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In this work, we report the expression and secretion of the leaderless two-peptide (EntL50A and
EntL50B) bacteriocin enterocin L50 from Enterococcus faecium L50 by the methylotrophic yeast Pichia
pastoris X-33. The bacteriocin structural genes entL504 and entL50B were fused to the Saccharomyces
cerevisiae gene region encoding the mating pheromone «-factor 1 secretion signal (MFal,) and cloned,
separately and together (entL504B), into the P. pastoris expression and secretion vector pPICZaA, which
contains the methanol-inducible alcohol oxidase promoter (P,,x;) to express the fusion genes. After
transfer into the yeast, the recombinant plasmids were integrated into the genome, resulting in three
bacteriocinogenic yeast strains able to produce and secrete the individual bacteriocin peptides EntLS0A
and EntL50B separately and together. The secretion was efficiently directed by MFal, through the Sec
system, and the precursor peptides were found to be correctly processed to form mature and active
bacteriocin peptides. The present work describes for the first time the heterologous expression and
secretion of a two-peptide non-pediocin-like bacteriocin by a yeast.

Bacteriocins are a heterogeneous group of ribosomally syn-
thesized antimicrobial peptides or proteins produced by Gram-
negative and Gram-positive bacteria (39). They are highly po-
tent, acting at nanomolar concentrations, and normally kill
target cells by interfering with the integrity of their inner mem-
brane. Many bacteriocins, especially those produced by lactic
acid bacteria (LAB), target important pathogens and/or food
spoilage bacteria, and they therefore have great potential ap-
plication as food biopreservatives or pharmaceuticals and nu-
traceuticals in veterinary and human medicine (13, 28, 35, 36,
46). LAB bacteriocins have been classified into three main
classes: class I, the lantibiotics containing thioether rings that
are composed of either lanthionine or methyllanthionine; class
II, the nonmodified, small, and heat-stable peptides; and class
IIL, the large and heat-labile protein bacteriocins (16, 19, 39).
The class II bacteriocins are quite diverse in terms of structure,
amino acid sequence, and mode of action and have been fur-
ther divided into five subclasses. (i) Subclass Ila comprises
bacteriocins containing a conserved N-terminal motif (YGNG
VxC); these are often called pediocin-like bacteriocins because
pediocin PA-1 was the first bacteriocin to be characterized
from this group. (ii) Subclass IIb is made up by bacteriocins
whose full activity is dependent on the presence of two differ-
ent peptides (thus often referred to as two-peptide bacterio-
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cins). (iii) Subclass Ilc includes the leaderless bacteriocins as
opposed to other bacteriocins, which need an N-terminal ex-
tension (leader sequence or signal peptide) for secretion. (iv)
Subclass 11d is made up by the circular bacteriocins. (v) Sub-
class Ile includes one-peptide, non-pediocin-like, and noncir-
cular bacteriocins.

The production of most class II bacteriocins relies on a
well-conserved genetic organization of at least four genes,
which are closely associated in one or two operon-like struc-
tures: (i) the structural gene encoding the prebacteriocin; (ii) a
gene encoding the dedicated protein, which confers producer
self-protection (immunity) against the toxicity of the bacterio-
cin (15); (iii) a gene encoding a dedicated ATP-binding cas-
sette (ABC) transporter required for the processing and trans-
port of the bacteriocin; and (iv) a gene encoding an accessory
protein required for proper bacteriocin externalization (29,
38). Some bacteriocin systems involve a quorum-sensing mech-
anism to regulate gene expression mediated by three different
gene products: a secreted pheromone peptide (the induction
factor), a histidine protein kinase (HPK) that serves as a sensor
for the pheromone, and a response regulator (RR) that trig-
gers the expression of a set of genes after it is activated by the
cognate HPK (14).

All lantibiotics and most class II bacteriocins are synthe-
sized as biologically inactive precursors containing an N-
terminal extension required for the secretion of the mature
bacteriocin. This secretory signal extension, which can be of
the so-called double-glycine-type leader sequence or the
Sec-dependent signal peptide, is cleaved off concomitantly
with the secretion of the active bacteriocin (11, 16, 29).
Interestingly, a few LAB bacteriocins (those belonging to



VoL. 76, 2010

subclass Ilc) are synthesized without an N-terminal exten-
sion; these LAB bacteriocins include enterocin L50 (L50A
and L50B) (8), enterocin Q (10), enterocin EJ97 (43), and
the bacteriocin LsbB (20). For most leaderless bacteriocins,
it has been shown that secretion is mediated by ABC trans-
porters (12, 20, 43); however, the nature of the signal that
conveys their secretion is still elusive.

Enterococci produce a large variety of bacteriocins (com-
monly referred to as enterocins), which belong mostly to class
I1, except for the two-peptide lantibiotic cytolysin (21), the lytic
protein enterolysin A (40), and the lantibiotic columbicin A
(37). Enterococcus faecium 150 is a multiple-bacteriocin pro-
ducer strain isolated from a Spanish dry-fermented sausage
(7), which inhibits several spoilage and food-borne pathogenic
bacteria as well as clinical human and animal pathogens (2, 8,
9, 10). E. faecium L50 produces three bacteriocins belonging to
different subclasses of class II. (i) Enterocin P is a pediocin-like
bacteriocin (subclass IIa) synthesized with a sec-dependent
N-terminal extension (signal peptide). (ii) Enterocin LS50
(L50A and L50B) is an unusual bacteriocin in that it has
features characteristic of both subclass IIb and subclass Ilc
bacteriocins; its full antimicrobial activity is dependent on the
complementary action of two different peptides, EntL50A and
EntL50B (a typical subclass IIb feature), and these two pep-
tides are secreted without N-terminal extensions (a typical
subclass IIc feature). (iii) Enterocin Q is a subclass Ilc leader-
less bacteriocin (8, 10, 12). While enterocin P is secreted by the
Sec translocase (30), it has been suggested that the enterocin
L50 peptides are secreted by a dedicated ABC transporter, as
demonstrated for enterocin Q and other leaderless bacterio-
cins (12, 20, 43). Although individual EntL50A and EntL.50B
possess some antimicrobial activity on their own, with
EntL50A being the most active, a clearly synergistic effect is
observed when both peptides are combined (2, 3, 8).

Interestingly, enterocin L50 (LS0A and L50B), similarly to
most enterocins characterized to date, displays a broad anti-
microbial spectrum and possesses adequate technological
properties (e.g., bactericidal mode of action, small size, ther-
moresistance, stability over a wide range of pHs and storage
conditions, sensitivity to most proteases, etc.) for being used as
food biopreservatives or pharmaceutical antimicrobials (11, 19,
39). However, the use of enterococci as food biopreservatives
is highly controversial and merits particularly careful premar-
ket safety evaluation since many strains, mainly within the
species Enterococcus faecalis, have emerged as opportunistic
human pathogens encoding potential virulence factors and car-
rying antibiotic resistance genes (17, 18, 32, 41). To overcome
the concerns related to the safety of enterococci, enterocin
production by alternative and safer hosts, including industrially
interesting food-grade LAB and yeast strains, has emerged as
a suitable strategy, which may also lead to a strict control of
enterocin gene expression at the transcriptional and/or trans-
lational level and/or optimization of enterocin production and
purification. Furthermore, eukaryotic genetic tools developed
for gene expression in yeasts have been shown to be adaptable
to bacteriocin genes (3, 25, 26). Despite the high versatility and
efficiency of Saccharomyces cerevisiae and Pichia pastoris for
the large-scale heterologous production of a variety of func-
tional proteins (4, 6, 27, 33, 44, 45), the heterologous produc-
tion of enterocins by these yeast hosts has been addressed in
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only a few works. With regard to this, the heterologous pro-
duction of biologically active enterocin L50 (L50A and L50B)
by S. cerevisiae and enterocin P and hiracin JM79 by P. pastoris
has demonstrated the possibility of developing bacteriocin-
producing yeast strains (3, 23, 42).

We have previously reported the construction of segrega-
tionally stable bacteriocinogenic clones of S. cerevisiae that
were capable of producing the individual enterocin L50 pep-
tides independently by using the yeast factor MFa 1 to mediate
the Sec-dependent secretion of the mature peptides (3); how-
ever, we somehow failed to generate a yeast clone that pro-
duced both peptides simultaneously. In the present paper, we
report the successful generation of three bacteriocinogenic P.
pastoris strains heterologously producing, separately and to-
gether, the leaderless peptides EntL5S0A and EntL50B di-
rected by MFal, through the yeast Sec system.

MATERIALS AND METHODS

1 1

Microorg P media, and culture conditions. The microorgan-
isms and plasmids used in this work are listed in Table 1. The enterocin L50-
producing strain E. faecium 150 (8) and the indicator strain Pediococcus dam-
nosus CECT4797 (EntL50A and EntL50B sensitive [EntL50%]) (2) were grown
aerobically in MRS broth (pH 6.2; Oxoid Ltd., Basingstoke, United Kingdom) at
30°C. Escherichia coli JM109 (Promega Corporation, Madison, WI) and E. coli
TOP10 (Invitrogen Life Technologies, Carlsbad, CA) cells were propagated in
Luria-Bertani (LB) broth (Sigma-Aldrich Inc., St. Louis, MO) at 37°C with
shaking (200 to 250 rpm). Kanamycin (Kan) (50 pg/ml) (Sigma-Aldrich) and
zeocin (Zeo) (25 pg/ml) (Invitrogen) were added to LB medium for the selection
of E. coli transformants. P. pastoris X-33 (Invitrogen) strains were cultured in
YPD medium (10 g/liter yeast extract [Oxoid], 20 g/liter peptone [Oxoid], 20
glliter glucose [Panreac Quimica S.A., Barcelona, Spain]) (4) at 30°C with shak-
ing (200 to 250 rpm). Solid media contained 1.5 or 2% (wt/vol) agar (Oxoid) for
LAB and E. coli or P. pastoris, respectively, while soft MRS agar contained 0.8%
(wt/vol) agar.

Molecular techniques and enzymes. Established protocols were employed for
all DNA manipulations, including PCR amplifications, restriction endonuclease
digestions, ligations, and transformations, as previously described (3, 24). Oligo-
nucleotide primers (Table 2) were obtained from Sigma-Genosys Ltd. (Cam-
bridge, United Kingdom). Nucleotide sequencing of both strands of purified
PCR products was done at the DNA Sequencing Service of Sistemas Gendmicos
(Valencia, Spain). P. pastoris X-33 competent cells were obtained and trans-
formed by use of the EasySelect Pichia expression kit (Invitrogen).

Cloning of the bacteriocin structural genes entL50A4 and entL50B. The strategy
employed for the cloning of entL.504 and entL50B, separately and together, in
pPICZaA is summarized in Fig. 1. DNA fragments containing entL504 or
entL50B fused to the nucleotide sequence (AAAAGA) encoding the Kex2 cleav-
age site were isolated from pTBS02 and pTBS03 (3) by using the restriction
enzymes Xhol and Xbal and then cloned into expression vector pPICZaA,
generating recombinant plasmids pBASO1 and pBASO02, respectively. In these
plasmids, entL50A4 and entL50B are fused in frame to MFal,, and gene expres-
sion is controlled by the inducible promoter P, ox; (being induced by methanol
and repressed by glycerol). MFal and the Kex2 sequence are required for the
proper processing and secretion of the mature bacteriocin peptides. For the
construction of pBAS03, which coexpresses MFal -Kex2-entL504 and MFol -
Kex2-entL50B, the latter gene was obtained from pBAS(02 by means of PCR and
then cloned into pBASO1 between the restriction sites Xbal and Sall. Following
amplification in E. coli JM109 cells, the recombinant plasmids as well as empty
plasmid pPICZaA were linearized with Sacl prior to electroporation into P.
pastoris X-33 cells to obtain the clones P. pastoris X-33A (to produce EntL50A),
P. pastoris X-33B (to produce EntL50B), P. pastoris X-33AB (to produce both
EntL50A and EntL50B), and P. pastoris X-33C (used as a bacteriocin-negative
control), which were selected on YPD plates supplemented with Zeo (100 pg/ml)
and sorbitol (1 M) at 30°C for 96 h. Plasmids pBAS01, pBAS02, and pBAS03
integrated into the genome of P. pastoris X-33A, P. pastoris X-33B, and P.
pastoris X-33AB transformants, respectively, were confirmed by PCR, restriction
analysis, and DNA sequencing.

To determine if the differences in recombinant EntL50A and EntL50B
amounts found in supernatants from P. pastoris X-33A and P. pastoris X-33B
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TABLE 1. Microorganisms and plasmids used in this study

Strain or plasmid Relevant characteristic(s)” i}g;ic(g,
Bacterial strains
E. faecium 150 EntL50 (EntL50A and EntL50B), EntP, and EntQ producer DNBTA
Pc. damnosus 4797 Indicator microorganism; EntL50°-EntP*-EntQ" CECT
E. coli high-efficiency JM109 Host strain; F endAI recAl gyrA96 thi hsdR17(ry~ my ") relAl supE44 A(lac-proAB) Promega
F' traD36 proAB lacIZAM15
E. coli TOP10 Host strain; F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 recAI deoR Invitrogen
araD139 A(ara-lew)7697 galU galK rpsL (Str") endA1 nupG
Yeast (P. pastoris) strains
X-33 Host strain; wild-type strain for selection on Zeo; Mut™ Invitrogen
X-33C P. pastoris X-33 derivative carrying pPICZaA; Zeo" This work
X-33A P. pastoris X-33 derivative carrying pBAS01; EntL50A producer; Zeo" This work
X-33B P. pastoris X-33 derivative carrying pBAS02; EntL50B producer; Zeo" This work
X-33AB P. pastoris X-33 derivative carrying pBAS03; EntL50A and EntL50B producer; Zeo" This work
Plasmids
pPICZaA P. pastoris 3.6-kb protein expression and secretion vector carrying a methanol- Invitrogen
inducible promoter (PAOX1), 5" AOX1 region, MFal; Zeo"
pTBS02 PCR2.1-TOPO derivative carrying entL50A 3
pTBS03 PCR2.1-TOPO derivative carrying entLL.50B 3
pBASO1 pPICZaA derivative carrying entL.50A4 fused in frame to MFal| This work
pBAS02 pPICZaA derivative carrying entL50B fused in frame to MFal, This work
pBAS03 pBASO1 derivative carrying entL50A4 fused in frame to MFal, and entL50B fused in This work

frame to MFal,

“ MFal,, yeast gene region encoding the mating pheromone a-factor 1 secretion signal (MFaly).
b Abbreviations: CECT, Coleccién Espafiola de Cultivos Tipo (Valencia, Spain); DNBTA, Departamento de Nutricion, Bromatologia y Tecnologia de los Alimentos,
Facultad de Veterinaria, Universidad Complutense de Madrid (Madrid, Spain).

were due to differences in the copy numbers of the integrated genes, both
transformants were spotted onto YPD plates supplemented with increasing Zeo
concentrations (from 100 to 3,000 pg/ml) and grown at 30°C for 48 h. In this
respect, it is known that P. pastoris is capable of integrating multiple copies of
heterologous DNA, which leads to higher Zeo resistance and hyperexpression of
recombinant proteins (1, 6, 33).

Detection and quantification of EntL50A and EntL50B heterologous produc-
tion by antimicrobial and immunochemical assays. The antimicrobial activities
of cultures from several P. pastoris X-33A, P. pastoris X-33B, and P. pastoris

X-33AB transformants were screened by a spot-on-agar test (SPAT) essentially
as previously described (7). Briefly, transformants were first grown on YPD
plates supplemented with Zeo (100 wg/ml) at 30°C for 48 h and then transferred
onto BMMY (10 g/liter yeast extract, 20 g/liter peptone, 100 mM potassium
phosphate [pH 6; Merck Farma y Quimica S.A., Barcelona, Spain], 1.34% [wt/
vol] yeast nitrogen base without amino acids [Invitrogen], 4 X 107°% biotin
[Sigma-Aldrich], 0.5% [vol/vol] methanol [Merck]) buffered methanol complex
medium plates and incubated further at 30°C for 5 days. During the incubation,
methanol was added daily to attain a 0.5% (vol/vol) final concentration to

TABLE 2. Primers and PCR products used in this study

Primer or PCR product

Nucleotide sequence (5'—3')* or PCR product description”

Fragment(s)
amplified

Primers
5A0X1
3A0X1
Alfa5-Xbal
L50B9-Sall
AlfaF
L50A3
L50A4
L50B3
L50B4

PCR products
Fragment entL.50A4
Fragment entLL50B
Fragment FA
Fragment FB
Fragment o-L50B
Fragment a-L50A-a-L50B

GACTGGTTCCAATTGACAAGC

GCAAATGGCATTCTGACATCC
AATTATATCTAGAATTCGAAACGATGAGATTTCCTTCAATTTTTACTG
ATAAGTTGTCGACAACATTAATGTCTTTTTAGCCATTTTTCAATTTGATC
TACTATTGCCAGCATTGCTGC
ATGGGAGCAATCGCAAAATTAGTAGCAAAG
ATTTTAAATATGTTTTTTAATCCACTCAATG
ATGGGAGCAATCGCAAAACTAGTGAC
AACATTAATGTCTTTTTAGCCATTTTTCAATTTG

138-bp fragment containing structural gene of EntL50A (entL50A4)

136-bp fragment containing structural gene of EntL50B (entL50B)

190-bp fragment containing MFal, fused in frame to entL50A4

188-bp fragment containing MFal, fused in frame to entL50B

427-bp fragment containing MFol, fused in frame to entL50B

1,030-bp fragment containing MFal fused in frame to entL50A4 and MFal
fused in frame to entL50B

a-L50A-a-L50B
a-L50A-a-L50B
«-L50B

a-L5S0B

FA and FB
entL50A

FA and ent.504
entL50B

FB and entL50B

“ Cleavage sites for restriction enzymes are underlined. Boldface type indicates nucleotide tails added to the specific sequences to ensure the proper functioning of

the restriction enzymes.

® MFal, refers to the yeast gene region encoding MFal,.
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FIG. 1. Construction of recombinant plasmids pBAS01, pBAS02, and pBASO03, derived from the P. pastoris expression and secretion vector
pPICZaA, containing the yeast gene region encoding the mating pheromone a-factor 1 secretion signal (MFaly), including the nucleotides
encoding the Kex2 signal cleavage site, fused in frame to the entL504 and/or entL50B structural gene and under the control of the methanol-
inducible alcohol oxidase promoter (P,ox;). Plasmid sizes are given in base pairs. Only relevant restriction enzymes sites are indicated. 5" AOX1,
promoter region; AOX! TT, transcription termination; Prgp,, transcription elongation factor 1 that drives the expression of the Sh ble gene in
Pichia; Py, constitutive promoter driving the expression of the Sk ble gene in E. coli; Zeo gene, zeocin resistance (Sh ble gene); CYCI TT,
transcription terminator; pUC ori, maintenance and high-copy replication in E. coli; entL50A, structural gene of EntL50A; entL.50B, structural gene
of EntL50B; P ¢, constitutive promoter driving the expression of the lacZ gene in E. coli; {1 ori, rescue of single-stranded DNA; Kan gene,

kanamycin resistance; Amp gene, ampicillin resistance.

maintain the induction. After this period, 40 ml of MRS soft agar containing
about 1 X 10° CFU/ml of the indicator microorganism Pc. damnosus CECT4797
was poured over the plates, which were incubated at 30°C overnight for the
development of inhibition zones.

In order to determine bacteriocin production kinetics, the clones P. pastoris
X-33A, P. pastoris X-33B, and P. pastoris X-33AB were precultured in the
buffered glycerol complex medium BMGY (10 g/liter yeast extract, 20 g/liter
peptone, 100 mM potassium phosphate [pH 6], 1.34% yeast nitrogen base with-
out amino acids, 4 X 107°% biotin, 1% [vol/vol] glycerol [Sigma-Aldrich]) (23)
at 30°C until the cell density reached an optical density at 600 nm (ODgq) of
approximately 2 to 6. Cells were harvested by centrifugation (5,000 X g at 4°C for
10 min), washed with BMGY (without glycerol), and resuspended to an ODy
of 1 in both the buffered methanol complex medium BMMY and the buffered
methanol minimal medium BMM (100 mM potassium phosphate [pH 6], 1.34%
[wt/vol] yeast nitrogen base without amino acids, 4 X 107°% biotin, 0.5% [vol/
vol] methanol) (23). Cultures were incubated at 30°C for 9 days with shaking.

During this incubation, samples were collected periodically for determinations of
overnight yeast growth (ODg), cell dry weight (CDW), and bacteriocin activity
and concentration in duplicates. Bacteriocin activity was quantified by an agar
well diffusion test (ADT) (7) and a microtiter plate assay (MPA) (10, 31) using
Pc. damnosus CECT4797 as the indicator microorganism. Quantification of
EntL50A and EntL50B heterologous production by a noncompetitive indirect
enzyme-linked immunosorbent assay (NCI-ELISA) was performed as previously
described (3). To measure the synergistic activity of heterologously produced
EntL50A and EntL50B, supernatants from P. pastoris X-33A and P. pastoris
X-33B were challenged against Pc. damnosus CECT4797, separately and com-
bined, to achieve a 1:1 bacteriocin peptide ratio by SPAT and MPA.

Other methods. The yeast-produced bacteriocin peptides EntL50A and
EntL50B were purified and matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) analysis was performed essentially
as previously described (3, 7). Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, Western blotting of the purified peptides using anti-LR1-keyhole
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FIG. 2. Direct antimicrobial activity of P. pastoris X-33A (A), P. pastoris X-33B (B), P. pastoris X-33AB (C), and P. pastoris X-33C (D), grown
in BMMY broth at 30°C after 5 days of incubation, as determined by a SPAT using Pc. damnosus CECT4797 as the indicator microorganism.

limpet hemocyanin (KLH) (specific for EntL50A) and anti-LR2-KLH (specific
for EntL50B) antibodies and detection of the bacteriocin activity after gel elec-
trophoresis were performed essentially as previously described (3, 22).

RESULTS

Biologically active EntLS0A and EntL50B produced sepa-
rately or together by P. pastoris. Three yeast clones were con-
structed, P. pastoris X-33A and P. pastoris X-33B to produce
EntL50A and EntL50B, respectively, and P. pastoris X-33AB
to produce both EntL5S0A and EntLS50B, in addition to the
bacteriocin-negative control clone P. pastoris X-33C. In the
bacteriocinogenic clones, MFal, and the Kex2 sequence were
fused in frame to the bacteriocin genes to guide the proper
processing and secretion of the mature bacteriocin peptides
(Fig. 1). As shown in Fig. 2, the three bacteriocinogenic clones
showed antimicrobial activity against the indicator microorgan-
ism Pc. damnosus CECT4797, while the control clone did not.
To further confirm that the antimicrobial compounds had been
secreted into the medium, the antimicrobial activities in the
supernatants of liquid cultures were tested, and as shown in
Table 3, only supernatants from cultures containing the bacte-
riocin genes could display antimicrobial activity, thus ruling out
the possibility that the antimicrobial activity exerted by P. pas-
toris X-33A, P. pastoris X-33B, and P. pastoris X-33AB was due
to metabolites other than bacteriocins.

Recombinant yeasts grew much faster and to a higher cell
density in the complex medium BMMY (ODg, of 9.2 to 10.9)
than in the minimal medium BMM (ODg,, of 8.2 to 8.6).
Interestingly, the antimicrobial activities of the supernatants
from cultures of P. pastoris X-33A and P. pastoris X-33AB were
higher in BMM than in BMMY, whereas the opposite was
observed for P. pastoris X-33B. Based on the MPA, the extra-
cellular antimicrobial activity of P. pastoris X-33A was first
detected at 24 h of incubation, and the maximum antimicrobial
activity was found after incubation for 8 days (192 h) (310 and
100 bacteriocin units (BU)/mg CDW in BMM and BMMY,
respectively) (Table 3). For P. pastoris X-33B, the extracellular
antimicrobial activity was first detected at 72 h of incubation,
and the maximum antimicrobial activity, which was lower than
that of P. pastoris X-33A, was found after incubation for 120
and 144 h (50 and 95 BU/mg CDW in BMM and BMMY,

respectively) (Table 3). The extracellular antimicrobial activity
of P. pastoris X-33AB was first detected at 24 h of incubation,
and the maximum antimicrobial activity was found after incu-
bation for 96 and 48 h (65 and 20 BU/mg CDW] in BMM and
BMMY, respectively) (Table 3). In both media, the antimicro-
bial activity of P. pastoris X-33AB was lower than that of P.
pastoris X-33A. However, compared to that of P. pastoris
X-33B, the antimicrobial activity of P. pastoris X-33AB was
higher in BMM but lower in BMMY.

The presence of the recombinant bacteriocin peptides in the
supernatants was also assessed by an NCI-ELISA using anti-
bodies specific to the individual bacteriocin peptides. It was
found that the amounts of the bacteriocin peptides measured
by the immunoassay corresponded well with the antimicrobial
activities in the supernatants (Table 3). Although the growth of
P. pastoris X-33A in BMM and BMMY was slightly higher than
that of P. pastoris X-33B, the maximum amounts of recombi-
nant EntLS0A found in supernatants from P. pastoris X-33A
cultures were 2- and 40-fold lower, respectively, than those of
EntL50B produced by P. pastoris X-33B grown in these media.
However, the maximum specific activities of EntL50A in the
supernatants from P. pastoris X-33A grown in BMM and
BMMY were about 21- and 35-fold higher, respectively, than
those of EntL50B in the supernatants from P. pastoris X-33B.
Interestingly, we found significantly higher Zeo resistance for
P. pastoris X-33B (up to 2,500 g Zeo/ml) than for P. pastoris
X-33A (up to 1,000 g Zeo/ml).

The maximum antimicrobial activity of P. pastoris X-33AB
was found in the supernatants containing both bacteriocin pep-
tides at an approximately 1:1 ratio, and the specific activity
(BU/ng total bacteriocin peptides) appeared to be higher than
that of P. pastoris X-33A or P. pastoris X-33B (Table 3), sug-
gesting that the recombinant bacteriocin peptides might act
synergistically. To assess this synergistic effect further, super-
natants from P. pastoris X-33A and P. pastoris X-33B grown in
BMM and BMMY were challenged against Pc. damnosus
CECT4797, independently or in combination, in a 1:1 bacterio-
cin peptide ratio. As expected, the equimolar mixture of
EntL50A and EntL50B in BMM and BMMY displayed a
greater antimicrobial activity (1,707 and 143 BU/mg CDW,
respectively) than the additive effect of the peptides acting
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TABLE 3. Production and antimicrobial activities of recombinant EntL50A and/or EntL50B from P. pastoris X-33A, P. pastoris X-33B, and P. pastoris X-33AB cultures”

P. pastoris X-33A P. pastoris X-33B P. pastoris X-33AB
Medium and Antimicrobial activity Antimicrobial activity Concen® (ng/mg Antimicrobial activity
. . EntLS0A assessed by: ) EntL50B assessed by: [CDW]) assessed by:
S.o:cm:os b concn® SAA/ (BU/ng conen® SAA/ (BU/ng
time () ODsos”  (noime  ADT! (mm)  MPA®  EniL50A)  OP60  (ngmg  ADT (mm)  MPA EntL50B) O ADT (mm)  MPA
CDW) (inhibition (BU/mg CDW) (inhibition (BU/mg EntL50A  EntL50B (inhibition (BU/mg
zone) CDW) zone) CDW) zone) CDW)

BMM
0 1.0 ND ND ND NE 1.0 ND ND ND NE 1.0 ND ND ND ND
8 2.3 14.5 ND ND NE 24 70 ND ND NE 2.6 9.7 10.5 ND ND
24 2.5 455 11.5 (s2) 60 1.3 2.5 340 ND ND NE 2.6 24.0 32.1 11.0 (s2) 40
48 3.4 56.0 14.7 (s2) 115 2.1 32 350 8.0 (d) ND NE 3.7 29.0 37.7 13.1 (s2) 45
72 4.6 62.0 15.1 (s2) 130 2.1 3.6 390 11.3 (s) 40 0.10 4.5 30.0 39.3 13.6 (s2) 60
96 53 70.5 15.8 (s2) 150 2.1 4.6 430 12.2 (s2) 45 0.10 53 32.8 28.4 14.1 (s2) 65
120 5.7 84.5 16.0 (s2) 160 1.9 4.8 475 12.8 (s2) 50 0.10 5.6 29.2 18.9 13.4 (s2) 55
144 6.3 89.0 16.4 (s2) 175 2.0 5.5 405 11.1 (s2) 30 0.07 6.2 20.1 7.1 13.2 (s2) 40
168 6.9 125.5 16.7 (s2) 190 1.5 6.3 335 10.3 (s) 15 0.04 6.5 18.6 5.8 12.0 (s2) 30
192 7.8 228.5 17.6 (s2) 310 1.4 7.4 205 9.6 (s—) 10 0.05 8.3 11.3 1.0 11.8 (s2) 25
216 8.6 161.5 17.0 (s2) 205 1.3 8.4 205 9.1 (s—) 10 0.05 8.2 9.1 1.1 11.5 (s2) 20

BMMY
0 1.0 ND ND ND NE 1.0 ND ND ND NE 1.0 ND ND ND ND
8 35 5.0 ND ND NE 3.4 25 ND ND NE 3.7 2.4 4.5 ND ND
24 4.7 7.5 10.2 (s) ND NE 4.5 50 ND ND NE 4.9 2.5 5.1 10.7 (s2) 10
48 52 12.5 11.7 (s2) 10 0.8 52 70 8.5 (d) ND NE 53 3.0 59 14.1 (s2) 20
72 6.3 15.5 12.7 (s2) 25 1.6 5.8 110 9.1 (d) 10 0.09 6.1 2.9 5.4 11.4 (s2) 10
96 6.8 16.5 13.3 (s2) 30 1.8 6.2 170 9.5 (d) 10 0.05 7.1 22 4.7 11.2 (s2) 10
120 8.2 18.5 13.7 (s2) 50 2.7 6.9 695 11.4 (s) 45 0.06 7.7 2.1 4.1 11.0 (s2) 10
144 9.3 21.0 13.9 (s2) 55 2.6 7.2 1,240 14.0 (s2) 95 0.08 7.9 2.0 4.0 10.8 (s2) 10
168 9.5 25.0 14.2 (s2) 70 2.8 7.8 950 13.0 (s) 70 0.08 8.0 1.4 1.7 10.6 (s2) 10
192 10.2 31.0 15.8 (s2) 100 32 9.0 515 12.5 (s) 45 0.09 8.6 0.4 0.2 10.5 (s2) 10
216 10.9 12.0 13.3 (s2) 15 1.2 9.8 415 12.1 (s) 40 0.09 9.2 0.3 0.1 10.0 (s2) 10

¢ Cultures were grown in BMM and BMMY at 30°C.

> Gene expression was induced at time zero.

¢ Bacteriocin concentration calculated by using an NCI-ELISA using specific polyclonal antibodies. ND, no bacteriocin detected.

@ Antimicrobial activity against Pc. damnosus CECT4797 determined by an ADT. Inhibition zones are differentiated as follows: d, diffuse; s—, slightly sharp; s, sharp; s2, extremely sharp. ND, no inhibition zone detected
using 50 ml of supernatant.

¢ Antimicrobial activity against Pc. damnosus CECT4797 as determined by an MPA. ND, no inhibition detected using 100 ml of supernatant.

/ Specific antimicrobial activity, i.e., the antimicrobial activity (BU/mg CDW) calculated by an MPA, divided by the EntL50A or EntL50B concentration (ng/mg CDW). NE, not evaluable.
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TABLE 4. Purification of recombinant EntL50A and EntL50B produced by P. pastoris X-33A and P. pastoris X-33B, respectively”

Total Increase in Total Enterocin

. e Volume  Total L Sp act . ) Enterocin  Enterocin sp
Strain and purification stage (ml) s (ﬁ]c}tl;;l[tjy)c (BU/As,)" (sfp()) 1;:1(32 ac(t;/zl)ty %/;egl; yield (%) act (BU/ng)®
P. pastoris X-33A
Culture supernatant 400 320.8 670 2,100 1 100 114,500 100 59
Ammonium sulfate precipitation 40 29.2 865 29,600 14 129 74,100 65 11.7
Gel filtration chromatography 80 10.9 550 50,500 24 82 68,000 60 8.1
Cation-exchange chromatography 50 2.3 490 213,000 102 73 57,300 50 8.6
Hydrophobic-interaction chromatography 10 0.9 450 500,000 239 67 46,200 41 9.7
Reversed-phase chromatography 3.5 0.9 290 322,200 154 43 24,000 21 12.1
P. pastoris X-33B
Culture supernatant 400 3212 40 124 1 100 89,600 100 0.4
Ammonium sulfate precipitation 40 29.3 100 3,400 27 250 60,900 68 1.6
Gel filtration chromatography 80 15.2 24 1,600 12 60 57,300 64 0.4
Cation-exchange chromatography 50 2.1 3 1,400 12 7.5 49,300 55 0.06
Hydrophobic-interaction chromatography 10 1.0 6 6,000 48 15 29,600 33 0.2
Reversed-phase chromatography 1.6 0.1 2 20,000 161 5 6,500 7.2 0.3

¢ Cultures were grown in BMMY broth at 30°C.
> Absorbance at 254 nm multiplied by the volume in milliliters.

¢ Antimicrobial activity against Pc. damnosus CECT4797 in bacteriocin units per milliliter (BU/ml), as determined by an MPA, multiplied by the total volume.

@ Specific activity expressed as the total activity (BU) divided by the total A,s,.

¢ The specific activity of a fraction (BU/A,s,) divided by the specific activity of the culture supernatant (BU/A,s,).
/EntL50A and EntL50B concentration as determined by an NCI-ELISA using specific polyclonal antibodies for EntL50A or EntL50B.
& Specific activity expressed as the total activity (BU) divided by the enterocin yield (ng).

independently (316 and 0 BU/mg CDW in BMM and 35 and 16
BU/mg CDW in BMMY, respectively), thus being the syner-
gism degree of approximately 5.4- and 2.8-fold in BMM and
BMMY, respectively.

Purification and characterization of EntL50A and EntL50B
produced by P. pastoris. The bacteriocin peptides were purified
from the different yeast recombinants in order to compare
their biochemical natures to those produced by the wild bac-
terial producer. At the final step of purification (reversed-
phase chromatography), the specific antimicrobial activities of
purified EntL50A and EntL50B from P. pastoris X-33A and P.
pastoris X-33B were about 322,000 BU/A4,5, and 20,000 BU/
A,sa, respectively, which corresponded to 154- and 161-fold
increases from their respective conditioned medium (after
growth in BMMY broth at 30°C for approximately 192 h for P.
pastoris X-33A and 48 h for P. pastoris X-33B). From 400-ml
cultures, the final yields of purified EntL5S0A and EntL50B
were 24 and 6.5 pg, which correspond to 21 and 7.2% recov-
eries, respectively, as determined by the immunoassay ap-
proach or 43 and 5% recoveries, respectively, by the antimi-
crobial microtiter plate assay approach (Table 4). The purity
and molecular mass of recombinant EntL50A and EntL50B
were also analyzed by MALDI-TOF MS. The results obtained
for recombinant EntL.50A revealed a minor peptide peak with
a molecular mass (5,188 Da) highly similar to that of natural
EntL50A (5,190 Da) (Fig. 3A) as well as multiple peptide
peaks with molecular masses ranging from 6.2 to 6.9 kDa,
while the results for recombinant EntL50B identified a major
peptide peak with a molecular mass identical to that of
natural EntL50B (5,178 Da) as well as a second major pep-
tide peak with a molecular mass of 5,194 Da (Fig. 3B). As
shown by the silver-stained Tricine-SDS-PAGE gels in Fig.
4A, purified recombinant EntL.50A and EntL50B each gave
rise to a major band of the expected size, in addition to a
faint band of a larger peptide (16 to 23 kDa) from the

EntL50B sample; this band was detected by Western blot-
ting using antibodies specific for EntL50B, suggesting that
this recombinant peptide could form aggregates. Similarly,
it was demonstrated by immunodetection using an antibody
specific for EntL50A that purified recombinant EntL50A
also appeared to form aggregates of sizes similar to those of
the EntL50B aggregates (Fig. 4B). However, only the mono-
mer forms of these peptides could exert antimicrobial activ-
ity when assessed by a gel overlay assay (Fig. 4C).

DISCUSSION

Herein, we describe for the first time the heterologous expres-
sion and secretion of a two-peptide non-pediocin-like bacteriocin,
enterocin L50 (L50A and L50B), by a yeast. For this purpose, the
expression and secretion vector pPICZaA from the methylotro-
phic yeast P. pastoris was selected, since it contains three impor-
tant elements for successful heterologous expression in the yeast
host: (i) the inducible promoter P, for the controlled expres-
sion of the bacteriocin structural genes, (ii) MFal, including the
nucleotide sequence (AAAAGA) encoding the Kex2 signal cleav-
age site required for the processing of fusion proteins during
MFal-directed secretion through the Sec system, and (iii) the
AOXI gene, which drives the integration of this vector into the P.
pastoris genome and thus maximizes the stability of foreign pro-
tein production and/or allows the generation of multicopy strains
(6, 23). The generated recombinant P. pastoris strains showed
bacteriocinogenic activity both in solid and in liquid complex
(BMMY) and minimal (BMM) media. Notwithstanding the find-
ing that yeast growth in the complex medium BMMY was better,
the extracellular antimicrobial activity of P. pastoris X-33A (pro-
ducing only EntL50A) and P. pastoris X-33AB (producing both
EntL50A and EntL50B) was significantly lower than that ob-
tained when these strains were grown in the minimal medium
BMM,; thus, the amounts of the different bacteriocin peptides
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FIG. 3. Mass spectrometry analysis of recombinant EntL50A (A) and EntL50B (B) purified from P. pastoris X-33A and P. pastoris X-33B-33

cultures, respectively, grown in BMMY broth at 30°C.

produced by these two strains in BMMY varied from 10 to 15%
of those produced in BMM. These results are in striking contrast
to observations for P. pastoris X-33B (producing only EntL50B),
whose maximum extracellular antimicrobial activity was found in
BMMY, corresponding to a bacteriocin peptide concentration
2.6-fold higher than that in BMM. The nature that caused differ-
ential peptide concentrations with the different medium compo-
sitions and different levels of bacteriocin peptide production by
the bacteriocinogenic recombinant yeasts might be complex but
could possibly be ascribed to one or more of the following factors:
(1) (higher) aggregation of bacteriocin peptides to form oligomers
and/or complexes with medium constituents that results in re-
duced antigen epitope recognition and, thus, also reduced anti-

microbial activity (4, 12, 23, 33, 44, 45, 47); (ii) higher C-terminal
proteolytic degradation due a high concentration of vacuolar pro-
teases resulting from higher cell density and lysis (4, 12, 23); and
(iii) higher recombinant gene expression due to multiple integra-
tion events (1, 6, 33). With regard to the latter, the higher Zeo
resistance of P. pastoris X-33B than that of P. pastoris X-33A
favors the possibility that the higher bacteriocin peptide concen-
tration found in supernatants from P. pastoris X-33B may be
ascribed to a higher-level multiple-integration event of entL.50B,
in effect resulting in a higher recombinant bacteriocin gene ex-
pression level.

To date, MFal ~directed bacteriocin secretion by P. pastoris
has been described for only three pediocin-like bacteriocins

FIG. 4. (A) Tricine-SDS-PAGE of purified recombinant EntL50A and EntL50B after silver staining. (B) Western blotting using rabbit
polyclonal antibodies with specificity for EntL50A (anti-LR1-KLH) and EntL50B (anti-LR2-KLH). (C) Antimicrobial activity after gel overlay
with the indicator strain Pc. damnosus CECT4797. Lane 1, purified EntL50A; lane 2, purified EntL50B. SeeBlue prestained standard molecular

mass marker (Invitrogen) band sizes (M) are indicated on the left.
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(subclass IIa), namely, enterocin P from E. faecium P13 (23),
pediocin PA-1 from Pediococcus acidilactici PAC1.0 (4), and
hiracin JM79 from Enterococcus hirae DCHS (42). The heter-
ologous production of pediocin PA-1 by P. pastoris has been
shown to result in the secretion of recombinant bacteriocin
tightly associated with “collagen-like” material that lacks anti-
microbial activity. On the other hand, P. pastoris has been
shown to be able to heterologously produce high levels of
biologically active enterocin P and hiracin JM79 in BMM and
BMMY (23, 42). Irrespective of the growth medium, bacterio-
cinogenic P. pastoris strains producing enterocin P, hiracin
JM79, EntL50A, EntL50B, and EntL50A and EntL50B
showed similar growth rates; however, the maximum concen-
trations of enterocin P and hiracin JM79 were obtained at the
beginning of the exponential growth phase (ODg, of 1.7 to
3.3), while EntL50A and EntL50B were maximally found at the
beginning of the stationary growth phase (ODg, of 7.8 to 10.2)
and the middle-late exponential growth phase (ODy, of 4.8 to
7.2), respectively. Strikingly, the concentrations and biological
activities of recombinant enterocin P and hiracin JM79 de-
creased rapidly, and no antimicrobial activity (in BMM) or
only a very low level of antimicrobial activity (1.5 or 45% of the
maximum value in BMMY) was found after the incubation of
cultures for 10 and 12 h (23, 42); however, recombinant
EntL50A and EntL50B showed a higher stability, especially
in BMM.

In contrast to our previous work (3), in which the paired
production of EntL50A and EntL50B by a single recombi-
nant S. cerevisiae strain was not achievable, we succeeded in
the development of a P. pastoris recombinant strain with the
ability to produce both biologically active peptides simulta-
neously. However, levels of EntL50A and EntL50B produc-
tion by P. pastoris X-33AB were 7- to 10- and 12- to 210-fold
lower than those by P. pastoris X-33A and P. pastoris X-33B,
respectively. Interestingly, the maximum amount of recom-
binant EntL50B produced by P. pastoris X-33B (1,240 ng/mg
CDW in BMMY at 30°C) represented a 5.9-fold increase
over the maximum EntL50B production by wild-type strain
E. faecium 150 (210 ng/mg CDW in MRS broth at 25°C)
(12). Moreover, although recombinant EntL50B production
by P. pastoris X-33B grown in BMM (475 ng/mg CDW) was
2.6-fold lower than that in BMMY (1,240 ng/mg CDW), this
bacteriocin peptide amount still represents a 2.3-fold in-
crease over the maximum production by the wild-type strain.
However, the maximum amount of recombinant EntL50A
produced by P. pastoris X-33A (228.5 ng/mg CDW in BMM
at 30°C) is closely similar to the maximum level of EntL50A
production by E. faecium L50 (217 ng/mg CDW in MRS
broth at 25°C) (12). Moreover, some important differences
in bacteriocin production and purification were found when
comparing P. pastoris and S. cerevisiae as heterologous hosts
for the production of EntL50A and EntL50B. Interestingly,
the maximum concentrations of EntL50A and EntL50B in
the supernatants from P. pastoris were 27- and 52-fold
higher, respectively, than those in the supernatants from S.
cerevisiae. On the other hand, the yields of EntL50A and
EntL50B purified from P. pastoris supernatants were ap-
proximately 2- and 6-fold lower, respectively, than those of
the recombinant peptides purified from S. cerevisiae super-
natants; however, the specific antimicrobial activities of

APPL. ENVIRON. MICROBIOL.

EntL50A and EntL50B purified from P. pastoris cultures
were 60-fold and 6-fold higher, respectively (3). With regard
to this finding, the specific antimicrobial activities of
EntL50A and EntL50B purified from P. pastoris were 205
and 75%, respectively, of those found in the culture super-
natants, while the specific antimicrobial activities of
EntL50A and EntL50B purified from S. cerevisiae drastically
decreased during the purification process, to 2.6 and 5.5%,
respectively (3).

The MALDI-TOF MS analysis of purified recombinant
EntL50B showed a major peptide with the same molecular
mass as that of natural EntL50B (5,178 Da) (8), demonstrating
that the EntL50B precursor was correctly processed by the
Kex2 enzyme. The presence of a second major peptide with a
molecular mass of 5,194 Da (16 Da more than EntL.50B) in the
purified fraction probably resulted from the spontaneous oxi-
dation of one of the methionine residues of EntL50B (Met' or
Met**), giving rise to a methionine sulfoxide (MetSO), which is
16 Da more than the nonoxidized form. Such an oxidation of
methionine residues during bacteriocin purification is in fact
relatively common, as it was described previously for several
other bacteriocins (5, 8, 10, 34). For EntL50A, the results from
MALDI-TOF MS analyses revealed a minor peptide with a
molecular mass (5,188 Da) highly similar to that of natural
EntL50A (5,190 Da) (8), demonstrating that the EntL50A
precursor was correctly processed by the Kex2 enzyme. How-
ever, there were several other major peptides, in the range of
6.2 to 6.9 kDa, also present in the purified fraction. At first
glance, this result could indicate that most EntL50A precursors
were not correctly processed by the Kex2 enzyme as a conse-
quence of a reduced recognition of the cleavage site (Glu-
Lys-Arg) due to a conformational interference exerted by its
N terminus; however, the high level of similarity between
EntL50A and EntL50B (8, 10) does not favor this possibility.
More likely, recombinant EntL50A may be associated with a
hitherto unknown compound, as previously suggested for the
biologically inactive pediocin PA-1 heterologously produced by
P. pastoris (4) and the biologically active EntL50A purified
from recombinant S. cerevisiae strains (3).

The results presented in this work demonstrate that the cloning
of ent.50A4 and entL.50B fused to MFal, is enough for the effi-
cient production of biologically active EntLS0A and EntL50B,
separately or together, by P. pastoris through the Sec system. This
yeast host is more suitable than S. cerevisiae for the heterologous
production of these antimicrobial bacteriocin peptides, especially
for gene coexpression. We show herein that it is possible to use
the nonpathogenic yeast P. pastoris to produce bacteriocins orig-
inally derived from potentially pathogenic microorganisms (e.g.,
Enterococcus species); this is especially relevant for bacteriocins
from multibacteriocin producers, where purification of the bac-
teriocin of interest is often problematic due to their relatively
similar physicochemical properties (being small, cationic, and
amphiphilic), and for bacteriocins with a barely understood mech-
anism of secretion, such as enterocin L50 (L50A and L50B) and
other leaderless bacteriocins. This approach can thus be an im-
portant foundation for the future production of leaderless bacte-
riocins at industrial scales for use in the pharmaceutical and food
industries.
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