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Abstract

In this study, an in silico screening approach was employed to mine potential bacteriocin clusters in genome-sequenced iso-
lates of Lacticaseibacillus zeae UD 2202 and Lacticaseibacillus casei UD 1001. Two putative undescribed bacteriocin gene
clusters (Casl and Cas2) closely related to genes encoding class Ila bacteriocins were identified. No bacteriocin activity was
recorded when cell-free supernatants of strains UD 2202 and UD 1001 were tested against Listeria monocytogenes. Genes
encoding caseicin Al (casAl) and caseicin A2 (casA2) were heterologously expressed in Escherichia coli BL21 (DE3) using
the nisin leader peptide cloned in-frame to the C-terminal of the green fluorescent gene (mgfp5). Nisin protease (NisP) was
used to cleave caseicin Al (casAl) and caseicin A2 (casA2) from GFP-Nisin leader fusion proteins. Both heterologously
expressed peptides (casAl and casA2) inhibited the growth of L. monocytogenes, suggesting that casAl and casA2 are either
silent in the wild-type strains or are not secreted in an active form. The minimum inhibitory concentration (MIC) of casAl
and casA2, determined using HPLC-purified peptides, ranged from < 0.2 ug/mL to 12.5 ng/mL when tested against Listeria
ivanovii, Listeria monocytogenes, and Listeria innocua, respectively. A higher MIC value (25 pg/mL) was recorded for casAl
and casA2 when Enterococcus faecium HKLHS was used as the target. The molecular weight of heterologously expressed
casAl and casA2 is 5.1 and 5.2 kDa, respectively, as determined with tricine-SDS-PAGE. Further research is required to
determine if genes within Cas! and Cas2 render immunity to other class Ila bacteriocins.
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Introduction [2]. Bacteriocins currently used as a food preservative are

the lantibiotic nisin (E234) and pediocin PA-1/AcH, which
Lactic acid bacteria (LAB) are prolific bacteriocin produc-  is marketed as Nisaplin and Alta™ 2341, respectively [3,
ers, which allow them to dominate in fermentative environ- 4]. Pediocin PA-1 (AcH) and all bacteriocins belonging
ments by targeting similar or closely related species [1],  to class Ila are active against Listeria spp. To date, more
and they are considered safe to use as food preservatives  than fifty class Ila bacteriocins have been described for the
genera Lactobacillus, Enterococcus, Pediococcus, Carno-
bacterium, Leuconostoc, Streptococcus, Weissella [5-T],
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LMTD@sun.ac.za motifs, variations in overall amino acid sequences lead to

different inhibitory spectra [10]. All class Ila bacterioc-
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require an operon-encoded accessory protein to guide bond
formation [12]. The transport of prepeptides across the cell
membrane is guided by an N-terminal leader sequence and
dedicated ABC transporters.

The regulatory mechanisms involved in the expression
of class Ila bacteriocins reveal a general conserved gene
arrangement. However, some unusual organizations of bio-
synthetic gene clusters were also characterized and gener-
ally correlated to different transcription regulation systems
[10, 13]. Co-culture-based regulation, auto-inducing peptide,
acetate, temperature, and divalent cation regulation are inde-
pendent quorum sensing (QS) triggers, including for bacte-
riocin production [14-19].

In recent decades, in silico screening, searching for
potential new bacteriocins within bacterial genomes has
become the major method of screening and predicting
protein sequences of interest without depending solely on
experimental approaches [20-22]. However, the presence
of bacteriocin genes does not always translate into biologi-
cal antimicrobial activity. Bacteriocin production by wild-
type strains is often limited due to difficulties experienced
with cultivation and insufficient production of biologically
active peptides [23]. The heterologous expression of genes
encoding bacteriocins is an attractive and versatile option,
especially with the increase in information generated by data
mining of genome sequences [24]. In silico screening of
sequences and heterologous expression systems may pro-
vide more information about the production and regulation
of bacteriocins, and the characteristics required from these
peptides to serve as food preservatives or control bacterial
infections [25, 26].

Here we describe two cryptic class Ila bacteriocin oper-
ons, Casl and Cas2, located on the genomes of Lactica-
seibacillus zeae UD 2202 and Lacticaseibacillus casei UD
1001, respectively. As observed for pediocin PA-1, sakacin
G and plantaricin 423, operons Cas/ and Cas2 do not con-
tain classical regulatory genes. In this study, the putative
bacteriocin genes casAl and casA2, encoding bacteriocins
caseicin Al (casAl), and caseicin A2 (casA2) were heter-
ologously expressed in E. coli BL21.

Methods
Bacterial Strains and Culture Conditions

Bacterial growth media were from Biolab (Biolab, Merck,
South Africa). Lactococcus lactis QU2 (nisin producer),
Lact. zeae UD 2202 and Lact. casei UD 1001 were cultured
in De Man, Rogosa and Sharpe (MRS) broth. Escherichia
coli BL21 (DE3) was cultured in Luria Bertani (LB) broth,
supplemented with 1.2% (w/v) agar, and recombinant strains
of E. coli BL21 (DE3) were cultured in Terrific broth (TB),
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supplemented with 50 ug/mL Kanamycin (Kan). The test
strains Listeria ivanovi n29, Listeria monocytogenes ATCC
7646, L. monocytogenes RTE, L. monocytogenes EDG-e,
L. innocua ATCC 33090, Enterococcus fecium HKLHS,
Enterococcus faecalis S1, and Clostridiodes difficile ATCC
70057 were cultured on Brain Heart Infusion (BHI) and sup-
plemented with 1.0% (w/v) agar to prepare solid media. All
strains were incubated at 37 °C for 24 h.

In SilicoGenome Mining and Sequence Analyses

The genome sequences of Lact. zeae UD 2202 (GenBank
GCA_028878215.1) and Lact. casei UD 1001 (GenBank
GCA_028878205.1), previously assembled with the pipe-
line WGA-LP available on GitHub (https://github.com/
redsnic/WGA-LP) [27, 28], were mined for putative bac-
teriocin genes using the Bagel4 software [29]. The Blastx
and Blastn command line [30] was used to assess the nov-
elty of the identified peptide sequences and operons listed
in the National Center for Biotechnology (NCBI, Bethesda,
MD, USA; https://www.ncbi.nlm.nih.gov/ accessed on
June 2022). The CLC Main Workbench (CLC bio, Aarhus,
Denmark) software was used for the annotation of genetic
sequences and map constructions. Characterized Class Ila
bacteriocin sequences were acquired from Bactibase [31]
and LABioicin [32] repositories. Muscle WS command line
[33] was used to perform sequence alignments and visual-
ized by the Tree Of Life (iTOL) v4 online tool [34]. Protein
3D prediction was obtained with ColabFold open-source
software available at https://github.com/sokrypton/Colab
Fold [35].

Molecular Cloning

DNA was isolated from pure cultures of Lactococcus lactis
QU2, Lact. zeae UD 2202 and Lact. casei UD 1001 using
the ZR Fungal/Bacterial DNA MiniPrep kit (Zymo Research
Corporation, Irvine, CA, USA) according to the manufac-
turer's instructions. Oligonucleotides were designed using
the CLC Main Workbench program (CLC bio, Aarhus,
Denmark). DNA concentrations were determined using the
BioDrop pLite + (BioDrop Ltd, Cambridge, UK). Amplifi-
cation via polymerase chain reaction (PCR) was performed
according to the Q5 polymerase instruction manual (NEB)
in a GeneAmp Thermocycler, model 9700 (ABI, Foster
City, CA). T4 DNA ligase and restriction enzymes were
acquired from NEB and used according to the manufac-
turer's instructions.

Plasmid DNA extractions were performed using the
PureYield™ Plasmid Miniprep System (Promega, Madi-
son, WI, USA). Gel electrophoresis was at 100 V, using an
EphortecTM 3000 V power pack (Triad Scientific, Manas-
quan USA) with TBE (5:1) as electrophoresis buffer. Gene
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sequencing was performed by the Central Analytical Facil-
ity (CAF), Stellenbosch University (Stellenbosch, South
Africa).

Construction of GFP-Caseicin Expression Systems

Fusion PCR techniques were used to add the nisin leader-
amplified nucleotidic sequence from L. lactis genomic DNA
to casAl and casA2 amplicons encoding mature casAl and
casA2. The putative class IIa bacteriocin genes were cloned
into the previously constructed pRSF-GFP vector [36]. In
brief, this plasmid contains the N-terminal of the GFP gene,
mgfp3, fused to a hexa-histidine tag downstream of the T7
promoter. The C-terminal of the GFP gene was modified to
include the WELQut cleavage sequence followed by vari-
ous restriction sites for the expression of GFP-fused genes
that can be liberated using the WELQut protease. Plasmid
pRSF-GFP was used as a template and linearized with the
Pstl/HindIl restriction site.

Due to their 5’ and 3’ similarity, casAl and casA2 were
amplified by PCR from the genomes of Lact. zeae UD 2202
and Lact. casei UD 1001, respectively, using the single
primer set FWNispL_casA1/2 Hind_REV_ casA1/2. This
primer set installed the flanking HindIII restriction sites at
the 3’ end of casAl and casA2 during amplification. DNA
amplification was conducted for 30 cycles, with initial dena-
turation at 95 °C for 1.30 min, primer annealing for 30 s at
56 °C, and primer extension for 1 min at 72 °C. The trun-
cate NisA gene was amplified by PCR from the genomes
of L. lactis QU2 with primer set GFPNisLeader_PstIF
Rev_NisLeaderOri_casA1/2. The amplicon obtained from
the truncated NisA gene was added in the 5’ Pst restriction
site extension. Fusion PCR reactions were carried out in a
volume of 50 uL with the same final concentration (20 ng/
uL) of amplicons using GFPNisLeader PstIF/Hind_REV_
casA1/2 following the same PCR protocol except for the
primer annealing step, which was 45 s at 52 °C.

The fused genes encoding nisin N-terminal leader and the
mature peptides casAl and casA2 were digested with the
Pstl/HindIIl and ligated using T4 between the WELQut site
on a Pstl/HindlIll fragment in the linearized pRSF-GFP con-
struct. The pRSF-GFP-NislcasA1 and pRSF-GFP-NislcasA2
constructs allowed for the expression of the GFP-NislCasAl
and GFP-NislCasA?2 fusion proteins. Plasmid DNA isolated
from transformants was sequenced and transformed into
chemically competent E. coli BL21 cells. The cells were
plated onto BHI agar supplemented with kanamycin (50 pg/
mL) and incubated overnight at 37 °C. Single colonies were
isolated and used in subsequent expression experiments.
Plasmid maps of pRSF-GFP-NislcasA1 and pRSF-GFP-
NislcasA2 and 3D visual representations of GFP-CasA1 and
GFP-CasA2 fusion proteins are shown in Fig. 1S.

Construction of the mCherry-NisP Expression
System

The NisP protease expression system (plasmid pRSF-
hNisP) was previously constructed to produce soluble NisP
(no membrane-spanning domain) with an 8 X C-terminal
His tag as reported by Van Staden et al. (2019) [37], but
it was noticed that after purification NisP protease tended
to precipitation during storage. In unpublished work, the
mCherry gene was cloned into the previously constructed
pRSF-hNisP plasmid on a double HindIII amplicon. Briefly,
the mCherry gene was amplified using primer set 5'-Fwd_
mCherryNisP_Hind-3', 5'-Rev_mCherryNisP_Hind-3".
The amplification of the mCherry gene was conducted for
30 cycles, with initial denaturation at 95 °C for 1.30 min,
primer annealing for 30 s at 61 °C, and primer extension
for 1 min at 72 °C. To incorporate the mCherry fluores-
cence gene flanked with HindIII/HindIII restriction sites
into pRSF-hNisP construct, both were previously digested
with HindlIII restriction enzymes. This cloning resulted in
the construction of the pRSF-NisP-mCherry8xHis expres-
sion plasmid. After molecular cloning and transformation,
only red fluorescent transformants were selected for DNA
sequencing and subsequent NisP-mCherry fusion protein
expression. The map of pRSF-NisP-mCherry8xHis and 3D
visual representations of NisP-mCherry fusion proteins are
shown in Fig. 2S.

Expression of Fusion Proteins in E. coli BL21

The expression of the fusion proteins was performed as
described by [34]. Briefly, E. coli BL21 transformants con-
taining the plasmids pRSF-GFP-NislcasAl, pRSF-GFP-
NislcasA2, and pRSF-Nisp-mCherry8xHis were respec-
tively inoculated in 5 mL of BHI broth containing 50 pg/mL
kanamycin and incubated overnight at 37 °C with constant
shaking at 120 rpm.

Overnight cultures were used to inoculate 500 mL (1.0%,
v/v) TB, supplemented with 50 ug/mL Kan, and incubated at
37 °C as mentioned elsewhere. At an O.Dy, of 0.6, protein
expression was induced with the addition of 0.1 mM IPTG,
and the cultures were incubated at 18 °C for 48 h at 160 rpm
on an orbital shaker.

Purification of Fusion Proteins from E. coli BL21

After expression, the E. coli cells were harvested (8 000 x g,
20 min, 4 °C) and resuspended in 15 mL/g of SB buffer (Tris
50 mM, NaCl 500 mM, pH 8.0). Cell resuspensions were
frozen overnight at — 20 °C. Cell resuspensions were then
thawed and lysed with 1 mg/mL lysozyme and incubated
at 8 °C for 45 min while stirring. The lysed cells were sub-
jected to sonication (50% amplitude, 2-s pulse, 2-s pause,
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6 min) using the Omni Ruptor 400 (Ultrasound Homoge-
nizer, Omni International Inc., Kennesaw, GA). RNasel and
DNasel (BioLabs, New England) were added to a final con-
centration of 10 ug/mL and 5 pg/mL, respectively, and then
incubated at room temperature for 15 min. The cell lysate
was centrifuged for 90 min (20,000 % g, 4 °C), and imidazole
was added to the cell-free supernatant to a final concentra-
tion of 10 mM. Fusion proteins were purified with immobi-
lized metal affinity chromatography (IMAC) using the super-
flow resin Ni-NTA (Qiagen, Germany) equilibrated in SB
buffer (SB buffer containing 10 mM imidazole). Cell-free
supernatant containing the protein of interest was loaded
directly into the pre-equilibrated Ni—-NTA resin. The AKTA
purifier (Amersham, Biosciences) was used for IMAC puri-
fication according to the following program: 5 column vol-
umes (CVs) SB,, (2% B: SBsq,), washed with 10 CVs of
SB,, (4% B: SBj, buffer), and eluted with approximately
40 mL of SBs, (100%) buffer. Buffer exchange was per-
formed by anion exchange chromatography using the AKTA
purifier. Each IMAC elution was diluted 35X in AB buffer
(50 mM Tris pH 8.3) and loaded onto the DEAE Sepharose
fast-flow resin. Elution was performed at 20% AB,, buffer
(50 mM Tris 1 M NaCl pH 7.5) on the AKTA purifier. Pro-
teins were detected at 280 nm and fractions were collected.

Bacteriocin Liberation

The NisP-mCherry fusion protein was used for the libera-
tion of CasAl and CasA2 proteins from their GFP fusion
partners. NisP-mCherry was added to GFP-CasA1 and GFP-
CasA?2 fusion proteins at volume ratio of 1:9, 1:4, 3:7, 4:6,
and 1:1 and incubated 4, 16, 30, and 37 °C for 16 h. Cleav-
age performance was then assessed by spot testing by adding
the mixtures in a well diffusion assay in Brain Heart Infusion
(BHI) soft agar (0.8%, w/v) seeded with overnight cultures
of L. monocytogenes EGD-e.

SDS-PAGE Analysis

Bacteriocins were separated using Tricine-SDS-PAGE
electrophoresis (4% stacking gel and 12% running gel).
Ten microliters of each sample were loaded into wells, and
gels were run in duplicate. One gel was resolved with blue
Coomassie, according to Schigger (2006) [38], and the other
gel was overlayed with L. monocytogenes suspended in BHI
soft agar [39].

Peptide Isolation
Peptides casAl and casA2 were liberated from GFP using
NisP under optimal cleavage conditions. Acetonitrile (75%,

v/v) was added, and the suspension was centrifuged at
5000 g for 5 min to remove GFP and NisP-mCherry. The
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supernatant was removed and lyophilized. The lyophilized
casAl and casA2 were resuspended in ultrapure water and
purified with HPLC-C18 (Poroshell 120 EC-C18 HPLC col-
umn 120 A, 4 um, 4.6 mm X 150 mm, Agilent) using a linear
gradient from 10% A (MilliQ 0.1% TFA) to 60% B (Acetoni-
trile 0.1% TFA) over 35 min at 1.3 mL/min. Separation was
performed on an Agilent 1260 Infinity IT LC system. Peaks
were collected and spot-tested for antibacterial activity as
described elsewhere. Active peaks were collected, pooled,
re-lyophilized, and analytically weighed using a XP26 (Met-
tler-Toledo, USA) balance.

Antibacterial Spectrum and Minimum Inhibitory
Concentrations

Lyophilized casA1 and casA?2 were suspended in sterile Mil-
1iQ to0 50.0, 25.0, 12.5, 6.3, 3.1, 1.6, 0.8, 0.4, and 0.2 ug/mL,
respectively. To evaluate the minimum inhibitory concentra-
tion (MIC) of casAl and casA2, a well-agar diffusion test
was used. Overnight cultures of L. ivanovii n29, L. mono-
cytogenes ATCC 7646, L. monocytogenes RTE, L. mono-
cytogenes EDG-e, L. innocua ATCC 33090, Ent. faecium
HKLHS, Ent. faecalis S1, Clos. difficile ATCC 70057, Lact.
zeae UD 2202, and Lact. casei UD 1001 were inoculated
into 45 mL BHI, DRCM, and MRS to yield a final cell con-
centration of approximately 1x 107 cfu/mL. The media were
solidified by adding 0.8% (w/v) agar. Wells were made using
a sterilized 96-well PCR plate placed into melted inoculated
media. Fifty microliters of casAl and casA2 were spotted
against each of the target strains. The MIC was defined as
the lowest concentration that produced a clear inhibition
zone of >2 mm after 24 h of incubation at 37 °C. The inhi-
bition halos were highlighted by adding 10 pL resazurin
(0.015%, w/v) to each of the wells.

Scanning Electron Microscopy (SEM)

A single colony of L. monocytogenes EGD-e was inoculated
in 10 mL sterile BHI and incubated at 37 °C with shaking
(120 rpm). After 24 h of incubation, aliquots of 50 uL. were
added to 50 uL sterile BHI (1:1). Coverslips were exposed
to UV light for 30 min and used as solid support. A final vol-
ume of 100 pL diluted L. monocytogenes EGD-e (approxi-
mately 107 cfu/mL) was added to the coverslip top surface
and placed in a sterile petri dish (35 15 mm). A total of
100 pL of cleaved peptide in 50 mM Tris, 200 mM NaCl
buffer were added to the coverslip and incubated at 26 °C
overnight. Cells were then fixed with 4% paraformaldehyde
(PFA) in PBS (pH 7.2) for 16 h at 4 °C, stained with 2%
0sO, for 30 min, washed 3 X with dH,0, dehydrated with
increments of ethanol (20, 50, 70, 90, 100 v/v) for 5 min, and
then sputter-coated with 50 nm gold/palladium. SEM was
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conducted using a ThermoFisher Apreo FESEM at a beam
strength of 2 kV and a current of 20 nA.

Results
In SilicoAnalyses

Two putative class Ila bacteriocin operons, Cas/ and Cas2,
were identified in Lact. zeae UD 2202 and Lact. casei UD
1001, respectively (Fig. 1).

The putative genes encoding the two bacteriocins
(casAl and casA2) are each 210 bp, encoding peptides of
69 amino acids. The leader peptides of both bacteriocins
have five glycine residues, which differs from leader pep-
tides with two glycine motifs described for other class Ila
and IIb bacteriocins. Caseicin Al (casAl) and caseicin A2
(casA2) core peptides consist of 46 amino acids, including
the N-terminal consensus sequence (YGNGV) typical of

casAl casBl casCl casDI casEl

Casl operon

the pediocin-like bacteriocins characterized by a cationic
less-conserved C-terminal region [39]. Moreover, a sin-
gle disulfide bridge is present in both core peptides that
includes four amino acid residues designed between the
2 Cys residues (CeTKKKC,,). The amino acid sequences
of casAl and casA2 are almost identical and only differ
at position 7 by having either valine (V) or alanine (A),
position 17 by having either isoleucine (I) or V, and by one
amino acid within the core peptide sequence at position 42
where glycine (G) in casAl is substituted for the positively
charged arginine (R) residue in casA2 (Fig. 2).

Based on the sequence data presented here, casAl and
casA2 are considered novel and natural co-evolution vari-
ants. Multiple sequence alignment (MSA) indicates that
casAl and casA2 do not share the same amino acid pattern
with other class Ila bacteriocins (Fig. 3). Mature class Ila
listeriocin 743 A and sakacin P had the highest amino acid
similarity to casA1l and casA2. Additional MSA results are
presented in Fig. 3S.

casF1 casGl

G/C content

casA2  casB2 casC2 casD2 casE2

Cas2 operon

caskF2 - Bacteriocin

BPOmS =y =

Immunity protein
- Hypothetical protein

- Hypothetical protein

G/C content

Conservation

Fig. 1 Alignment of genes in the Casl and Cas2 operons from the
genomes of Lact. zeae UD 2202 (GenBank GCA_028878215.1) and
Lact. casei UD 1001 (GenBank GCA_028878205.1). Both operons
contained genes encoding a structural peptide, immunity protein,

20
Leader peptide

- Rhomboid protease

- ABC - transporter
- Accessory bacteriocin protein

rhomboid protease, and two hypothetical proteins. The Casl operon
contains a longer ABC transporter and accessory bacteriocin protein.
Neither operon contained genes for classical transcriptional regula-
tory proteins

40 60

Mature peptide

Caseicin Al MIIITIIPIsNAlISIITGGGGGIllGNGIIcTII'CIINWGIAINSIGNNMAANWITGGQAGWNSGia 69

Leader peptide

Mature peptide

Caseicin A2 MIIITIAPISNAIISIITGGGGGIIIGNGIICTIIICIlNWIlAINSIGNNMAAN“TGGQAGENSGi{ 69

Consensus

MFKET I XPLSNAE I SKXTGGGGGKYYGNGVYCTKKKCYVNWXEAINS I GNNMAANWF TGGQAGWNSG | K

Conservation
Sequence logo MFKET |oPLSNAEISK¢TGGGGGKYYGNGVYCTKKKCYVNW=EAINS [ GNNMAANWF TGGQAGWNSG K

Fig.2 Alignment of amino acids in casAl and casA2. Substitutions in positions 7 (V or A), 17 (I or V), and 42 (G or R) define the difference in

the two peptide variants
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Fig.3 Cladogram alignment of
core amino acid sequences from
class Ila bacteriocins, including
casAl and casA2

satacinA

s B o .
E & S E 8
- =
< 5 3 3 2 o
2 = g & C &
S C o %] 3
S & C E g
z z 2 s
ey = 7z & S
z b} = 2 2
¢ 2 5 Lz SIS
e Z o+ =)
= Qo
T

30°C

16°C

4°C

19 14

1:9 1:4 3:7 46 1:1

Fig.4 Cleavage optimization of GFP-CasAl (left) and GFP-CasA2
(right) adding NisP-mCherry protease in different ratios; all condi-
tions were then analyzed after 24 h of incubation at different tem-
peratures. Cell-free pH adjusted (pH 7) supernatant from strain Lact.
plantarum 423 (producer of plantaricin 423) was used as a positive
control

Expression Plasmid System and Detection
of Putative Bacteriocins

Aiming to maximize the bacteriocin liberation from GFP
protein, cleavage reactions were performed at a volume ratio
of 1:9, 1:4, 3:7, 4:6, and 1:1 and incubated at 4, 16, 30, and
37 °C for 16 h. The highest antilisterial activity obtained
after the cleavage of GFP-NislCasA1l and GFP-NislCasA2
was obtained after 16 h of incubation at 3:7 volume ratio
and 4 °C (Fig. 4).
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The GFP-NislCasA1 and GFP-NislCasA?2 fusion proteins
cleaved with NisP-mCherry were analyzed by semi-native
SDS-PAGE (Fig. 5). Although a size change could not be
detected between uncleaved and cleaved GFP-NislCasAl
and GFP-NislCasA2, respectively, a peptide band could be
detected confirming antilisterial activity for casAl (5.1 kDa)
and casA2 (5.2 kDa) (Fig. 5, black arrows) (Table 1).

Mode of Action

The mature casAl and casA2 liberation were evaluated by
detecting antimicrobial activity against L. monocytogenes
EDG-e before and after proteolytic cleavage.

Both liberated CasA1l and CasA2 peptides caused severe
damage to the cell surface of L. monocytogenes EDG-e when
compared to the untreated control or the NisP-mCherry pro-
tease (Fig. 6).

Antimicrobial Spectrum and MIC

Active fractions of casAl and casA2, obtained after HPLC
separation and concentrated by lyophilization, revealed MIC
values ranging from <0.2 to 50 pg/mL (Table 2).

Both peptides exhibited potent activity against Listeria spp.
and moderate activity against Ent. faecium HKLHS, Ent. fae-
calis S1, and Clos. difficile ATCC 70057. However, casAl and
casA2 were not active against the native producers Lact. zeae
UD 2202 and Lact. casei UD 1001. Additional MIC results
are shown in Fig. 4S.
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Fig.5 Tricine-SDS-PAGE anal-
ysis of casAl and casA2 peptide
liberation using NisP-mCherry.
Lanes 1: NisP-mCherry, 2:
Ultralowrange marker (M3456),
3: GFP-CasAl, 4: cleavage

of GFP-CasA1 with NisP-
mCherry, 5: GFP-CasA2, 6:
cleavage of GFP-CasA2 with
NisP-mCherry, 7: Seeblue plus
ladder. While (A) presents

the location of fluorescent
NisP-mCherry and GFP-fusion
constructs, no changes in GFP
size were observed post-cleav-
age with NisP-mCherry (lanes 4
and 6). (B) Coomassie staining
the gel presented in (A). (C) is
the duplicate SDS-PAGE gel of
(A) overlaid onto a BHI plate
seeded with L. monocytogenes
EDG-e where a zone of inhibi-
tion may be observed (black
arrows). (D) Superimposition
of (B) and (C) indicates that the
inhibition zone corresponds to

a band of approximately 5 kDa
in size

Table 1 Plasmids, strains, and
primers

Description Ref
Plasmid
pRSF-GFP Shuttle vector, Kan* [36]
pRSF-hNisP Shuttle vector, Kan* [37]
pRSF-GFP-NislcasAl 6xHis-tag-GFP-Nisin leader peptide- CasA1 vector producer  This work
pRSF-GFP-NislcasA2 6xHis-tag-GFP-Nisin leader peptide- CasA2 vector producer  This work
pRSF-Nisp-mCherry8xHis  NisPmCherry-8xHis-tag peptide vector producer This work
Strain
L. lactis QU2 Nisin producer strain [37]
Lact. zeae UD 2202 Strain under study with casAl gene This work
Lact. casei UD 1001 Strain under study with casA2 gene This work
E. coli BL21 (DE3) Expression host
Primer
GFPNisLeader_PstIF GGAACTGCAGATGAGTACAAAAGA This work
Rev_NisLeaderOri_casA1/2 CATAGTATTTGCGTGGTGATG This work
FWNispL_casA1/2 CAGGTGCATCACCACGCAAATACTATGGTAATGGTGT This work
PstCFbactFwd GAACTGCAGAAATACTATGGTAATGGTG This work
Hind_REV_casAl1/2 GCAAAGCTTACTTGATGCCAGAATTC This work
Fwd_mCherryNisP_Hind GACAAGCTTTGGCAATCATCAAAGAATT This work
Rev_mCherryNisP_Hind GTCAAGCTTTATATAATTCATCCATACCAC This work
pRSFMCS1_F GGATCTCGACGCTCTCCCT [37]
pRSFMCS1_R GATTATGCGGCCGTGTACAA [37]

* . .
Kan, kanamycin resistance

Primer sequences represented in the 5° to 3’ direction

@ Springer
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Fig.6 Mode of antimicrobial action for casAl and casA2 against L. monocytogenes EDG-e cells observed under SEM. A Untreated cells, B
treated with NisP-mCherry, C treated with GFP-Nisl-CasA1/CasA2, D treated with liberated CasAl, E treated with liberated casA2

Table 2 Antibacterial spectra and MIC

Strain CasAl MIC (ug/ CasA2
mL) MIC (pg/
mL)
L. ivanovii n29 <0.2 <0.2
L. monocytogenes ATCC 7646 0.35 0.35
L. monocytogenes RTE 6.25 6.25
L. monocytogenes EDG-e 12.5 12.5
L. innocua ATCC 33090 12.5 12.5
Ent. faecium HKLHS 25 25
Ent. faecalis S1 50 50
Clos. difficile ATCC 70057 50 50

Lact. zeae UD 2202 - -
Lact. casei UD 1001 - -

Discussion

The genes casAl and casA2, identified in two separate
bacteriocin gene clusters (Casl and Cas2), code for the
production of two previously undescribed class Ila bac-
teriocins. The suffix “cin” was used in defining the name
caseicin Al (casAl) and caseicin A2 (casA2), as pro-
posed by Montville and Kaiser [40]. Screening of cell-
free supernatants produced by the wild-type producers,
Lact. zeae UD 2202 and Lact. casei UD 1001, yielded no
antimicrobial activity, despite sequence resemblance to
other class II A bacteriocins. In silico mining of genome
sequences provided valuable information on putative bac-
teriocin gene clusters. While metagenomic studies may be

@ Springer

a viable source for discovering putative bacteriocin genes,
the expression of these genes and the detection of anti-
microbial active peptides can be challenging and require
an in-depth understanding of gene regulation and peptide
secretion. Expression of casAl and casA2 in a heterolo-
gous host produced peptides with antimicrobial activity,
demonstrating the strength of in silico mining and pro-
viding information required for the expression of putative
bacteriocin genes [41, 42]. Information on the regulatory
mechanisms used by bacteriocins has led to the develop-
ment of plasmid-based expression systems and improved
production levels [43, 44].

The His-tagged GFP-bacteriocin fusion protein heterolo-
gous expression system described by Vermeulen et al. [36,
45], yielded active bacteriocins (casAl and casA2). The flu-
orescent protein (GFP) fused to the gene constructs made it
possible to track the production of casAl and casA2 during
fermentation, extraction, and HPLC purification. Accord-
ing to Vermeulen et al. [36], the WELQut protease that is
used to liberate peptides from the His-tagged GFP-bacteri-
ocin fusion construct has an inefficient cleavage rate. In the
present study, this was circumvented by using a heterolo-
gously produced NisP-mCherry protease. NisP is a specific
membrane-anchored subtilisin-like serine peptidase (Pfam
entry Peptidase S8) and plays a leading role in the last step
of nisin maturation [46—48]. Mature class Ila bacteriocins,
characterized by having one or more disulfide bridges and
no lanthionine ring structures, prove that lanthionine is not
essential for NisP activity, as also reported by Montalban-
Lopez et al. [49].

Both peptides (casA1l and casA2) were heterologously
expressed as GFP-fusion proteins (GFP-NislCasAl and
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GFP-NislCasA?2) in E. coli BL21 and were liberated from
the GFP-fusion construct by using the NisP-mCherry
protease. Cleavage reactions were performed in 200 mM
NaCl and 50 mM Tris pH 7.5, without the requirement
of additional co-factors. Differences observed in cleav-
age efficiency between CasAl and CasA2 may be due
to amino acid variations in position 19 (G and R). This
change introduced an additional positive charged residue
in CasA2, which increased the functional temperature
range of NisP. The addition of the mCherry gene in the
pRSF-NisP8xHis vector allowed for variations in tem-
perature increases. Best results were obtained with freshly
produced (heterologously expressed) NisP protease fused
to the mCherry protein, suggesting that NisP may not be
that stable in the fused construct. Further research is
required to improve the stability of the NisP-mCherry
construct.

Similar to other class Ila bacteriocins, casA1 and casA2
showed potent antilisterial activity and moderate activ-
ity against other closely related bacteria. Images obtained
with SEM suggest that the mode of action is pore forma-
tion. Despite variations in amino acid compositions, no
significant changes were detected in the specific activity
of casAl and casA2. This suggests that the additional net
positive charge in casA?2 has no selective advantage in bac-
terial defense. Based on the conserved “YGNGV” motif
and their spectrum of antimicrobial activity, both peptides
are classified as pediocin-like bacteriocins. This is sup-
ported by the cell membrane disruption observed [50, 51].

While the Lact. zeae UD 2202 and Lact. casei UD 1001
strains clearly show antimicrobial resistance to CasAl
and CasA2 peptides, antilisterial activity and, therefore,
native expression of the CasAl and CasA2 has not been
detected from Lact. zeae UD 2202 and Lact. casei UD
1001, respectively. This might be due to a lack of niche-
specific stimuli under laboratory culturing conditions. It
is also possible that the wild-type strains only profit from
having genes encoding immunity proteins, and hence pro-
tect themselves from other bacteriocin producers. The
Cas2 operon appears to lack an intact ABC transporter
and accessory protein, which suggests that Lact. casei UD
1001 lacks the ability to secrete an active CasA2 protein.
This may further support the possibility that these oper-
ons are used for their immunity proteins only. To date,
the mechanism by which immunity proteins induce resist-
ance to the antibacterial activity of class Ila bacteriocins
is not well described. It is currently unclear whether these
immunity proteins act from an inter-, intra-, or extra-
cellular position. If Lact. zeae UD 2202 and Lact. casei
UD 1001 strains are genetically unable to secrete mature
CasAl and CasA2 peptides, this may indicate that the cog-
nate immunity protein is also not secreted, however, both

strains still actively were resistant to other external class
IIa bacteriocins.

In the plethora of antimicrobial peptides, several bacte-
riocins have been discovered from Lacticaseibacillus casei
spp. strains. These peptides include bacteriocin LiN333 [52],
bacteriocin lactocin 705 [53, 54], bacteriocin caseicin 80
[55], bacteriocin LSEI_2163 [56], and bacteriocin caseicin
TN-2 [57]. Interestingly, class Ila bacteriocin activity is yet
to be described for strains of Lact. casei spp., although it is
clear from this work that they do harbor the genetic potential
to produce potent antibacterial class Ila peptides. Therefore,
Lact. casei spp. might only produce class Ila bacteriocins
under very niche-specific conditions, or they may harbor
cryptic class Ila bacteriocin genes as a mechanism to gain a
selective advantage through resistance without the metabolic
burden of producing and secreting the active peptide.

Conclusion

Metagenomic studies provide a vast body of information,
which allows the comparison of data obtained by conven-
tional microbiology techniques and simultaneously enhances
the development of new technology. Extensive applications
of predicational homology-based genomic tools are available
to interpret genomic data.

Although CasA1 and CasA2 display classical class Ila bac-
teriocin activity, the expression of these peptides by the native
producers Lact. zeae UD 2202 and Lact. casei UD 1001 was not
observed. These operons may be cryptic due to a lack of niche-
specific stimuli, or they may be maintained only for the benefit
of the encoded immunity proteins. Future work should consider
the potential regulatory mechanisms for these novel class Ila
bacteriocins along with the effect resistant (and bacteriocin
silent) bacteria have on population dynamics within the same
niche. We propose to include casA1l and casA2 into the group
of class Ila bacteriocins. Further research is being conducted on
the regulation of the genes encoding casAl and casA2.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12602-024-10341-0.

Author Contribution Conceptualization: F.S., R.V., LM.T.D.; Meth-
odology: F.S., R.V.; Formal analysis and investigation: F.S., Writ-
ing—original draft preparation: F.S; Writing—review and editing:
F.S.,R.V,, LM.T.D., L.I.; Funding acquisition: G.C., LM.T.D.; L.L;
Resources: G.C., LM.T.D., L.L; Supervision: AV, G. C., L.I, LM.T.D..
All authors and contributors have approved the final version of the
submitted manuscript.

Funding Open access funding provided by Stellenbosch University.

Data Availability No datasets were generated or analysed during the
current study.

@ Springer


https://doi.org/10.1007/s12602-024-10341-0

Probiotics and Antimicrobial Proteins

Declarations

Ethics Approval Not required.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

Lopetuso LR, Giorgio ME, Saviano A, Scaldaferri F, Gasbarrini
A, Cammarota G (2019) Bacteriocins and bacteriophages: thera-
peutic weapons for gastrointestinal diseases? Int J Mol Sci 20:183.
https://doi.org/10.3390/ijms20010183

Choi D, Bedale W, Chetty S, Yu JH (2024) Comprehensive review
of clean-label antimicrobials used in dairy products. Compr Rev
Food Sci Food Saf 23(1-21):e13263. https://doi.org/10.1111/
1541-4337.13263

Khelissa S, Chihib N-E, Gharsallaoui A (2021) Conditions of
nisin production by Lactococcus lactis subsp. lactis and its main
uses as a food preservative. Arch Microbiol 203:465-480. https://
doi.org/10.1007/s00203-020-02054-z

Sidhu PK, Nehra K (2019) Bacteriocin-nanoconjugates as emerg-
ing compounds for enhancing antimicrobial activity of bacterioc-
ins. J King Saud Univ Sci 31:758-767. https://doi.org/10.1016/j.
jksus.2017.12.007

Cui Y, Zhang C, Wang Y et al (2012) Class Ila bacteriocins:
Diversity and new developments. Int J] Mol Sci 13:16668-16707.
https://doi.org/10.3390/ijms 131216668

Nicolas GG, Lapointe G, Lavoie MC (2011) Production, puri-
fication, sequencing and activity spectra of mutacins D-123.1
and F-59.1. BMC Microbiol 11:. https://doi.org/10.1186/
1471-2180-11-69

Yildirim Z, Johnson MG (1998) Characterization and antimicro-
bial spectrum of bifidocin B, a bacteriocin produced by Bifido-
bacterium bifidum NCFB 1454. J Food Prot 61:47-51. https://doi.
org/10.4315/0362-028X-61.1.47

Cheikhyoussef A, Cheikhyoussef N, Chen H et al (2010) Bifidin
I —a new bacteriocin produced by Bifidobacterium infantis BCRC
14602: purification and partial amino acid sequence. Food Control
21:746-753. https://doi.org/10.1016/j.foodcont.2009.11.003
Kalmokoff ML, Banerjee SK, Cyr T et al (2001) Identification
of a new plasmid-encoded sec-dependent bacteriocin produced
by Listeria innocua 743. Appl Environ Microbiol 67:4041-4047.
https://doi.org/10.1128/AEM.67.9.4041-4047.2001

Zhang T, Zhang Y, Li L et al (2022) Biosynthesis and production
of class II bacteriocins of food-associated lactic acid bacteria.
Fermentation 8:217. https://doi.org/10.3390/fermentation805
0217

Cotter PD, Ross RP, Hill C (2013) Bacteriocins-a viable alterna-
tive to antibiotics? Nat Rev Microbiol 11:95-105. https://doi.org/
10.1038/nrmicro2937

Springer

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Oppegérd C, Fimland G, Anonsen JH, Nissen-Meyer J (2015) The
pediocin PA-1 accessory protein ensures correct disulfide bond
formation in the antimicrobial peptide pediocin PA-1. Biochem-
istry 54:2967-2974. https://doi.org/10.1021/acs.biochem.5b001
64

Cui Y, Luo L, Wang X et al (2021) Mining, heterologous expres-
sion, purification, antibactericidal mechanism, and application of
bacteriocins: a review. Compr Rev Food Sci Food Saf 20:863—
899. https://doi.org/10.1111/1541-4337.12658

Hugas M, Garriga M, Pascual M et al (2002) Enhancement of
sakacin K activity against Listeria monocytogenes in fermented
sausages with pepper or manganese as ingredients. Food Micro-
biol 19:519-528. https://doi.org/10.1006/fmic.2002.0497
Nilsson L, Nielsen MK, Ng Y, Gram L (2002) Role of acetate in
production of an autoinducible class Ila bacteriocin in Carnobac-
terium piscicola A9b. Appl Environ Microbiol 68:2251-2260.
https://doi.org/10.1128/AEM.68.5.2251-2260.2002
Kleerebezem M (2004) Quorum sensing control of lantibiotic
production; nisin and subtilin autoregulate their own biosyn-
thesis. Peptides (NY) 25:1405-1414. https://doi.org/10.1016/j.
peptides.2003.10.021

Meng F, Zhao H, Nie T et al (2021) Acetate activates Lacto-
bacillus bacteriocin synthesis by controlling quorum sensing.
Appl Environ Microbiol 87:¢0072021. https://doi.org/10.1128/
AEM.00720-21

Kareb O, Aider M (2020) Quorum sensing circuits in the com-
municating mechanisms of bacteria and its implication in the
biosynthesis of bacteriocins by lactic acid bacteria: a review.
Probiotics Antimicrob Proteins 12:5-17. https://doi.org/10.
1007/5s12602-019-09555-4

Vermeulen R, Deane S, Dicks L et al (2021) Manganese pri-
vation-induced transcriptional upregulation of the class Ila
bacteriocin plantaricin 423 in Lactobacillus plantarum strain
423. Appl Environ Microbiol 87:. https://doi.org/10.1128/AEM.
00976-21

Egan K (2018) Future applications discovery and evaluation of
novel and characterised bacteriocins for future applications A
Thesis Presented to : The National University of Ireland , Cork ,
Ireland for the Degree of Doctor of Philosophy By Kevin Egan B
. Sc . School o

Zou J, Jiang H, Cheng H et al (2018) Strategies for screening,
purification and characterization of bacteriocins. Int J Biol Mac-
romol 117:781-789. https://doi.org/10.1016/].ijbiomac.2018.05.
233

Salini F, Iacumin L, Comi G, Dicks LMT (2023) Thermophilin
13: in silico analysis provides new insight in genes involved in
bacteriocin production. Microorganisms 11:611. https://doi.org/
10.3390/microorganisms11030611

Rodriguez JM, Martinez MI, Horn N, Dodd HM (2003) Heterolo-
gous production of bacteriocins by lactic acid bacteria. Int J Food
Microbiol 80:101-116. https://doi.org/10.1016/S0168-1605(02)
00153-8

Kuo Y, Liu C, Lin J (2013) Characterization of putative class
II bacteriocins identified from a non-bacteriocin-producing
strain Lactobacillus casei. 237-246. https://doi.org/10.1007/
s00253-012-4149-2

Ongey EL, Neubauer P (2016) Lanthipeptides: Chemical syn-
thesis versus in vivo biosynthesis as tools for pharmaceutical
production. Microb Cell Fact 15:97. https://doi.org/10.1186/
$12934-016-0502-y

Mesa-Pereira B, Rea MC, Cotter PD et al (2018) Heterologous
expression of biopreservative bacteriocins with a view to low
cost production. Front Microbiol 9:1-15. https://doi.org/10.3389/
fmicb.2018.01654

Colautti A, Rossi N, Piazza C et al (2023) Draft genome
sequences of 14 Lacticaseibacillus spp. strains, representatives


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms20010183
https://doi.org/10.1111/1541-4337.13263
https://doi.org/10.1111/1541-4337.13263
https://doi.org/10.1007/s00203-020-02054-z
https://doi.org/10.1007/s00203-020-02054-z
https://doi.org/10.1016/j.jksus.2017.12.007
https://doi.org/10.1016/j.jksus.2017.12.007
https://doi.org/10.3390/ijms131216668
https://doi.org/10.1186/1471-2180-11-69
https://doi.org/10.1186/1471-2180-11-69
https://doi.org/10.4315/0362-028X-61.1.47
https://doi.org/10.4315/0362-028X-61.1.47
https://doi.org/10.1016/j.foodcont.2009.11.003
https://doi.org/10.1128/AEM.67.9.4041-4047.2001
https://doi.org/10.3390/fermentation8050217
https://doi.org/10.3390/fermentation8050217
https://doi.org/10.1038/nrmicro2937
https://doi.org/10.1038/nrmicro2937
https://doi.org/10.1021/acs.biochem.5b00164
https://doi.org/10.1021/acs.biochem.5b00164
https://doi.org/10.1111/1541-4337.12658
https://doi.org/10.1006/fmic.2002.0497
https://doi.org/10.1128/AEM.68.5.2251-2260.2002
https://doi.org/10.1016/j.peptides.2003.10.021
https://doi.org/10.1016/j.peptides.2003.10.021
https://doi.org/10.1128/AEM.00720-21
https://doi.org/10.1128/AEM.00720-21
https://doi.org/10.1007/s12602-019-09555-4
https://doi.org/10.1007/s12602-019-09555-4
https://doi.org/10.1128/AEM.00976-21
https://doi.org/10.1128/AEM.00976-21
https://doi.org/10.1016/j.ijbiomac.2018.05.233
https://doi.org/10.1016/j.ijbiomac.2018.05.233
https://doi.org/10.3390/microorganisms11030611
https://doi.org/10.3390/microorganisms11030611
https://doi.org/10.1016/S0168-1605(02)00153-8
https://doi.org/10.1016/S0168-1605(02)00153-8
https://doi.org/10.1007/s00253-012-4149-2
https://doi.org/10.1007/s00253-012-4149-2
https://doi.org/10.1186/s12934-016-0502-y
https://doi.org/10.1186/s12934-016-0502-y
https://doi.org/10.3389/fmicb.2018.01654
https://doi.org/10.3389/fmicb.2018.01654

Probiotics and Antimicrobial Proteins

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

of a collection of 200 strains. Microbiol Resour Announc
12:¢00485-e523. https://doi.org/10.1128/MRA.00485-23

Rossi N, Colautti A, lacumin L, Piazza C (2022) WGA-LP: A pipe-
line for whole genome assembly of contaminated reads. Bioinfor-
matics 38:846-848. https://doi.org/10.1093/bioinformatics/btab719
Van Heel AJ, De Jong A, Song C et al (2018) BAGEL4: A user-
friendly web server to thoroughly mine RiPPs and bacteriocins.
Nucleic Acids Res 46:W278-W281. https://doi.org/10.1093/nar/
gky383

Boratyn GM, Camacho C, Cooper PS et al (2013) BLAST: a more
efficient report with usability improvements. Nucleic Acids Res
41:W29-33. https://doi.org/10.1093/nar/gkt282

Hammami R, Zouhir A, Ben Hamida J, Fliss I (2007) BACTIBASE:
A new web-accessible database for bacteriocin characterization.
BMC Microbiol 7:6-11. https://doi.org/10.1186/1471-2180-7-89
Kassaa TAL, Rafei R, Moukhtar M et al (2019) LABiocin data-
base: a new database designed specifically for lactic acid bacteria
bacteriocins. Int J Antimicrob Agents 54:771-779. https://doi.org/
10.1016/j.ijantimicag.2019.07.012

Edgar RC (2004) MUSCLE: Multiple sequence alignment with
high accuracy and high throughput. Nucleic Acids Res 32:1792—
1797. https://doi.org/10.1093/nar/gkh340

Letunic I, Bork P (2021) Interactive tree of life (TOL) v5: an
online tool for phylogenetic tree display and annotation. Nucleic
Acids Res 49:W293-W296. https://doi.org/10.1093/nar/gkab301
Mirdita M, Schiitze K, Moriwaki Y et al (2022) ColabFold: mak-
ing protein folding accessible to all. Nat Methods 19:679-682.
https://doi.org/10.1038/s41592-022-01488-1

Vermeulen RR, van Staden AD, Dicks LMT (2020) Heterologous
expression of the subclass Ila bacteriocins, plantaricin 423 and
mundticin ST4SA, in Escherichia coli using green fluorescent
protein as a fusion partner. Front Microbiol 11:1-15. https://doi.
org/10.3389/fmicb.2020.01634

Van Staden ADP, Faure LM, Vermeulen RR et al (2019) Func-
tional expression of GFP-fused class I lanthipeptides in Escheri-
chia coli. ACS Synth Biol 8:2220-2227. https://doi.org/10.1021/
acssynbio.9b00167

Schigger H (2006) Tricine — SDS-PAGE. 1:16-23. https://doi.org/
10.1038/nprot.2006.4

Gilbreth SE, Somkuti GA (2005) Thermophilin 110: a bacteriocin
of Streptococcus thermophilus ST110. Curr Microbiol 51:175—
182. https://doi.org/10.1007/s00284-005-4540-7

Drider D, Fimland G, Héchard Y et al (2006) The continuing story
of class Ila bacteriocins. Microbiol Mol Biol Rev 70:564-582.
https://doi.org/10.1128/mmbr.00016-05

Montville TJ, Kaiser AL (1993) Antimicrobial proteins: classifica-
tion, nomenclature, diversity, and relationship to bacteriocins. In:
Bacteriocins of Lactic Acid Bacteria. Elsevier, pp 1-22. https://
doi.org/10.1016/B978-0-12-355510-6.50009-9

Borrero J, Kunze G, Jiménez JJ et al (2012) Cloning, production,
and functional expression of the bacteriocin enterocin A, pro-
duced by Enterococcus faecium T136, by the yeasts Pichia pas-
toris, Kluyveromyces lactis, Hansenula polymorpha, and Arxula
adeninivorans. Appl Environ Microbiol 78:5956-5961. https://
doi.org/10.1128/AEM.00530-12

Ahmad M, Hirz M, Pichler H, Schwab H (2014) Protein expres-
sion in Pichia pastoris: recent achievements and perspectives
for heterologous protein production. Appl Microbiol Biotechnol
98:5301-5317. https://doi.org/10.1007/s00253-014-5732-5

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Chen H, Tian F, Li S et al (2012) Cloning and heterologous
expression of a bacteriocin sakacin P from Lactobacillus sakei
in Escherichia coli. Appl Microbiol Biotechnol 94:1061-1068.
https://doi.org/10.1007/s00253-012-3872-z

Yang H, Wan L, Li X et al (2007) High level expression of His-
tagged colicin 5 in E. coli and characterization of its narrow-spec-
trum bactericidal activity and pore-forming action. Protein Expr
Purif 54:309-317. https://doi.org/10.1016/j.pep.2007.03.006

Xu Y, Li X, Li R et al (2014) Structure of the nisin leader pepti-
dase NisP revealing a C-terminal autocleavage activity. Acta Crys-
tallogr D Biol Crystallogr 70:1499—1505. https://doi.org/10.1107/
$1399004714004234

Lagedroste M, Smits SHJ, Schmitt L (2017) Substrate specific-
ity of the secreted nisin leader peptidase NisP. Biochemistry
56:4005-4014. https://doi.org/10.1021/acs.biochem.7b00524
Reiners J, Lagedroste M, Gottstein J et al (2020) Insights in the
antimicrobial potential of the natural nisin variant nisin H. 11:1—
12.https://doi.org/10.3389/fmicb.2020.573614
Montalbin-Lépez M, Deng J, van Heel AJ, Kuipers OP (2018)
Specificity and application of the lantibiotic protease NisP. Front
Microbiol 9:1-16. https://doi.org/10.3389/fmicb.2018.00160
Bédard F, Hammami R, Zirah S et al (2018) Synthesis, antimicro-
bial activity and conformational analysis of the class Ila bacteri-
ocin pediocin PA-1 and analogs thereof. Sci Rep 8:1-13. https://
doi.org/10.1038/541598-018-27225-3

Soltani S, Biron E, Ben Said L et al (2022) Bacteriocin-based syn-
ergetic consortia: a promising strategy to enhance antimicrobial
activity and broaden the spectrum of inhibition. Microbiol Spectr
10:. https://doi.org/10.1128/spectrum.00406-21

Ullah N, Wang X, Wu J et al (2017) Purification and primary char-
acterization of a novel bacteriocin, LiN333, from Lactobacillus
casei, an isolate from a Chinese fermented food. LWT Food Sci
Technol 84:867-875. https://doi.org/10.1016/j.1wt.2017.04.056
Vignolo GM, de Kairuz MN, de Ruiz Holgado AAP, Oliver G
(1995) Influence of growth conditions on the production of lac-
tocin 705, a bacteriocin produced by Lactobacillus casei CRL 705.
J Appl Bacteriol 78:5-10. https://doi.org/10.1111/j.1365-2672.
1995.tb01665.x

Cuozzo SA, Sesma F, Palacios JM et al (2000) Identification
and nucleotide sequence of genes involved in the synthesis of
lactocin 705, a two-peptide bacteriocin from Lactobacillus casei
CRL 705. FEMS Microbiol Lett 185:157-161. https://doi.org/10.
1016/S0378-1097(00)00093-8

Miiller E, Radler F (1993) Caseicin, a bacteriocin from Lactoba-
cillus casei. Folia Microbiol (Praha) 38:441-446. https://doi.org/
10.1007/BF02814392

Kuo YC, Liu CF, Lin JF et al (2013) Characterization of putative
class II bacteriocins identified from a non-bacteriocin-producing
strain Lactobacillus casei ATCC 334. Appl Microbiol Biotechnol
97:237-246. https://doi.org/10.1007/s00253-012-4149-2

Li X, Hu P, Dang Y, Liu B (2014) Purification and partial charac-
terization of a novel bacteriocin produced by Lactobacillus casei
TN-2 isolated from fermented camel milk (Shubat) of Xinjiang
Uygur Autonomous region, China. Food Control 43:276-283.
https://doi.org/10.1016/j.foodcont.2014.03.020

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1128/MRA.00485-23
https://doi.org/10.1093/bioinformatics/btab719
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1186/1471-2180-7-89
https://doi.org/10.1016/j.ijantimicag.2019.07.012
https://doi.org/10.1016/j.ijantimicag.2019.07.012
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.3389/fmicb.2020.01634
https://doi.org/10.3389/fmicb.2020.01634
https://doi.org/10.1021/acssynbio.9b00167
https://doi.org/10.1021/acssynbio.9b00167
https://doi.org/10.1038/nprot.2006.4
https://doi.org/10.1038/nprot.2006.4
https://doi.org/10.1007/s00284-005-4540-7
https://doi.org/10.1128/mmbr.00016-05
https://doi.org/10.1016/B978-0-12-355510-6.50009-9
https://doi.org/10.1016/B978-0-12-355510-6.50009-9
https://doi.org/10.1128/AEM.00530-12
https://doi.org/10.1128/AEM.00530-12
https://doi.org/10.1007/s00253-014-5732-5
https://doi.org/10.1007/s00253-012-3872-z
https://doi.org/10.1016/j.pep.2007.03.006
https://doi.org/10.1107/S1399004714004234
https://doi.org/10.1107/S1399004714004234
https://doi.org/10.1021/acs.biochem.7b00524
https://doi.org/10.3389/fmicb.2020.573614
https://doi.org/10.3389/fmicb.2018.00160
https://doi.org/10.1038/s41598-018-27225-3
https://doi.org/10.1038/s41598-018-27225-3
https://doi.org/10.1128/spectrum.00406-21
https://doi.org/10.1016/j.lwt.2017.04.056
https://doi.org/10.1111/j.1365-2672.1995.tb01665.x
https://doi.org/10.1111/j.1365-2672.1995.tb01665.x
https://doi.org/10.1016/S0378-1097(00)00093-8
https://doi.org/10.1016/S0378-1097(00)00093-8
https://doi.org/10.1007/BF02814392
https://doi.org/10.1007/BF02814392
https://doi.org/10.1007/s00253-012-4149-2
https://doi.org/10.1016/j.foodcont.2014.03.020

	Expression of Caseicin from Lacticaseibacillus casei and Lacticaseibacillus zeae Provides Insight into Antilisterial Class IIa Bacteriocins
	Abstract
	Introduction
	Methods
	Bacterial Strains and Culture Conditions
	In SilicoGenome Mining and Sequence Analyses
	Molecular Cloning
	Construction of GFP-Caseicin Expression Systems
	Construction of the mCherry-NisP Expression System
	Expression of Fusion Proteins in E. coli BL21
	Purification of Fusion Proteins from E. coli BL21
	Bacteriocin Liberation
	SDS-PAGE Analysis
	Peptide Isolation
	Antibacterial Spectrum and Minimum Inhibitory Concentrations
	Scanning Electron Microscopy (SEM)

	Results
	In SilicoAnalyses
	Expression Plasmid System and Detection of Putative Bacteriocins
	Mode of Action
	Antimicrobial Spectrum and MIC

	Discussion
	Conclusion
	References


