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This interdisciplinary study, performed with participation of research workers of Palladin Institute of
Biochemistry and Institute of Organic Chemistry of NAS of Ukraine, is devoted to analysis of biochemical ef-
fects of some calixarene methylene bisphosphonic acids (cyclic phenol oligomers) on two well-known biological
phenomenons — Mg?*-dependent ATP hydrolysis (myosin subfragment-1 of myometrium smooth muscle was
used as an example) and fibrin polymerization.

Calix[4]arene C-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 func-
tionalized at the upper rim with methylene bisphosphonic group. At concentration of 100 uM, this substance
was shown to effectively inhibit AT Pase activity of pig myometrium myosin subfragment-1 (inhibition coefficient
1,, =83+ 7uM). At the same time, this calix[4]arene causes significant (vs. control) increase of myosin sub-
fragment-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 C-97 and
myometrium myosin subfragment-1, that involve hydrophobic, electrostatic and n-r-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 C-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 ca-
lix[4]arene tetrakis-methylene-bis-phosphonic acid (C-192), in which case the maximum rate of fibrin polymeri-
zation in the fibrinogen + thrombin reaction decreased by 50% at concentrations of 0.52-10-° M (IC,,). At this
concentration, the molar ratio of the compound to fibrinogen was 1.7 : 1. For the case of desAB fibrin polymeri-
zation, the IC ., was 1.26-10-° 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 IC,, = 1.31-10~* M.
We hypothesized that C-192 blocks fibrin formation by combining with polymerization site ‘A’ (Aal7—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 7.13-107° and 1.10-10~ 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.

Key words: methylene bisphosphonic acid, calixarenes, ATPase activity, docking, fibrin polymerization,
fibronogen, fibrin, inhibition.

ne of most important methodological ap-
O 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 non-
immunogenic 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 K < 10> 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,
and phosphate, accordingly; they were chosen

Upper Rim Modification

HCHO
NaOH

Lower Rim Modification

Fig. 1. Synthesis and structure of calix[4]arene
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for the study a priori in consideration of the fact
that PP, 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
P—C—P bonds in bisphosphonates, which usual-
ly cannot be hydrolyzed by enzymes, and strong
complex forming abilities of phosphonates suggest
that these substances may be used for perturbation
of cell metabolic pathways; although, according to
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. MBPHA was shown
to possess immunomodulatory activity. Thus, when
introduced to animals, MBPHA caused inhibition
of both biosynthesis of antibodies to T-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
“4C-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 PP,
and oxyethylidene bisphosphonic acid (but no P)
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 (P—C, P—O or
P—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 PP, or molecules including PP,.
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 PP,
concentration; later, different ligand complexes of
bisphosphonates with bivalent metal ions and with
PP, 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 realized 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, I. M. Kolesnikova, O. P. Penezina,
G. M. 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 C-97 and C-192
functionalized with one or four biophoric methy-
lene bisphosphonic acid groups in the upper rim
(Fig. 2).

I. 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=0 bond of
monoformyl calixarene 1, according to the clas-
sical scheme of the Abramov reaction, with for-
mation of a-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
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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 'H 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 C-97 and C-192) as inhibitors of two sepa-
rate biochemical processes: the reaction of Mg?*-
dependent ATP 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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Scheme 1

I1. 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 delivery. 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
interesting experimental results concerning the
influence of calixarenes on transport and enzy-
matic activity of membrane-associated energy-
dependent cation-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 Mg?*, ATP-
dependent sodium pump (calix[4]arenes C-97,
C-99 and C-107; /,, < 100 nM) and calcium
pump (calix[4]arene C-90; [ . = 20-30 pM) in
the plasma membrane with Ca’?"-accumulation in
mitochondria, which is impossible in the presence
of protonofore CCCP (calix[4]arene C-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?*
homeostasis). Nevertheless, in case of muscles, in
particular smooth ones, of great importance for
maintaining processes of 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 ATP-
hydrolase 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 ATPase 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, screening of 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 ATPase transforms chemical energy,
stored in ATP 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 N-
terminal 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
B-sheet (amino acid residues 116—127, 170—180,
248—257, 265271, 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].

ATP-binding site contains the sequence GLY-
GLU-SER-GLY-ALA-GLY-LYS-THR similar to
sequences in active centers of other ATPases [27].
ATPase active site is formed in part by the P-
loop, Switch 1 and Switch 2 polypeptides that are
linked to the 7-stranded B-sheet; conformations
of these structures are sensitive to the position
and coordination of y-phosphate. ATPase center
has been identified as a pocket, from which a gap
is stretched to the actin binding site. When ATP
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 ATP is hydrolyzed by
myosin ATPase to ADP and P, actin can again as-
sociate with S1, which facilitates releasing of ATP
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 Arg,,, (switch 1)
and Glu,, (switch 2) inhibits the phosphate release
[14, 28]. Switch 2 a-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 C-97 on ATPase activity of myo-
metrium actomyosin (inhibition coefficient
I,; = 84 £ 2 uM) [31]. In this connection, the
question arises concerning the mechanisms of ca-
lix[4]arene C-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 C-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 O. A. 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 a-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 Mr ~ 100 kDa, which corresponded to litera-
ture results [37]. Subfragment-1 was identified as
a fraction having a rather high ATPase activity —
68 £ 9 pmol P,/min per Img of protein (M £ m,
n=38).

Determination of ATPase activity of myomet-
rium myosin subfragment-1. These experiments
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were done by R. D. Labintseva and O. A. Bev-
za (Palladin Institute of Biochemistry, NAS of
Ukraine). ATPase activity of myosin subfragment-1
was measured at 37 °C in an incubation medium
(total volume 1 ml) of the following composition
(in mM): tris-HCI buffer (pH 7.2) — 20, KCI —
100, CaCl, — 0.01, MgCl, — 5, ATP — 3 (standard
conditions). The quantity of inorganic phosphate P,
removed from ATP during hydrolase reaction was
determined by Chen’s method [38].

Study of calix[4]arene C-97 effect on ATPase
activity of myometrium myosin subfragment-1. Ki-
netic measurements. These experiments were car-
ried out by R. D. Labintseva, O. A. Bevza and
S. O. Kosterin (Palladin Institute of Biochemistry,
NAS of Ukraine). To study calixarene C-97 effect
on ATP-ase activity of isolated myosin subfrag-
ment-1, aliquots of calixarene solution in 50 mM
tris-HCI buffer (pH 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 pM. 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 C-97 effect on the en-
zymatic activity of myosin subfragment-1 ATPase,
the values of the apparent inhibition coefficient /
and Hill coefficient n,, were calculated with the
use of linearized Hill graphs [39] according to the
empirical equation

lgl(V, - V)/V1 = - nylgl,, + nlgl,

where Vis specific enzymatic activity, V; is specific
enzymatic activity at the absence of the inhibitor
in the incubation medium and 7 is the inhibitor
concentration in the incubation medium. Typical
value of the correlation coefficient » was 0.97-0.99.

Photon-correlation spectroscopy experiments.
This research was carried out by O. Yu. Chunikhin,
R. D. Labintseva and O. A. Bevza (Palladin Insti-
tute of Biochemistry, NAS of Ukraine). Photon-
correlation 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
(A = 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
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of myometrium myosin subfragment-1 as well as
for particles that are formed at interaction of myo-
sin subfragment-1 with calix[4]arene C-97 (20, 60
ta 100 pM).

Computer simulation of the ligand-receptor in-
teraction in the system “calix[4]arene C-97 — myo-
sin subfragment-1”. These experiments were car-
ried out by O. V. Bevza, R. D. Labintseva and
O. A. Bevza (Palladin Institute of Biochemistry,
NAS of Ukraine). Computer simulation of the
ligand-receptor interaction for the system “ca-
lix[4]arene C-97 — myosin subfragment-1” was
performed using the 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 C-97) into the
ligand-binding site (LBS) of myosin subfrag-
ment-1 was realized in conditions of entirely ioni-
zed methylene bisphosphonic fragment. Standard
AMBER force field parameters were used for the
metal ion (Mg?*) [42]. When modeling interac-
tions between calix[4]-arene C-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 having the 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 C-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 CI
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 K and 1 atm, accordingly
(Berendsen’s method was used) [45]. Following
the solvent molecule counterbalancing, additional
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minimization of the system energy has been per-
formed. Actually, MD simulation method was rea-
lized using the 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 C-97 molecule in the
course of molecular dynamics was visualized with
the use of the program UCSF Chimera 1.5.3 [46].

I1.1. Investigation by photon correlation
spectroscopy of calix[4]arene C-97 effect
on the effective hydrodynamic diameter
(HDD) of isolated myosin subfragment-1

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 (M * m; n = 15). This
value fits to the literature data [50, 51].

Concentration dependence of calix[4]arene
C-97 effect on the hydrodynamic indices of myosin
subfragment-1 particles showed that calix[4]-arene
concentrations 20 and 60 pM 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 uM, 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
C-97 solution in 50 mM tris-HCI (pH 7.2) failed
to discover any light scattering microparticles.

Thus, calix[4]arene C-97 at a concentration of
100 uM 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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Fig. 4. The hydrodynamic diameter (HDD) distri-
bution for myosin subfragment-1 particles. Photon-
correlation spectroscopy method. The quantity of
particles, equivalent HDD of which corresponded to
the values in the interval from HDD . to HDD,
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
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Fig. 5. Calix[4]arene C-97 increases the myosin sub-
Sfragment-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 ATP-
hydrolase (calix[4]arene C-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 C-107 addition (60 uM),
values of 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).

I1.2. Examination of calix[4]arene
C-97 effect on ATPase activity
of myometrium myosin subfragment-1

Study of calix[4]arene C-97 effect on myo-
metrium myosin subfragment-1 ATPase showed
that in concentration of 10 uM 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 uM concentration the inhibiting effect vs.
control was 60 * 5% (M = m; n =5) (Fig. 6). Ac-
cording to the linearized graph in Hill coordinates
(Fig. 6, 7), inhibition coefficient / ; = 83 £ 7 pM
M £ m; n=>3).

When comparing calix[4]arene C-97 inhibi-
tion of ATPase activity for actomyosin complex
(I,; = 84 £ 2 uM) [52] and myometrium myosin
subfragment-1 (/,; = 83 + 7 uM), 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'-ATPase
of plasmatic membranes [40] has several orders of
magnitude higher affinity for calix[4]arene C-97
(/,;, = 98 £ 8 nM) as compared with actomyosin
and myosin subfragment-1 ATPase [19]. This ob-
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Fig. 6. Catalytic titration of myosin subfragment-1
ATPase activity with calix[4]arene C-97 (M = m;
n=>5)
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servation should be taken into account at analy-
sis of calix[4]arene C-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 C-97, we also calculated
Hill coefficient n,;, 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 C-97.

Therefore, calix[4]arene C-97 effect on
ATPase of 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 C-97 may
influence the contractile complex (based on the
above value of Hill coefficient n,, the stoichiomet-
ry of binding is 1 : 1).

I1.3. Using the computer simulation method
for examining the structural basis of
molecular interactions between calix[4]arene
C-97 and myometrium myosin subfragment-1

To understand the molecular mechanism of
calix[4]arene C-97 inhibiting effect on myosin sub-
fragment-1 ATPase, 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 C-97 (as a
separate ligand or coupled with ATP) with myo-
metrium myosin subfragment-1 in the presence of

Ig [calix[4]arene C-97], M

Fig. 7. Averaged curve linearized in Hill coordinates

for catalytic titration of myosin subfragment-1 ATP-

ase activity with calix[4]arene C-97
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Fig. 8. Docking of calix[4]arene C-97 as a separate ligand into the active site of myosin subfragment-1 (A) and
docking of the paired ligand “calix[4]arene C-97 + ATP” (B) at the presence of Mg** as a cofactor

Mg?* as a cofactor (Fig. 8, A, B). Mg cation takes
part in binding of ATP to the active site and in the
process of its hydrolysis.

An analysis of docking of calix[4]arene C-97
as a separate ligand into the ligand binding site of
myosin subfragment-1 suggests that residues Asp,,,
Asn,,, Leug,, and Glng, 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 lle,,,,
Asn,,. and Lys, on one side, and by Tyr,,6, Arg,,,
and Arg,,, on the other. Besides, positively charged
nitrogen atom of Lys . residue is located next to
oxygen atoms of methylene bisphosphonate frag-
ment (distance between nitrogen atom of Lys,,
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, n-n-stacking interactions between
aromatic fragments of calix[4]arene bowl and Tyr,
of benzene ring in myosin head as well as elec-
trostatic interactions with involvement of Arg,,,
Arg ., Asp,,, and Lys,..

Simultaneous docking of the paired ligand
“calix[4]arene C-97 + ATP” into the ligand
binding centre of myosin subfragment-1 in the
presence of Mg?* revealed the possible formation
of a complex between calix[4]arene C-97 and ATP,
which binds with involvement of amino acid resi-
dues to a site of myosin head close to the active
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centre; this is somewhat different from results ob-
tained with docking of calix[4]arene C-97 alone.
In addition, spatial orientation of calix[4]arene
C-97 in the ligand binding centre of myosin head
differs: methylene bisphosphonate fragment of ca-
lix[4]arene at its interaction with ATP molecule be-
comes oriented towards the active centre. Binding
of the complex “calix[4]arene C-97 + ATP” to a
site close to the myosin S1 active centre is realized
with participation of hydrogen bonds, n-n-stacking
interactions between aromatic rings of calix[4]-
arene bowl and benzene rings of Tyr,, and Tyr,,,
in myosin head as well as electrostatic interactions
with participation of Arg,,. Residues Asn,,, and
Asn,,, 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 C-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 C-97
and the complex “calix[4]arene C-97 + ATP”. Ac-
cording to literature, residues Tyr,,., Arg,,,, Leu,
and Lys., enabled in fixation of calix[4]arene
C-97 phosphonate groups, are incorporated into
the 7-stranded B-sheet structure of myosin sub-
fragment-1, which is joined with polypeptide sites
switch 1 and switch 2. These polypeptides partici-
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Table 1. Amino acid residues of the substrate
binding domain of myosin subfragment-1, which take
part in binding of calix[4]arene C-97 in the case of
its docking as a separate ligand and when docking is
performed for a couple of ligands “C-97 + ATP” in
the presence of Mg’* as cofactor

C-97 + Mg* | C-97 + ATP + Mg*
Tyr126 Asn124
Arg127 Pr0125
Arg128 Tyr126
Asn238 AI‘g127
Asp320 Tyrl32
Asn,,, Glu,,
Ile,,, Asn .
Leu, Asn,,
Lysﬁ77 Asn321
Gln Ile

678 322

pate directly in the ATPase active centre forma-
tion [14]. Therefore, it is obvious that interaction
of calix[4]-arene C-97 with myosin subfragment-1
in the site located near the ATPase centre of myo-
sin will influence this centre conformation and,
accordingly, the process of ATP hydrolysis cata-
lyzed by myosin subfragment-1.

Therefore, the results obtained by the method
of molecular docking indicate that: 1) calix[4]-
arene C-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 variants of ca-
lix[4]arene C-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 C-97 for Na*,K*-ATPase and myosin
subfragment-1 ATPase (values of inhibition coef-
ficient 7 ; is equal 100 nM [29] and 80-90 pM,
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 C-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
C-97 molecule position in the ligand binding site
of myosin subfragment-1 allowed to determine time
dependent deflections of the active site atoms from
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 (Asn,, ). Accordingly, there was plot-
ted (at intervals of 4 ns) time dependence of C-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 Asn,, cent-
ers of mass. Therefore, the interaction of calix|[4]
arene C-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 C-97 — myosin subfrag-
ment-1” becomes somewhat lower; therefore, ca-
lix[4]arene C-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 C-97 molecule shifts relative to amino acid
residue Asn,,, by about 1.81 A and that arrange-
ment of calix[4]arene C-97 in the final binding
location is stable energetically.

The analysis of hydrogen bonds during 4 ns
interval between calix[4]-arene C-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 C-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 Tyr,,, Arg,,, Leu, and
Lys,,,. 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 C-97 and amino acid residues of the li-
gand binding centre of the myosin subfragment-1

Fig. 10. Binding of calix[4]arene C-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 H-bonds between amino acid residues of subfragment-1 and the
inhibitor. Interactions of C-97 with myosin head include also n-rn stacking interactions and electrostatic bonds

C-97 and myometrium myosin subfragment-1. In myosin subfragment-1, some of which are close to
particular, there was elucidated the role of hydro- ATPase active centre.

phobic, electrostatic and n-n-stacking interactions Thus, calix[4]arene C-97 inhibits effec-
between calix|[4]arene and amino acid residues of tively ATPase activity of myosin subfragment-1
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({,s = 83 £ 7 uM). 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.

II1. 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 Ao, BB and v, also con-
nected by disulfide bridges [54]. The NH,-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
(Aal—16), and thereby exposing fibrin polymeriza-
tion sites ‘A’ (Aal7—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 yGln,,,, yAsp,,,, YHis,,, and yAsp,,,, and is
located in the yC-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 polymeriza-
tion. 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: t, lag time,
which corresponds to the time of protofibril forma-
tion; V_ ., maximum rate of fibrin polymerization,
which was defined by graphic calculation of the
angle of the tangent to the turbidity increase curve
at the point of maximum steepness; and Ah, fi-
nal turbidity of fibrin clots. The polymerization of
desAB fibrin was studied at its final concentration
0.1 mg-mL-" in the polymerization medium con-
taining 0.05 M ammonium acetate (pH 7.4) with
0.1 M NaCl and 1-10* M CaCl,. 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-!' and thrombin
of 0.4 NIH units'mL-!' in the same polymerization
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° 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 x50 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* to 5-10-* M. The flow
rate was 0.6 mL-min"'. The concentration of the
guests/analytes in solution for analysis was 103 M.
The solvent was identical to the mobile phase
composition. The amount of the sample injected
was 0.51 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-!) were calculated
from the dependence of the 1/k’ value versus the
calixarene concentration [CA] in the mobile phase
by Eqn (1) (Table 2):

o KOG /K-1/KY)
! [CA]

Where k" 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 coagulation of human blood plasma
were studied using 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: t /t , where t_is the time of clot formation
in blood plasma without calixarene C-192 and t_
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 lag-
time 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, IC,, = 1.26:10¢ 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
studies to 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° 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

Table 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 IC,, M
C-192 1.26x10-¢
C-98 1.31x10-4
1. para-hydroxyphenyl-
methylene-bis-phosphonic acid > 1.0x10-4
2. methylene-bis-phosphonic acid 0.72x104

ISSN 0201 — §470. Ykp. 6ioxim. ncypn., 2013, m. 85, No 6



S. V. KOMISARENKO, S. O. KOSTERIN, E. V. LUGOVSKOY, V. I. KALCHENKO

A B C
2.0 100 4
*
5] 1904 80
x |- o\o 60 1
>§ 1.0 - 1,:_ 140 o
< 404
90 /4
0.5 = 20 4
|4
00 L] L] L] L L) 40 L) L) L] L) L] o L] ¥ L] L L]
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
[C-192]x10¢ M [C-192]x10¢ M [C-192]x10¢ M

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 (4) the maximum rate of fibrin
polymerization V. (B) the lag-time t and (C) the final turbidity of fibrin clots Ah

max’

IC,, value was > 1.0-10* M for 1 and 0.72:10* M tem. Electron microscopy confirmed that C-192

for 2. inhibits the first stage of fibrin polymerization (i.e.
It is of interest that the inhibitory activity the formation of protofibrils).

of C-98, which has the two methylene-bis-phos- Because this stage is fulfilled through the in-

phonic acid substituents, is much less (Table 2) termolecular binding of the complementary sites

(IC,, = 1.3110* M), indicating that the calixarene ‘A—’a’, it appeared to be certain that this inhibi-
scaffold and the number of phosphoryl groups in tion is a result of the blocking of site ‘A’ (Aal7-19,

the molecule play a crucial role in the inhibitory GlyProArg) by the calixarene in a ‘knob-hole’
effect. manner. To confirm that this was the case, we em-
Furthermore, calixarene C-192 doubles both ployed HPLC to study complex formation between

the prothrombin time (PT) and APTT in nor- C-192 and the synthetic peptide Gly-Pro-Arg-Pro,
mal human blood plasma at concentrations of a synthetic analogue of the A knob; the free amino
7.13-10° M and 1.10-10-°> M, respectively (Fig. 15). acids Gly, Pro and Arg were used as controls. As-

The molar ratios of C-192 to plasma fibrinogen sociation constants of calixarene C-192 complexes
were approximately 21 : 1 and 3.3 : 1 for the PT with amino acids Gly, Pro, Arg and tetrapeptide
and APTT assays, respectively. The delays in clot- Gly-Pro-Arg-Pro in methanol—water mobile phase
ting times in the blood plasma coagulation experi- (50 : 50, v/v) were determined as previously de-
ments are what would be expected by the inhibi- scribed [17, 18]. The addition of calixarene C-192
tion of the fibrin polymerization from fibrinogen to the mobile phase decreased the capacity factor,
after the activation of the blood coagulation sys- k', of the guest molecules (Table 3). This confirms
A B C
g 3 0 100 4
60 1
80 1
6 1 50 1 .
. » o\“ 60 1
>§ 4 & 40 -g]
30 - 40 1
2 1 20 1 20 1
0 T T T T T 10 T T T T T 0 T T T T T
0 1 2 3 4 5 0o 1 2 3 4 5 0 1 2 3 4 5
[C-192]x105 M [C-192]x10¢ M [C-192]x10¢ M

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 V., (B) the lag-
time t and (C) the final turbidity of fibrin clots Ah

ax’
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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

0 o
HO |, || OH o o
Np s HO OH
Jn
HOo 7 OH L
HO OH
H
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 a-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-...H,N* electrostatic interactions of
the phosphonyl group with the Gly amino acid res-
idue, as well as by CH-= interactions of CH -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’ (Aal7 Gly-
Pro-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 (LD, is
780 mg/kg, perorally).

Table 3. Values 1/k' of the guests and association constants KA (M) for their complexes with calixarene

C-192. RSD, relative standard deviation

Calixarene concentration

Guest 0.0 148 | 252 | 354 | 500 | K, M'(RSD, %)
/K
Gly 0302 0313 0324  0.331 0.349 280 (10)
Pro 0294 0318 0367  0.396 0.403 814 (26)
Arg 0311 0395 0532 059 0.794 2576 (21)
Gly-Pro-Arg-Pro 1287 1754 2453 3015 3.693 3395 (19)
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1/k'

¢ Gly

A Pro
m Arg

B Gly-Pro-Arg-Pro

4 6

[C-192]x10" M
Fig. 16. Dependence of 1/k' for Gly, Pro, Arg and Gly-Pro-Arg-Pro on theC-192 concentration in the mobile

phase

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

124

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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DTa pabora — pe3yabTaT MEXIUCLUILIU-
HapHOTO MCCJEeIOBAHMS, COBMECTHO BBIIOJ-
HEHHOro corpyaHukamMu MHcTuUTyTa OMOXUMUU
uM. A. B. Ilannaguua n MHCTUTYTA OpraHnye-
ckoii xumun HAH VYkpauHbl, U MmocBsileHHas
aHaJu3y AeHCTBMSI HEKOTOPBIX KaJUKcapeHMe-
TUJIEHOUCHOCHOHOBBIX KHUCIOT (UUMKIMUYECKHX
OJIUTOMEPOB (PEHOJIOB) Ha JBa XOPOILO U3BECTHBIX
OMOXMMMUECKUX mpolecca: Mg?t-3aBUCUMBII SH-
3uMaTudeckuii rtuapoianu3 ATP (kaTanusupyeMbiit
cyodparmeHTOM-1M1O31MHA MUOMETPHUSI) U Ha TO-
JMMepu3aunio ¢uopuHa.

Mornekyna kanukc[4]apena C-97 mpencTtaB-
JisieT co00l MaKpOLMKINYEKYIO CTPYKTYpY, CO-
JepKaIIy0 BHYTPUMOJIEKYISIPHYIO TUTIOPUITBHYIO
«yaly», chOpMUPOBAHHYIO U3 YEThIpEX apoMaTU-
YECKMX KOJell, OAHO M3 KOTOPBIX MO BEPXHEMY
BeHIY (DYHKIIMOHAJIU3UPOBAHO METUIEHOUCHOC-
(boHOBOI1 rpynmoii. ITo BEIIECTBO, UCIIOJIb3YeMOE
B KoHUeHTpauuu 100 MKM, 3(ppeKTUBHO UHTU-
o6upoBano ATPa3Hy10 aKTUBHOCTb cyO(dparmeH-
Ta-1 Muo3nuHa MuomMeTpus (K03 ULIMEHT UHTU-
oupoBanus [ ; = 83 £ 7 MkM). B 1o Xe Bpems
3TOT KalnKc|[4]apeH BBI3BIBaJ CYLIECTBEHHOE (OT-
HOCUTEJbHO KOHTPOJIBHOIO 3HAUeHUS) yBeauye-
HUE€ BEJMYMHBI TUAPOANHAMUYECKOrO IHaMeTpa
MoOJIeKYJIbl cybdparMeHTa-1, 4TO onmocpenoBaHO
YKa3blBaJo Ha 00pa3oBaHUE MEXMOJIEKYISIPHOTO
KOMILJIeKCa MeXJY KaJMKCapeHOM U TOJIOBKOM
MUO3uHa. Pe3ynbraThl KOMIBIOTEPHOIO MOAEINPO-
BaHMsI, IPOBEACHHbIE C UCITOJIb30BAaHUEM ITOKMHIA
1 METOIOB MOJICKYJISIPHON TMHAMMUKHU, CBUIETETb-
CTBYIOT O TOM, YTO B CTaOMJIM3allMM YKAa3aHHOTO

ISSN 0201 — 8470. Ykp. bioxim. acypu., 2013, m. 85, Ne 6

MEXMOJIEKYISIPHOTO KOMIIJEKCa CYILIEeCTBEHHOE
3HAYEHUE TIPUHAIICKHUT THAPOPOOHBIM, SIIEKTPO-
CTaTUYECKUM U n-T-CTIKMHT B3aMMOIEHCTBUSIM.
Ilony4yeHHbIe pe3yabTaThbl, C YYETOM HM3KOM TOK-
CUYHOCTH KaJMKCAPEHOB 1 UX CITIOCOOHOCTH TPO-
HUKATh B KJIETKM, MOTYT OBITb MEPCIEKTUBHBIMU
IJISI CO3MaHMsI BEICOKOA(M(PEKTUBHEIX PETYISITOPOB
(Ha ypoBHe ATP-3aBUCMMOro B3auMMOIEUCTBUS
aKTMHA U MUO3MHA) COKPaTUTEIbHONW aKTHBHOCTHU
TJIAJKUX MBI,

HccnenoBaHo BiuMsSIHME Ha MOJMMEpPU3AIIAIO
¢ubpuHa kxanukc[4]apeHOB, coaepXaluX IBa
WJIN YeThIpe MeTuJIeHOMCcHOoCc(hOHOBBIEC I'PYIIILI HA
BepXHEM BeHIIe MaKpolrKiia. Hanbosee MOITHBIM
MHIMOMTOPOM oKazaJics Kanukc[4]lapeHTeTpabuc-
metuieHoucdocdononas kuciora (C-192). Mak-
CUMaJIbHasI CKOPOCTh TTOIMMepHU3alny ¢GudpuHa
B cucteMe ¢uOpUHOreH + TPOMOMH yMeHbIla-
ercst Ha 50% TIpu KOHLIEHTpallMM KaJuKcapeHa
0,52:10¢ M (IC,,), mpu 3TOM MOJSIPHOE COOTHO-
LIeHUe KajuKcapeHa U GuOpuHOreHa paBHSETCS
1,7 : 1. ITpu nonumepuszauuu pudbpuHa desAB,
IC,, cocrapnger 1,26:10° M, B Toxe Bpemsi MOJISAP-
Hoe cooTHouleHue C-192 u MmoHoMepHoro ¢uod-
puHa cocTaBiagetr 4 : 1. Jlunponokcukanukc|[4]-
apeHOucMetuieHoucdochoHoBas kucaora (C-98)
WHTrUoupyetr nonumepusanuio ¢udbpuHa desAB
c IC,, = 1,31-10* M. Mbl npeanonoXuiu, 4To
C-192 6aokupyeT noaumMepusaluno GuopruHa my-
TEM CBSI3bIBAHUSI C CAlTOM IIOJIMMEpU3ALUU «A»
(Aal7-19), koTopblii UHULIUUPYET (POPMUPOBAHUE
nmpoTodubpui 3a cuet «knob-hole» B3aumoneii-
CTBUI. DTO NPENNoOXEeHUE MOATBEPXKIECHO C
nomouipio MeToga BOXKX, moka3zapiiero oopazo-
BaHUE KOMILJIEKCa BKJIIOUEHUS IO TUIMY «TOCTh-
xo3sguH» C-192 ¢ cunteTnyeckuM nentugoMm Gly-
Pro-Arg-Pro, ananoroM caiita «A». JanbHeiiliee
MOATBEPXKACHUE TOro, YTO KayukcapeH C-192 neii-
CTBYET Ha HayaJbHYIO CTAAUIO MOJIUMEpU3AINU
(ubpuHa, MOJYYEHO C MOMOIIBIO BJEKTPOHHOIO
MHUKPOCKOITA. YCTaHOBJIEHO, UTO B TPUCYTCTBUU
KaJuKcapeHa B cpele peakluu He (hOpMHUPYIOT-
csa paxe nportodubpuinbel. Kanmkcapen C-192
BIBOC YBEJIMYMBAET MPOTPOMOMHOBOE BpeMs U
YaCTMYHO aKTMBUPYET TPOMOOIMIACTUHOBOE Bpe-
MSI B HOPMAaJbHOM TMJja3Me KPOBU YeJIOBeKa IpHU
koHueHtpauuu 7,13-10° u 1,10-10° M cooTBeT-
CTBEHHO. DTU 3KCIIEPUMEHTHI TTOKA3BIBAIOT, YTO
C-192 gaBnsercda crieinpuIecKUM MHTHOUTOPOM
TMOJTUMepU3alini (GHOPUHA M CBEPTHIBAHUST KPOBH
U MOXET ObITh MUCMOJIb30BaH /Jis1 pa3paboTKu HO-
BOTO KJIacca aHTUTPOMOOTMYECKHUX MpernapaToB.

KnwuyeBbie ciaoBa: MeTuiaeHOucdoc-
(hoHOBasi KMUCIOTA, KaJlUKCcapeHbl, aKTUBHOCTD
ATPa3bl, 1OKMHT, ojiuMepu3auus dudpuHa, du-
OpuHoreH, (puOpUH, MHI'MOUpPOBaHUE.
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s pobora — pe3yabTaT MiXIUCIUMI-
JIiIHAPHOIO NOCHiAXEHHS, BUKOHAHOIO CIiJIbHO
cniBpoOiTHUKaMu [HcTUTYTy Oioximii iM.
O. B. INannagina ta IHCTUTYTY OpraHidyHOI XiMii
HAH VYkpainu i npucBsiueHa aHaJizy aii nes-
KUX KallikcapeHMeTuleHOichocdOHOBUX KUCIOT
(UMKJIiYHUX oyiroMepiB (peHoiB) HA aABa moOpe
BimoMux OGioxiMiyHMX mpolecn: Mg>*-3ajaexXHuit
eH3uMaTuuHuil rigponiz ATP (o katanizyerbcs
cyodparmeHToM 1 Mio3MHY MiomeTpisl) Ta Ha
noJiiMepizanuio GiopuHy.

Monekyna kainikc|[4]apeny C-97 wmae
MaKpOLMKJIIYHY CTPYKTYPY, MiCTUTh BHYTPIillIHBO-
MOJICKYISIPHY JNo(PiabHY «4ally», siKka cdop-
MOBaHa 3 YOTHUPbOX apoOMaTUUYHUX LIMUKIIB,
OOMH 3 SKUX Ha BEPXHbOMY BiHIi MICTUTH
MmeTujaeHoicochoHoBy rpyny. 3a3HauyeHU
KajJdikcapeH, BUKOPUCTAHUU B KOHIEHTpallii
100 mMxM, edexTuBHo iHribye ATPasny
aKTUBHICTb cyOdparMeHTa-1 Mio3mHa MioMeTpis
(KoediuieHT iHriOyBaHHS IO’5 =83 £ 7 MkM). ¥V
TOW Xe yac 1eil KaJlikcapeH CIIPUUYUHIOE iCTOTHE
(11010 KOHTPOJILHOIO 3HAYE€HHSI) 301/IbIIEHHS Be-
JIMYVHU TiIpOAMHAMIYHOIO JiaMeTpa MOJIEKYIU
cydodparmeHTa-1, 110 ornocepelKoBaHO BKa3ye Ha
YTBOPEHHS MiXMOJIEKYJSIPHOIO KOMIIJIEKCY MiX
KajikcapeHOM Ta TOJIiBKOIO Mio3uHy. PesynbraTu
KOMIT'IOTepPHOTO MOJENIIOBAaHHSI, sIKi Oyno mpo-
BEJAEHO i3 BUKOPUCTAHHSM TEXHOJIOTii JOKiHIY
Ta METOHiB MOJIEKYJSIPHOI IMHAMiKM, BKa3ylOTh
Ha Te, 110 Yy cTabini3auii 3a3HaYEHOTO0 MOJEKY-
JISIPHOT'O KOMILJIEKCY iCTOTHE Miclle HaJleXXUTh
riipooOHMM, €JIeKTPOCTATUYHUM Ta T-T-CTEKiHT
B3aeMonisaM. OpepXaHi pe3yabTaTH, i3 ypaxy-
BaHHSM HHU3bKOI TOKCHMYHOCTI KajliKCapeHiB Ta
IXHbO1 31aTHOCTI MPOHUKATU B KJIITUHU, MOXYTh
OyTH IEPCHEKTUBHUMM AJIS1 MOAAJbIIOl po30y-
JIOBU BUCOKOE(MPEKTUBHUX PETYJSATOPiB (Ha piBHi
ATP-3anexHoi B3aeMolii aKTUHY Ta MiO3UHY)
CKOPOTJIMBOI aKTUBHOCTI TJIaJICHBKUX M’SI3iB.

HocnigxeHo BIJIMB Ha MoJliMepu3allilo
(¢idbpuny kanikc[4]apeHiB, sIKi MicTSITh ABa abo
YOTUPU MeTUJeHOichOoCc(OHOBI Tpynu Ha BepX-
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HbOMY BiHLI Makpouukny. HainmoTyxHimum
iHTiOiTOpOM BMSIBUBCS Kajaikc[4]apeHTeTpabic-
MmeTtulieHbicochonoBa kuciaora (C-192). Mak-
cUMaJjibHa WIBUAKICTh moaimMepusauii ¢idopuHy B
cucteMi idprHOreH+TpoM0OiH 3MeHIIyBajsach Ha
50% 3a xoHueHTpaLii Kajikcapeny 0,52-10-¢ M
(IC,), mpu uboMy MOJAPHE CHiBBiIHOIIEHHS
KaJlikcapeHy A0 ¢diopuHoreHy gopiBHioe 1,7 : 1.
Y pasi nonimepusauii ¢iopuny desAB, IC,
craHoBUTh 1,26-10-° M, y Toil Xe 4yac MOJsp-
He cniBBigHOWEeHHsT C-192 10 MOHOMEpPHOTO
(i6puny nopisHioe 4 : 1. Jlunpomnokcukaiikc[4]-
apeHb6icMeTuneHo6icocdorHoBa kuciaora (C-98)
iHrioyBama moaiMepusaniio ¢iopuHy desAB
3 IC,, 1,31110-* M. Mu npunycTWUIu, IO
C-192 610okye mosimepuszaliro GiOpUHY LLISA-
XOM 3B’I3yBaHHS 13 caiiToM TojiMepu3sallii
«A» (Aal7-19), gaxkuii iHiuiloe QopMmyBaHHS
npotodidbpu 3a paxyHok «knob-hole» B3aemomiii.
Ile mpunylueHHS MiATBEPAKEHO 3a JIOIOMO-
roro metony BEPX, gxuii moka3aB yTBOpEH-
HS KOMIIJIEKCY BKJIIOUEHHS 3a THUIOM <«TiCThb-
rocnogap» C-192 i3 CUMHTETUYHUM NENTUIOM
Gly-Pro-Arg-Pro, ananorom caiity <«A». Ilo-
Jallbllle MigATBepAKEHHsS TOTO, L0 KajJikcapeH
C-192 pnie Ha moyaTKOBY CTafdil0 MojJiMepu3allii
(iOpuHY onepkaHO 3a IONOMOTrOI0 eJIEKTPOHHO-
ro Mikpockora. BcTaHOBI€HO, 110 B IPUCYTHOCTI
KaJlikcapeHy B CEepemoBHUILI peakiii He ¢op-
MYIOThCSI HaBiTh npoTodidbpuau. KanikcapeH
C-192 BaBiui 36iablIyBaB, SIK NMPOTPOMOiHOBUN
yac, Tak i aKTMBOBaHUI 4aCTKOBO TpoMOOILIa-
CTHMHOBHUI Yyac y HOpMaJbHil TJ1a3Mi KpOBIi JI1O-
JIWHU 3a KoHueHTpanii 7,13-10° i 1,10-10° M
BiamoBigHo. Ili eKcreprMMEHTHU I0Ka3yloTh, 110
C-192 € cnielidiyHUM iHTiGITOPOM MOJiMepu3alii
¢iOpuHY Ta 3ciIaHHS KPOBi i MOXe OYyTHU BUKOPHU-
CTaHWUM IJISI pOo3pOOKM HOBOTO KJIACY aHTUTPOM-
OOTMYHUX IIperapaTiB.

KniouyoBi cnoBa: MeTuneHoicocdoHoBa
KHUCJIOTa, KallikcapeHu, akTuBHicTh ATPaszu,
JIOKiHT, moaiMepusauisi ¢hiopuHy, ¢GiOpUHOreH,
¢iOpuH, iHriOyBaHHSI.
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