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From discovery to potential
application: engineering a novel
M23 peptidase to combat Listeria
monocytogenes
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Peptidoglycan hydrolases are promising alternatives for combating pathogens due to their specificity
and potent bacteriolytic activity. In this study, a novel M23 peptidase from Streptococcus thermophilus
NCTC10353, designated StM23, was discovered and characterized. It exhibited antibacterial activity
against Listeria monocytogenes and other Gram-positive bacteria with meso-DAP-type peptidoglycan,
including Bacillus subtilis and Bacillus cereus. To enhance StM23's efficacy and specificity, a chimeric
enzyme, StM23_CWT, was engineered by fusing its catalytic domain with a cell wall-targeting

domain (CWT) from SpM23B, a peptidoglycan hydrolase found in Staphylococcus pettenkoferi. The
engineered chimera demonstrated expanded specificity, showing activity against Staphylococcus
aureus and Enterococcus faecium. Its ability to disrupt L. monocytogenes cells was visualized by
electron microscopy. The enzyme effectively disrupted biofilm structures and decontaminated surfaces
like glass, stainless steel, and silicone, showcasing its industrial potential. Safety evaluations using
zebrafish, moth larvae, and human cell models confirmed its non-toxic profile, supporting its broad
applicability. Based on these findings, StM23_CWT is a novel and potent antimicrobial agent with
significant potential to reduce the risk of listeriosis and control persistent pathogens.
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Listeria monocytogenes is the causative agent of listeriosis, a severe infection that can lead to meningitis,
septicaemia, and even death, particularly in immunocompromised individuals, pregnant women, and the
elderly’. Listeriosis outbreaks are primarily linked to the consumption of contaminated RTE foods, including
deli meats, soft cheeses, smoked fish, and pre-packaged salads. The ability of L. monocytogenes to persist in food
processing environments complicates its control, posing a continuous risk for cross-contamination with other
bacteria during food production and packaging?®. Traditional approaches to controlling L. monocytogenes in food
processing environments, such as chemical sanitizers and heat treatments, face certain limitations, including
the emergence of resistant strains and potential negative impacts on food quality and safety*. Additionally,
their effectiveness against biofilm structures formed on various surfaces in food production settings remains a
significant challenge”?. Thus, listeriosis outbreaks with severe consequences are reported each year and with the
number of confirmed listeriosis cases reported to increase in the European Union/European Economic Area’.
Importantly, standard antibiotic treatments of infected individuals are becoming less effective due to the rise
of antibiotic-resistant strains and concerns about their effects on the microbiome>!%!1, Therefore, there is a
pressing need for novel and more targeted approaches not only for listeriosis treatment but especially to mitigate
the risk of L. monocytogenes in RTE foods.
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In recent years, lactic acid bacteria (LAB), cocktails of phages and bacteriolytic enzymes either produced by
bacteriophages (endolysins) or by bacteria (autolysins and bacteriocins) have emerged as promising alternatives
for controlling L. monocytogenes'?. The bacteriolytic enzymes are peptidoglycan hydrolases (PGHs) that degrade
the bacterial cell wall, leading to rapid lysis of the target bacteria. Unlike traditional antibiotics, peptidoglycan
hydrolases exhibit well defined specificity, that can be limited to particular species, reducing the likelihood
of off-target effects on beneficial microflora. Moreover, peptidoglycan hydrolases have demonstrated efficacy
against antibiotic-resistant strains, making them a powerful tool in combating foodborne pathogens!®. PGHs are
a diverse group of enzymes characterized by their ability to break down specific bonds within the peptidoglycan
matrix, a crucial component of bacterial cell walls. They have multidomain architecture and are composed of
at least one enzymatically active domain (EAD) usually accompanied by cell wall targeting domain(s) (CWT).
Depending on the type of EAD, PGHs can function as glycosidases that cleave glycosidic bonds, amidases that
target amide bonds, or peptidases that break peptide bonds. They can possess two active catalytic units, which
boost their potency and efficiency while reducing the risk of resistance development. The cell wall targeting
domains (CWTs) enhance the enzyme’s lytic activity by guiding it to specific components of the bacterial cell
wall. This combination of catalytic action and targeted specificity makes PGHs essential for degrading bacterial
cell walls and holds promise for antibacterial applications'®. The modular structure of PGHs provides an excellent
framework for the development of novel and enhanced variants that exhibit improved Iytic activity and stability.
Several studies have demonstrated the effectiveness of strategies such as domain fusions, swapping, deletions,
and linker modifications'>!®. A widely used approach for improving enzyme performance involves creating
chimeric enzymes by combining known catalytic domains with different cell wall targeting domains. The CWT
domains include LysM, various subtypes of the SH3 domain, cell wall binding domains (CBDs) from listerial
endolysins, and others'®. The activity of PGHs can often be influenced by environmental conditions such as pH,
temperature, and ionic strength and buffer components. As a result, much of the focus in protein engineering is
directed at improving enzyme performance under a wide range of conditions. One prominent example of this is
the M23 catalytic domain of LytM from Staphylococcus aureus, which, when combined with the SH3b domain
from lysostaphin (Lss), exhibited significantly higher activity and expanded tolerance to high ionic strength and
varying pH levels!'”. A similar approach was applied to EnpA, where fusion with different SH3b domains from
lysostaphin, SpM23B from Staphylococcus pettenkoferi and other PGH from Staphylococcus simulans resulted in
a more effective enzymes with broader specificities and higher activities'.

Several PGHs have been identified and characterized for their potential use in food safety applications®.
Notable examples, that include Ply500, PlyPSA, Ply 40, Plyl00, Ply511, and LysZ5, have demonstrated
effectiveness in controlling L. monocytogenes across various food matrices, providing a targeted approach to
food safety!>!9-2!. The engineering of Ply500 by addition of extra copy of its CBD domain resulted in much
higher activity in high salt concentration?2. Still, the search for effective biological control of L. monocytogenes
in food industry remians a high priority.

In this study, we present the characterization of a novel M23 peptidase from Streptococcus thermophilus
NCTC10353 with a potent antibacterial activity. We have successfully solved its structure and demonstrated
its strong efficacy against L. monocytogenes and Bacillus species, strains with meso-DAP-type peptidoglycan.
The fusion of a cell wall targeting domain to the C-terminus significantly improved protein bacteriolytic
efficacy and broadened its specificity. The chimeric enzyme StM23_CWT was further evaluated for its
effectiveness against L. monocytogenes strains isolated from food products or food production environment.
It demonstrated strong tolerance to varying pH and salt conditions compared to the EAD domain alone,
retaining high activity in planktonic cultures and showing reasonable efficacy on biofilms produced by
industrial strains. Additionally, it proved effective in surface decontamination tests on glass, steel, and
silicone, efficiently targeting and degrading L. monocytogenes cell walls. Direct hydrolysis of cell wall
was demonstrated by electron microscopy studies. Furthermore, thorough safety assessments conducted
across various biological models, including zebrafish, moth larvae, and human cell culture systems, have
conclusively demonstrated the enzyme’s non-toxic properties. Overall, these findings demonstrate the
strong potential of StM23_CWT as a novel and effective candidate for enhancing food safety and sanitation.
Its ability to combat persistent pathogens such as L. monocytogenes highlights its value in reducing public
health risks associated with foodborne illnesses, while ensuring a high level of safety.

Results

StM23 from Streptococcus thermophilus belongs to M23/M37 family of peptidases

A BLAST search with the sequence of LytM catalytic domain from S. aureus NCTC 83250-4 (residues 185-
316, accession number : 033599) resulted in identification of putative peptidase M23/M37 in S. thermophilus
NCTC10353 (VDG62699.1, now the record has been removed at the submitter’s request). InterProScan (EMBL-
EBI?®), showed that this 225-aa long protein comprised a signal peptide (residues 1-22) and M23 peptidase
domain (residues 118-214) connected via a long undefined region (residues 23-117) (Fig. 1A). The sequence
alignment revealed only 31% amino acid identity to the best characterized members of M23 peptidase family,
lysostaphin (Iss) and LytM (Fig. 1B). However, its amino acids sequence comprises motifs characteristic for
M23 peptidase family of proteins: Hx D and HxH that are involved in zinc binding and catalysis. The results
of bioinformatic analysis was further confirmed by crystallization and structure determination of the newly
identified M23 domain from S. thermophilus. The high-resolution X-ray data (1.35 A) enabled the structure
determination by molecular replacement, with LytM catalytic domain as the search model. The structure was
refined to final R, and R factors of 12.2% and 14.4%, respectively (Supplementary Table 3) and deposited
in the Protein Data Bank under accession no. 9GY1.The overall fold of StM23 resembles that of other members
of M23 peptidase family like lysostaphin (PDB ID: 4QPB) and LytM (PDB ID: 4ZYB) with RMSD (root-mean-
square deviation) 0.96A over 113 Ca of lysostaphin and 1.38A over 115 Ca of LytM?4?. StM23 is a globular
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Fig. 1. Bioinformatic and structural analysis of StM23 protein (PDB ID:9GY1). (A) Domain composition of
the native M23/37 peptidase identified in S. thermophilus NCTC 10353, highlighting key structural features.
(B) Sequence conservation analysis of M23 peptidases, showing the sequence identity of StM23 compared to
other related peptidases. Zinc-binding motifs HxxxD and HxH are marked. (C) The overall fold of the M23
peptidase with characteristic structure of two beta sheets (orange) and distinctive loops: loop 1 (yellow), loop 2
(blue), loop 3 (cyan), and loop 4 (green), with residues involved in zinc binding highlighted. Zinc ion is shown
as a purple sphere. (D) A closer view of the active site architecture, emphasizing residues that play a crucial role
in catalytic function and active site stabilization. (E) Surface representation of the StM23 peptidase structure,
illustrating the characteristic groove and the zinc ion (Zn*) position in the groove. (F) Close-up view of the
groove with zinc ion coordination, highlighting the role of Gly144 (depicted in grey) in zinc coordination.
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protein composed of two P-sheets. The central B- sheet is formed by 7 strands (1, p2, 10, B6, 35, p4 and B8)
and faces a smaller 3-stranded B- sheet (3, f9 and B7). The loops are assigned analogously to other structures of
M23 peptidases: the longest loop1 (Ser32-Ile 45) connects strands 1 and 2, the shortest loop2 (Ala69-Phe72)
connects p4 with 5, loop 3 (Met111-Pro120) is located between 9 and p10, and finally loop 4 (Pro128-Asp135)
connects strand f10 and a short helix in the C-terminus of the peptidase (Fig. 1C). The strong electron density
of zinc ion is observed in vicinity of catalytic residues and is located in the groove formed by central - sheet and
protruding loops 1, 2 and 3 (Fig. 1C, D). The active site residues include His42 and Asp46 from the HxxxD motif,
and His123 from the HxH motif, all of which participate directly in Zn>* coordination. The first histidine of the
HxH motif (His121) does not serve as a zinc ligand, but it was proposed to coordinate and activate an incoming
water molecule, initiating a nucleophilic attack on the scissile bond?*. Additionally, a histidine (His90) residue
located within a conserved sequence approximately 30 amino acids before the HxH motif is positioned near
the active site and may also contribute to water activation. The active site architecture is stabilized by residues
Arg37, Ser32 and Asp125 (Fig. 1C, D, E). Interestingly, in this crystal structure, a nucleophilic water is displaced
by Gly144 from a symmetry-related molecule and its oxygen atom directly coordinates the zinc ion (Fig. 1D, F).

StM23 showed bacteriolytic activity against Gram-positive bacteria with meso-DAP type
peptidoglycan

In the initial screening, the specificity and activity of the isolated protein were evaluated using a selection of
bacterial strains characterized by distinct cell wall architectures and peptidoglycan compositions (Table 1). A
significant reduction of OD was observed for L. monocytogenes DSM 19094 (ca. 70%) and Bacillus subtilis DSM
10 (ca. 65%) and moderate reduction for Bacillus cereus NMBU 206 (ca. 35%), all Gram-positive species with
meso-DAP-type peptidoglycan. Interestingly, StM23 also showed some bacteriolytic activity against Escherichia
coli DSM 10, a Gram-negative bacterium with direct meso-DAP-D-Ala cross-bridge. Additionally, StM23
exhibited some activity against Lactococcus lactis CCM 1877, resulting in a slight OD reduction of ca. 15%
(Table 1; Fig. 2B).

SH3 binding domain from S. pettenkoferi expands tolerance to ionic strength and peptidase
specificity

The specificity and activity of the chimeric protein were evaluated in a low-conductivity buffer using turbidity
reduction assays on the same bacterial strains (Fig. 2, upper panel). Compared to the catalytic domain alone,
StM23_CWT displayed improved efficacy against L. monocytogenes DSM 19094 and B. subtilis DSM 10, with
particularly strong activity increased against B. cereus NMBU 206, E. coli DSM 1103, and L. lactis CCM 1877.

Bacterial strain Type of Type of cross-bridge in | Specificity/
cell wall peptidoglycan (PG) Activity
Escherichia coli DSM 1103 Gram (-) | meso-DAP-D-Ala +
Klebsiella pneumoniae DSM 789 Gram (-) | meso-DAP-D-Ala -
Pseudomonas aeruginosa DSM 939 Gram (-) | meso-DAP-D-Ala -
Yersinia ruckeri CCM 4620 Gram (-) | meso-DAP-D-Ala -
Bacillus subtilis DSM 10 Gram (+) | meso-DAP-D-Ala ++
Bacillus cereus NMBU 206 Gram (+) | meso-DAP-D-Ala ++
Listeria monocytogenes DSM 19094 Gram (+) | meso-DAP-D-Ala +++
Lactococcus lactis CCM 1877 Gram (+) | L-Lys-D-Asp I
Enterococcus faecium DSM 2146 Gram (+) | L-Lys-D-Asp -
Staphylococcus aureus NCTC 8325-4 Gram (+) | L-Lys- GIy(3) -
Staphylococcus epidermidis ATCC 12228 | Gram (+) | L-Lys-Gly2-4-L-Ser1-2-Gly -
Staphylococcus simulans CCM 3583 Gram (+) | L-Lys-Gly2-4-L-Serl-2-Gly -
Micrococcus luteus ATCC 10240 Gram (+) | L-Lys peptide subunit -
Enterococcus faecalis DSM 20376 Gram (+) | L-Lys-L-Ala2 -
Streptococcus agalactiae DSM 6784 Gram (+) | L-Lys-L-Ala2 -
Streptococcus dysgalactiae DSM 20662 Gram (+) | L-Lys-L-Ala2 -
Streptococcus pyogenes CCM 7418 Gram (+) | L-Lys-L-Ala2 -
Streptococcus uberis DSM 20569 Gram (+) | L-Lys-L-Ala2 -
Streptococcus canis DSM 20715 Gram (+) | L-Lys-L-Ala2 -
Streptococcus equi DSM 20727 Gram (+) | L-Lys-L-Ala2 -

Table 1. Specificity and activity of StM23 peptidase against selected Gram-positive and Gram-negative
bacteria with various types of peptidoglycan cross-bridge composition as indicated. The activity was evaluated
using the turbidity reduction assay at a concentration of 1 pM StM23 in 50 mM Glycine pH 8.0, incubated with
bacterial suspensions (108 CFU/ml) for 1 h at room temperature. The degree of turbidity reduction (ODsys)

is indicated as follows: +++ > 60% reduction, ++ 30-60% reduction, + 15-30% reduction, - < 15% no lytic
activity under the tested conditions. Statistical analysis was conducted using a two-way ANOVA followed by
Dunnett’s multiple comparisons test. The significance levels are represented as follows: grey for p <0.01, light
green for p<0.001, and green for p<0.0001.
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4.92+9.43 Pseudomonas aeruginosa DSM 939 2.71+6.38
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= 3.4614.94 Staphylococcus simulans CCM 3583 *+x% 80.87+4.45
g 11.01+7.53 Micrococcus luteus ATCC 10240 *EEX 49.34+5.43
0 2.95+3.87 Enterococcus faecalis DSM 20376 1.42+2.87
12.07+10.36 Streptococcus agalactiae DSM 6784 5.48+6.54
2.73+4.53 Streptococcus dysgalactiae DSM 20662 4.40+£5.34
0.01+6.92 Streptococcus pyogenes CCM 7418 * 20.89+7.84
3.02+3.97 Streptococcus uberis DSM 20569 0.62+1.48
0.91+5.59 Streptococcus equi DSM 20272 0.69+4.95
[ 0.98+11.96 Escherichia coli DSM 1103 5.55+5,22
5.43+4.22 Klebsiella pneumoniae DSM 789 3.59+3.62
1.12+6.02 Pseudomonas aeruginosa DSM 939 3.9949.15
T“g 5.08+1.71 Yersinia ruckeri CCM 4620 7.5+3.32
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= 6.48+0.57 Bacillus subtilis DSM 10 *xkx 6585139
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S 0.78+5.45 Lactococcus lactis CCM 1877 1.08+4.08
OT 6.31+£5.48 Enterococcus faecium DSM 2146 *xk 27.63+7.4
©_| 0.17+8.54 Staphylococcus aureus NTCT 8325-4 wxx 22.87+8.81
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© 0.16+9.32 Micrococcus luteus ATCC 10240 wxx 31.67+13.22
g 0.75+3.36 Enterococcus faecalis DSM 20376 4.50+1.94
s 5.56+5.25 Streptococcus agalactiae DSM 6784 4.06+4.98
£ 2.76+3.95 Streptococcus dysgalactiae DSM 20662 2.97+4.27
8 1.52+2.18 Streptococcus pyogenes CCM7418 * 11.58+2.65
1.62+2.97 Streptococcus uberis DSM 20569 8.21+4.63
0.11+4.04 Streptococcus equi DSM 20272 0.5+4.39

Fig. 2. Comparison of enzymatic lytic activity of StM23 and StM23_CW'T enzymes on selected strains

with different cell wall types as detailed in Table 1 in 50 mM Glycine pH 8.0 (upper panel) and in 50 mM
Glycine pH 8.0 with 100 mM NaCl (lower panel). Lytic activity is expressed as reduction of initial OD, (%)
after 1 h of incubation with 1 uM enzyme. Values are adjusted by subtracting those from negative controls

(bacterial suspensions incubated without added enzyme). Data are presented as mean + SD of three replicates.
Statistical analysis was performed using a two-way ANOVA with post hoc Dunnett’s multiple comparisons test
performed in GraphPad Prism software (version 10.0.3). Significance levels are indicated as follows: *p <0.05,
p<0.01, **p<0.001, ****p <0.0001.

Unexpectedly, the enzyme’s specificity expanded even further, achieving substantial OD reduction for S. simulans
CCM 3583, E. faecium DSM 2146, S. aureus NCTC 8325-4 and M. luteus ATCC 10240 in 50 mM glycine at pH
8.0. In line with earlier observations for the LytM and lysostaphin catalytic domains'’, the presence of 100 mM
NaCl was found to inhibit StM23’s lytic activity (Fig. 2, lower left panel). The addition of SH3b domain from
SpM23B PGH from S. pettenkoferi proved effective in overcoming this limitations. This particular domain was
chosen due to its ability, unlike the SH3 domain from lysostaphin, to bind L. monocytogenes cell walls*>. At
100 mM NaCl, the engineered enzyme maintained high activity against L. monocytogenes DSM 19094, B. subtilis
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DSM 10, and B. cereus NMBU 206. Interestingly, its specificity expanded to include also S. simulans CCM 3583,
Enterococcus faecium DSM 2146, Micrococcus luteus ATCC 10240, and S. aureus NCTC 8325-4 (Fig. 2, lower
right panel).

Chimeric protein exhibits significantly greater tolerance to pH and salt concentrations
compared to catalytic StM23

The bacteriolytic activity of the chimeric protein was analysed in comparison to StM23 lacking CWT under
different pH and ionic strength conditions. A turbidity reduction assay was conducted with 1 pM enzymes
incubated with L. monocytogenes DSM 19094 cells (OD = 1; approximately 10° CFU/ml). To assess the effect of
pH, low ionic strength buffers of varying pH values (ranging from 5.0 to 11.0) were used. As shown in Fig. 3A,
neither peptidase exhibited activity at pH 5.0. The StM23 catalytic domain showed activity only within a narrow
pH range of 6.0 to 8.0, with maximum activity observed at pH 8.0. At pH 9.0, the activity of StM23 was completely
abolished. In contrast, the chimera demonstrated tolerance to a much broader pH range, exhibiting high activity
from pH 6.0 (approximately 70% activity) to pH 11.0 (approximately 85% activity) (Fig. 3A). Additionally, the
chimera displayed significantly higher tolerance to ionic strength (Fig. 3B). While the activity of the catalytic
domain was entirely inhibited by the presence of 50 mM NaCl, the chimeric protein maintained maximum
activity up to a concentration of 100 mM NaCl. At 250 mM NaCl, the lytic activity decreased (with OD595
reduced by 30%). Residual activity of the StM23_CWT chimera was still observed at 500 mM NaCl, 1 M NaCl
completely blocked its activity.

Furthermore, the chimeric protein acted more rapidly than the catalytic domain, reaching maximum activity
within 10 min of incubation with the bacterial suspension. A 2-minute incubation period was sufficient to
reduce OD by approximately 75% (Supplementary Fig. 1). The bacterial cells were then subjected to varying
enzyme concentrations, with the chimera showing effective lytic activity against L. monocytogenes DSM 19094
after 10 min, starting at a concentration of 100 nM and resulting in an OD reduction of around 40%. The
antibacterial activity increased with higher concentrations, but lytic activity plateaued once the StM23_CWT
concentration exceeded 500 nM. A concentration of 1 uM was sufficient to maximally reduce turbidity within
10 min (Supplementary Fig. 2).

StM23_CWT shows bacteriolytic activity against L. monocytogenes under relevant food
processing environment conditions

After conducting specificity and activity screening of StM23_CWT, we proceeded to test its effectiveness
against L .monocytogenes strains isolated directly from food production facilities (MF7703, MF6331, MF5639,
MF5369, MF4997, MF4991; Supplementary Table 1). These strains were provided by the Nofima research
institute, ensuring that our findings are directly relevant to real-world contamination scenarios. First, a turbidity
reduction assay was performed to compare the susceptibility of industrial strains to StM23_CW'T. Robust
bacteriolytic activity was observed against all tested strains at a concentration of 1 uM, demonstrating efficacy
similar to that of the reference strain DSM 19094 (Fig. 4A).The enzyme’s performance on biofilms formed by L.
monocytogenes MF7703 on stainless steel coupons over a 24-hour period at 12 °C was also assessed, with nisin
used for comparison. The MF7703 strain, known for its strong biofilm formation, reached approximately 10’
CFU/coupon. Treatment with 1 pM StM23_CWT led to a ~ 0.8 log reduction in biofilm cell count (ca. 84.15% of
bacteria were killed), comparable to the reduction observed with nisin. No synergistic effect was detected when
both compounds were used together. However, increasing the enzyme concentration to 5 uM resulted in a more
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Fig. 3. Comparison of enzyme activity at varying pH levels and salt concentrations for StM23 (orange) and
StM23_CWT (grey) on L. monocytogenes DSM 19094. (A) pH dependence of StM23 and StM23_CWT in low
conductivity buffers at different pH levels (ranging from 5 to 11); (B) Salt concentration dependence of StM23
and StM23_CWT activity in 50 mM glycine buffer at pH 8.0 with increasing NaCl concentrations (from 0 to
1000 mM). Data are presented as mean + SD of three replicates (3 wells per replicate).
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Fig. 4. Bacteriolytic effects of the StM23_CWT chimera in food production environment relevant conditions.
(A) Lytic activity [%] of the enzyme on L. monocytogenes strains isolated from food processing environment by
Nofima, compared to the DSMZ strain. (B) Bactericidal effect (LOG CFU/coupon reduction) of the chimera on
L. monocytogenes MF7703 biofilm at 1 uM and 5 pM concentrations treated for 24 h at 12 °C. Nisin at 4 ppm
was used as a control and for synergy studies. Data are presented as mean + SD of three replicates. Statistical
analysis was performed using one-way ANOVA with post hoc Tukey test. Significance levels are indicated as
follows: *p <0.05, **p<0.01. (C) Results of enzymatic surface decontamination of L. monocytogenes MF7703 on
glass, stainless steel, and silicone surfaces treated with 1 uM enzyme for 1 h at room temperature.
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substantial reduction of approximately 1.7 log (ca. 98% of killed bacteria), indicating improved efficacy at higher
concentrations (Fig. 4B).

Following these findings, the bactericidal effect of StM23_CWT was tested in a surface decontamination
assay. Glass beads, stainless steel cylinders, and silicone tubes were inoculated with L. monocytogenes MF7703
(10® CFU/ml), air-dried, and treated with either a buffer (control) or buffer containing 1 uM StM23_CWT
enzyme for 1 h at room temperature. Serial dilutions and spot assays were performed to visualize remaining viable
bacteria, allowing for the assessment of bacterial attachment and enzymatic decontamination effectiveness. The
results showed strong adhesion of L. monocytogenes to the stainless steel cylinders (observed 107 CFU/ml which
corresponds to 7x 10° CFU/cm?) and to glass beads (106 CFU/ml which corresponds to 1.7x 10> CFU/cm?)
whereas significantly weaker attachment was observed on silicone tubes, with levels ranging between 10* and
10* CFU/ml (corresponding to only 0.5 x 10> CFU/cm?). Bacteriolytic treatment with StM23_CWT successfully
eradicated all bacterial contamination on all tested surfaces, with no detectable bacterial growth following
treatment (Fig. 4C). These findings suggest that StM23_CWT is highly effective in eliminating planktonic L.
monocytogenes as well as attached to various surfaces, including those commonly used in the food industry, such
as stainless steel.

StM23_CWT led to bacterial cell damage confirmed by electron microscopy studies

The impact of StM23_CWT on the ultrastructure of L. monocytogenes MF7703 was investigated using both
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) (Fig. 5). The minimum
inhibitory concentration (MIC) of StM23_CWT for L. monocytogenes MF7703 was determined to be 62.5 nM.
For the microscopy studies, optimal concentrations were set at 1xMIC and 2xMIC values. TEM analysis of
untreated L. monocytogenes cells revealed well-preserved structures with intact cytoplasmic membranes, cell
walls, and dense cytoplasmic content (Fig. 5A-C). Following exposure to StM23_CWT, bacterial cell wall
damage was evident, resulting in severe lysis at both 1xMIC and 2xMIC along with the accumulation of cell
debris (Fig. 5E, I). These images clearly demonstrated cell wall disruption and leakage of cytoplasmic contents
caused by enzyme treatment (Fig. 5F, J, G, K). SEM analysis confirmed these observations ( Fig. 5D, H, L).
Notable reduction in intact L. monocytogenes cells was observed especially at the 2xMIC concentration (Fig. 5L).
The remaining cells displayed severe structural damage, including shrinkage, with wrinkled and ruptured
membranes, indicating extensive lysis caused by StM23_CWT (Fig. 5L).

The safety of StM23_CWT confirmed in various biological models

Developmental toxicity has been evaluated in the zebrafish model using modified OECD test no 236. The
mortality rates, malformation rate, and morphological abnormalities were recorded daily. The embryos which
were exposed to 1 uM StM23_CWT from 4 to 96 hpf developed normally, had similar body length and overall
morphology as untreated control zebrafish larvae (Fig. 6A). The survival rate also was unaffected and all fish
survived till 96hpf, when experiment ended (data not shown). Toxicity of StM23_CWT also was assessed
in Galleria mellonella larvae, a model that allows for the rapid assessment of compound toxicity in vivo. The
development and mortality of G. mellonella larvae injected with 1 pM StM23_CMT, mock-injected control and
untreated larvae were monitored for seven days. In all groups, the survival rate was high (Fig. 6B) and the
survival curves did not differ statistically when analysed controls and treated group in GraphPad Prism. G.
mellonella larvae developed normally, progressing through expected stages, including cocoon formation and
pupation. Malanization, a visual indicator of stress, also was not triggered upon the treatment (data not shown).
Hence, StM23_CWT can be classified as non-toxic to G. mellonella larvae. Moreover, the cytotoxicity of StM23_
CWT was evaluated in vitro using the MTT assay. After 24 h of exposure to 1 uM and 5 pM StM23_CWTT, the
metabolic activity of mouse fibroblasts (NIH 3T3) and human keratinocytes (HaCAT) remained comparable to
that of the untreated control (Fig. 6C). However, it should be pointed out that cell metabolic activity was slightly
reduced after 5 pM StM23_CWT-treatment.

Discussion

Food contamination is a significant public health concern that can lead to foodborne illnesses, with substantial
economic and social costs?®. Bacterial contamination is a leading cause of hygiene issues and elevated spoilage
rates, contributing substantially to food waste and loss?. In food production systems, bacteria are mainly
found attached to surfaces or embedded in biofilms. These surface-associated or biofilm-embedded bacteria
display much greater resistance to environmental stresses, including sanitation methods, than their free-floating
(planktonic) counterparts®**!. Addressing L. monocytogenes contamination is especially challenging for food
processors due to its ubiquitous nature, ability to proliferate at refrigeration temperatures, and its propensity to
form biofilms that result in persistent contamination and severe health risks. Consequently, there is an urgent
need for innovative control strategies to ensure the sustainable production of safe, high-quality foods.

This study contributes to these efforts by identifying and characterizing a new bacteriolytic enzyme, which
holds significant promise for enhancing food safety, particularly against L. monocytogenes. The investigation
commenced with the identification of an M23 peptidase from S. thermophilus NCTC10353, followed by its
cloning, overexpression, purification, and structural characterization. The enzyme belongs to the M23 family of
zinc metallopeptidases, recognized for their ability to efficiently hydrolyze peptidoglycan in both Gram-positive
and Gram-negative bacteria®2. Certain M23 peptidases are particularly promising for bacterial control due to
their high efficiency, specificity, and ease of modification, which enables performance optimization!®1%33:34,
One prominent application of modified M23 enzymes is the commercially available Staphefekt SA.100, a
dermocosmetic agent targeting S. aureus. This bacteriolytic enzyme originating from the 2638A endolysin
from staphylococcal phage, was modified by substituting its M23 domain with that of lysostaphin, significantly
improving its efficacy against S. aureus, including methicillin-resistant strains (MRSA)™®.
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Fig. 5. Lytic activity of the StM23_CWT protein on L. monocytogenes MF7703, as demonstrated by
transmission (TEM, upper rows) and scanning (SEM, bottom row) electron microscopy studies. In the

control group, no ultrastructural changes were observed, with electron micrographs showing intact, complete
bacterial cell walls (A-D, red arrows) and electron-dense cytoplasmic content (B, C, red stars). In contrast, cells
treated with StM23_CWT (E-L) exhibited a wide range of ultrastructural alterations. At both 1xMIC (E-H)
and 2xMIC (I-L), significant bacterial cell damage was noted, including cell wall disruption (E, G, ], K, red
arrowheads), leakage of cytoplasm (E- L, black arrows), accumulation of bacterial cell debris - BCD (E, I), loss
of cytoplasm resulting in presence of cytoplasmic clear zones (G, J, black stars). In SEM analysis, at 1xMIC (H)
group, only a few well-preserved cells were noted (red arrows), while the majority exhibited severe structural
damage, including shrinkage (yellow stars) and cytoplasmic leakage (black arrows). At 2xMIC concentration
(L), all cells displayed ultrastructural alterations (shrinkage and cytoplasmic leakage) and bacterial cell debris
accumulation (L). Some artifacts- Ar (A, E, I), caused by sectioning procedure were comparable in all groups.

In this study, the M23 peptidase from S. thermophilus (StM23) was evaluated for its potential application in
controlling L. monocytogenes. However, isolated M23 domains typically exhibit reduced bacteriolytic activity
in high ionic strength environments, limiting their independent efficacy. To address this limitation, based on
previous results for LytM and EnpA'”!8, a chimeric peptidoglycan hydrolase was constructed by fusing the SH3b
domain of the SpM23B peptidoglycan hydrolase from S. pettenkoferi to the C-terminus of StM23. This specific
SH3b domain has demonstrated effective binding to both Gram-positive and Gram-negative bacteria, irrespective

Scientific Reports|  (2025) 15:15628 | https://doi.org/10.1038/s41598-025-99141-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Zebrafish Embryo Toxicity Test

Control +1 puM StM23_CWT

—

&=

-

Body length [mm]
N

0
Control 1uM StM23_CWT
B C
Galleria mellonella Toxicity Test MTT cell viability assay
100 — 125 mNIH 3T3 =HaCaT
1 -3 X .
- I 1 — 100
X 2
— -+- untreated = 75
2 50- 2
> -~ mock control S 50
a == 1 uM StM23_CWT ]
o 25
0 I I 1 1 o
0 2 4 6 8 0

Days post injection

Control 1uM 5uM
StM23_CWT  StM23_CWT

Fig. 6. Safety profile of StM23_CWT. (A) Unchanged morphology of zebrafish larvae at 96 hpf. Left panel
shows lateral views of control and zebrafish larvae treated with 1uM StM23_CWTT. Bar plot (right panel)
demonstrate unchanged body length of zebrafish one of the indicators of unaffected development. Scale bar
=1 mm. (B) The Kaplan-Meier plots show the percentage of G. mellonella larvae surviving challenge with
StM23_CWT. (C) The results of the MTT assay on mouse fibroblasts (NIH 3T3) and human keratinocytes
(HaCAT) for 1 uM and 5 pM are presented as the percentage of cell viability. Error bar shows SD (n=3
replicates, 9 wells per replicate).

of variations in their peptidoglycan structure?’. The chimeric protein StM23_CWT exhibited improved efficiency
across a broad pH and salt range, effectively targeting other significant foodborne contaminants such as S. aureus.
It has to be mentioned, that chimera also demonstrated activity against L. lactis, a beneficial bacterium widely used
in food production. However, this activity could be selectively diminished under high-ionic-strength conditions
(e.g., 100 mM NaCl), enabling the targeted inhibition of pathogens while preserving beneficial bacteria. The
activity of StM23_CWT is exceptionally high (>80%) on planktonic cells compared to other endolysins, such
as PlyPSA and Ply40, which exhibit a maximum lytic activity of approximately 40% in the turbidity reduction
assay?l. However, L. monocytogenes contamination often originates from surfaces or equipment in processing
environments, where biofilms pose persistent contamination risks. This bacterium readily adheres to common
food-processing surfaces like stainless steel, silicone, and glass, with biofilm formation influenced by factors like
strain, temperature, pH and nutrient availability®®. The growing prevalence of antimicrobial resistance (AMR)
intensifies the need for innovative strategies in pathogen control and food preservation. Bacteriophage-based
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solutions, such as PhageGuard Listex™ P100, approved by the FDA and EU, have proven effective in reducing L.
monocytogenes in ready-to-eat foods, including meat, poultry, fish, and dairy products®”- Similarly, lactic acid
bacteria (LAB) enhance food safety by producing antimicrobial compounds, such as bacteriocins and organic
acids, which have proven effective in reducing L. monocytogenes under refrigeration®®. One of the most well-
known and widely studied bacteriocins is nisin, which has been also approved by both the FDA and EU for use
as a food preservative’’. Nisin is a naturally occurring antimicrobial peptide produced by Lactococcus lactis,
that belongs to a class of antibacterial compounds known as lantibiotics, highly effective against Gram-positive
bacteria, including Listeria, Staphylococcus, Clostridium, and Bacillus, primarily by forming pores in the bacterial
membrane®. Due to its potent antimicrobial properties, nisin has been widely employed in the food industry
to control L. monocytogenes in products such as dairy, meat, and canned products?>*3. However, nisin is most
effective in acidic environments, which aligns with the pH of many food products such as dairy and fermented
foods**. Nisin’s activity decreases in neutral or alkaline environments, where it tends to become less stable and
more susceptible to degradation. This pH sensitivity can limit its effectiveness in certain food systems, making
the use of complementary antimicrobials effective in alkaline conditions, such as our chimeric protein, highly
advantageous. StM23_CWT exhibits strong activity in the pH range between 6 and 11, making it particularly
useful in more physiological conditions. Moreover, an increasing number of bacterial strains are developing
resistance to nisin, further highlighting the need for complementary approaches®. L. monocytogenes poses a
significant challenge due to the increased resistance of biofilm-grown cells to conventional disinfectants. While L.
monocytogenes in suspension is generally susceptible to most disinfectants, the bacteria become less susceptible
when they adhere to surfaces. This resistance varies with biofilm age and thickness, as cells in old or thicker
biofilms show greater resistance to common disinfectants like benzalkonium chloride, sodium hypochlorite
and peracetic acid®%. Additionally, L. monocytogenes may show enhanced survival in multispecies biofilms
exposed to biocides by means of interspecies interactions and protection compared to biofilms composed solely
of L. monocytogenes®*”. While endolysins have been extensively studied for their role in preventing biofilm
formation, their effectiveness in removing well-established biofilms remains underexplored48’49. For instance,
the PlyLM amidase achieved only a modest reduction of biofilm by approximately 20% when applied alone.
Significant removal of the biofilm was observed only when PlyLM was combined with proteinase K treatment,
which suggests that combination treatments may be essential for effectively disrupting mature L. monocytogenes
biofilms®. These findings emphasize the importance of further research to improve endolysin effectiveness
against bacteria on surfaces and within biofilms, which present major challenges for food safety and hygiene
management. Our research expanded on this issue by focusing on biofilms cultivated for 48 h at 12 °C, a setting
that resembles real-world environments typical of food processing. When the chimeric StM23_CWT enzyme
was tested on these mature biofilms, it achieved substantial reduction in the bacteria embedded within the
biofilm. However, since this experiment was conducted at 12 °C, a temperature that may limit hydrolase activity,
the results suggest that the enzyme could be even more effective under optimized conditions. Importantly, the
engineered StM23_CWT enzyme showed high effectiveness in decontaminating materials commonly used in
food production and it proved to be safe. Future research will focus on testing StM23_CWT under different
environmental conditions and against a broader range of bacterial targets, including B. cereus, B. subtilis, and
S. aureus, which are commonly found in food processing settings®'~>* and on multigenus biofilms of e.g. L.
monocytogenes and bacterial genera (e.g. Pseudomonas spp.) often dominating in L. monocytogenes high risk
food production environments®.

Chimeric enzymes with peptidoglycan hydrolase activity hold considerable promise in the food industry,
particularly as natural antimicrobial agents against foodborne pathogens. However, despite their advantages,
several limitations and challenges remain unresolved. Their stability can be influenced by factors such as
temperature, pH, and storage conditions, which may reduce their effectiveness during food processing and storage.
Additionally, PGHs often exhibit a narrow spectrum of activity, targeting specific bacterial strains, which may
limit their application across a wide range of food products. The high cost of large-scale production and potential
interference with complex food matrices may further restrict their use as broad-spectrum antimicrobial agents.
While bacterial resistance remains a concern, preliminary results are promising. These challenges underscore
the importance of continued research to improve the stability, spectrum, and cost-effectiveness of PGHs, as well
as to develop strategies to mitigate the risk of bacterial resistance. Addressing these issues will be key to making
PGHs a viable and widely accepted solution for food preservation and safety.

Materials and methods

Identification of StM23 from S. thermophilus NCTC10353 as putative peptidoglycan
hydrolase

The amino acid sequence of the LytM catalytic domain (residues 185-316) was used as the query sequence for a
BLAST (Basic Local Alignment Search Tool) search. This search was performed against streptococcal genomes
within the non-redundant protein database available on the National Center for Biotechnology Information
(NCBI) platform. BLAST parameters were set to default, and sequences with significant similarity were selected
for further analysis.

Bacterial strains, plasmids and culture conditions

The bacterial strains used in this study were obtained from several sources, including the German Collection
of Microorganisms and Cell Cultures GmbH (DSMZ), the American Type Culture Collection (ATCC), the
Czech Collection of Microorganisms (CCM), and the Norwegian food research institute Nofima. The B. cereus
NMBU 206 strain was generously provided by Norwegian Institute of Life Science (NMBU). A complete list
of strains and their sources is placed in Supplementary Table 1. Strains were routinely cultured in Tryptic Soy
Broth (TSB) at 37 °C with shaking at 80 rpm. Protein overexpression was carried out using Escherichia coli BL21
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(DE3). Pre-cultures of E. coli BL21 (DE3) were grown in LB broth Lennox (Bioshop Canada Inc.), while protein
overexpression was performed in Super Broth auto-induction medium (Formedium).

The gene encoding the full-length putative M23/37 peptidase from S. thermophilus NCTC10353 was
codon-optimized and synthesized by BioCat Company (Germany). A C-terminal fragment containing the
enzymatically active domain (EAD) StM23 (residues 97-222 of VDG62699.1) was subcloned into the pET
His6 TEV LIC cloning vector (1B), a plasmid provided by Scott Gradia (Addgene plasmid #29653), following
the protocol provided by Addgene. The chimeric protein StM23_CWT was constructed using the Polymerase
Incomplete Extension (PIPE) cloning method. The CWT domain (residues 348-446 of protein ASE36562.1
from Staphylococcus pettenkoferi) was cloned from the vector containing other chimeric protein with the same
CWT domain (EP chimera'®). In PIPE method, the insert and vector were amplified separately using I-PIPE
and V-PIPE primers, respectively, and then mixed to create vector-insert hybrids as outlined in the PIPE cloning
protocol® (Supplementary Table 2).

Protein overexpression and purification

Escherichia coli BL21 (DE3) bacteria containing the appropriate plasmid and antibiotic (kanamycin final 50 pg/
ml) were grown at 37 °C for 3 h, followed by protein expression at 25 °C for an additional 20 h. The cells were
collected by centrifugation for 15 min at 5,000xg and the pellet was kept at -20 °C until use.

Purification of StM23

The cell pellet was resuspended in a buffer A (50 mM TRIS-HCI, pH 7.5; 200 mM NaCl; 20 mM imidazole; 10%
(v/v) glycerol), and the cells were lysed by sonication. The lysate was centrifuged at 20,000xg for 30 min, and
the resulting supernatant was loaded onto Talon beads (TALON Superflow™, Cytiva) packed into an Econo-
Column’ Chromatography Column (Bio-Rad) using a peristaltic pump. After washing the beads with buffer
A, the protein was eluted using buffer B (50 mM TRIS-HCI, pH 7.5; 200 mM NaCl; 500 mM imidazole; 10%
(v/v) glycerol). The eluted fractions were analyzed by 15% SDS-PAGE, and those containing the desired protein
were pooled, concentrated, and further purified by size-exclusion chromatography using a HiLoad Superdex 75
Increase 16/600 GL column connected to an Akta Purifier system (Cytiva). The size-exclusion buffer consisted
of 50 mM TRIS-HCI, pH 7.5; 100 mM NaCl; and 10% (v/v) glycerol.

Purification of chimeric StM23_CWT protein
Cells expressing the chimeric protein were resuspended in a buffer C (50 mM TRIS-HCI, pH 7.5; 1 M NaCl; 20
mM imidazole; 10% (v/v) glycerol), lysed by sonication, and centrifuged as described above. The supernatant
was diluted with buffer D (50 mM TRIS-HCL, pH 7.5; 20 mM imidazole; 10% (v/v) glycerol) to a final salt
concentration of 300 mM NaCl. The solution was then loaded onto Talon beads, and the protein was purified
and then polished by size-exclusion chromatography, following the same procedure as for the catalytic domain.
However, in this case, the buffer used for SEC chromatography contained 200 mM NacCl instead of 100 mM
NaCl.

Peak fractions containing purified StM23 or StM23_CWT proteins were pooled, concentrated, and aliquots
were flash-frozen in liquid nitrogen and stored at —80 °C.

Protein crystallization and structure determination of StM23

StM23 protein was concentrated up to 9 mg/ml and subjected to crystallization at 18 °C by the sitting-drop vapor
diffusion method using crystallization robot (Phoenix) at the IIMCB core facility and crystallization screens
Morpheus (Molecular Dimensions), Natrix (Hampton Research) and JBScreen JCSG++ (Jena Bioscience).
Many crystals appeared overnight on plate with Natrix crystallization buffers. The best diffracting crystals of
StM23 were obtained upon incubation with an equal volume of reservoir buffer that contained 0.05 M sodium
cacodylate trihydrate pH 6.5; 0.08 M magnesium acetate tetrahydrate and 30% (w/v) polyethylene glycol 4000.
Crystals were cryo-protected in 30% (v/v) glycerol and flash frozen in liquid nitrogen. The X-ray diffraction
data for StM23 domain crystals were collected at the PETRA III storage ring at beamline P14 (EMBL, Hamburg,
Gemany). The dataset was processed and scaled using the XDS/XDSAPP GUI*®**’. The StM23 crystals belonged
to the P61 space group and contained 1 molecule per asymmetric unit. The structure was solved with PHENIX
Phaser-MR>® using LytM catalytic domain structure as a search model (PDB ID: 4ZYB). The structure was
refined in phenix.refine®® with manual building in Coot®’. The RMSD values were calculated in Coot. The
figures with StM23 structure were generated using Pymol (PyMOL Molecular Graphics System, version 2.2,
Schrédinger, LLC; http://pymol.org/).

Evaluation of proteins activity and specificity using turbidity reduction assay

A total of 20 bacterial strains (Table 1) were used to test activity of enzymatically active domain StM23 and
StM23_CWT chimera using turbidity reduction assay (TRA). Bacterial strains were cultured in fresh TSB
medium from overnight cultures until they reached the mid-exponential growth phase (0D, 0.6-0.8). After
harvesting, the cells were resuspended in 50 mM Glycine pH 8.0 or 50 mM Glycine pH 8.0 with 100 mM NaCl
to reach an OD, of approximately 1.0, corresponding to around 1x10® CFU/ml. A 100 pl aliquot of protein
solution (final concentrations 1 uM of StM23 (15 pg/ml) and StM23_CWT (27 pug/ml)) in the appropriate buffer
was added to each well of a 96-well plate, followed by an equal volume of bacterial cell suspension. The turbidity
was measured every 2 min over a 1-hour period at 595 nm using a Bio-Rad plate reader. Each experiment was
conducted three times, with each sample prepared in triplicate. Lytic activity was calculated as the difference
between the OD of the negative control (bacterial cells without enzyme) and the OD of cells treated with the
appropriate enzyme after 1 h of incubation and presented as percentage [ %] of OD reduction.
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Characterization of proteins activity at different conditions

The turbidity reduction assay described above was used to identify the optimal Iytic conditions for both proteins.
To determine the pH optima, StM23 and StM23_CWT were tested across a pH range of 5 to 11 using low-
conductivity buffers: 10 mM sodium acetate pH 5.0, 2 mM sodium citrate pH 6.0, 5 mM TRIS-HCI pH 7.0,
50 mM Glycine pH 8.0, 50 mM TRIS-HCI pH 9.0, 20 mM CAPS pH 10.0, and 10 mM CAPS pH 11.0. For
determining salt optima, the proteins were tested in 50 mM Glycine pH 8.0 supplemented with increasing
concentrations of NaCl, ranging from 0 to 1000 mM.

Surface decontamination test

Three different materials (glass, stainless steel and silicone) were contaminated with L. monocytogenes MF7703.
Bacterial cells were cultured overnight in tryptic soy broth (TSB), centrifuged, and resuspended in sterile water
to achieve a McFarland value of 1.8, corresponding to approximately 5x 108 CFU/ml. Sterile glass beads (8 mm
diameter), stainless steel cylinders (10 mm long, 8 mm external diameter, 6 mm internal diameter), and silicone
tubes (18 mm long, 5 mm external diameter, 2 mm internal diameter) were incubated in a bacterial suspension
(1x10% CFU/ml) and air-dried under sterile conditions for 30 min. The contaminated materials were then
incubated for 60 min in 2 ml of 1 uM StM23_CWT in a buffer containing 50mM Glycine pH 8.0 and 100
mM NaCl at room temperature. A control group, which was a buffer without the enzyme, was included in the
experiment. Following treatment, serial dilutions were prepared in 50 mM Glycine pH 8.0; 100mM NaCl, and
the samples were plated on Tryptic Soy Agar (TSA) to assess bacterial survival via spot dilution assay.

Spot dilution assay

Cells at the desired density were subjected to 10-fold serial dilutions, and 5 pl of each dilution was plated onto
TSA plates. The plates were incubated overnight at 37 °C, and results were recorded the following day. Each
sample was plated in triplicate, and the experiment was independently repeated three times.

Biofilm reduction assay

The L. monocytogenes MF7703 was cultivated from frozen stock cultures on Tryptic Soy Agar (TSA) overnight
at 37 °C. A single colony of the strains were individually cultured in TSB at 37 °C overnight and diluted 1:100 to
approximately 107 CFU/ml in fresh TSB. 5 ml of the suspensions were pipetted into each well of a six-well tissue
culture plate (Multiwell 6-well Falcon; Corning Incorporated, USA) containing a single 20 x 20 mm coupon of
stainless steel (AISI 304, 2B, Norsk Stal AS, Nesbru, Norway) in each well. The culture plates were incubated
at 12 °C for 48 h for biofilm formation on the coupons followed by pipetting off the culture suspensions. The
coupons were rinsed in reaction buffer (50 mM Glycine pH 8.0 with 100 mM NaCl) to remove planktonic cells.
Bactericidal effects to the L. monocytogenes biofilm were determined by the addition to each well with coupons
2 ml of appropriate concentrations of StM23_CWT (1000-5000 nM), nisin (4 ppm; Nisin from Lactococcus
lactis N5764, Sigma-Aldrich) or both prepared in 50 mM Glycine pH 8.0 with 100 mM NaCl reaction buffer;
controls being reaction buffer only. The biofilms were treated for 24 h at 12 °C. After treatment, the coupons
were transferred to glass tubes with 5 ml peptone water. The tubes were put in a sonication water bath (60 Hz
for 10 min; Bransonic 3510) to dislodge the adherent cells from the coupon. Sonicated cell suspensions were
spiral plated on TSA (37 °C, 48 h) to determine CFU of enzyme-treated and non-treated (buffer only) biofilms
on coupons.

MIC determination

The minimum inhibitory concentration (MIC) of StM23_CWT was determined using a broth microdilution
method in 96-well plates, following a previously described protocol, with the modification of using 25% tryptic
soy broth (TSB) instead of CAMBH medium. This adjustment was made as 25% TSB provided optimal bacterial
growth conditions without affecting the enzyme’s activity. Briefly, overnight cultures of L. monocytogenes DSM
19,094 were transferred into 25% TSB and incubated at 37 °C for three hours. A suspension of 5 x 10° CFU/mL
was prepared, and 100 pL of it was dispensed into each well. Purified StM23_CWT enzyme was then added at
concentrations ranging from 15.625 nM (0.41 ug/mL) to 8000 nM (214 ug/mL). The plate was incubated at 37 °C
for 20 h, after which the MIC was determined as the lowest enzyme concentration that completely inhibited
bacterial growth. The MIC for the other strains was determined using the same methodology.

Electron microscopy

Scanning (SEM) and transmission (TEM) electron microscopy was performed according to protocol described
previously with some modifications®!. Briefly, L. monocytogenes MF7703 strain was grown overnight in TSB
medium at 37 °C with 80 rpm shaking. The cells were centrifuged and diluted in 50 mM Glycine pH 8.0, 100
mM NaCl to 4 McFarland (ca. 10°CFU/ml). Then the cells were incubated with 1xMIC and 2xMIC dose of
StM23_CWT for 60 min at RT. The control - cells without enzyme treatment were kept only in a buffer. For TEM,
cell pellet was subjected to experimental procedure, whereas for SEM, the samples were loaded onto 0.4 pm-
pore size membrane filters (Isopore, 13 mm diameter). The bacterial cells were fixed using 2.5% glutaraldehyde
solution in 0.1 M cacodylate buffer for 2 h. Then samples were washed in 0.1 M cacodylate buffer and postfixed
with osmium tetroxide 0.2% solution, followed by dehydration in an ethanol gradient. Next, for TEM analyses
bacteria were embedded in epoxy resin Embed 812 (Serva, Heidelberg, Germany). The ultra-thin sections were
stained with uranyl acetate for 15 min followed by lead citrate for 5 min. Images were acquired using a JEM-
1011 EX transmission electron microscope (Jeol, Tokyo, Japan) equipped with a MORADA camera and Analysis
image processing iTEM v.1233 software (Olympus Soft Imaging Solutions, GmbH, Miinster, Germany). For SEM
analyses samples after dehydration were dried using liquid CO, in a critical point drier B7020 (Agar Scientific)
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and spray-coated with a thin gold layer in sputter coater SC7620 (POLARON). Images were acquired using a
JSM-6390LV scanning electron microscope (Jeol, Tokyo, Japan).

Safety profile of StM23 evaluation

Acute toxicity - vertebrate model

Wild-type ABOMPzebrafish (Danio rerio) breeding pairs were obtained from the Experimental Medicine Center
(OMD) in Lublin, Poland, and housed at the Aquatic Facility of the Mossakowski Medical Research Institute,
Polish Academy of Sciences (breeder license number 026 and used licence number 0093, issued by the Ministry
of Science and Higher Education in Poland). Thirty to sixty adult fish, aged 3 to 20 months, were maintained in
a 100 L glass tank filled with 75 L of water under a 14-hours light/10-hours dark photoperiod. Water parameters
were maintained as follows: temperature 26 °C + 0,5 °C, pH 7.0-7.5, conductivity 300-400 pS/cm?, with
undetectable levels of NO,™ and NH,/NH,*. The fish were fed once or twice daily with Hikari tropical fancy
guppy granulate (Hikari) and occasionally with spirulina flakes (Tropical). The tank was enriched with a natural
gravel substrate, black sponge filters, and a turbine to generate water flow.

Eggs were collected from mass spawning events (two 1.7 L sloping breeding tanks were placed inside the
in the maintenance tanks), rinsed in E3 medium (standard medium used for zebrafish, Cold Spring Harbor
Protocols, https://cshprotocols.cshlp.org/content/2011/10/pdb.rec66449), and subjected to a quality check. Only
clutches with at least 80% fertilized, healthy embryos were selected.

Experiments on zebrafish embryos and larvae up to 96 h post-fertilization (hpf) were conducted in
compliance with European Union Directive 2010/63/EU and corresponding national regulations, which classify
these developmental stages as non-protected due to their incapacity for independent feeding. Consequently, the
experiment did not require prior approval from an ethics committee. All methods were carried out in compliance
with the ARRIVE guidelines and relevant regulations and standards.

Due to limited enzyme availability, the standard acute fish embryo toxicity test (OECD No. 236°?), was
slightly modified. Groups of 12 embryos were placed in 3 cm diameter Petri dishes containing 2 mL of E3
medium. Before embryos reached the blastula stage, E3 was replaced with either 0 nM or 1000 nM solutions
of StM23_CWT in E3. Embryos were incubated at 28 °C for four days, with daily checks for malformations,
removal of dead embryos, and re-freshing of the medium. At the end of the experiment, embryos were assessed
for survival and developmental abnormalities. Subsequently, they were euthanized by overdose of tricaine,
following established protocols to ensure minimal distress.

Acute toxicity - invertebrate model

Final instar stage of the greater wax moth (Galleria mellonella) were obtained from a local supplier and stored in
wood shavings at 8 °C in the dark for up to two weeks. One day prior to the experiment, larvae were acclimated
to room temperature, transferred to 9 cm Petri dishes lined with a ring of paper towel, and kept overnight
at room temperature in the dark. On the experiment day, batches containing at least 80% healthy, pigment-
free larvae longer than 1.5 cm were selected. For the tests, groups of 10 larvae were used per treatment, with
experiments repeated at least twice. Experimental groups were injected with 20+2 pL of 1000 nM StM23_
CWT in E3 medium through the last pro-leg using a 0.3 x 8 mm Micro-Fine Plus syringe (BD). Control groups
included untreated larvae, larvae punctured with a needle, and larvae injected with the solvent (E3 medium).
All larvae were maintained at 28 °C in the dark for up to 7 days, with daily monitoring for mortality. Larvae
were classified as dead if melanization was observed or if they exhibited no movement upon gentle touch with
forceps was observed. To assess mortality of later stages, cocoons and pupas were cut in half at the end of the
experiments, and G. mellonella exhibiting dark, watery tissue were counted as dead.

Human cells viability - MTT assay

NIH 3T3 mouse fibroblasts (American Type Culture Collection; CRL-1658) and HaCAT human keratinocytes
(Cell Line Service in Germany; 300493) were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
11965-092) supplemented with 10% fetal bovine serum (FBS; Gibco A5256701) and 1% Penicillin-Streptomycin
(PenStrep; Sigma, P0781-50 ml). When the cells reached approximately 80% confluency, they were washed with
Dulbecco’s Phosphate Buffered Saline (PBS; Sigma, D8537-500ML) and detached using TrypLE Express (Gibco,
12604-013). Cells were resuspended in antibiotic and phenol red-free DMEM (Gibco, 21063-029) supplemented
with 10% FBS. Cell density was measured using a benchtop cell counter (Countess™, Invitrogen) and adjusted
to 1x10° cells in milliliter. The cells (100 pL) were then seeded into 96-well plates (NEST, non-pyrogenic
polystyrene) and incubated at 37 °C with 5% CO2 (Memmert incubator). For control wells, equal volume of
medium without cells was added. After 24 h, the medium was replaced with fresh, filtered medium (0.22 pm
filter, Millex-GV, Merck Millipore) with or without StM23_CWT and cells were incubated for additional 22-24-
hour. Next, 10 pL of thiazolyl blue tetrazolium bromide (MTT; POL-AURA) solution was added to each well at a
final concentration of 0.5 mg/mL and the plates with cells were incubated for 3 h at 37 °C. The formazan crystals
which formed during this 3-hour incubation time were dissolved in dimethyl sulfoxide (DMSO; POL-AURA).
To avoid any loss of crystals, 100 pL of DMSO was added directly into the wells with media and plates were left
for 15-45 min with slow agitation. The quantity of formazan was measured by reading the absorbance at 570 nm
using microplate photometer (Multiscan FC, ThermoScientific), and results were expressed as a percentage of
viable cells relative to the untreated control group (set at 100%).

Statistical analysis
Data analysis was carried out using GraphPad Prism software version 10.0.3. A one-way and two-way ANOVA
with post-hoc Tukey or Dunnett tests were applied to identify statistical difference between the samples. All
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experiments were performed at least three times and data were presented as mean + SD. The differences were
considered significant at P<0.05.

Data availability
Crystallographic data for this work was deposited in RCSB Protein Data Bank database under the PDB ID:
9GY1. All other study data are included within the manuscript.
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