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ABSTRACT

The present work addressed the abilities of two L-amino acid oxidases isolated from Bothrops moojeni
(BmooLAAO-I) and Bothrops jararacussu (BjussuLAAO-I1) snake venoms to control the growth and prevent the
biofilm formation of clinically relevant bacterial pathogens. Upon S. aureus (ATCC BAA44) and S. aureus
(clinicalisolates), BmooLAAO-I (MIC=0.12 and 0.24 pg/mL, respectively) and BjussuLAAO-II (MIC = 0.15 pg/mL)
showed a potent bacteriostatic effect. Against E. coli (ATCC BAA198) and E. coli (clinical isolates), BmooLAAO-I
(MIC = 15.6 and 62.5 pg/mL, respectively) and BjussuLAAO-II (MIC = 4.88 and 9.76 pg/mL, respectively)
presented a lower extent effect. Also, BmooLAAO-I (MICBs, = 0.195 pg/mL) and BjussuLAAO-II (MICBs, = 0.39
pg/mL) inhibited the biofilm formation of S. aureus (clinical isolates) in 88% and 89%, respectively, and in 89%
and 53% of E. coli (clinical isolates). Moreover, scanning electron microscopy confirmed that the toxins
affected bacterial morphology by increasing the roughness of the cell surface and inhibited the biofilm
formation. Furthermore, analysis of the tridimensional structures of the toxins showed that the surface-charge
distribution presents a remarkable positive region close to the glycosylation motif, which is more pronounced
in BmooLAAO-I than BjussuLAAO-II. This region may assist the interaction with bacterial and biofilm surfaces.
Collectively, our findings propose that venom-derived antibiofilm agents are promising biotechnological tools
which could provide novel strategies for biofilm-associated infections.
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1. Introduction

Biofilm formation contributes to partient morbity and increased mortality rates in bacterial
infections (J Del Pozo, 2018). Biofilm corresponds to a sessile bacteria community attached to
abiotic or tissue surfaces and sealed on an exopolymeric substance composed of polysaccharides
proteins, lipids and extracellular DNA (eDNA) (Singh et al., 2022). Given the importance of biofilm in
protecting microorganisms against harsh conditions and contributing to the emergence and
dissemination of antibiotic resistance, biofilm formation has been considered as clinically relevant
(J Del Pozo, 2018).

Due to the severity of the infections caused by biofilm formation, Staphylococcus aureus and
Escherichia coli have become a serious public health concern (Rabin et al., 2015). S. aureus causes a
wide range of infections every year due to its ability to invade the bloodstream or internal issues,
inducing profound complications in patients’ clinical conditions (Cheung et al., 2021; Kwiecinski and
Horswill, 2020). In parallel, E. coli is the most common cause of bacteria exceeding other leading
bacteria-causing pathogens, such as S. aureus, and induces severe urinary tract and bloodstream
infections (Ballén et al., 2022; Bonten et al., 2021). In this sense, due to the staggering growth of
bacterial infections associated with biofilm formation, the search for new and efficient therapeutic
agents is necessary.

In this context, snake venoms have been explored as a relevant source of prominent therapeutic
biomolecules with a wide spectrum of activities (Oliveira et al., 2022), including L-amino acid
oxidases (SV-LAAOs), which possess antibiofilm (Singkham-In et al., 2023), antiprotozoal (de Melo
Fernandes et al., 2023) and apoptotic effects (Polloni et al., 2023). SV-LAAOs are flavoenzymes that
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catalyze the deamination of an L-amino acid through a-ketoacid and generate hydrogen peroxide
(H,0,) and ammonia as subproducts (Paloschi et al., 2018). Previously, several studies demonstrated
that SV-LAAOs antibacterial action is associated with the production of H202, which compromises a
range of structures and impairs cell homeostasis (Zhang et al., 2004; Costa et al., 2015; Abdelkafi-
Koubaa et al., 2016; Lazo et al., 2017; Oguiura et al., 2023a).

The present work investigated the antibacterial and antibiofilm activities of two L-amino acid
oxidases (LAAOs) isolated from Bothrops moojeni (BmooLAAO-I) (Stabeli et al., 2007) and Bothrops
jararacussu (BjussuLAAO-II) (Carone et al., 2017) snake venoms against S. aureus and E. coli strains.
In addition, we correlated the biological effects with the evaluation of the structures of the
molecules and suggest possible sites of interaction between the toxins and the bacterial and biofilm
surfaces.

2. Material and methods

2.1. CRUDE VENOM AND PURIFICATION OF BMOOLAAO-I AND
BJUSSULAAO-II

The crude venoms from B. moojeni and B. jararacussu were obtained from CETA (Animal Toxin
Extraction Center, Ltda - CNPJ: 08.972.260/0001-30, Morungaba SP, Brazil). This serpentarium is
certified by the Brazilian Institute of Environment and Renewable Natural Resources (IBAMA) under
the registration n° 2/35/1999/000545-1. This work was registered in the National System For The
Management Of Genetic Heritage and Associated Traditional Knowledge under the number
A2C2534.

The toxins were purified through three chromatographic steps of molecular exclusion in HiPrep
Sephacryl S-300 column (GE Healthcare Life Science, PA, USA), hydrophobic interaction in a HiTrap
Phenyl-Sepharose 6 Fast Flow (FF) column (GE Healthcare) and affinity to benzamidine in a HiTrap
Benzamidine High-Performance (HP) column (GE Healthcare) as previously described (Carone et al.,
2017; Barbosa et al., 2021). The protein concentration was determined using Bradford assay
(Bradford, 1976). The enzymatic activity was assessed using the spectrophotometric assay with L-
Leucine as substrate during the purification and before all the biological experiments, as previously
described (Costa et al., 2018). The purified proteins were biochemically evaluated for homogeneity
by 12.5% (w/v) SDS-PAGE (Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis) in reducing
conditions (Laemmli, 1970).

2.2. MASS SPECTROMETRY ANALYSIS

The sequence from the SV-LAAOQ isolated from B. jararacussu snake venom was recently determined
by our research group and corresponds to BjussuLAAO-II (Barbosa et al., 2021). In the present study,
to confirm the identity of the toxin purified from B. moojeni snake venom, the toxin was digested by
trypsin and submitted to LC-MS/MS on Acquity M-Class UPLC (Ultra Performance Liquid
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Chromatography) (Waters, MA, USA) hyphenated to a Q-Exactive (Thermo Fisher Scientific, IL, USA)
in nanoelectrospray positive ion mode, as previously described (Barbosa et al., 2021). The protein
identification was performed using Peaks X + Studio v. 10.5 (Ma et al., 2003) against the NCBI
(National Center for Biotechnology Information, Bethesda, Maryland, USA) database of “L-amino
acid oxidase” from B. moojeni. Cysteine carbamidomethylation was set as fixed modification and
oxidation as a variable modification and a maximum of 3 missed cleavages of trypsin enzyme. A false
discovery rate (FDR) of 0.1%, unique peptide > 1 considering the significant peptides, and only
peptides with -10logP > 20 20 were used to detect the proteins from the database search for the
SPIDER algorithm (Han et al., 2005).

2.3. BACTERIAL STRAINS

The bacterial strains of S. aureus (ATCC BAA44), E. coli (ATCC BAA198) and clinical isolates were used
to assess the antibacterial and antibiofilm activities. The strains were obtained from ATCC (American
Type Culture Collection, MD, USA), while the clinical isolates were kindly supplied by the Clinical
Hospital of the School of Medicine of Ribeirao Preto (Sdo Paulo, Brazil) and maintained in the culture
collection of the Laboratory of Antimicrobial Testing at the Federal University of Uberlandia (Minas
Gerais, Brazil) under cryopreservation at - 80 °C. The strains were cultured in Muller Hinton Agar
(DIFCO™, NJ, USA) at 37 °C.

2.4. DETERMINATION OF THE MINIMUM INHIBITORY CONCENTRATION
(MIC) AND MINIMUM BACTERICIDAL CONCENTRATION (MBC) OF
BMOOLAAO-I AND BJUSSULAAO-II

In order to evaluate the antibacterial activities of BmooLAAO-I and BjussuLAAO-II, the MIC and MBC
were determined in triplicate using the microdilution method according to protocols previously
described (CLSI Clinical and Laboratory Standards Institute, 2012; Assis et al., 2022). Briefly, 50 uL of
BmooLAAO-I or BjussuLAAO-II was added to a 96-well plate containing 50 pL of Muller Hinton broth
medium, reaching final concentrations ranging from 0.03 to 312.5 pg/mL. Then, 50 uL per well of the
bacterial suspension of S. aureus, E. coli or the clinical isolates was added reaching the final
concentration of 5 x 10° colony-forming units per milliliter (CFU/mL). Bacterial inoculum in the
medium without toxin was considered as control group. The plates were incubated at 37 °C for 24 h
followed by the addition of 30 pL of 0.02% aqueous resazurin solution to evaluate bacterial growth.
MIC values were defined as the lowest concentration able to inhibit the bacterial growth indicated
by the color change of resazurin from blue to pink. Before the addition of resazurin, aliquots of 10 uL
were transferred from each well to Mueller Hinton agar plates and incubated for 24 h at 37 °C. The
MBC was determined by the presence or absence of bacterial growth. In addition, in order to validate
the MIC assay, the antibiotic tetracycline was used as control of the experiment in concentrations
ranging from 0.01 to 5.9 pg/mL, and the control of the bacterial growth was verified.
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2.5. MINIMUM INHIBITORY CONCENTRATION OF BIOFILM FORMATION
(MICBso) OF BMOOLAAO-I AND BJUSSULAAO-II

The MICBs, corresponds to the lowest concentration able to inhibit the biofilm formation by at least
50% (Assis et al., 2022). The MICBs, was determined by optical density (OD) measurement at 595-nm
of biofilm biomass formed as previously described (Assis et al., 2022). In summary, in 96-well flat-
bottom microplates containing Brain Heart Infusion (BHI) broth supplemented with 2% glucose,
serial dilutions of the BmooLAAO-I and BjussuLAAO-II (ranging from 0.195 pg/mL to 400) samples
were made. From a 24 h culture on BHI agar plates containing 2% of glucose, the inoculum was
prepared with turbidity 0.5 on Mac-Farland scale (1 x 10° CFU/mL), measured on a
spectrophotometer at 625 nm, and then adjusted to 1 x 10° CFU/mL. The microplates were incubated
at 37 °C for 24 h and the contents of the wells were carefully aspirated, and non-adhered cells were
removed by gently washing with PBS buffer with pH 7.20. Afterwards, the biofilm formed was fixed
with methanol for 15 min, dried at room temperature and stained with a crystal violet solution (0.2%)
for 20 min. After removing the crystals and washing the wells with PBS buffer, 33% acetic acid was
added for 30 min to solubilize the crystal retained in the biofilm, and the absorbance of the wells
was determined in spectrophotometer at 595 nm. In order to determine the number of viable cells
in the antibiofilm assay, the cells were gently aspirated and washed with PBS buffer in order to
remove non-adhered cells. Next, 200 uL of BHI broth medium with 2% glucose was added to the
wells and the microplate was sonicated for 30 min. Subsequently, decimal dilutions were performed
(10° to 107) and aliquots of 50 uL of each dilution were plated on BHI agar plates and incubated at
37 °C for 24 h. After that, colonies were counted and the results were expressed on a log 10 scale
(CFU/mL). The MICBs, of BmooLAAO-I and BjussuLAAO-II (ranging from 0.195 to 400 ug/mL) was
determined in comparison with the control, incubated with culture medium only. Vancomycin and
gentamicin (ranging from 0.01 to 5.9 pg/mL) were used in comparison with the treatments of the
toxins. The results were expressed in ODses and viable biofilm cells by counting colony-forming units
per milliliter (CFU/mL) in logio scale. In addition, the percentage (% of biofilm formed) was calculated
comparing the absorbance of the toxin treatments with the control (considered as 100% of biofilm
formed). Tests were performed in triplicate, and vancomycin and gentamicin (ranging from 0.01 to
5.9 ug/mL) were used in comparison. The inoculum concentration and optimal incubation time for
this assay were established by standardizing biofilm formation.

2.6. SCANNING ELECTRON MICROSCOPY ANALYSIS (SEM)

In order to assess the morphological changes induced by the toxin treatments in the cell structure
and biofilm, scanning electron microscopy (SEM) was performed according to the methodology
previously described (Melo et al., 2017), with minor modifications. The assay was carried out in 24-
well plates containing discs of polyvinyl chloride (PVC, diameter 9 mm). Bacterial culture was
incubated in absence (control group) or presence of BmooLAAO-I or BjussuLAAO-II at the minimum
inhibitory concentrations (MIC) and sub-inhibitory concentrations (7 MIC). After 24 h of incubation at
37°C,the samples were fixed in a solution of 2.5% glutaraldehyde and 2% paraformaldehydein 0.15
M sodium cacodylate buffer pH 7.0 for 2 h. Then, the samples were post-fixed in 1% osmium
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tetroxide solution for 2 h and dehydrated in ethanol at the following concentrations: 30%, 50%, 70%,
90% and 100% with intervals of 20 min each. Subsequently, the samples were subjected to Critical
Point Drying (CPD) using liquid carbon dioxide in Leica EM CPD300 (Leica Biosystems, Nufloch,
Germany) coated with gold (20-nm thickness) using Leica EM SCDO050 (Leica Biosystems) and
analyzed on a scanning electron microscope (Zeiss EVO MA10, Carl Zeiss, Oberkochen, Germany)
operating at 20 kV.

2.7. STRUCTURAL EVALUATION OF BMOOLAAO-I AND BJUSSULAAO-II

In order to verify possible sites of interaction between toxins and bacterial surface, the three-
dimensional (3D) structures BmooLAAO-I and BjussuLAAO-II were analyzed through the
investigation of the electrostatic-surface distribution using the Adaptative Poisson-Boltzmann
Solver (APBS) (Baker et al., 2001). Also, we submmited the protein sequences for the prediction of
potential sites of antimicrobial regions using AMPA (Torrent et al., 2012). The tertiary structures of
BmooLAAO-I and BjussuLAAO-II were predicted using SWISS-MODEL (Waterhouse et al., 2018).
Briefly, the protein sequences were submitted to the template search tool and the strucutre of CR-
LAAO was selected (PDB: 1FR8). The quality of the predicted models was evaluated using
QMEANDisco (Studer et al., 2020), MolProbity (Williams et al., 2018), PROCHEK (Laskowisck et al.,
1983), ERRAT (Colovos and Yeates, 1993) and VERIFY3D (Liithy et al., 1992) in SAVES v.6.0
(https://saves.mbi.ucla.edu/). The protein tertiary visualization and APBS analyses were performed
using PyMOL v.2.5 (Schrédinger, Inc., NY, USA). In addition, the sequences of BmooLAAO-I,
BjussuLAAO-II and CR-LAAO were submitted to a multiple sequence alignment using the Clustal
Omegav. 1.4.2 (Sievers and Higgins, 2018).

2.8. STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism v.9.0 (GraphPad Software, Inc., CA, USA).
Significance differences were analyzed using One-way ANOVA and Tukey’s multiple comparisons
post-test. The differences were considered significant when P <0.05.

3. Results

3.1. BMOOLAAO-I AND BJUSSULAAO-II WERE SUCCESSFULLY ISOLATED
FROM B. MOOJENI AND B. JARARACUSSU VENOMS

The enzymes were successfully purified through the three chromatographic steps of molecular
exclusion, hydrophobic interaction and affinity to benzamidine. The purified proteins presented a
high homogeneity and migrated as isolated bands of approximately 64 kDa and 60 kDa,
corresponding to the molecular mass of BmooLAAO-I and BjussuLAAO-II, respectively. The resulting
chromatograms and biochemical characterization are present in the Supplementary Material. The
purification process described herein yielded approximately 2.36 mg of BmooLAAO-I and 1.36 mg
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BjussuLAAO-II from the crude venom (200 mg), and the toxins displayed enzymatic activity of 4136
and 5205 U/mg/min, respectively.

3.2. MASS SPECTROMETRY EXPERIMENTS CONFIRMED THE IDENTITY OF
BMOOLAAO-I FROM B. MOOJENI VENOM

Mass spectrometry analyses resulted in 8896 MS and 25,851 MS? scans. After the application of the
parameters for scan filtering, the protein has 994 peptide spectrum matches (PSM) and 556 peptides
sequences that match the database information. The peptides belong to BmooLAAO-I (National
Center for Biotechnology Information (NCBI): AAR31183.1) and present a - 10logP of 603.29,
indicating that the protein detected is relatively high in confidence, possesses 95% of coverage with
552 peptides, 1823 de novo tags and 102 mass spectra with potential post-translational
modifications (PTMs). BmooLAAO-I sequence and the full list of PTMs and mutations are present in
the Supplementary Material.

3.3. BMOOLAAO-I AND BJUSSULAAO-II EXHIBITED BACTERIOSTATIC AND
BACTERICIDAL EFFECTS UPON GRAM-POSITIVE AND GRAM-NEGATIVE
STRAINS

S. aureus ATCC BAA44, E. coli ATCC BAA198 and clinical isolates were treated with BmooLAAO-I and
BjussuLAAO-II to assess MIC and MBC values. In general, BmooLAAO-I and BjussuLAAO-II exhibited
more pronounced bacteriostatic and bactericidal effects against the Gram-positive strains (Table 1).
As for the Gram-negatives, BmooLAAO-I and BjussuLAAO-II controlled the bacterial growth and
eliminated the microrganisms with a lower extent (Table 1). Regarding tetracycline, the
conventional antibiotic inhibited the growth of S. aureus and E. coli at 0.36 and 0.73 pg/mL.

Table 1. Minimum Inhibitory Concentrations (MIC) and Minimum Bactericidal Concentrations (MBC) of
BmooLAAOO-I and BjussuLAAO-II against Gram-positive and Gram-negative bacterial strains.

BmoolAAO-I (pg/mL) BjussulLAAO-II (pg/mL)
MIC MBC MIC MBC
S. aureus 0.12 0.12 0.15 0.61
ATCC BAA44
S. aureus 0.24 0.24 0.15 0.61
Clinical isolates
E. coli 15.6 62.5 4.88 4.88
ATCC BAA198
E. coli 62.5 62.5 9.76 9.76

Clinical isolates
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3.4. BMOOLAAO-I AND BJUSSULAAO-II INHIBITED THE BIOFILM
FORMATION OF S. AUREUS AND E. COLI

The antibiofilm activity of BmooLAAO-I and BjussuLAAO-Il was assessed through the determination
of MICBs, and evaluated the amount of biofilm biomass and the number of viable microorganisms.
BmooLAAO-I and BjussuLAAO-I demonstrated biofilm inhibitory effects on S. aureus (ATCC BAA44),
E. coli (ATCC BAA198) and the clinical isolates.

BmooLAAO-I induced a significant decline in the biofilm biomass formation of both S. aureus ATCC
BAA44 and clinical isolates when compared to the control group (Figure 1A and B). Upon S. aureus
(ATCC BAA44), the MICBso of BmooLAAO-I (0.195 pginL) decreased the biomass amount by 91% and
reduced the number of microorganisms in -18 logio CFU/mL units (Figure 1A). Against S. aureus
(clinical isolates), the MICBs, of BmooLAAO-I (0.195 pg/mL) diminished in 88% the biofilm formed
and the number of cells in - 14 log,o CFU/mL (Figure 1B).

BjussuLAAO-Il also presented prominent effects upon the biofilm biomass development of S. aureus
ATCC BAA44 and clinical isolates (Figure 1C and D). The MICBs, of BjussuLAAO-II (0.195 pg/mL)
reduced the S. aureus (ATCC BAA44) biofilm biomass in 50% and the number of bacteria in - 6 logio
CFU/mL (Figure 1C). Upon S. aureus (clinical isolates), the MICBs, BjussuLAAO-II (0.39 pg/mL)
diminished in 89% the biomass amount and the number of microorganisms in - 9 log,, CFU/mL
(Figure 1D).

In comparison with the vancomycin treatment, BmooLAAO-I and BjussuLAAO-Il were more effective
in reducing the biofilm formation of S. aureus ATCC BAA44 and clinical isolates (Figure 1E and F). The
MICBs, of vancomycin lowered by 91% the biomass of S. aureus (ATCC BAA44) (Figure 1E) and S.
aureus (clinical isolates) (Figure 1F), corresponding to 0.737 ug/mL and 1.47 pg/mL, respectively.
Moreover, the MICBs, of vancomycin reduced the number of microorganisms of S. aureus (ATCC
BAA44) (Figure 1E), at 0.737 ug/mL, and S. aureus (clinical isolates) (Figure 1F), at 1.47 ug/mL, in - 15
and - 12 logi, CFU/mL, respectively.

Regarding E. coli (ATCC BAA198), BmooLAAO-I presented a lower extent effect (Figure 2A). The MICBs,
of BmooLAAO-I (100 pg/mL) decreased the biomass by 65% and the number of bacteriain - 7 log 10
CFU/mL (Figure 2A). In parallel, against E. coli (clinical isolates), the MICBs, of BmooLAAO-I (1.56
ug/mL) reduced by 89% the biofilm formed and the number of microorganisms in - 10 logio CFU/mL
(Figure 2B).

On the other hand, the MICBs, of BjussuLAAO-I11 (1.56 pg/mL) diminished in 60% and 54% the biomass
of E. coli (ATCC BAA198) (Figure 2C) and E. coli (clinical isolates) (Figure 2D), respectively. Moreover,
at this concentration, BjussuLAAO-II reduced the number of cells in - 6 and - 7 log 10 CFU/mL of E.
coli (ATCC BAA198) (Figure 2C) and E. coli (clinical isolates) (Figure 2D), respectively.

Compared to gentamicin, BmooLAAO-I and BjussuLAAO-II were more effective in inhibiting the
biofilm biomass formation of E. coli ATCC BAA198 and the clinical isolates (Figure 1E and F).
Gentamicin only at the highest concentration, MICBs, of 5.9 pug/mL, reduced in 70% and 62% the
biofilm formed of E. coli (ATCC BAA198) (Figure 2E) and E. coli (clinical isolates) (Figure 2F),
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respectively. Also, the MICBs, of gentamicin lowered in -9 and -7 log 1- CFU/mL the number of E. coli
(ATCC BAA198) (Figure 2E) and E. coli (clinical isolates) (Figure 2F) cells, respectively.

Figure 1. Antibiofilm activity of BmooLAAO-I, BjussuLAAO-Il and vancomycin against S. aureus ATCC BAA44 and clinical
isolates. Representative graphs of S. aureus (ATCC BAA44) after treatment with (A) BmooLAAO-I, (C) BjussuLAAO-II and (E)
Vancomycin. Effects of (B) BmooLAAO-I, (D) BjussuLAAO-Il and (F) Vancomycin upon S. aureus (clinical isolates). The
microorganisms were treated with two-fold serial dilutions of BmooLAAO-I or BjussuLAAO-II (ranging from 0.195 to 400 pg/mL)
for 24 h. The bacteria were incubated with vancomycin (ranging from 0.01 to 5.9 ug/mL) for comparison with the toxin
treatment. The control group corresponds to the microorganisms incubated with culture medium only. The results were
expressed as optical density (OD) (bars) measured at 595 nm and logio CFU/mL (scatter plot). The labeled bars correspond to
the MICBso calculated by the OD values. The data are shown as means + standard deviation from experiments performed in
triplicate. Significant differences between groups were evaluated by One-Way ANOVA and Tukey’s multiple comparison post-
test. *Comparison between all treatments and control group (**** P<0.0001, *** P <0.001, **P<0.01, *P <0.05).
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Figure 2. Antibiofilm activity of BmooLAAO-I, BjussuLAAO-Il and gentamicin against E. coliATCC BAA198 and clinical isolates.
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triplicate. Significant differences between groups were evaluated by One-Way ANOVA and Tukey’s multiple comparison post-
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3.5. BMOOLAAO-I AND BJUSSULAAO-II ALTERED THE BIOFILM MATRIX
PRODUCTION AND THE BACTERIAL MORPHOLOGY

MIC treatments of BmooLAAO-I and BjussuLAAO-II altered the bacterial cluster architecture and
matrix production was extremely poor when compared to the control group of S. aureus ATCC BAA44
(Figure 3A (C) and 3 A(G), respectively). Moreover, against S. aureus (clinical isolates), MIC of
BmooLAAO-I and BjussuLAAO-II altered the number of bacterial clusters deficient in matrix
production and the cell morphology (Figure 3A(D) and 3 A(H), respectively). In contrast, at the
concentration of >MIC of BmooLAAO-I and BjussuLAAO-II, the cells and biofilm morphology of S.
aureus ATCC BAA44 and the clinical isolates were similar to the control group (Figure 3A(I-J)).

In relation to E. coli (ATCC BAA198), MIC of BmooLAAO-I and BjussuLAAO-II resulted in a decrease
in biofilm thickness and an increase in the roughness of cell surface (Figure 3B(C) and 3 B(G), respec-
tively). At the 2 MIC concentration, BmooLAAO-I and BjussuLAAO-Il induced changes in morphology
of E. coli ATCC BAA198 biofilm (Figure 3B (E) and 3 B(l), respectively) Upon E. coli (clinical isolates),
MIC of BmooLAAO-I and BjussuLAAO-II affected both biofilm matrix and the cell surface (Figure 3B(D)
and 3 B(H), respectively). Alternatively, the > MIC of BmooLAAO-I and BjussuLAAO-Il induced changes
in cell morphology without changing the biofilm matrix (Figure 3B(F) and 3 B(J), respectively).

Figure 3. Scanning Electron Microscopy (SEM) of (A) S. aureus and (B) E. coli. Representative images of S. aureus
ATCC BAA44, E. coli (ATCC BAA198), S. aureus (clinical isolates) and E. coli (clinical isolates) treated for 24 h with
mic or% MIC of BmooLAAO-I and BjussuLAAO-II. White arrows indicate: (a) Extracellular Polymeric Substance
(EPS); (b) cellular integrity preserved; (c) aqueous channels; (d) roughness; (e) cellular division. The captions were
obtained with magnification of 40,000 x at 20 kV. Scale bar: 1 pum.
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3.6. BMOOLAAO-I AND BJUSSULAAO-II STRUCTURES SHED LIGHTS TO
POSSIBLE SITES OF INTERACTION WITH THE BACTERIAL SURFACE

In order to correlate the structures of both SV-LAAOs with their antibacterial and antibiofilm effects,
the predicted models of BmooLAAO-I and BjussuLAAO-II were evaluated. The models of BmooLAAO-
I and BjussuLAAO-II presented an excellent stereochemical quality. The QMEANDisCo validated the
models with quality of 0.85 and 0.79, respectively. The ERRAT indicated a general quality of 90.5 and
95.0, respectively. The PROCHEK and MolProbity pointed out to a good distribution of the atoms and
torsional anglesin the Ramachandran plot. MolProbity showed that 99.8% and 99.6% of the residues
occupied allowed regions for BmooLAAO-I and BjussuLAAO-II, respectively. The stereochemical
quality assessment results are present in the Supplementary Material.

The predicted proteins are organized in a homodimeric structure composed of chains Aand B in an
asymmetric configuration. Each monomer conserved the three domains of SV-LAAOs: FAD-binding
domain, substrate-binding domain and helical domain (Figure 4A and B). The superposition
between all atoms and Ca revealed an ORMSD of 0.105 and 0.078 A, respectively, indicating that the
proteins possess a high structural pattern similarity, which correlates with the high degree of
identity in the primary structure. Interestingly, the surface-charge distribution exhibited a
remarkable positive site close to the glycosylation motif involving residues from the substrate-
binding domain and FADbinding domain, which is more pronounced in BmoolLAAO-I than
BjussuLAAO-II (Figure 5A and B).

Furthermore, the multiple sequence alignment (MSA) analysis showed that BmooLAAO-I and
BjussuLAAO-II present a high identity in the primary structure (88%). The template of CR-LAAO
shares an identity with BmooLAAO-I of 81% and BjussuLAAO-II of 83%. Also, the proteins conserved
the consensus glycosylation sites of Asn 172 and Asn 361. The MSA is present in the Supplementary
Material.

Supporting the antibacterial and antibiofilm effects with the evaluation of the protein structures, we
submitted the sequences for the prediction of antimicrobial regions using AMPA. We observed that
both BmooLAAO-I and BjussuLAAO-II possess potential antimicrobial regions distributed along their
primary structure encompassing the substrate and FAD-binding domains. The AMPA plot results can
be visualized in the Supplementary Material.
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Figure 4. BmoolAAO-I and Bjussul AAO-II predicted models. Cartoon representation of the dimer from (A) BmooLAAO-I and
(B) BjussuLAAO-II. Chain A is colored in yellow and chain B in cyan. Structural domains of (C) BmooLAAO-I and (D) BjussuLAAO-
Il. The substrate-binding domain, the FAD-binding domain and the helical domain are labeled in green, blue and red,
respectively. The FAD cofactor is represented in balls and sticks. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Figure 5. Surface charge distribution in BmooLAAO-I and BjussuLAAO-II. The white, blue and red colors indicate neutral,
positive and negative charges, respectively, in (A) BmooLAAO-I and (B) BjussuLAAO-II. The panel on the left corresponds to the
front view and the right panel represents the bottom view. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)




Published in : Toxicon (2024), vol. 238, 107569 =
DOI: https://doi.org/10.1016/j.toxicon.2023.107569 wr’L I EG E
Status : Postprint (Author’s version) universite

4. Discussion

Biofilm formation accounts for up to 80% of all bacterial infections and is considered as one of the
main causes of high mortality (Singh et al., 2022). S. aureus and E. coli bacteria species are among
the main pathogens associated with biofilm formation, causing bone, joint, lung, urinary and
bloodstream infections (Cheung et al., 2021; Kwiecinski and Horswill, 2020; Ballén et al., 2022;
Bonten et al., 2021). Due to the staggering growth of bacterial infections associated with biofilm
formation, there is an urgent need for new and effective therapeutic agents. In this context, the
present work evaluated the antibacterial and antibiofilm activities of two LAAOs isolated from B.
moojeni and B. jararacussu snake venoms against S. aureus and E. coli and pointed out to potential
interactions sites between the structure of both toxins on the bacterial and biofilm surface.

BmooLAAO-I and BjussuLAAO-II were isolated through three chromatographic steps of molecular
exclusion, hydrophobic interaction and affinity to benzamidine. Although we reproduced the
purification methodology described for the purification of BmooLAAO-II (Barbosa et al., 2021), we
obtained the BmooLAAO-I isoform, which was identified by sequence determination through mass
spectrometry analysis. BmooLAAO-I and BjussuLAAO-II were previously biochemically char-
acterized and possess a preference for hydrophobic amino acids, such as L-Phenylalanine and L-
Leucine, wide temperature stability (ranging from 25 to 75 °C) and optimum pH around 7.0.
Additionally, Zn*, AP*, Cu*, and Ni** ions negatively modulated the enzymatic activity of both
proteins (Costa et al., 2018). Also, these toxins display relevant biological activities, such as
antibacterial (Stabeli et al., 2007; Carone et al., 2017), antiprotozoal (de Melo Fernandes et al., 2023;
Stabeli et al., 2007; Carone et al.,2017; Barbosa et al., 2021), antitumoral (Burin et al., 2020; Machado
et al,, 2018, 2019a, 2019b) and immunomodulatory effects (Pereira-Crott et al., 2020). Most of the
biological effects of BmooLAAO-I and BjussuLAAO-II involved the production of hydrogen peroxide
(de Melo Fernandes et al., 2023; Stabeli et al., 2007; Barbosa et al., 2021; Machado et al., 2018, 2019b).

BmooLAAO-I and BjussuLAAO-II exhibited bactericidal and bacteriostatic effects against S. aureus
(ATCC BAA44), E. coli (ATCC BA198) and clinical isolates. Interestingly, the toxins presented a greater
effect against Gram-positive bacteria than Gram-negative. Corroborating with these results,
different SV-LAAOs also presented a bacteriostatic preference effect upon Gram-positives, such as
BsLAAO (Vargas Mufioz et al., 2014), CdcLAAO (Toyama et al., 2006) and MipLAAO (Rey-Suarez et al.,
2018). In addition to the effect on planktonic bacteria, BmooLAAO-I and BjussuLAAO-Il inhibited the
biofilm formation of S. aureus and E. coli and caused alterations in the microrganism morphology
and biofilm architecture. Some studies demonstrated that LAAOs isolated from different organisms
exhibited the antibiofilm activity through oxidative stress (Singkham-In et al., 2023; Derby et al.,
2018; Tong et al., 2008). LAAO isolated from the inking sea hare Apkysis californica inhibited the
biofilm formation of Pseudomonas aeruginosa through the oxidative damage of intracellular and
extracellular eDNA (Derby et al., 2018). Moreover, SO-LAAO from Streptococcus oligofermentans, an
oral streptococcus, generated H,0, and suppressed the biofilm formation of S. mutans (Tong et al.,
2008). Recently, Singkham et al. (2023) demonstrated that the antibiofilm activities of OH-LAAO from
Ophiophagus hannah snake against P. aeruginosa were mediated by H,O, downregulation of genes
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involved in biofilm synthesis (Singkham-In et al., 2023). Although we have not explored the role of
the hydrogen peroxide in the control of biofilm formation, those strong evidences points to the
involvement of H,0, in the antibiofilm effects of LAAOs.

The antibacterial activity of numerous SV-LAAOs has been extensively investigated and is correlated
to the hydrogen peroxide generated during the catalytic cycle (Kasai et al., 2021). In bacteria, the
major antioxidant agents of reactive oxygen species (ROS) are superoxide dismutase (SOD) and
catalase (CAT) (Vatansever et al., 2013). The H,0, damages structural components of bacteria, such
as proteins, DNA, lipids, and the cell wall, causing oxidative stress and cellular death (Vatansever et
al., 2013). Moreover, the SV-LAAOs were shown to be~able to bind the microorganism surfaces and
generate high concentrations of localized hydrogen peroxide promoting oxidative stress (Abdelkafi-
Koubaa et al., 2016; Lee et al., 2011). That ability of attachment on cell surfaces was pointed out to
be mediated by the glycan motif, composed often by N-acetylglucosamine, fucose, mannose,
galactose and sialic acid residues (Ullah, 2020). In molecular simulation with membrane surfaces, it
was verified that those proteins interact via the residues of the FAD-binding loop and the N-
glycosylation motif (Ullah, 2020). The glycan moiety is near the O, entrance and H,0, exit tunnel and
has been connected with the high concentration of hydrogen peroxide generated in the cell surface
through the attachment of different SV-LAAOs (Ullah, 2020).

The bacteria cell walls present a special role in the microorganism life, protecting against hostile
environment, shaping the cell format, providing ligands for adherence in host cells and structures of
virulence (Nourbakhsh et al., 2022). Gram-positive and Gram-negative bacteria possess a negatively
charged surface character (Fischetti, 2019). Also, the microrganisms secrete polysaccharides, eDNA
and peptides during the adhesion and maturation stages of biofilm formation (Ruhal and Kataria,
2021). These molecules are necessary to maintain the architecture and are also important in
sequestring positive-charge antibiotics, due to their electrotatic nature (Wilton et al., 2015).

Correlating these important characteristics of the cell wall and the biofilm compostion with the
binding ability mediated by the glycan motif of the SV-LAAOs and oxidative stress damage, the
differencesin the effect of BmooLAAO-I and BjussuLAAO-Il against Gram-positive and Gram-negative
planktonic cells and biofilm can be clarified. In this context, BmooLAAO-I and BjussuLAAO-II possess
different compositions and numbers of N-glycosylation sites (Costa et al., 2018). BmooLAAO-I
presents three glycosylation sites and BjussuLAAO-Il has two sites. Moreover, BmooLAAO-I
possesses a greater positive-charged area encompassing the substrate-binding domain and FAD-
binding domain than BjussuLAAO-II close to the N-glycosylation site. This more pronounced positive
electrostatic surface was also observed in bordonein-L and was suggested to be fundamental in the
biological role of this enzyme (Wiezel et al., 2019). In this sense, we believe that the interaction
between the carbohydrate residues and stabilizing electrostatics forces could impact the binding
ability of BmooLAAO-I and BjussuLAAO-II to the bacterial and biofilm surfaces of Gram-positive and
Gram-negative bacteria, contributing to the oxidative stress promoted by the generation of high
concentrations of localized hydrogen peroxide, as pointed out previously (Abdelkafi-Koubaa et al.,
2016; Lee et al., 2011).



Published in : Toxicon (2024), vol. 238, 107569 =
DOI: https://doi.org/10.1016/j.toxicon.2023.107569 wr’L I EG E
Status : Postprint (Author’s version) 4& universite

The use of SV-LAAOs for the treatment of biofilm-associated bacterial infections must take into
account their selectivity and toxicological effects. In this sense, an improvement of our work would
be addressing the pharmacological properties of BmooLAAO-I and BjussuLAAO-II, investigating their
antibiofilm potential and cytoxicity on the host cells. Recently, Abdelkafi-Koubaa et al. (2021),
explored the potential use CC-LAAO, an L-amino acid oxidase isolated from Cerastes, as an anti-
glioblastoma drug through the investigation of the pharmacological effects (Abdelkafi-Koubaa et al.,
2021). Using blood parameters and histopathological examination, CC-LAAO at low doses (1 and 2.5
ug/mL) did not induce significant toxicity on vital organs, and may be safe for the development of
anti-glioblastoma agents.

Furthermore, the identification of small fragments that reproduce the antibacterial effect can be a
promising pathway. In this context, in comparison with conventional antibiotics, antimicrobial
proteins and peptides (AMPs) efficiently inhibit pathogenic microorganisms targeting the cell
membranes and do not induce the generation of resistant mutant microorganisms after sequential
exposure (Oguiura et al., 2023b). There are numerous reports of AMPs corresponding to peptide
fragments of snake toxins able to inhibit the growth and kill pathogenic microorganisms (Costa et
al., 2008; Santos-Filho et al., 2015; Almeida et al., 2021). Among them, fragments of BmLAO isolated
from B. mattogrosensis presented antimicrobial activities against Gram-negative and Gram-positive
pathogens (Pefia-Carrillo et al., 2021). Several AMPs that target bacteria are cationic and may
interact with the anionic lipid components that are exposed on the bacterial membrane (Okubo et
al., 2012). In this sense, one interesting approach would be the generation of small peptides from
the positive charged surface of BmooLAAO-I and BjussuLAAO-II and the investigation of their
antibacterial and antibiofilm potential.

5. Conclusion

In summary, our present work revealed important antibacterial and antibiofilm properties of two L-
amino acid oxidases (LAAOs) isolated from B. moojeni (BmooLAAO-I) and B. jararacussu
(BjussuLAAO-I1) snake venoms against S. aureus and E. coli. We showed that the isolated toxins
presented a strong bacteriostatic and bactericidal action against planktonic microorganisms and
inhibit biofilm formation. We correlated the disparity of effect against the Gram-positive and Gram-
negative with structural characteristics of the protein and bacterial compositional patterns. The
results pointed out to the potential biotechnological use of natural compounds isolated from snake
venoms for the development of new and more effective agents against bacterial infections
associated with biofilm formation.
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