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Abstract

Antimicrobial resistance is an issue of enormous proportions that poses a significant threat to global
public health. This study focuses on lanthipeptides, ribosomally encoded peptides that display
significant structural diversity and hold promising potential as antibiotics. Genome mining was
employed to locate biosynthetic gene clusters (BGC) for class Il lanthipeptides. A phylogenetic study
analyzing homologous sequences of functional LanM sequences revealed a unique evolutionary clade
of 39 LanMs associated with 28 Clostridial bacterial genomes. In silico exploration identified nine
complete BGCs, including one from Clostridium cellulovorans 743B, that harbors two new
lanthipeptides: Clostrisin and Cellulosin. The lanthipeptide BGCs were heterologously expressed in
Escherichia coli. Molecular weights associated with the expected post-translational modifications of
the purified lanthipeptides were confirmed by MALDI-TOF. Both peptides demonstrated antimicrobial
activity against multidrug-resistant bacteria, such as a clinical strain of Staphylococcus epidermidis
MI1Q43 and a reference strain of resistant Pseudomonas aeruginosa PA14. This study showcases the
immense potential of genome mining in identifying new class 11 lanthipeptides.
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Antimicrobial resistance (AMR) is a significant public health challenge. Only in 2019, there were 4.95
million deaths associated with  AMR [1], a number expected to increase exponentially. One
fundamental objective of the Global Action Plan on Antimicrobial Resistance by the World Health
Organization (WHO) is the investment in developing new drugs, diagnostic tools, vaccines, and other
interventions [2]. In this context, many antibiotics have been derived from bacterial natural products
(NPs), which have proven to be a valuable source of antimicrobial agents. During the latter part of the
20th century, the discovery of NPs was hindered by the limitation of traditional methods, which often
led to the rediscovery of previously identified NPs. Next-generation whole genome sequencing
technologies have a newfound ability to explore and identify biosynthetic gene clusters (BGCs)
responsible for NP production. This renewed focus offers the advantage of preventing redundant
discovery and predicting novelty, resistance, and bioactivities. Furthermore, the increasing availability
of genomic data has led to the development of bioinformatics tools, such as antiSMASH[3], Bagel
4[4], and RiPPMinner[5], that have emerged to streamline the process of exploring and discovering
BGCs in bacteria, known as genome mining [6 — 8].

Lanthipeptides are a class of ribosomally synthesized and post-translationally modified peptides
(RIPPs). Lanthipeptide biosynthetic genes have undergone complex evolutionary processes that have
produced chemically diverse active peptides [9]. These genes are predominantly found in bacteria and
have evolved through selective pressures driven by competition for resources and defense against
predators[10]. The resulting peptides exhibit unique structural features due to the presence of thioether
bridges between serine and threonine residues dehydrated (Dha/Dhb) Subsequent cyclization with
cysteine residues yields cyclic peptides with the modified amino acid lanthionine (Dha-Cys) and
methyllanthionine (Dhb-Cys). Additional post-translational modifications contributing to their distinct
biological activities were identified [11 - 13].

The essential biosynthesis of lanthipeptides involves the translation of lanA genes, which encode a
precursor peptide with two segments: an N-terminal leader peptide recognized by post-translational
enzymes and a C-terminal core peptide where the lanthionine and methyllanthionine are formed. The
post-translational modification enzymes involved are often multifunctional, and their activity is tightly
controlled at multiple levels to ensure the production of high-quality peptides[14]. To date, five
different classes of biosynthetic machinery have been identified [15] and are the basis for classifying
lanthipeptide gene clusters. For class Il lanthipeptides, discussed in this work, multidomain LanM
enzymes catalyze the formation of lanthionine and methyllanthionine[16]. Moreover, lanPt genes
encode a membrane protein with two ABC transporter domains and a C39 peptidase domain. This
protein cleaves the leader peptide to generate mature lanthipeptides and exports them to the
extracellular environment [17].

The diversity of lanthipeptides produced by these biosynthetic pathways has led to the discovery of
new compounds with potential therapeutic applications. Class | and Il lanthipeptides have exhibited
antimicrobial activity against various pathogens, including drug-resistant strains [10]. These molecules
are relevant as they have strong antibiotic effects against pathogenic bacteria such as Staphylococcus
aureus, Enterococcus, Clostridioides difficile, and Mycobacterium tuberculosis. These effects are
attributed to their affinity for the lipid Il component of Gram-positive bacterial cell walls [18].
Additionally, there have been reports of lantibiotics such as CMB001 displaying activity against
resistant Gram-negative bacteria, including Acinetobacter baumannii [19]. In addition, some
lanthipeptides have been shown to have anticancer and immunomodulatory properties [20, 21].

A low development of resistance to lanthipeptides has been observed, with nisin being the most well-
known case in the food industry. While some strains exhibit resistance due to changes in the cell wall,
biofilm formation, or the expression of resistance proteins such as ABC transporters or proteases [22],
specific mutations in nisin have rendered previously resistant strains susceptible[23]. The structural



diversity of these peptides, coupled with their successful production in Escherichia coli[24] has driven
research to consider them as a source for new antibiotics, as indicated in the present study.

Results and discussion

In recent years, there has been a significant increase in the number of lanthipeptides discovered, along
with a deeper understanding of their evolution, ecological importance, and gene composition [25].
Many of these novel peptides show antimicrobial properties [26]. ldentifying the genetic and
biochemical mechanisms underlying the production of these compounds can aid in developing
effective antibiotics against drug-resistant pathogens with each discovery.

Genome Mining of LanM enzymes sequence diversity to localize novel evolutive clades.

Genome mining has emerged as a crucial research area in discovering novel antimicrobial
compounds[27]. Due to its unique position between basic and applied research, it has become an
essential tool for identifying compounds with potential therapeutic applications. Genetic and genomic
data mining enables the study of the evolution of genes and genomes across diverse species and
populations. This provides insights into the origins and evolution of genes that have evolved as "tools"
in the ongoing biological battles in the microbial world. The biodiversity of specialized metabolites is
strain-specific, meaning that even closely related organisms can have distinct metabolic capabilities.
Consequently, researchers can unveil new clusters and metabolites by tracking the conserved genes
participating in biosynthetic processes.

Recent years have witnessed notable successes in using genome mining to discover novel antimicrobial
compounds. For example, the discovery of teixobactin[28] has paved the way for developing
antibiotics with innovative mechanisms of action. It has opened new avenues for developing antibiotics
with novel mechanisms of action. Similarly, the discovery of halicin, a molecule identified through a
machine learning-based approach, has shown promise as a broad-spectrum antimicrobial agent. Halicin
is effective against various pathogens, including some resistant to existing antibiotics [25]. Thus,
peptides, including ribosomally synthesized and post-translationally modified peptides (RiPPs), have
been regarded as important sources of antibiotics, both historically and through recent discoveries[30].
Structural diversity is a key characteristic of RIPPs, a class of natural products many microorganisms
produce. RiPPs[31] have many biological activities, including antimicrobial, antitumor, and
immunomodulatory properties. Lanthipeptides are a sub-class of RiPPs characterized by thioether
bonds, and lanthionine rings confer stability and rigidity to the peptide backbone. The structural
diversity of lanthipeptides is driven by multiple modification enzymes, which can modify the amino
acid residues in the peptide backbone in a highly selective and specific manner[16]. Low resistance is
another important feature of RiPPs, particularly lanthipeptides, which are highly effective against drug-
resistant pathogens. This is due to their unique mode of action, which involves the disruption of the
bacterial cell membrane or cell wall[18]. The biological activities of lanthipeptides are also dependent
on their structural diversity, with different modifications leading to different biological effects. For
example, some lanthipeptides have been found to have potent antibacterial activity, while others are
effective against cancer cells. The study of structural diversity, low resistance, and biological activities
of RiPPs and lanthipeptides is an active area of research with many potential applications in medicine
and biotechnology[16,21].

This study used 28 experimental amino acid sequences of LanM enzymes from MIBIG [26] to identify
homologous sequences using BLAST [27] (in BV-BRC [28]). As a result, 315 homologous proteins
were considered for a phylogenetic study (the selection criteria were over 30% similarity over 80% of
protein sequence length). A phylogenetic tree was constructed (Figure 1A) with homologous and
experimental LanM enzyme amino acid sequences. The phylogenetic tree allowed us to identify novel



evolutionary clades based on the taxonomy of the organisms to which the LanMs belong. The
Clostridia clade was selected for further study (Figure 1B). Our analysis also indicated the presence of
other yet unexplored LanM clades, such as the one from Bacilli, Cyanobacteria, and Actinobacteria,
which could be interesting to study further due to their sequence unigqueness.
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Figure 1. A. Unrooted phylogenetic tree of all the experimental LanM sequences identified by BLAST.
This analysis involved 343 amino acid sequences; there were a total of 1964 positions in the final
dataset. B. Unrooted phylogenetic tree of the Clostridia clade. This analysis involved 60 amino acid
sequences; there were 1366 positions in the final dataset. Phylogenetic trees were constructed from the
alignments using the Neighbor-Joining [29], and the evolutionary distances were calculated using the
Poisson correction method. A LanL class IV lantibiotics-modifying enzyme from Venezuelin[36], was
used as a test sequence. Square symbols refer to previously characterized LanM sequences from the
MIBIG database.

Identification and selection of Clostrisin and Cellulosin BGCs

The Clostridia clade of LanM proteins from our dataset consists of 41 sequences associated with 28
genomes. After analyzing the genomes with antiSMASH [3], we identified 232 different BGCs of NPs.
The RiPPs accounted for 46% (107 clusters). A total of 37 BGCs were identified to be responsible for
Class 1l lanthipeptides, which in turn helped determine the presence of precursor peptides, gene
duplications, paralogues, transporters, and resistance genes. From these BGCs, 23 competent precursor
peptides were identified based on their physicochemical characteristics, the presence of serine and
threonine residues, and the characteristic cleavage site of the C39 peptidases domain, which is
represented by the sequences GG or GA (Supplementary Table 1). We then selected fifteen precursor
peptides in 9 BGCs deemed competent due to the presence of essential genes lanA, lanM, and lanPt.
These genes were found to be the minimal machinery required for Class Il lanthipeptide biosynthesis
(Figure 2). Notably, transporter genes and regulatory elements were not considered in the second filter
as their presence is not essential for biosynthesis, albeit it is for resistance. As a result, the C.
cellulovorans 743[37] cluster was chosen because it was thought to be complete, competent, novel,
and most interesting, primarily due to the presence of two different, apparently independent clusters,



each with its lanthipeptide precursor (Figure 2). The nucleotide sequence and amino acid sequence of
gens ClosA, ClosM, ClosPt, CellA, CellM, and CellPt are reported in the Supporting Information.
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Figure 2. A phylogenetic tree built with 1000 shared clostridial genes (left) with the Lanthipeptide Il
BGC gene structures considered competent (right).

To confirm the novelty of the lanthipeptides from the cluster of C. cellulovorans 743, the precursor
peptides pre-Clostrisin and pre-Cellulosin were analyzed, generating a similarity network constructed
using the percent identity between the precursor peptides from all experimentally characterized
lanthipeptide classes to date (Figure 3.A.). The positions of Clostrisin and Cellulosin in the similarity
network were notable, as they exhibited connections with groups of characterized lanthipeptides while
maintaining sufficient sequence divergence based on an identity percentage of no more than 60%.
RiPPMinner [5] predicts 4 and 5 possible lanthionine cycles for the precursors. The amino acid
sequence of the precursors shares some similarity with the characterized peptides FIvA.2g [38],
Enterocin W [39], Plantirocin W [40], Thusin a[41], and for Cellulosin with Lichenicidin A1[42]
FIvA.1[38], FIvA.2[38], BhtA a[43], SmB B[44], Smb a[44], Thusin B[35] (Figure 3.B.).
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Figure 3 A. In the similarity network of precursor peptides, each node represents a characterized
lanthipeptide (identified in pink) or one of all experimental lanthipeptides (each color represents a
different family), and each line represents a minimum of 27% of sequence identity (EFI - Enzyme
Similarity Tool [39]). B. Alignment of the central peptide of Clostrisin with FIVA.2g[38], Enterocin
WB[39], Plantirocin WB[40], Thusin a[41] C. Alignment of the central peptide of Cellulosin with
Lichenicidin A1[42] FIvA.1[38], FIvA.2[38], bhtA a[43], SmB B[44], Smb 0[44], Thusin p[41].

In silico characterization of the post-translational modification enzymes of Clostrisin and
Cellulosin

The Clostrisin and Cellulosin clusters comprise two transporter protein-peptidases, that we named
ClosPT and CellPt, and two LanM enzymes, ClosM and CellM, as well as the precursor peptides
(Figure 2). The amino acid sequences of the C39 peptidase domain of ClosPt and CellPt were subjected
to BLAST analysis, revealing homologous sequences from other Clostridial species. A phylogenetic
tree was constructed based on this sequence showing various organisms within the same class (as
detailed in Supplementary Figure 1.A). Additionally, structure models for ClosPt and CellPt were
generated using AlphaFold 2.0 [46,47], (Supplementary Figure 1.B and 1.D) and compared to the
protein PCATL1 [17] (the closest homologous protein with a structure resolved by crystallography, here
presented in complex with its peptide ligand (PDB 6V9Z). The amino acid sequence identity between
ClosPtand PCAT1 was 29%, while for CellPt, it was 24%. Structural alignment revealed RMSD values
below 3 A, meeting the minimum criteria for structural conservation (Supplementary Table 2).
Furthermore, the catalytic residues within the peptidase domains were confirmed. ClosPt catalytic
residues are Cys35 and His111; for CellPt, they are Cys18 and His 92. These residues maintained a
distance and structural positions like the catalytic residues in PCAT1 (where the catalytic residues are
Cys21 and His99).



A similar procedure was carried out for ClosM and CellM, leading to the identification of the closest
sequences within the Clostridial class (Supplementary Figure 2.A). Structure models for ClosM and
CellM generated using AlphaFold 2.0 (Supplementary Figure 2.B and 2.C). were compared with the
CylM[48] protein (PDB 5DZT), as it remains the sole LanM enzyme characterized through
crystallography to date. The amino acid sequence identity between ClosM and CylM was 23%, while
for CellM, it was 24%. Structural alignment was performed, and the obtained RMSD values were
below 3 A (Supplementary material, Table 3). Our findings suggested that these peptides and their
associated biosynthetic enzymes hold promise as novel entities with untapped bioactive potential.

Expression and purification of pre-Clostrisin, pre-Cellulosin, and C39 peptidase domain

As we could not access the producing microorganisms, we synthesized the gene sequences reported in
public databases (Supplementary List 1) de novo. To express the biosynthetic machinery for the two
lanthipeptides, we transformed the E. coli strain NiCo21(DE3) with the following vectors: pRSF-
Duet_ClosA_ClosM, pRSF-Duet_CellA_CellM, and pRSF-Duet_C39 peptidase domain. The latter
contains the peptidase domain of ClosPt, as the complete ABC transporter was deemed too large to
synthesize and express in this system. This construct was functional in previous studies and retained
catalytic activity without the rest of the transporter domains [43]. Electrophoresis and Western Blot
confirmed the expression of all the protein and peptide molecules. After purification, we estimated
yields between 0,8 and 1,5 g/L of culture for all products.

The activity of the C39 peptidase domain cleaving the leader peptide of pre-Clostrisin and pre-
Cellulosin

The proteolytic activity was monitored by mixing the purified samples of C39 peptidase domain with
purified pre-Clostrisin and pre-Cellulosin. The SDS-PAGE electrophoretic pattern confirmed the
proteolytic reaction (Supplementary Figure 3.D). This was further confirmed through MALDI-TOF
analysis.

Chemical characterization of pre-Clostrisin and pre-Cellulosin through MALDI-TOF MS
Samples containing pre-Clostrisin, pre-Cellulosin, Clostrisin, and Cellulosin were characterized using
MALDI-TOF. Expected masses are presented in Table 4, and the full MALDI-TOF mass spectrum in
Figure 4.A-D of the Supporting Information. In Figure 4.A, an ion at m/z 3252.91 was associated to
[clostrisin-4H,O+H] +, while in Figure 4.B, the pre-clostrisin ion was observed at m/z 8609.6 [pre-
clostrisin-4H,O+H] +. Four dehydrations from a maximum of seven possible amino acid residues
subject to dehydration were observed in both cases. The presence of these masses confirmed the in-
silico predictions that the leader peptide cleavage is performed at a GA amino acid sequence instead
of the regular GG site, which is used in most lanthipeptide precursors.

In the case of pre-cellulosin and cellulosin In Figure 4.D and 4C, the ions at m/z 9288.31 [pre- cellulosin
—4H,0 + H] " and m/z 4246.06 [cellulosin -5H20+H] * confirmed the presence of the predicted peptides
(Figure 7). The leader peptide was cleaved at the GG amino acid sequence in this case.
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Fig. 4. MALDI-TOF mass spectrophotometry of purified fractions of A. Clostrisin B. Pre-Clostrisin
C. Cellulosin D. Pre-Cellulosin.

Antimicrobial Activity of Clostrisin and Cellulosin

Antimicrobial activity assays of Clostrisin and Cellulosin were performed using microplate bioassays
with strains from the American Type Culture Collection (ATCC): Staphylococcus aureus 43300
(MRSA), Pseudomonas aeruginosa ATCC 15442 (PA14), Escherichia coli IM0O8B as well as clinical
strains isolated from patients in Mexico: Staphylococcus epidermidis MIQ43 (multidrug-resistant
clinical sample) (internal code from the MicrolQ laboratory library), and Pseudomonas aeruginosa
MIQPA25 [50] (multidrug-resistant clinical sample isolated from cystic fibrosis patients), and
Clostridioides difficile R20291. All strains have a multidrug-resistant profile (Supplementary Table 5).
These bacteria were chosen due to their classification in the ESKAPE group and the species of origin
(in the case of Clostridioides).

We tested the purified pre-Clostrisin and pre-Cellulosin precursor peptides alongside a mixture with
the C39 peptidase domain. The latter mature lanthipeptides (following the cleavage of the leader
peptide by the C39 peptidase domain), will be referred to as Clostrisin and Cellulosin. Each assay was
performed at the highest obtainable concentrations: 1.4, 2.8, and 5.6 pug/mL of pre-Clostrisin and 1.2,
2.4, and 4.8 pg/mL of pre-Cellulosin. We used the same concentrations of precursor peptides in
mixtures of Clostrisin and Cellulosin. In our testing against Clostridioides difficile, we evaluated pre-



Clostrisin at 5.6ug/mL and pre-Cellulosin at 4.8 pg/mL. Additionally, to ensure that the observed
activity was not due to the C39 peptidase domain protein, we tested them on each bacterium at 10.5
pg/mL, where they showed no inhibition.

The peptides exhibited no antibiotic activity against Escherichia coli ATCC IM08B, Clostridioides
difficile R20291, Acinetobacter baumannii ATCC BAA 747, and S. aureus ATCC 43300 (MRSA) at
the concentrations employed. It was expected that the lack of effect on E. coli would occur, as the pre-
peptide accumulation did not impact the expression host. This assumption was made due to reports of
auto-proteolysis for other lanthipeptides during production in this cell system. This leads us to believe
that at least a few mature peptides might have been present. Despite this, the growth curves of the
producing strains were not distinct from the control ones, transformed with the empty vector. As a
result, it was not surprising that there was no effect on the E. coli test strains, which confirmed previous
observations.

For S. epidermidis M1Q43, P. aeruginosa ATCC PA14, and MIQPAZ25, both Clostrisin and Cellulosin
samples displayed robust bacteriostatic activity at the highest estimated concentration of 5.6 pug/mL
and 4.8 pg/mL respectively, compared to the bacteria grown in LB media (Control), and lower but
statistically significant effects at lower concentrations. As expected, the immature peptides pre-
Clostrisin and pre-Cellulosin showed no discernible effect at the same concentration. These findings
highlight the activity acquisition after the leader peptide's proteolysis and the presence of mature
lanthipeptides (Figure 5).

Finally, it was extremely interesting to test the lanthipeptides on C. difficile, due to the origin of these
peptides in the Clostridia clade. The strict ecological environments of Clostridia are the human and
animal microbiota and soil for both anaerobic and aerotolerant organisms. We interpret a lack of effect
on C. difficile, an intestinal clinical isolate, due to either the presence of resistance mechanisms or the
fact that these peptides evolved to be active against soil microbiota members. The habitat of C.
cellulovurans, the strain of origin of the lanthipeptide clusters, appears to be plant-associated due to its
metabolism and isolation environment (wood).

Our results raise numerous questions regarding the ecological functions of the lantibiotics we
discovered. Our bioinformatics studies have not provided any clues about the resistance mechanisms
of these peptides. Therefore, we plan to conduct further research to gain insights into these functions.
This could help us understand the potential for these peptides to display antimicrobial resistance in the
future.
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Figure 5. Growth curves of the strains with the bacterial activity of the samples A. Clostrisin and B.
Cellulosin with the bacteria with 1. S. epidermidis MI1Q43 and the 2. P. aeruginosa ATCC PA14 and
3. MIQPAZ25. Tests were performed in sterile polystyrene 96-well flat-bottom-shaped microtiter plates.
Inoculum densities were adjusted at an ODgoonm Of 0.1. The plates were incubated at 36°C for 16h at
220 rpm, and the optical density (OD) was measured at 600 nm.

Atomic Force Microscopy

The study employed atomic force microscopy in air (AFM) to observe the bacterial morphological
changes on the surface of S. epidermidis triggered by the impact of lanthipeptides. The samples were
treated with an estimated 22.4 ng/uL concentration for 1 and 5 hours. The AFM images of untreated
S. epidermidis M1Q43 displayed characteristic clustered cocci (see Figures 6.A & 6.F). The treatment
with pre-Cellulosin and Cellulosin samples resulted in more pronounced morphological changes after
5 hours of treatment. The changes included the loss of the characteristic cocci structure, with the
formation of blebs that increased the membrane's rugosity. Besides, cytosolic leakage and remnants of
the outer membrane were identified (see Figures 6. B, C, G, H). The treatment with pre-Clostrisin and
Clostrisin samples led to the formation of numerous blebs visible after 1 hour. Interestingly, no cocci
structures were detected after 5 hours of treatment (see Figure 6. D, E, |, J). Based on the observations,
it can be inferred that Clostrisin and Cellulosin directly interact with the membrane of S. epidermidis.
However, no significant differences were found in the samples regarding using the peptidase C39
peptidase domain. The findings of this study provide valuable insights into the effects of lanthipeptides
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on S. epidermidis, and confirm the previous results acquired during the antimicrobial activity assays.
Further studies are needed to confirm the mechanism of action of Clostrisin and Cellulosin and their
molecular targets in S. epidermidis, a Gram-positive bacterium.

No treatment pre-Cellulosin Cellulosin pre-Clostrisin Clostrisin

Figure 6. Atomic Force Microscopy images (peak force mode) of S. epidermidis M1Q43 incubated with
the different samples for 1 hour (a-€) and 5 hours (f-j). From left to right: no treatment, pre-Cellulosin,
Cellulosin, pre-Clostrisin, Clostrisin. All samples were evaluated at an estimated concentration of 22.4 ng/pL.
Scale bar: 1 pm.

Conclusion

The pressing need for new antibiotics has made the search for them a top priority amongst the scientific
community. In this study, we utilized genomic mining to forecast the uniqueness of two lanthipeptides
derived from the class Clostridia. These peptides were expressed in an E. coli host and produced at
substantial concentrations to perform bioactivity assays. The C39-associated domain was purified to
facilitate the transformation from pre-peptide to mature configuration. The mature Clostrisin and
Cellulosin exhibited antimicrobial properties against S. epidermidis and P. aeruginosa-resistant strains
and failed to exhibit the same effects against E. coli and C. difficile. As a result, we present the
discovery of two new lantibiotics that have demonstrated efficacy in combating Gram-positive and
Gram-negative pathogens.
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Methodology

Gene expression in E. coli and purification of ClosA, CellA, and C39 peptidase domain

E. coli NiCO21 (DE3) cells were transformed with the following vectors: pRSF-Duet_C39 peptidase
domain, pRSF-Duet_ClosA_ClosM, and pRSF-Duet_CellA_CellM. The transformed bacteria were
cultivated in 1L LB medium containing 30 mg/L kanamycin at 23°C. Induction with 0.5 mM IPTG
was performed when the ODsoonm Was between 0.6 and 0.8 Cultures were incubated for 14 h, at 200
rpm, at 18°C. Subsequently, cells were centrifuged at 10000 rpm for 30 minutes at 4°C. The resulting
cell pellets were resuspended in 20 mL of LanA starting buffer (20 mM Tris pH 7.5, 500 mM KCl,
10% glycerol) and lysed by sonication (4.0 seconds on, 10 seconds off, for a total of 10 minutes at 4.0
potency). Finally, the sample was centrifuged for 30 minutes at 4°C, at 10,000 rpm. Supernatants were
stored at —80 C until purification.

The protein products ClosA, CellA, C39 peptidase domain were linked with a 6xHis N-Terminal tag
to perform purifications using affinity chromatography with a 1 mL His Trap nickel affinity column.
The supernatants were filtered (0.45 um filter) and loaded into the column. The column was washed
with 5 column volumes of LanA wash buffer 1 (20 mM Tris pH 7.5, 500 mM KCI, 10% glycerol, 0.5
mM imidazole), followed by 10 column volumes of LanA wash buffer 2 (20 mM Tris pH 7.5, 500 mM
KCI, 10% glycerol, 30 mM imidazole). Finally, the elution was performed with 3 column volumes of
LanA elution buffer (20 mM Tris pH 7.5, 500 mM KCI, 10% glycerol, 750 mM imidazole).
Purifications were monitored through 20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)[51].

Expression was confirmed through Western blot analysis using the 6xHis epitope tag on a lysate sample
(Supplementary Figure 3.A) for pre-Clostrisin, pre-Cellulosin, and C39 peptidase domain. Affinity
chromatography purification (Supplementary Figure 3.B) was performed for the C39 peptidase
domain, resulting in a purity of approximately 96%, based on densitometric analysis of the Coomassie-
stained gel. Protein yield was estimated using spectrophotometric quantification. Analysis using the
NanoDrop device at 280 nm indicated a 1.25 mg/L yield. For pre-Clostrisin, the same analysis revealed
a purity of around 41% and a 1 mg/L yield. In the case of pre-Cellulosin, the analysis showed a purity
of 60% and a 0.8 mg/L yield.

Protease activity of the peptidase C39 domain of ClosPt

To optimize the heterologous expression process of protease ClosPt, we refrained from attempting to
purify membrane proteins due to technical complexities. Instead, we exclusively focused on cloning
the peptidase C39 domain into the pRSF-Duet_C39 peptidase domain vector. The sample containing
the peptidase domain, C39 peptidase domain, was mixed with samples of ClosA and CellA at a 1:5
molar ratio within a reaction buffer composed of 50 mM HEPES at pH 7.0, 150 mM NacCl, and 5 mM
DTT. Cofactors were added as indicated, with the following concentrations: 0.5 mM ATP and 1 mM
MgCI2[17]. The reactions were incubated at 4 °C for 36 h. Subsequently, the samples were subjected
to analysis using 20% SDS-PAGE.

Antimicrobial activity of Clostrisin and Cellulosin

Antimicrobial activity assays were conducted using the reference strains, Acinetobacter baumannii
ATCC BAA 747, Pseudomonas aeruginosa PA14 ATCC 15442 and MIQPA25 (Clinical Strain),
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Escherichia coli ATCC 10799, Staphylococcus aureus ATCC 43300 (MRSA) and Staphylococcus
epidermidis MI1Q43. Tests were performed in 96-well polystyrene microtiter plates with bacterial
inoculation at an initial OD 600 nm of 0.1. The minimum inhibitory concentration (MIC) for each
purified lanthipeptide was determined by testing three different concentrations in three separate wells
and repeating the process in three independent experiments. For the highest tested concentration of
lanthipeptide (5.6 pg/mL for pre-Clostrisin and 4.8 pg/mL for pre-Cellulosin) the well contained 178
uL of LB broth, 12 pL of purified lanthipeptide and 10 pL of bacterial culture. The plates were
incubated at 37°C for 16 h, measuring the optical density (OD) at 600 nm, under shaking.

Three independent experiments were conducted, each consisting of three replicates per concentration.
Data collected from each assay were deemed valid based on the indicated values of inhibition and
growth observed in the controls, as per our standardized data. The results for MIC and percentage
inhibition were averaged. The percentage of inhibition was derived by analyzing the 16 h growth curve
data using the Standard Protocol established in our laboratory, comparing the growth curves obtained
across the conducted experiments. All data processing and final figures were generated using Prism
GraphPad (version 8.0.2).

Atomic Force Microscopy (AFM)

AFM characterization was conducted using a MultiMode 8-HR (Bruker). Samples containing S.
epidermis at an ODegoo>1 were incubated with the lanthipeptides at room temperature for 1 and 5 hours.
Subsequently, 9 pL of the samples were combined with 1 uL of a 0.1% w/v poly-L-lysin solution in
water (Sigma-Aldrich) and immediately deposited onto freshly cleaved mica to be incubated for 10
min at room temperature to allow adsorption. The surface was then rinsed using 600 pL of ultrapure
0.2 um filtered water and slowly dried using compressed air. Imaging was performed using a Digital
Instruments NanoScope V, acquiring 1024 samples per line with silicon nitride cantilevers possessing
a nominal spring constant of 0.32 Nm—1 and a 0.8-1.0 Hz scan rate. Imaging was conducted at room

temperature using the ScanAsyst™ air mode. Images were processed using NanoScope Analysis
V.1.80.

MALDI-TOF MS

Matrix-assisted laser desorption— ionization time of flight mass spectrometry (MALDI-TOF MS)
analyses were carried out at the Gas and Liquid Chromatography Laboratory UNAM Institute of
Chemistry, on a FLEX-PC mass spectrometer (Bruker Microflex). For MALDI-TOF MS analysis, the
samples used were pre-Clostrisin, pre-Cellulosin, Clostrisin, and Cellulosin, previously dialyzed to
remove excess imidazole. Samples were spotted on a MALDI target plate with a matrix solution
containing sinapinic acid (1:5), with a Linear Acquisition operation mode, a POS voltage polarity, and
659 shots.
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