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Bacteriophage lysins (Ply), or endolysins, are phage-encoded cell wall lytic enzymes which are synthesized
late during virus multiplication and mediate the release of progeny virions. Bacteriophages of the pathogen
Listeria monocytogenes encode endolysin enzymes which specifically hydrolyze the cross-linking peptide bridges
in Listeria peptidoglycan. Ply118 is a 30.8-kDa L-alanoyl-D-glutamate peptidase and Ply511 (36.5 kDa) acts as
N-acetylmuramoyl-L-alanine amidase. In order to establish dairy starter cultures with biopreservation prop-
erties against L. monocytogenes contaminations, we have introduced ply118 and ply511 into Lactococcus lactis
MG1363 by using a pTRKH2 backbone. The genes were expressed under control of the lactococcal promoter
P32, which proved superior to other promoters (P21 and P59) tested in this study. High levels of active enzymes
were produced and accumulated in the cytoplasmic cell fractions but were not released from the cells at
significant levels. Therefore, ply511 was genetically fused with the SPslpA nucleotide sequence encoding the
Lactobacillus brevis S-layer protein signal peptide. Expression of SPslpA–ply511 from pSL-PL511 resulted in
secretion of functional Ply511 enzyme from L. lactis cells. One clone expressed an unusually strong lytic
activity, which was found to be due to a 115-bp deletion that occurred within the 3*-end coding sequence of
SPslpA–ply511, which caused a frameshift mutation and generated a stop codon. Surprisingly, the resulting
carboxy-terminal deletion of 80 amino acids in the truncated Ply511D(S262–K341) mutant polypeptide
strongly increased its lytic activity. Proteolytic processing of the secretion competent SPSlpA-Ply511 propeptide
following membrane translocation had no influence on enzyme activity. Immunoblotting experiments using
both cytoplasmic and supernatant fractions indicated that the enzyme was quantitatively exported from the
cells and secreted into the surrounding medium, where it caused rapid lysis of L. monocytogenes cells. Moreover,
transformation of pSL-PL511DC into L. lactis Bu2-129, a lactose-utilizing strain that can be employed for
fermentation of milk, also resulted in secretion of functional enzyme and showed that the vector is compatible
with the native lactococcal plasmids.

Listeria monocytogenes is widely distributed in the environ-
ment and, during the last decade, was recognized as an impor-
tant food-borne pathogen. Various foods, such as meat, milk
and other dairy products, and vegetables contaminated with L.
monocytogenes have been linked with human listeriosis (6, 33).
Listeriosis occurs primarily in certain high-risk groups, includ-
ing pregnant women, neonates, and immunocompromised
adults. Unlike other common food-borne diseases, listeriosis is
associated with a mortality rate of 20% or higher (38). These
properties in conjunction with the involvement of industrially
processed foods have resulted in renewed attention to the
importance of L. monocytogenes as a food-borne human patho-
gen.

Lactic acid bacteria play an important role in the manufac-
turing of fermented foods, especially dairy products. These
bacteria are responsible not only for the development of flavor
and texture but also for the preservation of many products (see
reference 12). In recent years, much research was performed to
genetically modify lactic starter strains in order to improve
their characteristics and allow new applications (see reference
10). The availability of heterologous gene expression systems
for lactic acid bacteria is of increasing interest because these

organisms are generally recognized as safe. Genetic optimiza-
tion of starter cultures, leading to a protective effect against
food-borne pathogens, is an attractive approach for increased
protection against hazardous contaminations. Several reports
have described the production of bacteriocins and other anti-
microbial metabolites by lactic acid bacteria, which are active
against such organisms as Listeria, Clostridium, and Bacillus
species (1, 11). The antimicrobial effects of bacteriocins in
foods, such as nisin and pediocin, were the subject of several
investigations (2, 7). However, many bacteriocins not only act
against the target organism (e.g., L. monocytogenes) but may
also affect a wide range of other sensitive bacteria. Thus, the
broad-range inhibitors might negatively influence the “normal”
micro-ecosystem by inhibiting the organisms responsible for
the ripening process.

Endolysins are cell-wall-hydrolyzing enzymes synthesized
during late gene expression in the lytic cycle of phage multi-
plication and enable the release of progeny virions from in-
fected cells through degradation of the bacterial peptidogly-
can. We have previously isolated and characterized the Ply
endolysins from L. monocytogenes bacteriophages (22). Ply118
represents a 30.8-kDa enzyme from bacteriophage A118 which
cleaves between the L-alanine and D-glutamate residues of the
Listeria peptidoglycan, whereas the ply511 gene product en-
codes an N-acetylmuramoyl-L-alanine amidase with a molecu-
lar mass of 36.5 kDa. Both enzymes have a high substrate
specificity and, with very few exceptions, exclusively lyse Liste-
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ria cells. Cloning and expression of ply118 has enabled several
biotechnological applications, such as rapid lysis of Listeria
cells from without (21) and programmed self-destruction of
intracellular attenuated Listeria cells within the cytosol of mac-
rophages (4).

The aim of this study was to introduce the endolysin-encod-
ing genes from Listeria bacteriophages into lactococcal starter
organisms in order to obtain organisms with biopreservation
properties against L. monocytogenes. We report here the clon-
ing and expression of the endolysin genes ply118 and ply511 in
Lactococcus lactis under control of lactococcal promoters and
describe the use of a Lactobacillus brevis signal peptide to
obtain secretion of functional Ply511 from L. lactis cells.

MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this

study are listed in Table 1. Escherichia coli was grown in Luria-Bertani broth or
in brain heart infusion broth at 37°C with shaking. L. lactis strains were grown in
M17 medium (Merck, Darmstadt, Germany) supplemented with 0.5% glucose
(GM17) or 0.5% lactose (LM17) at 30°C without shaking. L. monocytogenes was
grown in tryptose broth at 30°C without shaking. The ability to ferment lactose
was tested on bromocresol purple-lactose indicator agar (BAG, Lich, Germany).
The following antibiotics were added as selective agents when appropriate:
erythromycin (5 mg ml21 [Lactococcus spp.], 150 mg ml21 [E. coli]) or ampicillin
(100 mg ml21 [E. coli]).

DNA manipulation. Plasmid DNA was purified from E. coli using anion-
exchange columns (Qiagen, Hilden, Germany). Plasmids of L. lactis were iso-
lated in a similar way, except that degradation of the cell wall was carried out by
prior addition of 30 mg of lysozyme per ml and incubation for 30 min at 37°C.
Chromosomal DNA was isolated as described elsewhere (46). Restriction en-
zymes and other DNA-modifying enzymes from various sources were used ac-
cording to the suppliers’ recommendations. All relevant DNA sequences were
verified by nucleotide sequencing on automated ABI 373A DNA sequencers
(Perkin-Elmer Biosystems). The program DNAsis for Windows, version 2.10

(Hitachi), was used for analysis of nucleotide and amino acid sequences. E. coli
and L. lactis strains were transformed by electroporation (5, 45) using a Gene-
Pulser apparatus (Bio-Rad), cuvettes with an electrode gap of 2.0 mm, a single
pulse of 12.5 kV cm21, a capacity setting of 25 mF, and a 200-V resistance.
Plasmid-containing clones were selected by the addition of antibiotics to growth
media.

Cloning and expression of ply118 and ply511 genes in L. lactis. We began by
amplifying ply118 from purified DNA of L. monocytogenes phage A118 (22) by
using PCR and the primers ply118-59-ex and ply118-39-ex (listed in Table 2). An
artificial ribosome binding site (boldface) and spacer sequence (59-GGAGGAT
TTAAAATG-39) was added upstream of the ATG start codon (underlined) via
the 59 primer. The product was then digested with EcoRI and SalI and cloned
into the EcoRI/SalI site of the pBluescript II SK(2) backbone (pBPL118) using
E. coli XL1-Blue MRF9 as the host. In the next step, three different lactococcal
promoters (41) were obtained by PCR amplification from purified chromosomal
DNA of L. lactis Wg2 (28); the primers are shown in Table 2. The products were
digested with XbaI and BamHI and cloned into the corresponding site of
pBPL118, resulting in pBPL118-P21, pBPL118-P32, and pBPL118-P59.

To construct the endolysin expression vectors, the three individual promoter
ply118 fragments were removed from pBPL118-P21, pBPL118-P32, and
pBPL118-P59 by XbaI/SalI digestion and inserted into the E. coli-Lactococcus
shuttle vector pTRKH2 (27) digested with XbaI/SalI. The resulting plasmids
pLC-PL118-P21, pLC-PL118-P32, and pLC-PL118-P59 were initially propagated
in E. coli, checked for the correct sequence, and transformed into L. lactis
MG1363 (9). Vector pLC-PL511 was constructed by replacement of the PstI/SalI
ply118 sequence in pLC-PL118-P32 with the corresponding ply511 gene ampli-
fied from phage A511 DNA (22), using the primers listed in Table 2.

Construction of the staphylococcal nuclease secretion probe vector. The se-
cretion probe vector is based on the signal peptide sequence of the L. brevis
surface layer protein SlpA (43) and the nuc gene for Staphylococcus aureus
nuclease (37), devoid of its export signal (DSPnuc). The SPslpA signal sequence
(with PstI and AatII restriction sites added at the 59 and 39 ends) was amplified
using the primers shown in Table 2, using chromosomal DNA of L. brevis as
template. Vector pFUN (30) was used as a template for amplification of DSPnuc
with primers DSPnuc-59 and DSPnuc-39 (Table 2), to which AatII and SalI restric-
tion sites were added at the 59 and 39 ends, respectively. The two PCR fragments
were digested with AatII and subsequently ligated with T4 DNA ligase (Roche),
resulting in a 513-bp fragment with PstI and SalI recognition sites at the 59 and

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or reference

Strain
E. coli

XL1-Blue MRF9 Cloning host: D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1
gyrA96 relA1 lac [F9 proAB lacZqDM15, Tn10(Tetr)]

Stratagene

DH5a MCR Cloning host: F2 mcrA D(mrr-hsdRMS-mcrBC) f80dlacZDM15 D(lacZYA-argF)U169
deoR recA1 endA1 supE44 l2 thi-1 gyrA96 relA1

Life Technologies

L. lactis
MG1363 Plasmid-free derivative of SH4109, Lac2 Prt2 9
Wg2 Industrial starter strain 28
Bu2-129 Lac1 Cit2 26

L. brevis DSM/20556 Same as ATCC 8287 DSM
L. monocytogenes WSLC

1001
Same as ATCC 19112, serovar 1/2c Weihenstephan Listeria

Collection

Plasmid
pBluescript II SK(2) Cloning and expression vector; Ampr lacZ Stratagene
pTRKH2 Shuttle cloning vector; Emr, lac, gram-negative ori-p15A, gram-positive ori-pAMb1,

high copy number in Lactococcus spp.
27

pBPL118 ply118 inserted into the EcoRI/SalI site of pBluescript II SK(2) This study
pBPL118-P21 Promoter P21 inserted into the XbaI/BamHI site of pBPL118 This study
pBPL118-P32 Promoter P32 inserted into the XbaI/BamHI site of pBPL118 This study
pBPL118-P59 Promoter P59 inserted into the XbaI/BamHI site of pBPL118 This study
pLC-PL118-P21 P21–ply118 cassette from pBPL118-P21 inserted into the XbaI/SalI site of pTRKH2 This study
pLC-PL118-P32 P32–ply118 cassette from pBPL118-P32 inserted into the XbaI/SalI site of pTRKH2 This study
pLC-PL118-P59 P59–ply118 cassette from pBPL118-P59 inserted into the XbaI/SalI site of pTRKH2 This study
pLC-PL511 ply511 inserted into the PstI/SalI site of pLC-PL118-P32, replacing ply118 This study
pSL-DSPNuc SPslpA-DSPnuc fusion inserted into PstI/SalI digested pLC-PL118-P32, replacing

ply118
This study

pSL-PL118 SPslpA–ply118 fusion inserted into PstI/SalI digested pLC-PL118-P32, replacing
ply118

This study

pSL-PL511 SPslpA–ply511 fusion inserted into PstI/SalI digested pLC-PL118-P32, replacing
ply118

This study

pSL-PL511DC pSL-PL511 encoding C terminally truncated SPSlpA-Ply511D(S294–K373) This study
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39 ends, respectively. This fragment was then reamplified using primer pairs
SPslpA-59 and DSPnuc-39. Finally, the complete SPslpA-DSPnuc cassette was di-
gested with PstI and SalI and cloned into pLC-PL118-P32 digested with PstI and
SalI, resulting in the secretion probe vector pSL-DSPNuc. E. coli DH5a was used
as an intermediate recipient, and recombinant E. coli transformants were
screened for nuclease activity on agar plates containing single-stranded DNA as
a substrate and toluidine blue as an indicator dye, as described previously (15).
A plasmid from a nuclease-positive E. coli clone was recovered and checked for
correct sequence and then electroporated into L. lactis MG1363. The L. lac-
tis(pSL-DSPNuc) transformants also secreted Nuc activity, and the identity of the
recovered plasmid was checked again. E. coli DH5a(pFUN) and L. lactis
MG1363(pFUN) were used as negative controls in this assay.

Construction of endolysin secretion vectors. Plasmid pLC-PL118-P32 was
used as the backbone for secretion vectors pSL-PL118 and pSL-PL511. In both
vectors, the signal sequence of SPslpA was fused to ply118 and ply511. In order to
obtain an in-frame fusion between the 39 end of the SPslpA and the AatII site at
the 59 end of ply genes, primers ply118-59-sec and ply118-39-ex and primers
ply511-59-sec and ply511-39-ex, respectively, were used for amplification (Table
2). The two endolysin genes and the SPslpA fragments were digested with AatII
and, after ligation, yielded products of 967 bp (SPslpA–ply118) and 1,147 bp
(SPslpA–ply511), respectively. These were then reamplified with the two primer
pairs SPslpA-59/ply118-39-ex (generating SPslpA–ply118) and SPslpA-59/ply511-
39-ex (SPslpA–ply511). The resulting in-frame genetic fusions were digested with
PstI and SalI and inserted into PstI/SalI-digested pLC-PL118-P32, resulting in
pSL-PL118 and pSL-PL511. These constructs were electroporated into L. lactis
MG1363 and into the lactose-utilizing strain L. lactis Bu2-129 (26), which is
suitable for fermentation of milk and production of cheese.

Photometric assay for endolysin activity. Aliquots (50 ml) of overnight cul-
tures of L. lactis MG1363 carrying either pLC-PL118-P32 or pLC-PL511 were
harvested by centrifugation at 4°C and washed once with 10 ml of SM buffer (50
mM Tris HCl, 100 mM NaCl, 10 mM MgSO4; pH 7.5) (34). Cells were resus-
pended in 2 ml of SM buffer and disrupted by double passage through a French
press at a 100-MPa pressure (SLM Aminco). Cellular debris was removed by
centrifugation (15,000 3 g, 4°C). The clear supernatants were sterile filtered
(0.2-mm [pore-size] PES filter; Pall-Gelman Sciences), and the protein concen-
tration was determined with a colorimetric protein assay (Nanoquant; Carl Roth,
Karlsruhe, Germany), using bovine serum albumin as a standard. The cell ex-

tracts were stored at 220°C. For preparation of substrate cells, L. monocytogenes
WSLC 1001 was grown overnight in tryptose broth in a volume of 500 ml and
then harvested by centrifugation. Cells were washed once in SM buffer, resus-
pended in a 1/50 volume of buffer, and stored frozen in 1-ml portions. For
quantitative determination of lysin activity, 900 ml of Listeria cells (diluted with
SM to an optical density at 600 nm [OD600] of approximately 1.5) were mixed in
a standard 1-cm cuvette with 100 ml of endolysin preparation, i.e., the cytoplas-
mic extract of recombinant lactococci. The decrease in OD was monitored over
the following 20 min at room temperature (22 to 25°C). One unit of activity has
been defined as the amount of endolysin necessary to decrease the OD600 by 0.01
per minute (22).

Endolysin activity plate test. Screening for Ply-secreting L. lactis clones was
carried out by plating transformants on GM17 agar containing sufficient L.
monocytogenes cells to obtain a clearly visible turbidity of the medium. After
incubation for 15 to 20 h at 30°C, clones secreting active endolysin were detected
by the formation of a clear zone (halo) around the lactococcal colonies.

Immunological detection of Ply118 and Ply511. In order to assay the produc-
tion as well as the secretion of Ply118 and Ply511 from L. lactis cells, rabbit
polyclonal antibodies were raised against purified Ply118 (21) according to a
standard 70-day protocol. The rabbit serum contained a high titer of reactive
antibodies and could directly be used for immunological detection of both en-
dolysins, since the antibodies showed strong cross-reaction with Ply511. Cell
extracts and supernatants of the different L. lactis recombinant clones were
examined by Western blotting. For supernatant fractionation, 15-ml cultures
were grown for 12 h, and cells were pelleted by centrifugation. The supernatants
were carefully removed and sterile filtered, and proteins were concentrated by
ultrafiltration (Fugisep-Maxi; cutoff, 10 kDa; Sevatec, Witten, Germany). Cell
extracts and supernatant fractions were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently electroblot-
ted onto polyvinylidene difluoride membranes (14). After blocking of the mem-
branes in Tris-buffered saline (50 mM TrisCl, 150 mM NaCl; pH 7.5) containing
1% purified casein blocking reagent (chemiluminescent western-blotting kit;
Roche), immunological detection was carried out according to the manufactur-
er’s recommendations using anti-Ply118 (1:5,000 dilution), a secondary antibody
(anti-rabbit immunoglobulin G conjugated to horseradish peroxidase), and lu-
minol as a chemiluminescent peroxidase substrate.

TABLE 2. Oligonucleotide primers used in this study

Oligonucleotide Sequence (59339)a Application

ply118-59-ex ATATGAATTCTGGAGGATTTAAATGACAAGTTATTATTATAGTAGAA Amplification of ply118
for pLC-PL118

ply118-39-ex AAGTGTCGACCTAAATCTTTTTAACAAACTTCGTGT

ply511-59-ex ATATCTGCAGTGGAGGATTTAAAATGGTAAAATATACCGTAGAGAAC Amplification of ply511
for pLC-PL511

ply511-39-ex AAGTGTCGACTTATTTTTTGTAACTGCTCCTGTAC

P21-59 ATATTCTAGACAAATCCCACACTCTATCGTCAAACAA Amplification of
promoter P21

P21-39 AAGTGGATCCCTTAATCCTGCGCGTCTGCCAATTCCG

P32-59 ATATTCTAGAATAGTTTTAGCTATTAATCTTTTTTTA Amplification of
promoter P32

P32-39 AAGTGGATCCCCGAATATTTTTTTACCTACCTAGTAT

P59-59 ATATTCTAGAAGAAAATACACTAACCAAAGAAGCGCG Amplification of
promoter P59

P59-39 AAGTGGATCCCTTTATTCAGTTTTCAATGGTCTAGCT

SPslpA-59 ATATCTGCAGTGGAGGATTTAAAATGCAATCAAGTTTAAAGAAATCTCTTTACTT Amplification of the
slpA signal sequence

SPslpA-39 AAGTGACGTCTTAGCTGAAGCAGTCGTTGAAAC

DSPnuc-59 ATATGACGTCTGATCCAACAGTATATAGTGCAACTTCAACTA Amplification of DSPnuc
for pSLDSP-Nuc

DSPnuc-39 AAGTGTCGACTTATTGACCTGAATCAGCGTTGTCTTC

ply118-59-sec ATATGACGTCTTATTATTATAGTAGAAGTTTAGCGAATGTA Amplification of ply118
for pSL-PL118

ply511-59-sec ATATGACGTCTGTAAAATATACCGTAGAGAACAAAATTATTGCAGGA Amplification of ply511
for pSL-PL511

a Restriction sites are underlined; translation start and stop codons are printed in boldface.
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RESULTS
Cloning and expression of functional phage endolysins in L.

lactis. Our initial goal was the construction of an endolysin
expression vector for L. lactis. We started by cloning an 871-bp
ply118 fragment, equipped with a suitable ribosome-binding
site, into pBluescript, yielding pBPL118 (Fig. 1A). For strong
gene expression, different L. lactis promoters (P21, P32, and
P59) were initially tested. They were introduced upstream of
ply118, resulting in pBPL118-P21, pBPL118-P32 (Fig. 1B), and
pBPL118-P59, respectively. The individual expression cassettes
were then inserted into pTRKH2, a high-copy-number E. coli-
Lactococcus shuttle vector. The resulting plasmids pLC-
PL118-P21, pLC-PL118-P32 (Fig. 1C), and pLC-PL118-P59
were first established in E. coli before transformation into L.
lactis. Expression of ply118 under control of the three individual
promoters could then be tested and compared using lactococ-
cal cell extracts for lysis of L. monocytogenes cell suspensions in
a photometric assay. L. lactis MG1363(pLC-PL118-P32) cell
extract contained the highest level of endolysin activity,
whereas expression from P21 and P59 yielded significantly
lower activity (data not shown). This indicated that P32 was the
best-suited promoter for expression of ply in the lactococcal
background and so it was used for all further plasmid con-
structs described here. Plasmid pLC-PL511 (Fig. 1C) was con-
structed by replacing ply118 in pLC-PL118-P32 with ply511.

Production of Ply118 and Ply511 enzymes in L. lactis. Ex-
pression of ply511 and ply118 in Lactococcus sp. and produc-
tion of the corresponding gene products was analyzed by ac-
tivity assay and by immunoblotting. The total protein contents
of the extracts from recombinant cells were standardized to
equal concentrations of 0.5 mg/ml. These preparations were
then used in the photometric activity assays (Fig. 2). After a
few minutes, the Listeria cell suspensions appeared almost
clear. The extract from MG1363(pLC-PL511) showed a signif-
icantly stronger activity than did Ply118. Calculation of the
enzyme activity revealed values of 60 U/ml for Ply118 and 180
U/ml for Ply511 in the standardized extracts. No lysis was seen
with the control strain L. lactis (pTRKH2). It should also be
noted that supernatants from these cultures contained no lytic
activity (data not shown). For further analysis, the individual
cell extracts were subjected to Western blotting. Because
Ply118 and Ply511 show distinctive regions of amino acid se-
quence identity within the central to C-terminal polypeptide
domains (22), anti-Ply118 showed strong cross-reaction with
Ply511 and could therefore be used for the detection of both
endolysins. Figure 3 shows that in the cytoplasmic extract of L.
lactis pLC-PL118-P32 a single protein band of 30 kDa reacted
with the antibody. A band of approximately 36 kDa was de-
tected in the corresponding fraction of L. lactis (pLC-PL511).
These results agree well with the predicted mass of Ply118

FIG. 1. Schematic illustration of the vectors used for construction (A and B), intracellular production (C), and secretion (D) of endolysin enzymes. Only the relevant
coordinates and some important properties are shown; details are described in the text. Abbreviations: Ampr and Err, genes specifying resistance to ampicillin and
erythromycin, respectively; P32, lactococcal promoter; SPslpA, signal sequence of L. brevis S-layer protein A; ply511 and ply118, endolysin genes from Listeria
bacteriophages A511 and A118, respectively (22).
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(30.8 kDa) and Ply511 (36.5 kDa). These findings showed that
the Ply enzymes (i) are synthesized in L. lactis as active, full-
length products, (ii) are not proteolytically degraded or other-
wise inactivated in the lactococcal intracellular environment,
and (iii) are not released or liberated from the cells under the
culture conditions used here.

Staphylococcal nuclease as a reporter for SPSlpA-mediated
secretion. The S. aureus nuclease (SNase, Nuc) is a useful
reporter for the protein secretion ability of gram-positive bac-
terial cells (30, 36). We have used a truncated Nuc protein
(lacking its own signal peptide) as a reporter for SPSlpA-me-
diated secretion from L. lactis cells. For this purpose, the
export signal peptide coding sequence of L. brevis S-layer pro-
tein A (SlpA) was genetically fused to the truncated Nuc pro-

tein. The pSL-DSPNuc vector was constructed by replacing
ply118 in pLC-PL118-P32 with SPslpA-DSPnuc and transformed
into L. lactis MG1363. Colonies that developed on erythromy-
cin-containing media showed nuclease activity in the agar plate
diffusion test (15) (results not shown). This confirmed that
SPSlpA can be used for secretion of heterologous proteins in
Lactococcus sp.

SPSlpA enables membrane translocation of active Ply511.
The ply118 and ply511 coding sequences, devoid of their own
start codons, were fused in frame with the SPslpA sequence.
The resulting SPslpA–ply118 and SPslpA–ply511 cassettes were
cloned into the pTRKH2 backbone equipped with promoter
P32, replacing ply118 in pLC-PL118-P32 (Fig. 1D). Figure 4
shows the genetic fusion of the signal sequence SPslpA and the
endolysin gene ply511 and the corresponding amino acid se-
quence, including the protease cleavage site. After processing
by a lactococcal signal peptide protease proximal to Lys-31, the
amino-terminal (native) methionine of Ply is replaced by the
addition of three residues (NH2-Lys-Thr-Ser-. . .). The two
vectors were designated pSL-PL118 and pSL-PL511 (Table 1).
However, all of the plasmids recovered from E. coli clones
revealed more or less severe mutations within the ply gene
cassettes and did not produce lytic activity (data not shown).
Therefore, ligation reactions were directly transformed into
MG1363 cells. Transformants were plated on GM17 erythro-
mycin agar plates to which heat-inactivated L. monocytogenes
cells were added at high density in order to assay for produc-
tion and secretion of functional Ply118 and Ply511 enzymes
from the developing colonies. Despite multiple attempts, how-
ever, we were unable to obtain transformants exporting active
Ply118. Subsequent analysis of plasmids from several individ-
ual clones again revealed deletions and nucleotide substitu-
tions in the SPslpA–ply118 sequence. In contrast, colonies of
cells carrying pSL-PL511 formed clear zones on the turbid
agar, indicating the production and secretion of functional,
active Ply511 from the cells into the surrounding medium (Fig.
5). One specific clone exhibited unusually large halos around
the colonies, i.e., the released lytic enzymes resulted in large,
very distinctive clearing zones on the indicator medium. The
corresponding plasmid pSL-PL511DC revealed a 115-bp dele-
tion that occurred within the 39-end coding sequence of SPsl-
pA–ply511, which shifted the reading frame and generated a
stop codon 12 bp downstream of the deletion site. Surprisingly,
the resulting deletion of 80 amino acids from the Ply511 C
terminus strongly increased the lytic activity. Prior to process-
ing and secretion, the polypeptide represents an SPSlpA-

FIG. 2. Decrease of the OD of a suspension of L. monocytogenes WSLC 1001
cells following the addition of cell extracts of L. lactis MG1363 carrying either
pLC-PL118-P32, pLC-PL511, or the control vector pTRKH2 (see Materials and
Methods).

FIG. 3. Detection of recombinant Ply118 (30.8 kDa) and Ply511 (36.5 kDa),
respectively, in the cytoplasmic fractions of overnight cultures of recombinant L.
lactis MG1363 (indicated by arrows). Proteins from the cell extracts were sepa-
rated by SDS-PAGE and detected by Western blotting with anti-Ply antibodies.
Lane 1, MG1363(pLC-PL118-P32); lane 2, negative control MG1363(pTRKH2);
lane 3, MG1363(pLC-PL511). The positions of molecular mass markers (in
kilodaltons) are indicated on the left.

FIG. 4. Schematic representation of the genetic fusion of the SPslpA signal
sequence and ply511. The corresponding nucleotide sequence and amino acid
sequence of the region joining both fragments in SPslpA–ply511 is shown en-
larged. The arrow indicates the proposed signal peptide cleavage site of SlpA
(43). The ply gene region is shown in boldface, and the restriction site used for
genetic fusion (AatII) is also indicated.
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Ply511D(S294–K373) mutant and, in the processed form, a
Ply511D(S262–K341) mutant. This truncated endolysin was
designated Ply511DC.

Probing the cell-free supernatants of L. lactis strains carrying
pSL-PL511 or pSL-PL511DC with anti-Ply antibodies illus-
trated the quantitative secretion of the corresponding proteins
from the cells (Fig. 6). The supernatant of a liquid culture of L.
lactis carrying pSL-PL511 revealed one distinct protein band of
the expected size (36.5 kDa) that was indistinguishable from
the one observed in cell extract from L. lactis carrying pLC-
PL511. This indicated that the SlpA signal peptide (30 amino
acids, 2.9 kDa) must have been proteolytically removed during
processing and secretion of the enzyme. The supernatant of L.
lactis carrying pLC-PL511 revealed no signal, indicating that
no unspecific release of the intracellular enzyme occurred. A

smaller protein band (ca. 29 kDa) was detected in the super-
natant of L. lactis carrying pSL-PL511DC, which corresponds
well to the 28.5 kDa predicted for the truncated Ply511DC
enzyme.

Lactose utilization and endolysin secretion. The ability to
ferment lactose and produce lactic acid is the most prominent
function of lactic acid bacteria used in the dairy industry. Be-
cause of this, we transformed pSL-PL511DC into L. lactis Bu2-
129, a lactose-utilizing strain that can be employed for the
fermentation of milk. As with the plasmid-free laboratory
strain MG1363, colonies of the transformants gave rise to
clearing zones on the turbid agar containing Listeria cells, thus
indicating the secretion of functional Ply511. Also, lactose uti-
lization did not seem to be negatively influenced by the endo-
lysin expression plasmid; colonies of recombinant cells also
showed yellow (acid) halos on bromocresol purple-lactose in-
dicator agar which were indistinguishable from those observed
with Bu2-129.

DISCUSSION

In this study we have demonstrated that the lytic enzyme-
encoding genes ply118 and ply511 from Listeria bacteriophages
can be cloned and expressed in L. lactis. Comparison of three
different lactococcal promoters, P21, P32, and P59, indicated
that the highest endolysin activity levels were obtained under
the transcriptional control of P32, which normally drives ex-
pression of the gene for fructose 1,6-biphosphate aldolase in
this organism (42). This observation is in contrast to the study
of van der Vossen et al. (41), in which P59 showed the stron-
gest expression levels. The latter promoter has also been em-
ployed for the production of other heterologous proteins in L.
lactis: a B. subtilis protease (39), hen egg white lysozyme (40),
and colicin V (24). In contrast to several other lactococcal
promoters (13, 35, 44, 45), P32 is a constitutive promoter, with
no need for specific induction of expression. Because of these
advantageous properties, we have used P32 for all constructs.

FIG. 5. Colonies of recombinant L. lactis grown on GM17 agar medium containing suspended L. monocytogenes cells. The control strain MG1363(pLC-PL511)
shows no lytic effect (A), whereas strain L. lactis MG1363(pSL-PL511DC) secreting the C terminally truncated Ply511 enzyme shows clear zones of lysis around the
individual colonies (B).

FIG. 6. Detection of Ply in cell extracts and supernatants of recombinant L.
lactis cultured for 12 h by immunoblotting with Ply-specific antibodies. Lanes 1
and 2, cell extract and supernatant fraction (respectively) of L. lactis
MG1363(pLC-PL511); lanes 3 and 4, cell extract and supernatant fraction (re-
spectively) of MG1363(pSL-PL511); lane 5, supernatant of MG1363(pSL-
PL511DC). The positions of molecular mass markers (in kilodaltons) are indi-
cated on the left.
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Previous experiments employing the recombinant L. lactis
BU2-129(pLC-PL118) as a protective measure against Listeria
contamination and growth during the ripening process of ar-
tificially contaminated Camembert cheese (16) showed that
the plasmid had no detrimental effect on growth of the cul-
tures, viable cell counts, and acid production (i.e., the final pH
of the cheese surface). However, it was also found that the
slow, “natural” lysis of the lactococcal cells during stationary
phase (see references 10 and 35) is insufficient to mediate
efficient release of the “intracellular” endolysin onto the
cheese surface (16). This finding is supported by our results
(Fig. 6), in which no endolysin could be detected in the super-
natant of cells expressing the native Ply511 protein. Thus, it
was necessary to ensure more effective release of the lytic
enzyme. Efficient membrane translocation could be achieved
by construction of a secretion-competent fusion protein using
the L. brevis slpA signal peptide. It should be noted that, in
most cases, membrane passage of phage endolysins is depen-
dent on the accumulation of holin proteins, which are thought
to form pores in the bacterial cytoplasmic membrane and
thereby allow release of the enzymes (22, 47). We have shown
here that endolysins may also be exported with the aid of a
signal peptide. However, with some putative exceptions (20),
this situation has not yet been shown to naturally occur in
phages, presumably due to the paramount importance of the
independently expressed holins for lysis timing.

Although the layouts of the three gene fusions SPslpA-
DSPnuc, SPslpA–ply118, and SPslpA–ply511 were identical, cells
carrying pSL-PL118 were unable to secrete active endolysin.
All of the SPslpA–ply118 transformants exhibited severe muta-
tions within the signal sequence and/or the ply118 coding se-
quence. However, we have shown that cytoplasmic production
of Ply118 without secretion is fully compatible with L. lactis,
i.e., it did not result in growth impairment or plasmid modifi-
cations. These findings suggest that the deleterious event takes
place during secretion of the enzyme, which involves mem-
brane translocation and proteolytic processing to yield the
active Ply118 enzyme. Although this L-alanoyl-D-glutamate
peptidase does not visibly lyse L. lactis cells (22), there is a
possibility that direct contact of Ply118 with the lactococcal
murein during export and processing affects some function
which is vital for growth and cell division. This hypothesis
agrees well with our results that L. lactis carrying pLC-PL511
produces higher levels of lytic activity compared to cells car-
rying pLC-PL118-P32. This is in contrast to the production of
these enzymes in E. coli, where Ply118 is synthesized at much
higher levels (21, 22). The effect may be explained by the
different enzymatic activities of Ply118 and Ply511 and sup-
ports our hypothesis that Ply118, when expressed from a con-
stitutive promoter, impairs lactococcal viability. This problem
may be circumvented by the use of an alternative promoter
which can be specifically induced and allows lower expression
levels (13, 35).

Introduction of pSL-PL511 into L. lactis resulted in strong
production and quantitative secretion of Ply511 from the re-
combinant cells. The mutations that occurred in the SPslpA–
ply511 cassette were mostly silent and did not result in amino
acid changes or decreased activity. However, the truncated
polypeptide specified by pSL-PL511DC exhibited strongly in-
creased lytic activity. The 80-amino-acid deletion in Ply511DC
[Ply511D(S262–K341)] corresponds to the C-terminal 24% of
the native protein. The observation that C-terminal deletions
can improve endolysin activity corresponds well to other re-
sults from our laboratory: In two endolysins from S. aureus
phages, C-terminal deletions of up to 75% also strongly in-
creased the lytic activities (18, 19). We have recently deter-

mined that the Ply118 and Ply511 enzymes show a modular
design, in which the catalytic activity is located in the N-ter-
minal region, whereas the C-terminal part harbors the cell wall
binding domain (unpublished data). Although it is still unclear
why the lytic activity is increased in the truncated proteins
lacking part or most of their cell wall binding domains, our
results suggest that it may be possible to further optimize the
desired enzymatic properties through protein engineering.

Cloning of pSL-PL511DC into the lactose-metabolizing
strain L. lactis Bu2-129 showed that (i) the cloning vector is
compatible with the native plasmids of this organism and that
(ii) nonlaboratory, wild-type strains can also produce and se-
crete the functional endolysins. For application in foods, how-
ever, genetically modified organisms should be devoid of mark-
ers such as antibiotic resistance. For this purpose, a number of
“food-grade cloning” systems were developed, based on vari-
ous selective markers such as nisin resistance (8), thymidylate
synthetase (32), the lacF gene (23, 29), or nonsense suppres-
sors of mutations in the lactococcal purine biosynthetic path-
way (3). In order to prevent segregational instability of the
plasmid, chromosomal integration of the modified ply gene or
the entire vectors may be considered (17, 25, 31). Therefore,
further research is planned in order to establish food-grade
cloning of ply and to determine the inhibitory effect of the
recombinant starter cultures on L. monocytogenes during the
ripening process of contaminated soft cheese.
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