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Introduction

The first international symposium on Antimicrobial
Peptides: Food, Veterinary and Medical Applications was
organized and presided over by Dr. Djamel Drider and
his colleagues Dr. Nathalie Caroff (Nantes University),
Dr. Marie-France de la Cochetiére (Inserm Nantes), Dr.
Gunnar Fimland (Oslo University), Dr. Ismail Fliss (La-
val University), Dr. Charles Hétru (CNRS Strasbourg),
Dr. Pablo Hernandez (Madrid University), Dr. Nacer
Lounis (John Hopkins University), Dr. Hervé Prévost
(ENITTAA Nantes) and Dr. Frangoise Vovelle (Orléans
University). This first symposium took place at the Ecole
Nationale d’Ingénieurs des Techniques Agricoles et Ali-
mentaires (ENITIAA; National School for Engineers in
Agricultural and Food Science, Nantes, France), from 21
to 23 June 2006.

This conference provided an excellent balance, com-
bining fundamental and applied seminars. For this first
meeting, more than 170 participants attended from dif-
ferent continents and countries, in order to discuss and
illustrate future prospects of antimicrobial peptide sci-
ence. A new avenue is open in terms of fundamental and
applied purposes, and new challenges remain to be over-
come, such as the study of resistance mechanisms, the
mode of action, and the relation between the structure
and function of antimicrobial peptides. There is also a

KARGER ©2007 S. Karger AG, Basel
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Accessible online at:
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growing and urgent interest in food areas to find new
peptides with potential applications, mainly against
Campylobacter jejuni, a leading cause of food-borne ill-
ness in many developed countries. In the medical arena,
there is also a need to investigate more antimicrobial pep-
tides and find novel therapeutic agents that could be used
to complement conventional antibiotic therapies.

Naturally, the success of this conference was possible
thanks to financial support obtained generously from
private companies (Biohit, France; Novozymes, Dane-
mark; Bio-Rad, France; Karger, Switzerland; Blackwell
Publishing, UK), intellectual groups (The European Pep-
tide Society, French Microbiology Society) and local in-
stitutions (ENITIAA Nantes, La Region des Pays de la
Loire, Nantes Métropole).

The president of this symposium would like to express
his gratitude to the organizers, scientific committee, re-
viewers, participants, ENITTAA Nantes, who provided
materials, and especially to Ms. Béatrice Hélie, for mak-
ing this conference successful and wishes to update the
participants, in due time, on the organization of the sec-
ond international symposium on antimicrobial pep-
tides.

Dr. Djamel Drider
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Abstract
In fermented foods, lactic acid bacteria (LAB) display numer-
ous antimicrobial activities. This is mainly due to the produc-
tion of organic acids, but also of other compounds, such as
bacteriocins and antifungal peptides. Several bacteriocins
with industrial potential have been purified and character-
ized. The kinetics of bacteriocin production by LAB in rela-
tion to process factors have been studied in detail through
mathematical modeling and positive predictive microbiol-
ogy. Application of bacteriocin-producing starter cultures in
sourdough (to increase competitiveness), in fermented sau-
sage (anti-listerial effect), and in cheese (anti-listerial and
anti-clostridial effects), have been studied during in vitro
laboratory fermentations as well as on pilot-scale level. The
highly promising results of these studies underline the im-
portant role that functional, bacteriocinogenic LAB strains
may play in the food industry as starter cultures, co-cultures,
or bioprotective cultures, toimprove food quality and safety.
In addition, antimicrobial production by probiotic LAB might
play aroleduringin vivointeractions occurring in the human
gastrointestinal tract, hence contributing to gut health.
Copyright © 2007 S. Karger AG, Basel

Introduction

Lactic acid bacteria (LAB) have a long history of ap-
plication in fermented foods because of their beneficial
influence on nutritional, organoleptic, and shelf-life
characteristics [1, 2]. They cause rapid acidification of the
raw material through the production of organic acids,
mainly lactic acid. In addition, their production of acetic
acid, ethanol, aroma compounds, bacteriocins, exopoly-
saccharides, and several enzymes is of importance.
Whereas a food fermentation process with LAB is tradi-
tionally based on spontaneous fermentation or backslop-
ping,industrialfood fermentation is nowadays performed
by the deliberate addition of LAB as starter cultures to the
food matrix. This has been a breakthrough in the pro-
cessing of fermented foods, resulting in a high degree of
control over the fermentation process and standardiza-
tion of the end products. Recently, the use of functional
starter cultures, a novel generation of starter cultures that
offers functionalities beyond acidification, is being ex-
plored [2-4]. For instance, LAB are capable of inhibiting
various microorganisms in a food environment and dis-
play crucial antimicrobial properties with respect to food
preservation and safety. In addition, it has been shown
that some strains of LAB possess interesting health-pro-
moting properties; one of the characteristics of these pro-
biotics is the potential to combat gastrointestinal patho-
genic bacteria such as Helicobacter pylori, Escherichia
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Fig. 1. Overview of the application poten-
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and in the human gastrointestinal tract,
respectively.

coli, and Salmonella. This paper focuses on the role of
bacteriocins as fast-acting, antibacterial peptides in both
food safety and gastrointestinal health (fig. 1).

Antimicrobial Potential of Lactic Acid Bacteria

LAB display a wide range of antimicrobial activities.
Amongst these activities, the production of lactic acid
and acetic acid is obviously the most important. How-
ever, certain strains of LAB are further known to produce
bioactive molecules such as ethanol, formic acid, fatty ac-
ids, hydrogen peroxide, diacetyl, reuterin, and reutericy-
clin. Many strains also produce bacteriocins and bacte-
riocin-like molecules that display antibacterial activity
[5]. Besides the production of bacteriocins, some LAB are
able to synthesize other antimicrobial peptides that may
also contribute to food preservation and safety. For in-
stance, strains of Lactobacillus plantarum, isolated from
sourdough and grass silage, display antifungal activity,
due to the production of organic acids, other low-molec-
ular-mass metabolites, and/or cyclic dipeptides [6-8]. It
is not unlikely that additional, new antimicrobial pep-
tides are to be discovered [9]. Although still in its infancy,
there is good reason to believe that genomics will soon

Bacteriocins from Lactic Acid Bacteria

become an essential tool for exploring the antimicrobial
potency of LAB [10]. Interestingly, bacteriocin screening
programs have yielded, during the last decades, a large
arsenal of bacteriocins with different properties, target
species, and producer organisms [11].

Bacteriocins, a Class of Antibacterial Peptides for
Promising Applications

Although bacteriocins may be found in many Gram-
positive and Gram-negative bacteria [12], those produced
by LAB have received particular attention in recent years
due to their potential application in the food industry as
natural preservatives [13]. Bacteriocins produced by LAB
are small, ribosomally synthesized, antimicrobial pep-
tides or proteins that possess activity towards closely re-
lated Gram-positive bacteria, whereas producer cells are
immune to their own bacteriocin(s) [5, 11, 14]. The anti-
bacterial spectrum frequently includes spoilage organ-
isms and food-borne pathogens such as Listeria monocy-
togenes and Staphylococcus aureus. Besides their antimi-
crobial action towards undesirable bacteria, bacteriocins
are believed to contribute to the competitiveness of the
producer cells [15]. Activity against Gram-negative bac-
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teria such as E. coli and Salmonella has been shown, but
usually only when the integrity of the outer membrane
has been compromised, for example after osmotic shock
or low pH treatment, in the presence of a detergent or
chelating agent, or after pulsed electric field or high-pres-
sure treatment [16].

Among bacteriocins from LAB, distinction can be
made between (i) lantibiotics or small, heat-stable, lan-
thionine-containing, single- and two-peptide bacterio-
cins (class I), whose inactive prepeptides are subject to
extensive post-translational modification; (ii) peptide
bacteriocins or small, heat-stable, non-lanthionine-con-
taining bacteriocins (class II), including pediocin-like or
Listeria-active bacteriocins (class I1a), two-peptide bacte-
riocins (class IIb), and circular bacteriocins (class Ilc),
and, arguably, (iii) bacteriolysins or large, heat-labile, lyt-
ic proteins, often murein hydrolases (class III) [14]. Ex-
tensive efforts have been made to resolve the relationship
between structure and function for both class I and class
IT bacteriocins [17, 18]. The majority of the class I and
class II bacteriocins are active in the nanomolar range,
causing membrane permeabilization, leading to the dis-
sipation of membrane potential and the leakage of ions,
ATP, and other vital molecules from the target bacteria
[14].

Production and Purification of Bacteriocins

Although bacteriocins can be produced in the food
matrix during food fermentation, bacteriocins by LAB
can be produced in much higher amounts during in vitro
fermentations under optimal physical and chemical con-
ditions [19]. The higher in vitro production is due to the
absence of limiting factors, such as strong diffusion lim-
itations, inactivation by proteases, and the adsorption to
food particles [20]. However, even during controlled fer-
mentor experiments, considerable differences in activity
yields are obtained, and an influence of the environmen-
tal process conditions on the obtained bacteriocin activ-
ity can be seen. For instance, a decrease of pH results in
a decreased adsorption of the bacteriocin molecules to
the producer cells, and hence in an increased bioavail-
ability [21, 22]. In addition, temperature and pH [23-25]
as well as nutrient availability [26-28] seem to play a cru-
cial role in bacteriocin production, whereas the presence
of elevated amounts of sodium chloride usually decreases
production levels [29, 30]. In general, the cultivation con-
ditions directly affect bacteriocin production as such
(specific bacteriocin production in particular) and, indi-
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rectly, through biomass production. This is to be ex-
plained by the fact that bacteriocin production is a
growth-dependent physiological trait and hence follows
primary metabolite kinetics [22-24].

Three major methods for the purification of bacte-
riocins by LAB to homogeneity can be distinguished.
First, purification can be done by a conventional meth-
od that is based on a rather laborious series of subse-
quent steps of ammonium sulfate precipitation, ion ex-
change, hydrophobic interaction, gel filtration, and
reversed-phase high-pressure liquid chromatography
[31-33]. Second, a simple three-step protocol has been
developed [34], including (i) ammonium sulfate precip-
itation, (ii) chloroform/methanol extraction/precipita-
tion, and (iii) reversed-phase high-pressure liquid chro-
matography, the sole chromatographic step involved.
Third, bacteriocins can be isolated through a unique
unit operation, i.e. expanded bed adsorption, using a hy-
drophobic interaction gel, after maximizing the bio-
available bacteriocin titer through pH adjustment of the
crude fermentation medium [35, 36]. Following the lat-
ter two methods, which are more rapid than the first
conventional method and yet successful, several bacte-
riocins with interesting industrial potential have been
purified, such as the class II bacteriocins amylovorin L
(produced by Lactobacillus amylovorus DCE 471) and
several enterocins (produced by the Enterococcus faeci-
um RZS C5, RZS C13, and FAIR-E 406 strains), and the
lantibiotic macedocin (produced by Streptococcus mace-
donicus ACA-DC 198) [34, 37-39].

Bacteriocin Production in Foods:
Application Possibilities

Bacteriocins can be used as food additives. For in-
stance, nisin is commercially made in a partially purified
form [5, 18] and a marketed preparation with the pedio-
cin PA-1 (AcH) producer is available [40]. As an alterna-
tive to the addition of bacteriocins to foods, bacteriocins
may be produced directly in the food as a result of starter
culture or co-culture activity [2]. Several studies have in-
deed indicated that LAB starter cultures or co-cultures
are able to produce their bacteriocins in food matrices,
and consequently display inhibitory activity towards sen-
sitive food spoilage or pathogenic bacteria. The latter trait
has mainly been documented for fermented sausage, fer-
mented vegetables and olives, and dairy products [2, 13].
For instance, bacteriocin extraction has been demon-
strated in the case of Cheddar cheese [41] and fermented

De Vuyst/Leroy



Fig. 2. In situ bacteriocin production by Lactobacillus curvatus LTH 1174, as demon-
strated by the inhibition zones caused by pieces of Belgian-style fermented sausage on a
bacteriocin-sensitive indicator layer containing Listeria innocua LMG 13568, in a direct
diffusion assay. The pieces of meat were obtained after 1 (03.1), 3 (03.3), 5 (03.5), and 12
(03.12) days of fermentation. The fermented sausages were prepared with a commercial
starter culture, supplemented with L. curvatus LTH 1174, at an inoculation level of 7.0
log colony-forming units per gram. Control sausages prepared with the same commer-
cial starter culture, but without L. curvatus LTH 1174, did not yield inhibition zones.

Fig. 3. Comparison of the amino acid se-
quence of lactacin F (produced by Lactoba-
cillus johnsonii VPI 11088) and lactacin Fa

Lactacin Fa RNNWQTNVGGAVGSAMIGATVGGTICGPACAVAGAHYLPILWTAVTAATGGFGKIRK
Lactacin F RNNWQTNVGGAVGSAMIGATVGGTICGPACAVAGAHYLPILWTGVTAATGGFGKIRK

(produced by L. johnsonii Lal).

sausage and sourdough [Foulquié Moreno MR, Leroy F,
De Vuyst L, unpubl. results] (fig. 2). Because of the com-
plexity of the food matrix and the difficulty of quantify-
ing bacteriocin activities in foods, in vitro studies can be
performed to simulate and study the in situ functionality
of bacteriocinogenic starters [19, 42]. In this way, the ki-
netics of bacteriocin production by LAB strains in foods
have been described in detail, amongst others through
mathematical modeling and positive predictive microbi-
ology [43]. Insights in the relationship between the food
environment and kinetics of the starter culture have
yielded valuable information about the in situ production
of bacteriocins and its interactions with the target strains,
which will be important if bacteriocins or bacteriocin-
producing strains are to be increasingly used in food sys-
tems [19, 44, 45]. In particular, such information is essen-
tial when dealing with the potential problem of bacte-
riocin-resistant target bacteria [44, 45]. Application of
bacteriocin-producing starter cultures in sourdough (to
increase competitiveness and hence establish a desired
microbial population), in fermented sausage (anti-liste-
rial effect to meet the zero-tolerance policy in ready-to-
eat foods), and in cheese (anti-listerial and anti-clostrid-
ial effects), have been studied during in vitro laboratory
fermentations as well as on pilot-scale level [19, 41, 44—
49]. Results of these studies were highly promising and

Bacteriocins from Lactic Acid Bacteria

underline the important role that functional, bacterioci-
nogenic strains of LAB may play in the food industry as
starter cultures, co-cultures, or bioprotective cultures, to
improve food quality and safety [2, 3, 13].

Bacteriocin Production by Probiotics

Probiotics are live microorganisms that, when con-
sumed in an adequate amount as part of the food, confer
a health benefit on the host [50]. An experimental focus
on bacteriocin production by probiotic LAB strains has
indicated that this potential might play a considerable
role during in vivo interactions occurring in the human
gastrointestinal tract, for instance towards H. pylori [4,
51-52]. Whereas bacteriocins in food are degraded by the
proteolytic enzymes of the stomach, probiotic bacteria
may lead to in situ production of bacteriocins in the gas-
trointestinal tract. Up to now, bacteriocins have been iso-
lated from the commercial probiotic strains Lactobacillus
casei Shirota and Lactobacillus johnsonii Lal [53]. The lat-
ter bacteriocin, referred to as lactacin Fa, is a two-peptide
bacteriocin, which differs in one amino acid from the
well-known bacteriocin lactacin F produced by L. john-
sonii VPI 11088 (fig. 3). However, only activity towards
Gram-positive indicator bacteria has been shown under

J Mol Microbiol Biotechnol 2007;13:194-199 197



the conditions tested [51, 53]. In contrast, the inhibitory
role of organic acids produced by probiotics towards
Gram-negative pathogenic bacteria has been shown [9,
54].

Conclusions

Bacteriocins produced by LAB have the potential to
cover a very broad field of application, including both the
food industry and the medical sector. Concerning their
use in food, bacteriocin-producing starter or co-cultures
have been successfully applied in pilot-scale experiments
(cheese, fermented sausage, sourdough, etc.), yielding
food quality and food safety advantages. The current bot-
tleneck hampering widespread industrial practice seems
to be market implementation rather than scientific evi-

dence or proof-of-concept. With respect to medical ap-
plications, antimicrobials produced by probiotic LAB
might play a role during in vivo interactions occurring in
the human gastrointestinal tract, hence contributing to
gut health. Further research is needed to unravel the pre-
cise role of LAB bacteriocins in this process.
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Abstract

Microcins are a peculiar class of gene-encoded low-molecu-
lar-mass antibacterial peptides secreted by enterobacteria.
They contribute to the regulation of microbial competitions
within the intestinal microbiota. The genetic systems in-
volved in microcin biosynthesis share a conserved organiza-
tion. Similar to bacteriocins of Gram-positive bacteria, mi-
crocins exert potent antibacterial activity directed against
phylogenetically-related bacterial strains, with minimal in-
hibitory concentrations in the nanomolar range. In contrast
to bacteriocins, they display a great structural diversity
among the few representatives well characterized until now,
that makes difficult the description of microcin subclasses.
This review focuses on three microcins, MccE492m that car-
ries a C-terminal posttranslational modification containing a
catechol-type siderophore, MccJ25, a cyclic peptide with a
unique ‘lasso-type’ structure and MccC7 or C51, with a com-
mon N-formylated heptapeptide-nucleotide structure. We
show these microcins exhibit ‘Trojan horse’ mechanisms of
antibacterial activity: either (i) the microcin structure is a
mime of an essential element, permitting its recognition by
outer membrane receptors used for vital functions in bacte-

ria and further translocation into the periplasmic space, or
(ii) it is secreted as a harmless molecule and further pro-
cessed in susceptible bacteria to form the toxic entity. When
inside target bacteria, microcins bind essential enzymes or
interact with the inner membrane to form a bacterial killing

structure. Copyright © 2007 S. Karger AG, Basel

Introduction

The bacterial secretion of peptides or proteins (bacte-
riocins) to fight against other prokaryotic species has ap-
peared as one of the very first examples of biological war-
fare. These ribosomally synthesized antimicrobial pep-
tides (AMPs) are considered a successful strategy in
maintaining equilibrium within a bacterial ecosystem.
They kill other bacteria by several mechanisms, including
the modification of membrane permeability and depolar-
ization of membrane ion gradients, or the degradation of
nucleic acids or cell walls. In literature, the term bacterio-
cin is usually restricted to peptides produced by Gram-
positive bacteria, while in Gram-negative bacteria, mainly
enterobacteria, the toxins are called either colicins (i.e. an-
tibiotic proteins targeting Escherichia coli) or microcins
(characterized by alower molecular mass) [for reviews, see
1-3]. Bacteriocins from Gram-positive bacteria, particu-
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larly lactic acid bacteria, and microcins from enterobacte-
ria, mostly E. coli, share a number of common character-
istics, such as a molecular mass below 10 kDa and a mode
of secretion into the extracellular medium involving ABC
(ATP-binding cassette)-type transporters. In both cases,
the producer has a specific immunity mechanism that
protects it from being killed by the newly synthesized an-
tibacterial molecule. Both types of peptide essentially in-
hibit the growth of phylogenetically related species. How-
ever, microcins form a much more restricted group with
highly diversified structures and mechanisms of action, as
exemplified by the six structurally characterized repre-
sentatives, compared to the very large number of bacterio-
cins [1] that can be assembled into subgroups according to
common structural features or mechanisms of action.

In fact, most of the bacteriocins of Gram-positive bac-
teria are described as unmodified peptides/proteins [for
reviews, see 4, 5], except the highly modified group of
lantibiotics, which contain multiple tethering ether bonds
[for reviews, see 6-8]. Bacteriocins are usually classified
into three main classes: (i) Lantibiotics, or class I bacte-
riocins, are peptides <5 kDa that contain the unusual
amino acids lanthionine (Lan) and B-methyllanthionine
(MeLan) (formed when a dehydrated serine or threonine
is covalently bridged with a cysteine through the sulfur
atom) and a number of dehydrated amino acids. They
include two-component lantibiotics that require the pres-
ence of two different peptide components to achieve full
antibacterial activity [9]. (ii) Class II bacteriocins (some-
times termed pediocin-like AMPs), also <5 kDa, are heat-
stable, non-Lan-containing, cationic membrane-active
peptides. This class is subdivided into subclass Ila that
concerns Listeria-active peptides sharing very similar
primary structures, especially in the N-terminal part
(with the N-terminal consensus sequence YGNGV), and
subclass IIb requiring two components for antibiotic ac-
tivity. The subclass Ila is itself subdivided into three sub-
groups according to similarities and differences in the
C-terminal part [5]. (iii) Class III bacteriocins are large
(>30kDa) heat-labile proteins. Additionally, a class of cir-
cular bacteriocins, exemplified by AS48 and circularin A,
has recently been proposed [10]. A great number of mem-
bers of each of these three main classes, and particularly
from classes I and Ila, have been described and studied
with regard to their common structural aspects and the
mechanisms involved in their antibacterial activity.
While the class IIa bacteriocins target the inner mem-
brane through its permeabilization [5], leading to disrup-
tion of the protonmotive force, the prototypic lantibiotic
nisin has a dual mode of action. Nisin uses lipid II (a cru-
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cial precursor in peptidoglycan biosynthesis) as a dock-
ing molecule, therefore preventing correct cell wall syn-
thesis, as well as initiating within cell membranes the for-
mation of heteromolecular pores that are made up of
lipid II and nisin molecules [11, 12]. Rapid and efficient
cell death thus results from such a dual mechanism.

By contrast, microcins form a very restricted group of
such defense peptides with only 15 representatives identi-
fied [for reviews, see 3, 13-15] since their discovery in
1976 [16]. They all inhibit the growth of a variety of Gram-
negative bacteria, including Escherichia, Salmonella, En-
terobacter, Klebsiella, Citrobacter and Shigella, with min-
imal inhibitory concentrations (MICs) in the nanomolar
range. They can be low-molecular-mass peptides <3 kDa
(microcins B17, C7/C51, D93 and J25) that are generally
highly modified, or polypeptides between 7 and 10 kDa
that can be modified or not (microcins E492, L, H47, 147,
M, 24 and V). Some of these peptides have only been iden-
tified on the basis of genetic studies. Despite a high struc-
tural heterogeneity, microcins share a conserved organi-
zation of their genetic systems. A typical gene cluster, lo-
cated either on a plasmid or on the bacterial chromosome,
includes open reading frames encoding the precursor of
the microcin, secretion factors, immunity proteins and,
very frequently, modification enzymes [17].

Presumably related to these various structures, micro-
cins have also diverse mechanisms of action, targeting
either the inner membrane of target bacteria, or enzymes
involved in DNA or RNA structure and synthesis or in
protein synthesis. Moreover, to enter the bacteria more
efficiently, these peptides use specific receptors designed
by all bacteria for essential nutrient uptake. This seems to
be a common feature shared by microcins, which is pos-
sibly related to the high selectivity of their antibacterial
activity. To exemplify the structural and functional di-
versity of microcins, we have focused on three of them
that have been deeply characterized from a biochemical
and functional point of view, and that will be discussed
in this review: microcins E492 (MccE492), J25 (MccJ25)
and C7/C51 (MccC7/C51).

Structural Diversity of Microcins

Among the eleven microcins identified until now, only
sixhavebeen structurally characterized (MccB17, MccC7/
C51, MccE492, MccJ25, MccL and MccV [also known as
ColV, since initially described as a colicin]), while the
others (MccD93, MccH47, Mccl47, MccM, Mcc24) have
been essentially studied through genetical approaches.
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MccB17 is a 43-residue peptide characterized by post-
translational modifications consisting of thiazole and ox-
azole rings [18]. MccC7/C51 is a short nucleotide hepta-
peptide [19-21] and MccJ25 a cyclic 21-amino-acid pep-
tide [22-25], while MccE492 [26,27], MccL [28] and MccV
[29] are linear polypeptides with molecular masses be-
tween 8 and 10 kDa. The structures of microcins have
often been the subject of debates in the literature. This is
the case of MccE492, MccJ25 and MccC7/C51 that have
been selected in this review.

MccE492 is a chromosomally-determined microcin
initially characterized from a Klebsiella pneumoniae
strain [30]. Further cloning in E. coli [31] allowed its pu-
rification from culture supernatants and primary struc-
ture determination [26]. It was identified by mass spec-
trometry as an unmodified 84-residue peptide [26], in
agreement with the amino acid sequence deduced from
the gene encoding its precursor MceA [32, 33]. The amino
acid residues are mainly uncharged and hydrophobic,
with the exception of one histidine, three aspartic acids
and one glutamic acid (fig. 1a). Therefore, this peptide is
slightly anionic. That differentiates it from both the
known bacteriocins from Gram-positive bacteria and
most of the AMPs from vertebrates, invertebrates and
plants, which all exhibit a strong cationic character. How-
ever, we have recently shown that MccE492 could be
secreted by both the wild-type K. pneumoniae and the
recombinant E. coli strains under two forms, the unmod-
ified polypeptide previously described and a posttransla-
tionally modified variant that we called MccE492m [27].
This microcin variant, which bears a catechol-type sid-
erophore comprising the linear trimer of dihydroxyben-
zoylserine (DHBS), exhibits enhanced activity. The sid-
erophore moiety is anchored to the peptide C-terminus
through a B-D-glucose, which in turn is linked to the
Ser84 carboxylate through an O-glycosidic bond at C6,
and to the first DHBS entity via a C-glycosidic bond at C1
(fig. 1a) [27]. This novel posttranslational modification is
reminiscent of siderophores, the molecules designed by
bacteria to chelate Fe(III), enabling its uptake through the
outer membrane via specific receptors [34, 35]. Moreover,
mass spectrometry has shown that the modified micro-
cin MccE492m selectively binds ferric iron through the
catecholate moiety, confirming it operates as a sidero-
phore and thus establishing a new type of AMP, the sid-
erophore peptides [27]. This modification is in good ac-
cordance with the presence of several genes in the genet-
ic system involved in MccE492 biosynthesis, the role of
which remained speculative [36] until the finding of this
new form of MccE492. In particular, three gene prod-
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ucts show sequence homologies to glycosyltransferases
(MceC), acyltransferases (Mcel) and enterobactin ester-
ases (MceD), which cleaves enterobactin, the cyclic tri-
mer of DHBS, into its monomer, dimer and linear trimer
[37], thus providing the corresponding genes mceC, mcel
and mceD with a very likely role in the acquisition of the
posttranslational modification.

Mcc]25 has been first described as a head-to-tail mac-
rocyclic linear peptide [38, 39]. The very high stability of
the peptide towards high temperatures associated with
high concentrations of chaotropic agents has been largely
studied in our group [40]. Later on, the peptide was iden-
tified as a ‘lasso’ peptide, with an extraordinary three-
dimensional structure, showing that the ring was actu-
ally a small cycle resulting from a linkage between the
N-terminal amino group and the Glu8 side-chain car-
boxylate (fig. 1b) [22-25]. The 13-residue linear C-termi-
nal tail is threaded into the ring, in such a manner similar
to the thread through a needle eye, thus forming a loop.
Two aromatic bulky side chains from Phel9 and Tyr20,
which are each positioned on one side of the ring, tightly
lock the tail into the ring (fig. 1b). The tail thus remains
firmly entrapped within the ring through this strong ste-
ric effect, in combination with non-covalent interactions,
in such a manner that it can only be released via the cleav-
age of the ring. This cleavage is particularly hard to per-
form, since it can only be accomplished in basic medium
[24]. An inference of this peculiar structure is that the
ring closure should have been accomplished after acqui-
sition of the spatial structure of the molecule and almost
a correct positioning of both (i) the carboxylate and the
amino groups involved in the ring closure and (ii) the
aromatic side chains responsible for the strong steric hin-
drance that locks the tail into the ring. Endopeptidases
and strong acidic media do not target the ring, but only
cleave bonds in the loop that is subsequently opened. The
resulting entities are two-chain peptides [41], the tail (or
a shortened tail) remaining firmly anchored to the ring.
Such a typical and original lasso structure has never been
identified previously among AMPs including bacterio-
cins and microcins. However, it appears in some enzyme
inhibitors synthesized by Streptomyces that may be either
additionally stabilized or not by a disulfide bonding [25,
42]. Moreover, MccJ25 is the first lasso-type peptide with
a glutamic acid involved in the ring closure, rather than
an aspartic acid, as found in the Streptomyces peptides.

Two microcins sharing a nucleotide peptide character,
MccC7 and MccC51, have been described from two dif-
ferent E. coli strains [19, 43]. The genetic systems involved
in the biosynthesis of these two microcins show only few
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Fig.1. Thestructures of MccE492/MccE492m, MccJ25and MccC7/
C51.a The amino acid sequence common to MccE492/MccE492m
is indicated in one-letter code and the positively and negatively
charged amino acids are figured red and blue, respectively. The
posttranslational modification carried by the siderophore peptide
MccE492m consists of a trimer of the catechol-type siderophore
2,3-dihydroxybenzoyl serine (DHBS) linked to Ser84 via a 8-D-
glucose. b (1) The cyclic structure of MccJ25 comprises an N-ter-
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minal ring followed by a C-terminal linear tail; the amino acids
are colored according to the ‘lasso-type’ three-dimensional struc-
ture (2) that shows the steric hindrance due to two aromatic side
chains (Phel9, Tyr20) maintaining the tail entrapped into the ring.
c Structure of the nucleotide peptide MccC7/C51: the N-formylat-
ed heptapeptide (in three-letter code) is linked to the adenosine
monophosphate moiety through a phosphoramidate bond; the
phosphate group bears an n-aminopropanol chain.
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differences that are located in a gene involved in the im-
munity to the microcin [21]. A common N-formylated
heptapeptide had been identified in the two molecules,
which differed in both the linkage between the peptide
and nucleotide parts and in the nucleotide structure.
MccC51 was described as a nebularin 5’-monophosphate
C-terminus linked to the Asp7 side chain through three
methylene bonds. MccC7 contained a modified adenos-
ine monophosphate (AMP) covalently attached to the C-
terminal aspartic acid residue through a phosphorami-
date bond. The phosphoramidate group showed a chiral
phosphorus atom, since it was substituted by an n-ami-
nopropanol chain. We have optimized the production of
MccC51 to reinvestigate its structure and have evidenced
that it is actually similar to that of MccC7 [20, 21]. The
critical points of the structure, i.e. the presence of the
phosphoramidate bond acting as a linker between the
heptapeptide and the nucleotide and the location of the
n-aminopropanol chain, have been unambiguously as-
signed through typical cross-peaks in two-dimensional
'H-3P NMR spectra [20]. Therefore, MccC7 and MccC51,
which arise from two distinct E. coli strains that bear
closely related genetic systems, share a common structure
that will be henceforth denominated MccC7/C51 (fig. 1c).
MccC7/C51 is the smallest microcin isolated to date and
the only microcin known to carry a nucleotide as a post-
translational modification; its three-dimensional struc-
ture has never been described.

As previously announced, and now exemplified
throughout the description of MccE492, MccJ25 and
MccC7/C51 structural characteristics, microcins offer a
wide array of peculiar structures. As correlated, a broad
diversity of mechanisms of action is exploited by micro-
cins to kill their bacterial targets.

From Structural Diversity to Diverse and Complex
Mechanisms of Action

The great differences between eukaryotic and pro-
karyotic AMPs concern the antibiotic efficacy and the
microbial target specificity. The AMPs secreted by bacte-
ria (bacteriocins and microcins) appear to be overall
more potent than those from Eukaryota, since they are
active in the pico- to nanomolar concentration range,
while the latter are active at micromolar concentrations.
In addition, they have a narrow spectrum of activity, sus-
ceptible strains being essentially closely related to the
producing strain, while AMPs from multicellular organ-
isms more often have a broad spectrum of activity di-
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rected against Gram-positive and -negative bacteria,
yeasts and fungi. It is thus of importance to elucidate the
reasons of such an efficiency and selectivity. More refined
and complex mechanisms of antibacterial activity, in-
cluding either a dual mode of action or the involvement
of specific receptors could thus be expected for AMPs of
bacterial origin.

MccE492 and its siderophore peptide counterpart
MccE492m both inhibit selectively the growth of Gram-
negative enterobacteria, such as E. coli, Salmonella enter-
ica, Enterobacter cloacae and K. pneumoniae. MccE492m
is 2-8 times more active than MccE492 with MICs rang-
ing from 40 to 160 nM against E. coli and S. enterica
strains. The activity of both MccE492 and MccE492m is
bactericidal with minimal bactericidal concentration
values similar to MIC values [27, 44].

Both MccE492 and MccE492m form ion channels in
artificial planar lipid bilayers [44, 45] and permeabilize
the inner membrane of Gram-negative bacteria, as shown
in E. coli M35 [44, 46]. Interaction with the inner mem-
brane and subsequent permeabilization were considered
as responsible for the bactericidal effect [45]. However, we
hypothesized that this membrane activity was not suffi-
cient by itself to account for the lethal effect of the micro-
cins [44]. Indeed, despite its more potent antibacterial
activity against E. coli, MccE492m is less efficient in
permeabilizing the membrane bilayer than MccE492, in-
dicating the absence of direct correlation between the
rapid decrease in cell viability induced by MccE492m and
the rate of membrane permeabilization [46]. Moreover,
electron microscopy showed that treated and killed E. coli
had still intact inner and outer membranes and only
showed a swelling of the periplasmic space [46]. There-
fore, permeabilization of the inner membrane does not
lead to membrane disruption, but rather to a more subtle
mechanism, such as the formation of pores, similar to
those observed in artificial bilayers [44, 45]. Consequent-
ly, we suspect that an additional step shall be involved in
the mechanism of antibacterial activity of MccE492/
MccE492m, which could be either the formation of a le-
thal complex within the bilayer or the interaction of the
microcin with a cytoplasmic target (fig. 2a).

Since mutations in fonB have resulted in resistance to
MccE492, this protein has been suggested to be involved
in the mechanism of antibacterial activity of this micro-
cin [47]. TonB, which spans the periplasmic space, is gen-
erally found in complex with two other partners ExbB
and ExbD, located in the inner membrane, thus forming
the TonB-dependent energy transduction system [48-
50]. TonB acts as the energy transducer, using the proton-
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motive force; the role of ExbB and ExbD is less clear. The
TonB system is used by bacteria for the uptake of vitamin
B, and iron chelators, the siderophores [34, 51], which are
recognized at the outer membrane by specific receptors.
We have shown that the fonB mutation induces a high
resistance to MccE492 and MccE492m, and that the an-
tibacterial activity of both microcins is completely re-
stored in the TonB-complemented strain, unambiguous-
ly indicating that TonB is required for the antibacterial
property of both MccE492 [44] and MccE492m [27].
Moreover, MccE492 and MccE492m activities require
the three outer membrane receptors, FepA, Fiu and Cir.
These are catechol-type siderophore receptors associated
to the TonB system [for reviews, see 34, 52]. At this time,
there is still no evidence of the direct interaction of
MccE492/MccE492m with any of the three iron sidero-
phore receptors, neither is it not explicitly demonstrated
that the microcins are translocated into the periplasmic
space through the FepA/Fiu/Cir receptors. Indeed, the
translocation step could occur using either a porin, or
membrane defects such as membrane islands, which have
different lipid compositions, that result in a loose mem-
brane bilayer packing (fig. 2). However, since MccE492/
MccE492m are recognized by the receptors involved in
the uptake of enterobactin and its breakdown products,
the linear trimer, dimer, and monomer of DHBS, which
are imported through a TonB- and energy-dependent
mechanism [for reviews, see 34, 35], it is highly probable
that the microcins undergo the same uptake mechanism
across the outer membrane of E. coli, involving the TonB/
ExbB/ExbD complex and the FepA/Cir/Fiu receptors.
MccJ25 exhibits a potent bactericidal activity with
MICs in the 5-500 nM range against a number of entero-
bacteria including pathogenic Salmonella, Escherichia
and Shigella strains [53, 54]. MccJ25 has been shown to
inhibit transcription by binding bacterial RNA poly-
merase (RNAP), which is targeted at the level of the '
subunit [55, 56]. MccJ25 binds the RNAP secondary
channel, obstructing it and thus preventing the correct
positioning of the nucleoside triphosphate substrates,
which are therefore prevented from reaching the cata-
lytic center of the enzyme [57, 58]. Indeed, the MccJ25
binding instantaneously stops RNAP progression and
thus prevents further elongation of transcription [57].
The first studies on MccJ25 have shown that mutants re-
sistant to MccJ25 were impaired in fhua, tonB and sbmA,
indicating that the outer-membrane iron transporter
FhuA (the receptor for ferrichrome) and the inner mem-
brane proteins TonB and SbmA were likely involved in
the microcin uptake [59, 60]. We recently demonstrated
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the direct interaction between FhuA and MccJ25 by size-
exclusion chromatography and isothermal titration calo-
rimetry, showing that MccJ25 binds to FhuA with a 2:1
stoichiometry and a K4 of 1.2 uM [61]. The differential
scanning calorimetry revealed that the interaction of
MccJ25 with its receptor involves the external loops of
FhuA [61]. To go further in the whole process used by
Mcc]25 to exert its antibacterial activity, it thus remained
to identify both the regions of the molecule involved in
the different steps of the mechanism (i.e. recognition,
translocation and RNAP targeting) and the other protein
partners. The two-chain peptide resulting from MccJ25
thermolysin cleavage (t-MccJ25), which keeps the intact
spatial structure of the ring and the positioning of the
trapped chain, but does not maintain anymore the -
hairpin loop, was used together with other shorter trun-
cated variants in order to identify the MccJ25 regions in-
volved either in the recognition step by FhuA or in the
interaction with RNAP [61, 62]. Since disruption of the
Valll-Prol6 B-hairpin did not affect the inhibition of
transcription by Mcc]25, contribution of this loop to the
interaction with RNAP was excluded [62]. Furthermore,
t-MccJ25 was unable to bind FhuA, affording direct evi-
dence of the involvement of this region in the recognition
step of MccJ25 by the outer membrane receptor FhuA
[61]. Before reaching RNAP, MccJ25 should be transport-
ed through E. coli membranes. Possible partners for this
uptake are the outer membrane receptor FhuA itself, and
the inner membrane protein SbmA, whose function is
still unknown, but which has been shown to be involved
in the import of MccB17 [63], MccJ25 [60] and bleomycin
into susceptible bacteria. The E. coli SbmA protein is ho-
molog of BacA from Rhizobium meliloti (64% identity),
which is crucial for the complex association between bac-
teria of the genus Rhizobium and leguminous plants [64].
Recently, the His5 residue of Mcc]25 has been shown to
be critical for the SbmA-dependent transport of MccJ25,
and not to be required for RNAP inhibition. Indeed,
MccJ25 variants where single amino acids in the ring, and
in particular His5, were mutated became unable to kill
cells, while still inhibiting RNAP [65]. It was thus pro-
posed that the single histidine residue, which is posi-
tioned in the ring, is crucial for the specific interaction of
MccJ25 with SbmA, which ensures crossing of the inner
membrane, thus achieving the uptake of MccJ25 into the
cytoplasm. Therefore, the MccJ25 uptake comprises a
tirst recognition by FhuA, the iron siderophore receptor
of the hydroxamate type, and subsequent translocation
into the periplasmic space through the TonB/ExbB/ExbD
complex, followed by recognition by the inner membrane
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Fig. 2. The “Trojan horse’ mechanisms of action of MccE492/
MccE492m, MccJ25 and MccC7/C51. a After recognition by the
FepA, Cir and Fiu catecholate siderophore receptors, MccE492/
MccE492m are translocated across the outer membrane (OM)
through an energy- and TonB-dependent mechanism. Transloca-
tion may occur via the receptor 3-barrel (1), a region with differ-
ent lipid composition such as a ‘membrane island’ (2), or a porin
(3). Once in the periplasmic space, MccE492/MccE492m insert
into the inner membrane (IM) inducing proton leakage and sub-
sequent drop of the IM potential (AW). At this stage, it is not
known whether the microcins recruit other partners, such as in-
ner membrane proteins, to form a toxic supramolecular edifice; it
is not known either if they reach an intracytoplasmic target.
b MccJ25 is recognized by FhuA, the hydroxamate siderophore
receptor, before translocation through a TonB-dependent mecha-

protein SbmA and further transport through the inner
membrane to the cytoplasm, where it can reach RNAP
(fig. 2b).

Atthis stage, it is striking to note that both MccJ25 and
MccE492, which do not have any apparent structural
similarity to catecholate or hydroxamate siderophores re-
spectively, are however recognized by high-affinity re-
ceptors specific for these ligands. This could be made
possible by acquisition of specific three-dimensional
structures that bring strategic chemical groups at the cor-
rect positioning required for recognition by the receptor.
The siderophore moiety carried by MccE492m should
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nism and further transport through the IM using the inner mem-
brane protein SbmA. Once internalized in the cytoplasm, MccJ25
reaches RNAP, which is inhibited through interaction with the 8’
subunit and further obstruction of the secondary channel, which
in turn prevents the correct positioning of nucleoside triphos-
phate substrates. ¢ MccC7/C51 is internalized in susceptible bac-
teria through an unknown mechanism, before being processed by
an unknown peptidase that targets the ultimate MccC7/C51 pep-
tide bond (Ala-Asp), leading to a modified unhydrolyzable aspar-
tyl adenylate analogue that contains an N-acyl phosphoramidate
linkage. The modified aspartyl adenylate thus generated inside
the susceptible bacteria inhibits translation by specifically block-
ing the function of aspartyl-tRNA synthetase via a mechanism
that remains to be elucidated.

then allow a double recognition, resulting in an improved
uptake, in agreement with the higher antibacterial activ-
ity of MccE492m compared to its unmodified counter-
part MccE492.

MccC7/C51 is active against several genera and species
of enterobacteria such as Escherichia, Klebsiella, Salmo-
nella, Shigella, Yersinia and Proteus [66-68]. It inhibits
the growth of E. coli strains at 100-500 nM. The activity
is bactericidal [S. Rebuffat et al., unpubl. results]. MccC7/
C51 has been initially proposed to target protein synthe-
sis, inhibiting translation [19]. Since a synthetic peptide
with the heptapeptide sequence devoid of the nucleotide
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moiety mildly inhibited translation in vitro, it was con-
cluded that the peptide was responsible for translation
inhibition and that the nucleotide was involved in the
recognition and transport into susceptible cells [19].
However, it was recently demonstrated that MccC7/C51
is degraded inside the target bacteria, leading to a modi-
tied aspartyl adenylate. This unhydrolyzable aspartyl ad-
enylate strongly inhibits translation by preventing the
synthesis of aminoacylated tRNA-Asp by aspartyl-tRNA
synthetase, making the nucleotide part of the molecule
responsible for cell killing after being processed by a spe-
cific protease [69] (fig. 2¢). Such a mechanism is reminis-
cent of that used by other antibiotics containing a nucle-
otide part such as albomycin, which is taken inside the
cells through the ferrichrome uptake system FhuA, be-
fore being converted into an active form by peptidase N
[70]. Therefore, MccC7/C51 constitutes the first example
of a bacterial AMP (either a bacteriocin or a microcin)
being processed and converted into the active molecule
inside the target bacteria rather than in the producer
strain, as it is generally observed. Furthermore, the pep-
tide moiety should consequently play a role in the micro-
cin uptake into susceptible cells. However this remains to
be evidenced, as well as the system involved in recogni-
tion and uptake.
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Abstract

The two-peptide class Il bacteriocins consist of two different
unmodified peptides, both of which must be present in
about equal amounts in order for these bacteriocins to exert
optimal antimicrobial activity. These bacteriocins render the
membrane of target cells permeable to various small mole-
cules. The genes encoding the two peptides of two-peptide
bacteriocins are adjacent to each other in the same operon
and they are near the genes encoding (i) the immunity pro-
tein that protects the bacteriocin-producing bacteria from
being killed by their own bacteriocin, (ii) a dedicated ABC
transporter that transports the bacteriocin out of the bacte-
riocin-producing bacteria, and (iii) an accessory protein
whose specific role is not known, but which also appears to
be required for secretion of the bacteriocin. The production
of some two-peptide bacteriocins is transcriptionally regu-
lated through a three-component regulatory system that
consists of a membrane-interacting peptide pheromone, a
membrane-associated histidine protein kinase, and re-
sponse regulators. Structure analysis of three two-peptide
bacteriocins (plantaricin E/F, plantaricin J/K, and lactococcin
G) by CD (and in part by NMR) spectroscopy reveal that these

bacteriocins contain long amphiphilic a-helical stretches
and that the two complementary peptides interact and
structure each other when exposed to membrane-like enti-
ties. Lactococcin G shares about 55% sequence identity with
enterocin 1071, but these two bacteriocins nevertheless kill
different types of bacteria. The target-cell specificity of lac-
tococcin G-enterocin 1071 hybrid bacteriocins that have
been constructed by site-directed mutagenesis suggests
that the B-peptide is important for determining the target-
cell specificity. Copyright © 2007 S. Karger AG, Basel

Introduction

Many bacteria produce ribosomally synthesized anti-
microbial peptides, often referred to as peptide bacterio-
cins [1-5]. There is great interest in developing these pep-
tides into agents for treatment of infections and for pres-
ervation of food and animal feed, not the least because of
the alarming increase in antibiotic-resistant pathogenic
bacteria and the undesirable side effects that many chem-
ical preservatives may have. There has especially been
great interest in the peptide bacteriocins produced by lac-
tic acid bacteria (LAB) because of the ‘food grade quality’
and industrial importance of these bacteria. The LAB
peptide bacteriocins are grouped into two main classes.
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Table 1. An overview of genetically and

biochemically characterized two-peptide Bacteriocin' Producer Ref.

bacteriocins
Lactococcin G Lactococcus lactis LMGT2081 6
Enterocin 10712 Enterococcus faecalis FAIR-E 309 7

Enterococcus faecalis BFE 1071 8,9

Lactococcin Q Lactococcus lactis QU 4 10
Plantaricin E/F Lactobacillus plantarum C11 11,12
Plantaricin J/K Lactobacillus plantarum C11 11,12
Plantaricin S Lactobacillus plantarum LCP010 13, 14
Plantaricin NC8 Lactobacillus plantarum NC8 15
Lactacin F Lactobacillus johnsonii VP111088 16,17
Brochocin C Brochothrix campestris ATCC 43754 18
Thermophilin 13 Streptococcus thermophilus Sfil3 19
ABP-118 Lactobacillus salivarius subsp. salivarius UCC118 20
Mutacin IV Streptococcus mutans UA140 21
Lactococcin MN Lactococcus lactis 9B4 22
Lactocin 705 Lactobacillus casei CRL 705 23
Leucocin H? Leuconostoc MF215B 24

I Enterocin L50 has two peptides [25], but is not included in the list as it is not con-
sidered a bona fide two-peptide bacteriocin, since the two peptides have similar sequenc-
es and they have potent antimicrobial activity when assayed individually. Lactococcin
MMT24 [26] is not included in the list since its sequence is unknown and it is therefore
uncertain whether it might be identical to one of the above bacteriocins.

2 Refer to reference 7 for correct sequence of enterocin 1071.

3 Leucocin H has not been completely sequenced and it is consequently uncertain
whether or not it is an unmodified class II bacteriocin or a two-peptide lantibiotic (i.e.

class I bacteriocin).

Class I consists of the post-translationally modified pep-
tide bacteriocins, often referred to as lantibiotics. Class I1
consists of the peptide bacteriocins without modified res-
idues, and has been divided into three subclasses, class
ITa, ITb and Ilc. The antilisterial one-peptide pediocin-like
bacteriocins that have very similar amino acid sequences
are allocated to class IIa, whereas non-pediocin-like one-
peptide bacteriocins that show no sequence similarity to
the pediocin-like bacteriocins are placed in class Ilc.
Class IIb contains the two-peptide bacteriocins. These
bacteriocins are unique in that they consist of two very
different peptides and optimal antimicrobial activity re-
quires the presence of both peptides in about equal
amounts [1-4]. Since the first isolation of a two-peptide
bacteriocin, lactococcin G, in 1992 [6], at least 14 two-
peptide bacteriocins produced by LAB have been identi-
fied, isolated and characterized (table 1). The focusin this
article will be on the two-peptide (class IIb) bacteriocins.
It should be mentioned that two-peptide lantibiotics have
also recently been identified and characterized, but these
class I bacteriocins will not be discussed.

Two-Peptide Bacteriocins

The Two Peptides of Two-Peptide Bacteriocins
Function as One Antimicrobial Unit

The individual peptides of two-peptide bacteriocins
share many characteristics with one-peptide bacterio-
cins; they are all usually cationic and contain hydropho-
bic and/or amphiphilic regions. One or both peptides of
some two-peptide bacteriocins (such as lactacin F [16]
and plantaricin E/F, and J/K [11]) may in fact individu-
ally display some — although low - antimicrobial activity.
Two-peptidebacteriocins should, however, notbe thought
of as simply two synergistically-acting one-peptide bac-
teriocins. A peptide from a two-peptide bacteriocin dis-
plays high antimicrobial activity only in combination
with the complementary peptide from the same two-pep-
tide bacteriocin (or in some cases in combination with a
peptide from a homologous two-peptide bacteriocin; see
discussion below dealing with enterocin 1071 and lacto-
coccin G and Q). For instance, the two complementary
peptides that constitute lactococcin G are active at pico-
to nanomolar concentrations when combined, but show
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LafA: RNNWQTNVGGAVGSAMIGATVGGTICGPACAVA----
PlsA: RNKLAYNMGHYAGKATIFGLAAWALLA

Fig. 1. Sequence alignment of the LafA peptide of lactacin F and
the PIsA peptide of plantaricin S. Amino acids are colored in the
two sequences as follows: amino acids that are identical in the two
sequences are in red; the amino acids where both residues are
similar with respect to either charge (R and K; D and E), hydro-
phobicity (V, I, L), hydrophilicity (N and Q; S and T) or aromatic

no activity when tested individually at concentrations as
high as 50 uM [27], nor when combined with either the
E- or F-peptide of plantaricin E/F or the J- or K-peptide
of plantaricin J/K [11]. The requirement of both comple-
mentary peptides for a potent antimicrobial effect clearly
indicates that the two peptides of two-peptide bacterio-
cins function together as one antimicrobial entity. Also
the facts that (i) the genes encoding the two peptides of
two-peptide bacteriocins are found next to each other on
the same operon [7-10, 12, 14-23, 28] and that (ii) there
is only one immunity gene for each two-peptide bacterio-
cin, indicate that the peptides of two-peptide bacteriocins
function together as one unit. Moreover, structural stud-
ies of three two-peptide bacteriocins (lactococcin G, and
plantaricin E/F and J/K) revealed a direct physical inter-
action between complementary peptides when they exert
their bactericidal effect [29, 30] (see below).

Although two-peptide bacteriocins are not two syner-
gistically-acting one-peptide bacteriocins, two-peptide
bacteriocins may have evolved from two synergistically-
acting one-peptide bacteriocins. If two synergistically-
acting one-peptide bacteriocins were produced by the
same bacteria, there would clearly be a selection pressure
for the enhancement of the synergistic effect of the two
peptides — possibly at the expense of the activity of the
individual peptides — and this would in turn create selec-
tion pressure for genetically linking the two peptides,
with the formation of a two-peptide bacteriocin. It should
be noted in this context that one of the peptides (LafA) of
the two-peptide bacteriocin lactacin F [16] shows se-
quence similarity to one of the peptides (PlsA) of the two-
peptide bacteriocin plantaricin S [14] (fig. 1). It thus seems
that one bacteriocin-like peptide might have become ge-
netically linked with another bacteriocin-like peptide at
two different occasions, resulting in the formation of the
two two-peptide bacteriocins, lactacin F and plantaricin

212 ] Mol Microbiol Biotechnol 2007;13:210-219

character (W, Fand Y) are in blue; amino acids that have the same
polarity but are structurally somewhat dissimilar (A, M, W or F
together with either I, V, L; N or Q together with either E or D) are
in green; all other residues are in black. PIsA contains 27 residues
whereas LafA contains 57, but only the first 33 are shown. The
sequences are from references 14 and 16.

S. There is also some sequence similarity between the A-
peptide of mutacin IV and the A-peptide of thermophilin
13, and between the B-peptide of mutacin IV and LafA of
lactacin F [4, 21], suggesting that the two peptides that
evolved into the mutacin IV A and B peptides also be-
came separately linked to other bacteriocin-like peptides
with the formation of the two two-peptide bacteriocins
thermophilin 13 and lactacin F.

Two-Peptide Bacteriocins Permeabilize the
Membrane of Target Cells

All two-peptide bacteriocins whose mode of action has
been studied, this includes lactococcin G [27, 31], plan-
taricin E/F and J/K [32], lactacin F [33], thermophilin 13
[19], and lactocin 705 [34], render membranes permeable
to various small molecules. The studies suggest that these
two-peptide bacteriocins show some specificity with re-
spect to which small molecules they conduct across mem-
branes, and that the specificity varies among the various
two-peptide bacteriocins. Lactococcin G permeabilizes
target-cell membranes for a broad range of monovalent
cations, such as Na*, K*, Li*, Cs*, Rb* and choline, but not
for H', nor divalent cations (Mg?*) or anions, such as
phosphate [27, 31]. Plantaricin E/F and plantaricin J/K
also permeabilize membranes for monovalent cations, in-
cluding H* (in contrast to lactococcin G), but not for di-
valent cations (Mg**) nor phosphate [32]. It appears as if
plantaricin J/K conducts anions more efficiently than
plantaricin E/F and vice versa for cations [32]. Lactacin F
makes the membrane permeable to K" and phosphate [33].
Thermophilin 13 also permeabilizes cell membranes, as it
dissipates both the transmembrane electrical potential
and pH gradient, but its specificity with respect to com-
pounds it conducts across membranes has not been char-
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acterized [19]. The bacteriocin-induced permeabilization
of cell membranes for various ions has clearly a detrimen-
tal effect on cells, as it destroys the proton motive force by
dissipation of the transmembrane electrical potential
and/or the transmembrane pH gradient.

Genes and Proteins Involved in Production of
Two-Peptide Bacteriocins

Five genes are the minimum required to produce two-
peptide bacteriocins and these genes are usually found in
either one or two operons [1-5]. There are two structural
genes that encode the preforms of the two peptides that
constitute the bacteriocin, one immunity gene that en-
codes the immunity protein that protects the bacteriocin
producer from its own bacteriocin, one gene that encodes
the dedicated ABC transporter that transfers the bacte-
riocin across the membrane concomitantly with removal
of the leader sequence, and one gene that encodes an ac-
cessory protein whose specific role is not known, but
which also appears to be required for secretion of the bac-
teriocin. For all genetically characterized two-peptide
bacteriocins, the two structural genes are found next to
each other on the same operon and the two peptides that
constitute the bacteriocin thus appear to be produced in
approximately equal amounts. This operon also contains
the gene that encodes the immunity protein. The genes
encoding the dedicated ABC transporter and the acces-
sory protein are usually found in either the operon that
contains the structural and immunity genes (as is the case
for lactococcin G [28]) or on a separate operon nearby the
operon that contains the structural and immunity genes
(as is the case for enterocin 1071 and plantaricin E/F and
JIK [7-9, 12]).

All two-peptide bacteriocins that have been character-
ized (table 1) are synthesized with a 15- to 30-residue N-
terminal leader sequence of the so-called double glycine
type that is cleaved off at the C-terminal side of two gly-
cine residues by the dedicated ABC transporter upon ex-
port of the bacteriocin from cells [1-5]. A novel feature of
the dedicated ABC transporter is an N-terminal exten-
sion of about 150 residues not present on other ABC trans-
porters. Functional studies using the N-terminal region
of the lactococcin G ABC transporter showed that this
region specifically cleaves off the lactococcin G leader se-
quence at the C-terminal side of the double glycine motif
[35]. The leader thus seems to facilitate interaction with
the ABC transporter and may perhaps also function to
keep the bacteriocin inactive until it has been secreted.

Two-Peptide Bacteriocins

It is presently not clear how immunity proteins protect
cells from bacteriocins. Structure predictions suggest
that many immunity proteins have transmembrane heli-
ces. The putative immunity proteins of the two-peptide
bacteriocins thermophilin 13 [3, 19], plantaricin S [3, 14]
and brochocin C [3, 18] appear to contain two transmem-
brane helices, while the putative immunity proteins of
lactococcin MN (3, 22], lactococcin G [3, 28], and plan-
taricin E/F and J/K [3, 12] may contain 4-5 transmem-
brane helices. The number of transmembrane helices
thus seems to differ, but a common mechanism for bac-
teriocin immunity involving interactions with mem-
brane components may nevertheless exist.

Production of Some Two-Peptide Bacteriocins Is
Regulated through a Three-Component Regulatory
System

The production of some two-peptide bacteriocins,
such as ABP-118 [20] and plantaricin E/F, J/K, [12, 36-41]
and NC8 [42], is transcriptionally regulated through a
three-component regulatory system that consists of a
peptide pheromone, a membrane-associated histidine
protein kinase, and response regulators [43-45]. The reg-
ulation of bacteriocins by three-component regulatory
systems has perhaps been most thoroughly characterized
in Lactobacillus plantarum C11 which produces the two
two-peptide bacteriocins plantaricin E/F and J/K and the
peptide pheromone plantaricin A, which induces the pro-
duction of these two bacteriocins [11, 12, 36-41]. Plan-
taricin A is encoded by a gene located in a regulatory op-
eron that also contains the genes encoding the histidine
protein kinase and two response regulators. The produc-
tion of plantaricin E/F and J/K is apparently activated
when the concentration of plantaricin A reaches a thresh-
old value as a result of high cell density. In addition to
activating bacteriocin production, plantaricin A also in-
duces its own production. An autoinduction loop is thus
triggered, resulting in a rapid increase in the transcrip-
tion of all genes involved in the production of plantaricin
E/F and J/K.

Signal transduction is apparently initiated when plan-
taricin A binds to the membrane-associated histidine
protein kinase, as this triggers the kinase to phosphory-
late the two response regulators, which in turn activate
the genes encoding plantaricin E/F and J/K, as well as the
gene encoding plantaricin A [38-41]. A recent study on
the structure and mode of action of plantaricin A re-
vealed a novel mechanism whereby plantaricin A (and
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Ent-o: ESVFSKIGNAVGPAAYWILKGLGNMSDVNQADRINRKK-H
LenG-a: GT-WDDIGQGIGRVAYWVGKAMGNMSDVNQASRINRKKKH
LenQ-a:  SIWGDIGQGVGKAAYWVGKAMGNMSDVNQASRINRKKKH
Fig. 2. Sequence alignment of the a- and
B-peptides of enterocin 1071 and lactococ- Ent-f: GPGKWLPWLQPAYDFVTGLAKGIGKEGNKNKWKNV
cin G and Q. Amino acids are colored in LenG-p: KKWGWLAWVDPAYEFIKGFGKGAIKEGNKDKWKNI
the sequencesas described in legend to fig- LcnQ- p: KKWGWLAWVEPAGEFLKGFGKGAIKEGNKDKWKNI
ure 1. The sequences are from references 6,
7 and 10.
Table 2. The activity! of lactococcin G . .
and enterocin 1071 against four different Organism Strain MIC for i MIC for
indicator strains lactococcin G enterocin
nM 1071, nM
Enterococcus faecalis NCDO 581 >50 0.2
Enterococcus faecalis LMGT2333 >50 0.3
Lactobacillus casei ssp. casei NCDO 161 >50 >50
Lactococcus LMGT2077 0.2 4.7

! Activity is quantitated in terms of minimum inhibitory concentrations (MIC) of the
two peptides in nM (the sum of both complementary peptides (1:1 ratio) concentrations)
measured against four different strains as described in references 6 and 27.

perhaps other membrane active peptide pheromones/
hormones) functions [46]. It seems that plantaricin A in-
teracts initially in a non-chiral manner with membrane
lipids and that this interaction induces a-helical struc-
turing in part of the peptide [46]. The peptide thus be-
comes sufficiently structured and properly positioned in
the membrane and this enables it to subsequently interact
in a chiral manner with the receptor in or near the mem-
brane-water interface. This membrane-interacting mode
of action may explain why peptide pheromones that are
part of three-component regulatory systems are often
cationic with the potential to form an amphiphilic helix
upon interacting with membranes.

Sequence Similarities between the Two-Peptide
Bacteriocins Enterocin 1071 and Lactococcin G and Q

Three of the two-peptide bacteriocins that have been
identified and characterized, lactococcin G [6, 27, 29, 31],
lactococcin Q [10],and enterocin 1071 [7-9], show marked
sequence similarity and they are thus clearly evolution-
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ary related (fig. 2). Despite about 55% sequence identity
between lactococcin G and enterocin 1071, they appear
to differ in their relative potencies to different target cells
[6, 8] (table 2). These two bacteriocins (along with lacto-
coccin Q) consequently represent an excellent system for
correlating the structure of two-peptide bacteriocins
with target-cell specificity, potency, and interactions with
immunity proteins. We are presently studying the struc-
ture-function relationship of these two two-peptide bac-
teriocins by analyzing their NMR structure and by con-
structing and testing the activity of modified bacteriocin
variants, of which hybrids of lactococcin G and enterocin
1071 are of particular interest. We will in the rest of this
review especially focus on lactococcin G and enterocin
1071 (along with homologues lactococcin Q), but we will
also refer to other two-peptide bacteriocins whenever
this is relevant for highlighting general differences and
similarities between the various two-peptide bacterio-
cins.

Lactococcin G is produced by a few strains of Lactococ-
cus lactis and is perhaps presently the best characterized
class II two-peptide bacteriocin [6, 27-29, 31]. Enterocin
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1071 is produced by strains of Enterococcus faecalis [7-9],
while lactococcin Q was recently isolated from a L. lactis
strain [10]. One of the peptides in these three bacteriocins
contains 39 residues and is termed « (termed Ent1071A
in references 7-9) and the other peptide contains 35 resi-
dues and is termed 3 (termed Ent1071B in references 7-9)
(fig. 2). As is the case with most, if not all two-peptide
bacteriocins, the complementary a- and (3-peptides of
these bacteriocins are initially synthesized as preforms
with double glycine type leaders [7-10, 28, 47], and the
genes that encode the two complementary peptides are
adjacent to each other in the same operon, which in case
of lactococcin G and enterocin 1071 also contains the
gene encoding the immunity protein (this has not been
determined for lactococcin Q), and in the case of lacto-
coccin G, also the genes encoding the ABC transporter
and the accessory protein [7-10, 28]. In contrast to lacto-
coccin G, the genes encoding the ABC transporter and
the accessory protein for enterocin 1071 are located on
another operon that is transcribed in the opposite direc-
tion of the operon that contains the structural genes [9].

These three bacteriocins (enterocin 1071 and lactococ-
cin G and Q) represent an exception to the rule that only
combinations of complementary peptides from one and
the same two-peptide bacteriocin display marked anti-
microbial activity, since high activity is obtained upon
combining one peptide from one of these two-peptide
bacteriocins with the complementary peptide from one
of the two other bacteriocins (fig. 3; see reference 10 for
combinations of peptides from lactococcin G and Q). The
high sequence similarity among these three bacteriocins
thus enables peptides from two different bacteriocins to
function together; although the activity is often reduced,
but there are some interesting exceptions. For instance,
the hybrid combination LcnG- + Ent-a was about 4-fold
more potent than enterocin 1071 (Ent-o + Ent-[3) against
Lactococcus LMGT2077, although it was about 5-fold less
potent than lactococcin G (LenG-a + LenG-3) — perhaps
not surprising considering that lactococcin G is about 20-
fold more potent than enterocin 1071 against these cells
(fig. 3). The hybrid combination LcnG-a + Ent-3 was in-
active. Taken together, the results suggest that the 3-pep-
tide of these bacteriocins is especially important in deter-
mining the target-cell specificity. This conclusion is sup-
ported by results we have obtained by determining the
potencies against various target cells of all combinations
of 15 different LcnG-a/Ent-a hybrid peptides and more
than 20 different LcnG-B/Ent-B hybrid peptides (i.e.
more than 15 X 20 combinations of various complemen-
tary hybrid peptides [48].

Two-Peptide Bacteriocins

1/MIC

Ento+EntB |}

LenG-a + Ent-

oi
|
LenG-B+Enta | B

LenG-a + LenG-B

Fig. 3. The activity obtained upon combining one peptide from
enterocin 1071 with the complementary peptide from lactococcin
G (i.e. LenG-a + Ent-p and LenG- 3 + Ent-a). The activity of wild-
type combinations (i.e. LcnG-a + LenG- and Ent-a + Ent-3) are
also shown for comparison. The activity is quantitated in terms
of 1/MIC where MIC is the minimum inhibitory concentration of
the two peptides in nM measured against Lactococcus LMGT 2077
as described in references 6 and 27. The 1/MIC values of the com-
bination LenG-a + Ent-B was <0.02 nM™,

Secondary Structure and Interaction with
Target-Cell Membranes

The a- and B-peptides of enterocin 1071 and lactococ-
cin G and Q have putative amphiphilic a-helices in their
N-terminal and mid region (residues 3-27 in a and 8-25
in B) as judged by displaying their sequences on an Ed-
mundson a-helical wheel [6, 8, 9]. The non-polar amino
acids are found almost exclusively on one side of the helix
while the polar residues are found on the opposite side.
CD structural studies of the lactococcin G a- and 3-pep-
tides and fragments thereof show that the - and B-pep-
tides are unstructured in water and that there is no struc-
tural interaction between them when they are free in
aqueous solution, but they become structured upon ex-
posure to membrane-like entities, such as micelles and
negatively charged liposomes [29]. Moreover, the studies
revealed that membrane-like entities induced the forma-
tion of an amphiphilic a-helix in the N-terminal and mid
region of both peptides, showing that this region in both
peptides does indeed form an amphiphilic a-helix [29]
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Table 3. a-Helical content! in the a- and

B-peptides of lactococccin G, and in Peptide a-Helical content in the a-Helical content in the pres-
various fragments of these peptides, all in presence of dodecylphospho-  ence of 1.4 mM dioleoylglycero-
the presence of micelles or liposomes choline micelles’ phosphoglycerol liposomes
% helicity residue % helicity residue
number number
o1 42 16-17 44 17
a(1-26) 62 16-17 67 17-18
a(19-39) 8 1-2 6 1-2
B 25 8-9 36 12-13
B(1-26) 26 6-7 33 8-9
B(6-26) 30 6-7 37 7-8
B(10-26) 9 1-2 20 3-4
B(10-35) 8 2 27 7
B(21-35) 5 0-1 12 1-2

! Data are from reference 29.
2The concentration of dodecylphosphocholine was 4 mM in all cases except a(19-39)
and B(21-35) for which 12 mM was used.

(table 3). Recent NMR analysis of the a-peptide in mi-
celles indicates an a-helical region from about residue 3
to 22, with a possible break in the glycine-rich region be-
tween residue 7 and 12 [Rogne et al., unpubl. data]. For
the B-peptide, the NMR data suggest an a-helical region
that includes the proline residue in position 11 and
stretches about 3-5 residues to each side [Rogne et al,,
unpubl. data]. Interestingly, in the presence of liposomes,
the a- and B-peptides induce additional a-helical struc-
turing in each other [29] (table 4), indicating that the pep-
tides interact upon contact with target membranes. The
additional structuring occurred only when the two pep-
tides were added simultaneously to liposomes, not when
one peptide was added before the other, nor when two
liposome samples, each containing a peptide, were mixed
[29] (table 4).

CD structural studies similar to those done on lacto-
coccin G have also been carried out with two other two-
peptide bacteriocins, plantaricin E/F and plantaricin J/K
and basically the same results were obtained [30]. Mem-
brane-like entities induced amphiphilic a-helices in the
peptides of plantaricin E/F and J/K and additional struc-
turing was obtained when complementary peptides were
exposed simultaneously to the membrane entities [30]
(table 4). One would expect similar results also for the a-
and B-peptides of enterocin 1071 and lactococcin Q, since
their sequence similarities to lactococcin G indicate that
enterocin 1071 and lactococcin G and Q have similar
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three-dimensional structures and mode of action. For en-
terocin 1071 and lactococcin G and Q, as well as for plan-
taricin E/F and J/K, the two complementary peptides
thus appear to interact in a structure-inducing manner
upon arrival at the target membrane, resulting in the for-
mation of an antimicrobial peptide complex with amphi-
philic a-helical regions. The synergistic antimicrobial ef-
fect obtained with the two complementary peptides of
two-peptide bacteriocins is thus apparently due to inter-
peptide interactions, rather than to the two complemen-
tary peptides interacting separately at different sites on
the target cell. It is not clear exactly at what stage this in-
ter-peptide interaction occurs when peptides are exposed
to sensitive cells, but it presumably occurs after the pep-
tides come in contact with the target cells and before they
become fully embedded in the lipids of the cell mem-
brane. The peptides might first bind individually to an
entity on the cell wall or membrane and then interact be-
fore penetrating further into the hydrophobic part of the
cell membrane. Such a sequence of events is consistent
with the following observations: toxicity is observed
when sensitive cells are first treated with one lactococcin
G peptide, washed and then treated with the other lacto-
coccin G peptide, whereas no toxicity is observed when
cells treated with one peptide are mixed with cells treated
with the other peptide [31]. This indicates that both pep-
tides can separately interact stably with the target-cell
surface without losing their potential bacteriocin activity
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Table 4. Percent helical content® in
lactococcin G peptides and the plantaricin
E/F and J/K peptides upon combining

Mixing procedure

% helical content of peptide
combination

complementary peptides in 1.4 mM LenG-a +  PInE+  PlnJ +
dioleoylglycerophosphoglycerol LenG-B " PInF PInK
liposomes '
Mixing two peptides before adding liposomes 52 38 42
Mixing two liposomes-peptide samples 41 32 30
Calculated average based on individual measurements 40 29 30

4 Data are from references 29 and 30.

in this ‘dormant state’ (i.e. when bound separately to the
cell surface), but they are unable to diffuse to another cell
once bound to the cell surface [31].

The sequences of lactacin F [16] and plantaricin S [14]
and NC8 [15] suggest that also these two-peptide bacte-
riocins contain relatively long amphiphilic a-helical seg-
ments. The amphiphilic a-helix thus appears to be an im-
portant structural motif in many two-peptide bacterio-
cins, but there are some exceptions. CD and NMR
structural analysis of the brochocin C a- and 3-peptides
suggest a high content of B-sheet structure in these pep-
tides [49], and this is probably also the case for the two
peptides that constitute thermophilin 13, since it has
marked sequence similarity with brochocin C [18, 19]
and thus presumably also has similar three-dimensional
structure. Moreover, both the complementary peptides of
brochocin C and thermophilin 13 contain long hydro-
phobic segments with a cysteine residue near each end
(18, 19], and it is consequently difficult to envisage how
these dominantly hydrophobic peptides can form amphi-
philic (helical) segments of any length. Also both pep-
tides of AMP-118 contain hydrophobic segments (30-40
residues) with cysteine residues near each end [20]. One
of the peptides of lactococcin MN has also a hydrophobic
segment of about 40 residues [22], but without cysteine
residues, whereas both peptides of mutacin IV have
(somewhat shorter and not as marked) hydrophobic seg-
ments that contain two cysteine residues [21].

The hydrophobic and or amphiphilic character of two-
peptide bacteriocins presumably enables their mem-
brane-interacting mode of action. The peptides with a
long hydrophobic segment presumably insert the hydro-
phobic segment into the hydrophobic phase of the target
membrane, and those with an amphiphilic a-helix are
thought to initially interact with the target membrane ac-
cording to the ‘carpet mechanism’, which entails that the

Two-Peptide Bacteriocins

amphiphilic helix lies parallel to the plane of the mem-
brane in the interface region, with the hydrophobic side
of the helix facing towards and shallowly penetrating into
the hydrophobic phase of the membrane. It is uncertain
to what extent this ‘carpet mechanism’ is sufficient to de-
stabilize the phospholipid packing of membranes and
cause membrane permeabilization at pico- to nanomolar
concentrations of peptide, and several features suggest
that the amphiphilic helical region is likely to eventually
insert obliquely or more perpendicularly into mem-
branes. The fact that the two complementary peptides
function together synergistically through structure-sta-
bilizing interactions indicates that membrane permeabi-
lization is much more complex than simply the horizon-
tal binding of amphiphilic helical structures to the cell
surface according to the ‘carpet mechanism’. Moreover,
the high potency of the two-peptide bacteriocins suggests
that membrane permeabilization depends on a relative
low number of peptides that may interact with membrane
proteins, unlike what is expected if permeabilization oc-
curs through the ‘carpet mechanism’. Finally, the fact that
two-peptide bacteriocins are relatively specific with re-
spect to the molecules they conduct across membranes
(see discussion above on permeabilization of target-cell
membrane) suggests that they form specific pores, rather
than cause unspecific disintegration of membranes
through the ‘carpet mechanism’.

A fusion protein consisting of the immunoglobulin-
binding domain of streptococcal protein G (GB1 domain)
linked to the N-terminal residues of the lactococcin G -
and B-peptide exhibited bacteriocin activity when com-
bined with the lactococcin G B- and a-peptide, respec-
tively, which could indicate that the N-terminal parts of
the lactococcin G a- and B-peptide are not the regions
that penetrate into or through the target-cell membrane.
This might, however, be an overinterpretation, since the
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fused B-peptide was about 5,000-fold less potent than the
unfused B-peptide and the fused a-peptide was 20,000-
to 30,000-fold less active than the unfused a-peptide
[Rogne and Oppegard, unpubl. results].

Concluding Remarks

More detailed structural analysis of two-peptide bac-
teriocins combined with construction and analysis of ge-
netically modified variants is clearly necessary in order
to gain more insight into the structure and structural fea-
tures that are important for the mode of action and po-
tency of two-peptide bacteriocins. Such insight is invalu-
able for future rational design of more optimal bacterio-
cin variants and for optimal use of bacteriocins in
medical and biotechnological applications. The future

use of LAB bacteriocins for preservation of food and an-
imal feed and for treatment of infections looks promis-
ing, since these bacteriocins exert their antimicrobial ac-
tivity very differently from antibiotics and preservatives,
and might thus complement and possibly substitute anti-
biotics and preservatives. Moreover, these bacteriocins
may be considered as relatively safe, since LAB are part
of the natural microbial flora in food humans consume,
they constitute a significant part of our indigenous flora,
and they are used in food and feed production.
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Abstract
A concept of application of dendrimer chemistry for con-
struction of ‘non-sequential pharmacophore’, mimicking
active conformation of linear antimicrobial peptides, is in-
troduced. It resulted in the synthesis of a family of low-
molecular-weight basic peptide dendrimers with antimicro-
bial properties against Staphylococcus aureus (Gram-posi-
tive), Escherichia coli (Gram-negative) and Candida albicans.
Copyright © 2007 S. Karger AG, Basel

Introduction

Epidemiologic studies performed in European coun-
tries report an increase in infectious diseases and bacte-
rial resistance to antibiotics. This has resulted in inten-
sive worldwide research focusing on the use of natural,
linear antimicrobial peptides and their derivatives. Anti-
microbial peptides are 10- to 50-amino-acid-long peptide
antibiotics that have been recently discovered in many
living organisms including humans. They are an impor-
tant part of the innate defense system, possessing a high
potency and broad spectrum of activity against prokary-

otic cells with only a minor impact on eukaryotic cells.
Such properties raised some hope that natural antimicro-
bial peptides and their synthetic analogs may be adapt-
able for use in vivo as new generation antibiotics. Among
them a large group, presently ca. 600 compounds, are
qualified as ‘cationic peptides’, defined as peptides with
an overall positive charge, imparted by the presence of
multiple lysine and arginine residues, and a substantial
portion (50% or more) of hydrophobic/aromatic residues.
During interactions with biological membranes they
adopt a-helical, B-sheet or both (-sheet and a-helical
structures with the first two classes being the most com-
mon in nature. Structure-activity studies of these pep-
tides reveal two main requirements for the antimicrobial
activity: a cationic charge and an induced amphipathic
conformation [1-3].

The knowledge of structural elements required for ex-
pressing antimicrobial properties allows us to develop a
concept that the active structure of linear peptides could
be modeled by application of dendrimer chemistry. Den-
drimers are macromolecules of nanoscopic dimensions
which are characterized by a combination of a high num-
ber of functional groups on the surface and have a com-
pact molecular structure. They are synthesized using or-
ganic chemistry methods and have well-defined, discrete
structures which can be precisely controlled throughout
the synthesis. The multivalent nature of these compounds
and unambiguous composition, reliability and versatility
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of their synthesis make this type of carrier well suited for
various biotechnological and biochemical applications
such as diagnostic purposes [4], protein mimetics [5], an-
tiviral agents and vaccines [6, 7], or drug and gene deliv-
ery vehicles [8]. If biomedical applications of dendrimers
are involved, the well-recognized polydispersity of a
higher generation of dendrimers makes them hard to
synthesize and purify. Therefore, we synthesized a series
of low-molecular-mass peptide dendrimers, based on ly-
sine used both as a trivalent core and branching element,
and confirmed their antimicrobial properties [9] and low
cytoxicity of some structural classes [10].

The present article focuses on the synthesis and anti-
microbial properties of a particular class of these amphi-
philic dendrimers with the C-end modified by non-ami-
no acid residues.

Results and Discussion

Synthesis and Antimicrobial Activity

The basic idea of this research is to transfer antimicro-
bial properties between two structurally different classes
of molecules - linear peptides and dendrimers. In solu-
tion, linear peptides exist as a dynamic composition of
various conformations, from which only a small popula-
tion has structures suitable for interactions with biological
membranes. This active conformation is directly associ-
ated witha particular sequence ofamino acids constituting
the chain which we call the ‘sequential pharmacophore’.
For example, most abundant natural linear lytic peptides
are believed to undergo conformational changes in the vi-
cinity of the membrane, leading to adoption of an am-
phipathic a-helical structure [1, 11]. The helical structure
enables clustering of basic and hydrophobic amino acid
residues in order to interact with complementary elements
of the membrane followed by its disruption through sev-
eral postulated mechanisms [12]. However, very potent
membrane-active antimicrobial peptides with shorter
chains (e.g. indolicidine) are known where the amphipa-
thic structure is achieved due to another process.

In order to obtain compounds with amphiphilic prop-
erties, we designed peptide dendrimers from amino acids
containing basic and hydrophobic residues that are re-
quired for expressing antimicrobial properties in the ma-
jority of natural peptides. In such molecules the key role
is the spatial distribution of the amino acid residues.
Therefore, we decided to synthesize branched compounds
with a collection of basic and hydrophobic/aromatic
groups located not only on the surface but within the

Antimicrobial Dendrimeric Peptides

COOH

Sequential

Non-sequential

Fig. 1. Illustration of a general concept of ‘non-sequential phar-
macophore’.

whole dendrimer tree. Although conformational flexibil-
ity of branched molecules is lower than their linear pre-
cursors, receptors can recognize and bind one out of sev-
eral active groups of the same type, distributed in a con-
trolled fashion. Contrary to the sequence-dependent
active conformation of the linear peptides, we called this
construction a ‘dispersed’ or ‘non-sequential’ pharmaco-
phore (fig. 1). Using lysine as a core and branching unit
and retaining 2-Cl-benzyloxycarbonyl (2-CI-Z) or other
protecting groups at a- or g-positions allowed us to ob-
tain molecules with positively charged amino groups and
a number of hydrophobic/aromatic residues. Versatility
of the peptide synthetic procedures (orthogonal ap-
proach) allowed to us extensively modify their three-di-
mensional structures. In addition, modifications of the
dendrimer C-end enabled the introduction of residues of
peptidic and non-peptidic character with varying lypo-
philicity and spatial requirements.

The designed dendrimers retain the overall (+2) charge
located at the two unsubstituted a-amino groups of ly-
sines and belong to three dendrimer families. In group 1,
compounds D/1-D/4 are the first-generation lysine den-
drimers functionalized at the C-end by tryptamine, (R)-
or (S)-methylbenzylamine (MBA) or benzylamine (BA).
In group 2, compounds D/5-D/7, C-terminal benzyl-
amine is attached to the lysine core via amino acid spac-
ers of various side chain polarity. In group 3, compounds
D/9-D/10, the amino acid spacer is located between core
and the first-generation lysines. Examples of molecular
formulas of the compounds D/1, D/5 and D/9, belonging
to different structural classes, along with abbreviated
structure and molecular mass, are shown in figure 2.

According to the published data, the majority of den-
drimers containing amino acids were synthesized on sol-
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Fig. 2. Molecular structures of D/1, D/5 and D/9 dendrimers belonging to different structural classes. Molecu-
lar formula is followed by theoretical and experimental mass (from ESI MS).

id support. In the present case, all dendrimers were syn-
thesized in solution by DCC coupling. The purification
procedure, i.e. gel filtration on Sephadex LH-20 followed
by preparative HPLC, enabled to obtain gram quantities
of each dendrimer for structural and biological studies.
The fraction containing pure peptide was lyophilized
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twice and purity was confirmed by analytical HPLC.
Electrospray ionization mass spectrometry (ESI-MS) was
a particularly valuable technique for characterization of
these multiply charged low-molecular-mass dendrimers.
To elucidate the influence of dendrimer’s hydrophobicity
and conformational flexibility on their membrane activ-
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Table 1. Antimicrobial properties for dendrimers D1-D10

No. Formula MIC, pM MIC, pM MIC, uM
S. aureus E. coli C. albicans

D/1 HCl > Lys(2-Cl-Z) 7 5.1 2.6 167
HCl » Lys(2-CI-Z)-Lys-NC-(CHj), —\

D/2 HCl » Lys(2-Cl-Z) — N 11 55 11
HCl e LYS(Z-CI-Z)-LYS-NH-CH(CH3)C5H5(S)

D/3 HCl © Lys(2-Cl-Z) 11 55 22
HCl » Lys(2-Cl-Z)-Lys-NH-CH(CH3)CgHs(R)

D/4 HCl -~ Lys(2-Cl-Z) 7 22 22 44
HCl » Lys(2-CI-Z)-Lys-NH-CH,CgHs

D/5 HCl e Lys(2-Cl-Z) — 77 154 77
HCl  Lys(2-Cl-Z)-Lys-Ala-NH-CH,CgHs

D/6 HCl > Lys(2-Cl-Z) 77 77 77
HCl » Lys(2-Cl-Z)-Lys-D-Ala-NH-CH,CgHs

D/7 HCl ° Lys(2-Cl-Z) — 64 64 64
HCl > Lys(2-Cl-Z)-Lys-Ser(Bzl)-NH-CH,CgHs

D/8 HCl ° Lys(2-Cl-Z) 75 75 75
HCl » Lys(2-CI-Z)-Lys-Pro-NH-CH,CgHs

D/9 HCl o Lys(2-Cl-Z)-Ala— 144 144 288
HCl » Lys(2-Cl-Z)-Ala-Lys-NH-CH,CgHs

D/10 HCl > Lys(2-Cl-Z)-D-Ala — 288 288 144

HCl - Lys(2-Cl-Z)-D-Ala-Lys-NH-CH,CgHs

ity and selectivity, we designed analogs with the C-end
modified by various amines - tryptamine, benzylamine,
and both chiral and racemic methylbenzylamine. The
antimicrobial activities of dendrimers D/1-D/10 against
Staphylococcus aureus ATCC 25923 (Gram-positive),
Escherichia coli NCTC 8196 (Gram-negative) and Can-
dida albicans NCTC 8196 are shown in table 1. It appears
that first-generation dendrimers with the C-end modi-
tied by non-peptidic aromatic residues (group 1) have a
ca. 5- to-10 fold higher activity when compared to the
formerly studied dendrimeric peptides with Phe or Tyr
located at the C-end [9]. Among these compounds, de-
rivative D/1, with a bulky tryptamine residue, is as active
as indolicidine (Ile-Leu-Pro-Trp-Lys-Trp-Pro-Trp-Trp-
Pro-Trp-Arg-Arg-NH,) - a small natural antibacterial
peptide synthesized in our laboratory and used previous-
ly as reference compound (minimum inhibitory concen-
tration (MIC) equals 1.5 and 3.0 for S. aureus and E. coli,
respectively). This analog is also the least active towards
C. albicans. Elongation of the C-end of dendrimers by L-
or D-Ala, or (Bzl)Ser (group 2), gave compounds three
times less active than those in group 1. Elongation of ly-
sine arms by an additional L- or D-Ala (group 3) resulted
ina5- to 10-fold decrease in bacteriostatic potency. Anal-
ysis of antimicrobial potency showed that introduction of

Antimicrobial Dendrimeric Peptides

additional aliphatic amino acid in the vicinity of the free
a-amino groups of lysines significantly reduces activity.
We assume that bulky Ala, Ser or Pro residues make these
groups sterically hindered and therefore less accessible
for interactions with membrane components. On the oth-
er side, aromatic groups located at the C-terminus sig-
nificantly enhance antimicrobial activity. There is a 5-
fold shift in selectivity towards the Gram-positive strain
in the case of diastereoisomeric compounds D/2 and D/3.
However, opposite chirality at one stereogenic center
does not influence their activity.

In summary, the results presented confirm our hy-
pothesis that the dendrimer structure can be used for
construction of branched peptides, interacting with bio-
logical membranes. Although lysine dendrimers have
been used before as synthetic scaffolds for the prepara-
tion of multiple antigen peptides [13] or for attachment of
2-8 copies of tetrapeptide R4 (RLYR) or an octapeptide
R8 (RLYRKVYGQG) - fragments of antimicrobial peptide
[14] - a concept of non-sequential pharmacophore allows
to synthesize simple compounds with high antimicrobial
potency and low molecular weight. From a practical point
of view, such compounds are much easier to synthesize
and purify. They represent a new class of membrane-ac-
tive dendrimers where the dendrimer tree is used not
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Fig. 3. Synthesis of compound D/1.

only for multiplication of active elements but also for spa-
tial distribution of cationic and aromatic (hydrophobic)
groups that is essential for interactions with bacterial
membranes. Although both natural peptides and
branched analogs are built from the same elements (ami-
no acids with positively charged and hydrophobic side
chains), assignment of a particular mechanism of inter-
actions with biological membranes is at this point not
justified. We have been able to exclude a channel mecha-
nism by observing that MIC values were the same for a
family of isomeric compounds with the same overall
charge but with introduction of D-amino acids at various
positions in comparison with an all-L-derivative [9]. Mo-
lecular mechanic calculations performed for some of
these molecules showed that planar structures with a
wide distribution of branches are the lowest energy con-
formations, thus suggesting that a ‘carpet mechanism’ is
highly probable. On the other side, data on interactions
of our peptides with model lipid bilayers using the DSC
method explain that no other receptors are required in
order to effectively disintegrate such membranes [15].

Experimental Procedure

All solvents and reactants were of analytical grade and were
used without further purification. Mass spectra were recorded
with a Mariner ESI time-of-flight mass spectrometer (PerSeptive
Biosystems). The needle voltage was adjusted to 5 kV; declustering
potential was varied from 20 to 220 V. Samples were prepared in
MeOH.

224 ] Mol Microbiol Biotechnol 2007;13:220-225

Synthesis and Assay of Antimicrobial Activity

All dendrimers were synthesized by the Boc chemistry in solu-
tion. A representative example of the synthesis of the dendrimer
D/1 from tryptamine, No,Ne-bis-Boc lysine and Ne-(2-Cl-Z)-ly-
sine (Z = benzyloxycarbonyl) is outlined in figure 3. Other com-
pounds were similarly prepared except that the starting materials
were appropriate. All crude peptide dendrimers were purified by
gel filtration on Sephadex LH-20, followed by preparative HPLC.
The fraction containing pure peptide was lyophilized twice and
purity was confirmed by analytical HPLC and mass spectrome-
try. Supplementary data contain ESI-MS spectra of the studied
compounds.

Antimicrobial activity was assayed against S. aureus ATCC
25923, E. coli NCTC 8196 and C. albicans NCTC 8196. To deter-
mine the MIC, the microdilution broth method was used. Briefly,
cells of each bacterial strain were collected in the logarithmic
phase of growth and suspended in nutrient broth (Biotest AG,
Germany). The concentration of colony-forming units (CFU) was
quantified by measuring absorbancy at 600 nm (Aggp). Dendrimer
samples were dissolved in nutrient broth (pH 7.0) and diluted se-
rially. The sample solution (100 pl) was mixed with the diluted
bacterial suspension (100 wl). Mixtures containing 10° bacterial
CFU and from 1 to 0.003% of the test peptides were incubated for
24 h at 37°C. Antimicrobial activities were expressed as the IC -
the concentration at which 100% inhibition of growth was ob-
served. Three independent experiments were averaged and calcu-
lated deviations were <15%.
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Abstract
Lantibiotics are antimicrobial peptides that contain several
unusual amino acids resulting from a series of enzyme-medi-
ated posttranslational modifications. As a consequence of be-
ing gene-encoded, the implementation of peptide bioengi-
neering systems has the potential to yield lantibiotic variants
with enhanced chemical and physical properties. Here we de-
scribe a functional two-plasmid expression system which has
been developed to allow random mutagenesis of the two-
component lantibiotic, lacticin 3147. One of these plasmids
contains a randomly mutated version of the two structural
genes, [tnAT and [tnA2, and the associated promoter, Pbac,
while the other encodes the remainder of the proteins re-
quired for the biosynthesis of, and immunity to, lacticin 3147.
To test this system, a bank of ~1,500 mutant strains was gen-
erated and screened to identify mutations that have a detri-
mental impact on the bioactivity of lacticin 3147. This strategy
established/confirmed the importance of specific residues in
the structural peptides and their associated leaders and re-
vealed that a number of alterations which mapped to the -10
or -35 regions of Pbac abolished promoter activity.

Copyright © 2007 S. Karger AG, Basel

Introduction

The lantibiotics are an ever-expanding family of an-
timicrobial peptides that are produced by a diverse range
of bacteria [for reviews, see 1-3]. They display several
distinctive characteristics and exhibit activity toward
Gram-positive bacteria that can be several orders of
magnitude more potent than classical antibiotics. These
gene-encoded, ribosomally derived peptides are exem-
plified by the presence of unique modified amino acids,
predominantly dehydrated amino acids (e.g. dehydroala-
nine (Dha) and dehydrobutyrine (Dhb)), and the thio-
ether-containing amino acids lanthionine (Lan) and (3-
methyllanthionine (MeLan). These unusual amino acids
are introduced via a series of posttranslational modifica-
tion reactions that include the dehydration of serine and
threonine residues followed by intramolecular addition
of cysteines to the resultant unsaturated amino acids.
The latter event results in the formation of internal ring
structures, conferring structure and function to the pre-
viously inactive peptide. Lacticin 3147 is a two-compo-
nent lantibiotic produced by Lactococcus lactis subsp.
lactis that is active against a wide variety of clinically sig-
nificant Gram-positive organisms including methicil-
lin-resistant Staphylococcus aureus, vancomycin-resis-
tant Enterococcus faecalis, penicillin-resistant Pneumo-
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coccus, and Propionibacterium acnes in addition to
food-borne pathogens such as Listeria monocytogenes
and Bacillus cereus [4, 5]. The two structural lanthio-
nine-containing peptides, designated LtnA1l and LtnA2,
act synergistically to form pores in the membranes of
sensitive bacterial cells [6, 7], an action that is facilitated
by binding of the essential precursor of peptidoglycan
synthesis, lipid II. This binding of lipid II also results in
the inhibition of cell wall synthesis in the target strain
[8]. An unusual feature of lacticin 3147 is the presence of
three D-alanine residues (D-Ala) [9-11] making it one of
only a few examples of prokaryotic gene-encoded pep-
tides in which such residues have been identified [12, 13].
The recent structural elucidation of both peptides [10]
has revealed that the C-terminus of LtnA1 bears a strik-
ing resemblance to another lipid II-binding lantibiotic,
mersacidin. Indeed, a number of lantibiotics that include
mersacidin, LtnA1 and actagardine contain a conserved
stretch of amino acids, CTLTXEC, that could comprise
the core site for binding lipid II [14, 15]. The LtnA2 pep-
tide forms a structure more typical of linear cationic
peptides and comparison with closely related peptides
reveals a highly conserved C-terminus, potentially rep-
resenting the site of interaction with LtnAl.

Unlike classical peptide antibiotics that are produced
by multienzyme complexes, the gene-encoded nature of
lantibiotics has permitted the development of a number
of mutagenic systems to produce novel structural vari-
ants. While these systems have predominantly been used
to reveal information about the structure-function rela-
tionships of lantibiotics they have, on rare occasions, re-
sulted in an enhancement of their chemical and antimi-
crobial properties. Since multiple genes are required for
lantibiotic synthesis and immunity, the in vivo bioengi-
neering of the structural peptide has occurred in the
background of the original producer or derivatives there-
of. Such systems have been developed for nisin [16-18],
subtilin [19], Pep5 [20], mutacin II [21], mersacidin [22],
cinnamycin [23] and lacticin 3147 [9].

To date, 69 derivatives of the lacticin 3147 peptides (in-
cluding complete alanine scanning mutagenesis) have
been generated utilizing a system reliant on the modifica-
tion of the [tnA1A2 genes on a shuttle vector by site-di-
rected mutagenesis and incorporation of the engineered
genes into the native lacticin 3147-encoding plasmid,
PMRCOL, in L. lactis MG1363 by double crossover ho-
mologous recombination [9, 15]. While use of this system
ensures that the sole alteration within the bioengineered
strains is the replacement of a single amino acid, it suffers
in being relatively time consuming and unsuitable for

A System for the Random Mutagenesis of
Lacticin 3147

random mutagenesis approaches. Consequently, the
main aim of this study was to develop a system in which
randomly mutagenized ItnAl and ItnA2 genes could be
expressed in trans in a background capable of the biosyn-
thesis of fully modified lacticin 3147 peptides. In addition
to achieving this goal, a proof of concept exercise was car-
ried out whereby an initial bank consisting of ~1,500
strains was generated and screened for mutations that re-
sult in diminished lacticin 3147 bioactivity.

Results

Complementation of a Strain Lacking ltnA1A2

L. lactis MGMRAA1A2 is a transconjugant harbour-
ing a derivative of the large natural lacticin 3147-encod-
ing plasmid pMRCO1 in which ItnAI and ItnA2have been
deleted. Initial attempts to complement the lacticin 3147-
negative phenotype of this strain in trans focused on the
provision of the l[tnA1A2 genes under the control of their
natural promoter Pbac on a high copy shuttle vector, i.e.
pDFO1. As this did not result in a bacteriocin-positive
(Bac*) phenotype (data not shown), a low copy vector,
pPTPL, was used as an alternative. pPTPL was originally
generated for use as a promoter reporter vector [24] via
transcriptional fusion to a 3-galactosidase-encoding lacZ
gene and thus, in addition to facilitating the introduction
of randomly mutagenized PbacltnA1A2 fragments into a
strain, had the added potential to reveal information re-
garding the functionality of Pbac in each case. However,
when a derivative of this plasmid carrying an unmutated
PbacltnA1A2 fragment, i.e. pDF02, was introduced into
MGMRAA1A2, it too resulted in a Bac™ phenotype. To
determine whether the host strain, rather than the com-
plementing plasmid, was responsible for the Bac™ pheno-
types, an alternative host, i.e. L. lactis MG1363 pOM44
[25], was used. pOM44 is a derivative of the shuttle vector
pCI372 into which all of the lacticin 3147 determinants
except [tnAl and ltnA2 had been cloned. As both pOM44
and pDFO01 are pCI372 derivatives, pDF02 was used as the
complementing plasmid (fig. 1). The MG1363 pOM44
pDF02 combination successfully yielded a Bac* pheno-
type, albeit at slightly lower bioactivity levels than
MG1363 pMRCO1 (fig. 2a). The reason behind our inabil-
ity to complement MGMRAA1A2 is not apparent. Nota-
bly, the introduction of the pDFO01 plasmid into MG1614
pPMRCO1AALI also restored a Bac* phenotype, thus estab-
lishing that pMRCO01/pCI372 plasmid incompatibility is
not an issue (data not shown).
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Fig. 1. Production of lacticin 3147 by a two-
plasmid system. The genes encoding Itn-
AIA2 are present, under the control of
their natural promoter, on pDF02 and all
other genes associated with production of
and immunity to lacticin 3147 are located
on pOM44.

ori322

ori305

pDF02
11,100 bp

‘ pSC101rep

pOM44
17,700 bp

plL252

Creation and Screening of a Bank of Lacticin 3147

Derivatives

We sought to determine whether this complementa-
tion system could be applied, when used in combination
with error-prone PCR (ep-PCR), to the creation of a bank
of randomly mutated lacticin 3147 derivatives. pDF01
was used as a template for the generation of randomly
mutated PbacltnA1A2 fragments containing an average
of one nucleotide change. These fragments were cloned
into pPTPL and ultimately introduced into MG1363
pOM44. Generally, large numbers of clones are required
to provide a comprehensive spectrum of mutations to in-
crease the probability of finding mutants with enhanced
activity. As our investigations represented an initial proof
of concept trial, a relatively small bank consisting of ap-
proximately 1,500 MG1363 pOM44 pDF02 variants was
generated. DNA sequencing of a number of these revealed
that mutations appeared at random locations throughout
the sequence and at a desired low rate of 0-3 mutations/
kb. Given the size of the bank, the likelihood of identify-
ing mutants with enhanced activity was low. Thus, to
demonstrate the effectiveness of the system, we proceed-
ed to identify mutant clones that exhibited reduced or a
complete loss of bioactivity (i.e. the combined impact on
production and activity). This strategy had the potential
to reveal additional information pertaining to essential,
immutable residues within LtnA1l and LtnA2 and in ad-
dition, by comparing the consequences of individual mu-
tations with those previously generated by site-directed
mutagenesis it was possible to determine the reliability of
the system.

228 ] Mol Microbiol Biotechnol 2007;13:226-234

Colonies that were white/light blue on X-gal-contain-
ing plates revealed mutations that resulted in reduced
bioactivity as a consequence of a significant reduction in
Pbac activity. Sequence analysis revealed that reduced
promoter activity was due to the presence of point muta-
tions in the -35 and -10 promoter regions (fig. 3). The
Pbac promoter is typical of most strong lactococcal pro-
moters, i.e. TTGACA (-35) and TATAAT (-10) separated
by a 17-bp spacer region [26], though it differs in the -10
region by one nucleotide (TAAAAT). A previous study of
the divergent promoters Pbac and Pimm identified in the
lacticin 3147 gene cluster has shown that while Pimm is
regulated by the transcriptional repressor LtnR, Pbac ap-
pears to be constitutive [27]. Reduced bioactivity was de-
tected by means of the deferred antagonism method.
DNA sequencing of blue colonies exhibiting reduced or
abolished activity revealed that several contained more
than one mutation within the structural genes, e.g. Al:
A17V, E-25D which exhibited a reduction in activity (data
not shown) and Al1:V-19A, A2:P21E that was devoid of
activity (data not shown). In these instances the impact
on bioactivity could not be attributed to a single change
in the DNA sequence and were not further characterized.
In addition, other mutations leading to a loss of activity
were attributed to the introduction of a stop codon with-
in the structural genes or, in one case, the alteration of the
ribosome-binding site from GGAGG to GGTGG. Of the
blue colonies tested, approximately 40% had a reduction
or abolition of activity that could be traced to changes
within the DNA fragment. A number of mutants which
exhibited reduced bioactivity and contained only one
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Fig. 2. a Bioactivity results of lacticin 3147 mutants as determined by well-diffusion assays. b Lacticin 3147 mu-
tants created by random mutagenesis. Black circles indicate the mutations made within the LtnAl and LtnA2
peptides as well as the leader regions. Posttranslational modifications are indicated in grey. Dhb: Dehydrobu-
tyrine, Abu: 2-aminobutyric acid, Ala-S-Ala: lanthionine, Abu-S-Ala: 3-methyllanthionine; D-alanine is indi-
cated by broken line. Arrow indicates the processing site.

point mutation (fig. 2b) were further assessed by well-dif-
fusion assays (fig. 2a). These results were compared with
the corresponding data generated from alanine scanning
mutagenesis [15] and confirmed/revealed a number of
trends. No bioactivity was observed from mutants with
the amino acid substitutions A1:S9C, A1:T20I, A2:S16R

A System for the Random Mutagenesis of
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and A2:T26l. This is as expected since these residues are
involved in Lan or MeLan formation (fig. 2b). The impact
of mutagenesis on amino acids involved in lanthionine
bridges (Cys, Ser, and Thr) has been well documented,
and in all cases the outcome has been a severe decrease or
total loss of activity [21, 28]. It is all the more notable
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-35 -10
TGATTGACAs=—=.17bp 2. TAAAATTAA...
TTGGCA TGAAAT
ATGACA TAAAGT
TAGACA
TTAACA
TTGATA

Fig. 3. Random mutants created within the promoter region Pbac.
The conserved -35 and -10 regions are underlined. Point muta-
tions are in bold.

therefore that two mutants, in which residues involved in
the formation of the first lanthionine bridge of LtnA1 are
altered, retain bioactivity (fig. 2b). A1:C1S and A1:S2N
displayed 40 and 20 AU/ml respectively, indicating that
antimicrobial activity is still present despite abolition of
the N-terminal lanthionine bridge of LtnA1. While it has
been established that mutants, in which these residues
have been respectively converted to alanine, retain rela-
tively high bioactivity [15], the retention of bioactivity as
a consequence of these more extreme changes empha-
sizes the flexibility of this bridge. It is also apparent that
other modified residues are tolerant of change. Recently,
the significance of the three D-Ala residues (1 in LtnAl
and 2 in LtnA2) for production and antimicrobial activ-
ity of lacticin 3147 was established [9]. While A2:S9A, A2:
S9G, A2:S9V and A2:S9T mutants retained activity, it was
still surprising that the random mutant A2:S9Y retained
activity (20 AU/ml) despite conversion of a D-Ala to a
bulky tyrosine residue. This is especially significant as it
has been postulated that the residues in this region of
LtnA2 may form an a-helix that could contribute to the
functionality of the peptide [10]. One would expect that
any such o-helix would be dramatically affected by the
presence of a tyrosine residue. A number of other altera-
tions (A1:D10A, A1:A27T and A1:A27V) that resultin the
reduction, but not elimination, of bioactivity were appar-
ent. The effect of the A1:D10A substitution results in
overall charge of +1 in the LtnA1 peptide (which normal-
ly has a net neutral charge) and is seen to impact greatly
on bioactivity (fig. 2a). Interestingly, two variants at
Ala27 in LtnA1 were isolated that differ in observed bio-
activities. A1:A27T and A1:A27V displayed 60 and 20
AU/ml, respectively. Interestingly, the A1:A27T change
results in a derivative which more closely resembles the
related C55a peptide [29] that has a Ser residue at this lo-
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cation while A1:A27V mimics a natural variation be-
tween LtnAl and Plwa [30]. A1:W12C, A1:N14I, Al:
W18C, A1:L21F, A1:W28R, and A2:N18K all lacked de-
tectable bioactivity. These results are particularly reas-
suring as in each case the corresponding alanine residues
are also devoid of activity, thus indicating that the toler-
ance of individual residues to conversion to alanine is an
indicator of the flexibility of a residue in general. The data
generated also emphasizes the greater impact of mutation
on the bioactivity of LtnA1 mutants (20 with reduced ac-
tivity), relative to LtnA2 (7 mutants). Thus, LtnA1 is less
tolerant to amino acid change and contains several core
residues essential for structure-function interaction. On
the other hand, the relatively few Ltn A2 mutants detected
would suggest that this peptide appears to be more toler-
ant to residue substitution, though residues involved in
(B-methyl)lanthionine bridging are an exception.

In addition to revealing information about Pbac and
the structural propeptides, the random mutagenesis
strategy highlighted important residues within the lead-
er regions of the two peptides. This is the first occasion
upon which mutants of the leaders of LtnAl, LtnA2 or
any closely related lantibiotic have been generated. The
leader peptides of lantibiotics are thought to represent
recognition sites for modification enzymes and are ulti-
mately cleaved, often concomitantly with export. Previ-
ously, the amino acid substitution of conserved residues
within the leader regions of nisin, Pep5 and mutacin II
has shown that even minor amino acid changes can have
adramatic impact on the production of, and biosynthesis
rate of, the mature peptide [31-33]. In the case of mutacin
I1, it has been suggested that the amino acids correspond-
ing to positions -8, -12 and -13 are important for opti-
mal rates of biosynthesis [33]. Significantly, it has also
been established that the presence of residues -1 to -13
of the lacticin 481 leader are sufficient for in vitro recog-
nition and modification by LctM [2]. The consequences
of mutating the LtnA1 and LtnA2 leaders were variable.
It was interesting to note that A1:E-14G lacked activity
(fig. 2a). An alignment of the leader peptide regions of
lantibiotics with similarities to LtnAl (fig. 4) demon-
strates the presence of a number of conserved residues,
which include this glutamate. Although a conservative
change (E-13D) at this location in the mutacin II leader
did not have any detectable effect on mutacin II produc-
tion, another mutation E-13K reduced production levels
by 90%. Of the other leader mutants (A1:Q-21L, A1:W-
17L, A1:D-5Y, AL:F-3L, A2:A-9V and A2:D-14L), only
A1:W-17L lacked detectable bioactivity and would ap-
pear to be an essential residue in lacticin 3147 biosynthe-
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Fig. 4. Multiple sequence alignment of the leader peptides of lantibiotics with similarities to LtnA1l. Residue
numbers correspond to the LtnAl leader sequence only and the conserved glutamic acid residue (E) that cor-
responds to position —14 in the LtnA1 leader is indicated by *. The accession number for the lantibiotic sequenc-
es are given in parentheses. The alignment was generated by TCoffee [40].

Table 1. Cloning strains and plasmids used in this study

Strain/plasmids Relevant characteristics Reference
Strains
L. lactis
MG1363 pMRCO1 MG1363 transconjugant harbouring pMRCO01 41
MG1363 pOM44 MG1363 harbouring pOM44 25
MGMRAA1A2 MG1614 transconjugant harbouring pMRCO1 with deletions in ltnA1 and [tnA2 42
MGMRAAL1 MG1614 transconjugant harbouring pMRCO1 with a deletion in [tnA1l 42
HP Indicator organism DPC collection
E. coli
E. coli MC1000 pPTPL E. coli harbouring pPTPL 24
E. coli XL-1 Blue Intermediate cloning host Stratagene
Plasmids
pPMRCO1 60.2-kb natural lactococcal plasmid containing lacticin 3147 biosynthetic operon 5
pCI372 CmR; high-copy number cloning vector 43
pOM44 pCI372-ItnEFIRM1TM2] 25
pPTPL Tet®; lacZ; low-copy number cloning vector 24
pDFO01 pCI372 with ItnA1A2 under associated promoter Pbac 25
pDF02 pPTPL with ltnA1A2 under associated promoter Pbac This study

sis. If the data pertaining to lacticin 481 is representative
of the situation for LtnA1, the distal location of this mu-
tated residue would indicate that the alteration impacts
on LtnT cleavage/exportation, rather than LtnM1 modi-
fication. It is hoped that with the help of these and other
mutants it will be possible to generate the sort of infor-
mation required to better understand the interactions
involved in the peptide modification, cleavage and trans-
port processes.

A System for the Random Mutagenesis of
Lacticin 3147

Discussion

The inaccurate amplification of genes by ep-PCR is a
powerful and versatile technique to produce molecular
diversity and has been used successfully in directed evo-
lution experiments [34-36]. Though several ep-PCR
methods exist, a simple and flexible method is the use of
mutagenic polymerases to introduce random mutations
within a target DNA sequence. Such an ep-PCR strategy
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was employed to bring about mutagenesis of the lacticin
3147 structural genes. Essential to the success of the sys-
tem however was the complementation of a strain lacking
ItnAl and ItnA2 through the reintroduction of these
genes on a plasmid, thereby restoring lacticin 3147 activ-
ity and establishing a method for rapidly screening ran-
domly mutated genes cloned into the same plasmid.
While similar such strategies have not always been suc-
cessful when applied to lantibiotic systems, e.g. subtilin
and Pep5 [37], the introduction of pDF02 into MG1363
pOM44 successfully reinstated lacticin 3147 activity
(fig. 2a). The bioactivity observed, around 50% of that of
the wild-type pMRCO01, was considered sufficient to per-
mit the screening of random mutants with altered bioac-
tivity. Following introduction of the ep-PCR amplified
products into pPTPL and the subsequent establishment
of the constructs in MG1363 pOM44, deferred antago-
nism assays were carried out to detect 3-gal* colonies that
had reduced or were deficient in bioactivity. Sequence
analysis revealed a desired low rate of mutation, with the
result that in the majority of cases a reduction/lack of ac-
tivity was attributable to a single nucleotide change. It
should be noted that, given the relatively lower activity of
MGMRAA1A?2 pDFO02 relative to MG1363 pMRCO01, mu-
tations that abolish bioactivity when the structural genes
are present in trans may result in the retention of a low
amount of bioactivity were they to belocated in pMRCO1.
The corollary is also likely to be true and thus, should
further screening identify derivatives with activity great-
er than that observed with pDF02, it is highly likely that
this impact can be enhanced further by recreation of the
mutation within the native plasmid. Recently, a complete
scanning mutagenesis of lacticin 3147 was carried out
whereby each of the 59 amino acids of LtnA1 and LtnA2
was converted to an alanine (or glycine instead of existing
alanine residues) to identify key residues and domains
across both peptides [15]. This detailed map, which al-
lows one to discriminate between essential and variable
residues across both peptides, was of considerable advan-
tage as comparisons could be made between the altered
bioactivity of alanine scanning mutants and that of the
random mutants generated in this study. It was thus reas-
suring that the data generated from both strategies was
in close agreement and thus served to validate both sys-
tems.

The investigation of structure-function relationships
within lantibiotics is principally motivated by the desire
to create new and more effective antimicrobial peptides.
The continuation of rational and random mutagenesis
strategies will be central to the efforts in unlocking the

232 ] Mol Microbiol Biotechnol 2007;13:226-234

structure-function relationships within lantibiotics and
thus provide blueprints for the design and optimization
of more potent antimicrobial peptides. To this end, the
development of in-vivo expression systems could play a
key role in the production and screening of such peptides.
In-vivo-based systems have several advantages including
well-characterized expression hosts and cloning vectors
and once combined with routine cloning procedures are
capable of producing rapidly renewable sources of ma-
nipulated genes. One could claim that a limitation associ-
ated with in vivo protein engineering is the abolition, or
reduction in production, of novel structural variants as a
result of the intolerance of the biosynthetic machinery to
certain amino acid substitutions [21, 28]. However, we
would argue that this perceived limitation is actually
quite beneficial, i.e. when screening for novel variants,
the most interesting will be those that are highly pro-
duced, do not overwhelm the immunity systems of the
producing host and have enhanced activity.

While only a limited number of bioengineered lanti-
biotics have been created to date, it is encouraging that
the use of site-directed mutagenesis has already resulted
in the creation of lantibiotic peptide variants that display
not only enhanced antimicrobial activity [19, 38], but also
improved chemical properties including solubility and
stability [19, 39]. These significant findings would suggest
that a certain degree of flexibility with regard to amino
acid substitution resides within wild-type lantibiotic pep-
tides and, as a consequence, the facility to widen the scope
of their physical, chemical and antimicrobial properties
is a tantalizing prospect. Accordingly, the implementa-
tion of random strategies on lantibiotic structural genes
has the potential to generate vast numbers of structural
variants. The fact that the bactericidal action of lacticin
3147 results from the synergistic activity of two peptides
means that an even larger canvas of substitutable amino
acids than is available in singularly active lantibiotics. It
is also noteworthy that random mutagenesis of lacticin
3147 benefits from the fact that unlike some other lanti-
biotics, such as nisin and subtilin, which autoregulate
their own biosynthesis there is no evidence to date that
mutation of the structural genes severely impacts on Pbac
activity. This fact is further supported by the strong 3-
galactosidase activity of all pDF02 variants but for those
in which either the -35 or -10 regions of the promoter are
altered.

Our initial proof-of-concept investigations presented
here focused on the creation of a relatively small bank of
mutants and the identification of those exhibiting re-
duced bioactivity. While the resultant findings have been

Field/Collins/Cotter/Hill/Ross



significant in their own right, it is likely that the realiza-
tion of an expression system for the random mutagenesis
of lacticin 3147 will have even greater long-term implica-
tions. Our further efforts will focus on the creation of a
much larger bank of mutants and the rapid screening
thereof, involving high-throughput screening technolo-
gies and robotic systems, to identify derivatives with en-
hanced phenotypes. Given the number of interesting mu-
tants that have already been generated by the relatively
few site-directed studies carried out to date, we are opti-
mistic that we will be successful in this regard.

Experimental Procedures

Bacterial Strains, Plasmids, and Growth Conditions

Bacterial strains and plasmids used in this study are listed in
table 1. L. lactis strains were grown in M17 broth (Oxoid) supple-
mented with 0.5% glucose (GM17) or GM17 agar at 30°C and with-
out aeration. Escherichia coli was grown in Luria-Bertani broth or
agar at 37°C. Chloramphenicol and tetracycline were used at 5 and
10 pg/ml respectively for L. lactis and at 20 and 10 p.g/ml respec-
tively for E. coli. X-gal (5-bromo-4-chloro-3-indolyl-B3-D-galacto-
pyranoside) was used at a concentration of 40 pug/ml.

Random Mutagenesis

DNA extracted from L. lactis MG1363 pMRCO1 was used as
template for amplification of ItnAl and ItnA2 and the associated
promoter region Pbac with Vent polymerase (New England Bio-
labs) using the primers ltnAlsoeA 5" AACTGCAGTTATATAT-
TTGCGGC and ltnA2soeD 5" ACGAATTCTCTTACAGAGTT.
PCR amplicons were purified using the QIAquick PCR purifica-
tion kit (Qiagen Inc.), digested with PstI and EcoRI (Roche) and
cloned into similarly digested pCI372. Following introduction
into E. coli XL-1 Blue cells, plasmid was isolated from one clone
and was sequenced (MWG Biotech, Germany) using the primers
pCI372For 5" CGGGAAGCTAGAGTAAGTAG and pCI372Rev
5" CCTCTCGGTTATGAGTTAG to ensure its integrity. This
plasmid, pDF01, was used as a template DNA for ep-PCR using
the Genemorph random mutagenesis kit (Stratagene) according
to the manufacturer’s guidelines. To introduce an average of one
base change in the 847-bp cloned fragment, amplification was

References

>4

—

performed in a 50-pl reaction containing approximately 100 ng
of target DNA (pDFO1), 2.5 units Mutazyme DNA polymerase,
1 mM dNTPs and 200 ng each of primers pPTPLA1A2 For-
ward BglIl 5" TCAGATCTTATATACAGAGTTACTA and pPT-
PLA1A2ReverseXbal5' TGTCTAGATAATTTCTGGAAAAAC.
The reaction was preheated at 96 °C for 1 min, and then incubat-
ed for 22 cycles at 96°C for 1 min, 49°C for 1 min and 72°C for
1 min, and then finished by incubating at 72 °C for 10 min. Ampli-
fied products were purified by gel extraction using the QIAquick
gel extraction kit (Qiagen Inc.), digested with Bgl/II and Xbal
(Roche), ligated with similarly digested pPTPL and introduced
into E. coli MC1000. To determine if the correct rate of mutation
had been achieved, recombinant plasmid DNA was isolated from
selected clones using the QIAprep Spin miniprep kit (Qiagen Inc.)
and sequenced (MWG Biotech). Transformants were pooled and
stored in 80% glycerol at —20°C. Plasmid DNA isolated from the
mutant bank was used to transform L. lactis MG1363 pOM44.

Bioassays for Antimicrobial Activity

Deferred antagonism assays were performed by spotting
strains on GM17 agar plates and allowing them to grow overnight
before overlaying with GM17 agar (0.75% w/v) seeded with the
lacticin 3147-sensitive indicator strain L. lactis HP (approx. 10°
fresh overnight-grown cells/ml). Well-diffusion assays were also
carried out as follows: molten agar was cooled to 48°C and seed-
ed with L. lactis HP (approx. 10° fresh overnight-grown cells/ml).
The inoculated medium was rapidly transferred into sterile Petri
plates in 50-ml volumes, allowed to solidify and dried. Wells (4.6
mm in diameter) were then made in the seeded plates. 50-p.I vol-
umes of cell-free supernatant from overnight cultures were then
added to the wells and the plates incubated at 30 °C overnight. To
determine the bioactivity of overnight cultures, the cultures were
centrifuged and the cell-free supernatant was serially diluted in
one-quarter-strength Ringer’s solution and dispensed into the
4.6-mm diameter wells. Bioactivity was expressed as arbitrary
units/ml (AU/ml) and calculated as the reciprocal of the highest
dilution that gave a definite zone multiplied by the conversion
factor (i.e. 20 when 50 wl was used) [5].
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Abstract

Lanthionine-containing peptide antibiotics called lantibiot-
ics are produced by a large number of Gram-positive bacte-
ria. Nukacin ISK-1 produced by Staphylococcus warneri 1SK-1
is type-A(ll) lantibiotic. Ribosomally synthesized nukacin ISK-
1 prepeptide (NukA) consists of an N-terminal leader pep-
tide followed by a C-terminal propeptide moiety that under-
goesseveral post-translational modificationeventsincluding
unusual amino acid formation by the modification enzyme
NukM, cleavage of leader peptide and export by the dual
functional ABC transporter NukT, finally yielding a biologi-
cally active peptide. Unusual amino acids in lantibiotics con-
tribute to biological activity and also structural stability
against proteases. Thus, lantibiotic-synthesizing enzymes
have a high potentiality for peptide engineering by intro-
duction of unusual amino acids into desired peptides with
altering biological and physicochemical properties, e.g., ac-
tivity and stability, termed lantibiotic engineering. We re-
port the establishment of a heterologous expression of nu-
kacin ISK-1 biosynthetic gene cluster by the nisin-controlled
expression system and discuss our recent progress in under-
standing of the biosynthetic enzymes for nukacin ISK-1 such
as localization, molecular interaction in biophysical and bio-

chemical aspects. Substrate specificity of the lantibiotic-syn-
thesizing enzymes was evaluated by complementation of
the biosynthetic enzymes (LctM and LctT) of closely related
lantibiotic lacticin 481 for nukacin ISK-1 biosynthesis. We fur-
ther explored a rapid and powerful tool for introduction of
unusual amino acids by co-expression of hexa-histidine-
tagged NukA and NukM in Escherichia coli.

Copyright © 2007 S. Karger AG, Basel

Introduction

The emergence of antibiotic resistance, such as vanco-
mycin-resistant enterococci and methicillin-resistant
staphylococci, has been of great concern in recent years,
so there is a pressing need for development of novel anti-
microbial agents. Among many candidates, interest in
working with antimicrobial peptides is being inspired by
the possibility of using them as alternative antibiotics.

Lantibiotics are ribosomally synthesized post-transla-
tionally modified antimicrobial peptides that contain
unusual amino acids such as lanthionine and/or 3-
methyllanthionine and dehydrated amino acids [1-3].
Various biological activities and significant structural
stability of lantibiotics have been reported and all the ac-
tivities depend on the presence of unusual amino acids
[4, 5]. Lantibiotics therefore have a high possibility for the
application in medical and food industries due to their
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NukA
Leader peptide- KKKSGVIPTVSHDCHMNSFQFVFTCCS

NukM
(dehydratase)

Leader peptide- KKKSGVIPDhbVDhaHDCHMNDhaF QF VFDhbCCS

NukM
(cyclase)
S S
Leader peptide- KKKSGVIPAbuVAHDAHMNAFQFVFDhbAAS
| s |
Processing
NukT
(protease)
Nukacin ISK-1

Fig. 1. Post-translational modification process of lantibiotic nu-
kacin ISK-1. Underlined serine and threonine residues in nukacin
ISK-1 prepeptide (NukA) are dehydrated and cyclized by NukM
(17, 23]. After dehydration/cyclization, the leader peptide is re-
moved proteolytically by the N-terminal protease domain of
NukT [Shioya et al., unpubl. data]. A-S-A, lanthionine; Abu-S-A,
3-methyllanthionine; Dha, dehydroalanine; Dhb, dehydrobutyr-
ine.

excellent properties. The lantibiotic prepeptide consists
of an N-terminal leader peptide followed by a C-terminal
propeptide moiety that undergoes several post-transla-
tional modification events including unusual amino ac-
ids formation, cleavage of leader peptide, and export [6].
Serine and threonine residues at specific positions in the
propeptide moiety are dehydrated to dehydroalanine
(Dha) and dehydrobutyrine (Dhb) residues respectively,
and the thioether rings of lanthionine and 3-methyllan-
thionine are formed by the cyclization of Dha and Dhb
residues with cysteine residues [7]. Thus, enzymes in-
volved in lantibiotic biosynthesis may have high potenti-
ality for peptide engineering by introduction of unusual
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amino acids into desired peptides, which might envisage
the founding of a universal approach to advance for struc-
tural design of novel peptides, termed lantibiotic engi-
neering.

Staphylococcus warneri ISK-1 was isolated from a well-
aged Nukadoko, a bed of fermented rice bran [8]. This
bacterium produces a novel type-A(II) lantibiotic, nuka-
cin ISK-1 [9] (fig. 1). The gene cluster of nukacin ISK-1
consists of at least nukAMTFEGH, and ORF1 encoded on
plasmid, having been sequenced [10-12] (fig. 2a). From
the sequence similarity to known proteins involved in
lantibiotic biosynthesis, NukA, NukM, and NukT are
predicted to be the nukacin ISK-1 prepeptide, the modi-
fication enzyme, and the processing and transport en-
zyme, respectively (fig. 1). Incorporation of unusual de-
hydro- and lanthionine-type amino acids depends on the
ability of the lantibiotic-synthesizing enzyme, however,
little has been known about the molecular characteriza-
tion of the biosynthetic enzymes in lantibiotics. Here, we
report characterization of the nukacin ISK-1 biosynthet-
ic enzymes and development of novel system for intro-
duction of unusual amino acids into peptides for lantibi-
otic engineering.

Heterologous Expression of the Biosynthetic Gene
Cluster for Nukacin ISK-1

Lantibiotics are gene-encoded and, therefore, can be
readily manipulated by genetic engineering, which pro-
vides an efficient means for constructing and producing
large numbers of structural analogs needed for structure-
function studies and rational design. So far, various ex-
pression and gene replacement strategies have been de-
veloped to produce engineered lantibiotics [13-16].

We demonstrated the heterologous expression and
gene replacement system for nukacin ISK-1 biosynthetic
gene cluster in Lactococcus lactis under the control of the
nisin-controlled expression system. We successively
cloned the nukAMTFEGH genes downstream of the ni-
sin-inducible promoter PnisA in pNZ8048, resulting in
plasmid pInuk (table 1; fig. 2a). The recombinant L. lactis
harboring pInuk showed antimicrobial activity against
Pediococcus pentosaceus JCM 5885 as an indicator strain
(fig. 2b). Electrospray ionization-mass spectrometry
(ESI-MS) analysis demonstrated the presence of nukacin
ISK-1 in the culture supernatant. These results suggest
that the recombinant L. lactis harboring nukAMTFEGH
produced nukacin ISK-1 heterologously. We further ex-
amined the effects of inactivation of nukA, -M, or -T on
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Table 1. Bacterial strains and plasmids used in this study

Description® Reference
and source
Strains Staphylococcus warneri ISK-1 Wild-type, nukacin ISK-1 producer 8
Lactococcus lactis NZ9000 MG1363 derivative; nisRK::pep 28
NZ9000 recombinant”
(pInuk) Em?’, NZ9000 derivative, nukAMTFEGH, 17
nukacin ISK-1 producer, Nuk*
(pInukdA) Disruption of nukA in pInuk, Nuk™ 17
(pInukdM) Disruption of nukM in pInuk, Nuk~ 17
(pInukdT) Disruption of nukT in pInuk, Nuk~ 17
Lactococcus lactis CNRZ481 Wild-type, lacticin 481 producer 19
Pediococcus pentosaceus JCM 5885 Indicator strain of nukacin ISK-1 JCM
Lactobacillus sakei subsp sakei JCM 11577 Indicator strain of nukacin ISK-1 JCM
Escherichia coli BL21(DE.3) Expression host Novagen
F, ompT, hsdSg(rg"mg~) gal, dcm (DE3)
E. coli BL21(DE3) recombinant® (pETnukAM) Ap', BL21(DE3) carrying pETnukAM 23
Plasmids pNZ38048 Cm', L. lactis expression vector with PnisA 27
pNZM pNZ8048 derivative containing nukM 17
downstream of PnisA
pNZT pNZ8048 derivative containing nukT 17
downstream of PnisA
pNZLCTA pNZ8048 derivative containing IctA 17
downstream of PnisA
pNZLCTM pNZ8048 derivative containing IctM This study
downstream of PnisA
pNZLCTT pNZ8048 derivative containing lctT This study

downstream of PnisA

& Ap" = ampicillin resistance; Cm' = chloramphenicol resistance; Em" = erythromycin resistance. PnisA indicates the nisA pro-
moter that is used for the nisin-controlled expression system [27, 28]. Nuk*/Nuk™, phenotypes of nukacin ISK-1 production or not,

respectively.
% Plasmids introduced in strains are indicated in parentheses.

the production of nukacin ISK-1. Inactivation of nukA,
-M, or -T'resulted in the complete loss of the nukacin ISK-
1 production phenotype. These findings indicate that
nukAMT are indispensable for the biosynthesis of nuka-
cin ISK-1 [17].

Localization and Interaction of the Biosynthetic
Enzymes for Nukacin ISK-1

Knowledge on the nukacin ISK-1 biosynthetic en-
zymes would thus be important for understanding the
properties as well as the possibility of their application for
lantibiotic engineering. We therefore characterized bio-
physical and biochemical aspects of the nukacin ISK-1
biosynthetic enzymes.

Characterization and Exploitation of
Lantibiotic-Synthesizing Enzymes

Localization analysis of NukM and NukT in the wild-
type strain by Western blotting indicated that both pro-
teins were located at the cytoplasmic membrane. NukM
expressed heterologously in Staphylococcus carnosus
TM300 was also located at the cytoplasmic membrane
even in the absence of NukT. The hydrophobic profile of
NukM by several prediction programs suggested the
lack of transmembrane segments and therefore indicat-
ed that NukM would be associated with the cytoplasm
membrane. In vivo interaction analysis by yeast two-hy-
brid assay showed the presence of a complex comprising
at least two each of NukM and NukT which are associ-
ated with a single copy of NukA. In vitro interaction
analysis by surface plasmon resonance biosensor further
suggested that membrane-associated NukM interacts
with NukA. These results indicate that NukM and NukT
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Fig. 2. a Construction of pInuk. The nukAMTFEGH genes were
successively cloned downstream of the nisin-inducible promoter
PnisA in pNZ8048. PnisA represents the nisin-inducible promot-
er derived from pNZ8048. Putative promoters and p-independent
terminators are indicated by arrows and lollipop-like symbols,
respectively. rep (L) indicates replicon in lactococci. Em" indicates
resistance gene for erythromycin. b Bioassay for the production
of nukacin ISK-1in L. lactis NZ9000 (pInuk). (1) The induced cul-

ture of recombinant L. lactis NZ9000 (pInuk) was spotted on a
GM17 agar plate containing nisin (10 wg/l). (2) The uninduced
culture of recombinant L. lactis NZ9000 (pInuk) was spotted on
a GM17 agar plate. The plates were incubated at 30°C overnight.
MRS soft agar seeded with P. pentosaceus JCM 5885 as an indica-
tor strain was overlaid on the plates and further incubated over-
night.

Table 2. Overview of complementation test of the biosynthetic enzymes for nukacin ISK-1 and lacticin 481

Strain characteristic Prepeptide ~ Modification Processing Antimicrobial Reference
enzyme and transport  activity and
enzyme detected mass?

NZ9000 derivative containing the plasmids, NukA NukM NukT + (2,960 Da) 17
pInukdA and pNZA

NZ9000 derivative containing the plasmids, NukA LctM NukT - (NDP) This study
pInukdM and pNZLCTM

NZ9000 derivative containing the plasmids, NukA NukM LctT + (2,960 Da) This study
pInukdT and pNZLCTT

L. lactis (CNRZ481, wild type LctA LctM LctT + (2,901 Da) 19

NZ9000 derivative containing the plasmids, LctA NukM NukT - (NDP) 17

pInukdA and pNZLCTA

@ Nukacin ISK-1 and lacticin 481 production in culture supernatant of the wild type and the obtained recombinant strains was
analyzed by bioassay using Tricine SDS-PAGE and overlay assay [21], and by LC/MS. L. sakei was used as an indicator strain. The mass
corresponding to the mature nukacin ISK-1 and lacticin 481 in parentheses was determined by LC/MS analysis.

b ND = not detected.
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Fig. 3. Proposed membrane-located multimeric enzyme complex
comprising at least two each of NukM and NukT which are asso-
ciated with NukA [18].

form a membrane-located multimeric protein complex
as shown in figure 3, and that post-translational modifi-
cation of nukacin ISK-1 would occur at the cytoplasm
membrane [18]. Our surface plasmon resonance analysis
implied that NukM independently recognized NukA
without complex formation with NukT. Additionally, we
confirmed the function of NukM as a modification en-
zyme independently of NukT as described in a later sec-
tion. Hence, we propose that NukM and NukT form a
well-governed complex for the efficient production of
nukacin ISK-1. Such an architecture may prevent the dif-
fusion-controlled state of the substrate in active cells.

Substrate Recognition of the Biosynthetic Enzymes

The versatility of the exploitation of lantibiotic-syn-
thesizing enzymes for the incorporation of unusual ami-
no acids into lantibiotic analogs or non-lantibiotic poly-
peptides aimed at lantibiotic engineering depends on the
substrate specificity of these enzymes.

The most similar lantibiotic to nukacin ISK-1 is lacti-
cin 481 [19] produced by L. lactis CNRZ481. They exhib-
it 64% identity with the prepeptides NukA and LctA. In
contrast, the modification enzymes (NukM and LctM)
and the processing and transport enzymes (NukT and
LctT) show less identity, 40 and 46%, respectively. In fact,
we found that the biosynthetic enzymes (NukM and
NukT) for nukacin ISK-1 were not capable of processing
the lacticin 481 prepeptide (LctA) [17] (table 2). We there-

Characterization and Exploitation of
Lantibiotic-Synthesizing Enzymes

fore determined as to whether the lacticin 481 biosyn-
thetic enzymes can complement for nukacin ISK-1 bio-
synthesis. Complementation test of the biosynthetic en-
zymes for lacticin 481, LctM and LctT, in place of NukM
and NukT, was investigated using L. lactis (pInukdM)
and L. lactis (pInukdT) strains respectively in terms of
nukacin ISK-1 production.

Construction of plasmids for expression of LctM or
LctT, was done as given below. Each gene fragment of
IctM or IctT was amplified by PCR with the plasmid ex-
tracted from L. lactis CNRZ481 as a template using sets
ofappropriate primers as follows: 5’-GGACAAAATCAT-
GAAAAAAAAGACTTACC-3' for the 5" region of IctM;
5" TAAACTCGAGCTCATATTAATCAACATATG-3’
for the 3’ region of IctM; 5-GAGTTTACCATGGAAA-
TAGTTTTACAAAA-3' for the 5" region of IctT; 5'-CG-
ATACGGAGCTCTTTATTTATTCATTAA-3" for the
3’ region of IctT. The amplified fragments of IctM and
lctT were digested with Pagl and Sacl and Ncol and Sacl,
and cloned under a nisin-inducible promoter in pNZ8048
atthe Ncoland Saclsites, resultingin plasmids pNZLCTM
and pNZLCTT, respectively (table 1). The constructed
plasmids pNZLCTM and pNZLCTT were introduced in
L. lactis (pInukdM) and L. lactis (pInukdT) strains re-
spectively, according to the method described previously
(17]. L. lactis recombinant strains were grown at 30°C in
GM17 medium [17] for bioassay and in chemically de-
fined medium (CDM) [20] for detection of produced nu-
kacin ISK-1 by liquid chromatography/mass spectrome-
try (LC/MS). CDM was used to reduce the amounts of
interfering proteinaceous impurities, which improved
analysis of expressed peptides in the culture supernatant.
Supernatants of CDM culture were prepared by centrifu-
gation at 6,500 g for 15 min. Ten milliliters of superna-
tants were loaded onto a Sep-Pak C;g cartridge (100 mg;
Waters, Milford, Mass., USA), washed with 2 ml of wa-
ter/0.1% trifluoroacetic acid and eluted with 3 ml of 50%
acetonitrile/0.1% trifluoroacetic acid. Eluates were dried,
dissolved in 200 pl of distilled water, and 50 .l of solu-
tions were applied to LC/MS device (LC; Agilent HP1100,
JEOL, Tokyo, Japan: MS; Accutof TI00LC, JEOL). Eluates
were directlyloaded into ESI-MS. The mass spectrometer
was operated under the following conditions: positive po-
larity, capacity temperature 250°C, needle voltage of 2.0
kV, orifice voltage of 92 V, and ring voltage of 10 V. After
scanning molecular ions derived from column eluates in
the m/z range of 500-3,000, ion chromatograms extract-
ed were plotted with detector counts at indicated m/z,
with a window of 1 mass unit. Nukacin ISK-1 activity in
the GM17 culture supernatants of L. lactis recombinant
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Fig.4. Complementation test of the biosyn-
thetic enzyme of lacticin 481 for nukacin
ISK-1 biosynthesis. Plasmids pNZM and
PNZLCTM were each introduced in L. lac-
tis (pInukdM), and pNZT and pNZLCTT
were each in L. lactis (pInukdT) strains.

Production of nukacin ISK-1 was moni-
tored by LC/MS analysis of culture super-

natant of L. lactis recombinant strains

carrying pInukdM/pNZM (1), pInukdT/
pNZT (2), pInukdM/pNZLCTM (3) and et i

pInukdT/pNZLCTT (4). The extracted ion , ,
chromatogram at m/z = 1,480 correspond-
ing to double charge of nukacin ISK-1
(2,960 Da), was displayed for each analy-
sis.

Retention time (min)

strains was analyzed by Tricine SDS-PAGE and overlay
assay [21] using Lactobacillus sakei subsp. sakei JCM
11577 as an indicator strain.

Complete restore of nukacin ISK-1 production was ob-
served in complementation tests with LctT but not LetM,
indicating that NukT can be replaced by LctT in process-
ing and transport of nukacin ISK-1. However, NukM can-
not be replaced by LctM in modification of nukacin ISK-
1 (table 2; fig. 4). The reason why the lacticin 481 prepep-
tide LctA cannot be processed by the nukacin ISK-1
biosynthetic enzymes (NukM and NukT) [17] may arise
from the substrate specificity of NukM. The conserved
domains found among LanM proteins in type-A(II) lan-
tibiotics [22] are highly conserved in both NukM and
LctM (data not shown), suggesting the existence of a rec-
ognizable specific sequence and/or conformation in pre-
peptides by each modification enzyme. Further studies
are required to identify the essential determinants for the
substrate recognition by the biosynthetic enzymes of lan-
tibiotics.

Development of Novel System for Introduction of
Unusual Amino Acids

We demonstrated a novel strategy for introduction of
unusual amino acids into hexa-histidine-tagged NukA
(His-NukA) by co-expression with NukM in the Gram-
negative bacterium, Escherichia coli BL21(DE3). The gene
fragment encoding NukA and NukM was successively
amplified from the template plasmid pInuk [17] and
cloned under a T7 promoter in pET-14b at BamHI site.
The resultant plasmid pETnukAM (table 1) was in-frame
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translated with hexa-histidine tag sequence at N-termi-
nus of NukA. Co-expression of NukA and NukM was
induced with 1 mM isopropyl 1-thio-B-D-galactoside for
20 h at 20°C. Nickel-affinity chromatography of the re-
sulting His-tagged prepeptide and subsequent ESI-MS
spectrometry analysis showed that the prepeptide is con-
verted into a postulated peptide with decrease in mass of
72 Da, which indicates the dehydration of four amino ac-
ids. The molecular mass data described above does not
allow for the identification of the presence of lanthionine
or 3-methyllanthionine, because intramolecular cycliza-
tion of Dha or Dhb residues with cysteine does not pro-
duce a change in mass. We therefore characterized the
modified His-NukA by a further physicochemical analy-
sis such as peptide mapping with the protease lysyl endo-
peptidase, amino acid sequencing and amino acid com-
position analysis. The characterization of the resultant
prepeptide indicated the presence of unusual amino acids
in its C-terminal propeptide moiety (fig. 1). The modified
prepeptide encompassing the leader peptide attached to
the post-translationally modified propeptide moiety was
readily obtained by one-step purification. The lanthio-
nine-introducing system in E. coli as developed in this
study has many advantages such as easy manipulation of
genetic engineering and rapid and instant usages. We
would like to emphasize that considerable amounts of
modified His-tagged-labeled NukA (1.5 mg/1 of culture)
was readily obtained by one-step affinity chromatogra-
phy. These findings will be useful for further peptide en-
gineering by introduction of unusual amino acids and it
will facilitate our insights in the properties of the modi-
fication enzyme [23].
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Conclusion and Perspective

Recent advances in peptide chemistry, molecular biol-
ogy and genetics have expanded the possibility for the
engineering of peptides and proteins. Amino acids sub-
stitution, D-amino acid replacement, chemical modifica-
tion, glycosylation, and backbone cyclization are the
present technological advancement that can ameliorate
the potentiality of antimicrobial peptides and proteins. In
the post-genomic era, molecular design and alteration of
protein structure and function by introducing unusual
amino acids enjoy an immense interest and are highly
forthcoming in order to develop new biological tools for
producing novel therapeutic agents. In particular, the en-
gineering of new peptides is a promising technique to cre-
ate potential antibiotics, since the traditional antibiotics
are diminishing in the race of increasing antibiotic resis-
tance among microbial populations. Thus, exploitation
of lantibiotic-synthesizing enzymes has high possibility
for peptide engineering. Recent reports in type-A(I) lan-
tibiotic nisin showed that non-lantibiotic peptides fused
to the C-terminus of the nisin leader peptide are success-
tully expressed as a dehydrated or cyclized forms via the
nisin-synthesizing enzymes [24, 25]. These findings
would pave the way for generating a wide range of dehy-
drated or cyclized peptides with novel biological activi-
ties by lantibiotic-synthesizing enzymes.

In this report, we have described the heterologous ex-
pression of the type-A(II) lantibiotic nukacin ISK-1 and
the characterization of nukacin ISK-1 biosynthetic en-
zymes (NukM and NukT) such as localization, molecular
interaction and substrate recognition. Furthermore, we
have successfully developed a novel tool for introduction
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Abstract

RsAFP2 (Raphanus sativus antifungal peptide 2), an antifun-
gal plant defensin isolated from seed of R. sativus, interacts
with glucosylceramides (GlcCer) in membranes of suscepti-
ble yeast and fungi and induces membrane permeabiliza-
tion and fungal cell death. However, using carboxyfluo-
rescein-containing small unilamellar vesicles containing
purified GlcCer, we could not observe permeabilization as a
consequence of insertion of RsAFP2 in such vesicles. There-
fore, we focused on a putative RsAFP2-induced signaling
cascade downstream of RsAFP2-binding to GlcCer in fungal
membranes. We show that RsAFP2 induces reactive oxygen
species (ROS) in Candida albicans wild type in a dose-depen-
dent manner, but not at all in an RsAFP2-resistant Agcs C.
albicans mutant that lacks the RsAFP2-binding site in its
membranes. These findings indicate that upstream binding
of RsAFP2 to GlcCer is needed for ROS production leading to
yeast cell death. Moreover, the antioxidant ascorbic acid

blocks RsAFP2-induced ROS generation, as well as RsAFP2
antifungal activity. These data point to the presence of an
intracellular plant defensin-induced signaling cascade,
which involves ROS generation and leads to fungal cell

growth arrest. Copyright © 2007 S. Karger AG, Basel

Introduction

Plant defensins are small, basic, cysteine-rich peptides
that possess antifungal and in some cases also antibacte-
rial activity [reviewed in 1, 2]. They are not only active
against phytopathogenic fungi (such as Fusarium culmo-
rum and Botrytis cinerea), but also against human patho-
genic fungi (such as Candida albicans) and baker’s yeast.
However, they are non-toxic to human and plant cells [2].
Plant defensins are part of the innate immune system of
plants and protect them against invading fungal and bac-
terial pathogens. In this respect, it was demonstrated by
various research groups that overexpression of plant de-
fensins resulted in increased fungal resistance in various
crops [1].
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The molecular mechanism of fungal growth inhibi-
tion by plant defensins is far from clarified. We previ-
ously demonstrated that RsAFP2 (Raphanus sativus an-
tifungal peptide 2), a plant defensin isolated from seeds
of R. sativus [3],interacts with glucosylceramides (GlcCer)
in the plasma membrane of susceptible fungi and yeast
strains [4]. This interaction results in hyperpolarization
of the fungal membrane potential [5], permeabilization
of the cell and cell growth arrest [6]. Fungal and yeast
mutants with membranes (i) lacking GlcCer due to a non-
functional gene encoding GlcCer synthase (GCS) gene
[7], or (ii) composed of GlcCer with structurally altered
ceramide moiety [8] are resistant to RsAFP2-induced
membrane permeabilization and cell death [4, 9]. Wheth-
er the RsAFP2-induced membrane permeabilization re-
sults from direct insertion of RSAFP2 in the fungal mem-
brane or from induction of an intracellular signaling cas-
cade is currently not clear.

We therefore analyzed in a first instance the perme-
abilization capacity of RsAFP2 on carboxyfluorescein-
containing small unilamellar vesicles (SUVs) containing
purified GlcCer. Next, we set out to identify a putative
RsAFP2-induced signaling cascade leading to fungal cell
death. To this end, we assessed a putative induction of
endogenous reactive oxygen species (ROS) by RsAFP2 in
susceptible fungi.

Results

RsAFP2 Does Not Induce Permeabilization in

GlcCer-Containing Vesicles

In all the experiments described below, the stability of
the liposomes was checked by measuring the leakage of
the entrapped self-quenched carboxyfluorescein (CF).
An increase in CF fluorescence intensity implies that the
membrane stability was compromised. Since membranes
of the various yeast species typically contain 0.9-2.0
mol% GlcCer [10], we prepared SUVs containing GlcCer
concentrations ranging from 0.1 to 2.5 mol% to best
mimic in vivo conditions.

For a first series of experiments, SUVs containing
GlcCer concentrations ranging from 0.1 to 2.5 mol% in a
background of (i) 100 mol% phosphatidylcholine (PC) or
(i) 80 mol% PC and 20 mol% cholesterol were prepared.
After addition of RsAFP2 at different concentrations
(20-50 pg/ml) exceeding those minimally required for
antifungal activity on C. albicans (i.e. 15 pg/ml [4]), no
CF leakage could be observed from these vesicles as there
was no increase in CF fluorescence intensity (data not
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Fig. 1. RsAFP2-induced increase of endogenous ROS in C. albi-
cans. Logarithmically growing C. albicans cells were suspended
in YPD/PDB, pH 7.0, preincubated with RsAFP2 for 3 h at 30°C,
washed with PBS and incubated with DCFHDA for 1.5 h at 30°C.
Fluorescence emitted by the cells was measured using fluores-
cence spectrometer (¢ = 485 nm and A, = 540 nm) (line, fluo-
rescence units on right y-axis) and microscopically (bars, % ROS-
positive cells (n = 500) on left y-axis). This figure is a representa-
tive of 3 experiments.

shown). Since the presence of negatively charged phos-
pholipids such as phosphatidic acid (PA) and phosphati-
dylserine (PS) can be important for pore formation [11,
12], SUVs containing 1.5-2.5 mol% GlcCer in a back-
ground of (i) 20 mol% cholesterol and 80 mol% PS or (ii)
20 mol% cholesterol, 25 mol% PA and 55 mol% PC were
used. However, no CF leakage could be observed of these
SUVs upon addition of 20-50 pg/ml RsAFP2. In conclu-
sion, it seems that the interaction between GlcCer and
RsAFP2 does not lead directly to membrane permeabili-
zation, via e.g. direct insertion of RsAFP2 in the mem-
brane and pore formation.

After each of the above experiments, SUVs were lysed
with 1% of the membrane-solubilizing agent, Triton X-
100, as a positive control. Fluorescence intensity of Tri-
ton-induced CF leakage was found to be around 700-800
fluorescence units. Background intensity values were
typically around 50 fluorescence units.

RsAFP2 Induces Endogenous ROS in C. albicans

Since RsAFP2 interacts with GlcCer in the fungal
plasma membrane and ceramide-induced signaling cas-
cade frequently involves ROS generation [13, 14], we fur-
ther assessed a putative effect of RsAFP2 on endogenous
ROS levels in C. albicans. Using a fluorimetric and mi-
croscopic assay, we could demonstrate a dose-dependent
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ROS induction in C. albicans cells incubated with 20-100
ng/ml RsAFP2 for 3 h (fig. 1), thereby correlating the
concentration at which the induction of ROS species oc-
curs (i.e. 20 pg/ml) and the MIC of RsAFP2 on C. albi-
cans (i.e. 15 pg/ml [4]). In contrast, incubation of a C.
albicans gcs-deletion mutant that lacks GlcCer [7], the
RsAFP2-binding site [4], with RsAFP2 (up to 100 pg/ml)
did not result in induction of endogenous ROS levels (re-
sults not shown) nor in cell death [4].

Ascorbic Acid Abolishes RsAFP2-Induced Endogenous

ROS and Antifungal Action of RsAFP2

To determine whether the observed ROS induction by
RsAFP2 is linked to its antifungal activity and is not
merely a secondary effect of RsAFP2 action, we assessed
the effect of the antioxidant, ascorbic acid (AA), on
RsAFP2-induced ROS generation and RsAFP2 antifun-
gal activity against C. albicans. Addition of 10 mM AA
can prevent RsAFP2-induced ROS generation (fig. 2a)
and mitigate the RsAFP2 antifungal activity (fig. 2b),
both at RsAFP2 concentrations up to 100 pg/ml RsAFP2.
These data point to a causal link between RsAFP2-in-
duced ROS generation in susceptible yeast and antifungal
action of RsAFP2, respectively. A concentration of AA up
to 100 mM alone did not affect survival of yeast cell cul-
tures nor ROS generation (results not shown).

Discussion

The present study distinguishes between various mod-
els for the mode of action of the antifungal plant defensin
RsAFP2, which interacts with GlcCer in fungal mem-
branes. First, in our experiments with GlcCer-containing
SUVs, we could not detect any membrane permeabiliza-
tion upon treatment with RsAFP2. This makes the hy-
pothesis of RsAFP2-induced antifungal activity via a di-
rectinsertion of RsAFP2 upon its interaction with GlcCer
in the fungal membrane unlikely. Instead, we demon-
strate a causal link between RsAFP2-induced ROS gen-
eration in susceptible fungi and the antifungal action of
RsAFP2. ROS, such as hydrogen peroxide and hydroxyl
radical, are produced as by-products of aerobic respira-
tion and cause damage to proteins, lipids, and DNA, re-
sulting in mutation and loss of viability [reviewed in 15].
In mammalian cells, there is substantial evidence that an
increase in ceramide content in membranes, e.g. as a con-
sequence of sphingomyelin breakdown by sphingomye-
linases or via de novo synthesis, can induce ROS genera-
tion in mitochondria [13, 14]. In this respect, we observed

Antifungal Action of RsAFP2 Involves
ROS Production in C. albicans
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Fig. 2. Effect of the antioxidant AA on (a) RsAFP2-induced ROS
generation and (b) antifungal activity. Logarithmically growing
C. albicans cells were suspended in PDB/YPD, pH 7.0, preincu-
bated with 100 ug/ml RsAFP2 in the presence of various AA con-
centrations for 3 h whereafter cells were washed in PBS. a Percent-
age ROS-positive cells (n = 500) determined after 1.5 h incubation
with DCFHDA (30°C). b Percentage survival of the C. albicans
cultures relative to the initial inoculum. This figure is a represen-
tative of 3 experiments.

that the antifungal action of RsAFP2 does not require de
novo ceramide generation, since the de novo ceramide
synthesis inhibitor myriocin (ranging from 0.1 to 10 pg/
ml) does not antagonize RsAFP2 antifungal action (re-
sults not shown). Whether RsAFP2 induces breakdown
of GlcCer after its initial interaction, resulting in elevated
ceramide levels, needs to be investigated further. How-
ever, in contrast to mammalian cells, enzymes involved
in breakdown of GlcCer to ceramide have not yet been
identified in yeast.

ROS induction capacity of various antifungals has
been previously reported. Miconazole [16, 17], belonging
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to the azole antifungals and inhibiting ergosterol biosyn-
thesis, as well as the polyenes amphotericin B [18], nys-
tatin [16] and niphimycin [19], which interact with ergos-
terol in the fungal membrane and cause membrane
permeabilization, induce ROS in susceptible fungi. In ad-
dition, the benzo[a]naphthacenequinone antibiotic prad-
imicin A [20], natural perylenequinonoid pigments [21],
the isoprenoid alcohol farnesol [22] and several antifun-
gal peptides/proteins have been demonstrated to induce
ROS in yeast species. These ROS-inducing antifungal
peptides/proteins include the antifungal tobacco defense
protein osmotin [23], the antifungal protein PAF pro-
duced by Penicillium chrysogenum [24] and lactoferrin, a
cationic amphipathic peptide that is part of the innate
immunity [25].

Yeast cells undergoing apoptosis or programmed cell
death display several characteristic markers, including
the induction of endogenous ROS [26]. Some of the above-
described ROS-inducing antifungals, such as amphoteri-
cin B [18], pradimicin A [20], osmotin [23] and PAF [24],
have been shown to induce apoptosis in yeast cells.
Whether the RsAFP2-induced ROS are intracellular mes-
sengers stimulating the proapoptotic regulatory machin-
ery in yeast needs to be investigated further.

In conclusion, we show here for the first time that the
antifungal activity of a plant defensin, in casu RsAFP2, is
causally linked with an intracellular process in suscep-
tible yeast species, being the induction of endogenous
ROS. It seems that RsAFP2 exerts its antifungal action
through activation of a plant defensin-induced signaling
cascade, involving ROS production, resulting in mem-
brane permeabilization, rather than inserting itselfin the
fungal plasma membrane. It is currently not clear wheth-
er RsAFP2 (i) is internalized upon its interaction with
GlcCer and affects an intracellular target, resulting in
ROS induction, or (ii) is not internalized but induces ROS
through activation of a signaling cascade starting from
its GlcCer interaction. In addition, whether the RsAFP2-
induced ROS production leads to apoptotic cell death in
the fungal pathogen C. albicans needs to be investigated
further.

Experimental Procedures

Materials and Microorganisms

RsAFP2 was isolated as described previously [3]. The yeast
strain used in this study is C. albicans strain SC5314 CAI4 [27].
GlcCer was purified from Pichia pastoris plasma membranes as
described previously [4]. All chemicals were purchased from Sig-
ma (St. Louis, Mo., USA).
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CF Leakage Assay

CF-encapsulated SUVs composed of egg PC, PA, PS, choles-
terol and GlcCer were prepared by the method of sonication as
described previously [28]. After sonication, the liposomes were
purified on Sephadex G-50 gel filtration chromatography column
to eliminate the unencapsulated fluorescence dye. Samples were
applied to the column and eluted with a CF-free buffer (150 mM
NacCl, 10 mM Tris-HCI, 0.01% NaNj, pH 7.4). Fractions (1 ml) were
collected and those containing liposomes were pooled to a final
volume of 3 ml. The time-course leakage of CF from SUVs was
monitored with a PerkinElmer LS-50B spectrofluorometer. The
excitation and emission wavelengths were at 492 and 520 nm, re-
spectively.

ROS Induction Assay

Fluorimetric measurement of endogenous ROS in C. albicans
using 2',7’-dichlorofluorescin diacetate (DCFHDA; Molecular
Probes, Inc., Eugene, Oreg., USA) was performed as described
previously [16]. Briefly, logarithmically growing C. albicans cells
were treated with various concentrations of RsAFP2 (ranging
from 10 to 100 pg/ml) or water in the presence or absence of the
antioxidant AA (ranging from 5 to 100 mM) in PDB/YPD (18 g/1
potato dextrose broth, Difco; yeast extract 2 g/1, peptone 4 g/I;
glucose 4 g/1, pH 7.0 [4]) for 3 h at 30°C, whereafter cells were
washed with PBS and DCFHDA was added (final concentration
of 10 wM in PBS). After 1.5 h incubation at 30°C, fluorescence of
the cells was determined using PerkinElmer LS-50B fluorescence
spectrometer. Fluorescence values of the samples were corrected
by subtracting the fluorescence value of RsAFP2 * antioxidant
in the corresponding concentration without cells but with
DCFHDA. Additionally, determination of the percentage ROS-
positive yeast cells within a RsAFP2 * antioxidant- or water-
treated yeast culture was performed microscopically (about 500
cells for each treatment) using an Optiphot-2 fluorescence micro-
scope (Nikon).

Antifungal Activity Assay

Logarithmically growing C. albicans culture was treated with
100 pg/ml RsAFP2 in the presence or absence of various concen-
trations of the antioxidant AA (ranging from 5 to 100 mM) in
PDB/YPD, pH 7.0. After 0 and 3 h of incubation at 30°C, 100-p1
aliquots were plated on YPD plates and colony-forming units
(CFUs) were counted after 2 days of incubation at 30°C. Percent-
age survival was calculated as the ratio of the number of CFUs
after treatment with the compound(s) as compared to the initial
inoculum.
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Abstract

The lantibiotic nisin is produced by Lactococcus lactis. In the
biosynthesis of nisin, the enzyme NisB dehydrates nisin pre-
cursor, and the enzyme NisC is needed for lanthionine for-
mation. In this study, the nisA gene encoding the nisin pre-
cursor, and the genes nisB and nisC of the lantibiotic
modification machinery were expressed together in vitro by
the Rapid Translation System (RTS). Analysis of the RTS mix-
ture showed that fully modified nisin precursor was formed.
By treating the mixture with trypsin, active nisin was ob-
tained. However, no nisin could be detected in the mixture
without zinc supplementation, explained by the fact that
NisC requires zinc for its function. The results revealed that
the modification of nisin precursor, which is supposed to oc-
cur at the inner side of the membrane by an enzyme com-
plex consisting of NisB, NisC, and the transporter NisT, can
take place without membrane association and without NisT.
This in vitro production system for nisin opens up the pos-
sibility to produce nisin variants that cannot be produced in
vivo. Moreover, the system is a promising tool for utilizing
the NisB and NisC enzymes for incorporation of thioether
rings into medical peptides and hormones for increased sta-
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Introduction

Lantibiotics are a unique class of antimicrobial pep-
tides produced by bacteria [1]. They are post-translation-
ally modified and contain unusual amino acids such as
dehydroalanine, dehydrobutyrine, lanthionine and -
methyllanthionine [2]. The most studied member of lan-
tibiotics is nisin, produced by some Lactococcus lactis and
Streptococcus uberis strains [3]. Nisin kills Gram-positive
bacteria by binding to the membrane-bound cell wall
precursor lipid II, leading to inhibition of peptidoglycan
synthesis and formation of a membrane pore [4]. Nisin is
the only bacteriocin allowed as a preservative in food
products (E234) [5].

The 11 genes needed for the nisin biosynthesis, regula-
tion, and immunity are located in a conjugative transpo-
son in the chromosome of L. lactis [2]. After ribosomal
translation, nisin precursor is modified at the inner side
of the membrane by an intracellular membrane-associ-
ated enzyme complex consisting of NisB, NisC, and NisT
(tig. 1) [2]. The enzyme NisB dehydrates serines and thre-
onines, NisC is responsible for lanthionine ring forma-
tion by coupling the dehydrated residues with cysteines,
and the transporter NisT excretes the fully modified ni-
sin out of the cell. Besides nisin, the NisBTC complex is
able to dehydrate and secrete non-lantibiotic peptides as
nisin leader fusions [7]. Thus, the presence of the leader
sequence is essential for targeting peptides to the lantibi-
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Fig. 1. A model for nisin Z biosynthesis, regulation, and immu-
nity in L. lactis. Biosynthesis: After ribosomal synthesis of the ni-
sin structural gene nisZ, the pre-pronisin is modified at the inner
side of the membrane by the dehydratase NisB and the cyclase
dimer NisC, and translocated through the membrane by the
transporter dimer NisT. The protease NisP removes the leader
from pre-nisin, and releases active nisin. Regulation: Nisin binds
to the sensor histidine kinase NisK. Autophosphorylation of NisK

otic enzymes. In the last step of nisin biosynthesis, the
leader peptide is cleaved by the cell-wall-anchored serine
protease NisP, releasing active nisin. However, NisP is not
coupled with the NisBTC complex, as it can be function-
ally expressed in L. lactis without other lantibiotic en-
zymes [8].

The LanB dehydratases, e.g. NisB and EpiB, are most-
ly hydrophilic, but they also contain hydrophobic regions
suggesting membrane-associated segments [9, 10]. The
involvement of NisB in the dehydration of nisin was
shown by overexpressing nisB gene in engineered nisin
producinglactococci [11]. Further experimental evidence
of the dehydration by NisB in vivo was provided by ex-
pressing His-tagged nisin precursor in a NisB mutant
strain, resulting in the accumulation of the unmodified
precursor [12]. However, despite attempts with EpiB and
SpaB, there is still no in vitro verification of the activity
of LanB proteins [10, 13].

The LanC enzymes bind the dehydrated prepeptide
and stabilize a conformation that enables the thiol groups
of cysteines to react with the dehydrated amino acids.
NisC and SpaC require zinc for their function [14]. The
activity of NisC was shown with a nisC mutant strain,
which dehydrated nisin precursor but was unable to form

Nisin Biosynthesis in vitro

leads to phosphorylation (P;) of the regulator NisR. Phosphory-
lated NisR activates nisin-inducible promoters of nisZBTCIPRK
and nisFEG-operons. Immunity: The immunity protein Nisl
binds nisin. Nisl exists in a membrane-anchored, and in a secret-
ed lipid-free form (LF-I). The transporter complex NisFEG ex-
ports cell-associated nisin to the external environment. Filled and
open triangles indicate nisin-inducible and constitutive promot-
ers, respectively [modified from 6].

lanthionine rings and did not produce antimicrobially
active nisin [12]. Recently, the in vitro activity of NisC
was demonstrated by using dehydrated prenisin, pro-
duced in L. lactis, as substrate [15].

The active lantibiotic lacticin 481 has been produced
by using purified lantibiotic synthetase LctM, an enzyme
which combines the activities of LanB and LanC [16]. The
His-tagged LctA substrate was expressed in Escherichia
coli followed by the post-translational modifications ex-
ecuted in vitro by LctM.

To date, no experimental evidence for in vitro dehy-
dration activity by any LanB protein has been reported.
Also, the in vitro productions of the two lantibiotics, ni-
sin and lacticin 481, have used in vivo synthesized pre-
peptides for their substrates. Applying a lantibiotic mod-
ification system in vitro would make it possible to pro-
duce lantibiotic variants, which cannot be produced in
living cells, and even to design novel modified peptides
displaying unique properties.

In this study, we produced fully modified prenisin in
the in vitro transcription and translation system using
nisA, nisB, and nisC genes as templates. Active nisin was
obtained by cleaving the leader peptide with trypsin
treatment.
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Fig. 2. Western blot analysis of RTS mixtures with nisin A anti-
body. Lanes: 1, 0.5 g nisin; 2, RTS reaction mixture treated with
trypsin; 3, RTS mixture without trypsin treatment; 4, RTS mix-
ture without nis gene templates.

Fig. 3. Antimicrobial activity of the RTS reaction mixture. RTS
mixtures and nisin controls were spotted onto the M. luteus plate.
Spots: 1-3, nisin controls of 0.5, 1.25 and 2.5 wg/ml; 4, RTS mix-
ture with nisABC templates treated with trypsin; 5, RTS mixture
with nisABC templates but without trypsin treatment; 6, RTS
mixture without nisABC templates but with trypsin treatment.

Results

Construction of nisABC Gene Expression Templates

The primary objective of this study was to test if the
fully modified nisin precursor containing dehydrated
residues and lanthionine rings could be produced in vitro
by applying genes nisA, nisB, and nisC from the nisin op-
eron, into the E. coli in vitro Rapid Translation System
(RTS). Since the cloning of the nisB and nisC genes into a
plasmid vector caused instability problems (data not
shown), the genes were applied to the RTS as linear DNA.
The gene templates were constructed with RTS E. coli
Linear Template Generation Set. The genes nisA, nisB,
and nisC were amplified from plasmid pNZ9111 by PCR,
using gene-specific primers containing overlapping se-
quences to the T7 regulatory region. The T7 promoter
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Fig. 4. Detection of nisin from RTS reaction mixtures with nisin-
inducible GFP bioassay. Standard (std) curve for nisin-induced
fluorescence of L. lactis LAC240 cells. The concentrations for the
nisin standard curve are 0, 10, 20, 30, and 40 ng/ml. The data
shown are the mean * SD (error bars) from four parallel experi-
ments. The R? for the curve was 0.9898. The RTS samples were
diluted from 1:25 to 1:400. According to the standard curve, the
concentration of nisin in trypsin-treated reaction mixture con-
taining zinc and the nisABC templates was approximately 2 g/
ml (estimated from dilution 1:100). The nisin concentration of
trypsin-treated reaction mixture containing zinc and the nisABC
templates in dilutions 1:25 and 1:50 inhibited the growth of
LAC240and cannotbe used for estimation of nisin concentration.
The concentrations of the other reaction mixtures were below the
detection limit (10 ng/ml). O = nisABC +zinc +trypsin; A =
nisABC +zinc —trypsin; X = nisABC -zinc +trypsin; ® = nisABC
—zinc —trypsin; O = nisAC +zinc +trypsin; & = nisAB +zinc +tryp-
sin; A = no templates +zinc +trypsin.

and terminator were added to the nisin genes by a second
PCR. The resulting linear expression constructs of nisA,
nisB, and nisC were mixed with the E. coli in vitro protein
expression mixture and incubated for 6 h in RTS. Since
NisC requires zinc for its activity, the RTS reaction mix-
ture was supplemented with 1 M zinc sulfate.

Detection of Nisin by Immunoblotting

To investigate if the RTS reaction produced the fully
modified nisin precursor, the reaction mixture was ana-
lyzed by Western blotting using nisin A-specific anti-
body. Prior to the Western analysis, the RTS reaction
mixture was treated with trypsin to cut the leader peptide
from the presumed nisin precursor releasing active nisin.
The nisin A antibody recognized a protein of the same
size as nisin in the trypsin-treated RTS reaction mixture
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(fig. 2). In addition, a weaker band with a slightly larger
mass than nisin was detected in non-trypsin-treated RTS
mixture, suggesting the presence of fully modified nisin
with the leader still attached.

Antimicrobial Activity of the RTS Reaction Mixture

The next objective was to test if the produced putative
nisin recognized by anti-nisin A in the RTS reaction mix-
ture would have antimicrobial activity. The RTS reaction
mixture was treated with trypsin to cut the leader pep-
tide. Then the antimicrobial activity was determined by
agar diffusion using Micrococcus luteus as the indicator
bacteria. The trypsin-treated RTS reaction mixture pro-
duced a large inhibition zone against M. luteus (fig. 3).
Reaction mixture without trypsin treatment or the RTS
mixture without the nis gene templates did not inhibit M.
luteus. According to the control spots, the concentration
of the putative nisin in the RTS reaction mixture was ap-
proximately 5 pg/ml. In conclusion, it was made evident
that the in vitro produced presumed nisin was antimicro-
bially active.

Confirmation of Nisin by Nisin-Inducible GFP

Bioassay

To conclude that the antimicrobial substance in the
RTS mixture was actually fully modified nisin, the mix-
ture was analyzed by nisin-inducible bioassay. Again,
prior to the bioassay, the mixture was treated with tryp-
sin to liberate active nisin. After trypsin treatment, the
reaction mixture containing zinc sulfate, and the tem-
plates nisA, nisB, and nisC, induced the nisin-inducible
nisF promoter in the LAC240 indicator strain, resulting
in GFP fluorescence (fig. 4). According to the standard
curve, the nisin concentration in the mixture was ap-
proximately 2 wg/ml. Nisin could not be detected in the
reaction mixture without template nisB or nisC, demon-
strating that both enzymes are required for complete
nisin modification. As expected, the mixture without
trypsin treatment could not induce the GFP expression.
Interestingly, the reaction mixture without zinc sulfate
supplementation showed no nisin inducibility verifying
the central role of zinc in nisin biosynthesis. In sum-
mary, we conclude that fully modified nisin precursor
was produced in vitro via the coupled transcription/
translation of nisin structural gene nisA, followed by de-
hydration by NisB and lanthionine ring formation by
NisC.

Nisin Biosynthesis in vitro

Discussion

In this study, fully modified nisin precursor was pro-
duced in the in vitro RTS by using gene expression tem-
plates nisA, nisB, and nisC. Antimicrobially active nisin
was obtained from the RTS mixture by trypsin treatment.
The results revealed that all modifications of nisin pre-
cursor can take place in vitro without membrane asso-
ciation and the transporter protein NisT.

First, we tested the RTS reaction mixture with West-
ern analysis using nisin A-specific antibody. A protein of
same size as commercial nisin control was recognized,
indicating that the mixture probably contained modified
nisin. The mixture was further characterized for its anti-
microbial activity against M. luteus. Previous studies
have revealed that non-modified or incorrectly modified
nisin has no or strongly reduced antimicrobial activity
[15, 17], providing more evidence that the antimicrobi-
ally active agent in this mixture would be correctly mod-
ified nisin. Finally, this antimicrobial substance was
shown to activate the nisin-inducible nisF promoter in
the GFP fluorescence-based nisin bioassay. Since the ni-
sin-inducible gene regulation by signal transduction is
specific only to correctly modified nisin [18, 19], we con-
clude that the RTS reaction mixture contained fully mod-
ified prenisin. This could be achieved only when active
NisB and NisC had modified nisin precursor translated
from nisA template. From fully modified prenisin, active
nisin was released by trypsin treatment.

Thus far, the attempts for testing the dehydratase ac-
tivity of purified LanB proteins in vitro have been unsuc-
cessful [10, 13]. The epidermin dehydratase EpiB was suc-
cessfully purified from Staphylococcus carnosus, but it
could not dehydrate purified epidermin precursor [10].
The subtilin dehydratase SpaB from Bacillus subtilis was
overexpressed in E. coli, and it was shown to interact with
SpaC [13]. However, no dehydratase activity was dis-
played for SpaB. Thus, the prenisin modification by NisB
shown here in our study is the first experimental evi-
dence of LanB activity in vitro. LanB proteins are gener-
ally regarded as membrane-associating proteins. How-
ever, according to hydrophobicity studies, LanB proteins
are rather hydrophilic and contain no trans-membrane
domains [2]. To produce membrane proteins in RTS, a
detergent, such as Tween 20 or CHAPS, is needed in the
reaction mixture [20]. Here, we did not use any detergent
in the RTS reaction, suggesting that NisBC can function
also without membrane interaction.

The LanC enzymes bind the dehydrated prepeptides
and link the cysteines with dehydrated amino acids [2].
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Moreover, NisC and SpaC have been shown to be zinc
metalloproteins [14]. Recently, by using dehydrated pre-
nisin as a substrate, the in vitro activity of NisC was dem-
onstrated [15]. The crystal structure of NisC revealed that
a single zinc ion is situated at the top face of the ., a bar-
rel in NisC. The zinc ion may activate the cysteine thiol
of the peptide substrate towards intramolecular Michael
addition to the dehydrated residues [14]. Here, when the
RTS reaction lacked zinc, the nisF promoter in the GFP
nisin bioassay could not be induced, explained by defi-
ciency of NisC activity, thus confirming the indispens-
able role of zinc in nisin biosynthesis. In addition, the
necessity of zinc for the formation of active nisin by RTS
emphasizes the involvement of NisC activity in RTS reac-
tion.

Previously, lantibiotics have been synthesized in vitro
only by using in vivo produced prepeptides as substrates
[15, 16]. In this study, we used the in vitro synthesized
nisin propeptide to demonstrate NisB and NisC modifi-
cation activity. In fact, this paper presents the first ex-
ample of the complete in vitro biosynthesis of a lantibi-
otic.

LanT proteins are not necessary for all lantibiotic sys-
tems. For example, Pep5 and epicidin 280 do not require
LanT for their extracellular transport [21, 22]. In these
cases, host cell transporters probably complement the
specific transporter deficiency. In nisin biosynthesis, al-
though NisT forms a membrane-associated complex with
NisBC [2], it is not crucial for processing nisin [23, 24], as
also confirmed in this study.

In vivo genetic engineering studies aimed to improve
lantibiotic properties have focused on site-directed mu-
tagenesis of the precursor [25-28]. These investigations
have had their limitations, including loss of lantibiotic
production, degradation of the product or intermediate,
breakdown of immunity system, or perturbation of sig-
nal pathways in cases where the bacteriocin acts as a quo-
rum sensor controlling its own expression [18, 29, 30]. In
vitro engineering of the lantibiotic biosynthetic processes
can overcome these disadvantages. First, the structures
of the prepeptides are not limited by the amino acids of
natural proteins. Second, regulatory properties, cytotox-
icity, or degradation of the products are not problems as
in in vivo approaches. Third, it is possible to use non-pep-
tide structures to produce even more stable molecules.
The in vitro production system for nisin presented here
opens up the possibility to produce nisin variants that
cannot be produced in living cells, due to incompatibility
of the transport, regulation, or the immunity systems.
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The potential of in vitro use of lantibiotic modifying
enzymes is not limited to lantibiotics production. These
enzymes may also find applications in adding dehydro
amino acids and lanthionine rings into other targets for
increased chemical and proteolytic stability [31]. In-
deed, when fused to the nisin leader, non-lantibiotic
peptides could be dehydrated by NisB [8, 32]. The find-
ings presented in this paper could be exploited to utilize
the NisB and NisC enzymes for incorporation of the de-
hydrated and cyclic amino acids into medical peptides
and hormones for increased stability, making in vitro
engineering of dehydrated amino acids and lanthionine
rings for biotechnological and medical applications pos-
sible.

Experimental Procedures

Bacterial Strains and Growth Conditions

L. lactis MG1614 (pNZ9111) [33] was used as the source of
nisABC genes. L. lactis LAC240 [34] was used as the indicator
strain in nisin detection by nisin-inducible GFP fluorescence.
Lactococci were grown at 30°C in M17 medium (Oxoid) contain-
ing 0.5% (w/v) glucose and 5 p.g/ml erythromycin. M. luteus Al
NCIMB86166 (National Collection of Industrial and Marine Bac-
teria) was used as the indicator bacteria in agar diffusion bioassay
of nisin. M. luteus was cultivated in LB medium at 37°C.

Production of Nisin Precursor Expression Templates by PCR

The gene templates were constructed by two sequential PCRs
with RTS E. coli Linear Template Generation Set (Roche Applied
Science). In the first PCR, the genes nisA, nisB, and nisC were am-
plified directly from colonies of L. lactis MG1614 (pNZ9111) using
gene-specific primers containing overlapping sequences to the T7
regulatory regions. The PCR cycles for nisB and nisC templates
were as follows: 95°C 5 min; 30 cycles consisting of 94°C 1 min,
50°C 1 min, 72°C 3 min; final 10 min extension at 72°C. The PCR
program for nisA template was the same, except the polymeriza-
tion step at 72°C was 1 min. The primers for amplifications were:
nisA-forward (5’-CTTTAAGAAGGAGATATACCATGAGTA-
CAAAAGATTTTAAC-3"), nisA-reverse (5'-TGATGATGAGA-
ACCCCCCCITATTTGCTTACGTGAATAC-3'), nisB-forward
(5"-CTTTAAGAAGGAGATATACCATGATAAAAAGTTCATT-
TAAAGCTCAA-3"), nisB-reverse (5-TGATGATGAGAACCC-
CCCCCTITATTTCATGTATTCTTCCGAAACAAA-3'), nisC-
forward (5'-CTTTAAGAAGGAGATATACCATGAATAAAAA-
AAATATAAAAAGAAATGTT-3'), and nisC-reverse (5’-TGA-
TGATGAGAACCCCCCCCTITATTTCCTCTTCCCTCCTT-3").
Nis-specific regions of the primers are shown underlined. Each
50-wl PCR mixture contained: 1 h Pfx buffer (Invitrogen), 1 mMm
MgCl,, 400 wM ANTP mixture (Promega), 0.5 uM of each primer,
and 0.5 U Platinum Pfx DNA polymerase (Invitrogen). The PCR
products were analyzed in 0.8% agarose gel.

In the second overlap extension PCR, the T7 promoter and
terminator were added to the nisin genes. The products of the first
PCR were annealed with the T7 regulatory elements, the 3" ends
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were extended, and the final expression constructs were ampli-
fied with the flanking primers. Each 50-ul PCR mixture con-
tained: 2 pl of the first PCR products, 480 nM T7 promoter prim-
er, 480 nM T7 terminator primer, the DNA fragments coding for
the T7 regulatory elements, 1 Pfx buffer, 1 mM MgCl,, 400 uM
dNTP mixture, and 0.5 U Platinum Pfx DNA polymerase. The
PCR cycles for nisA and nisC templates were as follows: 95°C
5 min; 25 cycles consisting of 94°C 1 min, 60°C 1 min, 72°C
2 min, final 10-min extension at 72°C. The PCR program for nisB
template was the same, except the polymerization step at 72°C
was 4 min. The PCR products were analyzed in 0.8% agarose
gel.

Rapid Translation System

After purification with QIAquick PCR Purification Kit (Qia-
gen), the linear expression constructs of nisA, nisB, and nisC were
mixed with the E. coli in vitro protein expression mixture supple-
mented with 1 wM zinc sulfate, using RTS 100 or RTS 500 E. coli
HY kit (Roche Applied Science). The reaction was performed at
30°C for 6 h in RTS with a stirring speed of 120 rpm. Prior to ni-
sin detection bioassays, the RTS reaction mixture was treated
with 0.5 mg/ml trypsin (Sigma-Aldrich) for 1 h at 37°C.

Western Analysis

The RTS reaction mixture was run in 4-20% SDS-polyacryl-
amide gradient gel (Mirador DNA Design), followed by transfer
onto the Immobilin-P PVDF membrane (Millipore) using a Bio-
Rad electroblot. The membrane was probed for 2 h with nisin A
antibody [35], and the proteins were detected by colorimetric re-
action with alkaline phosphatase-conjugated anti-mouse IgG and
NBT/BCIP substrate (Promega).

Inhibition Bioassay by Agar Diffusion

The antimicrobial activity of the RTS reaction mixture was
tested with agar diffusion assay using M. luteus as indicator bac-
teria on LB agar. 3-pl droplets of RTS mixture with and without
trypsin treatment, RTS mixture without nis gene templates, and
nisin controls (Sigma) were added onto the agar, and the plate was
grown overnight at 37°C.

Nisin-Inducible GFP Bioassay

The presence of nisin in the RTS mixture was determined by
using the nisin-inducible GFP bioassay [34]. The indicator strain
L. lactis LAC240 is a derivative of MG1614 carrying the plasmid
pLEB599. The plasmid pLEB599 provides constitutive expression
of the nisin regulatory genes nisRK. The green fluorescent protein
gene gfp is cloned into pLEB599 under the control of the nisin-
inducible nisF promoter. The RTS mixtures were boiled for 5 min
prior to GFP bioassay. GFP fluorescence from the nisin-induced
cells was detected as relative fluorescence units with a Fluoroscan
Ascent 374 fluorometer (Labsystems). The excitation and emis-
sion filters used were 485 and 538 nm.
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Abstract
MRGC-5 fibroblasts infected with human cytomegalovirus
(HCMV) reference strain AD 169 were treated with different
concentrations of methylated «-lactaloumin (Met-ALA) or
methylated B-lactoglobulin (Met-BLG), as well as with their
peptic hydrolysates, and with the highly basic polypeptides
such as are L-polylysines (4-15 kDa). The antiviral activity was
calculated by comparing the number of infected cells in the
presence and absence of the tested substances. Both Met-
ALA and Met-BLG, as well as their peptic hydrolysates, de-
creased the infectious activity of cytomegalovirus in fibro-
blast cells. As expected, L-polylysines showed the highest
antiviral activity. However, the tested basic proteins and
polypeptides despite their lower antiviral activities might be
potentially quite useful in fight of arising drug resistance ac-
tivities and the persistence capacities of this virus.

Copyright © 2007 S. Karger AG, Basel

Human cytomegalovirus (HCMV) belonging to the
Herpesviridae family is a serious life-threatening oppor-
tunistic pathogen in immunosuppressed or immuno-

compromised individuals but innocuous in immuno-
competent persons. Although efficient antiviral drugs
against HCMV infection exist, like ganciclovir [1], cido-
fovir [2] and foscarnet [3], they present poor bioavailabil-
ity, induce multiple side effects, provoke dose-dependent
toxicity, and induce easily the development of single and
multiple drug resistances [4-6]. Several HCMV mutants
resistant to antiviral agents were isolated from immuno-
compromised patients treated with antiviral drugs [7-9].
Hence, the need for new antiviral agents devoid of side
effects still exists.

HCMYV may be not only resistant to the traditional an-
tiviral drugs but it can also display a life-long persistence
in a healthy host in spite of host cellular and humoral an-
tiviral immune responses [10]. Persistence is character-
ized by the presence of latent viral genomes, which peri-
odically activate and produce infectious virus [11]. Persis-
tence strategies may include novel patterns of gene
expression and expression of viral gene products, which
can modulate the immune responses of the host [12-15].
Hence, new anti-CMYV agents are needed to counteract
the persistence of this virus and of many others.

HCMYV genome has a coding capacity of about 200
proteins, some of which are eliciting antiviral reactions
of CD8 T cells [16]. CMV glycoprotein B has a cluster of
acidic amino acids acting as a signal recognized by cel-
lular proteins. This acidic cluster plays a pivotal role in
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Table 1. Viral inhibitory effect of
esterified milk proteins and L-polylysines

Viral inhibition, %

against cytomegalovirus AD 169 infected Met-ALAl  Met-ALA P2 Met-BLG® Met-BLG P* PIL5
into MRC-5 fibroblast confluent cells
Concentration
4 pg/ml 71x6 64+6 47%5 67%6 96+ 4
20 pg/ml 82+7 65+ 6 72+7 82+6 98+3
100 pg/ml 85+5 89+5 94+6 85+5 99+2

1.2 Met-ALA and its peptic hydrolysate, respectively.
34 Met-BLG and its peptic hydrolysate, respectively.
5 L-Polylysines (molecular masses 4-15 kDa).

viral invasion of epithelial cells functioning as a signal for
entry into the endocytic pathway [17]. It is also an impor-
tant mediator of virus entry and cell-to-cell dissemina-
tion of infection [18].

It was demonstrated recently that esterified whey pro-
teins could protect Lactococcus lactis against bIL66, bIL67
and bIL170 bacteriophage infection [19]; the same pro-
teins inhibit bacteriophage M13 replication [20]. Conse-
quently, basic esterified milk proteins may present anti-
viral activities inactivating either acid proteins of the gly-
coprotein B type essential for viral propagation and
replication or binding to crucial fragments of naked viral
nucleic acids. The aim of this study was to investigate the
anticytomegaloviral activity of methylated a-lactalbu-
min (Met-ALA) or methylated B-lactoglobulin (Met-
BLG), as well as their peptic hydrolysates, as compared
with the highly basic polypeptide, L-polylysines (4-15
kDa).

Data presented in table 1 show the inhibitory effect of
esterified milk proteins and L-polylysines on HCMV type
AD 169 during its infectious action on fibroblast conflu-
ent cells (MRC-5) after 2 days of incubation at 37°C. Met-
ALA and Met-BLG, as well as their peptic hydrolysates,
decreased the infectious activity of cytomegalovirus in
fibroblast cells. When using the lowest concentration of
esterified proteins (4 wg/ml), the antiviral activity of ALA
was higher than that of BLG. In the case of higher con-
centrations of esterified proteins (20 and 100 p.g/ml), the
antiviral activity was similar for both esterified proteins.
Generally, antiviral activities of peptic hydrolysates of es-
terified proteins were lower or equal to that of the entire
proteins, except for peptic hydrolysate of BLG tested in
the lowest concentration. However, the hydrolyzed forms
of esterified proteins can still be recommended as antivi-
ral agents since they may be preferred over the intact pro-
teins, which often precipitate. The antiviral effect of pos-
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itively charged esterified proteins or of their peptic hy-
drolysates may be due to their DNA-binding properties
[21]. Esterified proteins could make a complex with the
viral genomic DNA perturbing the replication or tran-
scription activities of the virus. Alternatively, these posi-
tively charged proteins could either interfere or interact
with viral proteins perturbing viral life cycle. Since gly-
coprotein B of cytomegalovirus has an acidic amino acid
cluster [17], possible electrostatic interactions between
glycoprotein B and esterified proteins could attenuate or
stop its activities perturbing consequently viral life cycle.
However, the methodology used in this study is not suf-
ficient to give quantitative data. Methodology is based on
the visual observation of infected fibroblast cultures
which might be hampered by some alterations in the cel-
lular layers or artifacts. For a better quantitative evalua-
tion, other methodologies, e.g. flow cytometry, real-time
PCR, or hybrid capture CMV DNA assays, may be rec-
ommended.

L-Polylysines (4-15 kDa) showed highest antiviral
activities against cytomegalovirus infectiousness. This
demonstrates the importance of the basicity of the anti-
viral compounds in antiviral activity.

The obtained results agree well with previously ob-
served antiviral activity of esterified milk whey proteins
and L-polylysines against herpes simplex virus [unpubl.
results], which is a member of the same viral family.
Hence, L-polylysines and esterified milk proteins use
probably similar viral inhibitory mechanisms, which
may consist in direct interactions with exposed frag-
ments of viral DNA or mRNA or in direct inhibitions of
functional viral proteins. This may enable them to coun-
teract emerging viral drug resistances against drugs such
as ganciclovir [22].

BLG (Protarmor 907 NK) was purchased from Armor
Protéines (Saint-Brice-en-Cogles, France) and purified
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according to Mailliart and Ribadeau Dumas [23]. ALA
(Armor Protéines) was further purified by ion-exchange
chromatography on a DEAE-Sepharose Fast Flow col-
umn (50 X 300 mm). The elution was performed with a
50-mM Tris, 10 mM CaCl, buffer at pH 8, by using two
steps at 10 and 40 mM NaCl. Porcine pepsin (EC 3.4.23.1;
4,550 U/mg) and L-polylysines (molecular masses of 4-15
kDa) were purchased from Sigma Chemical Co.

For protein esterification the general procedure of Si-
tohy et al. [24] was used. To quantify the extent of esteri-
fication of proteins, the color reaction using hydroxyl-
amine hydrochloride developed by Halpin and Richard-
son [25] was used with modification according to
Bertrand-Harb et al. [26]. Peptic hydrolysis was per-
formed as previously described [27, 28].

HCMYV reference strain AD 169 was propagated on
MRC-5 fibroblasts (BioMérieux, Lyon, France). Conflu-
ent MRC-5 cells were conserved on Eagle’s minimum es-
sential medium (Eurobio) containing 2% fetal calf serum
(Eurobio).

The culture medium was withdrawn from all the wells
of the plates and replaced with 1 ml of fresh culture me-
dium in the wells serving as cellular control. In the case
of the wells serving as virus control, 0.1 ml of virus sus-
pension with a known titer was added to 0.9 ml of the
culture medium. For the wells designated for evaluation
of the antiviral activity, 0.1 ml of virus and 0.1 ml of the
tested substance solutions were added and the volume
was completed to 1 ml with the culture medium. All con-

trols were performed in 4 replicates (4 wells). The plates
were incubated at 37°C in the presence of 5% CO, for
48 h. After incubation, the media were removed and the
cells were fixed by addition of acetone (at -20°C) and in-
cubated during 10 min. After drying, the cells were incu-
bated with E13 monoclonal antibodies at 37°C for 30
min. After rinsing with PBS, the IgG antiglobulin cou-
pled with isothiocyanate fluorescent agent (Bioatlantic)
mixed with blue coloration solution was added and the
cells were reincubated for 30 min. Finally, the cells were
washed with PBS, dried and covered with 90% glycerol.
The plates were read with an inverted microscope (Leitz)
equipped with an UV lamp. The number of the fluores-
cent nuclei was taken as an index of the HCM V-infected
cells. The antiviral activity was calculated as follows:

Number of infected cells (Cv) — number of the infected
and treated cells (T)/number of infected cells (Cv) X
100.

Acknowledgements

The authors thank INRA and the Région Pays de la Loire for
the fellowship awarded to M.S., in the scope of the program ‘Val-
orisation Alimentaire et Non Alimentaire des Macromolécules’.
The authors are very grateful to the Ministére des Affaires
Etrangeres for the financial support of the Partenariat Hubert
Curien Tmhotep’ no. 12455RC ‘Propriétés antivirales et hypoal-
lergéniques des protéines laitieres modifiées’.

References
1 Crumpacker CS: Ganciclovir. Drug Ther »6 Harada K, Eizuru Y, Isashiki Y, Thara S, P9 Wolf DG, Yaniv [, Honigman A, Kassis I,
19965335:721-729. Minamishima Y: Genetic analysis of a Schonfel T, Ashkenazi S: Early emergence of
P2 LalezariJP, Stagg R], Jaffe HS, Hitchcock MJ, clinical isolate of human cytomegalovirus ganciclovir-resistant human cytomegalovi-
Drew WL: Preclinical and clinical overview exhibiting resistance against both ganciclo- rus strains in children with primary com-
of the nucleotide-based antiviral agent cido- vir and cidofovir. Arch Virol 1997;142:215- bined immunodeficiency. J Infect Dis 1998;
fovir (HPMPC). Adv Exp Med Biol 1996;394: 225. 178:535-538.
105-115. »7 Drew WL, Miner RC, Busch DF, Follansbee 10 Alford CA, Britt WJ: Cytomegalovirus; in
>3 Chrisp P, Clissold SP: Foscarnet: a review of SE, Gullett J, Mehalko SG, Drobyski WR, Roizman B, Whitley RJ, Lopez D (eds): The
its antiviral activity, pharmacokinetic prop- Knox KK, Carrigan DR, Ash RC: Foscarnet Herpes Viruses. New York, Raven Press,
erties and therapeutic use in immunocom- therapy for ganciclovir-resistant cytomega- 1993, pp 227-255.
promised patients with cytomegalovirus ret- lovirus in marrow transplantation. Trans- 11 Mocarski ESJ: Cytomegalovirus biology and
initis. Drugs 1991;41:104-129. plantation 1991;52:155-157. replication, in Roizman B, Whitley R], Lopez
P4 Field AK, Biron KK: ‘The end of innocence’ P8 Slavin MA, Bindra RR, Gleaves CA, Pet- D (eds): The Herpes Viruses. New York, Ra-

»s5

revisited: resistance of herpes viruses to an-
tiviral drugs. Clin Microbiol Rev 1994;7:1-
13.

Sarasini A, Baldanti F, Furione M, Percivalle
E, Brerra R, Barbi M, Gerna G: Double resis-
tance to ganciclovir and foscarnet of four
human cytomegalovirus strains recovered
from AIDS patients. ] Med Virol 1995;47:
237-244.

Anticytomegaloviral Activity of Esterified
Milk Proteins and L-Polylysines

tinger MB, Bowden RA: Ganciclovir sensi-

tivity of cytomegalovirus at diagnosis and P12

during treatment of cytomegalovirus pneu-
monia in marrow transplant recipients. An-
timicrob Agents Chemother 1993;37:1360-
1363.

ven Press, 1993, pp 173-226.

Kondo KH, Kaneshima H, Mocarski ES: Hu-
man cytomegalovirus latent infection of
granulocyte-macrophage progenitors. Proc
Natl Acad Sci USA 1994;91:11879-11883.

] Mol Microbiol Biotechnol 2007;13:255-258

257



»13

> 14

»15

»16

»17

Kondo KH, Xu J, Mocarski ES: Human cyto-
megalovirus latent gene expression in gran-
ulocyte-macrophage progenitors in culture
and in seropositive individuals. Proc Natl
Acad Sci USA 1996;93:11137-11142.

Jones TR, Wiertz EJ, Sun L, Fish KN, Nelson
JA, Ploegh HL: Human cytomegalovirus
US3 impairs transport and maturation of
major histocompatibility complex class I
heavy chains. Proc Natl Acad Sci USA 1996;
93:11327-11333.

Jones TR, Sun L: Human cytomegalovirus
US2 destabilizes major histocompatibility
complex class I heavy chain. J Virol 1997;71:
2970-2979.

Reddehase MJ: The immunogenicity of hu-
man and murine cytomegaloviruses. Curr
Opin Immunol 2000;12:390-396.1

Tugizov S, Maidji E, Xiao J, Pereira A: An
acidic cluster in the cytosolic domain of hu-
man cytomegalovirus glycoprotein B is a sig-
nal for endocytosis from plasma membrane.
] Virol 1999;73:8677-8688.

> 13

»19

»20

»21

»22

»23

Boyle KA, Compton T: Receptor-binding
properties of a soluble form of human cyto-
megalovirus glycoprotein B. ] Virol 1998;72:
1826-1833.

Sitohy M, Chobert J-M, Karwowska U,
Gozdzicka-Jozefiak A, Haertlé T: Inhibition
of bacteriophage M13 replication with ester-
ified milk proteins. J Agric Food Chem 2006;
54:3800-3806.

Sitohy M, Chobert J-M, Haertlé T: Esterified
whey proteins can protect Lactococcus lactis
against bacteriophage infection. Compari-
son with the effect of native basic proteins,
and L-polylysines. ] Agric Food Chem 2005;
53:3727-3734.

Sitohy M, Chobert J-M, Gaudin J-C, Renac T,
Haertlé T: When positively charged milk
proteins can bind to DNA. J Food Biochem
2002;26:511-532.

Sullivan V, Talarico CL, Stanat SC, Davis M,
Coen DM, Iron KK: A protein kinase homo-
logue controls phosphorylation of ganciclo-
vir in human cytomegalovirus-infected
cells. Nature 1992;358:162-164.

Mailliart P, Ribadeau Dumas B: Preparation
of B-lactoglobulin and B-lactoglobulin-free
proteins from whey retentate by NaCl salting
out at low pH. ] Food Sci 1988;53:743-752.

258

] Mol Microbiol Biotechnol 2007;13:255-258

»24

»25

»26

27

»23

Sitohy M, Chobert J-M, Haertlé T: Simplified
short-time method for the esterification of
milk proteins. Milchwissenschaft 2001;56:
127-131.

Halpin MI, Richardson T: Elected function-
ality changes of B-lactoglobulin upon esteri-
fication of side chain carboxyl groups. ]
Dairy Sci 1985;68:3189-3198.
Bertrand-Harb C, Chobert J-M, Dufour E,
Haertlé T: Esterification of food proteins:
characterization of the derivatives by a col-
orimetric method and by electrophoresis.
Sci Aliments 1991;11:641-652.

Sitohy M, Chobert, JM, Haertlé T: Peptic hy-
drolysis of methyl-, ethyl- and propyl-esters
of B-casein and a-lactalbumin: Milchwis-
senschaft 2001;56:303-307.

Sitohy M, Chobert JM, Dalgalarrondo M,
Haertlé T: Factors influencing pepsinolysis
of methyl-, ethyl- and propyl-ester deriva-
tives of {-lactoglobulin. J Food Biochem
2001;25:181-198.

Chobert/Sitohy/Billaudel/
Dalgalarrondo/Haertlé



Short Communication

Journal of
Molecular Microbiology

and Biotechnology

J Mol Microbiol Biotechnol 2007;13:259-263
DOI: 10.1159/000104756

Antimicrobial Activity of Divercin RV41
Produced and Secreted by Lactococcus

lactis

Luis G. Bermudez-Humaran? Jitka Rihakova® ¢

Philippe Langella?

Katerina Demnerova® Lila Nazef® Hervé Prévost® Djamel Drider®

2Unité d’Ecologie et de Physiologie du Systéme Digestif, INRA, Domaine de Vilvert, Jouy-en-Josas, and
PUMR INRA 1014 SECALIM, ENITIAA, Nantes, France; Department of Biochemistry and Microbiology Institute of

Chemical Technology, Prague, Czech Republic

Key Words

Divercin RV41 - Divercin RV41, antimicrobial activity -
Carnobacterium divergens V41 - Lactococcus lactis -
Nisin-controlled expression system

Abstract

Divercin V41 is a class lla bacteriocin produced by Carnobac-
terium divergens V41 with a strong anti-Listeria activity. We
have previously produced a recombinant form of divercin
V41 (DvnRV41) in Escherichia coli strain Origami, by cloning a
synthetic gene that codes for a mature divercin RV41 pep-
tide. In this work we describe the inducible expression and
secretion of DvnRV41 in the food-grade lactic acid bacteri-
um, Lactococcus lactis. The production of DvnRV41 by re-
combinant L. lactis was confirmed and quantified by West-
ern blot and ELISA assays. In addition, anti-Listeria activity of
DvnRV41 was determined using an agar diffusion test. Al-
though the levels of DvnRV41 produced by recombinant L.
lactis were similar to those produced by the natural host, C.
divergens V41, the specific activities were lower. In conclu-
sion, our data show that the bacteriocin DvnRV41 is pro-

L.G.B.-H. and J.R. contributed equally to this work.

duced and secreted in an active form by L. lactis and that this
approach may have important applications in the preserva-

tion of foods. Copyright © 2007 S. Karger AG, Basel

Bacteriocins are ribosomally synthesized antimicro-
bial peptides of proteinaceous nature produced by nu-
merous Gram-positive and Gram-negative bacteria that
can kill or inhibit the growth of other bacteria [Tagg et
al., 1976]. Lactic acid bacteria (LAB) are Gram-positive
usually non-motile and non-spore-forming rods and coc-
ci found in fermented products which produce a variety
of bacteriocins [Cleveland et al., 2001; Cotter et al., 2005;
Drider et al., 2006]. Bacteriocins produced by these food-
grade LAB represent potential natural and non-toxic
candidates for use in food preservation, as they can con-
trol the growth of some pathogenic strains such as Liste-
ria monocytogenes in food products.

We have previously reported that inhibition of L.
monocytogenes in cold smoked salmon was clearly attrib-
uted to in situ production of divercin V41 (DvnV41), rath-
er than nutritional competition [Richard et al., 2003].
DvnV41 is a class I1a bacteriocin produced by Carnobac-
terium divergens V41 that was previously isolated and
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Fig. 1. Schematic representation of the
pSEC:DvnRV41 vector.
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characterized in our laboratory as having a strong anti-
Listeria activity [Pilet et al., 1995; Métivier et al., 1998;
Duffes et al., 1999; Richard et al., 2006]. Mature DvnV41
is composed of 43 amino acids with a molecular mass of
4.5 kDa, containing two disulfide bonds which are im-
portant for anti-Listeria activity [Métivier et al., 1998].

Recently, we have overexpressed a recombinant form
of DvnV41 (DvnRV41) by cloning a synthetic dvnRV41
gene into Escherichia coli strain Origami [Richard et al.,
2004a]. In the present study, the dvnRV41 gene was ex-
pressed in the food-grade LAB, Lactococcus lactis using
the nisin-controlled expression system [de Ruyter et al.,
1996; Kuipers, 1998]. DvnRV41 expression and secretion
by L. lactis was confirmed by Western blot and ELISA
assays. Finally, the biological activity of recombinant
DvnRV41 produced and secreted by L. lactis was demon-
strated by its anti-Listeria activity [Pilet et al., 1995; Rich-
ard et al., 2003].

To achieve DvnRV41 production and secretion by L.
lactis, we used the Sec pathway, which recognizes pro-
teins synthesized as precursors containing a mature pro-

260 ] Mol Microbiol Biotechnol 2007;13:259-263

tein and an N-terminal signal peptide that is essential for
precursor secretion [for review, see van Wely et al., 2001].
For this, the dvnRV41 gene was fused in frame with a
DNA fragment containing the Usp45 signal peptide, de-
rived from the predominant L. lactis-secreted protein
[van Asseldonk et al., 1990] and placed under the control
of the P,;4-inducible promoter, whose expression de-
pends on the nisin concentration used [de Ruyter et al.,
1996]. To accomplish this, the following steps were car-
ried out: (i) a 159-bp DNA fragment encoding for mature
DvnRV41 peptide was PCR amplified from the pET32b:
Div-Rec vector, using Nsil-RV41 (5'-CCAATGCATCA-
GATCCGACCAAA TATTACGGCAACG-3') and Spel-
RV41 (5'-GGACTAGTCCTTAGCATTTGCCCGGAAT
CGCACCGC-3') primers; (ii) the resulting fragment was
directly digested with NsiI and Spel enzymes and cloned
into purified Nsil-Spel-cut pSEC-E7 vector [Bermudez-
Humaran et al., 2002] which contains a p-independent
transcription terminator (trpA) for clone stability [Chris-
tie et al., 1981], resulting in the pSEC:DvnRV41 plasmid
(fig. 1). This plasmid was introduced into L. lactis strain

Bermudez-Humarén et al.
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Fig. 2. Expression and characterization of DvnRV41 produced by
L. lactis. a Production and secretion of DvnRV41 by recombinant
L. lactis was analyzed by Western blot on induced cultures of
NZ(pSEC:DvnRV41) strain (lane 2). DvnV41 produced by C. di-
vergens V41 was used as the positive control for Western blot as-

NZ9000 carrying regulatory genes nisR and nisK [de
Ruyter et al, 1996] to obtain the strain NZ(pSEC:
DvnRV41). As a negative control, L. lactis NZ9000 was
transformed with an empty vector to generate NZ(-). Re-
combinant clones were selected by addition of 10 pg of
chloramphenicol per ml of medium. Recombinant L. lac-
tis strains were grown in M17 medium supplemented
with 1% glucose (GM17) at 30°C without agitation.

The capacity of strain NZ(pSEC:DvnRV41) to produce
and accumulate DvnRV41 in either the cytoplasm or the
extracellular medium was determined. Non-induced and
induced culture samples were examined by Western blot-
ting using anti-DvnV41 antibodies [Richard etal., 2004b].
Induction for DvnRV41 expression was performed using
nisin (10 ng/ml; Sigma) for a 3-hour period as previously
described [Bermudez-Humarén etal., 2003]. As expected,
in the absence of nisin, no DvnRV41 signal was detected
(data not shown). Analysis of induced cultures of L. lactis
strain NZ(pSEC:DvnRV41) revealed a single band of ~4.5
kDa in the supernatant, whereas no signal was detected
in the cell fraction (fig. 2a). This result suggests that secre-
tion of DvnRVA41 by L. lactis is very efficient, as most of
the recombinant protein is detected in the supernatant. In
parallel, we analyzed supernatant samples of the natural
host of DvnV41, C. divergens V41. As expected, Western
blot analysis reveal only a one major band of ~4.5 kDa
corresponding to DvnV41 (fig. 2a).

Antimicrobial Activity of Divercin RV41
Produced and Secreted by L. lactis

says (lane 1). A quantity of 35 wl of each culture supernatant was
loaded. b ELISA assessment of DvnRV41 produced by L. lactis
NZ(pSEC:DvnRV41). NI = Non-induced; 1, 2, 3 = time in hours
after nisin induction. C. divergens V41 was used as the positive
control.

The listericidal activity of DvnV41 and DvnRV41 pro-
duced by the recombinant lactococcal strain was deter-
mined using the agar diffusion test [Pilet et al., 1995;
Richard et al., 2003]. The highest listericidal activity was
obtained with DvnRV41 against L. innocua (800 UA/ml;
table 1); this value corresponds to 1/30th of the activity of
the native peptide DvnV41 (25,600 UA/ml; table 1).

It has been reported that heterologous production and
secretion of two other bacteriocins in L. lactis, pediocin
PA-1 and enterocin A, was lower when compared to those
obtained by the wild-type producers [Martinez et al.,
2000]. The authors attributed this drawback to a low ef-
ficiency of transport and/or maturation of these bacterio-
cins by the chromosomally encoded bacteriocin translo-
cation machinery of L. lactis [Martinez et al., 2000]. Re-
cently, heterologous production of enterocin P (EntP), a
sec-dependent class Ila bacteriocin from Enterococcus
faecium P13 in L. lactis 1L1403 and L. lactis MG1363, was
shown to be dependent on the host strain, the expression
vector, and the presence of the EntP immunity gene
(entiP) in the constructs of recombinant L. lactis strains
[Gutierrez et al., 2006]. The highest amount of EntP was
produced with derivatives containing entP and entiP, for
both L. lactis strains, leading to 5- to 6-fold more EntP
than E. faecium P13 [Gutierrez et al., 2006].

To understand the lower anti-Listeria activity observed
with the DvnRV41 produced by recombinant lactococci
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Table 1. Indicator organisms used in this work

Species Reference Source  Activity of Activity of Growth  Growth Time of
the divercin the divercin ~ medium temperature growth
RV41%, AU/ml  V41°, AU/ml °C h
Lactobacillus casei 20011 DSMZ 0 0 MRS 30 20
Lactobacillus plantarum 14917 ATCC 0 0 MRS 30 20
Lactotoccus lactis 1075 CNRZ 0 0 Elliker 30 16
Leuconostoc mesenteroides ssp. cremoris 20200 DSMZ 0 0 MRS 30 17
Listeria innocua F DSV 800 25,600 Elliker 30 20
Listeria monocytogenes EGDe 107776 CIP 400 12,800 Elliker 37 16
Listeria monocytogenes Scott A 103.575 CIP 0 4,800 Elliker 37 16
Listeria monocytogenes 19115 ATCC 400 12,800 Elliker 37 16
Staphylococcus aureus 25923 ATCC 0 0 BHI 30 18
Streptococcus thermophilus 0 0 MRS 42 20
Streptococcus thermophilus 0 0 MRS 42 20
Bacillus cereus 78.3 CIP 0 0 BHI 30 16
Lactobacillus delbrueckii ssp. bulgaricus 20074 DSMZ 0 0 MRS 42 20

DSMZ = Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany; ATCC = American Type Cul-
ture Collection, Rockville, Md., USA; CNRZ = Centre National de Recherches Zootechniques, Jouy-en-Josas, France; DSV = Direction
des Services Vétérinaires, Nantes, France; CIP = Collection Institut Pasteur, France.

@ Divercin RV41 is produced by L. lactis NZ(pSEC:DvnRV41).

® Divercin V41 is produced by C. divergens V4l.

when compared with DvnV41 obtained from C. divergens
V41, we introduced plasmid pSEC:DvnRV41 in three dif-
ferent strains of L. lactis deficient in its major proteases: a
clpP-L. lactis strain, deficient in its major intracellular
housekeeping protease [Frees and Ingmer, 1999], an htrA-
L. lactis strain, deficient in its major surface housekeeping
protease [Poquet et al., 2000], and a clpP-HtrA-L. lactis
strain, deficient in both ClpP and HtrA proteases [Cortes-
Perez et al., 2006]. The anti-Listeria activity of each re-
combinant strain was determined in triplicate by agar dif-
fusion test [Pilet et al., 1995; Richard et al., 2003].

The anti-Listeria activity displayed by each mutant was
similar to that obtained by wild-type L. lactis (data not
shown), suggesting that these proteases do not degrade the
DvnRV41 peptide. In our opinion, the difference of anti-
microbial activity observed between natural DvnV41 and
DvnRV41 produced by L. lactis (DvnRV41 30-fold under
that of natural DvnV41) could be explained by (i) the fold-
ing of some DvnRV41 peptides, which is not accurately
performed, thus perhaps impeding the formation of the
two disulfide bonds; (ii) the peptide is not correctly pro-
cessed in the heterologous host; (iii) possibility of a syner-
gistic or additive effect of DvnRV41 with other antimicro-
bial substances, which are absent in the lactococcal host;
(iv) the sequence optimization of the synthetic gene is

262 ] Mol Microbiol Biotechnol 2007;13:259-263

more suitable to expression in E. coli strain Origami [Ri-
chard et al., 2004a]. Finally, another hypothesis to explain
this low specific activity might be cysteinylation of the
cysteines in our bacteriocin. Kuipers et al. [2006] observed
that many sec-secreted peptides were partially cysteinyl-
ated. This cysteinylation was not observed by incubating
the peptide in the culture medium [Gert Moll, pers. com-
mun.], hence it was related to L. lactis.

Further experiments for determining the relative
amount of DvnRV41 present in the supernatant of L. lac-
tis carrying pSEC:DvnRV41 were performed. This was
assessed by the non-competitive indirect enzyme-linked
immunosorbent assay against specific anti-DvnRV41 an-
tibodies [Richard et al., 2004b]. The graduated scale of
standards was established with pure DvnRV41 previous-
ly obtained [Richard et al., 2004a]. The highest amount
of DvnRV41 produced by L. lactis was estimated to be
1,041 * 51 pg/ml, which is relatively similar to the
amount of DvnV41 produced by C. divergens V41 (fig. 2b).
Nevertheless, the relative amount of DvnRV41 was not
dependent on plasmid copy number since DNA plasmid
pSEC-DvnRV41 remained stable during the entire nisin
induction process.

The spectrum of activity of DvnV41 and DvnRV41
was determined against different indicator strains (ta-

Bermudez-Humarén et al.



ble 1). Both bacteriocins DvnV41 and DvnRV41 displayed
a similar spectrum of activity, but the specific activity of
DvnRV41 was 30-fold lower for reasons cited above. In
the spectral analysis, we remarked that DvnRV41 was not
active against L. monocytogenes Scott A, suggesting that
L. monocytogenes Scott A is likely less sensitive to certain
other bacteriocins.

In this study we show that the anti-Listeria bacteriocin
DvnRV41 can be produced and secreted in an active form
by L. lactis by the cloning of a DvnV41 synthetic gene.
Although the quantification of natural DvnV41 and re-
combinant DvnRV41 led to similar amounts, the specific
activity obtained with DvnRV41 was lower than DvnV41.

Nevertheless, the antilisterial activity displayed by the re-
combinant strain remains satisfactory and our approach
may have important applications in the preservation of
smoked foods, such as smoked salmon.
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