription 
(Nes and Eijsink 1999). The response regulator activates the genes encoding the 
three-component system, and a positive feedback circuit is thus initiated (Nes 
and Eijsink 1999). At a certain time, essentially all bacteriocin producer cells in 
the population are believed to secrete bacteriocins, and this result in a rapid 
activation of the bacteriocin production. More insights into quorum-sensing 
mechanisms have been recently reported (Straume et al. 2007). Such a gene 
repression mechanism mediated by truncated regulators was also found in quorum 
sensing-based bacteriocin systems (in Lactobacillus sakei LTH673 and NC8-pln 
in Lb. plantarum NC8), suggesting that this mode of repression might represent 
a common means applied by bacteria to downregulate certain quorum sensing-
based pathways.
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Mode of Action of Class IIa Bacteriocins

The antibacterial activity of bacteriocins is thought to be mediated by the induction 
of membrane permeability of the target cell membrane, probably by the formation 
of ion-selective pores, leading to dissipation of the proton-motive force and deple-
tion of intracellular ATP (Chikindas et al. 1993; Herranz et al. 2001a; Herranz 
et al. 2001b). The electrostatic interactions become less significant (2–2,000-
fold in the antibacterial activity) with bacteriocin variants presenting a modified 
net positive charge  (substitution of positively charged residues by neutral ones) 
(Miller et al. 1998a).

The N-terminal b-sheet-like domain mediates binding of the class IIa bacterio-
cin to the target cell surface through electrostatic interactions (Chen et al. 1997a, b; 
Kazazic et al. 2002). The more hydrophobic C-terminal hairpin-like domain pen-
etrates obliquely into the hydrophobic core of target membranes, mediating mem-
brane leakage. Finally, the modification of the pediocin box was shown to alter and 
modify the antimicrobial activity of the peptide and also its interactions with lipo-
somes (Fimland et al. 2006). For example, studies carried out on pediocin-PA-1/
AcH have revealed the abilities of this peptide to induce leakage of K+ ions, amino 
acids, and other low-molecular-weight molecules from sensitive cells (Bhunia 
et al. 1991; Chikindas et al. 1993). Pediocin-PA-1/AcH also dissipates the DY and 
the DpH from Pediococcus pentosaceus and L. monocytogenes (Chikindas et al. 
1993; Christensen and Hutkins 1992) and induces rapid depletion of intracellular 
ATP in these bacteria. When pediocin PA-1/AcH was added to carboxyfluores-
cein-loaded vesicles derived from membranes from sensitive and insensitive cells, 
only vesicles made from membranes of pediocin-sensitive cells became leaky 
(Chikindas et al. 1993). The authors proposed that a docking molecule was needed 
for pediocin PA-1/AcH to be fully efficient. Subsequently, Chen et al. reported that 
pediocin PA-1/AcH induced leakage of carboxyfluorescein from artificial lipo-
somes, but possibly at higher concentrations than those needed to induce leakage 
from membranes of sensitive cells (Chen et al. 1997a; Chen et al. 1997b). 
Furthermore, a chimeric protein synthesized after joining the N-terminal domain 
of pediocin PA-1 with the C-terminal domain of the maltose-binding protein 
exhibited antimicrobial activity, suggesting that the N-terminal b-sheet-like 
domain should remain outside of the cell, while the C-terminal hairpin domain 
must, consequently, be that which penetrates into the core of target membranes 
(Miller et al. 1998b). To develop an improved version of pediocin PA-1, reciprocal 
chimeras between pediocin PA-1 and enterocin A, another class IIa bacteriocin, 
were constructed. Chimera EP, which consisted of the C-terminal half of pediocin 
PA-1 fused to the N-terminal half of enterocin A, showed increased activity 
against a strain of Leuconostoc lactis isolated from a sour-spoiled dairy product. 
To develop an even more effective  version of this chimera, a DNA-shuffling 
library was constructed, wherein four specific regions within the N-terminal half 
of pediocin PA-1 were shuffled with the corresponding sequences from 10 other 
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class IIa bacteriocins. Activity screening indicated that 63 out of 280 shuffled 
mutants had antimicrobial activity (Tominaga and Hatakeyama 2007).

Studies conducted on other models of class II a bacteriocins such as bavaricin 
MN (Kaiser and Montville 1996), enterocin P (Herranz et al. 2001a, b), mesentericin 
Y105 (Maftah et al. 1993), and mundticin (Bennik et al. 1998) also pointed out a 
membrane-permeabilizing mode of action similar to that of pediocin PA-1/AcH, but 
this is not the case of mesentericin Y105, which is able to uncouple mitochondrial 
respiration (Maftah et al. 1993). Tryptophan fluorescence spectroscopy studies on 
pediocin PA-1/AcH and mesentericin Y105 in the presence of liposomes have 
shown that at least the C-terminal tryptophan-containing parts of class IIa bacterio-
cins penetrate into liposomes/membranes, but the extent of penetration depends on 
the charge of the liposomes used and the location of the tryptophan residue in the 
peptide (Chen et al. 1997a; Chikindas et al. 1993; Morisset et al. 2004).

However, these results do not report (or mention only briefly) the structure of the 
suggested bacteriocin pores or whether the peptides act as monomers or oligomers, 
nor do they reveal the proposed docking molecule. The requirement for a docking 
molecule became more evident after the discovery that a 15-mer peptide fragment 
derived from the C-terminal half of pediocin PA-1/AcH inhibited pediocin PA-1/
AcH activity and, to a lesser extent, the activities of other class IIa bacteriocins 
(Fimland et al. 1998). The authors hypothesized that this 15-mer peptide fragment 
might interact with a docking molecule and thus compete with pediocin PA-1/AcH 
for recognition/binding to the target molecule. Yan et al. (2000) showed that an 
all-d leucocin A enantiomer was inactive and thereby convincingly demonstrated 
that permeabilization of target cells by leucocin A involves chiral interactions, pos-
sibly with a receptor at the surface of the target cell (Yan et al. 2000). This receptor 
has been proposed to be the mannose permease (Héchard et al 2001), specifically 
an extracellular loop of the membrane-located protein MptC that is responsible for 
specific target recognition by the class IIa bacteriocins (Kjos et al. 2010).

The orientation of class IIa bacteriocins into target cell membranes has been sub-
jected to practical and simulations analysis. A study conducted on curvacin A and 55 
variants generated by site-directed mutagenesis suggested a specific orientation and 
that the hydrophilic short central helix (residues 19–24), along with the N-terminal 
b-sheet-like structure (residues 1–16), inserts into the interface region of the target 
cell membrane, with Ala22 close to the hydrophobic core of the membrane (Haugen 
et al. 2008). Then, the hinge region, with Gly28 as an important residue, may form a 
turn wherein Gly28 becomes positioned near the border between the interface and the 
hydrophobic regions, thus permitting the longer and more-hydrophobic C-terminal 
helix (residues 29–41) to insert into the hydrophobic core of the membrane (Haugen 
et al. 2008). Accordingly, this helix contains three glycine residues at positions 33, 
37, and 40, leading to a putative helix–helix-interacting GxxxGxxG motif. The 
replacement of any of these glycine residue with a larger residue was very detrimental, 
suggesting thereof their possible implication in helix–helix interactions with a 
membrane-embedded receptor protein (Haugen et al. 2008).

Studies on structure–activity relationships were performed on the recombinant 
form of DvnV41 peptide carrying four additional amino-acid residues (AMDP) 
located in the N-terminal domain. The recombinant DvnRV41 retained the initial 
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antibacterial activity (Richard et al. 2004). The relationship between the structure 
of DvnRV41 and its particularly elevated antibacterial activity was investigated 
by creating eight structural variants in which a specific amino acid was replaced in 
the sequence by another one of a same group, in agreement with the amino 
acid Venn relation (Taylor 1986). Eight amino acids were targeted for change in the 
DvnRV41 variants: Trp19, Gln21, Ala22, Ser23, Val30, Leu35, Ala38, and Pro40. 
These amino acids were selected because they are (1) common to class IIa bacte-
riocins (Trp19, Ala22) or (2) essentially specific for the group of class IIa bacterio-
cins closely related to DvnV41, which possess two disulfide bonds.

The antibacterial activity of all of the variants was diminished in comparison to 
that of unmodified DvnRV41, and this drop in antibacterial activity was not 
ascribed to any global conformational change (Rihakova et al. 2009a). The effects 
of DvnRV41 in combination with K-channel activators argue for the formation  
of ATP-dependent K+-channels based on the strong synergistic/additive effect 
observed between DvnRV41 and cromakalim (Rihakova et al. 2010); cromakalim 
is a K+ channel opener that causes smooth muscle relaxation by activating ATP-
sensitive K+ (K

ATP
) channels and producing membrane hyperpolarization (Smoaki 

1999). Divergicin M35 exhibited activity against L. monocytogenes with sensitive 
(DivS) and resistant (DivM) phenotypes, as well as on synthetic phospholipid lipo-
somes, resulting in the release of 1,6-diphenyl-1,3,5-hexatriene (DPH) from zwit-
terionic (DMPC) and anionic (DMPC/DMPG, 4:1) liposomes upon treatment with 
5 mg/ml of this bacteriocin (Naghmouchi et al. 2007).

Short 15-mer synthetic peptides derived from the N-terminal half of enterocin 
CRL35, mesentericin Y105, pediocin PA-1/AcH and piscicolin 126 exhibited antiliste-
rial activity in synthetic and minimal media and this anti-Listeria activity was exerted 
through dissipation of the membrane potential (Salvucci et al. 2007). Another study by 
Minahk et al. (2004) revealed that the combination of enterocin CRL35 with various 
antibiotics, such as erythromycin, chloramphenicol, and tetracycline, induced a signifi-
cant membrane gradient dissipation without appreciable cell death. A plausible expla-
nation is that membrane depolarization is necessary, but not sufficient to provoke cell 
death, and that another concentration-dependent step might be required.

Bacteriocin J46 is a 27-residue peptide produced by Lactococcus lactis subsp. 
cremoris J46 (L. lactis subsp. cremoris J46) in fermented milk. The natural form of 
J46 (nJ46) exhibited a broad antimicrobial spectrum, while the synthetic form of 
J46 (sJ46) exhibited biochemical and physicochemical properties identical to those 
of its natural counterpart. It showed a potent antimicrobial activity against both 
lactic acid bacteria and other Gram-positive bacteria (Lasta et al. 2008).

Immunity Against Class IIa Bacteriocins

It is known that bacteria producing pediocin-like bacteriocins also produce cognate 
immunity proteins that protect them from being killed by their own bacteriocins. 
About twenty immunity proteins (IP) of class IIa bacteriocins have been deduced 
from genome sequences (Fimland et al. 2005). Overall, they (1) exhibit a degree of 
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similarity ranking from 5 to 85 %, (2) contain a number of amino acids ranging 
between 88 and 115, and (3) show a high level of specificity, since they confer 
resistance solely to their cognate class IIa bacteriocin and to bacteriocins that are 
closely related to the cognate bacteriocin (Fimland et al. 2002; Johnsen et al. 2005). 
To strengthen the idea of high sequence similarity between immunity proteins, it 
was recently shown by Feng et al. (2009) that IP of mundticin L has 98 amino acids, 
the same length as those of mundticin KS and enterocin CRL35, but it differs from 
them by the amino acids located at positions 30 (Ile), 31 (Glu), 46 (Lys), and 89 (Ile). 
The probable function of protein UbaI from Streptococcus uberis E, which is con-
stituted of 99 amino acids and displays 52% identity (71% similarity) to MunC, the 
protein which confers immunity to the class IIa peptide mundticin ERL35, is very 
likely to protect the ubericin A producer strain from the lethal effects of its own 
bacteriocin (Heng et al. 2007). In bacteria closely related to lactic acid bacteria 
(LAB), such as Streptococcus pyogenes, which is a common human pathogen, the 
crystal structure of the gene product of locus “Spy_2152” was found to comprise 
an antiparallel four-helix bundle that is structurally similar to other bacteriocin 
immunity proteins (Chang et al. 2009).

Moreover, the nuclear magnetic resonance and crystal structures studies of 
immunity proteins of carnobacteriocin B2, enterocin A, and pediocin PP1 revealed 
an antiparallel four-helix bundle with a C-terminal region that appears to be struc-
turally somewhat flexible (Sprules et al. 2004; Kim et al. 2007). The immunity 
proteins are a means of protection and are anticipated to act through association 
with the internal side of the cell membrane, since it has been demonstrated using 
hybrid pediocin-like bacteriocins and hybrid immunity proteins that the membrane-
penetrating C-terminal bacteriocin domain specifically interacts with the C-terminal 
half of the immunity protein, possibly via the structurally somewhat flexible 
C-terminal tail of the immunity proteins (Johnsen et al. 2005). Nevertheless, studies 
aiming to unravel direct interactions between immunity proteins and cognate bac-
teriocins were unsuccessful (Sprules et al. 2004). The strong binding of immunity 
proteins to the mannose phosphotransferase permease occurs if the cognate bacte-
riocin binds to the permease system as well. The process of interaction is complex 
and consists of binding of an immunity protein to the permease–bacteriocin com-
plex and blockage of bacteriocin-induced membrane leakage. However, this 
mechanism of action requires that the strain-dependent variation in the receptor 
(mannose phosphotransferase permease) is large enough to induce sufficient varia-
tions in the receptor binding of (1) the various class IIa bacteriocins (to account for 
the different target cell specificities of the class IIa bacteriocins) and (2) the various 
immunity proteins (to account for specificity of immunity proteins for their cognate 
bacteriocins) (Diep et al. 2007).

Immunity proteins are categorized into three groups named A, B, and C, based 
on sequence homologies. The structures of immunity proteins from group C, such 
as ImB2, and two from group A (EntA-im and PedB) have previously been reported. 
Recently, the solution structure of a group B immunity protein named PisI, which 
confers immunity to piscicolin 126 (PisA), was investigated by nuclear magnetic 
resonance. PisI folds into a globular protein in aqueous solution and contains an 
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antiparallel four-helix bundle (Martin-Visscher et al. 2008). This type of folding is 
considered as a conserved motif within class IIa immunity proteins. Furthermore, 
PisA exhibits a substantially longer and more flexible N-terminal domain, but a 
shorter C-terminal domain, when compared to ImB2 and EntA-im. No direct inter-
action between the bacteriocin (piscicocin 126) and the immunity protein (PisI) was 
observed by NMR in either aqueous or membrane-mimicking environments, arguing 
that the mechanism that mediates immunity is not due to a direct bacteriocin-immunity 
protein interaction, but rather would be receptor mediated.

The data from molecular dynamics indicate that while carnobacteriocinB2 
remained embedded in the bilayer, it tends to move toward the interface and in the 
presence of carnobacteriocinB2 and in the DPPC bilayer attracts immunity protein 
B2 toward the bilayer. Overall, in one of the orientations in DPPC bilayer system 
(simulation 1), immunity protein B2 penetrates the bilayer and interacts with car-
nobacteriocinB2 by ion-pair interaction. Simulation in POPG bilayer displayed 
strong interaction between the positively charged immunity protein B2 and the 
negatively charged polar head groups of the POPG molecules at the lipid–water 
interface. In this case, immunity protein B2 was not able to penetrate the bilayer, 
thereby preventing any interaction between immunity protein B2 and carnobacte-
riocinB2 (Soliman et al. 2007).

Genetic Organization of DNA Coding for Class IIa Bacteriocins

The bacterial molecular machinery displayed in the frame of production of class IIa 
bacteriocins usually requires four genes: a bacteriocin gene (which encodes 
the bacteriocin precursor), an immunity gene (which protects the producer from its 
bacteriocin), and the ABC transporter and transport accessory genes (Nes et al. 
1996; Skaugen et al. 2003). Most of the genes coding for bacteriocins are plasmid 
encoded, except for enterocin A (Aymerich et al. 1996), divercin V41 (Métivier 
et al. 1998), sakacin P (Hühne et al. 1996), and carnobacteriocins B2 and BM1 
(Quadri et al. 1997), for which genes are located on chromosomes. The class IIa 
bacteriocin genes are most often arranged in one or a few operons and their com-
mon organization has been compared and reviewed by Ennahar et al. (2000). 
However, an exception to the common gene organization is observed for the divercin 
V41 bacteriocin genes, which present a particular organization attributed to DNA 
rearrangements (Ennahar et al. 2000). Genetically characterized class IIa bacteriocin 
gene clusters are composed of one or three gene modules. In the cases of pediocin 
PA-1, plantaricin 423, and coagulin, all four genes needed for bacteriocin production 
and secretion are located in one operon. In other cases, the genes are distributed 
throughout several operons, where one operon carries the structural and immunity 
genes, a second operon carries genes for bacteriocin secretion, and a third operon 
carries genes involved in regulation of bacteriocin production (Ennahar et al. 
2000). Genes implicated in biosynthesis and production of class IIa bacteriocins 
are not necessarily located on the same locus or even the same DNA determinant. 
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As recently reported, the structural and immunity genes on one hand and the genes 
for bacteriocin secretion on the other hand were found to reside together on indi-
vidual plasmids in Pediococcus parvulus and Lactobacillus  plantarum WHE92 
(Miller et al. 2005).

As described above, the organization of genes involved in the production of plan-
taricin 423, pediocin PA-1/AcH, and coagulin are almost identical (Van Reenen 
et al. 2003). More specifically, the coagulin-codifying DNA (coaABCD operon) is 
identically organized and displayed high sequence similarity to that of the pap 
operon encoding the pediocin PA-1/AcH genes (Miller et al. 2005), despite the fact 
that coagulin is produced by the relatively unrelated non-LAB Bacillus coagulans I4 
(Le Marrec et al. 2000). This finding could be attributed to a plasmid-borne gene 
transfer between Pediococcus acidilactici and Bacillus coagulans, since horizontal 
gene/operon transfer between bacteria seems to be more common than was origi-
nally thought (De la Cruz and Davies 2000). Finally, the genetic organization of the 
mundticin KS gene cluster (mun locus) has been established (Kawamoto et al. 
2002). It consists of three genes encoding (1) the 58-amino-acid mundticin precursor 
(munA), (2) a 674-amino acid polypeptide with similarity to the ABC transporter 
proteins EntT (Nes et al. 1996) and CbnT (O’Keeffe et al. 1999), and (3) the peptide 
modulating mundticin KS immunity (munC).

Plantaricin 423 is a class IIa bacteriocin produced by Lb. plantarum that is 
encoded by a plasmid designated pPLA4. The plantaricin 423 operon shares high 
sequence similarity with the operons of coagulin and pediocin PA-1/AcH, with 
small differences in the DNA sequence encoding the mature bacteriocin peptide 
and the immunity protein. Apart from the bacteriocin operon, no significant 
sequence similarity can be detected between the DNA or translated sequence of 
pPLA4 and the available DNA or translated sequences of the plasmids encoding 
pediocin AcH, pediocin PA-1, and coagulin, possibly indicating a different origin. 
In addition to the bacteriocin operon, sequence analysis of pPLA4 revealed the 
presence of two open reading frames (ORFs). ORF1 encodes a putative mobiliza-
tion (Mob) protein that is homologous to the pMV158 superfamily of mobilization 
proteins. Highest sequence similarity occurs between this protein and the Mob 
protein of Lb. plantarum NCDO 1088. ORF2 encodes a putative replication protein 
that has low sequence similarity to replication proteins of plasmids pLME300 from 
Lb. plantarum and pYIT356 from Lb. casei. The immunity protein of plantaricin 
423 contains 109 amino acids. Although plantaricin 423 shares high sequence 
 similarity with the pediocin PA-1 operon, no cross-reactivity was detected between 
the immunity proteins and plantaricin PA1. The information related to genetic orga-
nization of class IIa bacteriocins was extensively debated in previous reviews 
(Ennahar et al. 2000; Drider et al. 2006). The novel information presented here 
is related to the genetic organization of ubericin A and avicin A. The genetic locus 
uba responsible for ubericin A production is composed of two genes referred to 
as ubaA and ubaI, which overlap by one base pair (i.e., the last nucleotide of the 
ubaA stop codon is the first nucleotide of the ubaI start codon) (Heng et al. 2007). 
The ubaA gene encodes the ubericin A propeptide consisting of the mature ubericin 
A C-terminal region (49 amino acids) preceded by a 21-amino acid leader peptide 
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secretion signal peptide containing a “double-glycine” (GG) motif, a distinctive 
characteristic of many bacteriocins produced by Gram-positive bacteria.

DNA coding for avicin A production is contained within eight putative ORFs, 
seven of which are related to bacteriocin production. The seven ORFs include 
the genes encoding a structural bacteriocin (avcA) and its immunity protein (avcI), 
a divergicin A-like bacteriocin (avcB), a dedicated ABC-type transporter 
(avcT), a peptide induced two-component regulatory system (histidine kinase 
[avcK], a response regulator [avcR], a peptide pheromone [avcP]), and a trans-
port accessory protein (avcD). All these ORFs seem to be unidirectionally 
 oriented, and the bacteriocin gene cluster is organized into four predicted operon 
structures. The first operon (avcAI) includes the structural gene for avicin A 
(avcA) and the immunity gene (avcI). The second operon was predicted to be a 
monocistronic transcript unit consisting of a single ORF, whose product is sig-
nificantly similar to divergicin A. The third operon (avcTKR) contains genes 
coding for an ABC transporter (avcT), a histidine protein kinase (avcK), and a 
response regulator (avcR). Finally, the fourth operon comprises genes encoding 
a putative peptide pheromone (avcP) and a transport accessory protein (avcD) 
(Birri et al. 2010).

Resistance Mechanism to Class IIa Bacteriocins

The mode of action of class IIa bacteriocins has been investigated at the molecular 
level. An early genetic study using transposon-induced mutants of L. monocytogenes 
showed that the inactivation of the rpoN gene resulted in resistance to mesentericin 
Y105 (Robichon et al. 1997). According to the same authors, the complementation 
of this mutant with the wild-type rpoN gene restored the sensitivity. This result indi-
cated that rpoN was involved in the sensitivity of L. monocytogenes. The rpoN gene 
encodes the s54 subunit of the bacterial RNA polymerase. This subunit is an alterna-
tive sigma factor responsible for the transcription of a specific set of genes. The 
s54-dependent transcription displays three specific  features. First, s54 recognizes 
specific promoters with a particular consensus sequence, which is different from 
those recognized by the housekeeping s70 factor. Second, the promoter sequence is 
located at position −12/−24. Third, s54 requires an interaction with an activator 
 protein to initiate the transcription. It has been shown that the interruption of rpoN 
in another class IIa-sensitive species, Enterococcus faecalis, also leads to resistance 
(Dalet et al. 2000). Therefore, rpoN might be involved directly or indirectly in a 
general mechanism of sensitivity to class IIa bacteriocins. It has been hypothesized 
that rpoN is involved in the expression of a target molecule for class IIa bacteriocins, 
whose loss of expression leads to resistance.

Furthermore, directed mutagenesis of the mpt operons of both L. monocytogenes 
and E. faecalis led to resistance of these bacteria to class IIa bacteriocins (Dalet et al. 
2001; Héchard et al. 2001). Factor s54 directs the expression of the mpt operon, and 
high-level resistance to mesentericin Y105 as well as other class IIa bacteriocins 
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results from the loss of mpt expression, either in defined mutants or in spontaneous 
resistant strains (Gravesen et al. 2002). The mpt operon encodes a mannose permease, 
named EIIMan, which belongs to the phosphotransferase system (PTS). The PTS is 
responsible for the transport and concomitant phosphorylation of sugars inside both 
Gram-negative and Gram-positive bacteria (Postma et al. 1993). The PTS permeases 
of the mannose family are composed of four domains IIA, IIB, IIC, and IID arranged 
in two to four subunits. The IIA and IIB cytoplasmic domains are involved in phos-
phorylation, whereas the IIC and IID membrane domains are involved in transport. 
The EIIMan permease of L. monocytogenes is a complex of three subunits, as IIA and 
IIB are fused. In addition, glucose and mannose induce the expression of mpt, while 
other sugars, such as cellobiose or fructose, do not. The level of mpt expression is 
correlated to the level of sensitivity (Dalet et al. 2001, Héchard et al. 2001) and these 
results suggest that the EIIMan permease might be a target molecule for class IIa 
bacteriocins. The EIIMan phosphotransferase system permease encoded by the mpt 
operon is the principal glucose transporter in L. monocytogenes. EIIMan participates in 
glucose-mediated carbon catabolite repression (CCR) and downregulation of viru-
lence gene expression (Vu-khac and Miller 2009). As the IIC and IID subunits are 
likely present in the membrane, they are ideal targets for class IIa bacteriocins. 
Finally, the mptACD operon of Listeria monocytogenes was heterologously expressed 
in an insensitive species, L. lactis (Ramnath et al. 2004). Upon induction of the mpt 
operon, the recombinant L. lactis became sensitive to various class IIa bacteriocins. 
Furthermore, each gene of the mptACD operon has been expressed independently in 
L. lactis. These results showed that the expression of mptC alone is sufficient to con-
fer sensitivity to L. lactis. Accordingly, it has been proposed that the IIC subunit is 
the target molecule of the class IIa bacteriocins (Ramnath et al. 2004). Membrane-
located proteins (IIC and IID) of the mannose-phosphotransferase system (man-PTS) 
are described as target receptors for several bacteriocins including class IIa bacterio-
cins and could exist in the genome of many bacteria (Kjos et al. 2009). A multiple 
sequence alignment of IIC and IID proteins revealed three sequence regions (two in 
IIC and one in IID) that distinguish members of the bacteriocin-susceptible group 
from those of the other groups, suggesting that these amino acid regions confer the 
specific bacteriocin receptor function (Kjos et al. 2009).

Other investigators have reported a correlation between bacteriocin resistance and 
cell surface modifications, such as the lipid composition of the membrane, alanine 
content, and surface charge (Vadyvaloo et al. 2002, 2004). The authors concluded that 
membrane adaptation might be part of a resistance mechanism but that several resis-
tance mechanisms may contribute to a resistance phenotype. The levels of resistance 
may vary according to the type of mechanism involved. It has been suggested that 
resistance to class IIa bacteriocins occurs at either a low or a high level. In listerial 
strains, low-level resistance (2-4-fold) to class IIa bacteriocins is attributed to altera-
tions in membrane lipid composition. In L. monocytogenes and E. faecalis, high-level 
resistance (1000-fold) correlates with inactivation of the mptACD operon, which 
encodes the EIIMan mannose permease of the phosphotransferase system. Studies 
performed on L. monocytogenes further revealed the implication of s54 factor and the 
ManR activator in high-level resistance. Recently, three genes associated with the 
resistance of E. faecalis JH2-2 to divercin V41, a class IIa bacteriocin from 
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Carnobacterium divergens V41, were clearly identified by screening an insertional 
mutant library of E. faecalis JH2-2. These three genes counted the well-known rpoN 
gene, which encodes s54 factor, glpQ encoding a glycerophosphoryl diester phospho-
diesterase (GlpQ), and pde encoding a protein with a putative phosphodiesterase 
function (PDE). Enterococci defective in the aforementioned genes exhibited gradual 
resistance, since the rpoN mutant was more resistant than the glpQ mutant, which was 
in turn more resistant than the pde mutant (Calvez et al. 2007). The impact of 
lysozyme on the growth of these strains was assessed. This inhibitory substance did 
not show any cross-resistance but has an additive effect with recombinant divercin 
V41 (DvnRV41). Fourier transform infrared spectroscopy (FT-IR) pointed out some 
differences at the structural level between the aforementioned strains. Specifically, 
mutants deficient in synthesis of s54 factor and glycerophosphoryl diester phosphodi-
esterase differ from both the mutant deficient in putative phosphoesterase and the 
wild-type strain in the fatty acid region and polysaccharide composition (Calvez et al. 
2010). L. monocytogenes resistance to sakacin P has revealed a great diversity and 
substantial variations in the stability of the acquired resistance to sakacin P, growth 
fitness, food-related stress tolerance, and biofilm-forming ability. Fourier transform 
infrared spectroscopy revealed differences between wild-type and resistant strains in 
polysaccharide, fatty acid, and protein regions (Tessema et al. 2009).

The relative expression of genes (mptABCD operon, glpQ, pde, rpoN, and mptR) 
implicated in resistance of E. faecalis as studied by reverse transcription (RT) real-time 
polymerase chain reaction (PCR) showed that in the presence of DvnRV41, the rpoN 
and glpQ genes were downregulated, mptR, mptC, and pde genes were upregulated, 
while expression of mptB and mptD genes remained unmodified (Calvez et al. 2008a). 
On the basis of the implication of the pde and glpQ genes in intermediate resistance of 
E. faecalis to DvnV41, DNA sequence alignments were performed in order to identify 
putative genes orthologs of glpQ and pde in the genome of L. monocytogenes EGDe 
(Glaser et al. 2001) This in silico analysis led to identification of lmo0052 and lmo1292 
open reading frames as possible orthologs of enterococcal glpQ and pde. To confirm 
whether lmo0052 and lmo1292 were involved in the mechanism of resistance of 
L. monocytogenes EGDe to class IIa bacteriocins, they were inactivated by homologous 
recombination (Calvez et al. 2008b), yielding listerial mutant strains inactivated 
in either the putative glpQ gene or the pde gene. While the listerial mutant inactivated in 
the putative glpQ gene was slightly resistant to DvnV41, the mutant strain inactivated 
in the putative pde gene remained, as the wild-type strain, sensitive to DvnV41, but 
was affected in its growth parameters (Calvez et al. 2008b).

Medical and Food Applications of Class IIa Bacteriocins 
and Future Prospects

Are bacteriocins the new generation of antimicrobials? This question comes from 
a previous review by Joerger (2003) who indicated that “purified or partially puri-
fied bacteriocins could be used for the reduction or elimination of certain pathogens.” 
Certainly, alternative and novel treatment regimens are of major interest to address 
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the growing threat of antimicrobial-resistant pathogens. Clearly, there is a real 
need for novel antibacterials in the medical arena to face the growing phenome-
non of bacterial multidrug resistance. The emergence of antibiotic-resistant bac-
teria has promoted research, which is aimed at the development of novel and 
potent antimicrobial agents at a time when there is a decreasing number of novel 
antibiotics marketed over the last decade (Li and Vederas 2009 and Fig. 10.3). 
Bacteriocins differ from antibiotics in several aspects (Cleveland et al. 2001). 
They have the potential to employ antimicrobial therapies with bactericidal 
 outcomes differing dramatically from those of traditional antibiotic regimens. 
Further, bacteriocins are active (bactericidal) at nanomolar concentrations, while 
classical antibiotics are needed in much higher concentrations. Additionally, 
there is no information suggesting toxicity of bacteriocins for humans and 
 animals and their accumulation in the treated subject (Belguesmia et al. 2010; 
Rea et al. 2010). Considering all of these properties, bacteriocins appear to be 
strongly advantageous compared to conventional antibiotics. Bacteriocins are 
promising antimicrobial agents to inhibit pathogenic growth despite many disap-
pointing efforts in the past to implement them into practical use. Class IIa bacte-
riocins, as well as other natural or modified bacteriocins, have potential in medical, 
veterinary, and food applications.

The use of class IIa bacteriocins as therapeutic molecules was reported for 
pediocin PA-1, piscicolin 126, bacteriocin OR7, enterocin E50-52, and divercin 
RV41. Pediocin PA-1 offered protection against Listeria monocytogenes infection 
when administered into the gastrointestinal tract of ICR mice (Dabour et al. 
2009), while piscicolin 126 and recombinant divercin RV41 were able to relieve 
Listeria infection in various tissues when injected intravenously into the tail vein 
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of BALB/c mice (Ingham et al. 2003; Rihakova et al. 2010). Remarkably, structural 
variants gathered from recombinant divercin V41 were able to retain antilisterial 
activity but remained less efficient than recombinant divercin RV41 (Rihakova 
et al. 2010). The strategy to combine antibiotics and bacteriocins might be of inter-
est, as observed for pediocin PA-1, whose spectrum of activity was broadened when 
it was associated with antibiotics. In light of this information, the combination of 
pediocin PA-1 with polymyxin E was shown to act in a synergistic fashion against 
Gram-positive L. monocytogenes and Gram-negative E. coli with resistant pheno-
types (Naghmouchi et al. 2010a, b). Finally, the effects of bacteriocin OR7 and 
enterocin E50-52 were successfully tested in vitro against resistant clinical isolates 
composed of Citrobacter freundii, Klebsiella pneumoniae, Proteus spp., Acetobacter 
baumanii, Pseudomonas aeruginosa, E. coli, and Staphylococcus aureus (Svetoch 
et al. 2008b). All these examples emphasize that class IIa bacteriocins may play an 
important role as part of a nonantibiotic cyclic rotation with antibiotics and merit 
further study.

Notwithstanding the fact that antiviral activities against HSV-1, an important 
human pathogen, were also reported for enterocin CRL 35 (Wachsman et al. 1999, 
2003) and enterocin ST5H, with a selectivity index of 173 (Todorov et al. 2010), 
the mode of action of bacteriocins against viruses remains unknown. Possible 
explanations could be aggregation of virus particles, blockage of receptor sites on 
the host cell, or inhibition of key reactions in the multiplication cycle (Wachsman 
et al. 2003).

In terms of food applications, bacteriocins are historically linked to many types of 
food productions, and many foodborne LAB are known to be bacteriocin  producers. 
As production of bacteriocin is an important criterion to design bacteria for food-
grade probiotics, we anticipate more future beneficial applications of  bacteriocins. 
Class IIa bacteriocins can be used as purified ingredients or through selected starter 
cultures. Pediocin PA-1 is undoubtedly the model of class II bacteriocins likely to 
be utilized. Currently, pediocin PA-1 exists in a commercial form in AltaTM products. 
Pediocin PA-1 offers advantages in dairy foods due to its ability to reduce the levels 
of L. monocytogenes in dressed cottage cheese, half-and-half cream, and cheese 
sauce (Rodríguez et al. 2002). Another matrix to be studied is raw meats. Indeed its 
treatment with pediocin PA-1/AcH has delayed growth of spoilage by Gram-
positive bacteria such as Brochotrix thermosphacta and reduced cells counts of 
L. monocytogenes and Clostridium perfringens (Rodríguez et al. 2002; Nieto-
Lozano et al. 2006). Carnobacteriocins, or bacteriocins produced by LAB belonging 
to the Carnobacterium genus, first gained interest for protection of seafood prod-
ucts after they were shown to reduce L. monocytogenes populations in smoked 
salmon through in situ production of divercin V41 (Richard et al. 2003). When 
provided in the bird’s drinking water, purified bacteriocin OR-7 markedly reduced 
the cell load of Campylobacter jejuni among inoculated chicks. This intervention 
measure is aimed at controlling the pathogen in poultry production and therefore 
reducing the risk of campylobacteriosis (Svetoch and Stern 2010).

Research on class IIa bacteriocins has completed an important step over the last 
decade and it is anticipated to continue by providing novel academic information 
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and applied demonstration. In terms of academic research, one must expect to 
acquire more knowledge on the resistance mechanisms of pathogens to these 
 peptides and a better understanding of the immunity characteristics. Applications 
of class IIa bacteriocins as food additives or alternatives to antibiotics are the next 
important stages of industrial applications of these beneficial proteins.
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Abstract The two-peptide (class-IIb) bacteriocins consist of two different peptides, 
both of which are required to obtain high antimicrobial activity. These bacteriocins 
kill target-cells by inducing membrane-leakage and they seem to display some 
specificity with respect to the molecules they transfer across membranes. The genes 
encoding the two peptides of two-peptide bacteriocins are next to each other on the 
same operon. In the same or a nearby operon are genes encoding (i) the immunity 
protein that protects the bacteriocin-producer from its own bacteriocin, (ii) a dedicated 
ABC-transporter that exports the bacteriocin from cells and cleaves off the N-terminal 
bacteriocin leader sequence, and (iii) an accessory protein whose exact function 
has not been fully clarified. Some two-peptide bacteriocins appear to be produced 
constitutively, whereas the production of other two-peptide bacteriocins is regulated 
through a three-component regulatory system that consists of a peptide pheromone, a 
membrane-associated histidine protein kinase, and response regulators. It has recently 
been proposed that the two peptides of (some) two-peptide bacteriocins may form a 
membrane-penetrating helix-helix structure involving helix-helix interacting GxxxG-
motifs present in all currently characterized two-peptide bacteriocins. It has also been 
suggested that the helix-helix structure interacts with an integrated membrane (trans-
port) protein, thus inducing a conformational change in the protein, which in turn causes 
membrane-leakage. This proposed mode-of-action is similar to that of the pediocin-like 
(class-IIa) bacteriocins and lactococcin A, which bind to a part of the mannose phospho-
transferase permease that is embedded in the cell membrane, thereby altering the confor-
mation of the  permease in a manner that causes membrane-leakage and cell death.

This chapter focuses on the two-peptide (class-IIb) bacteriocins. As the name suggests, 
the two-peptide bacteriocins are novel in that they consist of two very different peptides 
and optimal activity requires the presence of both peptides in about equal amounts 
(Garneau, Martin and Vederas 2002; Oppegård et al. 2007b; Nissen-Meyer et al. 2009, 
2010). Since the first isolation of a two-peptide bacteriocin, lactococcin G, in 1992 
(Nissen-Meyer et al. 1992), at least 15 two-peptide bacteriocins produced by lactic acid 
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bacteria have been identified and characterized (Fig. 11.1). It should be noted that 
also two-peptide lantibiotics (i.e. class I bacteriocins) have been identified (Cotter, Hill 
and Ross 2005a, b), but they are not discussed in this chapter.

The Two-Peptide Bacteriocins Render Target-Cell Membranes 
Permeable to Small Molecules

All two-peptide bacteriocins whose mode-of-action has been analyzed, this includes 
lactacin F (Abee, Klaenhammer and Letellier et al. 1994), lactococcin G (Moll et al. 
1996, 1998), thermophilin 13 (Marciset et al. 1997), plantaricin E/F (Moll et al. 
1999), plantaricin J/K (Moll et al. 1999), and lactocin 705 (Castellano, Raya and 
Vignolo et al. 2003; Cuozzo et al. 2003), induce membrane-leakage in sensitive 
bacteria. Interestingly, the bacteriocins seem to display specificity with respect to the 
molecules they transfer across membranes, and they appear to some extent to vary in 
their specificities. For instance, both plantaricin E/F and plantaricin J/K render target-
cell membranes permeable for monovalent ions, including H+, but not for divalent 
ions such as Mg2+ and phosphate (Moll et al. 1999). Moreover, it seems that plantaricin 
E/F conducts cations with greater efficiency than plantaricin J/K and vice versa for 
anions (Moll et al. 1999). Also lactococcin G renders target-cell membranes perme-
able for different monovalent cations, such as Na+, K+, Li+, Cs+, Rb+, and choline, but 
not to H+ (in contrast to plantaricin E/F and plantaricin J/K), nor to divalent cations 
such as Mg2+ and anions such as phosphate (Moll et al. 1996, 1998). This capacity to 
discriminate between molecules they transfer through membranes suggests that two-
peptide bacteriocins do not cause membrane leakage through simply a detergent-like 
 disruption of membranes, but form (or trigger the formation of) rather sophisticated 
pores that show specificity with respect to transport of molecules. Furthermore, the 
high potency of two-peptide bacteriocins indicates that bacteriocin-induced  membrane 
leakage depends on a low number of peptides, in contrast to what is expected if 
leakage is due to a detergent-like disruption of membranes.

The Two Peptides of Two-Peptide Bacteriocins Interact 
and Function as One Entity

The individual peptides of two-peptide bacteriocins often have features in common 
with one-peptide bacteriocins; they are usually (1) 30–50 residues long, (2) cationic, 
(3) membrane-active, (4) amphipathic and/or hydrophobic, and (5) synthesized as 
prepeptides with a 15- to 30-mer N-terminal leader sequence that is cut off by a 
dedicated ABC transporter upon export of the peptides from cells (Garneau et al. 
2002; Oppegård et al. 2007b; Nissen-Meyer et al. 2009, 2010). Furthermore, one or 
both peptides of a few two-peptide bacteriocins [for instance, plantaricin E/F, 
 plantaricin J/K (Anderssen et al. 1998), and lactacin F (Allison et al. 1994)] may 
separately have some – although very low – antimicrobial activity. Nevertheless, 



20111 The Two-Peptide (Class-IIb) Bacteriocins

two-peptide bacteriocins should not be considered as simply being two one-peptide 
bacteriocins that function in a synergistic manner. In fact, the individual peptides of 
many two-peptide bacteriocins do not exhibit any significant activity. For example, 
the two lactococcin G peptides exhibit no activity when assayed separately at con-
centrations up to 50 mM but are in combination active at pico- to nanomolar concen-
trations (Nissen-Meyer et al. 1992; Moll et al. 1996). Moreover, a peptide from a 
two-peptide bacteriocin shows high antimicrobial activity only when combined with 
the complementary peptide from the same two-peptide bacteriocin, or in some 
instances when combined with a peptide from a similar two-peptide bacteriocin. For 
example, the two lactococcin G peptides exhibit no activity when combined with 
either the E- or F-peptide of plantaricin E/F or the J- or K-peptide of plantaricin J/K 
(Anderssen et al. 1998). High activity is, however, attained when one of the lactococ-
cin G peptides is combined with the complementary peptide from enterocin 1071 or 
lactococcin Q (Zendo et al. 2006; Oppegård et al. 2007a, b), apparently because 
these three two-peptide bacteriocins have similar sequences: almost 60% sequence 
identity between lactococcin Q and enterocin 1071, and between lactococcin G and 
enterocin 1071, and almost 90% identity between lactococcin G and lactococcin Q, 
(Balla et al. 2000; Zendo et al. 2006; Oppegård et al. 2007a, b) (Fig. 11.1). The facts 
that (1) both complementary peptides are required to attain high antimicrobial activ-
ity, (2) peptides function together only if they belong to the same or a similar two-
peptide bacteriocin, (3) the genes encoding the two peptides of two-peptide 
bacteriocins are next to each other on the same operon (for references, see legend to 
Fig. 11.1), and (4) there is only one immunity gene for each two-peptide bacteriocin 
(for references, see legend to Fig. 11.1) clearly demonstrate that the two peptides of 
two-peptide bacteriocins should in fact be thought of as one functional antimicrobial 
entity. Furthermore, circular dichroism (CD) structural studies done on three two-
peptide bacteriocins (plantaricin E/F, plantaricin J/K, and lactococcin G) revealed 
that the two peptides of these bacteriocins interact and structure each other upon 
exposure to target membranes (Hauge et al. 1998b, 1999). This is probably also the 
case for the  peptides that constitute lactococcin Q, enterocin 1071, and enterocin C, 
since these three bacteriocins have more than 55% sequence identity with lactococ-
cin G (see Fig. 11.1). The synergistic action of the two peptides of many, if not all, 
 two- peptide bacteriocins is thus due to the fact that the two peptides interact with 
each other and form one antibacterial entity, rather than that they act separately at 
two different sites on target cells. It is not clear at what exact stage the two peptides 
interact with each other. It does not, however, occur before the peptides come in 
contact with the target cells, since both peptides of two-peptide bacteriocins are 
unstructured (and thus do not interact and structure each other) in the absence of 
membrane-like entities (Hauge et al. 1998b, 1999; Fimland et al. 2008; Rogne et al. 
2008, 2009). Moreover, antimicrobial activity of lactococcin G is attained when 
sensitive cells are first treated with one of the lactococcin G peptides, washed, and 
subsequently treated with the other lactococcin G peptide, indicating that these pep-
tides need not interact with each other before they interact with target cells. No 
antimicrobial activity is, however, obtained when target cells that have been treated 
with one of the lactococcin G peptides are mixed with target cells that have been 
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treated with the other lactococcin G peptide (Moll et al. 1998), indicating that the 
peptides are not able to diffuse to another cell once bound to the cell surface.

Although two-peptide bacteriocins are obviously not two synergistically acting 
one-peptide bacteriocins, one might speculate that some two-peptide bacteriocins 
have evolved from two one-peptide bacteriocins (Oppegård et al. 2007b). If two 
one-peptide bacteriocins that function in a synergistic manner were produced by the 
same bacteria, there could be a selection pressure for improvement of the synergistic 
effect – possibly at the expense of the activity of the individual peptides. This might 
in turn create selection pressure for genetically linking the two peptides, with the 
formation of a two-peptide bacteriocin.

Genes and Proteins Required for Production  
of Two-Peptide Bacteriocins

At least five genes found in either one or two operons are needed for the production 
of two-peptide bacteriocins. These genes are (1) the two structural genes encoding 
the preforms of the two peptides that constitute the bacteriocin, (2) the immunity 
gene encoding the immunity protein that protects the bacteriocin producer from its 
own bacteriocin, (3) the gene encoding the dedicated ABC transporter that exports 
the bacteriocin from cells, and (4) a gene encoding an accessory protein whose 
function has not been fully clarified, which might be involved in immunity and or 
export of the bacteriocin. For all two-peptide bacteriocins that have been character-
ized genetically, the two structural genes are found to be next to each other on the 
same operon and the two peptides that constitute these bacteriocins are thus thought 
to be produced in about equal amounts. This operon also contains the immunity 
gene, whereas the genes that encode the dedicated ABC transporter and the acces-
sory protein are either also in this operon [this is the case for lactococcin G 
(Nes et al. 1995)] or on a separate – but nearby – operon [this is the case for plan-
taricin E/F, plantaricin J/K, and enterocin 1071 (Diep et al. 1996, 2009; Balla et al. 
2000; Franz et al. 2002; Balla and Dicks 2005)].

Most, if not all, two-peptide bacteriocins (Fig. 11.1) are initially synthesized 
with a 15- to 30-mer N-terminal leader sequence of the double-glycine type. This 
leader sequence is apparently cut off at the C-terminal side of two glycine residues 
by the dedicated ABC transporter when the bacteriocin is exported out of cells. 
A special feature of the dedicated ABC transporter is an N-terminal region of 
approximately 150 residues that is absent in other ABC transporters. Studies using 
the N-terminal region of the ABC transporter that exports lactococcin G revealed 
that this region specifically cuts off the lactococcin G leader sequence at the 
C-terminal side of the double-glycine motif (Håvarstein et al. 1995). The bacteriocin 
leader sequence consequently appears to facilitate interactions with the ABC trans-
porter, as has been shown to be the case for some one-peptide bacteriocins (van 
Belkum et al. 1997; Horn et al. 1998). The leader sequence might possibly also 
function to keep the bacteriocin inactive until it has been exported.
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It is not entirely clear how immunity proteins protect cells from two-peptide 
bacteriocins. Recent results have indicated, however, that the immunity proteins for 
lactococcin G and enterocin 1071 function through a cellular component, since the 
ability of these immunity proteins to recognize their cognate bacteriocin is highly 
dependent on the cells in which the immunity proteins are expressed (Oppegård 
et al. 2010). Also, the functionality of the immunity proteins for the one-peptide 
pediocin-like bacteriocins depends on a cellular component (Fimland et al. 2002a; 
Johnsen et al. 2004), and this component appears to be the bacteriocin receptor, the 
mannose phosphotransferase permease (Dalet et al. 2001; Gravesen et al. 2002; 
Ramnath et al. 2004; Diep et al. 2007). It has thus been hypothesized that the cel-
lular component through which the lactococcin G and enterocin 1071 immunity 
proteins function might be the receptors for these two bacteriocins. This receptor 
has, however, not yet been identified. The immunity proteins for two-peptide bac-
teriocins might possibly interact with the cellular component via the cell mem-
brane, since structure predictions indicate that some immunity proteins for 
two-peptide bacteriocins have transmembrane helices. The putative immunity pro-
teins of the two-peptide bacteriocins brochocin-C (McCormick et al. 1998; Nes 
et al. 2002), plantaricin S (Stephens et al. 1998; Nes et al. 2002), and thermophilin 
13 (Marciset et al. 1997; Nes et al. 2002) are predicted to contain two transmem-
brane helices, while the immunity proteins of lactococcin G (Nes et al. 1995, 
2002), lactococcin MN (van Belkum et al. 1991; Nes et al. 2002), plantaricin E/F 
(Diep et al. 1996; Nes et al. 2002) and plantaricin J/K (Diep et al. 1996; Nes et al. 
2002) may contain 4–5 transmembrane helices. The number of transmembrane 
helices thus seems to differ, but a common mechanism for bacteriocin-immunity-
involving interactions with membrane proteins – as is the case for the immunity 
proteins for the pediocin-like (class-IIa) bacteriocins (Diep et al. 2007) – may 
 nevertheless exist.

Production of Two-Peptide Bacteriocins in Some Bacteria 
Is Regulated Through Three-Component Regulatory Systems

Some two-peptide bacteriocins appear to be produced constitutively, while the 
 production of other two-peptide bacteriocins [such as NC8 (Maldonado et al. 2004), 
ABP-118 (Flynn et al. 2002), plantaricin E/F, plantaricin J/K (Diep et al. 1995, 
1996, 2003)] is regulated transcriptionally through a three-component regulatory 
system that consists of a peptide pheromone, a membrane-associated histidine pro-
tein kinase, and response regulators (Kleerebezem and Quadri 2001). Upon export 
from bacteria, the peptide pheromone interacts with the membrane-associated his-
tidine kinase and thus triggers the kinase to phosphorylate the intracellular response 
regulator, thereby enabling the response regulator to activate the operons that are 
required for bacteriocin synthesis and secretion (Kleerebezem and Quadri 2001).

The regulation of bacteriocin production by a three-component regulatory 
system has been thoroughly studied in Lactobacillus plantarum C11 (Diep et al. 
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1995, 1996, 2003). This strain produces the two two-peptide bacteriocins plantari-
cin E/F and plantaricin J/K, as well as the peptide pheromone plantaricin A that 
triggers the production of the two bacteriocins (Diep et al. 1995, 1996, 2003; 
Anderssen et al. 1998; Hauge et al. 1998a). The gene encoding plantaricin A is 
positioned in a regulatory operon that also contains the genes that encode the histi-
dine protein kinase and two response regulators. The production of plantaricin E/F 
and plantaricin J/K is apparently triggered when the concentration of plantaricin A 
attains a threshold value due to high cell density. In addition to inducing bacteriocin 
production, plantaricin A stimulates its own production. An autoinduction loop is 
thus formed, resulting in rapid enhancement of the transcription of all genes 
involved in the production of plantaricin E/F and plantaricin J/K.

Signal transduction is evidently initiated by the binding of plantaricin A to the 
membrane-associated histidine protein kinase, and this induces the kinase to phos-
phorylate the two response regulators. The phosphorylated response regulators then 
activate the genes that encode plantaricin E/F and plantaricin J/K, as well as the gene 
that encodes plantaricin A (Diep et al. 2003). Structure and mode-of-action studies 
have revealed a novel membrane-interacting mechanism by which plantaricin A (and 
possibly other membrane-active peptide pheromones) functions (Kristiansen et al. 
2005). Plantaricin A apparently initially interacts in a nonchiral manner with mem-
brane lipids. This interaction induces a-helical structuring in a region of the peptide 
(Kristiansen et al. 2005), thus enabling the peptide to interact in a chiral manner with 
the histidine protein kinase receptor in or near the membrane–water interface.

The Structure of Two-Peptide Bacteriocins

The structures of three two-peptide bacteriocins (lactococcin G, plantaricin E/F, 
and plantaricin J/K) have been studied by use of circular dichroism (CD) and 
nuclear magnetic resonance (NMR) spectroscopy (Hauge et al. 1998b, 1999; 
Fimland et al. 2008; Rogne et al. 2008, 2009). The CD studies revealed that the 
peptides of these three bacteriocins are unstructured in aqueous solution (Hauge 
et al. 1998b, 1999). Moreover, there are no apparent structural interactions between 
the peptides. Helical structuring is, however, attained upon exposing the peptides 
individually to membrane-like environments, such as solutions containing micelles 
or liposomes (Hauge et al. 1998b, 1999; Fimland et al. 2008; Rogne et al. 2008, 
2009). Furthermore, additional structuring is attained upon jointly exposing com-
plementary peptides to membrane-like entities such as liposomes, suggesting that 
the peptides of two-peptide bacteriocins interact in a structure-inducing manner 
upon contact with target-cell membranes (Hauge et al. 1998b, 1999).

Interestingly, all presently characterized two-peptide bacteriocins contain 
GxxxG motifs (Fig. 11.1). This motif is often involved in helix–helix interactions 
between transmembrane helices in membrane proteins (Senes et al. 2000, 2001, 
2004). When a GxxxG motif is present in an a-helix, the two glycine residues in 
the motif will be on the same side of the helix and thus form a flat surface that 
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permits close interhelical contact. This enables optimal interhelical van der Waals 
interactions and formation of stabilizing interhelical backbone Ca–H…O hydrogen 
bonds (Senes et al. 2001). The high helical content and presence of GxxxG motifs 
in the peptides of two-peptide bacteriocins thus suggest that a membrane-penetrat-
ing helix–helix structure involving GxxxG motifs may be a dominant structural 
element in many, if not all, two-peptide bacteriocins.1

Structure and Membrane-Orientation of Lactococcin G

Lactococcin G is produced by several strains of Lactococcus lactis and is presently 
the two-peptide bacteriocin that is best characterized (Nissen-Meyer et al. 1992; 
Moll et al. 1996, 1998; Hauge et al. 1998b; Oppegård et al. 2007a, 2008; Rogne 
et al. 2008). The bacteriocin consists of the 39-mer a-peptide (often termed 
LcnG-a) and the 35-mer b-peptide (often termed LcnG-b) (Fig. 11.1). CD- and NMR-
structural studies revealed extensive a-helical structuring in both the a- and 
b-peptides upon exposure to either dodecylphosphocholine (DPC) micelles or the 
structure-inducing compound trifluoroethanol (TFE) (Hauge et al. 1998b; Rogne 
et al. 2008). Based on the NMR structures of the two peptides (Rogne et al. 2008) 
as well as on recent mutagenesis studies (Oppegård et al. 2008), a structural model 
of lactococcin G has been proposed (Oppegård et al. 2008; Rogne et al. 2008; 
Nissen-Meyer et al. 2009, 2010). The structural model is expected to be valid also 
for lactococcin Q, enterocin C, and enterocin 1071, because of their sequence 
similarities to lactococcin G. The structural model entails that the a- and 
b-peptides form a membrane-spanning helix–helix structure that is stabilized by 
helix–helix interacting GxxxG motifs and that the two peptides lie in a parallel and 
staggered fashion relative to each other (Oppegård et al. 2008; Rogne et al. 2008; 
Nissen-Meyer et al. 2009, 2010) (Fig. 11.2). The helix–helix region includes the 
N-terminal part of the a-peptide (covering approximately residues 3–22) and the 
C-terminal part of the b-peptide (covering approximately residues 13–32) 
(Fig. 11.2). Furthermore, it is proposed that the positively charged and unstruc-
tured C-terminal end (Arg-Lys-Lys-Lys-His; residues 35–39) of the a-peptide is 
pulled across the target-cell membrane by the transmembrane potential, while the 
relatively unstructured tryptophan-rich N-terminal part (covering approximately 
residues 1–10) of the b-peptide remains in the outer membrane interface 
(Fig. 11.2). The a- and b-peptides thereby form a helix–helix structure that spans 
the target-cell membrane with the N-termini of the two peptides outside and the 
C-termini inside the cell (Fig. 11.2). This structural model can account for recent 
results that imply that the lactococcin G immunity protein recognizes both a 

1 Although the two-peptide bacteriocin brochocin-C contains several GxxxG motifs (Fig. 11.1), it 
has been reported that brochocin-C – and possibly also thermophilin 13, since its sequence is 
similar to that of brochocin-C (Fig. 11.1) – might contain b-sheet  structure (Garneau et al. 
2003).
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sequence in the N-terminal part (residues 1–13) of the a-peptide and a sequence 
on the C-terminal side of residue 13 in the b-peptide (Oppegård et al. 2010). In 
the proposed structure, these regions in the a- and b-peptides are adjacent to each 
other, and this would thus enable the two regions to simultaneously interact with 
the immunity protein.

Structure of Plantaricin J/K

Also, the three-dimensional structures of the 25-mer J-peptide and 32-mer 
K-peptide of plantaricin J/K have been studied by CD and NMR spectroscopy 
(Rogne et al. 2009). Upon exposure to either DPC micelles or structure-inducing TFE, 
the J-peptide has an N-terminal amphipathic helical region from residue 3 to 15, 
whereas the K-peptide has a central amphipathic helical region from residue 9 to 
24. There is one GxxxG motif (G

13
xxxG

17
) in the J-peptide and two (G

9
xxxG

13
 and 

G
13

xxxG
17

) in the K-peptide (Fig. 11.1). Replacements of glycine residues in these 
peptides with large residues were very detrimental when the glycine residues were part 
of the G

13
xxxG

17
 motifs in the J and K peptides, whereas the replacements were 

fairly well tolerated when they were outside these two G
13

xxxG
17

 motifs (Rogne 
et al. 2009). The mutagenesis data and the NMR structures are consistent with a 
structural model in which also the J and K peptides of plantaricin J/K interact and 
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Fig. 11.2 Cartoon presentation of the proposed structural model of lactococcin G and its orientation 
in cell membranes. The two peptides interact through the G

7
xxxG

11
 motif in the a-peptide and the 

G
18

xxxG
22

 motif in the b-peptide and form a transmembrane helix–helix structure. The tryptophan 
residues in the structurally flexible N-terminal region of the b-peptide are in or near the outer 
membrane interface, whereas the positively charged and structurally flexible C-terminal end of 
the a-peptide is forced through the membrane by the transmembrane potential (negative inside). 
The figure is from Nissen-Meyer et al. (2010)
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form a transmembrane helix–helix structure involving their G
13

xxxG
17

 motifs 
(Rogne et al. 2009). The results do not, however, reveal which relative orientation of 
the two peptides, the parallel or the antiparallel, is the most probable orientation 
(Rogne et al. 2009).

Structure of Plantaricin E/F

CD and NMR analysis of the 33-mer E-peptide and 34-mer F-peptide of plantaracin 
E/F (in the presence of micelles) revealed that the E-peptide has two helical regions 
separated by a flexible GxxxG motif (G

20
xxxG

24
), while the F-peptide has one long 

helical region (Fimland et al. 2008). The E-peptide has altogether two GxxxG 
motifs (G

5
xxxG

9
 and G

20
xxxG

24
) that might be involved interpeptide helix–helix 

interactions, whereas the F-peptide has one such motif (G
30

xxxG
34

). As is the case 
for lactococcin G, it has been proposed that the E- and F-peptides of plantaricin E/F 
interact in a staggered and parallel fashion relative to each other and form a trans-
membrane helix–helix structure that involves their GxxxG motifs (Fimland et al. 
2008). There are, however, alternatives to how these GxxxG motifs might combine. 
It remains to be determined which of the possible alternatives are most likely.

Bacteriocins as Peptide Ligands that Interact  
with Membrane-Associated Receptors

Structure–function studies on the one-peptide pediocin-like (class-IIa) bacte- 
riocins have shown that these bacteriocins have in their C-terminal half a helix-
containing segment that penetrates into target-cell membranes (Fregeau Gallagher 
et al. 1997; Wang et al. 1999; Uteng et al. 2003; Haugen et al. 2005; Fimland et al. 
2005; Drider et al. 2006; Nissen-Meyer et al. 2009). The membrane-penetrating 
helix-containing region is involved in determining the target-cell specificity of these 
bacteriocins and is also the region that is recognized by their immunity proteins 
(Fimland et al. 1996, 2002b, 2005; Johnsen et al. 2005; Drider et al. 2006; Nissen-
Meyer et al. 2009). It has also been shown that the pediocin-like bacteriocins kill 
target cells by  interacting with the membrane-associated mannose phosphotrans-
ferase permease (Diep et al. 2007). A part, probably the membrane-penetrating 
helix, of these  bacteriocins apparently binds to the permease subunits (the MptC 
and/or MptD subunits) that are embedded in the membrane, thereby altering the 
conformation of the permease in a manner that leads to membrane leakage and cell 
death. Immunity proteins that protect cells from pediocin-like bacteriocins sense the 
altered conformation and bind to the bacteriocin–permease complex, thereby 
 preventing membrane leakage (Diep et al. 2007). The fact that lactococcin A, a one-
peptide class IId bacteriocin that is entirely different from the pediocin-like bacte-
riocins, functions in a similar manner (i.e., by binding to the  membrane-embedded 
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mannose permease subunits) (Diep et al. 2007), suggests that several very different 
membrane-active peptide bacteriocins may induce membrane leakage in basically 
the same way; the common theme is that membrane leakage is caused by structural 
alterations in an integrated target-cell membrane (transport) protein and that these 
structural alterations are triggered by interactions between the target-cell membrane 
protein and a membrane-penetrating helical segment of the bacteriocin. For two-
peptide bacteriocins, these interactions might involve the binding of the transmem-
brane helix–helix structure to an integrated membrane protein/receptor. A 
membrane-associated receptor for a two-peptide bacteriocin has, however, yet to be 
identified. It has nevertheless been proposed that the lactococcin G immunity pro-
tein interacts with lactococcin G via a lactococcin G receptor in an analogous man-
ner as the immunity proteins for the pediocin-like bacteriocins, since the 
functionality of the lactococcin G immunity protein depends on a cellular compo-
nent (Oppegård et al. 2010) and this component might well be the lactococcin G 
receptor. It should be noted that some studies suggest that some two-peptide bacte-
riocins, in particular thermophilin 13 and brochocin-C, might not need membrane 
receptors to exert their activity (Marciset et al. 1997; Gao et al. 1999). It is important 
that more extensive structure–function studies on peptide bacteriocins are carried 
out, since that will give us even better insight into how peptide bacteriocins function 
and reveal structural features that are especially important for their potency. Such 
insight is invaluable for rational design and construction of novel antibacterial 
peptides that may especially be useful for medical and biotechnological applications.
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Abstract The circular bacteriocins produced by Gram-positive bacteria represent 
a diverse class of antimicrobial peptides. These bacteriocins display enhanced 
stability compared to linear bacteriocins, which arises from their characteristic 
circular backbone. Currently, eight unique circular bacteriocins have been identi-
fied, and analysis of their gene clusters indicates that they likely utilize complex 
mechanisms for maturation and secretion, as well as for immunity. These bacterio-
cins target the cytoplasmic membrane of sensitive cells, leading to pore formation 
that results in loss of ions, dissipation of membrane potential, and ultimately, cell 
death. Structural studies suggest that despite variation in their sequences, most of 
these bacteriocins likely adopt a common three-dimensional architecture, consist-
ing of four or five tightly packed helices encompassing a hydrophobic core. There 
are many mysteries surrounding the biosynthesis of these peptides, particularly in 
regard to the mechanism by which they are cyclized. Elucidation of such a mecha-
nism may provide exciting new approaches to the bioengineering of new, stable, 
and antimicrobially active circular peptides.

Introduction

The bacteriocins produced by Gram-positive bacteria are a diverse group of pep-
tides that typically display potent antimicrobial activity toward closely related 
bacteria. Within this group of peptides, a new class of bacteriocins has recently 
emerged: the circular bacteriocins. The circular bacteriocins are characterized by 
the head-to-tail cyclization of their backbone (Craik et al. 2003; Maqueda et al. 
2004, 2008). Although the lantibiotics and other bacteriocins may contain cyclic 

J.C. Vederas (*) 
Department of Chemistry, University of Alberta, Edmonton, AB, Canada T6G 2G2 
e-mail: john.vederas@ualberta.ca

Chapter 12
Class IIc or Circular Bacteriocins

Leah A. Martin-Visscher, Marco J. van Belkum, 
and John C. Vederas 



214 L.A. Martin-Visscher et al.

elements (due to lanthionine residues or the presence of disulfide bridges), they 
are not considered to be circular bacteriocins since their backbones are not N- to 
C-cyclized. In addition, many examples of cyclic antimicrobial peptides of micro-
bial origin have been reported (such as the polymyxins, cyclosporin A, and grami-
cidin S) that are not classified as bacteriocins, since they are not ribosomally 
synthesized. Rather, they are constructed by complex, multidomain nonribosomal 
peptide synthetases (NRPS) (Koglin and Walsh 2009; Marahiel 2009; Walsh 2004). 
Ribosomally synthesized circular peptides have also been discovered in plants and 
animals and are known to exhibit a diverse range of bioactivities. Typically, the 
circular peptides from these organisms are shorter in length and contain at least one 
disulfide bond, further enhancing their structural integrity (Craik 2006, 2009). In 
particular, the cyclotides comprise a large family of well-studied and characterized 
circular peptides produced by numerous plants in the Violaceae and Rubiaceae 
families (Craik 2006, 2009; Daly et al. 2009).

Although this chapter focuses on the circular bacteriocins produced by Gram-
positive bacteria, it should also be noted that microcin J25 (MccJ25), produced by 
Escherichia coli AY25 (Salomón and Farías 1992), is also a cyclic peptide. Initially, 
it was thought that this 21-amino acid bacteriocin was head-to-tail cyclized, and 
thus, was a true circular bacteriocin (Blond et al. 1999, 2001). However, in 2003, 
three different groups reported that instead of a backbone cyclization, MccJ25 had 
a lariat-type structure in which a backbone-to-side chain ring lassoed the C-terminus 
of the peptide (Bayro et al. 2003; Rosengren et al. 2003; Wilson et al. 2003). The 
ring structure is formed by a peptide bond between the N-terminus (Gly-1) and the 
carboxylate side chain of Glu-8. The C-terminus loops through this ring and is held 
in place by noncovalent interactions and steric trapping due to the side chains of 
Phe-19 and Tyr-20, which flank either side of the ring (Fig. 12.1). Since MccJ25 
does not contain a head-to-tail cyclization, it does not adhere to the canonical 
definition of the circular bacteriocins.

Fig. 12.1 3D NMR solution structure of microcin J25 (pdb code 1Q71). Gly-1 and Glu-8 are 
colored blue and red, respectively. The amide bond between the amino group of Gly-1 and the 
carboxylate of the Glu-8 side chain is indicated. The side chains of Phe-19 and Tyr-20, which trap 
the C-terminus within the ring, are indicated
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The classification of the circular bacteriocins has been debated in recent years. 
Traditionally, they were considered to be members of the class II bacteriocins, in 
accordance with Klaenhammer’s classification scheme. Within this grouping, they 
have been referred to as type IIc (Cotter et al. 2005), IId (Nes et al. 2007a), and IIf 
(van Belkum and Stiles 2000) bacteriocins. However, since the type II bacteriocins 
are not posttranslationally modified, several groups have suggested moving the 
circular bacteriocins to a unique class (Franz et al. 2007; Heng and Tagg 2006; 
Kemperman et al. 2003b; Maqueda et al. 2004, 2008). Regardless of the classifica-
tion, it is clear that these peptides are a unique class of bacteriocins that must 
undergo interesting posttranslational modifications.

The Circular Bacteriocins Produced  
by Gram-Positive Bacteria

The circular bacteriocins from Gram-positive bacteria are produced by both lactic 
acid bacteria (LAB) and non-LAB. To date, eight different circular bacteriocins 
have been reported. These include enterocin AS-48 (Samyn et al. 1994), butyrivi-
briocin AR10 (Kalmokoff et al. 2003), gassericin A (Kawai et al. 1998a), circu-
larin A (Kemperman et al. 2003b), subtilosin A (Babasaki et al. 1985; Zheng et al. 
1999), uberolysin (Wirawan et al. 2007), carnocyclin A (Martin-Visscher et al. 
2008), and, most recently, lactocyclicin Q (Sawa et al. 2009). Acidocin B is 
considered a putative circular bacteriocin, as it shows a high degree of sequence 
identity (98%) to gassericin A (Leer et al. 1995). However, its circular nature has 
not yet been confirmed. Previously, reutericin 6 was also classified as a circular 
bacteriocin. Reutericin 6 and gassericin A have identical primary structures, but 
they were reported to have different spectra of activity, different secondary struc-
ture profiles and to contain different amounts of d–Ala (Itoh et al. 1995; Kawai 
et al. 2004; Toba et al. 1991). However, it has recently been reported that the gene 
cluster encoding reutericin 6 is 100% identical to that of gassericin A (Ito et al. 
2009). Furthermore, reevaluation of the stereochemical analysis of these two 
peptides has revealed that neither contains d-Ala, and as such, they are identical 
bacteriocins (Arakawa et al. 2010). The amino-acid sequences of the circular 
bacteriocins and their leader peptides are listed in Fig. 12.2.

Aside from having a high degree of hydrophobicity, little sequence homology 
exists among the circular bacteriocins. Nonetheless, it has been suggested the pep-
tides from LAB be subdivided into two groups, according to sequence similarity 
and biochemical characteristics (Cotter et al. 2005; Kawai et al. 2009). Group i 
consists of the “AS-48 like” bacteriocins (AS-48, UblA, CirA, LycQ, CclA), whereas 
group ii consists of the “gassericin A-like” bacteriocins (GaaA, BviA). These two 
groups also show differences in their physicochemical properties (Martin-Visscher 
et al. 2008). The group i peptides are cationic and predicted to have high isoelectric 
points (pI > 9) at physiological pH. In contrast, the group ii peptides are highly 
hydrophobic and are either neutral or anionic, with lower pI values (pI < 7). 
Table 12.1 lists the physical properties and producer organisms of the various 
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circular bacteriocins. Like many other bacteriocins, the circular bacteriocins are 
highly thermostable. However, they also display enhanced stability to pH variation 
and are generally resistant to degradation by numerous proteases. It is believed that 
the circular structure of these peptides helps provide structural integrity and may 
enhance the bioactivity of the peptide (Craik et al. 2003; Kawai et al. 2003; 
Maqueda et al. 2008; Montalbán-López et al. 2008).

Subtilosin A is atypical when compared to other circular bacteriocins, as it is 
significantly shorter (35 aa) and also contains three unique thioether cross-links. 
These unusual bridges are formed between the sulfur atom of cysteine residues and 
the a-carbon of phenylalanine and threonine residues (Kawulka et al. 2003, 2004). 
These modifications are distinct from those found in the lantibiotics, and as such, 
SubA should not be considered a lantibiotic. The lantibiotics are characterized by 
the presence of lanthionine and methyllanthionine residues, which are formed 
by the dehydration of gene-encoded serine or threonine residues followed by the 
addition of a cysteine thiol onto the b-carbon of these dehydrated residues. Both 
steps are enzyme-mediated by either two separate enzymes or one bifunctional 
enzyme (Chatterjee et al. 2005; Chen and Hoover 2003; Cotter et al. 2005; Nes et al. 
2007b). Since the thioether linkages in SubA represent a unique type of modifica-
tion, it has been suggested that SubA actually belongs to a new class of bacteriocins 
(Kawulka et al. 2003, 2004).

Fig.  12.2 Amino-acid sequences of the circular bacteriocins and their leader peptides (bolded). The red 
arrow indicates the point of cleavage between the leader peptide and the linear bacteriocin. 
Amino-acid positions are numbered. The abbreviations AS-48, UblA, CirA, LycQ, CclA, GaaA, 
BviA, and SubA refer to enterocin AS-48 (Martínez-Bueno et al. 1994), uberolysin (Wirawan 
et al. 2007), circularin A (Kemperman et al. 2003b), lactocyclicin Q (Sawa et al. 2009), carnocyclin 
A (Martin-Visscher et al. 2008), gassericin A (Kawai et al. 1998b), butyrivibriocin AR10 
(Kalmokoff et al. 2003), and subtilosin A (Zheng et al. 1999), respectively
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Genetics

The gene clusters for several of the circular bacteriocins have been reported. For a 
detailed discussion and comparison of the genetic features of these peptides, 
the reader is directed to a recent review covering this topic (Maqueda et al. 2008). 
The genetic determinants for these bacteriocins are located either on the chromosome 
or on plasmids. Aside from the structural gene, many of the genes encode for basic 
and hydrophobic proteins that are predicted to contain multiple transmembrane 
domains. In general, the function of these proteins is inferred, based on sequence 
homology. Figure 12.3 compares the known gene clusters of several of the circular 
bacteriocins, and Table 12.2 lists the physical properties and known or putative 
functions of the gene products. For carnocyclin A and lactocyclicin Q, only the 
sequences for the structural genes have been published thus far.

The most extensively studied circular bacteriocin, from both a genetic and 
biochemical perspective, is enterocin AS-48. Complete (wild-type) expression 
and immunity of enterocin AS-48 requires the coordinated expression of 10 genes: 
as-48ABCC

1
DD

1
EFGH (Diaz et al. 2003; Martínez-Bueno et al. 1998). The genetic 

locus for enterocin AS-48 is plasmid-associated (Martínez-Bueno et al. 1990). 
as-48A encodes for the bacteriocin precursor, while as-48D

1
 encodes for a dedi-

cated immunity protein. It is believed that maturation and secretion depend upon 
as-48BCC

1
D, as mutations in these genes result in decreased AS-48 production 

(Martínez-Bueno et al. 1998). According to sequence homology, the gene products 
of as-48C

1
D likely encode an ABC-transporter and are implicated in secretion of 

the peptide. Their expression also enhances immunity to AS-48. As-48C is pre-
dicted to be an integral membrane protein and may function as an accessory protein 
in the maturation and secretion of the bacteriocin. It has been proposed that as-48B 
is involved in the cyclization of the peptide since inactivation of this gene was 
sufficient in preventing production of AS-48 (Martínez-Bueno et al. 1998). Full immu-
nity against AS-48 also requires the expression of as-48EFGH, which likely encode 
for another ABC-transporter (Diaz et al. 2003).

The butyrivibriocin AR10 gene cluster consists of six genes, bviBCDAE and 
orf6, where bviA encodes for the bacteriocin precursor (Kalmokoff et al. 2003). 
Based on sequence homology, it has been proposed that BviB is the ATP-binding 
domain of an ABC-transporter and that BviE is the immunity protein for butyrivi-
briocin AR10, although neither of these functions has been confirmed. The functions 
of the other gene products are unknown. Immediately upstream of the bacteriocin 
operon are two orfs, which likely encode for a response regulator and protein kinase 
and may be involved in regulation of bacteriocin expression.

For circularin A, the chromosomally located gene cluster consists of cirABCDE-
GHI, although minimal production and immunity requires the expression of just 
five essential genes (cirABCDE) as confirmed by heterologous expression 
(Kemperman et al. 2003a). Several of the genes within the cluster are overlapping, 
suggesting that translational coupling ensures proper ratios of gene expression. cirA 
encodes for the bacteriocin precursor, while cirBD, according to sequence homology, 
appears to encode an ABC-transporter and is likely required for secretion of the 
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Fig. 12.3 Gene clusters of the circular bacteriocins. Genes are colored according to their known or 
putative functions (see the legend), as described in the literature (adapted from Maqueda et al. 2008)

peptide. It is believed that CirC is required for maturation of CirA and may be 
involved in cyclization of the peptide. CirE is required for immunity and is likely a 
dedicated immunity protein, although full immunity also depends upon CirBD, 
suggesting that circularin A utilizes multiple mechanisms of immunity, as does 
enterocin AS-48. Based on homology, cirGHI likely represents another ABC-
transporter. Whether or not this additional transporter enhances immunity to CirA 
has not yet been established. In addition to the genes responsible for maturation, 
secretion, and immunity, there appears to be several genes related to regulation of 
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bacteriocin production. These genes (cfgR, cfgK) encode for proteins that show 
homology to response regulators and histidine protein kinases, which have been 
shown to play a role in bacteriocin production via a quorum-sensing pathway.

The uberolysin locus, located on the chromosome, contains six genes, orf1 and 
ublABCDE (Wirawan et al. 2007). Based on homology, orf1 appears to encode for 
a response regulator protein and may be involved in regulation of bacteriocin 
expression, although an accompanying protein kinase has not yet been identified. 
ublA encodes for the bacteriocin precursor, and it is believed that ublBD and ublC 
encode for an ABC-transporter and accessory protein, respectively, which are all 
involved in bacteriocin secretion. It has been suggested that ublC may be involved 
in maturation of the bacteriocin. UblE is likely a dedicated immunity protein, 
although this has not yet been confirmed.

The complete gene cluster required for production of gassericin A has recently 
been described (Ito et al. 2009; Kawai et al. 2009). Initially, it was believed that the 
genetic determinants were chromosomally located (Kawai et al. 1998b), but it is 
now known that the seven genes required for bacteriocin production, gaaBCADITE, 
reside on a large, 33-kb conjugative plasmid (Ito et al. 2009). gaaA encodes for the 
bacteriocin precursor, whereas gaaI is the dedicated immunity gene (Kawai et al. 
2009). According to sequence homology, gaaTE likely encode an ABC-transporter, 
presumably for bacteriocin transport. GaaB, GaaC, and GaaD are predicted to be 
membrane-associated proteins, but their functions are unknown.

The production of subtilosin A requires the expression of genes from the sbo-alb 
locus, located on the chromosome of Bacillus subtilis. sboA is the gene for the 
subtilosin A precursor, whereas albABCDEFG are required for the full production 
of and immunity to SubA (Zheng et al. 1999). Mutational analysis of the sbo-alb 
locus (Zheng et al. 2000) revealed that albA and albF are crucial for the production 
of SubA. AlbA shows homology to members of the MoaA/NifB/PqqE family of 
proteins (which are involved in cofactor biosynthesis), whereas the N-terminal half 
of AlbF shows homology to zinc metalloproteases. As such, it is believed that AlbA 
and AlbF are required for constructing the unique posttranslational modifications 
of SubA. It has also been shown that full immunity depends upon the expression of 
albBCD, where albB likely encodes for a dedicated immunity protein and AlbCD 
comprise an ABC-transporter that enhances immunity. An additional open reading 
frame, sboX, was also found to overlap with the SubA structural gene (sboA). sboX 
likely encodes for a bacteriocin-like peptide, as the gene product appears to have a 
double-glycine-type leader sequence. An in-frame deletion of sboX did not impair 
production of SubA. At present, the role of the sboX gene is not known.

Biosynthesis

For both the lantibiotics (class I) and type IIa bacteriocins (class II), much is known 
regarding the regulation of expression, posttranslational modifications, maturation, 
secretion, and mechanisms of immunity for these peptides. In contrast, relatively little 
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is known about the biosynthesis of the circular bacteriocins. The circular bacteriocins 
are synthesized as linear precursor peptides, with N-terminal extensions. As depicted 
in Fig. 12.2, there is little sequence similarity between the leader peptides, some of 
which are very short, while others are much longer, making it difficult to predict what 
the role of the leader peptide is. For bacteriocins, in general, it is believed that leader 
peptides render the bacteriocin inactive while in the cytoplasm and also help target 
the bacteriocin to the enzymes responsible for posttranslational modifications (in the 
case of lantibiotics) and export it out of the cell (Drider et al. 2006; Håvarstein et al. 
1995; Oman and van der Donk 2010; van Belkum et al. 1997). In the case of the 
circular bacteriocins, since there is such variation in both length and sequence among 
the leader peptides, it is unknown what role these leaders play.

Likewise, since the bacteriocins display such varied sequences, it is unclear if 
their cyclization is controlled by a conserved mechanism. In most cases, it appears 
that the head-to-tail ligation occurs between two hydrophobic residues. For the 
group i circular bacteriocins, a bulky aromatic or hydrophobic residue (Tyr, Trp, or 
Leu) from the C-terminus condenses with a hydrophobic residue on the N-terminus 
(Met, Leu, or Val). For the group ii circular bacteriocins, a smaller hydrophobic 
residue (Ala) is observed as the C-terminal residue. Subtilosin A is atypical in this 
regard, as polar residues (Gly and Asn) are involved in the cyclization.

Perhaps the greatest mystery surrounding the biosynthesis of the circular bacterio-
cins is how the cyclization occurs. From a chemical perspective, it is unclear how a 
“free”, or unactivated C-terminus is subject to attack by the N-terminal amino group. 
In contrast to the circular bacteriocins, many other ribosomally synthesized circular 
peptides, such as the cyclotides, are synthesized as precursor peptides with both 
N- and C-terminal extensions (Daly et al. 2009; Gillon et al. 2008). For the cyclotides, 
it is believed that an asparaginyl endoproteinase is responsible for cleaving this 
C-terminal extension and facilitating cyclization (Saska et al. 2007), according to the 
following mechanism. After loss of the N-terminal leader peptide, it is believed that 
the protease recognizes a conserved Asn or Asp residue, immediately preceding the 
C-terminal extension of the cyclotide. A cysteine residue of the protease attacks this 
amino acid, cleaving the C-terminal extension. The cyclotide remains covalently 
bound to the enzyme active site, as an acyl intermediate. The amino group of the 
N-terminus of the peptide then enters the active site and attacks the thioester, thus 
regenerating the free enzyme and releasing the cyclized peptide. It has been found 
that mutations to the conserved Asn or Asp residues fail to generate circular cyc-
lotides (Ireland et al. 2006). In addition, a high degree of sequence similarity is 
observed between the N-terminus of the cyclotide and the initial residues of their 
C-terminal extensions, suggesting that the N-terminus of the cyclotide is a likely 
substrate for the enzyme active site (Saska et al. 2007). Another method by which 
amino acids may be activated for attack is adenylation. Such an approach is utilized 
in the nonribosomal assemblage of peptides by NRPS, as well as the initial activation 
of amino acids by aminoacyl tRNA synthetases. The biosynthesis of cyclodipeptides 
has been shown to utilize amino acids that have been activated as aminoacyl-tRNAs 
(Gondry et al. 2009). Whether or not similar adenylation and activation type mecha-
nisms are employed in the construction of the circular bacteriocins is unknown.
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At present, it is unknown how the circular bacteriocins are secreted from producer 
cells. Numerous ABC-transporters are encoded within the gene clusters of the 
circular bacteriocins and it is tempting to speculate that they utilize such systems 
for translocation, as is the case for many other bacteriocins produced by Gram-
positive bacteria (Cotter et al. 2005; van Belkum and Stiles 2000). It is also unclear 
as to whether or not secretion of the peptide precedes, follows, or is coupled to 
removal of the leader peptide and cyclization of the bacteriocin.

In order to protect themselves, bacteriocin producers also produce immunity 
proteins. In some cases, a dedicated immunity protein is sufficient in providing full 
immunity (exemplified by the type IIa bacteriocins) (Drider et al. 2006), whereas 
in other cases (such as with nisin and several other lantibiotics), a two-fold mecha-
nism is employed, wherein a dedicated immunity and an ABC-transporter are 
required for full immunity (Draper et al. 2008). At present, it is not known if the 
circular bacteriocins share a common mechanism of immunity. However, analysis 
of the gene clusters for enterocin AS-48 (Diaz et al. 2003; Martínez-Bueno et al. 
1998), subtilosin A (Zheng et al. 2000), and circularin A (Kemperman et al. 2003a) 
suggest that these bacteriocins use a two-fold mechanism of immunity. In these 
cases, a dedicated immunity protein has been identified, but full resistance also 
depends on the expression of additional ABC-transporters. No structural studies of 
the immunity proteins for these bacteriocins have yet been reported.

Structure

As mentioned earlier, it is believed that the remarkable stability of the circular 
bacteriocins is due, in part, to their cyclic structure. To investigate the role of the 
circular backbone on both stability and bioactivity, a linear variant of enterocin 
AS-48 was produced by digestion of AS-48 with thermolysin (cleavage between 
Ala-10 and Val-11) (Montalbán-López et al. 2008). Although the linear peptide was 
largely helical, as indicated by circular dichroism, its thermal denaturation occurred 
at lower temperatures than wild-type AS-48, and its antimicrobial activity was abol-
ished upon freezing and thawing. In addition, the activity of the linear peptide was 
found to be 300 times less than that of the circular bacteriocin. Likewise, although 
linear gassericin A (produced by heterologous expression in E. coli, as a fusion 
protein) appears to assume a compact, globular structure (evidenced by migration on 
SDS-PAGE comparable to that of the wild-type peptide), its bioactivity was found 
to be almost 200 times less than that of the circular bacteriocin (Kawai et al. 2003). 
Thus, cyclization of the peptides is a key factor in both their stability and activity.

Currently, the 3D structures for three circular bacteriocins are known: subtilosin 
A, enterocin AS-48, and carnocyclin A. Initial sequencing and mass spectral analy-
sis of SubA indicated that the peptide was likely backbone-cyclized and contained 
unusual intramolecular cross-links. In 2001, Marx et al. (2001) proposed an initial 
structure for SubA and determined that the cross-links involved thioether bridges 
between cysteine and phenylalanine or threonine residues. However, they were 
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unable to determine the connectivity of these bridges. Shortly thereafter, Kawulka 
et al. (2003, 2004) elucidated the identity of these modifications, revealing that they 
arose from the coupling of the cysteine thiols of Cys-13, Cys-7, and Cys-4 onto 
the a-carbons of Phe-22, Thr-28, and Phe-31, respectively. In addition to  solving 
the complete primary structure of SubA, they reported the 3D NMR solution 
structure of the bacteriocin. SubA adopts a rigid, bowl-like structure, in which 
most of the side chains are pointed outward, as depicted in Fig. 12.4. The stereo-
chemistry of the a-carbons was determined by performing structure calculations 
on all eight possible stereoisomers. The isomer that fit the NOE data the best and 
gave the lowest energy ensemble of structures with the best rmsd was found to 
be the stereoisomer with (l)-Phe-22, (d)-Thr-28, and (d)-Phe-31 (the ldd isomer). 
Despite being anionic, the structure of the peptide revealed that SubA is amphip-
athic, as its three acidic residues (Asp-16, Asp-21, and Glu-23) are located toward 
one end of the molecule, whereas its basic residue (Lys-2) and several hydrophobic 
residues, including Trp-34, are located at the other end (Fig. 12.8).

The 3D structure of AS-48 has been solved by both NMR (González et al. 2000; 
Langdon et al. 1998) and X-ray crystallography (Sánchez-Barrena et al. 2003), 
under different pH conditions. At acidic pH, AS-48 is monomeric, but at physio-
logical pH, it exists as a dimer (Abriouel et al. 2001). The NMR solution structure 
of the AS-48 monomer showed that it consists of a globular arrangement of five 
helices, encompassing a compact hydrophobic core and the covalent bond linking 
the N- and C-termini resides within the fifth helix (Fig. 12.5a) (González et al. 
2000). The 3D structure of AS-48 showed significant homology to NK-lysin, a 
saposin-like peptide that exhibits cytotoxic and antimicrobial activity and is known 
to interact with the cytoplasmic membrane. Analysis of the electrostatic surface 
potential of AS-48 shows significant charge separation across the molecule, as a 
cluster of seven lysines along helices 4 and 5 impart a high degree of positive 
charge to one surface of the peptide (Fig. 12.5a). Initially, the authors surmised 
that this charge separation was crucial for pore formation through a mechanism 
known as molecular electroporation, which was also used to account for the 

Fig. 12.4 3D NMR solution structure of subtilosin A (pdb code 1PQX). The point of backbone 
cyclization is indicated with an arrow. The amino acids involved in the thioether bridges are 
labeled. Cysteine main-chain and side-chain atoms are colored orange, whereas Phe or Thr main-
chain atoms are colored blue
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pore-forming abilities of NK-lysin (González et al. 2000; Miteva et al. 1999). In 
2003, the crystal structure of dimeric AS-48 was reported, confirming the basic 
architecture of the individual AS-48 units (Sánchez-Barrena et al. 2003). However, 
the crystal structure also revealed two different forms of the dimer. In aqueous 
solvent, AS-48 exists as a water-soluble dimer (DF-I), in which the hydrophobic 
faces of the individual monomers (particularly along helices 1 and 2) are in contact, 
and polar interactions with the solvent are maximized. Upon interaction with a 
membrane, the dimer inverts, exposing its hydrophobic faces (DF-II) (Fig. 12.7). 
The authors proposed that it is a combination of molecular electroporation and 

Fig. 12.5 Comparing the structures of AS-48 (pdb code 1E68) and CclA (pdb code 2KJF). 
Ribbon diagrams and electrostatic surfaces of AS-48 (a) and CclA (b). Helices are labeled appro-
priately. The red arrow indicates the point of cyclization. In the electrostatic surface diagrams, red 
and blue refer to negatively and positively charged regions, respectively. (c) Structural overlay of 
AS-48 (green) and CclA (blue). (d) Alignment of the primary structures, with helical sections 
highlighted in gray (adapted from Martin-Visscher et al. 2009)
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dimeric reorganization that facilitates insertion of AS-48 into the membrane 
(Jiménez et al. 2005; Maqueda et al. 2004, 2008; Sánchez-Barrena et al. 2003), as 
is discussed in the following section.

The NMR solution structure of carnocyclin A has also been reported (Martin-
Visscher et al. 2009). Although this bacteriocin is monomeric at physiological pH 
and is shorter than AS-48, its 3D structure is remarkably similar. CclA is comprised 
of four helices, surrounding a hydrophobic core. Most of the helices are connected 
by short, well-defined loops, although helices 2 and 3 are connected by a longer, 
more flexible loop (Fig. 12.5b). Like AS-48, the point of cyclization resides within 
one of the helices. In addition, a cluster of lysines along helices 3 and 4 impart a 
highly localized positive charge on one end of CclA and may also help facilitate pore 
formation via molecular electroporation. Several hydrophobic residues are also 
solvent-exposed and are likely crucial for interaction with the cytoplasmic mem-
brane. It has been suggested that the hydrophobic patches surrounding the point of 
head-to-tail cyclization may be crucial for interaction with the enzyme(s) responsible 
for performing the cyclization (Martin-Visscher et al. 2009). The greatest difference 
between the structures of CclA and AS-48 is that AS-48 has an additional helix. 
Inspection of the structural overlay and sequence alignment (Fig. 12.5c, d) shows 
this extra helix coincides with the flexible loop of CclA. Like AS-48, CclA shows 
structural similarity to NK-lysin and several other saposin and saposin-like peptides, 
all of which are known to interact with the cytoplasmic membrane of target cells.

It is likely that the other circular bacteriocins within both group i and group ii 
adopt similar 3D structures. Circular dichroism of gassericin A (Kawai et al. 2004) 
and analysis of the lactocyclicin Q sequence (Sawa et al. 2009) suggests that these 
peptides are largely alpha helical. Moreover, when the sequences of all the circular 
bacteriocins (excluding SubA) were subjected to secondary structure prediction, it 
was found that they all displayed a high degree of helicity, in approximately the 
same positions along their sequences (Martin-Visscher et al. 2009). Figure 12.6 
shows the predicted helical elements for the circular bacteriocins. For the longer 
peptides within group i, they appear to contain an extra helix, whereas for the 
shorter peptides of group i, as well as for group ii, it is likely that they contain four 
helices. Overall, it is likely that this family of bacteriocins shares a common struc-
tural motif, indicative of the saposin fold.

Fig. 12.6 Predicted secondary structure of the circular bacteriocins (excluding subtilosin A) as 
described by Martin-Visscher et al. (2009). Residues highlighted in gray are known to be involved 
in helical segments, whereas those colored pink are predicted to be helical and those colored green 
are predicted to be either extended strand or helical (adapted from Martin-Visscher et al. 2009)
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Mode of Action

The circular bacteriocins display broad spectra of activity toward various Gram-
positive bacteria, including many serious food-spoilage pathogens. In addition, 
enterocin AS-48 (Gálvez et al. 1989), lactocyclicin Q (Sawa et al. 2009), and 
subtilosin A (Shelburne et al. 2007) are active against Gram-negative bacteria, 
although much higher concentrations of bacteriocin are required to elicit activity. 
In the case of enterocin AS-48 (Abriouel et al. 1998; Ananou et al. 2005) and 
subtilosin A (Shelburne et al. 2007), activity toward Gram-negative bacteria is 
enhanced when the integrity of the outer membrane of is compromised (i.e., treat-
ment with EDTA or other chelating agents, pH or temperature variation). It has 
been reported that gassericin A can also kill Gram-negative bacteria when used in 
combination with glycine (Arakawa et al. 2009). At present, little is known about 
the effect of these bacteriocins against eukaryotic membranes, although it has been 
reported that AS-48 displays no activity against a variety of eukaryotic cell lines or 
erythrocytes, even at high (100 mg/mL) concentrations (Maqueda et al. 2004). It has 
been shown that SubA exhibits spermicidal activity toward bovine, horse, and rat 
sperm (Silkin et al. 2008). Recently, a natural variant of SubA with hemolytic activity 
has been discovered (Huang et al. 2009).

The circular bacteriocins are bactericidal toward their target cells. It has also 
been reported that enterocin AS-48 and uberolysin exhibit bacteriolytic properties. 
In the case of uberolysin, it was found that certain sensitive strains were susceptible 
to lysis when in early or mid-exponential growth phase (Wirawan et al. 2007). 
However, for enterocin AS-48, bacteriolytic activity was not growth dependent, as 
cell lysis was observed at all stages of growth. It was also reported that for AS-48, 
not all sensitive strains were subject to bacteriolytic effects. As such, it is likely that 
the lytic activity of AS-48 is a secondary effect, arising from the weakening of the 
cell membrane upon exposure to the bacteriocin.

Like many other bacteriocins produced by Gram-positive bacteria, it appears 
that the mode of action of the circular bacteriocins is permeation of the cell membrane, 
resulting in leakage of ions, dissipation of membrane potential, and eventually, cell 
death. The modes of action of gassericin A (Kawai et al. 2004), enterocin AS-48 
(Gálvez et al. 1991; González et al. 2000; Sánchez-Barrena et al. 2003), CclA 
(Gong et al. 2009), and subtilosin A (Thennarasu et al. 2005) have all been inves-
tigated. To study the effect of gassericin A on bacterial cells and liposomes, ATP 
and potassium efflux were measured (Kawai et al. 2004). When treated with gas-
sericin A, sensitive cells showed no efflux of ATP. However, release of potassium 
was observed for both sensitive cells and liposomes treated with the bacteriocin, 
suggesting that gassericin A targets the membrane of sensitive cells, causing cell 
death by release of potassium ions (Kawai et al. 2004).

By examining the effect of enterocin AS-48 on bacterial cells, membrane vesicles, 
and lipid bilayers, it has been shown that AS-48 induces permeation of bacterial 
cells and is able to form nonselective ion channels in the cytoplasmic membrane. 
This results in the free diffusion of ions and low-molecular-weight solutes across 
the membrane, ultimately leading to collapse of membrane potential and cell death 
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(Gálvez et al. 1991). As mentioned previously, it was initially proposed that AS-48 
induced permeation of the membrane via molecular electroporation (González et al. 
2000; Miteva et al. 1999). However, after the two dimeric forms of AS-48 (DF-I and 
DF-II) were elucidated by X-ray crystallography (Sánchez-Barrena et al. 2003), a 
more complex mechanism of action was described. In addition, it was found that a 
21-residue fragment of AS-48, which encompassed the positive charge and assumed 
a conformation similar to the native peptide, was devoid of antimicrobial activity, 
suggesting that mere molecular electroporation could not account for cell perme-
ation (Jiménez et al. 2005). It is now proposed that after approaching the membrane 
surface due to electrostatic interactions, AS-48 interconverts from its water-soluble 
form (DF-I) to its membrane-bound form (DF-II), thus exposing the hydrophobic 
faces of H1 and H2 and facilitating insertion into the membrane via molecular 
electroporation and hydrophobic interactions (Fig. 12.7) (Jiménez et al. 2005; 
Maqueda et al. 2004, 2008; Sánchez-Barrena et al. 2003).

Lipid bilayer and single-channel recording techniques were used to probe the 
interaction of carnocyclin A with the membrane (Gong et al. 2009). These studies 
revealed that CclA was able to interact directly with the membrane, indicating that 
like gassericin A and enterocin AS-48, a cell surface receptor may not be required 
for bacteriocin activity. CclA formed anion-selective channels in the lipid bilayers, 

Fig. 12.7 Proposed interaction of AS-48 with the cytoplasmic membrane. The hydrosoluble 
dimeric form DF-I (pdb code 1083) approaches the surface of the membrane, upon which the 
dimer reorganizes into its hydrophobic and membrane-soluble form, DF-II (pdb code 1084). 
Insertion into the membrane entails. Green and blue represent hydrophobic and polar faces of the 
helices, respectively (adapted from Sánchez-Barrena et al. 2003)
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and channel formation was voltage-dependent, as a negative membrane potential 
was required for pore formation, although channel gating was voltage-independent. 
It was also found that acidic conditions enhanced the stability of the CclA pores, 
as greater conductance across the membrane was observed. According to these 
studies, it is likely that CclA approaches the surface of a bacterial cell (due to elec-
trostatic interactions), wherein it is exposed to the negative membrane potential of 
the bacterial cell. At this potential difference, CclA creates anion selective pores 
across the membrane, and channel activation occurs. As anions flow through the 
channel, depolarization occurs, leading to the inactivation of the CclA channels. In 
contrast, the ion channels formed by AS-48 were found to be voltage-independent 
and nonselective.

To examine the mode of action of subtilosin A with phospholipid bilayers, a 
variety of experimental techniques were employed, including fluorescence spec-
troscopy, solid-state NMR, and differential scanning calorimetry (Thennarasu 
et al. 2005). These studies revealed that SubA is able to interact with a membrane, 
upon which it assumes an orientation in which the side chain of Trp-2 partially 
inserts into the membrane, and the anionic end of the molecule is directed away 
from the surface of the membrane (Fig. 12.8). This results in a conformational 
change in the phosphate head groups and a slight disordering of the hydrophobic 
core of the membrane. However, these studies also revealed that in order to 
induce leakage of small unilamellar vesicles (SUVs), high concentrations of 
SubA were required – much higher than the observed MICs for SubA (Thennarasu 
et al. 2005). Thus, although SubA is able to interact directly with model mem-
branes and induce leakage at high concentrations, it is likely that a cell surface 
receptor is involved in the interaction between SubA and sensitive cells 
(Thennarasu et al. 2005).

Fig. 12.8 Proposed interaction of SubA with the cytoplasmic membrane. The basic and acidic 
residues are labeled and colored blue and red, respectively. The side chain of Trp-34, which inserts 
into the membrane, is labeled and is colored orange (adapted from Thennarasu et al. 2005)
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Conclusions

The circular bacteriocins produced by Gram-positive bacteria are an exciting new 
class of bacteriocins. Owing to their enhanced structural stability and broad spectra 
of activity, there is tremendous potential for the application of these peptides in 
food safety. Currently, the producer organism of CclA is already approved for use 
by the US Food and Drug Administration (Martin-Visscher et al. 2008). In addition, 
a vast amount of work has examined the use of AS-48 as a food preservative. 
Furthermore, upon solving the mysteries governing the cyclization of these peptides, 
such knowledge may allow for the engineering of an arsenal of new circular bacte-
riocins that act as highly stable antimicrobial agents for use as human therapeutics 
or as stable scaffolds for drug delivery.
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Abstract Class IId bacteriocins are one of the subclasses of class II bacteriocins 
produced by lactic acid bacteria. This class of bacteriocins, however, show a great 
diversity in their primary structures and modes of action. This chapter focuses 
on two aspects: (1) the description of those heterogeneous bacteriocins with the 
concept of three potential subgroups and (2) the modes of action of lactococcin A, 
lactococcin 972, and lacticin Q, each of which belongs to a different subgroup and 
is well characterized in its unique mode of action.

Introduction

Class IId bacteriocins are categorized as bacteriocins that have no significant 
sequence similarity to the other class II bacteriocins; in other words, they are “non-
pediocin-like one-peptide linear” bacteriocins according to the classification 
proposed by Cotter et al. (2005). However, the recognition of this class is rather 
broad and variable compared to that of the other subclasses, and thus, has been 
changing along with the information available on bacteriocins. In 1996, Nes et al. 
proposed a subgroup of bacteriocins that contain a typical signal peptide and are 
secreted by the general secretory (sec-) pathway of the producer cell (Nes et al. 
1996). This concept of sec-dependent bacteriocins was followed by Diep et al. who 
also listed an additional group of bacteriocins that contain no leader sequence 
(Diep and Nes 2002). This subgroup of leaderless bacteriocins has also been rec-
ognized in two more recent reviews (Franz et al. 2007; Nes et al. 2007), although 
both of these reviews focused mainly on the bacteriocins from enterococci or strep-
tococci. In this context, based on the above understanding, we consider class IId 
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bacteriocins as a broad category that is potentially subdivided into (1) sec-depen-
dent bacteriocins, (2) leaderless bacteriocins, and (3) nonsubgrouped bacteriocins 
(Table 13.1).

Table 13.1 Class IId bacteriocins

Bacteriocin Producer strain
Mass  
(amino acids) a, Da Reference

Sec-dependent bacteriocins
Divergicin A C. divergens LV13 4,223 (46) (Worobo et al. 1995)
Propionicin T1 Strains of P. thoenii 7,130 (65) (Faye et al. 2000)
Lactococcin 972 L. lactis IPLA972 7,381 (66) (Martínez et al. 1999)

The ones with the pediocin-box sequence
Enterocin P E. faecium P13 4,493 (44) (Cintas et al. 1997)
Bacteriocin 31 E. faecalis 31 5,008 (43) (Tomita et al. 1996)
Listeriocin 743A L. innocua 743 4,484 (43) (Kalmokoff et al. 

2001)
Bacteriocin T8 E. faecium T8 5,090 (44) (De Kwaadsteniet 

et al. 2006)
Hiracin JM79 E. hirae DCH5 5,093 (44) (Sánchez et al. 2008)
Enterocin SE-K4 E. faecalis K-4 5,356 (43) (Doi et al. 2002)

Leaderless bacteriocins
Enterocin L50A E. faecium L50 5,190 (44) (Cintas et al. 1998)
Enterocin L50B E. faecium L50 5,178 (43) (Cintas et al. 1998)
Enterocin MR10A E. faecalis MRR10-3 5,202 (44) (Martín-Platero et al. 

2006)
Enterocin MR10B E. faecalis MRR10-3 5,208 (43) (Martín-Platero et al. 

2006)
Enterocin Q E. faecium L50 3,980 (34) (Cintas et al. 2000)
Enterocin EJ97 E. faecalis EJ97 5,322 (44) (Sánchez-Hidalgo 

et al. 2003)
Aureocin A70 AurA S. aureus A70 2,924 (31) (Netz et al. 2001)

AurB 2,797 (30)
AurC 2,955 (31)
AurD 3,087 (31)

Aureocin A53 S. aureus A53 6,012 (51) (Netz et al. 2002)
BHT-B S. rattus strain BHT 5,195 (45) (Hyink et al. 2005)
Lacticin Q L. lactis QU 5 5,926 (53) (Fujita et al. 2007)
Lacticin Z L. lactis QU 14 5,971 (53) (Iwatani et al. 2007)
LsbB A natural isolate  

of L. lactis
3,407 (30) (Gajic et al. 2003)

Nonsubgrouped bacteriocins
Lactococcin A Strains of L. lactis 5,778 (54) (Holo et al. 1991)
Lactococcin M Strains of L. lactis 4,325 (48) (van Belkum et al. 

1991a)
Lactococcin B Strains of L. lactis 5,327 (47) (van Belkum et al. 

1992)

(continued)
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Sec-Dependent Bacteriocins

The N-terminal extensions of most class II bacteriocins (nonlantibiotics) are 
what is termed double-glycine-type leader sequences, which contain a conserved 
processing site of Gly-Gly residues at positions −1 and −2, and are cleaved off 
concomitantly with export across the cytoplasmic membrane by dedicated ATP-
binding cassette (ABC)-transporters (Nes et al. 1996). However, some class II 
bacteriocins contain an N-terminal extension of the so-called sec-type signal peptide, 
which ensures the proper targeting to the sec-pathway and translocation across the 
cytoplasmic membrane without any dedicated transporters.

Divergicin A, produced by Carnobacterium divergens LV13, is the first bacte-
riocin from lactic acid bacteria that is reported not to have a dedicated transporter 
(Worobo et al. 1995). It is synthesized as a prepeptide of 75 amino acids consisting 
of a 29-amino-acid N-terminal sequence and a mature peptide of 46 amino acids. 
The N-terminal sequence of divergicin A has a cleavage site of Ala-Ser-Ala resi-
dues at positions −3 to −1 and acts as a signal peptide that accesses the general 
sec-pathway (Worobo et al. 1995). Propionicin T1 is produced by two strains of 
Propionibacterium thoenii as a prepeptide of 96 amino acids with a sec-type leader 
sequence, which is cleaved to give a mature peptide of 65 amino acids (Faye et al. 
2000). Although the two strains of P. thoenii 419 and P. thoenii LMG 2792 produce 
an identical bacteriocin, propionicin T1, they show great differences in their optimal 
conditions for the production of bacteriocin (Faye et al. 2000). Lactococcin 972, 
produced by Lactococcus lactis IPLA972, is encoded as a 91-amino-acid prepep-
tide that contains a 25-amino-acid sec-dependent signal peptide to produce the 
mature peptide of 66 amino acids (Martínez et al. 1999). The active form of this 
bacteriocin seems to be homodimeric, and the primary target of the active peptide 
is not the cytoplasmic membrane (Martínez et al. 1996). This seemingly unique 
mode of action is discussed later.

Bacteriocin Producer strain
Mass  
(amino acids) a, Da Reference

Carnobacteriocin A C. piscicola LV17A 5,052 (53) (Worobo et al. 1994)
Piscicolin 61 C. piscicola LV61 5,052 (53) (Holck et al. 1994)
Enterocin B E. faecium T136 5,479 (53) (Casaus et al. 1997)
Durancin TW-49M E. durans QU 49 5,228 (54) (Hu et al. 2008)
Divergicin 750 C. divergens 750 3,447 (34) (Holck et al. 1996)
LsbA A natural isolate  

of L. lactis
5,226 (44) (Gajic et al. 2003)

Bovicin 255 S. gallolyticus  
LRC0255

5,967 (56) (Whitford et al. 2001)

Thermophilin A S. thermophilus  
ST134

5,776 (62) (Ward and Somkuti 
1995)

a Theoretical molecular masses calculated with the determined primary structures. The numbers in 
the parentheses show the number of the amino-acid residues of mature peptides

Table 13.1 (continued)
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There are some bacteriocins that have a sec-dependent N-terminal leader as well 
as a “pediocin-box” motif containing a consensus sequence of YGNGVXC in the 
N-terminus of their mature forms. These bacteriocins include enterocin P from 
Enterococcus faecium P13 (Cintas et al. 1997), bacteriocin 31 from Enterococcus 
faecalis 31 (Tomita et al. 1996), listeriocin 743A from Listeria innocua 743 
(Kalmokoff et al. 2001), bacteriocin T8 from E. faecium T8 (De Kwaadsteniet et al. 
2006), hiracin JM79 from Enterococcus hirae DCH5 (Sánchez et al. 2008), and 
enterocin SE-K4 from E. faecalis K-4 (Doi et al. 2002). In some instances, the 
above-mentioned bacteriocins have been considered to be included in class IIa, 
namely, the pediocin-like bacteriocins.

Acidocin B, which is produced by Lactobacillus acidophilus M46, is also an 
early-identified sec-dependent bacteriocin (Leer et al. 1995). The structural gene of 
acidocin B suggests that this bacteriocin is synthesized as a prepeptide, which con-
tains a sec-type N-terminal leader and a mature peptide deduced from 59 amino 
acids (Leer et al. 1995). However, it has recently been reported that the primary 
structure and gene locus of gassericin A, a circular bacteriocin produced by 
Lactobacillus gasseri LA39, are almost identical to those of acidocin B (Kawai 
et al. 2009); therefore, this bacteriocin is appropriately classified in the family of 
cyclic bacteriocins.

Leaderless Bacteriocins

Some class IId bacteriocins are synthesized without an N-terminal leader sequence 
or signal peptide, thus are called “leaderless bacteriocins.” These kinds of bacterio-
cins have been found in relatively recent years, and most of them still remain to be 
studied in more detail to clarify their biosynthesis mechanism.

Enterocin L50, produced by E. faecium L50, is an early-identified and well-
characterized leaderless bacteriocin that consists of two highly similar peptides, 
enterocin L50A (EntL50A) and enterocin L50B (EntL50B), which share 72% 
sequence similarity (Cintas et al. 1998). The structural genes encoding 44-amino-
acid EntL50A and 43-amino-acid EntL50B are tandemly located on a 50-kb 
plasmid, pCIZ1, and thus seem to be cotranscribed in the same unit (Cintas et al. 
1998). In addition to the fact that each peptide of EntL50A and EntL50B exhibits 
considerable antimicrobial activity, this activity was synergistically increased 
against certain microbial strains when these two peptides were used in combina-
tion (Cintas et al. 1998). In this regard, enterocin L50 may be considered to 
belong to the class IIb bacteriocins that consist of two complementary peptides 
with synergistic activity (Cotter et al. 2005); however, the characteristics of 
EntL50A and EntL50B, such as the significant activity of each peptide alone 
and being synthesized without a leader sequence, distinguish them from general 
class IIb bacteriocins. The genes encoding EntL50A and EntL50B are also iden-
tified on a 21-kb plasmid, pEF1, harbored in E. faecium 6T1a, although the pep-
tides in this strain were termed as enterocin I and enterocin J, respectively 
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(Floriano et al. 1998; Ruiz-Barba et al. 2006). Moreover, enterocin L50 homologues 
were found in E. faecalis MRR 10-3, which produces two antimicrobial peptides, 
namely, enterocin MR10A and MR10B, which are almost identical to EntL50A 
and EntL50B, respectively (Martín-Platero et al. 2006). There is a single conser-
vative change (Glu38 to Asp) in enterocin MR10A and two changes (Thr9 to Ala, 
Leu15 to Phe) in enterocin MR10B. These two peptides also exhibit both indi-
vidual and synergistic activity, as in the case of enterocin L50. In contrast with 
plasmid-encoded enterocin L50, the structural genes of enterocin MR10 seem to 
be located on the chromosome (Martín-Platero et al. 2006), and these structural 
genes are also found in another isolate of E. faecalis SL-5 (Kang et al. 2009). 
Enterocin RJ-11, produced by E. faecalis RJ-11, is also highly homologous to 
EntL50A, with slight differences in the N-terminal and C-terminal regions, in 
addition to the replacements of five internal amino-acid residues (Yamamoto 
et al. 2003). However, because of a lack of genetic information, it is unclear 
whether this peptide contains a leader sequence or if there is another peptide with 
which enterocin RJ-11 synergistically acts. Enterocin EJ97, composed of 44 
amino-acid residues, is encoded on the 60-kb conjugative plasmid pEJ97 of the 
strain E. faecalis EJ97 (Sánchez-Hidalgo et al. 2003). Although this peptide is 
not identical to any of the EntL50-homologues, it shares some conserved residues 
(Lys6, Lys10, Lys21, Ile27, and Trp39) with each peptide of EntL50A/B and enterocin 
MR10A/B (Franz et al. 2007). In addition to the production of enterocin L50, 
E. faecium L50 also produces another leaderless bacteriocin, enterocin Q, whose 
structural gene is located not on pCIZ1, but on the 7.4-kb plasmid pCIZ2 (Cintas 
et al. 2000; Criado et al. 2006).

Apart from enterococcal bacteriocins, Staphylococcus aureus A70 produces a 
multiple peptide bacteriocin, aureocin A70, all of which are composed of 30 or 31 
residues without an N-terminal leader sequence (Netz et al. 2001). The structural 
genes of the four peptides (AurA, AurB, AurC, and AurD) are located on the 8.0-kb 
plasmid pRJ6, which has been shown to be mobilized by staphylococcal conjuga-
tive plasmids (Oliveia et al. 1998). Three out of the four peptides, AurA, AurB, and 
AurC, exhibit individual antimicrobial activity. The fourth peptide, AurD, could not 
be purified separately, and thus, the antimicrobial activity of this peptide has yet to 
be evaluated. However, the high sequence similarity between AurD and other pep-
tides suggests the potential antimicrobial activity of AurD (Oliveia et al. 1998). 
Synergistic activity among these peptides is still not recognized. Another S. aureus 
strain A53 produces aureocin A53, a single leaderless peptide, whose structural 
gene is located on the 10.4-kb plasmid pRJ9 (Netz et al. 2002). Aureocin A53 is a 
highly cationic and Trp-rich peptide of 51 amino-acid residues, and the majority of 
the five Trp residues have been suggested to be exposed at the surface of the folded 
aureocin A53 (Netz et al. 2002). Since Trp residues of antimicrobial peptides play 
a key role in the interaction between the peptide and biological membranes 
(Fimland et al. 2002), the structural properties of aureocin A53 possibly enable it 
to target cell membranes. It actually shows antimicrobial activity against a broad 
range of Gram-positive bacteria with nanomolar minimal inhibitory concentration 
(MIC) values (Netz et al. 2002).
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Lacticin Q (Fujita et al. 2007) and lacticin Z (Iwatani et al. 2007) are 53-amino-acid 
homologous bacteriocins, which are produced by L. lactis QU 5 and L. lactis QU 
14, respectively. These two peptides differ in three amino-acid residues at posi-
tions 10, 33, and 44 in their primary structures (lacticin Q; Leu10, Leu33, Ser44/
lacticin Z; Ile10, Ile33, Glu44). The N-termini of the two peptides are estimated to 
be a formylated-methionine because of the gap between the observed molecular 
mass and the theoretical mass of the deduced amino-acid sequence (Fujita et al. 
2007; Iwatani et al. 2007). For a similar reason, it is expected that N-terminal 
formylation is retained in the primary structure of EntL50A/B (Izquierdo et al. 
2008) and aureocin A53 (Netz et al. 2002). There is so far no report focusing on 
the significance of N-terminal formylation in the antimicrobial activity or in the 
biosynthetic process of these bacteriocins. However, the antimicrobial activities of 
lacticins Q/Z remained even after the removal of N-formyl-methionine by the 
treatment of cyanogen bromide. Moreover, in vitro-synthesized lacticin Q, which 
is translated within an insect cell extract and thus is theoretically not formylated 
at N-terminus, exhibited the antimicrobial activity (unpublished data). Together, 
an N-terminal formylation is not crucial for the activity of lacticins Q/Z. These 
two bacteriocins exhibit nanomolar MIC values against a variety of Gram-positive 
bacteria including Bacillus, Lactobacillus, Enterococcus, and Lactococcus, 
whereas their activities are relatively low against Streptococcus (Fujita et al. 2007; 
Iwatani et al. 2007). The primary structures of lacticins Q/Z show considerable 
similarity to aureocin A53 (Fimland et al. 2002) and BHT-B, produced by 
Streptococcus rattus strain BHT (Hyink et al. 2005), with a highly conserved 
region (Ala12 to Leu30) and relatively variable C-terminal (Iwatani et al. 2007, 
Fig. 13.1).

A natural isolate of L. lactis also produces a 30-amino-acid leaderless  bacteriocin 
LsbB, which is coproduced with LsbA, another class IId bacteriocin synthesized 
with a leader peptide as described below (Gajic et al. 2003). There is no synergistic 
activity between these two peptides and both of their activities show narrow anti-
microbial spectra, as they only inhibit the growth of closely related L. lactis strains 
(Gajic et al. 2003). There is an ABC-type multidrug resistance transporter, LmrB, 
encoded nearby the structural genes of LsbB and LsbA. This transporter is identi-
fied to be involved in both secretion and self-immunity of these two peptides (Gajic 
et al. 2003).

Nonsubgrouped Bacteriocins

Class IId bacteriocins that do not fit into either of the two above-mentioned 
 subgroups are described here. These bacteriocins are non-pediocin-like linear 
peptides that are synthesized with a sec-independent double-glycine-type leader 
sequence and are transported by dedicated ABC-transporters. Among these bacte-
riocins, lactococcin A, produced by some strains of L. lactis, is an early-identified 
and supposedly the best-characterized bacteriocin. Lactococcin A is initially 
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synthesized as a 75-amino-acid prepeptide that consists of a 21-amino-acid double-
glycine-type leader peptide and a 54-amino-acid mature peptide (Holo et al. 1991). 
The genetic determinant for this bacteriocin is located on a 60-kb conjugative 
plasmid p9B4-6 from L. lactis subsp. cremoris 9B4 (van Belkum et al. 1991a), 
which is also responsible for the production of two other class IId bacteriocins, 
lactococcin B (van Belkum et al. 1992) and lactococcin M (van Belkum et al. 1991a). 
Despite a lack of significant similarities in their mature forms, the N-terminal 
extensions of these three lactococcins are almost identical, which indicates a common 
mechanism for the processing and export of these bacteriocins. Two other bacterio-
cins that share homology with lactococcin A are bovicin 255 from Streptococcus 
gallolyticus LRC0255 (29% identity; Whitford et al. 2001) and thermophilin 
A from Streptococcus thermophilus ST134 (22% identity; Ward and Somkuti 
1995), both of which share 35% identity along the length of each prepeptide.

Enterocin B, which is coproduced with pediocin-like bacteriocin enterocin A 
from E. faecium T136, is synthesized as a 71-amino-acid prepeptide containing an 
N-terminal leader peptide of double-glycine type, which is then processed to give a 
mature peptide of 53 amino acids (Casaus et al. 1997). The 18-amino-acid 
N-terminal leader sequence contains the consensus elements of a double-glycine-
type leader peptide that are common among other class II bacteriocins (Håvarstein 
et al. 1994). Enterocin B shows sequence similarity to carnobacteriocin A and pis-
cicolin 61, which are two identical bacteriocins produced by Carnobacterium pis-
cicola LV17A (Worobo et al. 1994) and C. piscicola LV61 (Holck et al. 1994), 
respectively. Moreover, it has recently been reported that Enterococcus durans QU 
49 produces another enterocin B-homologue, durancin TW49-M (Hu et al. 2008). 
The N-terminal region of mature durancin TW49-M is almost identical to that of 
enterocin B, in contrast to the variability found in their C-terminal parts (Hu et al. 2008). 
An overview of these homologues suggests that they share a conserved region 
“LSKGGAKC” in the middle portion of mature peptides (Holck et al. 1994, 
Fig. 13.2). Divergicin 750, produced by C. divergens 750, is a relatively low-molecular-
weight bacteriocin, the mature peptide of which is a 34-amino-acid residue after 
removal of 29-amino-acid double-glycine-type leader (Holck et al. 1996).

As an exception, LsbA, which is coproduced with LsbB from a strain of L. lactis, 
has a 23-amino-acid leader peptide that is not applicable to either the double-
glycine-type leader or the consensus signal peptides of the sec-pathway (Gajic et al. 
2003). Alternatively, the prepeptide of LsbA has a possible cleavage site for HtrA 
(Gajic et al. 2003), which is a surface housekeeping protease in L. lactis and is 
responsible for natural protein processing (Poquet et al. 2000).

Modes of Action

The modes of action of bacteriocins are linked to the primary structures of the 
peptides. Since bacteriocin classification is established on the basis of the struc-
ture, bacteriocins belonging to the same class have similar modes of action. This 
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 similarity is demonstrated clearly by the fact that bacteriocins of the same class 
share a common receptor in the target cell membrane, such as lipid II molecules 
for lantibiotics (Hasper et al. 2006) and the mannose phosphotransferase per-
mease (man-PTS) components for pediocin-like bacteriocins (Gravesen et al. 
2002; Ramnath et al. 2004). This fact is, however, not applicable to class IId 
bacteriocins because of the fundamental diversity in their primary structures. 
Thus, in this section, we limit our discussion to the cases of lactococcin A, lacto-
coccin 972, and lacticin Q, each of which is well characterized in its unique mode 
of action.

Lactococcin A (LcnA), a member of the nonsubgrouped class IId bacterio-
cins, has a relatively narrow antimicrobial spectrum, which mainly includes 
other lactococci. In the early 1990s, LcnA was shown to increase the permeabil-
ity of the cytoplasmic membrane and dissipate the membrane potential of the 
target cells in a voltage-independent, protein-mediated manner (van Belkum 
et al. 1991b). An immunity factor of LcnA, termed LciA, was identified and 
characterized as being partly associated with the cell membranes (Nissen-Meyer 
et al. 1993), and it was suggested that LciA renders the cells immune by block-
ing the interaction between LcnA and its putative receptor (Venema et al. 1994). 
It was eventually proved by Diep et al. that LcnA binds to the components of 
man-PTS as a receptor in susceptible cells, just as the case of pediocin-like bac-
teriocins and that the immunity protein LciA strongly binds to the LcnA-receptor 
complex, thereby preventing cell membranes from LcnA-induced permeabiliza-
tion (Diep et al. 2007). Interestingly, the complex between LciA and the receptor 
proteins forms in a bacteriocin-dependent manner, as the complex is recognized 
only in the presence of LcnA. Moreover, among the components of man-PTS 
(IIAB, IIC, and IID), membrane-located IIC and IID are the components suffi-
cient for both the sensitivity to LcnA and the complex formation with LciA 
(Diep et al. 2007). It is noteworthy that not only LcnA but also lactococcin B 
(LcnB), another class IId bacteriocin, is suggested to use the man-PTS compo-
nents IIC and IID as the receptor, although LcnA and LcnB share no sequence 
similarity to each other and neither shares any similarity to class IIa pediocin-
like bacteriocins (Diep et al. 2007).

In contrast to other class II bacteriocins, lactococcin 972 (Lcn972), a member 
of the sec-dependent group of class IId bacteriocins, does not target the plasma 
membrane; instead, it inhibits the growth of susceptible cells by interfering with 
septum formation (Martínez et al. 2000). It was also shown that Lcn972 activates 
the two-component system CesSR that triggers the response of susceptible cells to 
cell envelope stress (Martínez et al. 2007), inducing the release of a prophage 
(Madera et al. 2009). The inhibition of cell wall biosynthesis is also recognized in 
the actions of type B lantibiotic mersacidin, which forms a complex with lipid II 
and inhibits peptidoglycan biosynthesis at the level of transglycosylation (Brötz 
et al. 1998). On the other hand, it has also been revealed that Lcn972, as the first 
nonlantibiotic bacteriocin, specifically interacts with the cell wall precursor lipid 
II (Martínez et al. 2008). The activity of Lcn972 against the target strain was 
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antagonized in the presence of external lipid II; in contrast, antagonization was not 
observed when treated with other cell-wall precursors, such as lipid I, C

55
-P, or 

C
55

-PP (Martínez et al. 2008). Moreover, Lcn972 is coprecipitated only with lipid 
II micelles, and it inhibits the activity of two enzymes that use lipid II as a sub-
strate (Martínez et al. 2008). Since Lcn972 only consists of unmodified amino-
acid residues, it apparently lacks the structural motif, a lanthionine ring, which is 
found in nisin as a binding cage for lipid II (Hsu et al. 2004). In addition, the 
antimicrobial activity of Lcn972 is restricted to lactococci, which is in contrast to 
the wide antimicrobial activity of nisin. These observations strongly suggest that 
Lcn972 has a novel motif for recognizing lipid II and/or other factors that facilitate 
binding.

Another lactococcal bacteriocin, lacticin Q (LnqQ), a member of the leaderless 
group of class IId bacteriocins, is a cationic 53-amino-acid peptide that shows bac-
tericidal activity against a wide range of Gram-positive bacteria (Fujita et al. 2007). 
LnqQ was predicted to contain two amphiphilic a-helixes at positions 4–13 and 
38–49 (see Fig. 13.1) and, by recording the CD spectrum of the peptide, was con-
firmed to form an a-helical structure in the presence of negatively charged lipo-
somes (Yoneyama et al. 2009a). LnqQ equally disrupted the membrane potentials 
of intact and vancomycin-treated cells, in contrast to the finding that the membrane-
permeabilizing activity of nisin A was interfered by vancomycin treatment. 
Together, it is considered that LnqQ does not use lipid II as a target receptor 
(Yoneyama et al. 2009a). Furthermore, a drastic leakage of entrapped indicator 
from negatively charged liposome, large unilamellar vesicles (LUVs) was observed 
when the LUVs were treated with very low concentrations of LnqQ at which 
neither of nisin A nor pediocin PA-1 had previously been reported to cause a 
considerable leakage (Breukink et al. 1997; Chen et al. 1997); thus, it appears 
that LnqQ, in contrast to other bacteriocins, does not require a receptor for its 
membrane-permeabilizing activity (Yoneyama et al. 2009a). In more detailed stud-
ies, peptide translocation of LnqQ from the outer to the inner membrane leaflets 
was detected by fluorescent resonance energy transfer from the tryptophan residues 
of LnqQ to dansyl-labeled LUVs (Yoneyama et al. 2009b). In addition, lipid flip-
flop of LUVs was observed when the liposomes were treated with LnqQ. Finally, 
both the peptide translocation and the lipid flip-flop were estimated to occur syn-
chronously with pore formation of the LUVs (Yoneyama et al. 2009b). These 
phenomena are observed in the “toroidal-pore model” of the membrane-permeation 
mechanism (Brogden 2005). Some antimicrobial peptides from multicellular 
eukaryotes, such as magainin 2, induce a toroidal-pore (Yang et al. 1998), but none 
of the Gram-positive bacteria are reported to induce the same pore formation. Thus, 
LnqQ is the first bacteriocin from Gram-positive bacteria that has been shown to 
act via a toroidal-pore mechanism. Moreover, the size of the pore formed by LnqQ 
treatment was estimated to be 4.6–6.6 nm in diameter, which leads to protein 
leakage from bacterial cells (Yoneyama et al. 2009b). Considering all the above-
mentioned findings, Yoneyama et al. proposed the mode of action of LnqQ as the 
“Huge Toroidal Pore (HTP)” model (Yoneyama et al. 2009b, Fig. 13.3).
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Concluding Remarks

A great number of bacteriocins from Gram-positive bacteria have been identified 
since nisin was firstly discovered in 1928. A series of research on bacteriocins has 
been developed to such an extent that they are now classified into some groups 
according to their primary structures and biological features. There are, however, 
a considerable number of bacteriocins found to be unusual and not to fall into the 
majority. These heterogeneous bacteriocins, namely, the class IId bacteriocins, 
offer a wide variety of structures, which are potentially accompanied by the same 
variety of antimicrobial functions. In this regard, three lactococcal bacteriocins, 
such as lactococcin A, lactococcin 972, and lacticin Q were exemplified in this 
chapter to show the uniqueness of its structure and antimicrobial mechanism. 
This is, of course, only a small part of the whole thing. Considering the diverse 

Lacticin Q
(i)

(ii)

(iii)

Fig. 13.3 The mode of action of lacticin Q (HTP model). Lacticin Q binds to the negatively 
charged phospholipid bilayer (i) and forms a huge toroidal pore (4.6–6.6 nm in diameter) accom-
panied by lipid flip-flop (ii), which leads to a leakage of intracellular molecules from target cells. 
Peptide translocation of lacticin Q occurs synchronously with the pore formation (iii) (This figure 
is a modified version of Fig. 7 of Yoneyama et al. 2009b)
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 structures of class IId bacteriocins, they can be an amazing source of novel 
 antimicrobial peptides. Additionally, since all of them are “unmodified linear 
 peptides,” they can also be a model for artificially synthesized antimicrobial 
agents. There are, however, a lot of steps remaining toward the practical use of 
these bacteriocins or producers. The basal understandings such as the mechanisms 
of biosynthesis and gene regulation, modes of action, or structure–function rela-
tionships are still unexplained in most of these bacteriocins. To deepen the under-
standings and find out the missing piece of information is strongly required not 
only for the utilization of these bacteriocins but also for the development of the 
possibility of bacteriocins.
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Abstract The study of bacteriocins, notably those produced by E. coli (and named 
colicins), was initiated in 1925 by Gratia, who first discovered “un remarquable 
exemple d’antagonisme entre deux souches de colibacilles”. Since this innovat-
ing observation, the production of toxic exoproteins has been widely reported in 
all major lineages of Eubacteria and in Archaebacteria. Bacteriocins belong to 
the most abundant and most diverse group of these bacterial defense systems. 
Paradoxically, these antimicrobial cytotoxins are actually powerful weapons in the 
intense battle for bacterial survival. They are also biotechnologically useful since 
several bacteriocins are used as preservatives in the food industry or as antibiotics 
or as potential antitumor agents in human health care. Most colicins kill bacteria in 
one of two ways. The first type is those that form pores in the phospholipid bilayer 
of the inner membrane. They are active immediately after their translocation across 
the outer membrane. The translocation pathway requires generally either the BtuB 
receptor and the Tol (OmpF/TolABQR) complex, or the FepA, FhuA, or Cir receptor 
and the Ton (TonB/ExbBD) system. The second type of colicins encodes specific 
endonuclease activities that target DNA, rRNA, or tRNAs in the cytoplasm. To be 
active, these colicins require translocation across both the outer and inner mem-
branes. The molecular mechanisms implicated in the complex cascade of interac-
tions, required for the transfers of colicin molecules from the extracellular medium 
through the different “cellular compartments” (outer membrane, periplasm, inner 
membrane, and cytoplasm), are still incompletely understood. It is clear, however, 
that the colicins “hijack” specific cellular functions to facilitate access to their target. 
In this chapter, following a general presentation of colicin biology, we describe, 
compare, and update several of the concepts related to colicin toxicity and discuss 
recent, often unexpected findings, which help to advance our understanding of 
the molecular events governing colicin import. In particular, our review includes 
the following: (1) Structural data on the tripartite interaction of a colicin with the 
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outer membrane receptor and the translocation machinery, (2) Comparison of the 
normal cellular functions of the Tol and Ton systems of the inner membrane with 
their “hijacked” roles during colicin import, (3) An analysis of the interaction of a 
nuclease-type colicin with its cognate immunity protein in the context of the immu-
nity of producer cells, and of the dissociation of this complex in the context of the 
attack of the colicin on target cells, (4) Information on the endoproteolytic cleavage, 
which presumably accompanies the penetration of nuclease-type colicins into the 
cytoplasm. The new data presented here provides further insight into cellular func-
tions “hijacked” or “borrowed” by colicins to permit their entry into target cells.

Introduction

Bacteriocins are toxic exoproteins synthesized by bacteria. Bacteriocins that are 
produced by Escherichia coli strains are named colicins (Gratia 1946). Colicins are 
proteins (30–75 kDa) that are released into the culture medium and are toxic against 
the same or closely related species, but not against colicinogenic (i.e., colicin pro-
ducer) cells, which stay immune. Colicins that have a molecular weight below 
10 kDa were designated as microcins (or antimicrobial peptides) (Baquero et al. 
1978; Braun et al. 2002). The term “bacteriocin” was preferentially assigned to 
antibiotic peptides produced by Gram-positive bacteria, which are toxic against a 
wide spectrum of bacteria (Cotter et al. 2005).

There are two major classes of colicins based on the type of activity involved in 
cell killing, either a nuclease or a pore-forming activity. Nuclease colicins target a 
particular type of nucleic acid (e.g., chromosomal DNA, 16S rRNA, or tRNAs) 
(Bowman et al. 1971; Senior and Holland 1971; Ogawa et al. 1999; James et al. 
2002; Masaki and Ogawa 2002), while ionophoric colicins make pores (i.e., voltage-
dependent ion channels) in the phospholipid bilayer of the inner membrane, and 
thus, provoke an irreversible depolarization of the membrane followed by a deple-
tion of cytoplasmic ATP (Guihard et al. 1993; Lakey and Slatin 2001).

A specific plasmid is required for the expression of each colicin, and it carries 
at least two and sometimes three colicin-related genes. The first gene (cxa, where “x” 
corresponds to the specific letter of each colicin) encodes the colicin, while the second 
one (cxi) encodes the immunity protein (ImmX). In the case of nuclease colicins, 
these two genes are organized in an operon followed by a third structural gene (cxl) 
encoding a BRP (bacteriocin release protein, so-called “lysis protein”) (Fig. 14.1a1). 
When the BRP synthesis is induced, it allows the release of colicin into the medium 
and causes the death of the producer cell (Jakes and Zinder 1984; van der Wal et al. 
1995). In the case of pore-forming colicins, the structural gene encoding the 
cognate Imm protein is located downstream of cxa gene, but in an inverted orienta-
tion, and thus, it is only transcribed from its own constitutive promoter (Hardy and 
Meynell 1972; Little and Mount 1982; Lloubes et al. 1988) (Fig. 14.1a2). Moreover, 
there is no BRP encoding gene in some pore-forming-colicin-encoding operons, 
(e.g., colicins Ia, Ib, and B) (Braun et al. 2002).
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Colicin production is inducible by environmental stress. The three structural 
genes belonging to the operon of nuclease-type colicins are cotranscribed from a 
SOS promoter so that their expression is enhanced simultaneously during the stress 
response of the cell, (Masaki et al. 1985; Roos et al. 1989; James et al. 1996) 
(Fig. 14.1a1). In the absence of any SOS stimuli (for example, DNA damage trig-
gered by UV light or the antibiotic mitomycin C), the transcription of colicin 
operon is repressed by LexA. Two dimers of the LexA repressor bind to specific 
sites in the promoter region. The stress response activates the RecA protein, which 
stimulates the self-cleavage of LexA and the subsequent release of LexA from the 
SOS promoter region. This in turn induces the transcription of the colicin operon 
(Little 1982; Lloubes et al. 1988).

The nuclease colicins (E2–E9 and D) form a tight (1:1 M) heterodimeric com-
plex with their cognate immunity proteins (Kleanthous et al. 1998; Graille et al. 
2004). The structural gene encoding the Imm protein is expressed constitutively 
from its own promoter as well as part of the three gene operon, thus protecting the 
colicin producer cells against exogenous colicin molecules (Fig. 14.1a1). The Imm 
protein of pore-forming colicins is only transcribed from its own constitutive pro-
moter (Hardy and Meynell 1972; Little and Mount 1982; Lloubes et al. 1988) 
(Fig. 14.1a2). It interacts directly, in the cytoplasmic membrane of the infected cell, 
with the specific, pore-forming domain of the exogenous colicin molecule (Goldman 
et al. 1985; Geli and Lazdunski 1992). Pore-forming colicin producer cells do not 
need to be protected against their own colicin molecules, since the polarity of the 
cytoplasmic membrane is opposite to that necessary for opening the pore.

The particularity of colicin biology, from the point of view of bacterial cell 
physiology, is that the process of colicin import, which precedes the killing of the 
target cell, makes use of a series of the target cells’ own functions, which the colicins 
“hijack” for their own use. To some extent, this exploitation of the cells’ own 
machinery is also true for colicin release into the extracellular medium, even though 
the release process frequently requires a colicin-specific BRP protein (Fig. 14.1a).

During the import, colicins parasitize different multiprotein systems of the 
cell envelope (e.g., ligand-gated receptors for uptake of vitamin B12 (cobalamin), 
iron siderophores or nucleoside, and outer membrane porins) and hijack the Tol or 
Ton membrane system coupled to the proton-motive force (PMF) of the cytoplasmic 
membrane. Normally, the Tol system plays a role in cell envelope stability, while 
the Ton system transduces energy for the transport of some essential nutrients. 
Other than the Tol or Ton system, several LPS biogenesis proteins (Sharma et al. 2009), 
a periplasmic chaperone FkpA (Hullmann et al. 2008) and two essential proteins of 
the cytoplasmic membrane, LepB and FtsH (de Zamaroczy et al. 2001; Walker 
et al. 2007), are occasionally recruited during colicin import.

A historical classification of colicins derives from the cross-sensitivity of the 
target cells, which is dependent on the translocation pathway required for the 
colicin to cross the outer membrane and transit the periplasm. Accordingly, the 
colicins defined as belonging to the group A require generally the BtuB receptor 
and the Tol (OmpF/TolABQR) system, whereas colicins of group B are mainly 
dependent on the FepA, FhuA, or Cir receptor and the Ton (TonB /ExbBD) system. 
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Fig. 14.1 (a) Structural organization of colicin operons and (b) modular domain-organization of 
the colicin encoding structural genes. (a1) Typical gene organization of nuclease colicins of 
groups A and B, e.g., colicins E2–E9 and colicin D, respectively. Bent arrows show the position 
of transcription promoters: pSOS and p-s70 indicate inducible (SOS response dependent) and 
constitutive promoters, respectively. “TT” indicates transcription terminator. The colicin is 
expressed from the cxa structural gene, Imm (the immunity protein) is encoded by the cxi gene 
and BRP (bacteriocin release protein) is expressed from the cxl. (a2) Typical gene organization 
of pore-forming colicins of groups A (e.g., colicins A and E1). In all cases, the Imm encoding 
structural gene has an inverted orientation, and it is only expressed from its own constitutive 
promoter. [BRP] indicates the absence of gene encoding a BRP in several operons for pore-
forming colicins of group B, (e.g., colicins Ia, Ib, and B). (b1) The canonical domain organization 
of group-A colicins (e.g., colicins E and colicin A) and group-B colicins Ia and Ib. The R- (central 
receptor-binding) domain is used to recognize the specific TonB gated receptor, hijacked for coli-
cin import. The N-terminal T- (translocation) domain is usually required for the interaction with 
the secondary om (outer membrane) translocator. [TolB box] indicates the specific site of interac-
tion with TolB, in the case of several colicins of group A. (The TonB box of colicins Ia and Ib is 
not shown.) The C- (cytotoxicity domain) carries the pore-forming or nuclease activity used for 
cell killing. [CC] indicates the consensus 30-amino-acid sequence, only present in nuclease 
colicins, located at the junction between the R- and C-domains [including the short N-terminal 
L- (linker) region just upstream of the C-domain]. (b2) The domain organization of group-B 
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Colicins of group A (A, E1 to E9, K, N, U, and cloacin DF13) and some colicins of 
group B (e.g., colicins Ia, Ib, and probably colicin M) generally contain structur-
ally identifiable N-terminal, central, and C-terminal domains, which are implicated 
in translocation (T-domain), receptor binding (R-domain), and cytotoxicity 
(C-domain), respectively, and thus correspond to sequential steps of colicin import 
and cell killing (Ohno-Iwashita and Imahori 1980; Ohno-Iwashita and Imahori 
1982; Benedetti et al. 1991a; Braun et al. 2002) (Fig. 14.1b1). Since their targets 
are Gram-negative bacteria, pore-forming colicins (e.g., colicins E1, A, N, Ia, B) 
need to be translocated across the outer membrane barrier and the periplasmic 
space (transit) to reach the cytoplasmic membrane to be active. In addition, the 
nuclease colicins (E2 to E9, D), cloacin DF13, and klebicins C and D (Chavan et al. 
2005) also require translocation across the inner membrane to reach their targets in 
the cytoplasm.

One of the oldest areas of prokaryotic research is the biology of colicins. It 
started more than 70 years ago and is still subject to intense investigation. A lot of 
data concerning the export of colicins, the import and mechanisms of toxicity in 
target cells, and the self-immunity of colicin producers has accumulated during the 
last few decades and has been reported in previous reviews (Pugsley 1984; James 
et al. 1996; Lazdunski et al. 1998; Braun et al. 2002; de Zamaroczy and 
Buckingham 2002; James et al. 2002; Masaki and Ogawa 2002; Riley and Wertz 
2002; Postle and Kadner 2003; Cascales et al. 2007). Despite the recent advances 
in our knowledge of colicin biology, and in particular concerning the molecular 
mechanisms for the successive transfer of colicin molecules between different 
“cellular compartments”, the complete import mechanisms remain poorly under-
stood, notably in the case of the colicins of group B. We describe and update some 
intriguing aspects of colicin acquisition and highlight recently reported data and 
concepts concerning the cascade of interactions between colicins and the cell 
envelope. The import processes are presented for each of the A- and B-group 
colicins and are described following the chronological steps of colicin entry into 
the periplasm of the target cell. Where necessary, a description of the normal func-
tions of hijacked membrane components is given before its role in colicin uptake 
is described. For some steps, specific “strategies” developed by some colicins are 
also discussed. The last section concerns the translocation mechanisms across the 
inner membrane, which are specific to nuclease colicins, belonging to both colicin 
groups A and B.

Fig. 14.1 (continued) colicin B. The combined multifunctional (T-R) domain is separated by a 
74 Å long a helix from the C-terminal pore-forming domain. “TonB box” (called the “TonB box”-
like sequence in the text) indicates the specific interaction site with the TonB protein. (b3) The 
domain organization of the group-B colicin D. The 313-amino-acid long N-terminal (T-R) domain is 
93% identical to that of colicin B, but in contrast to colicin B (B2), a large CD- (central) domain 
precedes the C-terminal tRNase domain. The CD plays a role in the recognition of TonB, together 
with the N-terminal part of the T-R domain, and in the formation of the complex with ImmD, 
together with the C-terminal tRNase domain. All references are given in the text
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Translocation Machinery of Colicins of Group A: Physiological 
Function and Hijacked Role of the BtuB/Tol System

Substrate Transport or Colicin Reception by BtuB

The biological function of BtuB is to transport vitamin B12 (cyanocobalamin) into 
the periplasm. Its activity is strictly dependent on the TonB energy transduction 
system, which is driven by the proton-motive force (PMF) across the inner mem-
brane (Postle and Kadner 2003). BtuB, like the other structurally homologous 
TonB-dependent outer membrane receptors (FhuA, FepA, FecA used by colicins of 
group B, see below), is a porin-like protein involved in the uptake of essential nutri-
ments. It is formed by a 22-stranded C-terminal b-barrel domain and a globular 
N-terminal “plug” or “cork” domain, formed by the first 132 amino acids, which is 
inserted inside the barrel, (Ferguson et al. 1998; Locher et al. 1998; Buchanan et al. 
1999; Chimento et al. 2003a). The channel in this state is said to be occluded and 
is not able to translocate either cobalamin or colicins. A structurally disordered 
peptide motif of BtuB is the major recognition element for TonB (the so-called 
“TonB box”). It is located close to the N  terminus of the cork and is oriented toward 
the periplasm. The interaction between the TonB box of BtuB and TonB is depen-
dent upon a transmembrane signalling, which is induced by the substrate binding 
to its cognate receptor (Chimento et al. 2003b; Cherezov et al. 2006). Thus, in the 
presence of its natural substrate, the interaction of BtuB with TonB induces the 
partial unfolding or other localized conformational rearrangements in the cork 
domain. In fact, the crystal structure of TonB in complex with FhuA or BtuB 
showed that this interaction allows TonB to apply a “mechanical pulling force” to 
the central b sheet of the cork domain, which provokes its disruption (Pawelek et al. 
2006; Shultis et al. 2006). The consequence of this is that either a small transient 
channel opens within the barrel, which still contains the reorganized cork domain, 
or the cork domain is pulled partially out of the barrel sothat in either case the 
substrate can be transported into the periplasm.

The initial step of colicin import is the recognition of target cells, mediated by 
colicin binding to a specific outer membrane receptor. In the case of colicin A and 
colicins E, the primary cognate receptor, the BtuB protein, is recognized by the 
apex of the central receptor-binding R-domain, which has an extended coiled-coil 
structure (Fig. 14.2a–c). The dissociation constant for the receptor domain of 
colicins E2, E7, and E3 to the receptor BtuB, determined by biosensor assay and 
qualitatively confirmed by microbiological spot tests, is K

d
 = 10−9 M, whereas the 

binding affinities of colicins A and E1 were significantly lower (Kurisu et al. 2003; 
Sharma et al. 2009). Importantly and in contrast with substrate uptake, the import 
of A-group colicins does not necessitate the Ton system. In agreement with this, the 
addition of the RNase colicin E3 to BtuB, incorporated into planar bilayers, did not 
reveal any ion channel activity in the receptor (Kurisu et al. 2003). Thus, during 
A-group colicin import, there is no displacement of the plug from inside the receptor, 
which indicates that the colicin is not translocated through the pore formed by the 
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b-barrel of the receptor. Thus, the primary colicin receptor BtuB is only involved 
in high-affinity colicin recognition and not in translocation.

Colicin Translocation Across the Outer Membrane:  
the Passage Through OmpF Porin

The crystal structures of BtuB in complex with the R-domain of the RNase colicin 
E3 or DNase colicin E2 revealed a probably conserved mechanism for the transloca-
tion of colicins of group A across the outer membrane (Kurisu et al. 2003; Sharma 
et al. 2007). The central R-domain of colicin E3 and of pore-forming colicin Ia 
(which belongs to colicins of group B and is presented in detail in “The Outer 
Membrane Translocation Machinery of B-Group Colicins: The Function”) consist 
essentially of a long coiled-coil structure of 100 and 160 Å, respectively (Wiener et al. 
1997; Soelaiman et al. 2001). Both are very tightly anchored to long extracellular 
loops on the cell surface of their high affinity receptors (BtuB and Cir, respectively) 
(Figs. 14.2a and 14.3a), but in symmetrically opposite directions. The orientation of 
these R-domains is at an angle of about 45° above the lipid bilayer in both complexes. 
Moreover, both colicins enter the binding pocket of their receptor to a similar depth, 
but only in the case of the colicin Ia bound to Cir is there a conformational change in 
two extracellular loops of the receptor, as a consequence of the colicin’s entry into the 
vestibule of the pore (Buchanan et al. 2007). The highly flexible N-terminal translo-
cation domain of both these colicins is slanting and directed toward a “secondary 
receptor”. The latter acts as the real colicin translocator, and in the case of colicins E1 
to E9, it is the trimeric outer membrane OmpF porin (Benedetti et al. 1989; Zakharov 
et al. 2006). The BtuB receptor with the bound colicin and the recruited OmpF porin 
together constitute the outer membrane translocon for the import of most A-group 
colicins (Fig. 14.2a) (Kurisu et al. 2003; Zakharov et al. 2004; Housden et al. 2005). 
(For the B-group colicin Ia the secondary receptor/translocator is presented in Colicin 
of Group B: Reception by FepA, FhuA, or Cir.)

The attachment of the R-domain to BtuB was predicted to trigger colicin unfold-
ing, which is thought to be an early step of colicin import and which is necessary 
for the passage of the colicin across the outer membrane (Kurisu et al. 2003). 
Paradoxically, calorimetric analysis (ITC) of the binding of the DNase colicin E9 
to BtuB showed that this interaction does not induce any conformational changes 
in the colicin domains, and so colicin unfolding must take place after the assembly 
of the tripartite colicin/BtuB/OmpF complex (Housden et al. 2005). However, the 
interaction of colicin E3 with either BtuB or OmpF reduced the efficiency of FRET 
between T- and C-domains of the colicin, linked with a flexible region. The present 
view is that unfolding of the colicin seems to be induced by both the recognition of 
BtuB by the R-domain and subsequent insertion of the T-domain into OmpF 
(Zakharov et al. 2008). In the case of colicins E3 and E9, about 80 residues of the 
N terminus of the T-domain, which is disordered in the native colicins, occlude one 
of the pores of the trimeric OmpF, whereas the distal part of the T-region remains 
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Fig. 14.2 Tentative models of the import mechanisms for different colicins of group A. Each 
diagram shows the proteins known to be involved in the passage of the colicin across the outer 
membrane (om), and the periplasm, to the cytoplasmic membrane (im) [pore forming colicins, 
(b–c)], and across the im into the cytoplasm [nuclease colicins (a)]. The three domains of the 
colicins are indicated as “T” (N-terminal: translocation), “R” (central: receptor-binding), and “C” 
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surface-exposed, until the unfolding of the receptor-binding domain bound to BtuB. 
The length of the N-terminal subdomain inserted into OmpF is critical, since it 
allows the TolB recognition sequence, located close to the colicin N terminus and 
named TolB box, to reach the periplasm and then interact with the periplasmic TolB 
protein (Fig. 14.2a) (Sharma and Cramer 2007; Zhang et al. 2008). This key inter-
action of colicins of group A with the Tol system is described in detail below.

Some colicins of group A use variations of these processes to cross the outer 
membrane. For instance, the pore-forming colicin N uses OmpF as the sole recep-
tor-translocator (Bourdineaud et al. 1990; Jeanteur et al. 1994). While colicin E1, 
another pore-forming colicin, once bound to BtuB, requires neither OmpF nor TolB 
but interacts specifically with a cognate secondary receptor-translocator, identified 
as TolC (Fig. 14.2b) (Benedetti et al. 1991b; Zakharov et al. 2004). TolC is an outer 
membrane “channel-tunnel” over 140 Å long that spans both the outer membrane 
and periplasmic space and which is required for the export of xenobiotics and 
hemolysin (Koronakis et al. 1997; Koronakis et al. 2000). Unexpectedly, TolC was 
also shown to be essential for the toxicity of colicin A (Sharma et al. 2009). But in 
contrast with its function as a channel for colicin E1 translocation, the effect of 
TolC on colicin A toxicity is presumably indirect and was attributed to a TolC-
mediated control of OmpF synthesis (Misra and Reeves 1987). OmpF is the 
primary high-affinity receptor for colicin N, which remains toxic against DtolC 
target cells. In contrast, colicin A, which uses OmpF as secondary receptor for its 

Fig. 14.2 (continued) (C-terminal: cytotoxicity). Cork refers to the N-terminal “cork” domains of 
the TonB-gated receptor, BtuB, which carries the TonB box, the site of interaction of the receptors 
with TonB. The TolQ, TolR proteins associated with TolA are essential to the energy transduction 
of the im proton-motive force (PMF) to the om. The three channels of the trimeric porin OmpF 
are indicated, as are Pal (peptidoglycan associated lipoprotein) and PGL (peptidoglycan layer). 
The arrows indicate the sites of interaction between the colicins and different proteins of the cell 
envelope, or the location of the targets of colicin activity domains. A “?” on arrows with dashed 
lines indicates a putative route for the translocation of the C-domains of the colicins across the 
cell envelope. See text for full details and references. (a) Translocon of colicins E3 and E2 via 
BtuB, OmpF, and TolB. The R-domain of the colicin makes contact with BtuB, the primary 
receptor, while the T-domain (and possibly the C-domain) enters via the secondary translocator 
OmpF. The TolA(QR)/TolB network is required either for membrane integrity control, via the 
interaction with Pal (arrow “1”) “or” for the “energization” of colicin import, via the interaction 
with the T-domain (arrow “2”). For the sake of clarity, the release of the immunity protein from 
the nuclease-colicin bound to BtuB is not shown. FtsH is an essential ATPase/protease required 
for the translocation of all nuclease colicins across the inner membrane. (b) Translocon of colicin 
E1 via BtuB, TolC, and TolA(R). BtuB acts as the primary receptor by interacting with the 
R-domain. TolC, as the secondary translocator is energized via TolA and allows the passage of 
the T and possibly the C domains of colicin. (c) Translocon of colicin A via BtuB, OmpF, TolB, 
and TolA(QR). After a primary contact between the R-domain and the BtuB receptor, the T-domain 
is proposed to slide down the OmpF–lipopolysaccharide (LPS) interface toward the periplasm. 
This process requires OmpF and successive interactions of the colicin with TolB and TolA (arrows 
“1” and “2”, respectively). The essential, but presumably indirect, role of TolC in colicin A toxicity 
is not indicated but is described in the text



264 M. de Zamaroczy and M. Chauleau



26514 Colicin Killing: Foiled Cell Defense and Hijacked Cell Functions

translocation, has a much lower affinity for OmpF than colicin N (Fig. 14.2c). Thus, 
colicin A is more sensitive to a decreased level of OmpF, and therefore, the deletion 
of tolC renders target cells completely resistant to colicin A (Sharma et al. 2009).

The Tol System of the Cell Envelope in Gram-Negative Bacteria

The Tol system is a multiprotein complex of the cell envelope involved in main-
taining outer membrane stability (Guihard et al. 1994; Lazzaroni et al. 1995). It is 
composed of TolQ, an integral inner membrane protein, and TolR with TolA, 
which are anchored in the inner membrane and have large periplasmic domains. 
The transmembrane domains of these three proteins interact with each other, and 
in addition, TolA contacts outer membrane porins through an elongated coiled-
coil structure. The primary role of TolQR is to couple the energy of the PMF 
across the inner membrane to TolA. Thus, TolQR were proposed to form an ion-
conducting channel involved in the transduction of conformational changes to 
TolA (Germon et al. 2001). The soluble periplasmic protein TolB completes the Tol 
system. TolB, as well as being associated with the outer membrane and interacting 
with TolA, also interacts with both the peptidoglycan layer and outer membrane 
protein Pal (peptidoglycan-associated lipoprotein) (Lazdunski et al. 2000; Sturgis 
2001). The association of Pal with the peptidoglycan layer and its binding to TolB 
are mutually exclusive (Bouveret et al. 1999). It is noteworthy that the C-terminal 
part of TolB forms a six-bladed b-propeller, each blade of which consists of twisted 
b-sheets. This conserved structure binds substrates or ligands at or above the cen-
tral chamber, which is formed at the junction of the “propeller blades” (Abergel 
et al. 1999; Ponting and Pallen 1999). In the case of TolB, the association of its 

Fig. 14.3 Tentative models of the import mechanisms for different colicins of group B. Each 
diagram shows the proteins known to be involved in the passage of each colicin across the outer 
membrane (om), and the periplasm, to the cytoplasmic membrane (im) [pore-forming colicin Ia, (a), 
and murein synthesis inhibiting colicin M, (b)] and across the im into the cytoplasm [tRNase colicin 
D, (c)]. (a) Translocon of colicin Ia via two copies of Cir and TonB. Cir acts as both the primary 
receptor and secondary translocator. Arrows “1” and “2” indicate two sequential interactions with 
TonB, first with the cork domain of the receptor and then with the T-domain of the colicin. (b) Import 
pathway of colicin M via FhuA, which acts presumably as both primary receptor and secondary 
translocator, and TonB. Arrows “1” and “2” indicate two interactions with TonB, first with the cork 
domain of the receptor, and then with the T-domain of the colicin. FkpA is a periplasmic chaperone 
required for refolding the whole colicin M molecule, in the periplasm, into an active toxin. (c) Colicin 
D uptake via FepA and TonB. FepA is the primary receptor and possibly a second copy of FepA 
might act as the secondary translocator. There are three interactions with TonB involving the cork 
domain of the receptor (arrow “1”), the TonB-box like sequence in the T-domain (arrow “2”), and a 
sequence in colicin D-specific central domain (CD) (arrow “3”). The entrance of colicin D tRNase 
into the cytoplasm requires both the FtsH protease and specifically the signal peptidase (LepB) of 
the inner membrane. “R-, T-, C-” domains of colicins, “cork” of the receptors Cir, FhuA, or FepA, 
the arrows, and “?” are indicated in the legend of Fig. 14.2. The ExbB, ExbD proteins, associated 
with TonB, are essential for the energy transduction of the im proton-motive force (PMF) to the 
TonB-gated receptors. See text for full details and references
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b-propeller domain with Pal (Ray et al. 2000) is a key interaction ensuring outer 
membrane stability. The interaction of TolB with the energized TolA (Walburger 
et al. 2002), as well as a probable direct interaction between the “energized” TolA 
and Pal, ensures the maintenance of the outer membrane integrity (Cascales et al. 
2000; Lazzaroni et al. 2002). The Tol network has also been reported to have 
another physiological role: it may contribute to the adaptation of the cell envelope 
structure prior to the formation of the septal wall during cell division (Gerding et al. 
2007).

Colicin Uptake Necessitates Interactions with the Tol System

Colicins of group A appear to parasitize the Tol system to energize their transloca-
tion. The translocation involves sequential interactions in the periplasm between 
the N-terminal translocation domains of the colicins, as they pass through OmpF, 
and the TolA-B proteins (Fig. 14.2a) (Cheng et al. 2006). Most colicins of group A 
use the TolABQR proteins of the Tol network, but not TolC. However, the pore-
forming colicin E1 requires TolAQR and specifically TolC as described above 
(Fig. 14.2b), while the pore-forming colicin N, as well as the RNase cloacin DF13, 
needs only the TolAQR proteins. In addition, some of colicin/Tol system interac-
tions are very subtle and/or specific. For instance, a recent genome-wide screening 
using the “Keio collection” (a systematic single-gene knockout library of all nones-
sential E. coli genes) revealed that (i) colicin E1 does not require absolutely TolQ 
for cytotoxicity, in contrast with a previous observation, and confirmed that (ii) 
despite the strong association of Pal with TolB and its key role in membrane stabil-
ity (Clavel et al. 1998), Pal is not essential for the cytotoxicity of A-group colicins 
(Sharma et al. 2009).

Cascade Interactions with the Tol System for Colicin Transport 
Across the Outer Membrane and Transit Through the Periplasm

There is a large amount of data concerning the passage of colicins of group A 
through the outer membrane and periplasmic space, but it is only recently that a 
composite picture can be drawn from the sometimes disparate results. After binding 
of the central R-domain to the receptor, the T-domain of colicin E3 (Fig. 14.2a) or 
E9 binds to the b propeller of TolB, in the same way as Pal. Thus, colicin E9 was 
found to compete efficiently with Pal (Carr et al. 2000). But the comparison of the 
dissociation constants of the interaction of colicin E9 and Pal with TolB is clearly 
not in favor of such a competition. However, the presence of Ca2+ ions increases the 
affinity of the colicin E9 T-domain for TolB >10-fold, and it becomes able to dislodge 
Pal from its complex with TolB. Ca2+ ions provoke a reversal of the surface potential 
of the TolB b-propeller channel producing a global positive charge, and this 
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improves its interaction with the negatively charged T-domain of colicin. The same 
charge switch does not critically influence the affinity of Pal to TolB (Loftus et al. 
2006). In summary, the competitive recruitment of TolB by the TolB box of colicins 
E, translocated through the OmpF lumen, leads to the disruption of TolB/Pal 
complex. A key intermediary role of TolB, in connecting the inner membrane TolA 
to the outer membrane Pal has recently been demonstrated by a variety of in vitro 
techniques, combining crystallography, NMR, ITC, and cross-linking (Bonsor et al. 
2009). An allosteric signalling through the TolB b-propeller was found to affect the 
conformational equilibrium between the Pal–TolB interaction and the TolB–TolA 
complex. The precise molecular nature of the signal is not yet known, but it is sup-
posed to be linked to outer membrane stability (Bonsor et al. 2009). Pal induces the 
allosteric signal as long-range conformational changes in TolB that stabilize the 
sequestration of its binding site (called the TolA box) for TolA. In contrast, when 
the TolB box in the T-domain of colicin E9 is translocated into the periplasm, it not 
only recruits competitively TolB from its complex with Pal (see above) but also 
stabilizes the interaction of TolB with TolA, by increasing the affinity of this com-
plex. Even if colicin E9 mimicks Pal binding to TolB, its complex with TolB over-
rides the expected displacement of TolB from TolA, when Pal binds to TolB. 
Consequently, colicin bound to TolB has direct access to the PMF because the 
TolB–TolA–TolQR network is maintained (Bonsor et al. 2009) (Fig. 14.2a). This 
cascade should provide energy from the PMF for the release of the immunity pro-
tein (see next section) and the translocation of the C-terminal killing domain after 
partial or even full unfolding of colicin. The interaction cascade described above is 
not compatible with a direct interaction of TolA with Pal, as previously reported by 
in vivo data (Cascales et al. 2000; Cascales and Lloubes 2004). But the structural 
network described here is in agreement with the absence of any direct interaction 
between TolA and nuclease colicins of group A during the import. In contrast, the 
interaction of the N terminus of colicin E1 or A with the C-terminal domain of TolA 
was demonstrated by several in vitro and in vivo techniques (Derouiche et al. 1997). 
The possibility of forming a tripartite complex in vivo, including TolA-colicin A 
(T-domain)–TolB (Fig. 14.2c), was invoked by an antibody overlay experiment 
(Bouveret et al. 1998). In addition, a weak and transient interaction was reported 
between the T-domain of colicins A and E3, but not of colicin E1, and the central, 
periplasmic domain of TolR (Journet et al. 2001), whereas no interaction between 
TolQ-requiring colicins and the TolQ protein has been demonstrated.

The hijacking of the Tol system during colicin entry into the cell results in a 
miscoupled PMF that may be responsible for a partial loss in the outer membrane 
integrity, comparable to that observed in tol gene deletion strains, which exhibit 
sensitivity to vancomycin, detergents (SDS), and bile salts (Bernstein et al. 1972; 
Lazzaroni and Portalier 1981; Prouty et al. 2002) and which are also characterized 
by a defect in the LPS (lipopolysaccharide) on the cell surface (Gaspar et al. 
2000). An analysis of these tol-defect-like phenotypes and a site-directed muta-
genesis of the extended TolB box region of colicin E9 and colicin A revealed dif-
ferences in the recruitment of the TolB, necessary for the import of A-group 
colicins (Zhang et al. 2010). It has been proposed that the T-domain of colicin A 
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does not enter by a pore of OmpF, unlike colicin E9, but in contrast slides down 
the outside of OmpF (Fig. 14.2c) to reach the periplasm. The primary receptor 
BtuB as well as the secondary receptor OmpF form therefore an essential scaffold 
for the import of colicin A (Lazzaroni et al. 2002), dependent on its successive 
interactions with TolB and TolA (Zhang et al. 2010). In agreement with this 
hypothesis, a decrease in colicin A toxicity was found in strains deleted for gmhB 
or rffT, involved in the biosynthesis of LPS and the enterobacterial common anti-
gen, respectively (Fig. 14.2c) (Sharma et al. 2009). A similar translocation model 
had been previously proposed for colicin N to cross the outer membrane at the 
OmpF–LPS interface (Baboolal et al. 2008). In agreement with this model, muta-
tions affecting the biosynthesis of LPS also conferred resistance to colicin N 
(Sharma et al. 2009).

The major unanswered question concerning translocation is how the C-terminal 
killing domains of the colicins enter the periplasm after the proceeding cascade of 
interactions between the T-domain of the colicin and the Tol system has taken 
place. The OmpF trimer consists of three ion-permeable channels (Cowan et al. 
1992; Alcaraz et al. 2004) of which one is occluded by the entry of the N-terminal 
T-domain. An exciting idea is that the unfolded C-terminal, cytotoxic domain of the 
nuclease colicin E could penetrate into the periplasmic space via one of the other 
unoccupied OmpF pores (Fig. 14.2a). This may occur following the T-domain-
mediated colicin association with the Tol system through OmpF while central 
receptor domain remains bound to BtuB as a scaffold on the surface of the cell 
(Zakharov et al. 2006; Yamashita et al. 2008). Alternatively, the rupture of the 
Pal–TolB interaction provoked by colicin binding could destabilize the outer mem-
brane and allow the C-terminal domain to cross the outer membrane close to but 
outside of OmpF. Consistent with this hypothesis, colicin A was found to span the 
cell envelope and to be still bound to its BtuB receptor, when its killing activity 
became detectable (Fig. 14.2c) (Benedetti et al. 1992). The C-terminal pore-forming 
domains of colicins A and N presumably cross the outer membrane outside the 
OmpF lumen, like their T-domain. On the other hand, colicin E1, including its 
C-terminal pore-forming domain, may pass to the periplasm through the TolC 
channel in a mostly unfolded form, and its translocation presumably requires a 
specific interaction of colicin E1 with TolA (Fig. 14.2b) (Schendel et al. 1997).

Release of the Imm Protein of Nuclease Colicins 
Occurs at a Late Stage of Translocation

The nuclease colicins E form high-affinity complexes (K
d
 ~ 10−14 M) with their 

cognate immunity protein (Imm) in producer cells, but Imm must be released dur-
ing colicin import so that the colicin can kill target cells. The binding per se of the 
colicin–Imm complex to BtuB is not sufficient to release the Imm protein into the 
medium. The release of the immunity protein from the colicins E9– and E2–Imm 
complexes requires the unfolding of the colicin as it penetrates into OmpF and 
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makes contact with the Tol system (Duche et al. 2006; Zhang et al. 2008). In addi-
tion, the loss of ImmE9 from its association with the nuclease domain was shown 
to be energy dependent. Recently, a sensitive fluorescence assay has, for the first 
time, implicated TolA and thus the PMF of the cytoplasmic membrane, in the 
“energization” of the TolB-bound colicin E9, allowing the release of ImmE9 from 
the DNase domain during cell entry (Vankemmelbeke et al. 2009).

Colicin Transit in the Periplasm

The precise molecular mechanism of colicin transit through the periplasmic space is 
not known, but it does not seem to be an energy-dependent process. One model 
invokes Brownian Ratcheting, guided by a complex and sequential network of protein–
protein interactions in the periplasm and involving colicin domains and membrane 
components (Lazdunski et al. 1998; Journet et al. 2001). For the colicin to progress 
through the periplasm, to either form a pore in the inner membrane or be translocated 
across the inner membrane, there should be a constant increase in the affinity of the 
subsequent interactions (Hands et al. 2005), but no data are available.

The Outer Membrane Translocation Machinery of B-Group 
Colicins: The Function of the FepA, FhuA, or FecA Receptors 
and the Ton System

For all colicins the initial import step is the binding of the colicin to its cognate outer 
membrane receptor. Among colicins of group B, the pore-forming colicins Ia and 
Ib use Cir, the tRNase colicin D and pore-forming colicin B use FepA, and colicin M, 
a unique colicin which acts as an inhibitor of murein biosynthesis, requires the outer 
membrane receptor FhuA, to bind to their target cell (Fig. 14.3a–c). These recep-
tors, like the previously described BtuB (used by most colicins of group A), are 
energy-coupled transporters dependent on the TonB system for the translocation of 
the different essential nutrients, which are their natural substrates (Braun et al. 
2002). Although the entry of the colicins of group B into the cell is conceptually 
similar to that of the group A (hijacking of outer membrane receptors leading ulti-
mately to the translocation of the C-terminal cytotoxic domain), it is functionally 
different due to the strict necessity of the active transport function of the colicin-
bound receptor. For colicins of group A, the function of the Tol system appears to 
be limited to providing energy to release the immunity protein from the nuclease 
domain and to unfold the colicin protein prior to the translocation. The important 
difference for the translocation of the B-group colicins across the outer membrane 
compared to A-group is that in addition to a direct contact of TonB with the colicin 
molecule itself, the PMF coupled to the receptor by the Ton system was shown to 
be essential for the B-group colicins. This is a strong argument in favor of B-group 
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colicins directly using their receptors to penetrate the target cell, in a way similar to 
that of the normal substrates.

Colicin of Group B: Reception by FepA, FhuA, or Cir

The binding of colicins Ia and M to Cir and FhuA, respectively, was shown not to 
be dependent on the interaction of their receptor with TonB, unlike the subsequent 
translocation step (Buchanan et al. 2007; Zeth et al. 2008). Thus, in the absence of 
energy provided by the PMF, the binding of the R-domain of colicin Ia to Cir 
(Fig. 14.3a) neither displaces the plug from the b-barrel nor does it open the 
b-barrel by disrupting the plug, for the passage of the colicin from the exterior into 
the periplasm (Buchanan et al. 2007). But the observation that the binding of coli-
cin Ia to Cir stabilized large conformational changes in the extracellular loops of 
the receptor, which exposed the interior of the b barrel to the incoming colicin, is 
in favor of the hypothesis that the receptor Cir has also a “transporter” function in 
colicin translocation (Buchanan et al. 2007). In contrast, as reported above, the 
binding of A-group colicin E3 to BtuB did not induce any conformational changes 
in the cell surface receptor, even though the crystal structures of the two colicin/
receptor complexes are similar. The role of BtuB in A-group colicin import is 
 limited to the colicin recognition followed by the recruitment of a secondary recep-
tor/transporter (Kurisu et al. 2003). The hypothesis that the TonB-gated receptor 
plays a dual role (as receptor and transporter) is strengthened by the fact that no 
secondary receptor-translocator has ever been identified as necessary for the import 
of B-group colicins. However, as in the case of A-group colicins, there are some 
variations to the general pattern. The pore-forming colicins 5 and 10 are exceptions 
in the sense that these colicins of group B require TonB for their uptake, even 
though they bind to the TonB-independent outer membrane receptor, Tsx (Braun 
et al. 2002; Sharma et al. 2009). Unexpectedly, the translocation of colicins 5 and 
10 requires also a secondary translocator TolC, like that of A-group colicin E1, but 
no other protein of the Tol system (Braun et al. 2002).

A recent study of chimeric Ia/E3 colicins has provided evidence that two distinct 
Cir molecules act as receptor and translocator for the import of colicin Ia. When the 
R-domain of colicin Ia was replaced with that of colicin E3 (Fig. 14.1b1), the 
hybrid colicin required both the primary receptor BtuB of colicin E3 and the Cir/
TonB system, necessary for the translocation of wild-type colicin Ia. This result is 
consistent with the involvement of two distinct Cir receptors for the translocation 
of wild-type colicin Ia across the outer membrane (Fig. 14.3a). The first Cir acts as 
the high-affinity primary receptor, which is replaced by BtuB when the Ia R-domain 
is replaced with the E3 R-domain. The Cir-bound colicin Ia forms a stable scaffold-
ing, from which the T-domain of colicin Ia seeks out and then appropriates a second 
colicin-free Cir receptor with a lower affinity. This second copy presumably func-
tions as the translocator for the entry of the T-domain and possibly also for the 
pore-forming C-terminal domain of colicin Ia, into the periplasm through its 
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b-barrel (Jakes and Finkelstein 2010). This translocation model of colicin Ia 
strongly resembles that of A-group colicin E3 via BtuB and OmpF (Figs. 14.2a and 
14.3a). The two main differences concern the fact that both the primary receptor 
and the secondary translocator required for the uptake of colicin Ia correspond to 
two distinct copies of the same outer membrane receptor (Cir), and the transloca-
tion step across the membrane is dependent on the energy provided by the Ton 
system, presumably to the secondary translocator (Cir). It was also shown that the 
N-terminal T-domain of colicin Ia may interact with Cir independently of the pri-
mary interaction of the central R-domain with Cir. This could explain the residual 
killing activity of colicin Ia in the absence of any R-domain. Thus, the killing 
capacity of colicin Ia is greatly enhanced by its local concentration at the cell sur-
face, mediated by its primary binding to the Cir receptor. High concentrations of 
colicin Ia were shown to prevent cell killing. Cir receptors are indeed saturated by 
their extensive interaction with R-domains of colicin Ia, and this apparently leaves 
no Cir proteins available to be recruited as the secondary translocator through an 
interaction with the T-domains (Jakes and Finkelstein 2010).

Several observations argue against a conserved mechanism used by all the differ-
ent colicins of group B for their translocation across the outer membrane. Only two 
colicins of group B, the colicins Ia and likely M, have a modular T-R-C type domain 
structure, resembling that found with colicins of group A (Fig. 14.1b1). Moreover, 
the crystal structures of only one of them, colicin Ia, either alone (Wiener et al. 
1997) or in complex (R-domain) with the Cir receptor (PDB accession number: 
2HDI) (Buchanan et al. 2007), are reminiscent of the previous structures of A-group 
colicins (e.g., colicin E3 R-domain/BtuB; PDB accession number: 1UJW) (Kurisu 
et al. 2003). Colicin M architecture shows a unique fold in which the functional 
domains may form structural entities, but seem to be much less well separated from 
each other than in colicin Ia or E3 structures (Zeth et al. 2008; Barreteau et al. 
2010). It is noticeable that the C-terminal domain of colicin M was reported to form 
a novel kind of phosphatase, since it exhibits no peptide sequence similarity to 
known phosphatases (Zeth et al. 2008), nor to proteins with canonical phosphatase-
type catalytic mechanisms (Barreteau et al. 2010). At the moment, there is no ratio-
nal way that colicin M (even if it is the smallest colicin known) can pass across the 
outer membrane while preserving the compact structural form, found by the crystal-
lographic study. Moreover, a weak association between the presumed individual 
domains might facilitate their unfolding during translocation through the outer 
membrane (Zeth et al. 2008).

In the case of colicins B and D, their first 313 N-terminal amino acids are 96% 
identical (Fig. 14.1b2, 3). The remaining C-terminal part of colicin B corresponds 
essentially to its pore-forming domain, i.e., colicin B has no distinct central 
R-domain. In fact, the N-terminal domains of colicins B and D are necessary and 
sufficient to bind the FepA receptor and to allow the translocation of colicin B (and 
presumably of colicin D) across the outer membrane (Roos et al. 1989; de 
Zamaroczy and Buckingham 2002). The concept of a combined and multifunc-
tional N-terminal domain used for both receptor binding and translocation is 
 supported by the dumbbell-shaped crystal structure of colicin B, in which a single, 
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74-Å-long a-helix separates the N-terminal domain and C-terminal killing domain 
(Hilsenbeck et al. 2004) (Fig. 14.1b2). This structure does not appear to be 
 sufficiently flexible to scan for a secondary translocator (Buchanan et al. 2007). 
One model of colicin B translocation through FepA initially suggested that the 
internal plug domain of FepA leaves the barrel entirely to allow colicin B transloca-
tion in its compact folded form (Hilsenbeck et al. 2004). During colicin B stimula-
tion, the plug domain of the FepA receptor was shown to become accessible to a 
labelling reagent, biotin maleimide, in the periplasm. Even though residues 
(replaced with cysteines) near the N-terminal of the FepA reacted strongly, other 
residues belonging to the distal part of the plug reacted poorly. These results 
implied that the plug only partially comes out from the barrel when colicin B 
crosses the FepA channel to enter the periplasm. This, in turn, implies that if the 
b-barrel remains partially occluded by its plug, then large conformational rear-
rangements of colicin B are necessary for its translocation (Devanathan and Postle 
2007). Nevertheless, recent data obtained with the same technique, although with 
different labelling reagents and experimental conditions, have found no significant 
reactivity for any of 35 genetically engineered cysteine derivatives covering the 
whole FepA plug domain (Smallwood et al. 2009). This observation does not sup-
port the previous interpretation of the passage of colicin B through the FepA 
b-barrel (Hilsenbeck et al. 2004). It is not yet possible to reconcile these opposite 
conclusions. Indeed, the latter results seem only to be compatible with the putative 
entry of colicin B into the periplasm along the lipid–barrel interface, where a few 
colicin B molecules might “breach” the impermeability of the outer membrane 
(Smallwood et al. 2009). However, in this model, the role of the sequential interac-
tions with TonB in colicin B import is not really understood.

TonB-Dependent Colicin Transit into the Periplasm

The N terminus of TonB protein is anchored to the inner membrane and is separated 
by a proline-rich linker from its C terminus, which extends 100 Å toward the outer 
membrane (Postle and Good 1983; Pawelek et al. 2006). TonB has multiple con-
tacts with the integral, inner-membrane proteins ExbB and ExbD, while its 
C-terminal domain can interact with the outer membrane receptors. ExbB-D couple 
the PMF to TonB, in the form of conformational changes, and hence to the outer 
membrane receptors (Braun et al. 1996; Larsen et al. 1999). ExbB, as a chaperone-
like protein, is also involved in a transient interaction with TonB in the cytoplasm 
during its synthesis and assembly (Karlsson et al. 1993). During the uptake of iron 
siderophore complexes by FepA, FhuA, or Cir, TonB is converted to its energized 
conformation and either “spans” or “crosses” the periplasm, according to the cur-
rently proposed “propeller” or “shuttling” models, respectively (Letain and Postle 
1997; Chang et al. 2001; Wiener 2005). Subsequently, TonB contacts the outer 
membrane receptor (transporter) close to the receptor’s N terminus, at a short 
conserved peptide motif of the plug domain, termed the “TonB box”. This interaction 
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allows the energy, derived from the PMF of the cytoplasmic membrane, to be 
harnessed for the active transport of the ferric siderophore (Postle and Kadner 
2003). In vivo cross-linking experiments show a direct interaction between TonB 
and FepA (Skare et al. 1993), and genetic studies confirm the importance of this 
interaction in the transport of ferric enterobactin. Other investigations including 
site-directed disulfide or formaldehyde cross-links led to similar conclusions in the 
case of the FhuA, FecA, and BtuB receptors and showed that their interaction with 
TonB is enhanced when they are loaded with substrate (Cadieux and Kadner 1999; 
Moeck and Letellier 2001; Endriss et al. 2003; Ogierman and Braun 2003).

Cross-complementation studies between the Tol and Ton systems revealed that 
tolQ-R mutants transformed with plasmids carrying exbB-D became sensitive to 
colicins of group A, and reciprocally, exbB-D mutants transformed with plasmid-
encoded tolQ-R became sensitive to colicins of group B. In contrast, no cross-
complementation has been observed between the very distinct TonB and TolA 
proteins, which mediate exclusive interactions with B-group or A-group colicins, 
respectively (Braun and Herrmann 1993).

“TonB box”-like sequences have been described in the natively disordered 
N-termini of all TonB-dependent colicins (Figs. 14.1b2–3 and 14.3a–c) (Braun 
et al. 2002). The five amino-acid long consensus for TonB box sequences, (D/E)
Tx(V/T)V, deduced from those of receptors and colicins of group B, is not strictly 
conserved, except for the Val residue in the fifth position (Mora et al. 2005). 
Genetic studies show that TonB boxes contact the central region of TonB. 
Mutations affecting the Q160 residue of TonB can restore activity to receptors 
with mutated TonB boxes and restore some sensitivity to inactive derivatives of 
colicins B and M, carrying mutations in their TonB box-like sequences (Mende 
and Braun 1990; Pilsl et al. 1993). Spontaneous tonB mutations, affecting R158 or 
P161, completely abolished colicin D toxicity but did not affect either the sensi-
tivity to other colicins (in particular to colicin B) or the FepA-dependent sidero-
phore uptake capacity (Mora et al. 2005). Moreover, the sensitivity of these tonB 
mutants to colicin D was fully restored by compensatory suppressor mutations 
introduced in the TonB box-like sequence of colicin D. This result demonstrated 
that the interaction of colicins with TonB depends not only on the local conforma-
tion of the energy coupling TonB box motif, as previously concluded (Bell et al. 
1990; Postle and Kadner 2003), but importantly also on the identity of the side 
chains of the individual residues in the motif (Mora et al. 2005). Thus, the 
high-affinity binding step of B-group colicins to their cognate receptor is followed 
by two distinct interactions with TonB, involving successively the colicin-bound 
outer membrane receptor (“cork” domain) and the N terminus of the colicin itself 
(Fig. 14.3a–c), as originally suggested by Braun et al 2002. The resistance to 
colicins B and D of a mutant strain in which the “cork” domain of FepA was 
deleted is consistent with this hypothesis (Vakharia and Postle 2002).

The recognition of the T-domain of colicin Ia with the second copy of Cir 
could initiate the productive interaction of the Cir TonB box with TonB 
(Fig. 14.3a) (Jakes and Finkelstein 2010), by mimicking the effect of the binding 
of the natural substrate to the receptor (Pawelek et al. 2006; Shultis et al. 2006). 
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Similarly, it was suggested that the binding of colicin B to FepA induced the 
receptor’s TonB box “to become exposed in the periplasm” and to interact tran-
siently with TonB (Cascales et al. 2007). The structure of the BtuB/TonB com-
plex may provide a structural rationalization for a substrate- or colicin-induced 
order-to-disorder transition in the receptor TonB box (Shultis et al. 2006). Such a 
disordered TonB box is able to bind to TonB, which in turn promotes the entry of 
the colicin into the periplasm after the disruption of the “cork” domain 
(Fig. 14.3a–c). Such a disordered (i.e., high-entropy) structure should permit only 
transient interactions of the TonB boxes with TonB, especially if the affinities 
vary with the ligand-bound state of the receptor. In turn, a cascade of transient 
interactions should lead to serial contacts between TonB and the various receptor 
TonB boxes and so allow a continuous recycling of TonB for the uptake of sub-
strates (or colicin).

The rearrangement of the plug domain inside the b-barrel of the second copy of 
Cir, as a consequence of the receptor interaction with TonB, may allow colicin Ia 
to penetrate further inside the b-barrel until the TonB-box like motif of the colicin 
meets a second copy of TonB at the periplasmic side (Fig. 14.3a). This second 
interaction between a disordered TonB-box of colicin T-domain and TonB may 
provide the energy required to unwind the rest of the colicin Ia molecule, which is 
presumably necessary to drive the translocation of the C-terminal pore-forming 
domain. Similarly, in the case of colicin M, following its binding to FhuA, the 
energy-transducing TonB would be required first to open the b-barrel of FhuA, and 
second, to progressively unfold the colicin so that the whole 30-kDa colicin M 
molecule can pass inside FhuA and reach the periplasm (Fig. 14.3b) (Zeth et al. 
2008). On the contrary, during siderophore transport through FhuA, it was sug-
gested that the rearranged cork domain remains within the b-barrel rather than 
being displaced (Eisenhauer et al. 2005).

Compared to colicin B, the 75-kDa colicin D, the largest colicin, possesses an 
additional long-central domain of 280 residues (Fig. 14.1b3), which was shown to 
be involved in another interaction with TonB and which is particularly required for 
colicin D import (Fig. 14.3c). This domain does not have a second canonic “TonB-
box like” sequence (Mora et al. 2008) (Fig. 14.1b3). The crystal structure of BtuB/
TonB is compatible with the possible interaction of BtuB with two TonB molecules 
(Shultis et al. 2006), and a dimerization of TonB has been observed in vivo (Sauter 
et al. 2003; Ghosh and Postle 2005). The large molecular size of colicin D and the 
possibility that it might interact with a TonB dimer support the previous hypothesis 
that a single FepA receptor alone would not be sufficient to allow the tRNase 
domain of colicin D to cross the outer membrane (de Zamaroczy and Buckingham 
2002). In the same way as two Cir receptors are required to transport colicin Ia 
(Jakes and Finkelstein 2010) (see above), the translocation of colicin D might 
involve two copies of its FepA receptor (Fig. 14.3c). As well as being essential for 
uptake and thus cell killing, the central domain of colicin D also interacts with the 
immunity protein and so participates in the production of the immunity complex, 
which is released into the medium by cells producing nucleolytic colicins (Graille 
et al. 2004; Mora et al. 2008).
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Passage of Colicins of Group B in the Periplasm

A 160 Å long coiled-coil structure, formed by two long linker helices, separates the 
T- and C-domains of colicin Ia from its R-domain. This length is sufficient to span 
the periplasm (average width of 150 Å) so that the pore-forming amino acids of the 
C-domain could be inserted in the inner membrane, while the R-domain remains 
attached to the Cir receptor (Fig. 14.3a) (Wiener et al. 1997; Buchanan et al. 2007). 
Consistent with this hypothesis, another pore-forming A-group colicin, the BtuB/
OmpF-dependent colicin A is still bound to the outer membrane when pore forma-
tion occurs (Fig. 14.2c) (Benedetti et al. 1992). Similarly, colicin E2 remains bound 
to its BtuB receptor and to the translocation machinery after the colicin has initiated 
cell killing (via random degradation of chromosomal DNA) in the cytoplasm 
(Fig. 14.2a) (Duche 2007; Sharma et al. 2007). But in contrast with the colicin Ia 
structure, the colicin B linker structure (Hilsenbeck et al. 2004) is not long enough 
to span the cell envelope (Buchanan et al. 2007) (Fig. 14.1b2). Thus, this is consis-
tent with the possibility of a complete release of colicin B into the periplasm 
(Devanathan and Postle 2007).

Once the entire colicin molecule or at least its C-terminal cytotoxic domain has 
entered the periplasm, the partially unfolded colicin needs to be refolded to become 
toxic. In the case of pore-forming colicins, their active conformation may occur 
simultaneously with their insertion into the inner membrane. There is no current data 
about the spontaneous (or cytoplasmic-chaperone assisted) folding of nuclease 
colicins. In contrast, it was shown that the periplasmic chaperone FkpA is essential 
for the specific toxicity of colicin M (Hullmann et al. 2008), which involves inhibi-
tion of murein biosynthesis (Schaller et al. 1982). Colicin M probably has a phos-
phodiesterase activity, and thus, catalyzes the hydrolysis of peptidoglycan–lipid 
intermediates I and II, by cleaving the pyrophosphate linkage between the carrier 
lipid and the murein precursor. This activity, which probably occurs on the periplas-
mic side of the inner membrane, has been demonstrated in vivo and in vitro. The 
depletion of these intermediates prevents peptidoglycan polymerization and leads to 
cell lysis (El Ghachi et al. 2006). FkpA, which accelerates the refolding of the colicin 
M molecule in the periplasm to an active form (Fig. 14.3b), represents yet another 
example of a cellular function hijacked by a colicin (Hullmann et al. 2008; Barreteau 
et al. 2010). Colicin M producer cells are protected by a coexpressed, cognate immu-
nity protein, which is anchored to the periplasmic side of inner membrane and inac-
tivates exogenous and endogenous colicin M molecules (Olschlager et al. 1991).

Final Translocation Step of Nuclease Colicins:  
Crossing the Cytoplasmic Membrane

Nuclease colicins, once they have reached the periplasm, need to parasitize more 
of the cell’s functions than the pore-forming colicins, in order to transfer their 
cytotoxic domain across the inner membrane into the cytoplasm (de Zamaroczy 
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and Buckingham 2002). However, to cross the cytoplasmic membrane colicins, do 
not necessitate any retrograde transport via the Sec or Tat pathways of the target 
cell (Walker et al. 2007). The first question was whether there is a common mecha-
nism for all nuclease colicins or if it could be specific for those belonging to the 
A- or B-group, or alternatively for the DNase colicins (E2, E7, E8, E9) or RNase 
colicins (E3, E5, E6, DF13, and D). The second major question was whether an 
 endoproteolytic processing step, occurring either before or during colicin translo-
cation through the inner membrane so that only the C-terminal catalytic domain is 
liberated in the cytoplasm. It should be noted that the DNase or RNase catalytic 
domains alone are sufficient for an efficient catalytic activity in vitro.

Self-Propulsion Across the Inner Membrane Mediated 
by Channel-Forming Activity of DNase Colicins

Enzymatic A–B toxins (e.g., diphtheria, cholera, pertussis, and anthrax) transport 
their lethal A-domain into the cytosol with the aid of their B-subunit. The B-domain 
of diphtheria forms a conducting channel (in planar lipid bilayers), which is used by 
the toxic ADP-ribosyl transferase to enter the cytoplasm and then kill the mammalian 
target cell (Oh et al. 1999; Falnes and Sandvig 2000). Thus, the possibility that nucle-
ase colicins have a pore-forming activity, in addition to their nuclease activity, which 
allows the translocation of the toxic domain across the inner membrane, was inves-
tigated. The catalytic domain of the DNase colicin E9 exhibited a nonvoltage-gated, 
random, channel-forming activity in planar lipid bilayers, which involved consider-
able conformational changes. Under the same experimental conditions, a similar 
channel-forming activity was also found with the closely related DNase colicins E2, 
E7, and E8 (Mosbahi et al. 2002; Mosbahi et al. 2004). These channels, unlike those 
formed by pore-forming colicins, are not directly responsible for cell killing, but may 
allow “self-propulsion” of the toxic domains into the cytoplasm, possibly monitored 
by the electrostatic association of the DNase colicin with the inner membrane 
(Walker et al. 2007). Indeed, the intrinsic channel-forming activity of the DNase 
domain was shown to be essential for colicin cytotoxicity. Although an association 
between the RNase colicin E3 and anionic phospholipid surfaces was also reported 
(Mosbahi et al. 2006), no r- or t-RNase colicins have been shown to exhibit any 
channel-forming activity. This suggests that RNase colicins should utilize alternative 
mechanisms for their final translocation step across the inner membrane.

Proteolytic Cleavage of Nuclease Colicins May Accompany  
Their Entry into the Cytoplasm

As described above, several colicins remain in tight contact with their receptor and 
the import machinery, during pore formation in the inner membrane (colicin Ia and 
A) (Figs. 14.2c and 14.3a) (Benedetti et al. 1992; Duche et al. 1995; Wiener et al. 
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1997) or when the nuclease domain (colicins E2 and E3) enters the cytoplasm 
(Fig. 14.2a) (Kurisu et al. 2003; Duche 2007; Sharma et al. 2007). This is a strong 
argument in favor of an endoproteolytic cleavage step prior to or during the release 
of the C-terminal toxic domain of nuclease colicins into the cytoplasm. Such a 
cleavage allows the DNase domain, compared to the entire colicin molecule, 
displays a net global positive charge, essential for the attachment to the anionic 
phospholipid of the inner membrane (Walker et al. 2007). Moreover, the short life-
time of the translocation channel formed by the DNase colicins in the cytoplasmic 
membrane, compared to those made by pore-forming colicins (milliseconds rather 
than seconds) (Mosbahi et al. 2002), is consistent with the cleavage of the catalytic 
domain from the rest of colicin molecule.

There is good genetic evidence that tRNase colicin D and the DNase colicin E7 
undergo proteolytic processing during penetration into the cell such that only the 
C-terminal catalytic domain of the molecule reaches the cytoplasm. Specific point 
mutations were found, which altered the cleavage of these colicins in vitro. These 
mutations did not affect the nucleolytic activities in vitro, but did abolish cytotoxicity 
in vivo (de Zamaroczy et al. 2001; Shi et al. 2005). Similarly, a point mutation 
introduced at the putative cleavage site located upstream of the nuclease domain of 
colicins E2 caused a partial loss of cytotoxicity (Sharma et al. 2007) and seems to 
support the processing model.

The inner membrane signal peptidase LepB (Dalbey and Wickner 1985) was 
shown to be specifically required for cell killing by colicin D (Fig. 14.3c). 
Moreover, in the presence of a cell extract, a LepB-dependent cleavage occurred 
in vitro quickly (30–60 min) on the colicin D molecule freed of the immunity pro-
tein. This indicates that ImmD, in addition to its canonical role in the inhibition of 
the toxic tRNase activity, is also involved in protecting the colicin molecule against 
proteolytic cleavage during its secretion. However, the inability of purified LepB to 
cleave colicin D indicated the need for another membrane or periplasmic protease, 
which is presumably responsible for the catalysis of endoproteolytic cleavage 
(de Zamaroczy et al. 2001). The role of LepB in cell killing by colicin D may be 
structural so that it is necessary to maintain this toxin in a form recognized by the 
true endoproteolytic enzyme. Such a chaperone-like function was already reported 
for another membrane protease, FtsH (Schumann 1999). No enzyme has yet been 
identified for the in vitro proteolytic cleavage of the other nuclease colicins, such 
as colicins E2, E3, and E7, which do not require LepB (de Zamaroczy and 
Buckingham 2002 and unpublished data). In the presence of concentrated periplas-
mic proteins, a set of C-terminal cleavage products derived from colicin E7 (in 
complex with its Imm protein) were observed in vitro but only after a very long 
incubation time (8–12 h) (Liao et al. 2001; Shi et al. 2005). The intracellular pres-
ence of some cleaved colicin E7 forms was also reported by these authors. 
Nevertheless, such long-time incubation and the observation that colicin D and 
more recently colicin E2 (i.e., a DNase colicin closely related to colicin E7) are 
de facto efficiently protected from endoproteolytic degradation when they are 
complexed to their Imm proteins (de Zamaroczy et al. 2001; Duche et al. 2009) 
renders it difficult to understand the biological significance of the cleavage results 
obtained with colicin E7 in the presence of its Imm protein.
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Among the currently known nuclease colicins, the vast majority (including 
A-group DNase and RNase colicins E, the B-group tRNase colicin D, the rRNase 
cloacin DF13, and the tRNase klebicin D, but not the rRNase klebicin C) have an 
approximately 30-amino-acid long conserved sequence overlapping the end of the 
central domain and the linker region at the start of the C-terminal catalytic domain 
(Fig. 14.1b1, b3). The sequence identity of this consensus is very high among the 
DNase colicins E but is less pronounced in the case of rRNase colicins E, tRNase 
colicin D, and klebicin D. Significantly, this consensus sequence is absent from all 
other colicins, notably the pore-forming species. The consensus is rich in lysine and 
arginine and located near the presumed endoproteolytic cleavage site of colicins D, 
E7, and E2. Thus, we, and others, have proposed that proteolytic processing may 
be a common step in cell killing by nuclease-type colicins, prior to or concomitant 
with the translocation of the catalytic domain across the inner membrane (de 
Zamaroczy et al. 2001; de Zamaroczy and Buckingham 2002; Shi et al. 2005; 
Sharma et al. 2007).

Following earlier observations (Krone et al. 1986), the outer membrane endopep-
tidase OmpT was shown to cleave receptor-bound colicins, and it is thought to 
improve bacterial survival in the presence of colicins or antimicrobial peptides 
(Cavard and Lazdunski 1990; Vandeputte-Rutten et al. 2001). When incubated with 
E. coli, OmpT cleaves the receptor-bound colicin E1, in its N-terminal translocation 
domain, and colicin E2, in the C-terminal catalytic domain, as detected by the pres-
ence of cleaved colicin forms in the supernatant (Masi et al. 2007; Duche et al. 2009). 
Nuclease colicins E3, E7, and D are cleaved in vitro in the presence of purified 
OmpT, upstream of their catalytic domain (de Zamaroczy et al. unpublished data). 
However, these cleavages appear to have no relationship to colicin import, since the 
inactivation of the ompT structural gene has no effect on colicin toxicity. This implies 
that the proteolytic activity responsible for colicin processing should be dependent 
on another periplasmic or inner membrane protease. This protease may be essential, 
since no candidate was identified during the screening of Keio library of nonessential 
genes (Sharma et al. 2009).

Translocation of All Nuclease Colicins Through  
the Inner Membrane Needs the ATPase/protease FtsH

In addition to the various effectors described above, an important new enzyme has 
recently joined the list of those affecting toxicity. The inner membrane-bound, 
ATP-dependent, Zn-metalloendoprotease, FtsH, belonging to the AAA+ family 
(ATPases associated with diverse cellular activities) was found to be required for 
toxicity of all nuclease colicins (Walker et al. 2007). In contrast with earlier results 
(Matsuzawa et al. 1984; Qu et al. 1996), FtsH was found not to affect the sensitivity 
of either pore-forming colicins or colicin M (Walker et al. 2007). FtsH is univer-
sally conserved in eubacteria, chloroplasts, and mitochondria and is essential for 
maintaining the LPS and phospholipid ratio in E. coli. In its absence, lipid A (and LPS) 
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are overproduced due to the loss of the FtsH-mediated cleavage of LpxC, a key 
enzyme of LPS regulation, which leads to cell death (Ogura et al. 1999). FtsH has 
a limited spectrum of known substrates. In the presence of Zn2+ and ATP, FtsH 
degrades soluble short-lived regulatory proteins (e.g., the alternative sigma factor 
s32 in E. coli), and more generally FtsH orthologs, dislocate misfolded, unassem-
bled, or damaged membrane proteins by “pulling” them out of the lipid bilayer into 
the cytoplasm. Thus, it has an essential function in quality and regulatory control 
of protein turnover and processing (Striebel et al. 2009). The proteolytic reaction 
itself is not energy-driven. ATP hydrolysis may be required for conformational 
rearrangements that provide the mechanical force to allow the substrate access to 
the FtsH active site and then translocate it through the central pore formed by the 
homohexameric FtsH complex (Bieniossek et al. 2009). The cleavage specificity of 
FtsH is weak, and its endoproteolytic reaction is processive. Proteins are completely 
degraded from the starting point of the hydrolysis (Ito and Akiyama 2005).

The function of FtsH in colicin import is still unclear. It might be direct, acting 
as the protease required to liberate the nuclease domain, since both the ATPase and 
protease activities of FtsH are required for the toxicity of nuclease colicins 
(Figs. 14.2a and 14.3c) irrespective of whether they are dependent on the Tol or Ton 
system for their translocation across the outer membrane (Walker et al. 2007). 
Although the unfolding activity of FtsH has been shown to be essential for the pro-
teolytic activity (Bieniossek et al. 2009), previous data obtained both in vivo and 
in vitro led to the conclusion that the unfoldase activity of FtsH is low. This opens 
the possibility that FtsH may especially recognize (partially) unfolded proteins 
because they exhibit a reduced intrinsic thermodynamic stability (Herman et al. 
2003). The interaction between the nuclease domains of group-A colicins and 
anionic phospholipid vesicles (which mimic the cytoplasmic membrane) has been 
investigated by ITFE (intrinsic tryptophan fluorescence emission) and CDS (circular 
dichroism spectroscopy) (Mosbahi et al. 2004; Mosbahi et al. 2006). These experi-
ments suggested that colicin molecules in contact with the cytoplasmic membrane 
may be partially unfolded and might therefore be recognized by FtsH as a possible 
“substrate”. Assuming that the nuclease colicins are direct targets of FtsH, the sub-
sequent cleavage and translocation of their C-terminal nuclease domain across the 
inner membrane could also be mediated by FtsH. In the cytoplasm it might require 
a final refolding step, which is thought to take place spontaneously and rapidly, as 
has been observed in vitro with whole colicins D and E3 or their RNase domains 
alone (Ogawa et al. 1999; de Zamaroczy et al. 2001 and unpublished data).

Conclusion

The details of mechanisms for the import of colicins have considerably diversified 
within each of the two main Tol and Ton pathways. This could mean that each 
colicin has individually optimized its import pathway, but this hypothesis is not 
consistent with either the high level of conservation in the domain organization of 
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colicins or the high level of similarity characterizing the crystal structures of 
A-group colicins. However, because the colicins are highly efficient killing 
machines, such an optimization, which logically should have been reached during 
the evolution from a common conserved mechanism, may not be necessary. 
The fact that colicins are highly toxic indeed may compensate for their weaker 
capacity to enter the cell. In fact, both the pore-forming and nuclease-killing activity 
may be lethal, when only one or at most a few colicin molecules reach their cellular 
target (Pugsley 1984; Cascales et al. 2007). This supports the hypothesis that the 
yield of the translocated colicins which reach their target is rather low, probably 
due to the large molecular size of these toxic “suicide-proteins”. However to over-
ride the natural impermeability of the cell envelope, all colicins start by adhering to 
an outer membrane receptor, which is present in greater numbers (e.g., the number 
of FepA receptors can range from about 500 to 15,000 under iron-excess or iron-
limited conditions, respectively) (Higgs et al. 2002). Another factor affecting the 
fratricide killing efficiency is the time required for the colicin to reach its target. 
It is possible to detect killing activity by pore-forming colicins within a minute 
(colicin A) (Duche et al. 1995), while for the nuclease colicins, it can take as long 
as 20 min (colicin E2; Duche 2007). It is tempting to speculate that the differ-
ence is due to the necessity of the nuclease colicins to cross the inner membrane, 
but the fact that the release of ImmE2 protein from the DNase domain at the cell 
surface necessitates a similar long period (Duche et al. 2006) suggests that other 
factors may be responsible for the longer time delay before cell killings occur by 
nuclease colicins.
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Abstract Microcin J25, microcin B17, and microcin C7-C51 are the three known 
members of class I posttranslationally modified microcins (heavily posttranslation-
ally modified antibacterial peptides produced by Enterobacteriaceae with molecular 
weights of less than 5 kDa). The three microcins are unrelated to each other; they 
have structures that are highly atypical for ribosomally synthesized peptides and 
target essential molecular machines that are validated drug targets. In this chapter, 
available data on mechanisms of action, structure–activity relationships, and immu-
nity mechanisms for class I microcins and related compounds are discussed.

Introduction

Microcins are small ribosomally synthesized peptide antibiotics produced by 
Enterobacteriaceae and active against closely related bacterial species (Baquero 
et al. 1978). Microcins are extremely diverse, and most are not related to each other. 
Microcin synthesis is sharply activated when cells reach stationary phase or when 
they encounter conditions of nutrient limitation (Hernández-Chico et al. 1986; 
Connell et al. 1987; Chiuchiolo et al. 2001; Fomenko et al. 2001). Microcin-
producing cells are resistant to the microcin they produce. The resistance appears 
to manifest itself even during exponential growth, i.e., resistance determinants are 
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expressed even when microcins are not produced. Thus, gene clusters coding for 
microcin synthesis and immunity determinants may be adaptive and allow carrier 
cells to kill microcin-sensitive cells and to make more resources available. Unlike 
the case of cells producing bacteriocins, which have higher molecular weight than 
microcins, microcin-producing cells are capable of continuous toxin production 
without the loss of viability. The continuous production is ensured by dedicated 
systems that transport microcins through membranes of producing cells.

The diversity of microcins makes their rational classification difficult. Formerly, 
microcins were subdivided into two broad groups: those that were active directly 
as ribosomally synthesized peptides (“unmodified” microcins) and others that 
required extensive posttranslational modification of ribosomally synthesized pre-
cursor (promicrocin) for activity. A more refined classification of the latter group 
has recently been proposed (Duquesne et al. 2007a). Class I posttranslationally 
modified microcins are peptides with molecular weight of less than 5 kDa that are 
subject to very heavy posttranslational modifications. Class II microcins range in 
size from 5 to 10 kDa and contain disulfide bonds (class IIa) or C-terminal modifi-
cations (class IIb). Class I consists of three structurally unrelated compounds: 
microcin J25 (MccJ25), microcin B17 (MccB17), and microcin C7 (also known 
as microcin C51, MccC7-C51). Multiple occurrences of each of these three class I 
microcins around the world were reported. Thus, class I microcins genes appear to 
have a global spread, and the three basic compounds may likely exhaust the variety 
of this class of molecules in Enterobacteriaceae. In this chapter, available data on 
class I microcins’ mechanisms of action, structure–activity relationships, and 
mechanisms contributing to microcin immunity are discussed.

Microcin J25

MccJ25 (Fig. 15.1) is a 21-amino-acid peptide produced from 58-amino-acid-long 
pro-MccJ25, a product of the mcjA gene (Solbiati et al. 1999). Pro-MccJ25 consists 
of a 37-amino-acid N-terminal leader and the C-terminal part that becomes MccJ25. 
MccJ25 is highly resistant to proteolysis and even withstands autoclaving without 
loss of activity (Salomón and Farías 1992; Blond et al. 1999). The structure of 
MccJ25 explains this exceptional stability. The amino group of MccJ25 Gly1 is 
linked to the side-chain carboxyl of Glu8 by a lactam bond, creating a ring. The 
C-terminal tail of MccJ25 forms a two-b-strand loop, the end of which passes 
through the ring to form a threaded-lasso structure (Bayro et al. 2003; Rosengren 
et al. 2003; Wilson et al. 2003). The side chains of Phe19 and Tyr20 at the end of the 
tail straddle the ring and prevent the escape of the tail from the ring. Extensive 
digestion of MccJ25 with thermolysin results in cleavage of the polypeptide chain 
between amino acids 10 and 11, while acid hydrolysis results in a derivative lacking 
loop amino acids 13–17 (Blond et al. 2002; Rosengren et al. 2004). Both of these 
compounds contain two separate polypeptide chains that remain stably associated 
with each other due to the lock formed by Phe19 and Tyr20.
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The mcjB and mcjC gene products are required for production of MccJ25 
from pro-MccJ25 in vivo and in vitro (Solbiati et al. 1996; Duquesne et al. 2007b). 
While precise biochemical functions of McjB and McjC remain unknown, sequence 
comparisons indicated that McjB is a protease and may therefore cleave the peptide 
bond joining McjA leader with the C-terminal sequence that becomes mature MccJ25. 
McjC is similar to class B asparagine synthetases, enzymes that convert aspartic 
acid to asparagine. Therefore, McjC may be responsible for the formation of an 
amide bond between the amino group of MccJ25 Gly1 (generated upon proteolytic 
cleavage of pro-MccJ25) and the side-chain carboxyl of Glu8 (Severinov et al. 2007).

The highly basic leader likely serves as a site of recognition by McjB and/or 
McjC and may also chaperone the MccJ25 part (1) helping it to adopt a conforma-
tion that favors the formation of the Gly1–Glu8 amide bond and (2) prefolding the 
MccJ25 part of pro-MccJ25 into essentially mature structure, since the tail with its 
bulky amino acids cannot be threaded through the ring once it is formed. Recent work 
has demonstrated that only seven leader amino acids of the leader immediately 

Fig. 15.1 MccJ25: maturation, export, import, and mechanism of action. The schematic 
 summarizes available data on various aspects of MccJ25 discussed in the text. The shaded areas 
bordered by two curved double lines indicate MccJ25-producing cell (top) and MccJ25-sensitive 
cell (bottom). The structure of the mcj locus is shown with genes indicated by arrows. Black arrow 
denotes a gene coding for MccJ25 precursor; light gray arrows indicate genes whose products are 
involved in MccJ25 production/maturation, white arrows – a gene whose product is involved in 
MccJ25 export. The N-terminal MccJ25 leader in the linear pro-MccJ25 precursor is shown by a 
thicker line
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preceding the MccJ25 sequence are sufficient for MccJ25 production (Cheung et al. 
2010). Though MccJ25 production from mutant pro-MccJ25 was significantly 
decreased, the result argues against the chaperone function of the leader.

The mcjD gene codes for an ABC transporter. The joined activity of McjB and 
McjC (measured by conversion of pro-MccJ25 into MccJ25) is detected in inner 
membrane fractions (Clarke and Campopiano 2007). Since no membrane-spanning 
motifs are found in McjB and McjC, it is possible that these proteins form a com-
plex with each other and with the cytoplasmic domain of McjD. Such an arrange-
ment would increase the efficiency of MccJ25 synthesis and export, helping to 
prevent accumulation of toxic levels of mature MccJ25 in the cytoplasm. However, 
since MccJ25-producing cells are resistant to externally added MccJ25 (Solbiati 
et al. 1996), McjD must be capable of pumping out free MccJ25, i.e. one that is not 
channelled from the putative McjB–McjC complex. The Escherichia coli outer 
membrane protein TolC may form an export complex with inner-membrane McjD 
and thus participate in MccJ25 secretion (Delgado et al. 1999). Another cellular 
protein, ABC transporter YojI, contributes to MccJ25 resistance (Delgado et al. 
2005). YojI functions as an efflux pump and requires TolC to export MccJ25. The 
natural substrate of YojI is not known.

MccJ25 intake is mediated by the outer membrane receptor FhuA and the inner 
membrane proteins TonB, ExbB, ExbD, and SbmA (Salomón and Farías 1993, 
1995; Destoumieux-Garzón et al. 2005). The TonB–ExbB–ExbD complex uses the 
proton-motive force from the cytoplasmic membrane to transduce energy to the 
outer membrane, thus providing energy for transport. To accomplish energy trans-
fer, TonB contacts the outer membrane receptor FhuA. SbmA transports MccJ25 
through the inner membrane (Fig. 15.1).

The intracellular target of MccJ25 is RNA polymerase (RNAP). In vitro, the 
activity of E. coli RNAP is inhibited in the presence of micromolar concentrations 
of MccJ25 (Delgado et al. 2001). Numerous MccJ25-resistant rpoC (RNAP b’ 
subunit) and less frequent rpoB (RNAP b subunit) mutants were isolated (Yuzenkova 
et al. 2002; Mukhopadhyay et al. 2004). RNAP prepared from resistant cells is not 
inhibited by MccJ25 and unlike wild-type RNAP, MccJ25-resistant RNAP does not 
bind MccJ25 (Adelman et al. 2004). In the structural model of Thermus aquaticus 
RNAP, amino acids corresponding to E. coli RNAP positions that can lead to MccJ25 
resistance when mutated are located around the circumference of the secondary 
channel, a narrow opening that leads from the surface to the active site of the 
enzyme (Zhang et al. 1999). The channel is thought to direct NTP substrates toward 
RNAP active site in active transcription elongation complexes and to accept the 3¢ 
end-proximal portion of the nascent transcript in inactive backtracked elongation 
complexes. Transcript cleavage factors Gre reactivate backtracked complexes by 
reaching out to the RNAP active centre through the secondary channel and inducing 
endonucleolytic cleavage that creates a new nascent RNA 3¢ end that is aligned with 
the active site (Stepanova et al. 2009).

The tight clustering of MccJ25-resistance mutations in the secondary channel 
suggests that MccJ25 binds in the channel and occludes it. Indeed, MccJ25 prevents 
formation of backtracked transcription complexes, presumably by preventing the 
threading of the transcript through the channel, and inhibits Gre factor-dependent 
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cleavage, presumably by preventing factor access to RNAP active site (Adelman 
et al. 2004). MccJ25 also slows down transcription elongation, an effect consistent 
with its hindering NTP access to the RNAP active site. Single-molecule observations 
reveal that the presence of MccJ25 causes very long pauses in transcript elongation, 
interspersed by bursts of elongation at a normal rate (Adelman et al. 2004). Such 
an effect is consistent with complete blockage of NTP access by bound MccJ25. 
A cork-in-the-bottle is thus a good analogy of MccJ25 binding in the RNAP secondary 
channel (Mukhopadhyay et al. 2004).

A systematic structure–activity analysis of MccJ25 has been carried out (Pavlova 
et al. 2008). A collection of all possible point substitutions at every position of 
MccJ25, with the exception of Glu8 has been created. Each mutant has been char-
acterized, viz., its ability (1) to mature (i.e., the ability of mutant pro-MccJ25 to 
interact with the McjBC maturation machinery and, upon maturation, to be exported 
by the McjD export pump), (2) to inhibit the growth of E. coli cells sensitive to 
wild-type MccJ25, and (3) to inhibit E. coli RNAP in vitro. The results of this effort 
led to the following conclusions. First, despite the complex structure of mature 
MccJ25, as many as 70% of point substitutions do not prevent maturation and 
export from the producing cells. Of those MccJ25 mutants that mature, about two 
thirds remain antibacterially active. The loop of the tail is important for cell uptake 
but is not involved in interactions with RNAP. Point mutants that increase the anti-
bacterial activity of wild-type MccJ25 cluster in the loop. These mutants increase 
the antibacterial activity by facilitating MccJ25 uptake.

The results of mutational analysis are corroborated by functional studies of MccJ25 
derivatives obtained by biochemical means. The previously mentioned MccJ25 deriva-
tives obtained by thermolysin cleavage or acid hydrolysis inhibit RNAP in vitro but 
do not exhibit antibiotic activity (Destoumieux-Garzón et al. 2005; Semenova et al. 
2005; Socias et al. 2009), confirming the importance of the loop for MccJ25 uptake 
and its dispensability for interactions with RNAP.

The collection of point substitutions in MccJ25 has proven to be a valuable 
resource for various follow-up studies, which are currently ongoing. Perhaps the 
most exciting result published to date is the work of Pomares et al. (2009) who 
showed that a mutant carrying a Gly12 to Tyr substitution in the loop holds signifi-
cant promise as a food preservative in dairy products. The mutant retains the anti-
bacterial activity of wild-type MccJ25. However, unlike the wild-type, the mutant 
is cleaved (and inactivated) by peptic proteases. Thus, the mutant, while active as a 
food protectant, is readily inactivated in the gastric tract and therefore has no 
adverse effect on normal gastric microflora.

Genome mining has identified clusters of genes whose products are homologous 
to MccJ25 maturation/immunity machinery in diverse bacteria (Severinov et al. 
2007; Duquesne et al. 2007b). Adjacent short open reading frames coding for 
putative precursors of threaded-lasso peptides were also identified. In one case, 
heterologous coexpression in E. coli was used to prove that an mcj-like cluster 
capABCD present in Burkholderia thailandensis E264 genome is sufficient for 
production of capistruin, a 19-residue antibacterial threaded-lasso peptide active 
against Burkholderia and Pseudomonas (Knappe et al. 2008). Recent mutational 
analysis of capA, a homologue of mcjA, has identified CapA residues important for 
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proteolytic cleavage and maturation (Knappe et al. 2009). Overall, the results of 
this structure–function analysis match very well those obtained during similar 
 studies of MccJ25 and show that both threaded-lasso peptides are surprisingly 
resistant to mutational change and can therefore serve as scaffolds for additional 
rounds of derivatization. The target of capistruin action remains unknown at the 
time of this writing.

The structure of the MccJ25 ring and tail lock is virtually superimposable on the 
structure of RP 71955 (aborycin), an antibacterial threaded-lasso peptide produced 
by Streptomyces (Frechet et al. 1994; Potterat et al. 1994; Semenova et al. 2005). 
Unlike MccJ25, RP 71955 contains two intramolecular disulfide bonds that further 
stabilize the threaded-lasso fold. Several other pharmacologically active threaded-
lasso peptides produced by various bacteria were isolated for their ability to inhibit 
processes as diverse as the HIV-1 infection, the function of endothelin 1, and the 
function of smooth muscle myosin kinase (Wyss et al. 1991; Chokekijchai et al. 
1995; Katahira et al. 1995, 1996; Esumi et al. 2002; Iwatsuki et al. 2006). Clearly, 
these properties cannot reflect the biological function of these compounds. The 
structural similarity to MccJ25 suggests that threaded-lasso peptides might be func-
tionally analogous to it as well. Preliminary data indicate that some non-MccJ25 
threaded-lasso peptides indeed inhibit transcription by RNAPs purified from bacteria 
closely related to producer strains (ES and KS unpublished observations). Further-
more, at least some of these threaded-lasso peptides are encoded by genetic clusters 
that are homologous to the mcj and capABCD clusters (ES, Richard Ebright, 
and KS unpublished observations). Thus, threaded-lasso peptides, including pep-
tides inhibiting RNAPs, may be commonly occurring throughout the bacterial 
world. These peptides as well as their mutational derivatives should serve as a rich 
source of antibacterial compounds for future studies and evaluation for possible 
practical use.

Microcin B17

No new data on MccB17, a Class I posttranslationally modified microcin whose 
structure and mechanism of action were intensely studied in the 1990s, have been 
published since several reviews on microcins appeared in 2007. MccB17 contains 
oxazole and thiazole rings that are posttranslationally synthesized by the McbBCD 
enzyme complex in subsequent reactions of cyclization, dehydration, and dehydro-
genation from GlySer (oxazole) and GlyCys (thiazole) dipeptides present in pre-MccB17, 
a 69-amino-acid-long product of the mcbA gene (Li et al. 1996, Fig. 15.2). 
Modification of pre-MccB17 tripeptides Gly39Ser40Cys41 and Gly54Cys55Ser56 results 
in formation of, respectively, oxazole-thiazole and thiazole-oxazole 4,2-bis-hetero-
cycles. Upon the removal of N-terminal 26-amino-acid-long modified pro-MccB17 
leader peptide, mature MccB17 is exported outside the cell by a dedicated ABC 
transporter McbE–McbF. Modified pro-MccB17 accumulates inside cells harboring 
mutations in tldD or tldE genes (Allali et al. 2002). Thus, TldD/TldE may be a 
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protease that removes the leader peptide from pro-MccB17 and/or allows MccB17 
export by McbE–McbF. The tld genes are evolutionarily conserved in Eubacteria 
and Archaea; however, their cellular function is not known.

The McbBCD enzyme complex recognizes pre-MccB17 leader peptide, which 
forms an amphipathic helix. Residues forming a hydrophobic patch on one side of 
the helix are essential for interaction with McbBCD (Roy et al. 1998). McbBCD 
acts in an N-to-C-terminus direction (Kelleher et al. 1999; Roy et al. 1999a). 
McbBCD action must be processive, since substitutions that affect the formation of 
the N-terminal 4,2-bis-heterocycle affect the degree of modification of C-terminal 
sites (Roy et al. 1999a). MccB17 species lacking one or more C-terminal hetero-
cycles are secreted by wild-type MccB17-producing cells and must correspond to 
maturation intermediates resulting from dissociation of McbBCD. A species con-
taining one extra oxazole ring, which becomes part of an additional extra 
bis-heterocycle, has also been described (Roy et al. 1999b). Antibacterial activity 
of such “overmodified” MccB17 is moderately increased compared to standard 
MccB17 activity, which was taken as evidence of importance of bis-heterocycles 
for activity.

MccB17 inhibits DNA replication in sensitive cells and causes a SOS response 
(Herrero et al. 1986). Modified pro-MccB17 that accumulates in tld− cells has a 

Fig. 15.2 MccB17: maturation, export, import, and mechanism of action. See Fig. 15.1 legend 
and text for details. Dark gray arrow denotes the mcbG gene whose product is involved in immu-
nity. In modified precursor and mature MccB17 pentagons indicate heterocycles
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similar effect (Allali et al. 2002). It therefore follows that the leader peptide does 
not interfere with MccB17 activity. MccB17 also induces accumulation of double-
stranded breaks in plasmids incubated with extracts of sensitive cells (Vizan et al. 
1991). Cells harboring a specific mutation in the gyrB gene that codes for a subunit 
of essential topoisomerase II DNA gyrase are resistant to MccB17 (Vizan et al. 
1991). Moreover, DNA gyrase purified from the mutant cells is resistant to MccB17 
in vitro, while the enzyme from the wild-type cells is sensitive (Heddle et al. 2001). 
Thus, the gyrase is the cellular target of MccB17.

DNA gyrase negatively supercoils DNA (see Roca et al. 1996 and references 
cited therein). Upon binding to DNA, gyrase wraps ~150 bp of DNA around itself, 
creating a loop. It then introduces a double-stranded break in the DNA duplex called 
the G segment, passes the other duplex (the T segment) through the break and then 
seals the break. The reaction involves formation of a covalent enzyme–DNA inter-
mediate and requires ATP hydrolysis. The gyrase also relaxes supercoiled DNA in 
an ATP-independent reaction. The GyrA subunit is responsible for wrapping of 
DNA around the enzyme and G-segment breakage/ligation. GyrB is an ATPase 
that captures the T segment and passes it through the G segment hydrolyzing ATP 
in the process.

At conditions optimal for gyrase in vitro function, MccB17 has no effect on 
supercoiling/relaxation reactions (Heddle et al. 2001). However, modest (~threefold) 
inhibition of gyrase-catalyzed reactions is observed when reaction rates are attenu-
ated by lowering the reaction temperature (Pierrat and Maxwell 2003). In the pres-
ence of MccB17 and ATP, complexes containing gyrase bound to cleaved DNA 
accumulate over time (Vizan et al. 1991; Heddle et al. 2001). These complexes 
impede the movement of DNA polymerase in vitro (Heddle et al. 2001) and might 
be responsible for triggering the cellular SOS response observed following MccB17 
treatment.

The site of MccB17 interaction with the gyrase is not determined. MccB17 does 
not appear to interact with free gyrase (Pierrat and Maxwell 2005). The C-terminal 
DNA wrapping domain of GyrA is not needed for MccB17 inhibition and there-
fore is not part of the binding site (Pierrat and Maxwell 2005). In the presence 
of DNA and ATP, the C-terminal domain of GyrB is protected from limited prote-
olysis by MccB17 (Pierrat and Maxwell 2005). The only spontaneous mutation 
that leads to MccB17 resistance is Trp751Arg, which is located in the C-terminal 
domain of GyrB (Vizan et al. 1991). Limited site-specific mutagenesis of the 
corresponding codon of gyrB revealed that not every substitution at this position 
leads to MccB17 resistance (del Castillo et al. 2001). Clearly, systematic mutagen-
esis of gyrase genes is needed to better understand the details of MccB17 interac-
tion with its target.

As of today, no systematic structure–function analysis of MccB17 has been 
reported. MccB17 derivatives containing bisoxazole or bisthiazole fused cycles 
(produced, respectively, by cells expressing mutant mcbA coding for GlySerSer or 
GlyCysCys tripeptides instead of GlySerCys and/or GlyCysSer tripeptides found in 
wild-type McbA) are active (Roy et al. 1999a, b). MccB17 mutant containing 
N-terminal bisoxazole is produced poorly, presumably because oxazole synthesis 
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by McbBCD is slow and incomplete modification of leader-proximal site prevents 
efficient modification further downstream. A S39G substitution that created a single 
thiazole heterocycle instead of the N-terminal fused cycle also resulted in severe 
reduction of mature MccB17 production. However, no reduction in production of 
MccB17 with a S39N substitution was reported (Yorgey et al. 1994). The S39N 
compound was reported to be inactive, while activity of the S39G compound was 
found to be equal to that of the wild-type MccB17. MccB17 mutants in which the 
C-terminal bisheterocycle was replaced by a single cycle were obtained in normal 
yield (Roy et al. 1999a, b). However, their antibacterial and in vitro activities were 
severely reduced, indicating that this fused heterocycle is important for activity. 
Mutations destroying both cycles of C-terminal heterocycle caused complete loss 
of activity (Zamble et al. 2001).

Point mutations that substituted McbA glycines 48 or 49 for aspartates were 
reported to abolish antibacterial activity (Yorgey et al. 1993). Gly48 is not subject to 
posttranslational modifications, while Gly49 becomes part of a thiazole ring that is 
converted to the third fused heterocycle in “overmodified” MccB17 (Roy et al. 
1999a, b). Parks et al. (2007) have shown that simultaneous chemical deamidation 
of two MccB17 asparagine residues at positions 53 and 59 to aspartates abolishes 
the in vivo and in vitro activity of MccB17 (Parks et al. 2007). Overall, it appears 
that the data on mutational analysis of MccB17 maturation and activity are incom-
plete and sometimes inconsistent. Further systematic structure–activity analyses are 
clearly required. Unfortunately, such studies are confounded by the complex nature 
of MccB17 maturation process (which leads to production of multiple intermedi-
ates containing different amounts of heterocycles) and peculiarities of the mcbA 
sequence (since MccB17 is very rich in glycines, the mcbA sequence is highly 
enriched in guanosine tracks, making site-specific mutagenesis difficult).

Significant amounts of MccB17 accumulate inside the producing cell. In addi-
tion to the McbE–McbF export pump, McbG protein contributes to the immunity 
of the producing cell to MccB17 (Fig. 15.2). McbG is a member of a burgeoning 
family of pentapeptide repeat proteins (Vetting et al. 2006). Proteins of this class 
are known to provide resistance to quinolones, clinically important antibiotics that 
also target gyrase and stabilize a covalent complex between the gyrase and cleaved 
DNA (Heddle et al. 2001 and references therein). Unlike MccB17, quinolones effi-
ciently block the supercoiling reaction in vitro, and the cleaved complex accumu-
lates even in the absence of ATP (Heddle et al. 2001). Cells harboring the gyrB 
mutation that leads to MccB17 resistance are sensitive to quinolones, suggesting 
that the binding sites are distinct. Nevertheless, McbG provides resistance to both 
MccB17 and quinolones when overexpressed (Garrido et al. 1988, Gilyarov and 
Severinov unpublished observations). Another pentapeptide repeat protein, Qnr, 
also provides resistance to quinolones, MccB17, and CcdB, an unrelated peptide 
inhibiting the gyrase (Tran and Jacoby 2002; Dao-Thi et al. 2005). The atomic 
structure of MfpA, a pentapeptide repeat protein responsible for low-level 
fluoroquinolone resistance in Mycobacterium tuberculosis, has been solved (Hegde 
et al. 2005). The 183-amino acid MfpA monomer is almost entirely composed of a 
right-handed eight-coil b helix. Two monomers interact through their C-termini to 
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form a concave rod-shaped dimer with a length of 100 Å and diameters of 27 Å 
at the extremities and 18 Å in the middle, where the dimer interface is located. 
The dimer has an overall charge of −10, with negative charges forming two distinct 
patches on one side of the molecule. The right-handed helical nature of the MfpA 
fold, the dimensions and shape of the dimer, and the negative electrostatic surface 
potential led Hegde et al. (2005) to propose that MfpA might be mimicking a 30-bp 
segment of B-form duplex DNA. Both MfpA, Qnr, and McbG interact with the 
gyrase and relieve quinolone inhibition in vitro. In the absence of inhibitory com-
pounds, MfpA inhibits the gyrase by preventing its interaction with DNA. It has 
been proposed that MfpA binds to the gyrase DNA-binding site, and a molecular 
model of such a complex was presented (Hegde et al. 2005). It was further argued 
that MfpA-induced inhibition of gyrase activity decreases the amount of DNA–
gyrase complexes that are the targets of quinolones (and MccB17), which in turn 
should decrease the sensitivity of bacteria to the drug. Interestingly, unlike MfpA, 
Qnr does not inhibit gyrase in vitro (Mérens et al. 2009), while McbG actually 
stimulates it (our unpublished observations). It remains to be determined how 
homologous proteins interacting with the same enzyme can protect it from chemi-
cally unrelated inhibitors while having opposing effects on the enzyme activity.

E. coli GyrI, a protein unrelated to pentapeptide repeat proteins, has been also 
reported to protect cells from MccB17 (Chatterji and Nagaraja 2002). GyrI inhibits 
gyrase interactions with DNA and also protects cells from CcdB protein, inhibitor 
of gyrase. GyrI and chromosomally encoded Qnr homologues may exist in the 
cell specifically to counter the effects of diverse gyrase poisons, including MccB17. 
However, recent work has demonstrated that at least qnr genes can be induced 
during SOS response caused by double-stranded breaks in DNA (Da Re et al. 
2009). Thus, the physiological function of “endogenous” gyrase inhibitors may be 
to protect the cell from potentially dangerous action of its own gyrase in condition 
of stress.

Genome mining revealed that clusters of genes whose products are similar to 
MccB17 synthase components are widespread in bacterial world (Lee et al. 2008). 
The small size of microcin precursors complicates bioinformatic identification of 
their genes. However, the unusual sequence composition of peptides into which 
thiozole and oxazole cycles can be introduced allowed confident identification of 
genes coding for precursor peptides immediately adjacent to predicted MccB17 
synthase components gene homologues. In two cases, production of peptides con-
taining oxazole and thiazole clusters was shown experimentally. The first case is 
that of trifolitoxin, a peptide antibiotic produced by some strains of Rhizobium 
leguminosarum bv. trifolii (Scupham and Triplett 2006). Like MccB17, trifolitoxin 
contains a fused thiazole–oxazole heterocycle and is produced from a longer ribo-
somally synthesized precursor. The second case is streptolysin S, a toxin produced 
by the human pathogen Streptococcus pyogenes. Interestingly, it was the bioinfor-
matic identification of MccB17 synthase homologues in the locus responsible for 
streptolysin S synthesis that allowed insights into the structure of this compound, 
including evidence for existence of heterocycles. While the number of known or 
predicted heterocycle peptides with interesting antibacterial or pharmacological 
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properties is certain to dramatically increase in the future, it remains to be seen how 
many of them will be targeting gyrase. While trifilotoxin target is unknown, 
streptolysin S is responsible for the hemolytic phenotype of S. pyogenes. To our 
knowledge, neither compound was ever tested for gyrase inhibition.

Microcin C7-C51

MccC7-C51 is a heptapeptide containing a modified adenosine monophosphate 
covalently attached to its C-terminus through an N-acyl phosphoramidate linkage 
(Guijarro et al. 1995, Fig. 15.3). A propylamine group is attached to the phos- 
phate. The peptide moiety of MccC7-C51 is encoded by a 21-bp mccA gene, one of 
the shortest genes known (González-Pastor et al. 1994). The first residue of the 
MccC7-C51 peptide is a methionine. In MccC7-C51 produced by wild-type E. coli 
cells, this residue is formylated. Though the last residue of the peptide moiety of 
MccC7-C51 is an aspartic acid, the last codon of mccA codes for an asparagine 
(Fig. 15.3).

Fig. 15.3 MccC7-C51: maturation, export, import, and mechanism of action. See Fig. 15.1 legend 
and text for details. The dual shading of gray used for the mccE gene denotes the involvement of 
its N-terminal domain – MccE(NTD) – in MccC7-C51 in maturation, and C-terminal domain – 
MccE(CTD) – involvement in immunity. The two domains are shown as separate proteins on the 
scheme. AspRS aspartyl-tRNA synthetase
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MccC7-C51 enters the E. coli cell through the outer membrane porin OmpF 
(Fig. 15.3, Metlitskaya, Novikova, Severinov unpublished data). It is actively trans-
ported through the inner membrane by the ABC transporter YejABEF (Novikova 
et al. 2007). Since yej mutants are fully resistant to MccC7-C51, YejABEF is the 
only transporter responsible for facilitated transport of MccC7-C51. The physio-
logical function/substrate of YejABEF remains to be determined.

Once inside the cell, the N-terminal formyl group of MccC7-C51 is removed by 
peptide deformylase PDF (Kazakov et al. 2008). Deformylated MccC7-C51 is next 
processed by either one of the three broad-specificity aminopeptidases present in 
the cell – peptidase A, peptidase B, or peptidase N (Kazakov et al. 2008). Upon 
proteolytic cleavage of the ultimate peptide bond (between Ala6 and Asp7), processed 
MccC7-C51, a nonhydrolyzable analogue of aspartyl-adenylate is produced. Hydro-
lyzable aminoacyl adenylates are obligatory intermediates of tRNA aminoacylation 
reaction catalyzed by aminoacyl-tRNA synthetases, Processed MccC7-C51 prevents 
the synthesis of aminoacylated tRNAAsp by aspartyl-tRNA synthetase, which leads 
to translation inhibition (Metlitskaya et al. 2006). Unprocessed MccC7-C51 does 
not affect the tRNAAsp aminoacylation reaction. Conversely, processed MccC7-C51 
does not affect the growth of MccC7-C51-sensitive cells. Thus, MccC7-C51 is a 
Trojan-horse inhibitor: the peptide moiety facilitates the entry of toxic part into 
sensitive cells.

The main cluster of mcc genes, mccABCDE, is transcribed from a single pro-
moter (Fomenko et al. 2003). The mccABCDE promoter is activated by CAP–cAMP 
complex and appears to be recognized by both s70 and sS RNA polymerase holoen-
zymes. The mccABCDE promoter transcription is activated when cells enter sta-
tionary phase. An additional gene, mccF, is located downstream of the main cluster 
and is transcribed in an opposite direction. The mccABCDE cluster is sufficient to 
endow a cell with capacity to both produce MccC7-C51 and become resistant to 
exogenously added MccC7-C51 (Fomenko et al. 2003). The mccF gene, when 
overexpressed from a plasmid, also makes cells resistant to MccC7-C51 (Gonzalez-
Pastor et al. 1995). The control of mccF transcription has not been studied. It is 
possible that MccF is produced even at the logarithmic stage of growth, which 
should provide basal level of resistance to cells harboring the mccABCDE operon.

The product of the second gene of the mccABCDE operon, mccB, is homologous 
to E1 ubiquitin-activating enzymes that covalently attach AMP to proteins. The 
Walsh group demonstrated that MccB attaches AMP to pro-MccC7-C51 in vitro 
(Roush et al. 2008). These studies have established a reaction mechanism in which 
MccB carries out consecutive adenylation reactions consuming 2 mol of ATP per 
turnover. In the first step, the weakly nucleophilic a-carboxylate of Asn7 of the 
MccA substrate attacks the a-phosphate of ATP to produce a labile peptidyl-AMP 
anhydride. Following this, an intramolecular rearrangement occurs in which the 
carboxamido nitrogen of Asn7 attacks the anhydride and releases AMP to form a 
peptidyl-succinimide. The weakly nucleophilic succinimidyl nitrogen attacks the 
a-phosphate of a second molecule of ATP to form the N–P bond. A water-mediated 
ring opening generates the carboxy-terminal isoasparagine.

The Walsh group has also shown that MccB is able to utilize a synthetic sub-
strate containing the first six amino acids of MccA coupled to succinimide, to yield 
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the final product. An MccA heptapeptide in which the terminal Asn7 is replaced 
with an isoAsn7 is not a substrate, but rather an inhibitor of MccB. The structures 
of MccB with various substrates, including the MccA heptapeptide bearing an Iso-
Asn at the 7th position have been reported (Regni et al. 2009). These structures 
reveal a core adenylating domain common to ubiquitin-conjugating enzymes, 
appended to a domain that holds the substrate peptide. There are considerable con-
formational differences in the orientation of the substrate peptide in different struc-
tures owing to local flexibility in the substrate peptide binding domain. This 
flexibility is consistent with results of systematic mutagenesis of the MccA peptide 
that indicate that the active site of MccB is flexible enough to tolerate 
multiple substitutions in almost all positions of the MccA peptide with the excep-
tions of the Thr3 and carboxy-terminal Asn7 (Kazakov et al. 2007). Structural analy-
sis reveals that the terminal Asn7 or succinimide of substrate peptides are too far 
away from the a-phosphate of ATP to allow catalysis to occur. Therefore, signifi-
cant rearrangement of the bound ligand and/or the peptide-binding domain must 
occur in order to situate the two substrates (ATP and activated MccA) at a distance 
that would favor nucleophilic attack.

The products of the mccD and mccE genes are jointly required for the addition 
of the aminopropyl moiety to MccC7-C51 maturation intermediate that results 
from the action of MccB. The presence of aminopropyl group increases antibacte-
rial activity several fold (Metlitskaya et al. 2009). Results of molecular modeling 
suggest that aminopropyl group increases processed MccC7-C51 binding to the 
target through electrostatic interactions between the positively charged amine and 
several negatively charged residues of the enzyme.

The product of mccD is homologous to S-AdoMet-dependent protein methy-
lases. When mccD is disrupted, MccC7-C51 without the aminopropyl group is 
produced. MccE is a two-domain protein; the N-terminal domain is similar to 
decarboxylases, the C-terminal domain – to RimL, an acetylase of ribosomal pro-
tein L12 (Vetting et al. 2005). In several bioinformatically predicted MccC7-C51-like 
operons from bacteria other than E. coli, the two domains of the MccE homologue 
are encoded by separate genes (Severinov et al. 2007), suggesting that the two 
domains play distinct, and possibly unrelated, functions in MccC7-C51 production 
and/or immunity. Indeed, the N-terminal domain of MccE is required for produc-
tion of MccC7-C51 with the propylamine group, while the C-terminal domain is 
not required. Since the aminopropyl increases the potency of MccC7-C51 by 
increasing the interaction of processed antibiotic with its target AspRS (Metlitskaya 
et al. 2009), it is of considerable interest to understand how this modification is 
accomplished. It is clear that both MccD and the N-terminal domain of MccE are 
required for propylamine synthesis and/or attachment to the product of the MccB-
catalyzed reaction. Homoserine has been suggested as a source of the aminopropyl 
group (Fomenko et al. 2003). Homoserine is produced by aspartyl semialdehyde 
dehydrogenase (Asd), which uses aspartate phosphate as a substrate. Asd is the 
central enzyme of the pathway that converts aspartate to threonine (Shames et al. 
1984). The pathway is also essential for biosynthesis of lysine, methionine, and 
isoleucine. Asd mutants are viable in the presence of diaminopimelic acid (DAP), 
which is used as a substrate for synthesis of amino acids whose synthesis is blocked by 
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the absence of Asd. However, no homoserine is produced in this case. The asd− 
E. coli cells grown in the presence of DAP and carrying the wild-type MccC7-C51 
production plasmid produce MccC7-C51 containing the aminopropyl group 
(Metlitskaya and Severinov unpublished observations). Thus, homoserine cannot be 
the only source of the aminopropyl moiety. Another possible donor could be AdoMet, 
which could be decarboxylated by the N-terminal domain of MccE and then 
conjugated to the product of the MccB-catalyzed reaction by the MccD enzyme.

Plasmids harboring mccABCDE cluster with disrupted mccE (but not mccD) are 
rapidly lost from wild-type E. coli cells when they enter stationary growth phase, a 
condition when MccC7-C51 synthesis is induced. Such plasmids are stably main-
tained in cells lacking aminopeptidases A, B, and N (these cells are resistant to 
MccC7-C51, since no processed MccC7-C51 is produced, Kazakov et al. 2008). 
Thus, MccE contributes to immunity of the producing cell. When overproduced, 
both full-sized MccE and its C-terminal domain (MccECTD) confer resistance to 
MccC7-C51 (Novikova et al. 2010). MccECTD is an acetylase. It recognizes pro-
cessed MccC7-C51 as well as many other aminoacyl-adenylates and transfers an 
acetyl group from acetyl-CoA onto the amino group of the aminoacyl moiety. 
Acetylated processed MccC7-C51 no longer inhibits aspartyl-tRNA synthetase. 
The acetyltransferase activity of MccE is not needed for the addition of the 
propylamine group to MccC7-C51 maturation intermediate (Novikova et al. 2010). 
Overexpression of MccECTD also makes cells resistant to albomycin, a Trojan-horse 
antibiotic unrelated to MccC7-C51, that upon intracellular processing gives rise to 
a serine coupled to thioribosyl pyrimidine that targets seryl-tRNA synthetase.

As already mentioned, MccECTD is closely related to chromosomally encoded 
acetyltransferase RimL and more distantly to RimI and RimJ proteins, which acety-
late N termini of ribosomal proteins S18, S5, correspondingly (Yoshikawa 
et al. 1987). Chromosomally encoded RimL, but not other Rim acetyltransferases, 
provides basal level of resistance to MccC7-C51 and, when overexpressed, also 
makes cells resistant to albomycin. Like MccECTD, RimL acts by acetylating pro-
cessed MccC7-C51 and albomycin, which, along with ribosomal protein L12, 
should be considered as natural RimL substrates (Kazakov et al. in preparation).

As mentioned above, MccF provides resistance to exogenous MccC7-C51. 
Bioinformatic analysis indicates that MccF is homologous to LdcA, an L,  
D-carboxypeptidase whose substrate is monomeric murotetrapeptide L-Ala-D-Glu-
meso-A

2
pm-D-Ala or its UDP-activated murein precursor (Leguina et al. 1994; 

Korza and Bochtler 2005). The enzyme removes the C-terminal D-Ala residue from 
its substrates. MccF is also a peptidase, and it contributes to MccC7-C51 resistance 
through its peptidase activity. MccF hydrolyzes the terminal carboxamide bond 
connecting the nucleotide moiety with aspartate of the processed MccC7-C51 
(Tikhonov et al., 2010). Intact MccC7-C51 is also a substrate (in this case, the 
entire MccA peptide is released upon cleavage).

The mechanism of the MccC7-C51 action makes it attractive to try to generate 
derivatives with altered C-terminal amino acids in the peptide part, for such com-
pounds should target aminoacyl-tRNA synthetases other than the aspartyl-tRNA 
synthetase targeted by the wild-type MccC7-C51. However, saturating mutagenesis 
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of the mccA gene failed to generate mature MccC7-C51 with substitutions in the 
last position (Kazakov et al. 2007). A synthetic strategy based on coupling a hexa-
peptide, corresponding to first six residues of MccA, to aminoacyl sulfamoyl ade-
nylates, nonhydrolyzable analogs of aminoacyl adenylates, and strong inhibitors of 
aminoacyl tRNA synthetases was designed (Van de Vijver et al. 2009). The synthetic 
MccC7-C51-like compounds were shown to possess much higher antibacterial 
activities than parental aminoacyl sulfamoyl adenylates, which are poorly trans-
ported inside bacterial cells. The synthetic compounds retained the Trojan-horse 
mechanism of antibacterial action (i.e., they were taken up through the YejABEF 
transporter and required processing by cellular aminopeptidases). The target speci-
ficity of synthetic compounds was aminoacyl tRNA synthetases specified by the 
last (i.e., proximal to adenosine moiety) amino acid. Thus, in principle, the strategy 
allows to use the MccA hexapeptide as an effective transport vehicle to deliver 
inhibitors of up to 20 essential targets (the number of aminocyl tRNA synthetases 
present in most bacteria) into the cells.

Concluding Remarks

With the unfortunate exception of MccB17, the first class I posttranslationally 
modified microcin to be studied by modern biochemical methods, research con-
ducted in recent years has tremendously increased our understanding of structure–
function relationships, mechanisms of action, and immunity determinants of this 
exciting group of antibacterial compounds. Bioinformatic analyses indicate that 
peptides evolutionarily similar and structurally related to class I posttranslationally 
modified microcins first identified in E. coli are likely produced by a wide variety 
of phylogenetically diverse bacteria. Future research should illuminate physiological 
functions of these compounds and determine if their biological targets are the same 
as those of E. coli microcins. Bioinformatics will also be helpful in establishing 
structure–activity relationship of these interesting molecules. Ultimately, class I 
posttranslationally modified microcins and related molecules could become powerful 
platforms for rational design of pharmacologically active substances.
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Abstract Class II microcins are 4.9- to 8.9-kDa polypeptides produced by and 
active against enterobacteria. They are classified into two subfamilies according 
to their structure and their gene cluster arrangement. While class IIa microcins 
undergo no posttranslational modification, class IIb microcins show a conserved 
C-terminal sequence that carries a salmochelin-like siderophore motif as a post-
translational modification. Aside from this C-terminal end, which is the signature 
of class IIb microcins, some sequence similarities can be observed within and 
between class II subclasses, suggesting the existence of common ancestors. Their 
mechanisms of action are still under investigation, but several class II microcins use 
inner membrane proteins as cellular targets, and some of them are membrane-active. 
Like group B colicins, many, if not all, class II microcins are TonB- and energy-
dependent and use catecholate siderophore receptors for recognition/ translocation 
across the outer membrane. In that context, class IIb microcins are considered to 
have developed molecular mimicry to increase their affinity for their outer mem-
brane receptors through their salmochelin-like posttranslational modification.

Introduction

Class II microcins are higher-molecular-mass microcins (4.9–8.9 kDa), and their 
peptide backbone does not undergo extensive posttranslational modifications 
(Duquesne et al. 2007). It has been recently shown that class II microcins are markers 
of virulence patterns in uropathogenic Escherichia coli (Azpiroz et al. 2009). 
In this review, we successively detail the structures, genetics, biosynthesis, and 
mechanisms of action of class II microcins. The organization of class II microcin 
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gene clusters involves at least four clustered genes organized into one single or 
several transcription units. The minimal structure is composed of (1) the gene 
encoding the microcin precursor, (2) an adjacent self-immunity gene, which 
encodes the self-immunity protein that protects the producing strain from its own 
antibacterial substance, and (3) at least two genes encoding an inner membrane 
ABC (ATP-binding cassette) transporter and its accessory protein responsible for 
the secretion of the microcin. The nonspecialists should be aware that the name 
given to each gene is not standardized throughout the different microcin gene 
clusters. While class IIa microcins are not posttranslationally modified, class IIb 
microcins show a conserved C-terminal sequence that carries a salmochelin-like 
siderophore motif as a posttranslational modification. They are therefore consid-
ered as antibacterial siderophore-peptides (Thomas et al. 2004). Siderophores are 
small iron chelators synthesized by bacteria and fungi for the uptake of the very low 
amount of iron available in physiological media (Andrews et al. 2003). The enzy-
matic pathways leading to the class IIb microcin posttranslational modification 
have been recently studied (Nolan et al. 2007; Vassiliadis et al. 2007; Nolan and 
Walsh 2008; Mercado et al. 2008), and various steps of class IIb microcin biosyn-
thesis could be achieved in vitro. The mechanisms of action of class II microcins 
are still under investigation, most of the knowledge being acquired on their recognition/
uptake. Like group B colicins, many, if not all, class II microcins are TonB- and 
energy-dependent and use catecholate siderophore receptors for recognition/trans-
location across the outer membrane (Chehade and Braun 1988; Trujillo et al. 2001; 
Patzer et al. 2003; Thomas et al. 2004; Strahsburger et al. 2005). As a consequence, 
the salmochelin-like posttranslational modification of class IIb microcins increases 
their affinity for their outer membrane receptors (Thomas et al. 2004). Such a 
molecular mimicry is a unique case among antimicrobial peptides.

Class IIa Microcins

Microcins (Mcc) belonging to this subclass are characterized by the absence of 
posttranslational modification. MccV and MccL contain disulfide bond(s), whereas 
Mcc24 would be a linear unmodified peptide lacking such a bond.

Genetics and Structure

Class IIa microcin gene clusters (Fig. 16.1) are composed of only four plasmid-
borne genes. MccV, formerly colicin V (ColV) (Fredericq et al. 1949) was the 
first antibiotic substance reported to be produced by E. coli (Gratia 1925). MccV 
is secreted by various E. coli strains harboring large (>80 kb) and low-copy-
number pColV plasmids (Waters and Crosa 1991). MccL is produced by E. coli 
LR05  isolated from poultry intestine (Gaillard-Gendron et al. 2000), while Mcc24 
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(formerly colicin 24) is secreted by the uropathogenic E. coli 2424, and its genetic 
 determinants are located on the 43.5-kb conjugative plasmid p24-2 (O’Brien and 
Mahanty 1994). MccV and MccL gene clusters are composed of four genes orga-
nized in two converging transcription units (Gilson et al. 1987, 1990; Chehade and 
Braun 1988; Pons et al. 2004). The genes cvaC and mclC, encoding a 103-amino-
acid MccV and a 105-amino-acid MccL precursor, respectively, as well as the self-
immunity genes cvi and mclI, form the first operon. The second operon contains 
two genes (cvaA/mclA and cvaB/mclB) involved in the MccV and MccL export, 
respectively (Gilson et al. 1990; Pons et al. 2004). In MccL gene cluster, down-
stream of mclI, one open reading frame (ORF) exhibits 98% identity with cvi, 
which makes MccL-producing strains resistant to MccV (Sablé et al. 2003). Mcc24 
gene cluster (GenBank accession number U47048) revealed four genes that would 
belong to one single operon (O’Brien and Mahanty 1996, unpublished work). The 
genes mtfS and mtfI encode the putative 88-amino-acid precursor and self-immunity 
protein of Mcc24, respectively, whereas mtfA and mtfB encode proteins similar to 
CvaA and CvaB, respectively.

The mature MccV is a 88-amino-acid peptide, originating from a 103-amino-
acid precursor (CvaC) that possesses a single disulfide bond located in the 
C-terminal sequence (Table 16.1) (Håvarstein et al. 1994). MccL, which is gener-
ated from a 105-amino-acid precursor (MclC), is composed of 90 unmodified 
amino acids (Pons et al. 2004). MccL is an anionic and highly hydrophobic peptide 
characterized by two disulfide bonds (Pons et al. 2004). MccL and MccV share an 
identical 13-amino-acid C-terminal sequence that contains one disulfide bond 
(Table 16.1). Mcc24 has neither been isolated nor been characterized. Nevertheless, 
its precursor amino-acid sequence, which shares homology with MceA, a class IIb 
microcin precursor (Table 16.1), but lacks the 10-amino-acid C-terminal sequence 
typical of class IIb microcins (see “Structures”), and its gene cluster, which con-
tains four genes only, suggest strongly that Mcc24 belongs to class IIa microcin. 
The putative mature Mcc24 corresponds to a 73-amino-acid peptide devoid of 
 disulfide bond.

Fig. 16.1 Genetic organization of class IIa microcin biosynthetic gene clusters. A colour code 
identifies genes with similar functions. Genes encoding microcin precursors are shown in yellow. 
Genes required for self-immunity and microcin export are shown in red and blue respectively. 
Promoters are indicated by flags. The truncated gene in MccL gene cluster is crossed through
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Maturation and Export

Many bacterial proteins are translocated across the inner membrane by the Sec 
pathway (de Keyzer et al. 2003). Nevertheless, some bacteriocins, like class II 
microcins, use ABC transporters (Davidson and Maloney 2007; Hollenstein et al. 
2007; Moussatova et al. 2008). For all class II microcins, maturation (cleavage of 
the leader peptide) and export appear to occur simultaneously. Except for MccV, 
whose mechanism of export has been partially characterized (Zhong et al. 1996), 
the class II microcin export machineries have been mainly identified based on 
genetics and sequence identity analysis. The class II microcin export machinery 
displays a canonical structure consisting of three components.

The first component is an ABC transporter. Encoded by the microcin gene cluster, 
this protein is an homodimer carrying a nucleotide fixation domain. CvaB would be 
responsible for the export of MccV and, based on their highly similar sequence (up 
to 70% identity), MclB and MtfB, for the export of MccL and Mcc24, respectively. 
All three proteins are similar to ABC transporters responsible for the export of 
other antibacterials such as class II bacteriocins from Gram positive bacteria 
(Håvarstein et al. 1995). Typically, ABC transporters exhibit three domains: (1) an 
N-terminal domain, supposed to be located in the cytoplasm (Franke et al. 1999; 
Wu et al. 2004), with a protease activity likely involved in the leader peptide cleav-
age during export, (2) a central transmembrane domain, poorly conserved, and (3) 
a C-terminal domain carrying a highly conserved nucleotide-binding cassette 
required for ATP binding (Benabdelhak et al. 2003). A model was proposed in 
which the binding of the MccV precursor to CvaB promotes a transition between 
an inactive dimer bound to nucleotide diphosphate and a high-energy dimer bound 
to nucleotide triphosphate (Guo et al. 2006).

The second component of the export machinery is the ABC transporter acces-
sory protein. Based on bioinformatics studies, this protein, which is encoded by the 
microcin gene cluster, would be periplasmic with an N-terminal transmembrane 
helix that serves as an anchor at the inner membrane (Skvirsky et al. 1995; Franke 
et al. 1996). Like ABC transporters, accessory proteins are also highly conserved. 
CvaA, MclA, and MtfA are accessory proteins for MccV, MccL, and Mcc24, 
respectively. Their function in microcin secretion remains unclear. However, they 
have been proposed to serve as a connector between the ABC transporter and the 
third component of the class II microcin export machinery (Gilson et al. 1990; Pons 
et al. 2004).

The third component of the machinery is TolC, located at the outer membrane. 
Unlike genes encoding the ABC transporter and the accessory protein, tolC 
is located on the bacterial chromosome outside of the microcin gene cluster. 
This protein forms a trimeric channel with an a helix in the periplasmic space, 
and a b barrel channel spanning the outer membrane (Koronakis et al. 2000, 2004). 
The expression of TolC is required for the production of extracellular antimicrobials 
by MccV- and MccL-producing strains (Gilson et al. 1990; Pons et al. 2004). 
Therefore, TolC is considered to be required for the export of class II microcins.
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Recognition/Uptake and Mechanism of Action

Class IIa microcins have been poorly studied in terms of mechanism of action 
compared to class IIb. Most of the data are speculative and are based on sequence 
similarities with microcins with known mechanism of action.

MccV (ColV) is active against Gram-negative bacteria belonging to the genera 
Escherichia, Klebsiella, Salmonella, and Shigella (Håvarstein et al. 1994). Like 
class IIb microcins, MccV is recognized by an outer membrane receptor for cate-
cholate siderophores, and its uptake is TonB-dependent (Chehade and Braun 1988). 
It is therefore likely taken up into sensitive cells at the expense of energy that is 
provided by the proton-motive force of the inner membrane. However, while class 
IIb microcins are recognized by FepA, Cir, and Fiu, Cir alone appears to be 
involved in MccV uptake (Chehade and Braun 1988). MccV activity also depends 
on the inner membrane protein SdaC, also involved in serine uptake (Gerard et al. 
2005). Although the mechanistic role of SdaC in MccV uptake and/or activity 
remains unknown, it could drive MccV to the inner membrane, thereby promoting 
channel formation and subsequent disruption of membrane potential (Yang and 
Konisky 1984).

MccL spectrum of activity covers a large number of Gram-negative species 
including E. coli, Salmonella enterica, Klebsiella oxytoca, Shigella sonnei, 
Shigella flexneri, Pseudomonas aeruginosa, and Providencia stuartii (Pons et al. 
2004). However, to date, MccL has been poorly studied in terms of mechanism of 
action. Since it displays a 32-residue C-terminal sequence highly similar to that of 
MccV (87.5% identity), it could also have membrane-permeabilizing properties 
(Pons et al. 2004). This conserved region could also be required for recognition and 
uptake, since like MccV, MccL is recognized by Cir and imported in a TonB-
dependent manner (Sablé, personal communication).

Mcc24 was reported to be active against the enterobacteria E. coli and S. enterica 
Typhimurium, but not against Listeria monocytogenes or Campylobacter jejuni 
(Wooley et al. 1999). To date, nothing is known regarding its uptake and mecha-
nism of action. It is actually the only class II microcin for which nothing is known 
in terms of recognition by catecholate siderophore receptors and their associated 
TonB-ExbB-ExbD complex. Mcc24 displays striking sequence similarities with 
MccE492 (Lagos et al. 1999) but lacks the C-terminal region required for recogni-
tion by catecholate siderophore receptors. Based on their sequence identities, it was 
suggested that Mcc24 and MccE492 could have similar cellular targets and would 
both require ManYZ at the inner membrane (Bieler et al. 2006).

Class IIb Microcins: the Siderophore-Microcins

Class IIb microcins are linear polypeptides carrying a C-terminal siderophore as 
a posttranslational modification (MccE492, MccH47, MccM, and presumably 
MccG492 and MccI47). These microcins are characterized by a highly conserved 
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10-amino-acid C-terminal sequence, which is considered their signature 
(Vassiliadis et al. 2010).

Genetics

Contrary to class IIa microcins, which are all plasmid-encoded, class IIb microcins 
are chromosome-encoded and their gene clusters show a complex transcriptional 
organization (Fig. 16.2). In addition to the four genes described in class IIa microcin 
gene clusters, genes encoding posttranslational modification enzymes are encoun-
tered in class IIb microcin gene clusters.

The best characterized class IIb microcin is MccE492, which is secreted by 
Klebsiella pneumoniae RYC492 (de Lorenzo 1984). The entire MccE492 gene 
cluster is contained within a 13-kb DNA fragment that has been cloned in E. coli 
(Wilkens et al. 1997). Ten genes (mceABCDEFGHIJ) (Lagos et al. 2001), orga-
nized at least in five transcription units, are necessary for MccE492 biosynthesis. 
The gene mceA encodes the 99-amino-acid MccE492 precursor and mceB is 
involved in the self-immunity toward MccE492 (Lagos et al. 1999). Other genes 
are required for MccE492 posttranslational modification. Those are mceC, 
mceD, and mceI, which encode proteins homologous to a glycosyltransferase, an 
enterobactin esterase, and an acyltransferase, respectively (Nolan et al. 2007; 
Vassiliadis et al. 2007), as well as mceJ, which does not display evident homologies 
with known genes (Corsini et al. 2002; Nolan et al. 2007). Two genes, mceG and 
mceH, are necessary for the export of MccE492. They encode an ABC trans-
porter and an accessory protein, respectively. The mceF gene would also be 
involved in export (Lagos et al. 2001), and the role of the last gene, mceE, 
remains unknown. The nucleotide sequence of this gene cluster has been recently 
corrected (GenBank accession number AF063590), showing that the orientation 
of mceFGHIJ is reverse to that previously described. The corrected sequence 
also unveiled six novel ORFs (mceS2/mceS3/mceM/mceL/mceX/mceK), among 
which mceL and mceM encode the 89-amino-acid precursor of a new putative 
microcin termed MccG492 and its self-immunity protein, respectively (Vassiliadis 
et al. 2010).

As with K. pneumoniae RYC492, several microcins can be expressed by one 
single E. coli isolate. Thus, E. coli H47 was reported to express both MccH47 and 
MccI47 (Laviña et al. 1990; Poey et al. 2006). Similarly, E. coli Nissle 1917 (also 
named Mutaflor), E. coli CA46, and E. coli CA58 strains express MccM, MccH47, 
and possibly MccI47 (Nissle 1925; Patzer et al. 2003; Duquesne et al. 2007; 
Vassiliadis et al. 2010). The genetic determinants required for MccH47, MccI47, 
and MccM biosynthesis are all located within a 10.5- to 14-kb DNA fragment 
(Laviña et al. 1990; Patzer et al. 2003; Vassiliadis et al. 2010). Analysis of the 
four microcin gene clusters showed that they share a common organization except 
for the 5¢ region located upstream of mchX (Fig. 16.2). Each microcin gene cluster 
is characterized by common genes (homologues) involved in microcin export. 
Those are mchE, mchF, and mcmM, the latter being truncated in E. coli H47 
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(Gaggero et al. 1993; Azpiroz et al. 2001; Patzer et al. 2003; Poey et al. 2006). 
Similarly, four genes required for the posttranslational modification of class IIb 
microcins are common to the microcin gene clusters. Those genes are mchA/mcmL, 
mchS1/mcmK, mchC, and mchD, which are homologous to mceC, mceD, mceJ, 
and mceI from MccE492 gene cluster, respectively (Vassiliadis et al. 2010). 
However, mcmL and mcmK are lacking in E. coli Nissle 1917. Finally, two spe-
cific genes encode each microcin precursor and self-immunity protein. Thus, 
mchB encodes the 75-amino-acid MccH47 precursor (Rodríguez et al. 1999), 
and mchI confers the self-immunity toward MccH47 (Rodríguez and Laviña 
1998). The gene mchS2 encodes the 77-amino-acid MccI47 precursor and mchS3 
confers the specific self-immunity toward MccI47 (Poey et al. 2006). The mcmA 
(formerly mcmC) (Braun et al. 2002) encodes the 92-amino-acid MccM precur-
sor, and mcmI encodes the MccM self-immunity protein (Patzer et al. 2003). The 
role of mchS4 and mchX located between mchS3 and mchI remains unclear 
(Rodríguez and Laviña 1998; Azpiroz and Laviña 2004). In the 5¢ region of 
microcin gene clusters from E. coli CA58 and Nissle 1917 are located genes 
encoding transposase and insertion sequences, which strongly supports the 
hypothesis of an horizontal gene transfer of microcin gene clusters. Complete or 
partial MccM gene cluster are also encountered in the pathogenicity island of the 
uropathogenic E. coli strains (Dobrindt et al. 2001; Welch et al. 2002; Dezfulian 
et al. 2004).

Structures

MccE492 was initially described as an 84-residue unmodified peptide (uMccE492) 
(Pons et al. 2002) deriving from the MccE492 precursor (MceA). Culture conditions 
were found to be critical to obtain mature MccE492, which carries an original post-
translational modification as revealed by mass spectrometry and nuclear magnetic 
resonance (Thomas et al. 2004). This modification consists of a C-glucosylated 
linear trimer of N-(2,3 dihydroxybenzoyl)-l-serine (DHBS) linked to the C-terminal 
serine carboxylate via an O-glycosidic bond (Fig. 16.3) (Thomas et al. 2004), a 
structure reminiscent of catecholate siderophores, and especially of salmochelin S4 
(Hantke et al. 2003). Thus, MccE492 was the first example of a natural siderophore-
peptide. With the characterization of novel microcins carrying a siderophore post-
translational modification, the name of siderophore-microcins was given to class IIb 
microcins. Indeed, MccM and MccH47 have been recently shown to be 77- and 
60-residue peptides (Table 16.1) deriving from the microcin precursors McmA and 
MchB, and carrying a C-terminal posttranslational modification similar to that has 
previously been described for MccE492 (Vassiliadis et al. 2010). As such, they 
unambiguously belong to the siderophore-microcin family. However, when isolated 
from E. coli Nissle 1917, MccM and MccH47 did not carry any modification. The 
absence of posttranslational modification was correlated to the absence of mcmL 
and mcmK in microcin gene clusters, two genes involved in the biosynthesis of the 
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posttranslational modification (Vassiliadis et al. 2010). Two other putative members, 
MccG492 and MccI47, which remain to be fully characterized, would also belong 
to the siderophore-microcin family. After leader-peptide cleavage, putative MccG492 
and MccI47 would contain 74 and 62 residues deriving from the microcin precursors 
MceL and MchS2, respectively (Table 16.1). Consequently, the class IIb microcins 
form the first homogeneous family among microcins, the siderophore-microcins.

Biosynthesis and Export

Several recent studies have shown that aside from the microcin gene clusters, genes 
involved in the biosynthesis of enterobactin and salmochelin are required for class 
IIb microcin biosynthesis and that both siderophores are precursors for the post-
translational modification (Azpiroz and Laviña 2004; Nolan et al. 2007; Vassiliadis 
et al. 2007; Mercado et al. 2008). This chapter describes the biosynthetic pathways 
that lead to siderophore-peptides, a unique combination of ribosomal and nonribo-
somal biosynthetic steps (Nolan and Walsh 2008).

Enterobactin and Salmochelin Biosynthesis

The maturation of class IIb microcins is dependent on catecholate siderophores. 
Catecholate-siderophores are named according to the chemical group that chelates 
iron and are one class of siderophores among the 500 siderophore structures 
described until now (Neilands 1995; Crosa and Walsh 2002; Miethke and Marahiel 
2007). Enterobactin (also termed enterochelin) is a catecholate siderophore that 
was first isolated in S. enterica Typhimurium (Pollack and Neilands 1970) and 
E. coli (O’Brien et al. 1970), and later in Streptomyces (Fiedler et al. 2001), 
Klebsiella, and Shigella species (Payne et al. 1983; Podschun et al. 1992). It consists 
of a cyclic trimer of DHBS that chelates iron through its three dihydroxybenzoate 
(also termed catechol) groups. The coordination between enterobactin and iron 
is of the hexadentate type. Enterobactin was described as the best iron chelator 
isolated until now (Ecker et al. 1986). More recently, a new class of siderophore, 
named salmochelins, has been isolated from S. enterica Typhimurium (Hantke 
et al. 2003). Also  produced by several uropathogenic E. coli and K. pneumoniae 
strains, salmochelins derive from enterobactin by the addition of one or two glucose 
on the catechol moiety.

Enterobactin Biosynthesis

Most of the known siderophores are synthesized by the multienzymatic pathway 
and particularly by the nonribosomal peptide synthetases (NRPS) pathway (Miethke 
and Marahiel 2007). Two main pathways lead to enterobactin biosynthesis.
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The first pathway, which serves for the initial steps of enterobactin biosynthesis, 
is the shikimate pathway. From phosphoenol pyruvate and erythrose 4-phosphate, 
this pathway leads to chorismate, which is a common intermediate in enterobactin 
and aromatic-amino-acids biosynthesis. Genes involved in this pathway are aroAB-
CDEFGHKL. Tyrosine, phenylalanine, and tryptophan have been described as 
inhibitors of the shikimate pathway (Cobbett and Delbridge 1987; Grove and 
Gunsalus 1987; Heatwole and Somerville 1992).

The second pathway, which serves for the last steps of enterobactin biosynthe-
sis, involves an NRPS (Walsh et al. 1990; Crosa and Walsh 2002; Raymond et al. 
2003). Extensive studies have been performed on specific NRPS that lead from 
chorismate to enterobactin. All genes involved in this pathway are located in the 
enterobactin gene cluster. This 20-kb fragment, organized in six operons, contains 
16 genes. Seven (entABCDEF and ybdB) are involved in enterobactin synthesis, 
five (fepABCDG) in enterobactin uptake, one (entS) in enterobactin export, one 
(fes) in the release of iron from the siderophore, and two genes (ybdz and fepE) 
still have unknown functions. The enterobactin gene cluster is regulated by two 
fur (ferric uptake regulator) boxes, enabling the transcription regulation accord-
ing to bacterial iron concentration (Brickman et al. 1990). Thus, to achieve enter-
obactin biosynthesis, chorismate is subjected to three reactions leading to 
dihydroxybenzoate (DHB) (Sakaitani et al. 1990; Gehring et al. 1998). Afterward, 
DHB is activated by adenylation and charged onto an aryl carrier protein. In par-
allel, a serine is also activated by adenylation and charged onto a peptidyl carrier 
protein (Reichert et al. 1992; Lambalot et al. 1996; Gehring et al. 1997). DHB and 
serine are finally ligated by a condensation domain and transferred onto another 
peptidyl carrier protein. These steps are repeated three times, and the final trimer 
of DHB-serine is transferred onto a thioesterification domain, which cyclizes and 
releases simultaneously the trimer to finally produce enterobactin (Shaw-Reid 
et al. 1999).

Salmochelin Biosynthesis

Conversion of enterobactin into salmochelins requires a 10-kb DNA fragment con-
taining five genes, iroBCDEN (Bäumler et al. 1996, 1998), and two fur boxes 
(Bäumler et al. 1996). The gene iroB is involved in salmochelins biosynthesis, iroC 
in salmochelins export, iroN in salmochelins import, while iroD and iroE are 
involved in the release of iron chelated by salmochelins and degradation of these 
siderophores (Lin et al. 2005; Zhu et al. 2005). Enterobactin is di-glucosylated by 
IroB on two catechol groups, leading to salmochelin S4 formation (Bister et al. 
2004; Fischbach et al. 2005). Salmochelin S2 is the linear form of salmochelin S4, 
while salmochelins S1, and SX are the monoglucosylated dimer and the monomer 
of DHBS, respectively. Salmoche lins S2, S1, and SX are consequently degradation 
products of salmochelin S4.
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Siderophore Microcin Biosynthesis

MccE492 was the first microcin found to carry a salmochelin-like siderophore as a 
posttranslational modification (Fig. 16.3). As a consequence, it has been the most 
extensively investigated of the siderophore-microcins. The genes mceC and mceD 
from MccE492 gene cluster display strong identities in sequences with iroB and 
iroD, which are involved in enterobactin glucosylation and linearization, respec-
tively. In vivo and in vitro experiments showed that enterobatin and salmochelin are 
precursors for MccE492 posttranslational modification (Vassiliadis et al. 2007; 
Mercado et al. 2008). Thus, while microcins use siderophore biosynthetic pathways 
for the initial steps of their posttranslational modification, the last steps are encoded 
by the microcin gene clusters themselves. It has recently been shown for MccE492 
that MceC and MceD monoglucosylate and linearize enterobactin, respectively 
(Nolan et al. 2007) and that MceI and MceJ are responsible for the O-glucosydic 
bond formation between the modified enterobactin and the peptide backbone 
(Nolan and Walsh 2008).

The biosynthesis of MccM and MccH47, the two recently characterized sidero-
phore-microcins, was also investigated (Vassiliadis et al. 2010). Like MccE492, 
MccH47 posttranslational modification is dependent on the enterobactin synthesis 
pathway (Azpiroz and Laviña 2004). Interestingly, MchA and McmL display 85% 
identity with MceC, while MchS1 and McmK display 75% identity with MceD. By 
coupling gene complementation to mass spectrometry analysis, our group has 
recently showed that MchA, McmL, MceC, on one hand, and MchS1, McmK, 
MceD, on the other hand, are required for siderophore-microcin posttranslational 
modification and that each group of genes displays the same function, i.e., enter-
obactin C-glucosylation and linearization, respectively (Vassiliadis et al. 2007, 
2010). Similarly, MchC and MchD display 71% and 80% identity with MceJ and 
MceI, respectively, and complement each other (Nolan and Walsh 2008). Therefore, 
MchC and MceJ, on one hand, as well as MchD and MceI, on the other hand, most 
likely display the same function in O-glucosylation of the class II microcin 
C-terminal serine. Together with earlier heterologous functional complementation 
assays (Poey et al. 2006), this indicates that all genes involved in siderophore-
microcin posttranslational modification are probably interchangeable from one 
gene cluster to another.

MccI47 and the putative MccG492 have been very recently described, and as a 
consequence, little is known on their maturation. However, MccI47 structure and 
immunity genes are located within MccM/MccH47 gene cluster (Poey et al. 2006), 
while for MccG492, these genes are located within MccE492 gene cluster 
(Vassiliadis et al. 2010). Because MccM and MccH47 use the same genes for their 
posttranslational modification, one can speculate that these genes modify MccI47 
so that it carries a similar siderophore posttranslational modification. Similarly, 
the genes required for MccE492 posttranslational modification could modify 
MccG492.
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A model is proposed for siderophore-microcin biosynthesis (Fig. 16.3) in which 
after biosynthesis, enterobactin is C-glucosylated by MceC/McmL/MchA and lin-
earized by MceD/McmK/MchS1. The linearized glucosylated enterobactin (salmo-
chelin) is then linked to the microcin precursor MceA (for MccE492), McmA (for 
MccM), MchB (for MccH47), MchS2 (for MccI47), or MceL (for MccG492) 
through O-glycosylation. This biosynthetic step is catalyzed by MceIJ or MchCD. 
Finally, cleavage of the leader peptide occurs simultaneous to the export by a dedi-
cated ABC transporter encoded by the microcin gene cluster (see “Genetics”). The 
existence of MccE492, MccM, and MccH47 intermediates carrying a dimer and a 
monomer of glucosylated DHBS instead of the classical trimer (Vassiliadis et al. 
2007, 2010) could result from the degradation of glucosylated enterobactin by 
MceD/McmK/MchS1, followed by linkage to the microcin precursor and cleavage 
of the leader peptide, as described above.

Maturation and Export

Analyses of class IIb microcin gene clusters led to several hypotheses on the 
 cleavage of class IIb microcin leader peptide and associated export. The mecha-
nism by which the microcins are maturated and exported is supposed to be the 
same for all class II microcins (see “Maturation and Export”). The ABC trans-
porters of MccE492/MccG492 and MccH47/MccM/MccI47 would be MceG and 
MchF, respectively. The accessory proteins of MccE492/MccG492 and MccH47/
MccM/MccI47 would be MceH and MchE, respectively. Finally, TolC would be 
the outer membrane component of all class IIb microcin export machineries, as 
shown for MccH47, whose antimicrobial activity is dependent on tolC (Gaggero 
et al. 1993). An additional inner membrane protein could also be required for 
class IIb microcin export. Indeed, MccE492 export machinery seems to require 
MceF, a putative inner membrane protein that could interact with MceGH for 
processing or export (Lagos et al. 2001). Similarly, McmM, which displays 62% 
identity with MceF, could have the same function in MccM/MccH47/MccI47 
export.

Recognition/Uptake and Mechanism of Action

Among class II microcins, the siderophore-microcins (class IIb microcins) have 
been the best studied in terms of mechanism of action. While the mechanisms 
responsible for class IIb microcin antibacterial activity are still incompletely under-
stood, it is now established that their conserved C-terminal domain as well as their 
siderophore moiety are key determinants for their recognition/uptake at the outer 
membrane of enterobacteria.
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Recognition / Uptake by the Receptors for Catecholate Siderophores

Spectra of antibacterial activity have been established very early for class IIb 
microcins. However, as presented in the Sect. Genetics, class IIb microcin-
producing strains often express several class IIb microcins. The recent progresses 
in the purification of microcins have rendered possible the determination of reliable 
but nonexhaustive activity spectra. Thus, using pure microcin preparations or 
preparations that contain one single microcin, MccE492 was shown to be active 
against strains of E. coli, Enterobacter cloacae, S. enterica, and K. pneumoniae, 
MccM was active against S. enterica and E. coli, while MccH47 would to be active 
against E. coli only (Destoumieux-Garzón et al. 2003; Thomas et al. 2004; 
Vassiliadis et al. 2010).

Determinants of class IIb microcin susceptibility in enterobacteria•	
Two common features to all microcins are (1) an extremely potent activity, with 
minimum inhibitory concentrations (MICs) often below 0.1 mM (Thomas et al. 
2004; Destoumieux-Garzón et al. 2005) and (2) a narrow spectrum of activity 
limited to few genera of enterobacteria, as illustrated above. The reason for that 
is a receptor-mediated recognition/uptake, which uses outer membrane proteins 
normally involved in nutrient uptake as receptors or docking molecules (Laviña 
et al. 1986; Pugsley et al. 1986; Salomón and Farias 1993, 1995; Trujillo et al. 
2001). Those outer membrane proteins are also used by bacteriophages, antibiot-
ics, and colicins for cell entry. They are considered an “Achilles’ heel” for the 
bacterium.

The catecholate siderophore receptors FepA, Cir, Fiu, and IroN –
Over the past few years, substantial knowledge has been acquired on micro-
cin recognition showing that only enterobacteria that express catecholate 
siderophore receptors are susceptible to class IIb microcins. In E. coli, class 
IIb microcins parasitize the FepA, Cir, and Fiu receptors involved in the 
uptake of catecholate siderophores (e.g. enterobactin) (Trujillo et al. 2001; 
Patzer et al. 2003; Thomas et al. 2004; Strahsburger et al. 2005). The require-
ment of MccE492 for catecholate siderophore receptors is illustrated by a 
shift from a potent activity against E. coli H1443 (MIC = 40 nM) to a lack of 
activity against the isogenic fepA cir fiu triple mutant (MIC > 10 mM) 
(Thomas et al. 2004). In Salmonella, class IIb microcins would use IroN, 
FepA, and Cir receptors (Patzer et al. 2003). FepA is by far the best studied 
of the four receptors. Its three-dimensional structure is composed of a b-barrel 
embedded in the outer membrane with an N-terminal globular domain, called 
either the plug or cork domain, folded inside the barrel (Buchanan et al. 
1999). This domain spans most of the interior of the barrel and occludes it. 
The globular domain is connected to the b-barrel and to the external hydro-
philic loops by numerous hydrogen bonds and salt bridges. The external 
loops contain the binding sites for iron-siderophore complexes (Annamalai 
et al. 2004). During the transport process, the globular domain of FepA 
would be expulsed from the b-barrel (Ma et al. 2007). Not only does FepA 
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transport catecholate siderophores but it also serves as a receptor/transporter 
for group B colicins and bacteriophages (Letellier and Santamaria 2002; 
Rabsch et al. 2007).
The energy-transduction system TonB/ExbB/ExbD –
The catecholate siderophore receptors use the TonB-ExbB-ExbD inner mem-
brane complex as an associated energy-transduction system for the active 
uptake of iron. This complex is responsible for the transduction of the proton-
motive-force energy from the inner membrane, where it is generated, to the 
outer membrane, where it drives the active transport by high-affinity outer 
membrane transporters (Postle and Kadner 2003). ExbB and ExbD were 
proposed to influence the dimerization of TonB, although they would not be 
strictly required (Sauter et al. 2003), and TonB–ExbD interaction has been 
recently shown to be dependent on the proton-motive force (Ollis et al. 2009). 
TonB is required for the translocation across the outer membrane and the 
antibacterial activity of various microcins including class lIb microcins 
(Pugsley et al. 1986; Trujillo et al. 2001; Braun et al. 2002; Destoumieux-
Garzón et al. 2003; Thomas et al. 2004; Strahsburger et al. 2005; Vassiliadis 
et al. 2010). However, ExbB and ExbD are often dispensable, as evidenced 
for MccE492, MccM, and MccH47 (Thomas et al. 2004; Vassiliadis et al. 
2010). A similar ExbB-independent uptake has been reported for bacterio-
phage H8, which like class IIb microcins and group B colicins is a FepA 
ligand. Interestingly, when both ExbBD and TolQR systems are impaired, 
E. coli becomes resistant to bacteriophage H8 infection (Rabsch et al. 2007). 
Similar functional complementation of ExbBD by TolQR might occur for the 
uptake of class IIb microcins.

Determinants of class IIb microcin recognition by catecholate siderophore •	
receptors

The salmochelin posttranslational modification –
ln a recent study, our group has showed that the three class lIb microcins on 
which structural data have been acquired (i.e., MccE492, MccM, and 
MccH47) possess a similar posttranslational modification (see “Structures”) 
when expressed in a favorable genetic background (Vassiliadis et al. 2010). 
Since this modification mimics the catecholate siderophore salmochelin  
and behaves as a siderophore (Thomas et al. 2004), it was hypothesized that 
it could play a major role in class lIb microcin recognition. MccE492 is to 
date the only class lIb microcin for which modified and unmodified forms 
have been separated and purified in sufficient amounts to measure minimal 
inhibitory concentrations (MICs). Interestingly, the activity of the unmodi-
fied MccE492 (u-MccE492) against E. coli H1443 is four- to eightfold 
lower than that of the mature microcin (Thomas et al. 2004), indicating 
that the salmochelin posttranslational modification significantly enhances 
MccE492 recognition at the outer membrane of E. coli. As shown recently, 
the same posttranslational modification is observed in MccM, MccH47, 
and MccE492 (Vassiliadis et al. 2010) and is likely to occur in the recently 
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discovered MccI47 (Poey et al. 2006; Nolan and Walsh 2008) and MccG492 
(Vassiliadis et  al. 2010). Therefore, as shown for MccE492, the salmoche-
lin  posttran- slational modification is expected to increase the antibacterial 
activity of all class IIb microcins by mimicking the natural ligands of iron-
siderophore receptors.
The serine-rich C-terminal region –
The unmodified MccE492 (u-MccE492) lacking the salmochelin posttransla-
tional modification was shown to be active against E. coli, but, as the mature 
microcin, it was inactive against the isogenic fepA cir fiu triple mutant 
(Destoumieux-Garzón et al. 2006). This showed that molecular motives other 
than the sole posttranslational modification are involved in MccE492 recog-
nition by the catecholate siderophore receptors. Later, Bieler et al. (2006) 
showed that the serine-rich C-terminal sequence of MccE492 was essential 
for the activity of extracellular, but not intracellular MccE492. Therefore, the 
C-terminal sequence is required for receptor recognition and/or translocation 
across the outer membrane. Because this C-terminal sequence is highly con-
served among class IIb microcins, being considered as a signature for the 
family, it is very likely that, as demonstrated for MccE492, all class IIb 
microcins are recognized by catecholate-siderophore receptors through their 
serine-rich C-terminal sequence.

Antibacterial Activity of Class IIb Microcins

While class IIb microcins exhibit a conserved C-terminal domain required for rec-
ognition, the N-terminal domain is very diverse in terms of sequence (Table 16.1). 
Interestingly, the N-terminal domains of class IIb microcins display homologies 
with those of class IIa microcins. Therefore, class IIb N-terminal domains likely 
endow the antibacterial activity of the microcins. This is largely supported by the 
finding that a C-terminally truncated MccE492 remains active provided it is 
expressed intracellularly (Bieler et al. 2006). Among class IIb microcins, only 
MccE492 and MccH47 have been investigated in terms of mechanism of action, 
certainly due to the recent identification of MccI47, MccM, and MccG492. Data on 
those last three microcins are limited to their recognition at the outer membrane of 
E. coli (see the above section).

MccE492 membrane-disruption properties have been identified very early, well 
before the peptide was isolated and characterized. Thus, in vivo, culture superna-
tants containing MccE492 depolarised the inner membrane of E. coli (de Lorenzo 
and Pugsley 1985). This was later confirmed with homogeneous peptide prepara-
tions, showing that the MccE492 activity was energy- and TonB-dependent 
(Destoumieux-Garzón et al. 2003, 2006). Interestingly, the damages to the inner 
membrane were not responsible by themselves for the lethal effect of neither 
u-MccE492 nor MccE492 and did not result in cell lysis even at lethal concentra-
tions (Destoumieux-Garzón et al. 2003, 2006). In vitro, the microcin was able to 
form ion channels in planar lipid bilayers (Lagos et al. 1993). The u-MccE492 
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pore-forming activity could be observed at concentrations as low as 2 × 10−10 M, and 
the insertion was shown to be voltage-independent (Destoumieux-Garzón et al. 
2003). Altogether, this strongly suggests that the damages to E. coli inner mem-
brane rely on a pore-forming activity.

Although the mechanistic details of MccE492 bactericidal activity are still 
incompletely understood, Bieler et al. (2006) evidenced that MccE492 targets the 
mannose permease, manY and manZ being critical genes for MccE492 antibacte-
rial activity against E. coli. ManYZ is an inner membrane complex that functions 
together with the cytoplasmic ManX to form the mannose permease involved in the 
uptake of mannose and related hexoses (Williams et al. 1986; Erni et al. 1987). The 
manYZ mutants resistant to MccE492 were unable to metabolize mannose and 
became insensitive to the inner membrane depolarization mediated by periplasmic 
MccE492 (Bieler et al. 2006). Therefore, the mannose permease is required for 
MccE492 antibacterial activity but may not be the only intracellular target of the 
microcin.

Unlike MccE492, MccH47 has never been purified to homogeneity (Vassiliadis 
et al. 2010). Nonetheless, several studies by Laviña and collaborators have docu-
mented the mechanism of action of MccH47. The authors initially showed that the 
atp operon conferred susceptibility to MccH47 (Rodríguez et al. 1999). Later, they 
found that MccH47 targets the F

0
F

1
 ATP synthase, particularly its F

0
 membrane 

component, which serves as a proton channel, while the F
1
 catalytic unit was dis-

pensable (Trujillo et al. 2001; Rodríguez and Laviña 2003). We have recently found 
that contrary to MccE492, MccM and MccH47 are active against manXYZ mutants 
(Peduzzi and Vandervennet unpublished results). Therefore, the mannose permease 
is not required for all siderophore-microcins antibacterial activity. Consequently, 
while the conserved C-terminal sequence of class IIb microcins is responsible for 
their recognition, this reinforces our hypothesis that their nonconserved N-terminal 
sequence is responsible for the interference with specific cellular functions.

Concluding Remarks

The recent progresses on class II microcins gathered in this review have shown that 
their mechanism of action relies on the recognition by iron-siderophore receptors 
and that one subclass (class IIb) uses molecular mimicry to improve recognition by 
iron receptors. Interestingly, the siderophores, which serve as precursors for the 
posttranslational modification of class IIb microcins, are recognized as important 
virulence factors involved in the battle for iron (Demir and Kaleli 2004; Lawlor 
et al. 2007; Caza et al. 2008). Moreover, the siderophore-encoding gene clusters are 
usually located in genomic islands, as also found for class IIb microcins in E. coli 
Nissle 1917 (Grozdanov et al. 2004). Together with the modular structure of their 
gene cluster, this strongly suggests that class II microcins are subject to extensive 
horizontal gene transfer, in agreement with an important role in microbial competi-
tion and/or virulence. The recent studies on colicins, large antimicrobial proteins 
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expressed by enterobacteria that use similar iron receptors for recognition, indicate 
that their expression favors bacterial persistence in the gastrointestinal tract (Kirkup 
and Riley 2004; Gillor et al. 2009). Together with a recent study on uropathogenic 
class II microcins (Azpiroz et al. 2009), this strongly supports the role of class II 
microcins in enterobacterial virulence and in vivo fitness.
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Abstract Most bacteria and archaea produce gene-encoded antimicrobial peptides/ 
proteins called bacteriocins, which are secreted by the producing bacteria to 
compete against other microorganisms in a given niche. They are considered 
important mediators of intra- and interspecies interactions and therefore a factor in 
 maintaining the microbial diversity and stability. They are ribosomally synthesized, 
and most of them are produced as inactive precursor proteins, which in some cases 
are further enzymatically modified. Bacteriocins generally exert potent antibacte-
rial activities directed against bacterial species closely related to the producing 
bacteria. Bacteriocins are abundant and diverse in Gram-negative and Gram-
positive bacteria. This chapter focuses on colicins and microcins from enterobacte-
ria (mainly Escherichia coli) and on bacteriocins from lactic acid bacteria (LAB). 
Microcins are the lower-molecular-mass bacteriocins produced by Gram-negative 
bacteria with a repertoire of only 14 representatives. They form a very restricted 
family of bacteriocins, compared to the huge family of LAB bacteriocins that is 
constituted of several hundreds of peptides, with which microcins share common 
characteristics. Nevertheless, microcins also show similarities, particularly in their 
uptake mechanisms, with the higher-molecular-mass colicins, also produced by 
E. coli strains. On the edge between LAB bacteriocins and colicins, microcins 
appear to combine highly efficient strategies developed by both Gram-positive and 
Gram-negative bacteria at different levels, including uptake, translocation, killing 
of target cells, and immunity of the producing bacteria, making them important 
actors of bacterial competitions and fascinating models for novel concepts toward 
antimicrobial strategies and against resistance mechanisms.
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Introduction

Most species of bacteria produce a broad array of chemical compounds acting as 
antimicrobials (Tagg et al. 1976). These include short-chain fatty acids, such as 
lactic acid, and hydrogen peroxide (H

2
O

2
) produced by LAB, protein toxins, and 

antimicrobial peptides that are termed bacteriocins. Bacteriocins are numerous and 
diverse in Gram-negative and Gram-positive bacteria; however, the production of 
bacteriocins is mainly encountered in enterobacteria and LAB. Bacteriocins act as 
important mediators of intra- and interspecies interactions, therefore representing a 
considerable factor in maintaining microbial diversity. Indeed, bacteriocins are of 
great interest in microbial ecology. To defend their ecological niche against com-
petitors, bacteria develop original, complex, and subtle strategies for bacteriocins 
in terms of mechanisms of import into target microorganisms, mechanisms of killing 
the target microorganisms, and resistance of the producing strains to their own 
toxin(s). Therefore, bacteriocins constitute interesting models for the elaboration of 
novel strategies to fight against microorganisms, either for the conception of novel 
antibiotics with low levels of resistance or for the development of probiotic strains, 
since the production of bacteriocins is considered an important trait for a successful 
probiotic strain (Gillor et al. 2008). The strategies developed by Gram-negative and 
Gram-positive bacteria to act as potent competitors in their biotopes through the 
production of bacteriocins are compared and discussed in this chapter. Gram-
negative bacteria produce both higher-molecular-mass (between 30 and 80 kDa) 
and lower-molecular-mass (<10 kDa) bacteriocins, termed colicins and microcins, 
respectively. On the other hand, Gram-positive bacteriocins range between 1 and 
10 kDa. Table 17.1 sums up the main characteristics of these different classes of 
bacteriocins at different levels, in terms of structures, genetic systems and biosyn-
theses, mechanisms of action, and mechanisms of immunity of the producing 
strains. The chapter also provides a summary of the defense strategies associated 
with bacteriocins.

Structures and Features of Production

Structural diversity.  Microcins and LAB bacteriocins share a number of common 
characteristics, in particular in terms of molecular masses (below 10 kDa), stability 
to high temperatures and extreme pHs, and to degradation by proteases in most 
cases (for reviews, see Drider et al. 2006; Cotter et al. 2005; Garneau et al. 2002; 
Jack et al. 1995). The three-dimensional structures of some bacteriocins have been 
determined by NMR/molecular modelling or by X-ray crystallography. They are 
extremely diverse and variable. For instance, circular bacteriocins adopt a four or 
five tightly packed a-helix structure (Sánchez-Barrena et al. 2003; Langdon et al. 
1998; see Chap. 12 by John Vederas & coll.), while pediocin-like bacteriocins 
adopt structures assembling a-helix and b-sheet domains connected by hinges or 
unstructured regions (Drider et al. 2006). Other bacteriocins have completely 
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atypical structures, as shown for lantibiotics (Chatterjee et al. 2005; see Chap. 9 by 
Gert Moll & coll.) and the lasso-peptide microcin J25 (Duquesne et al. 2007a, b).

Fourteen microcins only have been characterized until now. Despite this low 
number of representatives, they exhibit a large structural diversity that allows clas-
sifying them into two classes. One class encompasses microcins of lower molecular 
masses (class I; 1–3 kDa), which undergo extensive posttranslational modification 
(nucleotide-peptide, lasso-peptide…). The other class is composed of microcins of 
higher molecular masses (class II; 6–10 kDa) that can bear or not bear a C-terminal 
modification (siderophore-microcins) (Duquesne et al. 2007a; refer to Chap. 4 by 
S. Rebuffat for the detailed description of this classification). Forming a much larger 
group that includes several hundreds of representatives, LAB bacteriocins exhibit 
very high structural diversity, which conducted to several classifications (refer to 
Chap. 3 by Paul D. Cotter & coll. for an updated description of this classification). 
Among them, the following classes are considered in this chapter: (1) lantibiotics 
(class I of highly modified bacteriocins containing lanthionines and/or b-methyllan-
thionines; for reviews see Patton and van der Donk 2005; Chatterjee et al. 2005; for 
a detailed description refer to Chap. 9 by Gert Moll & coll.), (2) pediocin-like bacte-
riocins (class IIa of unmodified peptides that contain in the N-terminal region the 
YGNGV/LXC consensus motif, in which X represents any amino acid) and that 
display a specific anti-Listeria activity (for a detailed description refer to Chap. 10 by 
Djamel Drider), (3) the two-peptide bacteriocins (class IIb of bacteriocins that acquire 
their potent activity only when present in mixture, for a detailed description refer to 
Chap. 11 by Jon Nissen-Meyer & coll.), (4) circular bacteriocins (class IIc; for a 
detailed description refer to Chap. 12 by John Vederas & coll.), and (5) class IId of 
bacteriocins, which encompasses in particular the leaderless bacteriocins (enterocins 
L50A and L50 B) and the nonsubgrouped bacteriocins (for a detailed description 
refer to Chap. 13 by Kenji Sonomoto & coll.). Microcins and lantibiotics are both 
essentially hydrophobic peptides, which most often exhibit a high stability to extreme 
temperatures and pHs and a low sensitivity to proteases, as a result of their posttrans-
lational modifications or/and their compact three-dimensional structures. The other 
classes of LAB bacteriocins also share part of these structural characteristics.

By contrast, colicins are unmodified proteins that are protease-sensitive and exhibit 
a typical modular structure organized in three functional domains: an N-terminal 
domain required for translocation across the outer membrane, a central domain nec-
essary for binding to the target cell surface receptor, and a C-terminal domain 
supporting the killing function (Cascales et al. 2007; Braun et al. 2002). In microcins 
and LAB bacteriocins, a modular organization only occurs in some classes. The 
siderophore-microcins (class IIb) contain two domains, an N-terminal domain 
involved in toxicity and a C-terminal domain in uptake (Azpiroz and Laviña 2007; 
Duquesne et al. 2007a). This modular structure made possible the construction of 
chimeric active peptides (Azpiroz and Laviña 2007). Pediocin-like bacteriocins 
(class IIa of LAB bacteriocins) also contain two domains: a cationic and well-
conserved N-terminal b-sheet domain that mediates binding of the bacteriocin to 
the target cell surface and a more diverse and hydrophobic C-terminal hairpin-like 
domain that penetrates into the hydrophobic part of the target cell membrane, acting 
as an important determinant of the target cell specificity (Fimland et al. 1996; 
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Johnsen et al. 2005a). The target specificity of pediocin-like bacteriocins and class 
IIb microcins seems to be determined by the C-terminal domain, which is recog-
nized by a receptor. In pediocin-like bacteriocins, this domain has been shown to 
specifically interact with the C-terminal half of the immunity protein, directly or 
indirectly (Johnsen et al. 2005b).

Biosynthesis – roles of the leaders.  All bacteriocins are synthesized using the ribo-
somal machinery. Microcins and LAB bacteriocins share a common maturation 
process. Both are produced as inactive precursor peptides, which typically contain 
leader peptides N-terminal to the mature peptide sequences. The mature bacterio-
cins are released upon cleavage of the leader peptides by dedicated ABC (ATP-
binding cassette) transporters. Such a common maturation process is particularly 
exemplified by microcin V (also called colicin V) that shares more common points 
in this regard with pediocin-like LAB bacteriocins than with other microcins. 
Microcin V could be produced in Lactococcus lactis when fused C-terminally to 
the leader peptide of leucocin A (van Belkum et al. 1997). Prior to the proteolytic 
cleavage of the leader peptides, some precursors are posttranslationally modified: 
this is particularly the case with lantibiotics, class IIc circular LAB bacteriocins and 
class I and IIb microcins.

Leader peptides are highly variable in length. They are about 25–30 and 20–30 
amino acid long in lantibiotics (class I) and pediocin-like bacteriocins (class IIa), 
respectively, while they range between 2 and 35 amino acids in circular bacterio-
cins (class IIc) and between 15 and 30 amino acids in two-peptide bacteriocins 
(class IIb). Leader peptides of class II microcins are ~15 amino acids in length, 
whereas posttranslationally processed microcins have longer leaders of 19–37 
amino acids, microcin C7-C51 being the only one to be secreted without cleavage 
of a precursor peptide (García-Bustos et al. 1984).

Cleavage of the bacteriocin leaders most often occurs at a specific cleavage site. 
The leader peptides of some lantibiotics are typically rich in Asp and Glu, containing 
an ELXXBXG motif (B = V, L, I; X = any amino acid). They usually end in the so-
called double-glycine (GG) motif where the cleavage occurs, as also found in pediocin-
like bacteriocins. Similarly, class II microcin leader peptides contain a conserved 
sequence MRXI/LX(9)GA/G (X = any amino acid) that ends with the typical double-
glycine or with the glycine–alanine motif. The latter is found in proteins exported 
through ABC transporters as an alternative to the GG motif (Duquesne et al. 2007a). 
However, leader peptides of class I microcins do not display common features.

In many cases, the role of the leader peptide still remains unclear. The roles most 
commonly ascribed are those of (1) a secretion signalling peptide that is recognized 
by the transport machinery, (2) recognition by the post-translational modification 
enzymes, (3) chaperones assisting in the folding of the precursor peptides, (4) pro-
tection of the precursor peptides against degradation, or (5) keeping the precursor 
peptides inactive inside the host cells during biosynthesis, until the appropriate time 
for secretion and proteolysis (Oman and van der Donk 2010; Duquesne et al. 
2007a). Support for almost all of these roles has been reported (Oman and van der 
Donk 2010), but the function of the leader peptide differs for the different classes 
and subclasses of peptides considered.



338 S. Rebuffat

Genetic systems.  Although some are chromosomally encoded, most class II LAB 
bacteriocins are plasmid-encoded. The genetic determinants for class IIc of circular 
LAB bacteriocins can be located either on plasmids or on the chromosome. 
Similarly, only certain microcins have been found to be chromosomally encoded 
(class IIb), while all colicins are plasmid-encoded. In the case of lantibiotics, the 
gene clusters can be located on a transposon, on the chromosome, or on a plasmid 
(see Chap. 9 on lantibiotics by Gert Moll).

The large structural differences observed between the different bacteriocins 
reflect a variable organization of the encoding genetic systems. Colicins exhibit the 
simplest genetic systems among bacteriocins. A minimal gene cluster contains two 
genes encoding the toxin and an immunity protein that protects the producing strain 
from its own toxin. In some clusters, an extra gene is present, encoding a lysis 
protein responsible for toxin release (Cascales et al. 2007).

Although they share a similar gene cluster organization with colicins, microcins 
and LAB bacteriocins however have more complex genetic systems, with the pres-
ence of several genes encoding auxiliary proteins or modification enzymes. At least 
four genes are required for the synthesis of class II bacteriocins (Drider et al. 2006), 
each coding for a precursor peptide, an immunity protein, an ABC transporter 
required for secretion of the bacteriocin out of cells, and an accessory protein, 
whose function is not yet clear. In the case of two-peptide bacteriocins, a fifth gene 
is required, which encodes the second partner of the two-peptide bacteriocin. 
Circular LAB bacteriocin gene clusters contain five to ten genes (see Chap. 12 by 
John Vederas & coll.). For example, the production of and immunity to enterocin 
AS48, the most extensively studied circular bacteriocin, require the coordinated 
expression of ten genes (Martínez-Bueno et al. 1998). Lantibiotics, including two-
peptide lantibiotics, which undergo extensive and complex posttranslational modi-
fications, are encoded by the most complex genetic systems among bacteriocins 
that include 6–13 genes (Patton and van der Donk 2005; Chatterjee et al. 2005).

Similar to LAB bacteriocins, microcin gene clusters contain generally at least 
four genes: the structural gene encoding the precursor, the self-immunity gene typi-
cally adjacent to the former that encodes the self-immunity factors, and two genes 
encoding the export system. They may contain additional genes that code for matu-
ration enzymes, as the cases of microcins J25 and E492 (Duquesne et al. 2007a). 
Besides the gene products required for the synthesis of the bacteriocins and for 
self-protection/immunity of the producer, proteins required for regulation are also 
encoded in the gene clusters of bacteriocins.

Regulation. Colicin gene clusters are regulated by the SOS response regulon, 
which in many prokaryotes plays a primary role in the response to DNA damages 
caused by an environmental stress, such as UV irradiation or exposure to DNA-
damaging agents (Walker 1995). In contrast, the synthesis of microcins is not 
SOS-dependent, but rather induced directly by stress conditions, particularly 
by poor nutrient conditions. The biosynthesis of class II LAB bacteriocins is 
mainly regulated through the cell-density dependent three-component regula-
tory system that consists of an inducer peptide (peptide pheromone), a trans-
membrane histidine protein kinase (pheromone receptor), and cytosolic response 
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regulators (Eijsink et al. 2002; Kleerebezem and Quadri 2001). In addition to 
this quorum-sensing mechanism, temperature has been shown to be a major factor 
of regulation. Moreover, some lantibiotics such as nisin, subtilin, and salivaricin 
have been shown to serve as sensing molecules that trigger the transcription of their 
prepeptides in an extracellular autoregulatory mechanism (Chatterjee et al. 2005). 
Microcins are produced under conditions of stress, such as nutrient depletion that 
occurs near the stationary phase, or oxygen starvation. However, they are not all 
regulated by identical stress stimuli. In the case of microcin J25, it has been shown 
that its production is not controlled by cell density (Chiuchiolo et al. 2001), con-
trary to class II LAB bacteriocins.

Export and release. Microcins and LAB bacteriocins share similar modes of secre-
tion into the extracellular medium that use ABC transporters. The transporter 
cleaves off the typical GG-containing leader sequence of the precursor, concomi-
tantly with translocation of the bacteriocins across the membrane. The dedicated 
membrane-associated ABC transporter for each bacteriocin typically contains an 
N-terminal cysteine protease domain (Håvarstein et al. 1995). In the case of some 
lantibiotics, the cleavage is rather ensured by a serine protease. For class II LAB 
bacteriocins, accessory proteins are supposed to facilitate membrane translocation 
and/or leader cleavage, but their precise roles remain to be firmly established. 
There is no standard export machinery for class I microcins: they utilize either ABC 
transporter-like systems (microcins B17, J25) or efflux pumps (microcin C7-C51), 
which are encoded by their genetic systems, in association with outer membrane 
components as a secretion mechanism. The machineries in charge of class II 
microcins secretion have a canonical organization consisting of two ABC trans-
porter components and one accessory protein, all of which being encoded by the 
microcin gene cluster.

In contrast, the release of colicins results from the sole expression of lysis pro-
teins. After induction by DNA-damaging agents, colicins are expressed and accu-
mulate in the cytoplasm of the producing cells before they are released upon the 
action of colicin lysis proteins. These small lipoproteins, predominantly located in 
the outer membrane of colicinogenic bacteria and displaying high sequence homol-
ogies, are first synthesized as precursors and further acylated and processed in 
multiple steps. While the stable signal peptide accumulates in the inner membrane, 
the mature lysis protein would activate the outer membrane phospholipase 
A (OmpLA), both being responsible for the loss of membrane integrity that causes 
colicin release and simultaneously quasilysis of the producing strain (Cascales 
et al. 2007; van der Wal et al. 1995).

Mechanisms of Action

The mechanisms of action of Gram-negative bacteriocins take advantage of the 
specific organization of the Gram-negative bacterial membrane. It includes a succes-
sion of steps: (1) recognition of the bacteriocin at the target cell outer membrane, 
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(2) translocation into the periplasmic space, (3) lethal penetration into the inner 
membrane or the cytoplasm.

Colicins.  Colicins penetrate target cells by exploiting existing systems in the bac-
teria, which are involved in transport, diffusion, or efflux. They have been classi-
fied into two classes, according to the translocation system they use to penetrate 
target bacteria: Tol/Pal system for group A colicins and TonB for group B (for 
review see Cascales et al. 2007; Braun et al. 2002). Both group A and B colicins 
parasitize specific nutrient receptors on the outer membrane. These are the vitamin 
B12 receptor Btub, the siderophore receptors FepA/Cir/Fiu or FhuA, and the 
nucleoside receptor Tsx; from these receptors the colicins can be translocated 
across the inner membrane via the Tol or TonB translocation systems. The major 
killing functions of colicins are either (1) a lethal pore-forming activity that affects 
the inner membrane or (2) an enzymatic activity, i.e., a nuclease activity (RNAse 
or DNase), which occurs in the cytoplasm, or a disruption of the peptidoglycan 
biosynthesis in the periplasm.

Colicins use complex mechanisms to kill target bacteria, where the first recogni-
tion step and the translocation step are tightly linked, but not compulsorily accom-
plished by the same partner (see Chap. 14 by Miklos de Zamaroczy & Mathieu 
Chauleau). Here are some examples: (1) colicin Ia (group B), which is a pore-
former, uses the siderophore receptor Cir as both a receptor and translocator (Jakes 
and Finkelstein 2009); (2) colicin E3 (group A), which has a nuclease activity, 
binds to the receptor BtuB via its receptor domain, then elongates to locate the 
OmpF porin or the membrane protein TolC and finally forms a complex with both 
the porin and the high-affinity receptor (Zakharov and Cramer 2004; Zakharov 
et al. 2006); the final translocation of colicin E3 through OmpF, before it can exert 
its enzymatic activity, necessitates unfolding of the colicin, which would be induced 
by both the recognition of BtuB by the receptor domain and subsequent insertion 
of the translocation domain into OmpF (Zakharov et al. 2006, 2008); (3) colicin M 
(group B), which directs its toxic activity toward bacterial murein (Braun et al. 
2002) is recognized by the iron siderophore receptor FhuA (Braun et al. 2002); the 
degradation of undecaprenyl phosphate-linked peptidoglycan precursors is then 
accomplished through a unique phosphatase activity (El Ghachi et al. 2006; Zeth 
et al. 2008).

LAB bacteriocins. Class IIa LAB bacteriocins target the inner membrane and 
induce its permeabilization, leading to dissipation of the proton-motive force, 
depletion of intracellular solutes, and cell death, similar to many antimicrobial 
peptides (for review, see Fimland et al. 2005; Drider et al. 2006). However, in addi-
tion to targeting the membrane bilayer, it has been shown that they interact with 
membrane-located proteins of the mannose-phosphotransferase system (Man-PTS) 
that serve as target receptors (Héchard et al. 2001; Kjos et al. 2010). In bacteria, 
transporters of the Man-PTS family are responsible for the concomitant import and 
phosphorylation of carbohydrates, such as mannose and glucose. They are 
composed of four subunits, two of which (IIC and IID) form a membrane-
located complex through which sugars enter the cells. A recent bioinformatic approach 
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has shown that only proteins of a defined Man-PTS phylogenetic sub-group are 
efficient receptors and confer sensitivity to class IIa bacteriocins (Kjos et al. 2009). 
Moreover, the level of sensitivity of bacteria to the bacteriocin is determined by the 
amino-acid sequence and the expression level of the Man-PTS (Kjos et al. 2009). 
It is proposed that lactococcin A, a member of the nonsubgrouped class IId LAB 
bacteriocins, would also require the Man-PTS system as receptor (Diep et al. 2007; 
refer to Chap. 13 on class IId bacteriocins by Kenji Sonomoto & coll.). In a very 
similar fashion, the toxicity of microcin E492 has been shown to be strictly depen-
dent on the presence of the membrane-associated ManY and ManZ components of 
the E. coli Man-PTS, which are homologous to proteins IIC and IID of Gram-
positive bacteria (Bieler et al. 2006). It is proposed that the ManYZ complex would 
play a transient or direct role in the formation of the microcin E492 toxic structures. 
Microcin 24, which has some structural similarity with microcin E492, could also 
share this mechanism (Bieler et al. 2006).

Another original and efficient strategy developed by LAB bacteriocins is 
afforded by the prototypic lantibiotic nisin, which has a dual mode of action. It uses 
Lipid II, a crucial precursor in peptidoglycan biosynthesis, as a docking molecule. 
The docking of nisin and lipid II not only prevents correct cell-wall synthesis, but 
also initiates the formation of heteromolecular stable pores made of eight nisin and 
four lipid II molecules within cell membranes (Breukink et al. 2003; for a detailed 
description of these aspects, refer to Chap. 9 by Gert Moll). Two-component lan-
tibiotics that act synergistically to exert their potent activity use a similar strategy, 
each of the two peptides ensuring one of the two functions of nisin. The first pep-
tide binds to Lipid II, blocking peptidoglycan synthesis, and the complex formed 
serves as a docking site for the second peptide, inducing pore formation. Therefore, 
such dual mechanisms developed by LAB bacteriocins lead to rapid and efficient 
cell death. Moreover, the membrane components of Man-PTS systems appear as an 
important target receptor for both Gram-positive and Gram-negative bacteriocins.

Microcins.  Microcins use similar strategies of uptake by target bacteria as those used 
by colicins. The highly modified lasso-peptide microcin J25 Rebuffat et al. (2004) 
that belongs to class I microcins uses FhuA, the receptor for ferrichrome (a hydrox-
amate-type siderophore), to enter sensible bacteria. In a similar fashion, the sidero-
phore-microcins that belong to class II microcins (principally microcins E492, M, 
H47) (Vassiliadis et al. 2010) use the receptors for catechol siderophores, FhuA/Cir/
Fiu, to ensure an efficient penetration into target cells. Interestingly, the unmodified 
form of microcin E492 (without a siderophore anchored at the C-terminus) is also 
recognized by the same receptors, but with a lower affinity (Thomas et al. 2004).

If microcins use similar strategies as colicins for uptake into target bacteria, they 
differ from both colicins and bacteriocins as regards the strategies they use for kill-
ing sensible bacteria. While two major antimicrobial activities have been reported 
for colicins, either pore-forming or nuclease activity (hydrolysis of DNA or RNA 
strands), targets for class I microcins are intracellular enzymes responsible for the 
DNA or protein synthesis: DNA gyrase and RNA polymerase are inhibited by 
microcins B17 and J25, respectively (Duquesne et al. 2007a, b), while aspartyl 
tRNA synthetase is inhibited by the modified and nonhydrolyzable substrate 
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that is generated upon processing of microcin C7-C51 inside target bacteria 
(Severinov et al. 2007). Class IIb microcins have been shown to target inner 
membrane proteins, either the F

0
F

1
 ATP-synthase for microcin H47 (Duquesne 

et al. 2007a) or the Man-PTS system for microcin E492 (see above). Finally, inhibi-
tion of peptidoglycan synthesis, which has been reported for colicin M (El Ghachi 
et al. 2006), has not been observed until now among microcins.

Therefore, despite their completely unrelated structures, the microcins for which 
the mechanisms of action have been studied in detail, microcins J25, E492, C7-C51, 
exhibit “Trojan horse” strategies for penetrating and killing target bacteria. The 
microcins are allowed by susceptible bacteria to use specific receptors designed for 
the uptake of essential elements to penetrate the cells, since they disguise them-
selves or mime useful molecules such as siderophores (microcin E492 and other 
related siderophore-peptides, the lasso-peptide microcin J25). Alternatively, the 
microcin is secreted as a harmless molecule (microcin C7-C51) that is friendly 
allowed to enter the bacteria, where the inactive microcin is further transformed by 
the host bacterium into a toxic entity, which is lethal to the misled bacterium. 
Although their target receptors can be similar (mannose permease Man-PTS sys-
tems), the subtle strategies that Gram-negative bacteria develop for microcins differ 
from those adopted by Gram-positive bacteria for bacteriocins, which rather com-
bine two different efficient mechanisms to kill the competitors more efficiently in 
their microbial ecosystem.

Mechanisms of Immunity

The mechanisms by which colicin-producing strains are protected against their own 
toxins differ according to their killing mechanisms. Pore-forming colicins are inac-
tivated by constitutive immunity proteins anchored in the inner membrane (Espesset 
et al. 1994), while colicins with nuclease activities are released bound to the cosyn-
thesized immunity protein (Keeble and Kleanthous 2005), which renders the coli-
cin inactive by either allosteric inhibition or steric/electrostatic hindrance. Immunity 
to colicin M, which displays a unique activity directed toward bacterial murein, is 
conferred during import by a specific immunity protein that is located in the 
periplasm, where it inhibits the action of the colicin (Gross and Braun 1996).

Immunity proteins that protect class IIa (pediocin-like) bacteriocin producers 
against their cognate bacteriocin (refer to Chap. 10 on pediocin-like bacteriocins by 
Djamel Drider) are in general highly charged. The three-dimensional (3D) struc-
tures of immunity proteins of enterocin A, carnobacteriocin B2, and pediocin PP1 
(an analogue of pediocin PA-1 differing by a single amino acid) share a common 
conserved four-helix bundle structural motif (Sprules et al. 2004; Johnsen et al. 
2005a; Kim et al. 2007). Despite significant similarities in their three-dimensional 
structures, immunity proteins of class IIa bacteriocins (pediocin-like) display a tight 
specificity with respect to the bacteriocin to which they confer resistance. It has 
been shown that the functionality of the immunity protein of this class of bacteriocins 
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depends on a cellular component. In connection with their modes of action, which 
involve a binding to the IIC and/or IID subunits of the Man-PTS system (Diep et al. 
2007), the immunity proteins that protect the producing cells from class IIa bacte-
riocins and from a one-peptide nonsubgrouped class IId bacteriocin (lactococcin A) 
bind strongly to the bacteriocin-Man-PTS complex, thereby preventing membrane 
leakage and cell killing (Diep et al. 2007; Johnsen et al. 2005b). Such a mechanism 
of immunity involving a binding to a membrane-associated target receptor could 
also take place for two-peptide class IIb bacteriocins, such as lactococcin G 
(Oppegård et al. 2010). However, such a receptor has yet to be identified for a two-
peptide bacteriocin (refer to Chap. 11 by Jon Nissen-Meyer & coll.).

The immunity mechanisms used by microcin-producing strains remain elusive. 
Class I microcins would use their export systems as resistance mechanism, the 
newly synthesized microcin being actively pumped out of the producing cells by 
the export system. Similar to LAB bacteriocins, the producer strains of class II 
microcins express an immunity protein, which displays strong specificity to its 
cognate bacteriocin to protect itself from the newly synthesized antibacterial 
peptide. However, the structures of the immunity proteins and the mechanisms used 
to express the immunity remain unknown.

Physiological Roles and Applications

Cell–cell communication.  Intercellular communication between bacteria (quorum-
sensing) uses a chemical language through signalling molecules called autoinducers. 
This process regulates many bacterial behaviors, such as symbiosis, virulence, 
biofilm formation, and antibiotic production (Schauder and Bassler 2001), and 
plays a critical role in mediating interactions and competition in microbial 
communities (Riley and Wertz 2002; Kirkup and Riley 2004). Gram-positive 
bacteria employ peptides called peptide pheromones for cell–cell signalling, 
while Gram-negative bacteria essentially use N-acyl homoserine lactones. Peptide 
pheromones have similar characteristics to type II bacteriocins that in turn have 
been proved in some cases to play themselves the role of signal peptides 
(Kristiansen et al. 2005). Similar to bacteriocins, export of peptide pheromones 
requires ABC transporters that cleave off leader peptides containing the typical 
double-glycine motif, concomitant with translocation across the membrane. 
Therefore, it is postulated that class II microcins that require similar transporters 
(microcins V, 24, and E492), could similarly perform a signalling function in 
Gram-negative bacteria (Michiels et al. 2001). Recently, two DNA-degrading 
colicins (group A colicins E2 and E7) have been shown to induce the production 
of their counterparts. Such a cross-induction would presumably result from 
induction of the SOS response by the DNase colicins, which in turn would induce 
colicin production (Majeed et al. 2010).

Bacteriocin ecology; probiotic role.  Recent studies on the ecological role played by 
bacteriocins have highlighted the importance of cell–cell interactions in mediating 
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the outcome of competition (for a detailed description of these aspects, refer to 
Chap. 2 by Margaret Riley). Literature provides a large body of data, evidence, and 
theories that support the role played by bacteriocins in maintaining microbial diver-
sity both at the population (within species) and community levels. Studies from 
Margaret Riley’s group provided theoretical and empirical bases defining the con-
ditions required for maintenance of bacteriocin-producing bacteria in microbial 
communities (Riley and Wertz 2002; Kirkup and Riley 2004). Colicins have been 
used as model systems for investigating and modelling the ecology of bacteriocins 
in general, leading to the rock-paper-scissors model (Kirkup and Riley 2004), 
which provides conclusive evidence of an antagonistic role played by colicins. 
Colicins, and potentially other bacteriocins and microcins, would promote rather 
than eliminate microbial diversity in the ecosystem (Kirkup and Riley 2004). 
Bacteriocin producers have been shown to competitively exclude sensitive, nonpro-
ducing strains. A recent study aimed at explaining the coexistence of competing 
species in microbial communities proposes models implying that colicin-mediated 
colicin induction enables producers to successfully compete and defend their niche 
against invaders (Majeed et al. 2010).

Bacteriocin production is an important means for probiotic bacteria to competi-
tively exclude or inhibit invading bacteria (Gillor et al. 2008; Gordon 2009). 
A number of studies point the potential probiotic role of microcinogenic strains, as 
well as the involvement of microcins in this activity. Inhibition of Shigella flexneri 
by E. coli strain H22, which produces microcin C7-C51 together with two pore-
forming colicins E1 and Ib, has been shown to be mediated by the microcin 
(Cursino et al. 2006). An E. coli strain producing microcin 24 has been shown to 
inhibit the growth of pathogenic Salmonella and E. coli O157:H7 in the intestinal 
tract of chickens (Wooley et al. 1999). The probiotic strain E. coli Nissle 1917 is 
currently commercialized against diarrhea under the name Mutaflor® (Grozdanov 
et al. 2004), although a clear role of the class II microcins in the inhibition of 
Salmonella invasion has not yet been established (Altenhoefer et al. 2004). 
However, it is likely that microcins play a significant role in homeostasis of the 
intestinal ecosystem; therefore, microcin-producing bacteria may have potentials as 
probiotics. To date, LAB and their bacteriocins are without contest the most popular 
bacteria for the development of probiotics. These bacteria are nonpathogenic, non-
toxic and are used as food preservatives. As such, LAB-producing bacteriocins are 
used to avoid food spoilage by Gram-positive bacteria. Nisin produced by L. lactis 
is widely used since many years as food additive and therefore serves as a model 
for direct application of bacteriocins.

Concluding Remarks

This review has highlighted and compared the main differences between the bacterio-
cins from Gram-negative bacteria and those from Gram-positive bacteria (colicins, 
microcins, and LAB bacteriocins). This comparative analysis includes the struc-
tures, biosyntheses, mechanisms of action and of immunity of the producing bacteria. 
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Both colicins and microcins constitute the primary defense systems in E. coli and 
in some other enterobacteria. The brief survey above shows that these two classes 
of defense molecules produced by Gram-negative bacteria do not share much com-
mon characteristics. The essential common points are their target selectivity to 
enterobacteria closely related to the producer and, for some of them [the lasso-
peptide microcin J25 and the siderophore-microcins (E492, M, and H47)], a similar 
strategy of uptake into susceptible bacteria. As such, they exploit key receptors that 
are normally used for the uptake of essential nutrients, such as iron-siderophore 
receptors, on the one hand. On the other hand, microcins share with LAB bacterio-
cins the ability to carry complex and atypical posttranslational modifications that 
are particularly exemplified in certain classes (class I microcins, class IIb of sidero-
phore-microcins, class I of LAB bacteriocins [lantibiotics]) and to result from 
complex genetic systems containing several genes involved in the synthesis of 
modification enzymes. They share amazing, subtle, and efficient mechanisms of 
action that take advantage of the specificities of the target bacteria, such as specific 
outer membrane receptors of Gram-negative bacteria, or a thick and protective layer 
of peptidoglycan in Gram-positive bacteria. This rapid overview of the main char-
acteristics displayed on the one hand by colicins, which are weapons complemen-
tary to microcins designed by Gram-negative bacteria, and on the other hand by 
LAB bacteriocins tends to point that microcins may be considered a blend of 
features and strategies exemplified by these two classes of antibacterial peptides, 
assembling some common traits of Gram-positive bacteriocins (leaders, maturation, 
immunity) with other traits specific of colicins, in particular their strategy of uptake 
into sensible bacteria. Such a natural engineering that results in an efficient assembly 
constitutes an amazing model for the design of novel antibacterial molecules.

With the worldwide emergence of antibiotic-resistant pathogens, there is a high 
and urgent demand for new antimicrobial agents. Owing to their potency and 
restricted spectra of activity, and also due to their efficient and subtle killing mecha-
nisms, bacteriocins afford lessons for the design and engineering of new antimicro-
bials. Peptide hybrids and chimeras have already been designed and produced to 
target Gram-negative bacteria using LAB (McCormick et al. 1999), thus leading to 
possible applications for preventing food poisoning by Gram-negative pathogenic 
bacteria. Colicin-engineered antibiotics, fusion products of channel-forming 
colicins and Gram-positive bacteria pheromones have proved to be efficient and 
specific bactericidal agents against pathogenic Gram-positive strains, without tox-
icity to mammal cells (Qiu et al. 2003, 2005). Furthermore, siderophore-microcins 
could serve as a model for the conception of peptide conjugates with efficient pen-
etration into target cells, and the typical knotted and compact structure of the 
lasso-peptide microcin J25 could constitute a platform for bioactive peptide engi-
neering. The detailed knowledge of the mechanisms of immunity developed by 
Gram-positive and Gram-negative bacteria against their bacteriocins, which still 
remain incompletely deciphered, would help in finding novel strategies to fight 
against bacterial resistance to antibiotics. These different aspects and potential 
applications should stimulate continuing research on Gram-negative and Gram-
positive bacteriocins.
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Abstract This chapter deals with food applications of bacteriocins. Regulatory 
issues on the different possibilities for incorporating bacteriocins as bioprotectants 
are discussed. Specific applications of bacteriocins or bacteriocin-producing 
strains are described for main food categories, including milk and dairy products, 
raw meats, ready-to-eat meat and poultry products, fermented meats, fish and fish 
products or fermented fish. The last section of the chapter deals with applica-
tions in foods and beverages derived from plant materials, such as raw vegetable 
foods, fruits and fruit juices, cooked food products, fermented vegetable foods and 
 fermented beverages. Results obtained for application of bacteriocins in combina-
tion with other hurdles are also discussed for each specific case, with a special 
emphasis on novel food packaging and food-processing technologies, such as irra-
diation, pulsed electric field treatments or high hydrostatic pressure treatment.

Introduction

Microbes and/or their natural products have played key roles in the preservation 
of foods in mankind’s history (Ross et al. 2002). The rational exploitation of 
microbial antagonism based on scientific knowledge has been possible after the 
discovery of the biochemical nature of the antimicrobial substances produced by 
micro-organisms. Bacteriocins produced by the lactic acid bacteria (LAB) have 
several features that still make them attractive for food preservation: (1) LAB have 
a long history of safe use in foods; (2) LAB and their cell products –including 
bacteriocins- are generally recognised as safe; (3) LAB bacteriocins are not active 
and non-toxic on eukaryotic cells and (4) owing to their proteinaceous nature, 

A. Gálvez (*) 
Health Sciences Department, Microbiology Division, Faculty of Experimental Sciences, 
University of Jaen, Campus Las Lagunillas s/n, 23071 Jaen, Spain 
e-mail: agalvez@ujaen.es

Chapter 18
Food Applications and Regulation

Antonio Gálvez, Hikmate Abriouel, Nabil Ben Omar,  
and Rosario Lucas 



354 A. Gálvez et al.

bacteriocins are expected to become inactivated by digestive proteases and not 
exert significant effects on gut microbiota at the concentrations ingested with the 
food. In addition, LAB bacteriocins may be suitable as preservatives, given (1) their 
sometimes broad antimicrobial spectrum, including food poisoning and spoilage 
bacteria, (2) their synergistic activity with other antimicrobials, (3) a bactericidal 
mode of action exerted at membrane level, which avoids cross resistance with 
antibiotics of clinical use, (4) stability under the heat and pH conditions achieved 
during processing of many foods and (v) their genetic determinants are usually 
plasmid-encoded, which facilitates genetic manipulation and development of 
 producer strains with improved technological properties. Bacteriocin-encoding 
plasmids may be transferred to other strains by natural processes, but at the same 
time there is a risk for loss of the plasmid along with the bacteriocin production 
capacity.

Application of bacteriocins in food preservation may be beneficial in several 
aspects (Thomas et al. 2000; Gálvez et al. 2007): (1) to decrease the risks of food 
poisoning, (2) decrease cross-contamination in the food chain, (3) improve the shelf 
life of food products, (4) protect food during temperature-abuse episodes, (5) 
decrease economic losses due to food spoilage, (6) reduce the levels of added 
chemical preservatives, (7) reduce the intensity of physical treatments, thereby 
achieving a better preservation of the food nutritional value and possibly decrease 
of processing cost, (8) possibly provide alternative preservation barriers for “novel” 
foods (less acidic, with a lower salt content, and with a higher water content) and 
(9) possibly satisfy the demands of consumers for foods that are fresh-tasting, 
lightly preserved, and ready to eat (RTE). There may also be a potential market for 
bacteriocins as natural substitutes for chemical preservatives, and in the preserva-
tion of functional foods and nutraceuticals (Robertson et al. 2004).

According to previous studies (Deegan et al. 2006; Gálvez et al. 2007), bacterio-
cins can be applied in foods in many different ways:

 (a) Bacteriocin preparations, obtained by cultivation of the producer strain in a 
suitable growth medium. This is usually followed by bacterial heat inactivation, 
and concentration of the cultured cells (by lyophilisation or spray-drying) to 
obtain a bioactive powder which contains a mixture of the antimicrobial sub-
stances produced in broth (such as the bacteriocin and organic acids). 
Commercial preparations such as NisaplinTM, AltaTM products or MicrogardTM 
are some examples. Other bacteriocins such as lacticin 3147, variacin from 
Kokuria varians or enterocin AS-48 have also been obtained as powder prepa-
rations (Morgan et al. 1999; O’Mahony et al. 2001; Ananou et al. 2010).

 (b) Bacteriocin-producing cultures, ready for propagation in the food substrate 
and in situ bacteriocin production. Bacteriocin-producing strains can be applied 
as the main starter cultures in fermented foods provided that they offer the 
proper technological properties, or as an adjunct culture in combination with 
bacteriocin-resistant starter strains. They can also be applied as bioprotective 
cultures in non-fermented foods, provided that they do not have adverse effects 
on the food.
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The purpose of the present chapter is to provide an overview of the possibilities 
for application of bacteriocins and their producer strains in food systems in view 
of the huge amount of research work that has been carried out in this field, and 
also to provide some insights into the regulatory aspects concerning the different 
approaches that may be used for incorporation of bacteriocins in food systems.

Regulations

Currently, there are many different regulations concerning the application of bacte-
riocins in foods depending on the food category, the mode of application (e.g. in the 
form of bacteriocin preparations or protective cultures) and the laws of each coun-
try. This includes not only direct food laws but also many others that deal with 
related aspects such as labelling, packaging, export or the use of genetically modi-
fied organisms. Even within the European Union, different member states may have 
particular regulations as to final food applications. Most EU laws are directives. 
Directives are framework laws that subsequently must be enacted by the parliament 
of each member state in a form that suits the member state best. However, there is 
a growing trend towards a harmonised legislation and replacement of directives by 
regulations, which are laws of direct application in all member states and override 
any member state legislation that might cover the same area (Wessels et al. 2004).

Nisin is the only bacteriocin currently approved as a food preservative (E234). 
Nisin was assessed to be safe for food use by the Joint Food and Agriculture 
Organization/World Health Organization Expert Committee on Food Additives in 
1969 and was added to the European food additive list in 1983 (Directive 83/463/
EEC; Directive 95/2/EC); (European Economic Community 1983; European 
Parliament and Council 1995). It was approved in 1988 by the US Food and Drug 
Agency (FDA) for use in pasteurised processed cheese spreads. The initial approval 
was followed by other licensed applications (e.g. FSIS and Inspection Service 
2002). Nisin is legally used in over 80 countries (Adams 2003). However, there are 
major differences in national legislations concerning the presence and levels of 
nisin in food products.

Nisin (in the commercial forms NisaplinTM and ChrisinTM) is a lyophilised  product 
obtained from a microbial fermentation. The industrially fermented products are 
regulated under general food laws. Concentrates or lyophilised powders obtained 
from fermentates may be added to foods as ingredients. Many commercial prepara-
tions currently on the market are sold as ingredients or shelf-life extenders. AltaTM 
2351 and Fargo 23 are natural food ingredients with antilisterial activity produced 
by bacteriocinogenic strains through a fermentation process. AltaTM 2351 is labelled 
as “cultured dairy solids (Skim Milk, Dextrose, Whey, and Lactic Acid Culture).” 
It is “an ingredient with functionality against outgrowth of Listeria in dairy based 
products, and small spectrum lactic acid bacteria inhibition.” Such products are 
approved in the USA and commercialised in several other countries as shelf-life 
extenders for application in a variety of food products.
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According to Directive 2000/13/EC (European Parliament and Council 2000) 
on food labelling, “‘ingredient’ shall mean any substance, including additives, used 
in the manufacture or preparation of a foodstuff and still present in the finished 
product, even if in altered form.” Fermented milk or whey concentrates or lyophi-
lised preparations (regardless of whether they contain bacteriocins or not) can be 
added as ingredients in the preparation of dairy foods. In the European Union, 
approval of bacteriocins for application as food additives or preservatives must 
comply with specifications given in Regulation 1333/2008/EC (European Parliament 
and Council (2008b), which harmonises the use of food additives in foods in the 
European Community and updates Directive 89/107/EEC (European Commission 
1988) concerning food additives authorised for use in foodstuffs intended for 
human consumption and Directive 95/2/EC (European Parliament and Council 
1995) on food additives other than colours and sweeteners, and Regulation 258/97/
EC (European Parliament and Council 1997) on novel foods and novel ingredients. 
Food additives are substances that are not normally consumed as food itself but are 
added to food intentionally for a technological purpose described in the above 
Regulation, such as the preservation of food. Preservatives are considered a func-
tional class of food additives: “preservatives” are substances which prolong the 
shelf life of foods by protecting them against deterioration caused by 
micro-organisms and/or which protect against growth of pathogenic micro- 
organisms. Approved food additives must be listed in the Community lists and shall 
specify the following: (a) the name of the food additive and its E number, (b) the 
foods to which the food additive may be added, (c) the conditions under which the 
food additive may be used, (d) if appropriate, whether there are any restrictions on 
the sale of the food additive directly to the final consumer. Approved specifications 
should include information to adequately identify the food additive, including 
 origin, and to describe the acceptable criteria of purity. Added preservatives must 
be listed in food labels with their specific name or EC number (Directive 2000/13/
EC; European Parliament and Council 2000). The use and maximum levels of a 
food additive should take into account the intake of the food additive from other 
sources and the exposure to the food additive by special groups of consumers (e.g. 
allergic consumers). The risk assessment and approval of food additives should be 
carried out in accordance with the procedure laid down in Regulation (EC) No 
1331/2008 (European Parliament and Council 2008a) establishing a common 
authorisation procedure for food additives, food enzymes and food flavourings. 
Food additives which were permitted before 20 January 2009 shall be subject to a 
new risk assessment carried out by the Authority.

Bacteriocin preparations could also be applied as processing aids in food manu-
facture. Directive 2000/13/EC (European Parliament and Council 2000) and 
Regulation 1333/2008/EC (European Parliament and Council 2008b) do not cover 
processing aids, but according to Regulation 1333/2008/EC “processing aid” shall 
mean any substance which (1) is not consumed as a food by itself, (2) is intention-
ally used in the processing of raw materials, foods or their ingredients, to fulfil a 
certain technological purpose during treatment or processing and (3) may result in 
the unintentional but technically unavoidable presence in the final product of 
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residues of the substance or its derivatives provided they do not present any health 
risk and do not have any technological effect on the final product. According to this 
definition, bacteriocins could be applied as processing aids for the preservation of 
food ingredients, whereby the bacteriocin has no preservative or technological 
effect in the final food product.

Application of bacteriocins in activated packagings must follow specifications 
of Directive 2002/72/EC (European Parliament and Council 2002b) concerning 
plastic materials and articles intended to come into contact with foodstuffs and 
Regulation (EC) No 1935/2004 (European Parliament and Council 2004) on mate-
rials and articles intended to come into contact with food: Active food contact 
materials are designed to deliberately incorporate “active” components intended to 
be released into the food or to absorb substances from the food: “‘active food con-
tact materials and articles’ (hereinafter referred to as active materials and articles) 
means materials and articles that are intended to extend the shelf life or to maintain 
or improve the condition of packaged food. They are designed to deliberately incor-
porate components that would release or absorb substances into or from the pack-
aged food or the environment surrounding the food.” Substances deliberately 
incorporated into active materials and articles to be released into the food or the 
environment surrounding the food shall be authorised and used in accordance with 
the relevant Community provisions applicable to food, and shall comply with the 
provisions of this Regulation and its implementing measures. These substances 
shall be considered as ingredients. Covering or coating materials forming part of 
the food and possibly being consumed with it (such as edible coatings) do not fall 
within the scope of this Regulation.

Bacteriocin-producing strains may be applied as starter or bioprotective cultures 
with the aim of contributing to microbiological safety (Aymerich et al. 2008). For 
example, Bactoferm F-Lc (Christian Hansen, Denmark) is an antilisterial mixed 
culture of Pediococcus acidilactici and Lactobacillus curvatus producing pediocin 
and sakacin A, respectively, for application in fermented sausages. The same com-
pany also sells bioprotective cultures containing Lactobacillus sakei and Leuco-
nostoc carnosum 4010 for meat products packed under vacuum or modified 
atmosphere packaging (MAP), and a nisin-producing Lactococcus lactis prepara-
tion. Danisco (Copenhaguen, Denmark) markets a series of protective cultures 
(HOLDBAC™) for specific applications in meat and dairy foods based on their 
capacity to produce bacteriocins as well as other antimicrobial compounds and their 
competition in food systems. Such preparations include mainly strains of Lactobacillus 
plantarum, Lactobacillus rhamnosus, Lb. sakei, Lb. paracasei and Propionibacterium 
freudenreichii subsp. shermanii, whose primary functionalities are growth control of 
Gram-positive pathogens such as Listeria, spoilage micro-organisms such as yeasts 
and moulds, heterofermentative lactic bacteria and enterococci. Such strains have not 
been subjected to genetic modification, but the company advertises that local regula-
tions should always be consulted concerning the status of these products as legisla-
tion regarding their use in food may vary from country to country.

From a regulatory point of view, bacteriocin-producing strains fall in the 
category of microbial cultures. In the USA, a new strain of micro-organism for use 
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in food can be classified either as an additive or as a Generally Recognised as Safe 
(GRAS) substance (Wessels et al. 2004). Food additives are defined in a broad 
sense as “anything that might come into contact with food (excluding GRAS 
 substances),” and require pre-market approval by the US FDA based on  toxicological 
and efficacy data. The consideration of GRAS status is based on the availability 
of enough information relevant to the substance safe use for a given intended 
purpose: “generally recognized, among experts qualified by scientific training and 
experience to evaluate its safety, as having been adequately shown through scien-
tific procedures (or, in the case as a substance used in food prior to January 1, 
1958, through either scientific procedures or experience based on  common use in 
food) to be safe under the conditions of its intended use” (US Food and Drug 
Administration 1999). The intended use is an essential part of the GRAS status 
concept. For instance, the GRAS status of a given strain for use in a yogurt 
 product is not valid for the same strain in infant formulae (Wessels et al. 2004). 
The GRAS status is determined by qualified experts, not by the FDA. The food 
company that uses the bacterium assumes complete responsibility, regardless of 
its GRAS status.

Within the European Union, microbial food cultures with a long history of safe 
use are considered as traditional food ingredients and covered by general European 
food law (Regulation 178/2002/EC; European Parliament and Council 2002a). 
Microbial cultures must also be safe for their intended use. Novel use of microbial 
cultures is regulated by Regulation 258/97/EC (European Parliament and Council 
1997) if a micro-organism has not been consumed to a significant degree before 
May 15, 1997. This may apply to selected bacteriocin producer strains isolated 
from a source different than the food where they will be applied. There is also an 
ongoing dispute in Europe regarding the food category of starter cultures with pro-
tective properties, since they may be considered as cultures with specific techno-
logical effects (preservatives). This may contradict current regulations on approval 
of new preservatives, given the long history of consumption of fermented foods and 
the fact that the original and primary purpose of fermenting food was to achieve a 
preservation effect. In this respect, guidance documents from the European Food 
Safety Authority (EFSA 2007, 2008) established a pre-market safety assessment of 
selected groups of micro-organisms leading to a “Qualified Presumption of Safety 
(QPS)”; if the taxonomic group did not raise safety concerns or if safety concerns 
existed, but could be defined and excluded (the qualification), the grouping could 
be granted QPS status. Thereafter, any strain of micro-organism the identity of 
which could be unambiguously established and assigned to a QPS group would be 
freed from the need for further safety assessment other than satisfying any qualifi-
cations specified. Micro-organisms not considered suitable for QPS would remain 
subject to a full safety assessment.

Application of genetically modified bacteriocin producer strains on foods may 
be affected by different EU regulations and Directives. Strains modified by natu-
rally existing procedures (such as DNA transformation or plasmid conjugation) 
could be applied in foods with no other restrictions than those specified in the 
 previous paragraph for naturally occurring strains. However, application of strains 
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modified by procedures involving extensive DNA manipulation and artificial 
transfer to recipient cells is under much more strict control, including the specifica-
tions and limitations established by Directive 2001/118/EC (European Parliament 
and Council 2001) on the deliberate release of GMMs into the environment, 
Directive 2009/41/EC (European Parliament and Council 2009) on the contained 
use of genetically modified micro-organisms, and Regulation 1829/2003/EC 
(European Parliament and Council 2003) concerning the marketing of GMOs 
intended for food or feed and of food or feed products containing, consisting of, or 
produced from GMOs. Bacterial products such as fermented bioactive ingredients 
prepared from GMM should also need approval in accordance with specifications 
under Regulations 1829/2003/EC and 1333/2008/EC (European Parliament and 
Council 2003, 2008a, b).

Biopreservation of Milk and Dairy Products

Addition of Bacteriocin Preparations

Many different bacteriocins preparations have been tested for preservation of milks 
and dairy products, aimed at inactivation of food-borne pathogenic or spoilage 
bacteria. Nisin is widely used in the dairy industry for inhibition of gas blowing 
defect in cheeses caused by Clostridium tyrobutyricum, and also in processed 
cheeses and cheese products to inhibit Clostridium botulinum, and to prevent 
growth of post-process contaminating bacteria such as Listeria monocytogenes 
(Davies and Delves-Broughton 1999; Thomas et al. 2000; Thomas and Delves-
Broughton 2001; Deegan et al. 2006; Sobrino-López and Martín-Belloso 2008) 
(Table 18.1). It is also used in many other pasteurised dairy products, such as 
chilled desserts, flavoured milk, clotted cream or canned evaporated milks (Thomas 
et al. 2000). Processing of dairy foods, such as slicing, can be a critical point for 
bacterial contamination. Packaging of sliced cheese with inserts containing immo-
bilized nisin reduced the population of lactic acid bacteria, Listeria innocua and 
Staphylococcus aureus on the cheese slices.

Nisin addition in milk is permitted in certain countries to avoid shelf-life prob-
lems associated with hot weather temperature and/or long-distance transport and 
inadequate refrigeration systems (Davies and Delves-Broughton 1999; Thomas 
et al. 2000). The application of nisin in combination with heat treatments decreased 
the D values of bacteria such as Bacillus cereus and Geobacillus  stearothermophilus 
and natural microbiota, making it possible to apply milder thermal treatments and 
at the same time extend the shelf life of milk even under poor refrigeration 
conditions.

Nisin activity in milk can increase in combination with other antimicrobials, 
such as monolaurin, the lactoperoxidase (LPS) system, lysozyme or reuterin 
(Gálvez et al. 2007). Application of nisin in combination with pulsed electric fields 
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Table 18.1 Examples of bacteriocin applications in dairy foods

Bacteriocin treatment Effect(s) Reference(s)

Nisin Prevent proliferation of surviving endospore 
formers, mainly the gas-producing clostridia 
and C. botulinum in cheeses

Thomas and 
Delves-
Broughton 
(2001)Prevent post-process contamination with 

L. monocytogenes
Nisin and PEF Increased antimicrobial activity in milks against 

several bacteria such as L. monocytogenes,  
S. aureus, B. cereus and E. coli

Sobrino-López 
and Martín-
Belloso 
(2008)

Nisin and HHP Increased the inactivation of spoilage bacteria 
associated with milk

Black et al. 
(2005)

Lacticin 3147 Inactivation of L. monocytogenes in natural 
yogurt and in cottage cheese

Morgan et al. 
(2001)

Enterocin AS-48 Rapid inactivation of L. monocytogenes and 
slower inhibition of S. aureus in skim milk

Ananou et al. 
(2010)

Pediocin PA-1/AcH Inhibition of L. monocytogenes in several dairy 
systems (dressed cottage cheese, half-and-half 
cream, cheese sauce and others)

Rodríguez et al. 
(2002)

Lacticin 
3147-producing 
cultures

Inhibition L. monocytogenes in cottage cheese, 
and on the surface of a mould-ripened cheese 
and a smear-ripened cheese

O’Sullivan et al. 
(2006)

Enterocin AS-48 
producer E. 
faecalis strain

Inhibition of B. cereus and S. aureus in cheeses 
and in skim milk

Muñoz et al. 
(2004, 2007)

Lacticin 
3147-producing  
L. lactis IFPL 3593

Inhibition of gas formation by C. tyrobutyricum 
and heterofermentative lactobacilli in cheese

Martínez-Cuesta 
et al. (2010)

Bacteriocin producer 
Lb. gasseri K7

Reduced outgrowth of inoculated 
C. tyrobutyricum and butyric acid formation in 
the cheeses. Probiotic properties

Bogovič 
Matijašić 
et al. (2007)

S. macedonicus 
ACA-DC (producer 
of macedocin)

Inhibition of gas formation by C. tyrobutyricum 
in cheese

Anastasiou et al. 
(2009)

Lacticin 
3147-producing 
cultures

Increased generation of 2-methylbutanal with the 
concomitant enhancement of the cheese aroma

Fernández de 
Palencia et al. 
(2004)

Lacticin 
3147-producing 
cultures

Inhibition of adventitious non-starter LAB flora 
during ripening, enhancing the cheese quality

Ryan et al. 
(2001)

(PEF) or high hydrostatic pressure (HHP) has been investigated in recent years 
(Black et al. 2005; Sobrino-López and Martín-Belloso 2008). The combined appli-
cation of nisin and PEF increased the microbial inactivation of L. monocytogenes, 
S. aureus, B. cereus and Escherichia coli in various substrates such as skim milk, 
whey or simulated milk ultrafiltrate media (Sobrino-López and Martín-Belloso 
2008). Combined treatments of nisin and HHP (with or without lysozyme) 
increased the inactivation of bacteria associated with milk such as E. coli, 
Pseudomonas fluorescens, L. innocua and Lactobacillus viridescens and increased 
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the inactivation of endospores and mesophilic bacteria in cheese (Gálvez et al. 
2007, 2008). The combined treatment of nisin–HHP could improve the microbial 
stability and safety of cheeses, such as many traditional cheeses made from unpas-
teurised milk, decreasing the legal barriers to commercialisation.

Lacticin 3147 is another lactococcal bacteriocin with a high potential for appli-
cation in the preservation of dairy foods (Ross et al. 1999; O’Sullivan et al. 2002). 
Added lacticin 3147 powder rapidly inactivated L. monocytogenes and reduced 
S. aureus viable cell counts in an infant milk formulation and was highly effective 
against L. monocytogenes in natural yogurt and in cottage cheese (Morgan et al. 
2001). However, optimisation of lacticin 3147 powder to increase specific activity 
may be necessary to decrease the amount of added powder required for an effective 
microbial inhibition. Antibacterial activity of this lacticin against L. monocytogenes 
and S. aureus increased in combination with HHP treatment when tested in milk 
and in whey, thereby reducing the amounts of bacteriocin required.

Several enterococal bacteriocins have been tested for preservation of dairy foods 
(Giraffa 1995; Foulquié Moreno et al. 2006; Galvez et al. 2008). Enterocins CCM 
4231, CRL35 or AS-48 can reduce the levels of L. monocytogenes, S. aureus or 
B. cereus in milk and dairy products. Enterocin AS-48 has been widely investigated 
among enterocins, because of its cyclic structure and broad antibacterial spectrum. 
In skim milk, combinations of enterocin AS-48 with or without nisin and PEF treat-
ment increased the inactivation of S. aureus (Sobrino et al. 2009). Addition of a 
whey-derived bioactive powder containing enterocin AS-48 to skim milk rapidly 
inactivated L. monocytogenes cells and progressively reduced the viable counts of 
S. aureus (Ananou et al. 2010).

Pediocin PA-1/AcH preparations are interesting for application in dairy products 
because of the bacteriocin antilisterial activity, stability in aqueous solutions at 
ambient temperature and also during freezing and heating and a wide pH range for 
activity (Nes et al. 1996; Rodríguez et al. 2002). The commercial preparations 
containing pediocin in the form of AltaTM products can be used as ingredients in 
dairy foods. Added pediocin PA-1/AcH was effective in reducing the levels of 
L. monocytogenes in several types of dairy products such as dressed cottage cheese, 
half-and-half cream and cheese sauce (Rodríguez et al. 2002).

Other bacteriocins of interest in preservation of dairy foods are the propionicins. 
Propionibacteria are used in some dairy fermentations and may produce bacterio-
cins with broad inhibitory spectra (Holo et al. 2002). MicrogardTM is a commercial 
preparation containing an antimicrobial peptide produced by P. freudenreichii ssp. 
shermanii (Weber and Broich 1986), which is approved in  certain countries for 
commercial use as an ingredient mainly in dairy products such as cottage cheese 
and yogurt. Bacteriocins produced by Propionibacterium jensenii P126 and P1264 
strains have been patented as antibacterial agents for controlling the growth of cer-
tain lactic acid bacteria. These bacteriocins could be particularly useful in control-
ling the over-acidification of yogurt to decrease the sour taste often found in this 
product.

Some bacteriocins from bacteria not associated with milk fermentations have 
been investigated for application in dairy foods. Variacin in the form of a dry milk-
based ingredient inhibited the proliferation of B. cereus in chilled dairy products, 
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vanilla and chocolate desserts (Mollet et al. 2004). There is also a growing interest 
in exploitation of bacteriocins from bacilli. Cerein 8A is an antimicrobial peptide 
produced by the soil isolate B. cereus 8A, with bactericidal activity towards  
L. monocytogenes and B. cereus (Bizani et al. 2005). Cerein addition inhibited 
growth of L. monocytogenes in milk and on the surface of Minas-type cheese dur-
ing refrigeration storage, suggesting its potential use as biopreservative in dairy 
products.

Application of Bacteriocin-Producing Strains for Inhibition  
of L. monocytogenes and Other Food-Borne Pathogens

L. monocytogenes is considered the main food-borne pathogen of concern in cheese 
and dairy products. Therefore, many different studies have focused on the applica-
tion of antilisterial starter or adjunct cultures for inhibition of this bacterium 
(Table 18.1). Nisin-producing lactococcal strains inhibit L. monocytogenes in  several 
types of cheeses such as cottage, Camembert or Manchego cheese made from raw 
milk. They can also reduce S. aureus viable counts (Deegan et al. 2006; Galvez 
et al. 2008), but often lack the technological properties required for cheese making 
such as fast acidification capacity and proteolytic activity. For this reason, they 
should be recommended as adjunct cultures in combination with suitable nisin-
resistant strains as the primary starters.

The lactococci can also produce other bacteriocins (such as lacticin 3147) in 
fermented dairy products (Guinane et al. 2005). In order to develop suitable 
 starters, the plasmid coding for lacticin 3147 production was transferred to suitable 
recipient lactococci. Lacticin production by those modified starters successfully 
inhibited L. monocytogenes in cottage cheese, in semi-hard raw-milk cheeses and 
on the surface of a mould-ripened cheese and a smear-ripened cheese (O’Sullivan 
et al. 2006). The lactococci have also been tested for heterologous production of 
other bacteriocins such as enterocin A. The resulting starter derivative successfully 
controlled the levels of L. monocytogenes during cottage cheese fermentation (Liu 
et al. 2008).

Bacteriocin-producing enterococci have been investigated as adjunct cultures 
because of their robustness, natural presence in cheeses, and production of several 
bacteriocins with marked antilisterial activity (Giraffa 1995; Foulquié Moreno et al. 
2003; Franz et al. 2007; Galvez et al. 2008). When tested in cheeses, strains produc-
ing enterocin AS-48 showed strong inhibition of L. monocytogenes, as well as 
B. cereus and S. aureus (Muñoz et al. 2004, 2007). Enterococcus faecium RZS C5 
(a natural cheese isolate carrying the structural genes for enterocins A, B and P) 
was reported to be effective as an antilisterial bacteriocin-producing co-culture in 
Cheddar cheese manufacture. Strains of enterococci and lactococci producing bac-
teriocins (such as enterocins I, TAB 7, TAB 57, AS-48, nisin A, nisin Z and lacticin 
481) have been tested in combination with HHP treatments as a way to improve the 
safety of cheeses made from raw milk. Inoculation of milk with bacteriocinogenic 
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strains before cheese making followed by application of HHP treatment to the 
cheeses was reported to increase the bactericidal activity against L. monocytogenes, 
S. aureus and E. coli O157:H7.

Pediococci are not well adapted to dairy substrates due to their lack or very slow 
lactose fermentation (Papagianni and Anastasiadou 2009). However, some strains 
such as P. acidilactici NRRL-B-18925 are particularly effective in producing bac-
teriocin in milk-based media. Since pediocin PA-1/AcH is not inhibitory to bacte-
rial species employed as yogurt starters (Gonzalez and Kunka 1987), there is a great 
 interest for application of producer strains in developing more naturally preserved 
yogurts and to avoid proliferation of cross-contaminating pathogens during yogurt 
processing. Vedamuthu Ebenezer (1995) patented a method for producing a 
yogurt product which contains bacteriocin active against undesirable flora. The 
yogurt  product can be dried, either by lyophilisation or spray-drying or other 
means, preferably to a powder for use in various foods. Recently, pediocin produc-
tion in milk has been reported in coculture with yogurt starter cultures, at the 
expense of the excess sugar released from lactose hydrolysis by the starters 
(Somkuti and Steinberg 2010). A  different approach has been to develop pediocin-
producing genetically engineered L. lactis strains, which have shown significant 
potential for inhibition of food-borne pathogens in cheeses (Galvez et al. 2008).

Bacteriocin-producing lactobacilli have also been suggested for preservation of 
dairy foods, such as the human isolate probiotic strain Lactobacillus gasseri K7 
producer of bacteriocins with wide range of inhibition (Čanžek Majhenič et al. 
2003). Application of bacteriocin-producing probiotic strains could be exploited 
with the purpose of improving food safety and quality and at the same time 
 providing health benefits.

Application of Bacteriocin-Producing Strains for Inhibition 
of Bacteria Producing Gas-Blowing Defects in Cheeses

Gas production is an undesirable defect in most cheeses and may be caused by 
outgrowth of C. tyrobutyricum (and other clostridia) spores surviving heat treat-
ments applied to milk before processing (Cocolin et al. 2004; Le Bourhis et al. 
2007), and also by some heterofermentative LAB. Application of nisin-producing 
starter cultures to prevent gas-blowing defects in cheese was proposed as early as 
1951. Strains producing the natural variant nisin Z have equally shown to reduce 
the levels of C. tyrobutyricum in cheese. Recently, lacticin 3147-producing 
lactococci have been shown to inhibit C. tyrobutyricum spores and prevent late 
blowing in semi-hard cheeses and also demonstrated a considerable inhibition of 
heterofermentative lactobacilli and their associated blowing defects in cheese 
(Martínez-Cuesta et al. 2010). The authors suggested that application of lacticin-
producers in cheese manufacture is a promising alternative to the addition of 
lysozyme, given the increasing concerns about the potential allergenicity of this 
additive in egg allergic consumers.



364 A. Gálvez et al.

Thermophilic streptococci could be applied to inhibit C. tyrobutyricum in some 
cheeses. Thermophilin from Streptococcus thermophilus ST580 is active against 
C. tyrobutyricum, but not against the thermophilic lactobacilli used as starters. This 
strain inhibits gas production in cheese by C. tyrobutyricum and could be included 
in thermophilic starters for hard-cheese making. Streptococcus macedonicus 
ACA-DC 198, which produces the food-grade lantibiotic macedocin, could also be 
employed to inhibit gas formation in cheese (De Vuyst and Tsakalidou 2008). 
When tested as an adjunct culture in Kasseri cheese production, this strain pro-
duced macedocin in the cheese and inhibited outgrowth of C. tyrobutyricum spores 
during the cheese production and ripening (Anastasiou et al. 2009).

Among lactobacilli, the bacteriocin producer strain L. gasseri K7 was able to 
survive during semi-hard-type cheese manufacturing and reduced outgrowth of 
C. tyrobutyricum and butyric acid formation in the cheeses (Bogovič Matijašić 
et al. 2007).

Application of Bacteriocin-Producing Strains to Improve  
Cheese Quality, Accelerate Ripening and/or Improve  
Cheese Flavour

With some exceptions, the primary target of bacteriocins is the bacterial cytoplas-
mic membrane, where they insert and modify membrane permeability. A secondary 
effect of bacteriocins is the induction of cell lysis, as a result of deregulation of cell 
wall autolysins (Gálvez et al. 1990). This effect was further observed on dairy 
starter cultures and led to more detailed studies on the potential applications for the 
release of bacterial intracellular enzymes (such as lipases, proteases, peptidases and 
amino-acid-converting enzymes) of technological relevance in cheese ripening 
(Lortal and Chapot-Chartier 2005; Peláez and Requena 2005; Deegan et al. 2006).

Lacticin 3147 production in cheese induced bacterial lysis of cheese starters, 
increased cheese proteolysis and facilitated the access of bacterial amino-acid-
converting enzymes to amino acids (Deegan et al. 2006). The accelerated starter 
cell lysis enhanced reactions such as isoleucine transamination, increasing the for-
mation of alpha-keto-beta-methyl-n-valeric acid and 2-hydroxy-3-methyl-valeric 
acid and cheese aroma intensity due to the higher 2-methylbutanal formation. 
Optimisation of aroma production could be achieved by selective combination of 
starters, such as a lacticin 3147-producing L. lactis transformant in combination 
with adjunct cultures producing aminotransferase and a-keto acid decarboxylase 
activities (Fernández de Palencia et al. 2004). LAB strains producing other bacte-
riocins such as lactococcins A, B and M, lacticin 481, enterocin AS-48 or nisin) 
provided similar benefits in cheeses, such as increased lipolysis and proteolysis, 
formation of hydrophilic and hydrophobic peptides and overall improvement of 
sensory characteristics (Galvez et al. 2008).

The application of bacteriocin-producing adjunct cultures to accelerate cheese 
ripening can be a cheaper approach compared to the addition of exogenous lytic 
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enzymes (Papagianni and Anastasiadou 2009). Application of bacteriocins and/or 
their producer strains in the development of stabilised cheese flavouring systems 
has been patented (Dias et al. 2009). Using microbial cells with high aminopepti-
dase activity in combination with an antimicrobial that can permeabilise the cells 
can decrease the levels of aminopeptidases that need to be added to the matrix, 
thereby increasing efficiency. Cheeses produced at the expense of enzymes released 
form the bacterial cells have a more rounded flavour (Dias et al. 2009). Recently, 
an adjunct P. acidilactici culture that accelerates and enhances flavour formation in 
Cheddar and semi-hard cheeses due to the production of bacteriocins has been 
marketed by Danisco (CHOOZITTM Lyo. Flav 43).

Another suggested application of bacteriocin-producing cultures is the inactiva-
tion of adventitious non-starter LAB (NSLAB) microbiota during cheese ripening. 
Control of NSLAB is still a pending issue in dairy industries. Growth of NSLAB 
may induce batch-to-batch variations in the sensory quality of cheese and cause 
defects such as the formation of calcium lactate crystals (due to racemation of 
L-lactate to D-lactate), slit formation and off-flavour development, but they may 
also exert beneficial effects on the cheeses. Application of lacticin 3147-producing 
starters has been proposed as a way to enhance cheese quality through inhibition of 
adventitious NSLAB microbiota during ripening (Ryan et al. 2001; Deegan et al. 
2006). During Cheddar cheese manufacture, ripening can be accelerated by increas-
ing the temperature from 7 to 12°C, but this also results in a higher risk of spoilage 
due to a more rapid proliferation of NSLAB. Inoculation with a lacticin 3147-pro-
ducing strain allowed a better control of NSLAB during cheese ripening at elevated 
temperature. Lacticin 481 production in cheese has also shown to reduce the con-
centrations of NSLAB in cheese by 4 to 2 orders of magnitude during ripening. 
Bacteriocin production in the cheese resulted in selection of NSLAB that were 
much more resistant to the bacteriocin than isolates from control cheeses. Therefore, 
it would be possible to select bacteriocin-resistant strains that do not have negative 
effects on cheese ripening as the predominant NSLAB.

Biopreservation of Meats and Meat Products

Control of Pathogenic and Spoilage Bacteria in Raw Meats

Bacteriocins have been tested for preservation of raw meats alone or in combination 
with other hurdles for carcass decontamination and/or to inhibit bacterial growth 
on stored fresh meats (Table 18.2). Washing, spraying or dipping with bacteriocin 
solutions have been tested alone or in combination with other antimicrobials to 
potentiate bacteriocin activity. In order to increase the efficacy of treatments and/or 
avoid cross contamination, raw meats are chilled, packaged under different atmo-
spheric conditions such as vacuum packaging, MAP or active packaging with O

2
 

scavengers or CO
2
 generating systems (Coma 2008; McMillin 2008). Additional 

combinations such as low-dose irradiation, UV surface decontamination or HHP 
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have been proposed (Aymerich et al. 2008). All these processing treatments have 
selective effects on the initial microbiota and may act in synergy with bacteriocins 
to increase the product safety and shelf life. Although raw meat products are further 
processed prior to consumption by treatments that usually destroy pathogenic bac-
teria, they can be a considerable source of cross-contamination and in some cases 
may also carry heat-stable microbial toxins.

Nisin has been widely tested for preservation of raw meats (Thomas et al. 2000). 
However, application of nisin in meats faces some limitations derived from its poor 
solubility, interaction with phospholipids and inactivation by glutathione (Thomas 
et al. 2000; Stergiou et al. 2006). Nevertheless, positive results have been reported 
for surface decontamination of raw meats before processing and packaging for com-
binations of nisin with other antimicrobials or hurdles such as organic acids, 

Table 18.2 Examples of applications of bacteriocin preparations in meat and poultry products

Bacteriocin preparations Effect(s) Reference(s)

Raw meats
Nisin combinations (organic 

acids, chelators, 
lysozyme, vacuum 
packaging, MAP)

Decontamination of raw meat surfaces 
before processing

Thomas et al. 
(2000)

Nisin activated film with 
EDTA

Inhibition of LAB, carnobacteria and 
B. thermosphacta and reduction of 
Enterobacteriaceae load on beef cuts

Ercolini et al. 
(2010)

Pediocins Anti-Listeria protection by pediocins in raw 
meats

Rodríguez et al. 
(2002)

Pentocin 31-1 Reduction of growth of Listeria and 
Pseudomonas and total volatile basic 
nitrogen production in chill-stored tray-
packaged pork meat

Zhang et al. 
(2010)

RTE meats
Nisin activated films Increased inactivation of L. monocytogenes 

in several vacuum-packaged products
Aymerich et al. 

(2008)
Nisin in combination with 

HHP
Increased inactivation of E. coli and 

staphylococci in cooked ham, avoiding 
regrowth of E. coli and slime-forming 
bacteria

Garriga et al. 
(2002)

Nisin and pulsed light Application of a Nisaplin dip followed by 
exposure to pulsed light reduced the 
population of L. innocua on sausages

Uesugi and 
Moraru 
(2009)

Nisin-pectin film, in 
combination with low-
dose irradiation

Increased microbial inactivation of 
L. monocytogenes on RTE turkey meat 
and inhibition of survivor proliferation 
during storage

Jin et al. (2009)

Pediocin in combination 
with post-packaging 
irradiation or thermal 
treatment

Effective combination with to control 
L. monocytogenes on frankfurters

Chen et al.  
(2004a, b)

Enterocin alginate film, in 
combination with HHP

Prevention of L. monocytogenes regrowth 
in the treated cooked ham during cold 
storage as well as cold chain break

Marcos et al. 
(2008)
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chelators, lysozyme, vacuum packaging or MAP, increasing the microbial 
inactivation of L. monocytogenes, Brochothrix thermosphacta and E. coli O157:H7. 
Treatment of raw meats with pediocins (especially pediocin PA-1/Ach) can also 
retard growth of spoilage Gram-positive bacteria (such as B. thermosphacta) and/or 
reduce L. monocytogenes and Clostridium perfringens populations (Rodríguez et al. 
2002; Nieto-Lozano et al. 2006). Other bacteriocins such as sakacins, carnobacterio-
cins, bifidocins, lactocins, lactococcins or pentocins have shown variable inhibitory 
effects against spoilage or pathogenic bacteria in raw meats or poultry (Aymerich 
et al. 2008; Galvez et al. 2008). In minced meats, the combination of bacteriocins 
with plant essential oils at levels where they would not impart undesirable flavour is 
being considered as a way to increase inactivation of L. monocytogenes and inhibi-
tion of Salmonella Enteritidis (Solomakos et al. 2008; Govaris et al. 2010).

One attractive approach to increase the activity of bacteriocins in raw meats has 
been immobilisation in substrates (such as beads, liposomes, coatings or films). 
Nisin (alone or in combinations with citric acid, EDTA and Tween 80) incorporated 
in a variety of substrates (such as calcium alginate gels, agar coatings, palmitoylated 
alginate-based films, polyvinyl chloride, LDPE or nylon) showed strong inhibition 
of bacteria such as L. monocytogenes, B. thermosphacta, S. aureus or S. typhimurium 
on refrigerated raw meats (Chen and Hoover 2003; Aymerich et al. 2008; Gálvez 
et al. 2007, 2008). The combination of chill temperature and antimicrobial packag-
ings has proven to be effective in enhancing the microbiological quality of beef cuts 
by inhibiting LAB, carnobacteria and B. thermosphacta (Ercolini et al. 2010).

Since many LAB naturally associated with meats can grow at refrigeration tem-
peratures, bacteriocin-producing strains that do not have adverse effects on meats 
can be selected as protective cultures for raw meat preservation (Table 18.3). 
Previous works have demonstrated the effectiveness of bacteriocin-producing Lb. 
sakei and Lb. curvatus strains in inhibiting L. monocytogenes or B. thermosphacta 
in raw meat products (Castellano et al. 2008). BLIS-producing Lb. sakei strains 
delayed blown-pack spoilage caused by Clostridium estertheticum and reduced the 
survival of Campylobacter jejuni on beef meat (Jones et al. 2009). In chicken 
ground meat, growth of S. enteritidis was adversely affected by the protective 
 culture L. fermentum ACA-DC179 (Maragkoudakis et al. 2009). Fresh beef meat 
inoculated with Lb. curvatus CRL705 as protective culture showed a net increase of 
free amino acids due to the complementary activity of the bacterial and meat pro-
teases on meat sarcoplasmic proteins, and it was proposed that this protective culture 
could contribute to meat ageing while improving shelf life (Fadda et al. 2008).

Control of Pathogenic and Spoilage Bacteria  
in Semi-Processed and Cooked Meats

Cooked meat products are widely consumed RTE foods. They may consist of whole 
primary meat pieces, but usually they are made by grinding and mixing secondary 
meats, fat, animal organs or blood with other ingredients, followed by stuffing/molding 
and cooking. The cooking process inactivates natural microbiota, paving the way for 
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growth of post-process contaminants. The pH values of most cooked meat products 
are compatible with growth of pathogenic and spoilage bacteria, which can prolifer-
ate at refrigeration temperatures during the product’s shelf life. Some of these prod-
ucts may also be submitted to further processing such as slicing, peeling and 
packaging, which increase the risks for cross-contamination (Murphy et al. 2005). 
Bacteriocin preparations (mainly pediocin and nisin) have great market opportunities 
as hurdles against pathogenic and spoilage bacteria in cooked meat products. The 
main approaches tested are based on addition of bacteriocin preparations to the meat 
slurries before the heating process, surface application of the bacteriocins before 
packaging or application of films or coatings containing bacteriocins.

Table 18.3 Examples of applications of bacteriocin-producing cultures in meat and poultry 
products

Starter or protective cultures

Raw meats
Bacteriocin producer 

Lb. curvatus 
CRL705

Effective inhibition of L. innocua and 
B. thermosphacta and indigenous 
contaminant LAB in fresh beef; 
contribution to meat ageing by limited 
proteolysis

Fadda et al. (2008)

BLIS-producing 
Lb. sakei

Delayed blown-pack spoilage caused by 
C. estertheticum and reduced survival of 
C. jejuni on meat

Jones et al. (2009)

BLIS-producing 
Lb. fermentum 
ACA-DC179

Growth inhibition of S. enteritidis in 
refrigerated chicken ground meat

Maragkoudakis 
et al. (2009)

RTE meats
Bacteriocin-producing 

P. acidilactici 
strains

Inhibition of L. monocytogenes in cooked 
meats

Rodríguez et al. 
(2002)

Sakacin K-producing 
Lb. sakei CTC494

Inhibition of L. monocytogenes in cooked 
meat products

Hugas et al. (1998)

Bacteriocin-producing 
Lb. sakei

Growth inhibition of L. monocytogenes and 
Escherichia coli O157.H7 in cooked, 
sliced, vacuum-packaged meats

Bredholt et al. 
(2001)

Fermented meats
Bacteriocin-producing 

Lb. sakei starter 
cultures

Reduction of Listeria populations in 
fermented sausages

Ravyts et al. 
(2008)

Curvacin-producing 
Lb. curvatus

Antilisterial effects in meat fermentation Dicks et al. (2004)

Pediocin-producing 
P. acidilactici

Commercial starter cultures for fermentation 
of meat products to reduce the numbers 
of L. monocytogenes in the final product

Amezquita and 
Brashears 
(2002)

E. faecalis CECT7121 
(producer of 
enterocin MR99)

Reduction of viable counts of 
Enterobacteriaceae, S. aureus and other 
Gram-positive cocci in craft 
dry-fermented sausages

Sparo et al. (2008)
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Strains of LAB (mainly Lactobacillus and Leuconostoc) are the major group of 
spoilage bacteria developing on various types of vacuum-packed meats, where they 
produce typical sensory changes such as souring, gas, SH

2
 and slime (Korkeala 

et al. 1988; Björkroth and Korkeala 1997). These LAB rapidly recontaminate the 
products during handling and slicing (Lücke 2000). Enterocins A and B inhibited 
the production of slime in vacuum-packaged sliced cooked pork ham by Lb. sakei, 
and nisin prevented ropiness by L. carnosum (Hugas et al. 2003; Aymerich et al. 
2008). When the above bacteriocins and pediocin PA-1/AcH were incorporated in 
blended cooked ham in combination with HHP treatment, only nisin avoided 
regrowth of L. carnosum. The combined HHP treatment with nisin increased the 
microbial inactivation of E. coli and avoided regrowth during storage (Garriga et al. 
2002). Nisin was also the bacteriocin causing a greater decline of staphylococci, but 
did not prevent regrowth of L. monocytogenes (while enterocins, sakacin and pedio-
cin did). These results illustrate the variable efficacy of different bacteriocins 
depending on the target bacteria and food-processing conditions.

The efficacy of nisin and lacticin 3147 against Gram-positive and Gram-negative 
bacteria in sausages (such as fresh pork, ham or bologna sausages) increased in 
combination with organic acids, lysozyme and EDTA. Similarly, greater inhibitory 
effects were reported for pediocin combinations with sodium diacetate or sodium 
lactate against L. monocytogenes on frankfurters or L. monocytogenes and Yersinia 
enterocolitica on cooked poultry cuts stored under MAP at 3.5°C (O’Sullivan et al. 
2002; Chen and Hoover 2003; Aymerich et al. 2008; Galvez et al. 2008). These 
results paved the way for application of activated packagings containing cockatils 
of antimicrobial substances on RTE meats (Coma 2008). The bacteriocin-activated 
films may be quite appropriate for cooked meat products, acting as barriers against 
external contamination of the processed product. Among the various kinds of edible 
coatings tested on vacuum-packaged products (hot dogs, frankfurters or ham), best 
results have been reported for coatings containing nisin in combination with other 
antimicrobials under refrigeration storage. A recent study has shown that cellulose 
films containing pediocin PA-1/AcH retarded growth of Listeria in vacuum-pack-
aged sliced ham stored at 12°C simulating abusive temperatures that can occur in 
supermarkets (Santiago-Silva et al. 2009).

Pre-surface application of bacteriocins in combination with post-packaging 
treatments is another approach of recent interest. Bacteriocin application followed 
by in-package thermal treatments can provide an effective combination to control 
L. monocytogenes on products such as frankfurters or turkey bologna, as shown for 
pediocin, nisin, nisin–lysozyme or combinations of these bacteriocins with sodium 
lactate/sodium diacetate (Chen et al. 2004b; Mangalassary et al. 2008). Application 
of a Nisaplin dip followed by exposure to pulsed light (PL; 9.4 J/cm2) reduced the 
population of L. innocua in sausages and inhibited the microbial growth during 
refrigeration storage (Uesugi and Moraru 2009). Since application of PL is 
approved for decontamination of food and food surfaces, the combined treatment 
could be applied as a post-processing step to reduce surface contamination and 
increase the safety of RTE meat products. Low-dose irradiation of pediocin-treated 
frankfurters or RTE turkey meat vacuum-packaged with a pectin–nisin film 
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increased the  inactivation of L. monocytogenes greatly and reduced the  proliferation 
of survivors during storage (Chen et al. 2004a; Jin et al. 2009). The authors 
 concluded that the combined treatment could serve to prevent listeriosis due to 
post-processing contamination while reducing radiation doses and impact on 
 product quality, or to prevent L. monocytogenes growth in accidentally recontami-
nated packages of irradiated RTE meats. Application of bacteriocin-activated films 
in combination with HHP could increase the microbial inactivation in RTE meat 
products as well (Aymerich et al. 2008). In cooked ham packaged in films activated 
with enterocins, the combined treatment with HHP reduced the numbers of  
L. monocytogenes and inhibited the recovery of pressure-injured Listeria during 
 temperature abuse (Marcos et al. 2008). The application of nisin through interleav-
ers combined with an HHP treatment was an effective treatment to achieve absence 
of Salmonella in 25 g samples of sliced cooked ham during refrigeration storage 
(Jofré et al. 2008).

Bacteriocin-producing LAB strains could be used as protective cultures for 
semi-processed and cooked meats provided that they cause only a minimal change 
in the desired sensory properties of the products while inhibiting Listeria and lactic 
acid bacteria involved in spoilage (Hugas et al. 1998; Lücke 2000; Chen and 
Hoover 2003; Aymerich et al. 2008; Galvez et al. 2008). Inoculation of strains 
producing sakacins, pediocins, leucocins, plantaricins, enterocins, bavaricins or 
curvaticins in processed meat products was shown to inhibit growth of Listeria and 
in some cases to inhibit slime formation as well (Aymerich et al. 1998; Hugas et al. 
1998). There are already several LAB cultures in the market introduced as starter 
or bioprotective culture with the aim of contributing to microbiological safety of 
semi-processed and cooked meats (Aymerich et al. 2008).

Applications in Fermented Meats

Bacteriocin preparations can be added to meat batters for inactivation of microbial 
pathogens in fermented meat products. The lower pH attained in sausages com-
pared to fresh meats may increase the solubility of some bacteriocins such as nisin 
and probably their antimicrobial activity as well. Bacteriocins such as nisin, 
enterocins (CCM 4231, A, B and AS-48) or leucocins improved the reduction of  
L. monocytogenes or S. aureus populations in fermented meats (Rodríguez et al. 
2002; Chen and Hoover 2003; Aymerich et al. 2008; Galvez et al. 2008). Microbial 
inactivation by bacteriocin addition may be an attractive hurdle for slightly fer-
mented sausages, in which the higher pH and water content may facilitate survival 
and proliferation of certain pathogenic bacteria.

LAB play key roles in meat fermentations. Therefore, bacteriocin-producing 
strains have been proposed as starter cultures to combat pathogens such as L. mono-
cytogenes (Työppönen et al. 2003; Leroy et al. 2006; Aymerich et al. 2008). 
Bacteriocin-producing lactobacilli (mainly Lb. sakei and Lb. curvatus, and also Lb. 
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rhamnosus and Lb. plantarum) have demonstrated anti-listerial effects in sausage 
or salami fermentations, depending to a great extent on strain and type of meat 
(Erkkilä et al. 2001; Leroy et al. 2005; Dicks et al. 2004; Benkerroum et al. 2005; 
Todorov et al. 2007) (Table 18.3). Lb. sakei CTC 494 (producing sakacin K) is a 
promising functional starter culture with antilisterial activity, being capable to suc-
cessfully suppress L. monocytogenes in Spanish-style and German-style fermented 
sausages (Aymerich et al. 2008) or to reduce Listeria populations in Belgian-style 
sausages, Italian salami and Cacciatore salami (Ravyts et al. 2008). The efficacy of 
Lb. sakei is influenced by environmental factors such as sausage ingredients, salt, 
fat and nitrite content, acidification level and temperature (Leroy et al. 2006). Since 
Lb. sakei and Lb. curvatus can hydrolyse muscle sarcoplasmic proteins and, to a 
lesser extent, myofibrillar proteins, they can contribute to the generation of small 
peptides and amino acids which contribute as direct flavour enhancers or as precur-
sors of other flavour compounds during the ripening of dry-fermented sausages 
(Leroy et al. 2006). Exploitation of these activities may lead to the use of a new 
generation starter cultures with industrially or nutritionally important functional-
ities (Leroy et al. 2006).

Bacteriocin-producing pediococci can reduce L. monocytogenes populations in 
fermented meats (Amezquita and Brashears 2002; Rodríguez et al. 2002; Aymerich 
et al. 2008). Pediococci are preferred as starters in certain products (rather than 
lactobacilli), e.g. in American-style sausages fermented at higher temperatures. 
Pediocin PA-1 producers do not inhibit bacteria relevant to the fermentation, such 
as staphylococci and micrococci (Gonzalez and Kunka 1987). Nisin-producing 
lactococcal strains isolated from fermented sausages have also been suggested as 
adjunct cultures for improving the food safety of meat fermented products manu-
factured under poor hygienic conditions such as indigenous fermentations 
(Noonpakdee et al. 2003).

Enterococci are often part of the normal microbiota in meat fermentations and 
have demonstrated robustness as antilisterial agents in fermented meats, and also to 
inhibit S. aureus (Foulquié Moreno et al. 2003; Aymerich et al. 2008; Galvez et al. 
2008). However, their application in foods is controversial because of their poten-
tial virulence as opportunistic pathogens. Strain Enterococcus faecalis CECT7121 
(producer of the broad-spectrum enterocin MR99) is interesting because it is devoid 
of the genes for haemolysin and gelatinase production and does not produce bio-
genic amines (Sparo et al. 2008). Craft dry-fermented sausages inoculated with 
strain CECT7121 had lower viable counts of Enterobacteriaceae, S. aureus and 
other Gram-positive cocci at the end of fermentation, with no detectable enterobac-
teria and S. aureus at the end of drying.

Staphylococci and micrococci may also be exploited as sources for antibacterial 
substances applicable in sausage fermentations. The introduction of the lysostaphin 
gene (an endopeptidase that specifically cleaves the glycine–glycine bonds unique 
to the interpeptide cross-bridge of the S. aureus cell wall) into meat starter 
 lactobacilli (Cavadini et al. 1998) can be used to prevent the growth of S. aureus. 
One Staphylococcus xylosus sausage isolate that produces an antilisterial substance 
increased the microbial inactivation of L. monocytogenes in Naples-type sausage 
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(Villani et al. 1997). K. varians produces the lantibiotic variacin (Pridmore et al. 
1996), but there are still no reports on the effects of strains producing this 
 antimicrobial peptide in meat fermentations.

Biopreservation of Seafoods

Treatment of Seafoods with Bacteriocin Preparations

The most popular commercial sources of nisin (NisaplinTM) and pediocin (AltaTM 
2341) are based on a milk formulation. These preparations may not be the best 
formulations for fish application because of the inappropriate taste they can impart 
when used at high concentrations and also because of the lower solubility of bacte-
riocins complexed with the milk solids. The use of fishery by-products as peptide 
sources for the production of nisin and pediocin has been proposed recently 
(Vázquez et al. 2004, 2006). In a similar way, Tahiri et al. (2009a) described an 
extract of snow crab hepatopancreas, a food-grade by-product of crustacean pro-
cessing, as useful substrate for stimulating growth of Carnobacterium divergens 
M35 and divergicin M35 production. This approach could be exploited for the 
industrial production of bacteriocin preparations intended for preservation of sea-
food products.

Several approaches based on bacteriocin treatment have been proposed for inac-
tivation of unwanted bacteria (mainly L. monocytogenes) in seafood products, 
although most tests have been carried out on cold-smoked salmon (CSS) where 
listerial contamination is of greatest concern (O’Sullivan et al. 2002; Chen and 
Hoover 2003; Drider et al. 2006; Calo-Mata et al. 2008; Galvez et al. 2008). These 
include addition of bacteriocin preparations (either by immersion or by spraying or 
by mixing with food matrix), bacteriocin injection or immobilisation on plastic 
films or coatings or even on the bacteriocin producer cells (Table 18.4).

Washing crabmeat with antimicrobials (PerLac 1911, MicrogardTM, AltaTM 2341, 
nisin or E. faecium 1083 culture supernatant containing the bacteriocin-like sub-
stance (BLIS) enterocin 1083 reduced the viable counts of L. monocytogenes dur-
ing storage at 4°C only in the samples treated with 20,000 AU of AltaTM 2341, nisin 
or enterocin 1083. In brined shrimp, addition of nisin Z and bavaricin A prepara-
tions extended the product shelf-life, although the efficacy of bacteriocin treatments 
was much more limited compared to brined shrimp stored in a benzoate–sorbate 
solution. In ready-to-eat seafoods, nisin has been tested in combination with heat 
treatments with the purpose of reducing the processing cost and/or the intensity of 
treatments. The reported effects include increased killing of L. monocytogenes in 
cold-pack lobster, and synergistic activity against Listeria and total mesophilic 
bacteria in caviars (Al-Holy et al. 2004).

Proliferation of L. monocytogenes in slightly processed products which are con-
sumed without further cooking (such as cold-smoked seafood products) is a matter 
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Table 18.4 Examples of bacteriocin applications in seafoods

Bacteriocin treatment Effect(s) Reference(s)

Nisin- radio frequency heating 
at 65°C

Complete inactivation of L. innocua 
in sturgeon caviar or ikura

Al-Holy et al. 
(2004)

Nisin-coated plastic films Inactivation of L. monocytogenes in CSS 
during refrigeration storage

Neetoo et al. 
(2008)

Inhibition of background spoilage 
microbiota

C. divergens V41 or its culture 
supernatant

Inhibitory effect on L. innocua 2030c 
growth cold-smoked salmon trout

Vaz-Velho et al. 
(2005)

C. divergens M35, or divergicin 
M35

Suggested as bioingredient for 
application to the inactivation of 
L. monocytogenes in ready-to-eat 
seafood

Tahiri et al. 
(2009b)

Lb. curvatus CWBI-B28 culture, 
spraying with bacteriocin, 
packaging in bacteriocin-
coated plastic film, 
cell-adsorbed bacteriocin

Variable inactivation of  
L. monocytogenes in CSS. Best 
results were reported for bacteriocin 
adsorbed on heat-inactivated cells.

Ghalfi et al. 
(2006)

Lb. curvatus ET30 Reduction of L. innocua counts on 
salmon fillets before and after cold-
smoking and during vacuum pack 
storage

Tomé et al. 
(2008)

Leuconostoc spp., Lb. fuchuensis, 
C. alterfunditum

Broad-spectrum bioprotective cultures Matamoros 
et al. (2009)

Bifidobacterium-thymol 
combination

Extended shelf life of fresh plaice fillets; 
inhibition of fresh packaged fish 
spoilers

Altieri et al. 
(2005)

S. xylosus Use as protective culture to decrease 
biogenic amine formation in salted 
and fermented anchovy

Mah and 
Hwang 
(2009)

L. lactis (nisin-producer) Use as starter culture to improve 
Senegalese guedj fish fermentation

Diop et al. 
(2009)

of concern, and extensive work has been carried out on application of bacteriocins 
in this field. Purified sakacin P completely eliminated L. monocytogenes on CSS, 
despite the proteolytic degradation of the bacteriocin by salmon tissue proteases. 
Treatments of cold-smoked salmon trout with C. divergens V41  culture supernatant 
showed a significant inhibitory effect on L. innocua growth (Vaz-Velho et al. 2005; 
Rihakova et al. 2009). In vacuum-packaged CSS, growth of L. monocytogenes 
could be prevented by a combination of carbon dioxide, nisin, NaCl and low tem-
perature. On smoked salmon slices inoculated with L. monocytogenes and surface-
treated with nisin or AltaTM 2341, both antimicrobials reduced the growth of listeria 
to some extent. When the treated smoked salmon was packaged in 100% CO

2
, 

counts of L. monocytogenes were reduced below detectable levels (2 logs) in both 
cases.

Inhibition of aerobic bacteria is important to prevent seafood spoilage. The com-
bination of nisin and MicrogardTM reduced the total aerobic bacteria populations 
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and delayed growth of L. monocytogenes in fresh-chilled salmon, increasing the 
product shelf life (Calo-Mata et al. 2008; Galvez et al. 2008). Similarly, when nisin 
was tested in combination with other antimicrobials (such as the lactoperoxidase 
system or with headspace CO

2
 levels and EDTA), increased inactivation or growth 

delay of spoilage microbiota was observed in sardines and in fish muscle extract. 
In fish spreads, enterocins 1071A and 1071B inhibited the growth of aerobic meso-
philic bacteria during cold storage.

Antimicrobial activity of bacteriocins in seafoods can improve with immobilisa-
tion in packaging materials (Galvez et al. 2008). In CSS vacuum-packed inside 
nisin-coated plastic films, nisin (2,000 IU/cm2) inhibited the proliferation of 
L. monocytogenes strains and background microbiota (aerobic, anaerobic and 
LAB) during storage at 4°C in a concentration-dependent manner (Neetoo et al. 
2008). Similarly, chitosan-coated plastic films dosed with sodium lactate (2.3 mg/
cm2) in combination with nisin (500 IU/cm2) inhibited the proliferation of L. mono-
cytogenes as well as aerobic and anaerobic background microbiota in the vacuum-
packaged CSS during storage at 4°C (Ye et al. 2008). Packaging CSS in plastic film 
coated with bacteriocin from Lb. curvatus CWBI-B28 caused L. monocytogenes 
inactivation late during refrigeration storage (Ghalfi et al. 2006). However, best 
results (complete inactivation of L. monocytogenes during storage for 22 days) 
were reported for CSS treated with bacteriocin adsorbed to its heat-inactivated 
producer cells.

Application of Bacteriocin-Producing Strains as Protective 
Cultures in Seafood Products

Bacteriocin production by fish-acclimatised bacterial species is of great interest for 
inhibition of pathogenic micro-organisms in seafood products (Table 18.4). 
Antagonistic bacterial strains (such as those isolated from cold-smoked seafood 
products) could be applied for the competitive exclusion of L. monocytogenes in 
the processed food products. Many LAB strains are able to grow at refrigeration 
temperatures. They tolerate atmosphere packaging, low pH, high salt concentra-
tions and the presence of additives such as lactic acid, ethanol or acetic acid. The 
selected antagonistic strains should meet several criteria: (1) to be able to grow on the 
fish product during cold storage and produce antimicrobials to inactivate L. mono-
cytogenes, or at least inhibit growth of the pathogen, (2) do not cause adverse 
effects on the food product (such as off flavours, colour changes), (3) do not have 
adverse effects on health (e.g. production of biogenic amines) or carry antibiotic 
resistance or virulence traits. Inoculated strains could have probiotic properties, but 
this approach for administration of probiotics through seafood products has not 
been exploited yet.

Since LAB comprise the dominant microflora in CSS (González-Rodríguez 
et al. 2002; Cardinal et al. 2004), research has focused on selection of antagonistic 
LAB strains from the processed products. L. monocytogenes can be inhibited by 
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 carnobacteria cultures that do not produce bacteriocins, partly due to glucose 
depletion (Nilsson et al. 2005). However, LAB strains producing bacteriocins 
(mainly Carnobacterium and Lactobacillus species) may be superior for biopreser-
vation. Trials carried out with antagonistic bacteria in CS foods (such as CSS, 
cold-smoked salmon trout, or cold-smoked surubim) included antagonistic strains 
of C. piscicola, C. divergens, Lb. sakei, Lb. casei, Lb. curvatus, Lactobacillus del-
brueckii, Lb. plantarum, P. acidilactici or E. faecium (Leisner et al. 2007; Calo-
Mata et al. 2008; Galvez et al. 2008; Tomé et al. 2008; Tahiri et al. 2009b). 
Bacteriocin-producing enterococci from seafoods are gaining interest for biocontrol 
of L. monocytogenes in the processed products. Several strains have been previ-
ously isolated from seafoods such as E. faecium strains and Enterococcus mundtii, 
producers of unknown bacteriocins (Campos et al. 2006; Tomé et al. 2008; 
Hosseini et al. 2009), or E. faecium strains, producers of enterocin P (Arlindo et al. 
2006) or enterocin B (Pinto et al. 2009). Antilisterial effects are increased by using 
combinations of bacteriocin-producing strains (such as Lb. casei–Lb. plantarum) 
and also by exogenously added bacteriocin in combination with the producer 
strain.

While most studies have focused on inhibition of L. monocytogenes in seafood 
products, other pathogenic bacteria (such as Vibrio parahaemolyticus, Vibrio vul-
nificus and Vibrio cholerae, C. botulinum, histamine-producing bacteria and post-
contaminating bacteria, such as S. aureus or Salmonella spp.) or spoilage bacteria 
(such as Shewanella putrefaciens, Photobacterium phosphoreum, Aeromonas spp. 
and Pseudomonas spp.) are still a matter of concern (Gram and Dalgaard 2002; 
Calo-Mata et al. 2008). For this reason, there is a growing interest to extend the 
spectrum of inhibition of bacteriocins in combination with other hurdles and also 
on isolation of LAB strains with broader spectrum of inhibitory activity. It was 
reported that treatment of whole shrimp with potassium sorbate with Bifidobacterium 
breve cells extended the product’s microbiological shelf life (Al-Dagal and Bazaraa 
1999), and treatment of plaice fillets with a preparation of Bifidobacterium bifidum 
cells and thymol combined with low storage temperature and anoxia/hypoxia 
showed a great efficacy against the main fresh-packaged fish spoilage species 
(Altieri et al. 2005). Selected strains of Leuconostoc gelidum, Lactococcus piscium, 
Lactobacillus fuchuensis and Carnobacterium alterfunditum (psychrotrophs, lack-
ing antibiotic resistance traits and unable to produce histamine or tyramine) are 
currently being investigated as broad-spectrum bioprotective cultures in fish pres-
ervation (Matamoros et al. 2009).

Bacteriocin Applications in Fermented Fish

Fermented fish products are very popular in the Asiatic and Pacific regions, but 
their microbiological aspects are not known so well as other fermented foods. 
Salted fermented foods contain abundant amino acids, which can generate rela-
tively large amounts of biogenic amines (Mah et al. 2003). Inoculation with 
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S. xylosus, producer of a BLIS, has been proposed as a protective culture to 
decrease biogenic amine formation in salted and fermented anchovy (Mah and 
Hwang 2009).

L. lactis subsp. lactis strain CWBI B1410 (which produces various antibacterial 
compounds including organic acids and nisin) was tested to improve the traditional 
Senegalese fish fermentation into guedj (Diop et al. 2009). The inoculated starter 
(in combination with glucose addition) released nisin onto the fish fermentate, 
produced a faster acidification and reduced the counts of enteric bacteria in the 
fermented fish. The authors proposed a new fish fermentation strategy based on 
inoculation with this strain as starter, combined with salting and drying, to enhance 
the safety of guedj.

Biopreservation of Vegetable Foods

Inhibition of Pathogenic Bacteria on Fresh Produce

Bacteriocin treatments (with nisin, pediocin or enterocin AS-48) have been pro-
posed to inactivate food-borne pathogenic or toxinogenic bacteria (such as 
L. monocytogenes, B. cereus, and Bacillus weihenstephanensis, E. coli, Salmonella 
and other enterobacteria) on the surfaces of fresh-cut vegetables and on sprouted 
seeds (Galvez et al. 2008; Randazzo et al. 2009; Abriouel et al. 2010) (Table 18.5). 
Bacteriocin treatments have also been proposed for decontamination of whole fruit 
surfaces and to avoid transmission of pathogenic bacteria from fruit surfaces to 
processed fruits (Ukuku et al. 2005; Silveira et al. 2008), and to decrease bacterial 
survival on sliced fruit surfaces during storage. In general, the single treatments 
with bacteriocins significantly reduced the microbial loads of Gram-positive patho-
gens but were ineffective against Gram-negatives unless they were applied in com-
bination with other antimicrobials (such as organic acids, inorganic acids or 
phenolic compounds). The combined treatments not only increased microbial inac-
tivation on the fruit and vegetable food surfaces but also avoided proliferation of 
survivors during storage (Cobo Molinos et al. 2008). Some of the combined treat-
ments proposed could find industrial applications, especially in added-value food 
products such as those intended for consumption by the elderly, immunocompro-
mised people or debilitated hospital patients.

Inoculation with live cultures is another proposed alternative for inhibition of 
pathogenic bacteria on fresh produce surfaces. Bacterial strains (including species 
of genera such as Bacillus, Pseudomonas, Enterococcus, Lactococcus, Leuconostoc, 
Weissella or Lactobacillus) isolated from raw vegetables may produce antagonistic 
substances to food-borne pathogens (Galvez et al. 2008; Trias et al. 2008a, b). 
These strains may be better adapted to vegetable substrates and growth under cold 
or moderate temperatures. The efficacy of such treatments greatly depends on 
 ecological factors such as the capacity to grow and produce antimicrobials in situ 
by the protective cultures in competition with resident microbiota.
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Inactivation of Spoilage and Pathogenic Bacteria in Fruit  
Juices, Drinks, and Fermented Beverages

In fruit juices and drinks, bacteriocin addition (nisin, enterocins) has been  proposed 
for inactivation of endospore-forming bacteria causing spoilage, such as Alicyclobacillus 
acidoterrestris and thermophilic spore formers such as G.  stearothermophilus. 
Bacteriocin addition may also be useful for microbial  inactivation of bacteria 

Table 18.5 Examples of bacteriocin applications in vegetable foods and beverages

Bacteriocin treatment Effect(s) Reference(s)

Nisin Z, coagulin, 
nisin:coagulin cocktail

Reduced viable cell counts of 
L. monocytogenes on fresh-
cut iceberg lettuce stored in 
microperforated plastic bags

Allende et al. 
(2007)

Enterocin AS48 washing 
treatments alone or in 
combination with other 
antimicrobials

Inactivation of L. monocytogenes, 
B. cereus, B. weihenstephanensis 
and Enterobacteria on sprouts

Abriouel et al. 
(2010)

Nisin in combination with of 
hydrogen peroxide, sodium 
lactate and citric acid as a 
sanitizer

Decontamination of whole 
cantaloupe and honeydew melon 
surfaces. Prevented transfer of 
L. monocytogenes and E. coli to 
fresh-cut pieces

Ukuku et al. 
(2005)

Nisin combination with 
lysozyme and PEF

Inactivation of Salmonella 
Typhimurium in orange juice

Liang et al. (2002)

Enterocin AS-48 alone or in 
combination with PEF, 
chelators or heat

Inactivation of pathogenic and 
spoilage bacteria in fruit juices

Abriouel et al. 
(2010)

Nisin Prevented spoilage caused by non-
aciduric and aciduric spore 
formers in canned foods and in 
other foods

Thomas et al. 
(2000, 2001)

Enterocin AS-48 Inactivation of endospore formers in 
boiled rice, purees and canned 
vegetables

Abriouel et al. 
(2010)

Nisin Inactivation of wine LAB at lower 
sulphite concentrations

Rojo-Bezares et al. 
(2007)

Pediocin PD-1 Control of O. oeni in wines Bauer et al. (2003)
Enterocins L50A and L50B Inhibition of beer-spoilage LAB in 

worts and lager beers
Basanta et al. 

(2008)
Plantaricin-producing starter 

culture
Improved microbiological control of 

table olives fermentation
Vega Leal-Sánchez 

et al. (2003)
Bacteriocin-producing strains Inhibition of rope-forming bacilli in 

breads
Settanni and 

Corsetti (2008)
Enhanced competitiveness of strains 

in fermented doughs
Bacteriocin-producing  

L. plantarum
Decreased survival of B. cereus, 

E. coli O157:H7 and S. enterica 
in millet gruels

Sánchez 
Valenzuela 
et al. (2008)
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 causing ropiness (such as EPS-producing Bacillus licheniformis, pediococci and 
lactobacilli) as well as acrolein-producing bacteria. While fruit juices and drinks 
usually have a pH that is too low for proliferation of food-borne pathogenic bacte-
ria, some less acidic juices and drinks can support bacterial growth. Inactivation of 
food-borne pathogens (L. monocytogenes, B. cereus, S. aureus) by enterocins has 
been reported in lettuce juices, soy milk and sport and energy drinks with lower 
acidity (Galvez et al. 2008; Abriouel et al. 2010). Since freshly made fruit juices 
have been implicated in transmission of enteric pathogens, bacteriocins (such as 
nisin and enterocin AS-48) have been tested in combination with other agents to 
increase the bacterial outer membrane permeability (such as chelators or PEF). The 
combined treatments of bacteriocins and PEF greatly increased the bactericidal 
effects and decreased the risks of survivor proliferation in the treated samples 
(Liang et al. 2002; Mosqueda-Melgar et al. 2008).

In fermented beverages, bacteriocin preparations can be applied against spoilage 
LAB. Several applications have been proposed for nisin in the production of beer: 
(1) cleaning of the equipment and final cleansing rinse, (2) addition to fermenters 
to control contamination, (3) increasing the shelf life of uncontaminated beers, (4) 
reduction of pasteurization regimes, (5) washing pitching yeasts to eliminate con-
taminating bacteria and (6) development of wort bioacidifiying LAB and/or yeast 
starter cultures genetically modified to produce bacteriocins. Other bacteriocins 
such as lacticin M30, and enterocins L50A and L50B have been shown to inhibit 
spoilage LAB in beers (Basanta et al. 2008).

Bacteriocin-producing strains can be isolated from raw as well as malted barley. 
Fermented worts containing bacteriocins could be used to prevent beer spoilage 
LAB (Vaughan et al. 2005). Bacteriocin production may be a desirable trait for wort 
bioacidifying LAB starter cultures, enhancing the implantation and proliferation of 
such strains over spoiling LAB. Development of yeast starter cultures genetically 
modified to produce bacteriocins has also been suggested, and heterologous pro-
duction of bacteriocins such as pediocins, leucocins, plantaricins and enterocins by 
yeasts has been reported (Schoeman et al. 1999; Du Toit and Pretorius 2000; Van 
Reenen et al. 2002; Gutiérrez et al. 2005; Sánchez et al. 2008; Basanta et al. 2009). 
The bactericidal yeast strains could be used as starters or protective cultures in the 
fermentations of brewing, wine and baking processes as biological control agents 
to inhibit growth of spoilage bacteria.

Addition of bacteriocins could prevent spoilage of other alcoholic beverages, 
such as fermented apple ciders (Galvez et al. 2008; Abriouel et al. 2010) or wines 
(Du Toit and Pretorius 2000; Bartowsky 2009). Nisin addition is permitted in beer 
in certain countries, but not in wine. However, nisin has been reported to act syner-
gistically with sulphites against wine LAB. Nisin addition could aid to reduce the 
sulphite content in musts before fermentation. Application of pediocin PD-1 has 
been proposed in removal of Oenococcus oeni biofilms from stainless steel surfaces 
and also to control growth of O. oeni in wine (Bauer et al. 2003).

Bacteriocin producers can be isolated from wine and vineyards, including spe-
cies of Lb. plantarum, O. oeni or Pediococcus pentosaceus (Navarro et al. 2000; 
Rojo-Bezares et al. 2007; Knoll et al. 2008; Yanagida et al. 2008). Selected strains 
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could be useful against undesired LAB in vinification (such as spoilers or 
histamine producers), and for proper control of the wine malolactic fermentation.

Improvement of Vegetable Fermentations, and Inactivation  
of Food Poisoning and Spoilage Microbes in Fermented  
Vegetable Foods

Addition of bacteriocins (such as nisin) has been proposed as a way to direct the 
microbiota of vegetable fermentations towards selection of desirable bacteriocin-
tolerant or bacteriocin-resistant strains with desirable effects while at the same time 
inhibiting strains causing defects such as overripening (as in the case of kimchi 
fermentation).

Bacteriocin-producing strains can be used as starter cultures in table olive fer-
mentation to improve the microbiological control of the process, increase the lactic 
acid yield and provide a consistently high quality of the product (Vega Leal-
Sánchez et al. 2003). Such starters can also be applied in newly operating plants 
that still lack the appropriate resident LAB microbiota to accelerate the fermenta-
tion process and avoid stuck fermentations. Alternatively, starter cultures could be 
applied to control food-borne pathogens such as L. monocytogenes in certain 
 fermented foods such as kimchi (Galvez et al. 2008).

There is a growing interest in bacteriocin-producing strains from ethnic fer-
mented vegetable foods (Kostinek et al. 2007; Yoon et al. 2008; Ge et al. 2009; Hata 
et al. 2009; Huang et al. 2009; Tamang et al. 2009; Gao et al. 2010). The nisin-
producer L. lactis subsp. lactis IFO12007 isolated from miso was used as starter for 
fermentation of cooked rice and rice koji supplemented with soybean extract (Kato 
et al. 2001). The producer strain proliferated in the cooked rice and produced 
enough nisin activity to inhibit Bacillus subtilis without any adverse effect on 
growth of Aspergillus oryzae during the koji fermentation.

Fermented millet flours are very popular in the African continent, but only a 
limited number of studies have been carried out on their LAB microbiota and their 
bacteriocins (Ben Omar et al. 2006, 2008). The plantaricin-producing strain 
Lb. plantarum 2.9 (isolated from ben-saalga, a traditional pearl millet fermented 
food from Burkina Faso) produced strong inhibitory activity in malted millet flour, 
decreasing the survival of B. cereus, E. coli O157:H7 and S. enterica (Sánchez 
Valenzuela et al. 2008). This strain could be applied as a starter culture to improve 
the safety of cereal gruels.

LAB strains isolated from cereals and fermented doughs may produce several 
bacteriocins and BLIS (Messens and De Vuyst 2002; Narbutaite et al. 2007; 
Settanni and Corsetti 2008), as well as antifungal compounds (Valerio et al. 2009; 
Dalié et al. 2010). The production of antimicrobial substances, such as reutericyclin 
and bacteriocins, may enhance the competitiveness of strains in fermented doughs 
(Gänzle and Vogel 2003; Leroy et al. 2007) and is considered a desirable trait for 
starter culture development (Corsetti and Settanni 2007; De Vuyst et al. 2009). 
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It has been suggested that sourdoughs or cultured broths fermented with 
 bacteriocin-producing lactobacilli could be applied to inhibit rope formation by 
bacilli in yeast-leavened breads (Menteş et al. 2007; Settanni and Corsetti 2008; 
Valerio et al. 2008).

Inactivation of Food-Borne Pathogens and Endospore-Forming 
Bacteria in Ready-to-Eat, Processed,  
and Canned Vegetable Foods

Addition of bacteriocins such as nisin or enterocin AS-48 has been reported to 
reduce viable counts of L. monocytogenes in RTE vegetable foods such as tofu or 
deli-type salads (Thomas et al. 2000; Abriouel et al. 2010). However, the strong 
interaction of bacteriocin molecules with food components required addition of 
high bacteriocin concentrations or the combined addition of other antimicrobials. 
This approach was also effective in the control of S. enterica in salads and S. aureus 
in vegetable sauces (Abriouel et al. 2010).

In cooked vegetables (such as cooked potato products, sous-vide mushrooms, 
“home-made”-type soups, purees or cooked rice foods) and in canned vegetables 
(such as canned tomato, peas, corn, etc.), addition of bacteriocins (such as nisin, 
nisin–pediocin combination or enterocin AS-48) has been proposed as a way to 
inhibit endospore outgrowth and production of enterotoxins (such as B. cereus or 
C. botulinum toxins) during storage and/or to increase the efficacy of thermal treat-
ments against endospores (Thomas et al. 2000; Galvez et al. 2008; Cabo et al. 2009; 
Abriouel et al. 2010). Incorporation of bacteriocins in canned vegetables can be an 
effective hurdle to prevent spoilage caused by non-aciduric as well as aciduric spore 
formers.

Concluding Remarks

There is a great body of knowledge on the antimicrobial effects of bacteriocins 
and bacteriocin-producing strains in many different types of foods. However, only 
a few bacteriocin preparations are on the market, which are being used as ingredi-
ents in some types of foods, and only one bacteriocin preparation is licensed as a 
food preservative so far. The great efforts put in by many research groups in using 
Nature’s weapons to improve food preservation are not being exploited to their full 
potential by the food industries. Nevertheless, novel food-processing technologies 
such as UV irradiation, low-dose radiation, PEF or HHP treatments may enhance 
the value of bacteriocins as additional hurdles to bypass some of the limitations of 
the novel treatments, improve microbial inactivation, decrease the intensity of treat-
ments (and at the same time the impact on food quality) and afford protection 
against pathogenic and spoilage bacteria during the product storage. Application of 
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bacteriocin preparations in activated packaging technology also offers new 
possibilities, especially for RTE foods, decreasing the amounts of bacteriocin nec-
essary for inhibition of bacteria.

While application of bacteriocin preparations faces several limitations derived 
from legal constraints, costly toxicological studies, low yields of industrial-scale 
production processes and higher processing cost, application of bacteriocin- 
producing strains seems a much cheaper and feasible alternative. Since most LAB 
are considered to have a QPS status (EFSA 2008), their application in foods is 
widely accepted. However, in addition to not having adverse effects on the food and 
not being able to produce biogenic amines, LAB strains used in food production 
should also be free of transferable resistance to antibiotics of clinical use. Therefore, 
bacteriocin-producing strains to be used in foods must be selected carefully, and 
specific assessment of their QPS status may be required in future. Commercial 
cultures based on bacteriocin producers are already available for application as 
bioprotective or adjunct cultures in foods. In addition to inhibition of food-borne 
pathogens, bacteriocin-producing strains may also play other functions such as 
accelerated ripening of fermented foods, improvement of fermentation processes, 
or inhibition of NSLAB. The bacteriocin trait may also serve to enhance the prolif-
eration and predominance of LAB strains with functional properties in food sys-
tems and in animal systems as well. The linkage between bacteriocin production 
and probiosis is increasingly becoming stronger (Rodgers 2008), and functional 
foods based on bacteriocin-producing probiotic LAB are to be expected in market.
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Abstract The frequent use of antibiotics has led to a crisis in the antibiotic 
 resistance of pathogens associated with humans and animals. Antibiotic resistance 
and the emergence of multiresistant bacterial pathogens have led to the investi-
gation of alternative antimicrobial agents to treat and prevent infections in both 
humans and animals. Research on antimicrobial peptides, with a special interest on 
bacteriocins of lactic acid bacteria, is entering a new era with novel applications 
other than food preservation. Many scientists are now focusing on the application 
of these peptides in medicinal and personal care products. However, it is difficult to 
assess the success of such ventures due to the dearth of information that has been 
published and the lack of clinical trials.

Introduction

Bacteriocins of lactic acid bacteria are ribosomally synthesized, are generally 
 cationic, have less than 100 amino-acid residues (Marcus et al. 1999; Jenssen et al. 
2006), and contain a substantial portion (30% or more) of hydrophobic residues 
(Dijkshoorn et al. 2004). The cationic charge of these peptides ensures electrostatic 
affinity with the negatively charged bacterial outer membrane, whereas the hydro-
phobic section of the peptide interacts with the cell membrane and enters the double 
lipid membrane. Most bacteriocins have a relatively narrow spectrum of antimicro-
bial activity, i.e., the growth of only certain species, usually those phylogenetically 
related to the producer strain, are affected. However, some bacteriocins exhibit a 
much broader spectrum of antimicrobial activity and may extend beyond the 
 borders of bacteria to include protozoa, yeast, fungi, and viruses (Reddy et al. 
2004). A few bacteriocins are cytotoxic, with activity against sperm and tumor cells 
(Reddy et al. 2004).
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Bacteriocins may be seen as defense peptides and may thus be grouped into the 
same category as killer toxins of yeast, defensins of mammals, cecropins of insects, 
tachyplesins of crabs, magainins of amphibia, pandanins of scorpions, and thionins 
of plants (Boheim 1995; Corzo et al. 2001; de Vuyst and Vandamme 1994; Reddy 
et al. 2004). Mature peptides are produced after the cleavage of inactive prepeptides 
(Nes and Holo 2000; Sahl and Bierbaum 1998).

Colicins, produced by Escherichia coli, were the first described bacteriocins. 
The mode of action of these peptides varies from pore formation to nuclease 
 activity (Braun et al. 1994; Riley and Wertz 2002; Smarda and Smajs 1998). 
Colicins E1 and K inhibit macromolecular synthesis without arrest of respiration. 
Colicin E2 causes DNA breakdown, and colicin E3 stops protein synthesis (Nomura 
1967). The genes encoding colicin production are usually located on plasmids 
(Pugsley and Oudega 1987). Type A plasmids are small (6–10 kb), usually present 
as multiple copies, and are conjugative. Type B plasmids are approximately 40 kb 
in size, occur as single copies, and are also conjugative.

Microcins, also produced by E. coli, are smaller than colicins and share more 
properties with bacteriocins produced by Gram-positive bacteria (Baquero and 
Mreno 1984; Gillor et al. 2004; Pons et al. 2002). Fourteen microcins have been 
reported to date, of which only seven have been isolated and fully characterized 
(Duquesne et al. 2007a, b; Severinov et al. 2007).

Bacteriocins of Gram-positive bacteria are more diverse than bacteriocins 
described for Gram-negative bacteria (Riley and Wertz 2002). Over the years many 
classification methods have been proposed for bacteriocins. Fredericq (1957) clas-
sified bacteriocins based on specificity of absorption and proposed subclasses 
according to immune responses. Reeves (1965) implemented a system consisting 
of 16 classes of bacteriocins based on the species that produce them. Ten years later 
Bradley (1967) classified bacteriocins based on molecular weight. Klaenhammer 
(1993) classified bacteriocins into four classes based on structure, mechanism of 
action, genetics, and biochemical properties. Finally, Cotter et al. (2005) proposed 
two major classes, each divided into subclasses (Table 19.1).

Bacteriocins of class I contain lanthionine or b-methyllanthionine and are 
 classified as lantibiotics. They undergo posttranslational modifications to produce 

Table 19.1 Classification of bacteriocins (Cotter et al. 2005)

Classes Characteristics

Class I Lantibiotics
Class Ia Small (19–38 amino acids), elongated, positively charged peptides that form pores
Class Ib Globular peptides that interfere with essential enzymes

Class II Nonlanthionine containing bacteriocins
Class IIa Pediocin-like peptides that contain the YGNGVXCXXXXVXV consensus 

sequence in their N-terminal
Class IIb Two-peptide bacteriocins, require both peptides for activity
Class IIc Cyclic peptides, N- and C-terminal are covalently linked
Class IId Single nonpediocin-like peptides
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peptides of less than 5 kDa in size. Type A lantibiotics such as nisin, epidermin, and 
subtilin are screw-shaped, elongated, flexible, and amphipathic peptides with 
 pore-forming activities (Kordel et al. 1989; Ruhr and Sahl 1985), whereas type B 
lantibiotics, of which mersacidin is a typical example, are small and compact pep-
tides that target specific components of the bacterial membrane (Brötz et al. 1998). 
Type B lantibiotics kill by interfering with cellular enzymatic reactions, such as cell 
wall synthesis (Pag and Sahl 2002; Sahl and Bierbaum 1998; Sahl et al. 1995).

Nisin A and mutacin B-Ny266 are active against a range of organisms, including 
species of Actinomyces, Bacillus, Clostridium, Corynebacterium, Enterococcus, 
Gardnerella, Lactococcus, Listeria, Micrococcus, Mycobacterium, Propionibacterium, 
Streptococcus, and Staphylococcus (Mota-Meira et al. 2000, 2005). Activity against 
a number of Gram-negative pathogens such as Campylobacter, Haemophilus, 
Helicobacter, and Neisseria spp. has also been reported (Morency et al. 2001).

Nonlanthionine bacteriocins are grouped in class II. These peptides are 
 heat-stable and do not undergo extensive posttranslational modifications (Cotter 
et al. 2005). The majority of bacteriocins in class II kill by inducing membrane 
permeabilization and the subsequent leakage of molecules from target bacteria. 
Two subgroups are differentiated. Class IIa peptides form the largest subgroup. 
They are active against Listeria and have a conserved amino-terminal sequence 
(YGNGVXaaC) that facilitates nonspecific binding to the target surface (Drider 
et al. 2006; Oppegård et al. 2007). Similar to type A lantibiotics, class IIa bacterio-
cins form pores in the cytoplasmic membrane. Typical examples include pediocin 
and pediocin-like bacteriocins, sakacin A, and leucocin A (Drider et al. 2006; 
Héchard and Sahl 2002; Oppegård et al. 2007). Class IIb bacteriocins such as lac-
ticin F and lactococcin G form pores and have two different proteins (Garneau 
et al. 2002; Héchard and Sahl 2002). In the case of lacticin 3147, one of the pep-
tides depolarizes the membrane, while the other forms pores (Martin et al. 2004).  
Sec-dependent bacteriocins, such as acidocin 1B, are placed in subgroup IIc (Han 
et al. 2007). Nonpediocin-like bacteriocins are classified as subgroup IId (Cotter 
et al. 2005).

Genes encoding the biosynthesis of bacteriocins are organized in clusters located 
on either the chromosome or plasmids or on possibly both if located on a transposon 
(McAuliffe et al. 2001; Nes et al. 1996; van Reenen et al. 1998). The class I (lantibi-
otic) gene cluster consists of a structural gene that codes for a prebacteriocin, genes 
encoding accessory proteins involved in structure modifications such as proteolytic 
processing of the leader peptide, transport genes that code for an ABC-superfamily of 
transport proteins, regulation genes, and immunity genes that confer resistance to the 
producer strain (de Vos et al. 1995; Jack et al. 1995; Kolter and Moreno 1992; 
Sahl et al. 1995). The structural gene encodes an inactive prepeptide with an 
N-terminal extension or leader peptide connected to the C-terminal of the propeptide 
(McAuliffe et al. 2001; Sahl and Bierbaum 1998). The propeptide is modified to 
become a mature active peptide (McAuliffe et al. 2001). At the end of biosynthesis the 
leader peptide is cleaved by a protease, before or after the peptide is translocated by 
ABC (ATP-binding) transport proteins (Klaenhammer 1993; Sahl 1998). The bacterio-
cin is then released to execute its antibacterial activity (McAuliffe et al. 2001).
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Genes involved in the production of class II bacteriocins are somewhat 
 functionally similar to the genes for class I, i.e., they include a structural gene, an 
immunity gene, and two genes encoding a membrane-associated ATP-dependent 
binding cassette (ABC) transporter and an accessory protein (Eijsink et al. 1998; 
Ennahar et al. 2006; Klaenhammer 1993; Nes et al. 1996). The structural genes also 
encode a prepeptide with a leader peptide, which becomes active once the leader 
peptide is cleaved by a protease (Eijsink et al. 2002; Nes and Holo 2000; Nissen-
Meyer and Nes 1997). Class IIa bacteriocins have a leader peptide with double-
glycine residues, which acts as the processing site and is secreted once the leader 
peptide has been cleaved (Klaenhammer 1993; Michiels et al. 2001).

Mode of Action of Bacteriocins

Class Ia lantibiotics, especially nisin, have been extensively studied for their mode 
of action because of various industrial applications. Nisin, a typical example of type 
A lantibiotics, binds to lipid II on the cell wall surface and prevents cell wall syn-
thesis. Insertion of the peptide into the phospholipid bilayer of the cell membrane 
leads to drastic changes in permeability and may cause cell death (Wiedemann 
et al. 2001). Nisin kills sensitive organisms by disruption of the proton motive force 
(PMF) (Abee et al. 1995; Chung and Hancock 2000; de Vuyst and Vandamme 
1994; Kraaij et al. 1999; Ruhr and Sahl 1985). The PMF, composed of a chemical 
component (pH gradient) and an electrical component (membrane potential), plays 
an important role in the synthesis of adenosine triphosphate (ATP) and the influx 
of molecules by PMF-driven transport systems (de Vuyst and Vandamme 1994; 
McAuliffe et al. 2001). The amphiphilic nature of nisin allows it to interact with 
hydrophilic heads and hydrophobic regions of the plasma membrane and cause an 
efflux of ions, solutes, and small molecules, forcing biosynthetic processes in the 
cell to a halt (Sahl 1998). Although the formation of pores or channels with the 
depletion of the PMF is the primary activity of nisin, the peptide also forms a com-
plex with lipid II (undecaprenyl-pyrophosphoryl-MurNAc-(pentapeptide)-GlcNAc), 
thereby inhibiting the synthesis of lipids and peptidoglycan (de Vuyst and 
Vandamme 1994; Sahl 1998). Compared to pore formation, inhibition of cell wall 
biosynthesis is a relatively slow process (McAuliffe et al. 2001). Class Ib lantibiot-
ics have a different mode of action. They hinder the activities of essential enzymes 
(McAuliffe et al. 2001).

Class II bacteriocins also disrupt the PMF. They recognize specific protein 
receptors and form voltage independent pores or channels in the plasma membrane 
of sensitive cells (Héchard and Sahl 2002). This has been shown for pediocin PA-1, 
lactococcin, and sakacin A and B (Chikindas et al. 1993). Two-peptide bacteriocins 
such as lactococcin G have no effect on the pH gradient, but dissipate the mem-
brane potential, which leads to the efflux of cations (Moll et al. 1998, 1999).

Various models for the formation of pores or channels by bacteriocins have been 
proposed, such as the “barrel-stave” model, the “carpet” model, and the “wedge” model 
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(Driessen et al. 1995; Héchard and Sahl 2002; Moll et al. 1999; Sahl 1991; van den 
Hooven et al. 1996). The “wedge” model is proposed for lantibiotics, while the 
“barrel-stave” and “carpet” models are proposed for the class II bacteriocins (Moll 
et al. 1999). In the “barrel-stave” model, the bacteriocin forms a transmembrane 
barrel of a-helices with a hydrophilic interior and hydrophobic exterior (Ojcius 
1994; Sahl 1991). Electrostatic interactions form between the positively charged 
amino acids of the peptide and the negatively charged heads of the phospholipid 
bilayer. The hydrophobic part of the peptide forms interactions with the hydropho-
bic acyl chains of the membrane lipids. Once inserted in the plasma membrane, the 
bacteriocin molecules form pores that lead to disruption of the PMF (Ennahar et al. 
2006; Moll et al. 1999). In the “carpet” model, single peptide molecules interfere 
with plasma membrane organization and result in pore formation (Moll et al. 1999). 
In the “wedge” model the hydrophilic, positively charged amino acids of the pep-
tide interact with the negatively charged heads of the phospholipid bilayer. The 
hydrophobic region of the peptide inserts itself into the outer leaflet of the bilayer 
(Driessen et al. 1995; Sahl 1998; van den Hooven et al. 1996).

Medical Applications of Bacteriocins

While nowadays everyone expects to see bacteriocins related to food applications, 
their many possible uses for the control of nondesired microorganisms in the 
human environment are greatly underappreciated. With the advent of multidrug 
resistant bacteria, it has become a priority to develop alternative medicinal treat-
ments/preventive measures against these pathogens. Since the mode of action of 
bacteriocins is remarkably different from conventional antibiotics, they may be 
considered as a novel source for the control of microbial pathogens. This is dis-
cussed in greater detail in a later section of this review.

Staphylococcus aureus and methicillin-resistant S. aureus (MRSA) are the most 
prevalent organisms in skin infections and have become a serious problem, espe-
cially in hospitals (Guggenheim et al. 2009; Lesseval and Hadjiiski 1996; Taylor 
et al. 1992). MRSA was first reported in the 1960s after methicillin was introduced 
to treat S. aureus infections (Hackbarth and Chambers 1989; Kim 2009). Resistant 
strains have acquired the mecA gene that codes for a low-affinity penicillin-binding 
protein, PBP2a (Fraise et al. 1997; Hiramatsu 1995). Oxacillin, nafcillin, 
 quinopristin–dalfopristin, rifampicin, ciprofloxacillin, teichoplanin, cefazolin, and 
cephalothin A are also used to treat S. aureus infection (Gould and Chamberlain 
1995; Lowy 1998) but with limited success. In many cases, vancomycin is used as 
the last resort but also with limited success (Dicks et al. 2009). Mersacidin, a lantibi-
otic produced by Bacillus sp. strain HIL Y-85,54728 (Sass et al. 2008), inhibits the 
growth of MRSA strains in vivo in mice (Kruszewska et al. 2004) and may be con-
sidered an alternative treatment. The peptide inhibits cell wall synthesis of MRSA 
strains with efficiency equal to that reported for vancomycin (Chatterjee et al. 1992; 
Limbert et al. 1991). Mersacidin is also active against Propionibacterium acnes and 
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may thus be used in the treatment of acne (Jung 1991a, b; Kellner et al. 1988; Niu 
and Neu 1991). The mode of action of mersacidin differs from vancomycin, which 
leaves the option of using the two substances in combination (Brötz et al. 1995).

In a study conducted by Kruszewska et al. (2004), 2-month-old female BALB/
cA mice were immune suppressed, intranasally infected with S. aureus 99308 
and then treated with mersacidin. Mersacidin effectively inhibited the growth of 
S. aureus in the mice.

Lacticin 3147, a two-peptide lantibiotic produced by Lactococcus lactis subsp. 
lactis, inhibits the growth of S. aureus, MRSA, and vancomycin-resistant strains 
of Enterococcus faecalis (Galvin et al. 1999). Epidermin and gallidermin, also 
classified as lantibiotics but produced by Staphylococcus gallinarum and 
Staphylococcus epidermidis, proved effective in the treatment of skin infections 
(Kellner et al. 1988).

Epidermin and gallidermin are also active against P. acnes (Jung 1991a, b; 
Kellner et al. 1988; Niu and Neu 1991). Bonelli et al. (2006) measured the antimi-
crobial activity of epidermin and gallidermin by determining the release of potas-
sium (K+) from membrane models they have constructed. Treatment with 
gallidermin resulted in K+ release from Staphylococcus simulans and Micrococcus 
flavus. Epidermin was active against M. flavus, whereas nisin inactivated both 
pathogens. Nisin and IB-367, a protegrin-like cationic peptide produced by 
Intrabiotics (Mountain View, California), have recently entered phase I clinical tri-
als for acne infections.

A number of studies claim that lantibiotics are effective in the prevention of 
tooth decay and gingivitis (Blackburn and Goldstein 1995; Howell et al. 1993; 
McConville 1995; Peek et al. 1995). Nisin exhibits antimicrobial activity against 
plaque and gingivitis-causing bacteria and has been included in mouthwashes (van 
Kraaij et al. 1999). In vivo experiments were done on beagle dogs (Howell et al. 
1993). Lacticin 3147 prevented the growth of Streptococcus mutans associated with 
dental decay (Galvin et al. 1999). BLIS K12, a commercial product that contains a 
strain of Streptococcus salivarius that produces salivaricin A2 and B, inhibits bac-
teria associated with bad breath (Tagg 2004).

Mastitis, a bacterial infection of the mammary glands, causes huge economic 
losses in the dairy industry (Bradley 2002; Riffon et al. 2001; Soltys and Quinn 
1999; Sordelli et al. 2000; Twomey et al. 2000). Trials carried out by Taylor et al. 
(1949) indicated that a single intramammary infusion of nisin was effective in treat-
ing both streptococcal and staphylococcal infections. However, infusions of the 
nisin preparation into the udder produced an adverse cellular response, although 
there was no correlation between the nisin concentration and local intolerance pro-
duced in the udder. Broadbent et al. (1989) showed that nisin inhibited growth of 
several Gram-positive, mastitis-causing pathogens in vivo. Nisin A in combination 
with lysostaphin was also administered through intramammary infusions (Sears 
et al. 1992). During these experiments, cure rates of 66% for Staphylococcus 
aureus, 95% for Streptococcus agalactiae, and 100% for Streptococcus uberis were 
observed. Nisin A has also been incorporated in teat wipes (Broadbent et al. 1989; 
Cotter et al. 2005; Ross et al. 1999).
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Lacticin 3147 proved effective in the treatment of bovine mastitis and showed 
activity against mastitic staphylococci and streptococci (Ryan et al. 1999). A bacte-
riocin produced by Bacillus subtilis LFB112 inhibited the growth of S. aureus asso-
ciated with mastitis (Xie et al. 2009). Streptococcus gallolyticus subsp. macedonicus 
ST91KM produces a bacteriocin (macedocin ST91KM) active against Streptococcus 
agalactiae, Streptococcus dysgalactiae subsp. dysgalactiae, Strep tococcus uberis, 
Staphylococcus aureus, and Staphylococcus epidermidis,  including strains resistant 
to methicillin and oxacillin (Pieterse et al. 2008, 2010). Macedocin ST91KM may 
thus be used as an alternative in the treatment of mastitis in dairy cows.

Several cases of infections caused by contaminated biomedical implant devices 
have been reported (Campoccia et al. 2005). Nisin, adsorbed to silanized surfaces, 
prevented the growth of Listeria monocytogenes (Bower et al. 1995). In a separate 
study, the authors coated Teflon® FEP intravenous catheters with nisin and inserted 
the devices in the jugular veins of sheep. In a similar experiment PVC  tracheotomy 
tubes were coated and placed in the upper airways of ponies. The endotracheal 
tubes coated with nisin prevented colonization of S. aureus, S. epidermidis, and 
Streptococcus faecalis (Bower et al. 2002). The authors, however, concluded that 
the antimicrobial activity of nisin may be short lived in vivo, as intravascular 
catheters introduced in sheep controlled bacterial infection for only 5 h. 
Tracheotomy tubes treated with nisin controlled infection to some degree (Bower 
et al. 2002).

Bacteriocins for the Control of Upper Respiratory  
Tract Infections

Pseudomonas aeruginosa is the main causative agent of nosocomial pneumonia in 
cystic fibrosis (CF) patients (Linden et al. 2003) and has been diagnosed in more 
than 50% of CF patients with lung infections (CF patient registry, 2008). P.  aeruginosa 
is also one of the major pathogens responsible for chronic/acute otitis (Roland and 
Stroman 2002; Wright et al. 2009). Otitis media is one of the most common dis-
eases diagnosed in children under the age of 2 years (Segal et al. 2005). Long-term 
side effects of persistent otitis media include impaired hearing and delayed speech 
(Ryding et al. 1997; Teele et al. 1990). In addition to lung infection in CF patients 
and ear infections, P. aeruginosa is also associated with burn wound infections, 
especially among immunodeficient individuals (Deretic 2000; Hachem et al. 2007). 
Treatment of P. aeruginosa depends on several factors, including age of patient and 
severity of disease (Doring et al. 2000). Antibiotic treatments include Cefepime, 
Ceftazidime, Ciprofloxacin, Colistin, Piperacillin–Tazobactam, Gatifloxacin, 
Amikacin, and Gentamicin (Doring et al. 2000; Osih et al. 2007).

Nisin inhibited the growth of S. pneumonia associated with otitis media in in vivo 
trials (Goldstein et al. 1998). Peptide ST4SA, a class II bacteriocin, showed better 
activity toward Gram-positive middle-ear pathogens compared to other antimicrobial 
agents (Knoetze et al. 2008). Peptide ST4SA remained active when incubated in 
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blood and middle-ear fluid and thus has the potential to be used in the treatment of 
otitis media.

Peptide IB-367 has recently undergone phase I safety trials on humans with the 
objective of using the peptide against chronic P. aeruginosa lung infections, specifi-
cally on patients suffering from cystic fibrosis. Toward the end of the last century, 
approximately one third of the world’s population had been infected with 
Mycobacterium tuberculosis and was at risk of acquiring tuberculosis (Bloom and 
Murray 1992). In 2007 alone, more than 13 million people were diagnosed with 
tuberculosis, and more than nine million new cases were reported. The World Health 
Organization reported more than 1.8 million deaths caused by M. tuberculosis, of 
whom almost half a million were HIV positive (WHO 2009). Class II bacteriocins 
are active against M. tuberculosis. According to in vivo experiments, a bacteriocin–
liposome complex increased the survival rate of animals challenged with the patho-
gen (Sosunov et al. 2007). The authors created an acute TB model in C57BL/6JCit 
(B6) mice by injecting the animals with a M. tuberculosis strain into the tail vein. 
Six hours after infection bacteriocin Bcn5 was injected into the tail vein and repeated 
every day for the next 5 days. Treatment with this bacteriocin showed less mortality 
than the negative control group, but greater mortality than the positive control group, 
which was treated with the clinically used antibiotic, rifampicin.

Nisin F, described by de Kwaadsteniet et al. (2009), inhibited the growth of 
S. aureus in the respiratory tract of rats when administered intranasally. The trachea 
and lungs of immunosuppressed rats that were infected with S. aureus and then 
treated with nisin F remained healthy. No significant differences were recorded in 
blood cell indices. The antimicrobial activity of low concentrations of nisin F 
(80–320 AU/ml) was slightly stimulated by lysozyme and lactoferrin. The authors 
concluded that Nisin F is nontoxic and may be used to control respiratory tract 
infections caused by S. aureus. This is, however, a preliminary study with an animal 
model and needs to be confirmed with human studies.

A strain of Streptococcus mutans that produces mutacin 1140 is active against 
tooth decay bacteria (Hillman et al. 1998). The strain has since been genetically 
modified to produce less lactic acid. The genetically modified strain, referred to as 
strain SMaRT, has been evaluated as a replacement therapy to eliminate decay-
causing strains of S. mutans. Preclinical tests on laboratory animals have shown that 
the SMaRT strain eliminates disease-causing S. mutans strains, but not other types 
of bacteria commonly found in the oral cavity.

Use of Bacteriocins in Systemic Infections

S. aureus, Listeria monocytogenes, and P. aeruginosa are often associated with sys-
temic infections (Czuprynski et al. 2002; Drake and Montie 1988; Harbarth et al. 1998; 
Klug et al. 1997). Clostridium perfringens, Salmonella spp., S. aureus, Helicobacter 
(Campylobacter) spp., E. coli, and L. monocytogenes are the most prominent bacteria 
causing gastrointestinal disorders and food poisoning (Tyopponen et al. 2003).
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L. monocytogenes is especially dangerous to young children, pregnant 
women, immunocompromised individuals, and the elderly (Tyopponen et al. 
2003). The pathogen usually enters through the intestine and attaches to the 
epithelial cells where it is taken up via phagocytosis (Portnoy et al. 2002; 
Ramaswamy et al. 2007). Hemolysin secreted by the bacteria then induces 
cytolysis of the phagosome membrane, which initiates intracytoplasmic replica-
tion (Portnoy et al. 1988, 2002; Ramaswamy et al. 2007). Listeria survives in 
monocytes/macrophages and crosses the blood–brain barrier to cause meningitis 
(Yildiz et al. 2007).

Listeria is resistant to b-lactams, monolactams, and cephalosporins, including 
cefotaxime and ceftazidime (Guinane et al. 2006). Listeria infection is usually 
treated with penicillin and ampicillin, which may be used in combination with an 
aminoglycoside, e.g., amikacin (Charpentier and Courvalin 1999; Yildiz et al. 
2007). A trimethoprim–sulfamethoxazole combination is often used in patients 
allergic to penicillin (Charpentier and Courvalin 1999; Yildiz et al. 2007). Class II 
bacteriocins are all active against L. monocytogenes and may be used to treat list-
eriosis (Nes and Holo 2000). Pediocin PA-1, produced by Pediococcus acidilactici, 
revealed in vivo antimicrobial activity against various L. monocytogenes strains 
(Naghmouchi et al. 2006, 2007). Additionally, pediocin PA-1 does not inhibit other 
intestinal bacteria when administered intragastrically, in contrast to nisin A and 
nisin Z (le Blay et al. 2007).

Extensive in vitro studies have been done on antilisterial bacteriocins including 
pediocin PA-1, divergicin 35, and nisin, while only a few were done in vivo. When 
injected intravenously into the tail vein of BALB/c mice, piscicolin 126 relieved 
Listeria infection in various tissues (Ingham et al. 2003). Abp118, a bacteriocin 
produced by Lactobacillus salivarius UCC118, also showed good antilisterial 
activity in infected mice (Corr et al. 2007). Pediocin PA-1 offered protection 
against L. monocytogenes infection when administered onto the gastrointestinal 
tract of ICR mice (Dabour et al. 2009). Rihakova et al. (2010) have shown in vivo 
activity of divercin V41 against L. monocytogenes EGDe.

Mersacidin inhibited the growth of MRSA in vivo, and lacticin 3147 acted 
against S. aureus and MRSA strains (Galvin et al. 1999; Kruszewska et al. 2004, 
Limbert et al. 1991). Nisin inhibited the growth of P. aeruginosa when used in 
combination with polymyxin E and clarithromycin (Giacometti et al. 1999). 
Intrabiotics claims that the peptide protegrin PG-1 confers up to 100% systemic 
protection against intraperitoneal infections caused by S. aureus, MRSA, and 
P. aeruginosa. Another derivative of protegrin-1, iseganan, is undergoing phase II/
III clinical testing for ventilator-associated pneumonia.

Clostridium botulinum causes a neuroparalytic disease known as botulism 
(Dolly et al. 2009; Franciosa et al. 2009; Kalb et al. 2009). The neurotoxins inhibit 
release of acetylcholine from the neuromuscular junction, bind to the cell surface 
of cholinergic nerve endings, and inhibit acetylcholine release, causing flaccid 
paralysis (Seyler et al. 2008). To eliminate the toxin from the body, an antitoxin is 
administered that binds to the toxin, rendering it inactive (Domingo et al. 2008; 
Shukla and Sharma 2005).
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Most strains of C. botulinum are susceptible to antibiotics such as tetracycline, 
metronidazole, and chloramphenicol. Antibiotics that may worsen the paralysis, such 
as aminoglycoside and clindamycin, should be avoided (Dolly et al. 2009). Nisin 
proved effective in the inhibition of C. botulinum (Delves-Broughton et al. 1996) 
and Clostridium tyrobutyricum (de Carvalho et al. 2007). Nisin also proved effec-
tive against Clostridium difficile (Bartoloni et al. 2004), leading the authors to 
conclude that nisin may be used in the treatment of diarrhea.

Salmonella typhi causes typhoid fever and is prevalent in underdeveloped coun-
tries (Hoffner et al. 2000; Ling et al. 1996; Perera et al. 2007). S. typhi attaches to 
host epithelial cells with the help of fimbriae (Baumler et al. 1996) and invades 
cells of the intestinal epithelium (House et al. 2001; Sukhan 2000).

Salmonella infection is usually treated with fluoroquinolones (ciprofloxacin, 
levofloxacin, ofloxacin and ciprofloxacin) and chloramphenicol. However, the 
increase in antibiotic resistance is a cause for major concern (Kadhiravan et al. 
2005; Perera et al. 2007). Two mainstream vaccines are currently available for 
the prevention of typhoid fever; a live-attenuated oral vaccine (Ty2Ia) and a vaccine 
based on purified capsular polysaccharide of S. typhi Vi antigen (Vi polysaccharide 
vaccine; Fraser et al. 2007a, b).

Bacteriocins of LAB are usually not active against Gram-negative bacteria, and 
only a few papers referred to activity against Salmonella spp. Bacteriocin AS-48, 
produced by Enterococcus faecalis, inhibited the growth of Salmonella cholerae-
suis at pH 4.0 (Abriouel et al. 1998). A bacteriocin-like substance produced by a 
strain of L. plantarum inhibited the growth of Salmonella spp. isolated from mango 
(Ragazzo-Sanchez et al. 2009). Enhanced antimicrobial activity was observed 
when NaCl (40 mg/mL) was used in combination with the bacteriocin-like sub-
stance. Enterococcus gallinarum strain 012, isolated from the duodenum of ostrich, 
produced enterocin 012 (3.4 kDa in size) which is active against Salmonella 
 typhimurium (Jennes et al. 2000).

Gastric colonization of Helicobacter pylori causes upper GIT disorders such as 
chronic gastritis, peptic ulcer disease, tissue lymphoma, and gastric cancer (Correa 
1992; Isreal and Peek 2001; Kusters et al. 2006). H. pylori is not only able to sur-
vive the acidic gastric conditions of the GIT but is also able to colonize these areas 
(Salama et al. 2001). Gastritis may protect the bacterium from host defenses (Isreal 
and Peek 2001). Proteins CagA and VacA secreted by the bacterium increase its 
virulence by increasing the inflammatory responses, causing vacuolization in epi-
thelium cells, inducing apoptosis, and promoting activation and proliferation of 
T-cells (Cover and Blaser 1992, 2005; Kuipers et al. 1995; Peek et al. 1995; Salama 
et al. 2001).

Nisin and Lacticins A164 and BH5 inhibited the growth of H. pylori in vitro and 
may thus be used in the treatment of peptic ulcers (Delves-Broughton et al. 1996; 
Kim et al. 2003). Nisin, produced by AMBI (Purchase, New York), and IB-367, a 
protegrin-like cationic peptide from Intrabiotics (Mountain View, California), have 
successfully undergone phase I (safety) clinical trials. Both these peptides are being 
considered for treatment of stomach ulcers caused by H. pylori and oral mucositis. 
The companies Astra and Merck have commercialized nisin for treatment of gastric 
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Helicobacter infections and ulcers, while other nisin variants (nisin A and Z) have 
entered preclinical trials for treating vancomycin-resistant enterococci.

Phospholipase A2 plays a regulatory role in the arachidonic acid cascade, leading 
to the formation of potent mediators of inflammation and allergy, including the 
prostaglandins, leukotrienes, and hydroxyeicosatetraenoic acids (Braquet et al. 
1987; Irvine 1982; Johnson et al. 1983; Page et al. 1984; Zipser and Laffi 1985). The 
lantibiotics duramycin, duramycin B and C, and cinnamycin inhibit phospholipase 
A2 indirectly by sequestering the substrate phosphatidylethanolamine (Fredenhagen 
et al. 1990; Marki et al. 1991) and may thus be used as anti-inflammatory drugs (van 
Kraaij et al. 1999).

The angiotensin-converting enzyme catalyzes the conversion of angiotensin 
I to angiotensin II and degrades bradykinin, thereby regulating blood pressure 
and fluid balance (Cushman et al. 1982; Imig 2004; Skeggs et al. 1956; Zhang 
et al. 2000). Cinnamycin-like lantibiotics and ancovenin, a type B lantibiotic, 
inhibit the activity of the angiotensin-converting enzyme (Jung 1991a, b; Shiba 
et al. 1991). Lantibiotics may thus have potential for treating high blood pressure 
(Kido et al. 1983).

Potential Applications of Bacteriocins in Infections  
of the Urogenital Tract

High numbers of Lactobacillus spp. form part of the normal bacterial flora in the 
vagina and ensure a reduced risk of bacterial vaginosis and urinary tract infections 
(Nomoto 2005). Although bacteriocin production by lactobacilli is one of their 
major protective mechanisms, these antimicrobial peptides are not typically active 
against yeasts. As such, this review is focused only on those microorganisms sensi-
tive to the antimicrobials in question, with bacterial vaginosis (BV) as the primary 
focus. However, it should be noted that when bacteriocins are combined with other 
natural antimicrobials, there may be increased activity against pathogenic fungi in 
the vaginal ecosystem.

In the past, antimicrobially active lactobacilli were commonly used to develop 
products for the prevention and treatment of genital infections (Barbes and Boris 
1999; Famularo et al. 2001; Maggi et al. 2000). The most consumer-accepted prod-
uct is based on an application of lactobacilli that produce H

2
O

2
 (McLean and 

Rosenstein 2000; Ocaña et al. 1999). Based on the health-promoting action of 
healthy vaginal Lactobacillus crispatus, The Medicines Company (Cambridge, 
MA) and University of Pittsburgh (PA) initiated an NIH-sponsored study of the  
L. crispatus strain CTV-05 as an adjunct to standard antibiotic treatment of bacte-
rial vaginosis. It was hypothesized that L. crispatus could replace vaginal pathogens 
and promote the reestablishment of normal vaginal microflora due to high-level 
production of hydrogen peroxide, which is an effective antimicrobial agent. 
However, strain CTV-05 did not improve clinical cure rates at 30 days, the primary 
end point of the trial. This failure was not an accidental one. To succeed in a strain 
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replacement therapy approach as described above, the healthy microorganism has 
to (1) migrate to the surface of the epithelial cells, (2) adhere onto the epithelial 
cells, (3) successfully colonize the epithelial cells and develop a functional biofilm, 
and finally, having survived all these initial phases, (4) start producing antimicrobi-
als such as hydrogen peroxide, bacteriocins, lactic acid, etc. that will force the 
invading pathogens away from the ecological niche conquered back by the healthy 
microorganism. Failure in any of the major outlined phases (and other undescribed 
circumstances) will lead to failure in the replacement of nondesired pathogens by 
healthy bacteria. Recently published data have shown that a daily oral and vaginal 
intake of L. rhamnosus GG (1,010 cells per dose, Culturelle, USA) was  unsuccessful 
in reaching the goal of colonizing the vagina and correcting the disturbed vaginal 
ecology (Colodner et al. 2003; Devillard et al. 2005).

Lactobacilli inhibited the growth and attachment of uropathogenic E. coli 
in vitro (McGroarty and Reid 1988; Reid et al. 1987; Velraeds et al. 1998). L. rham-
nosus GR-1, L. fermentum B-54, and Lactobacillus strains with high adhesion and 
hydrogen peroxide production were weekly administered as a vaginal suppository 
(Reid and Bruce 2001; Reid et al. 1987; 1995). Urinary tract infection was signifi-
cantly decreased. Orally administered L. rhamnosus GR-1 and L. fermentum RC-14 
decreased E. coli and fungi in the vagina. Future studies should include the inhibi-
tion of STBs by probiotics taken orally or as vaginal suppositories (Sewankambo 
et al. 1997). A proposed mechanism is the induction of an immune response via the 
urethra or vagina, which is functional in the bladder (Reid and Burton 2002). 
Probiotic colonization in the vagina might prevent infection by competition for 
nutrients and mannose and hydrophobic adhesion to receptors (Braun 1999; 
Masuoka and Hazen 1999) and possibly bacteriocin production with fungistatic 
activity (Okkers et al. 1999).

An overall low vaginal pH is essential for the prevention of vaginal infections. 
Intravaginal products such as Acidgel, BufferGel, etc. are based on the acid- 
producing ability of the lactobacilli, which help maintain a vaginal pH lower than 
4.5 (Amaral et al. 1999; Andersch et al. 1990; Garg et al. 2001). However, low vagi-
nal pH alone is not sufficient to inhibit vaginal pathogens and to prevent infection.

Bacterial vaginosis (BV), a common condition found in up to 30% of women in 
North America (Schwebke 2003), is typically associated with a multispecies infec-
tion, where Gardnerella vaginalis is often the major contributor to BV development. 
In addition to G. vaginalis, Prevotella bivia and Peptostreptococcus spp. contribute 
significantly to the development of BV (Dover et al. 2008; Nikolaithcouk et al. 2008), 
which is associated with a relatively high pH, a decrease in antimicrobial activity of 
the vaginal fluid compared to healthy women, and local impairment of the multiple 
innate immune pathways (Pybus and Onderdonk 1999; Valore et al. 2006).

Almost one third of childbearing-age women in the world are diagnosed with 
BV (Schwebke 1997). The harmful effects of BV range from complications with 
pregnancies to the development of pelvic inflammatory diseases (Hillier et al. 1995; 
Ness et al. 2005). Studies have also associated BV with a higher risk of acquisition 
of HIV infection (Cohen et al. 1995; Martin et al. 1999; Sha et al. 2005; Taha et al. 
1998) and herpes simplex virus type 2 infections (Cherpes et al. 2003). It is esti-
mated that nearly 60% of HIV+ women have concurrent BV infections (Mascellino 
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et al. 1991), a statistic made especially disturbing by the fact that BV directly 
causes an increase in the rate of HIV replication and disease progression (Al-Harthi 
et al. 1999; Hashemi et al. 2000). Toxins from BV-associated microorganisms (such 
as lipopolysaccharides) may also cross the placenta and cause brain injuries in 
fetuses. These toxins may cause permanent neurological brain damages such as 
cerebral palsy, a risk of developing Parkinson’s disease and schizophrenia (Grether 
and Nelson 2000; Ling et al. 2004; Urakubo et al. 2001).

While 60% of BV cases can be successfully treated with metronidazole and clin-
damycin, as recommended by the Centers for Disease Control and Prevention 
(Paavonen et al. 2000; Sobel et al. 2001), about 20% of these cases return with 
highly-developed antibiotic resistance (Boris et al. 1997; Bannatyne and Smith 1998; 
Ferris et al. 1995; Liebetrau et al. 2003; Lubbe et al. 1999). The risk of developing 
antimicrobial drug resistance increases dramatically with overall increased use of 
antimicrobial (feminine hygiene and treatment) preparations (Uehara et al. 2006). In 
addition, in vitro studies showed that clindamycin and metronidazole inhibit healthy 
vaginal Lactobacillus spp. at concentrations lower than doses topically applied for 
treatment (Aroutcheva et al. 2001; Simoes et al. 2001). Therefore, there is an interest 
in developing alternative treatments against BV, such as selective antimicrobials that 
will inhibit BV-associated bacteria without killing healthy Lactobacillus spp.

One promising alternative is the bacteriocin subtilosin A. Originally isolated 
from the wild-type B. subtilis 168 by Babasaki et al. (1985), subtilosin has been 
recently found to be concurrently produced by B. amyloliquefaciens, a similar but 
divergent Bacillus species isolated from a fermented dairy beverage (Sutyak et al. 
2008a). It is a circular molecule of 35 amino acids, with the distinctive posttransla-
tional modification of three sulfur cross-links between cysteine and the a-carbon of 
two phenylalanines and one threonine residue. This structure is unique among 
 bacteriocins, suggesting it may belong in a new, undefined class of antimicrobial 
peptides (Kawulka et al. 2004).

In contrast to many bacteriocins, which have an overall positive charge at physi-
ological pH, subtilosin A is anionic, having only one lysine and a total of three 
aspartate and glutamate residues (Kawulka et al. 2004; Thennarasu et al. 2005). 
Because bacterial membranes also have a net anionic charge, it has been hypothe-
sized that subtilosin may not interact solely with the cell membrane, but may first 
bind a surface receptor prior to insertion into target membranes (Thennarasu et al. 
2005). It has been shown that at high concentrations (much greater than its MIC 
values), subtilosin A interacts with the lipid head group region of bilayer membranes 
of target cells, causing membrane perturbation, the extent of which is dependent on 
lipid composition (Thennarasu et al. 2005). At these high concentrations, subtilosin 
aggregates into multimeric units; therefore, its primary mode of action may be by 
interaction with a membrane component or receptor (Thennarasu et al. 2005).

Subtilosin has proven antimicrobial activity against a wide variety of human 
pathogens, including L. monocytogenes, G. vaginalis, S. agalactiae, and Micrococcus 
luteus (Sutyak et al. 2008a). Its activity against G. vaginalis, combined with its lack 
of effect on probiotic vaginal Lactobacillus isolates (Sutyak et al. 2008a), indicates 
that subtilosin could target the vaginal pathogen while leaving the healthy vaginal 
microflora intact. Cytotoxicity testing conducted in vivo using the EpiVaginal 
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(VEC-100) human ectocervical tissue model (MatTek, Ashland, MA) demonstrated 
that subtilosin caused only a 5% decrease in cell viability after 24 h of continuous 
exposure (20% after 48 h) (Sutyak et al. 2008b). Its safety for human tissue as well 
as the probiotic microflora of the specific ecological niche gives subtilosin great 
potential as a future inclusion in personal care products.

Spermicidal Activity and Potential Contraceptive  
Usage of Bacteriocins

Some of the bacteriocins that are active against vaginal pathogens are also reported 
as having spermicidal activity. This feature makes them attractive for formulation 
in feminine health care and contraceptive products.

In order to evaluate nisin’s spermicidal activity, Aranha et al. (2004) developed 
a contraceptive model in rats. Nisin, dissolved in saline, was administered into the 
vagina of the animals for 14 consecutive days during the proestrus–estrous transi-
tion phase. Animals were then immediately allowed to mate, and none of the nisin-
treated animals became pregnant. No histopathological lesions were observed in the 
vaginal epithelium, and liver and kidney function remained normal. Fertility was 
also restored after experiments. According to the authors, 1 mg of nisin was able to 
completely halter sperm motility. This is an interesting finding, since many 
 commonly used contraceptive products contain Nonoxynol-9 (N-9), a compound 
harmful to epithelium.

Subtilosin, the previously described bacteriocin produced by B. amyloliquefa-
ciens, was also shown to have potent spermicidal activity. When tested against 
human spermatozoa, it was able to decrease motility in a dose-dependent manner 
and has an IC

50
 value of 64.5 mg/mL (Sutyak et al. 2008b). Interestingly, subtilosin 

also has demonstrated significant spermicidal activity when tested on various ani-
mals, including boar, horse/pony, rat, and bovine models (Silkin et al. 2008). Nisin 
inhibited sperm motility and caused no abnormalities when applied intravaginally 
in rats (Aranha et al. 2004). Intravaginal application of nisin also prevented concep-
tion in rabbits and showed no inflammation or damage to the vaginal epithelium 
when applied for 2 weeks (Reddy et al. 2004). However, if the concentrations of 
nisin used in the animal model are extrapolated for human usage, they are well 
above the limits of what the healthy vaginal microflora can survive. Thus, nisin 
cannot be practically considered for use in human products.

Recombinant Antimicrobial Peptides

Because of their low resistance to plasma and serum proteolytic activity (Bracci 
et al. 2003; Pini et al. 2005), cationic peptides show high in vitro activity and lim-
ited in vivo activity. It is thus necessary to resort to different strategies to increase 
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peptide stability for therapeutic application. Multimeric peptides have a remarkably 
increased half-life in vivo and enhanced antimicrobial activity with respect to linear 
homologues (Pini et al. 2005; Tam et al. 2002). This topic is covered by another 
chapter in the book.

Bacteriocins, Immunity, and Resistance: Issues and Concerns

Genes involved in the biosynthesis of bacteriocins are organized in a cluster on the 
genome, a plasmid, or a transposon (McAuliffe et al. 2001; Nes et al. 1996; Van 
Reenen et al. 1998). In some instances the immunity gene is located in the same 
operon as the structural gene that codes for the bacteriocin (Gasson 1984). However, 
in some cases immunity genes are located on plasmids or transposons and thus not 
linked to bacteriocin production (Froseth et al. 1988; Klaenhammer and Sanozky 
1985; McKay and Baldwin 1984). Mobile genetic elements can, however, be 
exchanged with other organisms of the same or different species, rendering sensi-
tive strains insensitive to some bacteriocins.

Resistance in spontaneous mutants can be ascribed to changes in the membrane 
charge and fluidity, cell wall thickness, cell wall charge, and combinations of the 
aforementioned changes (Abachin et al. 2002; Bierbaum and Sahl 1987; Crandall 
and Montville 1998; Li et al. 2002; Maisnier-Patin and Richard 1996; Mantovani 
and Russell 2001; Vadyvaloo et al. 2002, 2004; Verheul et al. 1997). Spontaneous 
nisin resistance frequency in L. monocytogenes varied from 10−2 to 10−7 in a 
 strain-dependent manner (Gravesen et al. 2002a, b; Davies and Adams 1994), and 
L. monocytogenes mutants were detected at a frequency of 106–108 that were resis-
tant to 50 g/ml nisin (Harris et al. 1991). Nisin-resistant S. pneumoniae has also been 
found when this organism is exposed to nisin over long periods of time, with the 
minimum inhibitory concentration (MIC) increasing from 0.4 to 6.4 mg/ml (Severina 
et al. 1998). Spontaneous mutants of P. acidilactici resistant to pediocin AcH are lost 
when grown in the absence of the bacteriocin. Pediocin-resistant mutants had a 
reduction of up to 44% of the maximum specific growth rate as compared to the 
wild-type strain (Gravesen et al. 2002a, b). Nisin resistance has also been reported 
in C. botulinum spores and vegetative cells (Mazzotta and Montville 1997).

Most bacteriocin resistance studies have been carried out using resistant 
L. monocytogenes strains. Resistance of L. monocytogenes to nisin can be ascribed 
to changes in fatty acid and phospholipid composition, a lower ratio of C-15 to 
C-17 fatty acids, more zwitterionic phosphatidylethanolamine, less anionic phos-
phatidylglycerol and cardiolipin, and a requirement for divalent cations (Crandall 
and Montville 1998; Mazzotta and Montville 1997; Ming and Daeschel 1993, 
1995; Verheul et al. 1997). An enzyme, nisinase, can also confer resistance to nisin. 
Nisinase activity, which inactivates nisin, has been reported in several Bacillus 
spp. (Jarvis 1967).

L. monocytogenes resistance toward class II bacteriocins correlates with a reduc-
tion in the expression of a mannose permease of the phosphotransferase system 
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(man-PTS) (Cotter et al. 2005). Because class II bacteriocin-resistant mutants 
 display this reduction in the expression of man-PTS, it was speculated that the man-
PTS serves as a target site for some class II bacteriocins (Ramnath et al. 2000). This 
was confirmed by Diep et al. (2007), who reported that class II bacteriocins use the 
IIC and IID components of the man-PTS as receptors. They also reported that 
the immunity proteins form a complex with the receptor proteins, thus rendering 
the producer strain resistant to its own bacteriocin. Gravesen et al. (2002b) reported 
that L. monocytogenes resistance toward class II bacteriocins is characterized by the 
upregulation of EIIBgl and phospho-b-glucosidase, as well as the prevention of 
EII

t
Man synthesis. Inhibited mpt expression confers the resisitance, while upregu-

lated EIIBgl and phospho-b-glucosidase expression are merely a result of inhibited 
mpt expression.

Cross-resistance has been reported between different bacteriocins. Nisin  resistance 
conferred cross-resistance to pediocin PA-1 and leuconocin S in L.  monocytogenes 
(Crandall and Montville 1998). Leucocin A-resistant strains of L.  monocytogenes 
showed no significant cross-resistance toward other bacteriocins, including nisaplin 
and ESF1-7GR, although they were shown to be resistant to pediocin PA-2 (51, 
200 AU/ml) (Ramnath et al. 2000). Studies have demonstrated that resistance to 
bacteriocins is still relatively weak because low levels of resistant strains are being 
isolated and in some cases bacteriocin resistance is unstable. Resistance can easily 
be lost if the strains are cultured without the bacteriocins (Breuer and Radler 1996; 
Dykes and Hastings 1998; Ming and Daeschel 1993; Rasch and Knøchel 1998; 
Rekhif et al. 1994; Song and Richard 1997). Resistant mutants have also been 
shown to have a lower growth rate than wild-type strains and were unable to out-
grow them (Gravesen et al. 2002a, b; Dykes and Hastings 1998; Maisnier-Patin 
et al. 1995). This indicates that a resistance mechanism toward bacteriocins has a 
negative influence on the strain, and when grown without bacteriocin this organism 
is outcompeted by other organisms (Dykes 1995; Noerlis and Ray 1994). No resis-
tance has been reported to lacticin 3147 in sensitive gram-positive organisms (Ross 
et al. 1999), which is especially desirable with the increase in antibiotic resistance 
seen in numerous human pathogens.

Although as yet there are no reports in the literature on the acquisition of bacte-
riocin immunity gene(s) by pathogenic bacteria, there are examples where these 
genes have been cloned and expressed by Venema et al. (1995) and other groups 
(Fimland et al. 2002), in a bacteriocin-sensitive host, resulting in resistance to the 
antimicrobial protein by the bacteria. Also, a number of examples of the production 
of identical bacteriocins (and their cognate immunity proteins) by bacteria of 
 different species (Ennahar et al. 1999; Sutyak et al. 2008a) raise additional concern 
regarding the emergence of bacteriocin resistance via interspecies gene transfer. In 
addition, it was reported for Streptococcus mutans that the microorganism’s 
increased sensitivity to antimicrobials such as tetracycline, penicillin, and triclosan 
is triggered by the repression of the bacteriocin immunity gene (Matsumoto-
Nakano and Kuramitsu 2006). All of these render the elucidation of the mechanism 
of immunity even more important, since it will contribute to our general under-
standing of how antimicrobial resistance may be prevented. Furthermore, strains of 
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Enterococcus faecium and Bacillus licheniformis were found to carry gene 
 homologues that provide protection against a bacteriocin. This phenomenon was 
named “resistance through immune mimicry” (Draper et al. 2009).

Almost no or very low levels of cross-resistance between bacteriocins and anti-
biotics have been found (Bower et al. 2001; Mantovani and Russell 2001). 
Bacteriocins and antibiotics have different modes of action. Antibiotics can inhibit 
cell wall synthesis, protein synthesis, DNA synthesis, RNA synthesis and can cause 
the competitive inhibition of folic acid synthesis, while bacteriocins forms pores in 
the membrane of sensitive cells, leading to leakage of intracellular material and cell 
death (Ennahar et al. 1999; Kraaij et al. 1999; Levy and Marshall 2004; Nes and 
Holo 2000; Neu 1992; Sahl and Bierbaum 1998). Bacteriocins and antibiotics can 
potentially be used together to prevent or hamper the emergence of resistant patho-
gens because they have different modes of action and acquiring resistance toward 
two different antimicrobials is very unlikely (Diep et al. 2007).

Intelligent Delivery Systems for Antimicrobial Peptides

Bacteriocins show the potential to have various applications in the biomedical 
industry. However, the stability of bacteriocins can become a problem in a complex 
in vivo environment. Polymeric delivery systems can help overcome the stability 
problems of peptides in an in vivo system and can release the bacteriocins in a 
bioactive form to a specific site of interest. A variety of biodegradable biomedical 
polymers are available that can be used as delivery systems. Polylactic acid is one 
such polymer that has received FDA approval for use in humans (Nair and 
Laurencin 2007). Most studies aimed at the delivery of bacteriocins have dealt with 
antimicrobial packaging films or materials aimed at food preservation, and very few 
studies have been conducted to generate delivery systems for biomedical applica-
tions of bacteriocins (Cutter et al. 2001; Malheiros et al. 2010; Marcos et al. 2007; 
Scannell et al. 2000). For the most recent comprehensive review see Balasubramanian 
et al. (2009).

Nisin has been encapsulated into poly(L-lactide) (PLA) nanoparticles by semi-
continuous compressed CO

2
 antisolvent precipitation (Salmaso et al. 2004). Nisin 

was released in the active form for up to 1,000 h, and the release was dependent on 
the salt concentration and the pH of the release medium. Nisin released from the 
PLA nanoparticles was able to inhibit the growth of Lactobacillus delbrueckeii 
subsp. bulgaricus when nisin-loaded PLA nanoparticles were incubacted in MRS 
containing the sensitive strain. These nanoparticles could potentially be used in 
antimicrobial pharmaceutical products.

Encapsulation of bacteriocins in electrospun nanofibers has recently been 
reported (Heunis et al. 2010). Electrospinning is the process where a high voltage 
is applied to a polymer solution, which forms a Taylor cone when charged (Taylor 
1969; Yarin et al. 2001). When the electric forces overcome the surface tension of 
the solution, a charged polymer jet is ejected from the Taylor cone and will start to 
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accelerate toward the collector. The solvent will evaporate during this process, and 
very thin fibers are formed (Agarwal et al. 2008; Liang et al. 2007). Plantaricin 423, 
produced by Lactobacillus plantarum 423, was electrospun into polyethylene oxide 
(PEO) nanofibers. A slight decrease in bacteriocin activity was seen in the fibers; 
however, enough activity was retained to inhibit the growth of Lactobacillus sakei 
DSM 20017 and Enterococcus faecium HKLHS. The activity decreased from 
51,200 to 25,600 AU/ml and from 204,800 to 51,200 AU/ml after electrospinning, 
as determined against L. sakei DSM 20017 and E. faecium HKLHS, respectively. 
Thus, nanofibers could also be used in various biomedical applications.

Drug delivery systems will play an integral role in the use of bacteriocins in the 
biomedical industry. These systems will help to protect and keep the peptides active 
and will release them in a controlled manner to exert activity. Drug delivery sys-
tems will have added potential with regard to the localized release of bacteriocins, 
which would be desired if the bacteriocins are to be used as a topical treatment for 
skin infections or as coatings for biomedical devices to combat device-related 
infections. More studies need to be conducted on the controlled release of bacterio-
cins from drug delivery systems. These studies will not only help to increase the 
already huge potential biomedical applications of bacteriocins, but will also bring 
bacteriocins into a new era of biomedicine.
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Abstract Shortly after their discovery, antimicrobial peptides from prokaryotes 
and eukaryotes were recognized as the next potential generation of pharmaceuticals 
to treat antibiotic-resistant bacterial infections and septic shock, to preserve food, 
or to sanitize surfaces. Initial research focused on identifying the spectrum of anti-
microbial agents, determining the range of antimicrobial activities against bacterial, 
fungal, and viral pathogens, and assessing the antimicrobial activity of synthetic 
peptides versus their natural counterparts. Subsequent research then focused on the 
mechanisms of antimicrobial peptide activity in model membrane systems not only 
to identify the mechanisms of antimicrobial peptide activity in microorganisms 
but also to discern differences in cytotoxicity for prokaryotic and eukaryotic cells. 
Recent, contemporary work now focuses on current and future efforts to construct 
hybrid peptides, peptide congeners, stabilized peptides, peptide conjugates, and 
immobilized peptides for unique and specific applications to control the growth of 
microorganisms in vitro and in vivo.

Introduction

The study of antimicrobial factors of normal tissues and fluids has been an ongoing 
endeavor since the 1880s. An excellent review of this early literature was written 
by Robert C. Skarnes and Dennis W. Watson in 1957 (Skarnes and Watson 1957). 
Among the antimicrobial substances found in biological secretions, blood, 
 leukocytes, and lymphatic tissues are basic proteins and “tissue basic polypep-
tides.” Descriptions of these peptides in the 1950s, including their amino-acid 
compositions with high contents of lysine and arginine, their pIs of 10-11, their 
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proposed mechanisms of binding via electrostatic interactions with negatively 
charged  surface constituents of bacteria, and their proposed alterations of bacterial 
membrane integrity, all suggest that these peptides are among the antimicrobial 
peptides described in current reviews today. Shortly thereafter, antimicrobial sub-
stances were characterized in phagocytic granule extracts by Hirsch (Hirsch 1956) 
and shown to be correlated with the presence of low molecular weight, highly cat-
ionic compounds in granule mixtures (Zeya and Spitznagel 1963; Friedberg et al. 
1970; Friedberg and Shilo 1970) including bactericidal/permeability-increasing 
protein (Weiss et al. 1975). The field expanded further when Hans Boman, Michael 
Zasloff, and Robert Lehrer independently isolated and purified insect cecropins, 
amphibian magainins, and mammalian defensins, respectively (Steiner et al. 1981; 
Zasloff 1987; Ganz et al. 1990). To date, antimicrobial peptides have been reported 
throughout the Monera (e.g., Eubacteria), Protista (e.g., protozoans and algae), 
Fungi (yeasts), Plantae (plants), and Animalia (e.g., insects, fish, amphibians, 
 reptiles, birds, and mammals) kingdoms.

Bacteriocins also have a rich history leading to the discovery of extensive families 
of peptides. The history, current knowledge, and future research on bacteriocins, 
colicins, and microcins are reviewed in Chapter 1 by Ingolf Nes and Margaret Riley.

Almost from the start, antimicrobial peptides from prokaryotes and eukaryotes 
were recognized as the next potential generation of pharmaceuticals to treat anti-
biotic-resistant bacterial infections and septic shock, to preserve food, or to sanitize 
surfaces. Studies focused on identifying the spectrum of antimicrobial agents in 
nature; determining the range of antimicrobial activities against bacteria, fungi, and 
viruses; assessing the antimicrobial activity of synthetic peptides versus their natu-
ral counterparts; identifying the mechanisms of antimicrobial peptide activity in 
model membrane systems; identifying the mechanisms of antimicrobial peptide 
activity in intact microorganisms; and assessing the cytotoxicity of antimicrobial 
peptides to eukaryotic cells and erythrocytes. Recent contemporary studies now 
utilize all this information to design and engineer antimicrobial peptides for a 
 variety of unique and specific applications.

In this chapter, I briefly review the major classes and types of antimicrobial 
 peptides focusing on the parameters that are important for their structure and  activity. 
I then identify the specific antimicrobial events that will serve as targets of future 
peptide design. Finally, I focus on current and future efforts to construct new antimi-
crobial peptide analogs or congeners for unique and specific applications. Many of 
these concepts have also been used to develop other biologically active peptides with 
enhanced therapeutic potentials (Kluskens et al. 2009; Leupold et al. 2009).

Antimicrobial Peptide Characteristics

In the preceding chapters of this book, the authors provided comprehensive 
 overviews on the history of antimicrobial peptides; classification of prokaryotic 
antimicrobial peptides; the isolation, purification, and production of antimicrobial 
peptides; and the biology of prokaryotic antimicrobial peptides. An extensive 
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description and a list of these peptides as well as their mechanisms of action are 
outside the scope of this chapter. Only a brief description of the families, with a few 
pertinent examples, is included. Instead, the reader is urged to see the many recent 
advances described earlier in this book. However, it is worth mentioning that many 
peptides are tracked in Antimicrobial Sequence Databases (Tossi 2005). These 
include http://www.bbcm.units.it/~tossi/pag1.htm, http://aps.unmc.edu/AP/main.
html, http://defensins.bii.a-star.edu.sg/, and http://faculty.ist.unomaha.edu/chen/rapd/
index.php. It is also worth mentioning that other eukaryotic peptides also have anti-
microbial activity including some cytokines and chemokines (Cole et al. 2001; Yang 
et al. 2003), some neuropeptides and peptide hormones (Brogden et al. 2005), and 
domains in some large proteins, like ovalbumin for example (Pellegrini et al. 2004).

Antimicrobial peptides have a number of unique characteristics that are related to 
mechanisms of antimicrobial action (Yeaman and Yount 2003; Yount and Yeaman 
2004). Generally, antimicrobial peptides are small and range in size from 6 to 100 
amino-acid residues. They are often highly charged. Anionic peptides are rich in aspar-
tic and glutamic acids, while cationic peptides are rich in arginine and lysine. Many 
peptides are amphipathic with hydrophilic and hydrophobic amino-acid residues 
aligned along the opposite sides of a helical molecule. Some antimicrobial peptides, 
like the lantibiotics, contain unique amino acids (Willey and van der Donk 2007).

Antimicrobial peptides from prokaryotes and eukaryotes are loosely grouped 
into families based on their unique amino-acid compositions and secondary struc-
tures: first proposed by Hans Boman and later modified by Robert Hancock (Boman 
1995; Hancock 1997; Jenssen et al. 2006). One family contains the amphiphilic 
peptides with two to four beta strands stabilized with 2–3 disulfide bonds. Beta 
strand peptides include the defensins, thionins, insect defensins, protegrins, and 
polyphemusin. Another family contains short, amphipathic peptides with alpha 
helices that lack cysteine residues, and sometimes have a hinge or “kink” in the 
middle. Alpha helical peptides include magainins, cecropins, melittin, and buforin. 
Although similar in secondary structure, these peptides have different mechanisms 
of antimicrobial activity. Melittin, for example, penetrates prokaryotic and eukary-
otic membranes, whereas buforin translocates into cells and acts on macromolecular 
synthesis (Jenssen et al. 2006). A third family of peptides contains peptide loops 
with a covalently cyclic structure often with a disulfide bond. Peptides structurally 
arranged in loops include thanatin, bactenecin, gramicidin S, and polymyxin. A 
fourth family of peptides has extended, coil structures. Family members can contain 
a high content of select amino acids and include indolicidin and some bactenecins 
from cattle.

Specific Antimicrobial Events to Target in Design

A specific sequence of events must occur for a peptide to have antimicrobial 
 activity (Matsuzaki et al. 1995). All of these events, outlined below, have proven to 
be ideal targets to improve the design and antimicrobial activity of peptides.

http://www.bbcm.units.it/~tossi/pag1.htm
http://aps.unmc.edu/AP/main.html
http://aps.unmc.edu/AP/main.html
http://defensins.bii.a-star.edu.sg/
http://faculty.ist.unomaha.edu/chen/rapd/index.php
http://faculty.ist.unomaha.edu/chen/rapd/index.php
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Antimicrobial peptides must first be attracted to bacterial surfaces likely via an 
electrostatic interaction among anionic or cationic peptides and the surface struc-
tures on microorganisms. Antimicrobial peptides are also attracted to surface 
lipopolysaccharide (LPS) on gram-negative bacteria (Scott et al. 1999b) or lipote-
ichoic acid on gram-positive bacteria (Scott et al. 1999a). Hydrophobic interactions 
among antimicrobial peptides and bacterial membranes may also be a factor.

A popular approach is to increase the number of cationic charges or alter the 
hydrophobicity of the peptide. Travis and colleagues found a positive correlation 
between antimicrobial activity and the net positive charge of the peptide but no 
simple correlation between the calculated average hydrophobicity, amphipathicity 
of the peptides, or their calculated hydrophobic moment and antibacterial activity 
(Travis et al. 2000). Another approach is to design a peptide with “carrier” domains 
or conjugated to larger “carrier” ligands, receptors, or antibodies that are capable 
of delivering a “killing” domain to the surfaces of specific pathogenic bacteria 
(Franzman et al. 2009).

Once close to the microbial surface, peptides must traverse capsular polysac-
charides and other extracellular matrices and overcome proteolytic degradation 
before they can interact with the LPS in the outer leaflet of the outer membrane of 
gram-negative bacteria or the teichoic acid and lipoteichoic acid areas near the 
outer leaflet of the cytoplasmic membrane in gram-positive bacteria (Hancock and 
Rozek 2002; Kuo et al. 2007). Once at the cytoplasmic membrane, peptides are 
free to embed into the lipid bilayer (Huang 2000; Chen et al. 2003). Once peptides 
are attached, they begin to insert into the membrane in a structured process. 
“Barrel-stave” (Ehrenstein and Lecar 1977; Yang et al. 2001), “carpet” (Pouny 
et al. 1992; Oren and Shai 1998; Bechinger 1999; Shai 1999; Ladokhin and White 
2001; Yamaguchi et al. 2001), “toroidal pore” (Matsuzaki et al. 1996; Yang et al. 
2001; Yamaguchi et al. 2002; Hallock et al. 2003), and “detergent-like” (Bechinger 
and Lohner 2006) models have all been proposed.

A popular approach is to alter the hydrophobicity or structure of the peptide. 
Alterations in the flexible secondary structures of peptides increase their ability to 
insert and permeabilize membranes. Rozek and colleagues and Osapay and col-
leagues used this approach to change the shape of indolicidin (Osapay et al. 2000; 
Rozek et al. 2003). Drawing the N terminus and the C terminus closer via a disul-
fide bond or covalent cross-link between Trp6 and Trp9 increased antimicrobial 
activity for gram-negative bacteria and decreased protease sensitivity.

Not all peptides kill bacteria by membrane permeabilization, and there is 
 mounting evidence suggesting that some antimicrobial peptides disable the 
 membrane physiology. Under some circumstances, peptides such as cecropin A, magai-
nin 2, and insect Defensin A disrupt the transmembrane potential and dissipate ion 
gradients, alter osmotic regulation, or uncouple respiration (Cociancich et al. 1993; 
Matsuzaki et al. 1997; Silvestro et al. 1997).

Other peptides directly translocate to the cytoplasm. Buforin II, arginine-rich 
peptides such as TAT-related peptides, NLS peptides, RNA-binding peptides, 
DNA-binding peptides, and polyarginine, and arginine-rich antimicrobial peptides 
all easily and efficiently translocate across both the cellular and nuclear membranes 
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(Park et al. 2000; Futaki et al. 2001). Apidaecin, a short, proline-rich antibacterial 
peptide, is taken up by a permease/transporter-mediated mechanism (Casteels et al. 
1993). Once in the cytoplasm, peptides alter the cytoplasmic membrane septum 
formation, inhibit peptidoglycan biosynthesis, bind DNA, inhibit nucleic acid 
 synthesis, inhibit protein synthesis, or inhibit enzymatic activity.

Modification of peptides can further increase their ability to inhibit metabolic 
events. Microcin C is actively taken inside sensitive cells and processed. The product, 
aspartyl-adenylate, inhibits translation by preventing aminoacylation of tRNA(Asp) 
by aspartyl-tRNA synthetase (Van de Vijver et al. 2009). Chemical synthesis of three 
microcin C-like compounds containing a terminal aspartate, glutamate, or leucine 
attached to adenosine all inhibit bacterial growth by targeting aspartyl-tRNA syn-
thetase, glutamyl-tRNA synthetase, and leucine-tRNA synthetase, respectively.

The Rational Design of Antimicrobial Peptides

Early efforts to design more effective peptides simply involved changing a few 
amino-acid residues to increase or decrease peptide charge, changing a few amino-
acid residues to alter the peptide hydrophobicity, or truncating an already effective 
peptide at the N-terminus and/or C-terminus. The resulting congener peptides were 
then tested in a battery of antimicrobial and cytotoxic/hemolytic assays with eryth-
rocytes. Results were compared with that of the original peptides to assess efficacy 
and toxicity. Now, design of more effective peptides can be facilitated with useful 
Web tools such as http://bioinformatics.biol.rug.nl/websoftware/bagel, http:// 
faculty.ist.unomaha.edu/chen/rapd/about.php, Synthetic Antibiotic Peptide 
Database (SAPD), and PANAD (Peptides as Novel Anti-Infective Drugs).

Reasons for the design of antimicrobial peptides are varied. Generally,  engineered 
peptides often identify the smallest amino-acid domain that has full antimicrobial 
activity: an approach that can be cost-effective for commercial develop ment. 
Engineered peptides often retain antimicrobial activity in adverse environments: an 
approach that allows their use in complex biological fluids, serum, and high physi-
ologic salt concentrations. Finally, engineered peptides resist degradation by host 
enzymes and often have reduced broad-spectrum activity: an approach of the latter 
to enhance specific antimicrobial activity against a select microorganism. Throughout 
the literature, the development of engineered peptides has resulted in a number of 
unique groups.

Synthetic Mimics

Synthetic mimics of antimicrobial peptides such as arylamides or oligoacyllysyls 
have strong potential for future development of antimicrobial agents and antitumor 
agents (Radzishevsky et al. 2005; Radzishevsky et al. 2007; Rotem et al. 2008; 

http://bioinformatics.biol.rug.nl/websoftware/bagel
http://faculty.ist.unomaha.edu/chen/rapd/about.php
http://faculty.ist.unomaha.edu/chen/rapd/about.php
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Held-Kuznetsov et al. 2009; Rotem and Mor 2009). For example, a mimic such as 
C(12)K-3b(10) is a promising representative and has broad-spectrum activity 
(MIC(90) = 6.2 mM) and low hemotoxicity (LC(50) > 100 mM). C(12)K-3b(10) kills 
E. coli faster than S. aureus. In mice, this mimic is efficacious and reduces bacterial 
viability upon single-dose systemic treatment (2 mg/kg).

Hybrid Peptides

Hybrid peptides are constructed by combining active regions of existing peptides, 
often as fusion proteins expressed in recombinant systems. Historically, cecropin 
A–melittin (CEME) hybrid peptides are good examples of hybrid peptides (Steiner 
et al. 1988; Wade et al. 1992; Piers et al. 1993; Piers et al. 1994; Piers and Hancock 
1994). Cecropin A is a linear 37 amino-acid-residue peptide produced by the 
cecropia moth, and melittin is a 26 amino-acid-residue peptide from the European 
honeybee Apis mellifera (Boman and Hultmark 1987). CEME is composed of 
amino acid residues 1–8 of cecropin A and amino acid residues 1–18 of melittin, 
CEMA is a  congener of CEME with a modified C terminus containing two addi-
tional cationic charges, CP26 is a congener with additional cationic charges, and 
CP26 and CP29 are peptides with an increased alpha-helical content. CEME, 
CEMA, CP26, and CP29 have improved outer membrane-permeabilizing activity 
of Pseudomonas aeruginosa, LPS-binding activity, lipoteichoic acid-binding activ-
ity, and CEME, CEMA, and CP29 retain antimicrobial activity in 0.1–0.3 M NaCl. 
Another hybrid, cecropin A (1–8) and magainin Z (1–12) has high antitumor activ-
ity, less hemolytic activity, and induces release of vesicle-entrapped fluorescence 
probes (Saugar et al. 2002).

Hybrid peptides can specifically target the surface of select microorganisms. 
Staphylococcal AgrD1 pheromone linked with the channel-forming domain of 
colicin Ia kills methicillin-sensitive and methicillin-resistant Staphylococcus 
aureus, but not Staphylococcus epidermidis or Streptococcus pneumoniae (Qiu 
et al. 2003). Enterococcal cCF109 pheromone fused with the channel-forming 
domain of colicin Ia kills vancomycin-resistant Enterococcus faecalis (Qiu et al. 
2005). Vancomycin-resistant-E. faecalis-infected mice survive when treated with 
this hybrid, but untreated control mice do not (Qiu et al. 2005).

A similar approach involves a specifically targeted antimicrobial peptide 
(STAMP) (Eckert et al. 2006) and multiple-headed specifically targeted antimi-
crobial peptide (MH-STAMP) (He et al. 2009). STAMP utilizes a pheromone 
produced by Streptococcus mutans, the competence stimulating peptide (CSP), as 
a targeting domain to mediate S. mutans-specific delivery of an antimicrobial 
peptide domain. STAMP is potent against S. mutans grown in liquid or biofilm 
states and does not affect other oral streptococci tested. MH-STAMP displays 
specific activity against P. aeruginosa and S. mutans in vitro and can remove both 
of these species from a mixed planktonic culture with little impact against untar-
geted bacteria.
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A proline-rich peptide, A3-APO, is a synthetic dimer that kills bacteria by a dual 
mode of action via domains for interaction with both the bacterial membrane and 
an intracellular target (Rozgonyi et al. 2009). A3-APO disintegrates the bacterial 
membrane and inhibits the 70-kDa heat-shock protein DnaK alone or in synergy 
with small molecule antibiotics.

Not all hybrid peptides meet expectations. Recently, we have attached PQGPPQ, 
a peptide from proline-rich protein 1, to either the N-terminus or the C-terminus of 
SMAP28 (Bratt et al. 2009). SMAP28 is a sheep myeloid antimicrobial peptide 
(Brogden et al. 2007). Peptide PQGPPQ has an affinity for fimbriae of 
Porphyromonas gingivalis, and we hypothesized that it would serve as a targeting 
ligand to deliver SMAP28 to the bacterial surface. Interestingly, attaching PQGPPQ 
to SMAP28 did not greatly increase the antimicrobial activity of hybrid peptides 
for P. gingivalis, nor did it substantially decrease the antimicrobial activity of 
hybrid peptides for the four other microorganisms tested. Clearly, additional work 
is needed to identify other targeting domains that have increased specific antimi-
crobial activity against P.  gingivalis and decreased antimicrobial activity against 
other oral microorganisms.

Peptide Congeners

By definition, a congener is a chemical compound closely related to another in 
composition and exerting similar or antagonistic effects. Peptide congeners are 
prepared by (1) “swapping out” specific amino-acid residues within the parent 
peptide to change either or both the charge and amphipathic characteristics of the 
molecule, (2) systematically truncating either or both the N-terminus or the 
C-terminus ends of the parent peptide, or (3) both “swapping out” specific amino-
acid residues and simultaneously truncating either or both the N-terminus and the 
C-terminus ends of the parent peptide. Effective congeners of CAP18, human 
CAP18/LL-37, SMAP29, HBD3, and enterocin have been found using this 
approach (Table 20.1).

Rabbit cationic antimicrobial peptide (CAP18) is an 18-kDa protein of 142 
amino acids originally isolated from rabbit granulocytes (Larrick et al. 1991). 
Cloning and sequencing of the cDNA of rabbit CAP18 led to the discovery of a 
C-terminal, 37-amino-acid fragment designated CAP18

106-142
. CAP18

106-142
 and con-

geners of CAP18
106-142

 have antimicrobial activity, inhibit the binding of LPS, 
inhibit LPS activation of mouse macrophages and human monocytes, inhibit 
 LPS-induced release of cytokines and nitric oxide from macrophages, inhibit LPS-
induced limulus amebocyte lysate coagulation, and protect mice from LPS lethality 
(Larrick et al. 1993; Hirata et al. 1994; Larrick et al. 1994; Larrick et al. 1995b; 
Tasaka et al. 1996; Sawa et al. 1998; Travis et al. 2000).

The homologous domain of rabbit CAP18
106-142

 in humans is hCAP18
104-140

, 
 better known as LL-37 (Larrick et al. 1996). Modifications in LL-37 result in con-
geners with enhanced activities and decreased toxicities (Ciornei et al. 2005). Two 
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Table 20.1 Examples of the modifications of antimicrobial peptides to improve antimicrobial 
activity or alter other biological properties

Peptide platform Congeners Design parameters

Cecropin and 
melittin

CEME, CEMA,  
CP26, CP29

Design parameters. Designed to have an increase 
in alpha- helical content (CP29 and CP26) 
and in overall positive charge (CP26)

Outcome. Different analogs had improved outer 
membrane-permeabilizing activity, LPS-
binding activity, and retained activity in 
0.1–0.3 M NaCl (CP29, CEME, and CEMA) 
(Steiner et al. 1988; Wade et al. 1992; Piers 
et al. 1994)

CAP18 CDP Design parameters. A 32 amino acid C-terminal 
fragment of CAP18

Outcome. CDP neutralized LPS, attenuated 
inflammatory cell migration into alveoli, and 
attenuated lung injury (Hirata et al. 1994; 
Hirata et al. 1995; Tasaka et al. 1996)

SMAP29 SMAP28, SMAP29, 
ovispirin-1, 
novispirin G-10, 
novispirin T-7

Design parameters. Ovispirin-1 resembles the 
N-terminal 18 amino acids of SMAP-29. 
Residue 10 of ovispirin-1 was changed from 
isoleucine to glycine to make novispirin 
G-10. Residue 7 of ovispirin-1 was changed 
from isoleucine to threonine to make 
novispirin T-7

Outcome. Ovispirin-1 was antimicrobial 
but cytotoxic/hemolytic to human cells; 
novispirin T-7 was antimicrobial and 
less cytotoxic/hemolytic to human cells; 
novispirin G-10 was antimicrobial and least 
cytotoxic/hemolytic to human cells (Kalfa 
et al. 2001; Sawai et al. 2002)

Human b 
defensin 3 
(HBD3)

C2, F2, Y2 Design parameters. Peptides C2, F2, Y2 are 
C-terminal (R36-K45) analogs of HBD3. 
Cysteine residues were acetamidomethylated 
(C2), replaced with phenylalanine (F2), or 
replaced with tyrosine (Y2)

Outcome. Y2 had higher antibacterial activity, 
lower cytotoxicity against eukaryotic 
cells compared to the parent HBD3; Y2 
oligomerizes and accretes into a unique 
structure in water and on the surface of lipid 
membranes  
(Bai et al. 2009)

congeners, obtained by N-terminal truncation of hydrophobic amino acids and 
named fragment 106 and fragment 110, inhibit the growth of Escherichia coli, 
Pseudomonas aeruginosa, S. aureus, and Candida albicans, inhibit LPS-induced 
vascular nitric oxide production, attract neutrophil granulocytes, retain activity in 



43120 Perspectives and Peptides of the Next Generation

serum, and induce less hemolysis than the parent LL-37. Other congeners of LL-37 
also have antimicrobial activity (even in 175-mM NaCl), inhibit the binding of 
LPS, inhibit LPS-induced release of nitric oxide from macrophages, inhibit 
 LPS-induced generation of tissue factor, and protect mice from LPS lethality 
(Larrick et al. 1995a; Larrick et al. 1995b; Travis et al. 2000).

Sheep myeloid antimicrobial peptide (SMAP) 29 is also a popular platform for 
the development of additional congener peptides (Bagella et al. 1995; Mahoney 
et al. 1995; Skerlavaj et al. 1999; Travis et al. 2000; Brogden et al. 2001; Kalfa et al. 
2001; Saiman et al. 2001; Weistroffer et al. 2008). SMAP29 (also known as SC5), 
SMAP28, thought to be the native form, and SMAP congeners all have varying 
degrees of antimicrobial activity against gram-negative and gram-positive bacteria 
and fungi including multiple antibiotic-resistant pathogens from patients with 
 cystic fibrosis and oral bacteria. Congeners are active in both low and high ionic 
strength conditions, induce significant morphologic alterations in bacterial  surfaces, 
and reduce the concentration of bacteria in both bronchoalveolar lavage fluid and 
consolidated pulmonary tissues in models of infection. Second- and third-generation 
congeners are ovispirin and novispirin, respectively.

HBD3 is a human b-defensin and a popular platform for further study (Hoover 
et al. 2003; Wu et al. 2003; Liu et al. 2008; Taylor et al. 2008; Chandrababu et al. 
2009). The disulfide bonding in HBD3 is necessary for binding and activation of 
cellular receptors for chemotaxis, but not for antimicrobial activity. For example, 
reordering disulfide bond linkages, substituting the cysteine amino acids with alpha-
aminobutyric acid or other amino acid residues, or removing the  disulfide bonds 
completely abolishes the chemotactic activity of the HBD3 congener, diminishes 
the cytotoxicity of HBD3, but does not alter its antimicrobial activity.

Truncated linear HBD3 fragments have antibacterial and antifungal activities 
and decreased cytotoxicity for human conjunctival epithelial cells (Taylor et al. 
2008; Bai et al. 2009; Krishnakumari et al. 2009). A C-terminal (R36-K45) analog 
peptide Y2 ,with the two cysteine residues replaced with tyrosines, has high anti-
bacterial activity against P. aeruginosa and low cytotoxicity against mammalian 
cells, compared to the parent HBD3 (Bai et al. 2009).

Melittin has helical regions at the N-terminus and at the C-terminus connected 
by a hinge region (Saravanan et al. 2009). Deletion of the hinge amino-acid resi-
dues along with two C-terminal terminal glutamine residues (Q25 and Q26) yields 
a peptide analog of 19-amino-acid residues, it does not reduce antibacterial activity, 
but does reduce hemolytic activity. A diastereomer of Mel-H or Mel-(d)H contain-
ing d-amino acids (d)V5, (d)V8, (d)L11, and (d)K16 has similar antibacterial 
 activity but lower hemolytic activity (Saravanan et al. 2009).

The approach of making congeners also works well with bacteriocins. 
Enterocin CRL35 is a 43-amino-acid-residue peptide with activity against 
Listeria species (Salvucci et al. 2007). A 15-amino-acid-residue congener derived 
from enterocin CRL35 inhibits the growth of L. innocua (10 mM MIC) and  
L.  monocyto genes (50 mM MIC). Similarly, 15-amino-acid-residue congeners 
derived from mesentericin Y105, pediocin PA-1, and piscicolin 126 also have 
antimicrobial activities.
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Stabilized Peptides

Stabilization of biologically active peptides is a major goal in peptide-based drug 
design, and three recent studies illustrate this point. Cyclization is a popular 
approach that prevents enzymatic degradation of biologically active peptides and 
reduces hemolysis to antimicrobial peptides. Levengood and van der Donk used the 
lantibiotic synthetase LctM to prepare thioether containing analogs of enkephalin, 
contryphan, inhibitors of human tripeptidyl peptidase II, and inhibitors of spider 
venom epimerase (Abraham et al. 2007; Levengood and van der Donk 2008; 
Kluskens et al. 2009). Kluskens and colleagues used plasmid-based nisin modifica-
tion machinery to produce a thioether-bridged angiotensin (Kluskens et al. 2009). 
The cyclized angiotensin is fully resistant against purified angiotensin-converting 
enzyme, has significantly increased stability in homogenates of different organs 
and in plasma derived from pig, induces relaxation of precontracted SD rat aorta 
rings in vitro, interacts with the angiotensin receptor, and displays a strongly 
(34-fold) enhanced survival in Sprague–Dawley rats in vivo. A cyclic diastereo-
meric lysine ring analog of the antimicrobial peptide gramicidin S exhibits 
enhanced antimicrobial activity but markedly reduced hemolytic activity compared 
to gramicidin S itself (Abraham et al. 2007).

Peptide Conjugates

Antimicrobial peptides can be coupled to a ligand, receptor, or antibody to increase 
its specificity for a bacterial pathogen. Peschen and colleagues used a Fusarium 
species-specific antibody linked to antifungal peptides to protect plants against a 
Fusarium oxysporum f.sp. matthiolae infection (Peschen et al. 2004). We linked 
SMAP28 to affinity- and Protein-G-purified rabbit IgG antibodies specific to the 
outer surface of P. gingivalis strain 381 and demonstrated that it could selectively 
kill P. gingivalis in an artificially generated microbial community containing 
P. gingivalis, Aggregatibacter actinomycetemcomitans, and Peptostreptococcus 
micros (Franzman et al. 2009). This approach is an initial step for developing selec-
tive antimicrobial agents capable of eliminating a specific periodontal pathogen, 
such as P. gingivalis, from patients with periodontal disease, without harming the 
normal commensal flora.

Peptides can be incorporated in or conjugated to supramolecular structures, 
particularly micelles and liposomes equipped with uptake-mediating mechanisms. 
Apolipoprotein E-derived peptide, called A2, efficiently translocates across cell 
membranes and integrates into lipid bilayers (Leupold et al. 2009). A2, in micelles 
(colloidal P2A2 micelles) or liposomes (P2A2-tagged liposomes), are taken up dif-
ferently by endothelial cells of small capillaries (b.End3 cells) and large vascular 
vessels (BAEC cells). P2A2-tagged liposomes are nonselectively internalized into 
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both b.End3 and BAEC cells via clathrin- and caveolin-independent endocytosis. 
In contrast, colloidal P2A2 micelles only entered b.End3 cells via clathrin-mediated 
endocytosis, but not BAEC cells.

Finally, antimicrobial peptides are powerful adjuvants enhancing immune 
responses alone (Kohlgraf et al. 2010a, b) and in conjugates (containing coupled 
antimicrobial peptide to antigens) and fusion proteins (containing expressed anti-
microbial peptides and antigens). LL-37 enhances an antitumor immune response 
of M-CSFR

J6-1
, a potential target for tumor immunotherapy, when LL-37 is geneti-

cally fused with M-CSFR
J6-1

 and administered to mice (An et al. 2005). Anti- 
M-CSFR antibody or M-CSF soluble receptor inhibits the growth of leukemia and 
hepatoma cell lines overexpressing M-CSF and M-CSFR. Mouse b-defensin-based 
vaccines elicit potent cell-mediated responses and antitumor immunity when 
genetically fused with another nonimmunogenic tumor antigen (Biragyn et al. 
2001). The fusion proteins, consisting of mouse b-defensin linked to a tumor anti-
gen, act directly on immature dendritic cells as an endogenous ligand for TLR4 and 
upregulate costimulatory molecules, induce dendritic cell maturation, and induce 
the production of lymphokines.

Immobilized Peptides

Antimicrobial peptides can be immobilized in or to a variety of surfaces where they 
still retain their antimicrobial activity. Cationic antimicrobial peptides, when 
attached to resins, are antimicrobial toward E. coli and Bacillus subtilis (millimolar 
range) compared to activity of the parent peptides (micromolar range) (Bagheri 
et al. 2009). Antimicrobial activity depends upon the length of the spacer and the 
amount of target-accessible peptide. Antimicrobial activity distinctly decreases 
with reduction of the spacer length. Magainins and structurally related peptides, 
when conjugated to resins, also arrest the growth and proliferation of E. coli 
(Haynie et al. 1995). Magainin I was incorporated via surface-initiated atom trans-
fer radical polymerization into two coatings of 2-(2-methoxyethoxy) ethyl meth-
acrylate and hydroxyl-terminated oligo(ethylene glycol) methacrylate to prepare 
antifouling copolymer brushes. The antibacterial activity of the functionalized 
brushes was successfully tested against two different strains of gram-positive bac-
teria. (Glinel et al. 2009).

Antimicrobial peptides can be incorporated into films. Nisin in polyethylene or 
polyethylene oxide polymer films reduce Brochothrix thermosphacta, a meat spoil-
age organism, on beef surfaces up to 21 days to a greater extent than the control 
plastics (Cutter et al. 2001); defensins in polyelectrolyte multilayer films inhibit the 
growth of E. coli at the surface (Etienne et al. 2004); gramicidin A in polyelectro-
lyte thin films are active against E. faecalis (Guyomard et al. 2008).

Antimicrobial peptides and lysozyme can be incorporated into silica or adsorbed 
onto solid surfaces (Luckarift et al. 2006). LL-37 in mesoporous silica is slowly 
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released and has high antimicrobial activity against E. coli and S. aureus, low 
hemolytic activity for erythrocytes, and low cytotoxicity against keratinocytes 
(Izquierdo-Barba et al. 2009). Nisin adsorbed to food contact surfaces inhibits the 
growth of Enterococcus hirae (Guerra et al. 2005). Nisaplin, a congener of nisin, 
adsorbed on surfaces reduces the attachment of Listeria monocytogenes. Microbial 
counts of skim milk in nisin-adsorbed PET bottles are significantly lower after 24 
days of refrigerated storage. Magainin I, immobilized on silanized glass slides, 
binds Salmonella enterica serovar Typhimurium and E. coli with high affinities 
(Kulagina et al. 2005).

All of these methods have applications as slow delivery systems, wound dress-
ings, food preservation systems, and coatings for implants, catheters, and toys. 
Even when immobilized or in complex environments, antimicrobial peptides still 
retain their antimicrobial activity, which questions earlier work on their mecha-
nisms of antimicrobial activity, particularly for antimicrobial peptides known to 
form well-structured pores.

Summary

A vast amount of information is known about antimicrobial peptide composition, 
structure, and activity. Many antimicrobial peptides have unique characteristics 
related to their mechanisms of antimicrobial action. Contemporary studies now 
utilize all this information to engineer and design peptide mimics, hybrid peptides, 
peptide congeners, stabilized peptides, peptide conjugates, and immobilized pep-
tides, all with unique and specific applications.
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