ORIGINAL RESEARCH | MICROBIOLOGY

COMPLEX ANTIBACTERIAL ACTION OF ENZYMES ACTING ON STAPHYLOCOCCUS AUREUS BIOFILMS
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The widespread use of antibiotics in medicine and agriculture has significantly accelerated the emergence rate of bacterial infections showing multiple antibiotic
resistance. Since resistance to conventional antibiotics is developed rather quickly, designing alternative antimicrobial drugs with other mechanisms underlying their
effects on bacteria is a promising. The enzymes possessing bactericidal activity may be one option for such antibacterial agents. The study aimed to produce the
combination recombinant protein-based products active against bacteria and their biofilms. Soluble forms of five recombinant proteins were produced using the
genetic engineering approaches. Two of these have a bacteriolytic effect (endolysins LysK and PM9 from the Staphylococcus aureus bacteriophages), the other are
capable of disrupting extracellular DNA matrix in biofims (two nonspecific nucleases NucA, as well as the DNA-specific deoxyribonuclease |). It has been shown that
natural endolysin PM9 with the truncated catalytic domain shows 4 times lower bacteriolytic efficacy compared to the full-size LysK version. Comparative analysis
revealed 1.5-2 timed higher efficacy of nonspecific nucleases in terms of bacterial biofilm disruption compared to the DNA-specific deoxyribonuclease I. It has been
shown that simultaneous use of endolysins and nucleases has a synergistic antibacterial effect and disrupts biofilms of the pathogenic bacterium Staphylococcus
aureus. The findings show the prospects of developing the recombinant protein-based antibacterial drugs.
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KOMMJIEKCHOE AHTUBAKTEPUANIBHOE AENCTBUE ®EPMEHTOB HA BUOMJIEHKA
STAPHYLOCOCCUS AUREUS

A. A. BarockuH', P. A. Aeakosa', J1. ®. Pessbix!, M. B. 3axaposa?, 3. K. MybapakiumHa', P. A. MBaHos!, M. O. HaropHbix'254

" Hay4Ho-TexHonorn4eckmin yHmsepcuteT «Cupnyc», Coum, Poccust
2 VIHCTUTYT BUOXUMUM 1 (PU3MONOTN MUKPOOPraHM3MOoB Poccuiickol akagemmn Hayk, MywpmHo, Poccus

LLInpokoe 1ncnonb3oBaHre aHTUOMOTMKOB B MeAULIMHE U CENbCKOM XO3ANCTBE 3HAYUTENBHO YCKOPWIO TEMMbl BO3HUKHOBEHNS GaKTEPUIA CO MHOXECTBEHHOM
YCTONYMBOCTBIO K @HTUOMOTVKaM. [TOCKOMbKY K TPaaULMOHHBIM aHTUOMOTMKaM A0BOSIBHO ObICTPO BO3HWKAET PE3UCTEHTHOCTb, OAHVMM U3 NMEepCrneKTUBHbBIX
HanpaBneHun SBnseTca paspaboTka ansTepHaTVBHBbIX aHTUMUKPOOHBIX MpenapaTtos, 06nafaroLLmnX UHBIMA MeXaH3MaMn OeNCTBUS Ha GakTepum. PepMeHTbI
¢ 6aKTepULMAHbIM OEeNCTBMEM MOTYT ObITb OAHUM W3 BapUaHTOB TakUX aHTUOaKTepuanbHbix cpedcTs. Lienbto paboTbl 6610 NoAyHTh KOMOUHUPOBaHHbIE
npenapatbl PEKOMOVHAHTHBIX OEIKOB, aKTUBHbLIX B OTHOLLEHUW BakTepuin 1 1x 6uonfaeHok. C NMOMOLLBIO MOAXOA0B FEHHOW WHXEHepuy Oblan NonyYeHb!
pacTBOPUMbIE POPMbI MATN PEKOMOUHAHTHBIX OeKoB. [lBa 13 HUX 06nafatoT 6aKTePUOIMTUHECKM athdekToM (3HAoMM3MHbI LysK n PM9 13 6aktepurodaros
Staphylococcus aureus), ocTanbHble CNOCObHbI paspyLlaTh BHeKNeTouHbIn JHK-mMaTpuke y 6uonneHok (ase Hecneuududeckme Hykneasbl NUCA, a Takxe
OHK-cneundudHas nesokcrpnboHykneasa l). MNokadaHo, 4To NpUpPoAHbIA aHAoNM3NH PM9 ¢ yceveHHbIM KaTanuTu4ecknuM AOMeHOM obnafaeT MeHbluen
B 4 pasa 6aKTepUONUTNHECKON SPEPEKTUBHOCTLIO MO CPaBHEHMIO G MOHOPa3MeEPHbIM BapraHTOM LysK. C MOMOLLLIO CPaBHUTENBHOMO aHanv3a BbigBIeHa
B 1,5-2 pasa 6onblias aheKTMBHOCTb HECMeUMMUHECKNX HyKeas Ofs paspylueHus 6akTepmranbHbix 6ronneHoK no cpasHeHwno ¢ OHK-cneumnduyHomn
[E30KCUMPUOOHYKNeasoi |. MpoAeMoHCTPUPOBaHO, YTO OAHOBPEMEHHOE CMONL30BaHME SHAOMM3NHOB U HyKeas OkasblBaeT CUHEPrMYHOe aHTUbaKTepuansHoe
[OencTBre 1 pagpyllaeT O1onneHkn natoreHHon Gaktepun Staphylococcus aureus. onydeHHble pesynbTaThbl MOKasbiBAOT NEPCNEKTUBHOCTb pas3paboTkum
aHTVbaKTepyanbHbIX NPenapaToB Ha OCHOBE PEKOMOUHaHTHbLIX GENKOB.

KnioueBble cnoBa: 9HAOMM3MH, Hykneasa, buonneHku, Staphylococcus aureus
®uHaHcupoBaHue: paboTa BbiNoHeHa Npuv Nogaepxke nporpamMmmMbl MUHUCTEPCTBA BbicLIero obpasoBaHunst U Haykn PP (cornaweHne Ne. 075-10-2021-113,
YHUKaNbHbIN HOMep npoekTa RF----193021X0001).
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Drug resistance of pathogenic bacteria is growing rapidly,  (2023). However, there is the question about creating novel,
turning into a global issue of the world’s healthcare system.  innovative agents for treatment of infectious diseases caused
According to the last data of the World Health Organization, by antibiotic-resistant strains, which might complement the
the number of antimicrobial drugs being at various stages  existing antibiotics that lose their efficacy due to widespread
of their development has increased from 80 (2021) to 97  use [1].
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The drugs based on the enzymes possessing antibacterial
activity represent one such option. Today, the lytic enzymes
of bacteriophages (endolysins) that cause lysis of pathogenic
bacteria and can be used as therapeutic molecules are well-
known [2]. Endolysins are the enzymes encoded by the
bacteriophage genomes and used by bacteriophages for lysis
of bacterial cells during viral infection. Since all bacteria have
bacteriophages, and bacteriophage diversity is great, their
endolysins represent a very promising class of bacteriolytic
enzymes. Currently, there is a large amount of scientific
research and antibacterial drugs developed based on such
enzymes that are through pre-clinical and clinical trials [3].
Endolysins as therapeutic substances often have a broader
specificity spectrum, than phages, and their specificity is
manifested at the genus or species level. The endolysins’
selectivity for bacterial targets is due to the cell wall-binding
domain, which recognizes and binds receptors, regardless of
certain substrate in the cell wall of the target. Thus, the cell
wall-binding domain (CBD-domain) located usually in the
C-terminal part of the endolysin molecule is responsible for
specific recognition and binding. That is why gram-negative
lysins have a broader range of targets, while gram-positive
ones often have a narrow host range [4]. The catalytic domain
(CD-domain) is responsible for catalytic activity, and its activity
can be further enhanced by the presence of amidase domain
[6]. The fact that bacteria do not develop resistance and
the possibility of influencing various chemical bonds within
the cell wall represent one more advantage of bacteriolytic
enzymes over conventional antibiotics. However, endolysins
cannot effectively disrupt stable biofilms formed by many
pathogenic bacteria, which is one of the major challenges of
modern antibacterial therapy. Biofilms are complex extracellular
structures stabilized by multiple bonds between organic
molecules [6]. The enzymes that destroy biofilms also represent
a promising class of antibacterial agents that differ in enzyme
activity type depending on the target biofilm component [7]. In
particular, matrix of extracellular DNA that can be destroyed
by nucleases is typical for many bacterial biofilms. It has been
earlier shown that deoxyribonuclease | possessed such activity
[8]. In this regard, the search for and characterization of novel
nucleases possessing antibacterial activity are relevant. The
use of bacteriolytic enzymes and their combinations with the
enzymes having a destructing effect on biofilms can make it
possible to increase the effectiveness of bacterial infection
therapy. For example, such cumulative effect has been reported
for antibacterial activity against Mycobacterium tuberculosis [9].
The enzymes that disrupt bonds within biofilms can become
a component of the combination antibacterial drug together
with endolysins, having a synergistic antibacterial effect. That
is why the development of such antibacterial drugs based on
the recombinant proteins showing different catalytic activity
is a promising area. Such drugs are most effective against
gram-positive bacteria, in particular, methicillin-resistant
Staphylococcus aureus (MRSA), the fight against which in
clinical settings is a priority [10].

The study aimed to perform comparative analysis of antibacterial
effects of several combinations of the enzymes possessing
antibacterial activity or activity against bacterial biofilms.

METHODS
Constructing plasmids

All the plasmids used in this study were produced by restriction
enzyme DNA cloning. DNA sequences of the endolysin genes

and DNA nucleases were de novo synthesized; this involved
codon optimization of nucleotide sequences for E. coli (IDT,
https://www.idtdna.com/). The nucleotide sequences were
taken from the Phal.P (www.phalp.org) and Uniprot (www.
uniprot.org) databases. Amplification of all DNA sequences
involving the use of the Pfu high-fidelity polymerase (Takara,
USA) was performed in accordance with the manufacturer’s
protocol. The target genes were cloned into the pET21a vector
(Novagen, UK), as well as into the set of vectors with auxiliary
peptides [11] based on pET28a (Novagen, UK) at the Ndel and
Notl restriction sites through the enzyme reaction involving two
appropriate restriction endonucleases (SibEnzyme, Russia) for 1
h at 37 °C. After electrophoresis, DNA fragments were purified
from agarose gel using the commercially available Genedet Gel
Extraction Kit (Thermo Scientific, USA). Then the purified DNA
fragments were mixed and used in the ligation reaction with
the T4 DNA ligase (NEB, USA) for 30 min at room temperature.
After that the E. coli 10G competent cells (Lucigen, UK) were
transformed by electroporation (Bio-Rad, USA) in accordance
with the protocol of the device manufacturer. Plasmid DNA was
extracted from the clones comprising the correct inserts, and
correctness was confirmed by Sanger sequencing.

Recombinant protein production in E. coli

Proteins were produced in the following strains designed for
recombinant protein production: E. coli BL21 (DE3) (Novagen,
UK), E. coli Rosetta gami 2 (Novagen, UK), E. coli SHuffle
T7express (NEB, USA). Thus, plasmids comprising the genes
encoding nucleases or endolysins were used to transform the
selected strain by the heat shock method, the transformation
mixture (100 pL) was seeded in liquid LB medium contained
in the test tubes (83-5 mL) with selective antibiotics. Incubation
was performed for 12-14 h at 37 °C with mixing at 180 rpm.
Then the culture grown was passaged at the ratio of
1: 200 in the flasks containing appropriate amounts of the LB
culture medium (100-500 mL) with selective antibiotics. The cell
culture was grown to the optical density OD,,, = 0.5-0.6 on the
shaker at 180 rpm and 37 °C. After reaching the target optical
density, the culture was cooled on ice for 10 min, supplemented
the inducer to the final concentration of 1 mM IPTG, incubated
at different temperatures (18 °C and 37 °C) with mixing at
180 rpm for 18 h (18 °C) or 6 h (37 °C). The bacterial cells were
then precipitated by centrifugation for 20 min at 4000 g and 4 °C.
To assess solubility of the protein obtained, the cells
precipitated were transferred to buffer A for destruction (50 miM
Tris-HCI pH 7.5; 0.3 M NaCl; 0.005 M imidazole) and destructed
using the Qsonica Q700 ultrasonic homogenizer (Qsonica,
USA) until the cell suspension became clear on ice (ultrasonic
pulses 3 s, cooling 6 s, 40 cycles). The destructed cells were
precipitated by centrifugation (17,000 g) for 20 min at 4 C°. Then
supernatant containing the soluble form of the target protein was
sampled, and precipitate containing the aggregated form was
dissolved in the 2M urea for further analysis by electrophoresis.
Proteins were separated by PAGE (10%) electrophoresis under
denaturing conditions by standard methods. After the One-
Step Blue® staining (Biotium, USA) and washing off the dye, the
gels were imaged, and the distribution of soluble and insoluble
protein forms was quantified. Densitometry analysis of the gels
was performed using the Image Lab application (Bio-Rad, USA).

Purification of proteins by affinity chromatography

After ultrasonic destruction of biomass and cell debris
centrifugation, supernatant was filtered through the membrane
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with the pore size of 0.22 ym. Thus the preparation for
chromatographic purification was obtained that contained
soluble protein fraction in buffer A (50 mM Tris-HCI pH 7.5;
0.3 M NaCl; 0.005 M imidazole) for application onto the IMAC
chromatographic sorbent (Bio-Rad® Nuviatm IMAC Resin,
USA). Protein was eluted with the chromatographic buffer B
(50 mM Tris-HCI pH 7.5; 0.5 M imidazole). When necessary, the
preparation obtained by purification involving the use of IMAC was
concentrated using the Vivaspin® 500 centrifugal concentrator
(Sartorius, Germany) (pore size 3.5 kDa) 30-50 times. If
necessary, then the purified protein preparation was treated
with the TEV protease in accordance with the manufacturer’s
instructions overnight at 4 °C; after that chromatographic
purification was performed again, but the fraction not bound to
sorbent, which contained purified endolysin, was collected. The
resulting preparation was used to estimate antibacterial activity.

Testing of the resulting protein preparation antibacterial
activity against Staphylococcus aureus

The Staphylococcus aureus colony was taken and put in 3-5 mL
of liquid LB medium and incubated for 12-14 h at 37 °C with
mixing at 180 rpm. Then 1 mL of the overnight culture was
transferred to the test tube, centrifuged for 3 min at 4000 g;
the cell sediment was resuspended in PBS; the procedure was
repeated 3 times. The cells washed were diluted with PBS to
0.1 at OD,,,; 100 pL of the diluted cells were placed in the
96-well plate and added 100 pL of the test protein or 100 pL of
PBS in the positive control. The plate was incubated at room
temperature for 30 min with constant mixing at 200 rpm. After
incubation, the cells were 100-fold diluted with PBS, after which
100 pL of the resulting mixture were seeded on the agar plates
without any antibiotic. The plates were incubated overnight at
37 °C. On the next day colonies were enumerated in the control
plates and plates with test proteins; antibacterial activity was
calculated using the following formula:

X =100 - ((CFU of the sample x 100)/ CFU of the control),

where X is antibacterial activity of the test protein in %; CFU
of the sample is the number of colony-forming units per plate
after incubation of cells with the test protein; CFU of the control
is the number of plaque-forming units per plate untreated with
the test protein.

To assess anti-biofilm activity of the test proteins, the
S. aureus colony was placed in 3-5 mL of the liquid TBS
medium (glucose free) and incubated for 12-14 h at 37 °C
with mixing at 180 rpm. Then the overnight culture was diluted
with TBS supplemented with 1% glucose to the value of 0.08
at OD,,,. After that 200 pL of cell suspension were poured in
the 96-well plate and incubated at 37 °C without mixing for
48 h. After incubation, the resulting biofilms were triple washed
with PBS by pipetting. Thus planktonic cells were eliminated.
Then biofilms were added 200 pL of each studied enzyme and
incubated for 2 h at 37 °C without mixing. After incubation, the
wells were triple washed with PBS by pipetting and dried for
5 min at room temperature. The remaining biofilms were stained
by adding 200 pL of the 0.1% crystal violet and incubating for
15 min at room temperature. After staining, the cells were triple
washed with PBS by pipetting again and dried for 45 min. Then
these were added 200 pL of the 33% acetic acid and incubated
for 10 min at room temperature. The analysis performed using
the Multiskan SkyHigh system (Thermo Scientific, USA) involved
optical density measurement at OD, . The effectiveness of
biofilm destruction was calculated relative to control.
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RESULTS

Production of the enzyme-based combination antibacterial
drugs is a promising method to combine different enzyme
activities against bacterial pathogens in the same medicinal
product. This makes it possible to not only increase the efficacy of
antimicrobial activity, including against biofilms, but also reduce
the drug dose. To produce single components of such drugs, it
is necessary to produce homogenous protein preparations for
each enzyme. In this study we produced different recombinant
protein preparations and then tested their antibacterial activity
against single Staphylococcus aureus cells and biofilms. The
general scheme of the experimental study is provided in Fig. 1.
The first phase of the study involved production of the genetic
constructs encoding the following proteins: 1) endolysin LysK
of the staphylococcal phage K; 2) not previously annotated
endolysin PM9_074 of the staphylococcal phage PM9 with
the truncated catalytic domain; 3) human deoxyribonuclease
| (DNAse I); 4) nonspecific nuclease NucA1 from Serratia
marcescens; 5) nonspecific nuclease NucA2 from Anabaena sp.

All the nucleotide sequences were codon optimized for
expression in Escherichia coli and encoded the histidine
tag at the N-terminus for further purification by affinity
chromatography. After de novo synthesis of genes these were
cloned into the pET21a plasmid vector for further expression
of the genes encoding recombinant proteins. The genetic
constructs obtained were used to transform cells of the
E. coli BL21 (DE3) strain designed for recombinant protein
production. After induction and incubation, we estimated the
extent of target protein production in the soluble and insoluble
forms. Protein production at 37 °C and 20 °C failed to yield
positive results, since all the target enzymes formed insoluble
aggregates (inclusion bodies). Replacement of the strain with
two alternative ones (E. coli Rosetta gami 2, E. coli SHuffle
T7express) yielded no positive results (Table 1).

That is why later is was decided to turn to production involving
auxiliary polypeptides potentially increasing protein solubility and
ensuring their correct folding in space in order to obtain soluble
forms of proteins [12]. The nucleotide sequences encoding the
selected endolysins and nucleases were cloned into a number
of the earlier constructed vectors comprising various auxiliary
polypeptides. We had earlier used this approach in practice to
produce the homogenous ribonuclease inhibitor preparation in
the soluble form [13]. The system represents the set of plasmids,
each of which contains certain helper polypeptide and the TEV
protease cleavage site at the N-terminus of the target gene
nucleotide sequence. Production of chimeric protein using such
vector increases the likelihood of obtaining the soluble protein
preparation. The following auxiliary polypeptides were used in
the system: MBPR, GST, TIG, YrhB, PpiB, TRX, TSF, SUMO, FHS.
Verification of recombinant protein production using this set of
plasmids was also performed in the E. coli BL(DES) strain at two
temperatures, as earlier reported. Protein production at 37 °C,
regardless of the presence of partner polypeptide, yielded mainly
insoluble aggregates, in contrast to protein production at 18 °C,
where certain auxiliary polypeptides considerably increased yield of
the target protein soluble form (Fig. 2, Table 2).

Thus, the most productive “auxiliary polypeptide-target
protein” combinations were obtained; we also managed to
select appropriate production conditions that allowed us to
produce target proteins in the soluble form. The highest yield
of endolysins and nucleases was reported when using auxiliary
polypeptides MBP and TIG (Table 2).

Then we assessed antibacterial activity of the enzymes
obtained, as well as their ability to destroy the bacterial
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Fig. 1. Scheme of the experimental study involving production of enzybiotic drugs and testing their antibacterial activity

Staphylococcus aureus biofims both in the form of monodrugs
and in the form of enzyme activity combinations. First, we
compared activity of two endolysins against bacterial cells (Fig. 3).
The identical recognition domains of both endolysins allow one
to compare catalytic activity of these molecules in the direct
experiment. The findings demonstrate that both enzymes
possess antibacterial activity and can cause lysis of the
Staphylococcus aureus cells, but endolysin of bacteriophage
PM9 with the truncated catalytic domain yet shows lower
activity (almost four times lower relative to endolysin LysK).
Presumably, such variants are less evolutionarily advantageous
for viruses, so their number in the genome is significantly lower
compared to the number of full-size endolysin genes. It is
possible that the genes encoding such molecules represent
“evolutionary waste” in bacteriophage genomes, but their exact
biological role is poorly understood. These data suggest that it
is reasonable to select endolysins with the full-fledged catalytic

domain (or several molecules with the catalytic domains
showing different specificity) to create effective antibacterial drugs.
In the next phase we tested three nucleases obtained
for the ability to disrupt Staphylococcus aureus biofims via
destruction of the matrix consisting of extracellular DNA. It was
earlier shown that deoxyribonuclease | could destroy bacterial
biofilms [8], however, no such research was conducted for
nonspecific nucleases. All three nucleases, we have isolated
in the form of recombinant protein preparations, specifically
human deoxyribonuclease |, nonspecific nuclease NucA1
from Serratia marcescens, and nonspecific nuclease NucA2
from Anabaena sp., can degrade bacterial biofilms (Fig. 4).
The results obtained show that both nonspecific nucleases
show higher biofilm destruction effectiveness, which can
be due to their mechanism of action. Their higher nuclease
activity has led to broader use of nonspecific nucleases for
solving scientific and biotechnology tasks, specifically for the

Table 1. Estimation of the recombinant endolysin and nuclease production in E. coli strains
Temperatures of protein biosynthesis Escherichia coli Escherichia cg/i Escherichia coli
BL21 (DE3) Rosetta gami 2 SHuffle T7express
pET21-LysK
37°C (6 h) I I I
18 °C (16-18 h) I I S+
pET21-PM9
37 °C (6 h) I I I
18 °C (16-18 h) I S+ S+
pET21-Dnasel
37°C (6 h) | | I
18°C (16-18 h) | | I
PET21-NucA1
37 °C (6 h) I I I
18 °C (16-18 h) I I I
pET21-NucA2
37 °C (6 h) I I I
18 °C (16-18 h) I I S+
Note: S — soluble, | — insoluble, “+” — extent of soluble protein production.
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B PM9-MBP (66 kDa)
BIN AIN S IS A1/A2 B1 B2 B3 B4 B5
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Fig. 2. Strategy of obtaining recombinant proteins prone to aggregation via production in the form of the chimeric molecule, in which there is an auxiliary polypeptide
increasing the target protein solubility at the N-terminus. In particular, PAGE electropherogram demonstrates the examples of the TIG auxiliary polypeptide effects on
the DNAse | solubility (A) and MBP auxiliary polypeptide effects on the endilysin PM9 solubility (B)

development of the commercially available Benzonase drug by
Merck. Thus, nonspecific nucleases can be appropriate for the
creation of antibacterial drugs capable of destroying bacterial
biofilms. That is why it is reasonable to focus on the physical
and chemical properties of such enzymes, as well as on the
results of pre-clinical trials during further development of the
combination antibacterial drug. Despite the fact that the DNAse
| enzyme shows lower activity, the advantage is its origin,
which potentially minimizes the drug immunogenicity. It should
be also noted that there are already commercially available
drugs based on this recombinant enzyme (Dornase Alfa and
analogues), which are used for treatment.

The last fundamental objective of this study was to test
the antibacterial activity effectiveness of the combination drug
combining at least two different catalytic activities against the
Staphylococcus aureus biofilms. Thus, we planned to test
various combinations of two endolysin molecules and three
nucleases. In our situation the best results were reported for the
combinations of full-size endolysin LysK and nucleases, which
can be explained by higher lytic activity of this enzyme compared

to endolysin PM9 with the truncated catalytic domain (Fig. 4).
All three nucleases used were active in the combination drug,
but the best results were shown by nonspecific nucleases.
This was possibly due to experimental conditions, and DNAse
| could show comparable efficacy in case of optimal reaction
buffer selection. However, the difference in the enzyme activity
mechanisms can play a major role during practical use of drugs.
Thus, nonspecific nucleases can be used in the recombinant
protein-based combination drugs or can potentiate the effects
of antibiotics on bacterial biofilms.

Summarizing the findings, we selected conditions for
production and chromatographic purification of two endolysins
(LysK and PM9) possessing activity against Staphylococcus
aureus, as well as of three nucleases (NucA1, NucA2, and
DNAse |) capable of destroying the bacterial biofilm DNA
matrix. For that we used a screening approach to production
of enzymes in combination with helper polypeptides. Then we
demonstrated antibacterial activity of these enzymes, as well
as their complex activity against the Staphylococcus aureus
biofilms.

Table 2. Estimation of the recombinant endolysin and nuclease production in E. coli strains

Temperatures of protein biosynthesis Protein solubility degree Yield of protein after purification (mg/L)

PET28MBP-LysK

37°C (6h) |

18 °C (16-18 h) S+ 2.55
pET28MBP-PM9

37°C (6 h) |

18 °C (16-18 h) S++ 4.95
pET28TIG-Dnasel

37°C (6h) |

18 °C (16-18 h) Sttt -4

pET28MBP-NucA1

37°C(6h) [
18 °C (16-18 h) Sttt 6.7
PET28TIG-NucA2
37°C (6h) [

18 °C (16-18 h) S++ 4.8

Note: S — soluble, | — insoluble, “+” — extent of soluble protein production.
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Fig. 3. Catalytic activity of two endolysins against the Staphylococcus aureus bacterial cell wall. Both recombinant enzymes possess antibacterial activity disrupting
the cell wall. Endolysin LysK having a full-fledged catalytic domain possess significantly higher antibacterial activity against the gram-positive Staphylococcus aureus

pathogen compared to endolysin PM9 having a truncated catalytic domain

DISCUSSION

The current antibiotic-resistance crisis caused by the
widespread use of antibiotics in medicine and agriculture
makes it necessary to seek for alternative therapeutic agents
to fight against pathogenic bacteria. Such drugs might be
used to support therapy with conventional antibiotics or as
monotherapy, precluding the use of antibiotics in certain cases.
Developing antibacterial drugs based on the recombinant
proteins possessing bacteriolytic activity is a promising area [14].
The most interesting are endolysins, the bacteriolytic proteins
used by bacteriophages to lyse infected bacterial cells during
viral infection. Endolysins have a modular structure and usually
comprise two or three domains responsible for recognition
of certain bacteria, as well as for catalytic activity against the
cell wall components. To date, these molecules are rather well
understood; attempts are made to develop antimicrobial drugs,
enzybiotics, based on these molecules [14]. As genomes
of bacteriophages are discovered and described, the data
on the uncharacterized viral proteins, including endolysins,
are accumulated. Some of these endolysins have truncated
catalytic domains, but biological meaning of this phenomenon
is poorly understood. In this study we compared two endolysins
encoded by two Staphylococcus aureus bacteriophages, K
and PM9. One of these is well-known, it has a full-fledged
three-domain structure, including catalytic domains (peptidase

and amidase), as well as the recognition domain [15], while
the second represents an uncharacterized endolysin with
the significantly truncated catalytic domain and the binding
domain with the identical sequence. When produced in the
E. coli heterologous system, both endolysins aggregate and
form the inclusion bodies. To obtain functional preparations of
such proteins possessing activity, we used a methodological
approach, in which solubility of the target recombinant protein
is ensured by auxiliary polypeptide located at the N-terminus of
the chimeric protein molecule (Fig. 2, Table 2). After successful
production of chimeric molecules in the soluble form, the
auxiliary peptide was cleaved using the TEV protease, and
the proteins were used to conduct tests for antimicrobial
activity against the Staphylococcus aureus cells. Our findings
suggest that the phage PM9 endolysin with the truncated
catalytic domain exerts significantly lower activity against
the Staphylococcus aureus cells (Fig. 3). Furthermore, both
endolysins have the recognition domains that are completely
identical based on the amino acid compositions, which
balances the differences when the molecules bind to receptors
of bacterial cells. The use of such enzymes is unjustified due to
low activity, regardless of their greater compactness and some
beneficial differences in physical and chemical properties from
full-size molecules. That is why it is necessary to select variants
with full-size domains for the development of endolysin-based
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Fig. 4. Destruction of the Staphylococcus aureus bacterial biofims with the recombinant nuclease drugs and the combination drugs combining different catalytic
activities (endolysin + nuclease). Nonspecific nucleases show higher activity in terms of bacterial biofilm disruption compared to DNAse |. Combining the enzymes

showing different specificity in the same drug enhances antibacterial effects
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drugs. Research and development in the field of combinatorial
engineering of endolysins show the potential of such proteins
used as antibacterial agents [4, 14]. Endolysins with the
full-fledged catalytic domain predictably possess higher
antibacterial activity compared to variants with the truncated
catalytic domain. Furthermore, the binding domain of such
truncated endolysin variants is fully functional, which targets
these molecules towards cellular receptors of bacteria during
infection, but biological role of this phenomenon is poorly
understood. It can be assumed that such forms of endolysin
molecules represent either evolutionarily transitional variants, or
rudimentary enzymes, on which the life cycle of the virus no longer
depends very much, but they are preserved in the viral genome.

However, it should be noted that antibacterial activity of
endolysins against bacterial biofims that are often formed by
pathogenic bacteria is limited. Since the structure of bacterial
biofilms is stabilized by extracellular matrix consisting of various
bioorganic molecules, the bonds between molecules represent
a potential target for biofilm destruction [6]. Extracellular DNA
forming sustainable structures that stabilize biofilms represents
one component of such biofilm matrix [16, 17]. It has been earlier
shown that catalytic activity of deoxyribonuclease | (DNAse ),
hydrolyzing phosphodiester bonds between the nucleic acid
subunits, can ensure disruption of bacterial biofilms formed
in the presence of infection [8]. We decided to test two more
nucleases possessing nonspecific activity against DNA and
RNA (nuclease NucA from the bacterium Serratia marcescens
and nuclease NucA from Anabaena sp.) for similar activity and
compare their efficacy with that of human DNAse |. For that
we produced all three nucleases in the form of homogenous
protein preparations; since these proteins also aggregate when
produced in E. coli, we conducted screening and selected
appropriate auxiliary proteins for production of nucleases in
the soluble form (Fig. 2, Table 2). The proteins isolated show
activity against the Staphylococcus aureus biofims, and both
nonspecific nucleases, NucA1 from Serratia marcescens and
NucA2 from Anabaena sp., show the highest activity among
three in the biofilm destruction test (Fig. 4). Thus, any nucleases
could potentially be used to develop antibacterial drugs; in this
case, it is possible to focus on more suitable physical and
chemical properties of enzymes and the safety profile based
on the results of preclinical trials. Perhaps, human DNAse |
is preferable in such preparation, despite its lower catalytic
activity, because the immune response to it would be negligible,
in contrast to foreign recombinant proteins. Moreover, there are
already commercially available drugs based on this enzyme to
alleviate the symptoms of cystic fibrosis, as well as bacterial
complications of viral infections [18].
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