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Chemical and genetic characterization of
bacteriocins: antimicrobial peptides for food
safety
Abigail B Snyder and Randy W Worobo∗

Abstract

Antimicrobial peptides are produced across all domains of life. Among these diverse compounds, those produced by bacteria
have been most successfully applied as agents of biocontrol in food and agriculture. Bacteriocins are ribosomally synthesized,
proteinaceous compounds that inhibit the growth of closely related bacteria. Even within the subcategory of bacteriocins, the
peptides vary significantly in terms of the gene cluster responsible for expression, and chemical and structural composition.
The polycistronic gene cluster generally includes a structural gene and various combinations of immunity, secretion, and
regulatory genes and modifying enzymes. Chemical variation can exist in amino acid identity, chain length, secondary and
tertiary structural features, as well as specificity of active sites. This diversity posits bacteriocins as potential antimicrobial
agents with a range of functions and applications. Those produced by food-grade bacteria and applied in normally occurring
concentrations can be used as GRAS-status food additives. However, successful application requires thorough characterization.
c© 2013 Society of Chemical Industry
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INTRODUCTION
Defining bacteriocins
Numerous antimicrobial peptides (AMPs) have been developed or
derivitized into agents useful in agriculture and medicine, making
genetic and chemical characterization of these compounds an
ongoing endeavor. Perhaps the most relevant AMPs to the food
industry are bacteriocins, due in part to the fact that some of
the producer microorganisms are already considered food grade
by the US Food and Drug Administration (FDA).1 Bacteriocins are
frequently defined as ribosomally synthesized peptides produced
by bacteria that inhibit the growth of other closely related

bacteria.1–17 However, exceptions to this general definition
certainly exist in terms of inhibitory spectrum and composition.
While traditionally defined by antagonism of closely related
species, many well-characterized bacteriocins have relatively
broad-spectrum inhibitory activity. The basis of this definition may
be traced to some of the early work with bacteriocins involving the
characterization of colicins, which do have a very narrow inhibitory
spectrum.2 In fact, colicins antagonize only closely related strains
within the species Escherichia coli.18 However, nisin, a bacteriocin
produced by Lactococcus lactis and FDA approved for use within
the food industry, is widely active against Gram-positive bacteria.
Broadly speaking, the bacteriocins of Gram-negative bacteria
have a narrower inhibitory spectrum than their Gram-positive
counterparts.2,4,5,19 Determinants for the spectrum of activity are
often based in the mechanism of action for a particular bacteriocin:
whether its activity requires binding to a specific cell surface
receptor and the relative distribution of that receptor among
divergent bacterial species. Colicins require receptor recognition
for activity and about half of the peptide’s structure is dedicated to
this function.4 Alternatively, nisin binds lipid II, a widely distributed

membrane component involved in synthesis of the bacterial cell
wall.20 Other mechanisms, as discussed later, do not require
binding to a cell surface receptor at all.1 Other complications to
the conventional bacteriocin definition involve their composition.
While all bacteriocins are primarily proteinaceous in nature, some
have been identified with carbohydrate and, tentatively, lipid

moieties.21–23 These contested compounds are discussed in
more detail under bacteriocin classification strategies. Generally,
defining bacteriocins as proteinaceous, however, serves to
distinguish them from other small-molecule antibiotics and
metabolic byproducts which also inhibit microbial growth.3 Finally,
the general bacteriocin definition describes these compounds
as peptides: short chains of amino acid residues. Most known
bacteriocins are around 20–60 amino acid residues in length,1 but
there are bacteriocins which are significantly longer and better
described as proteins.24,25

Despite the exceptions, some of the components of the
conventional bacteriocin definition seem to be more universal.
Ribosomal synthesis is a trademark distinction between
bacteriocins and proteinaceous antibiotics.1,2,6 Bacteriocins may
be modified following translation, but initial synthesis is carried
out by the ribosome. Conversely, antibiotics are enzymatically
synthesized and have varied structure–function relationships as
a result. Antibiotics commonly target cell wall synthesis, degrade
nucleic acids, or have other enzymatic functions, while the most
common target for bacteriocins is membrane permeabilization,
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although this is not an absolute. Possibly the most unambiguous
component of the bacteriocin definition is the identity of both the
producer and target as bacteria. Examples of bacteria producing
peptides deleterious to other organisms or other organisms
producing peptides which inhibit bacteria can be classified more
generally as AMPs, but not as bacteriocins. Well-studied AMPs of
other organisms include the defensins, magainins, and melatin,
but the cytotoxicity of these compounds makes them less suitable
as food preservatives.19,26

Bacteriocins are just a small subgroup of an even larger class of
compounds – AMPs – which are represented throughout nature.
However, many eukaryal AMPs have been shown to be toxic
towards mammalian cells as well as deleterious microbes. For
this and other reasons, bacteriocins have been the focus of AMP
development within the food industry. Bacteriocin research over
the past∼50 years has increased our understanding of the diversity
of these compounds and opened opportunities for application.

History
Scientists have been aware of the inhibitory activity of certain
bacteria against others long before AMPs were officially
recognized. Moreover, the effects of bacteriocins were utilized
in ancient fermentations long before the identity of even their
bacterial producers was known.2,27 Pasteur is credited with first
describing inhibitory activity between bacteria,2,28 but it was not
until the mid 1920s that the antimicrobial activity of secreted
peptides was officially recognized. In 1925, Gratia demonstrated
the inhibitory activity of what was later determined to be colicin
V.29 Shortly after, in 1928, nisin activity was reported by Rogers.30

However, the identification of the compound ‘nisin’ did not occur
until 1947 when it was concentrated.27 The term ‘bacteriocin’ was
instituted in 1953 by Jacob et al.31 and the working definition
for these compounds, as described above, arose from these early
studies.2 The same year, nisin was introduced to English markets
as a food preservative.27 Structural elucidation of bacteriocins
widely occurred in the 1970s2 and it was not until 1988 that nisin
was approved for use within the US food industry as a GRAS
(generally recognized as safe)-status additive.2,32 The attention
bacteriocin research received increased drastically in the 1990s
and has continued into recent decades due to a rise in antibiotic
resistance and continued interest in developing antibiotics to
meet the industry trend towards ‘natural’ formulations.

Initially, bacteriocins were identified by screening for inhibitory
activity using the spot-on-lawn method, further purified, and
characterized.1 Earlier research which attempted to estimate
the prevalence of bacteriocin production using these methods
gave varied results. In a 1983 paper, Geis et al. screened 280
streptococci for bacteriocin production and reported that ∼5%
showed inhibitory activity due to bacteriocins which were able
to be partially purified.33 A 1998 paper reported that 30% of
E. coli screened produced some kind of bacteriocin,13 while
another paper screening 52 Lactobacillus acidophilus strains found
63% producing bacteriocins.3 Early screening strategies used
to determine what percent of a given set of isolates produced
bacteriocins were inherently limited.18,34 Most notably, to obtain
observable activity a sensitive target bacterium is required, but the
diversity of inhibitory spectra makes picking a target bacterium
challenging without a priori knowledge. Klaenhammer in his 1983
paper screening for L. acidophilus bacteriocins noted that only
four target bacteria were used as screens.3 This limited range
is most problematic for bacteriocins fitting the conventional
definition and having a narrow spectrum of activity. The screening

method is also limited by regulation of bacteriocin expression.
Since activation of the bacteriocin operon is often regulated by
particular environmental conditions and pressures, bacteria may
not demonstrate inhibitory activity under a given set of laboratory
conditions. Colicin production, for example, is part of the SOS
regulon and bacteriocin expression is activated by stress.4 Using
genetic screens presents an alternative to methods dependent
on expression, but even current genomic methods require a
priori knowledge about the putative bacteriocin. Early screening
methods also required further biochemical characterization to
confirm that the inhibitory activity resulting from bacteriocin
production. Control of experimental conditions and protease
sensitivity are often used to ensure that inhibition of bacterial
growth is a result of AMP secretion and not organic acids, small-
molecule antibiotics, or ethanol production,2,3,35 but purification
and characterization of the bacteriocin itself, and not the producer
or spent growth medium, are ultimately required. Insufficient
characterization has resulted in identical bacteriocins being
reported and named as novel peptides.5 Despite limitations,
screening for inhibitory activity has its utility, particularly from
an application perspective. In fact, screens targeting a particular
microbe or fortuitous observations of a previously uncharacterized
inhibitory activity have led to the discovery of novel antimicrobials
(e.g. penicillin).

Although many bacteriocins are possibly overlooked in the
screening process, those which have been identified aid in the
iterative process of novel bacteriocin discovery. New bacteriocins
have been identified based on well-known structural features
in previously characterized bacteriocins. Using biochemical

techniques like affinity chromatography and spectrometry,36–38

unknown bacteriocins can be characterized and extracted
from growth media. Furthermore, genetic characterization of
bacteriocins has led to genome mining techniques as means for
identification.1,5 This approach is based on sequence homology
among bacteriocins and is useful for mapping structural genes
similar to known bacteriocins, but unique bacteriocin structural
genes which have not been previously characterized would
continue to go unrecognized. However, continued investigation
of AMPs has led to improved mining strategies. The operon for
streptolysin – an AMP but not a bacteriocin – was recently shown
to have a great deal of homology with genes associated with the
production of known bacteriocins. Using these genes as query
sequences in database searches yielded new putative bacteriocin
genes, suggesting that the processing machinery for streptolysin
may be related to processing enzymes of novel bacteriocins.39

Nes et al. also note that the presence of a bacteriocin structural
gene does not definitively indicate that the bacteriocin is actually
expressed.5 The matter is further complicated by the presence
of peptide induction factors involved in quorum sensing and
regulation of bacteriocin expression. Induction factor sequence
is often very similar to the bacteriocin itself and may give a
false positive in genome mining exercises.5,40 New techniques are
subject to some of the same limitations plaguing early screening
methods, including assumptions about bacteriocin identity and
potential for bacteriocins to go unrecognized. But despite these
limitations, it has been estimated that most bacteria are bacteriocin
producers.10 It is estimated that up to 99% of bacteria produce at
least one bacteriocin.4 Research in bacteriocin development has
continued to evolve and most recently it has been suggested that
bacteriocins can be engineered based on known structural features
or intended targets, although no preservative derived through this
approach is in commercial development as of yet.8,26,41
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Environmental role
The environmental relevance of bacteriocins is difficult to
determine given the great diversity and complexity of these AMPs.
While their roles are not well understood, arguments have been
made for bacteriocin involvement in cell-to-cell communication,
defense against other bacteria, and facilitation of horizontal
gene transfer, although none of these are to the absolute
exclusion of the others. Surmising their environmental impact
is further complicated by the artificial laboratory conditions under
which bacteriocins are often studied. By definition, bacteriocins
inhibit the growth of other bacteria, which suggests their role
in interspecies competition.6,40,42 Indeed, the narrow spectrum
of many bacteriocin activities is given as an example for how
bacteriocin production is used to defend an ecological niche.1,19

However, both the diversity of bacteriocin inhibitory activity
and the regulation and production levels of bacteriocin in the
environment challenge the notion that most bacteriocins’ primary
purpose relates to defense. Under idealized laboratory conditions,
bacteriocin may be secreted at high levels, providing the inhibitory
effect. Under conditions of their native environment, though,
expression levels may be too low to have any real antagonistic
effect on competitors, or the bacteriocin itself may exhibit
only bacteriostatic rather than bacteriocidal activity.18 In these
instances, a generalized role for bacteriocins seems ill fitting.
Certain bacteriocins, like colicins, have been shown to provide a
competitive advantage in defending an ecological niche, whereas
with many other bacteriocins it seems unlikely that defense of the
producer bacterium is the primary role.1,43

Bacteriocins have also been associated with intercellular
communication as a secreted protein which interacts with
neighboring cells. The signal can be the bacteriocin itself through
low-level constitutive expression, an independently transcribed
peptide induction factor which frequently shares structural
homology with the bacteriocin but with minimal to no activity,
or the transcription of a double leader sequence involved in
cell-to-cell communication through quorum sensing as a way
of synchronizing production of secondary metabolites.40 This
communication prevents unnecessary energy expenditure in
protein synthesis and a shared burden of community protection,
suggesting a cooperativity among independent cells analogous
to the behavior of cells composing tissue.40 Finally, the possibility
of bacteriocin production facilitating the transfer of DNA via
transformation has likewise been supported by the conventional
narrow spectrum of antagonistic activity since recombination
efficiency decreases with increasing genome diversity. An
increase in cellular competence for streptococci and induction
of competence-stimulating peptide synthesis has been reported
to coincide with bacteriocin synthesis as well.44,45 As previously
stated, the diversity of AMPs which fall into the subcategory
of bacteriocins is still so great that determining a defined
environmental role is difficult, and it is still probable that the
range of bacteriocins which have heretofore been characterized
represents only a limited number of bacteriocins that are active
within the environment.7

Classification strategies
Similar to the challenges facing determination of environmental
relevance, development of a classification strategy generalized
to all bacteriocins is difficult given their widespread diversity.
No such overarching classification has been applied, although
modified versions of the classification system for the bacteriocins

of lactic acid bacteria have been proposed.5,25,46 The LAB system
was proposed by Klaenhammer in 199347 and more recently
revisions and residual debate over the definition and inclusion
of certain divisions has arisen. The original system split LAB
bacteriocins into four divisions based on structure. Class I
bacteriocins are the lantibiotics, a name which comes from
‘lanthionine-containing antibiotics’, of which nisin is the most
widely recognized. Characteristic post-translational modifications
of lantibiotics include lanthionine and methyllanthionine bridges,
2,3-dehydroalanine (Dha) and 2,3-dehydrobutyrine (Dhb), which
result from condensation of serine or threonine residues.47 Class
I was broken into two subclasses: A type, which are flexible,
linear peptides with a net cationic charge; and B type, which
are rigid, globular, and are more typically anionic or contain
no net charge.6,48,49 Later, discovery of lantibiotics containing
domains typical of both subgroups prompted creation of a third
subtype, C, which contains multicomponent lantibiotics.5,46,50

Class II LAB bacteriocins have been defined as non-lantibiotic
or unmodified peptides, of which pediocins are the most
recognizable example. While the class has long been recognized,
modifications of what is included in the subgroups within Class II
have occurred over time, establishing it as a kind of catch-all for
miscellaneous bacteriocins.5 Klaenhammer’s original subclasses
included: IIa, defined as pediocin-like, antilisterial bacteriocins;
IIb, two-component bacteriocins comprised of separate peptide
domains; and IIc, thiol-containing bacteriocins lacking a leader
sequence and characteristically secreted through a general sec-
pathway.5,47 Later discovery of subtype IIa bacteriocins secreted
via the sec-pathway challenged the definition of the IIc subtype
and the thiol group was determined not to be required for
activity.5,7,51 Cotter et al. later proposed that subtype IIc should
be reserved for cyclic bacteriocins,52 but most recently it has
been proposed that cyclic bacteriocins merit their own class, as
proposed by Heng and Tagg with Class IV.53 Cotter’s revision
also proposed the addition of a IId subtype for non-pediocin,
miscellaneous peptides including lactoccin A.7,52 Major revisions
suggested by Cotter in 2005 left only the first two original classes,
but Klaenhammer’s system had two additional divisions. Class
III was defined by large, heat-labile bacteriocins and was later
subdivided into two subgroups, for bacteriolytic (IIIa) and non-
bacteriolytic (IIIb) activities.53 Finally, the original system included
Class IV – complex bacteriocins containing carbohydrate or lipid
moieties47 – which was eliminated totally from classifications due
to lack of substantiation that such bacteriocins existed. Such
compounds had been predicted but were not successfully purified.
Additionally, some of the original complex bacteriocins had
been isolated without their carbohydrate or lipid moieties but
retained their inhibitory activity, suggesting these components
were not necessary for activity. It was suggested that the net
charge of the bacteriocin had led to a complex with the hetero-
group, which was not covalently linked.5,7,52 Recent studies,
however, have confirmed the existence of glycocins – glycosylated
bacteriocins – and identified the enzyme responsible for the
covalently linked carbohydrate moiety.21,22,54 Many lipopeptides
are still nebulously categorized as bacteriocin-like substances
without purification for confirmation.23 While recent classifications
have maintained the exclusion of complex bacteriocins, the
confirmation of glycocin F perhaps indicates that they should be
re-established in the accepted classification strategy. Now, Class IV
bacteriocins are described as the aforementioned cyclic peptide
group. A summary of a current classification system generalized to
all bacteriocins is summarized in Table 1. Classification strategies
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Table 1. Bacteriocin classification scheme, originally proposed by
Klaenhammer47 and recently revised by Heng and Tagg53

Class I Lantibiotics

IA Linear, rigid

IB Globular, flexible

IC Multi-component

Class II Non-lantibiotics

IIa Pediocin-like

IIb Miscellaneous

IIc Multi-component

Class III Large, heat stable

IIIa Bacteriolytic

IIIb Non-bacteriolytic

Class IV Cyclic

offer appealing and concise groupings for bacteriocin research,
but the diversity of bacteriocins and lack of sufficient structural
information for many bacteriocins render these systems imperfect.

GENETIC ORGANIZATION
Genes associated with bacteriocin expression are often described
as being arranged in operons variously found in different

elements of the bacterial genome.12,55–58 Frequently, though,
bacteriocin-associated genes are described as being arranged
in gene clusters. Since many bacteriocin genes are under
the regulation of multiple promoters, their structure does not
technically match the description of an operon, although the term
is often used. Nisin-associated genes, for instance, are regulated
by three distinct promoters, all auto-regulated by extracellular
nisin,59 making nisin expression more accurately described as
under transcriptional regulation of a regulon. Gene clusters are
often complex, with divergently transcribed genes encoded on
complimentary strands of DNA60 and ancillary genes encoded in
different loci from the structural gene.12 And, as was noted in
the discussion on genome mining for identification of bacteriocin
expression, the presence of bacteriocin operon components does
not necessarily indicate that functional expression, and partial
or inactive operons have been identified.11 Functional operons
have been identified on the chromosome, as in the case of
sakacin11 and mersacidin;49 on plasmids, both conjugative and
mobilizable, as is the case of many colicins10 and pediocin
PA1;61 and transposon encoded, for which nisin A is a prime
example,2 as is lacticin A.1 Bacteriocin gene clusters are commonly
associated with transferable elements like plasmids (or conjugative
transposon in the case of nisin A) because of their wide distribution
in nature, non-essential function, and conferrable advantage.10,14

However, many examples of chromosomally encoded bacteriocins
exist. Some of these potentially resulted from the introduction
of transferrable elements into the chromosome, including the
transposon containing the nisin A structural gene, which is
found in the chromosome of Lactococcus lactis.16,62,63 In all cases,
the bacteriocin operon contains a structural gene, encoding
either the bacteriocin itself or a pre-peptide subject to further
modification. Additional ancillary genes may include immunity
peptides, modifying enzymes, secretion machinery, and an
inducing factor – a bacteriocin-like substance. The exact makeup
of the operon is dependent on the structure, regulation, and
expression of the bacteriocin, but commonalities have been
observed among distinct groups of bacteriocin producers. There

are exceptions to these general schemes in terms of both
regulation and genetic organization, for which carnobacteriocin
B2 serves as an example for further reading.64,65

Regulation
Placing the bacteriocin structural and modification genes under
the control of a single promoter, or in a regulon, allows for
induction of expression only under conditions when bacteriocin
secretion is advantageous to the cell. As described in the
section on environmental relevance, bacteriocin expression in
native environments generally occurs at a low level and, under
all proposed reasons for expression, is involved in interactions
with other bacteria in close proximity. Therefore, expression is
only useful when a certain density, or quorum, of neighboring
cells has been achieved and is observed during late lag growth
phase.66 Quorum sensing is the primary mechanism for regulation
of bacteriocin expression in most Gram-positive bacteria, and
either the bacteriocin itself or some closely related peptide
analog serves to induce expression via a signal transduction
pathway. Two regulation systems represent generalized pathways
for transcriptional control of bacteriocins in Gram-positive and
Gram-negative bacteria.

Although Gram-negative bacteria make use of quorum sensing,
which is not regulated by peptides as is the case for Gram-positive
bacteria, the regulatory system for bacteriocin expression in Gram-
negative bacteria discussed here is stress induced.45 Many Gram-
negative bacteriocins like the nuclease active colicins, produced
by some E. coli and pyocins, produced by pseudomonads, are
under the regulation of an SOS promoter which is induced by
DNA damage and derepression of the SOS response. Cellular
recognition of single-stranded DNA leads to disruption of LexA
binding and expression of genes involved in DNA repair and
recombination. The same promoter governs expression of many
Gram-negative bacteriocin operons and is recognized by the
σ70 subunit of RNA polymerase. An SOS box of approximately
16 nucleotides is located around the promoter region and is the
binding site for LexA, the binding of which prevents the association
of RNA polymerase and transcription.67 When the SOS response is
induced as a result of DNA damage initially affecting only a fraction
of the producer cells, the bacteriocin is expressed in those injured
cells. Autolysis of the producer cells results in bacteriocin release,
which promotes antagonism of neighboring, sensitive cells.10,68

This system contrasts significantly with bacteriocin regulation in
Gram-positive bacteria like lactic acid bacteria, which are well
studied and are often taken to represent the whole of bacteriocin
research. The differences in regulation between nuclease colicins
and those like them and bacteriocins of lactic acid bacteria can
be taken as an indication of the potential differences in their
environmental role, as previously suggested.

The regulation of Gram-positive bacteria follows different
pathways, and those utilized by Class I and II bacteriocins
have been well characterized. Both rely on signal transduction
systems and are mostly differentiated based on their inducer
peptide. This difference distinguishes them as either two- or three-
component regulatory systems. Class I bacteriocins are under
transcriptional regulation of a two-component regulatory system,
indicating that they are auto-regulated and the bacteriocin itself
activates expression.1,10,65 The bacteriocin interacts with the first
component, a membrane-bound histidine protein kinase. ATP
is hydrolyzed and the internal portion of the kinase transfers a
phosphoryl group to the second component, a response regulator
located in the cellular cytoplasm. This causes a change in the
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structure of the response regulator which activates transcription.65

However, the complete set of genes associated with secretion of
lantibiotics is often transcribed in multiple (3–4) units and are
separated by several promoters which are activated by the same
signal response.12,69 Activation of these various promoters often
occurs at different concentrations of extracellular bacteriocin,
which is to say that the promoters vary in their sensitivity towards
activation. Moreover, the region downstream of the structural
gene in the nisin operon contains a leaky terminator site, so
that many more transcripts for the bacteriocin are generated
per complete transcript containing the structural gene as well
as modification and immunity genes.70 This additional level of
organization with multiple promoters of different sensitivities and
variability in transcription rates improves expression efficiency
and decreases unnecessary energy costs. Class II regulation is
almost identical to Class I regulation pathways except that
it is generally associated with peptide pheromone induction
as opposed to autoregulation.12,15,40 A gene unique from the
structural gene encodes a bacteriocin-like substance which is the
signal recognized by the extracellular domain of the histidine
protein kinase. The induction factor is often structurally similar to
the bacteriocin, is synthesized as a pre-peptide and undergoes
similar proteolytic processing, and is secreted through the same
dedicated transporter.16 Both Class I and Class II bacteriocins are
therefore subject to positive feedback once expression is initiated.

Both classes utilize Rho-independent termination14–16 and are
frequently flanked by regulatory sequences like inverted repeats
and palindromes, which serve not only a regulatory function but
can often indicate a recombination or transposition event.12,69

Characterization of bacteriocin regulation systems has led to
their development and exploitation in commercial settings. As an
example, the nisin-controlled expression system (NICE) contains
modified regulatory elements which allow for well-controlled and
optimized expression of the peptide.70

The Gram-negative gene cluster and its function
Despite the diversity among bacteriocin structure and sequence,
the operon structure and sequence may show homology among
distant bacterial species.39 Lagos et al. determined that the
dedicated secretion machinery utilized by microcins shared a
high degree of similarity with pore-forming colicins despite
being unrelated.71 Recent bioinformatic work has even suggested
that Gram-negative AMPs which utilize Class II-like expression
systems may exist.45 The microcin-processing machinery also
shows functional similarity to the AMP streptolysin enzymes,
as discussed in the Introduction.39 In nuclease-active colicin
operons regulated by the SOS promoter, there are typically fewer
genes present, as many of the functions of regulatory machinery
or proteolytic processing are not required by these systems.
Although this varies depending on the specific bacteriocin, this
review will discuss the well-studied nuclease colicin operons as
a representative of Gram-negative bacteriocins, which contrast
significantly with bacteriocins of lactic acid bacteria. Colicins
themselves are a somewhat heterologous group in terms of target
receptor specificities and mechanisms of action, although the
major difference among operonic structures may simply result
in the directionality of the immunity gene.72 Colicins that act by
permeabilizing the membrane of the target cell have an immunity
gene (cxi) encoded on the DNA strand complementary to the
colicin structural gene. This is in contrast to colicins with enzymatic
activities wherein the immunity gene is co-transcribed with the

structural gene.73 The immunity gene is immediately downstream
of the structural gene as is the organizational arrangement in Class
II bacteriocins produced by Gram-positive bacteria. The structural
gene is the first cistron following the promoter and is termed cxa,
where the ‘x’ stands for the respective letter code for a given colicin
(e.g. colicin V, colicin E1) based on its cell surface receptor. Some
operons may contain an additional processing gene(s), but the
final gene within the colicin operon encodes the lysin, cxl, which
initiates the release of the bacteriocin from the producer cell.10

Figure 1 is a schematic of the colicin operon.

The Gram-positive gene cluster and its function
For bacteriocins produced by Gram-positive bacteria, nisin A
and pediocin PA1 will be discussed as examples of Class I
and Class II operonic structures. The nisin A gene cluster is
analogous to many other well-characterized lantibiotics and
contains 11 open reading frames. The first is the structural
gene for the bacteriocin, nisA, followed by a series of ancillary
functions regulated by the same promoter. These include genes
for modification enzymes (nisB, nisC), a translocating protein
(nisT), the immunity protein (nisI), and a peptidase (nisP), while
the additional genes are placed under the control of one of
two other promoters. The modification enzymes NisB and NisC
are involved in post-translational modification. NisB facilitates
dehydration reactions in the generation of Dha and Dhb while NisC
is involved in formation of lanthionine bridges.74 NisT transports
the fully modified peptide across the cell membrane,65 while NisP
cleaves the leader sequence from the pre-peptide.75 The immunity
protein NisI is a lipopeptide and is associated with producer
immunity for intracellular nisin (nisin ‘interception’) whereas the
three immunity genes nisFEG regulated by the most downstream
promoter are affiliated with disruption of nisin interaction with the
producer cell membrane.76 The genes regulated by the middle
promoter encode the regulatory machinery NisR and NisK, the
response regulator and histidine protein kinase necessary for
signal transduction.65 A point of variability among lantibiotic gene
clusters concerns the modification enzymes. In some bacteriocins,
including lacticin A, the modification is carried out by a single
enzyme (generalized as LacM) as opposed to proteins analogous
to NisB and NisC – although, in the lacticin operon, there happens
to be a duplication of the lanM gene, but this is not a general rule.14

The pediocin operon is exemplary of those for Class II
bacteriocins, is expressed in multiple species of Pediococcus and
even across genera in the case of Lactobacillus plantarum,77

and has demonstrated homology with coagulin (producer:
Bacillus coagulans).78 Like the colicin operon, the operons of
Class II bacteriocins can be somewhat streamlined compared
to those of the lantibiotics since some enzymes involved in
post-translational modifications are unnecessary. However, many
of the remaining genes are homologous to their lantibiotic
counterparts, including genes involved in signal transduction.79

The structural gene papA is the first to follow the promoter and the
gene encoding the immunity protein papB typically immediately
follows. The peptidase PapC cleaves the leader sequence and
PapD is the system’s dedicated transporter.12,80,81 The diversity
of pediocin-producing bacteria is an indication of horizontal
transfer of these plasmid-encoded genes. In the L. plantarum
gene cluster, the pediocin operon is homologous to that found
in various Pediococcus species, but after a distance of only a few
hundred base pairs on either side of the operon the sequence
diverges significantly. The pediocin operon is generally defined
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(a)

(b)

(c)

papA papB papC papD

cxa cxi cxl

NisA NisB NisT NisC NisI NisP NisK NisG NisR NisENisF

Structural Modification Transporter Immunity Peptidase 
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Protein 
Kinase 

Response 
Regulator 
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Structural Immunity TransporterPeptidase

Structural Immunity Lysin

Figure 1. Variability in gene clusters for (a) nisin, (b) pediocin, and (c) colicin.

as containing the four genes papABCD previously described, but
additional ancillary genes may be located elsewhere in the genome
as a result of genetic exchange.12 For further reading on the operon
structure for Gram-positive bacteriocins, see the review by Chen
and Hoover1 and for Gram-negative bacteriocins see the review
by Riley.10

PEPTIDE STRUCTURE ANALYSIS
The structural gene for all bacteriocins encodes the primary
amino acid sequence and is the single greatest determinant of
subsequent activity. The original sequence may be enzymatically
modified, proteolytically processed during secretion, and folded
into secondary and tertiary structures which collectively contribute
to important structure–function relationships relevant to a given
bacteriocin’s mechanism of action. Structural analysis of the
bacteriocin macromolecule yields valuable insight into the target
and specificity for antimicrobial activity, potential mammalian
toxicity, and requirements for generating variants or engineering
new antimicrobials. Structural analysis is often dependent on
a combination of biochemical assays, genetic experiments
for both point mutations and peptide fusions/deletions, in
addition to nuclear magnetic resonance (NMR) spectroscopy, X-ray
crystallography, and circular dichroism (CD). Structural analysis is
often difficult and dependent on the ease with which a bacteriocin
can be purified or crystallized, and data, once obtained, may
be subject to interpretation and inference in the absence of
direct evidence for structure–function relationships. The results of
such analysis, though, provide information regarding the role of
specific peptide domains and determination of active sites within
the bacteriocin.

Post-translational modifications
In the case of lantibiotics, primary sequence structure is altered
by post-translational modification prior to secretion and is
necessary in the generation of a functional peptide. Modification
reactions for nisin are mediated by the enzyme NisB and involve
dehydration of specific serine or threonine residues to form

Dha or Dhb – amino acid derivatives containing an alkene in
resonance with the carbonyl.5 The specificity of the modification
enzymes for their peptide substrate and generation of products
with the correct stereochemistry is an important component of
functional lantibiotic biosynthesis, and is one of the challenges
of synthetic engineering.82,83 The second modification enzyme,
NisC, is involved in the formation of cyclic structures from the
dehydration products of the NisB reaction.74 The Dha or Dhb
residue along with a neighboring cystine undergoes a Michael
addition to form a lanthionine or β-methyllanthionine bridge – a
covalent modification which plays a significant role in structure
determination for lantibiotics. The thiol group involved in bridging
could be contributed from cystines throughout the primary
structure since a ‘neighboring’ thiol group is defined only as
one for which torsion angles and steric hindrance are conducive
for bridging, but enzyme specificity exactly determines these
modifications.83,84 Moreover, nisin contains unbridged Dha and
Dhb, indicating that the enzyme does not act on all Dha/Dhb
residues as substrates. In fact, the unbridged Dha located at the
5-residue position in nisin is essential for its interaction with the
target cell membrane and its antibacterial effects.82 The specificity
of modification enzymes (LanB, LanC, or LanM) varies, so that
a recombinant enzyme may function in a different bacteriocin
expression vector. However, enzyme activity retains enough
specificity to selectively dehydrate only certain cystine/threonine
residues and form bridges between exact Dha/Dhb and cystine
pairs.85 For structural determination of novel lantibiotics, lanthione
bridges must be determined using spectroscopic methods (3D
NMR, matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry) and sequence analysis since oxidation of
thioether bridges results in two alanine residues with no indication
of involvement in lanthionine/β-methyllanthionine bridges.86,87

Post-translational modifications are involved in stabilizing the
molecule, an important feature for consideration in application,
and contribute to structural elements necessary for antimicrobial
activity. Figure 2(a) depicts the post-translationally modified nisin
peptide interacting with a lipid membrane.
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(a) 

(b) 

Figure 2. Structural analysis of Class I nisin and Class II sakacin P. (a) Nisin
structure (red) in complex with the lipid II receptor molecule elucidated by
Hsu et al.118 Image generated using Swiss-PDB viewer 4.0.4. (b) Sakacin P
structure in micelles as elucidated by Uteng et al.92 Image generated using
Swiss-PDB viewer 4.0.4.

Leader sequences
Many characterized bacteriocins are first synthesized with a pre-
peptide leader sequence attached to the N-terminus of the
bacteriocin.88 Whether the structural gene encodes for a leader
sequence is in keeping with the respective bacteriocin’s secretion
system.89 Unlike colicin V, which utilizes a secretion system, other
colicins with nuclease activity are not transcribed as a pre-
peptide and do not require subsequent proteolytic processing
since they do not utilize a dedicated transport system.10,72,90

Similarly, Class II bacteriocins which utilize the general sec- pathway
have leader sequences which differ from those that utilize ABC
transporters. The structural gene encodes for the pro-peptide
in Class I and II bacteriocins. It includes an additional sequence
extension which encodes for 18–28 amino acids not present in
the functional bacteriocin expressed in the culture supernatant.2

The protease encoded in Class I and Class II bacteriocin gene
clusters is responsible for cleavage of the pro-peptide, which
occurs in tandem with secretion. The antimicrobial activity of the
bacteriocin is greatly attenuated by the leader sequence, which has
led to speculation that the leader peptide protects the producer
bacterium prior to secretion.1,88 Additionally, the leader sequence

is recognized by the domain of the secretion machinery located
in the cytosol of the cell by its characteristic hydrophobic charge,
which aids in export from the cell. The pre-peptide sequence is
conserved among related bacteriocins with a double glycine motif
characteristic of Class IIa bacteriocins serving as the recognition
site for proteolytic cleavage.89

Primary sequence
Amino acid sequence dictates the formation of various 3D
structural elements that are determinants for bacteriocin activity.
In addition to the overall structure and charge of various peptide
domains, individual amino acids are involved in specific binding
as active sites, so that substitution of particular residues with
even residues of similar size and charge will result in a decrease

in function.88,91–94 Ascribing function to particular amino acids
or particular structural elements can be tenuous as the two are
closely tied; however, defining activity determinants is necessary
for the generation of derivatized or engineered bacteriocins.
Sequence identity contributes general characteristics such as
net surface charge, which for many bacteriocins is cationic and
contributes to cell wall affinity.95 Class IIa bacteriocins have been
well characterized structurally and analysis of the sequence of
the N-terminal domain reveals the highly conserved sequence:
YGNGV.96,97 The N-terminal of pediocin, and bacteriocins like it, is
associated with binding the target cell receptor, but it is predicted
that this interaction is facilitated by the general hydrophobicity of
the residues as opposed to the specificity of the YVGNGV (referred
to as the ‘pediocin box’) sequence.88,97 See Fig. 2(b) for a depiction
of the pediocin-like bacteriocin sakacin P in lipid micelles. Three
amino acid residues are of particular significance as determined
by analysis of mutant IIa bacteriocins altered in only a single amino
acid residue, and they are cystine, tryptophan, and proline. Proline
is rendered significant mostly by its absence in much of the primary
sequence. A survey of the primary sequences available for a diverse
set of bacteriocins (+100) indicates that the relative abundance of
proline in these compounds is proportionally very low. Proline’s
unique structure, wherein the amino group is part of a heterocyclic
R-group, explains this phenomenon. Replacing a native amino acid
with proline consistently resulted in a decrease in activity, since
proline restricts torsion angles and hydrogen bonding potential
in peptides. In contrast, substitution of a pre-existing proline with
another amino acid also resulted in a decrease in activity that
was not associated with structural changes based on structural
analysis and location of the residue near the terminus of the
peptide. Taken generally, these data suggest that, while proline
may be found in low abundance in bacteriocins, the presence of
proline when it does occur serves a specific purpose in bacteriocin
functionality.91,98 Among Class IIa bacteriocins, specific tryptophan
residues have been found to be highly conserved and necessary
for activity. Modification of any of the tryptophan residues has
been found to be deleterious to activity, as was the modification
of many other of the aromatic compounds. In particular, this
class of bacteriocins has a conserved tryptophan residue located
near position 18/19 which serves as a junction between the
aqueous-facing N-terminal domain and the membrane-embedded
C-terminal domain. This tryptophan is essential and does not
tolerate substitutions – even substitution with another aromatic
residue.91,97 Rihikova et al. noted that several residues following
this tryptophan are also essential, prompting a description of this
region as a kind of active site required to maintain function of
the C-terminal domain.91 Substitution of amino acid residues at
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positions 19, 21, or 23, even if the substitution was similar in
size and charge, decreased the inhibitory activity. Furthermore,
none of the substitutions greatly impact the higher orders of
peptide structure. Tryptophan’s characteristic hydrophobic and
hydrophilic sides have been associated with transitional positions
at membrane interfaces and are predicted to serve a crucial
function in domain orientation which cannot be achieved by other
aromatic compounds.88

Finally, the role of cystine has been shown to be significant
in the generation of disulfide bridges for this same class of
bacteriocins. Disulfide bridges contribute to the stability and
target cell recognition of pediocin-like AMPs. In the N-terminal
domain, a single disulfide bridge is generally found and serves a
stabilizing function, while the presence of a cystine residue and
subsequent disulfide bridge C-terminal domain is more variable.
However, elimination of either of the cystine residues generally
proves deleterious, with the activity of pediocin itself being one of
the most sensitive to the loss.99 It is the formation of the disulfide
bridge form cystine and its stabilizing effect on the larger peptide
domains which causes has such a deleterious effect on bacteriocin
activity and specificity.88,91,97 However, this effect has been shown
to be a result of structure as opposed to direct interaction of the
cystine residue with any particular receptor.100

Many of the sequence features which play a large role in defining
activity for lantibiotics are discussed in the above section on post-
translational modifications. Lanthionine bridges, as an example,
maintain a characteristic 5-ring structure, which is necessary for
nisin activity. Nisin has two naturally occurring variants, nisin A and
nisin Z, which are distinguished by a single amino acid difference
(A27H). While this change does not have an impact on activity, the
nisin Z variant has been reportedly more soluble at neutral pH,
which is a desirable characteristic for applications in food.93

Structural domains
Folding of the primary sequence yields secondary structures (α-
helices, β-sheets, turns) and tertiary structures largely defined
as orientation of secondary structures in particular domains.
Quaternary structure is sometimes relevant for bacteriocins
since peptides may oligomerize to form subunits of an active
inhibitory complex. Bacteriocin AS-48, as an example, was
characterized as a helical bundle that dimerizes in membrane-
mimicking conditions to form a torridal pore complex that causes
membrane permeabilization.94 Structural analysis has depended
on circular dichroism analysis for prediction of secondary structural
elements when purified bacteriocin is in an aqueous solvent,
hydrophobic solvent, or in the presence of micelles.92 For pediocin-
like bacteriocins, an undefined structure has been observed
in aqueous solutions, while more defined α-helix and β-sheet
structures are formed in a hydrophobic environment or when
added to micelles.88,94,101,102 Characterization of over 25 Class IIa
bacteriocins has indicated that these compounds share similar
sequence identity, similar secondary structural elements, but
different global domain orientation. These data have indicated that
the mechanism and dedicated purpose for the structural features
is common across this group, but that differences in domain
structure have resulted in the range of target specificities.103

While this is true for the Class IIa bacteriocins that have been
characterized, other bacteriocins have more specific binding
requirements based on recognition by an active site.10,72,80,88,91

Class IIa bacteriocins are composed of two distinct domains. The
N-terminal domain is highly conserved and composed of three
antiparallel β-sheets, which are stabilized by a disulfide bond

as previously described.104 This domain’s hydrophobic regions
extend outside the cell membrane and are associated with receptor
recognition. Since this region is so highly conserved, the diversity
of target spectra for different Class IIa bacteriocins is explained
by variations in the orientation of the β-sheets imposed by the
exchange of only a few different amino acid residues. The cystine
involved in bridging in this region, as previously described, is
necessary for activity and may orient the N-terminal domain
for receptor site recognition.8 The more hydrophobic C-terminal
domain is known for having slightly more sequence divergence.
Consistently, though, this domain forms one or more membrane-
embedded α-helices which may or may not be stabilized by an
additional cystine residue, depending on the particular bacteriocin.
The remainder of the C-terminal domain extension folds back in
a hairpin turn in the hydrophobic membrane bilayer and remains
antiparallel to the α-helix.105 The number and length of α-helices
and length of the hairpin turn account for much of the variability
observed within this domain.88,91 This C-terminal domain is
associated with spatial orientation of the bacteriocin within the
cell membrane and membrane permeabilization of the target, and
the active site discussed in the previous section, including amino
acid residues 19–23, are within this central α-helical domain. It
has been proposed that pediocin-like bacteriocins act as pore
formers and the hydrophobic C-terminal domain interacts with
the cell membrane, while the N-terminal domain eventually
forms an interior portion of the pore.8 The two domains are
separated by a flexible hinge, inclusive of a conserved tryptophan
residue.80 The hinge allows movement of the two domains relative
to one another, facilitating the mechanism of action.80 Among
several lantibiotics, similar features crucial for activity have been
identified and are comparable to the flexible hinge and conserved,
hydrophobic helix identified in Class IIa bacteriocins.106 Structural
differences between subtype A and B lantibiotics have also been
associated with differences in activity. Class IA bacteriocins are
viewed as rigid, cationic peptides which often bind a target
receptor and induce membrane permeabilization, whereas type B
are globular, neutral anionic peptides which bind a target receptor
and prevent cell wall synthesis.93

Functional analysis
Determination of the structural features that contribute
to antimicrobial activity is an integral part of bacteriocin
characterization. Functionality that stems primarily from structural
domains can often tolerate amino acid substitution given that
the altered residue has similar properties. Nisin variants have
been successfully generated by selective mutations using similarly
charged amino acids that maintain the cationic charge of the
peptide. The significance to the net charge of the molecule
was further illustrated by showing a decrease in antimicrobial
activity when the net negative charge on the micelle surface
was reduced.107 Interestingly, modification of surface charge is
one of the methods of target cell resistance when sensitive
cells are exposed to cationic AMPs.108 Modifications to particular
amino acid residues can be used to modify characteristics like
solubility, pI, and target specificity. Recent studies have shown
that even required amino acid residues like cystine can be
modified if the modification retains the native structural features
of the disulfide bridge. Multiple examples of alkene groups
substituted for cystines in Class IIa bacteriocins have successfully
maintained the antilisterial characteristics of the bacteriocin,
since the olefin groups retain the native structure without
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introducing cyclization.109,110 Much of this research benefits from
comparison with known structures and homology modeling,
making continued contributions to protein databases of significant
value.111 Structural analysis is often coupled with determination
of the mechanism of action. Indeed, concomitant experiments
involving mutagenesis, structural analysis, and biochemical assays
are almost required for prediction of either.105

MECHANISM OF ACTION
Bacteriocins antagonize sensitive cells through different
and distinctive mechanisms. Although structure–function
relationships have only been determined for particular
bacteriocins and to varying degrees, examples of bacteriocins
targeting the cell wall, cell membrane, nucleic acids, or enzymes
have been established. Some colicins, as discussed above, have
enzymatic activity and target nucleic acids.10,112 Examples include
colicin E2 and colicin DF13, which have ribonuclease activity,
and colicin E2, which has endonuclease activity, requiring DNA
as a substrate.17 Alternatively, many bacteriocins produced by
lactic acid bacteria act by pore formation or inhibition of cell
wall biosynthesis, and have been known to bind specifically
to lipid II moieties on the cell surface. Mersacidin and other
lantibiotics belonging to Class IB bind lipid II and inhibit cell
wall biosynthesis by preventing transglycosylation.113 Similarly,
the glycopeptide antibiotic vancomycin binds lipid II and blocks
the enzymatic function required for cell wall synthesis.114 Nisin
also binds lipid II and at sufficiently high concentrations has been
shown to significantly impede cell wall synthesis.115 However,
the primary killing mechanism resulting from nisin treatment
is cell membrane permeabilization. The pore formation steps
involved in permeabilization of the cytoplasmic membrane by
nisin have been well studied. The initial interaction between AMP
and the cell is mediated by charge attractions between the cationic
peptide and the negatively charged cell envelope, and decreasing
the net charge in either of these entities results in decreased
activity.114,116 This particularly concerns the positively charged
amino acids near the C-terminus of nisin, which are attracted to
the negatively charged phospholipid membrane during initial
interaction.117 Specific binding subsequently occurs between
the N-terminus of nisin and the cell surface receptor, lipid II.
Multiple rings generated by the formation of lanthionine bridges
established a corkscrew-like structure in the N-terminus that binds
the disaccharide–pyrophosphate of the peptidoglycan precursor
lipid II.118 While several bacteriocins have been found to utilize
lipid II as a docking molecule in their mechanisms of action, as
mentioned above, distinctive differences have been observed in
the region of lipid II targeted by the various peptides. For instance,
mersacidin, actagardine, and the AMP vancomycin have different
lipid II binding sites compared to nisin, so that a target cell which
has acquired resistance to one of these AMPs may still be sensitive
to the inhibitory effects of the others.119 For nisin and many
other bacteriocins of lactic acid bacteria, binding to the docking
molecule is followed by the generation of membrane pores via
one of several models, described below.

However, it should be noted that binding to a specific target
receptor is not a universal step in bacteriocin mechanisms of
action. Some bacteriocins only require electrostatic interaction
between the AMP and the host cell surface to induce activity.120

Many eukaryotic AMPs do not require such binding, while it is
more common for bacteriocins to utilize a target receptor – a
step that is associated with their high degree of target specificity.

A higher MIC is an indication of a bacteriocin that does not
require receptor binding for activity. This can be confirmed
experimentally by enantiomeric analysis. If activity is observed
in both enantiomeric forms of the peptide, then receptor binding
may not be needed.121 The attraction of cationic peptides for
anionic cell surfaces has also explained the lack of bacteriocin
cytoxicity towards mammalian cells. Bacterial cell envelopes,
either Gram negative or Gram positive, have a net negative
charge from either lipopolysaccharide (LPS) or teichoic acid and
phospholipids, respectively. This is in contrast to the cell surface
of a mammalian cell, which is composed of phosphatydilcholine
and sphingomyelin phospholipids that establish a net positive
charge.122 Although these surface charges are the basis for non-
receptor-mediated interaction, it has been observed that the
density of LPS content in the target cell membrane is not directly
correlated with activity to the same degree that activity has
been correlated to the density of receptor content in target cell
membranes for receptor-mediated bacteriocins.123

Challenges with determining mechanism of action
Pore formation is generally regarded as the primary killing
mechanism for nisin, but a secondary mechanism of action
has been observed at high concentrations and over longer
periods of incubation.124 Since nisin binds the peptidoglycan
precursor undecaprenylpyrophosphoryl-MurNAc(pentapeptide)-
GlcNAc, cell wall synthesis can be inhibited by the presence
of high levels of nisin.119 During cell division, nisin treatments
impede cell wall synthesis at the septum and resulting daughter
cells show abhorrent cell morphologies.14 These results led to
reports that nisin antagonized cells by inhibition of cell wall
synthesis,125,126 while alternative studies that focused on the
leakage of cellular contents suggested pore formation as a primary
mechanism.14,119,127,128 However, pore formation is induced at a
lower peptide concentration than is required for inhibition of
cell wall synthesis and occurs more rapidly, which implicates it
as the primary killing mechanism.14 Indeed, the role of peptide
concentration in studying the mechanism of action can prove
significant. Harvard et al. noted that all AMPs would probably
permeabilize the cell membrane at a high enough concentration
because at least a part of the peptide would likely be involved
with membrane interactions to facilitate translocation into the
cell for subsequent interaction with the intended target, be it
enzymes, nucleic acids, etc.129 In fact, high concentrations of
nisin have even been known to eliminate the dependence of
inhibitory activity on the density of docking molecule within
the membrane.124 These secondary mechanisms and alternative
effects that emerge at elevated peptide concentrations, which
are often used experimentally, underscore the challenge of
accurately determining the primary mechanism of action for a
given bacteriocin.

Cellular targets and mechanism of action are frequently
determined in vitro by assessing biochemical changes resulting
from the treatment of sensitive cells with bacteriocins. Often
indirect assessments, these studies have led to the development
of several different mechanistic models for pore formation
and limited the general acceptance of any individual model.14

Liposomes, or other synthetic membranes, may be alternatively
used to assess the effect of different membrane components
on permeabilization efficiency and provide a simplified model
wherein a specific membrane-contained compound can be
assayed in the liposome suspension.95,120 Leakage of the
target compound suggests membrane damage, and liposomes
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containing compounds of different molecular sizes may be assayed
as a way of estimating pore size. These data suggest whether cell
death is a result of either proton motive force (PMF) depletion, as is
the case for relatively small pores, or immediate loss of metabolites,
suggested by the formation of larger pores.14 It has been reported
that nisin and other Class IIA bacteriocins antagonize cells by
depleting the PMF, while pediocin-like bacteriocins cause the
efflux of larger molecules. Moreover, some bacteriocin-induced
pores may cause leakage of only specific molecules or those with a
specific charge.95 Other characteristics defined by in vitro analysis
of pore-forming bacteriocins include pore lifetime and membrane
conductivity.38 General analysis of membrane permeability has
often been assessed with several of the experimental methods
mentioned in the previous section on peptide structure and
function. CD experiments have indicated conformational shifts
and membrane insertion, while site-directed mutagenesis and
spectroscopy have been used to determine the peptide domain
which spans the membrane in pore formation.14,123,125 Collectively,
these features are used in predicting the pore-forming mechanism,
whether multiple copies of the bacteriocin are required for
formation of a single pore, and to further characterize the events
leading to cell death.

However, as previously stated, these conclusions are limited by
their dependence on experimental conditions since conflicting
results may be obtained from different assays, membrane
systems, or with the use of different bacteriocin concentrations.
It has even been suggested that these conflicting results may
indicate different biological activity under different environmental
conditions, while other ambiguities have been retrospectively
taken as experimental artifact.129 The secondary effects of nisin
treatment, as an example, represent the importance of peptide
concentration in assessing mechanism of action. The exclusive
use of only artificially high peptide concentration as definitive in
pore formation studies should be proscribed. These experiments
may be inadvertently designed to only recognize pore formation
as the mechanism of action as a consequence of high levels of
amphipathic bacteriocin, regardless of any subsequent activity.129

A tell-tale indication for secondary effects is if the putative activity
is only observed at concentrations above the MIC. Different
detection methods have also contributed to the contrasting
conclusions concerning the nisin mechanism of action. Mutagensis
with fluorescently labeled tryptophan residues and spectroscopy
suggested cell wall synthesis was the primary mechanism, while
studies with liposomes indicated membrane permeabilization
was the primary cause.14,125 In an analogous example, mechanistic
details concerning the pore formation mechanism for magainin
were originally debated due to conflicting results concerning
peptide orientation during pore formation at various peptide
concentration levels. Both results were eventually explained by a
universal model in which peptide orientation is concentration
dependent.123 Shai et al. divided experimental methods into
three categories based on their limitations.123 The first category
is comprised of methods which are highly sensitive and report
on initial steps in the mechanism of action, prior to obvious
damage to the cell or vesicle, and includes highly sensitive
fluorescent-labeled or radiolabeled probes. The second group is
substantially less sensitive and unable to effectively monitor initial
binding reactions; however, the majority of cellular structures
maintain their integrity. This group includes the majority of
mutagenesis and spectroscopic analysis. The final category
includes the least sensitive assays – those which quantify the
effects of cellular damage such as leakage of intracellular contents

from liposomes. The results from these three types of studies
may be contradictory and a lack of clarity regarding bacteriocin
mechanisms remains. However, current research suggests that
pore formation and membrane permeabilization is the most
common mechanism among known bacteriocins, and it is certainly
the most studied.124,125

Pore formation
Many AMPs act by inducing pore formation. Some bacteriocins
associated with pore formation include nisin A, pediocin PA1,
subtilin, epidermin, and streptococcin A-M57.14 Other two-
component lantibiotics are also known pore formers: lactococcin
Q and lactacin A are membrane active. For these bacteriocins,
one of the peptides binds a cell surface receptor and the other
peptide interacts with the membrane. Consequently, optimum
activity requires approximately equal quantities of the peptide
components and activity may be attenuated by the exclusion of
either.95 A peptide domain with an α-helical secondary structure
is often associated with transmembrane localization, whether or
not that domain is a peptide acting in a two-component system
or encompassed in a single, fully active peptide.121 This same
α-helical confirmation is not associated with other mechanisms of
action such as inhibition of DNA or cell wall synthesis.112

Pore formation can lead to cell death as a consequence
of PMF depletion through dissipation of the pH gradient or
membrane potential. Alternatively, cell death can result from efflux
of phosphate, amino acids, or other metabolites.113 Liposome
experiments to determine pore size and assays quantifying
membrane potential, as mentioned above, are used to resolve
the different causes of cell death resulting from pore formation.
The two-component bacteriocin lactococcin dissipates membrane
potential, which depletes the PMF. However, the pH gradient
component of the PMF remains intact as lactococcin-generated
pores do not allow for the translocation of protons. Alternatively,
potassium ions are rapidly effluxed by sensitive cells treated
with lactoccin and cellular ATP levels are significantly reduced,
indicating that potassium-selective pores result in the depletion of
the PMF, which diminishes the cell’s ATP levels and prohibits ATP-
dependent reactions.95 Lactacin also induces potassium ion efflux
as well as phosphate efflux, but the activity is not dependent
on depletion of the PMF. The ATP hydrolysis equilibrium is
shifted due to the loss of cellular phosphate, which results in
a decrease of available ATP.116 Conversely, nisin- and pediocin-
induced pores are nonspecific and result in efflux of protons and

other charged molecules.124,130–133 While pore specificity may
vary among bacteriocins that act by pore formation, collapse
of PMF generally results from efflux of cellular contents, which
destroys either the pH gradient or membrane potential or both
and that loss, in turn, reduces ATP levels within the cell and restricts
energy-requiring biosynthetic processes.14 The process by which
peptides assemble and form pores is another source of variability
among bacteriocin mechanisms of action.

Pore formation models
Several models of the mechanisms of action for pore-forming
compounds have been proposed. The models are not specific to
bacteriocins and many were originally developed to explain the
activity of other AMPs. In these different models, the peptide enters
the membrane by one of two general principles. Bacteriocins are
often described as containing two domains: one responsible for
binding the target receptor and a second for pore formation.
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Pore formation requires conformation changes in the peptide
as it moves from a hydrophilic environment to the hydrophobic
environment of the membrane. This is accomplished by either
a structural shift in the individual peptide to adopt a more
hydrophobic surface once in contact with the membrane or by
oligomerization of peptides such that hydrophobic amino acids
are on the exterior of the channel in solution, but an inversion
of the arrangement once in contact with the membrane so that
hydrophobic regions are then on the inside of the channel.122

An additional factor which diversifies the pore formation models
even further is the permeabilization event itself. The AMP may
form temporary pores or channels of varying lifetimes; the AMP
may form micelles around membrane fractions; or the AMP may
cause dissolution of the membrane.129 The step-wise arrangement,
orientation, and permeabilization mechanisms of AMPs have
been described in five models: barrel-stave, wedge, toroidal pore,
carpet, and aggregate. It is not clearly understood whether or not
one of these models predominantly represents pore formation,
or whether certain models hold for particular bacteriocins or
under certain environmental conditions. Moreover, these models
are based on the activity of α-helical AMPs with little research
indicating which model describes the activity of β-sheet forming
AMPs.129

The barrel-stave model
The earliest of the models proposed for pore formation is the barrel-
stave mechanism. It was originally used to describe the activity
of the bacteriocin nisin and the AMP melittin, but both have
been more recently characterized by the wedge and toroidal pore
models, respectively.132,134 The barrel-stave model was originally
proposed by Sahl et al. and was generally recognized as the mech-
anism by which pore formation occurred,135,136 but has lost favor
in recent years.134 The wedge model, described below, has been
reported as a modified version of barrel-stave and is instead the
predominant model currently used for lantibiotics.124 Nonetheless,
the barrel-stave is still descriptive of the activity for the AMPs gram-
icidin, alamethicin, and other cytolytic toxins.38,124,137 The barrel-
stave mechanism is unique compared to other models in that
the peptides themselves enter into the hydrophobic core of the
membrane to form the pore instead of ‘tempting’ a change in lipid
orientation.121 In this way, the peptide serves as a stave supporting
the barrel-shaped cluster of the pore, an activity from which the
model’s name is derived. This model is specific for peptides which
are amphipathic α-helices such that hydrophobic regions of the
secondary structure will orient themselves towards the hydropho-
bic lipid membrane, while hydrophilic regions will line the lumen
of the water-filled channel formed by the barrel of α-helical
bundles.123 Peptides in this model are originally attracted to cell
membrane based on electrostatic interactions, and parallel aggre-
gation of peptides on the membrane surface causes thinning of the
phospholipids in a density-dependent manner. Once a threshold
level is reached, cooperative binding is initiated between at least
two of the peptides, which can then integrate into the hydrophobic
lipid membrane.137 This small peptide oligomer is required prior to
insertion into the membrane in order to satisfy hydrophobic inter-
actions with the membrane by an amphipathic peptide.122 Once
the initial helical bundle has permeated the lipid bilayer, additional
peptides are recruited to form the channel. Based on this mecha-
nism, pores formed by the barrel-stave model should be a consis-
tent size.129 An unknown number of peptides serve as staves for the
fully formed pore. However, predictions can be made about how
many peptides are required, and the potential of a peptide to utilize

the barrel-stave mechanism based on an AMPs size and length.14

That is, a minimum length of 22 amino acids has been proposed for
an α-helix capable of spanning the length of the cell membrane.
Subsequently, AMPs smaller than 22 amino acids may utilize a dif-
ferent mechanism for pore formation.123 The pore formed through
the barrel-stave mechanism is illustrated in Fig. 3(A).

The wedge model
A variation of barrel-stave pore formation is the wedge model,
which differs primarily in its lack of peptide exposure to the
hydrophobic core of the membrane. Although nisin A was orig-
inally described using the barrel-stave model,125 this has been
replaced by the wedge model, which is currently favored to
describe pore-forming activity by lantibiotics. An additional dis-
tinction between wedge and barrel-stave is the role of PMF. PMF
potential increases the killing activity of peptides in the barrel-
stave model, while PMF decreases the ability of the peptides to
insert into the membrane in the wedge model.125 The wedge
model was originally proposed by Moll et al.125 and is the current
mechanism favored for nisin activity. This model was predicted
based on NMR findings indicating that nisin remained parallel to
the lipid bilayer, which is to say that the peptide never pene-
trated the hydrophobic core of the membrane and instead the
phospholipids themselves reorient in response to nisin binding.38

Hydrophilic residues are, as in the barrel-stave model, predicted
to line the internal channel while hydrophobic side chains are
predicted to be shallowly embedded in the outer leaflet of the
membrane.125 The initial binding of nisin to the membrane cre-
ates strain, which tempts the phospholipids into reorientation.114

Several nisin molecules are involved in formation of a single pore,
transiently formed and unstable due to the hydrophobic forces
driving the restoration of the native bilayer arrangement.95 This
is in keeping with the short lifetime observed for nisin-mediated
pores which have been measured to transiently exist for only a
number of milliseconds.117 The size of the pore has been estimated
to have a diameter of about 1 nm, which supports the model’s pro-
posed involvement of multiple nisin molecules.38 The pore formed
through the barrel-stave mechanism is illustrated in Fig. 3(B).

The toroidal pore model
The toroidal pore model, also known as the wormhole model,
can be thought of as a hybrid between barrel-stave and wedge
mechanisms. Like the barrel-stave, peptides orient themselves
perpendicularly in respect to the membrane and are directed
towards the lipid core. Like the wedge model, the orientation of the
phospholipids in the membrane is corrupted by interactions with
the AMP, introducing curvature into the bilayer, and the resulting
strain aids in pore formation.129 The shape the membrane takes as
it folds back on itself is said to resemble a torus, from which this
model’s name is derived.121 Several AMPs are predicted to use this
mechanism, including melittin, protegrins, and magainin.124,134

Although less common, some bacteriocins have also been
predicted to follow the toroidal pore model. Lacticin Q is reportedly
the only known bacteriocin from a Gram-positive bacterium
to follow this mechanism, and colicin E1 is the only reported
bacteriocin from a Gram-negative bacterium.120 In this model, the
AMP aggregates on the membrane surface and begins to tempt
the membrane into adopting a positive curvature.112 This induces
transbilayer movement known as lipid flip-flop, which results in a
channel formed by both the perpendicularly oriented peptides as
well as the head groups of the phospholipids.138 This pore structure
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BA C D E

Figure 3. Models for pore formation by AMPs: (A) barrel-stave; (B) wedge; (C) toroidal pore; (D) carpet; (E) aggregate channel.

is unique to the toroidal pore model where the lumen of the pore
is lined with both peptide and lipid membrane. This model is also
associated with the formation of larger pores, those which have
been shown to cause leakage of dextran, and even small peptides
from model membrane systems.120 The pore formed through the
barrel-stave mechanism is illustrated in Fig. 3(C).

The carpet model
Two models have been developed which predict AMP activity
by micellization of the lipid membrane. The first of these is
the carpet model, in which peptides solubilize the membrane
and lead to dissolution of the lipid bilayer. In contrast to the
aggregate channel model, described below, the carpet model
involves total peptide coverage, as with a carpet, of regions of
the membrane. Peptides align parallel to the membrane based on
electrostatic interactions.129 Once a threshold concentration has
been achieved, the detergent-like activity breaks up regions of
the membrane and leads to micelle formation. This requires the
rotation of phospholipids.121 This model has been proposed as
the primary mechanism by which AMPs act against Gram-negative
bacteria. AMPs which have been predicted to utilize the carpet
mechanism include cathelicidin and melittin.112 In the initial
steps of the model, or at low AMP concentration, membrane
channels like those formed in a toroidal pore mechanism may be
formed.121,122 Oren et al. suggest that a carpet-like mechanism
better represents the activity of most α-helical AMPs which
do not principally self-aggregate prior to insertion into the
membrane, a requirement of other models. Moreover, electron
microscopy has indicated that many α-helical AMPs cause drastic
permeabilization, beyond what is anticipated by simple pore
formation, at high concentrations.121 The pore formed through
the barrel-stave mechanism is illustrated in Fig. 3(D).

The aggregate channel model
The proposed aggregate channel model also results in micelle
formation. Membrane perturbation through this mechanism is
a function not only of membrane–lipid interaction, but also
from displacement of divalent cations which compete with the
AMP for interaction with the membrane. This additional factor
is proposed to increase the level of lytic activity observed with
many bacteriocidal AMPs.121 This model proposes a less ordered
peptide orientation and activity. Peptides aggregate randomly
on the membrane surface, regardless of orientation, and form
channels in the membrane of variable sizes by generating
micelles. Penetration into the hydrophobic core of the membrane
is not required. Peptide aggregates induce negative strain in
the phospholipids directly adjacent and micelle-like complexes
containing a mixture of peptide and phospholipid head groups on

the surface are formed.120 The AMP maculatin is reported to use
this mechanism.112

Shai et al. proposed that the fundamental differences among the
described pore-forming mechanisms of action are based on a few
fundamental principles. The first relates to the binding interactions
of the peptide, whether or not the peptide uses a docking
molecule or if activity is guided by electrostatic interactions alone.
The second difference concerns association among individual
peptides. Some models predict that peptides independently
interact with the membrane, while others propose oligomerization
and cooperative binding. A related factor is whether or not the
mechanism is concentration dependent. The authors also propose
the insertion of the peptide into the hydrophobic core of the
membrane versus limited interactions with the phospholipid head
groups on the surface of the membrane is a definitive difference.
Finally, the structure of the peptide in aqueous solution compared
to its structure in the membrane-bound state also differentiates
mechanisms for different AMPs.123 These features collectively
describe the five models for pore-forming AMPS discussed above,
and a representative pore formed as described in each of these
models is illustrated in Fig. 3.

APPLICATIONS AND CONCLUSIONS
Within the food industry, bacteriocins or other bacterially
synthesized peptides have found the most widespread application
among AMPs. Bacteriocins can be integrated into a food product in
three different ways: addition of the purified compound as a food
additive; addition of a bacterial fermentate as a GRAS substance;
or addition of the producer bacterium to the product or as part
of the starter culture. Each approach has specific advantages and
limitations and may be more or less appropriate in particular foods.

Protein purification is an expensive process, and complete
purification of the bacteriocin from the crude fermentate is
often unnecessary if the producer is considered a food-grade
bacterium.139 Consequently, purified bacteriocins have not been
utilized in commercial applications to the extent other routes
of bacteriocin integration have been.140 Purified bacteriocins are
also subject to different regulatory processes, as discussed below,
which disincentivize the use of purified bacteriocins in food as well.
It should be noted that, while purification is prohibitively costly in
the food industry, AMPs that have application as pharmaceuticals
are commonly purified and the ease with which an AMP can be
purified from its fermentation medium may be a desirable attribute
in drug development applications.141 Purification is accomplished
through a series of partial purification steps which include salt
precipitations, filtrations, and various forms of chromatography.
The isoelectric point of the bacteriocin and conformational
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changes that result from adjustment of the solvent pH can be
manipulated to increase separation efficiency. Depending on the
intended use, bacteriocin concentration can be increased several
fold to near total purity.142,143

Alternatively, bacteriocins can be added as lyophilized end
products of a bacterial fermentation. The producer bacterium is
grown in a milk-based, or similar but non-allergenic, medium.
The end product contains many of the secondary metabolites
produced by the bacteria that have known antimicrobial
functions, including bacteriocins and organic acids.144 Powdered
preparations of the fermentate can also serve other functions
within processed foods such as flavor and textural enhancements
due to the high protein content.145 Integration techniques in
which the bacteriocin is produced ex situ can be better controlled
and production optimized compared with the in situ production
resulting from integration of the producer bacteria. Expression
of the bacteriocin structural gene may be repressed during
growth in a food system and expression levels have shown more
variability in systems where the bacteriocin is produced in situ.146

Homogeneous distribution may also be better achieved by adding
the bacteriocin as an ingredient during processing. While the same
limitations for the peptide itself within a given food system are valid
regardless of the integration method, challenges with the producer
microorganism are avoided by adding the bacteriocin directly.

Despite some challenges, addition of the producer microorgan-
ism has been proposed for particular use in fermented foods. In
fermented foods, the producer can be included as part of the
starter culture.147 The addition of the producer bacteria directly
to the food product offers advantages in cost and regulatory
requirements, but the producer used in this approach must meet
certain parameters.142 Besides being a food-grade bacterium that
is compatible with the starter culture bacteria, the producer must
express bacteriocin under the storage conditions relevant to the
product.145 The efficient production of bacteriocin in situ is also
dependent on the relative sensitivity of the producer to phage
infection and the frequency at which spontaneous loss of bacte-
riocin expression occurs.148 Any bacteriocin integration method,
in situ or ex situ, is subject to limiting factors based on the pep-
tide in the food system. The bacteriocin may be inactivated due
to adsorption to food components, proteases, processing condi-
tions, or instability in the native pH of the food matrix.149,150 The
sensory changes that occur as a result of bacteriocin addition may
also limit application, as do selective toxicity levels of the bac-
teriocin. A desirable bacteriocin would exhibit inhibitory activity
at low concentrations among spoilage or pathogenic bacteria,
but with limited toxic effects to mammalian cells.151 The normal
microbiota of the food matrix also bears on the relative efficacy of
the bacteriocin. Bacteriocins have often shown stronger activity
against cells that are actively replicating as opposed to stationary
or stressed cells, making the physiological state of the microbiota
a relevant consideration. The relative frequency at which resistant
mutants occur and the spectrum of activity of a bacteriocin against
different strains of the target species can impact the value of the
bacteriocin to the food industry. Additionally, the diversity and
density of the microbiota in foods and whether they are protected
in biofilms or by slime layers impact the inhibitory activity of the
bacteriocin.144 Downstream consequences of these factors may
also impact the safety of the product. For instance, if many bacteria
present in a given food are sensitive to the bacteriocin, the pep-
tide may be adsorbed to commensalistic bacteria, reducing the
relative quantity of peptide available for inhibition of the target

pathogen. Moreover, elimination of competitor species may result
in an unintentional advantage to the target pathogen.

Potential solutions have been proposed to the above limitations.
However, some of the solutions would affect the regulation of
these compounds within foods, detracting from the advantages
of bacteriocins as natural, GRAS status, and potentially low cost to
produce. Suggested improvements to the efficacy of bacteriocins
as biopreservatives include using them as part of a hurdle
system and increasing the concentration of peptide in fermentate
preparations by modification of the expression system. Hurdle
technologies imply the use of multiple controls, each with a low
level of antagonism that in combination reduce the population
of the target bacterium by a sufficient level.152 Many bacteriocins
applied in food systems reduce Listeria by only 1 or 2 logs.153

Subsequently, additional controls in the form of mild processing
treatments or other additives may be necessary to achieve

a sufficient kill.154–156 Hurdle technologies must be carefully
reviewed prior to application for the possibility of adaptation
of the target pathogen since any single control is assumed
to kill only a portion of the target population.144,152 Increasing
the concentration of bacteriocin within the fermentate through
genetic engineering has also been proposed.144,155 Heterologous
expression or inducible expression vectors could increase the
content of bacteriocin within the fermentate. However, genetic
modification of the producer changes the regulatory status of the
fermentate in a similar fashion to concentration and purification
of the compound. These changes necessitate pre-market approval
of the compound as a novel food additive.157

Regulation of commercial applications
Currently, nisin is approved for use in ∼50 countries.157 In the USA,
nisin has been approved for use as a food additive in select foods
at levels of 2.9 mg per person per day according to the FDA.32

Toxicological assessment of AMPs is based on exposure levels
via the intended administration route, and many bacteriocins
are assumed to be largely inactivated in the digestive process,
which rapidly decreases the exposure levels experienced by
consumers.157,158 The primary legislation regulating bacteriocins
comes from the Food Additives Amendment of 1958. The
amendment demanded pre-market approval for food additives
and created a practical need for exemption from pre-market
approval for foodstuffs that were recognized as safe. Within
Section 201(s) is a provision for foods generally recognized
as safe (GRAS). Compounds are granted GRAS status based
on empirical evidence or precedence of safe consumption
and include food products such as sugar or salt, as well
as ingredients of biological origin (e.g. processed starches or
enzyme preparations).159 When bacteriocins produced by food-
grade bacteria are normally expressed, lyophilized, and added
to food products in concentrations occurring in fermentations,
the bacteriocin can be considered GRAS. If the producer is not
food grade, has been genetically modified, or if the bacteriocin is
added in elevated concentrations, then it is not considered GRAS
and is treated as a ‘food additive’ subject to pre-market approval.
GRAS status is true only for an FDA-approved use for a given
compound, which includes specifications on concentration limits
and particular food applications.157

Regulatory authority over the use of bacteriocins in foods
is dependent on which foods it will be used in and may fall
to the Center for Food Safety and Applied Nutrition or Center
for Veterinary Medicine in the FDA, the Food Safety Inspection
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Service in the USDA, or to the EPA under regulations for pesticides
covered in the Federal Insecticide, Fungicide, and Rodenticide
Act in the case of a bacteriocin to be used on whole fruits or
vegetables.159 For AMPs used in meat and poultry products, an
additional level of approval beyond regulation by the FDA is
obtained from the FSIS of USDA. Initial approval of the bacteriocin
by the FDA is mandatory; afterwards, a review by FSIS will lead to
either acceptance or rejection of the formal request for use of a
particular bacteriocin as a food additive.160

Application in foods
Bacteriocins as biopreservatives have been explored in fermented
foods,127,161 in particular for application in cheese.162,163 Raw and
cured meat products are also potential applications for bacteri-
ocins, and their utility in the anaerobic environments of sealed
meat casings or integrated within the packaging itself has also
been investigated.148,164 Although commercial application has
not been fully realized, the growing interest in ensuring the
safety of fresh produce has raised interest in using bacteriocins
in fresh or minimally processed fruits or vegetables.154 Even more
unusual applications for AMPs include the introduction of the
producer to animals for the prevention of zoonosis165 or the
use of bacteriocin-producing probiotics.142 In commercial appli-
cations, ‘natural antimicrobial blends’ have been widely marketed
by DuPont through the Danisco brand acquired by the com-
pany in 2011. Although their exact formulation is proprietary, the
NovaGard solutions are reportedly blends of microbial fermen-
tates designed to target a broader range of spoilage microorgan-
isms or pathogens. Other commercial products include AvGard,
MicroGard, Natamax, and Nisaplin.166 Nisaplin and
Natamaxare the commercial form of nisin and natamycin, respec-
tively, the latter being a bacterially synthesized AMP which inhibits
mold and yeast and is commercially applied in shredded cheese.163

The product AvGard is inhibitory to Gram-negative pathogens
for application on meat and poultry. Different formulations of each
of these products are marketed for use in particular food items
including cheese, breads, beverages, soups and sauces, meat and
seafood.166 In many applications within the USA, these products
offer a clean-label alternative to other antimicrobial agents.

CONCLUSIONS
AMPs, particularly those produced by food-grade bacteria, are
intriguing sources of novel antimicrobial agents for use within the
food industry. Many have already been successfully applied but
represent only a small fraction of the diversity of AMPs. Continued
research geared toward the discovery of novel AMPs and the rapid
research and development required to characterize these peptides
will lead to the commercialization of additional AMPs for use in
food and agriculture. Advances in basic science have been applied
to the field of antimicrobial development for genetic and chemical
characterization of AMPs. Continued use of these tools will lead to
more diverse and robust antimicrobials.
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