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Deep eutectic solvent enhances
antibacterial activity of a modular
lytic enzyme against Acinetobacter
baumannii

Aleksandra Maria Kocot'™, Tomasz Swebocki%’, Karolina Ciemiriska®, Adrianna tupkowska3,
Matgorzata Kapusta*, Dennis Grimon®, Ewa Laskowska®, Anna-Karina Kaczorowska®,
Tadeusz Kaczorowski!, Rabah Boukherroub?, Yves Briers® & Magdalena Plotka™*

In this study, we evaluated the combined effect between MLE-15, a modular lytic enzyme composed of
four building blocks, and reline, a natural deep eutectic solvent. The bioinformatic analysis allowed us
to determine the spatial architecture of MLE-15, whose components were bactericidal peptide cecropin
A connected via a flexible linker to the cell wall binding domain (CBD) of mesophilic 201¢2 - 1 endolysin
and catalytic domain (EAD) of highly thermostable Ph2119 endolysin. The modular enzyme showed
high thermostability with the melting temperature of 93.97 + 0.38 °C, significantly higher than their
natural counterparts derived from mesophilic sources. The minimum inhibitory concentration (MIC)

of MLE-15 was 100 pg/mL for a panel of Gram-positive and Gram-negative bacteria, while the MIC of
reline ranged from 6.25 to 25% v/v for the same strains. The addition of reline effectively reduced the
MIC of MLE-15 from 100 pg/mL to 3.15-50 pg/mL. This combination displayed additive effects for most
strains and synergism for extensively antibiotic-resistant Acinetobacter baumannii and Bacillus subtilis.
The subsequent evaluation revealed that MLE-15 eliminated planktonic cells of A. baumannii RUH134,
but was ineffective against matured biofilms. However, combined with reline, MLE-15 reduced the
bacterial load in the matured biofilm by 1.39 log units. Confocal fluorescence microscopy indicated
that reline damaged the structure of the biofilm, allowing MLE-15 to penetrate it. Additionally, MLE-
15 and its combination with reline eradicated meropenem-persistent cells of A. baumannii RUH134.
Effectiveness in lowering the MIC value of MLE-15 as well as protection against antibiotic-tolerant
persister cells, indicate that MLE-15 and reline combination is a promising candidate for effective
therapies in bacterial infections, which is especially important in the light of the global crisis of
antimicrobial resistance.
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Amid the global crisis of antimicrobial resistance (AMR) driven by the increase in multidrug-resistant bacteria,
the scientific community’s primary objective is to discover new and effective antibacterial agents'2. Joint
studies by the Institute for Health Metrics and Evaluation (IHME) and the University of Oxford revealed that
in 2019 alone, approximately 13.66 million people died from microbe-induced sepsis. Over 65% of these deaths
(8.88 million) were attributed to bacterial diseases, with 4.95 million associated with antimicrobial resistance’.
The group of pathogens characterized by the highest resistance to currently available therapeutics is called

Laboratory of Extremophiles Biology, Department of Microbiology, Faculty of Biology, University of Gdansk,
Wita Stwosza 59, Gdansk 80-308, Poland. 2Univ. Lille, CNRS, Univ. Polytechnique Hauts-de-France, UMR 8520
IEMN - Institut d’Electronique de Microélectronique et de Nanotechnologie, Lille 59000, France. Department
of General and Medical Biochemistry, Faculty of Biology, University of Gdansk, Wita Stwosza 59, Gdansk 80-308,
Poland. “Bioimaging Laboratory, Faculty of Biology, University of Gdansk, Wita Stwosza 59, Gdansk 80-308, Poland.
Department of Biotechnology, Faculty of Bioscience Engineering, Ghent University, Valentin Vaerwyckweg 1,
Ghent 9000, Belgium. éCollection of Plasmids and Microorganisms | KPD, Faculty of Biology, University of Gdansk,
Wita Stwosza 59, Gdansk 80-308, Poland. “Institute of Nanotechnology and Materials Engineering, Faculty of
Applied Physics and Mathematics, Gdarisk University of Technology, Narutowicza 11/12, Gdansk 80-233, Poland.
*email: aleksandra.kocot@ug.edu.pl; magdalena.plotka@ug.edu.pl

Scientific Reports | 2025 15:2047 | https://doi.org/10.1038/s41598-024-80440-z nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-80440-z&domain=pdf&date_stamp=2025-1-13

www.nature.com/scientificreports/

ESKAPEE, an acronym for Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, Enterobacter spp., and Escherichia coli**.

A particularly challenging aspect of AMR is the formation of bacterial biofilm, a complex bacterial population
that exhibits significantly greater resistance to antibacterial agents, including antibiotics, than planktonic
bacteria®~’. While most antibacterial agents show the highest activity against cells in the outer layer of biofilms,
the presence of extracellular polymeric substances (EPS) significantly reduces their efficacy in the inner layers”®.
The frequent presence of persister cells, a subpopulation that become dormant in the presence of antibacterial
agents and regain physiological activity once exposure ceases™!’, in biofilms poses an additional challenge.
This can lead to the rebuilding of biofilms, potentially causing recurrent infections!'!"'2. Therefore, in pursuit
of effective strategies counteracting AMR, it is imperative to explore novel approaches and assess their efficacy
against planktonic cells and biofilms while expanding the study to include persister cells.

Recently, an alternative approach in antibacterial therapies focused on the application of enzybiotics (enzyme-
based antibacterials) has emerged!*>!*. Among these enzymes, phage-originating endolysins, responsible for the
degradation of the peptidoglycan layer of the bacterial cell wall, draw particular attention!>!¢. Most endolysins are
effective against Gram-positive bacteria but have limited efficacy against Gram-negative bacteria'”!%. Generally,
endolysins active against Gram-negative bacteria have a globular structure with a single enzymatically active
(catalytic) domain (EAD). In contrast, endolysins targeting Gram-positive bacteria usually have a multidomain,
modular architecture'®. The structure of modular endolysins or modular lytic enzymes (MLE) is determined
by the presence of at least one EAD and cell wall-binding domain (CBD) connected by a linker!®. The limited
activity of endolysins against Gram-negative bacteria is a direct result of the presence of an outer membrane!s.
The outer membrane acts as a chemo-physical barrier that can be penetrated by molecules smaller than 600 Da,
which enter through embedded porins. However, it presents an obstacle to larger molecules, such as endolysins'”.
A significant portion of the ESKAPEE group is represented by Gram-negative bacteria. Therefore, it is necessary
to search for solutions to improve the efficacy of lysins against Gram-negative strains'®. One promising solution
is protein engineering aimed at obtaining modular lytic enzymes (MLEs) with desirable properties. Due to their
modular structure (Fig. 1), endolysins of phage origin are well-suited for domain shuftling.

Moreover, the efficacy of endolysins against Gram-negative bacteria can be augmented by fusing them with
an antimicrobial peptide (AMP). AMPs are typically small (10-60 amino acids), predominantly cationic peptides
found abundantly in nature'®. They are often considered a promising substitute for traditional antibiotics?*?!.
Among AMPs, a category referred to as outer membrane permeabilizing peptides (OMPs) exists?’. Fusing an
OMP with endolysin produces an MLE with potential activity against Gram-negative bacteria.
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Fig. 1. The MLEs construction scheme includes CBD - cell-wall binding domain and EAD - enzymatically
active domain (according to Gerstmans et al., 2020'%).
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In 2020, the high-throughput VersaTile method for modular enzyme engineering was described!®. This
innovative DNA assembly method takes the advantage of the modular structure of endolysins and relies on their
fusion with OMP. Using VersaTile, it is possible to replace and shuffle an infinite number of EADs, CBDs, linkers,
and many OMPs!® allowing for quick generation of engineered lysin libraries and rapid screening to identify
variants with high antibacterial activity'®. In the pioneering publication on VersaTile'8, a lead variant 1D10
consisting of OMP7-linker1-CBD6-EAD20 completely inhibited the growth of A. baumannii NCTC13423
and RUH134 in simulated human physiological conditions (50% human serum). Moreover, it slowed biofilm
formation in a porcine skin wound infection model'8. Obtaining MLE with high antibacterial activity against A.
baumannii prompted us to use the VersaTile method to obtain variants containing EAD from the thermostable
endolysin Ph2119 discovered in our laboratory®.

Another example of innovative compounds that has not yet been used in combination with endolysins, are
natural deep eutectic solvents (NADESs)*%. NADESs are an example of green chemistry materials, and in addition
to water and lipids, constitute the third class of solvents, providing an alternative to conventional volatile and
organic solvents?>26. These viscous liquids are formed as a result of the formation of an intricate hydrogen bond
network between hydrogen bond donors (such as amines, sugars, carboxylic acids, and alcohols) and hydrogen
bond acceptors (e.g., quaternary ammonium salts choline chloride or betaine)?>?”. NADESs are formulated by
grinding, sonication, or heating of parent substances and can be synthesized without using solvents or catalysts.
They do not require any further purification?’. To date, DESs have been used mainly in chemical transformations
as substitutes for chemical solvents or in (bio)medicine as drug delivery systems or enhancers of antibiotic
activity®®-*°. Depending on the selection of parent substances, NADESs may exhibit antibacterial properties, as
shown in previous studies®*2. NADESs have been implemented to enhance the activity of protein-based drugs,
such as tumor necrosis factor (TNFa) antibody??, glucagon-like peptide 1, (GLP-1)* and insulin®>. However,
to our knowledge, there is currently no information on the synergy between NADESs and antimicrobial agents
other than conventional small-molecule antibiotics. Moreover, the mechanism of action of NADES against
biofilms and the effectiveness against persister cells have not yet been established.

Therefore, in response to the urgent need for new and effective alternatives to conventional antibiotics, it
seems imperative to evaluate the antibacterial properties of MLE. Considering the above, the aim of this study
was to investigate the antibacterial effect of modular lytic enzyme (MLE-15) containing the EAD of Ph2119
thermostable endolysin of Thermus scotoductus phage 2119, and reline as a representative of deep eutectic
solvents alone and in combination against planktonic bacteria, biofilms and persister cells.

Materials and methods

Bacterial strains, media and culture conditions

All Gram-negative (Pseudomonas aeruginosa PAO1, Pseudomonas fluorescens DSM 50090, Klebsiella pneumoniae
P3, Escherichia coli P4-7250, Acinetobacter baumannii CRAB, and Acinetobacter baumannii RUH134) and
Gram-positive strains (Staphylococcus aureus Z8, Enterococcus faecalis 29, and Bacillus subtilis subsp. spizizenii
ATCC 6633) used in the study were supplied either by Leibniz-Institut DSMZ - Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, Germany, the American Type Culture Collection (ATCC), or by
the collection of bacterial cultures of the Department of Microbiology, University of Gdansk, Poland. The strains
were stored in the form of glycerol stocks at —80°C. For each analysis, an overnight culture was prepared in fresh
Luria-Bertani (LB) broth or Mueller Hinton (MH) broth (Merck, Germany) and incubated at 37°C.

Preparation of reline

Reline was prepared at a molar ratio of 1:2 choline chloride (Sigma Aldrich, C1879-500G) and urea (Sigma
Aldrich, U5378-1KG)*¢. DES was obtained by mixing and heating parent substances slowly, with occasional
vortex stirring, until the content of the vessel was completely liquefied. After the substances melted, heating
was stopped, and the obtained DES was let to cool down naturally to room temperature. The prepared DES was
stored dry at room temperature until the experiments were performed.

Protein structure prediction
VersaTile method used to obtain the library of MLEs was in details described by Gerstmans et al.'®. In preliminary
screening by bacteria growth inhibitory assay'®, out of 200 tested variants, MLE-15 completely inhibited bacterial
growth of A. baumannii RUH134 and P, aeruginosa PAO1 (data not shown) and was assigned as a lead variant.
This variant consisted of cecropin A (OMP), linker 2, the CBD of endolysin 201phi2-1, and the EAD Ph2119
(thermostable endolysin module) (Table 1; Fig. 2).

Using the amino acid sequences of the individual fragments, we aimed to construct a 3D model of MLE-
15 with AlphaFold v2.3.2%, ESMFold_advanced’, DeepFold*, Phyre2*?>, OmegaFold** and MODELLER*.
Predictions were carried out on the Google Colab platform for most tools, with MODELLER executed locally and
DeepFold on the Zhang Group platform. Structural homologs of MLE-15 used in MODELLER were found with
Foldseek®. Side chain optimization was performed with GalaxyRefine*®**’. Modeling accuracy was evaluated
in Chimera 1.16*® using superposition to the existing model of the Ph2119 domain (PDB entry: 6SU5). To
evaluate the cecropin A fragment, a structural model was predicted with ESMFold and OmegaFold. Foldseek
was implemented for searching for similar peptides and calculating TM-scores. Protein visualization was also
performed in Chimera 1.16.

Overproduction and purification of modular lytic enzyme

MLE-15 was overexpressed in the E. coli BL21(DE3) pRIL strain. For this purpose, 1 L of LB supplemented with
kanamycin (100 pg/mL) and chloramphenicol (30 pg/mL) was used. An overnight culture of E. coli harboring
the recombinant plasmid (pVTD-MLE-15) was diluted 100-fold and grown until OD, of 0.4-0.5. Then, the
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Fig. 2. Block model of MLE-15 (M, start codon; GAAG/GS, cleavage sites).

protein overproduction was induced with 1 mM isopropyl-p-d-thiogalactopyranoside (IPTG) following the
incubation for 4 h at 37 °C. Finally, bacterial cells were harvested by centrifugation (6,000 x g, 20 min, 4 °C),
suspended in NPI-10 buffer (50 mM NaH,PO,, pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.1% Triton X-100,
and 10% (v/v) glycerol) and stored at — 80 °C.

Subsequently, purification using the AKTA Pure Protein Purification System (Cytiva) was performed. First,
cells were disrupted by sonication (30 bursts of 10 s at an amplitude of 12 pm, 4°C). Then, the cell lysates were
centrifuged (11 000 X g, 20 min, 4 °C) and heated (20 min, 65°C). After that, the supernatant with His-tagged
MLE-15 was subjected to cobalt-based immobilized metal affinity chromatography with 1 mL HiTrap TALON
crude columns (Cytiva), washed (NPI buffer with 20 mM imidazole), and eluted (NPI buffer without 0.1%
Triton X-100 with 150 mM imidazole). Fractions with pure protein were dialyzed overnight against 20 mM
HEPES buffer (pH 7.4) supplemented with 50% glycerol at 4°C. Finally, protein homogeneity was evaluated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the protein concentration was
determined via Bradford assay using bovine serum albumin as a standard.

Nano differential scanning fluorimetry

MLE-15 sample at a protein concentration of 0.8 mg/mL (in 20 mM HEPES, pH 7.4, 10% glycerol, 25 mM
NaCl buffer) was equilibrated to room temperature and centrifuged (10,000 x g, 1 min) to remove any residual
air bubbles. Subsequently, the sample was loaded in four replicates into Prometheus standard capillaries and
sealed with capillary sealing paste (NanoTemper Technologies) to prevent evaporation. The measurements
were conducted at a temperature range from 20 to 110 °C with a 1 °C interval using the Prometheus NT.48
AGOHTU (NanoTemper Technologies) to determine the protein’s thermal stability. During the melting scans,
the intrinsic protein fluorescence at 330 nm (F350) and 350 nm (F350) signal was recorded and further using the
PR.ThermControl and PR.Stability Analysis software, respectively.

Determination of minimum inhibitory concentration (MIC)

MIC was determined according to Gerstmans et al.!® with modifications®. Briefly, an overnight culture of
bacteria was diluted 100-fold in MH broth and grown to an OD,,,=0.5. After that, the cultures were diluted 5
000-fold in MH broth. Four hundred microliters of MLE-15 (200 ug/mL) or reline (50% v/v) prepared in MH
broth were transferred onto first row of 96-well microtiter plates. To further wells two hundred microliters of MH
was added and 2-fold dilutions of MLE-15 or reline were prepared. For experiments with MLE-15 and reline,
reline was mixed with MH broth to achieve the sub-MIC concentration of 4.5% v/v. Solution was transferred
onto 96-well microtiter plate. MLE-15 was added to the first row to final concentration of 200 pg/mL and 2-fold
serial dilutions of MLE-15 were prepared as described above. Then, 20 uL of adjusted bacteria were added to
each well (final count of approx. 2 x 10° cells). Sterile MH broth (200 pL) and medium inoculated with bacteria
were used as negative (sterility) and positive (growth) controls, respectively. The samples were then incubated
for 18 h at 37 °C, and the MIC values were determined as the lowest concentration that completely inhibited
growth visible to the naked eye.

Antibacterial test

Antibacterial tests were performed followed the protocol of Szadkowska et al., 2023%. All bacterial strains were
grown in LB broth at 37 °C until the OD,,=0.5. One milliliter of each culture was centrifuged (4,000 x g,
15 min, 20 °C) and washed with 20 mM HEPES buffer (pH 7.4) or saline (0.85% NaCl) for MLE-15 and reline,
respectively. Subsequently, the harvested cells (10-fold dilution, approx. 107 cells) were resuspended in either 20
mM HEPES (pH 7.4) or saline supplemented with MLE-15 or reline (MIC value applied based on the results
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in point 2.6). 20 mM HEPES buffer (pH 7.4) was used as a negative control. The samples were incubated for
1.5 h at 37 °C. Then, the samples were centrifuged (4,000 x g, 15 min, 20 °C), washed with saline, suspended,
serially diluted, plated onto Luria-Bertani agar (LA) plates, and incubated for 24 h at 37 °C. After incubation, the
colonies were counted, and the results were expressed as log CFU/mL. The antibacterial tests with use of buffers
with different tonicity (20 mM HEPES buffer pH 7.4 without or supplemented with 30 mM NaCl (hypotonic
buffer), 150 mM NaCl (isotonic buffer), and 350 mM NaCl (hypertonic buffer) were performed according to
Vézquez et al., 2024°1, but because of 600 pL reaction volume, tests were performed in Eppendorf tubes not in
sterile 96-deep-well plates.

Biofilm eradication assay

An overnight culture of bacteria was refreshed in LB broth and adjusted to OD,,=0.5. A 500 uL of adjusted
culture was then transferred to a 24-well microtiter plate and 500 pL of LB broth was added and mixed with the
culture. The inoculated plate was incubated at 37 °C for 24 h. The medium was removed, and the biofilm was
gently washed twice with 1 mL of 20 mM HEPES buffer (pH 7.4) or saline for MLE-15 and reline, respectively.
Next, biofilms were treated with 500 puL of MLE-15 or reline at the concentration of 2xMIC. The solutions of
MLE-15 and reline were prepared in HEPES or saline respectively. Five hundred uL of HEPES buffer was used as
a negative control. Samples were incubated at 37 °C for 3 h. Then, the supernatant was removed, and the biofilm
was gently washed twice with saline. Next, the biofilm was harvested with a sterile swab and placed in 1 mL of
saline. The samples were serially diluted, and appropriate dilutions were plated onto LB agar plates and incubated
at 37 °C for 24 h. After incubation, the colonies were counted, and the results were expressed as log CFU/mL?.

Confocal laser scanning microscopy (CLSM)

Biofilms of A. baumannii RUH134 were prepared in the LabTek™ chamber slide system according to Kocot and
Olszewska2, Initially, biofilms were prepared as described in Sect. 2.8. After treatment (MLE-15: 2xMIC, reline:
2xMIC, combination: MLE-15 1xMIC and reline sub-MIC) and subsequent washing, they were stained using
LIVE/DEAD Bac Light Bacterial Viability Kit (Thermo Fisher Scientific; L7012) using 1.5 pL of SYTO 9 and 1.5
uL of propidium iodide (PI) diluted in 1 mL of saline. Biofilms were incubated at room temperature for 20 min
without light. Next, the staining mixture was removed, and the chambers were detached from the slide. Then,
a coverslip was placed on the gasket and mounted with low melting agarose. Images were acquired with a Leica
STELLARIS 5 WLL confocal microscope (Wetzlar, Germany) with 495 nm (SYTO9) and 549 nm (PI) lines.
Z-stacks (Z=10 images collected) were acquired using 40x magnification at 1024 x 1024 pixels and zoom =0.75
and 2. The images shown are maximum intensity projections, and orthogonal sections are displayed using LAS
X software. Three-dimensional reconstructions were made using the FIJI (Image]™) 3D Viewer plugin displayed
as volume. The sets of experimental combinations were visualized twice. Two z-stacks were taken and analyzed
for each combination from different places in the chamber.

Persister cells induction and treatment

A. baumannii was grown in LB broth at 37 °C with agitation. The overnight culture was diluted to OD,.=0.1
in fresh LB broth and supplemented with reline at concentrations of 1xMIC, 3xMIC, 5xMIC, MLE-15 at
concentrations of 1xMIC, 3xMIC, 5xMIC, 10xMIC and antibiotic (meropenem) at a concentration of 10xMIC
(5 pg/mL; based on preliminary screening tests). This was followed by incubation at 37 °C for 24 h. After 3, 6
and 24 h, the samples were serially diluted and plated onto LB agar. The plates were then incubated at 37 °C for
16 h. The colonies were counted, and the results are expressed as log CFU/mL>. The bacteria were plated on
LB agar supplemented with meropenem (10xMIC) to exclude the possibility that the colonies originated from
spontaneous meropenem-resistant mutants. The colonies that could not grow on meropenem supplemented LB
agar were considered persister cells. After that, meropenem-tolerant persister cells were treated with reline or
MLE-15 at a concentration of 1xMIC (12.5% v/v and 100 pg/mL, respectively), and incubated at 37 °C for 24 h.
After 3, 6 and 24 h, the samples were diluted and plated onto LB agar. The plates were incubated at 37 °C for 16 h.
The colonies were counted, and the results were expressed as log CFU/mL.

Statistical analysis

All the experiments were duplicated in three independent trials (n=6). Bacterial counts and biofilm densities
were expressed as log CFU/mL. Significant differences between the treated and control samples were determined
via one-way analysis of variance (ANOVA). All the statistical analyses were performed using Statistica software
ver. 13.3 (StatSoft Inc., Tulsa, OK, USA). Differences were considered significant at a level of probability p <0.05.

Results and discussion

Protein model prediction

The composition of MLE-15 starts with cecropin A, which is connected via a linker to CBD and then to EAD.
Bioinformatics was utilized to visualize the tertiary structure of MLE-15 and facilitate understanding of the
protein’s overall morphology and the relative positions of its domains. The analysis began with the superposition
of models of MLE-15 obtained through various prediction algorithms, including ESMFold, OmegaFold,
MODELLER, Phyre2, DeepFold, and AlphaFold2 as well as the known crystallographic structure of EAD
domain Ph2119 (PDB: 6SU5) (Fig. 3).

The model predicted by DeepFold was rejected first, because it did not adequately cover Ph2119 and improperly
folded the protein, resulting in domains being scattered in a non-globular and highly improbable manner. The
Phyre2 model was dismissed as its CBD domain did not align with the other models. While modeling with
MODELLER, no template was found for Metl-Ala53 residues in the sequence of MLE-15. Hence, the model
obtained with OmegaFold was used as a template by MODELLER instead of covering the missing template.
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L J

Fig. 3. Superposition of EAD of MLE-15 (represented in dark magenta color) and catalytic domain of

Ph2119 endolysin (represented in orange color). Model of MLE-15 was obtained with OmegaFold** and was
superimposed at the EAD position with Ph2119 (PDB: 6SU5). The colors of the remaining parts of the MLE-15
enzyme are cecropin A - light orange, linker - blue, CBD - green, C-terminal His-tag - black. Superposition was
performed with Chimera 1.16*® and visualization with use of Affinity Designer (https://affinity.serif.com/en-us
/designer/).
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However, this model was also rejected as it merely duplicated the OmegaFold model, rather than creating an
original structure. The AlphaFold2 model, which suggested a loop structure between Metl and Gly110, was
discarded due to the expectation of an a-helical structure between Gly2 and Lys37, characteristic of cecropin
A>*. Subsequently, the investigation focused on cecropin A, the OMP component of MLE-15. ESMFold and
OmegaFold algorithms predicted tertiary structure of the N-terminal part of the protein with high probability.

These two models were then analyzed using the Foldseek tool in search of similar structures in proteins
databases. No structures were identified using the ESMFold model, but the OmegaFold model produced
several search hits. The TM-score, which measures topological similarity between protein structures, where
1.0 is the highest score, was the best for cecropin A2 (UniProt: Q963B0) with a score of 0.774. Other notable
scores included cecropin B1 (UniProt: Q86PR5) at 0.73149 and cecropin C (UniProt: Q8MUF3) at 0.603777,
all found in the SWISSPROT database. The only structure found in the RCSB Protein Data Bank was the H5
hemagglutinin mutant Y161A from the A/Viet Nam/1203/2004 H5N1 influenza virus, with similarities in chains
B, D, and E The highest TM-score was 0.67043 in chain D (PDB: 6E7H).

After comparing all models, the tertiary structure constructed using OmegaFold was chosen as the most
accurate (Fig. 4). To our knowledge, this is the first protein model representing the structure of the modular
enzyme consisting of four building blocks, obtained using the VersaTile methodology.

Overproduction, homogeneity and thermal stability of the MLE-15

MLE-15 was overproduced in the E. coli system (Fig. 5A) and purified via metal affinity chromatography through
its C-terminal His-tag (Fig. 5B). Analysis of the subsequent purification steps visualized by SDS-PAGE showed
that, after purification and dialysis against storage buffer (20 mM HEPES-NaOH, pH 7.4, 50% glycerol), MLE-15
migrated as a single band according to its predicted molecular mass of 33.43 kDa (Fig. 5B, lane 7). The final yield
of recombinant protein purification was 10.5 mg/L of bacterial culture.

MLE-15 was present in a soluble protein fraction after heat treatment of the bacterial lysate, which proved
the stability of the tested protein (Fig. 5, lane 4). To investigate the thermal stability of MLE-15, we implemented
nanoDSE which allowed us to determine the protein melting temperature at which 50% of the protein is in
its unfolded form (Fig. 6). The melting temperature of MLE-15 was determined to be 93.97+0.38 °C, which

linker

cecropin A

\\‘

C-terminus J

N-terminus

Fig. 4. Structural model of MLE-15 generated with OmegaFold*’. The enzyme consists of four building blocks
antimicrobial peptide cecropin A from Aedes aegypti (orange), 14 amino acid flexible linker (blue), cell wall
binding domain (CBD) of endolysin 201phi2-1 from Pseudomonas phage 201phi2-1 (green), and enzymatically
active domain (EAD) of Ph2119 endolysin from Thermus phage Ph2119 (dark magenta). His-tag at the
C-terminus and the N-terminus are depicted in black. Surface transparency visible in the background of the
model is 80%. Figure was prepared with Affinity Designer software.
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Fig. 5. Overproduction (A) and purification (B) of MLE-15. The results of overproduction, where: M — marker
proteins, lane 1 — sample before induction, and lane 2 - sample after induction. The results of subsequent
purification steps, where: M — marker proteins, lane 1 - total protein (lysate after sonication), lane 2 - pellet,
lane 3 - supernatant, lane 4 - protein after heating, washing with increasing imidazole concentration in NPI
buffer lane 5 — 10 mM, lane 6 —20 mM, and lane 7 — 150 mM. Uncropped images of gels are shown in Figure
S2.
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Fig. 6. Thermal denaturation profile of MLE-15. The inflection point corresponds to the melting temperature
(Tm) value.
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indicated that the enzyme is extremely stable at high temperatures, which is a desirable feature in the production
of enzymes of potential use in the biotech industry.

Growth inhibitory effect of MLE-15, reline, and their combination

MIC values for MLE-15 and reline were determined against Gram-positive and Gram-negative bacteria
(Table 2). The MIC values for MLE-15 were consistently 100 pg/mL across all tested strains. In contrast, the MIC
values for reline varied by strain, ranging from 6.25 to 25% v/v. The lowest value of MIC for reline (6.25% v/v)
was observed for (A) baumannii CRAB, the highest (25% v/v) for (B) subtilis, while the MIC for the remaining
strains was 12.5% v/v. The MIC values of reline were also tested in comparison to MICs of its parent substances
(Supplementary Table S1). All MIC values for reline were lower than the MICs of the constituent substances,
therefore reline was selected for further testing. The effect of the combination of MLE-15 with reline was
estimated based on fractional inhibitory concentrations (2FIC). The combination of MLE-15 with reline at its
sub-MIC concentration (4.5% v/v) reduced the MIC of MLE-15 from 100 pg/mL to 3.15-50 ug/mL depending
on the tested stain. However, for most strains, the ZFIC value indicated an additive effect (0.5 <XZFIC<1), with
synergy observed only for (A) baumannii RUH134 and (B) subtilis (XFIC<0.5). The MIC values of MLE-15
were reduced from 100 pug/mL to 6.25 pg/mL for (A) baumannii RUH134 and 12.5 pug/mL for (B) subtilis. This
data demonstrated that the presence of reline reduced the MIC of MLE-15 while maintaining its inhibitory
effect on bacterial growth, suggesting that reline could potentially enhance the antibacterial properties of other
substances.

Bactericidal effect of reline and MLE-15

Based on the observed MIC values, we assessed the antibacterial activity of MLE-15 and reline against Gram-
positive and Gram-negative bacteria in planktonic and biofilm forms (Fig. 7). MLE-15 displayed activity against
selected planktonic cells of Gram-negative bacteria, showing complete inhibition of the growth of A. baumannii
RUH134, and a significant reduction in the number of cells of (A) baumannii CRAB (5.92 log units), and P
aeruginosa PAOI (5.12 log units). On the other hand, reline caused significant reduction only in the number
of planktonic cells of P. aeruginosa (2.26 log units) and (B) subtilis (1.84 log units). It should be noted, that
the activity of MLE-15, similarly to other modular enzymes, such as 1D10 consisting of four building blocks
(peptide, linker, CBD, and EAD), investigated by Gerstmans et al., (2020), may depend on the tonicity of the
reaction buffer!®°!. Qur results show that in the absence of NaCl or in hypotonic buffer with 30 mM NaCl,
MLE-15 caused eradication of A. baumannii RUH134 cells in antibacterial test (>6.40 log units), while 3.19
log reduction of cells counts was observed in the presence of 150 mM NaCl (Supplementary Figure S1). The
bactericidal effect of MLE-15 was abolished at 350 mM NaCl, what was also observed in case of 1D10 variant$.
Therefore, it should be emphasized, that detailed reaction conditions need to be listed while studying activity of
modular lytic enzymes. In relation to the biofilms, MLE-15 was ineffective against all strains tested (p>0.05),
while reline reduced the number of bacterial cells in all biofilms with a significant reduction of A. baumannii
RUH134 (1.57 log units).

These findings are consistent with previous literature, where DESs were proven to affect biofilms while
not completely eradicating them. For example, in the work of Nystedt et al.>*, authors investigated three DESs
comprising choline chloride and xylitol, choline chloride and glycerol, as well as betaine and sucrose against
biofilms of S. aureus and P. aeruginosa. They found that these DESs reduced biofilm biomass by 27-67% for
S. aureus and 34-49% for P. aeruginosa. In another study by Nava-Ocampo et al.*®, the authors examined two
DESs composed of betaine, urea, and water, as well as lactic acid, glucose, and water, against aerobic granular
sludge imitating biofilm. The investigated DESs dissolved up to 70% of the extracellular matrix components,
weakening the biofilm structure and potentially facilitating its eradication. Silva et al.*? used DESs based on fatty
acids (capric acid, myristic acid, lauric acid, and stearic acid) against biofilms formed by S. aureus, E. coli, and C.
albicans, demonstrating that a 10-minute exposure to a DES composed of capric acid and lauric acid resulted in
over a 50% reduction in biomass of all the investigated biofilms.

However, merely reducing the number of cells in a biofilm without its complete eradication is insufficient in
the fight against biofilms. This is due to possible regeneration of the biofilm, which is likely to cause recurrent
infections. Despite this, our results and the previously cited studies indicate that DESs can disrupt biofilm
structure. This disruption may facilitate the penetration of the antibacterial substances into the complex
structure of the biofilm, resulting in more effective interaction with bacterial cells. Therefore, substances that can
disrupt the biofilms’ structure (such as conventional DESs like reline) seem promising as co-drugs with other
antimicrobials to enhance their efficacy against biofilms.

MLE-15 completely inhibited the growth of planktonic cells of A. baumannii RUH134 but did not show
effectiveness in eradicating biofilms. On the other hand, reline was ineffective against planktonic cells but
significantly reduced the bacterial load in biofilms of the same strain. Therefore, we investigated the effects of
both antimicrobials against this strain in more detail. First, we assessed the impact of these substances against
the matured biofilm (Fig. 8). The results confirmed that MLE-15 was ineffective against biofilm (p>0.05), while
reline significantly reduced the number of cells in the biofilm (0.54 log units).

Considering the synergy when MLE-15 was combined with reline, the antibacterial effect of this combination
was also examined. The experiment proved that the combination of MLE-15 and reline resulted in a greater
reduction (1.39 log units) in the number of cells in the biofilm than when reline was used alone.

To sum up, we proved that MLE-15 at a concentration of 2xMIC was ineffective against A. baumannii RUH134
biofilm, while the presence of reline (sub-MIC) significantly reduced the presence of A. baumannii RUH134 in
the biofilm at a concentration of 1xMIC. Thus, it confirmed again that the presence of reline enhanced the
antibacterial activity of MLE-15.
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MLE-15 Reline MLE-15 + reline*

Strain [ug/mL] | [% v/v] | MLE-15+reline | XFIC | Interaction

P, aeruginosa PAO1 100 12,5 50 0.88 | additive effect
P, fluorescens DSM 50,090 | 100 12.5 50 0.88 | additive effect
K. pneumoniae 74 100 12.5 50 0.88 | additive effect
E. coli P4-7250 100 12.5 50 0.88 | additive effect
A. baumannii CRAB 100 6.25 3.15 0.80 | additive effect
A. baumannii RUH134 100 12.5 6.25 0.45 | synergism

S. aureus 7.7 100 12.5 12.5 0.51 | additive effect
E. faecalis Z9 100 12.5 50 0.88 | additive effect
B. subtilis ATCC6633 100 25 12,5 0.32 | synergism

Table 2. MIC values of MLE-15, reline, and MLE-15 in the presence of reline (sub-MIC, 4.5% v/v) against
selected Gram-positive and Gram-negative bacterial strains. The effect of interaction was estimated based on
fractional inhibitory concentrations (XFIC) as follows: ZFIC<0.5 (synergistic), 0.5 < ZFIC<1 (additive), 1

< ZFIC <4 (indifferent) and XFIC >4 (antagonistic). * sub-MIC 4.5% v/v.

A similar approach, where an external substance was used as a co-drug, was reported in a pioneering study
on the assessment of the antibacterial properties of MLE, which was obtained using the VersaTile method®.
Adding 0.2 mM EDTA - chelator of divalent cations - to lead variant 1D10 reduced its MIC value from 11.8 £5.2
to 4.4+3.6 pg/mL in tests on A. baumannii. Moreover, it was shown that 0.2 mM EDTA slightly increased the
antibacterial effect against A. baumannii strains in 90% human serum (reduction from 2.4 to 2.7 to 2.7-3.1
log units). The use of substances that enhance the antibacterial effect of lysins is known in the literature and
has been reported as early as 201214578, It is common to use EDTA or weak organic acids as outer membrane
permeabilizers, allowing lysins to reach and degrade the peptidoglycan layer. For instance, Oliveira et al.>” used
EDTA and weak organic acids (malic and citric) to evaluate the antibacterial properties of endolysin Lys68.
Authors found that supplementation of Lys68 with 0.2 mM EDTA displayed an antibacterial effect against
Pseudomonas strains, while the presence of 5 mM malic and 2 mM citric acid broadened the antibacterial effect of
Lys68 to Salmonella Typhimurium. Moreover, it was demonstrated that combinations malic acid/Lys68 and citric
acid/Lys68 reduced the number of Salmonella cells by 3-5 log units compared to control samples treated with
acids alone®. Therefore, our research on combining the antibacterial action of MLE-15 and reline fits existing
trends. This approach is also innovative due to the co-action of MLE with deep eutectic solvents represented here
by reline, which has not been studied in this context so far. Moreover, our study indicates a possible mechanism
of action combining MLE-15 with reline. We showed that MLE-15 had an antibacterial effect on planktonic cells
of A. baumannii RUH134 at a concentration of 1XxMIC, while using up to twice the concentration did not affect
the biofilm. However, adding reline at a sub-MIC concentration allowed for a significant reduction of cells in the
biofilm when combined with MLE-15.

Considering observations mentioned above and the lack of antibacterial effect of MLE-15 alone on the
biofilms, one can assume that the activity of reline is involved in the dissolution of the extracellular matrix
of the biofilm. Thus, we suspect that reline disrupted the EPS, facilitating the penetration of MLE-15 into the
biofilm structure which allowed MLE-15 to act directly on bacterial cells. These observations were supported by
microscopy images obtained while implementing LIVE/DEAD staining on the biofilms (Fig. 9). The untreated
biofilm showed that A. baumannii RUH134 formed a densely-packed biofilm, mostly labeled with SYTO 9
(green cells), with few scattered, damaged cells labeled with PI (red cells), indicating high cell viability within
the biofilm (Fig. 9A1). The biofilm treated with MLE-15 displayed a visual effect similar to the untreated control,
which showed the lack of activity of MLE-15 against the biofilm of A. baumannii RUH134 (Fig. 9B1). On the
contrary, biofilms treated with reline (Fig. 9C1) appeared yellowish-orange, while the combination of MLE-
15 and reline (Fig. 9D1) resulted in red-stained spots. 3-dimensional analysis of the biofilms indicated that
the control (Fig. 9A3, 9A5) and MLE-15-treated biofilms (Fig. 9B3, 9B5) were thicker than biofilms treated
with reline (Fig. 9C3, 9C5) or the combination of MLE-15 with reline (Fig. 9D3, 9D5). Furthermore, structural
analysis showed very few spaces devoid of cells in the control (Fig. 9A2, 9A4) and MLE-15-treated-biofilm
(Fig. 9B2, 9B4), while reline-treated biofilm (Fig. 9C2, 9C4) and biofilm treated with a combination of both
(Fig. 9D2, 9D4) resulted in the formation of holes and large areas without visible accumulated biomass. The
observations mentioned above confirmed that MLE-15 alone affected neither the viability of A. baumannii
RUH134 cells in the biofilm nor the structure of the biofilm. On the contrary, using reline alone caused a visible
disintegration of the biofilm structure resulting in the cells stained yellowish-orange, indicating a specific effect
on the physiology of bacterial cells. In turn, the use of reline combined with MLE-15 revealed damage to the
biofilm structure by reline, which enabled the penetration of MLE-15 into the biofilm and a direct effect on
the damage of the cytoplasmic membranes of bacterial cells which allowed the penetration of PI into the cells.
Presumably, reline alone requires more prolonged action time to affect bacterial cells substantially. However,
from the medical point-of-view, it seems more reasonable to use reline with another antibacterial substance,
such as MLE-15, than to extend the time needed to inactivate bacterial pathogens.

Previously-mentioned studies on assessing the impact of DESs on biofilms®3235 also indicated that DESs
disrupted the biofilm structure. Our proposed combination of reline with MLE-15 seems to be important in the
context of an effective fight against biofilms, which may give more satisfactory results than DESs alone.
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Fig. 7. The effect of MLE-15 and reline against Gram-positive and Gram-negative bacteria in planktonic

form (A) and biofilm (B). The results were obtained via the colony counting method after using MLE-15

and reline at concentrations of 1xMIC for 1.5 h for plankton and 2xMIC for 3 h for biofilm. The asterisks
indicate statistically significant differences compared to the control (p <0.05). Error bars represent the standard
deviation.

Treatment and induction of emergence of persister cells

In addition to the biofilms, persister cells are the leading cause of recurring bacterial infections and pose a
formidable challenge to modern medicine. Therefore, the next step in our studies was to investigate whether
MLE-15 and reline cause the emergence of persisters of A. baumannii RUH134. Our study showed that MLE-15
(Fig. 10A) used at concentrations of 1x, 3x, 5x and 10xMIC as well as reline (Fig. 10B) used at concentration of
1x, 3x and 5xMIC did not cause to emergence of persister cells. Moreover, it was found that MLE-15, regardless
of concentration, caused gradual cell death over time until complete eradication 72 h after exposure (Fig. 10A).
In turn, reline at a concentration of 3x and 5xMIC caused complete eradication of A. baumannii RUH134
after only 7 h of treatment (Fig. 10B). These results are extremely valuable due to the eradication, not just the
reduction of A. baumannii RUH134 cells and the lack of tolerance to these antimicrobials.

Finally, we assessed whether MLE-15, reline, and their combination could combat persister cells of A.
baumannii RUH134 induced using an antibiotic - meropenem (10xMIC) (Fig. 11). Meropenem-induced
persister cells were treated with MLE-15 (1xXMIC), reline (1xMIC), and their combination (MLE-15-1xMIC
and reline - sub-MIC). After the addition of MLE-15, the number of the cells remained stable at the level of
approx. 5 log CFU/mL for a total of 24 h, which indicated the lack of the activity of MLE-15 against persisters. In
turn, reline, and its combination with MLE-15 eradicated persister cells in just 3 h after treatment, and this effect
was maintained in the following hours, which indicated strong activity against persister cells.

These observations are valuable due to the global AMR crisis. Antibiotic-tolerant persister cells are one of the
reasons for the overuse of antibiotics. Therefore, our results show that reline and its combination with MLE-15
completely eradicated meropenem-induced persister cells and provided hope for effective antibacterial therapy
in the near future.

Conclusion

In the current global crisis related to antimicrobial resistance, it is imperative to search for novel and innovative
solutions to counteract bacterial infections effectively. In this study, we investigated the antibacterial activity
of MLE-15, a modular lytic enzyme based on an enzymatically active domain from thermostable endolysin
Ph2119, obtained with the VersaTile method. We also examined reline, a natural deep eutectic solvent and their
combination. Our result showed that MLE-15 completely inhibited the growth of planktonic cells of extensively
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Fig. 8. The effect of MLE-15 and reline (2xMIC) and the combination of MLE-15 (1xMIC) with reline (sub-
MIC, 4.5% v/v) against matured biofilm of A. baumannii RUH134. The results were obtained via the colony
counting method after treatment for 3 h. The asterisks indicate statistically significant differences (p <0.05).
Error bars represent the standard deviation.

resistant strain A. baumannii RUH134, while reline significantly reduced the number of A. baumannii RUH134
cells in the biofilm. Moreover, both antimicrobials significantly reduced the number of cells in fully formed
biofilm. This finding suggests that the activity of MLE-15, which was ineffective against biofilm when used
alone, was enhanced in the presence of reline. It appears that reline disrupts extracellular matrix and destabilizes
the biofilm structure. These findings were confirmed by microscopic analysis, which demonstrated that reline
enhanced the antibacterial properties of MLE-15, indicating that combining MLE-15 with reline is a promising
strategy for combating biofilms. Additionally, our study showed that MLE-15 and reline did not cause the
emergence of persister cells, and reline alone or in combination with MLE-15 eradicated persister cells induced
in the presence of meropenem. These findings suggest that reline, through its action on the outer layers and
destabilizing function, acts as a permeability enhancer for MLE-15, enabling it to act directly on bacterial cells.
The complete eradication of meropenem-persister cells of this strain highlights the potential of combining MLE-
15 with reline in the fight against bacterial infections and antibiotic-resistant strains.

Endolysins, i.e. lytic enzymes of phage origin (e.g. MLE-15 created by VersaTile methodology) are currently
facing great interest in the context of the therapy of bacterial infections (e.g. LysRODI against S. aureus™, Ph28
against S. epidermidis®®, ORF28 gene product against E. faecalis®'). There is also no shortage of advanced clinical
or preclinical trials on the use of endolysins to combat bacterial infections®*®*. Therefore, the issue of lytic
enzymes in therapy is absolutely justified and necessary. However, most endolysins are tested against Gram-
positive bacteria, because their effectiveness against Gram-negative bacteria is limited by the presence of an
additional cover - the outer membrane. Consequently, studies like ours are a valuable contribution in research
on combating Gram-negative bacteria.

In turn, DESs are known in biomedicine as treatment (e.g. wound healing®®), antimicrobial (e.g. effect against
Escherichia coli, Proteus mirabilis, Salmonella typhimurium, Pseudomonas aeruginosa and Staphylococcus aureusS®)
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Fig. 9. Images of LIVE-DEAD staining for the biofilm of A. baumannii RUH134 treated with MLE-15
(2xMIC), reline (2xMIC) or the combination of MLE-15 (1xMIC) and reline (sub-MIC, 4.5% v/v). The

0.85% saline was used as a control. Representative images of the control (A), MLE-15 (B), reline (C), and
combination of MLE-15 with reline (D). A1, B1, C1, and D1 are maximum intensity projections taken from
z-stacks. A2, B2, C2, and D2 are orthogonal sections displayed at 40x magnification. A3, B3, C3, and D3 are
3D reconstructions from Al, B1, C1, and D1, respectively. A4, B4, C4, and D4 are magnifications from Al, B1,
C1, and D1, respectively. A5, B5, C5, and D5 are 3D reconstructions from A4, B4, C4, and D4, respectively. The
orthogonal sections are displayed using LAS X software (https://www.leica-microsystems.com/products/micr
oscope-software/p/leica-las-x-1s/). Three-dimensional reconstructions were made using the FIJI (Image]™) 3D
Viewer plugin displayed as volume (https://imagej.net/ij/index.html).

or tool for increasing the antibacterial properties of other therapeutics (e.g. increase the effects of clindamycin
in in vivo tests in mice3’). Nevertheless, our work is the first to indicate an increase in the antibacterial effect of
Iytic enzymes in the presence of DES (reline). Using a combination of two or more agents to obtain the desired
antibacterial effect is a popular strategy in medicine today. Therefore, the research we propose meets current
trends and perfectly combines both innovative antibacterial approaches - the use of Iytic enzyme and DES. The
combination of these two antimicrobials, which are currently being intensively studied, may constitute a real
alternative to conventional antibiotics.
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Fig. 10. The effect of MLE-15 at the concentrations of 1x, 3%, 5x and 10xMIC (A) and reline at concentrations
of 1x, 3x and 5xMIC (B) compared to that of the control (no treatment) and antibiotic (meropenem) at a
concentration of 10xMIC on the induction of persister cells of A. baumannii RUH134. Error bars represent the
standard deviation.
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Fig. 11. The effect of MLE-15 (1xMIC), reline (1xMIC) and the combination of MLE-15 (1xMIC) with reline
(sub-MIC) on meropenem-tolerant persister cells of A. baumannii RUH134. Error bars represent the standard
deviation.
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Data availability
The raw files related to this study are available under CC BY - Creative Commons 4.0 License and can be found
in the RepOD repository (https://doi.org/10.18150/OWFIIK).
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