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Nanosized materials, including titanium dioxide nanoparticles, sized under 10 nm,
are systems with an excessive energy and high chemical activity, while the nanopartic-
les of about (1-3) nm enter the reactions with other chemical compounds practically
without any activation energy which predetermines the formation of substances with
new properties. The energy accumulated by these objects first of all is determined by
the uncompensated nature of the bonds between surface and near-surface atoms that is
a reason of superficial phenomena. Taking the abovementioned into consideration, it was
interesting to study the influence of nano-titanium dioxide sized (1-3) nm and (4-8) nm
on the functioning of rat gastric smooth muscles in vitro and in silico.

The tenzometric method in the isometric mode was used to demonstrate that tita-
nium dioxide suspensions with nanoparticles, sized (4—-8) and (1-3) nm, change the
structure of spontaneous contraction cycles for circular stomach smooth muscles of
antrum in rats with a decrease in their total efficiency (a decrease in index of contrac-
tions in Montevideo units (MU) and the index of contractions in Alexandria units (AU)).
In these conditions, there was also a change in the kinetic parameters of high potassium
contractions and the contractions induced by acetylcholine, the mediator of acetylcho-
line receptors. There was also an impairment of the processes of coordinating the ve-
locities of contractions and relaxations, that are more expressed in the first case at the
effect of titanium dioxide (1-3) nm, and in a second one — (4-8) nm. The molecular
docking of titanium dioxide nanoparticle to an extracellular part of a muscarinic acetylcho-
line M2 type receptor demonstrated a possibility of forming the bonds with some amino
acids of the site of its allosteric modulator, that impacts the affinity of this receptor to the
orthosteric ligands. The binding site of titanium dioxide does not compete for binding sites
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of this type of acetylcholine receptor neurotransmitter by its amino acid composition.
The molecular docking of titanium dioxide to the muscarinic acetylcholine M3 type re-
ceptor showed that there are common amino acid residues for both the nanoparticle
and acetylcholine with which bonds are formed in the orthosteric binding site. This sug-
gests that at this binding site there can be a competitive relationship between titanium
dioxide and acetylcholine within the site.

Keywords: tenzometric method, circular smooth muscles, titanium dioxide, mole-
cular docking, muscarinic acetylcholine receptors

INTRODUCTION

The improvement of methods of synthesizing nanostructures [1, 15, 21, 22, 25, 31]
promoted a transition to high modern technologies of manufacturing nanoparticles,
quantum dots, quantum well, quantum wires, etc. Actually, the constructed nanostruc-
tures are artificially created materials with preset physical and physical-chemical prop-
erties defined by their sizes. The size of particles is an active variable defining the state
of the system and its reactive capability along with other thermodynamic variables [18].
One of these artificially synthesized nanomaterials is nanosized titanium dioxide (TiO,).
Being an integral part of the technological processes in such modern industries as hy-
drogen energy, photovoltaics, sensorics, etc., TiO, is ranked among the top manufac-
tured chemicals in economy due to its high chemical stability and activity in interactions
with other chemical substances and physical factors as well as its high absorption prop-
erties. While present in several modifications, it is a rutile form in which TiO, is a single-
option white pigment, the suspension of nanoparticles of which is widely used in food
industry (food additive E171). TiO, in a nanosized form (especially 5 nm) is also system-
atically used in the production of tableted medications, nanomedicine, and aerosols [5,
6, 29, 40]. Regardless of active introduction of technologies of their production in both
food and pharmaceutical industries, there are no models of evaluating the risk and
safety standards regarding the effect of most nanostructures, including TiO,, on mo-
lecular and cellular mechanisms of regulating the functions of the organism [32]. The
results of our in vitro research demonstrate [33, 35] that the targets of the effect of TiO,
suspension with the size of nanoparticles (21+5) nm may be receptor-dependent regu-
latory mechanisms in smooth cells of stomach, caecum, and myometrium. The in vivo
experiments established [34] that the accumulation of TiO, with the same size of
nanoparticles in stomach smooth muscles (that was demonstrated using atomic emis-
sion spectrometry) leads to a considerable increase in frequency of their spontaneous
contractions, a decrease in the duration of the contraction-relaxation cycle, a reduction
in the efficiency indices for functioning of muscles (MU and AU indices of contractions).

It is known [17, 23] that the nanoparticles including TiO, sized under 10 nm are
systems with an excessive energy and high chemical activity, while nanoparticles of
about (1-3) nm enter the reactions with other chemical compounds practically without
any activation energy which predetermines the formation of substances with new pro-
perties. The energy accumulated by these objects is first of all determined by uncom-
pensated nature of the bonds between surface and near-surface atoms which is a reason
of superficial phenomena. Taking the abovementioned into consideration, it was interes-
ting to study changes in the amplitude-frequency and kinetic parameters of pacemaker
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activity at the effect of the suspension of TiO, with the nanoparticles sized (1-3) nm and
(4-8) nm, and the contractions of stomach smooth muscles (SM) induced by high potas-
sium Krebs solution and acetylcholine — the agonist of muscarinic cholinoreceptors, and
to compare them with the results, previously obtained in the experiments [33] on investi-
gating the impact of TiO, suspension with nanoparticles sized (21 + 5) nm on the above-
mentioned parameters. The study was also aimed at conducting molecular docking of the
nanosized TiO, to the extracellular part ofthe muscarinic M2 type cholinoreceptor.

MATERIALS AND METHODS

8-week-old Wistar rats of both genders were used for in vivo experiments. The rats
were kept in standard conditions of the vivarium (room temperature of 20 + 2 °C, relative
humidity — 50-70 %, light-darkness cycle — 12:12 h). All manipulations with animals
were carried out in accordance with the International Convention of animals and the
Law of Ukraine “On protection of animals from cruelty”. Protocol N 2 (October 20, 2016)
of the meeting of Bioethics Committee of the Educational and Scientific Centre “Institute
of Biology and Medicine” Taras Shevchenko KNU. Killing of animals carried out by the
injection of a lethal dose of anesthetic propofol (Sigma).

The experiments in vitro were conducted using isolated preparations of circular
smooth muscles of rats’ antrum. The abduction and registration of spontaneous con-
tractive activity, K*-induced contractions and contractions of muscle induced by exoge-
nous application of acetylcholine were conducted using the tenzometric method in an
isometric mode. The normal Krebs solution (NRS) was used in the experiments with the
following concentration of components (mM): NaCl — 120.4; KCI — 5.9; NaHCO,-15.5;
NaH,PO, —1.2; MgCl, — 1.2; CaCl, — 2.5; glucose — 11.5; pH 7.4. High potassium Krebs
solution with the concentration of K* ions (80 mM) was prepared by replacing the re-
quired amount of Na* ions in a standard Krebs solution with the equimolar amount of K*
ions. Acetylcholine (AC) was used in concentration of 10-° M (Sigma).

TiO, nanoparticles (PlasmaChem GmbH, D-12489 Berlin, Germany) were used in
the form of nanopowder (a mixture of rutile and anatase), the size of particles —
(4-8) nm and (1-3) nm, a specific surface — (50 + 10) m?g; purity > 99.5 %, content of
ALO, < 0.3 wt; SiO, < 0.2 wt. The nanopowder of TiO, was previously resuspended in
dimethylsulfoxide (DMSO) assuming the presence of 0.25 % DMSO in a final volume.
Likewise all control solutions contained 0.25% DMSO. A destruction of the aggregates
of TiO, nanoparticles in the suspension was performed using the ultrasound processing
at 37 kHz frequency. The physiological solutions used in the experimental tenzometric
equipment were flowing ones, and thermostated at 37 °C.

The mechanokinetic analysis of a spontaneous contractive activity of smooth mus-
cle stripes was conducted via calculations using the frequencies of preparation contrac-
tions for 10 min; the averaged value of the contraction-relaxation cycle; the duration of
some contraction fragments: a contraction phase, a relaxation phase; an asymmetry
coefficient; MU index of contractions; AU index of contractions. The method [4] was also
used to carry out the kinetic analysis of spontaneous contractions-relaxations of muscle
preparations induced by high potassium Krebs solution and acetylcholine with the esti-
mation of normalized maximal velocities of contractions (V,)-relaxations (V).

A statistical analysis of the experiment results was performed using OriginPro 8
program. The unpaired version of Student’s t-test was used to determine the reliable
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differences between the mean values of two samplings. Multiple comparisons were
performed using the parametric one-factor dispersion analysis. The results were con-
sidered reliable on condition of the probability value of P under 5 % (P < 0.05). The re-
sults were presented in the paper as the arithmetic mean + standard error of the mean
value, n — number of experiments.

For conducting the molecular docking of nanosized TiO, to the extracellular parts
of muscarinic M2 and M3 types cholinoreceptors involved a use of the spatial structure
of TiO, nanoparticle in the form of anatase [12] which according to literature data [27]
was constructed using Discovery Studio Visualizer program, versions 2.0 and 2.5
(Accelrys Software Inc. — http://accelrys.com/). Using data about the crystallography of
anatase, the following parameters of the elementary cluster of TiO, were used in our
work: A=B =3.785A; C =9.514 A, where A, B, C — the lengths of the crystalline grid.
a=b=y=90° where a, b, y — dimensions of crystal angles. A spatial symmetry group
(the combination of symmetry transformations, remarkable for the atomic structure of
crystals) of TiO, 14(1)/amd [9, 28]. The dimensions of the surface of TiO, nanoparticle
obtainedafterthesimulationofthe spatial structurewere asfollows: (18.925x3.785x19.028)
A3 (Fig. 1A).

Fig. 1. A spatial structure of the nanoparticle of TiO, anatase (18.925x3.785x19.028) A® (A) and structural
formula of acetylcholine (C,H,;,NO,) (B)

Puc. 1. MpocToposa CTpyKTypa HaHouacTuHkm aHatasy TiO, (18.925x3.785x19.028) A% (A) i cTpykTypHa dopmyna
auetunxoniny (C,H,sNG,) (B)

The information about spatial structure of the acetylcholine molecule (Fig. 1B) (Pub-
Chem CID: 187. Molecular formula: C,H,;NO,. Molecular weight: 146.21 g/mol.) was
received from the PubChem database of chemical compounds and mixtures [16, 36].

The spatial structure of muscarinic acetylcholine M2 receptor (Fig. 2A) was taken
from the Protein Data Bank database (PDB) (accessed at https://www.rcsb.org/pdb/
home/home.do) that is kept in the record 4MQS. This record is not complete; amino acid
residues got into the investigated crystal from 19 to 215 and from 377 to 456. 4DAJ is
the record number of the M3 type muscarinic acetylcholine receptor structure (Fig. 2B)
in the PDB database. The investigated crystal includes from 64 to 259; from 482 to 485,
and 489 to 556 amino acid residues.
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Fig. 2. Spatial structures of the muscarinic acetylcholine M2 type receptor (taken from the record 4MQS of
the Protein Data Bank database) (A) and muscarinic acetylcholine M3 type receptor (taken from the
record 4DAJ of the Protein Data Bank database) (B)

Puc. 2. NpocTopoBi CTPyKTYpM MyCKapUHOBOIO aueTWUrXoriHoBoro peuenTtopa M2 tuny (B3STO 3 3anucy
4MQS 6a3un gaHux Protein Data Bank) (A) i MyckapnHoBOro auetunxoniHosoro peuentopa M3 tuny
(B30 3 3anucy 4DAJ 6a3n gannx Protein Data Bank) (B)

The search for and analysis of interaction sites for muscarinic acetylcholine M2 and
M3 receptors to the titanium dioxide nanoparticle and to the acetylcholine was con-
ducted using PatchDock, the algorithm of molecular docking based on geometry [7].
This algorithm consists of three main stages: Molecular Shape Representation, Surface
Patch Matching and Filtering and Scoring. Taking two molecules into consideration,
PatchDock calculates three-dimensional transformations of one molecule regarding an-
other one with the purpose of complementing the form of the surface, minimizing a num-
ber of steric collisions. The service is available at http://bioinfo3d.cs.tau.ac.il/PatchDock/.
The visualization and analysis of the contact surfaces were performed using Discovery
Studio Visualizer software, versions 2.0 and 2.5.

RESULTS AND DISCUSSION

The mechanisms of the pace-maker activity of interstitial cells of Cajal play a rele-
vant role in regulating the motility of gastrointestinal tract along with the inhibiting and
exciting non-cholinergic and exciting cholinergic neurons of intramural nervous system.
The functioning of these cells is based on a process of releasing calcium ions into the
cytoplasm from the sarcoplasmic reticulum and their absorption by the mitochondria;
the frequency of concentration fluctuations of the ions being of the same order with
pace-maker currents, and hence, with the amplitude-frequency characteristics of spon-
taneous contractions of smooth gastrointestinal muscles [10, 11, 30, 37]. Taking the
abovementioned into consideration, the tenzometric method was used in our work to
study a spontaneous contractive activity of isolated smooth muscle stripes (SMS) of
circular smooth muscles of rats antrum in the control and at the cumulative effect of TiO,
suspension (107, 10%, 10, 10* mg/ml) with the size of nanoparticles of (4—8) nm and
(1-3) nm as stated above [17, 23, 32], are structures with excessive energy and high
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chemical activity. During 60 min of registration, the level of the basal tone of sponta-
neous contractions of muscle preparations remained stable. Every 10 min of registra-
tion, the amplitude of spontaneous contractions of muscle preparations changed in the
range from 2 mN to 16.5 mN, n = 10, p < 0.05. A distribution by frequencies with two sig-
nificant maximums took place within the indicated interval of amplitudes: (21.4 £ 1.6) %
with the amplitude of 4 mN and (14.3 £ 0.9) % with the amplitude of 11.5 mN. It is evident
that the contraction of muscle preparations with low amplitude was observed more fre-
quently, compared to the contractions with high amplitude, which is in perfect agreement
with the literature data [30, 31]. A average value of the amplitude of spontaneous contrac-
tions was (10.3 £ 0.8) mN. The frequency of muscle preparation contractions calculated
in the control for 10 min was (12 + 0.58); the averaged value for the duration of the con-
traction-relaxation cycle (contraction act) was (26.5 + 1.86) s, the duration of some con-
traction fragments was as follows: contraction phase — (12.25 + 0.7) s, relaxation phase —
(14.3 £ 0.6) s.; asymmetry coefficient — (1.12 £ 0.06); MU index of contractions — (123.6 +
10.3); AU index of contractions — (3275.4 + 209.9).

The next experiment was aimed at investigating changes in the abovementioned
parameters of kinetic analysis for spontaneous contractive activity of smooth muscles
at the cumulative effect of titanium dioxide suspension with the size of particles of
(4-8) nm. The time of TiO, application in each concentration was 30 min. It was estab-
lished (Fig. 3B1) that the presence of TiO, in normal Krebs solution in the concentra-
tions of 107, 10, 10° and 10* mg/ml compared to the control accepted as 100 %, leads
to a decrease in averaged value of the amplitude of spontaneous contractions, the value
of which was, respectively, (51.0 £4.8) %; (43.2 £ 5.1) %; (39.3 £ 3.9) %; (41.4 £ 2.8) %,
n =10, p < 0.05. The analysis of a frequency of muscle preparation contractions during
the interval of 10 min effect of TiO, in the abovementioned concentrations demonstrated
that, compared to control, there is an increase in the value of this parameter, the highest
one being at a TiO, concentration of 10 mg/ml namely (129.2 + 8,8) %, n =10, p < 0.05.
The analysis of the duration of separate fragments of spontaneous contractions-relax-
ations and kinetic regularities of their course at the effect of TiO, compared to the control
demonstrated that a reliable reduction in duration of, for instance, the contraction phase,
compared to the control, occurs when this nanosized material is applied in the concentra-
tions of 10 and 105 mg/ml. Compared to the control, the value of this parameter was
(64.4 £3.9) %, (74.1 £5.9) %, n =10, p < 0.05, respectively. At the effect of TiO, in the
concentrations of 107 and 10 there were no statistically significant changes compared
to the control of contraction phase duration ((92.4 £ 7.3) % and (91.1 £ 9.3) %, n = 10,
p < 0.05, respectively). A duration of relaxation phase for spontaneous contractions of
muscle preparations decreases compared to the control at the effect of this nanosized
material in the concentrations of 10 and 10°mg/ml: (77.6 £ 7.4) %, and (77.2 £ 6.9) %,
n =10, p < 0.05, respectively. The calculation of the MU and AU indices of contractions
demonstrated (Fig. 382, 3B3) that their value decreases at the effect of TiO, compared
to the control in all the investigated concentrations: compared to the control, MU index
acquired the following values: (62.9 + 4.9) %; (60.1 £ 8.1) %; (64.6 £ 8.7) % and
(52.5 £ 5.1) %, n = 10, p < 0.05, and at the same concentrations AU index was
(58.5 +4.4) %; (46.3 £ 4.3) %; (48.3 £ 3.8) %; and (46.5 £ 2.8) %, n = 10, p < 0.05. The
data, presented with the consideration of scientific literature [4] regarding the content of
MU and AU indices, indicate that the total efficiency of the contractive activity of muscle
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preparations in the presence of TiO, nanoparticle suspension in the mentioned concen-
trations, decreases compared to the control. In all the conditions the level of the muscle
tone remained unchanged.

In the next experiment, the effect of TiO, suspension with the size of nanoparticles
of (1-3) nm on spontaneous contractive activity of circular stomach smooth muscles of
rats’ antrum was studied. Fig. 3C1, 3C2 and 3C3 present the results of estimating
mechanokinetic parameters, registered in the experiments on spontaneous contractive
activity of stomach smooth muscles at the effect of TiO, suspension with the abovemen-
tioned size of nanoparticles in the concentrations of 107, 10, 10° and 10 mg/ml. It was
established that in these conditions, similar to the effect of TiO, suspension with the size
of nanoparticles of (4—8) nm, the average value of the amplitude of smooth muscle
stripes spontaneous contractions is accompanied with the decrease in its value, com-
pared to the control: (70 + 4.3) %; (64.8 £ 4.8) %; (64.5 £ 5.3) % and (62.4 + 4) %, re-
spectively, n = 10, p < 0.05. The frequency of preparation contractions for 10 min in
these conditions was somewhat higher compared to the control and, when used with
the concentrations of TiO, for the experiment, was (118.0 + 8.9) %; (110.0 £ 10.3) %;
(126.7 £ 9.8) %; and (125.0 £ 7.7) %, n = 10, p < 0.05. There were no statistically sig-
nificant changes in the duration of phases of spontaneous contractions and phases
of relaxation of smooth muscle stripes. As seen in Fig. 3C2 and 3C3, in these conditions
the MU and AU indices of contractions for such muscle preparations were below
the control (for MU in the presence of TiO, in the concentrations of 107, 10, 10° and
10* mg/ml these parameters were respectively: (76.1 = 4.4) %; (80.0 = 2.3) %;
(76.1£5.3) % and (78.0 £4.7) %, n = 10, p < 0.05; for AU in the presence of TiO, in the
concentrations of 107, 10%, 10° ta 10 mg/ml they were: (84.0 + 6.5) %; (80.1 £ 5.9) %;
(74.2 £ 5.0) % and (78.3 £ 6.2) %, n = 10, p < 0.05 regarding control), which indicates
their loss of efficiency. Changes in the kinetic parameters of spontaneous contractive
activity of smooth muscles at the effect of TiO, suspension with the size of particles of
(4-8) nm and (1-3) nm, demonstrated in the experiments, are likely to be related to their
modulating effect on the pace-maker activity of interstitial cells, the mechanism of which,
according to the literature data [26, 37], is related to a release of calcium ions from the
sarcoplasmic reticulum and their being absorption by the mitochondria.

The following parameters were selected for a comparative analysis of the changes
in the kinetics of spontaneous contractive activity of circular stomach smooth muscle of
rats antrum at the effect of TiO, suspension with the particle sizes of (21 + 5) nm [33];
(4-8) nm and (1-3) nm — the average value of the spontaneous contractions amplitude
and MU and AU indices of contractions. As seen in Fig. 3, in presence of TiO, suspension
with nanoparticles of (21+£5) nm, (4—8) nm, (1-3) nm, there are one-direction changes in
the average value of the amplitude of smooth muscle stripes spontaneous contractions,
MU and AU indices of contractions, related to a reduction in their value compared to the
control. The least changes in the mentioned parameters of spontaneous contractions of
smooth muscles were registered at the effect of TiO, suspension with the size of nanopar-
ticles of (1-3) nm. In addition, if these changes in amplitude of spontaneous contractions
are of dose-dependent nature at the effect of TiO, suspensions in different concentrations
with the size of nanoparticles of (21 £ 5) nm, in case of applying suspensions of this nano-
material of (4-8) and (1-3) nm, the effect is almost absent.

The next series of experiments was aimed at investigating changes in high potas-
sium contraction of circular stomach smooth muscles of rats’ antrum at the cumulative

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriyHi Ctyaii / Studia Biologica e 2019 e Tom 13/Ne1 e C. 3-26



10

O. V. Tsymbalyuk, A. M. Naumenko, T. L. Davydovska

Amplitude of spontaneous contractions, %

MU, %

60-
50-
40
30-

20

100
90
80

70

30
20

10 4

A1

* (21£5) nm

*

10°

10° 10° 10"
[TiO,], mg/ml

A2
(2145) nm

[

10° 10* 10°
[TiO,], mg/ml

10°

Amplitude of spontaneous contractions, %

MU, %

100
%-
80-
70-

60 «

50-

40

30-

20-

10+

107

100
%-
80-
70
60-
50
40
30
20

10

107

B1

(4-8) nm

10° 10° 10*

[TiO,], mg/ml

B2
(4-8) nm

10*

10° 10°
[TiO,], mg/ml

Amplitude of spontaneous contractions, %

MU, %

100
%-
80-
70-

60-

50-

40

30-

20

10 4

100
90—-
80—-
70
60—-
50—-
20
30—-

20+

C1

(1-3) nm

107 10° 10° 10*

[TiO,], mg/ml

10"

10° 10°
[TiO,], mg/ml

107

ISSN 1996-4536 (print)  ISSN 2311-0783 (on-line) e Bionoriuxi Ctyaii / Studia Biologica e 2019 e Tom 13/Ne1 e C. 3-26



INFLUENCE OF NANO-TIO, ON FUNCTIONING OF GASTRIC SMOOTH MUSCLES: IN VITRO AND IN SILICO STUDIES 11

100 A3 100 B3 100 C3
1 215 1 4-8 1 * 1-3
90 ( )nm 90 (4-8) nm 90 | (* )nm .
804 80 80 :
70 - I 70 - 70 -
B * B * B
60 60 60
SEEE S o S
5 50 : = 50 5 50
< - < - I < 1
40 - 40 40
30 * 30 30
20 20 20 -
10 | 10 | 10 |
0 0 - 0
10° 10° 10" 10° 10" 10° 10° 10" 107 10° 10° 10"
[TiO,], mg/ml [TiO,], mg/ml [TiO,], mg/ml

Fig. 3. The histograms of changes in the kinetic analysis parameters of a spontaneous contractive activity
(the average value of amplitude of the spontaneous contractions; MU and AU indices of circular stom-
ach smooth muscles of rats antrum at the effect of TiO, suspension (TiO,) with the following size of
nanoparticles: (21 £ 5) nm (A1, A2, A3); (4-8) nm (B1, B2, B3) and (1-3) nm (C1, C2, C3). A value of
kinetic analysis parameters in the control was accepted as 100 %. * — p < 0.05

Puc. 3. lictorpamu 3miH napameTpiB KIHETUYHOTO aHari3y COHTaHHOI CKOpOoYyBarbHOI akTUBHOCTI (cepeaHe
3HaYeHHs1 aMNMiTyAN CMIOHTaHHNX CKOPOYEHb; MOKa3HUKM CKOPOTIIMBOTO iHAEKCY B 0AMHULAX MoHTe-
Bioeo (MU) Ta B OnekcaHapiicbknx oamHuusax (AU)) KinbLeBUX rMageHbKnx M’'s3iB aHTpanbHOro Bia-
Ainy WwnyHka wypie 3a Aii cycnewsii giokenay tutany (TiO,) 3 po3MipomM HaHOYaCTMHOK BiANOBIAHO:
(21 £5) Hm (A1, A2, A3); (4-8) Hm (B1, B2, B3) Ta (1-3) Hm (C1, C2, C3). 3a 100 % npuiAHATO 3Ha-
YeHHs napameTpiB KIHETUYHOrO aHanisy B koHTponi. * — p < 0,05

effect of TiO, suspension with the size of the nanoparticles of (4—8) nm. The time of TiO,
suspension application in each concentration was 30 min. In response to the application
of the high potassium (80 mM) Krebs solution, muscle preparations of control groups of
rats developed contractions-relaxations, the averaged value of phase component of
which was (19.6 £ 1.3) mN, whereas the value for a tonic component was (18.5 + 0.6) mN,
n = 10. A ratio of a phase component and ta tonic one was (1.02 £+ 0.08). The kinetic
analysis of K*-induced contractions of muscle preparations in the control demonstrated
that the normalized maximal velocity of the contraction phase was (5.69 + 0.47) min™,
whereas the normalized maximal velocity of the relaxation phase was (1.33 £ 0.11) min™.
The abovementioned parameters of high potassium contractions in the control remained
stable during the whole period of registering contractions. Our experiments established
that at the effect of TiO? suspension in the concentrations of 107, 106, 10 and 10* mg/ml,
there were no significant changes in the phase component of high potassium cont-
ractions compared to the control ((113.3 £ 8.1) %; (101.5 + 6.9) %; (86.7 £ 7.2) %;
(83.2 £ 5.5) %). There were no changes in a ratio of the phase component of these
contractions and the tonic component. Fig. 4A1, 4A2 demonstrate the histograms
of changes in such parameters of the kinetic analysis of high potassium contractions,
as V. and V, at the effect of TiO, suspension with the size of nanoparticles of (4-8) nm.
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The histograms of changes in the kinetic analysis parameters for the normalized maximal velocity
(V,,) of contractions of circular stomach smooth muscles (SM) induced by high potassium (80 mM)
Krebs solution at the cumulative effect of TiO, suspension with the sizes of nanoparticles of (4-8) nm
(A1) and (1-3) nm (C1), respectively; A2, C2 — normalized maximal velocities of relaxation (V). B1
and D1 - histograms of changes in V,, of SM contraction induced by the acetylcholine (10 M) at the
cumulative effect of TiO, suspension with the abovementioned sizes of nanoparticles; B2, D2 — nor-
malized maximal velocities of relaxation. The value of kinetic analysis parameters in the control was
accepted as 100%. * —p < 0.05. The Figure presents the concentrations of TiO, suspension in mg/ml.
Time of TiO, application in each concentration was 30 min

licTorpamu 3amiH napameTpiB KIHETUYHOTO aHanisy HOPMOBaHO| MakcMmarnbHoi WweuakocTi (V,), cnpu-
YrHeHoro rinepkaniesum (80 MM) po3unHoM Kpebca ckopoyeHHS KinbLeBux mapeHbknx m's3is (M)
LUYHKa 3a KyMYNATUBHOI Al cycneHsii giokenay tutany (TiO,) 3 poamipamn HaHO4acTUHOK: (4—8) HM
(A1) Ta (1-3) Hm (C1), BignosigHo; A2, C2 — HOpMOBaHi MakcMmarnbHi WBUAKOCTI poscnabnenHs (V).
B1 ta D1 - rictorpamu 3miH V., 3ymoBneHoro avetunxosniHom (10-° M) ckopoyeHHs 'M 3a kymynsTue-
Hoi aii cycnensii TiO, 3 3a3Ha4eHUMK BULLE PO3MipamMu HaHovacTnHok; B2, D2 — HopmoBaHi makcu-
MarnbHi WBKUAKocTi poscnabnerHs. 3a 100% NpuHATO 3HaYeHHs NapameTpiB KIHETUYHOrO aHamnisy
y koHTponi. *— p < 0,05. Ha pucyHky HaBeaeHo KoHueHTpauii cycnensii TiO, y mr/mn. Yac annikauii
TiO, y KOXHi 3 KOHLeHTpaUin ctaHosus 30 xB

It was established that the abovementioned concentrations of TiO, cause a reduction
in normalized maximal velocity of the contraction, compared to the control, with the
corresponding values of (93.2 £ 1.5) %; (85.4 + 1.4) %; (84.8 £ 3.5) %; (79.5 £ 4.1) %,
n =10, p < 0.05. A kinetic analysis of K*-induced contractions of muscle preparations
demonstrated that there is a simultaneous reduction in the value of their normalized
maximal velocity of relaxation at the effect of TiO, in the following concentrations: 105,
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10° and 10* mg/ml: (83 £ 1.4) %; (76.6 £ 3,3) %; (80.9 £ 4,2) %; n = 10, p < 0.05,
whereas the effect of oncentration of this nanosized material of 107 mg/ml did not lead
to any statistically reliable changes in this parameter (97.9+1.7) %). It is known [26] that
high potassium in Krebs solution causes depolarization of the membrane, the influx of
extracellular calcium ions into smooth muscle cells, as well as a release of these cations
from rianodine-sensitive stores of sarcoplasmic reticulum, the activation of the contrac-
tion apparatus, that leads to a development of their contraction, whose velocity de-
creased at the effect of TiO, compared to the control. At the same time, the deviation of
the intracellular concentration of calcium ions from their basal level during membrane
depolarization induced by high potassium Krebs solutions, at the effect of TiO, suspen-
sion remained at the level of the control (at the effect of TiO, the amplitude of high po-
tassium contractions of SMS was at the basal level). Compared to the control, the inhibi-
tion of the normalized maximal velocity of smooth muscle contraction induced by high
potassium Krebs solution, also occurred at the effect of TiO, suspension with the size of
nanoparticles of (21 + 5) nm (Fig. 6). The calculations of a ratio of the normalized maxi-
mal velocities of contractions and relaxations at the effect of TiO, suspension with the
size of nanoparticles of (4—-8) nm in the abovementioned concentrations demonstrated
that its value was in a range of the control. When TiO, suspension with the size of
nanoparticles of (21 £ 5) nm was applied in the concentration of 10* mg/ml, there was
more than 1.5-fold decrease (p < 0.05) in the value of this parameter compared to the
control. In case of TiO, concentrations of 107, 106, 10> mg/ml this parameter remained
without any changes.

Fig. 4 and Fig. 5 present the histograms and contractions of stomach smooth musc-
les of rats antrum registered by the tenzometric method that were induced by high potas-
sium (80 mM) Krebs solution at the cumulative effect of TiO, suspension with the size of
nanoparticles of (1-3) nm. Similarly to previous experiments, time interval of applying this
nanosized material in each concentration was 30 min. Akinetic analysis of high potassium
contraction phase demonstrated that in these conditions the concentrations of TiO, of
107; 10 10° and 10* mg/ml led to an increase in the velocity of contraction response
intensification for GM compared to the control, amounting to (156.8 + 11.2) %; (155.9 +
11.4) %; (139.5 £ 10.7) %; (136.8 + 11.3) %, n = 10, p < 0.05. At the same time, a kinetic
analysis of the relaxation phase demonstrated that at the concentration of this nanosized
material of 107 and 10® mg/ml there was also an increase in its maximal velocity com-
pared to the control ((134 £ 11.3) % and (133.9 + 8.4) %, n = 10, p < 0.05). Whereas in
case of the concentration of 10-° mg/ml there was no statistically significant changes in the
value of this parameter (98.2 + 4.6) %), and at 10* mg/ml this parameter amounted to
(59.1£3.4) %, n=10, p <0.05. As for the changes in the amplitude of K*-induced con-
tractions in these conditions, there was an increase in its value at the effect of this nano-
sized material in the concentrations of 107 and 10° mg/ml compared to the control,
amounting to the following values: (144.9 + 9.3) % and (138.9 £ 7.8) %, n = 10, p < 0.05.
At the effect of this nanosized material in concentration of 10°° mg/ml there were no statis-
tically reliable changes in this parameter ((99.4+8.3) %), and there was a decrease in it at
the concentration of 10 mg/ml ((73.7 £ 5.7) %, n = 10, p < 0.05). At the effect of TiO,
suspension (107, 10, 105, 10 mg/ml) with the size of nanoparticles of (1-3) nm, there
was an impairment of ratio of the velocities of contraction-relaxation of SMS induced by
high potassium Krebs solution that was accompanied by its increase, and at TiO, concen-
tration of 10* mg/ml, this parameter exceeded the control more than two-fold (Fig. 7). As
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stated above, at the effect of TiO, suspension with the size of nanoparticles of (4—8) nm
and (21 = 5) nm (concentrations of 107, 10, 10 mg/ml), this ratio remained in a range
of the control, whereas there was a decrease in this parameter in TiO, concentration of
10* mg/ml with the size of (21+£5) nm compared to the control (64.9 + 5.4)%, n = 10,
p <0.05.

A 1 2 5mN B 5mN

2.5min 2.5min

ey o WW i

1 2
C 5mN D 5mN
2.5 min 1 2 2.5 min
/ c
2
E 1 5mN
2.5 min
 faony

Fig. 5. The contractions of circular stomach smooth muscles of rats antrum, induced by high potassium
Krebs solution (80 mM) (7) and acetylcholine (10-° M) (2) in the control (A) and at the cumulative effect
(B, C, D, E) of TiO, suspension (TiO,) with the size of nanoparticles of (1-3) nm in the following con-
centrations: 107, 10, 10 and 10 mg/ml. Time of TiO, application in each concentration was 30 min

Puc. 5. Buknukani rinepkaniesum (80 mM) poszumHom Kpebcea (1) Ta auetunxoniHom (10° M) (2) ckopodeHHst
KiNbLEBUX rMageHbKNX M'si3iB aHTpanbHOro BiAAiny LWyHKa WwypiB y KOHTponi (A) Ta 3a KyMynsaTUBHOI
aii (B, C, D, E) cycneHsii giokcuay tutany (TiO,) 3 po3amipomM HaHO4aCTMHOK (1—3) HM Y KOHLIEHTpaLisix
BignosigHo: 107, 106, 10° Ta 10 mr/mn. Yac annikauii TiO, y KOXHiii 3 KOHUEHTpauili ctaHoBuB 30 XB
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The histograms of changes in the kinetic analysis parameters for the normalized maximal velocity
(V,,.) of the contractions of circular stomach smooth muscles (SM) induced by high potassium (80 mM)
Krebs solution at the cumulative effect of TiO, suspension with the sizes of nanoparticles of (21 + 5) nm
(A1); A2 — normalized maximal velocity of relaxation (V,,). B1 — the histograms of changes in V, of
SM contraction induced by acetylcholine (10 M) at the cumulative effect of TiO, suspension with the
abovementioned sizes of nanoparticles; B2 — normalized maximal velocities of relaxation. A value of
the kinetic analysis parameters in the control was accepted as 100 %. * — p < 0.05. The Figure pres-
ents the concentrations of TiO, suspension in mg/ml. Time of TiO, application in each concentration
was 30 min

[icTorpamu 3miH napameTpiB KIHETUYHOTO aHanisy HOPMOBaHO| MakcMmanbHoi WweunakocTi (V,), cnpu-
YnHeHoro rinepkaniesum (80 MM) posunHoM Kpebca ckopoyeHHs KinbLeBux rmageHbknx m'ssis (M)
LUNYyHKa 3a KyMynATUBHOI Aii cycnersii giokenay tutany (TiO,) 3 po3amMipomM HaHOYaCTUHOK (21 £ 5) HM
(A1); A2 — HopmoOBaHa MakcuMarnbHa LWBWAKICTb poscnabnenHs (V). B1 — rictorpamu 3miH V., 3y-
moBreHoro aueTunxoniHom (10-° M) ckopodeHHst M 3a kymynsTuBHOI Aii cycnensii TiO, 3 3as3HaveHuM
BYLLE PO3MIPOM HaHOYaCTUMHOK; B2 — HoOpMoBaHi MakcMMarnbHi LWBUAKOCTI po3cnabneHHs. 3a 100 %
NPUAHSTO 3HAYEHHSI MapaMeTpiB KIHETUYHOrO aHanidy B KoHTpori. * — p < 0,05. Ha pucyHky HaBegeHo

KoHUeHTpauii cycnensii TiO, y mr/mn. Yac annikauii TiO, y KoXHi 3 koHUeHTpauiin ctaHosus 30 xB
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It is known [3, 8] that the parasympathetic control of the contractive activity of
smooth muscles occurs with an involvement of the acetylcholine, the excitation neuro-
mediator. Taking the abovementioned into consideration, the contraction of prepara-
tions of circular smooth muscles of antrum activated by acetylcholine, the agonist of
muscarinic cholinoreceptors in the concentration of 10-5 M was registered in the work. It
was established (Fig. 4) that in the control an averaged value of the phase component
of acetylcholine-induced contraction of SMS was (14 + 1.2) mN and its ratio to the tonic
component — (1.25 + 0.05), n = 10. Here the estimated normalized maximal velocity of
the contraction phase was (7.65 £ 0.6) min”', n = 10 whereas the normalized maximal
velocity of the relaxation phase was (2.13 + 0.2) min™. In the next experiment, the cu-
mulative effect of TiO, suspension with the size of nanoparticles of (4—8) nm was stud-
ied in concentrations of 107, 10%, 105and 10* mg/ml. Time of TiO, application in each
concentration was 30 min. It is known [3, 20] that the phase component of contractions,
induced by acetylcholine in stomach smooth muscles is formed both due to the increase
in the basal level of intracellular concentration of calcium ions that enter smooth musc-
les of the intestines via the potential-regulated calcium channels of the plasmatic mem-
brane, and due to a release of these cations from the intracellular stores of their storing,
as well as due to the involvement of Ca?*-independent processes of the phosphorylation
of the myosin light chains. In our experiments, phase component of the AC-induced
contraction at the effect of TiO, was in the range of control values for this parameter, but
the ratio of the phase component of the contraction to its tonic component changed. As
stated above, in control, this ratio was (1.25 + 0.05), whereas in the presence of TiO,,
a decrease in the tonic component of the contraction ((103.3 + 6.1) %; (83.3% 5.7) %;
(70.5 + 3.8) %; (63.1 £ 4.4) %, n = 10) induced by acetylcholine, led to its increase:
(1.46 £ 0.04); (1.57 £ 0.03); (1.65 + 0.05); (1.63 £ 0.03), n = 10, p < 0.05 that, in these
conditions, may be caused by the modulation of the mechanisms of decreasing the in-
tracellular concentration of Ca2* down to their basal level in smooth muscle cells by this
nanosized material. The estimation of the kinetic parameters demonstrated that the
normalized maximal velocity of AC-induced contractions of smooth muscles increased
more than 1.5-fold compared to the control, the value of which, depending on the con-
centrations of titanium dioxide, was as follows: (174.9 + 15.7) %; (173.4 £ 14) %; (174.9
1+ 15) %; (190.9 £ 17.1) %, n = 10, p < 0.05. One can assume that this increase in the
velocity of contractions occurs at the link of transmitting the signal of the agonist acetyl-
choline: cholinoreceptor — inositol triphosphate (IP,) — release of Ca?* ions from IP3 —
a sensitive store of the sarcoplasmic reticulum (SR). As for the link of transmitting the
signal of the same agonist: cholinoreceptor — membrane depolarization — activation of
potential-regulated calcium channels of the plasmatic membrane of smooth muscles of
intestines — the release of extracellular calcium ions — Ca?*-induced release of Ca?* from
the rianodine-sensitive store SR [3, 8], thus, as demonstrated above in the studies of
the changes of the high potassium contraction at the effect of TiO,, a signal of the ago-
nist is inhibited rather than accelerated in this area. There was an insignificant decrease
in the normalized maximal velocity of relaxation for acetylcholine-induced contractions
in the experiments: (99.2 + 15.7) %, n = 10, p < 0.05; (85.1 £ 5.2) %; (84 £ 5) %; (90 *
7.1) %, n =10, p < 0.05. Calculations of the ratio of the normalized maximal velocities
of contractions and relaxations of smooth muscles induced by acetylcholine at the effect
of TiO, suspension with the size of nanoparticles of (4—8) nm in the abovementioned
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concentrations, demonstrated that its value increased in the range of the investigated
concentrations and exceeded the control almost twice at 10* mg/ml concentration of
this material (Fig. 7).

260
240l == TiO, (4-8) nm *
== TiO, (1-3) nm

220 - * }
® 200 /
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= 180 I
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~ 160
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Fig. 7. A chart of the dependency of the averaged value of the V, to V, ratio of the contractions of circular
smooth muscles induced by acetylcholine (10-° M) (7) and high potassium Krebs solution (80 mM) (2)
on the concentration of TiO, as a nanosized material: 107, 10, 10° and 10 mg/ml. V, V,, — the ve-
locities of contractions and relaxations, respectively

Puc. 7. Mpadik 3anexHoCTi ycepeaHeHOro 3Ha4eHHs BigHOWeHHs V[0 V, CKOpOYeHb KinbLEeBUX rnageHb-
KMX M'13iB, BUKIMKaHWUX auetunxoniHom (10-° M) (1) Ta rinepkaniesum (80 MM) posunHom Kpebcea (2)
Bifl KOHLIEHTpaLii HaHopo3mipHoro matepiany giokeugy TutaHy: 107, 10, 10%i 10 mr/mn. V., V,, —
LUIBUAKOCTI CKOPOYEHHS Ta po3cnabneHHsi, BianosigHO

The next series of experiments was aimed at investigating the cumulative effect of
TiO, suspension with the sizes of nanoparticles of (1-3) nm on the contraction of smooth
muscle stripes of rats antrum induced by the acetylcholine in the concentration of 10
M. It was established (Fig. 4, 5) that, compared to the control (accepted as 100 %), the
effect of TiO, in the concentrations of 107 and 10 mg/ml led to an increase in the am-
plitude of contractions, the value of which was as follows: (132.1 £ 8.4) %, (127.8 £ 7.2) %;
n =10, p < 0.05, whereas in higher concentrations, nanoscale material did not cause
statistically significant changes in this parameter: (103.2 £ 7.7) %, n = 10, p < 0.05, at
the concentration of 10®° mg/ml; and (89.9 + 8.3) %, n = 10, p < 0.05, at the concent-
ration of 10 mg/ml. Calculations of a value of the normalized maximal velocity of con-
tractions and relaxations of SMS demonstrated that at the TiO, concentrations of 107,
10% mg/ml, an increase in the contraction amplitude occurred not only compared to the
control but also to V,: (125.9 £ 11.4)% and (135.0 £ 10.0) %, n =10, p<0.05and V,:
(152.4 £ 11.2) % and (150.0 £ 12.1) %, n = 10, p < 0.05. There were no statistically
significant changes in normalized maximal velocity of contractions at the effect of TiO,
in the concentration of 10 mg/ml compared to the control ((103.3 £ 4.8) %, n = 10,
p > 0.05), whereas the velocity of relaxation increased, amounting to (119.2 + 9.8)%,
n =10, p <0.05. Increase in V. and V,, of acetylcholine-induced contractions occurred
at the concentration of TiO, of 10 mg/ml: (128.3 £7.9) %, n =10, p<0.05and (128.1 +
7.9) %, n = 10, p < 0.05, respectively. Calculations of the ratio of the normalized

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriyHi Ctyaii / Studia Biologica e 2019 e Tom 13/Ne1 e C. 3-26



18 O. V. Tsymbalyuk, A. M. Naumenko, T. L. Davydovska

maximal velocities of contractions and relaxations of smooth muscles induced by ace-
tylcholine at the effect of TiO, suspension (107, 10, 10%, 10* mg/ml) with the size of
nanoparticles of (4—8) nm in the abovementioned concentrations demonstrated that its
value was in a control range. This ratio of velocities at the effect of titanium dioxide sus-
pension with the size of nanoparticles of (21 + 5) nm remained in a control range (Fig. 6).
In all the conditions of experiments, the level of muscle tone remained unchanged.

Further on, the molecular docking of the nanosized TiO, to the extracellular part
of the muscarinic choline M2 type receptor was conducted. According to the results of
literature [2, 13], the structure of a non-activated choline M2 type receptor has a large
groove located towards the extracellular space that hosts the site to the allosteric mod-
ulator. This groove in the receptor structure is located immediately above the ortho-
steric site of binding the agonist. When the M2 type receptor is activated due to the turn
of its TM6 helix, the edges of the groove come close. The movement of TM6 helix en-
sures the structural bond between three regions of this receptor: the extracellular
groove, the orthosteric pocket and the intracellular surface. The structural bond of these
three regions demonstrates that the allosteric modulators affect the affinity of the recep-
tor to orthosteric ligands and may directly activate G-proteins as allosteric agonists.
It was demonstrated for the muscarinic acetylcholine M2 receptor [19] that its positive
allosteric modulator LY2119620 was capable of activating this receptor directly, albeit
with lower efficiency compared to, for instance, the orthosteric agonist, the ipexoro.
A site of binding ipexoro consists of non-polar (Trp400), polar uncharged (Tyr104,
Tyrd03, Asn404, Tyrd26, Cys429) and polar charged (Asp103) amino acid residues in the
ratio of 0.14:0.71:0.14 and the corresponding distribution of Gibbs free energy (kJ/mol):
(-0.45); (-0.85); (-0.15). It was calculated via changes in temperature of the helix-coil
transition while injecting a specific amino acid into a standard amino acid sequence of
the peptide, and was used as a measure of the capability of different amino acids to
form a helix [24]. The amino acid composition of binding site for allosteric modulator
LY2119620 includes: non-polar Trp422), polar uncharged (Tyr80, Tyr83, Tyr177, Asn410,
Asn419, Tyr426), polar charged (Glu172) amino acid residues (Fig. 8) in the following
ratios: 0.125:0.75:0.125 and the corresponding distribution of Gibbs free energy (kJ/mol):
(-0.45); (-0.9); (-0.27). Taking the abovementioned into consideration, it was interesting
to find out the composition of the binding sites for TiO, nanoparticle and acetylcholine in
structure of the muscarinic choline M2 type receptor with a purpose of determining their
functional relevance, to compare them against the already determined and abovemen-
tioned binding sites for the orthosteric agonist ipexoro and the allosteric modulator
LY2119620 and this receptor.

The amino acid composition and environment of the acetylcholine binding site
(Fig. 9) with the highest binding affinity includes the following amino acid residues:
Asp103, Tyr104, Ser107, Asn108, Trp155, Ala194, Trp400, Tyr403, Asn404, Cys429,
Tyr430. The Geometric shape complementarity score (Score) of this site was 3648,
the Approximate interface area (Area) complex was 384.20 A?, the Atomic Contact en-
ergy (ACE) [39] was (-132.89). Among amino acids of the site the nonpolar (Trp155,
Ala194, Trp400), polar uncharged (Tyr104, Ser107, Asn108, Tyr403, Asn404, Cys429,
Tyr430) and polar charged amino acids residues (Asp103) are in the ratio of
0.27:0.64:0.09, and the corresponding distribution of the Gibbs free energy (kJ/mol)
is (-1.67); (-1.31); (-0.15).
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Fig. 8. The site of binding the allosteric modulator
LY2119620 of the muscarinic acetylcholine
M2 type receptor [19]

Puc. 8. Cawt 3B’s13yBaHHS anoCcTepMYHOrO Moayssi-
Topa LY2119620 MyckapnHOBOrO aueTunxo-
niHoBoro peuenTtopa M2 tuny [19]

Fig. 9. The acetylcholine (PubChem CID: 187) bin-
ding to the M2 type muscarinic acetylcholine
receptor (Score = 3648, Area = 384.20 A2,

ACE =-132.89)

Puc. 9. Cant 3B’A3yBaHHs aroHicta aueTuixoniHy > ——
(PubChem CID: 187) 3 MyckapuHOBUM 1 (& oonor oy
aueTunxoniHoBuMm peuentopom M2  Tuny W SWand
(Score = 3648, Area = 38420 A2
ACE =-132.89) Acceptor L

According to the results of calculations of PatchDock web-server, the amino acid
composition and environment of the binding site for TiO,, which demonstrated the high-
est affinity of binding (Fig. 10), included the following amino acid residues: Lys19, Thr20,
Glu22, Val23, lle26, Tyr83, Thr84, lle86, Gly87, Tyr88, Glu172, Asp173, Gly174, Glu175,
Asn419, Thr420, and Thr423. For this site the Geometric shape complementarity score
(Score) had a value of 7538, and the Approximate interface area (Area) for complex of
the muscarinic acetylcholine M2 type receptor and TiO, nanoparticle was 955.40 A?, the
Atomic Contact energy (ACE) was (- 53.46).

It was established that a site of binding the TiO, nanoparticle to the muscarinic ace-
tylcholine M2 type receptor forms four groups of consecutively located amino acid resi-
dues. The first group of amino acids includes Lys19, Thr20, Glu22, Val23, lle26; the sec-
ond group of amino acids includes Tyr83, Thr84, 11e86, Gly87, Tyr88; the third group of
amino acids includes Glu172, Asp173, Gly174, Glu175; the fourth group of amino acids
includes Asn419, Thr420, Thr423. The distances between these groups are 57, 84 and
244 amino acid residues, respectively. Among amino acids of the site are non-polar amino
acid residues (Val23, lle26, 1le86, Gly87, Gly174), polar uncharged (Thr20, Tyr83, Thr84,
Tyr88, Asn419, Thr420, Thr423), polar charged (Lys19, Glu22, Glu172, Asp173, Glu175)
residues, that are in the ratios of 0.29:0.41:0.29 and the corresponding distribution of
Gibbs free energy (kJ/mol) is (-0.73); (-0.6); (-1.61). The amino acid residues with nega-
tively charged radicals prevail among the polar charged amino acids in this site.
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Fig. 10. Asite of binding the TiO, nanoparticle to the muscarinic acetylcholine M2 type receptor (Score = 7538,
Area = 955.40, ACE = - 53.46)

Puc. 10. Cant 3s’a3yBaHHA HaHo4acTUHkM TiO, 3 MyCKapuMHOBMM aLETUNXOMNiHOBUM peuenTopom M2 tuny
(Score = 7538, Area = 955.40, ACE = - 53.46)

The comparison of the binding site for nanosized TiO, against the binding site for
the allosteric modulator LY2119620, the orthosteric agonist ipexoro to the muscarinic
choline M2 type receptor demonstrates that their structure is built according to the same
principles, namely, a share of the non-polar amino acid residues in each of these sites
corresponds to the share of polar charged amino acid residues. In terms of the total
Gibbs energy for amino acid residues of the abovementioned binding sites, a site of
binding TiO, to the cholinoreceptor becomes the most relevant one. The analysis of the
amino acid composition of binding sites for each of the abovementioned substances
demonstrates that polar uncharged amino acid residues Tyr83 and Asn419, as well as
polar amino acid residue Glu172 are involved in sites of binding a TiO, nanoparticle to
the allosteric modulator LY2119620. As stated above, the latter affects the affinity of the
receptor to the orthosteric ligands and may directly activate G-proteins as allosteric
agonists. At the same time, the modulation of the binding site for the allosteric modulator
with nanosized TiO, due to the formation of bonds with amino acid residues, common
for both sites, is likely to become a reason of the impairment of the coordinated regula-
tion of conformational transformations in structure of the cholinoreceptor, induced by
LY2119620 leading to an impairment of its function. A structure of the acetylcholine bind-
ing site with the muscarinic M2 receptor, in contrast to the structure of the binding sites
of the TiO, nanoparticle, the alosteric modulator LY2119620 and the orthosteric agonist
ipexoro, is constructed according to another principle. There is no clear correlation be-
tween nonpolar and polar charged amino acid residues. Also, the binding sites of TiO,
and the acetylcholine do not contain common amino acid residues of the binding.

A molecular docking of the acetylcholine to na extracellular part of the muscarinic
M3 cholinoreceptor using the PatchDock web server showed that the binding site and
its environment include the following amino acid residues: Asp147, Tyr148, Ser151,
Asn152, Ala238, Trp503, Tyr506, Tyr529, Cys532 (Fig. 11). The Geometric complemen-
tarity Score for this site was 3104, the Approximate interface area for the complex of
muscarinic M3 acetylcholine receptor and acetylcholine was 336.70 A2, and the Atomic
Contact Energy ACE was (-117.62).
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Fig. 11. The binding site of the acetylcholine (PubChem CID: 187) to the M3 type muscarinic acetylcholine
receptor (Score = 3104, Area = 336.70 A2, ACE = -117.62)

Puc. 11. Cant 3B’A3yBaHHS aroHicTa auetunxoniHy (PubChem CID: 187) 3 MyckapMHOBUM aLETUNXOMNIHOBUM
peuentopom M3 Tuny (Score = 3104, Area = 336.70 A2, ACE = -117.62)

Among the amino acids of the site are nonpolar (Ala238, Trp503), polar uncharged
(Tyr148, Ser151, Asn152, Tyr506, Tyr529, Cys532) and polar charged (Asp147) amino
acid residues. They are in the ratios of 0.22:0.67:0.11 and corresponding a distribution
of the Gibbs free energy (kd/mol): (-1.22); (-1.2); (-0.15).

The amino acid composition and environment of the TiO, binding site with the M3
muscarinic acetylcholine receptor that showed the highest binding affinity (Fig.12), in-
cludes such amino acid residues as: Tyr127, lle128, Met130, Asn131, Tyr148, Glu219,
Phe221, Leu225, Ser226 , Glu227, Pro228, Thr231, Tyr506, Asn513, Asp517, Lys522,
Trp525, Asn526, Tyr529. The Geometric shape complementarity score for this site was
acquired a value of 9284, the Approximate interface area of the receptor complex and
nanoparticle was 1368.10 A2, Atomic Contact energy was (260.01).

Fig. 12. A site of binding the TiO, nanoparticle to the muscarinic acetylcholine M3 type receptor (Score =
9284, Area = 1368.10 A2, ACE = 260.01)

Puc. 12. CainT 3B’A3yBaHHsi HAHOYaCTUHKN AIOKCUAY TUTaHy 3 MYCKapUHOBUM aLETWUIXOMiHOBUM peLenTo-
pom M3 tuny (Score = 9284, Area = 1368,10 A2, ACE = 260,01)

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriyHi Ctyaii / Studia Biologica e 2019 e Tom 13/Ne1 e C. 3-26



22 O. V. Tsymbalyuk, A. M. Naumenko, T. L. Davydovska

It was established that a binding site of the TiO, nanoparticle to the muscarinic
acetylcholine M3 type receptor, in contrast to the M2 type receptor, forms not four, but
three groups of consecutively located amino acid residues. The first group of amino
acids includes Tyr127, 11e128, Met130, Asn131; the second group of amino acids in-
cludes Glu219, Phe221, Leu225, Ser226, Glu227, Pro228, Thr231; the third group of
amino acids includes Asn513, Asp517, Lys522, Trp525, Asn526, Tyr529; and two amino
acid residues not belonging to the group includes Tyr148, Tyr506. The distances be-
tween them are 88 and 282 amino acid residues, respectively. Among the amino acids
of the site are non-polar amino acid residues (lle128, Met130, Phe221, Leu225, Pro228,
Trp525), polar uncharged (Tyr127, Asn131, Tyr148, Ser226, Thr231, Tyr506, Asn513,
Asn526, Tyr529), polar charged (Glu219, Glu227, Asp517, Lys522) residues that are
in the ratios of 0,32:0,47:0,21 and the corresponding distribution of Gibbs free energy
(kd/mol) is (0,79); (-1,43); (-1,34).

Comparison of the binding sites of the nanosized TiO, and the acetylcholine with
the muscarinic M3 type receptor has shown that the polar uncharged amino acid resi-
dues such as Tyr148, Tyr506 and Tyr529 are included into the binding sites both TiO,
nanoparticle and acetylcholine.

Therefore, the results of studies on the spontaneous contractive activity of circular
stomach SM of rats antrum conducted using a tenzometric method demonstrated that
TiO, suspensions with sizes of the nanoparticles of (4-8) nm and (1-3) nm change the
structure of its contractive cycles. In a final result, there is a decrease in the total effi-
ciency of the contractions-relaxations of muscle preparations compared to the control
(which is proven by the decrease in MU and AU indices) with a better expressed inhibit-
ing impact at the effect of TiO, of (4-8) nm. There were also changes in the kinetic
parameters of high potassium contraction of smooth muscles at the effect of TiO,:
a decrease in the velocity of contractions occurs at the effect of TiO, suspension with
a size of nanoparticles of (4-8) nm, whereas the application of TiO, suspension with
the size of nanoparticles of (1-3) nm leads to their increase compared to the control.
Calculations of the ratio of velocities of the contractions-relaxations of SM at the effect
of TiO, (4—8) nm demonstrated that this parameter remained in a range of the control.
In these conditions, an impairment of the coordination processes between V  and V,,
occurred at the effect of TiO, suspension with a size of nanoparticles of (1-3) nm. TiO,
((4-8) nm and (1-3) nm) also had a modulating effect on the cholinergic excitation of
smooth muscles, accompanied with an increase in the normalized maximal velocity of
their contraction, induced by acetylcholine: the ratio of velocities of contractions-relaxa-
tions remained in the range of the control at the effect of TiO, suspension (1-3) nm,
whereas its considerable increase compared to a control occurred at the effect of this
nanosized material of (4—8) nm. In all the conditions of experiments the level of muscle
tone remained unchanged. The molecular docking of TiO, nanoparticle to the extracellular
part of a muscarinic choline M2 type receptor demonstrated a possibility of forming the
bonds with some amino acids of the site of its allosteric modulator that impacts an affinity
of this receptor to the orthosteric ligands. The acetylcholine and TiO, do not compete for
binding sites that may be related, firstly, to a fact that TiO, cannot penetrate to the acetyl-
choline binding site due to a discrepancy between sizes of the nanoparticle and the ace-
tylcholine binding site (the dimensions of the TiO, nanoparticle are (18.925x3.785x19.028)
A%, whereas acetylcholine is (7.214x2.485)A), and secondly, TiO, can block the entry of
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the agonist into its binding site. Concerning the muscarinic M3 type cholinergic receptor,
there may be competitive relationships between TiO, and acetylcholine for binding wi-
thin the site boundaries.
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BMJINB HAHO-TiO, HA ®YHKLIOHYBAHHA MAOEHbKUX M’A31B LLJTYHKA:
AOOCNIMXEHHSA IN VITRO TA IN SILICO

O. B. Humb6aniok, A. M. HaymeHko, T. J1. Jasudoecbka

IHemumym sucokux mexHonoeiti, Kuiscbkull HauyjoHanbHUl yHisepcumem iMeHi Tapaca LllegyeHka
npocn. Akadewmika lnywkosa, 4, Kuie 03022, YkpaiHa

e-mail: otsymbal@bigmir.net

HaHoposmipHi maTepianu, 3okpema, HaHo4dacTuHku TiO,, po3mipom meHwe 10 HM
€ cucTemMamu, WO MakTb HAAMMLLKOBY EHEpril0 Ta BUCOKY XiMiYHY aKTMBHICTb, @ HaHO-
YacTUHKM 6nmabko (1-3) HM npakTnyHo 6e3 eHeprii akTMBaUil BCTynatwoTb y peakuii
3 iHWXMK XIMIYHMMM CNOMyKaMW, LLO CIIPUYMHSIE YTBOPEHHS PEYOBUH i3 HOBMMM BiacTu-
BocTaAMU. EHeprito, siky 3anacatoTb Taki 06’ekTu, BU3Ha4YaloTb Hacamnepes HECKOMMEH-
COBaHICTIO 3B’s13KiB MOBEPXHEBWX | MPUMNOBEPXHEBUX aTOMIB, LLIO € MPUYNHOK BUHUKHEH-
Hs1 NOBEPXHEBUX ABMILL. Y 3B’A3KY 3 LM Hamu Byno 34iicHeHO OOCNIMKEHHs in vitro Ta
in silico pii HaHo-TiO, 3 po3MipomM HaHO4YacTUHOK (1-3) HM Ta (4—8) HM Ha (YHKLiOHY-
BaHHSA rmageHbknx M'a3iB LUNyHKa LLYpiB.

TeH30MEeTPUYHUM METOOOM B i30METPUYHOMY PEXUMI BCTAHOBMEHO, LLO CYCMNeH3ii
TiO, 3 po3amipamun HaHo4YacTUHOK (4—8) Ta (1—3) HM 3MiHIOTb CTPYKTYPY CKOPOYYBarib-
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HUX LMKMIB CMOHTAaHHUX CKOPOYEHb KiNbLEBUX IMaAeHbKUX M'A3iB aHTpanbHOro Bigainy
LUMNYHKa LWYPIB 3i 3HWKEHHAM iXHbOI CyMapHOI €eKTUBHOCTI (3MEHLLEHHSAM CKOPOTIN-
BUX iHOekciB MoHTeBiaeo Ta OnekcaHApINCbKNMX OaUHMLB). 3a TakMX YMOB 3MIHIOHOTLCS
TaKOX KIHETUYHI NapameTpu rinepkanieBol KOHTPaKTypU Ta CKOPOYEHb, iHOYKOBaHUX Me-
AiaTopoOM aLEeTUNXONIHOBMX PeLenTopiB MageHbKNX M'A3iB — aueTUIXOmiHOM 3 nopy-
LLIEHHSAAM MPOLECIB Y3rOMKEHHSA MiXK LUBMAKICTIO CKOPOYEHHS Ta po3cnabreHHs GinbLu Bu-
pakeHux 3a gii giokenay TUTaHy y nepiomMy Bunagky (1-3) Hm, a 'y gpyromy — (4—8) Hwm.
MpoBegeHUM MOMEKynApHUM OOKIHFOM HaHo4YacTuHKM TiO, 3 eKCcTpauentonsapHO Yac-
TUHOK MYCKapMHOBOIO XoniHopeLlenTtopa M2 Tuny BCTaHOBNEHO MOXIIMBICTb YTBOPEH-
HS 3B’SI3KIB 3 MEBHMMW aMiHOKUCITIOTaMKN CalTy MOro arnoCTEPUYHOro MOAYMSATOpa, Lo
BM/IMBAE Ha CMOPIAHEHICTb LibOro peuentopa 4o OPTOCTEPUYHMX firaHaiB. 3a CBOIM ami-
HOKMCIOTHMM CKnagoMm canT 3B’a3yBaHHs TiO, He KOHKYpY€E 3a MiCLsi 3B’A3yBaHHSA Mefi-
aTopa uboro Tuny peuenTopis auetunxoniHy. [lokiHrom TiO, 3 MyckapyHOBUM XoniHOpe-
uentopoM M3 Tuny BUABMEHO, LLO HasAABHI CMiflbHi aMiHOKMCIOTHI 3anuLLKK 9K A9 Ha-
HOYACTVHKM, TaK i ANS aueTUNXOMiHy, 3 SKUMW YTBOPHOKOTLCS 3B’A3KN Y OPTOCTEPUHHOMY
cawTi 3B’A3yBaHHS. Lle goBoaMTb Npo Te, WO B LIbOMY CalTi 3B’A3yBaHHS MOXYTb MaTuh
MiCLie KOHKYPEHTHi BiOHOCUHM 3a MicLS 3B’SI3yBaHHA OiOKCMAY TUTaHy W aueTUIXoniHy
B MeXax cauTy.

Knroyoei crioea: TEH30METPUYHWUIA METOL, KiNbLEBI MaaeHbki M'A3n, giokeua Tu-

TaHy, MOMEKYNAPHUIN OOKIHT, MYCKapWHOBI aLeTUXOoniHOBI pe-
uenTopu

OpepxaHo: 13.04.2019

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriyHi Ctyaii / Studia Biologica e 2019 e Tom 13/Ne1 e C. 3-26



