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The enzymatic and kinetic analyses were used to demonstrate that 5,11,17,23-tetra(trifluoro)
methyl(phenylsulfonylimino)methylamino-25,27-dihexyloxy-26,28-dihydroxythiacalix[4]arene C-1087 effecti-
vely inhibited the Ca**,Mg?*-ATPase activity of the rat myometrium cells plasma membrane (I, ;= 9.4+ 0.6 uM)
with no effect on the relative activity of other membrane ATPases. With the use of confocal microscopy and
Ca?*-sensitive fluorescent probe fluo-4, it was shown that the application of thiacalix[4]arene C-1087 to the
immobilized uterus myocytes increased the cytosolic concentration of Ca**. Tenzometric studies of rat uterus
smooth muscles with the subsequent mechanokinetic analysis revealed that thiacalix[4]arene C-1087 conside-
rably decreased the maximal velocity of the relaxation of both spontaneous contractile response and contrac-

tion induced by hyperpotassium solution.

Keywords: plasma membrane Ca**,Mg**-ATPase, cytosolic Ca*", smooth muscle cell, myometrium, con-
traction-relaxation mechanokinetics, thiacalix[4]arene.

C alcium ions (Ca?") are vital for the implemen-
tation of a broad spectrum of cellular func-
tions. To realize the processes of smooth
muscle (SM) contraction/relaxation, including myo-
metrium, it is necessary for the level of cytoplasmic
Ca?* in the myoplasm to change dynamically and
reversibly in the concentration range from approxi-
mately 100 nM (the state of dormancy, relaxation
of mechanic tension) to 1 uM (contraction) [1, 2].
Ca?* penetrates SM myocytes from the extracellular
space via the plasma membrane (PM) using different
calcium channels or is released from the intracellular
Ca?* depots due to its passive transportation by the
chemical gradient.

The main systems of energy-dependent re-
moval of Ca?* from the cytosol are calcium pumps
of PM and sarcoplasmic reticulum (SR), Na*/Ca?-

exchanger of PM, and Ca?"-uniporter of mitochon-
dria [3-5].

A relevant PM structure regulating the ba-
sal tone and contractility of the myometrium is a
calcium pump (Mg#-ATP-dependent calcium pump)
[6]. Four isoforms of this enzyme are expressed in
the organism of humans and higher vertebrates and
form about 30 additional kinds due to alternative
splicing. Two isoforms of the calcium pump in the
plasma membrane are expressed in non-pregnant
myometrium: 1 (splice-variant b) and 4 (splice-
variants a and b) [7, 8].

At present, there is a clear understanding of
the fact that the calcium pump is one of the key
structures in PM which plays a Ca?'-transporting
and signaling role in the cells, the disruption in the
functioning of which is related to the development
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of many pathologies (including arterial hyperten-
sion and myocardial hypertrophy, nervous disorders,
male sterility, etc.). It demonstrates the powerful
potential of the PM calcium pump; however, there
are no satisfactory pharmacological means with the
targeted effect on this enzyme [9-12]. Thus, there is
an urgent need to develop, synthesize and study the
biological effects of substances with the targeted ef-
fect on the PM calcium pump.

The disorder in the contractile myometri-
um function in women often becomes a cause for
various pathologies: slow labor, spontaneous abor-
tions, early labor, miscarriages, atony, hypo- and
hypertonicity of the uterus [13, 14]. Usually, these
pathologies are caused by disorders in the function-
ing of membrane-related systems of cation transfer.
Thus, it would be advantageous to search for sub-
stances capable of modifying the contractile func-
tion of the myometrium in the case of the mentioned
pathological states.

Calix[n]arenes — are nano-sized cup-shaped
macrocyclic compounds [15, 16]. They are actively
studied as nanovectors for targeted API delivery,
enzymes modulators, molecular platforms for the
design of bio-active compounds etc [17-20], due to
the practically unlimited possibilities of chemical
modification with various functional groups, regula-
tion of the hydrophilic-hydrophobic balance of the
molecule within wide ranges, low toxicity [21], lack
of immunogenicity [18, 21].

Our previous investigation of the effect of ca-
lixarenes on the energy-dependent transportation of
Ca ions via PM of SM cells demonstrated that some
of these substances might be inhibitors of the men-
tioned process [22].

This article presents a description of the regu-
larities of the inhibitory effect of thiacalix[4]arene
C-1087 on the PM calcium pump of the uterine
smooth muscle cells.

Materials and Methods

A. Synthesis and structure of thiacalixarenes

Schemes of the thiacalixarenes C-1087 and
C-1145 (model thiacalixarene platform) synthesis
(Fig. 1 and 2) are described in the section Results
and Discussions. NMR spectra were recorded on
Varian VXR 400 (400 MHz) spectrometer. *C NMR
spectra were recorded on Bruker Advance DRX 500
(125 MHz) spectrometer. Chemical shifts (3) are ex-
pressed in ppm and referred to the residual peak of
the solvent or TMS as an internal standard; coupling
constants (J) are in Hz.

5,11,17,23-tetranitro-25,27-dihexyloxi-26,28-
dihydroxythiacalixarene 2. To suspension of tetrani-
trothiacalixarene 1 (1.7 g, 2.51 mmol) and potassium
carbonate (2.75 g, 19.9 mmol) in DMF (25 ml) the
hexyliodide (4.15 g, 3 ml, 19.6 mmol) was added
under stirring. The reaction was stirred at 75°C for
48 h. The 1 M solution of sulfuric acid (30 ml) was
added after cooling. After 10-15 min light suspen-
sion was decanted off, the sticky residue was sus-
pended in chloroform (30 ml) and washed with 1 M
hydrochloric acid (30 ml), brine (30 ml) and evapo-
rated on rotor evaporator (15 mm Hg, 50°C). Dark-
yellow solid was washed with diethyl ether (20 ml)
and was filtrated. Obtained yellow crude thiacalixa-
rene 2 was purified by column chromatography
(SiO,, 40-60 pm, CHCI,-CH,OH, 100:1 by volume,
R, 0.5). Slightly yellow crystalline compound, yield
1.8 g (84.8%) M.P. 242-244°C. 'H NMR (399.98
MHz, CDCI,) &: 8.67 (s, 4H, ArH(OH)), 8.12 (s, 2H,
OH), 7.99 (s, 4H, ArH (OHexyl)), 4.39 (t, J = 6.86
Hz, 4H, O-CH,-CH,-CH,-(CH,),-CH,), 2.03 (m, 4H,
0-CH,-CH,-CH,~(CH,),-CH,), 1.58 (m, 4H, O-CH,-
CH,-CH,-(CH,),-CH,), 1.40 (m, 8H, O-CH,-CH,-
CH,-(CH,),-CH,), 0.93 (t, ] = 6.86 Hz, 6H, O-CH,-
CH,-CH,-(CH,),-CH,), ®C NMR (125.70 MHz,
CDCI,) &: 164.26, 162.87, 143.96, 140.19, 132.62,
131.69, 129.29, 121.89, 79.11, 31.45, 29.79, 25.28,
22.51, 14.02.
5,11,17,23-tetraamino-25,27-dihexyloxi-26,28-

dihydroxythiacalixarene 3. To the suspension of
tetranitrothiacalixarene 2 (1.3 g, 1.54 mmol) in
2-propanol (40 ml) the hydrazine hydrate (4 ml)
was added. Obtained reaction mass was heated un-
der stirring to full dissolution. To the obtained so-
lution the Raney nickel suspension (10% by weight
in water, 3 ml) was added. The reaction mass was
refluxed till its yellow color disappearance. In the
case of the end of gas evolution, the hydrazine hy-
drate (2 ml) was added and the reaction continued.
After cooling, reaction mixture was filtrated through
silica gel. Silica gel was washed by warm (40-50°C)
DMF (20 ml). Filtrate volumes were combined and
evaporated on rotor evaporator (15 mm Hg, 65°C).
A toluene (20 ml) was added to light brown oily
residue and resulted mixture was again evaporated
on rotor evaporator (15 mm Hg, 65°C). Tetraami-
nothiacalixarene 3 was dried in vacuum (12 mm
Hg, 80°C) for 4 h. Gray-green solid compound,
yield 0.92 g (82.6%) M.P. 205-208 °C. 1H NMR
(399.98 MHz, DMSO-d,) &: 7.06 (s, 2H, OH), 6.88 (s,
4H, ArH(OH)), 6.28 (s, 4H, ArH(OHexyl)), 4.71 (br.
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s 8H, NH,), 4.24 (br. t 4H, O-CH,-CH,-CH -(CH,),-
CH,), 1.82 (br. m 4H, O-CH,-CH,-CH,~(CH,) -CH,),
1.53 (br. m 4H, O-CH,-CH,-CH,-(CH,),-CH,), 1.35
(br. s 8H, O-CH,-CH,-CH,-(CH,),-CH,), 0.87 (br.
t 6H, O-CH,-CH,-CH,-(CH,),-CH,). “*C NMR
(125.70 MHz, DMSO-d,) 6: 148.88, 148.39, 145.63,
140.79, 128.15, 121.79, 121.77, 120.72, 74.99, 3117,
29.53, 25.08, 22.12, 13.98.
5,11,17,23-tetrakis-N-phenylsulfonyltrifluoro-
acetamidino-25,27-dihexyloxi-26,28-dihydroxythia-
calixarene C-1087. To suspension of tetraaminothia-
calixarene 3 (0.435 g, 0.6 mmol) and triethylamine
(0.265 g, 2.61 mmol) in THF (30 ml) a solution of
N-phenylsulfonyltrifluoroacetylimidoylchloride
[23] (0.815 g, 3 mmol) in THF (15 ml) was added
dropwise. The reaction mixture is stirred for 8 h at
70°C in bath. After cooling, a precipitate was filtered
off, the filtrate was evaporated on rotor evaporator
(15 mm Hg, 50°C). To residue light orange hard
foam ethanol (9 ml) and water (2 ml) were added.
Obtained precipitate was filtrated, dried in vacuum
(12 mm Hg) for 3 h, dissolved in hot benzene (5 ml)
and precipitated by heptanes (15 ml). Obtained solid
C-1087 was purified by column chromatography
(SiO,, 40-60 pm, CHCI,-CH,OH, 100:1 by volume,
R, 0.6). Pale-yellow solid compound, yield 0.24
g (24%) M.P. 185-187°C. *H NMR (400.13 MHz,
CD,OD) 6: 791 (s, 4H, ArH(OH)), 7.85 (d, J = 7.28
Hz, 4H SO,PhH-orto), 7.65 (t, J = 7.03 Hz, 4H
SO,PhH-meta), 7.54 (m, 12H, SO,PhH-para and
meta), 6.95-7.4 (br. s, 4H, ArH(OHexyl)), 4.37 (br.
t, 4H, O-CH,-CH,-CH,~(CH,),-CH,), 1.93 (m, 4H,
O-CH,-CH,-CH,~(CH,),-CH,), 1.60 (m, 4H, O-CH-
CH,-CH,-(CH,),-CH,), 1.41 (m, 8H, O-CH,-CH,-
CH,-(CH,),-CH,), 0.93 (t, J = 6.78 Hz, 6H, O-CH-
CH,-CH,-(CH,),-CH,). *F NMR (470.26 MHz,
DMSO-d,) 6: -65.55, -65.67. *C NMR (125.70 MHz,
DMSO-d,) : 163.81, 156.44, 142.75, 142.63, 132.58,
132.40, 129.18, 127.64, 125.93, 125.80, 120.76, 117.73,
115.45, 73.63, 31.38, 29.05, 24.81, 22.06, 13.90.
25,27-dihexyloxi-26,28-dihydroxythiacalix-
arene C-1145. To suspension of thiacalixarene 4
(0.495 g, 1 mmol) in THF (10 ml) triphenylphop-
shine (0.655 g, 2.5 mmol) and n-hexanol (1.02 g,
10 mmol) were added and resulting mixture was
stirred for 15 min. Then diethylazodicarboxylate
(DEAD 0.435 g, 2.5 mmol) was added dropwise.
The reaction mixture was stirred for 12 h at room
temperature. Light precipitate was filtered off and
filtrate was evaporated on rotor evaporator (15 mm
Hg, 50°C). Oily brown-orange residue was washed
by methanol (15 ml). Precipitate of crude C-1145 was

filtrated, dried on air and purified by column chro-
matography (SiO,, 40-60 um, Ethylacetate-Hexane,
4:1 by volume, R, 0.62). Colorless crystalline com-
pound, yield 0.51 g (77%) M.P. 202-204°C. *H NMR
(399.98 MHz, CDCI,) &: 7.61 (t, ] = 7.38 Hz, 4H,
ArH(OH)), 7.35 (s, 2H, OH), 6.82 (d, J = 7.77 Hz, 4H,
ArH(OHexyl)), 6.81 (t, J = 7.77 Hz, 2H, ArH(OH)),
6.48 (t, J = 7.77 Hz, 2H, ArH(OHexyl)), 4.35 (t,
J=6.86 Hz, 4H, O-CH,-CH,-CH,-(CH,),-CH,), 1.98
(m, 4H, O-CH,-CH,-CH2-(CH,),-CH,), 1.55 (br. m,
4H, O-CH,-CH,-CH,-(CH,),-CH,), 1.38 (br. s, 8H,
0-CH,-CH,-CH,-(CH,),-CH,), 0.91 (t, J = 6.86 Hz,
6H, O-CH,-CH,-CH,~(CH,),-CH,).

B. Biochemical studies

Preparative biochemistry. The PM fraction of
uterine SM cells was isolated from the porcine myo-
metrium as described before [24, 25].

The protein content in the membrane fraction
was determined by the method of M. Bradford [26]
using the reaction with Coomassie reagent — G250.

The myocytes were isolated from the uterus of
non-pregnant laboratory rats using collagenase and
soy inhibitor trypsin by Mollard’s method [27].

The work was conducted in accordance with
the Declaration of Helsinki (World Medical Assem-
bly, 1964), the International principles of the Euro-
pean Convention for the Protection of Vertebrate
Animals, Used for Experimental and Other Scien-
tific Purposes (Strasbourg, 1986), the Declaration of
Principles on Tolerance (28" UNESCO Assembly,
1995), the Universal Declaration on Bioethics and
Human Rights (UNO, 1997), the norms of the Con-
vention for the Protection of Human Rights, adopted
in 1997 due to the introduction of new biomedical
technologies, in Oviedo (Spain) and ratified by the
Verkhovna Rada of Ukraine in 2002, the Law of
Ukraine No. 3447 IV “On Protection of Animals
from Cruelty”.

Enzymological studies. The total ATPase
activity was determined in the PM fraction of myo-
metrium cells at 37°C in the standard medium (volu-
me — 0.4 ml), containing (mM): 3 ATP, 3 MgCl,, 0.95
CaCl,, 25 NaCl, 125 KCI, 1 EDTA, 20 Hepes-tris-
buffer (pH 7.4), 1 NaN,, 1 ouabain, 0.1 uM thapsigar-
gin, and 0.1 % digitonin. The calculations, made in
the MAXCHEL program, demonstrated that under
these physical, chemical, and concentration condi-
tions of the incubation medium, the concentration of
free Ca (proper Ca?*) was 1 uM. While studying the
impact of different concentrations of Ca ions on the
activity of Ca?*Mg?*-ATPase, the required concen-
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trations of the mentioned cation were also preset by
computerized estimates using the abovementioned
program. The amount of membrane fraction protein
in the probe was 20-30 pg. The incubation time was
5 min. The enzymatic reaction was initiated by the
introduction of the aliquot (50 pl) of PM suspension
to the incubation medium, and terminated by the in-
troduction of 1 ml of “stop”-solution to the incuba-
tion mixture as follows: 1.5 M acid sodium acetate,
3.7% formaldehyde, 14% ethanol, 5% TCA, pH 4.3
(at 8°C). The amount of Pi reaction product was de-
termined by the method of W. Rathbun et V. Betlach
[28].

Ca? Mg?-ATPase activity was estimated by
the difference between the values of ATPase activi-
ties in the presence and the absence of exogenous
Ca ions (against the background of 1 mM EDTA -
specific chelating agent for Ca ions) in the incubation
medium. In the sarcolemma of the porcine myome-
trium, the relative enzymatic activity of Ca*,Mg?*-
ATPase was 3.4 £ 0.3 pmol P/mg of protein per one
hour, respectively (M + m; n=17).

The basal Mg?"-ATPase activity was deter-
mined in the PM fraction of myometrium cells at
37°C in the medium (volume — 0.4 ml), containing
(mM): 1 ATP, 3 MgCl,, 125 NaCl, 25 KCI, 1 EDTA,
20 Hepes-tris-buffer (pH 7.4), 1 NaN,, 1 ouabain,
0.1 pM thapsigargin, and 0.1% digitonin. The “basal”
Mg?*-ATPase activity was estimated as a difference
between the amount of P,, which was formed in the
incubation medium in the presence and the absence
of PM fraction with the consideration of the amend-
ment for the content of endogenous P in the mem-
brane preparation.

Na*,K'-ATPase activity was determined in the
same medium and estimated by the difference be-
tween the values of ATPase activities in the absence
and presence of 1 mM ouabain.

In our experiments, the average value of rela-
tive activities of Na*,K'-ATPase and “basal” Mg?*-
ATPase of PM was 10.2 = 0.7 and 18.1 = 1.2 pmol
P./mg of protein per one hour, respectively (M = m;
n="7).

It should be noted that the PM of uterine myo-
cytes was found to also contain Ca*-ATPase, the
properties of which differed from Ca®",Mg?*-ATPase,
since its activity was manifested in the presence
of millimolar concentrations of Ca? and ATP in
the incubation medium against the background of
Mg ions [29, 30]. Ca*"-ATPase was of low affinity
to the activating cation, the constant of activation

with Caions (K. ) was 1 mM [30]. The low-affinity
Mg?#-independent Ca?*—ATPase activity was deter-
mined in the PM fraction of myometrium cells at
37°C in the medium (volume — 0.4 ml), containing
(mM): 1 ATP, 3 CaCl,, 125 NaCl, 25 KCI, 1 EDTA,
20 Hepes-tris-buffer (pH 7.4), 1 NaN,, 1 ouabain,
0.1 uM thapsigargin, and 0.1% digitonin. The men-
tioned Ca?*-ATPase activity was estimated as a dif-
ference between the amount of P, which was formed
in the incubation medium in the presence and the
absence of PM fraction with the consideration of the
amendment for the content of endogenous P, in the
membrane preparation. In the sarcolemma of the
porcine myometrium, the relative enzymatic activi-
ty of low-affinity Mg?*-independent Ca?*-ATPase of
PM was 12.7 = 2.0 umol P,/mg of protein per one
hour, respectively (M + m; n="17).

To determine ATPase activity in SR, the cell
suspension (the protein concentration — 20 pg in the
sample) was permeabilized by digitonin (0.1%). The
total ATPase activity was determined in the standard
medium (volume — 0.4 ml), containing (mM): 3 ATP,
3 MgCl,, 0.95 CaCl, , 25 NaCl, 125 KCI, 1 EDTA,
20 Hepes-tris-buffer (pH 7.4), 1 NaN,, 1 ouabain.
Ca?",Mg?*-ATPase activity in SR was estimated by
the difference between the values of ATPase activi-
ties in the presence and in the absence of 0.1 uM
thapsigargin in the incubation medium.

It was found in our experiments that in the sar-
colemma of the rat myometrium, the relative enzy-
matic activity of Ca?",Mg?"-ATPase was 2-3 umol
P./mg of protein per one hour.

In the experiments on the impact of different
concentrations of C-1087 (1-100 uM) on Ca?*,Mg?*-
ATPase activity, the above-described standard in-
cubation medium was used with the addition of the
aliquot of the solution of C-1087 in the relevant con-
centration. The experiments involved the use of the
concentrated (20 mM) solution of C-1087 in DMSO,
which was further diluted with water.

Determining the changes in the concentration
of intracellular Ca** with the addition of confocal
microscopy. To register the changes in the concentra-
tion of Ca?* in SM cells, the suspension of myocytes,
obtained by the modified method of Mollard [27, 31],
was loaded with Ca*'-sensitive probe fluo-4 AM at
room temperature for 20 min, then the cells were
precipitated by centrifugation for 15 min at 1,000 g,
diluted in the isotonic storage medium (containing
25 mM HEPES-KOH (pH=7.4; 8°C), 150 mM NaCl)
and applied to a glass surface with poly-L-lysine.
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The obtained preparation of the immobilized cells
was investigated with the laser scanning confocal
microscope LSM 510 “META”. For analysis, we se-
lected the spindle-shaped cells with a clearly defined
nucleus, stained with DNA-sensitive fluorescent
probe Hoechst, (applied 10 min before the registra-
tion). To register relative changes in the concentra-
tion of Ca?" in the cytoplasm, a series of consecutive
photographs was taken, during which the aliquot of
the C-1087 solution (in case of the probe) or C-1145
(in case of the control) was introduced in the concen-
tration of 20 puM (5 pl).

Kinetic estimates. While studying the concen-
tration dependence of the effect of thiacalix[4]arene
on the enzymatic activity, the values of inhibition co-
efficients /. and Hill coefficients n , were estimated
using the linearized charts of Hill according to the
equation Ig[(4,, —A4)/A] = -n lg/, . + n,lg[C-1087],
where 4 and A — relative enzymatic activities in
the absence (“zero point”) and the presence of thia-
calix[4]arene in the medium at the concentration of
[C-1087].

C. Tenzometric and mechanokinetic studies.

Tenzometric studies. The experiments were
conducted using outbred white rats (the average
weight of animals was 200-250 g). All the manipu-
lations with the animals were conducted according
to the International Convention for the Protection of
Animals and the Law of Ukraine “On Protection of
Animals from Cruelty”. The animals were killed by
the displacement of cervical vertebrae after the ad-
ministration of ether anesthesia.

The tenzometric experiments were conducted
using the preparations of longitudinal smooth mus-
cles of uterine horns with preserved endothelium.
Muscle stripes (the average size — 2x10 mm) were
placed into the working chamber (the volume of
2 ml) with the flowing Krebs solution (the flow rate
of 5 ml/min), and thermostated at 37°C. The con-
tractile activity was registered in the isometric and
isotonic modes. In the isometric registration mode,
the muscle preparation was subjected to passive ten-
sion at the rate of 10 mN; in the isotonic registration
mode, the free end of the muscle preparation was
loaded with 10 mN. In both cases, the preparation
was left for 1 h until stable reproduction of contrac-
tions was achieved. The signals were registered with
analogue-to-digital transformer.

The Krebs solution was used in the experi-
ments (mMM): 120.4 NaCl; 5.9 KCI; 15.5 NaHCO,; 1.2
NaH,PO,; 1.2 MgCl,; 2.5 CaCl,; 11.5 glucose; pH

of the solution was 7.4. The hyperkalemic solution,
containing K* ions in the concentration of 80 mM,
was prepared by isotonic replacement of the required
amount of Na* ions in the initial Krebs with the equi-
molar amount of K* ions.

Thiacalix[4]arene C-1087 was preliminarily
dissolved in DMSO and added to Krebs solution or
HKS in the concentration of 10 uM (the final aliquot
of the organic solvent solution was 0.1% from the to-
tal volume of this solution). The control contractions
were studied in solutions, containing 0.1% DMSO.
It was previously found that the application of 0.1%
DMSO did not affect the basal tension or spontane-
ous and induced contractions in the myometrium
preparations.

Mechanokinetic analysis. The Kinetics of spon-
taneous contractile activity (isometric contraction-
relaxation and isotonic contraction-relaxation) of the
muscle preparations was studied according to the
empirical multiparameter method of the complex
mechanokinetic analysis, separately at the levels
of contraction phase and relaxation phase [32]. The
contraction phase was defined as a fragment of a
contractile response from the beginning of force
variation up to its maximal value (the amplitude of
the phase contraction). The relaxation phase started
with the maximum phase contraction and lasted till
a stable level of the tonic contraction was achieved.
According to this method, the experimental mecha-
nokinetic curves of isometric contraction-relaxation
were linearized within the coordinates [In(f_/f.);
In(1+At/t)], where f and t — instant values of force
and time at the level of the contraction cycle, F_ and
F. — respective values of the force at the inflexion
points of the mechanogram at the level of contrac-
tion and relaxation phases, At — an arbitrarily fixed
time interval (in these studies it varied within 35—
70 s). The isotonic curves (separate at the levels of
the contraction phase and the relaxation phase) were
linearized within the coordinates [In(AL /AL );
In(1+At/t)], where AL and t — instant values of the
preparation shortening (compared to the initial value
of the preparation length, L) and time at the level
of the contractile cycle, AL_ and AL, — respective
values of the preparation shortening at the inflexion
points of the mechanogram at the level of contrac-
tion and relaxation phases, At — an arbitrarily fixed
time interval (in this study it varied within 20-29 s).

The linearization charts were used to determine
the constants k and n, which were further used to

calculate the parameters: time (t,, 7, and 1), force
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(Fmax, Fo and F_, for isometric contractions, or AL,
AL, and AL for isotonic contractions), velocity (V_
and V,), and relative parameters (1 /t',, 1./t'., T/,
F o JF  FJF' FolF'oy AL /AL . ALJAL,
ALJAL , VN and V N').

The mechanokinetics of the induced and some
spontaneous contractions was studied with the esti-
mation of normalized maximal velocities of the con-
traction and relaxation phases (V. and V_, respec-
tively) according to the method described in [33].
It is founded on the linearization of the relaxation
phase of the mechanokinetic curve within the coor-
dinates [In((f _—f)/f); In(t)], where f__ —the value of
the maximal contraction force. The time of reaching
f . 1S accepted as the starting point for the relaxation
phase, t = 0; the current time value, t, corresponds to
the instant force value, f.

Statistical analysis. The statistical analysis of
the data obtained was conducted by the methods of
variation statistics. The kinetic and statistical calcu-
lations were done using the programs MS Excel and
Origin 2018.

The samples were checked in terms of belong-
ing to normally distributed general populations ac-
cording to the Shapiro-Wilk criterion. The Student’s
t-test was used to determine the reliable differences
between the mean values of samplings. In all cases,
the results were considered reliable on condition of
P < 0.05. The validation analysis of data approxi-
mation by the linear function was performed using
Fisher’s F-criterion; determination coefficients (R?)
were at least 0.96. The results were presented as the
arithmetic mean + standard error of the mean value,
n —number of experiments.

Reagents. The following reagents were used in
the experiments: ATP, Hepes, ouabain, thapsigar-
gin, Hoechst, fluo-4 AM, collagenase, poly-L-lysine
(Sigma, USA), tris-hydroxymethyl-aminomethane
(Reanal, Hungary), digitonin (Merck, Germany),
EDTA (Fluka, Switzerland), oxytocin (Gideon Rich-
ter, Hungary). Other reagents were analytically and
chemically pure, produced in Ukraine.

Results and Discussion

Thiacalixarene C-1087 was obtained via three-
step procedure starting from tetranitrothiacalixa-
rene 1 (Fig. 1). First stage is regioselective distal
bis-alkylation of 1 with hexyliodide in DMF in the
presence of potash. The next step is reduction of
tetranitrothiacalixarene 2 with Hydrazine hydrate
in the presence of Raney nickel. The reaction of
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tetraaminothiacalixarene 3 with N-sulfonylimidoyl-
chloride in the presence of triethylamine leads to de-
sired thiacalixarene C-1087 on the third step.

Thiacalixarene C-1145 was synthesized by Mit-
zunobu’s reaction of tetrahydroxythiacalixarene 4
and n-hexanol in the presence of triphenylphosphine
and diethylazadicarboxylate (Fig. 2).

Dihexyloxythiacalixarenes 2, 3, C-1087 and
C-1145 have adopted in solutions cone conformation
which characterized syn-orientation of four macro-
cyclic phenyl rings. This is proved by chemical shifts
OCH,, hydrogen atoms of hexyl moieties which lo-
cated at 4.24-4.39 ppm in *H NMR spectra. In case
1,3-alternate conformation which characterized
syn-anti-orientation of adjacent phenyl rings pairs
of the macrocycle corresponding chemical shifts
must be shifted to strong field 6 3.81-3.86 ppm as a
result their shielding by phenyl rings of macrocyclic
skeleton (Fig. 3) [34-36].

In our previous studies, we demonstrated that
a synthetic substance, 5,11,17,23-tetra(trifluoro)-
methyl(phenylsulfonylimino)-methylamino-25,26,
27,28-tetrapropoxy-calix[4]arene C-90 in the concen-
tration of 100 pM effectively (by 75% as compared
to the control) inhibited the activity of Ca*,Mg?*-
ATPase of PM in uterine myocytes (Fig. 4). At
the same time, it was found that this calix[4]arene
also inhibited the enzymatic activity of Ca?,Mg?-
ATPase of SR (by 58% as compared to the control)
(Fig. 4).

We determined that thiacalix[4]arene C-1087
(5,11,17,23-tetra(trifluoro)methyl(phenylsulfonylimi-
no)methylamino-25,27-dihexyloxy-26,28-dihydroxy-
thiacalix[4]arene) in the concentration of 100 uM ef-
fectively inhibited Ca%,Mg?*-ATPase activity of PM
in myometrium cells to the level of 14.9 £ 0.5% as
compared to the control value (accepted as 100%)
(M + m; n=15) (Fig. 4). It inhibited the enzymatic
activity of Ca?*,Mg*-ATPase of SR much less effec-
tively (by 34% as compared to the control) (Fig. 4).

In our further studies, we investigated the con-
centration dependence of the inhibitory effect of
C-1087 (10®-10"* M) on the activity of Ca* ,Mg*-
ATPase in PM and SR (Fig. 5).

As seen in Fig. 5, thiacalix[4]arene C-1087 in-
hibits Ca?*,Mg?*-ATPase activity of PM in a dose-
dependent way. The estimated value of the inhibition
coefficient /  is 9.4 + 0.6 uM, and the value of Hill
coefficient n,, is 0.58 = 0.03 (M £ m; n = 5). The value
of the inhibition coefficient / , for thiacalix[4]arene
C-1087 is lower than in the case of using calix[4]-
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3 C-1087
Fig. 1. Scheme of synthesis of thiacalixarene C-1087
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Fig. 2. Scheme of synthesis of thiacalixarene C-1145
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Fig. 3. Electronic shielding of methylene protons by 5 > <
a phenyl ring in the conformation of 1,3-alternate of
1,3-dialkoxythiacalixarene C-90
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Fig. 4. The effect of calixarene C-90 and thiacalixa-
rene C-1087 (100 uM) on the activity of Ca**,Mg**-
ATPase of sarcoplasmic reticulum (SR) and plasma
membrane (PM) in myometrium myocytes (M + m,
n = 5). The values of enzymatic activities in the ab-
sence of calixarenes in the incubation medium are
accepted as 100%

arene C-90 (1, = 20.2 + 0.5 uM) [37], and the value
of Hill coefficient n, (0.55 for C-90) was practically
the same for both calixarenes. In the entire range
of concentrations (10-8-10* M), thiacalix[4]arene
C-1087 also inhibited Ca?",Mg**-ATPase activity in
SR in a dose-dependent way, but it was not possible
to estimate the value of the inhibition coefficient /
since in the maximal concentration this substance
had a 50% lower inhibitory effect than the control
value. However, it is obvious that the value 7, in the
case of Ca?*Mg?-ATPase activity in SR cannot be
<100 pM.

The experiment results demonstrate that
C-1087 effectively inhibits the enzymatic activity
of Ca®,Mg?-ATPase of PM, and it has much less
effect on the activity of Ca?,Mg?*-ATPase of SR
(Fig. 4, 5).

In our further studies, we tried to find out the
selectivity of the effect of C-1087 on ATP-hydrolase
activities in PM of myocytes. As shown above, thia-
calix[4]arene C-1087 in the concentration of 100 uM
effectively inhibits Ca?*,Mg®*-ATPase activity of

12

L e L T R ——

80' 1

(=]
> 601
2
2 -+ Ca?",Mg?*-ATPase of SR
o
@®© & Ca?,Mg*-ATPase of PM
o 40
=
©
[}
e
20 A
o , ' . ;
0.01 0.1 1 10 100

[C-1087], uM

Fig. 5. The concentration dependencies of the
C-1087 effect on the Ca* ,Mg*-ATPase activity of
plasma membrane (PM) and sarcoplasmic reticu-
lum (SR) of the myometrium cells (M = m, n = 5).
The values of relative enzymatic activities in the ab-
sence of thiacalix[4]arene C-1087 in the incubation
medium are accepted as 100%

PM of myometrium cells to the level of 14.9 + 0.5%
regarding the control value (accepted as 100%)
(M +m, n=5) (Fig. 4, 6).

At the same time, this substance, used in the
same concentration, practically did not impact the
enzymatic properties of Na*,K'-ATPase, “basal”
Mg?*-ATPase, and Ca®*-ATPase of PM: the corre-
sponding activities were 90.1 + 0.7; 95.3 £ 1.0, and
89.1 + 0.8% regarding the control value (M + m,
n = 5) (Fig. 6).

It is noteworthy that the proper thiacalixarene
“bowl” C-1145 practically does not impact the enzy-
matic activity of Ca?",Mg?*-ATPase of PM (the data
are not presented).

Therefore, thiacalix[4]arene C-1087, used in the
concentration of 100 pM, effectively inhibited the
activity of Ca?",Mg?*-ATPase in the fraction of PM
of uterine myocytes. At the same time, it practically
did not impact the activity of other ATP-hydrolases
in PM. Thus, C-1087 selectively (at the PM level)
inhibits the activity of Ca* ,Mg*-ATPase of PM,
not affecting the activities of Na*,K'-ATPase, Mg?*-
ATPase and Ca**-ATPase in PM.

Considering that the Ca?-pump in PM plays a
relevant role in the control over the concentration of
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Fig. 6. The effect of calixarene C-1087 (100 uM) on
ATP-hydrolase activities of myometrium cell plasma
membrane (M = m, n = 5). The values of enzymatic
activities in the absence of C-1087 in the incubation
medium are accepted as 100%

Ca ions in SM cytoplasm, it was important to find
out whether C-1087 would impact the intracellular
concentration of Ca?* in SM cells.

In our further experiments, we used the method
of confocal microscopy and Ca?*-sensitive probe
fluo-4 to investigate the changes in the concentration
of Ca?" in myocytes under the effect of thiacalix[4]-
arene C-1087. It was demonstrated that under the ef-
fect of thiacalix[4]arene C-1087 (20 uM), there was
a sharp increase in the fluorescent response of Ca?*-
sensitive probe fluo-4 AM in the cells (Fig. 7, 8).
In the course of 2.5 min, the concentration of Ca®*
decreased, which demonstrated the involvement of
the compensatory mechanisms (Ca?*-uniporter of
mitochondria, Na*-Ca?"-exchanger of PM) until the
relaxation of the calcium signal. Thus, thiacalix[4]-
arene C-1087 — the inhibitor of Ca?",Mg?*-ATPase
of PM, induced the increase in Ca®* concentration
in SMC.

When thiacalix[4]arene “bowl” C-1145
(25,27-dipropoxythiacalix[4]arene) (20 uM) was
used in control and, according to our results it did
not have any vivid effect on the activity of Ca?,
Mg?#-ATPase of PM (see above), this increase in the
fluorescent signal of fluo-4 was not observed (the re-
sults are not presented). There was also a stable fluo-
rescence level of Hoechst, mainly localized in the
nucleus of smooth muscle cells and the background.

These results demonstrate that under the ef-
fect of C-1087 (20 uM), there is a sharp increase in
the concentration of Ca?" in the cell, which may be

related to the decrease in the activity of Ca*,Mg?*-
ATPase of PM, inhibited by this thiacalix[4]arene.
However, taking into account the results, presented
in Fig. 4, it is likely that the increase in the concen-
tration of Ca?" in myocytes may partially be ex-
plained by the inhibited activity of the calcium pump
in the reticulum, induced by thiacalix[4]arene. At
the same time, during the other 100 s, the concen-
tration of Ca®" decreases to the initial level, which
demonstrates the involvement of compensatory Ca?*-
transporting systems in myocytes in the relaxation
of the calcium signal, which have lower affinity to
Ca? and mainly react to its high concentrations in
the cell (Ca?"-uniporter of mitochondria, Na*-Ca?*-
exchanger of PM).

The impact of calix[4]arenes on ion transporta-
tion systems of myocytes may determine their im-
pact on the form of the cells. The change in the form
of SMC due to the change in the osmotic balance
can be determined by laser correlation spectroscopy,
which can register the changes in the effective hy-
drodynamic diameter of SMC.

It was determined using the literature data that
the factors, enhancing the contractile response of
SM, also change the effective hydrodynamic diame-
ter of SMC very vividly. As described in [38], the
introduction of Ca?* (3 mM), the processing with
A-23187 (10 uM), tetraecthylammonium (1 mM)
and 4-aminopyridine (1 mM) led to a decrease in
the effective hydrodynamic diameter which corre-
lated with the state of SM contraction. According to
our results, the introduction of uterotonic oxytocin
(100 nM) led to a decrease in the effective hydro-
dynamic diameter in the case of SMC suspension
by 27.3 £ 3.2% (M + m, n = 7) regarding the control
value (Fig. 9, red column).

The average value of the effective hydrody-
namic diameter of myocytes is about 9 um in con-
trol. The hydrodynamic diameter was measured five
times in one minute, and the average value was cal-
culated. Being the control for the solvent, the appli-
cation of DMSO aliquot did not result in considerable
changes in the investigated parameter — the hydro-
dynamic parameter changed by 3.5 + 1.6% regard-
ing the control (Fig. 8, green column). At the same
time, the use of the inhibitor of Mg?*-ATP-dependent
Ca?*-pump of PM in SMC, thiacalix[4]arene C-1087
(50 uM) leads to the decrease in the hydrodynamic
diameter by 44.6 + 4.2% regarding the control value,
similar to the effect of oxytocin, and these changes
correlate with similar ones, achieved for oxytocin
(100 nM) — Fig. 9 (blue column).
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Fig. 7. The change of the fluorescence of probes in the uterine myocyte under the effect of calixarene C-1087,
detected using the confocal microscopy: Ca?*-sensitive fluo-4 AM (green) and DNA-sensitive Hoechst (blue).
The application of the thiacalix[4]arene C-1087 solution (the final concentration is 20 uM) is indicated with
the asterisks. The results of the typical experiment are presented

Thus, thiacalix[4]arene C-1087 decreases the
effective hydrodynamic diameter of SMC identically
to the effect of uterotonic oxytocin. A similar change
in the hydrodynamic diameter may be interpreted as
the combination of events, accompanying the pro-
cesses of SMC contraction/relaxation, namely, the
change in the osmotic balance and restructuring
of cytoskeleton elements. Since it was previously
shown that the change in the hydrodynamic diame-
ter of SMC under the effect of contractile agents cor-
related with the state of SM contraction, such results
demonstrated promising possibilities for the use of
C-1087 as a regulator of contractile activity in uter-
ine SM.

Since the changes in the intracellular concen-
tration of Ca?* under the effect of thiacalix[4]arene
C-1087 may cause changes in the basal tension and
contractility of myometrium tissue, in our further
experiments, we studied the effect of this substance
on mechanokinetic parameters of the contractions of
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the longitudinal smooth muscles of uterine horns in
non-pregnant rats.

Under the conditions of the isometric mode of
registering the contractile activity of uterine SM,
the addition of thiacalix[4]arene C-1087 (10 uM) to
the solution to wash SM preparations did not entail
the changes in their basal tension (Fig. 10, 4), but
over time (after 20 min of pre-incubation) it led to
the decrease in the amplitude of spontaneous con-
tractions down to 78.4% on average regarding the
control, accepted as 100% (P < 0.01, n = 8). In simi-
lar conditions in the isotonic mode of registration,
thiacalix[4]arene C-1087 (10 uM) caused the relaxa-
tion of SM and the inhibition of the amplitude of
their spontaneous contractions on average to 76.6%
regarding the control, accepted as 100% (P < 0.001,
n =7) (Fig. 10, B).

The analysis of mechanokinetic parameters of
single contraction-relaxation cycles (we analyzed
the mechanogram fragment with contractions after
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Fig. 8. The series of consecutive photographs of SMC using the scanning confocal microscopy. Ca?

Ca?*

*-_sensitive

fluorescent probe fluo-4 AM (green) and DNA-sensitive Hoechst (blue). The asterisks indicate the moments of
Ca* (1 uM) and C-1087 (20 uM) application. The results of the typical experiment are presented

20 min since the beginning of C-1087 effect) demon-
strated that in the case of both isometric and isoton-
ic modes of registration, under the effect of C-1087
there was a considerable decrease in the indices of
force (for the isometric mode) and length (for the iso-
tonic mode) at the inflexion points of the phases of
contraction (respectively, F_ and AL_) and relaxation
(respectively, F, and AL_). For instance, under the
effect of C-1087, the parameters F_and F_ were 71.9
and 79.4% on average, as compared to the control
value, accepted as 100% (P < 0.05, n = 6). Under
the effect of C-1087, the parameters AL_ and AL,
were 73.8 and 77.1% on average as compared to the
control values, accepted as 100% (P < 0.001, n=7).
In the case of registering the contractile activi-
ty in the isometric mode under the effect of C-1087,
there was a considerable inhibition of the maximal
velocity of the relaxation phase: parameter V_ was
70.5% on average regarding the control, accepted
as 100% (P < 0.01, n = 6). A similar index of the
isotonic relaxation did not have reliable differences
regarding the control (85.1%, P > 0.05, n = 6).

VRS s ol e e e
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Fig. 9. The change of the effective hydrodynamic
diameter of SMC in the presence of different effec-
tors (M +=m, n = 7). The control value of the hydro-
dynamic SMC diameter in the absence of any effec-
tors was accepted as 100%
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moment of C-1087 application is indicated with the asterisk. Typical mechanograms are presented

To exercise a more convenient comparison with
our previous results on the impact of calixarene C-90
(10 uM) [39], we estimated the normalized (ampli-
tude-independent) maximal velocities of the phases
of contraction (V, ) and relaxation (V_) using the
mechanokinetic analysis [32]. Under the impact of
thiacalixarene C-1087, the parameter V_was 51.3%
on average regarding the control (P < 0.05, n = 6),
whereas under the impact of calixarene C-90, it
was 78.0% on average (P < 0.05, n = 7). Thus, if the
same concentrations are used, thiacalixarene C-1087
causes a reliable, more considerable slowing down of
the process of myometrium SM relaxation as com-
pared to calixarene C-90.

In the presence of C-1087, there were no
changes in the Kinetics of the force accumulation
(isometric contraction and isotonic shortening): in
all cases, the maximal velocities of the contraction
phase (V. and V_) did not demonstrate statistically
significant changes as compared with the control. It
should be noted that similar kinetic effects were also
observed against the background of calixarenes C-90
and C-716 [39, 40].

In the following series of experiments, we
investigated kinetic regularities in the contractile
activity of rat uterine SM, caused by the applica-
tion of the hyperkalemic solution (80 mM), under
the impact of C-1087 in the concentration of 10 uM
(Fig. 11). It is known that under this technique, the
activation of SM contractions is achieved via the
release of Ca®* ions via potential-governed Ca?-
channels, and the processes of decreasing the intra-
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cellular concentration of this cation (at the level of
the relaxation phase) occur due to the functioning
of the energy-dependent transportation systems [6].

Similar to the isometric spontaneous contrac-
tions, the myometrium contractions, activated by the
application of the hyperkalemic solution (80 mM)
(Fig. 11, A4), were characterized by a considerable
decrease in the parameter of the normalized maxi-
mal velocity of the relaxation phase V. (on average,
to 46.7% regarding the control, accepted as 100%,
P<0.01,n=5).

Similar changes were also observed for the Ki-
netics of myometrium contractions, activated by the
application of hyperkalemic solution (80 mM), which
were registered in the isometric mode. In this case,
the parameter V, was 32.9% on average regarding
the control, accepted as 100% (P < 0.001, n = 5).

It should also be noted that in the isomet-
ric mode of registering the contractile activity, the
amplitude of SM shortening under the impact of
thiacalix[4]arene C-1087 decreased considerably
(Fig. 11, B).

Considering the mechanisms by which C-1087
changes the mechanokinetic parameters of con-
tractile responses of myometrium, it is relevant to
keep in mind that at present, there are no selective
blockers of the calcium pump of PM, and we can
rely only on the data, obtained using the models with
a disrupted expression of specific isoforms of this
enzyme [9, 12, 41]. For instance, as shown by the
research of Liu L. et al. [9, 12], in the case of using
mice with PMCA4"-, PMCA1* and PMCAL*/4°F,
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Fig. 11. The contractile activity of rat myometrium (A —under the isometric mode and B — under the isotonic
mode of registration), induced by the application of hyperkalemic solution (80 mM) in control and against the
background of the impact of C-1087 (10 uM). The moment of washing the hyperkalemic solution is indicated
with asterisks. Typical mechanograms are presented

as for SM of the urinal bladder with PMCA1*- and
PMCAL"/4"- there was a considerable slowing down
of the relaxation phase for the contractile responses
to the application of the hyperkalemic solution and
the agonist of muscarinic cholinoreceptors, carba-
chol. So, a considerable decrease in the maximal ve-
locities of relaxation (V. and V, ), induced by C-1087,
may be related to the targeted inhibition of the cal-
cium pump in PM.

Therefore, the data of this study may serve as
a foundation for the use of thiacalix[4]arene C-1087
as a selective and effective inhibitor of Ca®*,Mg?-
ATPase of PM, which, in its turn, will have great
importance for further investigation of the mem-
brane mechanisms of control over Ca?"-exchange
in SM, for instance, while studying the role of PM
in ensuring electromechanical conjugation in them.
The obtained results may also be useful for further

studies directed at finding the correlation between
the structure of calixarenes and their impact on dif-
ferent cation-transporting enzymatic systems, which
are the basis for improving the selectivity and ef-
ficiency of their potential new inhibitors based on
calixarenes. In addition, these data may serve as a
foundation for the elaboration of potential pharma-
cological means capable of modulating the contrac-
tile function of the uterus in the pathologies of SM
contractile activity.
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TIAKAJIIKC[4]APEH C-1087 —
CEJEKTUBHUU IHT'TBITOP
KAJIBIIIEBOI MOMIIH
TMJIABSMATUYHOI MEMBPAHHU
KJITUH I'NTAAEHBKUX M’5s131B
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TexHoyoriit, KniBcbknii HanioHaJIbHUH YHIBEPCUTET
imeni Tapaca llleBuenka, Kuis, Ykpaina

3a JIOITOMOT OFO METO/iB E€H3UM-
HOTO Ta KIHETUYHOI'O aHaI31B IOKa-
3aHo, 110 5,11,17,23-Tetpa(rpudrop)

MeTtui(peHinacynbpoHiTiMiHO)MeTHIaMiHO-25,27-
JUTEKCHIIOKCH-26,28-THUT1IpOKCHTIaKaliKc[4]
aper C-1087 edexkruBHo inrioye Ca?,Mg?-
ATPa3Hy axTHBHICTH TJIa3MaTUYHOI MeMOpaHu
KiitHH MiomeTpist mypis (I, = 94 + 0,6 MkM).
[Ipu mpomy edexTop HE BIIMBAE Ha BiJHOCHY
aKTHBHICTH iHmMMX MeMmOpanHmx ATPa3. 3a no-
MOMOT0I0  KOH(OKaIbHOI Mikpockomii Ta Ca?*-
qyTIuBoro (iayopecteHTHOro 30HAa fluo-4 Oymio
MmoKa3zaHo, 1o [is Tiakamikc[4]apeny C-1087 Ha
iIMMOOITI30BaHI MIOIIUTH MAaTKH 30UIBIIyE IH-
TO30JbHY KOHIleHTpamito Ca?. TeH3oMeTpHUHi
JOCTIKeHHS] TJIAaJeHPKUX M’SI3iB MaTKH IIypiB
i3 MOMANBIINM MEXaHOKIHEeTHYHUM aHaji30M IIO-
kazamu, mo Tiakamikc[4laper C-1087 3Ha4HO
3HIDKYE MaKCHMallbHy MIBUAKICTH pPO3CiaOiIeHHS
SIK CIIOHTAHHOI CKOPOTJIMBOI BIATOBIi/i, TaK i CKO-
pOYEHHS, CIPUYMHEHOT O TiMePKaTiEBIM PO3UNHOM.

Knrouosi cunosa: Ca? ,Mg*-ATPa3za,
rj1a3MaTuyHa MeMOpaHa, TJIaJICHBKOM SI30B1
KJITUHU, MIOMETpiH, eH3uMaTuaHuit rigpomni3z ATP,
KIHeTMYHI TapaMeTpH, IMBHAKICTH (a3u poscia-
OyieHHs, Tiakamikc[4]apeHu.
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