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Abstract—In recent years modified bacteriophage lysins have widely been investigated for the purposes of
development of antibacterial therapy. Thus, effective and precise methods for the quantitative analysis of
these enzymes are in high demand. The enzyme-linked immunosorbent assay (ELISA) method has been
developed for the detection of recombinant modified endolysin LysAm24-SMAP in biological samples. The
optimal parameters for protein detection were determined, in particular, the influence of salt and the com-
position of the buffer system for preparation of the samples was studied. The applicability of the immunode-
tection system of the genetically engineered endolysin LysAm24-SMAP in various biological samples with
enzyme concentrations from 0.4 ng/mL was demonstrated. In addition, the influence of matrix effects in
samples of animal organs and tissue homogenates and producer strain lysates and their individual compo-
nents during the analysis was assessed and it was shown that 0.65 M NaCl addition in the ELISA buffer is
crucial for achieving correct results and reduces nonspecific interactions in the case of LysAm24-SMAP. The
effectiveness of the developed system in the immunochemical control of the bacteriolytic enzyme was con-

firmed.
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Lytic bacteriophages are obligate parasites causing
death of infected bacteria; this has prompted further
research of bacteriophages, and their lytic enzymes—
lysins, as a treatment for bacterial infections, an alter-
native to conventional antibiotics [1, 2]. Bacterio-
phages secrete several types of lysins; including endo-
lysins, released at the terminal stage of bacterial inva-
sion, destroy the bacterial cell wall from within
followed by release of newly assembled virions. These
enzymes hydrolyze the peptide and/or glycosidic
bonds of peptidoglycan, leading to turgor pressure dis-
ruption and cell death.

In recent years, the relevance of research and
development in this area has increased due to the
spreading antibiotic resistance in bacteria [3, 4]. Cur-
rently, there is active research into the use of endoly-
sins for treatment of diseases caused by gram-positive
and gram-negative pathogens that tend to develop
multidrug resistance, including the ESKAPE patho-
gens — Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa, and other members of the
Enterobacteriaceae family [5, 6]. The use of lysins
against gram-negative bacteria has long been difficult

due to the shielding effect of the outer membrane. In
the last decade, however, the development of geneti-
cally modified molecules has made this possible.
Methods of genetic engineering and targeted design
make it possible to modify native phage endolysins,
significantly increasing their bactericidal activity,
improving the pharmacokinetic stability and physico-
chemical properties [7], and allow to biotechnologi-
cally obtain recombinant proteins.

Precise quantitative analysis is necessary at almost
all stages of the lysins study. For example, during pro-
tein expression optimization, quantification becomes
one of the main criteria for selecting optimal expres-
sion conditions. In addition, during pharmacokinetic
studies of lysin-based drugs, it is necessary to assess
the content and distribution of lysins in organs, tis-
sues, and biological fluids of laboratory animals.
Obviously, such studies require the development of a
fast and highly specific screening method that allows
the selection of highly efficient protein-producing
strains, as well as the detection of low enzyme concen-
trations in biological samples.

There are several specifical and non-specifical
ways to measure the quantitative content of protein:
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UV spectroscopy, colorimetry, IR spectroscopy,
HPLC, and mass spectrometric methods of analysis.
However, for complex mixtures, such as biological
samples containing different proteins, immunodetec-
tion, e.g., enzyme-linked immunosorbent assay
(ELISA), is more suitable. ELISA is characterized by
high sensitivity, specificity and low time consumption,
and does not require complex equipment [8]. The
accuracy of this analysis is ensured by the specific anti-
gen-antibody interaction, and the high sensitivity
allows the measurement of proteins in nano- and pico-
gram concentrations. However, in the case of endoly-
sins, it is important to consider factors that may influ-
ence ELISA result: presence of homologous proteins
in producer strains or animal organs homogenates.
Also, interaction of lysins sites with components of
ELISA buffers should be considered, since these
enzymes often contain functional domains capable of
binding to polysaccharides or prone to electrostatic
interactions. In addition, in the case of biological sam-
ples, it is necessary to take into account the possible
interaction of the analyte with enzymes, nucleic acids,
and other biomolecules contained in the sample (the
so-called matrix effect), leading to both proteolysis of
endolysin and its aggregation with matrix compo-
nents, that can significantly distort the measurement
results. Optimal analysis conditions and, primarily,
the composition of the dilution buffer, makes it possi-
ble to significantly neutralize the negative influence of
the matrix on the measurement results.

LysAm24-SMAP is a genetically engineered pro-
tein with a molecular weight of 27.0 kDa, pl 9.95,
obtained by fusion of the LysAm?24 endolysin
sequence [5] and the SMAP fragment. LysAm24 is a
lysozyme-like N-acetylmuramidase of a bacterio-
phage that infects bacteria of the Acinetobacter genus,
containing an additional cell wall binding domain at
the N-terminus [5]. The C-terminus catalytic domain
belongs to the glycoside hydrolase family 24 (GH24)
and is common among lytic bacteriophages. Previ-
ously, LysAm24 showed activity against a wide range
of gram-negative bacteria in vitro. In the future, its use
will be the basis for the development of highly effective
antimicrobial agents [5, 11]. The SMAP fragment is a
sheep myeloid peptide used to enhance antibacterial
activity [9, 10]. The addition of the SMAP peptide
increases the calculated total charge of the protein to
19.8 at pH 7.5; its introduction into the molecule
allows to effectively permeabilize the bacterial outer
membrane. The development of an effective and accu-
rate tool for the quantitative analysis of the LysAm24-
SMAP will allow to draw conclusions from the results
of the selection of protein expression conditions, as
well as from experiments to determine the pharmaco-
kinetic and pharmacodynamic properties of the drug.

The purpose of the work is to create and evaluate
the applicability of an ELISA test system for the quan-
titative estimation of the endolysin in various biologi-
cal samples, such as bacterial biomass lysates, organs
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and tissues homogenates, and the blood serum of
experimental animals using the example of the modi-
fied endolysin LysAm24-SMAP, active against a wide
range of gram-negative bacteria.

METHODOLOGY

Preparation of recombinant endolysin LysAm24-
SMAP. Endolysin LysAm24-SMAP, obtained by
recombinant expression, was used in the experiments.
For this, the LysAm24-SMAP coding sequence,
including the LysAm24 muramidase sequence (NCBI
AN: APD20282.1) and a fragment of the antimicrobial
peptide SMAP-29 (1-17, K2,7,13, RKLRRLKRKI-
AHKVKKY) on C-terminus of enzyme, was artifi-
cially synthesized in the pALTA-LysAm24-SMAP
vector and integrated into the pET-42b expression
vector (+). The correctness of the assembly of vector
constructs was verified by Sanger sequencing.

Next, endolysin was obtained similarly to the pro-
tocol described in [12]. The constructs were intro-
duced into the producer strain E. coli
BL21(DE3)pLysS using the heat-shock transforma-
tion method that was cultured at 37°C in an incubator
shaker in LB medium with the selective antibiotics
(chloramphenicol and kanamycin) addition. Protein
expression was induced with isopropyl-3-D-1-thioga-
lactopyranoside (AppliChem, Germany). The pro-
ducer biomass was harvested by centrifugation and
disrupted. Then, two-stage chromatographic purifica-
tion on an XK 16-600 column (GE Healthcare,
United States) was carried out using a cation-
exchange SP-sepharose resin (GE Healthcare, United
States) and the gel-exclusion Superdex 75pg resin.
The protein was eluted with phosphate-buffered saline
(PBS tablets: 137 mM NaCl, 2.7 mM KCI, 10 mM
phosphate buffer, pH 7.3-7.5, VWR, United States).
The endolysin concentration was determined by mea-
surement of the optical density at 280 nm wavelength
(Implen NanoPhotometer, IMPLEN, Germany) and
calculated using a predicted extinction coefficient of
0.852. The protein purity was determined by 16%
SDS-PAGE.

Specific polyclonal antibodies purification. Rabbits
were subcutaneously immunized with 140 pg of
LysAm24-SMAP at least eight times, 14 days apart.
The first immunization was carried out in Freund’s
complete adjuvant (Sigma, United States), and all
subsequent immunizations were carried out in Fre-
und’s incomplete adjuvant. Five to seven days after the
second, fourth, and subsequent even-numbered
immunizations, 35—40 mL of blood was taken from
the rabbits’ ear vein; after completion of the coagula-
tion process, a blood clot was harvested, sodium azide
was added to a 0.1% final concentration, and the
serum was stored at 4°C.

Polyclonal antibodies (ABs) purification was car-
ried out with immunoaffinity NHS Sepharose
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(GE Healthcare, Germany). To prepare the resin,
LysAm24-SMAP was transferred into a conjugation
buffer (0.2 M NaHCO; (Amresco, United States),
0.5 M NacCl, pH 8.3) using PD-10 desalting columns
(GE Healthcare, Germany), mixed with an equal vol-
ume of washed resin and incubated in a rotary shaker
for 16—18 hours at room temperature. Free binding
sites were blocked by Tris-HCI pH 8.0 solution added
to a final concentration of 100 mM according to the
manufacturer protocol of NHS Sepharose.

For ABs purification, NaCl was added to a concen-
tration of 0.5 M to the immunized sera and loaded to
the resin (LysAm24-SMAP-NHS-sepharose). Next,
the resin was washed with a PBS solution with the
addition of 0.5 M NaCl and eluted with an acetate buf-
fer pH 2.5-2.8 (0.1 M CH;COOH, 0.15 M NaCl).
Immediately after elution, Tris-HCI 1.0 M was added
to pH 7.0—8.0. AB-containing fractions were trans-
ferred to a storage buffer (PBS with 0.1% NaN;,
Amresco, United States) with Amicon Ultra-15 cen-
trifugal concentrators (Millipore, Germany) 30 kDa,
and the concentration of ABs in the sample was
adjusted to 1-2 mg/mL. The specific activity of the
obtained antibodies was determined by indirect
ELISA.

Assessment of the antibody activity by indirect
ELISA. The ELISA plate wells (96-well ELISA plates
of high sorption ESP-96-D, Servicebio, China) were
coated with endolysin by adding 100 uL of 1 ug/mL
LysAm24-SMAP solution in a carbonate-bicarbonate
buffer (CBB) at pH 9.3—9.6. Sorption was carried out
overnight at a temperature of 4°C. The next day, free
binding sites were blocked by 100 L of blocking solu-
tion S002 (Xema, Russia) with the addition of sucrose
up to 5% (Dia-m, Russia) and sorbitol up to 0.5%
(Xema, Russia). The plates were incubated for
24 hours at 4°C. Then, the liquid was removed, the
wells were dried for 24—48 hours at room temperature,
packed in plastic bags, and stored at 4°C.

In the experiment, 100 UL of the test sera and puri-
fied antibodies were added to the wells in serial dilu-
tions of 1 : 100, 1 : 1000, 1 : 10000 in ELISA diluent
SO011 (PBS pH 7.2-7.4, casein, Tween-20, phenol-
based preservative, dye, Xema, Russia), and incubated
for one hour at 37°C, 600 rpm. The wells were washed
with PBS and 0.1% Tween-20 to remove unbound
antigens. Afterwards, 100 pL of anti-species antibod-
ies (conjugate of goat polyclonal antibodies to rabbit
IgG with horseradish peroxidase, HyTest, Russia) at a
1 : 25000 dilution of was added, incubated for one
hour at 37°C, 600 rpm, and washed.

To visualize the reaction, 100 LL of substrate buffer
with tetramethylenebenzidine (R055, Xema, Russia)
was added to the wells and incubated for 10 min. The
reaction was stopped with 10% HCI solution. The
optical density was measured at 450 nm (Multiscan
FC, Thermo Scientific, United States).
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Measurement of LysAm24-SMAP by sandwich
ELISA. To measure the endolysin in bacterial lysates
samples, in the presence of DNA and peptidoglycan,
in samples of animals biological fluids, organs, and
tissues, purified LysAm24-SMAP antibodies were
conjugated with horseradish peroxidase similarly to
the method described in [13] with the following mod-
ifications. To stop the peroxidase-sodium periodate
reaction, the mixture was loaded to a PD-10 gel filtra-
tion column and the buffer was changed to a borate
buffer (0.05 M H;BO; pH 8.6, Helicon, Russia).
Sodium borohydride (Merk, Germany) was added
instead of sodium cyanoborohydride to stabilize the
Schiff base during antibodies conjugation with horse-
radish peroxidase. Glycerol was added to the conju-
gate to 55% (vol/vol) concentration of and stored at -
30°C.

For analysis, affinity-purified rabbit LysAm24-
SMAP antibodies at 1 pug/ml concentration in CBB
were loaded on ELISA plates. Sorption was carried out
overnight at 4°C. Next, free binding sites were blocked
by 100 puL of blocking solution S002 (Xema, Russia)
with the addition of sucrose up to 5% and sorbitol up
to 0.5%. The plates were incubated for 24 hours at
4°C. The liquid was removed from the wells, plates
were dried for 24—48 hours at room temperature,
packaged, and stored at 4°C.

In the experiment, endolysin solution of known
concentration and the test samples were diluted in
ELISA diluent SO11 or in 50 mM Tris buffer pH 7.5
with 1.0% bovine serum albumin (BSA, Sigma-
Aldrich, United States), 500 mM NaCl and 0.1%
Tween-20 and added to the wells in 100 uL volume.
The plates were incubated for one hour at 37°C,
600 rpm. The wells were washed three times with
300 pl of washing buffer (PBS with 0.1% Tween-20).
Afterwards, 100 pL of affinity purified LysAm24-
SMAP rabbit antibodies conjugated with horseradish
peroxidase were added at 1 : 5000 dilution. The plates
were incubated for one hour at 37°C, 600 rpm, then
the wells were washed five times. Imaging was per-
formed as described above.

For endolysins LysAp22-SMAP and LysECD7-
SMAP, the analysis procedure was similar.

Measurement of LysECD7-SMAP and CFP-10 by
sandwich ELISA. To compare the effect of additional
salt in the S011 sample dilution buffer, a sandwich
ELISA was performed for the LysECD7-SMAP and
CFP-10 proteins. ABs purification, sorption, and
blocking were carried out similarly to the LysAm24-
SMAP test system procedure. For CFP-10, mouse
monoclonal ABs to CFP-10 (sorption ABs) and a con-
jugate of mouse monoclonal ABs to CFP-10 with
HRP (HyTest, Russia) were used. To set up the exper-
iment, solutions of LysECD7-SMAP and CFP-10
with a known concentration and the test samples were
diluted in ELISA diluent SO11 and in SO11 with the
addition 0of 0.25, 0.5, and 1 M NaCl. Next, the analysis
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was carried out similarly to the sandwich ELISA
method described above.

Sample preparation of bacterial lysate samples. To
measure the concentration of endolysin in a negative
lysate containing no endolysins, we used the strain
E. coli BL21(DE3)pLysS (Evrogen, Russia).

Bacterial lysates were obtained using a standard
culture disruption protocol for further protein purifi-
cation [11]. For that, a E. coli culture was grown over-
night at 37°C, 250 rpm in liquid LB medium with the
addition of chloramphenicol, diluted with fresh
medium in a 1 : 100 ratio and continued cultivation at
37°C, 250 rpm for eight hours. The biomass was har-
vested by centrifugation (15 min, 3000 g), and the cells
were disrupted by sonication in a lysis buffer: 20 mM
Tris-HCI pH 8.0, 250 mM NaCl, 0.1 mM disodium
salt of ethylenediaminetetraacetic acid (Helicon, Rus-
sia). The bacterial lysate was centrifuged (30 min,
10000 g), and the supernatant was saved.

Isolation of DNA and peptidoglycan. DNA and pep-
tidoglycan were isolated from a culture of bacterial
strain Acinetobacter baumannii Ts 50-16, deposited in
the collection of the Gamaleya National Research
Centre for Epidemiology and Microbiology, Ministry
of Health of the Russian Federation. For this, the
strain was grown in LB medium for 16—18 hours, the
biomass was harvested by centrifugation (6000 g,
10 min). The CTAB method was used to isolate DNA
from the biomass [14]. Peptidoglycan was isolated
according to the method described in [15]. The DNA
concentration was measured using a Qubit DNA HS
Assay Kit and a Qubit 3.0 fluorometer (Thermo Fisher
Scientific Eugene, United States), and peptidoglycan
was measured using an Implen NanoPhotometer
(Implen, Germany) using an OD, calibration curve,
that was based on peptidoglycan concentrations of
Micrococcus luteus (Sigma, United States).

Obtaining homogenates of animal organs and tis-
sues. All manipulations were performed on ice. Sam-
ples of mouse organs and tissues, stored in a low-tem-
perature refrigerator at —80°C, were thawed at 4°C for
the minimum time required to thaw the samples.
Next, the homogenization buffer (PBS, 1.0 M NacCl,
1.0 mM EDTA-Na) was added to the test samplesina
1 : 4 ratio (400 puL of buffer per 100 mg of organ),
phenylmethylsulfonyl fluoride (Dia-m, Russia) was
added to the final concentration of 1 mM. One 5 mm
steel ball was added to each tube, and the samples were
homogenized on TissueLyser LT (QiaGen, Germany)
for four minutes at a frequency of 50 Hz. Immediately
after homogenization, samples were frozen and stored
at —80°C. Before the assay the samples were thawed
on ice, mixed, and harvested by centrifugation (16000 g
at 4°C, 10 min). The measurements were carried out
in the supernatant.

Conclusion of the bioethical commission. The proto-
cols for obtaining antibodies and samples using ani-
mals were approved by the Ethics Committee of
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N.F. Gamaleya National Research Center (Protocol
No. 64 dated October 10, 2023).

Statistical analysis and data visualization. Data were
processed using GraphPad Prism 9.5.0. We used two
technical and two to five biological replicates in
ELISA. The graphs represent mean values = the stan-
dard deviation. The statistical significance in the opti-
cal density was calculated using analysis of variance
(p <0.05 was considered significant).

RESULTS AND DISCUSSION

When developing enzyme preparations for biomed-
ical applications, issues assosiated with their detection
arise. The ELISA method is one of the most accessible
and convenient to use. Currently, few scientific works
on the immunochemical determination of endolysins
and other lytic enzymes have been published in the lit-
erature. For the antistaphylococcal endolysin
SAL200, a pharmacokinetic study in monkeys used an
enzyme-linked immunosorbent assay to quantify the
molecule in serum [16]. The sandwich ELISA method
is also known for quantitative analysis of lysostaphin,
a staphylococcal bacteriocin, that is also a peptidogly-
can-degrading enzyme, in the blood serum of rats
[17]. However, currently there are no works describing
the development of such test systems in the literature.

For LysAm24-SMAP, there are no specific quanti-
tative methods with high sensitivity; therefore, in this
work, a test system was developed for quantitative
assay of the protein in various matrices. Also test sys-
tem main parameters were estimated, such as sensitiv-
ity, specificity, dynamic range, and measurement
accuracy.

After rabbits’ immunization with modified endoly-
sin LysAm24-SMAP, hyperimmune sera were
obtained and analyzed by indirect enzyme-linked
immunosorbent assay (Fig. 1a). The results indicated
the presence of specific antibodies in the immunized
sera (the signal at 1 : 100000 dilution exceeded 1 o.d.
unit) and were suitable for their purification and con-
jugation with horseradish peroxidase.

Purified ABs specific to LysAm24-SMAP were
used to develop a test system based on the “sandwich”
ELISA principle (Fig. 1b) as ABs for plate sorption
and conjugate with horseradish peroxidase obtaining.
The method was chosen as two-step sandwich ELISA
is optimal for the detection of antigens whose size
allows simultaneous binding with two antibodies to
different fragments of the molecule. Furthermore, the
use of specific antigen capture by antibodies adsorbed
on the plate at the first stage allows measurements in
complex protein matrices, since the removal of
unbound matrix components during washing allow to
significantly reduce their influence on the reaction
result, and to avoid the so-called “hook effect” [18].
This makes two-step ELISA preferable to one-step
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Fig. 1. Test systems used in the work: (a) indirect ELISA, (b) sandwich ELISA. LysAm24-SMAP, antigen; Anti-LysAm24-
SMAP, polyclonal antibodies isolated from the serum of immunized animals; Anti-Rabbit*HRP, anti-species conjugate of anti-
bodies to rabbit IgG with horseradish peroxidase (E); TMB, substrate for visualization of the reaction. To visualize ELISA
schemes, the free version of the website https://miro.com/ru/ was used.

sandwich ELISA for measuring wide ranges of ana-
lytes in complex matrices.

Study of the range and specificity of the quantitative
test system for LysAm24-SMAP measurement.
LysAm24-SMAP solutions with concentrations
ranged from 1.25 ng/mL to 100 ng/mL were measured
using the sandwich ELISA method to determine the
test system ranges for endolysin-containing samples.
The cross-reactivity of the resulting antibodies was
also assessed during the experiments. Muramidases
are a common class of enzymes found in bacterio-
phages and bacteria [19, 20]. At the same time, they
have significant homology in their catalytic and func-
tional domains. Moreover, lysozyme-like proteins are
also common in eukaryotic organisms, for example, in
fish [21], mice, and cows [22]. In humans, such pro-
teins are found in the blood, kidneys, intestine, and
epithelium [23]. All abovementioned factors can affect
the quantitative assessment results and lead to false
positive results.

Two modified endolysins (LysAp22-SMAP and
LysECD7-SMAP) were used to assess the specificity
of the LysAm24-SMAP antibodies. These enzymes
are also obtained from the genomes of Myoviridae
family bacteriophages, infect gram-negative bacteria,
and are additionally modified with SMAP peptide. At
the same time, LysAp22-SMAP contains the lyso-
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zyme-like N-acetylmuramidase catalytic domain,
similar to LysAm24, while LysECD7-SMAP has
endopeptidase activity [5].

The expression and purification of the endolysins
were carried out under similar conditions; therefore,
the composition of the contaminant proteins are sim-
ilar . Assessment of the test system specificity with two
modified endolysins allows to analyze the presence of
a sufficient number of antibodies to the contaminating
proteins or to an identical SMAP fragment to give a
signal that interferes with the interpretation of the
results.

The analysis showed that cross-activity with other
endolysins samples was not observed in the test system
operating range (3—50 ng/mL). The optical density
values did not exceed the background 0.1 o.d. units for
heterologous antigens that indicates the high specific-
ity of the obtained antibodies. The data suggest that
ABs are produced for the LysAm24 endolysin
sequence epitopes, while the SMAP peptide is not an
immunodominant epitope. Simultaneously, the con-
tribution of individual components of the hybrid mol-
ecule to its immunogenicity and their ability to ensure
sandwich complexes formation is of interest for further
research.
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Fig. 2. Standard curves for measuring (a) LysAm24-SMAP, (b) LysECD7-SMAP, and (c) CFP-10 at various salt concentrations
in the standard ELISA buffer: (/) buffer SO11; (2) S011 + 0.25 M NaCl; (3) S011 + 1.0 M NaCl.

To sum up, study of the polyclonal antibodies
showed that they were antigen-specific and did not
have cross-reactivity with homologous proteins.

Effect of the salt content in a dilution buffer on
LysAm24-SMAP measurement. The endolysin con-
tains positively charged structures that can electrostat-
ically interact with the sample matrix components. In
this regard, the effect of NaCl different concentrations
in the dilution buffer (S011) was studied.

It was shown that NaCl addition to the ELISA buf-
fer during LysAm24-SMAP measurement led to a sig-
nificant increase in the ELISA signal for low calibra-
tion concentrations (3.13 and 6.25 ng/mL) (Fig. 2a).
At the same time, a dependence of the signal increase
on the endolysin concentration was observed: even
small concentrations of NaCl (0.25 M) added to buffer
S011 led to signal increase for low (3.13—6.25 ng/mL)
concentrations of endolysin, but had almost no effect

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 60

for high (12.5—25.0 ng/mL) concentrations. In addi-
tion, this effect did not correlate with the added to the
buffer solution salt concentration and the OD values at
1.0 M NacCl were lower than at 0.25 M NaCl.

In most cases, increasing the ionic strength leads to
weaken non-specific and low affinity specific AG-AB
interactions, resulting in decreased ELISA signal [24].
In our case, the opposite effect was observed. In order
to assess how universal the effect of signal amplifica-
tion by salt addition is in other “sandwich ELISA” test
systems, this effect was investigated for two other pro-
teins — endolysin LysECD7-SMAP (Fig. 2b) with
polyclonal affinity isolated ABs, and Mycobacterium
tuberculosis CFP-10 with commercial mouse mono-
clonal antibodies (Fig. 2c).

In both test systems, 0.25 or 1.0 M NaCl addition
did not affect the ELISA signal over the entire range of
specific antigen concentrations (Figs. 2b, 2c). It can
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Fig. 3. Standard curves for measuring the LysAm24-SMAP samples diluted in buffers (a) without the NaCl addition and (b) with
the addition of 0.5 M NaCl: (/) TBS; (2) S011; (3) TBS + 0.5 M NacCl; (4) S011 + 0.5 M NaCl.

therefore be concluded that the effect of signal
increase with i NaCl concentration was characteristic
of LysAm24-SMAP.

Effect of the dilution buffer composition on
LysAm24-SMAP measurement. In order to assess
whether the observed signal amplification effect is
dependent on the buffer system used, a buffer of
known composition was also used: 50 mM Tris-HCI
pH 7.5 with the addition of 1% BSA, 0.1% Tween-20,
and 0.15 M NaCl (TBS), in addition to the standard
commercial ELISA buffer (SO11), that has been suc-
cessfully used in the development of test systems for
antibodies to the SARS-CoV-2 nucleocapsid protein
[25] and antibodies to the vaccinia virus [26]. To assess
the salt effect, the working buffer was supplied with 0.5 M
NaCl (the resulted NaCl concentration in buffer was
0.65 M).

Dilution of samples in the TBS buffer without the
additional salt (0.5 M NaCl) led to increase in the
measured signal relative to dilution in S011 (Fig. 3a).
Moreover, the effect was more pronounced in the
0.4—12.5 ng/mL range of enzyme concentration, and
the signal was 4.5—2.3 times increased. At 25.0—
50.0 ng/ml protein concentrations, the ratio of the
TBS/S011 measured optical densities was only 1.4—
1.1. With the additional 0.5 M NaCl, the signal was
also higher in TBS, compared to commercial ELISA
buffer (Fig. 3b); however, the dependence on the
endolysin concentration was not maintained and the
OD of TBS/S011 increase was 1.2—1.4 times over the
entire range of measured concentrations.

This may be due to the interaction of the endolysin
with the low concentration ELISA diluent component
that inhibits the binding of the enzyme to the ABs,
resulting in an underestimation of the signal at low
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protein concentrations. Particularly, we can speculate
that this component could be polysaccharide, since
LysAm24-SMAP contains peptidoglycan binding
domain (pfam01471) [27] and is potentially capable to
interact with glycosidic compounds. In addition,
residual nucleic acids interacting with endolysin
through ionic bonds can be considered as inhibitors.
The salt addition to the buffer partially destroyed this
bond, “releasing” endolysin from the complex and
leading to the signal increase.

As a result, the developed detection method using
TBS with the additional 0.5 M NaCl allows to determine
LysAm24-SMAP in samples in the 0.4—25.0 ng/ml con-
centration range.

Measurement of LysAm24-SMAP in bacterial
lysates. The accuracy of the enzyme detection added
to the bacterial cell lysate was assessed to study the
applicability of the ELISA method for the quantitative
endolysin assay during its production and optimiza-
tion of the recombinant expression system. For this
purpose, samples of three independently obtained
biomass lysates of a laboratory E. coli BL21(DE3)
pLysS LysAm24-SMAP expression strain were used in
the experiment.

The signal excess over calibration was 500% in S011
when 2 ng/mL of LysAm24-SMAP was added to
E. coli biomass lysates. It should be mentioned that
there was no non-specific direct lysate components
binding to the antibodies on the plate and in the con-
jugate, since the measured OD remained at the ELISA
buffer background level in the samples without
LysAm24-SMAP. Overestimation of the measured
endolysin concentrations in bacterial lysates decreased
to 300-200% in TBS and buffer solutions with the
0.5 M NacCl addition (Fig. 4). The OD of negative
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Fig. 4. Effect of the dilution buffer composition on the
measured concentrations of LysAm24-SMAP added to the
bacterial biomass lysates (% of measured concentration—
from applied concentration): 1, SO11; 2, SO11 + 0.5 M
NaCl; 3, TBS; 4, TBS + 0.5 M NacCl.

lysate samples of E. coli without endolysin also did not
exceed the background values; therefore, no cross-
activity with producer proteins was observed.

One of the hypotheses to explain this effect is the
interaction of endolysin with matrix components. This
is a result of the protein binding to polysaccharides
through the domain described above. In particular,
such results can be explained by non-covalent aggre-
gation of LysAm24-SMAP with polymeric matrix
components. This process presumably led to the Anti-
gen-Antibody (AG-AB) complex formation that is
characterized by an excess amount of binding to the
conjugate antigen per antibody molecule on the plate.
This happened because the necessary epitopes became
available when aggregating. Thus, at the moment, this
test system is suitable for endolysin detection in bacte-
rial lysates, but not quantitative analysis, and requires
further optimization.

The influence of matrix components on the results of
ELISA analysis. Components of lysed bacterial cells
that may contribute to protein measurements include
biopolymers such as peptidoglycan (PG) and DNA,
released in large quantities into the extracellular envi-
ronment during the destruction of bacterial cells and
potentially capable to bind LysAm24-SMAP. For
example, DNA (and other nucleic acids), can interact
electrostatically with endolysin due to their charge,
making its detection difficult. Similarly, peptidogly-
can released during the lysis of bacterial cells can irre-
versibly interact with the enzyme due to the peculiar
LysAm24 domain organization, preventing its correct
detection.
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Total DNA and cell wall PG were obtained for
A. baumannii. DNA and PG were added before mea-
surements to the 3.1 ng/mL endolysin solution at con-
centrations of 1.22—9.75 and 1.19-9.50 pg/mL,
respectively.

It was shown that the addition of DNA to an endo-
lysin solution resulted in smaller and non-linear fluc-
tuations in the concentration ratios: from 80 to 97%
(Fig. 5a), that is within the acceptable error limits of
this analytical method [28, 29]. The PG addition had
little effect on the endolysin measurements (Fig. 5b).
The ratios of the added and measured enzyme con-
centrations varied linearly from 93 to 120%. At the
same time, the linear dependence of the measured to
the added concentration ratio on the matrix compo-
nents concentration was preserved. Thus, the mole-
cules studied do not appear to be a significant cause of
the results obtained overestimation and should not
introduce significant bias in the endolysin measure-
ment in lysates. However, further study of other com-
ponents presented in large quantities in matrix is
required, including various types of polysaccharides.

Measurement of LysAm24-SMAP in animal the
serum and organs. One of the critical stages in the drug
development is the pharmacokinetic study in animals,
that involves distribution of the compound in the
organs, tissues, and biological fluids. ELISA remains
one of the most accessible and convenient methods of
quantitative analysis for protein drugs, and particularly
LysAm24-SMAP. However, in this case, the charac-
teristics of biological samples, such as the presence of
endogenous proteases and other interfering substances
of a protein nature, as well as the pH value, may affect
the results of the experiment. During our study, the
possibility of using the developed method on animals’
samples was evaluated.

Liver, lung, and serum samples were collected from
mice and homogenized to evaluate the matrix effects
of animal biological samples. After homogenization,
endolysin was added at 200 ng/mL concentration to
the samples and then diluted in TBS and TBS with the
500 mM NaCl addition (Fig. 6).

As in the case of bacterial lysates, the use of TBS
without additional salt resulted in the overestimation
of the measured concentration compared to the added
concentration. Thus, in blood serum the increase
ranged from 259 to 441%, and for organs (liver and
lungs), 180—330%. When 0.5 M NaCl was added in
the buffer to a final concentration of 0.65 M NaCl, the
measured concentration values reached the added
concentration both in the organ homogenates and in
the blood serum: 101—120% for liver homogenates,
55—112% for the blood serum, and 70—110% for lung
homogenates.

Therefore, for homogenates, close to the expected
results were obtained using TBS with 0.5 M NaCl as a
buffer for samples dilution. It should be mentioned
that values vary from organ to organ. Concentrations
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Fig. 5. The influence of matrix components on the endolysin concentration measurement s (% of measured concentration from

applied concentration): (a) DNA and (b) peptidoglycan.

most comparable to the added endolysin level were
found in liver and lung homogenates. The underesti-
mation of the serum values is presumably due to the
proteases effect, since protease inhibitors were not
used during sample preparation.

Thus, in our study the ELISA test system was
developed. Its applicability was assessed for the immu-
nodetection of the engineered endolysin LysAm24-
SMAP in various biological samples with an enzyme
concentration of 0.4 ng/mL. At the same time, the
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0.5 M NacCl addition turned out to be critical for cor-
rect results obtaining in animal organs and tissues
samples.

Our results showed that for bacteriophage lytic
enzymes, matrix effects as well as the buffer composi-
tion, can significantly affect the measurement. There-
fore, their careful selection is necessary in each spe-
cific case. The developed test system will be used for
future studies on the biological and pharmacokinetic

11 I
<0.0001

Fig. 6. The influence of the buffer composition on the endolysin concentration measurement (% of measured concentration from
applied concentration) in, I, liver homogenates; I1, lungs; 111, blood serum. 1, TBS; 2, TBS + 0.5 M NaCl. The results are pre-
sented in the range diagrams: lines, medians; boxes, interquartile range; whiskers, min—max.
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properties of the modified endolysin LysAm?24-
SMAP.
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