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One of the serious problems of medi-
cine is the emergence and spread of
antibiotic-resistant strains of microor-
ganisms. Multidrug-resistant patho-
gens reduce the effectiveness of thera-
py, increase the length of hospital stay
and material costs for patients treat-
ment. On May 2015, at the 68 World
Health Assembly it was endorsed a
global action plan to tackle antimicro-
bial resistance [1], and in 2017, WHO
presented a list of 12 types of bacteria
that pose a threat to human health. On
urgency of new drugs need, these
pathogens are divided into three
groups: critical, high and medium pri-
ority. The most important group is
Acinetobacter, Pseudomonas and vari-
ous Enterobacteriaceae (including Kleb-
siella, E. coli, Serratia, and Proteus)
[2]. E. coli causes both acute inflamma-
tory diseases and chronic recurrent
diseases. The recurrent nature of the
course of the inflammatory process is
caused by biofilms. Biofilm is a com-
plex matrix of microbial communities
made up of polysaccharides, proteins
and other organic components, in which
cells bind together to form strong
attachments to biotic or abiotic surfac-
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es. Biofilm microorganisms are insus-
ceptible to the action of therapeutic
concentrations of antimicrobial drugs,
which is due to both the structure of
biofilms and physiological characteris-
tics. Insufficient efficacy of antimicro-
bial chemotherapy in acute inflamma-
tory diseases, the practically absence
of drugs with antibiofilm activity moti-
vates the search for promising com-
pounds and the development of effec-
tive and safe drugs on their basis.
Adamantane derivatives are promising
antibiofilm agents.

Amantadine, Rimantadine and Tro-
mantadine are used for the treatment
of influenza (amantadine is also used
as an antiparkinsonian drug). Meman-
tine is known as a drug for sympto-
matic treatment of Alzheimer's disease.
A naphthoic acid derivative Adapalene
is used for the topical treatment of
acne. Vildagliptin and Saxagliptin are
dipeptidyl peptidase IV (DPP-IV) inhib-
itors for the treatment of type 2 diabe-
tes mellitus [3]. Adamantane deriva-
tives have shown antimycobacterial
[4—6] and antiviral [7, 8] activities. The
interest of medicinal chemists in ada-
mantane compounds is due to their
unique spatial structure, high lipophi-
licity, and carbon cage rigidity. As a
result, these molecules can easily
penetrate biological lipid membranes
and often have unique target-specific
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activity profile. For illustration, aman-
tadine acts via modulation of a number
of targets belonging to different fami-
lies such as membrane receptors,
enzymes, ion channels, transporters,
transcription factors and others. For
example, ethylenediamine derivative
SQ-109 is one of the promising drug
candidates for the treatment of multid-
rug-resistant tuberculosis, which is
currently at stage 3 of clinical trials
[9]. Adamantane derivatives, which
exhibit a wide range of biological activ-
ity, including antimicrobial and antibi-
ofilm effect against bacteria and fungi,
deserve special investigation [10-12].

The aim of this work was to study
the effect of 4-(adamantyl-1)-1-(1-ami-
nobutyl) benzole on the adhesive pro-
perties of E. coli and the expression of
genes that regulate adhesion.

Materials and methods. The bacte-
rial strain used in the present study
was E. coli isolated from pus. The test
strain showed resistance to amikacine,
norfloxacine, cefoperazone, susceptibil-
ity to ciprofloxacin, and gentamicin.
The strain was subcultured at 37 °C on
Tryptone Soya Agar plates.

The 4-(adamantyl-1)-1-(1-aminobutyl)
benzole (AM-166) used in the present
study was synthesized within the PJSC
SIC «Borshchahivskiy CPP». AM-166
was dissolved in 10.0 % dimethyl sul-
foxide; the stock solution concentration
was 1 mg/mL. All other chemicals were
obtained from commercial sources.
Meropenem, ciprofloxacin, gentamicin
and ceftazidime were purchased in the
pharmacy under the trade name Mero-
nem (MEM, powder for solution for
injection, manufactured by AstraZene-
ca UK Limited, United Kingdom), Cip-
rinol (CIP, solution for infusion, manu-
factured by KRKA, Slovenia), Gen-
tamicin (GEN, substance, manufac-
tured by PJSC SIC «Borshchahivskiy
CPP) and Ceftum (CAZ, powder for

solution for injection, manufactured by
LLC «<ARTERIUM LTD», Ukraine) were
used as reference preparations. The fol-
lowing media were used in the present
study: Luria-Bertani broth (Conda,
Spain), Luria-Bertani agar and Tryp-
tone Soya Broth (TSB, HiMedia, India).

Biofilm assay. AM-166 effects (con-
centrations of 0.5 minimal inhibitory
concentration (MIC) and 5.0 MIC) on
E. coli biofilms and their formation pro-
cesses was estimated by microtiter dish
biofilm formation assay described by
O’Toole [13]. When evaluating the com-
pound’s effect on the biofilm forma-
tion, AM-166 solution and the inoculum
applications were performed simulta-
neously. To prepare the inoculum, the
overnight culture was diluted 100-fold
(1:100) in liquid medium (TSB). The incu-
bation period with the compound was
24 h at 37 "C. To determine the biomass
of the biofilm, the contents of the plates
were removed, the wells were washed
three times with distilled water, 0.1 %
solution of gentian violet was added and
kept for (10-15) min. To detect the
formed biofilm, the dye was extracted
with ethanol (15 min). Optical density
(OD) were measured using «Adsorbance
Microplate ReaderELx x 800» (VioTek,
USA) at a wave length of 630 nm.
Intact cultures of microorganisms
grown under the same conditions with-
out the addition of the compound were
used as a control.

Bacterial surface hydrophobicity
assay. E. coli surface hydrophobicity
was measured using previously descri-
bed microbial adhesion to solvents
(MATS) method with modifications
[14]. The affinity to ethyl acetate that
is a monopolar and basic solvent was
studied. An overnight culture in TSB
medium was 10-fold diluted with fresh
TSB medium. The hydrophobicity pro-
perties were estimated by growing
strain in TSB (optical density ODg,, 0.3)
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with or without AM-166 (12.5 pg
mL™), meropenem (0.005 pg + mL™! or
0.02 ng « mL™), ciprofloxacin (0.0075 ng -
mL7? or 0.03 pg + mL™), gentamicin
(0.125 pg mL! or 0.5 pg « mL™) or
ceftazidime (0.075 pg + mL! or 0.3 pg -
mL™), at 837 °C for 90 min. After incu-
bation, bacteria were washed twice in
0.9 % NaCl solution by centrifugation
for 15 min at 3000 rpm and were resus-
pended in same solution to ODg,, 0.18—
0.22 (A,)). Afterwards, ethyl acetate
(0.5 mL) was added to the bacterial
suspensions (3.0 mL), which were then
kept at room temperature (RT) for
10 min to saturate. Each sample was
then mixed by vortexing (model V-3,
ELMI, Latvia) for 2 min and then
allowing the mixture to stand for 15
min at room temperature for phase
separation. The aqueous phase was col-
lected and the OD;, was measured (A).
The results were expressed as the per-
centage decreased in the OD of the
aqueous phase (A) compared with the
OD of the initial cell suspension (A):
100 - [1 - (A/A)]. Each assay was
repeated three times in duplicate.
Motility assay. The swarming, swim-
ming, and twitching motilities of
E. coli were investigated using the fol-
lowing media: (I) swim plates [1 %
tryptone, 0.5 % yeast extract, 0.5 %
NaCl, 0.3 % agar], (II) swarm plates
[1 % tryptone, 0.5 % yeast extract,
0.5 % NaCl, 0.5 % agar, 1M MgSO,,
0.5 % glucose], and (IIT) twitch plates
[1 % tryptone, 0.5 % vyeast extract,
0.5 % NaCl, 1.0 % agar]. An overnight
cell culture in TSB medium was incu-
bated 30-45 min with 0.5 MIC or
2.0 MIC AM-166 (12.5 ng + mL™ and
50 ng + mL™! respectively), meropenem
(0.005 pg + mL™? and 0.02 pg « mL!
respectively), ciprofloxacin (0.0075 pg -
mL™! and 0.05 pg + mL™ respectively),
gentamicin (0.125 ng « mL™? or 0.5 ng -
mL™) or ceftazidime (0.075 pg ¢ mL™

or 0.3 pg + mL™). Control cultures con-
tained no antimicrobials. Each assay
was repeated three times in duplicate.
For the swimming motility assay, the
plates were inoculated in the centre
with a sterile toothpick and incubated
for 16-20 h at RT [15]. Motility was
assessed by observation of the circular
turbid zone formed by bacteria migrat-
ing away from the inoculation point.
For the swarming motility assay, the
bacterial cells were gently inoculated
by micropipette (2 pnL) into the top of
semisolid agar, and the plates were
incubated at 37 °C for 16—24 h [16]. For
the twitching motility assay, the cells
were stabinoculated with a sterile
toothpick through an agar layer to the
bottom of the Petri dish. After incuba-
tion for 24—-48 h at 37 °C, a hazy zone
of growth at the interface between the
agar medium and the glass surface was
observed. The ability of bacteria to
twitch strongly on the glass surface
was examined by removing the agar,
washing out the untouched cells and
staining the attached cells by a crystal
violet solution [15].

Adhesion assay. The adhesion of
E. coli was estimated by the method by
Christensen [17]. An overnight culture
in TSB medium was grown at 37 C in
the presence or absence of 5.0 MIC
AM-166 (125 ng mL™), merope-
nem (0.05 g mL™), ciprofloxacin
(0.075 ng + mL™), gentamicin (1.25 pg -
mL™) or ceftazidime (0.75 ng + mL™).
After 1 h, 3 h and 5 h the bacterial
cells were diluted 100-fold with fresh
TSB medium; cell suspension (100 pL)
was transferred into individual wells of
sterile, polystyrene, 96-well plate and
incubated at 37 °‘C. After a 24-hour
incubation, the TSB medium was dis-
carded, and the wells were washed
thrice with distillate water to remove
non-adherent bacteria. Adherent cells
were fixed in place for 15 min with
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96 % ethanol, dried and then stained
for 5 min with 0.1 % crystal violet.
Excess stain was rinsed off. After dry-
ing, the OD of stained adherent bacte-
rial films were measured using Absorb-
ance Microplate Reader (model ELx800,
BioTek, USA) at 630 nm. Adherence
measurements were repeated at least
three times in quadruplicate; the val-
ues were then averaged. The adherence
capability of the test strain was classi-
fied into four categories: non-adherent,
slightly adherent, moderately adherent,
or strongly adherent, based upon the
OD of bacterial films. The cut-off opti-
cal density (ODc) was determined as
three standard deviations above the
mean OD of the negative control. The
strength of adhesion was calculated by
the following formula: OD < ODc — non-
adherent; ODc < OD < 2 + ODc — slight-
ly adherent; 2 - ODc < OD <4 - ODc —
moderately adherent; 4 «+ ODc < OD —
strongly adherent.

Polymerase chain reaction (PCR)-
analysis. DNA was extracted from a
24-hour E. coli cell culture using the
boiling method [18]. The PCR-mix in a
total volume of 25 ul contained 1 x PCR-
buffer (Thermo Scientific), 2.5 mM
MgCl, (Thermo Scientific), 2.5 mM
dNTP mix (Thermo Scientific), 10 pmol

of each primer (Table 1), 1 unit of
Platinum™ Taq DNA Polymerase (Ther-
mo Scientific) and 5 pl of DNA tem-
plate. The temperature conditions were
specific for each primer pair [19, 20].
For fliC, motB, gyrA they were: an ini-
tial denaturation at 95 ‘C for 5 min,
followed by 45 cycles of 10 s at 95 °C,
30 s at 56 'C, and 20 s at 72 °C, with a
final extension step at 72 °C for 5 min.
For fimA PCR parameters was included
an initial denaturation step at 95 "C for
4 min; 35 amplification cycles of 30 s
at 95 °C, 30 s at 55 °C, 40 s at 72 °C and
an extension step of 3 min at 72 °C; for
papC — an initial denaturation step at
95 °C for 4 min; 35 amplification cycles
of 60 s at 95 °C, 60 s at 65 'C, 60 s at
72 °C and an extension step of 2 min at
72 °C; for afa — an initial denaturation
step at 95 °C for 5 min; 35 amplifica-
tion cycles of 60 s at 95 °C, 30 s at
60 'C, 180 s at 72 "C and an extension
step of 7 min at 72 ‘C. PCR-products
were separated on 1.2 % agarose gel
and visualized under UV-light (Bio-
Rad, Germany).

Quantitative Real-Time PCR (qRT-
PCR). Total RNA was isolated from a
24-hour E. coli cell suspension cultured
with or without 0.5 MIC of 4-(ada-
mantyl-1)-1-(1-aminobutyl) benzol using

Table 1
Primers used in the study
Primers Primers sequences (5'-3’) Size, bp Reference

fliC (Fw) ATTCCGTTCTTCCCTCGGTG 131 (19]

fliC (Rv) TGGACACTTCGGTCGCATAG

motB (Fw) GAACTGATGGTCGGAGGGTT 146 [19]

motB (Rv) GCCTGTTCGGCTTGTTTGTTC

fimA (Fw) GTTGTTCTGTCGGCTCTGTC 200 [20]

fimA (Rv) ATGGTGTTGGTTCCGTTATTC

papC (Fw) GACGGCTGTACTGCAGGGTGTGGCG 308 [20]

papC (Rv) ATATCCTTTCTGCAGGGATGCAATA

afa (Fw) GCTGGGCAGCAAACTGATAACTCTC 750 [20]

afa (Rv) CATCAAGCTGTITTGTTCGTCCGCCG

gyrA (Fw) GTCGTGGCGGGAAAGGTAAA 106 (19]

gyrA (Rv) CGGCTGGAGAAGCACAGAA
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Direct-zol™ RNA Miniprep Plus (Zymo
Research). The reaction mix for qRT-
PCR contained 10 pl of Luna Universal
One-Step Reaction Mix (2X), 1 pl of
Luna WarmStart® RT Enzyme Mix,
10 pmol of each primer (forward and
reverse) (Table 1) and 5 pl of RNA bac-
teria. Amplification was carried out
using CFX96 Real-Time System (Bio-
Rad, Germany). The expression of gyrA
gene was considered as an internal
control. Amplification for each sample
and for each gene was performed in
duplicate. The relative gene expression
level was calculated with 272°t method
[21] and verified for statistical signifi-
cance with t-test. The specificity of
primers and dimer formation were con-
firmed by melting curve analysis.
Statistical Analysis. The nonpara-
metric Kruskal-Wallis H-test was used
to compare the continuous variables for
the biofilm and adhesion assays. The
expression levels of the genes before
and after treatment were compared
using the paired t-test. A p-value of
< 0.05 was considered as significant.
STATISTICA, version 10 (StatSoft,
USA) was used for the data analysis.
The data obtained were expressed as
M = m, where M is the mean value and
m is the standard error of the mean.
Results. Effect of AM-166 on adhe-
sion of E. coli. Our previous studies
have found that the MIC of AM-166

against E. coli 311 was 25.0 pg/mL.
E. coli 311 was a highly adherent
strain. The influence of time of pre-
treatment with AM-166, meropenem,
ciprofloxacin, gentamicin and ceftazi-
dime on adhesion ability of E. coli was
compared with the intact control sam-
ple (100 %) (Fig. 1).

The experiments showed that AM-166
decreased adhesion of E. coli cells by
46.0 — 76.4 %, meropenem — 33.1 —
45.0 % after 1, 3 and 5 h of incuba-
tion; ceftazidime — 22.3 % after 3 h of
incubation, ciprofloxacin - 25.8 %
after 5 h of incubation (p < 0.05).

Biofilm formation. The data obtained
(Fig. 2) show that the compound AM-166
inhibits E. coli 311 biofilms formation:
when exposed to a concentration of
5.0 MIC, the biomass decreases by
69,2 %, at a concentration of 0.5 MIC —
by 36,9 % (compared to intact control).

The biomass of E. coli biofilm with
ciprofloxacin treatment decreases by
79.4 % at a concentration of 5.0 MIC,
with 0.5 MIC a reduction of biomass
was by 88.9 %. Meropenem produces
the biomass reduction by 91.0 % and
77.0 %, gentamicin — 79.8 % and 85.8 %,
ceftazidim — 91.7 % and 82.2 %, respec-
tively.

Cell surface hydrophobicity. Bacterial
cell surface hydrophobicity (CSH) is
one of the most important factors that
govern bacterial adhesion to various

%
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Fig. 1. Influence of 5.0 MIC
of AM-166 on adhesion (%)
of E. coli 311

Note. CIP — ciprofloxacin; MEM —

O1h

CAZ

@E5h

Control

meropenem; GEN — gentamicin;
CAZ — ceftazidim; *p < 0.05 in
comparison with control (bacterial
growth without antimicrobials).
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Fig. 2. Biofilm-forming of Escherichia coli using 0.5 and 5.0 MIC AM-166 (formed biofilm, %)

Note. CIP — ciprofloxacin; MEM — meropenem; GEN — gentamicin; CAZ — ceftazidim; *p < 0.05 in
comparison with the corresponding concentration of ciprofloxacin (CIP); **p < 0.05 in comparison with the
corresponding concentration of meropenem (MEM); ¥*p < 0.05 in comparison with the corresponding
concentration of gentamicin (GEN); *#p < 0.05 in comparison with the corresponding concentration of
ceftazidime (CAZ), "p < 0.05 in comparison with control.

surfaces. Depending on the type of sur-
face, hydrophobicity of cells can
increase the propensity of microorgan-
isms to adhesion [22, 23]. The present
study investigated the influence of
AM-166, meropenem, ciprofloxacin,
gentamicin, and ceftasidim on the
hydrophobic properties of E. coli. The
data reported in the Table 2 showed
that AM-166 at 0.5 MIC reduced bacte-
rial hydrophobic properties by 4.0 %
compared to the control.

High turbidity of medium was
observed in the presence of AM-166 at
2.0 MIC, which caused erroneous
results (data not shown).

Compound AM-166 and reference
drugs in the studied concentrations did

not significantly change the hydropho-
bic properties of E. coli cells, for the
action of ciprofloxacin hydrophobicity
decreases by (3.6-11.0) %, merope-
nem — by (4.7-5.1) %, gentamicin — by
(4.2-3.0) %. The reference drug -cef-
tazidime increased the hydrophobicity
of cells (by 13.8-15.7 %) compared to
the control.

Effect of AM-166 on E. coli motility.
Flagellum- and fimbriae-mediated
motility enables bacteria to migrate
toward nutrients or away from toxic
substances [24, 25] and plays key roles
in bacterial biofilm formation and host-
pathogen interactions [26, 27]. In the
study of the effect of adamantane
derivatives on the mobility of the

Table 2
The effect of AM-166 on MATS of E. coli depending on concentration
L i Solvent affinity to ethyl acetate (%, mean = m)
Antimicrobials
0.5 MIC 2.0 MIC

AM-166 351+6.7 N/A
Meropenem 34.5+51 34126
Ciprofloxacin 37.8 3.7 349+17
Gentamicin 35.0+1.8 36.2+25
Ceftazidime 53.0+£0.2* 54.9 £ 3.2*
Control (without antimicrobials) 39.2+1.2

Note. *p < 0.05 in comparison with control (bacterial growth without antimicrobials).
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«swimming» type of E. coli bacteria,
the growth of culture throughout the
agar thickness in Petri dishes was
recorded. The results of studying the
effect of the AM-166 compound on
swarming and twitching migration of
E. coli are shown in the Table 3.

AM-166 (0.5 MIC and 2.0 MIC) affec-
ted swarming. The diameter of motil-
ity zone was increase 1.5-fold and 1.2-
fold compared to the control. Cipro-
floxacin and ceftazidime at 0.5 MIC
increased swarming zone 2.4-fold and
1.9-fold, at 2.0 MIC — 1.2-fold and 1.8-
fold, respectively. Meropenem (0.5 MIC)
reduced motility zone of the culture
1.2-fold, gentamicin (0.5 MIC and
2.0 MIC) — 2-fold compared to the cont-
rol (p < 0.05).

Compound AM-166 inhibited the
twitching migration of E. coli. The
motility zones diameter reduction by
1.3-fold and 1.8-fold under the influ-
ence of AM-166 at 0.5 MIC and
2.0 MIC respectively was registered.
Ciprofloxacin, meropenem and gen-
tamicin also inhibited the motility of
E. coli 1.5-fold, 1.8-fold and 1.4-fold
at a concentration of 0.5 MIC, 1.4-
fold, 2.3-fold and 1.2-fold at a 2.0 MIC
respectively. Pretreatment with cef-

tazidime (0.5 MIC and 2.0 MIC) led to
twitching zones induction 1.1-fold and
1.3-fold.

Gene detection and gene expression
analysis. The results of PCR-analysis
showed that E. coli 311 genome con-
tained genes responsible for the motil-
ity fliC, motB, fimA, papC (Fig. 3).

According to the data obtained, E. coli
311 lacks the afa gene encode afimbrial
adhesins.

The evaluation of the relative expres-
sion level of genes responsible for the
motility of E. coli 311 was performed
using real-time PCR (fliC, motB, fimA,
papC) (Fig. 4). The effects of AM-166
on the transcriptional activity of genes
were studied at a subinhibitory concent-
ration (0.5 MIC).

It was found that after AM-166
treatment the transcriptional activity
of fliC and motB genes was 2-fold less
as compared to control (p < 0.05). At
the same time, statistically significant
increase of fimA gene expression was
registered (Fig. 4). The data obtained
suggest that adamantane derivative
AM-166 led to the slight decrease
expression (not statistically significant)
of papC gene in E. coli 311 at sub-
inhibitory concentration (p > 0.05).

Table 3
The effect of AM-166 on motility of E. coli depending on concentration
Motility, mm (mean = m)
Antimicrobials Swarming Twitching
0.5 MIC 2.0 MIC 0.5 MIC 2.0 MIC
AM-166 45,2 £2,2* 36,5 + 11,0%# 27,7 £ 2,5%% 21,0 £ 1,0~ ##
Ciprofloxacin 73,0 £ 1,0™ **## 35,0+£0,7 24,0 + 2,5%% 27,5 = 4,2%#
Meropenem 32,0 £ 9,0 ## 18,5 + 1,6%# 21,0 £ 1,8~ ## 16,0 £ 0,8~ ##
Gentamicin 15,7 £ 2,0% ## 14,0 + 1,0%* 27,0 + 1,3%* 30,5 + 7,3#
Ceftazidime 57,5 £6,9%% **# | 53,7 £10,4" **# | 42,3 £1,6% **# | 46,0 + 4,3***#
Control
(without 29,817 36,8 +3,3
antimicrobials)

Note. “p < 0.05 in comparison with control (bacterial growth without antimicrobials); *p < 0.05 in comparison
with the same concentration of ciprofloxacin; **p < 0.05 in comparison with the same concentration of
meropenem; ¥p < 0.05 in comparison with the same concentration of gentamicin; *¥p < 0.05 in comparison with

the same concentration of ceftazidime.
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Fig. 3. Electrophoresis PCR
products with primers to
fimA (A), papC (B), fliC
(C), motB (D) and afa (E)
genes

Note. M — DNA-ladder.

Discussion. E. coli is a type of gram-
negative rod-shaped bacteria, faculta-
tive anaerobes, which is a part of the
normal microflora of the human gastro-
intestinal tract, and is capable of caus-
ing both intestinal and extraintestinal
infections. E. coli can attach to surfaces
and assemble into multicellular commu-
nities enclosed in extracellular poly-
meric substances called biofilms [26,
27]. Biofilm is frequently found on
implanted medical devices, prostheses
and implants. Short-term contacts of
E. coli with the surfaces of tissue cells
or medical devices lead to the bacterial
attachment and biofilm production [28].
The compound AM-166 inhibits the bio-
film formation of E. coli. The most pro-
nounced effect was registered at a con-
centration of 5.0 MIC (69.2 %).

The attachment of microbial cells to
surfaces depends on a number of factors
including, e. g., Brownian movement, van
der Waals attraction, gravitational forces
and surface electrostatic charges [22]. One
of the important factors is the hydropho-
bicity of the cells. Depending on the type
of surface, hydrophobicity of cells can
increase the propensity of microorganisms
to adhesion. The more hydrophobic cells
adhere more strongly to hydrophobic sur-

faces, while hydrophilic cells strongly
adhere to hydrophilic surfaces [23].

However, one should take into consid-
eration also the heterogeneity of micro-
bial population. In the culture with
planktonic, freely living microorgan-
isms, it is possible to observe the pres-
ence of both hydrophilic and hydropho-
bic cells, hence only a part of them
participate in the adhesion. Another
important tenet is that microorganisms
can switch between hydrophobic and
hydrophilic phenotypes in response to
changes in the environmental conditions
(temperature, composition of nutrients,
etc.) and growth phases [22, 23].

e

= AM-166
D - :

Control

Relative expression

flic motB
Fig. 4. Relative expression of the genes (2724¢t)
in E. coli exposed to AM-166 (0.5 MIC)
Notes. *p < 0.05 in comparison with control
(bacterial growth without antimicrobials).

fimA papC
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Our studies have found that the ada-
mantane derivative AM-166 and refer-
ence drugs in the studied concentrations
(0.5 MIC, 2.0 MIC) did not significantly
change the hydrophobic properties of
E. coli cells by 3.6-11.0 %, the refer-
ence drug ceftazidime increased the
hydrophobicity cells (by 13.77-15.72 %)
in comparison with control.

To survive in changing conditions,
bacteria have the ability to quickly
adapt their structure and physiology.
The mechanisms of this process are
based on the existence of numerous
regulatory networks that enable the
coordinated regulation of gene expres-
sion in response to environmental sig-
nals. An example of such a complex
regulatory system is the coordination
of the processes of bacterial motility
and chemotaxis. Many bacterial strains
are motile by means of flagella.

An E. coli cell has 5-10 flagella locat-
ed randomly on the cell surface. Each of
them consists of a basal body, a long
outer filament of flagellin protein, and a
«hook» connecting the two parts. The
outer filament of the bacterial flagellum
consists of the FliC flagellin, which reg-
ulates the protein synthesis of the fliC
gene [27]. The mobility of microorgan-
isms is associated with pathogenicity and
antibiotic resistance.

The rotation of the flagellum is car-
ried out by the interaction between the
rotor and the stator. The rotor is a
C-shaped ring that is located under the
basal body and consists of FliG, FIliM
and F1iN.

There are two types of flagellar
motors, depending on the bond ion. One
is the proton engine with a stator made
up of MotA and MotB, and is found in
bacteria such as E. coli or Salmonella.
The MotA and MotB proteins are asso-
ciated with the cytoplasmic membrane.
Most of the MotB protein is located in
the periplasmic space. The production

of the MotB protein is regulated by the
motB gene [29, 30].

Our studies have shown that the ada-
mantane derivative AM-166 does not
interfere with the swimming of E. coli;
we recorded the growth of the culture
across the entire thickness of the agar
in Petri dishes. Compound AM-166
inhibits the expression of fliC and
motB genes in E. coli.

Despite the inhibition of the expres-
sion of fliC and motB genes, the swim-
ming-type motility of bacteria was not
impaired, swarming was increased
[(45.2 = 2.2) mm and (36.5 = 11.0) mm
at 0.5 MIC and 2.0 MIC, in control
(29.8 = 1.7) mm]. Perhaps this effect
depends on the cell level of a secondary
messenger cyclic di-GMP (c-di-GMP),
which is involved in the formation of
biofilms and is of the key importance
in modulating the transition between a
mobile and a sedentary lifestyle, which
are important for acute and chronic
infections respectively [25]. The mobi-
lity of bacteria, in particular, swarm-
ing motility is also regulated by Quo-
rum Sensing systems [27, 31]. It should
be noted that increased motility with
the participation of E. coli flagella is
important for the colonization of the
upper urinary tract and mucous mem-
branes of the digestive tract by micro-
organisms [27].

Twitching motility is a flagella-inde-
pendent form of bacterial translocation
over the moist surfaces. It occurs by
the extension, tethering, and then
retraction of polar type IV pili, which
operate in a manner similar to a grap-
pling hook. Twitching motility is equi-
valent to social gliding motility in
Myxococcus xanthus and is important
in host colonization by a wide range of
plant and animal pathogens, as well as
in the formation of biofilms. The bio-
genesis and function of type IV pili is
controlled by a large number of genes,
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almost 40 of which have been identified
in Pseudomonas aeruginosa. A number
of genes required for pili assembly are
homologous to genes involved in type II
protein secretion and competence for
DNA uptake, suggesting that these sys-
tems share a common architecture.
Twitching motility is also controlled by
a range of signal transduction systems,
including two-component sensor-regula-
tors and a complex chemosensory sys-
tem [32, 33]. The data obtained sug-
gested that AM-166 largely affected the
motility of E. coli due to type IV pili
(than flagella). Both AM-166 concentra-
tions caused considerable changes in
twitching motility. In further studies,
it is necessary to establish whether this
effect depends on the inhibition of the
expression of genes that regulate
twitching motility or is associated with
a dysfunction of the fimbriae.

E. coli adhesion to the substrate is
provided by type 1 fimbriae, P-fimb-
riae, Afa/Dr-adhesins, and Curli inva-
sion [33, 34]. Type 1 fimbriae (pili)
carrying the adhesin FimH protein are
able to recognize the structure of man-
nose receptors in epithelial tissue and
interact with them.

The structural gene fimbria 1 type
fimA encodes a polypeptide of 158-159
amino acids with an approximate
molecular weight of 17 kDa [35-37].
Type 1 fimbriae adhere to mammalian
buccal cells, intestinal epithelial cells,
lung, proximal tubular cells of kidney
[38—40]. Type 1 pili make bacteria
hydrophobic and reduce their electropho-
retic mobility. In experiments in vivo on
a model of urinary tract infection in
mice, it was shown that increased tran-
scription of fimA and fimB is recorded
at an early stage of infection; by the
5t day of the disease, transcription de-
creases [38]. E. coli strains the type 1
fimbriae are combined with other viru-
lence determinants.

The results obtained indicate an
increase in the expression of the fimA
gene under the action of a subinhibi-
ting concentration of AM-166, which
indicates the possibility of an adaman-
tane-containing compound to stimulate
the formation of fimbriae and enhance
the adhesion of microorganisms to epi-
thelial cells. An increase in fimA
expression under the action of AM-166
may also be a protective reaction of
E. coli to the action of an antimicrobial
substance and an increase in biofilm
formation processes, including the for-
mation of type 1 fimbriae, since the
biofilm acts as a natural barrier pro-
tecting bacteria from the treatment
with antimicrobial drugs [41-42].

P-fimbriae also provide adhesion of
E. coli to the substrate. P-fimbriae are
composed of heteropolymeric fibers
containing various protein subunits
encoded by the papA-K operon. The
adhesive part of P-pili consists of se-
veral protein subunits PapA, PapH,
PapK, PapE, PapF, PapG, and PapC,
each of which is controlled by a corre-
sponding gene [43]. It was found that
the degree of PapC synthesis affects
the number of pili expressed on the cell
surface. The PapC protein is localized
on the outer membrane of E. coli,
where it can form a transmembrane
channel, due to which the pilin subu-
nits are localized on the surface. In
E. coli, the papC gene has been identi-
fied as a determinant of antibiotic
resistance [44]. A correlation was estab-
lished between the papC gene and the
carriage of beta-lactamase genes and
commensal E. coli strains [44-46]. On
the contrary, the carriage of the pap
gene is inversely proportional to resist-
ance to fluoroquinolones in E. coli,
which may be due to the partial loss of
islets of genomic pathogenicity as a
result of resistance mutations in genes
encoding topoisomerases IT and IV [47].
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It was found by experiments that
under the action of an adamantane deri-
vative at a concentration of 0.5 MIC, the
expression of the papC gene does not
change, and statistically significant dif-
ferences are absent.

Afa/Dr adhesins is a heterogeneous
group of homopolymeric adhesive orga-
nelles identified in uropathogenic
E. coli (UPEC) and promoting UPEC
invasion of uroepithelial cells [48]. The
afa/dr gene is not detected in the clini-
cal strain E. coli 311.

benzole inhibits the biofilm forma-
tion of E. coli, affecting adhesion
factors.

. The AM-166 at subinhibitory concen-

tration (0.5 MIC) decreased the
twitching migration E. coli, which
led to reduction of E. coli attachment
to polystyrene. Swimming motility at
a concentrations of 0.5 MIC and
2.0 MIC increased.

. Gene expression under the action of

AM-166 (0.5 MIC) changes: fliC and
motB decreased 2-fold, fimA increa-
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N. Hrynchuk, T. Bukhtiarova, N. Vrynchanu, L. Ishchenko, E. Vazhnichaya
Anti-adhesion properties of 4-(adamantyl-1)-1-(1-aminobutyl) benzole against
Escherichia coli

One of the serious problems of medicine is the formation and spread of antibiotic-resistant E. coli
strains capable of causing acute and chronic persistent infections due to biofilms. Insufficient effective-
ness of antimicrobial chemotherapy in acute inflammatory diseases and the practical absence of drugs
with an antibiofilm activity actualize the search for promising compounds and the development of effective
and safe drugs on their basis.

The aim of this work is to study the effect of 4-(adamantyl-1)-1-(1-aminobutyl) benzole (AM-166) on
the adhesive properties of E. coli and the expression of genes that regulate adhesion.

The antibiofilm activity of the adamantane-containing compound AM-166 was studied by the sorp-
tion of gentian violet on biofilm structures, the hydrophobicity of the E. coli cell surface was assessed
by adhesion to a solvent (MATS test), swimming, swarming, and twitching migration — by standard
methods. Cell adhesion to the abiotic surface was assessed by the Christensen method, the effect
of AM-166 on the expression of the fimA, papC, fliC, and motB genes was investigated using real-
time PCR.

It was shown that the AM-166 compound disrupts the formation of E. coli biofilm: the biomass decrea-
ses at 5.0 MIC by 69.2 %, at 0.5 MIC - by 36.9 %. It was found that AM-166 reduces the hydrophobicity of
E. coli cells (by 4.0 % at 0.5 MIC) and adhesion to an abiotic substrate (by 46.0-76.4 %, depending on the
incubation time), inhibits twitching migration, and stimulates swarming migration. The diameters of the
E. coli mobility zones increased by 1.5 times (0.5 MIC) and 1.2 times (2.0 MIC). Under the action of
AM-166, an increase in the expression of the fimA gene, as well as a decrease in the expression of the fliC
and motB genes (by 2 times) were recorded. The decrease in papC gene expression was statistically insig-
nificant.

Thus, the antibiofilm activity of AM-166 is due to the impaired mobility of microorganisms and altered
expression of the fimA, fliC, and motB genes. In the future, it is necessary to study the effect of the ada-
mantane derivative on the Quorum Sensing systems in E. coli.

Key words: aminoadamantane derivatives, bacteria, Escherichia coli, biofilm,
hydrophobicity, motility, adhesion, gene expression
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H. I. Fpunyyk, T. A. ByxtiapoBa, H. O. Bpunyanry, J1. M. liyeHko, O. M. BaxxHun4ya
AHTMaaresueHi BnactueocTi 4-(apamaHtun-1)-1-(1-amiHoGyTun) 6eH3ony wopo
Escherichia coli

OpHielo 3 cepiio3Hux NpobneM mMeguuMHM € NnosiBa Ta PO3MOBCIOAXKEHHST aHTUOIOTMKOPE3UCTEHTHUX
wTamiB E. coli, 3paTHNX CMPUYNHUTK TOCTPI Ta XPOHIYHI nepcucTytodi iHdekuji, 3ymoBneHi GionniBkamu.
HepocTtatHs epeKkTUBHICTb NPOTUMIKPOBHOT XiMioTepanii 3a rocTpux 3ananbH1X 3aXBOPIOBaHb, NPakTUYHa
BiACYTHICTb NpenapariB 3 aHTNGIONNIBKOBOIO aKTUBHICTIO CMIOHYKAIOTh [0 MOLUYKY NePCneKTUBHUX CMONYK i
pPO3p0oOKM Ha iXHi OCHOBI epeKkTUBHUX i Be3neyHnx npenaparis.

MerTa gocnigxeHHs — BUBYUTU BNAMB 4-(apgamaHTtun-1)-1-(1-amiHobyTun)beH3ony (AM-66) Ha aare-
3MBHi BNAaCTUBOCTI E. coli Ta eKCNPEeCito reHis, Lo PeryniooTb aaresito.

AHTMGIONNIBKOBY aKTMBHICTb afamMaHTaHBMICHOI crnosiykm AM-166 pocnigxyBanu metonomM copOuii
reHujiaHsioneTy Ha cTpykTypax GionniBku. MapodobHICTb KNITUHHOI MOBEPXHi OUiHIOBaNM 3a aaresieto Ao
po3uymHHuKa (Tect MATS), swimming-, swarming- Ta twitching-mirpauito E. coli pocnigyysanu ctaHgapT-
HUMK MeTodamun. Aaresito KniTMH Ao abioTMYHOI NoBepxHi ouiHioBanu 3a metogom Christensen, Brnnvs
AM-166 Ha ekcnipecito reHis fimA, papC, fliC Ta motB — 3a gonomoroto MNJIP y peanbHOMy yaci.

MokasaHo, wo crnonyka AM-166 nopyLuye dopmyBaHHs 6ionniBku E. coli, 6iomaca 3MeHLLYeTbCS Y pasi
5,0 MIK Ha 69,2 %, 0,5 MIK — Ha 36,9 %. BcTaHoBneHo, wo AM-166 3HuXye rigpodobHIiCTb KNiTUH E. coli
(Ha 4,0 % y pasi 0,5 MIK), agreaito no abiotnyHoro cybctpary (Ha 46,0-76,4 %, 3anexHo Bif Jyacy iHkyba-
uii), npurHivye twitching-mirpauito Ta cTumynioe swarming-mirpauito, giameTpu 30H PyXanMBOCTI 36inbLUM-
nmeb y 1,5 (0,5 MIK) ta 1,2 (2,0 MIK) pasy. 3a aii AM-166 peecTpyeTbcs 36inblueHHs ekcnpecii reHa fimA,
3MeHLIeHHs ekcrnpecii reHis fliC Ta motB (y 2 pa3un). 3HMXKeHHs ekcrnpecii reHa papC cTaTUCTUYHO HeJo-
CTOBIpHE.

Takum YnMHOM, aHTUBIoniBKOBa akTMBHICTL AM-166 06ymMoOBeHa NOPYLLUEHHSM PYXJIMBOCTI Mikpoopra-
Hi3MiB Ta 3MiHOI0 ekcnpecii reHiB fimA, fliC, motB. Y noganblumx 4OCNIOXKEHHAX HEOOXiAHO BUBYUTY BMAVB
noxiaHoro agamaHTaHy Ha cuctemy Quorum Sensing y E. coli.

Knro4oBi crioBa: noxiaHi amiHoagamaHTaHy, 6aktepii, Escherichia coli, 6ionniBka,
riapo@Oo6HICTb, PYXNBICTb, aAre3is, eKCrpecisi reHis

H. U. Npun4ayk, T. A. ByxTunaposa, H. A. BpbiH4yaHy, J1. M. UwyeHko, E. M. BaxxHun4yas
AHTuagresuneHblie cBoiicTBa 4-(agamanTtun-1)-1-(1-ammHoOyTun) 6eH3ona B
oTHoweHuu Escherichia coli

OpHol 13 cepbe3HbIX NPOBIeEM MeanLUMHBI SBAieTCs GOPMUPOBAHME U PACNpPOCTPaHeHne aHTUOMOTU-
KOPE3UCTEHTHbIX LITaMMOB E. coli, cnOCOOHbIX Bbl3BaTb OCTPblE UM XPOHUYECKME MEPCUCTUPYIOLLME
nHdekummn, obycnosneHHble GronneHkamu. HegoctatouHast apdeKkTMBHOCTb MPOTUBOMUKPOOHO XMMMO-
Tepanuun Npu oCTPbIX BOCMANNTENbHbIX 3a00NeBaHMSX, NPAKTUYECKOE OTCYTCTBME NPenaparoB ¢ aHTMOU-
OMJIEHOYHOU aKTVBHOCTbIO aKTyanM3npyeT NONCK NEPCMNEKTUBHbIX COEANHEHNIA N Pa3paboTKy Ha UX OCHO-
Be 3PdEKTUBHBIX 1 6E30MaACHbIX TEKAPCTBEHHbLIX CPEACTB.

Llenb nccnegoBaHns — N3y4uTb BAvaHUe 4-(agamaHtun-1)-1-(1-ammHobytun)beHsona (AM-166) Ha
aaresmBHble CBOMCTBA E. COoli 1 3KCNPECCUIo reHOB, PErYNNPYIOLNX aaresnio.

AHTMOMOMIEHOYHYIO aKTUBHOCTb alaMaHTaHcoaepyXallero coeanHeHns AM-166 nccnemosany MeToaoM
copbunn reHUMaHBrOoNeTa Ha CTPYKTypax GronneHkn, rmapodoBOHOCTb KNeTOYHON NoBEePXHOCTU E. coli oue-
HMBanM No aaresunm K pacteoputento (tect MATS), swimming-, swarming- un twitching-murpauuio — ctaH-
OapTHbIMYM MeTodamMu. AAresmio KneTok K abroTMYeckor NoBepxHOCT oueHnBanu metogoM Christensen,
BnsHMe AM-166 Ha akcnipeccuto reHoB fimA, papC, fliC n motB — ¢ nomouubto MNLP B peanbHOM BpeEMEHN.

MokasaHo, 4To coeanHeHne AM-166 HapyLliaeT dopmmpoBaHne uonneHkn E. coli, Guomacca ymeHb-
waetcs npu 5,0 MUK Ha 69,2 %, npn 0,5 MUK Ha 36,9 %. YcTaHoBNEHO, 4To AM-166 cHuxaeT rmapodob-
HOCTb kneTok E. coli (Ha 4,0 % npu 0,5 MUK) n agreamio kK abnotmnyeckomy cybctpary (Ha 46,0-76,4 %, B
3aBMCUMOCTU OT BPEMEHN MHKYBaummn), MHIMoupyeT twitching-murpaumio, cTumynupyeT swarming-mur-
paumio, anamMmeTpbl 30H NoABUMXHOCTU E. coli ysennuunucs B 1,5 pasa (0,5 MUK) n 1,2 pasa (2,0 MUK). MNpn
nencteum AM-166 pernctpupyeTcs yBENMYEHNE SKCNPeCcCcun reHa fimA, yMeHbLUEHNE S3KCNPECCUN FEHOB
fliC n motB (B 2 pa3a). CHMxeHune akcnpeccum reHa papC CTaTMCTUYECKN HEOOCTOBEPHOE.

Takum 06pasom, aHTMOMOMNIeHOoYHas akTMBHOCTbL AM-166 06ycroBneHa HapylleHnem noaBuXKHOCTA
MUKPOOPraHn3MOB U U3MEHEHMEeM aKcrpeccun reHoB fimA, fliC n motB. B panbHeliluem Heobxoanumo

N3y4nTb BAMSIHME MPON3BOAHOIO afamaHTaHa Ha cuctembl Quorum Sensing y E. coli.

Kno4eBble crioBa: nponsBoaHbie amuHoagamaHTaHa, 6aktepuu, Escherichia coli,
6uonneHka, ruapodobHOCTb, MOABVXHOCTb, aAre3us, IKCrpeccusl reHoB
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