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Abstract: In this study, the data of the antagonistic action of the enzyme L-lysine-α-oxidase in relation
to clinical isolates of multiresistant uropathogenic Escherichia coli isolated from patients aged 2 to
17 years of various genders with an established diagnosis of infectious urethritis and/or cystitis are
presented. According to the results obtained, the top priority drugs for the treatment of infectious
urethritis and/or cystitis are FO (Fosfomycin, 200 µg/disc), IMP (Imipenem, 10 mg/disc), and CIP
(Ciprofloxacin, 30 µg/disc). It was found that out of 70 clinical isolates, only 36 of them formed
biofilms using the plate method, which is equal to 51.4% of the total number of isolates studied.
Despite polyresistance, clinical isolates of E. coli have moderate sensitivity to both the homogeneous
enzyme and the culture fluid of the producer. The introduction of an enzyme or culture liquid at
an early stage of strain cultivation significantly inhibits the formation of biofilms (91–100%). When
introduced at later stages of the experiment—24 h and 48 h—inhibition is less pronounced—20–36%
and 5–22%, respectively.

Keywords: L-lysine-α-oxidase; Trichoderma harzianum; E. coli; UPEC; biofilms; antibiotic resistance

1. Introduction

The formation of antibiotic resistance in bacteria is an adaptive survival mechanism
that creates a global health problem [1–6]. The wide prevalence of E. coli and its ability to
quickly acquire resistance to antibacterial drugs and disinfectants, including through the
formation of biofilms and horizontal gene transfer, allow us to consider multidrug-resistant
uropathogenic E. coli (UPEC) as a dangerous infectious agent that can cause urinary tract
infections (UTIs), purulent infections, septicemia, and many other diseases [7–11].

At present, according to scientific publications, UPEC is one of the leading etiological
factors in the development of UTIs [10–14]. This is due to several factors. First, rapid
migration from the neighboring ecological niche, the gut [13,14]. Secondly, the presence of
many adhesion factors that contribute to the rapid colonization of the urinary tract [13,14].
Thirdly, UPEC actively forms biofilms on various biogenic and abiogenic surfaces [8,15,16]
and, as a result, is difficult to treat, which makes it difficult to eliminate the pathogen
and leads to chronic or recurrent infections. It is known that the mechanism of biofilm
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formation by microorganisms is regulated by QS molecules and depends on environmental
factors, availability of nutrients, hydrodynamic conditions, etc. [17,18]. Several studies
have shown that E. coli strains associated with recurrent UTIs are more efficient at forming
biofilms on abiotic surfaces [19,20].

According to studies by Maharjan G., the least active antibacterial drugs against
UPEC are ampicillin and amoxicillin with clavulanic acid [21]. E. coli is most sensitive to
piperacillin and imipenem [21]. Most E. coli strains can form biofilms, which correlates
with the multidrug resistance of E. coli isolates [21]. In 2021, Z. Naziri et al. found that 99%
of the E. coli isolates they studied could form biofilms in vitro [19,22]. In the same year,
L. D. Buck described the genes responsible for the formation of biofilms, which can help
predict the severity of UTI at the stage of laboratory screening [2]. Recent studies have
shown that E. coli biofilms are sensitive to N-acetylcysteine, which not only inhibits biofilm
formation but can also destroy already formed E. coli biofilms [8,23–25]. In a 2019 study
by F. M. Carvalho and colleagues, it was found that some probiotic bacterial strains and
metabolites can affect biofilms formed by E. coli [26].

All the above shows the necessity of further study of UPEC to find and justify new
approaches to the treatment of UTIs.

L-lysine-α-oxidase is an enzyme that belongs to the class of oxidoreductases of the
essential amino acid L-lysine. For the first time, L-lysine-α-oxidase was isolated by Japanese
researcher H. Kusakabe [27]. Producers are classified as imperfect fungi. Taxonomy:
domain: Eukaryotes; kingdom: Fungi; division: Ascomycota; class: Sordariomycetes; order:
Hypocreales; family: Hypocreaceae; genus: Trichoderm. The genus includes more than
90 species. Representatives of the genus Trichoderma are saprophytic and phytopathogenic
mold fungi. In the struggle for an ecological niche and a substrate for nutrition, fungi of
the Trichoderma genus produce many metabolites, antibiotics (such as viridin, gliotoxin,
chitinase, etc.), as well as enzymes that destroy polysaccharides (cellulose, hemicellulose,
chitin) and some other polymer structures.

The enzyme consists of two tunnel-like structures in space c, formed between the
substrate-binding domain and the helical domain; they are located on the isoalloxazine ring.
The amino acid backbone of L-lysine interacts with the binding domain in the same way as
with other similar enzymes. The α-carboxyl group of L-lysine forms hydrogen bonds with
the enzyme. Hydrogen bonds of the α-amino group with carbonyl oxygen (Figure 1).
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Representatives of the genus Trichoderma are saprophytic and phytopathogenic mold
fungi. According to research, the enzyme has antitumor [29,30] and antifungal activity [31].
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The aim of this study was to investigate the effect of Trichoderma harzianum Rifai culture
liquid containing the enzyme L-lysine-α-oxidase and purified homogeneous enzyme L-
lysine-α-oxidase on the formation of biofilms by multidrug-resistant uropathogenic E. coli.

2. Materials and Methods
2.1. Microorganisms and Enzyme

The homogeneous enzyme L-lysine-α-oxidase (LO) (obtained from the production
of the Institute of Biochemical Physics of the Russian Academy of Sciences named after
G.K. Skriabin) and a culture liquid (CL) concentrate of the producer L-lysine-α-oxidase
Trichoderma harzianum Rifai have been used in this study.

The cultivation of the producer was carried out on the equipment of a pilot techno-
logical plant of the Institute of Biochemical Physics of the Russian Academy of Sciences,
K.I. Scriabin. We used a fermenter (BIOR-01, OKB TBM, Kirishi, Russia) with a volume of
100 L and a filling factor of 0.6. The preparation of the nutrient medium was carried out
in the apparatus itself: 60 L of distilled water contained fine wheat bran in the amount of
3% (1800 g) of the final medium volume. Wheat bran was presoaked in 10 L of distilled
water for 4 h then sterilized in an autoclave at 121 ◦C 1.1 atm. within 60 min. After that,
1.3% (780 g) of ammonium sulfate (NH4)2SO4 and 20 mL of adecanol were added to the
fermenter. For the final pH of the medium (5.8–6.0), a solution of 10% hydrochloric acid
was added. The prepared medium was sterilized again in the autoclave at 121 ◦C 1.1 atm.
within 60 min.

For sterility control, samples of the medium were taken from the fermenter before
inoculation. The samples were inoculated on meat-peptone agar, Sabouraud agar, and
meat-peptone broth. The inoculum of the culture grown at the preliminary stage in flasks
on Sabouraud medium was introduced into the prepared fermenter for 12 days in a shaker-
incubator (Heidolph Unimax 1010, Heidolph, Schwabach, Germany) at a temperature of
27 ◦C and 80–100 rpm, for constant aeration of the medium and mixing of the substrate.
The inoculation dose was not less than 5–10%. The culture was grown under the following
conditions: temperature, 28 ± 1 ◦C; medium pH, 5.8–6.0; rate of change, 250 rpm; aeration,
30 L/min. When the pH rose above 7.0, solution of 10% hydrochloric acid was automatically
added to the fermenter. The process was characterized by pH and L-lysine-α-oxidase
activity. Samples were taken every 24 h. The fermentation duration was 94–98 h.

At the end of fermentation, the culture liquid was sent for preliminary purification.
The mycelium of fungi and coarse particles of the medium were separated from the
liquid part by vacuum filtration on a suction filter. The solution was concentrated by
ultrafiltration through an XM300 membrane (>300,000 MW; Millipeore XM300 quantily-25,
France) to cut off large molecular fibers with a molecular weight above 300 kDa. Filtration
mode: pressure increased from 7 psi to 20 psi (0.5–1.5 atm.), temperature 25–30 ◦C. The
retentate was purified by dialysis-washing five times with phosphate buffer (pH 7.1) and
purification control by the optical density using a spectrophotometer (SF-2000, Russia)
in the range of wavelengths of 200–1000 nm with a step of 0.1 nm. The purity control
was the complete absence of protein in the permeate after washing. The retentate was
removed and the permeate subsequently passed through two membranes with circuit
flush identification using an XM150 (150,000 MW; Millipeore XM150 Quantity-25, France)
under the following conditions: filtration mode, pressure increased from 7 psi to 25 psi
(0.5–2.0 atm.); temperature, 25–30 ◦C. Then, a UM20E (>15–25,000 MW; Millipeore UM20E
quantity-25, France) was used under the following conditions: filtration mode, pressure
increased from 15 psi up to 75 psi (1.0–5.0 atm.); temperature, 25–30 ◦C.

The presence of the enzyme in the CL of the final product was detected by elec-
trophoresis in PAGE [32]. For processing aliquots, denaturing solution was used with the
following composition: 2.4 g SDS (dry); 7.5 mL 1 M Tris buffer (pH = 6.8); 0.24 mL 0.5 M
EDTA; 15.1 g glycerin (12 mL); 3.0 mL β-mercaptoethanol; 1.2 mg bromophenol blue. For
protein separation, a 12.5% agarose gel was used with the following composition: 12.5 mL
of 30% acrylamide; 9.7 mL H2O; 7.50 mL 1.5 M Tris buffer (pH = 8.8); 0.30 mL 10% SDS.
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As a control of molecular weights, a marker with a mass range of 118.0–19.0 kDa was
used under the following conditions: 118 kDa; 90.0 kDa; 50.0 kDa; 34.0 kDa; 26.0 kDa;
19.0 kDa (Fermentas PureExtreme, Vilnius, Lithuania). A homogeneous enzyme purified
from impurities was used as a positive control. For electrophoresis, we used PowerPac
Basic (Bio-Rad), with the voltage set to 9 mA.

The concentrate of CL (cCL) was obtained using Amocon Ultra 100 kDa centrifuge
concentrators (Millipore, France).

The activity of the enzyme L-lysine-α-oxidase in the culture liquid of the producer
Trichoderma harzianum Rifai was determined at reference values of 0.54–0.58 U/mg according
to the method described by us earlier [9]. The activity of the enzyme L-lysine-α-oxidase
in cCL was determined in the range from 2.84 to 2.88 U/mg. For the purification of the
enzyme L-lysine-α-oxidase, isolated by high performance liquid chromatography from the
culture liquid, the activity was determined in terms of values of 50 U/mg.

2.2. Antibiotics Resistance Tests

The antimicrobial activity of cCL containing the L-lysine-α-oxidase enzyme and so-
lutions of the homogeneous L-lysine-α-oxidase enzyme was studied on uropathogenic
E. coli (UPEC, n = 70) by the disk-diffusion method, resistant to three or more of the
following antibiotics:

1. Imipenem, 10 mg/disk (Imipenem, IPM10–SD073, HiMedia, Mumbai, India);
2. Ceftazidime, 30 µg/disk (Ceftazidime, CAZ30–SD062, HiMedia, Mumbai, India);
3. Ceftriaxone, 30 µg/disk (Ceftriaxone, CTR30–SD065, HiMedia, Mumbai, India);
4. Ceftazidime with clavulanic acid, 30/10 µg/disc (Ceftazidime/Clavulanic acid, CAC30/

10–SD207, HiMedia, Mumbai, India);
5. Amoxiclav, 30 µg/disk (Amoxyclav, AMC30–SD063, HiMedia, Mumbai, India);
6. Nitrofurantoin, 200 µg/disk (Nitrofurantoin, NIT200–SD090, HiMedia, Mumbai, India);
7. Ampicillin, 25 µg/disk (Ampicillin, AMP25–SD077, HiMedia, Mumbai, India);
8. Trimethoprim, 30 µg/disk (Trimethoprim, TR30–SD149, HiMedia, Mumbai, India);
9. Ciprofloxacin, 30 µg/disk (Ciprofloxacin, CIP30–SD142, HiMedia, Mumbai, India);
10. Tetracycline, 30 µg/disk (Tetracycline, TE30–SD037, HiMedia, Mumbai, India);
11. Ceftriaxone, 30 µg/disk (Ceftriaxone, CTR30–SD065, HiMedia, Mumbai, India).

During the work, the following E. coli strains were studied: 884, 1072, 1260, 1252, 1522,
1524, 1534, 1579, 1629, 1664, 1735, 2181, 2183, 2260, 2323, 2376, 2595, 2667, 2 757, 2841, 6508,
6387, 70-19, 118-19, 151-19, 226-19 721, 4183, 4184, 4269, 4461, 4770, 6123, 4840, 7527, 5045,
5193, 5221, 5628, 5629, 5632, 5633, 5795, 5843, 5846, 5878, 5886, 5896, 5962, 5964, 7362, 6955,
6993, 6941, 7561, 7534, and 6080. Escherichia coli ATCC 25,922 and Escherichia coli—M17
acted as reference strains.

The antibacterial activity of cCL and LO against UPEC was determined using the
Kirby–Bauer disk-diffusion method [33,34]. For the study, E. coli isolates were grown in
heart–brain broth (HIMEDIA® M210, India) for 24 h at 37 ◦C. After cultivation, the broth
culture was centrifuged for 10 min at 2.4 × 103 rpm (ELMI SkyLine CM-6M centrifuge). The
bacterial suspension for inoculation was prepared from the microbial sediment according to
the turbidity standard 0.5 (McFarland, HIMEDIA) equal to 1.5–3.0 × 108 CFU/mL in saline
(0.9% NaCl). The resulting bacterial suspension with a volume of 100 µL was inoculated
by the “lawn” culture method on Mueller–Hinton agar (HiMedia M173, India). After
inoculation, wells were made in agar with a sterile metal punch. Well size: d = 5 mm,
V = 15 ± 1 µL. Trichoderma harzianum Rifai cCL and LO solution was added to the wells.
A 0.9% sodium chloride solution was chosen as a negative control, and a test disk with
fosfomycin (FO200 (200 µg/disk) HIMEDIA®, India) was chosen as a positive control.

2.3. Biofilm Formation Ability

The biofilm formation of UPEC and the effect of LO/cCL on the suppression of biofilm
formation were assessed using the microplate culture method. For this, the studied cultures
of E. coli were grown for 24 h at a temperature of 37 ◦C on the Mueller–Hinton broth
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medium in a volume of 5 mL. At the end of the day, the studied E. coli cultures were
centrifuged at 2.4 × 103 rpm, and a bacterial suspension was prepared in accordance with
the 0.5 McFarland turbidity standard (HiMedia, Mumbai, India) using a densitometer
(Biosan, DEN-1B, Riga, Latvia). The resulting suspension was diluted in a solution of
0.9% sodium chloride at a ratio of 1/20 to obtain an inoculum. In the wells of a sterile
polystyrene 96-well plate, the Mueller–Hinton broth medium with a volume of 180 µL
was added. Next, previously prepared inoculums of the studied E. coli cultures were
added in a volume of 20 µL (final dilution of the inoculum 1:10). Further, a solution of LO
with a final concentration of 0.1 mg/mL and cCL with a final dilution of 1:10 were added
to the corresponding wells. Solutions of LO and cCL were introduced in three variants:
at the beginning of the experiment, after 24 h, and after 48 h from the beginning of the
cultivation. The total cultivation time for E. coli, regardless of the time of application of the
test substances, was 72 h at 37 ◦C. After cultivation, the wells of the tablet were washed
three times with phosphate buffer (PB) and dried for 15 min. A 1% solution of crystalline
violet was added to each well. The wells were incubated for 15 min, washed again with PB
solution, and dried for 15 min. After that, 150 µL of 96% ethanol was added to each well;
then, each well was incubated for 15 min and the result was recorded on the microplate
reader at a wavelength of 492 nm.

2.4. Statistical Analysis

Experiments were performed in triplicate, and results were expressed as means ± standard
deviation. We used Spearman’s correlation to analyze the correlation dependence. All the
results obtained were processed in the XLSTAT (Premium v2016.02.28451) program.

3. Results

Figure 2 shows the data on the distribution of resistance for the studied cultures of E.
coli (n = 70). According to the results, 45 studied E. coli cultures were found to be resistant to
amoxiclav (30 µg/disk); 41 studied E. coli cultures were resistant to ampicillin (25 µg/disk);
and 31 studied E. coli cultures were resistant to cefazolin (30 µg/disk). But at the same
time, none of the 70 UPEC isolates studied in the experiment had resistance to fosfomycin
(200 µg/disk), imipenem (10 µg/disk), and ciprofloxacin (30 µg/disk).
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CAZ—Ceftazidime 30 mg/disk; TR—Trimethoprim 30 µg/disk; CTR—Ceftriaxone
30 µg/disk; FO—Fosfomycin 200 µg/disk; CZ—Cefazolin 30 µg/disk; AMC—Amoxiclav
30 µg/disk; CAC—Ceftazidime with clavulanic acid 30/10 µg/disk; TE—Tetracycline
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30 µg/disk; IMP—Imipenem 10 µg/disk; CIP—Ciprofloxacin 30 µg/disk; AMP—Ampicillin
25 µg/disk; NIT—Nitrofurantoin 200 µg/disk.

As a result of determining the antibacterial activity of cCL and LO against UPEC
using the Kirby–Bauer well-diffusion method, it was found that a homogeneous enzyme
produces a larger zone of growth inhibition than cCL. The largest number of isolates of
UPEC—23 strains—produced a zone of growth inhibition of 10 mm. A total of 15 strains
produced a zone of 11 mm, and 14 more strains produced a zone with a diameter of 12 mm.
Only one strain of E. coli demonstrated the highest value—16 mm. The culture liquid
concentrate showed less pronounced results: 11 mm for 2 strains, 10 mm for 11 strains,
9 mm for 23 strains, and 8 mm for 20 strains.

Antibacterial activity against UPEC of the two objects of study is shown in Figure 3.
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To confirm the effectiveness of the samples of multidrug-resistant UPEC, we calculated
the multidrug resistance index (MDRI) for 70 strains and compared it with the effectiveness
of the samples (Figure 4).
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When analyzing the correlation dependence of the antibacterial action of a homoge-
neous enzyme and culture fluid concentrate on the severity of antibiotic resistance of UPEC
strains, the correlation was calculated by Student’s method. At p = 0.005, the correlation
between MDRI and LO, as well as MDRI and cCL, is significant and negative with SCC
(Spearman correlation coefficient) equal to −0.358 (p = 0.002) and −0.315 (p = 0.008), respec-
tively, which is a very good result and tells us that the more antibiotics the E. coli isolate is
resistant to, the more pronounced the antibacterial activity of the homogeneous enzyme
and culture fluid concentrate on the microorganism. The data is presented in Figure 3.

It is very important that LO and cCL had an effect on multidrug-resistant UPEC, given
the fact that all strains used in the experiment were absolutely resistant to at least three of
the antibiotics, and some to seven or more antibiotics (Figure 4).

When analyzing the formation of biofilms in the studied isolates of UPEC by the
method of microplate cultivation on Mueller–Hinton broth, after 72 h of cultivation on a
microplate, it was revealed that only 36 out of 70 strains formed a biofilm. According to
the results of the experiment, the enzyme has a pronounced effect on the suppression of
biofilms (Figure 5).
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Figure 5. The level of suppression of the formation of biofilms with the addition of LO and cCL upon
the introduction of the experiment after 24 h and after 48 h.

But such inhibition of biofilm formation is observed only when LO/cCL is introduced
at the early stages of biofilm formation (up to 24 h of cultivation). When introduced at
later stages—after 24 and 48 h of cultivation–the studied samples either suppressed the
formation several times less or it had almost no effect on the formation process.

4. Discussion

The question of the resistance formation of uropathogenic Escherichia coli attracts
many researchers. The resistance formation is ongoing as an adaptive mechanism, which
continues to pose a risk to patients with UTIs [31,35]. Alternative ways to combat UPEC
include the development and further theoretical application like vaccines, receptor analogs,
pilicides and curlicides, bacterial interference, or phage therapy [31,33]. Perhaps the use of
enzymes can also be added to this list.

In our study, LO and cCL showed a moderate antibacterial effect in the modified
Kirby–Bauer well-diffusion method. At the same time, these results may indicate that too
low of a concentration of the enzyme in the solution was added to the wells. It is possible
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that when higher concentrations are applied to the wells, the enzyme will show a more
pronounced antibacterial effect. This issue requires further study, since the problem of
treating diseases caused by polyresistant UPEC remains relevant and the mechanisms that
contribute to the formation of antibiotic resistance in bacteria are evolving.

However, despite a moderately pronounced antibacterial effect, it is worth noting a
statistically significant relationship: the higher the MDRI of the strain, the larger the zone of
inhibition and, hence, the sensitivity to the enzyme. This are very interesting and promising
data which give us some hope for the fight against super-bacteria resistant to all currently
used antibacterial drugs. The authors of this study suggest that such results are associated
with the limitations of the prokaryotic genome and the phenomenon of “crowding out”;
that is, the more antibiotic resistance genes a given microorganism has, the more likely it is
that the housekeeping gene—which is responsible, for example, for alternative pathway
synthesis of L-lysine—is crowded out.

Biofilm formation in UPEC plays an important role in chronic disease in patients.
The process of biofilm formation is a multistage and complex process that includes the
transition of bacteria from a free planktonic form to an adhesive form, which is the initial
stage of biofilm formation. At the same time, it is important to develop methods aimed
at both the prevention of the formation of biofilms and at the irradiation of biofilms that
are formed.

The theoretical mechanism of enzyme action is that L-lysine-α-oxidase catalyzes the
reaction of oxidative deamination of the essential amino acid L-lysine with the formation
of four reaction products: α-keto-α-aminocaproic acid, ammonia, δ-piperidine-2-carboxylic
acid (which can return to α-keto-α-aminocaproic acid), and hydrogen peroxide.

L-lysine itself is an essential amino acid in UPEC metabolism. The amino acid is syn-
thesized in E. coli via the diaminopimelate pathway and is involved in protein malonylation.
This leads to the inhibition of protein synthesis on ribosomes, and the authors of this study
suggest that it is this process that underlies the inhibition of biofilm formation, namely, the
inhibition of the synthesis of matrix proteins that act as the basis for biofilm formation or
signal molecules involved in QS. This assumption is indirectly confirmed by a pronounced
decrease in the effect of the introduction of LO and cCL at later stages of biofilm formation.
Also, because of the action of the enzyme, the synthesis of the cell wall is suppressed due
to the destruction of L-lysine, which is part of the latter.

On the other hand, the acids formed during the reaction also, theoretically, have a
bactericidal effect, but in this case, it is rather difficult to predict the amount of reaction
products due to multiple uncontrolled conditions during the experiment itself.

It is possible that hydrogen peroxide, which forms during the reaction and has a
bactericidal effect, can suppress the formation of biofilms. When hydrogen peroxide
interacts with a substrate, reactive oxygen species are released that damage cell membranes.
This action may underlie the inhibition of biofilm formation by this chemical in other
studies [36–38].

According to the research results, LO had a slightly more pronounced effect compared
to cCL, which may indicate that it was the enzyme itself at a slightly higher concentration
that had an inhibitory effect on biofilm formation and not another metabolite produced
in cCL. However, the difference in activity between LO and cCL is not large, which,
theoretically, shows the possibility of using both to suppress the formation of biofilms. It
should be noted that the inhibitory effect was manifested upon the introduction of LO and
cCL at the beginning of the experiment, which, in the future, provides us an assumption
about the possibility of using the enzyme as a “protective” coating that prevents the
formation of biofilms on it.

5. Conclusions

As a result of the studies, it was found that the highest priority drugs for the treatment
of infectious urethritis and/or cystitis are FO (Fosfomycin, 200 µg/disc), IMP (Imipenem,
10 mg/disc), and CIP (Ciprofloxacin, 30 µg/disc) since none of the studied strains did not
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have resistance to these drugs. It should be considered that the enzyme and the culture
liquid influenced multiresistant UPEC, given that almost all strains used in the experiment
were resistant to at least one of the antibiotics, and some to seven antibiotics or more.

Despite polyresistance, clinical isolates of UPEC have moderate sensitivity to both the
homogeneous enzyme and the culture fluid of the producer—the largest number of isolates
of uropathogenic Escherichia coli. A total of 23 strains produced a zone of growth inhibition
of 10 mm, 15 strains produced a zone of growth inhibition of 11 mm, and 14 more strains
produced a zone of growth inhibition with a diameter of 12 mm.

It was found that out of 70 clinical isolates, only 36 of them formed biofilms using the
plate method, which is equal to 51.4% of the total number of isolates studied.

The introduction of an enzyme or culture liquid at an early stage of strain cultivation
significantly inhibits the formation of biofilms (91–100%). At the same time, the results
with the introduction of LO were equal to 99–100% and, with the introduction of cCL, they
ranged from 91% to 93%. When introduced at later stages of the experiment, after 24 h and
48 h, the inhibition was less pronounced: 20–36% and 5–22%, respectively.
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