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Abstract—The functional characteristics of cardiac muscle depend on the composition of protein isoforms in the cardiomyo-
cyte contractile machinery. In the ventricular myocardium of mammals, several isoforms of contractile and regulatory pro-
teins are expressed — two isoforms of myosin (V1 and V3) and three isoforms of tropomyosin chains (a, B, and «).
Expression of protein isoforms depends on the animal species, its age and hormonal status, and this can change with
pathologies of the myocardium. Mutations in these proteins can lead to cardiomyopathies. The functional significance of
the protein isoform composition has been studied mainly on intact hearts or on isolated preparations of myocardium, which
could not provide a clear comprehension of the role of each particular isoform. Present-day experimental techniques such
as an optical trap and in vitro motility assay make it possible to investigate the phenomena of interactions of contractile and
regulatory proteins on the molecular level, thus avoiding effects associated with properties of a whole muscle or muscle tis-
sue. These methods enable free combining of the isoforms to test the molecular mechanisms of their participation in the
actin—myosin interaction. Using the optical trap and the in vifro motility assay, we have studied functional characteristics of
the cardiac myosin isoforms, molecular mechanisms of the calcium-dependent regulation of actin—myosin interaction, and
the role of myosin and tropomyosin isoforms in the cooperativity mechanisms in myocardium. The knowledge of molecu-
lar mechanisms underlying myocardial contractility and its regulation is necessary for comprehension of cardiac muscle

functioning, its disorders in pathologies, and for development of approaches for their correction.
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The functional characteristics of cardiac muscle
directly depend on the composition of the protein iso-
forms of the cardiomyocyte contractile machinery. In the
ventricular myocardium of mammals, a whole pattern of

Abbreviations: AOD, acousto-optical deflector; A;TmTn, a reg-
ulatory group consisting of seven G-actin molecules, one
tropomyosin molecule, and one troponin molecule; CaTnC,
calcium—troponin complex; CalnC—CaInC, troponin—tro-
ponin cooperativity; F-actin, filamentary actin; G-actin, glob-
ular actin, HMM, heavy meromyosin; LMM, light
meromyosin; MHC, myosin heavy chains; NEM, N-ethyl-
maleimide; pCa, negative decimal logarithm of calcium con-
centration; pCays,, the calcium concentration corresponding to
half-maximum of the sliding velocity or of the force (calcium
sensitivity); S1, subfragment 1, or myosin molecule head; S2,
subfragment 2, or rod of heavy meromyosin; Tm, tropomyosin;
TnC, troponin C; Tnl, troponin I; TnT, troponin T, V,,,, max-
imal velocity of muscle shortening; Xb, cross-bridge;
Xb—CaTnC, bridge—troponin cooperativity.

* To whom correspondence should be addressed.

contractile and regulatory proteins is expressed, in partic-
ular, two myosin isoforms, V1 and V3 [1], two a-actin
isoforms (cardiac and skeletal) [2], and three isoforms of
tropomyosin chains — a, 3 [3], and k [4, 5]. The expres-
sion of protein isoforms depends on the animal species,
its age and hormonal status [1-3, 6]. The composition of
protein isoforms in the cardiomyocyte also does change
with changes in the functioning conditions, including
those during experimental modeling the myocardium
pathologies. Thus, in the experiments with the left ventri-
cle hypertrophy caused by pressure overload in adult rats,
a renewed expression of myosin, actin, and tropomyosin
isoforms specific for intrauterine development occurs:
isomyosin V1 becomes replaced by V3, cardiac actin iso-
forms by the skeletal isoform, and the tropomyosin o-
chain by B-chain [7]. k-Tropomyosin, which plays an
important role in the genesis of myofibrils, gets also re-
expressed in dilated cardiomyopathy [4, 5]. In the 1990s,
protein mutations, which lead to development of
pathologies, were found. Thus, hereditary hypertrophic

1748



ACTIN—MYOSIN INTERACTIONS IN MYOCARDIUM

cardiomyopathy that leads to heart failure and sudden
heart arrest is caused by more than 300 mutations in 11
genes that encode the sarcomere proteins. In 85% of these
cases, mutations affecting the heavy B-chain of myosin,
the a-isoform of tropomyosin, myosin-binding protein
C, cardiac troponin I, and troponin T were discovered [8-
11].

The majority of studies of changes in protein isoform
composition were performed either on intact heart or on
isolated strips of myocardium, which cannot give a clear
comprehension of the role of each of isoforms in the
myocardium contraction. Using an optical trap an in vitro
motility assay allows studying interactions of regulatory
and contractile proteins at the thin filament level, avoid-
ing effects associated with other features of the whole
muscle, as well as molecular mechanisms and their roles
in actin—myosin interaction by combining isoforms of the
sarcomere proteins. In this review, the results of studies of
the influence of cardiac isoforms of myosin on myocardi-
um contractile function and its regulation at different lev-
els of cardiac muscle organization are considered includ-
ing our own. The attention is paid to results of investiga-
tions of calcium-dependent regulation of actin—myosin
interaction and the role of myosin and tropomyosin iso-
forms in cooperativity mechanisms in the myocardium
that were obtained using the in vitro motility assay with
the regulated thin filament and the optical trap tech-
niques.

ISOFORMS OF CARDIAC MYOSIN

Myosin, a contractile protein of striated and smooth
muscles, is a biological motor transforming the chemical
energy of ATP hydrolysis into mechanical work. The
myosin molecule is a heterohexamer with molecular
weight of 450-500 kDa and length of about 17 nm that
consists of two heavy chains (200-240 kDa), two regula-
tory (17-21 kDa) and two essential light chains (16-
22 kDa). These six polypeptide chains are kept together
via noncovalent bonds and form a complex that is called
monomeric myosin. The N-terminal part of each heavy
chain of myosin forms a globular head consisting of two
main domains — motor (catalytic) and regulatory. In the
N-terminal motor domain, actin-binding and ATPase
centers are located, whereas the C-terminal regulatory
domain is an a-helical “lever” associated with myosin
light chains responsible for regulatory and stabilizing
functions during the generation of force by the myosin
head. Chymotrypsin cleaves the myosin molecule into
heavy and light meromyosin (HMM and LMM, respec-
tively). HMM in turn can be cleaved by papain into the
globular head (subfragment 1 or S1) and rod subfragment
2 (S2) [12].

In 1977, the Australian researcher J. Hoh was the
first to separate cardiac myosin from rat ventricle in a
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native pyrophosphate gel and to obtain three bands,
which were designated after their migration rates in the
gel as V1, V2, and V3. Cardiac myosin extracted from the
atrium was separated in the same gel into two bands,
which were termed Al and A2. The letters indicated the
origin of myosin: V — ventricular and A — atrial. Thus,
three ventricular isoforms of cardiac myosin V1, V2, and
V3 and two atrial isoforms Al and A2 [1] were identified.
The ATPase activity of the ventricular isoforms measured
in the gel was strongly different, having ratios 6.4 : 3.7 : 1.
The ventricular isoforms of cardiac myosin were also dif-
ferent in compositions of the heavy chains (MHC), but
not of the light chains. It was shown by peptide mapping
that myosin isoform V1 is a homodimer a-MHC, V3 is a
homodimer B-MHC, and V2 is a heterodimer consisting
of a- and B-MHC [13]. Using a denaturing gel, the ven-
tricular myocardium was shown to contain two isoforms
of myosin heavy chains, which together with the ventric-
ular myosin light chains produced isomyosins V1 and V3
[14]. In the atrial myocardium, a- and B-MHC together
with the atrial light chain produce two isomyosins: Al (o~
o) and A2 (B-B) [15].

Amino acid sequences of the heart myosin isoforms
V1 and V3 of studied mammals (mouse, rat, rabbit, and
human) have 93% identity [16]. The majority of the non-
identical amino acid residues are located in five different
regions of the molecule: in the catalytic domain basis and
at the junction with the essential light chain (amino acid
residues 32-36); at the entrance into the ATP-binding
pocket, and also in surface loop 1 (amino acid residues
210-214 and 349-351); in surface loop 2 constricting the
actin-binding cleft (amino acid residues 619-641); in the
region of the neck or “lever” (amino acid residues 800-
810); in subfragment 2 (amino acid residues 1088-1094).

To elucidate the functional significance of these
amino acid substitutions, studies were performed using
hybrid and mutant myosins. Using hybrid myosins, it was
shown with transgenic mice that surface loops 1 and 2 are
not responsible for differences in the characteristics of
cardiac myosin isoforms [17]. However, substitution in the
catalytic domain of cardiac myosin, when the hybrid
myosin contained the catalytic domain 3-MHC and the
other part present in the a-chain, resulted in significant
consequences. The actin-activated AT Pase activity of such
hybrid myosin was very similar to that of V3 isomyosin,
whereas its calcium-activated AT Pase activity was compa-
rable to the activity of V1. In the in vitro motility assay, the
hybrid myosin moved the actin filament (F-actin) with the
same velocity as V1. The maximal isometric force of pap-
illary muscle containing such hybrid myosin was not dif-
ferent from the force developed by muscles containing
native isoforms of cardiac myosin. These studies showed
that the difference in the amino acid sequences between
a- and B-MHC determines the difference in their
mechanical and kinetic characteristics both in the catalyt-
ic domain and in the “lever” region [16, 18].
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In experiments with mutant animals, point muta-
tions located in the actin-binding region (R403Q and
V606M) and in the nucleotide-binding region (R249Q,
G256E, and R453C), as well as in the so-called “convert-
er” subdomain (R719Y and R723G) of the myosin head,
led to changes in the mechanical and kinetic properties of
the myosin [19, 20]. Thus, the mutation R403Q increased
the force generation by myosin, whereas the mutation
R453C had the opposite effect.

Both a- and B-heavy chains of cardiac myosin are
essentially homologous in various animal species [16].
Thus, the sequences of a-MHC have a 95% identity in
rat, rabbit, hamster, and human. The amino acid
sequence of B-MHC has 94% homology in various ani-
mals. Thus, the difference between isomyosins V1 of rat
and rabbit is only in eight amino acid residues, five of
which are located in the myosin head, mainly in the
motor domain, including its actin-binding sites (residues
2, 210, 442, 452, and 801), whereas three amino acid
residues are located in the rod region (residues 1092,
1637, and 1681). These amino acid substitutions deter-
mine the difference of hydrolytic and mechanical prop-
erties of these isomyosins. Cardiac isomyosins V3 of rab-
bit and rat are different by four amino acid residues in
positions 424, 573, 1210, and 1368. Two of these residues
(424 and 573) are located in the actin-binding and
nucleotide-binding regions, respectively, and can be
functionally significant. These differences in the amino
acid sequence result in higher ATPase activity of the rat
isomyosin and its ability to move the actin filament with
higher velocity than the corresponding rabbit isomyosin
[16].

Features of cardiac myosin isoforms. Cardiac myosin
isoforms in the majority of mammalian species are signif-
icantly different in their hydrolytic and functional char-
acteristics. It was shown in biochemical studies that the
actin-activated ATPase activity of isoform V1 was 1.6-3.5
times higher than this activity of V3 [21-23]. The Ca**-
ATPase activity of V1 is about twofold higher than of V3
[16, 21, 24, 25]. The K*-EDTA-ATPase activity of car-
diac myosin isoforms was not different [24, 25]. Banerjee
and Morkin [26] showed that the actin-activated ATPase
activity of cardiac myosin isolated from hyperthyroid rab-
bits, which mainly contained the isoform V1, was nearly
1.7-fold higher than such activity of cardiac myosin from
euthyroid rabbits with the prevalent isoform V3.

For many muscle types, the relation between the
maximal velocities of muscle shortening (V,,,,) and the
ATPase activity of the myosin isolated from the corre-
sponding muscle was recorded in afterloaded twitches on
trabeculae and papillary muscles [27]. Maughan et al.
[28] compared the V,,,, of a muscle preparation from the
right ventricle of a rabbit with experimentally hyper-
trophic heart and the actin-activated ATPase activity of
myosin from the same preparation with the correspon-
ding characteristics of muscle of normal heart. In the case
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of the hypertrophic heart, they observed a comparable
decrease in both parameters, and they supposed that the
velocity of shortening should correspond to the rate of
myosin cross-bridge cycling.

Schwartz et al. [29] compared the maximal velocities
of shortening of rat papillary muscle mainly containing
isomyosin V1 and of papillary muscle with the prevalent
isomyosin V3 and found that V,,, of the first muscle was
four or five times higher than V,,,, of the second muscle.
For rabbit papillary muscle, this ratio was ~6 [30]. These
data suggest a positive correlation between the ATPase
activity and V,,,; nevertheless, these characteristics are
not proportional, in particular, because of differences in
activation [31].

In the literature, there is no common opinion about
the influence of the cardiac myosin content on the force-
generating ability of the cardiac muscle. Maughan et al.
[28] did not find differences between the maximal forces
generated by chemically demembranated fibrils isolated
from the right ventricles of euthyroid (V3) and hyperthy-
roid (V1) rabbits. Similar results were obtained on rats
with hypertrophic hearts.

In experiments on myofibrils from ventricles of small
rodents and of humans, it was shown that a-MHC-con-
taining myofibrils of mice generated the same force as
human B-MHC-containing myofibrils [32]. The myo-
cardium preparations mainly containing a- or -MHC
did not differ in the isometric force value [33]. A few
measurements of the myocardium force of big animals
have shown that the cardiac muscle mainly containing [3-
MHC generates force twofold higher than muscle con-
taining a-MHC [34].

CALCIUM REGULATION
OF CARDIAC MUSCLE CONTRACTION

At the molecular level, force generation or muscle
shortening occur due to the cyclic interaction of the heads
of myosin molecules with actin of the thin filament, dur-
ing which they attach, make a working step, and detach,
hydrolyzing ATP. The regulation of contraction is activa-
tion/inactivation process of the thin filament by the cal-
cium-regulatory troponin—tropomyosin system and is
determined by changes in calcium concentration in
cytosol, which in turn is regulated by the electric activa-
tion of the cell, i.e. by the action potential. The action
potential arises in the working myocardium cells in
response to either a pacemaker or an external electric
impulse (in experimental conditions or using a cardio-
stimulator), which triggers calcium, potassium, and sodi-
um transmembrane ionic currents. All these processes
involve a set of feedbacks. In particular, mechanical con-
ditions of contraction and formation and breakup of
cross-bridges affect both calcium and electrical activa-
tion.
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Calcium-induced structure conformational changes of
the thin filament. In the sarcomere thin filament, seven
G-actin molecules, one tropomyosin molecule, and one
troponin complex form a structure-functional group
A;TmTn called the regulatory unit [35]. Troponin consists
of three interacting subunits: TnC, Tnl, and TnT.
Troponin C is responsible for binding of calcium by the
complex, troponin I binds actin and inhibits the ATPase
activity of myosin, and troponin T binds the troponin
complex to tropomyosin [35]. When TnC binds calcium,
some structural changes occur in the thin filament that
promote the interactions of myosin with actin [36].

In the model by McKillop and Geeves [37],
tropomyosin can be on the actin filament in one of three
states: blocking, closed, and open states. In the absence of
Ca?", tropomyosin blocks the majority of myosin-binding
sites (blocked state). The binding of calcium by TnC leads
to structural changes in the troponin complex that allows
troponin to displace azimuthally on the actin filament
surface, opening the majority, although not all, myosin-
binding sites on actin and thus allowing weak electrostat-
ic binding of myosin with actin (closed state). This
attachment of myosin heads to strongly binding
hydrophobic regions on actin leads to further displace-
ment of tropomyosin from the closed state into the open
one, and all myosin-binding sites of actin become avail-
able to myosin heads [37, 38]. In this position of
tropomyosin, force generation by the cross-bridges
becomes feasible.

Cooperative effects in cardiac muscle. The function
of striated muscles is implemented with the participation
of a number of cooperative (allosteric) effects. To describe
the dependence of force generated by muscle on Ca?*
concentration, Donaldson and Kerrick [39] used the Hill
equation:

F = Fy[Ca¥*]"/(K" + [CaX"]"),

where £ is the Hill coefficient of cooperativity, Fj is the
maximal force, K" is the Ca>* concentration correspon-
ding to the half of maximal force. This Ca?" concentra-
tion is termed the calcium sensitivity. Because the Ca?*
concentration is usually expressed as pCa, i.e.
—log[Ca?*], the equation can be written as follows:

F=Fy/[1+ 10"0Cs5 - pCo],

where pCas, is the Ca** concentration necessary for the
half-maximal activation of muscle. The Hill cooperativi-
ty coefficient characterizes the cooperativity degree of the
calcium-induced activation. From the theoretical con-
cepts, it results that calcium binding with one TnC site
controls the force in the ratio of 1 : 1, i.e. A = 1. If calci-
um binds with two TnC sites like in skeletal muscle, 4 can
increase to 1.2 [40] on conditions that the sites are inde-
pendent and that the binding with both sites is required
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for the activation. However, experiments show other val-
ues: the Hill cooperativity coefficient of the isometric
force is usually in the range from 2 to 5-6 in both skeletal
and cardiac muscles [41, 42].

The cooperativity concept was formulated by
Gordon et al. [35] on an example of skeletal muscle. The
force generated by muscle in the isometric state depends
on the number of strongly bound cross-bridges and on the
force generated by each of them. In turn, this is deter-
mined by the number of actin-binding sites available for
the strong binding of myosin. Structural features of
myosin and actin allow no more than four myosin heads
to be attached to seven actin monomers. During isomet-
ric contraction, only 20-40% of all cross-bridges (Xb) are
attached [35, 43-46] that approximately corresponds to
1-2 myosin heads per seven actin monomers.

A simplified mechanochemical model of the cross-
bridge cycle [35] describes the interaction of one myosin
molecule with one actin molecule of the thin filament. It
follows from specific features of the sarcomere structure
that the activation involves a multiplicity of potential
interactions of myosin with actin molecules along every
thin filament. This activation has to involve the coopera-
tivity inside and among the regulatory units (A;TnTm).

There are several cooperativity mechanisms that
provide Ca?* binding by TnC through conformational
changes in the thin filament with subsequent formation of
a cross-bridge, resulting in a cooperative increase in the
number of Xbs along the actin filament. According to
some authors, a key role in the regulation of cardiac mus-
cle contraction belongs to two cooperativity mechanisms
[36, 40, 47, 48]:

— Xb—CaInC cooperativity, i.e. the more cross-
bridges have formed on an actin filament, the higher TnC
affinity for calcium along the filament;

— CaInC—CaInC cooperativity, i.e. the more calci-
um—troponin complexes have formed along the filament,
the higher TnC affinity for calcium.

These mechanisms are shown to underlie the influ-
ence of mechanical conditions of the myocardium on the
activation/inactivation of its contractile function [49-54].
It is known that an increase in the distance between the
actin and myosin filaments during sarcomere shortening,
or “lattice spacing”, lowers the probability of cross-bridge
formation. This decreases the concentration of calci-
um—troponin complexes through the Xb—CaInC coop-
erativity, whereas the CaTnC—CaInC cooperativity
strengthens this effect inactivating contractility. And vice
versa, an increase in muscle length promotes the activa-
tion.

In the framework of the mathematical model of
myocardial contractile activity, it has been established
that just this chain of intracellular events determines a
broad spectrum of experimentally found mechano-
mechanical, mechano-calcium, and mechano-electrical
feedbacks in the myocardial contraction-relaxation cycle
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[55, 56]. Analysis of the model reveals that this chain is
the cause of such fundamental effects specific for cardiac
muscle as its load-dependent relaxation and inactivation
in response to short-term deformations during the iso-
metric contraction-relaxation cycle. The model also
shows that this event chain is responsible for mechano-
dependent differences in the time course of changes in
the Ca®* concentration in cytosol and in the duration of
action potentials that has been found in classical investi-
gations on papillary muscles and trabeculae [57-59] and
confirmed later in other works [60-65], including studies
on isolated cell preparations [66, 67]. Thus, numerous
experimental and theoretical studies have resulted in for-
mation of a concept of the role of the above-mentioned
cooperativity mechanisms in the regulation of the con-
tractile cycle of cardiac muscle, as well as of the
rhythm—inotropic phenomena in normal and pathologic
conditions [68, 69].

The Xb—CaInC cooperativity of the thin filament
activation implicates the contractile and regulatory pro-
teins of the myocardium by multiple feedbacks. At that,
the two myosin isoforms existing in the heart of mammals
have different hydrolytic, kinetic, and mechanical char-
acteristics. A question arises whether mechanisms of thin
filament activation can be modulated by myosin isoforms
through this type of cooperativity. The contribution of the
cardiac myosin isoforms to the calcium regulation of the
myocardium contractions was traditionally studied on
fragments of cardiac muscle tissue and on isolated car-
diomyocytes [70-73]. In these experiments, the relation-
ships pCa—force and pCa—velocity were recorded, and
the cooperativity coefficient and calcium sensitivity were
identified.

METHODS OF STUDYING THE MOLECULAR
MECHANISMS OF CARDIAC MUSCLE
FUNCTION

The optical trap and the in vitro motility assay allow
studying functional characteristics of isolated molecules
of cardiac muscle sarcomeric proteins. With these meth-
ods, one can investigate the mechanical interaction of
regulatory and contractile proteins directly at the level of
the thin filament that avoids the complicacy of interpret-
ing the results related to the properties of whole muscle or
cardiomyocytes. The possibilities of these approaches are
considered below.

Optical trap technique. The laser trap is used to
measure the mechanical and kinetic characteristics of
interaction of single molecules of myosin, in particular
cardiac myosin, with filamentous actin. The principle of
the approach is as follows. A laser beam focused by a high
aperture objective forms the “optical trap” (or “optical
tweezers”) capable to capture and keep in the focus
microscopic objects with the forces of order 107'2-10"' N
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Fig. 1. Principal scheme of the optical trap technique. The ends
of actin filament are connected to two polystyrene beads of 1 um
in diameter held in the focus of laser beams. (Images of the beads
are projected onto quadrant photodiodes for recording their posi-
tions and movements.) A twofold greater silica bead, a pedestal, is
fixed on the flow cell surface; this bead is coated with molecules
of the investigated myosin at very low concentration. When the
“dumbbell” probe is put over the pedestal, a single myosin mole-
cule can interact with actin filament of the probe.

[74, 75]. An experimental setup of optical trap for study-
ing the mechanical characteristics of single molecules of
myosin was built in the Laboratory of Biological Motility
of the Institute of Immunology and Physiology, Ural
Branch of the Russian Academy of Sciences [76]. In the
setup, two beams of IR laser keep two polystyrene beads
of 1-um diameter coated with NEM-modified myosin
that serves as “glue” irreversibly binding actin filament
(Fig. 1). A segment of fluorescently labeled actin filament
is glued to these beads forming measuring dumbbell-like
probe and then pre-stretched by moving one of the beams
with a 2D acousto-optical deflector (Fig. 2). Silica beads
of 1.7 um in diameter are fixed on the surface of the
experimental flow cell and serve as pedestals for mole-
cules of the studied myosin. With a piezoelectric nanoma-
nipulator, the dumbbell is located above the pedestal that
allows interaction of myosin molecule with actin filament
of the probe in the presence of ATP. Single interaction
between myosin molecule and actin filament, or “event”
is accompanied by bead deviation from the beam focus
that is registered by quadrant photodiodes. Depending on
the operating mode, i.e. with or without feedback, either
average force or step size of a single myosin molecule can
be measured, as well as the event duration.

Figure 3 shows examples of experimental records of
the step (a) and force (b) of a single myosin molecule.

Investigation of mechanical and kinetic characteristics
of cardiac myosin using the optical trap technique. The
optical trap was used to measure the mechanical and
kinetic characteristics of single molecules of cardiac

BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015



ACTIN—MYOSIN INTERACTIONS IN MYOCARDIUM

myosin isoforms [79, 80]. At the single molecule level, the
maximal velocity, V,,,,, of sliding actin filaments on the
surface covered by cardiac myosin molecules can be
found as V.= d/t,,, where d is the working stroke of the
myosin head and ¢, is duration of the attached state of
myosin head to the actin filament. The optical trap
enables to measure the average force F,,, generated by a
molecule of myosin: F,,,= Fx f, where Fis the force gen-
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erated by a single myosin molecule, and fis the fraction of
time of the ATPase cycle of myosin during which the mol-
ecule is bound to actin and generates force (duty ratio),
i.e. f= t,,/l.ye- Previously in optical trap experiments it
was found that cardiac myosin isoforms have no differ-
ences in d and F, i.e. in the parameters describing
mechanics of the myosin head, but differed in the kinetic
parameters 7, and f. It supposed that only kinetic param-
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Fig. 2. Block-diagram of the two-beam optical trap setup. The setup is built on the base on an inverted fluorescent microscope (AxioObserver;
Carl Zeiss, Germany). A half-wave plate rotates the polarization plane of IR laser beam (Nd:YLF, 1064 nm, 5 W; Inversion-Fiber, Russia) at
45°, and the beam splitter divides it into two polarizing components. One of the beams remains still and another one passes through 2D acous-
to-optical deflector (AOD) consisting of two perpendicularly oriented acousto-optical crystals that work as diffraction gratings with variable
period controlled be a frequency generator. This changes position of the first order diffraction maximum of the transmitted beam for any of
the two coordinates. Thus, the AOD enables the beam to rapidly (<10 ps) move in the focal plane. The second beam splitter collects the both
components into one beam. The beam is expanded by two lenses to fill the back aperture of the objective. A custom-made dichroic mirror
reflects the IR laser beam into the microscope objective and passes through visible light emitted by fluorescently labeled actin filament and the
light from the halogen lamp. Passed through the objective, the beams form two optical traps that capture the polystyrene beads in experimen-
tal flow cell. Then the beams are collected by a high-aperture oil immersion condenser (NA 1.4), split again by the third polarized beam split-
ter and projected onto quadrant photodiodes (FD20KP, Russia), used for registration the positions of the beads. The photodiode signals are
used in the AOD feedback control. A mercury lamp is used for excitation of fluorescence of tetramethylrhodamine-labeled (TRITC) actin and
the beads with a set of filters (Filter Set 20; Carl Zeiss, Germany). The dumbbell is formed in the fluorescence mode. Pedestals coated with

myosin are searched for in the bright field mode.
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Fig. 3. Examples of experimental records of the displacement (a) and force (b) generated by a single myosin molecule in our experiments. a)
The “event”, i.e. attachment of a myosin molecule to actin filament, was determined by the decrease in dispersion of the bead position in the
trap (lower trace) below a preset level [77]. The events are shown by vertical arrows. The displacement, or the step, was determined as a dif-
ference of the signal level in the attached and detached state of myosin. b) The force was measured in isometric force clamp mode [78]. The
position of the movable bead (“motor”) was controlled by the position of the unmovable (“sensor”) bead via AOD feedback.

eters determine the difference in V,,,, and F,,, of cardiac
myosin isoforms [79, 80].

In our optical trap experiments, we also have not
found any differences in mechanical characteristics of
rabbit cardiac myosin: the average step was 11.6 = 2 and
12.5 = 3 nm for isoforms VI and V3, respectively [81].
However, the average step durations were different: the
average actomyosin complex lifetime was 54.2 + 1.3 ms
for V1 and 62.1 = 2.7 ms for V3. The average force values
for isoforms did not differ significantly: 1.8 £ 0.7 and
2.1 £ 0.5 pN for V1 and V3, respectively. Values of the
force generated by the cardiac myosin isoforms in our
experiments were about two-fold higher than those
obtained in the earlier work [80]. This difference can be

explained by using different ways of loading the myosin
molecule. Warshaw et al. [80] have measured force in
static trap mode, while we used dynamic loading [78]. We
have also found significant difference in the duration of
actin—myosin interaction in the dynamic loading: iso-
form V1 was under load, on average, for 55.4 £ 5 ms, and
isoform V3 was for 72.4 * 4 ms. These results are in a
good agreement with those obtained in the in vitro motil-
ity assay, indicating higher force-generating ability of
isomyosin V3 as compared with V1 according to the above
mentioned formula F,,, = Fx f[22, 82].

In vitro motility assay. Unlike the optical trap, the in
vitro motility assay allows studying the mechanical and
kinetic characteristics of an ensemble of myosin molecules
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immobilized on a glass surface. The principle of the tech-
nique is as follows. The studied motor protein (here, an
isoform of cardiac myosin) is located on the surface of
experimental flow cell coated with nitrocellulose, and
then the flow cell is filled with a solution containing fluo-
rescently-labeled actin filaments [83]. Actin filaments
interact with myosin creating rigor complexes (Fig. 4).
The flow cell is put on the stage of an inverted fluorescent
microscope equipped with a CCD camera that provides
visualization of actin filaments on the PC screen (Fig. 4).
When ATP-containing solution is added into the flow
cell, the filaments start to slide on the myosin-coated sur-
face. Video of filament sliding is recorded on PC hard
drive and then analyzed. Velocities of the filament sliding
on the surface covered by myosin or its proteolytic frag-
ments, such as HMM or S1, are measured using custom-
made software [84].

Experimental setup. The setup for recording the
movements of fluorescently-labeled actin or regulated
thin filaments and measuring their sliding velocity in vitro
(Fig. 5) is built on an inverted fluorescence microscope
(Axiovert 200 M; Carl Zeiss Microlmaging GmbH,
Germany) equipped with a mercury lamp HBO 100 and a
set of filters (Filter Set 20; Carl Zeiss) for tetramethyl-

Experimental flow cell

Myosin molecule
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rhodamine (TRITC). Video of moving filaments is
recorded to the PC hard drive and analyzed with
GMimPro software [84].

Measurement of force generated by myosin using an in
vitro motility assay. There are several approaches in the in
vitro motility assay, which allow measuring either absolute
or relative force. Absolute force is measured using a glass
microneedle [22], a centrifuge microscope [85], or laser
tweezers [80]. It should be noted that these approaches are
rarely used because the experimental procedures are diffi-
cult and labor consuming. Relative force can also be meas-
ured using agents that prevent the movement of filaments
on the myosin surface. These agents are actin-binding pro-
teins, e.g. filamin, o-actinin [86], and NEM-modified
myosin [87], which irreversibly binds actin. NEM-modi-
fied myosin is mixed at different ratios with unmodified
studied myosin, and the dependence of filament sliding
velocity on the fraction of NEM-myosin in this mixture is
measured. The relative force of myosin is calculated from
the slope of this dependence. Results of this approach are
in a good agreement with those of direct measurements of
the isometric force with glass microneedles [22].

Instead of chemically modified myosin, the actin-
binding protein o.-actinin can be used as an anchor to

Nitrocellulose-
coated surface
of flow cell

F-actin

Fig. 4. a) Sketch of the inner surface of flow cell covered with myosin molecules and actin filament on it. b) Image of fluorescently-labeled

actin filaments on PC screen.
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Experimental

flow cell Objective
100x
NA1.45
Mercury
lamp
Dichroic
@ mirror
Filter 2 PC display

EMCCD
camera

Fig. 5. Scheme of the experimental setup for recording the move-
ment of fluorescently-labeled actin filaments in the in vitro motil-
ity assay. The narrow-band green filter 1 transmits wavelength of
546 nm for excitation the TRITC fluorescence into the objective
(Alpha Plan-Fluar 100x 1.45NA oil-immersion; Carl Zeiss) with
use of the dichroic mirror. The TRITC fluorescent light at 575 nm
passes through the dichroic mirror and is filtered by emission filter
2. The video of movement of fluorescently-labeled actin filaments
is recorded with an iXon-897BV EMCCD camera (Andor
Technology, Ireland).

slow down the movements of actin filaments. a.-Actinin is
a structural component of the Z-line and forms crosslinks
along the actin filament. The concentration of a-actinin
necessary for braking the filament movement depends
linearly on the concentration of myosin heads on the flow
cell surface and force. Malmgqyvist et al. [23] have com-
pared slopes of the dependencies of a-actinin concentra-
tion on the myosin concentration from chicken skeletal,
smooth and rabbit cardiac muscles. The relative average
isometric force was found to be equal to that measured by
the microneedles. In the in vitro motility assay it has been
shown [88] that a-actinin has no effect on properties of
muscle proteins and their interaction. These studies have
confirmed that ai-actinin is a good tool for measurement
the relative force of myosin in the in vitro motility assay.
In vitro motility assay with a regulated thin filament.
The in vitro motility assay allows studying the mecha-
nisms of the calcium-dependent regulation of contrac-
tion of skeletal and cardiac muscles using reconstructed
thin filaments consisting of actin and regulatory proteins:
troponin and tropomyosin [83, 86, 89-93]. Depending on
aim of the study, thin filament can contain different iso-
forms of regulatory proteins and their mutants [94, 95].
Such system makes it possible to record dependen-
cies of the myosin force and velocity of thin filament
movement on the calcium concentration (relationships
pCa—force and pCa—velocity, respectively), allowing
investigation of characteristics of actin—myosin interac-
tion and its regulation by calcium directly, avoiding the
effects associated with mechanical properties and bio-
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chemical processes in muscles. The approach allows
comparing characteristics of isoforms of contractile and
regulatory proteins and their combinations.

In 1989, Honda et al. [93] were the first to observe a
calcium-dependent movement of filamentous actin con-
taining tropomyosin and troponin on a surface covered
with myosin. Further, the approach was used for studying
molecular mechanisms of calcium regulation of contrac-
tions in both skeletal and cardiac muscles. A method of
enzymatic cleavage of thin filaments in a skinned muscle
fiber and their reconstruction using actin and regulatory
proteins has been developed [96, 97]. It was shown that
native and reconstructed filaments have no functional
differences [92]. Sata et al. [98] using double labeling
showed that the regulatory proteins uniformly embedded
into the thin filament structure. They also found that
decrease in pH and temperature and increase in inorgan-
ic phosphate concentration reduce the sensitivity of con-
tractile proteins to calcium in the same way as in muscle
preparations. Thus, those results confirmed that the
reconstructed thin filaments have the same structural and
functional properties as native ones, and the in vitro
motility assay with the reconstructed thin filament can be
successfully used for studying interactions of proteins and
their regulation.

The optical trap and of in vitro motility assay tech-
niques have some limitations. The in vitro motility assay
consisting only of contractile and regulatory proteins is
deprived of modulators of connections existing in a car-
diomyocyte in vivo. Nevertheless, using the optical trap
and the in vifro motility assay allows studying other sar-
comere proteins and their contribution to actin—myosin
interaction and its regulation. In particular, using this
approach we have investigated the modulating role of the
myosin-binding protein C [99, 100]. Similar studies can
be performed with other proteins.

STUDIES ON MOLECULAR MECHANISMS
OF CALCIUM REGULATION
OF CARDIAC MUSCLE CONTRACTILITY

Experiments in the in vitro motility assay revealed
that the sliding velocity of both filamentary actin and reg-
ulated thin filament on isomyosin V1 was about twofold
higher than on V3 [22, 101]. We found this difference to
be 1.7-fold. After addition of regulatory proteins to F-
actin, its sliding velocity on both cardiac myosin isoforms
increased 3.8-fold [82].

The difference in sliding velocities of F-actin and the
regulated thin filament at saturating calcium concentra-
tion on the same motor protein in the in vifro motility
assay is actively discussed. Some authors observed an
increase in the sliding velocity of thin filament at saturat-
ing calcium concentration using skeletal [90, 91, 102] and
cardiac regulatory proteins [82], whereas other researchers
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[93, 98] did not find such effect. The difference in the
results can be explained by technical differences, e.g. in
the composition of buffer used for the experiments [93].

Gordon et al. [91] believed that the sliding velocity of
the regulated thin filament was higher than that of F-
actin due to an increase in the actin-activated ATPase
activity of myosin in the presence of the regulated thin fil-
ament as compared to the ATPase activity with pure
actin. This can be associated with a possible influence of
regulatory proteins on the actin—myosin interaction. The
increase in the movement velocity of the thin filament can
be explained by: 1) interaction of skeletal troponin and
tropomyosin with actin that changes the structure of actin
and thus influences the interaction of actin with myosin
[103, 104]; 2) presence of a possible contact of the motor
part of the myosin head with the central part of the
tropomyosin molecule, which might be involved in the
activation of thin filaments [105, 106].

Using the actin-binding protein a-actinin in experi-
ments in the in vitro motility assay with both regulated
and non-regulated thin filament, we measured the rela-
tive force at two concentrations of isomyosins VI and V3
placed into the flow chamber: 300 pg/ml (saturating con-
centration) and 200 ug/ml, at saturating concentration of
free calcium (pCa 4) [82]. The isometric force generated
by isomyosin V3 was twofold higher than that generated
by V1 at both myosin concentrations, which correlated
with data of other authors obtained in the in vitro motili-
ty assay with both F-actin [22, 23] and regulated thin fil-
ament [107]. Note that for the two isoforms the amount
of a-actinin stopping the movement of filaments was six
times higher at myosin concentration of 300 pg/ml than
at the concentration of 200 pug/ml.

At present, regulatory mechanisms of cardiac muscle
contractility are intensively studied using the in vitro
motility assay. These studies mainly concern the influence
of different isoforms of regulatory proteins in the norm
and pathology. However, molecular mechanisms of the
contribution of cooperativity to the regulation of interac-
tion of contractile proteins remain insufficiently studied.

The pCa—force relationship is the main characteris-
tic of cooperative effects in muscles. Traditionally, the
pCa—force relationship is recorded using skinned muscle
fibers [70, 108] or cardiomyocytes [71]. Noguchi at al.
[107] were the first to obtain in the in vifro motility assay
the pCa—force relationship for isoforms of rabbit cardiac
myosin. However, on analyzing their data, they failed to
detect a contribution of different isomyosins to calcium-
dependent regulation. Partially this failure was due to
incompleteness of their analysis. Authors did not deter-
mine values of the Hill cooperativity coefficient, although
Fig. 5 of their paper showed that slopes of the pCa—force
relationship were different and, consequently, the coop-
erativity coefficients had to be different. Since authors did
not present Hill coefficients, it is not known whether
these differences were statistically significant.
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We studied the contribution of cardiac myosin iso-
forms to the calcium-dependent activation of thin fila-
ments. In experiments with regulated thin filament and
using the actin-binding protein o-actinin, we obtained
dependences of pCa—[a-actinin] for two concentrations
(200 and 300 pg/ml) of isomyosins V1 and V3 placed into
the flow chamber [82]. The pCa—[a-actinin] curves for
VI and V3 were sigmoidal.

Curves of pCa—force were obtained by normalizing
the a-actinin concentration at the given pCa to its mini-
mal concentration stopping the filament movement at
saturating concentration of calcium. The comparison of
characteristics of pCa—force relations of cardiac myosin
isoforms V1 and V3 at different concentrations of myosin
revealed that the discrepancies in the Hill coefficients and
calcium sensitivity for different myosins occurred at the
lower concentration of the protein. It was also shown that
for each isomyosin the cooperativity coefficient increased
with decrease in protein concentration. We analyzed
changes in the Hill coefficient values at different concen-
trations of myosin and supposed that the cooperative
dependence of kinetics of calcium—troponin complexes
with VI should be higher than with V3 [82]. The data
obtained from the pCa—force [82] and pCa—velocity [89]
relationships indicated that the myosin isoform V3 had
higher sensitivity to calcium.

The force—velocity relation can give more compre-
hensive information about the cooperative influence of
myosin on the calcium-dependent regulation of contrac-
tile activity. The calcium level and mechanical conditions
[109, 110] can modulate the force—velocity relationship
through cooperative mechanisms. We expected that the
force—velocity ratio of the cardiac myosin isoforms
recorded in the in vitro motility assay at different calcium
concentrations should be different in the case of different
contribution of these isoforms to the Xb—CaInC cooper-
ativity.

In experiments performed in the in vitro motility
assay with the regulated thin filament and o-actinin as a
load, we obtained force—velocity relationship for
isomyosins VI and V3 at two concentrations of calcium:
saturating concentration (pCa 6.5) and non-saturating
concentration (pCa 7.0). The resulting curves had a shape
different from the classic hyperbola recorded by A. Hill
on skeletal muscle [111]. At small loads, the curve was
hyperbolic, whereas at higher loads it deflected from this
shape as other authors also showed [85, 112].

The existence of a non-hyperbolic part of the
force—velocity curve recorded on preparations of cardiac
and skeletal muscles [30, 70, 112, 113] was thought to be
associated with specific features of recording this curve,
but not with behavior of cross-bridges. The presence of
the non-hyperbolic part in the force—velocity curves
obtained with the centrifugal microscope for rat cardiac
myosin isoforms [85] and also in curves obtained by us on
rabbit cardiac myosin isoforms [89] has indicated that the
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specific feature of such shape of the force—velocity curve
manifests itself on the level of the actin—myosin interac-
tion and depends on the composition of the contractile
proteins.

Our study of the force—velocity relation revealed that
the maximal sliding velocity of the thin filament on the V1
isoform was higher than on the V3 isoform, and that the
maximal force generated by isomyosin V1 was lower than
by the force of V3 at both saturating and non-saturating
calcium concentrations. The force—velocity relations of
myosin isoforms recorded at different calcium levels were
different, and this difference could be associated with dif-
ference in the isoform contribution to Xb—CaInC coop-
erativity. On change in the calcium concentration, the
curvature of the force—velocity relation of the V3 isoform
changed more markedly, which suggested its higher sensi-
tivity to changes in the calcium concentration.

Study on contribution of tropomyosin isoforms to reg-
ulation of cardiac muscle contractile activity. Using the in
vitro motility assay, we studied the possible contribution
of tropomyosin isoforms to regulation of the myocardial
contractile activity. In particular, we evaluated the regula-
tory influence of tropomyosin isoforms on the interaction
of cardiac myosin isoforms with actin.

In mammalian myocardium, tropomyosin a- and 3-
chain isoforms are expressed, as well as an alternative
splicing product — k. The expression of tropomyosin iso-
forms, similarly to expression of myosin isoforms,
depends on the animal species and changes during onto-
genesis [3, 114]. The tropomyosin a.-chain is prevalent in
hearts of adult rats, mice, rabbits, and humans. In hearts
of rats and mice, the tropomyosin 3-chain is expressed
mainly during gestation. Expression of the isoforms also
changes in heart pathologies. Expression of the
tropomyosin B-chain is increased in the hearts of adult
rats and mice during hypertrophy caused by pressure
overload. Experiments with artificial overexpression of
tropomyosin -chain up to 50-60% revealed in the hearts
of adult rats and mice an increase in the calcium sensitiv-
ity of the pCa—force relation, a decrease in the maximal
speed of relaxation, and, as a result, arising of diastolic
dysfunction [115]. Further increase in the -tropomyosin
expression to 75-80% led to death of the animal soon
after birth [114].

= B-chain
a-chain

Fig. 6. SDS-PAGE of tropomyosin preparations obtained from
various sources: 1) tropomyosin from rabbit m. psoas (60% o. : 40%
B)-Tm; 2) tropomyosin from rabbit myocardium (o-o)-Tm; 3)
tropomyosin from bovine heart (90% o : 10% )-Tm).
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We used tropomyosin isoforms from muscles of vari-
ous animals with different ratios of a- and B-chains (Fig.
6). The homodimer of tropomyosin a-chains (a-o)-Tm
was prepared from rabbit myocardium and o-f-
tropomyosin (90% o : 10% B)-Tm was isolated from
bovine cardiac muscle. To model situations typical for
some heart pathologies associated with increased expres-
sion of B-chain, tropomyosin with a high content of 3-
chain was isolated from rabbit m. psoas (60% o : 40% [3)-
Tm.

We found that tropomyosin with different contents of
o- and B-chains differently influenced the velocity of
movement of actin—tropomyosin filaments [116].
Tropomyosin with higher content of f-chain inhibited the
sliding velocity of actin—tropomyosin filaments on both
isoforms of cardiac myosin. The exact mechanism of this
effect is unclear, but there are some hypotheses based on
the literature data. It was found in studies with yeast [117]
and skeletal [118] actin that different isoforms of
tropomyosin bound with different regions of F-actin, and
that the binding with actin depended not on the length of
the tropomyosin molecule but on its amino acid
sequence. In addition to the amino acid sequence of
tropomyosin, the regulation of actin—tropomyosin fila-
ment can be influenced by amino acid sequence of the
actin-binding domain of myosin. According to data of
Ajtai et al. [119], an important role in the interaction of
myosin with actin belongs to the C-loop of myosin.
Substituting the native sequence of the C-loop in smooth
muscle myosin by the sequence from cardiac and skeletal
myosin, the authors showed that such chimerical myosins
interacted differently with the actin—tropomyosin fila-
ment.

We studied the role of the tropomyosin B-chain in
the calcium activation. We recorded the pCa—velocity
relationships of thin filaments containing tropomyosins
with different contents of a- and P-chains. The Hill
cooperativity coefficients for the pCa—velocity relation-
ship were not significantly different for all combinations
of myosin isoforms with tropomyosin isoforms [120]. The
calcium sensitivity of the pCa—velocity relation of the V1
isoform did not depend on the content of tropomyosin [3-
chain, whereas the sensitivity of the V3 isoform increased
with increase in -chain content in tropomyosin [120].

Our data suggest that the isoform composition of
both myosin and tropomyosin is important for the inter-
action of cardiac myosin with actin—tropomyosin fila-
ment. In other words, myosin and tropomyosin recipro-
cally influence the actin—myosin interaction in cardiac
muscle. The reciprocal influence of myosin and
tropomyosin isoforms in cardiac muscle can be important
for providing its efficiency during ontogenesis and in
pathologies.

It is known that expression of cardiac myosin iso-
forms depends on the animal species and its age and hor-
monal status [121]. Thus, with hyperthyroidism expres-
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sion of the V1 isoform is increased. In hypothyroidism
and with heart pathologies caused by pressure overload at
the aorta or mitral valve artificial or natural stenosis, the
expression of the V3 isoform is increased [122]. The pref-
erential expression of the gene encoding the slow -chain
of myosin leads to decrease in the maximal rate of the
cardiac muscle contraction and has a negative inotropic
effect. The preferential expression of myosin V3 with low
ATPase activity under conditions of chronic heart over-
loading is a mechanism for energy economy, which pro-
motes adaptation of the cardiac muscle to changes in
conditions of its functioning [34, 122]. Studies on the
pCa—force relation showed that V3 isomyosin has higher
sensitivity to calcium than V1 isomyosin; therefore, the
thin filament in the case of isomyosin V3 is activated at
lower calcium concentration. Under conditions of heart
failure, this can be another mechanism of cardiac muscle
adaptation.

It is known that heart hypertrophy is accompanied
by changes in expression of both myosin and tropomyosin
isoforms [7]. Our investigations have shown that the high-
est calcium sensitivity of the pCa—velocity relation has on
combination of myosin isoform V3 with tropomyosin
with a high content of f-chain. This is a manifestation of
the compensatory role of the elevated fraction of the
tropomyosin B-chain.

Comprehension of cardiac muscle functioning, its
disturbances in pathologies, as well as development of
approaches to their correction are impossible without
knowledge of the underlying molecular mechanisms.
Such fundamental dependences as pCa—velocity, pCa—
force, and force—velocity characterizing the functional
state of muscle are determined by properties of contrac-
tile and regulatory proteins of sarcomere. Modern biolog-
ical techniques, such as optical trap and in vitro motility
assay, make it possible to study properties of isolated
myosin molecules, in particular, their mechanical and
kinetic characteristics and also regulatory mechanisms of
their interaction with actin, which are critical for cardiac
muscle. The optical trap allows characterizing properties
of single molecules of myosin isoforms, whereas their
ensemble behavior and effects of regulatory proteins can
be evaluated using the in vitro motility assay.
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