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Abstract. We investigated the influence of calixarene C-90 and IPT-35 on plasma membrane Ca2+-
pumping АТРase (PMCA), intracellular calcium homeostasis and myometrium smooth muscle strain 
contractions. It has been shown that both effectors (100 µM) affect PMCA enzymatic activity: calixarene 
C-90 inhibits it by 75% and IPT-35 activates it by 40%. These compounds don’t affect the Mg2+-АТРase, 
Mg2+-independent Са2+-АТРase and Na+,K+-АТРase enzymatic activities. C-90 inhibition coefficient 
I0.5 magnitude was approximately 20 µM and the Hill coefficient nH was 0.55. For IPT-35 activation, 
constant А0.5 was 6.4 and nH was 0.7. Mathematical modeling demonstrated the implication of calixarene 
C-90 on unexcited myocytes, which allows for a precise change in cytoplasm Ca2+ concentration and 
an influence on basal muscle tonus. By the same method, we determined that IPT-35 has a little influ-
ence on Ca2+ concentration in unexcited myocytes. It was also shown that calixarene C-90 in vitro can 
increase velocity of oxytocin-initiated contractions, whereas IPT-35 can suppress this aforementioned 
parameter. These results are promising for the design of new pharmacological compounds as better 
regulators of uterine contractions. Calixarene C-90 can be used in obstetric cases for the simultaneous use 
of oxytocin for enhancing uterine contractions, and IPT-35 for its antispasmodic effect on uterine tone.
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Introduction

Smooth muscles (SM) promote functioning of internal 
organs and their systems (Barany 1996; Shmidt and Tevsa 
2005; Guibert et al. 2011). SM activity depends on one of the 
key events in cell life – changing of intracellular calcium ion 
concentration (Aguilar and Mitchell 2010; Iino 2010; Santo-
Domingo and Demaurex 2010). The uterus is the largest SM 
organ, as it performs special functions in gestation and labor. 
Uterine contractility can be changed by influence of environ-
mental factors (sex and hypophysis hormones, mediators, 
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ions, mechanical stretching, and others) (Buxton 2004, 2007; 
Aguilar 2010). Investigation of cellular mechanisms involved 
in the control of myometrium contractility is important for 
a better understanding of obstetric pathology; for example, 
this would include premature and complicated labor, as well 
as post-labor bleeding etc, and for improving of treatment 
methods for these pathologies. 

Spontaneous action potentials that spread on entire myo-
metrium provoke periodical synchronous intracellular Ca2+ 
concentration elevations, which in turn control myometrium 
contractility and tone. Ca2+ concentration changes induce 
contraction/relaxation in response to some agents. The Mg2+-
АТР-dependent plasma membrane (PM) calcium pump 
(transporting Са2+,Mg2+-АТРase or PMCA, the Ca2+ activa-
tion constant КСа ≈ 0.3–0.4 µM) participate in intracellular 
Ca2+ concentration regulation, which influences myometrium 
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contractions. It is important to thoroughly investigate pecu-
liarities of PMCA activity regulation by compounds that can 
selectively change them. Moreover, direct changes in PMCA 
activity can elucidate the role of this protein in intracellular 
Ca2+ concentration regulation in normal and pathological 
conditions. It will likely be possible to correct myometrium 
activity dysfunctions by targeting changes in PMCA activity.

Nowadays there are no well-known low molecular 
weight effectors which selectively regulate PMCA activity. 
In our previous work, we found that two compounds – ca-
lixarene C-90 was the selective inhibitor of PMCA activity 
(Veklich et al. 2014), while another compound, IPT-35, 
activated the Ca2+-transport activity of Са2+, Mg2+-АТРase 
of PM. Therefore, in this work, we will continue to investi-
gate calixarene C-90 and IPT-35 effects on SM cell PMCA 
and then attempt to compare them. The above compounds 
comprise a promising platform for the design of selective 
modifiers, which can be used for targeting PMCA activity 
regulation, and pharmacological drugs in medical practice 
(Consoli et al. 2006; Demchenko et al. 2009; Kononevych 
et al. 2011). 

Material and Methods

Synthesis and structure of calixarene C-90 and IPT-35

Calixarene С-90 (5,11,17,23-tetra(trifluoro)methyl(phenyl-
sulfonylimino)-methylamino-25,26,27,28-tetrapropoxyca-
lix[4]arene) was synthesized and characterized by infrared 
spectroscopy and nuclear magnetic resonance in Phos-
phoranes Chemistry Department in Institute of Organic 

Chemistry of NAS of Ukraine (Rodik et al. 2005). Structure 
of the mentioned compound is shown at Fig. 1.

Cyclopantane[d]pirimidine derivate IPT-35 was syn-
thesized in Department of Synthesis of Physiologically 
Active Compounds (in GA “Institute of Pharmacology 
and Toxicology of NAMS of Ukraine”). Its structure is 
also shown at Fig. 1 (Demchenko et al. 2009; Kononevych 
et al. 2011). 

Physiological methods

Physiological investigations were performed in Department 
of Cardiovascular Agent Pharmacology (in GA “Institute of 
pharmacology and toxicology of NAMS of Ukraine”).

Longitudinal muscle strips were cut out from uterine 
horns after rat decapitation. Animals were narcotized by 
diethyl ether regarding to International guiding principles 
for biomedical research involving animals (1985 year).

Obtained strips were fixed in flow chamber on two steel 
hooks with load of 10 mN. Chamber volume was 0.5 ml and 
it was perfused by Ringer’s solution (velocity 1.7 ml per min). 
Temperature was constant: 37°С.

Contraction power was measured in isometric regime by 
capacitive strain sensor (FTK-0.1; PLC «Miosensor», Rus-
sian Federation). Contraction registration was on PC using 
programs DataTrax2 and LabScribe2, and analog-digital 
Lab-Trax-4/16 (World Precision Instruments).

Contraction records of longitudinal muscle strips from 
isolated rat uterine horns were performed after stabilization 
period – about 40 min in flow chamber. Input data were re-
corded for 10 min after obtaining stable phase contractions 
of isolated SM preparations. Then investigated compounds 

A B

Figure 1. The structures of calixarene С-90 (A) 
and IPT-35 (B). 
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(100 µM) were added for 15 min, whereafter oxytocin was 
added (0.1 IU/ml).

Normalized maximal oxytocin-initiated contraction ve-
locity was determined on contraction records by the method 
described in (Burdyga and Kosterin 1991). Group with intact 
myometrium was used as a control.

Biochemical investigations

Biochemical investigations were carried out in Department 
of Muscle Biochemistry in Palladin Institute of Biochemistry 
of NAS of Ukraine.

Preparative chemistry 

Experiments were carried out in accordance with the 
European Guidelines and International Laws and Policies 
(86/609/EEC). All procedures conformed to the guidelines 
of the Palladin Institute of Biochemistry. Before starting the 
experiments, the protocols were approved by the Animal 
Care and Use Committee of the Palladin Institute of Bio-
chemistry (Protocol No.1 from 21/04/2014).

Uterus smooth muscle cell PM fraction was isolated from 
swine myometrium as was previously described (Kondratuk 
et al. 1986; Veklich and Kosterin 2005). Protein concentra-
tion in membrane fraction was determined by method 
(Bradford 1976) using reaction with Coomassie dye G250.

Enzyme investigations

General ATPase activity was determined in PM fraction 
of myometrium cells. Temperature was 37°С, incubation 
medium (volume 0.4 ml) was (in mM): 3 АТР, 3 MgCl2, 
0.95 CaCl2 , 25 NaCl, 125 КCl, 1 EGTA, 20 Hepes-tris-buffer 
(рН 7,4), 1 NaN3 (mitochondrial ATPase inhibitor (Flynn 
et al. 2001)), 1 ouabain (selective inhibitor of Nа+,К+-
АТРase (Valente et al. 2003; Wang et al. 2004)), 0.1 µM 
thapsigargin (sarcoplasmic reticulum Са2+,Mg2+-АТРase 
selective inhibitor (Flynn et al. 2001; Doan et al. 2015)), 
and 0.1 % digitonin (PM perforation agent (Veklich et al. 
2002)). Free Ca2+ concentration in incubation medium in 
case of stable physico-chemical parameters was estimated 
by «MAXCHEL» program. Thus, in mentioned constant 
physico-chemical conditions and ion concentrations free 
Са2+ concentration was calculated to be 1 µM. 

Са2+,Mg2+-АТРase activity was estimated as a  differ-
ence between ATPase activity in case of Ca2+ presence and 
absence in the incubation medium.

Mg2+-АТРase activity was determined in myometrium 
cell PM fraction in incubation medium (temperature 37°С, 
volume 0.4 ml) with following concentrations: 1 АТР, 
3 MgCl2, 125 NaCl, 25 КCl, 1 EDTA, 20 Hepes-tris-buffer 
(рН 7.4), 1 NaN3, 1 ouabain, 0.1 µM thapsigargin, and 0.1% 

digitonin. “Basal” Mg2+-АТРase activity estimated as dif-
ference between Рі in incubation medium in presence and 
absence of PM fraction with correction for endogenous Рі 
in membrane fraction.

Nа+,К+-АТРase activity was determined in the same 
medium as a difference between ATPase activity in presence 
and absence of 1 mM ouabain.

Са2+-АТРase also was revealed in uterus myocyte PM. 
This ATPase differs from Са2+,Mg2+-АТРase because its 
activity can be detected in the presence of Са2+ and АТР in 
mM concentrations and absence of Mg cations (Magocsi and 
Penniston 1991; Mikhailova et al. 1992). Са2+-АТРase has 
a low affinity for Ca2+ – activation constant КСа is 1 mM (Ma-
gocsi and Penniston 1991). Mg2+-dependent Са2+-АТРase 
activity with low affinity was determined in myometrium 
cell PM fraction in medium (temperature was 37°С, vol-
ume 0.4 ml) with following concentration (in mM): 1 АТР, 
3 СаCl2, 125 NaCl, 25 КCl, 1 EDTA, 20 Hepes-tris-buffer 
(рН 7.4), 1 NaN3, 1 ouabain, 0.1 µM thapsigargin and 0.1 % 
digitonin. Mentioned Са2+-АТРase activity was calculated 
as difference between Рі in incubation medium in presence 
and absence of PM fraction with correction for endogenous 
Рі content in membrane fraction.

In all experiments protein quantity in membrane frac-
tion was 20–30 µg, duration of incubation was 5 min. 
Enzymatic reaction was initiated by addition to incubation 
medium PM solution aliquot (50 µl), stopped by addition 
of 1  ml “stop”-solution with following concentration: 
5  М  sodium acetate, 3.7% formaldehyde, 14% ethanol, 
5% trichloroacetic acid, рН 4.3 (at 8oС). Quantity of reac-
tion product Рі was determined by method (Rathbun and 
Betlach 1969).

In experiments the average magnitudes of PM Са2+,Mg2+-
АТРase, Na+,K+-АТРase, Mg2+-АТРase, and Mg2+-inde-
pendent low affine Са2+-АТРase activities were: 3.4 ± 0.3, 
10.2 ± 0.7, 18.1 ± 1.2 and 12.7 ± 2.0 µM Рі/mg of protein per 
hour (n = 7), respectively.

In order to study the influence of calixarene C-90 and 
IPT-35 in different concentrations on ATPase activities of 
PM fraction we used incubation mediums described above. 
Solutions (20 mM) of calixarene and IPT-35 in DMSO were 
diluted by water to obtain required concentration of agents.

Mathematical modeling of intracellular calcium  
concentration in unexcited myocytes 

For this purpose program (“Groovy”) was composed, which 
made calculations with presented precision. 

Kinetic analysis

Inhibition coefficient І0.5 and Hill coefficient nH were calcu-
lated from kinetic curves of calixarene concentration depend-
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ency influence on enzyme activity. For this purpose linearized 
Hill graphs were used according to equation: lg[(Aо–A)/A] = 
–nHlgІ0.5 + nHlg[С-90], where Aо and A are specific enzyme 
activity in case of absence (“zero point”) and presence of ca-
lixarene C-90 in incubation medium in concentration [C-90].

Likewise, activation coefficient А0.5 and Hill coefficient 
nH were calculated from linearized Hill graphs according to 
equation: lg[(Аmax–А)/(А–А0)] = nH·lgA0.5 – nH·lg[ІPТ-35], 
where Aо and A are specific enzyme activities in case of ab-
sence (“zero point”) and presence of IPT-35 in incubation 
medium in concentration [IPT-35], Аmax is maximal specific 
enzyme activity in case of maximal IPT-35 concentration 
(100 µM). 

Statistical analysis

Obtained data were statistically analyzed with Student’s 
t-criterion. All the experiments were repeated minimum 
five times (n = 5) and the results are presented as mean ± 
standard error. Kinetic and statistic calculations were made 
with MS Excel.

Reagents

In work the following reagent were used: АТР, Нepes, oua-
bain, thapsigargin, fluo-4 AM, Hoechst (“Sigma”, USA), 
Tris-(hydroxymethyl)aminomethane (“Reanal”, Hungary), 
digitonin (“Merсk”, Germany), EDTA (“Fluka”, Switzerland), 
oxytocin (PA “Pharmstandart-Biolik”, Ukraine), heparin 
(PLC “Novopharm Biosintes”, Ukraine). Others were of 
domestic production of analytical and chemical purity.

Results

In this work, we studied the effect of calixarene C-90 and IPT-
35 on ATPase activities, and free Ca2+ concentration changes 
in smooth muscle cells and myometrium contractions.

Calixarene C-90 and IPT-35 as effectors of uterine 
myocytes PMCA

Promising results can be observed with derivatives of phe-
nol macrocycle – calixarene C-90. In the concentration of 
100 µM, it inhibits PMCA activity to 25.1 ± 0.5%, relative 
to control (Fig. 2A). It should be emphasized that in this 
concentration, calixarene barely had an effect on ATPase 
activity of Mg2+-АТРase, Са2+-АТРase, and Na+,K+-АТРase: 
residual ATPase activities were 107.7 ± 1.0%, 99.3 ± 5.51%, 
and 94.2 ± 0.6%, respectively (Fig. 2A) (Veklich et al. 2014).

Among derivatives of cyclopenta[d]pirimidine and 
imidazo[1,2-α]azpine (such as IPT-35, IPT-176, IPT-208, 
and IPT-221), which engage in tocolytic activity, IPT-35 
seemed to selectively activate PMCA activity (Mochort 
et al. 2014). This compound in the concentration of 100 µM 
increased PMCA enzyme activity to 140.9 ± 0.4% (Fig. 2B). 
Regarding other PM ATPases, IPT-35 had the below effect 
on residual activities of Mg2+-АТРase, Са2+-АТРase, and 
Na+,K+-АТРase: 105.5 ± 1.0%, 95.0 ± 1.5%, and 96.8 ± 0.6%, 
respectively (Fig. 2B). 

Thus, two compounds efficiently and selectively influ-
enced enzyme PMCA activity (on the PM level): in the con-
centration of 100 µM calixarene, it is inhibited by 74.9%; in 
the same concentration, IPT-35 activates PMCA by 40%, 

Figure 2. Calixarene C-90 (100 µМ) (A) and IPT-35 (100 µM) (B) selectively change (inhibits and activates respectively) PMCA activity 
of myometrium cells. Data are presented as mean ± standard error (n = 5). 100 % is an enzyme activity without of calixarene C-90 or 
IPT-35 in incubation medium (control). * p < 0.05 compared to Na+,K+-АТРase, Mg2+-АТРase and Са2+-АТРase.

A B
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relative to control. Both of these compounds do not influence 
other PM ATPase activities.

In other experiments, we analyzed PMCA activity in-
hibition dependence on the concentration of calixarene 
C-90 (10–8–10–4 М) (Fig. 3A). In this concentration range, 
calixarene C-90 efficiently (in a dose-dependent manner) 
suppressed ATPase activity. The calculated inhibition coef-
ficient І0.5 was 20.2 ± 0.5 µM that is the evidence of sufficient 
affinity of calixarene C-90 to the enzyme. The Hill coefficient 
was 0.55 ± 0.02 (Table 1) (Veklich et al. 2014). 

The same analysis was made for IPT-35. Results re-
vealed that IPT-35, in a dose-dependent manner activated 
activity of PMCA (Fig. 3B). Its activation constant А0.5 
was 6.4 ± 0.45 µM, with the Hill coefficient nH = 0.7 ± 
0.04 (Table 1).

Calixarene C-90, compared to IPT-35, is a more efficient 
effector of PMCA enzyme activity when both compounds 
are examined in the same maximal concentration. Change 
of ATPase activity by C-90 action was 5-fold (inhibition), 
while for IPT-35, it was only 1.4 (activation) (Fig. 3). 

Kinetic model of calixarene C-90 and IPT-35 influence 
on intracellular calcium homeostasis in unexcited uterine 
myocytes 

Simulation of calixarene C-90 (selective PMCA inhibitor) 
affected equilibrium intracellular Ca2+ concentration in 
unexcited myocytes

We have previously shown that calixarene C-90 causes 
a decrease in enzyme turnover, or the apparent maximal 
velocity <Vmax> of PMCA reaction in control (without 
calixarene in incubation medium), which was 6.7 µmol 

Рі/hour per mg of protein, then dropping off in the case of 
calixarene action. The PMCA apparent activation constant 
<KСa> without calixarene in incubation medium was 
190 ± 1 nM, with the Hill coefficient nH = 2.1. Application 
of calixarene C-90 in a concentration of 0.1–10 µM had 
no influence on PMCA’s apparent activation constant by 
Ca2+ <KСa> and the Hill coefficient nH for Ca2+. Further 
increase of C-90 concentration (> 50 µM) caused signifi-
cant changes in kinetic parameters: <KСa> increased to 
312  nM, and the Hill coefficient nСа decreased to 1.5. 
Thus, only a high calixarene concentration (50–100 µM) 
could induce reduction in PMCA affinity for Ca2+ and 
decrease the positive cooperative effect of PMCA acti-
vation by Ca ions (Veklich et al. 2013). Considering all 
determined kinetic parameters of calixarene C-90 inhibi-
tory action on PMCA enzyme activity, we have elaborated 
a quantitative permanent model of intracellular calcium 
concentration which changes in uterine myocytes in the 
case of effector application.

A B

Figure 3. Dependence of PMCA activity on calixarene C-90 (A) and IPT-35 (B) concentrations. Data are presented as mean ± standard 
error (n = 5). 100 % is an enzyme activity without calixarene C-90 or IPT-35 in incubation medium (control).

Table 1. Kinetic characteristics of calixarene C-90 and IPT-35 
actions on PMCA activity of myometrium cells 

Parameters С-90 IPT-35
І0.5 (µМ) 20.2 ± 0.5 —
А0.5 (µM) — 6.40 ± 0.45
nH 0.55 ± 0.02 0.70 ± 0.04
Inhibition (%) 74.9 ± 0.5 —
Activation (%) — 40.9 ± 0.4

Data are presented as mean ± standard error (n = 5). І0.5, inhibition 
coefficient; А0.5, activation coefficient; nH, Hill coefficient.
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It was shown (Veklich et al. 2013) that calixarene C-90’s influ-
ence on PMCA velocity can be described by the Hill equation:

Kinetic model of calixarene C-90 and IPT-35 influence on intracellular calcium homeostasis in 

unexcited uterine myocites  
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where <Vmax> is apparent maximum velocity of Ca2+ extru-
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Here, the first part of the right-hand side describes input 
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negative value, while the others are coupled, with the value of positive one corresponding to the 

expected intracellular Ca2+ concentration (≈100 nM).  

Given that C-90 caused the decrease of PMCA Vmax, it was assumed that in concentrations 
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The fixed values of γ = 10–3 sm–1 (Oloizia and Paul 2008), iCa ][ 2  = 10–3 М (Kosterin 1990), KСа = 

1.8×10–7 М and І0.5 = 2×10–5 М were used, while Vmax was simulated by a model, with an initial 

baseline of 4.6×10–6 М/min (Kosterin 1990). As a result, according to Eqs. 3 and 4, dependence of 

basal equilibrium Ca2+ concentration in unexcited uterus cells on calixarene C-90 (selective PMCA 

inhibitor) was obtained (Fig. 4A). 

From this result, we may assume that the action of calixarene C-90 on [Ca2+]і has two 

phases: C-90 concentration 1–25 µM provokes the slow increase of intracellular Ca2+ concentration. 

Application of this compound in a specific concentration allows us to precisely change the Ca2+ 

concentration and gently influence its basal muscle tonus. Application of calixarene C-90 in 

concentrations higher than 25 µM causes an exponential increase of basal Ca2+ concentration, 

which can yield SM contracture. 

 

Simulation of IPT-35 (selective PMCA activator) effect on equilibrium intracellular Ca2+ 

concentration in unexcited myocites  

As seen in our results, IPT-35 had no influence on the Ca2+ activation constant KСа – while it 

increased enzyme hydrolysis velocity maximum (data not shown); therefore, according to principles 

of enzyme kinetics, IPT-35 was accepted as a non-competitive PMCA activator. This indicates that 

Ca2+ and IPT-35 interacts with PMCA independently, creating a ternary complex and increasing the 

velocity of ATP hydrolysis. Maximal apparent PMCA velocity Vmax change was described by the 

following expression: 

. As 
such, Eq. 2 can be rewritten as: 

(particularly for Ca2+) γ. The second part involves the velocity of PMCA Ca2+-transport activity. In 

the case of a permanent condition, in which Ca2+ concentration in the cell is constant, this means 

that 0)
][

(
2




dt
Cad i . As such, Eq. 2 can be rewritten as:  

0][][][)][(][ 2222222
max

32  
eCaiCaiei CaKCaKCaCaVCa  .    (3) 

Solving Eq. 3 for iCa ][ 2 we obtain dependence of basal iCa ][ 2  in unexcited myocites on 

constant of PM permeability γ, Ca2+ concentration in extracellular medium eCa ][ 2 , the activation 

constant for Ca2+ CaK  and maximal pump velocity Vmax. This equation has three roots: one has a 

negative value, while the others are coupled, with the value of positive one corresponding to the 

expected intracellular Ca2+ concentration (≈100 nM).  

Given that C-90 caused the decrease of PMCA Vmax, it was assumed that in concentrations 

of 0.1– 50 µM, calixarene acted as a full non-competitive inhibitor of PMCA. Using principles of 

enzyme kinetics, the following equation is obtained: 

max
5.0

5.0
max ]90[

V
CI

IV


                                               (4) 

The fixed values of γ = 10–3 sm–1 (Oloizia and Paul 2008), iCa ][ 2  = 10–3 М (Kosterin 1990), KСа = 

1.8×10–7 М and І0.5 = 2×10–5 М were used, while Vmax was simulated by a model, with an initial 

baseline of 4.6×10–6 М/min (Kosterin 1990). As a result, according to Eqs. 3 and 4, dependence of 

basal equilibrium Ca2+ concentration in unexcited uterus cells on calixarene C-90 (selective PMCA 

inhibitor) was obtained (Fig. 4A). 

From this result, we may assume that the action of calixarene C-90 on [Ca2+]і has two 

phases: C-90 concentration 1–25 µM provokes the slow increase of intracellular Ca2+ concentration. 

Application of this compound in a specific concentration allows us to precisely change the Ca2+ 

concentration and gently influence its basal muscle tonus. Application of calixarene C-90 in 

concentrations higher than 25 µM causes an exponential increase of basal Ca2+ concentration, 

which can yield SM contracture. 

 

Simulation of IPT-35 (selective PMCA activator) effect on equilibrium intracellular Ca2+ 

concentration in unexcited myocites  

As seen in our results, IPT-35 had no influence on the Ca2+ activation constant KСа – while it 

increased enzyme hydrolysis velocity maximum (data not shown); therefore, according to principles 

of enzyme kinetics, IPT-35 was accepted as a non-competitive PMCA activator. This indicates that 

Ca2+ and IPT-35 interacts with PMCA independently, creating a ternary complex and increasing the 

velocity of ATP hydrolysis. Maximal apparent PMCA velocity Vmax change was described by the 

following expression: 

  
(3)

(particularly for Ca2+) γ. The second part involves the velocity of PMCA Ca2+-transport activity. In 

the case of a permanent condition, in which Ca2+ concentration in the cell is constant, this means 

that 0)
][

(
2




dt
Cad i . As such, Eq. 2 can be rewritten as:  

0][][][)][(][ 2222222
max

32  
eCaiCaiei CaKCaKCaCaVCa  .    (3) 

Solving Eq. 3 for iCa ][ 2 we obtain dependence of basal iCa ][ 2  in unexcited myocites on 

constant of PM permeability γ, Ca2+ concentration in extracellular medium eCa ][ 2 , the activation 

constant for Ca2+ CaK  and maximal pump velocity Vmax. This equation has three roots: one has a 

negative value, while the others are coupled, with the value of positive one corresponding to the 

expected intracellular Ca2+ concentration (≈100 nM).  

Given that C-90 caused the decrease of PMCA Vmax, it was assumed that in concentrations 

of 0.1– 50 µM, calixarene acted as a full non-competitive inhibitor of PMCA. Using principles of 

enzyme kinetics, the following equation is obtained: 

max
5.0

5.0
max ]90[

V
CI

IV


                                               (4) 

The fixed values of γ = 10–3 sm–1 (Oloizia and Paul 2008), iCa ][ 2  = 10–3 М (Kosterin 1990), KСа = 

1.8×10–7 М and І0.5 = 2×10–5 М were used, while Vmax was simulated by a model, with an initial 

baseline of 4.6×10–6 М/min (Kosterin 1990). As a result, according to Eqs. 3 and 4, dependence of 

basal equilibrium Ca2+ concentration in unexcited uterus cells on calixarene C-90 (selective PMCA 

inhibitor) was obtained (Fig. 4A). 

From this result, we may assume that the action of calixarene C-90 on [Ca2+]і has two 

phases: C-90 concentration 1–25 µM provokes the slow increase of intracellular Ca2+ concentration. 

Application of this compound in a specific concentration allows us to precisely change the Ca2+ 

concentration and gently influence its basal muscle tonus. Application of calixarene C-90 in 

concentrations higher than 25 µM causes an exponential increase of basal Ca2+ concentration, 

which can yield SM contracture. 

 

Simulation of IPT-35 (selective PMCA activator) effect on equilibrium intracellular Ca2+ 

concentration in unexcited myocites  

As seen in our results, IPT-35 had no influence on the Ca2+ activation constant KСа – while it 

increased enzyme hydrolysis velocity maximum (data not shown); therefore, according to principles 

of enzyme kinetics, IPT-35 was accepted as a non-competitive PMCA activator. This indicates that 

Ca2+ and IPT-35 interacts with PMCA independently, creating a ternary complex and increasing the 

velocity of ATP hydrolysis. Maximal apparent PMCA velocity Vmax change was described by the 

following expression: 

Solving Eq. 3 for [Ca2+]i we obtain dependence of basal  
[Ca2+]i  in unexcited myocytes on constant of PM permeabil-
ity γ, Ca2+ concentration in extracellular medium [Ca2+]e, 
the apparent activation constant for Ca2+ <KСа> and appar-
ent pump velocity <Vmax>. This equation has three roots: 
one has a negative value, while the others are coupled, with 
the value of positive one corresponding to the expected 
intracellular Ca2+ concentration (≈100 nM). 

Given that C-90 caused the decrease of PMCA Vmax, it was 
assumed that in concentrations of 0.1–50 µM, calixarene acted 
as a full non-competitive inhibitor of PMCA. Using principles 
of enzyme kinetics, the following equation is obtained:

(particularly for Ca2+) γ. The second part involves the velocity of PMCA Ca2+-transport activity. In 

the case of a permanent condition, in which Ca2+ concentration in the cell is constant, this means 

that 0)
][

(
2




dt
Cad i . As such, Eq. 2 can be rewritten as:  

0][][][)][(][ 2222222
max

32  
eCaiCaiei CaKCaKCaCaVCa  .    (3) 

Solving Eq. 3 for iCa ][ 2 we obtain dependence of basal iCa ][ 2  in unexcited myocites on 

constant of PM permeability γ, Ca2+ concentration in extracellular medium eCa ][ 2 , the activation 

constant for Ca2+ CaK  and maximal pump velocity Vmax. This equation has three roots: one has a 

negative value, while the others are coupled, with the value of positive one corresponding to the 

expected intracellular Ca2+ concentration (≈100 nM).  

Given that C-90 caused the decrease of PMCA Vmax, it was assumed that in concentrations 

of 0.1– 50 µM, calixarene acted as a full non-competitive inhibitor of PMCA. Using principles of 

enzyme kinetics, the following equation is obtained: 

max
5.0

5.0
max ]90[

V
CI

IV


                                               (4) 

The fixed values of γ = 10–3 sm–1 (Oloizia and Paul 2008), iCa ][ 2  = 10–3 М (Kosterin 1990), KСа = 

1.8×10–7 М and І0.5 = 2×10–5 М were used, while Vmax was simulated by a model, with an initial 

baseline of 4.6×10–6 М/min (Kosterin 1990). As a result, according to Eqs. 3 and 4, dependence of 

basal equilibrium Ca2+ concentration in unexcited uterus cells on calixarene C-90 (selective PMCA 

inhibitor) was obtained (Fig. 4A). 

From this result, we may assume that the action of calixarene C-90 on [Ca2+]і has two 

phases: C-90 concentration 1–25 µM provokes the slow increase of intracellular Ca2+ concentration. 

Application of this compound in a specific concentration allows us to precisely change the Ca2+ 

concentration and gently influence its basal muscle tonus. Application of calixarene C-90 in 

concentrations higher than 25 µM causes an exponential increase of basal Ca2+ concentration, 

which can yield SM contracture. 

 

Simulation of IPT-35 (selective PMCA activator) effect on equilibrium intracellular Ca2+ 

concentration in unexcited myocites  

As seen in our results, IPT-35 had no influence on the Ca2+ activation constant KСа – while it 

increased enzyme hydrolysis velocity maximum (data not shown); therefore, according to principles 

of enzyme kinetics, IPT-35 was accepted as a non-competitive PMCA activator. This indicates that 

Ca2+ and IPT-35 interacts with PMCA independently, creating a ternary complex and increasing the 

velocity of ATP hydrolysis. Maximal apparent PMCA velocity Vmax change was described by the 

following expression: 

 (4)

The fixed values of γ = 10–3 sm–1 (Oloizia and Paul 2008),  
[Ca2+]i  = 10–3 М (Kosterin 1990), KСа = 1.8×10–7 М and 
І0.5 = 2×10–5 М were used, while Vmax was simulated by 
a model, with an initial baseline of 4.6×10–6 М/min (Kosterin 
1990). As a result, according to Eqs. 3 and 4, dependence of 
basal equilibrium Ca2+ concentration in unexcited uterus 
cells on calixarene C-90 (selective PMCA inhibitor) was 
obtained (Fig. 4A).

From this result, we may assume that the action of calix-
arene C-90 on [Ca2+]і has two phases: C-90 concentration 
1–25 µM provokes the slow increase of intracellular Ca2+ 
concentration. Application of this compound in a specific 
concentration allows us to change precisely the Ca2+ concen-

Figure 4. Simulated dependence of balanced Ca2+ concentration in unexcited myometrium cell on calixarene C-90 (A) and IPT-35 (B) 
concentrations. According to Eq. 3, estimated basal intracellular Ca2+ concentration [Ca2+]i is 105 nM. 
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tration and gently influence its basal muscle tonus. Applica-
tion of calixarene C-90 in concentrations higher than 25 µM 
causes an exponential increase of basal Ca2+ concentration, 
which can yield SM contracture.

Simulation of IPT-35 (selective PMCA activator) effect on 
equilibrium intracellular Ca2+ concentration in unexcited 
myocytes 

As seen in our results, IPT-35 had no influence on the 
Ca2+ activation constant KСа – while it increased enzyme 
maximum hydrolysis velocity (data not shown); therefore, 
according to principles of enzyme kinetics, IPT-35 was ac-
cepted as a non-competitive PMCA activator. This indicates 
that Ca2+ and IPT-35 interacts with PMCA independently, 
creating a  ternary complex and increasing the velocity of 
ATP hydrolysis. Maximal apparent PMCA velocity <Vmax> 
change was described by the following expression:

maxmax ]35[
]35[ V

ІPТK
ІPТKV

А

A







                                             (5) 

where KA is the activation constant (А0.5 = 6.4 µM, Table 1), and β (β = 1.31) is the ratio of k2/k2’ in 

the Botts and Morales mechanism.  

Likewise, using Eq. 3 in the case of the calixarene C-90 model and Eq. 5, we obtained the 

dependence of Ca2+ concentration in unexcited myometrium cells on IPT-35 concentration (Fig. 

4B). According to this model, IPT-35 causes the decrease of Ca2+ concentration by 35%, relative to 

its initial level, as it is the plateau level which is insensitive to the additional effector concentration 

increase. 

Compared to calixarene C-90, an activator of PMCA – IPT-35 is a mild effector, and its 

application does not cause significant change of Ca2+ concentration in myocites (Fig. 4B). The 

action of IPT-35 on [Ca2+]і can be described as a sigmoid curve, with the most effective 

concentration being 0.3–3 µM.  

 

Calixarene C-90 and IPT-35 influence on myometrium contraction kinetics 

 

In the study on isolated rat longitudinal muscle strips, it was seen that normalized oxytocin-induced 

(0.1 IU/ml) contraction velocity Vnc (control) was 0.0205 ± 0.0024 s–1 (n = 10). For calixarene C-90 

preincubation (100 µM during 15 min), the normalized oxytocin-induced contraction velocity Vnc 

increased two-fold up to 0.0438 ± 0.0014 s–1 (n = 18) (Fig. 5). At the same time, preincubation with 

IPT-35 in these conditions (100 µM during 15 min) caused a statistically significant decrease of 

oxytocin-induced contraction velocity Vnc maximum – to 0.0135 ± 0.0005 s–1 (n = 10) (Fig. 5). 

These results confirm the antispasmodic effect of IPT-35 in smooth muscles in vitro and in vivo 

(Pupysheva 2013). 

 

Discussion 

 

PMCA is one of the high affinity Ca2+-extrusion systems of cells (Kosterin 1990). This enzyme is 

part of the systems of calcium homeostasis, signal transduction, relaxation/contraction and their 

regulation the case of smooth muscle cells. It is important to study the properties of PMCA to 

understand the specific physiological value of this enzyme, its regulation and interaction with other 

proteins. Today the most widely-used methods are genetic manipulations with the expression of 

PMCA. However, as PMCA content in PM is low, there is a methodological problem in obtaining 

high levels of its expression and the ―correct‖ (physiologic) integration in PM (Adamo et al. 1992; 

Brini and Carafoli 2009). Due to a tight functional connection between different Ca2+-regulation 

systems, Ca2+-transporters, and Ca2+-sensors, they can also change their expression or activity in the 

case of additional PMCA transcript appearance (Liu et al. 1996). Thus, it is important to use 
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where KA is the activation constant (А0.5 = 6.4 µM, Table 1), 
and β (β = 1.31) is the ratio of k2/k2’ in the Botts and Morales 
mechanism. 

Likewise, using Eq. 3 in the case of the calixarene C-90 
model and Eq. 5, we obtained the dependence of Ca2+ 
concentration in unexcited myometrium cells on IPT-35 
concentration (Fig. 4B). According to this model, IPT-35 
causes the decrease of Ca2+ concentration by 35%, relative 
to its initial level, as it is the plateau level which is insensitive 
to the additional effector concentration increase.

Compared to calixarene C-90, an activator of PMCA – 
IPT-35 is a mild effector, and its application does not cause 
significant change of Ca2+ concentration in myocytes (Fig. 
4B). The action of IPT-35 on [Ca2+]і can be described as 
a sigmoid curve, with the most effective concentration be-
ing 0.3–3 µM. 

Calixarene C-90 and IPT-35 influence on myometrium 
contraction kinetics

In the study on isolated rat longitudinal muscle strips, it was 
calculated that normalized oxytocin-induced (0.1 IU/ml) 
contraction velocity Vnc (control) was 0.0205 ± 0.0024 s–1 
(n = 10). For calixarene C-90 preincubation (100 µM dur-
ing 15 min), the normalized oxytocin-induced contraction 
velocity Vnc increased two-fold up to 0.0438 ± 0.0014 s–1 
(n = 18) (Fig. 5). At the same time, preincubation with 
IPT-35 in these conditions (100 µM during 15 min) caused 
a  statistically significant decrease of oxytocin-induced 
contraction velocity Vnc to 0.0135 ± 0.0005 s–1 (n = 10) 
(Fig. 5). These results confirm the antispasmodic effect 

of IPT-35 in smooth muscles in vitro and in vivo (Pupy-
sheva 2013).

Discussion

PMCA is one of the high affinity Ca2+-extrusion systems 
of cells (Kosterin 1990). This enzyme is part of the systems 
of calcium homeostasis, signal transduction, relaxation/
contraction and their regulation the case of smooth muscle 
cells. It is important to study the properties of PMCA to 
understand the specific physiological value of this enzyme, 
its regulation and interaction with other proteins. Today the 
most widely-used methods are genetic manipulations with 
the expression of PMCA. However, as PMCA content in 
PM is low, there is a methodological problem in obtaining 
high levels of its expression and the “correct” (physiologic) 
integration in PM (Adamo et al. 1992; Brini and Carafoli 
2009). Due to a tight functional connection between differ-
ent Ca2+-regulation systems, Ca2+-transporters, and Ca2+-
sensors, they can also change their expression or activity in 
the case of additional PMCA transcript appearance (Liu et 
al. 1996). Thus, it is important to use alternative methods of 
PMCA investigation with agents that can selectively change 
their activity. It may also help avoid the compensatory effect 
connected with genetic manipulations.

SM cells should be regarded as a  complex receptor 
tensoelectrochemical system, which is characterized with 
nonlinear, cooperative, non-additional, and synergistic 
properties of Ca2+ homeostasis. Interpretation of the 
obtained experimental data on a mechanical level is too 

Figure 5. Application of calixarene C-90 (100 µM) and IPT-35 
(100  µM) changes normalized velocity contractions Vnc of rat 
myometrium in vitro initiated by oxytocin (0.1 IU/ml). Data are 
presented as mean ± standard error (n = 7). Mechanokinetical pa-
rameters were calculated by method (Burdyga and Kosterin 1991). 
* p < 0.05 compared to oxytocin.



230 Mazur et al.

difficult in this context. However, some observations can 
be made.

It was established that two compounds with low molecu-
lar weight – calixarene C-90 and IPT-35 may selectively 
(on the PM level) modify PMCA enzyme activity – to 
inhibit and to activate, respectively (Fig. 2). Investigated 
compounds are opposite in their effect on PMCA activity, 
so we also expect that results of their actions on smooth 
muscle Ca2+ concentration and contraction pattern can be 
inverse. Our obtained data confirm our assumption about 
the action of specific PMCA inhibitors and activators on 
SM cells.

Calixarene C-90 is a  sufficient PMCA inhibitor (І0.5 = 
20.2 ± 0.5 µM, Fig. 3A) which must suppress Mg2+ and 
ATP-dependent Ca2+ transport across myometrium PM. 
Our results confirm this assumption according to the math-
ematical model (Fig. 4A) of how calixarene C-90 evokes an 
increase of Ca2+ concentration in unexcited myocytes, and 
increased oxytocin-induced myometrium contractions in 
vitro (Fig. 5). Calixarene C-90 is assumed to be a prospec-
tive agent for application simultaneously with oxytocin to 
increase uterine contractions. 

IPT-35 is a PMCA activator (А0.5 = 6.40 ± 0.45 µM, Fig. 
3B), which according to the mathematical model weakly 
influences Ca2+ concentration in unexcited myocytes (Fig. 
4B). Nevertheless, it suppresses oxytocin-induced myo-
metrium contraction velocity in vitro (Fig.  5) indicating 
that IPT-35 may cause an antispasmodic effect on uterine 
contractions with the simultaneous use with oxytocin. 
Thus, IPT-35 is also perspective for a pharmacological ap-
plication, because pathological conditions connected with 
improper uterine SM activity often require muscle relaxant 
application, and mild PMCA activation after influence of 
low effector concentration can curing muscle tone. The role 
of PMCA in smooth muscles is not limited to the control of 
muscle basal tonus by maintaining stable Ca2+ concentra-
tion. PMCA participates in the regulation of SM contrac-
tion parameters of oxytocin response that are indirectly 
confirmed by our results (Fig. 5). This may be controlled 
by changing local calcium signaling waves or the pattern of 
calcium oscillation. Nevertheless, these assumptions must 
be confirmed by additional experimental data. 

There are no selective inhibitors or activators of PMCA 
besides the so-called caloxins (Pande et al. 2011) that com-
plicate the investigation of physiological functions of this 
enzyme. We can conclude that obtained results may be useful 
for further design of new selective effectors of PMCA – on 
the basis of calixarene C-90 and IPT-35 for investigation 
of PMCA’s physiological functions and pharmacological 
regulation of uterine contractility in pathological conditions. 

Acknowledgement. The authors are grateful to Dr. Viacheslav 
Boyko for helpful discussion.

References

Adamo HP, Verma AK, Sanders MA, Heim R, Salisbury JL, Wieben 
ED, Penniston JT (1992): Overexpression of the erythrocyte 
plasma membrane Ca2+ pump in COS-1 cells. Biochem. J. 
285, 791–797

Aguilar HN (2010): Physiological pathways and molecular 
mechanisms regulating uterine contractility. Hum. Reprod. 
16, 725–744

Aguilar HN, Mitchell BF (2010): Physiological pathways and 
molecular mechanisms regulating uterine contractility. Hum. 
Reprod. Update 16, 725–744

Barany M (1996): Biochemistry of smooth muscle contraction. 
AcadPress, San Diego, California

Bradford MM (1976): A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing the 
prinsiple of protein–dye binding. Anal. Biochem. 72, 248–282

 https://doi.org/10.1016/0003-2697(76)90527-3
Brini M, Carafoli E (2009): Calcium pump in health and disease. 

Physiol. Rev. 89, 1341–1378
Burdyga TV, Kosterin SA (1991): Kinetic analysis of smooth muscle 

relaxation. Gen. Physiol. Biophys. 10, 589–598
Buxton ILO (2004): Regulation of uterine function: A biochemical 

conundrum in the regulation of smooth muscle relaxation. Mol. 
Pharm. 65, 1051–1059

Buxton ILO (2007): The regulation of uterine relaxation. Sem. Cell 
Dev. Biol. 18, 1051–1059

Consoli GML, Galante E, Daquino C, Granata G, Cunsolo F, Geraci 
C (2006): Hydroxycinnamic acid clustered by a calixareneplat-
form: radical scavenging and antioxidant activity. Tetrahedron 
Letters 47, 37 6611

 https://doi.org/10.1016/j.tetlet.2006.07.021
Demchenko AM, Kononevych AM, Prytula TP, Mohort MA 

(2009): 1,3-disubstituted derivative of 6,7-dihydro-1Н-
cyclopenta[d]pirimidin-2,4 (3Н, 5Н)-dion, which have 
antispasmodic effect. Patent UA 40845, Bul. No.8

Doan NT, Paulsen ES, Sehgal P, Møller JV, Nissen P, Denmeade 
SR, Isaacs JT, Dionne CA, Christensen SB (2015): Targeting 
thapsigargin towards tumors. Steroids 97, 2–7

 https://doi.org/10.1016/j.steroids.2014.07.009
Flynn ERM, Bradley KN, Muir TC, McCarron JG (2001): Function-

ally separate intracellular Ca2+ stores in smooth muscle. J. Biol. 
Chem. 276, 36411–36418

Guibert C, Ducret T, Savineau JP (2011): Expression and physi-
ological roles of TRP channels in smooth muscle cells. Adv. 
Exp. Med. Biol. 704, 687–706

Iino M (2010): Spatiotemporal dynamics of Ca2+ signaling and 
its physiological roles. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 
86, 244–256

Kondratuk ТP, Buchenuk SF, Prichepa АА, Babich LH, Kurskiy 
MD, Osipenko AA (1986): Allocation and characterization 
of membrane fraction plasma membrane myometrium. Ukr. 
Biochem. J. 58, 50–56

Kononevych IuM, Demchenko AM, Bobkova LS, Shut DM, 
Mohort MA (2011): Compound 2-(3-cyclohexil-2,4-dioxo-
2,3,4,5,6,7-1h-cyclopenta[d]pirimidin-1-il)-n-phenylacetamid, 
which shows detrusor selective antispasmodic effect. Patent 
UA 60052, Bul. No.11

http://www.lingvo.ua/uk/Search/Translate/GlossaryItemExtraInfo?text=%d1%81 %d0%b4%d1%80%d1%83%d0%b3%d0%be%d0%b9 %d1%81%d1%82%d0%be%d1%80%d0%be%d0%bd%d1%8b&translation=Conversely&srcLang=ru&destLang=en
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/j.tetlet.2006.07.021
https://doi.org/10.1016/j.steroids.2014.07.009


231Selective inhibition and activation of PMCA

Kosterin SO (1990): Calcium transport in smooth muscles. Science 
opinion, Кyiv

Liu BF, Xu X, Fridman R, Muallem S, Kuo TH (1996): Conse-
quences of functional expression of the plasma membrane 
Ca2+ pump isoform 1a. J. Biol. Chem. 271, 5536–5544

Magocsi M, Penniston JT (1991): Ca2+ or Mg2+ nucleotide phos-
phohydrolases in myometrium: two ecto-enzymes. Biochim. 
Biophys. Acta 1070, 163–172

Mikhailova MV, Gontareva NB, Nesterov VP (1992): The value 
of adaptive modifications in the evolution. J. Evol. Biochem. 
Physiol. 28, 447–453

Mochort NA, Gerashchenko IV, Shkrabak AA, Mazur YuYu, Veklich 
TO (2014): The derivatives of imidazo[1,2-a]azepine as modifiers 
of myometrium contractile activity. Pharmacology and Drug 
Toxicology 37, 65–72

Oloizia B, Paul RJ (2008): Ca2+ Clearance and contractility in 
vascular smooth muscle: Evidence from gene-altered murine 
models. J. Mol. Cell. Cardiol. 45, 347–362

Pande J, Szewczyk MM, Grover AK (2011): Allosteric inhibitors of 
plasma membrane Ca2+ pumps:Invention and applications of 
caloxins. World J. Biol. Chem. 2, 39–47

Pupysheva OV (2013): Search of myotropic antispasmodic agents 
of bladder among 5Н-cyclopenta[d]pirimidine derivative. 
European Applied Sciences 1, 82–84

Rathbun W, Betlach V (1969): Estimation of enzymically produced 
orthophosphate in the presence of cystein and adenosine 
triphosphate. Anal. Biochem. 28, 436–445

Rodik R, Boiko V, Danylyuk O, Suwinska K, Tsymbal I, Slinchenko 
N, Babich L, Shlykov S, Kosterin S, Lipkowski J, Kalchenko V 
(2005): Calix [4] arenesulfonylamidines. Synthesis, structure 
and influence on Mg2+, ATP-dependent calcium pumps. Tet-
rahedron Letters 46, 7459–7462

 https://doi.org/10.1016/j.tetlet.2005.07.069

Santo-Domingo J, Demaurex N (2010): Calcium uptake mecha-
nisms of mitochondria. Biochim. Biophys. Acta 1797, 907–912

Shmidt R, Tevsa G (2005): Human Physiology. 3-rd edition, V1Myr, 
Мoscow

Strehler EE, Adelaida GF, Penniston JT, Caride AJ (2007): Plasma 
membrane Ca2+-pumps: structural diversity as basis for func-
tional versatility. Biochem. Soc. Trans. 35, 919–922

Valente RC, Capella LS, Monteiro RQ, Rumjanek VM, Lopes AG, 
Capella MA (2003): Mechanisms of ouabain toxicity. FASEB 
J. 17, 1700–1702

 https://doi.org/10.1096/fj.02-0937fje
Veklich TA, Shkrabak AA, Slinchenko NN, Mazur II, Rodik RV, 

Boyko VI, Kalchenko VI, Kosterin SA (2014): Calixarene C-90 
selectively inhibits Ca2+,Mg2+-ATPase of myometrium cell 
plasma membrane. Biochemistry (Moscow) 79, 532–540

 https://doi.org/10.1134/S0006297914050058
Veklich TO, Shkrabak AA, Mazur II, Rodik RV, Boyko VI, 

Kalchenko VI, Kosterin SO (2013): Kinetic regularities of 
calixarene C-90 action on the myometrial plasma membrane 
Ca2+,Mg2+-ATPase activity and on the Ca2+ concentration in 
unexcited сells of the myometrium. Ukr. Biochem. J. 85, 20–29

Veklich ТО, Kosterin SO, Schinlova ОP (2002): Cationic specificity 
of a Ca2+-accumulating system in smooth muscle cell mito-
chondria. Ukr. Biochem. J. 74, 42–48

Veklich ТО, Kosterin SO (2005): Comparative study of properties 
of Na+,K+-ATPase and Mg2+-ATPase of the myometrium 
plasma membrane. Ukr. Biochem. J. 77, 66–75

Wang H, Haas M, Liang M, Cai T, Tian J, Li S, Xie Z (2004): Oua-
bain assembles signaling cascades through the caveolar Na+/
K+-ATPase. J. Biol. Chem. 279, 17250–17259 

Received: April 24, 2017
Final version accepted: July 26, 2017

https://doi.org/10.1016/j.tetlet.2005.07.069
https://doi.org/10.1096/fj.02-0937fje
https://doi.org/10.1134/S0006297914050058

