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Abstract—The molecular mechanism of the failure of contractile function of skeletal muscles caused by oxidative damage to
myosin in hyperthyroidism is not fully understood. Using an in vitro motility assay, we studied the effect of myosin damage
caused by oxidative stress in experimental hyperthyroidism on the actin—myosin interaction and its regulation by calcium.
We found that hyperthyroidism-induced oxidation of myosin is accompanied by a decrease in the sliding velocity of the reg-
ulated thin filaments in the in vifro motility assay, and this effect is increased with the duration of the pathological process.
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Contraction of striated muscles is the result of the
interaction of myosin with actin utilizing the energy of
ATP hydrolysis, and it is regulated by calcium ions via the
regulatory proteins troponin and tropomyosin. The con-
tractile properties of muscles are determined by the com-
position of the isoforms of myosin heavy chains (MHC).
In the skeletal muscle tissue of adult mammals, four genes
encoding certain MHC isoforms are expressed. One of
them, isoform I, is expressed in slow muscles, and three
isoforms of type II (Ila, IIx/d and IIb) are expressed in
fast muscles [1, 2]. The expression of isoforms of skeletal
myosin changes in ontogenesis, in the postnatal period,
depending on the motion activity of muscles [1, 3], and
also in myopathies. Expression of MHC isoforms of
skeletal muscles is regulated by nervous, humoral, and
mechanical factors [4, 5].

Among humoral factors, thyroid hormones play an
important role in expression of MHC [6]. Their excess
causes a shift in the expression of the slow isoform I of
MHC towards the fast isoforms Ila, I1x/d, and IIb [6-8].
In hyperthyroidism, most of the type I muscle fibers are

Abbreviations: FT3, free triiodothyronine; FT4, free thyroxine;
h, Hill cooperativity coefficient; MHC, myosin heavy chains;
MLC, myosin light chains; pCa, negative decimal logarithm of
the calcium concentration; pCas,, calcium concentration at
which half-maximal sliding velocity of thin filaments is
achieved (the calcium sensitivity); V.., the maximal sliding
velocity of thin filaments.
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converted into mixed oxidative-glycolytic fibers contain-
ing Ila and IIx/d isoforms of MHC. Excess of thyroid
hormones results in thyrotoxic myopathy [9]. In clinical
studies, it has been found that the force of muscle con-
traction in hyperthyroidism falls by 40%, while muscle
mass decreases by only 20% [10]. The cause of the
decrease in the force is considered muscle atrophy [9],
disruption of the excitation—contraction coupling and
oxidative modification of proteins of the contractile
apparatus [11-13].

It is known that hyperthyroidism accelerates oxida-
tive metabolism in mitochondria and affects the antioxi-
dant system, which increases the formation of free radi-
cals [14]. Reactive oxygen and nitrogen species are pro-
duced in living cells and participate in the regulation of
metabolism [15], but their excess leads to oxidative mod-
ification of the contractile apparatus proteins and thus
can affect the contractile function of muscles [11-13, 16].
For example, treatment of both intact and permeabilized
skeletal muscle fibers with nitric oxide, peroxynitrite,
hydroxyl radical, or hydrogen peroxide reduces the con-
tractile force and its calcium sensitivity, and these
changes depend on the type of muscle, modification con-
ditions, and reagents used [17-22].

The MHC and MLC (myosin light chains) are one of
the principal targets of oxidative modifications [23],
where the major one is the carbonylation of myosin [24,
25], which disrupts its functional properties and, as a
result, the contractile characteristics of muscles. Yamada
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et al. [12, 13] showed that in hyperthyroidism the reason
for the decrease in the force generated by bundles of
intact fibers from m. soleus and diaphragm of the rat is the
oxidative modification of MHC, namely, their carbonyla-
tion.

The molecular mechanism of contractile muscle
dysfunction caused by oxidative damage to myosin in
hyperthyroidism is not entirely clear. Apart from the
direct effect on the force-generating ability of myosin,
carbonylation can suppress the contractile function via
cooperative mechanisms that are important for the regu-
lation of the actin—myosin interaction by calcium.
Murphy et al. [19] found that on the treatment of EDL
(extensor digitorum longus) muscle fibers with hydrogen
peroxide, the calcium sensitivity of the contractile force
decreases. The experiments were carried out on fibers
under conditions where apart from myosin, other pro-
teins of the contractile apparatus could also be subjected
to oxidation by hydrogen peroxide. The use of isolated
proteins makes it possible to determine the functional sig-
nificance of oxidative modifications of a particular pro-
tein. We investigated the effect of myosin carbonylation
induced by oxidative stress in hyperthyroidism on the cal-
cium regulation of its interaction with a thin filament
using an in vitro motility assay.

MATERIALS AND METHODS

Animals. The effect of oxidative damage to myosin
on the contractile function of skeletal muscles was inves-
tigated on myosin from muscles of healthy rabbits and
rabbits with drug-induced thyrotoxicosis. All procedures
involving animal care and handling were performed
according to the institutional guidelines set forth by the
Animal Care and Use Committee at the Institute of
Immunology and Physiology, Ural Branch of the Russian
Academy of Sciences, and Directive 2010/63/EU of the
European Parliament.

Drug-induced thyrotoxicosis. Hyperthyroidism in 2-
month-old Californian rabbits was achieved by intramus-
cular injection of L-thyroxine in a daily dose of 0.2 mg/kg
body weight for two weeks [26]. There were three animals
used in both control and experimental groups. The con-
tent of free triiodothyronine (FT3) and thyroxine (FT4)
in the blood of the animals was determined weekly in the
Laboratory of Biochemistry of the Diagnostic Center
(Yekaterinburg). After the first week of injections, the
level of FT3 in the blood plasma increased from 7.4 to
21.4 nM, and further injections did not change its con-
tent. The titer of FT4 increased from 17.6 to 37.3 nM by
the end of the first week, and to the end of the second
week it increased to 49.3 nM. The body weight of the
experimental rabbits decreased by 10%, and the heart rate
increased from 120-130 to ~250 beats/min. These symp-
toms correspond to the literature data for rabbits with
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similar drug-induced thyrotoxicosis [27], according to
which a 50% increase in the level of FT3 in the blood is a
confirmation of the hyperthyroidism state. Thus, after the
first week of injections of L-thyroxine, the state of hyper-
thyroidism was reached.

Protein isolation. Myosin from m. psoas and m. soleus
was obtained by a standard method [28] and stored in 50%
glycerol at —20°C. The composition of MHC and MLC
isoforms was determined by SDS-PAGE [29, 30]. Actin
was isolated by the method of Pardee and Spudich [31]
from acetone powder obtained from m. psoas of healthy
rabbits. Actin was polymerized and stained with TRITC-
phalloidin (Sigma-Aldrich Inc., Germany) in 1 : 2 molar
ratio (actin/TRITC-phalloidin). The regulatory proteins
troponin and tropomyosin were prepared by the methods
Potter [32] and Smile [33], respectively, from acetone
powder prepared separately from fast and slow skeletal
muscles. The regulatory proteins were frozen and stored at
—86°C. In experiments in the in vitro motility assay with
myosin from fast and slow muscles, the regulatory proteins
corresponding to myosin isoforms were used.

Assessment of the carbonyl group content.
Carbonylation of amino acid residues of proteins is an
indicator of their oxidative damage [24, 25]. The method
for estimating the oxidative modification of proteins is
based on the interaction of oxidized amino acid residues
with 2,4-dinitrophenylhydrazine (2,4-DNPH) to form
2,4-dinitrophenylhydrazones. The content of the carbonyl
groups in myosin was determined spectrophotometrically
with the Carbonyl Colorimetric Assay Kit (Cayman
Chemical, USA) according to the protocol proposed by
Araujo et al. [34, 35]. The myosin samples were incubated
with 10 mM 2,4-DNPH in 2.5 M HCl for an hour at room
temperature. Then, 20% TCA was added, thoroughly
mixed, and the sample incubated on ice for 5 min. After
centrifugation at 5000g for 5 min, the precipitate was
washed three times with a mixture of ethanol and ethyl
acetate (1 : 1) and then dissolved in 6 M guanidine
hydrochloride and centrifuged. The optical density of the
solution was measured at 360 nm [36]. Determination of
the content of carbonyl groups was carried out three times
with each sample of myosin (9 times in total).

Experiments in the in vitro motility assay.
Experiments in the in vitro motility assay were performed
at 30°C as described previously [37]. Myosin at concen-
tration of 200 pug/ml in AB buffer (25 mM KCI, 25 mM
imidazole, 4 mM MgCl,, | mM EGTA and 10 mM DTT,
pH 7.5) containing 0.5 M KCI was infused into a flow cell
with a nitrocellulose-coated surface and incubated for
2 min, and the cell was washed with AB buffer containing
0.5 M KCl and then 0.5 mg/ml BSA was added for 1 min.
Then, 50 pg/ml actin in AB buffer with 2 mM ATP was
added to the cell, and the sample was incubated for 5 min
to block the non-functional myosin heads [26, 37]. Next,
10 nM filamentous actin (F-actin) stained with TRITC-
phalloidin, 100 nM tropomyosin, and 100 nM troponin
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were added, and the sample was incubated for 5 min. For
initiation of thin filament sliding, the final AB buffer con-
taining in addition 0.5 mg/ml BSA, 20 mM DTT, 2 mM
ATP, 3.5 mg/ml glucose, 0.02 mg/ml catalase,
0.15 mg/ml glucose oxidase, 0.5% methylcellulose,
100 nM tropomyosin, and 100 nM troponin was added to
prevent the dissociation of regulatory proteins from thin
filaments, as well as an appropriate calcium concentra-
tion calculated wusing the Maxchelator program
(http://maxchelator.stanford.edu). Experiments with F-
actin were carried out under the same conditions, except
that troponin, tropomyosin, and Ca>" were not added.

The sliding velocity of fluorescence stained TRITC-
phalloidin filaments was measured using the GMimPro
program [38]. The dependence of the filament sliding
velocity on the calcium concentration was analyzed using
the Hill equation:

V= Vmax(l + 10h(pCa—pCa50))—l’

where V and V,,, are the filament sliding velocity and the
maximal velocity at saturating calcium concentration,
respectively; pCas, (calcium sensitivity) is the value at
which the half-maximal velocity of the filaments is
reached; A is the Hill cooperativity coefficient. The
experiments were repeated three times. All values are pre-
sented as the mean * standard deviation. Comparisons
were performed according to the Mann—Whitney U test
(p <0.05).
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529
RESULTS

Isoform composition of myosin heavy and light chains.
To estimate the effect of hyperthyroidism on the expres-
sion of skeletal myosin, the isoform composition of heavy
and light chains of myosin from fast (m. psoas) and slow
(m. soleus) muscles of rabbits with different degrees of
hyperthyroidism was determined by gel electrophoresis
(Fig. 1).

Myosin from m. psoas of healthy animals predomi-
nantly contained fast isoform of IIx MHC (90-95%), as
well as 2-3% of 1Ib isoform and less than 1% of slow iso-
form I. In induced hyperthyroidism, the proportion of iso-
form IIx increased to 100% (Fig. 1a). The MHC from m.
soleus of healthy rabbits were mainly represented by slow
isoform I with an admixture of fast isoform Ila. After the
first week of L-thyroxine treatment, another fast MHC
isoform, IIx, appeared. In hyperthyroidism, the fraction
of fast MHC isoforms increased. Expression of MLC iso-
forms from fast and slow skeletal muscles with an increase
in the degree of hyperthyroidism did not change (Fig. 1b).

Content of carbonyl groups in myosin. In hyperthy-
roidism, the content of carbonyl groups in myosin of both
fast and slow skeletal muscles of rabbits increased several-
fold that indicates the oxidative damage of myosin
(Fig. 2).

Results of experiments in the in vitro motility assay. In
the absence of regulatory proteins (tropomyosin and tro-
ponin), the sliding velocity of actin filaments (F-actin)
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. www—— —— NMILC2 s
6

Fig. 1. Gel electrophoresis of the isoforms of the heavy (MHC) (a) and light chains (MLC) (b) of rabbit skeletal myosin: /-3) myosin from
fibers of m. psoas; 4-6) myosin from fibers of m. soleus; 7) myosin from m. tibialis anterior of euthyroid rabbits was used as marker of MHC
isoforms; 1, 4) myosin from euthyroid rabbits; 2, 5) myosin from rabbits after one week of L-thyroxine injections; 3, 6) myosin from rabbits
after two weeks of L-thyroxine injections. I, Ila, IIx and IIb — isoforms of MHC; MLC2s, MLC2f, MLCI1f, MLClsa, MLClsb — light chains

of skeletal myosin.
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Fig. 2. The relative content of carbonyl groups in myosin of fast
and slow skeletal muscles of rabbits after one and two weeks of L-
thyroxine treatment, as well as of a control group. The content of
carbonyl groups in myosin obtained from euthyroid rabbits is
taken as 100%. Asterisks indicate significant differences from the
control, p < 0.05.

over myosin from fast skeletal muscles of rabbits with dif-
ferent degree of hyperthyroidism did not significantly dif-
fer from that of myosin from healthy rabbits (table). The
sliding velocity of F-actin over myosin from slow muscles
after partial treatment with L-thyroxine did not differ
from the speed on myosin from healthy rabbits but
decreased 2-fold after two weeks of injections (table).

In experiments on the study of the sliding velocity of
regulated thin filaments and its calcium dependence (Fig.
3), we found that with an increase in the degree of myosin
carbonylation, the filament sliding velocity at saturating
calcium concentration and the calcium sensitivity of the
pCa—velocity relationship decreased (table and Fig. 3a),
and the Hill coefficient of cooperativity for myosin both
from fast and slow muscles increased (table and Fig. 3b).

DISCUSSION

Thyroid hormones play an essential role in the regu-
lation of the development and functioning of striated
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muscles, especially skeletal muscles. Excess of thyroid
hormones leads to oxidative stress, which causes irre-
versible modifications of the proteins of muscle contrac-
tile apparatus, primarily of myosin, disrupting its normal
functioning [11, 12]. The indicator of oxidative damage
of proteins is their carbonylation [24, 25]. We investigat-
ed the effect of intravital carbonylation of myosin
induced by hyperthyroidism on the regulation by calcium
of the actin—myosin interaction in fast (m. psoas) and
slow (m. soleus) rabbit skeletal muscles on isolated pro-
teins using the in vitro motility assay.

We found that the increase in the degree of hyperthy-
roidism increases the number of carbonyl groups in
myosin both from fast and slow skeletal muscles, as well
as the expression of fast isoforms of MHC (Figs. 1 and 2).
The sliding velocity of thin filaments over such myosin in
the in vitro motility assay decreased significantly, and the
Hill cooperativity coefficient of the pCa—velocity rela-
tionship increased (table and Fig. 3). At the same time,
the decrease in the sliding velocity occurred despite an
increase in the expression of fast MHC isoforms, which
can be explained only by the oxidative modification of
myosin, since the content of carbonyl groups in it
increased several-fold. Previous studies have shown that
oxidation of myosin leads to multiple alterations of its
heavy and light chains, which decreases the ATPase activ-
ity of myosin and worsens the characteristics of contrac-
tion of skeletal muscle fibers in hyperthyroidism [12, 13].
Oxidation involves MHC and MLC cysteine and methio-
nine residues that are critical for interaction with actin
[12, 13, 20, 23].

Cysteine residues exposed to oxidation were detect-
ed in isolated fragments of myosin when treated with per-
oxide [39] or peroxynitrite in solution [40]. Prochniewicz
et al. [20] using electrospray-mass spectrometry (ESI-
MS) and matrix-activated laser desorption/ionization
(MALDI) mass spectrometry revealed that on the treat-
ment of skeletal fibers with hydrogen peroxide, only
residues of methionine (but not cysteine) are subjected to
oxidation. Totally 22-25 (data from different structural

Parameters of the Hill equation of pCa—velocity relationship

Myosin from Velocity of F-actin, Vnax> WM/S h pCas,
pmy/s

m. psoas control 25+0.3 5.7£0.5 1.6 £ 0.5 6.73 £0.10
1 week of injection 26103 4.5 £ 0.4* 2.7 +0.4* 6.39 £ 0.03*
2 week —"— 20104 3.2+ 0.4* 3.2+ 0.6* 6.30 £ 0.04*

m. soleus control 0.9+ 0.1 25+0.3 1.7+ 0.5 7.52 £0.11
1 week of injection 09+0.1 24103 1.9+0.4 6.52 £ 0.12*%
2 week —"— 0.5+0.1* 1.4 £ 0.2% 2.7+ 0.6* 6.33 £ 0.03*

Note: Velocity of F-actin — the sliding velocity of F-actin without troponin and tropomyosin; V,,,, — the maximal filament velocity at saturating
calcium concentration; # — the Hill cooperativity coefficient; pCas, (the calcium sensitivity) — the value at which the half-maximal sliding

velocity of the filaments is reached.
* Significant differences from the control, p < 0.05.
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Fig. 3. Curves of the pCa—velocity relationship for myosin from m. psoas (a) and m. soleus (b) of rabbits: /) myosin obtained from euthyroid
rabbits; 2, 3) myosin from rabbits after 1 and 2 weeks of L-thyroxine injection, respectively. Circles, triangles, and squares show the values of
the filament sliding velocity obtained in the in vitro motility assay. The filament sliding velocity is represented as the mean * standard devia-
tion. The regression lines correspond to the Hill equation (see “Materials and Methods”).

models) and six methionine residues are located in
myosin head and in each essential light chain, respective-
ly, and just a few of them being subject to oxidation.
Prochniewicz et al. [20] found that in the native state
there are five oxidized methionine residues in each head
of a myosin molecule: two in the essential light chain
(Met146, Met160) and three in the heavy chain of the
myosin head (Met80, Met531, and Met687). After treat-
ment of muscle fibers with 50 mM H,0,, eight more oxi-
dized methionine residues were detected. Three of them
are in the essential light chain (Met100, Metl13, and
Met189), and five are in the heavy chain of myosin head
(in its fragments of molecular weight 23, 20, and 50 kDa):
these are Met94, Met166, Met496, Met542, and Met779.
Using EPR spectroscopy, the authors showed that the
oxidation of skeletal myosin does not affect its structure
in rigor and contraction, but in the relaxed state it leads to
the formation of myosin cross-bridges strongly bound to
actin (up to 27-35%). Prochniewicz et al. [20] showed the
degradation of contractile performance of muscle during
oxidative stress by the violation of ATP-dependent cycle
of myosin interaction with actin, namely the transition
from the state of weak binding of myosin head to actin to
the state of strong binding.

In studies conducted on myosin II from
Dictyostelium, EPR spectroscopy was used to show that
the oxidation of methionine residues in the catalytic
domain of myosin head does not affect the secondary
structure of the myosin molecule but changes the confor-
mational dynamics of its actin-binding surface. It was
found that the deterioration of the functional characteris-
tics of myosin is affected by the oxidation of Met394 only,
but not any other methionine residues [41, 42].
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We found that the oxidation of myosin confirmed by
the degree of its carbonylation significantly reduces the
maximum sliding velocity of thin filaments in the in vitro
motility assay and increases the Hill cooperativity coeffi-
cient of pCa—velocity relationship. Note that the filament
sliding velocity in the irn vitro motility assay to some extent
characterizes the force-generating ability of myosin due
to the resistance inevitably existing in this assay [43].

When increasing the degree of hyperthyroidism of
the rabbits, we also observed a decrease in the calcium
sensitivity of the velocity of thin filaments. We cannot give
any definite answer to the question whether this change in
calcium sensitivity is related to the carbonylation of
myosin or the change in the composition of isoforms of
heavy chains of myosin. Treatment of animals with L-
thyroxine, as might be expected increased the proportion
of fast myosin isoforms in both types of muscles (Fig. 1
and table). After a two-week treatment, the sensitivity of
myosin from fast and slow muscles dropped by 0.43 and
1.2 pCa units, respectively. According to our results and
the data of Schiaffino and Reggiani [2], the slow isoforms
of myosin have greater Ca>" sensitivity, and the difference
in the sensitivity of myosins from healthy rabbits was
~0.8 pCa unit.

Many works have been devoted to the study of the
effect of protein oxidation of the contractile apparatus of
striated muscles on the calcium regulation of the contrac-
tile function of skeletal muscles [18-22, 44-46]. The
results of these studies are contradictory. In some experi-
ments on intact fibers exposed to an excess of reactive
oxygen species due to their treatment with hydrogen per-
oxide, and also as a result of the enhanced formation of
free radicals due to experimentally induced fatigue, a



532

decrease in the calcium sensitivity of force was demon-
strated [19-21, 44-46]. According to other data, no
changes in the calcium sensitivity of force were detected
on isolated myofibrillar proteins and permeabilized fibers
treated with 10 mM hydrogen peroxide for 5 min [18, 22,
46].

The discrepancy between the data on the calcium
sensitivity of force due to the treatment of both muscle
fibers [18-22, 44-46] and isolated myofibrillar proteins
[47] can be explained by the results of Gross and Lehman
[48], who showed that the degree of protein modification
depends on the time and type of impact, as well as on the
stage of the cross-bridge cycle, i.e. availability of essential
amino acid residues for oxidation. Prochniewicz et al.
found that an increase in the time and dose of treatment
leads to a decrease in force developed by the fibers and its
calcium sensitivity [20].

The results of our study show that the degree of dam-
age to skeletal muscle myosin is largely determined by the
duration of application of the oxidizing factor. First of all,
the force-generating function of myosin suffers. In the in
vitro experiments with myosin isolated from muscles of
animals with hyperthyroidism, a significant decrease in
the sliding velocity of thin filaments was found in com-
parison to myosin from muscles of healthy animals, and
this decrease becomes more pronounced with increased
duration of pathogenic exposure.
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