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Abstract

Bacteriocins are natural weapons of bacterial inter-species competition in food
preservation arsenal. Bacteriocins produced by lactic acid bacteria have gained particular
attention owing to their potential application as the substitute of artificial chemical
preservatives. This research made use of genetic engineering technologies to clone the
class IIa bacteriocin genes and construct bacteriocin structural gene expression systems,
aiming at solving the problem of low bacteriocin production in wild type lactic acid
bacteria strains and achieving efficient killing of Listeria monocytogenes.

The total DNA of Pediococcus acidilactici PA003 was used as the template to amplify
the structural gene pedA, which was inserted into pET32a(+) vector and transformed into
Escherichia coli. The recombinant plasmid containing the pedA gene was verified by
DNA sequencing. This recombinant strain was induced with IPTG and it efficiently
expressed a 22 kDa thioredoxin-PedA fusion protein as inclusion bodies. One protein band
corresponding to the predicted molecular mass of pediocin was obtained after renaturation
and enterokinase treatment. The agar diffusion assay revealed that 512 arbitrary unit (AU)
antilisterial activities were obtained from 1 ml culture of recombinant E. coli.  The  same
strategy was adopted using pET20b(+) as the expression vector. The PelB signal peptide
in this vector resulted in soluble expression of fusion protein both in the cytoplasmic and
periplasmic spaces with totally 384 AU/ml production.

Lactococcus lactis cells were engineered to bind to cellulose by fusing cellulose-
binding domain of Cellvibrio japonicus with  PrtP,  NisP  and  AcmA  anchors  for  surface
display.  The  CBD-PrtP  showed  the  most  efficient  immobilization.  Expression  of  sortase
with the CBD-PrtP fusion did not improve binding of the anchor to the cell wall. Next, the
surface display technique was aimed to be combined with secretion of antilisterial
bacteriocins in order to construct an E. coli strain  with  capacity  to  bind  and  kill L.
monocytogenes cells. Such cells could be used to test the hypothesis that antilisterial
bacteriocin secreting cells kill listerial cells more efficiently if they also have the capacity
to bind to listerial cells. Therefore, the CBD500 and CBDP35 from Listeria phage
endolysins were used to engineer E. coli cells  to  bind  to L. monocytogenes cells using
different cell anchoring domains. First CBD500 was fused to the outer membrane anchor
of Yersinia enterocolitica adhesin YadA for potential surface display. Whole-cell ELISA
showed that CBD-YadA fusion was displayed on the cell surface. However, production of
the  fusion  protein  was  detrimental  to  the  growth  of  recombinant  cells.  Therefore,  a
fragment of the E. coli outer membrane protein OmpA was selected for fused expression
of CBD500 in E. coli. Western blot revealed the OmpA-CBD was mainly localized on the
external surface of recombinant cells. However, the accessibility of the CBD on the cell
envelope to cells of Listeria could not be shown.

For an improved surface display, CBD was expressed as FliC::CBD chimeric protein
in flagella. CBD500 and CBDP35 domain coding sequences were inserted into vector
pBluescript/fliCDH7. CBD insertion in flagella was confirmed by Western blot. The
FliC::CBDP35 flagella were isolated and shown to bind to L. monocytogenes WSLC 1019
cells.



10

To test the hypothesis that bacteriocin-secreting cells kill target cells more efficiently
by binding to the target cells, bacteriocin-secreting strains with binding ability to Listeria
cells were constructed. Antilisterial E. coli was obtained either by transferring pediocin
production from Lactobacillus plantarum WHE 92 or leucocin C production from
Leuconostoc carnosum 4010. The Listeria-binding cells producing pediocin decreased
approximately 40 % of the Listeria cells during three hours, whereas the cell-free medium
with the corresponding amount of pediocin could only inhibit cell growth but did not
decrease the number of viable Listeria cells after the three hours incubation. The cell-
mediated leucocin C killing resulted in a two-log reduction of Listeria, whereas the
corresponding amount of leucocin C in spent culture medium could only inhibit growth
without bactericidal effect. These results indicate that close contact between Listeria and
bacteriocin producing cells is beneficial for the killing effect by preventing its dilution in
the environment and adsorption onto particles before taking effect to the target cells.
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Introduction

1. Bacteriocins

Microorganisms are well documented for producing inhibiting compounds as part of their
defense or immune systems for their survival in a competing niche (Roces et al. 2012).
Organic acids, ethanol, hydrogen peroxide, bacteriocins and other antibacterial compounds
are recognized antimicrobials synthesized by a variety of microbes. Bacteriocins are
ribosomally synthesized antimicrobial peptides or precursor peptides produced by
bacteria. Their activities are not restricted to the same species and the producer strains are
immune  to  their  own  bacteriocins  (Cotter  et  al.  2005).  With  the  increasing  outbreaks  of
food-borne diseases and changing of diet habits among consumers, bacteriocins are
promising as natural preservatives.

The  first  report  of  the  inhibitory  effect  of  a  bacteriocin,  named colicin,  was  almost  a
century  ago  in  antagonism  studies  with Escherichia coli strains  (Gratia  1925).  Then  a
second bacteriocin was described in 1928 (Rogers and Whittier 1928) and later named as
nisin (group N Streptococcus Inhibitory Substance, -in ending indicating an antibiotic)
(Mattick et al. 1947). This heat-stable, soluble and proteinaceous substance was accepted
as  a  safe  food  additive  by  the  FAO/WHO  in  1969  (WHO  1969).  Nisin  was  adopted  for
commercial use in several countries and later added to the EEC food additive list assigned
as E234 (EEC 1983). FDA in the United States gave it a GRAS status in 1988 (FDA
1988). Until now, nisin is the only approved and available bacteriocin food preservative
commercially used in the food industry. Since many LAB are GRAS, LAB bacteriocins
are of great industrial importance as natural food preservatives and have potential as
therapeutic agents for gastrointestinal and other infections. The most studied bacteriocins
are those produced by LAB and increasing number of different bacteriocins have been
identified and characterized from wt strains (Roces et al. 2012).

1.1 Classification of bacteriocins
Bacteriocins from Gram-positive bacteria are classified according to their primary
structures, MWs, post-translational modifications and genetic properties. Although the
classification system has evolved with the increasing knowledge and identification of new
bacteriocins, bacteriocins are commonly divided into four groups as shown in Table 1.
Class I bacteriocins, also called lantibiotics, are characterized by their post-translational
modification  with  nisin  as  the  representative.  Class  II  including  most  of  the  LAB
bacteriocins are small, heat-stable, and non-modified peptides. Among them, class IIa
group contains pediocin-like Listeria active peptides, gaining particular attention for food
preservation. To date, nearly 50 different kinds of class IIa bacteriocins have been
identified from LAB including Lactobacillus spp., Enterococcus spp., Pediococcus spp.,
Carnobacterium spp., Leuconostoc spp., Streptococcus spp. and Weissella spp. (Cui et al.
2012). They have been isolated from fermented meat, fermented vegetable, dairy products,
smoked salmon and human gastrointestinal tract. Class III bacteriocins contain large and
heat-labile  proteins,  and  class  IV  group  consists  of  large  complexes  with  other
macromolecules.
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leader peptide facilitates the signal interaction during translocation. Additionally, it
maintains the inactive state of bacteriocin before successful secretion (Fimland et al.
2005). Much of the interest in class IIa bacteriocins is due to their antimicrobial activity
against food-borne pathogen Listeria and thus to their potential for use as food additives
(Johnsen et al. 2000). Other pathogenic bacteria being sensitive to this group include
Clostridium, Enterococcus, Staphylococcus, Salmonella, Micrococcus, Yersinia,
Aeromonas (Papagianni and Anastasiadou 2009; Devi and Halami 2013).

Pediocin PA-1/AcH is a 44 aa peptide with the MW of around 4.6 kDa. It is produced
mainly by genus Pediococcus without post-translational modification. Pediocin PA-1/AcH
is the only class IIa bacteriocin for both cross-species and cross-genera production
(Rodríguez et al. 2002). Pediococci are natural microflora in plant sources and used as
starter cultures in variety of food fermentation (Ray and Miller 2000). CD spectroscopy
analysis suggested that pediocin PA-1/AcH contains largely unordered sequence in
aqueous buffer and undergoes a substantial conformational reorganization upon binding to
the membrane (Watson et al. 2001). The disulfide bond between cysteine24 and cysteine44

is essential for showing antimicrobial effects. Pediocin PA-1/AcH has demonstrated
antilisterial effect on food model systems, especially meat products in which nisin
frequently fails, such as sliced cooked sausages, frankfurter sausages and Spanish dry-
fermented sausages (Santiago-Silva et al. 2009; Nieto-Lozano et al. 2010). In vivo study
on the effectiveness of pediocin PA-1 and pediocin producing P. acidilactici UL5  also
showed  positive  results  (Dabour  et  al.  2009).  Besides,  administration  of  pediocin  PA-1
had no effect on the main composition of the mouse intestinal ecosystem and in vitro
human terminal ileum fermentation model (Kheadr et al. 2010; Le Blay et al. 2012).

Leuconostoc species are heterofermentative LAB often used as components of
mesophilic cultures to produce aroma and flavor compounds during milk fermentation
(Alegría et al. 2013). The antimicrobial effects of Leuconostoc against pathogenic and
spoilage microorganisms have been reported early due to the production of organic acid,
peroxide as well as bacteriocin (Trias et al. 2008). Many Leuconostoc strains produce one
or more bacteriocins. Leucocin A was the first class IIa bacteriocin to be sequenced
(Hastings et al. 1991). It has been identified in Leuconostoc gelidum UAL-187 and
Leuconostoc pseudomesenteroides QU15. Leucocin B-Ta11a and Leucocin B-KM432Bz
were found in Leuconostoc carnosum Ta11a and Ln. pseudomesenteroides KM432Bz,
respectively (Makhloufi et al. 2013). Ln. carnosum 4010 showing strong inhibition against
L. monocytogenes was isolated from the surface of sliced vacuum-packed ham. It was
proposed to produce two bacteriocins, leucocin A and leucocin C. Leucocin C was 100 %
identical to the partial sequenced leucocin 7C and leucocin 10C from Leuconostoc
mesenteroides, and shared similarity with leucocin C-TA33 (Budde et al. 2003). Leucocin
C contains 43 aa with the theoretical MW of 4596 calculated from the sequence (Fimland
et al. 2002).

1.2 Mode of action of class IIa bacteriocins
LAB bacteriocins exert activity against closely related Gram-positive microorganisms,
whereas the bacteriocin producing cells are immune against their own bacteriocins (Cotter
et  al.  2005,  De  Vuyst  and  Leroy  2007).  Briefly,  the  action  mechanism  of  class  IIa
bacteriocins includes three main steps. Firstly, bacteriocins bind to the anionic
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phospholipids of the target cell membrane by electrostatic interaction. Functional analysis
confirmed that the N-terminal domain of class IIa bacteriocins is hydrophilic and cationic,
which facilitates the initial binding of the bacteriocin to the target cell membranes.
Secondly, the amphiphilic α-helical region belonging to the C-terminal domain penetrates
into the membrane of target cells and induces the formation of hydrophilic pores (Lohans
and Vederas 2012). It has been proved by hybrid gene analysis that the C-terminal part
determines target specificity, which coincides with the variations of C-terminal domains
among different class IIa bacteriocins. After membrane permeabilization, pore formation
leads to the total or partial dissipation of the proton motive force, depletion of intracellular
ATP and leakage of aa and ions (García et al. 2010). Different class IIa bacteriocins may
result in different characteristics in the size, stability and the electrical conductivity of the
pore.

Figure 1. Proposed mode of action of class IIa bacteriocins (a) and immunity (b) adapted from Kjos et
al. (2011a) and Wan 2012. Bacteriocin (red) binds to the extracellular loop of the EIIt

Man IIC domain
(light blue),  interacting with IIC and/or IID (light green), and causing pore formation. The immunity
protein (dark blue) tightly binds to EIIt

Man-bacteriocin complex and block pore formation.

The class IIa bacteriocin receptor found in the membrane of susceptible cells was
proposed to be man-PTS (Lohans and Vederas 2012). It is a sugar uptake system for
mannose as well as glucose transporter. Studies showed a correlation between the man-
PTS gene expression level and extent of sensitivity of target cells to class IIa bacteriocin
(Kjos et al. 2009). The man-PTS contains four structural domains: IIA, IIB, IIC and IID.
IIA and  IIB are  cytoplasmic  domains  which  are  fused  as  a  single  subunit  complex  in L.
monocytogenes (Drider  et  al.  2006).  IIC  and  IID  together  form  a  membrane-located
complex involved as receptors for bacteriocins (Fig. 1a). Diep et al. (2007) found that
presence of IIC and IID was sufficient for sensitivity of target cells to lactococcin A. Kjos
et al. (2011a) later proved that a single extracellular loop in the IIC protein is responsible
for the specificity of class IIa bacteriocins. Downregulation of man-PTS expression can be
observed among naturally resistant strains or laboratory-induced resistant mutants (Kjos et
al. 2011b). The immunity protein protecting class IIa bacteriocin producing cells from

(a)

(b)

Cell membrane

Cell membrane
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being killed by their cognate bacteriocins is interacting with the same mannose permease
indirectly by recognizing receptor-bacteriocin complex, binding with it and blocking the
pore (Diep et al. 2007, Fig. 1b). The intracellular immunity protein acts via association
with  the  internal  side  of  the  cell  membrane.  It  is  the  C-terminal  half  of  the  immunity
protein that contains a region being involved in the specific recognition of the bacteriocin
to which it confers immunity (Johnsen et al. 2005).

1.3. Genes involved in the production of class IIa bacteriocins
The production  of  class  IIa  bacteriocins  occurs  during  the  exponential  growth  phase.  As
ribosomally synthesized peptides, bacteriocins are usually encoded by a plasmid- or
chromosome-borne structural gene clustered with genes coding for immunity protein(s)
and dedicated transport (García et al. 2010). There are at least four genes organized in one
or two operons required for production of the class IIa bacteriocins (Fimland et al. 2005):
(1) the structural gene encoding the bacteriocin precursor; (2) the immunity gene encoding
the immunity protein that protects the producer from being killed; (3) the gene encoding a
membrane-associated ABC transporter responsible for transportation of the bacteriocin
across the membrane concomitantly with removal of the leader sequence; and (4) the gene
encoding an accessory protein with unclear function.

The genetic determinants related to pediocin PA-1 production are located in a plasmid-
borne operon governed by a promoter located directly upstream (Fig. 2). The high copy
number plasmid could be transferred to plasmidless P. acidilactici strains  (Ray  et  al.
1989). The plasmid-encoded properties are of great interest to biotechnology industry for
genetic manipulations and improvement of strains for conventional starter cultures (Kumar
et al. 2011). Pediocin PA-1 structural gene (pedA) of P. acidilactici PAC1.0 encodes 62 aa
precursor including 18 N-terminal residues of leader sequence. The immunity gene (pedB)
is located downstream to pedA and encodes a 112 aa protein. Also present in the operon
are genes associated with membrane translocation (pedC and pedD) (Marugg et al. 1992;
Motlagh et al. 1994). This two-component processing/export system is responsible for
pediocin PA-1 maturation and secretion. Both pedC and pedD are necessary for
translocation of pediocin across the cytoplasmic membrane (Venema et al. 1995). The
accessory protein PedC has a similar structure of HlyD, a protein required for secretion of
the E. coli hemolysin A, and LcnD, a protein involved in lactococcin A transport
(Rodríguez et al. 2002). The pedD gene encodes a transmembrane translocator protein of
the ABC superfamily whose proteolytic domains contain motifs thought to be part of the
active site of the leader peptidase (Chikindas et al. 2010). The operon of pediocin AcH of
P. acidilactici H has also been characterized as structural gene (papA), immunity gene
(papB),  ABC  transportation  genes  (papC and papD) associated with translocation and
processing of active pediocin AcH (Miller et al. 1998). Pediocin PA-1/AcH contains no
modified aa residues and has been heterologously produced in E. coli, Bifidobacterium
longum, Lactobacillus reuteri, Streptococcus thermophilus, Lactococcus lactis and
Lactobacillus casei (Moon et al. 2005a; Moon et al. 2005b; Eom and Moon 2010; Renye
Jr. and Somkuti 2010). Heterologous production of bacteriocins brings several advantages
(Martín et al. 2007): (1) increasing bacteriocin production; (2) producing bacteriocins in
safer hosts; (3) producing food ingredients with antimicrobial activity; (4) constructing
multibacteriocinogenic strains with a wider antagonistic spectrum; (5) realizing better
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adaptation of selected hosts to food environments; and (6) providing antagonistic
properties of LAB used as starter, protective, or probiotic cultures. Improvements in
heterologous systems have been made by using different promoters for enhanced
expression, secretory proteins for fusion and peptide tags for facilitating purification
(Kumar et al. 2011).

The gene clusters encoding leucocins have not been fully clarified. Leucocin A gene
cluster containing structural gene lcaA, immunity gene lcaB, and ABC transporter genes
lcaECD,  has  been  studied  previously.  For  leucocin  C,  Wan  et  al.  (2013)  revealed  that
leucocin C cluster in Ln. carnosum 4010 contains two operons, one includes lecCI and the
other includes lecXTS (Fig. 2). The gene lecC encodes leucocin C precursor. The
immunity gene lecI encoded 97 aa which shares 48 % similarity with the immunity genes
of sakacin P and listeriocin. The genes of lecXTS are associated with the expression of
ABC transporter and accessory protein, with 97 % homology with the leucocin A
transporter operon lcaECD of Ln. gelidum.

Figure 2. Organisation of the genes for production of pediocin PA-1 and leucocin C adapted from Wan
2012. Promoters are shown as black flags and transcriptional terminators as lollipop symbols.

1.4 Applications of class IIa bacteriocins in foods
Bacteriocins produced by food grade microorganisms have been consumed for centuries.
They are usually heat stable, inhibitory to food pathogenic and spoilage organisms, and
exhibiting desirable features in food application. Their properties for safe use depend on
their inactivation by digestive proteases, having little influence on the gut microbiota, and
showing  no  cross-resistance  with  antibiotics  (Gálvez  et  al.  2007).  The  most  famous
commercial form of bacteriocins is Nisaplin, used as a preparation containing 2.5 % nisin
with NaCl and non-fat dried milk. Applications of class IIa bacteriocins are mainly
experimental to date. The one most close to industrial applications is pediocin PA-1/AcH.
Since most cases of listeriosis in humans result from food-borne transmission, studies
have been focused on antilisterial activity of pediocin PA-1/AcH as effective solution for
Listeria contamination. Several patents cover the use of pediocin ALTA 2341 based on
culture fermentates from pediocin producing strains (Rodríguez et al. 2002). Published
results have shown that the incorporation of class IIa bacteriocins into foods is an
attractive option to extend food shelf-life, control food-borne pathogens and provide
effective antimicrobial hurdle together with other sublethal treatments in food systems
(Table 2). The source of bacteriocins can be a purified or partially purified bacteriocin, a
crude bacterial fermentate or bacteriocin producing culture (Stiles 1996).

Pediocin PA-1

Leucocin C
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to pH changes, and interaction with food ingredients have been illustrated (Drider et al.
2006; Gálvez et al. 2007; Narsaiah et al. 2013).

2. Listeria phage endolysin cell wall binding domains

2.1 Listeria
Listeria is a ubiquitous genus which naturally inhabits soil, water, silage, animals, humans
and diverse food materials and premises. Currently, there are eight recognized species
belonging to this genus which are L. monocytogenes, L. innocua, L. welshimeri, L.
seeligeri, L. ivanovii, L. grayi, L. marthii and L. rocourtiae (Kuenne et al. 2013). L.
monocytogenes is a Gram positive, facultative anaerobic, motile, nonspore-forming rod,
being tolerant to stresses such as low pH, low temperature and high concentration of
NaCl, being persistent in foods and food processing equipment (Dabour et al. 2009; da
Silva and De Martinis 2013). Therefore, the production environment is of important
concern for contamination, considering the resistance and wide sources of this species. L.
monocytogenes is the only pathogenic member within the Listeria genus, causing
listeriosis with clinical severity and high mortality rate of up to 25-30 %, mainly targeting
immunocompromised individuals, pregnant women, neonates and elderly persons
(Winkelströter and De Martinis 2013). The infective dose varies among strains and
depends on the susceptibility of people. After ingestion, L. monocytogenes transmits
through the gastrointestinal tract. By expressing surface protein internalin A and internalin
B, Listeria may attach to the surface of host cells and infect the epithelial cells. After cell
invasion, listeriolysin O, a virulence factor for lysis of the phagosomal membrane helps L.
monocytogenes escape the phagosome (Pamer 2004). L. monocytogenes moves through
the cytoplasm and into neighbouring cell by polymerizing actin comet tails with ActA
protein, contributing to its virulence (Portnoy et al. 1992; Pamer 2004).

There are four evolutionary lineages (I, II, III and IV) and 12 serotypes with distinct
phylogenetic, ecologic and phenotypic characteristics (Kuenne et al. 2013). Lineage I
strains are often related to the outbreaks of listeriosis in humans while lineage II strains
are mostly found in contaminated food and animals with listeriosis. Lineages III and IV
are rarely isolated from environmental and food samples or human clinical cases, but are
usually isolated from animal sources (Orsi et al. 2011). Therefore, the common serotypes
of L. monocytogenes in human clinical cases which are serotype 1/2a (lineage II),
serotypes  1/2b  and  4b  (lineage  I)  belong  to  lineages  I  and  II  (da  Silva  and  De  Martinis
2013). Nowadays, L. monocytogenes is regarded as one of the leading emerging food
pathogens causing food recalls especially in industrialized countries. It has been estimated
that Listeria causes about 1600 people sick and 260 deaths every year in the United States
(Centers for Disease Control and Prevention 2013). Many types of food products
including seafood, vegetables, meat and dairy products have been contaminated with this
pathogen (Wang et al. 2012). Particularly the RTE minimally processed and refrigerated
foods turn out to be important public health risks due to extensive handling during process
and absence of thermal treatment prior to consumption (Kovačević et al. 2013). The
European Commission recommends a limit of 100 cfu/g L. monocytogenes throughout the
shelf-life for RTE foods (Rosef et al. 2012). International standards for detection and
enumeration of L. monocytogenes suffer of high time requirement of 7 days (ISO 11290-1
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1996; ISO 10560 1999). Since L. monocytogenes is not detected by routine stool culture,
symptoms like gastroenteritis and fever may not be diagnosed as the consequence of
Listeria infection (Scallan et al. 2011).

2.2 Listeria phages
Bacteriophages are abundant self-replicating units in the environment and normal
commensals of humans and animals (Carlton et al. 2005). These viruses specifically
interact with their host bacteria by lytic or lysogenic propagation cycle. Lytic phages cause
cell lysis to release progeny, while in lysogenic cycle, the phage DNA is included in the
host chromosome and replicated along with the bacterial DNA (Griffiths et al. 1999). The
host range is defined by phage recognition of receptors (e.g. certain proteins, sugars, and
lipids) in the CW or appendages (e.g. flagellin and pili) to the bacterial cells (Smartt et al.
2012). Bacteriophages are natural means to identify bacteria since each bacteriophage has
a host range to infect, which is the foundation of phage-typing methods used for decades.
Nowadays, detection methods based on bacteriophage have been expanded to a broad and
innovative range including labeled phage DNA, reporter phage, phage amplification
assays, quantum dots, phage-mediated lysis of host cells, and conductance measurements
(Smartt and Ripp 2011).

Bacteriophages have been regarded as biodegradable non-toxic food grade bactericidal
agents with certain products approved as food additives and awarded GRAS status by the
FDA  and  EPA  (Arachchi  et  al.  2013).  The  use  of  bacteriophages  as  alternative  of
antibiotics provides some advantages such as: (1) abundance in source; (2) rapid
replication  and  declining,  along  with  bacterial  growth  not  posing  an  ecological  risk;  (3)
relatively narrow host range, having no influence on the useful bacteria and normal
intestinal microflora; (4) decrease after killing the target bacteria being finally excreted,
not posing any environmental risk; (5) a mixture of phages bringing synergistic effects can
be applied; and (6) might be less expensive than using antibiotics (Oliveira et al. 2012).

L. monocytogenes phages were first reported in the last decade and have been isolated
from more than 500 various environmental sources, featuring the long, non-contractile
tails of the Siphoviridae family, or the complex contractile tail machines of the Myoviridae
family (Klumpp and Loessner 2013). Most of the Listeria phages present circularly
permuted genome structures. The genome is usually 30 to 65 kb in size and contains
dsDNA encoding structural genes, functional genes for recombination, replication and
repair, lysis genes encoding holin and endolysin, and a lysogeny control region for some
temperate phages (Klumpp and Loessner 2013). Listeria phages have been used for
detection, differentiation and biocontrol of Listeria. Construction of phage with reporter
genes including luxAB and celB has been tested with high sensitivity (Loessner et al. 1997;
Hagens et al. 2011). There are several commercial agents such as Listex P100 (phage
P100) and ListShieldTM (LMP-102 phage preparation), based on Listeria phages to control
L. monocytogenes contamination in a variety of food matrices (Carlton et al. 2005; Bren
2007).

2.3 Listeria phage endolysin cell wall binding domains
The mechanisms by which phages cause host cells lysis have been studied in detail,
including endolysins involved in the release of the progeny. Bacteriophage endolysin
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specificities which have been demonstrated: N-acetylmuramoyl-L-alanine amidase and L-
alanoyl-D-glutamate peptidase (Schmelcher et al. 2012).

The modular structure of endolysin can be divided into two distinct parts: the N-
terminal EAD and the C-terminal CBD. Sequence comparison of 12 different endolysins
demonstrated high diversity reflected in various binding properties including specificity,
number and distribution of ligands, and binding affinities (Schmelcher et al. 2010).
Recombinant endolysins from L. monocytogenes phages resulted in rapid host cell lysis
(Schmelcher et al. 2012). The CBD are necessary and sufficient to direct the enzymes to
the substrate of the Listeria CW. Research has revealed that the interaction between CBD
and carbohydrate-like ligands on the CW is a non-covalent binding in a rapid, saturation-
dependent way (Loessner et al. 2002). Later Eugster et al. (2011) proved that CBD from
phage P35 can recognize terminal GlcNAc residues in the Listeria WTA molecules. For
CBD118, CBD511 and CBDP40, WTA polymers did not directly serve as binding ligands.
Instead, PG backbone itself presents as binding sites (Eugster and Loessner 2012).
Construction of fluorescent protein-CBD allows direct microscopic detection of Listeria
strains among different bacteria. A new approach for rapid and easy detection and
discrimination of Listeria has also been established based on fluorescent protein-CBD
(Schmelcher et al. 2010).

3. Bacterial surface display

Cell surface proteins play important role in many biological functions such as signal
transduction, cell-cell communication, and ion transportation. Microbial cell-surface
display becomes a rapidly developing technology carried out by expressing the target
protein on the surface of the host cells utilizing the natural surface proteins. Anchoring to
the cells enables the displayed proteins to be more stable than their free states and
accessible to the substrate(s) or ligands without membrane interference (Yim et al. 2013).
To achieve this, the target protein (passenger) is often fused to a carrier protein (anchoring
motif) which transports the passenger across the membrane for surface exposure. It can be
a C-terminal fusion, N-terminal fusion or sandwich fusion depending upon the specific
application. Carrier protein is crucial for correct anchoring and efficient expression of the
target protein. Criteria for selecting a proper carrier protein are (1) efficient signal peptide
or transporting signal to allow premature fusion protein to go through the inner membrane;
(2) strong anchoring structure to prevent detachment of fusion proteins from the cell
surface; (3) compatibility with different foreign sequences to be inserted or fused; and (4)
resistance to proteases presenting in the periplasmic space or medium (Lee et al. 2003).

Heterologous surface display on bacteria was firstly reported nearly two decades ago
when target protein was fused with E. coli outer membrane proteins such as LamB, OmpA
and PhoE (Ståhl and Uhlén 1997). Nowadays, E. coli is still a common host for presenting
various peptides and library screening. Gram-positive bacteria including LAB, Bacillus
and Staphylococcus have been reported for successful display due to their rigid structure
of CWs. Besides, yeast with the representative of Saccharomyces cerevisiae is also used
for displaying foreign proteins especially mammalian proteins (Lee et al. 2003).
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with limited size in an exterior loop. For better presenting, at least 100 aa are needed to
cross  the  CW.  (2)  Lpp  anchors,  such  as  PrtM  and  OppA,  bind  to  the  lipid  bilayer
covalently. (3) Most of the CW attached proteins contain a well-conserved pentapeptide
LPXTG  motif  (where  X  denotes  any  aa)  followed  by  a  hydrophobic  domain  which  is  a
membrane-spanning region, and then a short positively charged tail at the extreme C-
terminus serving as a retention signal to prevent secretion of the polypeptide chain into the
surrounding medium (Lee et al. 2003). After cleavage between the threonine and glycine
by sortase (SrtA), anchor domains are attached to the peptide crossbridge in the PG of the
CW by amide-linkage (Leenhouts et al. 1999). PrtP protein originated from Lc. lactis
belongs to this group and allows fusion to the N-terminus for presenting the target proteins
on the cell surface. (4) AcmA from the N-acetylglucosaminidase of Lc. lactis is  the
representative of LysM motif. AcmA contains three repeated LysM sequences of 44 aa
coming from the  C-terminal  region  (Buist  et  al.  1995).  It  has  been  reported  that  at  least
two  repeat  of  AcmA  is  sufficient  for  CW  binding,  although  the  mode  of  action  is  still
unknown in detail (Petrović et al. 2012). (5) Surface-layer-protein anchor is derived from
surface proteins of Gram-positive bacteria and predicted to contain two α-helices flanking
a β-strand.

3.3 Applications of cell surface display
Cell surface display has a wide range of applications in biotechnology and industry.
Proteins being successfully displayed on the cell surface contain antigens, epitopes,
enzymes, and single-chain antibodies (Kim and Yoo 1998). In vaccine development
Gram-negative bacteria such as E. coli and Salmonella spp. were initially explored for
presenting antigenic determinants on the surface for the live and oral delivery. Later,
commensal or non-pathogenic Gram-positive bacteria were investigated (Ståhl and Uhlén
1997). Antigens for surface exposure include specific T- or B-cell epitopes, receptor-
specific molecules, and colonization factors (Samuelson et al. 2002).

Surface display is a good source for biocatalysts especially for the immobilized ones
which confer advantages including reduction in mass transfer limitations, facilitating
cycling, improving efficiency of the enzymes, and elimination of enzyme purification.
Potential use of such recombinant bacteria has been studied. For instance, β-lactamase
from E. coli and cex exoglucanase from Cellulomonas fimi have been displayed on the
surface of E. coli using Lpp-OmpA system (Ståhl and Uhlén 1997). Anchor proteins such
as OprF from Pseudomonas aeruginosa and PgsA from Bacillus subtilis have also been
used  for  lipase  display  on  the  surface  of E. coli (Nagarajan 2012). Furthermore,
bioremediation has been raised as an attractive solution to contamination of soil,
sediments and groundwater. Recombinant biocatalysts displaying organophosphorus
hydrolase (OPH) on the surface of E. coli, Moraxella sp. and Pseudomonas sp. resulted in
improved hydrolysis of organophosphates (OP) (Shimazu et al. 2003).

Surface display technology is also used for construction of whole-cell bioadsorbents,
applicable to removal of harmful chemicals and heavy metals, for instance, in waste water
treatment. Compared with intracellular expression of metal bioadsorbents, surface
expression of them eliminates the time-consuming and rate-limiting step of crossing the
membrane, needs no interference with redox pathways in the cytosol. Displaying
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metallothioneins and chitin binding domain on the surface of E. coli cells increased
cadmium adsorption and cell immobilization (Tafakori et al. 2012).

Another important application of surface display is for the selection of peptides or
recombinant Ab fragments from large libraries. High-throughput screening (HTS) can be
realized by using this technology as an alternative to phage display for identification
peptides or proteins of interest. Beneficial sides of using bacterial display can be
summarized as (1) simpler by using only one bacterium for propagation of the library; (2)
no need for reinfection to replicate the selected variants; (3) low occurring of affinity
artifacts caused by avidity effects; and (4) possible for direct screening by FACS
(Samuelson et al. 2002). Besides, microbial cells displaying the single chain antibodies
can also be developed as biosensors or used in bioseparation (Bassi et al. 2000).
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Aims of the Study

The main objectives of this study were to investigate the antilisterial activities of
bacteriocin in heterologous expression systems, and to introduce Listeria-binding ability
to bacteriocin producing strains. The detailed objectives of the research were to:

1. Construct bacteriocin producing strains in E. coli and Lc. lactis using different
strategies for high level production of biologically active bacteriocins (I, unpublished).

2. Investigate the bacterial surface display systems for better presenting of Listeria phage
endolysin CBDs (II, III, IV, unpublished).

3. Enhance the killing of L. monocytogenes by binding of recombinant bacteriocin
producing E. coli cells to Listeria cells (III, IV).
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Results and Discussion

1. Antilisterial activities (I, III, IV, unpublished)

1.1 Expression of pediocin/leucocin C gene in E. coli (I, III, IV)
Heterologous expression of interested protein products in E. coli system has been widely
used (Huang et al. 2012). LAB produce usually low yield of bacteriocins in wt strains and
may lose capacity to produce bacteriocins upon cultivation (Rodríguez et al. 2003). Many
LAB bacteriocin genes have been explored for expression in E. coli strains. However,
there is no guarantee that the recombinant protein maintains the biological activity.
Sometimes high levels of expression may cause misfolding and aggregation of the
products (Austin 2003).

1.1.1 Fusion expression of pedA
Pediocin structural gene pedA (132 bp) was heterologously expressed in E. coli for
functional analysis. The amplified sequence with the size of 198 bp was obtained by PCR
using  the  total  DNA of P. acidilactici PA003 as template. This fragment was sequenced
and found to be 100 % identical to that of the pedA gene which has been published in the
NCBI (GenBank No. AY083244). The resulting pedA gene product was treated with BglII
and XhoI digestion before cloned into the E. coli vector pET32a(+). Thioredoxin was
chosen as the fusion part to decrease protease hydrolysis of pediocin and to increase the
solubility of the fusion protein. The fusion protein thioredoxin-PedA was expressed at 37
°C after 1 mM IPTG induction for 4 h. High yield led to the insoluble form of the fusion
protein since the target protein was present mainly in the pellet after ultrasonic disruption
of recombinant cells. It is reported that the inclusion body may protect cells from toxic
effects of the recombinant peptides (Lee et al. 2000). Austin (2003) and Tian et al. (2007)
have documented the expression of fusion proteins as inclusion bodies in the construction
of  pET32  vectors.  It  is  possible  the  two  disulfide  bonds  of  pediocin  are  not  formed,
especially when in high concentration, as the cytoplasmic environment is not suitable for
oxidation.

Various culture conditions were tested to evaluate the stability and expression form of
the  recombinant  protein.  There  was  no  visible  difference  of  production  level  among  the
selected culture temperatures (24-37 °C), initial culture densities (OD600 = 0.2-1.0),
induction  times  (2-5  h),  and  IPTG concentrations  (20  μM-1 mM) (data  not  shown).  The
inclusion  bodies  were  washed  with  2  M  urea  to  eliminate  the  cell  debris  as  well  as
impurity proteins before solubilized in 8 M urea. Renaturation process was performed
slowly  in  GSH/GSSH system with  mild  agitation.  The  combination  of  GSH with  GSSH
provided an appropriate redox potential for both the formation and reshuffling of disulfide
bonds. Considering the precipitation amount of protein and the final dilution volume, 15
times  dilution  of  recombinant  protein  with  renaturation  buffer  was  determined  to  be
optimal.  After purification with the aid of the his-tag in the fusion protein,  single protein
band with the size of around 22 kDa could be detected by SDS-PAGE. Enterokinase
cleavage site between PedA and thioredoxin was designed to enable separation of the
fusion part and recombinant pediocin. Recombinant pediocin revealed 10240 AU/ml
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antibacterial  activity  (Fig.  4,  I).  Finally,  pediocin  production  was  512  AU  from  1  ml
culture medium of E. coli BL21 (DE3) recombinant cells containing the pET32a(+)
construct (One ml culture of recombinant cells resulted in 0.05 ml recombinant pediocin
solution). High yield was achieved compared with the wt strain production (6.2 AU/ml).

A same fusion strategy was adopted using the pET20b(+) vector. The signal sequence
pelB located  upstream  of  the  fusion  part  may  help  the  target  protein  transport  into
periplasmic space, providing more oxidative environment and less protease activity than
the  cytoplasm  (Makrides  1996).  The  result  coincided  with  the  expectation  that  the
thioredoxin-PedA was observed as soluble protein both in the cytoplasm and periplasmic
space. After purification by Ni resin column and enterokinase cleavage, antilisterial
activity of recombinant pediocin in pET20b(+) was evaluated as 5120 AU/ml (Fig. 4, I).
Finally, pediocin production was 384 AU from 1 ml culture medium of recombinant E.
coli BL21 (DE3) cells (One ml culture of recombinant cells resulted in 0.075 ml
recombinant pediocin solution). Comparison between pET32a(+) and pET20b(+)
recombinants showed that the signal peptide designed in pET20b(+) vector may relieve
high concentration of recombinant proteins accumulated in cytoplasm and contribute to
correct folding process.

Figure 4. Agar diffusion assay of recombinant pediocin from E. coli BL21 (DE3) strains using L.
monocytogenes CVCC1595  as  the  indicator  strain.  (a) E. coli harboring pET32a(+) recombinant
plasmid (n = 7); (b) E. coli harboring pET20b(+) recombinant plasmid (n = 6). Recombinant pediocin
was serially diluted 1:1. Numbers on the plates refer to dilution times.

1.1.2 Secretion of pediocin/leucocin C in E. coli
E. coli cells could produce bacteriocin by transferring P45-PnisZ-SSusp45-bacteriocin
structural gene (papA/lecC) cluster into pBluescript/fliCDH7 vector (Fig. 5, III and IV). E.
coli JT1 was chosen as the host strain for bacteriocin production and further Listeria-
binding constructs in cell-mediated killing study. Biologically active recombinant
bacteriocins were analysed by antilisterial bioassay. Without nisin addition, PnisZ
promoter is not functional and P45 promoter is in charge of the constitutive expression.
Both recombinant pediocin and leucocin C were successfully secreted in E. coli systems.
Hence, lactococcal promoter P45 and signal peptide of Usp45 lead to the transcription and
translocation of target bacteriocins across the membrane. Interestingly, even though both
pediocin PA-1/AcH and leucocin C belong to the class IIa bacteriocins, recombinant
leucocin C performed a better expression, indicating a more efficient secreting system in
the same genetic background (Fig. 6, III and IV). Heterologous expression of bacteriocins

(a)  (b)
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2010). However, presently the legislation especially in Europe does not easily give
permission to use genetically modified organisms in food products.

Hartmann et  al.  (2011) have explored the possibility of utilization of cell-free culture
supernatants containing class IIa bacteriocins such as leucocin A, pediocin PA-1 and
sakacin A to control L. monocytogenes in food. In our study, the supernatant of Lc. lactis
NZ9000 (harboring pLEB750) suppressed the Listeria inoculated in artificially
contaminated whole-fat (1.5 %) milk to some extent although Listeria population
increased during storage at 4 °C for 6 days (data not shown).

In conclusion, functional gene pedA has been expressed both in E. coli and food-grade
Lc. lactis host strains. High level production was achieved by pET vectors with high copy
number  and  strong  promoter  T7.  The  lactococcal  promoter  P45  and  SSusp45 are able to
secret both pediocin and leucocin C in E. coli strains. Compared with heterologous
leucocin C secreted in E. coli cells, recombinant pediocin was secreted at low level in the
same expression system.

2. Surface display (II, III, IV, unpublished)

2.1 Surface display of the cellulose-binding domain (II)
Cellulose-binding domain is a specific catalytic module capable of binding cellulose
(Hildén and Johansson 2004). In order to study the surface display property in Lc. lactis,
the cellulose-binding domain (112 aa) of xylanase A from Cellvibrio japonicus was
selected as the target protein. Cells presenting cellulose-binding domain on the surface
could be adsorbed on the cellulose matrix stably and used for immobilization. Different
anchors (PrtP 344 aa, PrtP 153 aa and AcmA 242 aa) derived from Lc. lactis were
investigated for an efficient immobilization. Both whole-cell ELISA and filter paper assay
for cell binding capacity revealed that the best surface display was achieved with the strain
presenting cellulose-binding domain fused with PrtP 344 aa anchor (Fig. 11, Kylä-Nikkilä
et al. 2010).

Further research demonstrated large portion of fusion protein was degraded in the
culture supernatant which may be caused by HtrA protease. When the constructed plasmid
was transferred into HtrA-protease deficient Lc. lactis htrA, protein degradation was
alleviated. But still, part of the fusion protein was maintained in the culture instead of
cells. To test whether the immobilization could be further improved, another LPXTG
anchor, NisP (121 aa), derived from a protease needed for activation of nisin was fused
with cellulose-binding domain and transformed into Lc. lactis MG1363 cells for
expression. Poor surface presenting was observed by whole-cell ELISA possibly due to
short length or wrong conformation (Fig. 12, II). It has been estimated at least 90-100 aa
residues are required for the extended loop in the LPXTG anchor (between the target
protein  and  LPXTG box)  for  proper  surface  display  of  the  target  protein  (Fischetti  et  al.
1990; Strauss and Götz 1996). Therefore, shorter anchor such as NisP 121 aa and PrtP 153
aa are possibly inefficient for presenting. Attempt was then made to improve the
production of sortase (206 aa) which is involved in translocation of LPXTG type anchors.
Sortase is responsible for cleavage of polypeptides between threonine and glycine of the
LPXTG motif, promoting covalent binding to the CW (Navarre and Schneewind 1994;
Steidler et al. 1998; Mazmanian et al. 1999). The srtA gene was introduced into PrtP 344
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L. lactis MG1363

L. lactis MG1363 + CBD-NisP 121 aa

L. lactis MG1363 + CBD-PrtP 344 aa

L. lactis MG1363 + CBD-PrtP 344 aa-sortase

aa  construct.  Both  whole-cell  ELISA  (Fig.  12,  II)  and  filter  paper  assay  (Fig.  13,  II)
showed non-significant difference. Since the sortase production is hard to verify due to
lack of specific antibodies, the reasons for inefficient immobilization can be explained as
either the production of sortase is not increased enough or the staphylococcal sortase was
not compatible with the LPXTG anchoring system.

Figure 11. Schematic representation of the predicted domains in PrtP proteases and constructed PrtP
anchor. PP, pre-pro domain; PR, protease domain; A, A-domain; B, B-domain; H, helical domain; W,
CW domain; AN, anchor domain. Adapted from Kylä-Nikkilä et al. 2010.

Figure 12. Whole-cell ELISA with CBD-specific rabbit Ab using Lc. lactis MG1363 as control; Lc.
lactis MG1363 expressing CBD-NisP 121 aa fusion protein; Lc. lactis MG1363 expressing CBD-PrtP
344 aa fusion protein and Lc. lactis MG1363 expressing CBD-PrtP 344 aa fusion protein together with
sortase. The volumes of the cell suspension used in the detection from right to left were 1, 5 and 20 µl.

Figure 13. Filter paper immobilization test. +, Lc. lactis MG1363 expressing CBD-PrtP 344 aa fusion
protein together with sortase; -, Lc. lactis MG1363 expressing CBD-PrtP 344 aa fusion protein.

In summary, Lc. lactis strains carrying surface-exposed cellulose-binding domain
within chimeric surface anchor proteins were generated. Among them, PrtP 344 aa anchor
provided efficient and stable attachment of cellulose-binding domain to the cellulosic
matrix. As a cheap material, cellulose is available in many different forms indicating a
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broad area in application. The representative of LPXTG anchor, PrtP 344 aa, was chosen
as a promising candidate for presenting Listeria-binding proteins on the surface of Lc.
lactis.

2.2 Surface display of the cell wall binding domain (III, IV, unpublished)
Previously, CBDs have been expressed as fusions with the GFP and studied for their
binding properties to Listeria cells (Loessner et al. 2002). However, there are no reports
on cell-cell binding using CBD on the cell surface. Studies on whether the CBDs function
similarly when being displayed on cells instead of as a part of a fusion protein were
conducted. It is the preliminary step in the characterization of the CBD binding effect in
vivo.

2.2.1 E. coli display (III, IV)
Due to the absence of an outer membrane in Gram-positive bacteria, Listeria phage
endolysins can function when added externally, which turns out to be a candidate of
antimicrobials. Particularly the approval for the use of L. monocytogenes phages for food
safety purpose promotes research field in phage application (Mahony et al. 2011). The
unique binding properties of CBD provide an attractive tool in differentiation and
localization of pathogenic Listeria cells in food safety and also therapeutic use. To gain
more insight in bacteriophage-host interactions and characteristics of CBD, we
investigated the applicability of presenting CBD500 (GenBank: X85009.1) and CBDP35
(GenBank: NC_009814.1) in E. coli system by fusing CBD with different anchor proteins.
The resulting recombinant E. coli strains were obtained and tested for their expression and
binding effects to Listeria cells.

Display of CBD with outer membrane anchor. CBD has specificity to bind to the
surface of Listeria cells  (Loessner et  al.  2002).  The first  aim was to express CBD500 on
the surface of E. coli by  using  the  outer  membrane  anchor  of Yersinia enterocolitica
adhesin YadA, a non-fimbrial adhesion mediating adherence to hosts (Wollmann et al.
2006).  YadA  is  composed  of  a  C-terminal  β-barrel  domain  in  the  outer  membrane  for
translocation and an N-terminal passenger domain containing stalk, neck and globular
head on the surface (Leo et al. 2008). Previous studies published by Ackermann et al.
(2008) have demonstrated the constructed chimeric YadA proteins translocated the YadA
passenger domain across the outer membrane in Y. enterocolitica, which provides a clue
for  potential  utilization  of  YadA  anchor  domain  for  cell-surface  display.  In  this  study,
CBD500 was inserted together with YadA anchor into E. coli vector. Whole-cell ELISA
showed the CBD500-YadA fusion was displayed on the cell surface of ECO762 strain
(Supplementary Fig. 1b, IV). However, ECO762 cells showed reduced growth rate and
cell lysis after tetracycline (1 - 200 ng/ml) induction, presumably owing to the detrimental
effect of fusion protein to the host cells.

Effort was further taken to test native E. coli outer membrane protein OmpA (Isoda et
al. 2007) for the surface display of CBD500. The plasmid pET-LOAvi encodes the signal
sequence, first nine N-terminal aa of E. coli major outer membrane Lpp and 46-159 aa of
the OmpA. CBD500 was fused to the C-terminus of OmpA and supposed to be
translocated out of the membrane together with the exposed loop. The CBD500 fusion
protein, estimated to be around 30 kDa, was expressed at reasonable level after IPTG
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induction (Fig. 14a, IV). The localization of the CBD500 on the external surface of E. coli
was determined by Western blot using anti-His Ab. Strong band could be observed in the
outer membrane fraction after IPTG induction, indicating that the CBD500 fusion was
translocated to the outer layer of the cell membrane (Fig. 14b, IV).

Figure 14. (a) SDS-PAGE analysis of the OmpA-CBD500 fusion protein. (b) Western blot analysis of
the OmpA-CBD500 fusion protein. M, prestained MW marker; Lane 1, intracellular proteins without
IPTG induction; Lane 2, intracellular proteins with 1 mM IPTG induction; Lane 3, inner membrane
proteins without IPTG induction; Lane 4, inner membrane proteins with 1 mM IPTG induction; Lane 5,
outer membrane proteins without IPTG induction; Lane 6, outer membrane proteins with 1 mM IPTG
induction. The primary Ab used in the experiment was mouse anti-His/AP monoclonal Ab (Invitrogen).
The OmpA-CBD500 fusion protein is marked with an asterisk.

The  availability  of  the  CBD500  domain  on  the  surface  of  intact  cells  for  binding  by
antibodies was analysed with whole-cell ELISA. However, the availability of the CBD
domain on the cell envelope was shown to be compromised (Supplementary Fig. 2b, IV).
It is speculated that the presented CBD500 is not far enough away from the
lipopolysaccharide layer, which may prevent the interaction as barrier between CBD500
and Listeria CW ligands. Or the CBD500 has penetrated into outer membrane after
translocation leading to few accessible CBD500 for binding. Lack of positive signal in
whole-cell ELISA could be a result of incorrect conformation of CBD500 and may cause
inefficient interaction of CBD with Listeria cell ligands. Stathopoulos et al. (1996) has
pointed out this display system is probably not compatible to extensive secondary and
tertiary structures of the passenger protein. The bacterial enzyme alkaline phosphatase
(PhoA) was failed for surface display using this motif (Stathopoulos et al. 1996).

Display of CBD along the filament of flagella. Flagellum is the bacterial motility
organelle and its display system can be achieved by insertion of foreign DNA gene into
variable region of fliC. FliC is responsible for prolonging flagella by assembling to
approximately 20,000 copies per filament (Aizawa 1996). The conserved N and C-
terminus form an inner core of the hollow filament by exposing variable central domain on
the cell surface (Majander et al. 2005a). The highly variable region of FliC can be
subjected to large deletions and insertions without suspending flagellar polymerization
(Kuwajima 1988). Abundance of FliC in flagella provides an attractive way for bacteria
surface display purposes. Majander et al. (2005b) have developed a multihybrid display
system by presenting three foreign peptides using either FliC or FliD as carrier proteins.

(a)                                                                        (b)
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Figure 16. Western blot analysis of the FliC proteins expressed in E. coli ECO770 (= JT1/vector) and
ECO776 (= JT1/fliC::CBDP35).  M,  prestained  MW  marker;  1, E. coli ECO770 cells; 2, E. coli
ECO770 cells after enterokinase digestion; 3, E. coli ECO776 cells; 4, E. coli ECO776 cells after
enterokinase digestion. The primary Ab used in the experiment was polyclonal anti-H7 flagella
antiserum.

Figure 17. Western blot analysis of flagella extracts from E. coli JT1 cells. M, prestained MW marker;
1, flagella extract of ECO770 (= JT1/vector) cells; 2, pellet of ECO770 cells after flagella isolation; 3,
flagella extract of ECO776 (= JT1/fliC::CBDP35) cells; 4, pellet of ECO776 cells after flagella
isolation. The primary Ab used in the experiment was polyclonal anti-H7 flagella antiserum.

Figure 18. Western blot analysis of FliC and FliC::CBDP35 flagella binding to Listeria cells. M,
prestained MW marker; 1, L. monocytogenes WSLC 1019 cells; 2, L. monocytogenes WSLC 1019 cells
after mixing with flagella extract from ECO770 (= JT1/vector) cells; 3, L. monocytogenes WSLC 1019
cells after mixing with flagella extract from ECO776 (= JT1/fliC::CBDP35) cells. The primary Ab used
in the experiment was polyclonal anti-H7 flagella antiserum.

To test if the FliC::CBDP35 flagella could bind to Listeria cells, flagella extracts were
isolated, mixed with Listeria cells, washed and analysed. FliC::CBDP35 chimeric protein
band could be detected in the pellet of Listeria cells (Fig. 18, III). Also the wt FliC flagella
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from  ECO770  cells  were  co-purified  with  the Listeria cells. Interestingly, there was no
need to express the Listeria-binding CBD on the surface of E. coli as the flagella without
CBD could bind to Listeria cells. Binding among cells leads to aggregation and rapid
sedimentation of cells (Kos et al. 2003). The flagellated E. coli cells (ECO770 and
ECO776) auto-aggregated whereas the non-flagellated E. coli BL21 (DE3)  cells  and  the
Listeria cells did not. Besides, both ECO770 and ECO776 resulted in more co-aggregation
with Listeria cells compared to E. coli BL21 (DE3) strain.

In  conclusion,  YadA,  OmpA  and  FliC  have  been  used  as  carrier  proteins  for  CBD
display. Their displaying characteristics are diverse and many factors may influence
presenting efficiencies including size of passenger protein, fusion strategy according to
carrier protein, host toxicity and stability of fusion protein. Expression of the Listeria
binding domain CBDP35 as a protein chimera with the flagella subunit FliC was achieved.
The protein chimera was located on the surface of the cells and tested by enterokinase
treatment. Both the chimeric flagella containing CBDP35 and wt flagella of the E. coli JT1
strain are capable of binding to Listeria cells, which were used in the further Listeria
killing assay.

2.2.2 Lc. lactis display (unpublished)
In Lc. lactis system, PrtP 344 aa which has been proved previously for successful
presenting cellulose-binding domain was considered for surface display of CBD (Results
and Discussion section, chapter 2.1). CBD500 and CBD006 (GenBank: NC_009815.1)
were fused to the N-terminus of this carrier protein and planned to be translocated across
the cell membrane. P45-CBD-PrtP fragment was amplified using primers P45F2 and
PrtpR, and then inserted into the bacteriocin-secretion plasmids before transformation into
MG1614 strain. Hence, CBDs were designed to be displayed on the lactococcal cell
surface for interaction with the Listeria ligands. Schmelcher et al. (2010) have proved
CBDs feature unique binding patterns to CW of different serovar groups. CBD500 bound
exclusively to cells belonging to serovar 4, 5, and 6, while CBD006 directed to the CW of
Listeria strains  belonging  to  serovar  1/2  and  3.  Here, Lc. lactis cells were washed and
mixed with Listeria cells for sedimentation assay. Both CBD500 and CBD006 constructs
resulted in co-aggregation with corresponding Listeria cells. (Fig. 19 and Fig. 20,
unpublished).

Figure 19. Sedimentation assay of Lc. lactis CBD500 constructs mixed with L. monocytogenes WSLC
1018 (serovar 4e).
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Figure 20. Sedimentation assay of Lc. lactis CBD006 constructs mixed with L. monocytogenes WSLC
1001 (serovar 1/2c).

3. Effects of antilisterial activities of E. coli cells binding to Listeria cells
(III, IV)

Leucocin C-secreting E. coli cells binding to Listeria via presenting Listeria CW binding
domain CBDP35 as chimeric flagella were constructed to test the killing efficiency upon
cell to cell contact. The aim was to evaluate if E. coli cells could kill Listeria more
efficiently by binding to Listeria cells and expressing leucocin C than by secreted leucocin
C in the growth medium. The results demonstrated the cells of ECO777 (= JT1/fliC+lecC)
and ECO778 (= JT1/fliC::CBDP35+lecC) strains secreting leucocin C and having flagella
binding to Listeria cells both killed (two-log decrease) more Listeria cells in one hour than
incubation in spent growth media for one hour containing the leucocin C produced during
one hour (Table 8, III). Actually, no evident inhibition was observed after one hour
incubation of the Listeria cells in the spent growth supernatant into which the cells of the
leucocin C expressing E. coli had prior incubation with the Listeria cells secreted leucocin
C. Presuming that the leucocin C producing E. coli strains,  with  or  without Listeria-
binding capacity, secreted approximately the same amount of leucocin C during the one-
hour leucocin C producing period, the cell-mediated killing was probably even more
efficient than observed compared to the cell-free killing since the bacteriocin
concentration in the spent growth media at time point zero corresponded to the
concentration of time point one hour with leucocin C producer cells. In other words, in the
beginning of the incubation with Listeria cells, the Listeria encountered either no leucocin
C, which gradually increased in concentration during the one-hour incubation with the
Listeria-binding leucocin C producing cells, or directly at the beginning of the one-hour
incubation period encountered the leucocin C concentration of one-hour production. The
quantification  of  the  leucocin  C  concentration  was  not  possible  due  to  the  low
concentration (no killing observed from spent growth supernatant and no available
leucocin C antiserum). However, when the leucocin C production capacities of the E. coli
strains ECO777 and ECO778 were compared after longer periods of incubation no
difference in leucocin C production could be observed based on MIC values against
Listeria (results not shown, III).
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Conclusions and Future Prospects

The activities of class IIa bacteriocins against food-borne pathogens especially L.
monocytogenes have gained interest of both academia and industry in developing natural
food biopreservatives. In this study, pediocin structural gene pedA was cloned into vector
pET32a(+) and pET20b(+), respectively, for hybrid expression in E.  coli. In the former
construct, thioredoxin-PedA fusion protein was obtained as inclusion bodies after IPTG
induction because of high production level. Renaturation was achieved using GSH/GSSH
system. Recombinant pediocin production was 512 AU from 1 ml culture medium of
recombinant E. coli strain. In the latter construct, fusion protein was localized both
intracellularly and periplasmically. Production was 384 AU from 1 ml culture medium of
recombinant E. coli strain. Both constructs produced more pediocin than natural producing
strain P. acidilactici PA003. Secretion of pediocin and leucocin C in E. coli was realized
by insertion of P45-SSusp45-bacteriocin structural gene (papA/lecC) cluster into
pBluescript/fliCDH7 vector and transformation of E. coli JT1. Pediocin-secreting Lc. lactis
was constructed by insertion of pedA gene into food-grade vector pLEB688 together with
SSusp45 under the control of P45 promoter. Thus, biologically active bacteriocins were
heterologously expressed and the output may even be improved by optimizing the
protocol for production or purification.

Different surface display systems were explored for presenting Listeria phage
endolysin CBDs and therefore could have the ability to bind to Listeria cells. The anchor
protein YadA, OmpA and flagella variable domain of FliC were tested successively.
CBD-YadA fusion was toxic to E. coli, while OmpA-CBD fusion was not present well on
the surface. Only chimeric FliC::CBDP35 was located on the surface of the cells.
Interestingly, both the chimeric flagella containing CBDP35 and wt flagella of the E. coli
JT1 strain were capable of binding to Listeria cells. A lactococcal anchor protein, PrtP 344
aa, which resulted in the best surface expression of cellulose-binding domain was adopted
for displaying of CBD on the surface of Lc. lactis cells. Both CBD500 and CBD006 were
displayed on the lactococcal cell surface. Thus, Listeria-binding strains were obtained.

The aim of this study was to test the hypothesis that bacteriocin secreting cells kill
target cells more efficiently if they can also bind to the target cells. We showed that this
holds  true  for Listeria and E. coli secreting bacteriocin and having Listeria-binding
flagella. The killing efficiency was increased when the flagella was able to bind to the
Listeria cells and secrete bacteriocin at the same time. Interaction between the bacteriocin
producing strain and sensitive cells may enhance killing effect. A similar strategy could be
used to construct a set of probiotic strains that would specifically bind to different
pathogens and efficiently kill them by bacteriocins thereby protecting the host from
intestinal infections.  However, it would be difficult to get permission for such strains due
to the present legislation at least in Europe (No. 1829/2003). In addition, the public
acceptance of genetically engineered organisms for consumption is very low in Europe
(Lynch and Vogel 2001).
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