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This interdisciplinary study, performed with participation of research workers of Palladin Institute of
Biochemistry and Institute of Organic Chemistr y of NAS of Ukraine, is devoted to analysis of biochemical effects of some calixarene methylene bisphosphonic acids (cyclic phenol oligomers) on two well-known biological
phenomenons – Mg2+-dependent ATP hydrolysis (myosin subfragment-1 of myometrium smooth muscle was
used as an example) and fibrin polymerization.
Calix[4]arene С-97 (calix[4]arene methylene bisphosphonic acids) is a macrocyclic substance, which
contains intramolecular highly ordered lipophilic cavity formed by four aromatic rings, one of which is functionalized at the upper rim with methylene bisphosphonic group. At concentration of 100 μM, this substance
was shown to effectively inhibit ATPase activity of pig myometrium myosin subfragment-1 (inhibition coefficient
І0.5 = 83 ± 7 μM). At the same time, this calix[4]arene causes significant (vs. control) increase of myosin subfragment-1 hydrodynamic diameter, which may indicate formation of an intermolecular complex between calixa
rene and myosin head. Computer simulation methods (docking and molecular dynamics with addition of grid
technologies) enabled to elucidate the grounds of intermolecular interactions between calix[4]arene С-97 and
myometrium myosin subfragment-1, that involve hydrophobic, electrostatic and π-π-stacking interactions, some
of which are close to the ATPase active centre. In view of the ability of calixarenes to penetrate into the cell
and their low toxicity, the results obtained may be used as a basis for further development of a new generation
of supramolecular effectors (starting from the above mentioned substances, in particular calix[4]arene С-97) for
regulation of smooth muscle contractile activity at the level of ATP dependent actin-myosin interaction.
Calix[4]arenes bearing two or four methylenebisphosphonic acid groups at the macrocyclic upper rim
have been studied with respect to their effects on fibrin polymerization. The most potent inhibitor proved to be calix[4]arene tetrakis-methylene-bis-phosphonic acid (C-192), in which case the maximum rate of fibrin polymerization in the fibrinogen + thrombin reaction decreased by 50% at concentrations of 0.52·10 -6 M (IC50 ). At this
concentration, the molar ratio of the compound to fibrinogen was 1.7 : 1. For the case of desAB fibrin polymerization, the IC50 was 1.26·10 -6 M at a molar ratio of C-192 to fibrin monomer of 4 : 1. Dipropoxycalix[4]-arene
bis-methylene-bis-phosphonic acid (C-98) inhibited fibrin desAB polymerization with an IC50 = 1.31·10 ‑4 M.
We hypothesized that C-192 blocks fibrin formation by combining with polymerization site ‘A’ (Aa17–19), which
ordinarily initiates protofibril formation in a ‘knob-hole’ manner. This suggestion was confirmed by an HPLC
assay, which showed a host–guest inclusion complex of C-192 with the synthetic peptide Gly-Pro-Arg-Pro, an
analogue of site ‘A’. Further confirmation that the inhibitor was acting at the initial step of the reaction was
obtained by electron microscopy, with no evidence of protofibril formation being evident. Calixarene C-192 also
doubled both the prothrombin time and the activated partial thromboplastin time in normal human blood plasma
at concentrations of 7.13·10 -5 and 1.10·10 -5 M, respectively. These experiments demonstrate that C-192 is a
specific inhibitor of fibrin polymerization and blood coagulation and can be used for the design of a new class
of antithrombotic agents.
K e y w o r d s: methylene bisphosphonic acid, calixarenes, ATPase activity, docking, fibrin polymerization,
fibronogen, fibrin, inhibition.

O

ne of most important methodological ap
proaches, applied in molecular and cellu
lar technologies in biochemistry, molecular
biology and biophysics, that is focused on the study
of structural and functional properties of biomole
cules, supramolecular complexes and subcellular
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and membrane structures, is based on the use of
natural and artificial effectors E (activators and
inhibitors) for modifying activities of enzymatic,
transport, regulator and signaling proteins. There
fore, studying physico-chemical and biochemical
basis and mechanisms involving interactions of
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small effector molecules with biomacromolecules
and biomembranes has become currently one of
the basic problems of so called “contact biology”.
It would be no exaggeration to say that “contact”
events play a crucial role in realization of practi
cally all fundamental biological phenomena that
are studied by transdisciplinary sciences of chemi
co-biological direction.
It is obvious that an artificial effector E pre
tending to form a “molecular platform” able to
effectively regulate the functional activity of an in
tracellular protein must satisfy, as minimum, the
following conditions: 1) to be nontoxic and nonimmunogenic for the organism; 2) to penetrate
rather well through the plasmatic cellular mem
brane; 3) to function as a reversible mechanism;
4) to show a specific (selective) effect exactly on a
specific protein; 5) to be characterized by a rela
tively high affinity towards a target protein (effec
tor constant Kе < 10 -5 M).
In the context of the above mentioned, much
attention of researches is currently devoted to phe
nol cyclic oligomers, calixarenes, as perspective ar
tificial effectors for different biochemical processes.
Calixarenes [1] are vase shaped macrocyclic
compounds produced synthetically by precise cyc
lo-condensation of p-substituted phenols and for
maldehyde, which possess intramolecular lipophilic
cavities formed by aromatic rings of the macrocy
clic skeleton (Fig. 1). Calixarenes may be easily
functionalized at the upper or lower rims of the
macrocyclic skeleton.
Due to their ability to form a variety of in
teractions – multi-site hydrogen bonding, specific
stacking, and generalized electrostatic interac

tions – calixarene derivatives can be applied as
valid recognition motifs when developing synthetic
supramolecular systems. They have the unique
ability to recognize and bind to the Host-Guest
supramolecular complexes, cations, anions and
neutral molecules of appropriate size and architec
ture [2]. These properties open wide perspectives
for practical application of calixarenes in different
branches of chemistry, physics and biology [3, 4].
During the last 10 years, calixarene deriva
tives, especially water soluble and amphiphilic
ones, have been the subject of growing interest
in the field of biology. Highly diverse biomedical
applications of these molecules now include an
tibacterial, anticancer, antiviral, antithrombotic,
membranotropic activities, selective enzyme block
ing and mimicking, as well as protein complexa
tion [5]. Calixarenes, substituted at the upper or/
and lower macrocyclic rim with biologically ac
tive functional groups, are considered as promising
compounds for treating many diseases [6].
We were interested in modifying the calix
arene platform by bio-inspired methylene bispho
sphonates. Being structural analogs of natural
pyrophosphate, these compounds demonstrate
versatile bioactivities [7, 8]. The bioactivities of
bisphosphonates were investigated in detail by
S. Komisarenko in the Palladin Institute of Bio
chemistry, NAS of Ukraine. There were revealed
and carefully examined antitumor and immu
nomodulating activities of methylene bisphospho
nic acid (MBPHA) (Fig. 2) [9, 10].
Phosphonates and bisphosphonates are struc
tural analogs of inorganic pyrophosphate (PP i)
and phosphate, accordingly; they were chosen

Fig. 1. Synthesis and structure of calix[4]arene
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for the study a priori in consideration of the fact
that PPi takes part as a product or substrate in a
large number of most important enzymatic reac
tions. It also may be found in many metabolites.
The presence of P–C bonds in phosphonates and
Р–С–Р bonds in bisphosphonates, which usual
ly cannot be hydrolyzed by enzymes, and strong
complex formingabilities of phosphonates suggest
that these substances may be used for perturbation
of cell metabolic pathways; although, accordingto
some literature data, bisphosphonates do not influ
ence the activity of a large quantity of enzymes, in
particular pyrophosphatase. Unlike this opinion,
S. Komisarenko et al. showed that bisphosphonates
were effective inhibitors of inorganic pyrophos
phatase and some other enzymes in reactions in
volving inorganic pyrophosphate [11–16]. There
was also shown antitumor effect of MBPHA – the
property, which needed further analysis and pre
clinical investigations. In particular, there were
investigated the mechanism of bisphosphonate ef
fect and dependence of enzyme activities on the
structure of bisphosphonates. MBPHAwas shown
to possess immunomodulatory activity. Thus, when
introduced to animals, MBPHA caused inhibition
of both biosynthesis of antibodies to Т-dependent
antigens and cell immune response reactions. It
also inhibited biosynthesis of IgM-, IgE- and, es
pecially, IgG-class antibodies but did not influ
ence the composition of lymphocyte subpopula
tion. Other examined bisphosphonates (oxy- and
aminoderivatives of MBPHA) were strong complex
forming substances but did not possess immu
nomodulatory effect. MBPHA and its analogs –
oxyethylidene bisphosphonic acid, amino-MBPHA
and phosphonoacetic acid – showed no toxicity and
did not inhibit lymphocyte proliferation in culture
when stimulated by mitogens. MBPHA did not es
sentially influence synthesis of specific interleukins
by lymphocytes. It could not go through placental
barrier and showed no embryo toxic effect. Use of
14
С-MBPHA made it possible to reveal MBPHA
tropism towards lymphoid cells and determine ki
netic and thermodynamic parameters of MBPHA
transport into cells. The data obtained suggest that
MBPHA could penetrate into lymphocytes with a
transporter through the concentration gradient by
means of the facilitated diffusion mechanism. Such
transport may be competitively inhibited by РР і
and oxyethylidene bisphosphonic acid (but no Рі)
and does not depend on the intensity of ATP syn
thesis in the cell. There were calculated and deter
mined types of structural complexes that contain
bisphosphonates inside cells and analyzed com
plexes with biologically important metals, which
may interact with cell enzymatic systems [17].
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Substances, which differed in a number of
phosphoryl groups, type of bonds (Р–С, Р–О or
Р–N) or charge and molecular size, were used
to study the mechanism by which bisphospho
nates and phosphonates may influence the activ
ity of a number of key enzymes responsible for
transformation of РРі or molecules including РРі.
S. Komisarenko et al. came to the conclusion that
tropism for lymphocytes is the basis of immu
nomodulatory effects of phosphonates (first of all,
MBPHA). Transport and accumulation of MBPHA
in lymphocytes results in inhibition of inorganic
pyrophpsphatase activity and increase of local РРі
concentration; later, different ligand complexes of
bisphosphonates with bivalent metal ions and with
РР і are formed and some enzymes change their
activity, in particular, DNA-dependent RNA-poly
merase II, enzymes of purine metabolism and so
on [18].
On the basis of bisphosphonates, several pro
totypes of medicinal substances were developed
[19–21]. Thus, a polyurethane composition was
synthesized that might serve as an immobilized
immunomodulator with local anti-inflammatory
and immunosuppressive effects. It was shown that
disodium salt of methylene bisphosphonic acid had
antitumor properties, which resulted in develop
ment of a new antitumor preparation MEBIFON
that was tested clinically and is currently produced
in Kiev by the Public company FARMAK VAT.
With the use of immunoglobulins (antibodies)
and phosphoorganic complexons (aminobisphos
phonates), there were synthesized immunovector
molecules with antibody activities that conserved
complex forming properties. Such structures were
proposed, in particular, for radioimmunolocali
sation of antigens. It should be noted that the
above-mentioned investigations under the direc
tion of S. Komisarenko were reali
zed together
with the following research workers of the Pal
ladin Institute of Biochemistry, NAS of Ukraine:
N. M. Gula, G. G. Gaivoronska, M. G. Juravsky,
N. P. Karlova, І. М. Kolesnikova, О. P. Penezina,
G. М. Fomovska and others. Bisphosphonate and
phosphonate preparations were synthesized in the
Institute of Organic Chemistry, NAS of Ukraine
by A. M. Borisevich with the participation of pro
fessors P. S. Pelkis and M. O. Losinsky and in the
Engelgardt Institute of Molecular Biology, AS of
the USSR by N. B. Tarusova with the participation
of P. M. Khomutov, the corresponding member of
AS of the USSR. Synthesis of the polyurethane
composition was realized together with a group
of scientists form the Institute of High-Molecular
Compounds Chemistry, NAS of Ukraine under the
guidance of D.Sc. G. O. Pkhakadze.
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Fig. 2. Molecular structures of methylene bisphosphonic acid, calixarene methylene bisphosphonic acid C-97
and calixarene tetrakis-methylene bisphosphonic acid C-192
This article describes the results of joint pro
ject of the Palladin Institute of Biochemistry, NAS
of Ukraine and the Institute of Organic Chemistry,
NAS of Ukraine focused on the synthesis, eluci
dation of biological activity and biopharmaceuti
cal application of the calixarenes С-97 and C-192
functionalized with one or four biophoric methy
lene bisphosphonic acid groups in the upper rim
(Fig. 2).
І. Synthesis and molecular structure
of calixarene methylene bisphosphonic acids
The main method for synthesis of metylene
bisphosphonic acids consists in using Arbuzov
reaction of geminal dihalogenoalkanes with trial
kyl phosphites followed by hydrolysis of the esters
formed [1]. However, at synthesis of the calixarene
methylene bisphosphonic acids, this method is lim
ited by availability of appropriate dihalogenoalkyl
calixarenes.
Calixarene methylene bisphosphonic acids
C-97 [23] is synthesized from monoformyl calixa
rene 1 (Scheme 1). On the first stage, diethylphos
phite sodium salt is added to the C=O bond of
monoformyl calixarene 1, according to the clas
sical scheme of the Abramov reaction, with for
mation of α-hydroxyphosphonate 2. Then, in the
presence of sodium, hydroxyphosphonate 2 diethyl
phosphite cleaves water molecule to form a phos
phorylated quinonmethyde as intermediate (omit
ted in the scheme). The quinonmethyde further

ISSN 0201 — 8470. Укр. біохім. журн., 2013, т. 85, № 6

reacts with diethyl phosphite to form calixarene
methylene bisphosphonate 3. Acid C-97 is obtained
by consecutive treatment of the ester 3 with tri
methylbromosilane and methanol.
Calixarene tetrakis-methylene-bisphosphonic
acid C-192 is synthesized by the reaction of tetra
formylcalixarene 4 with sodium salt of diisopropyl
phosphite with formation of tetrakis-bisphospho
nate 5, which after subsequent dealkylation due to
treatment with trimetylbromosilane and methanol
gives C-192 (Scheme 2) [2].
According to the 1H NMR spectra and mo
lecular modeling data, the acids C-97 and C-192
adopt the cone conformations. The both confor
mations are stabilized by intramolecular hydrogen
bonds OH····O at the lower rim of macrocycle. The
conformation of C-192 is additionally stabilized by
the intramolecular hydrogen bonds between dis
tal dihydroxyphosphoryl groups of the upper rim
(Fig. 3). The upper rim bonding makes the cone
C-192 more regular compared with C-97 one.
Below, as examples of biological activity of
calixarenes, we describe our own transdiscipli
nary investigations, which illustrate the use of
calixarene methylene bisphosphonic acids (calix[4]arenes С-97 and С-192) as inhibitors of two sepa
rate biochemical processes: the reaction of Mg2+dependentATP hydrolysis, catalyzed by uterine
smooth muscle myosin sudfragment-1, and the
process of fibrin polymerization and formation of
fibrin network of thrombus.
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C-97
Scheme 1

ІІ. Structure-functional basis of
intermolecular interactions of calixarene
methylene bisphosphonic acid C-97 with
myometrium myosin subfragment-1
It is of importance to understand molecular
and membrane mechanisms that control the con
tractile function of smooth muscle, in particular
myometrium, in normal state and at pathological
states with different disorders; therefore, inves
tigation of these questions is rather actual. The
main function of uterus in the female organism is
baby carrying and deliver y. Disturbance of uterine
smooth muscle motility in females often leads to
various pathologies – weak labour of childbirth,
premature childbirth, miscarriage etc. In this con
nection, there is need for development of effective
methods of correcting disturbed contractile activity
of myometrium and, particularly, for investigations
aimed at developing and examining new pharma
cological highly efficient substances capable of
normalizing uterine motility.
It should be noted that at present research
workers of the Department of Muscle Biochemis
try (Palladin Institute of Biochemistry, NAS
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of Ukraine) and the Department of phospho
rane chemistry (Institute of Organic Chemistry,
NAS of Ukraine) have accumulated a number of
interestingexperimental results concerning the
influence of calixarenes on transport and enzy
matic activity of membrane-associated energydependentcation-transporting systems of plas
matic membrane, sarcoplasmic reticulum and
mitochondria of uterine myocytes. It was shown
that some calix[4]arenes may serve as rather se
lective and high-affinity inhibitors of Mg2+, АТРdependent sodiumpump (calix[4]arenes С-97,
С-99 and С-107; І 0.5 < 100 nМ) and calcium
pump (calix[4]arene С-90; І 0.5 = 20-30 μМ) in
the plasma membrane with Ca2+-accumulation in
mitochondria, which is impossible in the presence
of protonofore СССР (calix[4]arene С-91) (here
codes are given for calixarene compounds). Such
membrane-associated energy-dependent transport
systems are directly involved in the control of in
tracellular cation homeostasis (first of all, Ca 2+
homeostasis). Nevertheless, in case of muscles, in
particular smooth ones, of great importance for
maintainingprocessesof electro- and pharmaco
mechanical coupling is functioning of both cation
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Fig.3. Energy minimized conformations of the calixarenes C-97 and C-192
transporting ATP-dependent systems and ATPhydrolase systems of contractile proteins. Different
pathological states of the female reproductive sys
tem (including the ones caused by hormonal dis
balance) may lead to disfunction of the uterine
contractile complex, which is revealed in abnormal
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superprecipitation (in vitro) and changes of acto
myosin АТРase activity. At some pathologies (e.g.,
hypertrophy) with disordered contractile function
of smooth muscles, including myometrium, some
changes may take place in the expression of myosin
isoforms and kinetics of actin-myosin interaction.
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Accordingly, screeningof reversible affine effectors
of actin-myosin interaction (inhibitors, activators)
is important for developing new pharmacological
preparations capable of normalizing uterine con
tractile function at pathological state of myome
trium.
Myosin АТРase transforms chemical energy,
stored in АТР macroergic bonds, into mechanical
work that is accompanied by directed movement;
that is why this enzyme is also called a molecular
motor [25]. Myosin subfragment-1 (head, S1) is Nterminal part of myosin heavy chain and consists
of two domains: N-terminal globular motor (cata
lytic) domain, which contains an active center of
ATPase, and a site of actin binding, and regulatory
domain or lever-arm that is responsible for move
ment of myosin relative to actin.
The following functional sub-domains were
identified in the structure of myosin S1: 7-stranded
β-sheet (amino acid residues 116–127, 170–180,
248–257, 265–271, 458–468 and 671–678), switch
2 helix (amino acid residues 469–509), converter
(amino acid residues 716–772) and SH2/SH1 hinge
(amino acid residues 688–715); these sub-domains
undergo substantial conformational changes during
energy transfer from ATP-hydrolase centre to actin
binding site [26].
АТР-binding site contains the sequence GLYGLU-SER-GLY-ALA-GLY-LYS-THR similar to
sequences in active centers of other АТРases [27].
АТРase active site is formed in part by the Ploop, Switch 1 and Switch 2 polypeptides that are
linked to the 7-stranded β-sheet; conformations
of these structures are sensitive to the position
and coordination of γ-phosphate. АТРase center
has been identified as a pocket, from which a gap
is stretched to the actin binding site. When АТР
binds to the myosin S1, the pocket becomes closed,
while the gap expands and disturbs the binding of
S1 with actin; as a result, myosin subfragment-1
dissociates from actin. When АТР is hydrolyzed by
myosin АТРase to ADP and Pi, actin can again as
sociate with S1, which facilitates releasing of АТР
hydrolysis products from the active center. When
ATP is hydrolyzed, the presence of associated actin
is important for releasing of inorganic phosphate
from the nucleotide-binding pocket, since in its
absence the salt bridge between Arg238 (switch 1)
and Glu459 (switch 2) inhibits the phosphate release
[14, 28]. Switch 2 α-helix transmits linear force
(arising at ATP hydrolysis) from the active site to
the converter domain; the last converts linear force
into a torque that rotates the lever-arm and enables
the shift of myosin relative to actin.
According to available literature, subfrag
ment-1 is a self-sufficient functional part of myo
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sin molecule; it preserves the properties of native
myosin even in isolated state – that is, it displays
ATPase activity and ability to interact with actin
[29, 30].
Earlier we showed the inhibiting effect of
calix[4]arene С-97 on ATPase activity of myo
metrium actomyosin (inhibition coeff icient
І0.5 = 84 ± 2 μМ) [31]. In this connection, the
question arises concerning the mechanisms of ca
lix[4]arene С-97 effect on ATP-hydrolase activity
of (exactly) myosin subfragment-1. Subfragment-1
is a convenient model for studying calixarene ef
fects due to its high solubility in aqueous solu
tions with low ionic strength (unlike myosin) and
because its specific ATPase activity is close to the
myosin activity.
Below we provide some data obtained in the
study of calix[4]arene С-97 effect on ATP-ase ac
tivity of myometrium smooth muscle myosin sub
fragment-1 and consider possible mechanisms of
complex formation between this calix[4]arene and
myosin subfragment-1 (with the use of computer
simulation techniques – doking analysis and mo
lecular dynamics).
At first, we will give some information con
cerning methodological approaches used in the
study.
Obtaining actomyosin and myometrium myosin
subfragment-1. These studies were performed by
R. D. Labintseva and О. А. Bevza (Palladin In
stitute of Biochemistry, NAS of Ukraine). Smooth
muscle actomyosin was purified from muscle tissue
of pig uterus according to Barany [32] and We
ber [33] with some modifications. Myometrium
smooth muscle myosin subfragment-1 was obtained
through actomyosin splitting by α-chymotrypsin
according to the method of Weeds and Taylor [34]
with some modifications. Separation and purifica
tion of subfragment-1 was performed by ion ex
change chromatography using column packed with
DEAE-Sepharose CL-6B and chromatographic
system BioRad (USA). Protein concentration was
determined by Bradford method [35]; also, concen
trational dependence of light absorption at 280 nm
was used with the curve standardized by serum
albumin. Purity of smooth muscle myosin subfrag
ment-1 was controlled by electrophoresis in poly
acrylamide gel with sodium dodecyl sulphate ac
cording to Laemmli electrophoretic technique [36].
In accord with electrophoretic data, myosin head
had Мr ≈ 100 kDa, which corresponded to litera
ture results [37]. Subfragment-1 was identified as
a fraction having a rather high ATPase activity –
68 ± 9 μmol Рі/min per 1mg of protein (М ± m,
n = 8).
Determination of ATPase activity of myomet
riummyosin subfragment-1. These experiments
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were done by R. D. Labintseva and О. А. Bev
za (Palladin Institute of Biochemistry, NAS of
Ukraine). ATPase activity of myosin subfragment-1
was measured at 37 °С in an incubation medium
(total volume 1 ml) of the following composition
(in mM): tris-НСl buffer (рН 7.2) – 20, КCl –
100, CaCl 2 – 0.01, MgCl2 – 5, ATP – 3 (standard
conditions). The quantity of inorganic phosphate Рі
removed from АТР during hydrolase reaction was
determined by Chen’s method [38].
Study of calix[4]arene С-97 effect on ATPase
activity of myometrium myosin subfragment-1. Kinetic measurements. These experiments were car
ried out by R. D. Labintseva, О. А. Bevza and
S. O. Kosterin (Palladin Institute of Biochemistry,
NAS of Ukraine). To study calixarene С-97 effect
on ATP-ase activity of isolated myosin subfrag
ment-1, aliquots of calixarene solution in 50 mM
tris-НСl buffer (рН 7.2) with the initial concentra
tion 10 mM were added to the standard incubation
medium (see above). Final calixarene concentra
tion in the sample was 10–100 μM. The value of
ATP hydrolase activity, determined at the absence
of calixarene in the incubation medium, was taken
for 100% (“zero point”). At studying concentration
dependence of calix[4]arene С-97 effect on the en
zymatic activity of myosin subfragment-1 ATPase,
the values of the apparent inhibition coefficient І 0.5
and Hill coefficient n H were calculated with the
use of linearized Hill graphs [39] according to the
empirical equation
lg[(V0 - V )/V ] = - nH·lgI 0.5 + nH·lgІ,
where V is specific enzymatic activity, V0 is specific
enzymatic activity at the absence of the inhibitor
in the incubation medium and І is the inhibitor
concentration in the incubation medium. Typical
value of the correlation coefficient r was 0.97-0.99.
Photon-correlation spectroscopy experiments.
This research was carried out by O. Yu. Chunikhin,
R. D. Labintseva and О. А. Bevza (Palladin Insti
tute of Biochemistry, NAS of Ukraine). Photoncorrelation spectroscopy (PCS) experiments were
performed on the device ZetaSizer-3 Malvern In
strument (Great Britain) equipped with the Multi
computing correlator type 7032 ce. Samples were
irradiated by the helium-neon laser LGN-111
(λ = 633 nm, power 25 mw) and laser radiation
scattered at the angle 90° was registered. Computer
program PCS-Size mode v.1.61 [40] was used to
analyze the experimentally measured autocorrela
tion function and calculate the function of dis
tribution by hydrodynamic diameter (HDD) for
microparticles in the volume of the measuring cell.
PCS was used to determine average HDD and the
function of distribution by dimensions for particles
ISSN 0201 — 8470. Укр. біохім. журн., 2013, т. 85, № 6

of myometrium myosin subfragment-1 as well as
for particles that are formed at interaction of myo
sin subfragment-1 with calix[4]arene С-97 (20, 60
та 100 μM).
Computer simulation of the ligand-receptor interaction in the system “calix[4]arene С-97 – myosin subfragment-1”. These experiments were car
ried out by О. V. Bevza, R. D. Labintseva and
О. А. Bevza (Palladin Institute of Biochemistry,
NAS of Ukraine). Computer simulation of the
ligand-receptor interaction for the system “ca
lix[4]arene С-97 – myosin subfragment-1” was
performed usingthe softwere MVD 4.1.0. This
program allowed realizing several algorithms of
searching for the optimal ligand position in the
active site of the protein (a variant of the evolu
tionary algorithm was used) [41]. Actually, dock
ing of the ligand (calix[4]-arene С-97) into the
ligand-binding site (LBS) of myosin subfrag
ment-1 was realized in conditions of entirely ioni
zed methylene bisphosphonic fragment. Standard
АМBER force field parameters were used for the
metal ion (Mg 2+) [42]. When modeling interac
tions between calix[4]-arene С-97 and myome
trium myosin subfragment-1, we realized so called
“semiflexible” docking(only ligand motility was
taken into account) with selection of a series of
complexes havingthe lowest total energy of the
ligand binding. Calculation of the optimal geo
metry of the complexes formed and determina
tion of energetically most advantageous spatial
arrangement of calixarene in the area of myosin
molecule were performed taking into account van
der Waals, electrostatic and hydrophobic interac
tions, hydrogen bonds as well as contribution of
desolvation energy. In the investigation, there has
been used three dimensional structure of myosin
subfragment-1 with the identifier 1B7T in RSCB
Protein Data Bank [43]. Molecular dynamics of
calix[4]arene С-97 interaction with LBS of myosin
subfragment-1 was investigated with the use of the
Gromos96 force field [44]. The protein model has
been “placed” into a virtual cell in the form of cut
octahedron in such a manner that spacing from
the protein to the cell walls did not exceed 1.5 nm.
The cell was “packed” with water molecule models
(solvent) – SPC (Single Point Charge). The water
molecules were partially substituted for Na and Cl
ions to neutralize the system charge and simulate
the physiological ionic strength (0.1 M). “Counter
balancing” of the solvent molecules was carried out
during 0.5 ns with the protein atoms “attached”
to their initial coordinates. The temperature and
the pressure were 298 К and 1 atm, accordingly
(Berend sen’s method was used) [45]. Following
the solvent molecule counterbalancing, additional
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PCS method gives distribution of different
molecules and supramolecular structures in solu
tion by their sizes. To determine HDD by PCS
method, Stokes-Einstein formula is used that is
valid only for spherical particles [47, 48]. Therefore,
molecular diameters determined by this method
will be close to the real ones only for globular pro
teins. When a protein is far from spherical form,
calculated HDD is a rather conventional value.
Myosin head, main functional unit of myo
sin [49], is rounded or pear-shaped [16]; therefore,
the preparation of isolated myometrium myosin
subfragment-1 fits rather well for studying by PCS
method the effect of calix[4]arene on contractile
proteins. There were determined average subfrag
ment-1 HDD and the function of particle size
distribution. Isolated myosin subfragment-1 had
narrow spectrum of particles in the interval from
approximately 10 to 50 nm (Fig. 4). The size of
most frequently registered particles (≈ 50%) was
close to 20 nm. There were also present in small
quantity particles with diameter close to 70 nm
and particles less then 20 nm. It was shown that
the average (most probable) HDD of myosin sub
fragment-1 was 22 ± 3 nm (М ± m; n = 15). This
value fits to the literature data [50, 51].
Concentration dependence of calix[4]arene
С-97 effect on the hydrodynamic indices of myosin
subfragment-1 particles showed that calix[4]-arene
concentrations 20 and 60 μM did not cause signifi
cant changes of myosin head HDD vs. control –
only trend in HDD growth was observed. Only
at calix[4]arene concentration of 100 μM, myosin
head HDD reliably increased versus control: from
22 ± 3 nm (control) to 33 ± 3 nm (experiment)
(Fig. 5). Control examination of calix[4]arene
С-97 solution in 50 mM tris-HCl (рН 7.2) failed
to discover any light scattering microparticles.
Thus, calix[4]arene С-97 at a concentration of
100 μM caused a significant (vs. control) increase
of myosin subfragment-1 HDD, which indicated
the formation of a complex between calix[4]arene
and myosin head.
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ІІ.1. Investigation by photon correlation
spectroscopy of calix[4]arene С-97 effect
on the effective hydrodynamic diameter
(HDD) of isolated myosin subfragment-1
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Fig. 4. The hydrodynamic diameter (HDD) distribution for myosin subfragment-1 particles. Photoncorrelation spectroscopy method. The quantity of
particles, equivalent HDD of which corresponded to
the values in the interval from HDD min to HDD max
with the accuracy 0.1% (according to the characteris
tics of the laser-correlation spectrophotometer), was
taken for 100%. In the Figure, a typical experimental
result is shown
40
35
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minimization of the system energy has been per
formed. Actually, MD simulation method was rea
lized usingthe same parameters as at the solvent
“counterbalancing” except for limiting the protein
atom motility. The coordinates were recorded into
the initial trajectory file every 10 picoseconds.
Motility of the calix[4]arene С-97 molecule in the
course of molecular dynamics was visualized with
the use of the program UCSF Chimera 1.5.3 [46].

25
20
15
10
5
0
Control

20 μM

60 μM

100 μM

Fig. 5. Calix[4]arene С-97 increases the myosin subfragment-1 hydrodynamic diameter (HDD) (M ± m;
n = 6). Photon-correlation spectroscopy method
Of interest is the fact that using photon cor
relation spectroscopy with other supramolecular
effector (activator) of myosin subfragment-1 ATPhydrolase (calix[4]arene С-107), we could ob
serve time dependent changes of myosin subfrag
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ment-1 HDD (data are not given). During the first
5 min after calix[4]arene С-107 addition (60 μM),
valuesof HDD increased from 25 nm (control) to
70–80 nm, but the next 10 to 15 min the size of
myosin head was stabilized at the HDD values of
45 nm (which is undoubtedly more vs. control).
ІІ.2. Examination of calix[4]arene
С-97 effect on АТРase activity
of myometrium myosin subfragment-1

ІІ.3. Using the computer simulation method
for examining the structural basis of
molecular interactions between calix[4]arene
С-97 and myometrium myosin subfragment-1
To understand the molecular mechanism of
calix[4]arene С-97 inhibiting effect on myosin sub
fragment-1 АТРase, it needs to have information
on three-dimensional structure of the enzyme in
complexes with substrate or/and inhibitor. With
this purpose, we carried out the computer simula
tion for the interaction of calix[4]arene С-97 (as a
separate ligand or coupled with ATP) with myo
metrium myosin subfragment-1 in the presence of

120

3.5
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2.5

lg [(Vmax - V)/V]

Miosin subfragment-1 ATPase activity, %

Study of calix[4]arene С-97 effect on myo
metrium myosin subfragment-1 ATPase showed
that in concentration of 10 μM it almost did not
influence ATPase activity. At further increase of
this calixarene concentration, it inhibited myo
sin head ATPase in dose-dependent mode and
at 100 μM concentration the inhibiting effect vs.
control was 60 ± 5% (М ± m; n =5) (Fig. 6). Ac
cording to the linearized graph in Hill coordinates
(Fig. 6, 7), inhibition coefficient І 0.5 = 83 ± 7 μM
(М ± m; n = 5).
When comparing calix[4]arene С-97 inhibi
tion of ATPase activity for actomyosin complex
(І 0.5 = 84 ± 2 μM) [52] and myometrium myosin
subfragment-1 (І 0.5 = 83 ± 7 μM), one can see
that myosin head and actomyosin complex display
practically identical affinity towards this calix[4]
arene. Of interest is the fact that Na+, K+-АТРase
of plasmatic membranes [40] has several orders of
magnitude higher affinity for calix[4]arene С-97
(І 0.5 = 98 ± 8 nM) as compared with actomyosin
and myosin subfragment-1 ATPase [19]. This ob

servation should be taken into account at analy
sis of calix[4]arene С-97 effect on contractile and
electric activity of smooth muscle cells.
Using linearized graphs at analysis of con
centration dependence of subfragment-1 ATPase
activity on calix[4]arene С-97, we also calculated
Hill coefficient n H, which amounts to 1.3 ± 0.5
(Fig. 7). Therefore, this value of Hill coefficient
most probably suggests that myosin head may bind
only one molecule of calix[4]arene С-97.
Therefore, calix[4]arene С-97 effect on
ATPaseof contractile complex may follow from
its ability to bind with myosin subfragment-1; con
sequently, myosin head is supposed to be one of
targets by means of which calix[4]arene С-97 may
influence the contractile complex (based on the
above value of Hill coefficient nH, the stoichiomet
ry of binding is 1 : 1).
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Fig. 6. Catalytic titration of myosin subfragment-1
ATPase activity with calix[4]arene С-97 (М ± m;
n=5)
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Fig. 7. Averaged curve linearized in Hill coordinates
for catalytic titration of myosin subfragment-1 ATP
ase activity with calix[4]arene С-97
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A

B

Fig. 8. Docking of calix[4]arene С-97 as a separate ligand into the active site of myosin subfragment-1 (А) and
docking of the paired ligand “calix[4]arene С-97 + АТР” (B) at the presence of Mg2+ as a cofactor
Mg2+ as a cofactor (Fig. 8, А, B). Mg cation takes
part in binding of АТР to the active site and in the
process of its hydrolysis.
An analysis of docking of calix[4]arene С-97
as a separate ligand into the ligand binding site of
myosin subfragment-1 suggests that residues Asp320,
Asn321, Leu676 and Gln678 may be involved in fixa
tion of calix[4]-arene phosphonate groups (the data
are not shown in the Figure). Calixarene fragments
are oriented in the space formed by residues Ile322,
Asn 238 and Lys677 on one side, and by Tyr126, Arg127
and Arg128 on the other. Besides, positively charged
nitrogen atom of Lys677 residue is located next to
oxygen atoms of methylene bisphosphonate frag
ment (distance between nitrogen atom of Lys 677
residue and ionized oxygen atoms of the phos
phonate group is 0.31 nm). There were indentified
bonds taking part in calix[4]arene binding to a site
close to the active centre of myosin S-1; they are:
hydrogen bonds, π-π-stacking interactions between
aromatic fragments of calix[4]arene bowl and Tyr126
of benzene ring in myosin head as well as elec
trostatic interactions with involvement of Arg127,
Arg128, Asp320 and Lys677.
Simultaneous docking of the paired ligand
“calix[4]arene С-97 + ATP” into the ligand
bindingcentre of myosin subfragment-1 in the
presence of Mg2+ revealed the possible formation
of a complex between calix[4]arene С-97 and ATP,
which binds with involvement of amino acid resi
dues to a site of myosin head close to the active
116

centre; this is somewhat different from results ob
tained with docking of calix[4]arene С-97 alone.
In addition, spatial orientation of calix[4]arene
С-97 in the ligand binding centre of myosin head
differs: methylene bisphosphonate fragment of ca
lix[4]arene at its interaction with АТР molecule be
comes oriented towards the active centre. Binding
of the complex “calix[4]arene С-97 + АТР” to a
site close to the myosin S1 active centre is realized
with participation of hydrogen bonds, π-π-stacking
interactions between aromatic rings of calix[4]arene bowl and benzene rings of Tyr126 and Tyr132
in myosin head as well as electrostatic interactions
with participation of Arg127. Residues Asn 238 and
Asn321, which are rather close to oxygen atoms of
phosphonate groups, may form hydrogen bonds at
interaction with ligand phosphonate groups. It is
also obvious that hydrophobic platform of func
tionalized calix[4]arene С-97 may contribute to the
binding due to the interaction with hydrophobic
sites in the centre of substrate binding.
Table 1 shows amino acid residues of the ac
tive centre of myometrium myosin S1, which are
involved in interactions with calix[4]arene С-97
and the complex “calix[4]arene С-97 + АТР”. Ac
cording to literature, residues Tyr126, Arg127, Leu676
and Lys 677, enabled in fixation of calix[4]arene
С-97 phosphonate groups, are incorporated into
the 7-stranded β-sheet structure of myosin sub
fragment-1, which is joined with polypeptide sites
switch 1 and switch 2. These polypeptides partici
ISSN 0201 — 8470. Укр. біохім. журн., 2013, т. 85, № 6
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T a b l e 1. Amino acid residues of the substrate
bindingdomain of myosin subfragment-1, which take
part in binding of calix[4]arene С-97 in the case of
its docking as a separate ligand and when docking is
performed for a couple of ligands “С-97 + АТР” in
the presence of Mg2+ as cofactor
С-97 + Mg2+

С-97 + ATP + Mg2+

Tyr126

Asn124

Arg127

Pro125

Arg128

Tyr126

Asn 238

Arg127

Asp320

Tyr132

Asn321

Glu184

Ile322

Asn185

Leu676

Asn 238

Lys677

Asn321

Gln678

Ile322

pate directly in the АТРase active centre forma
tion [14]. Therefore, it is obvious that interaction
of calix[4]-arene С-97 with myosin subfragment-1
in the site located near the АТРase centre of myo
sin will influence this centre conformation and,
according ly, the process of АТР hydrolysis cata
lyzed by myosin subfragment-1.
Therefore, the results obtained by the method
of molecular dockingindicate that: 1) calix[4]arene С-97 may bind with myosin subfragment-1
to the site close to the active centre, which leads to
conformational changes in the last; 2) this calix[4]arene may form a complex with ATP prior to the
interaction with the protein, which complicate ac
cess of nucleoside triphosphate to the ATP binding
site. It may well be that both these variantsof ca
lix[4]arene С-97 interaction with subfragment-1
may cause their inhibiting effect on ATPase activi
ty of myometrium myosin subfragment-1. Never
theless, it should be noted that the last variant can
not explain considerable differences (almost three
orders of magnitude) between affinity towards ca
lix[4]arene С-97 for Na+,K+-ATPase and myosin
subfragment-1 ATPase (values of inhibition coef
ficient І 0.5 is equal 100 nM [29] and 80-90 μM,
respectively).
Note that the docking method fails to take
into account motility of myosin S1 and ligands,
which may occur in real conditions. Therefore, to
verify results obtained by the docking method, we
investigated interaction of calix[4]arene С-97 with
the ligand binding centre of myosin subfragment-1
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by the method of molecular dynamics taking into
consideration the motility of both the receptor
(myosin subfragment-1) and the ligand.
The dynamic analysis of the calix[4]arene
С-97 molecule position in the ligand binding site
of myosin subfragment-1 allowed to determine time
dependent deflections of the active site atomsfrom
their initial state; this deflections were characteri
zed by changes of distances (in nm) between ca
lix[4]arene centre of mass and the nearest amino
acid residue (Asn321). Accordingly, there was plot
ted (at intervals of 4 ns) time dependence of С-97
position in the ligand binding site of myosin sub
fragment-1. Analysis of the deflections showed that
initial calix[4]arene location was changing noticea
bly starting approximately from 1 ns: calix[4]arene
conformational mobility increased and afterwards
again decreased, which correlated with the change
of distance between calix[4]arene and Asn321 cent
ers of mass. Therefore, the interaction of calix[4]
arene С-97 with myosin head is accompanied by
time variation of calix[4]arene location. In the pro
cess of molecular dynamics, the total energy of
the system “calix[4]arene С-97 – myosin subfrag
ment-1” becomes somewhat lower; therefore, ca
lix[4]arene С-97 apparently takes up a more energy
advantageous position in the ligand binding site of
myosin subfragment-1. It was shown that calix[4]arene С-97 molecule shifts relative to amino acid
residue Asn320 by about 1.81 Å and that arrange
ment of calix[4]arene С-97 in the final binding
location is stable energetically.
The analysis of hydrogen bonds during 4 ns
interval between calix[4]-arene С-97 and amino
acid residues of the subfragment-1 ligand binding
site (Fig. 9) shows that the number of hydrogen
bonds enabled in the interaction between ca
lix[4]arene С-97 and myosin head remains on
the average unchanged. Consequently, calix[4]
arene location changes in the course of molecular
dynamicsshould be most probably caused by opti
mization of hydrophobic and electrostatic interac
tions.
The method of 4 ns molecular dynamics was
also used to identify amino acid residues taking
part in calix[4]arene binding to the ligand binding
centre of myometrium myosin subfragment-1
(Fig. 10). They include Tyr126, Arg127, Leu676 and
Lys677. These residues take part in fixation of ca
lix[4]arene phosphonate groups that are located,
according to literature [14], next to the ATPase
active centre. Overall, these results correlate well
with the data obtained by the docking method (see
above).
The computer simulation results broadened
out our notions about the structural basis of in
termolecular interactions between calix[4]arene
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Fig. 9. Dynamics of hydrogen bonds generated between calix[4]arene С-97 and amino acid residues of the ligand binding centre of the myosin subfragment-1

Fig. 10. Binding of calix[4]arene С-97 in the ligand binding centre of myosin subfragment-1 determined by
4 ns molecular dynamics. The Figure shows amino acid residues taking part in calix[4]arene binding to LBC
of myosin subfragment-1. Dotted lines show Н-bonds between amino acid residues of subfragment-1 and the
inhibitor. Interactions of С-97 with myosin head include also π-π stacking interactions and electrostatic bonds
С-97 and myometrium myosin subfragment-1. In
particular, there was elucidated the role of hydro
phobic, electrostatic and π-π-stacking interactions
between calix[4]arene and amino acid residues of
118

myosin subfragment-1, some of which are close to
ATPase active centre.
Thus, calix[4]arene С-97 inhibits effec
tively ATPase activity of myosin subfragment-1
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(І 0.5 = 83 ± 7 μM). This substance causes sta
tistically significant (vs. control) increase of the
myosin head hydrodynamic diameter, which is in
dicative of a complex formation between calixarene
and myosin head. The use of the computer simu
lation method resulted in identification of amino
acid residues, hydrophobic and electrostatic forces
that take part in interactions between calix[4]arene
and myometrium myosin subfragment-1. The re
sults obtained suggest that myosin head is one of
targets for calixarene effect on contractile complex
of smooth muscle.
ІІІ. Calix[4]arene methylene bisphosphonic
acids as inhibitors of fibrin polymerization
The present study aimed to investigate the
anticoagulant properties of phosphorus contained
calix[n]arenes [24, 53] in the last two steps of
blood coagulation: thrombin+fibrinogen reaction
and fibrin monomer polymerization, which lead to
formation of fibrin network of thrombus. Fibrino
gen is a glycoprotein (MW ≈ 344 kDa) composed
of two monomeric units connected by disulfide
bonds. Each monomer consists of three non-iden
tical polypeptide chains Aα, Bβ and γ, also con
nected by disulfide bridges [54]. The NH 2-termi
nal ends of all six polypeptide chains are situated
in the central region of fibrinogen known as the
E‑region. Two peripheral regions of the molecule
historically are called the D-region.
When blood coagulation system is activated,
thrombin is formed from prothrombin and attacks
fibrinogen, splitting off two fibrinopeptides A
(Aα1–16), and thereby exposing fibrin polymeriza
tion sites ‘A’ (Aα17–19) [55]. Removal of fibrino
peptides A leads to a form of fibrinogen deemed
‘desA’, which polymerizes spontaneously to form
two-molecule thick protofibrils. Removal of fi
brinopeptides B (‘desAB’) encourages lateral as
sociations that lead to fibrils [56, 57]. The fibrils
continue to associate, branching and forming a
3D network: the framework of the blood throm
bus [58]. It is widely accepted that the initial step
of fibrin polymerization (protofibril formation) is
carried out by the intermolecular pairing of ‘A’ and
‘a’ polymerization sites of fibrin monomers. Site ‘a’
is a cavity (‘hole’) that includes amino acid res-i
dues γGln329, γAsp330, γHis340 and γAsp364, and is
located in the γC-domain of the fibrinogen/fibrin
molecule [59].
In particular, we have focused on compounds
in which the molecular scaffold is decorated with
methylene-bis-phosphonic acid groups. One of
these, calix[4]arenetetrakis-methylene-bis-phos
phonic acid (C-192), has four such substituent
groups (Fig. 2).
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The experimental data presented in the fol
lowing part of the article were carried out by the
research workers of the Department of Protein
Structure and Function (Palladin Institute of Bio
chemistry, NAS of Ukraine) and the Department
of Phosphorane Chemistry (Institute of Organic
Chemistry, NAS of Ukraine).
Preparation of fibrinogen, fibrin desAB. These
studies were performed by G. K. Gogolinska and
T. A. Pozniak (Koshel) (Palladin Institute of Bio
chemistry, NAS of Ukraine). Human fibrinogen
was prepared by sodium sulphate precipitation
from human plasma [60] DesAB fibrin monomer
was prepared as described previously [61].
Turbidity analysis of fibrin polymerization. These experiments were carried out by
T. A. Pozniak(Koshel), P. G. Gritsenko and
E. V. Lugovskoy (Palladin Institute of Biochemis
try, NAS of Ukraine). The effects of compounds
on fibrin polymerization were studied spectro
photometrically at 350 nm as described previous
ly [62]. The curve of increasing turbidity during
fibrin clotting shows the parameters: τ, lag time,
which corresponds to the time of protofibril forma
tion; Vmax, maximum rate of fibrin polymer ization,
which was defined by graphic calculation of the
angle of the tangent to the turbidity increase curve
at the point of maximum steepness; and Δh, fi
nal turbidity of fibrin clots. The polymerization of
desAB fibrin was studied at its final concentration
0.1 mg·mL -1 in the polymerization medium con
taining 0.05 M ammonium acetate (pH 7.4) with
0.1 M NaCl and 1·10 -4 M CaCl2. The polymeriza
tion of fibrin formed in the fibrinogen + throm
bin reaction was investigated at a final concentra
tion of fibrinogen of 0.1 mg·mL -1 and thrombin
of 0.4 NIH units·mL-1 in the same polymer ization
medium.
Electron microscopy. These experiments were
done by T. A. Pozniak (Koshel), P. G. Gritsenko
and V. I. Chernishov (Palladin Institute of Bio
chemistry, NAS of Ukraine). The samples of po
lymerizing fibrin produced in the thrombin–fi
brinogen reaction in the absence or presence of
calixarene C-192 (10 -5 M) were taken out of the
reaction medium at various times, placed on a car
bon-coated grid for 2 min and then stained with
1% (w/v) uranyl acetate for 1 min. Transmission
electron microscopy was performed with an H-600
electron microscope (Hitachi, Tokyo, Japan) oper
ated at 75 kV. Electron micrographs were obtained
at ×50 000 magnification.
The determination of association constants by
the RP-HPLC method. These experiments were
done by S. O. Cherenok, O. I. Kalchenko and
V. I Kalchenko (Institute of Organic Chemis
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try, NAS of Ukraine). The HPLC consisted of a
high-pressure pump (type HPP 4001) (Laborator
ni Pristroje, Prague, Czech Republic) connected
to a Rheodyne sample 7120 injector (Rheodyne,
Berkeley, CA, USA) and an ultraviolet-visible de
tector (type LCD 2563) (Laboratorni Pristroje).
The column (150·3.3 mm inner diameter) was
packed with Separon SGX CN (Lachema, Prague,
Czech Republic). The mobile phase was a mix
ture of methanol–water in the ratio 50 : 50 (v/v),
with the calixareneC-192additive at a concentra
tion in the range 1.48·10 ‑4 to 5·10 ‑4 M. The flow
rate was 0.6 mL·min-1. The concentration of the
guests/analytes in solution for analysis was 10 -5 M.
The solvent was identical to the mobile phase
composition. The amount of the sample injected
was 0.5l L. Each of the samples was analyzed five
times. All chromatograms were obtained at 20 °C.
Association constants of the calixarene complexes
with amino acids Gly, Pro, Arg and tetrapeptyde
Gly-Pro-Arg-Pro (280–3395 M-1) were calculated
from the dependence of the 1/k′ value versus the
calixarene concentration [CA] in the mobile phase
by Eqn (1) (Table 2):
.
Where k 0′ and k′ are the capacity factors
determined in the absence and presence of the
calixarene in the mobile phase and [CA] is the
calixarene concentration in the mobile phase.
PT and APTT assays. These experiments
were carried out by T. A. Pozniak (Koshel) and
P. G. Gritsenko (Palladin Institute of Biochemis
try, NAS of Ukraine). The effects of calixarene
C-192 on the coag ulation of human blood plasma
were studiedusing a coagulometer (CT 2410 ‘So
lar’, Minsk, Belarus). Reagents from Renam (Mos
cow, Russia) were used to calculate PT and APTT.
PT and APTT ratios were calculated using the for
mula: tc/to, where to is the time of clot formation
in blood plasma without calixarene C-192 and tc
is the time of clot formation in blood plasma with
calixarene C-192.
Calix[4]arene methylenebisphosphonic acids
as inhibitors of fibrin polymerization
C-192 was studied with respect to its ef
fects on fibrin polymerization in two kinds of as
say. In the first assay, the formation of fibrin fol
lowed directly after the addition of thrombin. In
the second assay, previously prepared fibrin was
dispersed and then allowed to repolymerize un
der appropriate conditions. In both cases, fibrin
formation was gauged by turbidity measurements.
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Turbidity analysis showed that the compound de
creased the maximum rate of fibrin polymerization
in the thrombin–fibrinogen reaction by 50% at a
molar ratio of compound to starting fibrinogen of
1.7 : 1 (Fig. 11). The final turbidity of clots was
decreased by 50% at a molar ratio of 4.3 : 1 (com
pound : starting fibrinogen) (Fig. 11, C). The lagtime was also increased strongly in the presence of
C-192, indicating either a decrease of the rate of
protofibril formation or, conceivably, an increase
of protofibril critical length (Fig. 11, B). Similar
results were obtained when calixarene C-192 in
hibited the re-association of dispersed desAB fibrin
(Fig. 12, A–C); in this case, IC50 = 1.26·10‑6 M.
Such a strong and specific inhibition by ca
lixarene C-192 of both the thrombin–fibrinogen
reaction and the re-association of fibrin desAB
indicates that calixarene retards clotting not as a
result of the inhibition of thrombin, but entirely
because of the blocking of fibrin polymerization
sites.
We also performed electron microscopy
studiesto determine the stage of fibrin polymeri
zation that was inhibited by C-192. Transmission
electron microscopy of the thrombin + fibrinogen
media showed that fibrin remained in monomer
state in the presence of calixarene C-192 at its fi
nal concentration of 10 -5 M, whereas, at the same
time, mature fibrils were formed in the absence of
C-192 (Fig. 13).
The results of turbidity analysis and electron
microscopy indicate that the inhibition by C-192
occurs at the first stage of fibrin polymerization,
presumably by blocking one of the sites of protofi
bril formation.
We also investigated the inhibitory effects of
two structural fragments of C-192: para-hydroxy
phenyl-methylene-bis-phosphonic acid (1) and
methylene-bis-phosphonic acid (2) (Fig. 14). The
results showed that these constituents inhibit fibrin
polymerization with considerably less activity: the
T a b l e 2. Concentration values of compounds that
cause 50% inhibition of the maximum rate of the
polymerization of fibrin produced in the fibrinogen +
thrombin reaction
Compound

IC50, M

C-192

1.26×10 -6

C-98

1.31×10-4

1. para-hydroxyphenylmethylene-bis-phosphonic acid

> 1.0×10 -4

2. methylene-bis-phosphonic acid

0.72×10 -4
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Fig. 11. Turbidity analysis of the influence of C-192 on fibrin polymerization in the fibrinogen + thrombin
reaction. The dependence on calixarene C-192 concentration is shown for (A) the maximum rate of fibrin
polymerization Vmax, (B) the lag-time τ and (C) the final turbidity of fibrin clots Δh
IC50 value was > 1.0·10-4 M for 1 and 0.72·10-4 M
for 2.
It is of interest that the inhibitory activity
of C-98, which has the two methylene-bis-phos
phonic acid substituents, is much less (Table 2)
(IC50 = 1.31·10-4 M), indicating that the calixarene
scaffold and the number of phosphoryl groups in
the molecule play a crucial role in the inhibitory
effect.
Furthermore, calixarene C-192 doubles both
the prothrombin time (PT) and APTT in nor
mal human blood plasma at concentrations of
7.13⋅10‑5 M and 1.10⋅10 -5 M, respectively (Fig. 15).
The molar ratios of C-192 to plasma fibrinogen
were approximately 21 : 1 and 3.3 : 1 for the PT
and APTT assays, respectively. The delays in clot
ting times in the blood plasma coagulation experi
ments are what would be expected by the inhibi
tion of the fibrin polymerization from fibrinogen
after the activation of the blood coagulation sys
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C
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4

Δh, %

50

τ, s

Vmax

B

70

8
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30

2
0

tem. Electron microscopy confirmed that C-192
inhibits the first stage of fibrin polymerization (i.e.
the formation of protofibrils).
Because this stage is fulfilled through the in
termolecular binding of the complementary sites
‘A’–’a’, it appeared to be certain that this inhibi
tion is a result of the blocking of site ‘A’ (Aa17‑19,
GlyProArg) by the calixarene in a ‘knob-hole’
manner. To confirm that this was the case, we em
ployed HPLC to study complex formation between
C-192 and the synthetic peptide Gly-Pro-Arg-Pro,
a synthetic analogue of the A knob; the free amino
acids Gly, Pro and Arg were used as controls. As
sociation constants of calixarene C-192 complexes
with amino acids Gly, Pro, Arg and tetrapeptide
Gly-Pro-Arg-Pro in methanol–water mobile phase
(50 : 50, v/v) were determined as previously de
scribed [17, 18]. The addition of calixarene C-192
to the mobile phase decreased the capacity factor,
k′ , of the guest molecules (Table 3). This confirms

1

2

3

4

[C-192]×10 -6 M

5

10

40
20

20
0

60

0

1

2

3

4

[C-192]×10 -6 M

5

0

0

1

2

3

4

[C-192]×10 -6 M

5

Fig. 12. Turbidity analysis of the influence of C-192 on fibrin desAB polymerization. The dependence on
calixarene C-192 concentration is shown for (A) the maximum rate of fibrin polymerization Vmax, (B) the lagtime τ and (C) the final turbidity of fibrin clots Δh
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A

B

C

D

Fig. 13. Electron micrographs of fibrinogen + thrombin reaction media in the absence of C-192 (A, B), as well
as in its presence (C, D). Scale bar = 100 nm

1

2

Fig. 14. Two structural fragments of C-192: para-hydroxyphenyl-methylene-bis-phosphonic acid (1) and
methylene-bis-phosphonic acid (2)
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Fig. 15. The dependence of the PT and APTT ratios on the calixarene C-192 concentration
the formation of inclusion host–guest complexes.
There is linear dependence of 1/k′ versus the con
centration of C-192 in the mobile phase (Fig. 16);
the correlation coefficient is 0.98-0.99, indicating
a 1 : 1 ratio of calixarene to Gly-Pro-Arg-Pro in
the complex.
In accordance with the molecular model
ling data (Fig. 17, A, B), there are two modes of
C-192–Gly-Pro-Arg-Pro complexation. In the
first mode (A), cooperative electrostatic interac
tions of two proximal negatively-charged phospho
nyl groups with the Gly α-amino terminal group
and the Arg guanidinium residue play a principal
role in complex formation. Most of the tetrapeptide
molecule is exposed outside the calixarene cavity.
In the second mode (B), the hydrophobic part of
Gly-Pro-Arg-Pro molecule is deeply embedded
into the calixarene cavity. The complex is stabi
lized by P-O -...H3N+ electrostatic interactions of
the phosphonyl group with the Gly amino acid res
idue, as well as by CH-π interactions of CH2-group
in the Pro residue with the calixarene aromatic

ring. Hydrophobic forces can additionally stabilize
the complex in a water solution.
Thus, we have shown for the first time that
C-192 is a powerful and specific inhibitor of the
final step of blood coagulation, fibrin polyme
rization, and can be used as the basis for the design
of new class of anti-thrombotic agents. We have
found that the mechanism of C-192 inhibition in
volves its effect on the first step of fibrin polymeri
zation, protofibril formation, which is carried out
via intermolecular interactions of complementary
polymerization sites ‘A’ and ‘a’ of fibrin molecules.
We have also shown that C-192 forms com
plex with synthetic peptide Gly-Pro-Arg-Pro,
which imitates polymerization site ‘A’ (Aa17 GlyPro-Arg), suggesting that the inhibitory effect of
C-192 may be a result of the blocking of site ‘A’ by
this calixarene.
The previous scientific experiments with
healthy adult mice have shown that the calixa
rene C-192 is median toxic compound (LD50 is
780 mg/kg, perorally).

T a b l e 3. Values 1/k′ of the guests and association constants KA (M-1) for their complexes with calixarene
C-192. RSD, relative standard deviation
Calixarene concentration
Guest

0.0

1.48

2.52

3.54

5.00

K A, M-1 (RSD, %)

1/k′
Gly

0.302

0.313

0.324

0.331

0.349

280 (10)

Pro

0.294

0.318

0.367

0.396

0.403

814 (26)

Arg

0.311

0.395

0.532

0.592

0.794

2576 (21)

Gly-Pro-Arg-Pro

1.287

1.754

2.453

3.015

3.693

3395 (19)
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Gly
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Arg

1.5
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0
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Fig. 16. Dependence of 1/k′ for Gly, Pro, Arg and Gly-Pro-Arg-Pro on theC-192 concentration in the mobile
phase

A

B

C-192

C-192

Fig. 17. Two modes of energy minimized structures of calixareneC-192 complexed with GlyProArgPro. (A)
Cooperative electrostatic interactions of two proximal negatively charged phosphonyl groups of C-192 molecule
with Glya-amino terminal group and Arg guanidinium residue. (B) The hydrophobic part of GlyProArgPro
molecule is embedded into the calixarene cavity
These experiments demonstrate that calix[4]arene C-192 (calixarene tetrakis-methylene bispho
sphonic acid) is a specific inhibitor of fibrin po
lymerization and blood coagulation can be used for
the design of a new class of antithrombotic agents.
We believe that our data make a contribution
to modern knowledge about biochemical and bio
physical properties of calixarenes and the molecu
lar mechanism of their interactions with proteins.
Taking into account the ability of calixarenes to
penetrate into the cell and their low toxicity, these
data may be used as a basis for the further develop
ment of a new generation of the supramolecular ef
fectors for regulation of smooth muscle contractile
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activity at the level of ATP dependent actin-myosin
interaction and can be used for the design of a new
class of antithrombotic agents.
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перспективные Эффекторы
биохимических процессов
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Эта работа – результат междисципли
нарного исследования, совместно выпол
ненного сотрудниками Института биохимии
им. А. В. Палладина и Института органиче
ской химии НАН Украины, и посвященная
анализу действия некоторых каликсаренме
тиленбисфосфоновых кислот (циклических
олигомеров фенолов) на два хорошо известных
биохимических процесса: Mg2+-зависимый эн
зиматический гидролиз АТР (катализируемый
субфрагментом-1миозина миометрия) и на по
лимеризацию фибрина.
Молекула каликс[4]арена С-97 представ
ляет собой макроцикличекую структуру, со
держащую внутримолекулярную липофильную
«чашу», сформированную из четырех аромати
ческих колец, одно из которых по верхнему
венцу функционализировано метиленбисфос
фоновой группой. Это вещество, используемое
в концентрации 100 мкМ, эффективно инги
бировало АТРазную активность субфрагмен
та-1 миозина миометрия (коэффициент инги
бирования І 0,5 = 83 ± 7 мкM). В то же время
этот каликс[4]арен вызывал существенное (от
носительно контрольного значения) увеличе
ние величины гидродинамического диаметра
молекулы субфрагмента-1, что опосредовано
указывало на образование межмолекулярного
комплекса между каликсареном и головкой
миозина. Результаты компьютерного моделиро
вания, проведенные с использованием докинга
и методов молекулярной динамики, свидетель
ствуют о том, что в стабилизации указанного
ISSN 0201 — 8470. Укр. біохім. журн., 2013, т. 85, № 6

межмолекулярного комплекса существенное
значение принадлежит гидрофобным, электро
статическим и π-π-стэкинг взаимодействиям.
Полученные результаты, с учетом низкой ток
сичности каликсаренов и их способности про
никать в клетки, могут быть перспективными
для создания высокоэффективных регуляторов
(на уровне АТР-зависимого взаимодействия
актина и миозина) сократительной активности
гладких мышц.
Исследовано влияние на полимеризацию
фибрина каликс[4]аренов, содержащих два
или четыре метиленбисфосфоновые группы на
верхнем венце макроцикла. Наиболее мощным
ингибитором оказался каликс[4]арентетрабисметиленбисфосфоновая кислота (C‑192). Мак
симальная скорость полимеризации фибрина
в системе фибриноген + тромбин уменьша
ется на 50% при концентрации каликсарена
0,52⋅10 ‑6 М (IC50), при этом молярное соотно
шение каликсарена и фибриногена равняется
1,7 : 1. При полимеризации фибрина desAB,
IC50 составляет 1,26⋅10-6 М, в тоже время моляр
ное соотношение C-192 и мономерного фиб
рина составляет 4 : 1. Дипропоксикаликс[4]аренбисметиленбисфосфоновая кислота (C-98)
ингибирует полимеризацию фибрина desAB
с IC50 = 1,31⋅10 -4 М. Мы предположили, что
С-192 блокирует полимеризацию фибрина пу
тем связывания с сайтом полимеризации «А»
(Aa17-19), который инициирует формирование
протофибрилл за счет «knob-hole» взаимодей
ствий. Это предположение подтверждено с
помощью метода ВЭЖХ, показавшего образо
вание комплекса включения по типу «гостьхозяин» C-192 с синтетическим пептидом GlyPro-Arg-Pro, аналогом сайта «A». Дальнейшее
подтверждение того, что каликсарен С-192 дей
ствует на начальную стадию полимеризации
фибрина, получено с помощью электронного
микроскопа. Установлено, что в присутствии
каликсарена в среде реакции не формируют
ся даже протофибриллы. Каликсарен С-192
вдвое увеличивает протромбиновое время и
частично активирует тромбопластиновое вре
мя в нормальной плазме крови человека при
концентрации 7,13⋅10 -5 и 1,10⋅10 -5 M соответ
ственно. Эти эксперименты показывают, что
С-192 является специфическим ингибитором
полимеризации фибрина и свертывания крови
и может быть использован для разработки но
вого класса антитромботических препаратов.
К л ю ч е в ы е с л о в а: метиленбисфос
фоновая кислота, каликсарены, активность
АТРазы, докинг, полимеризация фибрина, фи
бриноген, фибрин, ингибирование.
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Ця робота – результат мі ж дисцип
лінарного дослідження, виконаного спільно
співробітниками Інститу ту біох імі ї ім.
О. В. Палладіна та Інституту органічної хімії
НАН України і присвячена аналізу дії дея
ких каліксаренметиленбісфосфонових кислот
(циклічних олігомерів фенолів) на два добре
відомих біохімічних процеси: Mg 2+-залежний
ензиматичний гідроліз АТР (що каталізується
субфрагментом 1 міозину міометрія) та на
полімерізацию фібрину.
Молек ула ка лі кс[4]арен у С-97 має
макроциклічну структуру, містить внутрішньо
молекулярну ліпофільну «чашу», яка сфор
мована з чотирьох ароматичних цик лів,
один з яких на верхньому вінці містить
метиленбісфосфонову групу. Зазначений
каліксарен, використаний в концентрації
10 0 мк М, ефективно і нгібує АТРазн у
активність субфрагмента-1 міозина міометрія
(коефіцієнт інгібування І 0,5 = 83 ± 7 мкM). У
той же час цей каліксарен спричинює істотне
(щодо контрольного значення) збільшення ве
личини гідродинамічного діаметра молекули
субфрагмента-1, що опосередковано вказує на
утворення міжмолекулярного комплексу між
каліксареном та голівкою міозину. Результати
комп’ютерного моделювання, які було про
ведено із використанням технології докінгу
та методів молекулярної динаміки, вказують
на те, що у стабілізації зазначеного молеку
лярного комплексу істотне місце належить
гідрофобним, електростатичним та π-π-стекінг
взаємодіям. Одержані результати, із ураху
ванням низької токсичності каліксаренів та
їхньої здатності проникати в клітини, можуть
бути перспективними для подальшої розбу
дови високоефективних регуляторів (на рівні
АТР-залежної взаємодії актину та міозину)
скоротливої активності гладеньких м’язів.
Досліджено вплив на полімеризацію
фібрину калікс[4]аренів, які містять два або
чотири метиленбісфосфонові групи на верх
126

ньому вінці макроциклу. Найпотужнішим
інгібітором виявився калікс[4]арентетрабісметиленбісфосфонова кислота (C-192). Мак
симальна швидкість полімеризації фібрину в
системі фібриноген+тромбін зменшувалась на
50% за концентрації каліксарену 0,52⋅10 ‑6 М
(IC50), при цьому молярне співвідношення
каліксарену до фібриногену дорівнює 1,7 : 1.
У разі полімеризації фібрину desAB, IC50
становить 1,26⋅10 -6 М, у той же час моляр
не співвідношення C-192 до мономерного
фібрину дорівнює 4 : 1. Дипропоксикалікс[4]аренбісметиленбісфосфонова кислота (C‑98)
інгібувала полімеризацію фібрину desAB
з IC50 = 1,31⋅10 -4 М. Ми припустили, що
С-192 блокує полімеризацію фібрину шля
хом зв’язування із сайтом полімеризації
«А» (Aa17‑19), який ініціює формування
протофібрил за рахунок «knob-hole» взаємодій.
Це припущення підтверджено за допомо
гою методу ВЕРХ, який показав утворен
ня комплексу включення за типом «гістьгосподар» C-192 із синтетичним пептидом
Gly-Pro-Arg-Pro, аналогом сайту «A». По
дальше підтвердження того, що каліксарен
С-192 діє на початкову стадію полімеризації
фібрину одержано за допомогою електронно
го мікроскопа. Встановлено, що в присутності
каліксарену в середовищі реакції не фор
муються навіть протофібрили. Каліксарен
С-192 вдвічі збільшував, як протромбіновий
час, так і активований частково тромбопла
стиновий час у нормальній плазмі крові лю
дини за концентрації 7,13⋅10 -5 і 1,10⋅10 -5 M
відповідно. Ці експерименти показують, що
С-192 є специфічним інгібітором полімеризації
фібрину та зсідання крові і може бути викори
станий для розробки нового класу антитром
ботичних препаратів.
К л ю ч о в і с л о в а: метиленбісфосфонова
кислота, каліксарени, активність АТРази,
докінг, полімеризація фібрину, фібриноген,
фібрин, інгібування.
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