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Abstract

The ability of most opportunistic bacteria to form biofilms, coupled with antimicrobial resistance, hinder the efforts to
control widespread infections, resulting in high risks of negative outcomes and economic costs. Endolysins are promising
compounds that efficiently combat bacteria, including multidrug-resistant strains and biofilms, without a low probability of
subsequent emergence of stable endolysin-resistant phenotypes. However, the details of antibiofilm effects of these enzymes
are poorly understood. To elucidate the interactions of bacteriophage endolysins LysAm24, LysAp22, LysECD7, and LysSi3
with bacterial films formed by Gram-negative species, we estimated their composition and assessed the endolysins’ effects on
the most abundant exopolymers in vitro. The obtained data suggests a pronounced efficiency of these lysins against biofilms
with high (Klebsiella pneumoniae) and low (Acinetobacter baumannii) matrix contents, or dual-species biofilms, resulting
in at least a twofold loss of the biomass. These peptidoglycan hydrolases interacted diversely with protective compounds of
biofilms such as extracellular DNA and polyanionic carbohydrates, indicating a spectrum of biofilm-disrupting effects for
bacteriolytic phage enzymes. Specifically, we detected disruption of acid exopolysaccharides by LysAp22, strong DNA-
binding capacity of LysAm24, both of these interactions for LysECD7, and neither of them for LysSi3.
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Introduction

Bacterial biofilm (BF) is a community of immobilized
and phenotypically altered microorganisms embedded in
self-produced exogenous polymeric substances (EPSs)
(Donlan and Costerton 2002; Karygianni et al. 2020). In
particular, biofilm-related phenotype is formed by vari-
ous matrix structures and chemical compositions, such as
exopolysaccharides, extracellular DNA (eDNA), proteins,
lipids and membrane vesicles, low molecular compounds
(for example, “quorum sensing” ligands, cyclic di-GMP,
accumulated water, and polyvalent ions). These heteroge-
neous constituents greatly impact biofilm formation, sus-
tainability, availability of nutrients, and tolerance toward
antiseptics, antibiotics and bacteriophages. Being one of
the most abundant states of bacterial existence both in
natural and human-made environments, BFs have great
biological significance owing to efficient expansion of
the community and increased survival rates under severe
conditions (Donlan and Costerton 2002; Flemming et al.
2016).

Specifically, there are challenges in the therapy of dis-
eases associated with Gram-negative opportunistic bac-
teria, such as Acinetobacter baumannii, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, and Escherichia coli,
associated with rapid emergence of multidrug-resistance
traits and hardly removable biofilms formed within the
host organisms and on surfaces of hospital equipment and
prosthetic devices. These features together with advanced
natural antibiotic resistance led to a notable increase in
the probability of negative outcomes, formation of persis-
tent infection and spread of nosocomial infections (Omar
et al. 2017; Stewart 2015). Despite actively developed
restrictive measures to control Gram-negative patho-
gens, there are limited innovative treatment approaches
(Giacobbe et al. 2018; Prasad et al. 2022), while com-
mon chemotherapy is often considered as non-effective
or excessively deleterious (Eriksson et al. 2022). At the
same time, the search for reliable antibacterial strategies
continues, thus an application of nanoparticles, antibod-
ies, bacteriophages, bacteriophage-derived antimicrobial
proteins (also called enzybiotics) and peptides (AMPs) are
expected to be highly advanced options as a supplementa-
tion to antibiotic therapy or as an alternative treatment
strategy (Heselpoth et al. 2021; Koo et al. 2017).

Endolysins are promising peptidoglycan-degrading
enzybiotics that are already investigated for clinical rel-
evance due to their pronounced activity and safety (Karau
et al. 2023). Except for observation of physiological resist-
ance to endolysins, likewise undergoing of bacteria to
cell-wall deficient state or peptidoglycan modifications,
no strict evidence of acquired resistance to these proteins
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has been reported, that is explained particularly by the
high fitness costs of most changes in the peptidoglycan,
especially across Gram-negative species. Thus, L-form
conversion of bacterial cells under phage or endolysins
action, chemical modifications of peptidoglycan, produc-
tion of specific inhibitors, and some unspecific mecha-
nisms could contribute to the maintenance of bacterial
resistance in both Gram-positive and Gram-negative spe-
cies (Grishin et al. 2020; Wohlfarth et al. 2023). Although,
during the in vitro experiments, different species do not
easily develop the resistance to phage endolysins (Grishin
et al. 2020), in vivo the abovementioned aspects may affect
the susceptibility status of bacteria.

Several studies reveal an ability of endolysins not only
to eliminate multidrug resistant bacteria, but also to effi-
ciently disrupt their biofilms (Arroyo-Moreno et al. 2022;
Gutiérrez et al. 2014; Karau et al. 2023). However, the key
mechanisms of endolysin-biofilm interactions are uncovered,
and the investigation is mostly limited to the fact of BFs
disruption and prevention of their formation. Whilst interac-
tions between endolysins and EPSs and their effects on the
enzymes’ activity are poorly described.

Our previous research was focused on recombinant
endolysins, muramidases LysAm24, LysAp22, LysSi3 and
endopeptidase LysECD7, derived from different bacterio-
phages infected Gram-negative hosts. Recently, promising
safety properties and antibacterial activity of the endolysins
against a broad spectrum of Gram-negative representatives
were described (Antonova et al. 2019), furthermore, high-
lighted the substantial disruption of 24 h BFs, affected by
these enzymes (Vasina et al. 2021). However, the catalytic
mechanism of endolysins, associated with the hydrolysis
of CW (cell-wall) peptidoglycan bonds, is not enough to
explain their influence on preformed BFs, degrading com-
plex three-dimensional structures of the matrix, down to
individual bacterial cells. In the present study we investi-
gated the composition of biofilms formed by polyresistant
strains of A. baumannii and K. pneumoniae, revealing inter-
actions between either of the endolysins and the abundant
defensive compounds of preformed BFs.

Materials and methods
Bacterial strains and culture conditions

Acinetobacter baumannii Ts 50-16 and Klebsiella pneu-
moniae F 104-14 clinical isolates (collection of the N.F.
Gamaleya Federal Research Center for Epidemiology and
Microbiology, Ministry of Health of the Russian Federa-
tion), were implicated in the present study as biofilm-form-
ing Gram-negative pathogens of the ESKAPE group. A.
baumannii Ts 50-16 was isolated from patient’s sputum,
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intensive care unit, and K. pneumoniae F 104-14 was
obtained from patient’s sputum, outpatient hospital. Both
strains were stored at — 80 °C and cultivated in pre-auto-
claved Tryptic Soy Broth (TSB; SIFIN, Berlin, Germany) at
37 °C, at 250 rpm overnight before performing further tests.
K. pneumoniae F 104-14 genome sequencing and pheno-
typing showed that it is resistant to a number of antibiotics
(including the resistance to third-generation cephalosporins)
and refers to capsular system type K2 (contains KL.2 locus),
which is hypervirulent-associated (Paczosa and Mecsas
2016).

Recombinant expression and purification
of proteins

Recombinant endolysins LysAm?24, LysAp22, LysECD7,
and LysSi3 were obtained as described previously (Vasina
et al. 2021). In brief, proteins modified with histidine tag
(8 His) were recombinantly expressed in Escherichia coli
BL21(DE3) pLysS strain using 1 mM Isopropyl p-D-1-
thiogalactopyranoside (IPTG) induction at 37 °C for 3 h.
The cells were harvested by centrifugation (6,000 x g for
10 min at 4 °C) and incubated with 100 pg/ml lysozyme in
lysis buffer (20 mM Tris—HCI, 250 mM NaCl, and 0.1 mM
EDTA, pH=8.0), and disrupted by sonication. Soluble pro-
teins were purified on an NGC Discovery™ 10 FPLC system
(Bio-Rad, Hercules, CA, U.S.) with a HisTrap FF column
(GE Healthcare, Munich, Germany) pre-charged with Ni**
ions. The filtered lysate was mixed with 30 mM imidazole
and 1 mM MgCl, and loaded on the column pre-equilibrated
with binding buffer (20 mM Tris—HCI, 250 mM NaCl, and
30 mM imidazole, pH=28.0). The fractions were eluted using
a linear gradient to 100% elution buffer (20 mM Tris-HCI,
250 mM NaCl, and 500 mM imidazole, pH=8.0). Resulting
protein fractions were dialyzed against 20 mM Tris—HCI
buffer (pH="7.5).

The purity of endolysins was determined by 16% SDS-
PAGE, and protein concentrations were measured using
a spectrophotometer (Implen NanoPhotometer; Implen,
Miinchen, Germany) at 280 nm and calculated using the
predicted extinction coefficients [0.840, 0.831, 1.460,
and 1.029 (mg/mL)~! cm™! for LysAm24, LysAp22, Lys-
ECD7, and LysSi3, respectively]. The isoelectric points of
endolysins LysAm24, LysAp22, LysECD7, and LysSi3 were
predicted using the internet-source http://isoelectric.org.

Biofilm composition and morphology

Macrocolony assays were conducted on solid culture
medium with application of three different staining tech-
niques and without any dye as an intact control. For the for-
mation of BFs, cells from overnight cultures were harvested
by centrifugation (6,000 X g, 10 min, RT), resuspended in

PBS (pH=7.4), and diluted to achieve a cell density of
approximately 3 x 10° CFU/ml. To obtain dual-species bio-
films, the appropriate bacterial suspensions were mixed in a
1:1 (v/v) ratio. Thereafter, 7 pl of the suspension was inocu-
lated onto solid TSB agar medium on 90 mm Petri dishes
and BFs were grown at 37 °C for 48 h without agitation.
All images of colonies were acquired using HD automatic
colony counter Scan 300 and provided software (Intersci-
ence, Saint-Nom-la-Breteéche, France).

Alcian blue 8GX 0.3% stain (PanReac AppliChem,
Darmstadt, Germany) in a 4% acetic acid aqueous solution
(pH=2.5) was prepared to visualize polysaccharides with
abundant carboxyl groups. Five ml of pre-filtered Alcian
blue stain was carefully dripped on plates containing mac-
rocolonies and then incubated for 15 min at RT without agi-
tation. Subsequently, the plates were rinsed with 5 ml of
deionised distilled water.

The results were confirmed by the Congo red stain
absorption test (Freeman et al. 1989). For this, TSB agar
was supplemented with pre-filtered 0.08% Congo red stain
(Sigma, U.S.) to prepare agar plates. The 48-h old biofilms
were cultured on the medium at 37 °C without agitation.
The intensity of red staining was considered proportional
to the quantity of extracellular polysaccharides and proteins
(Ahmad et al. 2020).

The morphotyping assay was conducted according to
(Romling et al. 1998) with modifications. In brief, TSB agar
was supplemented with a CRCB aqueous mixture, made up
of pre-filtered 0.04% Congo red stain and 0.02% Coomassie
blue G-250 stain (VWR (Avantor), Radnor, U.S.) to prepare
agar-containing Petri dishes. Biofilms were grown on these
CRCB agar plates for 24, 48, and 144 h.

Microtiter biofilm formation assay (CV Mtp)

Overnight bacterial cultures in TSB were harvested
(6,000 % g, 10 min, RT), then suspended in PBS (pH="7.4),
diluted in the buffer to achieve a cell density of approxi-
mately 3 x 10® CFU/ml. Next, 100 pl of the suspension was
added to sterile wells of a 96-well polystyrene cell culture
plate, and incubated for 48 h at 37 °C and 200 rpm. To
obtain dual-species biofilms suspensions of both bacteria
were mixed in a 1:1 (v/v) ratio. The wells’ content with
planktonic cells was discarded, and the plate was washed
three times with 200 pl of PBS (pH=7.4), then air-dried
for approximately 20 min. The dried BFs were stained with
a 0.1% aqueous solution of Crystal violet (CV) for 15 min,
at RT, followed by triple rinsing with water. The stained
content was resolubilized in 200 pl of 33% acetic acid, and
ODjsy, of the obtained solutions was measured using SPEC-
TROstar NANO spectrophotometer (BMG LABTECH,
Ortenberg, Germany). All experiments were performed
with quadruplicate technical replicates and repeated at least
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in two independent assays. The values were normalized
by dividing them by the ODsq, of biofilm treated with the
blank buffer. The level of biofilm formation was interpreted
according to (Stepanovi¢ et al. 2007).

Quantification of eDNA in the biofilm

A measurement of eDNA was carried out with DNAse I
(PanReac AppliChem, Darmstadt, Germany) treatment
of biofilms, grown for 24 and 48 h. BFs were grown as
described in the subsection “Microtiter biofilm formation
assay” and treated with 100 pl of DNAse I solution (20 pg/
ml of DNAse I in 20 mM Tris—HCI buffer, 1 mM CaCl,
(pH=17.5)) or the same volume of the buffer at 37 °C and
200 rpm, for 2 h. Thereafter, biofilms were rinsed with
water, air-dried, and stained with 0.1% CV, following the
ODs,, measurement. The eDNA content was calculated as
the difference in BF staining with and w/o of DNAse I treat-
ment (BF biomass reduction).

Quantification of proteins content in the biofilm

A measurement of proteins’ quantity was conducted for 24
and 48 h old biofilms. Proteinase K (PanReac Applichem,
Darmstadt, Germany) in 20 mM Tris—HCI buffer supple-
mented with 100 mM NaCl, 1 mM CaCl, (pH=7.5), at 50
and 800 pg/ml concentration was added to A. baumannii
biofilms; and at 50, 800 and 1600 pg/ml concentration was
added to K. pneumoniae biofilms. Preformed biofilms were
treated with 100 pl of Proteinase K solutions or blank buffer
at 37 °C and 200 rpm, for 2 h. Thereafter, treated biofilms
were rinsed, air-dried, stained with CV and analyzed as
described in the subsection “Quantification of eDNA in the
biofilm”.

Antibiofilm activity assessment

Mono-species and dual-species biofilms grown for 48 h and
prepared for microtiter assay, were treated with either 100 pl
of endolysin solutions at concentrations of 100 or 1000 pg/
ml, or equal volume of 20 mM Tris—HCI (pH=7.5) buffer
as a negative control, for 2 h at 37 °C and 200 rpm. After
incubation, biofilms were rinsed twice, air-dried, stained
with 0.1% CV, rinsed again, dissolved and analyzed as was
described in the subsection “Microtiter biofilm formation
assay”.

Microscopy of biofilms
Sterile glass coverslips (Hampton Research, Aliso Viejo,
CA, U.S.) were plunged into the overnight cultures, diluted

in fresh TSB medium on Petri dishes and incubated at 37 °C
for 48 h without shaking. The slides were then carefully
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washed three times with sterile distilled water and air-dried.
Two slides were treated with 300 pl of 20 mM Tris—HCl
(pH=1.5) control buffer, other pairs of slides were exposed
to 300 pl of 100 pg/ml LysAm24, LysAp22, LysECD7, or
LysSi3 solutions for 2 h at RT. Afterward, all slides were
again washed with water two times. Air-dried slides were
stained with a 0.1% aqueous solution of CV for 15 min at
RT. All stained samples were rinsed once with water. Then,
half of the slides were immediately rinsed twice and air-
dried for microscopy. Another half of the slides were nega-
tively stained to identify acid polysaccharides, which are
crucial for antibacterial tolerance in most bacterial capsules
and biofilms. A negative stain was performed using the
Anthony method (Hughes and Smith 2013) with modifica-
tions. Following the method, CV-stained slides were sub-
merged into 20% aqueous CuSO, for 10 s, rinsed thoroughly
with water, and then dried. All slides were imaged using
Axiostar Plus Transmitted Light Microscope (Zeiss AG,
Jena, Germany) at X 630 magnification.

DNA-binding effect of the endolysins

To detect interaction between eDNA and the endolysins we
obtained genomic DNA of A. baumannii using a modified
CTAB method (Minas et al. 2011). Briefly, cells from an
overnight bacterial culture were harvested, once washed,
and solubilized in a CTAB solution (2% w/v cetrimonium
bromide (Helicon, Moscow, Russia), 100 mM Tris—HCI,
20 mM EDTA and 1.4 M NaCl, pH=8.0), ex tempore
supplemented with 0.2% B-mercaptoethanol, at 65 °C for
40 min. Then, the suspensions were mixed with an equal
volume of chloroform-isoamyl alcohol (24:1), and the aque-
ous phase was collected after centrifugation at 12,000 X g for
10 min, RT. The DNA precipitation proceeded in 0.6 volume
of isopropanol overnight at — 25 °C. The precipitates were
harvested at 8,000 x g for 15 min and washed three times
with 80% ethanol. After ethanol was discarded, the pellets
were suspended in 20 mM Tris—HCI (pH =7.5) buffer with
1 pg/ml RNAse A (PanReac Applichem, Darmstadt, Ger-
many), incubated for 15 min at 37 °C, afterwards RNAse
A was inactivated at 65 °C for 15 min. Quality of the DNA
samples was estimated spectrophotometrically, analyzing
A260/230 and A260/280, thereafter a concentration of DNA
was measured using Qubit DNA HS Assay Kit and Qubit
3.0 fluorometer (Thermo Fisher Scientific Eugene, Oregon,
U.S)).

Endolysins LysAm?24, LysAp22, LysECD7, and LysSi3
solutions in 20 mM Tris—HCI buffer at 10 or 50 ng/pl con-
centration were mixed with DNA solutions (at a concentra-
tion of 20 ng/pl) at a protein:DNA (P:DNA) mass ratio of 2:1
or 10:1 (final volume of the mixtures was 7.5 pl) and incu-
bated for 30 min at RT. Solutions containing either DNA or
investigated endolysin in 20 mM Tris—HCI buffer (pH=7.5)
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were used as controls. The influence of electrostatic interac-
tions was assessed by adding NaCl to final concentrations of
150 or 300 mM to the mixtures (P:DNA w/w ratio of 10:1)
during their incubation. Post-incubated solutions were mixed
with the 6X DNA Loading Dye (Thermo Fisher Scientific
Eugene, Oregon, U.S.) and loaded in 1% agarose gel, con-
taining 0.2 pg/ml ethidium bromide (Helicon, Moscow, Rus-
sia). An electrophoretic separation of all samples was per-
formed in the Tris—borate buffer (50 mM Tris-base, 50 mM
boric acid, 2 mM EDTA, pH=28.3) at 80 V for an hour.
Imaging was performed using the Gel Doc EZ gel documen-
tation system (Bio-Rad, Hercules, CA, U.S.).

To correlate the binding assay with the inhibitory effect
of eDNA, an antibacterial activity test was performed. An
overnight bacterial culture of A. baumannii was diluted
30-fold in LB broth and grown to the exponential phase
(ODg,=0.6). Subsequently, the cells were harvested by cen-
trifugation (6,000 X g, 10 min) and resuspended in the same
volume of PBS (pH="7.4). Each suspension was diluted in
20 mM Tris—HCI (pH=7.5) to a final density of approxi-
mately 10° cells/mL. Afterward, 100 pl of the bacterial
suspensions and 100 pL of the pre-incubated protein-DNA
solutions (a final protein concentration was 10 ug/ml, a final
DNA concentration was 1 or 5 pg/ml) were mixed in 96-well
plates. Buffers with or without DNA were used as controls.
The mixtures were incubated at 37 °C for 30 min with
shaking at 200 rpm and then were diluted tenfold in PBS
(pH=7.4). Then, 100 pl of each dilution was plated onto
LB agar, and the number of bacterial colonies was counted
after an overnight incubation at 37 °C. All experiments were
performed in quadruplicate, and the antibacterial activity
was expressed as follows: Antibacterial activity (%) =100%
— (CFUexp/CFUcont) X 100%, where CFUexp is the number
of bacterial colonies in the experimental culture plates, and

Fig. 1 Macrocolony staining of A
K. pneumoniae and A. bauman-
nii biofilm components. a Extra-
cellular polymers of colonies,
grown on solid media for 48 h:
TS, TSB agar without stain-
ing; CR, TSB agar stained with
Congo red, indicating amyloids
and spectrum of carbohydrates;
AlcB, TSB agar stained with
Alcian blue, indicating polysac-
charides in colonies’ exterior,
but not proteins. b Formation

of EPS-containing structures
within colonies, grown on
CRCB-TSB agar media for 24
and 48 h

A.b. 50-16

K.p. 104-14

Mixed

CFUcont is the mean number of bacterial colonies in the
control culture plates.

Statistical analysis

The data were analyzed and illustrated using GraphPad
Prism 9.0 software. According to the results of normality
tests (Kolmogorov—Smirnov’s method), datasets were com-
pared using appropriate statistical tests with corrections for
multiple comparisons (detailed information on the chosen
analysis methods is provided in captions and results).

Results
Exopolysaccharides content

To visualize different EPSs, various staining procedures of
bacterial BF-macrocolonies on nutritious media with glu-
cose are often implemented. Cultivation of bacterial macro-
colonies on solid medium, containing Congo red (CR) dye
is an express test system of biofilm formation properties.
CR interacts with most p-folded proteins, glucans with
(1->4) and P (1->3) bonds, and with various polycationic
polysaccharides (Puchtler et al. 1962). During the 48-h incu-
bation on CR agar, the investigated bacterial colonies accu-
mulated small amounts of the stain and slightly decolorized
the medium (Fig. 1a, the second row). The K. pneumoniae
originated macrocolonies with a crystalline red center and
sharp, clear edges, while A. baumannii formed homoge-
neous brown and rough colonies indicating production of
moderate quantity of polysaccharides and amyloid proteins.
Dual-species colonies resembled those of K. pneumoniae,
with a rougher structure and partially colored periphery.

48-h

5mm

@ Springer



186 Page6of13

World Journal of Microbiology and Biotechnology (2024) 40:186

A different matrix architecture was observed by staining
with polycationic dye Alcian blue, revealing carboxyl-rich
polysaccharides (Scott and Dorling 1965), located on the
air-contacting exterior of formed macrocolonies (Fig. 1a, the
third row). The colonies of K. pneumoniae had a concentric
staining, significantly more intense compared to A. bauman-
nii, while the dual-species colonies possessed well resolved
dark-blue strands radiating from the center, revealing the

A B
127 = i 129 > =
g 1_0... ...................... g 10- AAAAAAAAAA
D D
o [a]
O 0.8 O 0.8
3 3
N 0.61 N 0.6
© ©
E 0.4 € 0.4
2 2
0.21 0.2
T T 0.0- T T
24-h 48-h 24-h 48-h
[ control [0 DNAse+ [ control [0 DNAse+

Fig.2 Biomass reduction of 24 and 48 h biofilms of A. bauman-
nii a and K. pneumoniae b after treatment with 20 pg/ml DNAse
I (DNAse+, white columns). Each dataset contains 4 technical
and 2 biological replicates and is presented as a normalized mean
value + standard deviation (SD). Only statistically relevant differ-
ences from controls and between cohorts of distinct aged biofilms are
marked as asterisks: *, p<0,05; **, p<0,01 (one-way ANOVA with
Tukey’s correction)
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Fig.3 Content of proteins in 24 (grey) and 48 h (black) preformed
biofilms of A. baumannii (a) and K. pneumoniae (b). Each dataset
contains 4 technical and 2 biological replicates and represents a nor-
malized mean value +SD. Only statistically relevant differences from
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conglomerated polycationic and polyanionic polysaccha-
rides’ plots.

To investigate the coexistence of bacteria in mixed bio-
films the morphotyping assay with culture media containing
Coomassie brilliant blue dye (CBB) was done. CBB stains
biofilm-associated proteins, and Congo red dye, binding
with both proteins and polysaccharides (Nesse et al. 2020).
The significant heterogeneity of biofilm composition was
observed for dual-species colonies (Fig. 1b and Online
Resource Fig. 1) combining phenotypic traits of both spe-
cies and characterized by increased cell motility.

Quantification of eDNA

The biomass density of either K. pneumoniae or A. bauman-
nii 24 h old biofilms pretreated with DNAse I, was reduced
by 20% on average (Fig. 2), while the enzymatic treatment
of 48 h biofilms led to a decline in the biofilm biomass by
30.9 and 25.9% respectively. Neither the increase in DNAse
I concentration (up to tenfold) nor the time of biofilm for-
mation led to a significant reduction in the BFs’ biomass
(p>0.05, two-way ANOVA with Tukey’s correction).

Quantification of proteins within biofilms

The presence of fibrillar proteins, pili or pilus-like structures
within examined biofilms of 24 and 48 h macrocolonies of
A. baumannii (brown staining) and K. pneumoniae (red
staining) was demonstrated in CRCB-TSB assay (Fig. 1b).
To quantify the approximate content of proteins within the
matrix of biofilms, treatment with Proteinase K (PK) was

-
iy
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® 48-h

-_— -
°.m
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*k%k }

normalized OD5gq
°© ©°
o oo

© o
p &

0.0 T . . .
0 50 800 1600

concentration of Proteinase K, pg/mL

controls and between cohorts of 24 and 48 h biofilms are marked as
asterisks: *, p<0.05; **, p<0.01; *** p<0.001 (Mixed-effects anal-
ysis with Tukey’s correction)
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used. It was shown that biofilms of investigated strains,
particularly of A. baumannii, were significantly resistant to
proteolysis (Fig. 3). No effective concentration of PK was
found to disrupt biofilms of A. baumannii (Fig. 3a), where
the addition of 800 pg/ml of PK resulted in a negligible
loss of biomass, while the further increase in the protein-
ase concentration did not lead to any additional reduction.
Thereby, proteins make up a relatively small fraction of the
A. baumannii biofilm matrix (less than 10-15%), although
some EPS proteins might evade proteolysis, for instance, due
to aggregation in fibers, O-glycosylation, or their covering
by other compounds of the matrix (Iwashkiw et al. 2012).

Twenty-four hours old biofilms formed by K. pneumoniae
also remained recalcitrant to the activity of PK (Fig. 3b),
that apparently correlated with the results of morphotyp-
ing, where 24 h old macrocolonies of K. pneumoniae had
no amyloid content (Fig. 1b, the first row). On the contrary,
biofilms of K. pneumoniae, grown for 48 h, were susceptible
to the action of Proteinase K, in a dose-dependent manner
in concentrations range 50 to 1600 pug/ml of PK, resulting
in the loss of up to 45% of biomass at 1600 ug/ml. Notably,
simultaneous treatment with DNAse and PK did not lead to
a synergistic decline in biomass of the investigated biofilms
(Online Resource Fig. 2), which indicates tough stability of
these BFs, provided by multiple contacts between various
EPSs.

Activity of the endolysins against 48-h biofilms

A pronounced reduction in biomass of 48 h old BFs was
observed after 2 h incubation with endolysins as shown by
the CV Mtp assay for A. baumannii (Fig. 4a), K. pneumo-
niae (Fig. 4b) or mixed biofilms (Fig. 4c), which all formed

moderate or strong BFs on the polystyrene. Endolysins in
many cases acted regardless the dose, especially versus
mono-species Klebsiella BFs. Each protein led to at least a
twofold loss in the biomass of preformed biofilms, in par-
ticular, LysAp22 possessed the strongest disruption of BFs,
whilst antibiofilm activity on EPS-rich biofilms by LysSi3
was less evident than that of other endolysins.

Exposure to a 1000 pg/ml of LysAp22 solution decreased
the biofilms’ biomass up to 33, 25 and 27% from initial
(Fig. 4). Two endolysins, LysECD7 and LysAm?24, acted
similarly versus mono-species BFs, albeit the impact of
LysECD7 on dual-species BFs was comparable to that of
LysAp22. The 2 h treatment with LysAm24 or LysECD7 at a
concentration of 1000 ug/ml led to a decrease up to approxi-
mately 41, 35 and 27% of A. baumannii, K. pneumoniae
or mixed biofilms’ biomass respectively, compared to the
controls treated with the buffer. At 100 ug/ml, these proteins
exhibited a lower activity. Except for LysSi3, endolysins at
a higher concentration removed dual-species biofilms bet-
ter than low-EPS containing A. baumannii BFs (p <0.01,
Mann—Whitney tests with Holm-Sidak’s correction). LysSi3
acted on mixed biofilms worse than other endolysins, dis-
rupting the biomass by approximately 54%, independently
on dose.

Exopolysaccharides and biomass staining
of biofilms pretreated with endolysins

As demonstrated, three-dimensional biofilms were formed
after a 48-h incubation of A. baumannii cells in TSB media
on glass slides (Fig. 5). These aggregates consisted of dense
and tightly connected structures (Fig. 5a), which were dis-
rupted by endolysins to incoherent monolayers (BFs treated
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Fig.4 The activity of endolysins LysAm24, LysAp22, LysECD7, and
LysSi3 versus the 48-h biofilms. a A. baumannii biofilms; b K. pneu-
moniae biofilms; ¢ dual-species (mixed) biofilms. Tris—HCIl buffer
(pH="7.5) was used as control. Each dataset includes 4 technical and
3 biological replicates was conducted and is demonstrated as normal-
ized mean value+ SD. Only differences between data related to dis-
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tinct concentrations of enzyme interpreted as follows: ns, p>0.05; *,
p<0.05; #*%, p<0.01; ***, p<0.001. All differences between the bio-
film growth control (buffer-treated BFs) and endolysin-treated groups
were supposed highly reliable, p<0.0001 (one per row Mann—Whit-
ney tests with Holm-Sidak’s correction)
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Fig.5 Microphotography of 48-h A. baumannii biofilms treated with
the endolysins (b—e and b’-e’) or buffer w/o endolysins (a, a’), pro-
vided by bright-field microscopy after staining with only 0.1% Crys-

with LysAm24, LysAp22, LysSi3), or microcolonies (Lys-
ECD7). After destaining with CuSO,, light-blue color of the
biofilm’s structures indicated the presence of acid, mostly
capsular carbohydrates. Otherwise, if there is a lack of these
EPSs, the biomass was colored violet. Thus, it allows to dis-
tinguish a significant number of cells covered with capsular
polysaccharides and also the heterogeneous arrangement of
different EPSs, especially on the BF edges (Fig. 5a’). Bio-
films treated with LysAp22 or LysECD7 were poorly stained
by CV (Fig. 5c, d), except for a few areas with dark violet
peaks, and did not differ from the cells, additionally rinsed
with CuSO,, suggesting interactions with carbohydrates,
subsequent dissociation, and destabilization of biofilms’
matrix. The BF-disrupting effect of LysSi3 (Fig. Se, e’)
appeared to be similar to that of LysECD7, however, it was
less pronounced, and did not cause evident destabilization
of exopolysaccharides, but also efficiently passed through
EPSs. A different manner of endolysin-biofilm interac-
tions was observed for LysAm24 (Fig. 5b, b’). Preparations
treated with this endolysin and stained with CV possessed an
intense violet color, whereas double-stained biofilms appar-
ently lacked any purple areas that demonstrate the interac-
tions between LysAm24 and EPS, other than acid carbohy-
drates, providing additional sites for CV staining.

Effects of bacterial DNA on endolysins
We estimated that in abundance of endolysins (10:1 ratio),

the DNA samples incubated with three out of 4 investigated
endolysins displayed a notable decline in the electrophoretic
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tal violet dye (CV, the upper row), or both CV and 20% CuSO, solu-
tions (Cu, the lower row)

mobility of nucleic acids (Fig. 6a), suggesting the com-
plexes’ formation of endolysin with genomic DNA, which
remained in the loading well or formed significant smears.
Among the examined proteins, LysAm24 and LysECD7
exhibited the most pronounced DNA-binding activity
(Fig. 6a). However, with the exception of LysAm24, endoly-
sin-eDNA complexes were not detected when the ratio of
P:DNA was 2:1. Only LysSi3 showed no interactions with
DNA samples in this test.

Exogenous nucleic acids led to the inhibition of murami-
dases’ activity versus free-living A. baumannii cells. At the
lower concentration (10:1 ratio), DNA did not impact anti-
bacterial properties of these proteins, whereas it dramatically
inhibited them at the ratio of 2:1 (Fig. 6b). At the same time,
endopeptidase LysECD7 remained effective against the bac-
teria even in the excess of DNA.

Discussion

Clinically relevant biofilms, formed by A. baumannii and
K. pneumoniae species or their combination, are associated
with a variety of skin and soft tissue infections, as well as
nosocomial infections of the respiratory (Said et al. 2022)
and urinary tracts (Paczosa and Mecsas 2016). Because of
producing a heterogeneous and thick matrix, these causa-
tive agents possess an extreme tolerance towards various
antimicrobials (Stewart 2015). Herein, we characterized
the content of biofilms formed by two bacterial isolates and
estimated that 48 h A. baumannii BFs contained a moderate
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amount of highly deacetylated glycosaminoglycans, acid
polysaccharides, eDNA, and a relatively large fraction of
the cellular biomass (Online Resource Table 1). For K. pneu-
moniae, the BF matrix makes up at least half of the dry
biofilm’s volume, with a pronounced content of negatively
charged polysaccharides, DNA, and non-amyloid proteins.

The enzymes contain phage lysozyme-like domain (fam-
ily GH24), except for LysECD7 — a putative zinc-binding
endopeptidase, which belongs to peptidase M15C fam-
ily and contains a conserved LAS-type motif. LysAm24
and LysAp22 are naturally encoded by Acinetobacter
phages, however, unlikely most Gram-negative endolysins,
LysAm24 is made up two functional domains, the previously
mentioned glucoside hydrolase domain and N-terminal cell-
wall binding domain (PGBD1 family). LysSi3 and LysECD7
are produced by phages infecting S. typhi and E. coli cor-
respondingly. Although, three out of the four endolysins
referred as muramidases, the two most close (LysAp22 and
LysAm?24) possess about 62% amino acid sequence iden-
tity in catalytic domains. All the enzymes have no predicted
signal protein (SP)- or signal-arrest-release (SAR)-domains
within their structures (Gontijo et al. 2021).

Despite the difference in composition, we have shown
that investigated enzymes disrupt heterogeneous biofilms,
interacting directly with different BF compounds. All of the
endolysins at a concentration of 100 pg/ml led to a decrease
in biomass of mono- and dual-species films of Gram-neg-
ative bacteria by at least 2-3 times. Moreover, treatment
with LysAm?24, LysAp22, or LysECD7 at a concentration
of 1000 pg/ml was linked to the pronounced destruction
of the biofilms. Application of standard methods, such as
CV-staining, to assessment of biofilm disruption, revealed

a staining reduction up to 30% from the initial. As noted,
this method of biofilm detection is not highly specific, thus,
the decrease in staining may occur not due to degradation of
the matrix as such, but due to matrix destabilization effects
under the lysins’ action followed by the release of cells, BF
components during the experimental procedures. However,
the low correlation of endolysins action with the applied
dose and the higher activity against mixed films suggests
that lysins act relatively selective on biofilm components.
Although the investigated endolysins are considered
highly specific hydrolases, disrupting the peptidoglycan at
specific sites, and which no supposed to employ in direct
enzymatic degradation of exopolysaccharides or eDNA
in regard of other research on similar lysins, a side abil-
ity to influence compounds of the biofilm matrix could be
recognized. Thus, we detected weak interactions between
endolysins and exopolysaccharides and eDNA. These inter-
actions, however, were associated with a significant desta-
bilization of the treated biofilm and could be beneficial in
terms of bacteriophage ecology. Endolysin-EPS interactions
may include effects on adhesion of competitive viruses,
availability of phages’ receptors, and formation of cell-wall
deficient cells to sustain the host population (Wohlfarth et al.
2023). Furthermore, lysins can be engaged in BF-specific
signaling pathways due to the products of peptidoglycan
hydrolysis (Irazoki et al. 2019). Extracellular carbohydrates
are a significant component involved in biofilm forma-
tion, crucial for stable cell adhesion on various surfaces,
and establish multiple contacts with other exogenous mol-
ecules (Ostapska et al. 2018). They include enterobacterial
cellulose (Nesse et al. 2020), and poly-f-1,6-N-acetyl-D-
glucosamine (PNAG), found in numerous species of bacteria

@ Springer



186 Page 100f13

World Journal of Microbiology and Biotechnology (2024) 40:186

(Choi et al. 2009). Capsular polysaccharides, frequently con-
sisting of various negatively and neutrally charged subu-
nits, serve as a physical shield against environmental factors
(Paczosa and Mecsas 2016; Singh et al. 2019), and within
BFs modulate surface adhesion (Mann and Wozniak 2012;
Pompilio et al. 2021). Therefore, massive detachment of
acid exopolysaccharides by LysAp22 and LysECD7 may
impair BF stability, without relevant loss of the antibacte-
rial activity, and subsequently seems to be an intriguing
feature for further development of enzybiotics. The exact
mechanism of this change is not fully understood. However,
it is unlikely to be related to capsule digestion by specific
phage depolymerases. In particular, their active sites differ
from those of endolysins and structures of the investigated
lysins possess no significant similarity with any of this wide
group of enzymes. It is worth noting, that exopolysaccha-
rides can trigger changes in the catalytic activity of other
enzymes, more related to endolysins. For instance, a poly-
anionic exopolysaccharide of Xantamonas spp. inhibits egg
white lysozyme and lysostaphin, but activates two bacterial
muramidases (Stepnaya et al. 2001).

The results of the eDNA-endolysin binding assay partly
correlated with the isoelectric points (plIs) of the lysins:
LysAp22 (pI 9.19), LysAm24 (pl 8.89), LysECD7 (pl
8.83) and LysSi3 (pI 8.52), proposing a higher probabil-
ity of binding with an increase of pl. Hence, unspecified
electrostatic forces may determine the interactions between
the endolysins and eDNA. However, the differences in pls
between the studied proteins are small; thereby an actual net
charge distribution of molecules may be distinct, affecting
the binding capacity. Anyway, as shown in Online Resource
Fig. 3, the strength of the endolysin-DNA association was
significantly reduced by the addition of NaCl. Thus, Lys-
ECD7 partially ceased to bind with DNA in the mixtures,
containing 150 and 300 mM NaCl, LysAm24 showed a simi-
lar tendency at the lower salt’s concentration, whereas the
DNA-binding effect of LysAp22 was evident in the mixture
without NaCl. Therefore, the interplay observed between
eDNA and the investigated enzymes should be considered
nonspecific, and primarily driven by electrostatic binding.
Strong electrostatic interactions are suggested to destabilize
eDNA in the cases of LysECD7 and possibly LysAm24,
serving as a mechanism for the antibiofilm effect of these
enzymes within BF areas depleted in free cations, formed
by eDNA. LysSi3 is believed to have a reduced antibiofilm
activity due to the indirect influence of exogenous nucleic
acids, while eDNA affected LysAp22 ambivalently. We sug-
gest that DNA mixed with a bacterial suspension can bind
positively charged compounds on the outer membrane (OM)
of bacteria and enhance their surface hydrophobicity (Das
et al. 2014), impairing CW accessibility for either of hydro-
lases. It is interesting to note, that the investigated endolysins
contain positively charged terminal structures putatively
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involved in permeabilization of membranes, except for Lys-
ECD7. The mechanism of passing through OM for LysECD7
is probably based on other, not only electrostatic interactions
with a cell’s surface (Antonova et al. 2019).

There is plenty of findings noted eDNA can be a com-
ponent of biofilm tolerance exhibited by different species
against charged antimicrobial peptides (Batoni et al. 2016)
and proteins, as well as aminoglycosides (Chiang et al.
2013), fluoroquinolones (Tetz et al. 2009), and non-phage
derived lysozymes. In this regard, eDNA interaction with
positively charged structures often found in endolysins’
molecules may also affect their catalytic activity and access
to target sites, hampering endolysin-based therapy. On
the other hand, enzybiotics may destabilize exposed bio-
films through unspecific interactions with extracellular
nucleic acids, allowing biofilm control. For example, side
antibacterial effects have been reported for egg lysozyme
and antistaphylococcal chimeric peptidoglycan hydrolase
(Fernandez et al. 2017; Liu et al. 2023). It has been pro-
posed to be based on strong endolysin-DNA binding, that
influence the expression of bacterial genes. Another inter-
esting mechanism of biofilm removal by targeting defensive
BF compounds has been reviewed for a few AMPs, which
possess similarity with semi-conservative structures of the
studied proteins (Batoni et al. 2016).

Therefore, our study revealed contrasting aspects in the
antibiofilm activity of the phage endolysins, which deviated
from bacterial cell lysis caused by catalytic digestion of the
CW peptidoglycan. Specifically, we detected the interaction
with the carbohydrate component of the matrix (LysAp22
and LysECD?7), as well as the electrostatic binding of poly-
cationic sites of endolysins to eDNA (LysAm?24 and Lys-
ECD7). These interactions can result in the biofilm removal
by endolysins, despite a decrease in their initial antibacterial
activity. The plate staining results together with microscopy
of biofilm samples enable to clearly see the matrix destabili-
zation effects under the lysins’ action followed by the release
of cells and BF components. Thereafter, a direct impact of
lytic activity (bacterial membrane permeabilization and
cleavage of peptidoglycan) of the endolysins is thought to
occur. However, this research did not evaluate the influence
of abnormal lysin-induced release of various bacterial com-
pounds on the stability of BFs, which could also be com-
pelling, as well as probable engagement of endolysins in
degradation of eDNA and exopolysaccharides. Additional
experiments should be conducted to clarify the endolysin-
exoproteome interactions (De Gregorio et al. 2015), the
specificity and intensity of endolysin-exopolysaccharides
and endolysin-DNA interactions. This could be investigated
through ELISA assays, mass-spectrometric structural analy-
sis involving isolated EPS and its components, accompanied
by a design of possible binding in silico. Treatment of bio-
films with the cell-free lysate or products of peptidoglycan
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hydrolysis could also provide additional information. Thus,
the present and further findings are expected to highlight a
complex mechanism underlying the endolysins’ antibiofilm
activity, allowing them to successfully evade a biofilm’s
defense, provided by its matrix.
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