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The calix[4]arene C-107 (5,17-diamino(2-pyridyl)methylphosphono-11,23-di-tret-butyl-26,28-dihydro-
xy-25,27-dipropoxy-calix[4]arene) effects on the kinetic properties of Na*,K*-ATPase in spermatozoa of fertile
(normozoospermia) and infertility men (oligozoospermia, and asthenozoospermia) were studied. It was shown
that in spermatozoa of healthy men calix[4]arene C-107 inhibited Na*,K*-ATPase activity and decreased the
maximum reaction rate of ATP hydrolase reaction without affecting the coefficient of (half-) activation by ATP
and Hill coefficient n,. In oligo- and asthenozoospermic samples of spermatozoa almost a 2-fold decrease of
cooperativity coefficient n,, of ATPase inhibition with calyx[4]aren C-107 was observed. In normozoospermic

samples of spermatozoa the K, .,

for Na+,K*-ATPase was decreased at calix[4]arene C-107 high concentra-
tions (=50 nM) in the incubation medium in contrast to oligozoospermic samples of spermatozoa where K
was increased only at high calix[4]arene C-107 concentration (100 nM). The increase of the K

MgCI2

wgciz 1N the entire

range of investigated calix[4]arene concentrations and the decrease of cooperativity coefficient n,, of MgClI,
activating effect were detected in asthenozoospermic samples of Na*,K*-ATPase.

Keywords: calix[4]arene C-107, Na*,K*-ATPase, male infertility, pathospermia.

C alix[4]arenas attracted more and more atten-
tion in recent years. They are macrocyclic
oligomers formed by cyclic condensation of
n-substituted phenols and formaldehyde. Calix[4]-
arenas are low molecular, low-toxic supramolecular
compounds capable of altering the activity of ion-
transporting systems [1, 2]. Due to their ability to
form supramolecular complexes with biologically
important molecules and ions they affect biochemi-
cal processes. Calix[4]arene matrices have low
toxicity and sufficiency conformational mobility in
solution which provides a great advantage for their
application in biomedical studies as enzyme effec-
tors, receptor simulators, organic polymer stabili-
zers, DNA microarray platform, etc [3-5]. Therefore
calix[4]arenas are considered as promising molecu-
lar platforms for the creation of physiologically ac-
tive compounds [6].

Approximately 50% of the infertility cases
are related to male factor. The most common ab-

normal parameters are low motility (asthenozoo-
spermia), low sperm count (oligozoospermia), or a
combination of these abnormalities (oligoastheno-
zoospermia) [7, 8]. From the standpoint of modern
biomembranology, many diseases are associated
with changes in the structure and function of bio-
membranes. Membrane binding proteins, including
the integral ATP-dependent transport enzyme, play
an important role in proper functioning of the mem-
branes. Therefore, it is necessary to further the study
of properties of membrane-bound ion transport sys-
tems in the normal and at pathological states.
Na*,K*-ATPase (Na*,K*-activated, Mg?*-de-
pendent ATP-hydrolase, EC 3.6.1.37) is an elec-
trogenic Ca?-independent transport system which
reacts quickly to changes in intracellular and ex-
tracellular concentration of Na* and K* ions and
maintains the transmembrane gradient of these
ions and resting membrane potential needed for
normal cell functioning [9]. The activity of many
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other biochemical processes depends on the activi-
ty of this enzyme. Specifically, Na*,K'-ATPase
transmits signals to the nucleus of the cell by pro-
tein-protein interactions with sensor proteins [10].
Na*, K'-ATPase is present in male germ cells and
differentiated spermatozoa [11]. A unique a4 subu-
nit was identified in the structure of Na*,K*-ATPase
of spermatozoa [12]. In addition to a4 subunit, al
Na,K-ATPase isoform, which is ubiquitously pre-
sent in all tissues, is also expressed in spermatozoa
[11]. Na*,K*-ATPase plays a crucial role in sperm
physiology [13]. Many studies showed a significant
relation between Na*,K*-ATPase activity and sperm
motility [9, 14]. Obviously, the search for effective
inhibitors and activators of Na*,K*-ATPase is impor-
tant from both fundamental and practical point of
view. Specifically, such studies may be useful for the
development of potential pharmacological agents for
the modulation of sperm motility.

In previous studies, it was shown that calix[4]-
arene C-107 (5,17-diamino(2-pyridyl)methylphos-
phono-11,23-di-tret-butyl-26,28-dihydroxy-25,27-
dipropoxy-calix[4]arene) in 100 pM concentration
inhibited Na*,K*-ATPase activity in human sperma-
tozoa almost completely (more effectively than oua-
bain: I, for calix[4]arene C-107 - 32.6 £ 2.9 nM),
without affecting the activity of basal Mg?*-ATPase
[15]. The aim of present work was to evaluate the
calix[4]arene C-107 effect on the kinetic properties
of Na*,K*-ATPase activity in spermatozoa of fertile
(normozoospermia) and infertility men (oligozoo-
spermia, and asthenozoospermia).

Materials and Methods

Structure and synthesis of calix[4]arene C-107.
Calix[4]arene C-107 ((5,17-diamino(2-pyridyl)
methylphosphono-11,23-di-tret-butyl-26,28-dihydro-
xy-25,27-dipropoxy-calix[4]arene) (Fig. 1) was syn-
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Fig. 1. Structural formulas of calix[4]arene C-107

thesized and characterized using nuclear magnetic
resonance and infrared spectroscopy in the Phos-
phoranes Chemistry Department of the Institute of
Organic Chemistry, NAS of Ukraine.

Donors and semen sample preparation. Human
semen was obtained from 10 healthy volunteers and
14 pathozoospermic men undergoing routine semen
analysis for couple infertility at Lviv Regional Clini-
cal Hospital (Ukraine). Approval for the study was
taken from the ethics committee of Danylo Halytsky
Lviv National Medical University (Ethical Commit-
tee Approval, protocol No 6 from March 29, 2017).
Terms of sample selection meet the requirements
of the principles of Convention of Europe Council
on human rights, Helsinki Declaration on protec-
tion of human rights and biomedicine and the laws
of Ukraine. All patients and healthy donors were
matched by age and gave written informed consent
to participate in research. Exclusion criteria: subjects
currently on any medication or antioxidant supple-
mentation were not included. In addition, subjects
with infertility over 10 years, azoospermia, testicu-
lar varicocele, genital infection, chronic illness and
serious systemic diseases, smokers and alcoholic
men were excluded from the study because of their
well-known high seminal reactive oxygen species
levels and decreased antioxidant activity which may
affect calcium level. Samples were obtained by mas-
turbation after 3—4 days sexual abstinence and pro-
cessed immediately upon liquefaction. The classical
semen parameters of spermatozoa concentration,
motility, and morphology were examined according
to World Health Organization criteria (2010).

Biochemical study. Biochemical studies were
carried out in the Department of Medical Biology of
Danylo Halytsky Lviv National Medical University.
Sperm cells were washed from semen plasma by 3
times centrifugation at 3000 xg for 10 min in media
which contained (mM): 120 NaCl, 30 KCI, 30 Hepes
(pH 7.4). The protein concentration in the samples
was determined by Lowry method using a kit to
determine its concentration (Simko Ltd). Determi-
nation of ATPases activities was carried out in per-
meabilized spermatozoa. The detergent saponin in a
final concentration of 0.5% was added to sperm sus-
pension for permeabilization of sperm membranes.

Enzymatic studies. The total Na*,K*-ATPase
activity was assayed with the following incubation
medium (mM): 120 NaCl, 30 KCl, 5 MgC1,, 3 ATP,
1 EGTA, 0.01 thapsigargin (specific inhibitor of
SERCA), 1 NaN, (specific inhibitor of mitochondrial
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ATPase), 20 Hepes-Tris (pH 7.4; at 37 °C) [16]. The
protein concentration did not exceed 50 mg/ml. The
reaction was started by addition of an aliquot of per-
meabilized sperm cells. After a 5 min incubation,
1 ml of a stop solution containing (mM) 1.5 M so-
dium acetate, 3.7% formaldehyde, 14% ethanol, 5%
trichloroacetic acid (pH 4.3) acid was added. Pi was
determined by the Fiske-Subbarow method using the
assay kit Simko Ltd (Ukraine). Ouabain-sensitive
Na*,K*-ATPase activity was determined as the dif-
ference of ATP hydrolysis in the absence and presen-
ce of 1 mM ouabain, which is known to completely
block the Na*,K*-ATPase. Activity was expressed as
nmoles of P, released /mg of protein per min. The
effect of calix[4]arene C-107 at different concentra-
tions (10-100 nM) on Na*,K*-ATPase was studied
using the standard incubation medium (as described
above) to which the solution of calix[4]arene was
added.

Kinetic calculations. For studying of the ca-
lix[4]arene effect on enzyme activity, the kinetic pa-
rameters were calculated using linearized Hill plots
of the equation Ig[(A ., — A)/A] = n,lgK - n,lg[S],
where A is specific enzyme activity, A__ is maxi-
mum specific enzymatic activity, K is coefficient of
(half-)activation by ATP (K, ) or MgCl, (KM92+), S
is the concentration of the substrate or ion activator
in the incubation medium, n,, is Hill coefficient. The
maximum reaction rate of ATP hydrolysis (V__ ) re-

max

action was calculated in the Hanes-Woolf plot {[S]/V
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as a function of [S]}. The typical value of the mean-
square deviation of the approximation coefficient
was 0.85-0.99.

Statistical analysis. Data are expressed as
means + standard error of the numbers of determi-
nations. Differences between paired sets of fluori-
metric experiments were analysed using paired Stu-
dent’s t-tests in Microsoft Excel. Differences were
considered significant at P < 0.05 as the minimum
significance level.

Reagents. The following reagents were used
in the present study: ATP, ouabain, thapsigargin,
EGTA (Sigma, USA), saponin (from Quillaja Sapon-
aria Molina pract.; Acros organics, Belgium). Other
reagents of domestic production were of reagent
grade or laboratory grade.

Results and Discussion

In our previous study [17], control samples (fer-
tile men with normozoospermia) showed activity of
Na*,K*-ATPase about 46.3 + 4.2 nmol P/min per mg
protein. In patients with oligo-, astheno- and oligoas-
thenozoospermia the Na*,K*-ATPase activity was
22.4 +£3.5,23.6 £ 2.6 and 21.8 + 3.8 nmol P, /min per
mg protein correspondingly, that was two fold lower
vs. control group. In previous experiments with
calix[4]arenas, it was shown that C-107 calixaren-
phosphonic acid in 100 uM concentration inhibited
sperm Na*,K'-ATPase more effectively than ouabain
[15]. Therefore, for further kinetic interpretation of
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Fig. 2. Calix[4]arene C-107 effect on the dependence of Na*,K-ATPase activity of spermatozoa of hormo-
zoospermic (a), oligozoospermic (b) and asthenozoospermic (c) men on ATP concentration (M £ m; n = 4-5;
[MgCIz] =5mM)
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Fig. 3. Calix[4]arene C-107 effect on kinetic parameters (coefficient of (half-)activation by ATP KATP and Hill
coefficient nH) of Na*,K"-ATPase in spermatozoa of nhormozoospermic (a), oligozoospermic (b) and astheno-
zoospermic (c) men (M = m; n = 4-5; [MgCl,/ = 5 mM; control — [C-107] = 0 nM)

calix[4]arene C-107 effect on enzymatic activity of
Na*,K-ATPase of spermatozoa we studied its effects
on the concentration dependence of ATPase activity
on ATP and Mg?* concentration.

As substrate concentration in incubation me-
dium increases (under constant level of cofactor)
the Na*,K*-ATPase activity of sperm cells from
normo- (Fig. 2, a) and pathozoospermic men in-
creases (Fig. 2, b, ¢). Similar concentration depen-
dences were also obtained for oligoasthenozoosper-
mic samples (results are not presented in the paper).
The highest enzyme activity was observed under
mM ATP in the incubation medium. Presence of
calix[4]arene C-107 in a concentration range from
10 to 100 nM in the incubation medium leads to
inhibition of sperm Na*,K'-ATPase activity in both
normo- and pathozoospermic men. The maximum
Na*,K*-ATPase activity of sperm cells decreases as
the calixaren concentration increases.

The coefficient of (half-)activation by ATP
(K,;p) and Hill coefficient (n,,) were calculated using
Hill’s plot for all studied groups (Fig. 3).

As can be seen from Fig. 3,a the calix[4]arene
C-107 did not affect coefficient of (half-)activation
by ATP K, and Hill coefficient n, for Na* K*-
ATPase in spermatozoa of normozoospermic men.
The values of Hill coefficient n_ were higher than
1 with and without calix[4]arene C-107 in the incu-
bation medium which indicates positive coopera-
tion between enzyme and ATP. Since calix[4]arene
C-107 inhibited sperm Na*,K*-ATPase activity with
respect to control [15] and did not change coefficient
of (half-)activation by ATP and enzyme co-opera-
tion to ATP (values of K ., and n, were unchanged)
we assume that enzyme activity can be decreased
due to the decrease in the maximum reaction rate
(V..,)- Therefore, next, we calculated V__ catalyzed
by Na*,K'-ATPase Hanes-Woolf plot. As can be
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seen from Fig. 4 calix[4]arene C-107 effect on maxi-
mum reaction rate V_in a dose-dependent manner.
Similar dependences of V__ of Na*,K*-ATPase were
obtained for sperm cells from oligozoospermic and
asthenozoospermic men.

Our results are in perfect agreement with
studies carried out on uterus myocyte plasma mem-
brane Na*,K*-ATPase [18]. It was shown that ca-
lix[4]arene C-107 inhibited enzyme without affection
of kinetic parameters (K., n,,) of reaction velocity
dependence on substrate concentration.

For oligo- and asthenozoospermic samples the
Hill coefficient n,, was almost twice lower in the
presence of 100 nM calix[4]arene C-107 in the in-
cubation medium compared to control. These values
of Hill coefficient (n,, > 1) indicate the positive co-
operation of Na*,K*-ATPase to ATP in pathospermic
samples obtained from infertile men. Changes in
values of n, might indicate subunit changes of en-
zyme structure under increasing concentration of
calix[4]arene C-107 in the incubation medium. The
maximum reaction rate (V,__ ) of Na*,K*-ATPase sig-
nificantly decreases as calix[4]arene C-107 increases.

It is known that besides ATP, magnesium is
required for the functioning of Na*,K*-ATPase. The
Mg? ions, which act as a cofactor, form a chelating
complex Mg-ATP, which is a substrate of enzyma-
tic reaction. Also, Mg?* ions bind to the regulatory
center of Na*,K'-ATPase [19]. The Na*,K*-ATPase
activity of sperm cells increases as MgCl, concen-
tration increases in the range from 0.1 to 10 mM un-
der constant concentrations of ATP (3 mM) in the
incubation medium (Fig. 5, a, control). The depen-
dences of enzyme activity on MgCl, concentration
were similar to dependence without calix[4]arene
C-107, however, the plateau level of Na*,K*-ATPase
activity decreases as the calix[4]arene concentration
increases. Similar concentration dependences were
obtained for oligozoospermic (Fig. 5, b), astheno-
zoospermic (Fig. 5, ¢) and oligoasthenozoospermic
samples (results are not presented in the paper). Pre-
sented concentration dependences correspond not to
Mg?, but to MgCl,, since we used in experiments
MgCl,,. It should be noted that [Mg*] the incubation
medium nonlinearly depends on [MgCL].

Calix[4]arene C-107 effect on the coefficient of
(half-)activation by MgCl, of Na*,K*-ATPase in sper-
matozoa of normo- and pathozoospermic men was
different. Specifically, in normozoospermic samples
of spermatozoa, the coefficient of (half-)activation

by MgCl, K, ., decreases at high concentrations
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Fig. 4. Calix[4]arene C-107 effect on maximum re-
action rate V__ of Na*,K*-ATPase by ATP in sper-
matozoa of normozoospermic men (M = m; n =5;
[MgCL/ = 5 mM; control — [C-107] = 0 nM)

of calix[4]arene C-107 (=50 nM) in the incubation
medium (Fig. 6). Contrary to this in oligozoosper-
mic samples of spermatozoa, K, ., increases only at
high concentration (100 nM) of calix[4]arene C-107.
For sperm Na*,K*-ATPase from asthenozoospermic
men, an increase in calix[4]arene C-107 concentra-
tion leads to an increase in K, ., in the entire range
of investigated concentrations of calix[4]arene. Pre-
viously it was shown complex two-phase nature
of K,,ci, dependence on the concentration on ca-
lix[4]arene C-107 for uterus myocyte plasma mem-
brane Na*,K*-ATPase [18]. The Hill cooperativity
coefficient n,, of activation by MgCl, decreases in the
presence of calix[4]arene C-107. This may indicate
changes in the subunit composition of the enzyme as
a result of calix[4]arene C-107 effect on it.

The obtained results indicate that highly ef-
fective inhibitory effect of calix[4]arene C-107 on
Na*,K*-ATPase in normozoospermic samples has
non-competitive character and is associated with a
decrease in the maximum reaction rate (Fig. 7). In
oligo- and asthenozoospermic men inhibitory effect
of calix[4]arene C-107 causes an increase in K
for MgCl,.

Due to the amphiphilicity of calix[4]arenas
molecule (hydrophilic acid groups and lipophilic
macrocycle skeleton), calix[4]arenes might be em-
bedded in lipid biomembranes, forming channels for

MgCI2
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Fig. 6. Calix[4]arene C-107 effect on kinetic parameters (coefficient of (half-)activation by MgCl, and Hill
coefficient n,,) of Na*,K*-ATPase in spermatozoa of normozoospermic (a), oligozoospermic (b) and astheno-
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Fig. 7. Calix[4]arene C-107 effect on maximum reac-
tion rate V__ of Na*,K*-ATPase by MgCl, in sper-
matozoa of normozoospermic men (M £ m; n =5;
[ATP] = 3 mM; control — [C-107] = 0 nM)

the transport of cations [20, 21]. Therefore calix[4]-
arenas can potentially affect enzymatic or transport
activity of membrane-bound proteins. It is assumed
that obtained experimental data may be important
to clarify membrane mechanisms of ions exchange
and homeostasis in spermatozoa in normal and
pathological states since they explain the inhibi-
tory effect of calix[4]arene C-107. In addition, our
data can be useful for the development of potential
pharmacological agents for modulating sperm mo-
tility, specifically to improve the sperm motility of
asthenospermia patients or to create new spermicidal
compounds. In particular, the effect of a number of
calix[4]arenes is currently being studied not only on
the ATPase system, but also on the sperm motility.
We assume that calix[4]arene acting on membrane-
bound proteins can lead to a change in sperm mo-
tility, which is extremely relevant in particular for
urology and andrology.
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KIHETUYHI BJIACTUBOCTI
Na*,K*-ATPa3n CHEPMATO30I/11B
MJIIJHUX I HENJILJTHU X
YOJIOBIKIB 3A JIIf KAJIIKC[4|APEHY
C-107

P. B. @®aghyna, O. 1. Meckano, A. C. beceodina,
HU. A. Haxoneunuii, JT. 3. Bopobey,
3. JI. Bopobeys

JIbBiBCHKM HAITIOHAIBHUI METUYHHUHN YHIBEPCUTET
imeni Jlannna [anunbkoro, YkpaiHa;
e-mail: kaf_medicalbiology@meduniv.lviv.ua;
roman_fafula@ukr.net

HocnimxyBanu  edektu  Kamikc[4]apeHy
C-107  (5,17-nu(bocdono-2-mipuAUIMETHIT)aMiIHO-
11,23-nu-tpet-0yTrn-26,28-nurigpoxcu-25,27-
JUIPOTIOKCUKaNIKC[4]apeH) Ha KiHETHYHI Xa-
paktepuctukun  Na"K'-ATPa3zu crnepmaro3oiniB
¢depTunpHUX (HOpMO30OCHEpMisl) Ta 1H(epPTHIIb-
HUX (0JIiro- Ta acteHo3oocnepMisi) 4ooBiki. [lo-
ka3aHo, 1o iHrioyBanHs Na',K'-ATPa3noi aktus-
HocTi Kaikc[4]apenom C-107 y cnepmaTto3oinax
HOPMO300CIIEPMIYHMX  YOJIOBIKiB  BiJIOYBa€THCS
BHAC/IJIOK 3HWKEHHS MAaKCUMAaJILHOI IIBUJIKOCTI
ATP-rigpona3noi peakuii i He MOB’sI3aHE 31 3MiHOIO
koedinienTa (HamiB)akTuBaiii ATP Ta xoedinienra
Xinna n,,. IIpoTe B 071iro- Ta aCTEHO300CNEPMIYHUX
3pa3Kax CIepMaTO30iAiB CHOCTEPIra€ThCs 3HUKEH-
Hs1 KoediuienTa kooneparuBHOcTi nH iHriOyBaHHs
ATP-aznoi peakuii kanikc[4]apenom C-107 maiixke
B 2 pasu. Bcranorieno, mo kainikc[4]apern C-107
BIUIMBAa€ Ha KoediuieHt (HamiB)akTuauii MgCl,
K Na*,K'-ATPa3u B cnepmaro3oinax HOpMO- Ta

MgCI2
MaTO300CIEPMIYHUX YOJIOBIKIB MO-PI3HOMY. 30Kpe-
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Ma, Y HOPMO300CTIEPMIUHUX 3pa3Kax CIepMaTo30i-
niB K \igcr, SHIKYETBCS IPH BUCOKHX KOHLIEHTPaLlisiX
kainikc[4]apeny C-107 (>50 HM) B iHKyOarmiiiHOMy
cepenoBuili. HaromicT, B 0Jiro300CcrepMidvHIX
YOJIOBIKiB Kyigciz 3POCTAE JIHIIE P BUCOKUX KOH-
neHTpatisx kaiikc[4lapeny C-107 (100 aM). [dns
Na*,K'-ATPa3u cnepmaTo30ifiB acTeHO300cCHep-
MIYHUX 4YOJIOBIKiB 301ibIIIEHHS KOHIIGHTpAIlii Ka-
nikc[4]apeny C-107 npuBoxuTs 10 3poctanns Ky )
B YCHOMY Jliama3oHi J0CIi)KyBaHUX KOHIIEHTPaLii
kainikc[4]apeny. [Ipu npoMy BennumnHa KoedilieHTa
KoonepaTuBHOCTI Xita N, aktuByrouoi aii MgCl,
3HHIKYETHCS Y IPUCYTHOCTI Kajikc[4]apeny C-107.

KnmouoBi cumoBa: xamkc[4]aper C-107,
Na*,K*-ATPas3a, gonoBiya 6e31uriAHICTb, MaTOCIIeP-
Mis.
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