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Abstract
Phosphorylation of α-tropomyosin (Tpm1.1), a predominant Tpm isoform in the myocardium, is one of the regulatory 
mechanisms of the heart contractility. The Tpm 1.1 molecule has one site of phosphorylation, Ser283. The degree of the Tpm 
phosphorylation decreases with age and also changes in heart pathologies. Myocardial pathologies, in particular ischemia, 
are usually accompanied by pH lowering in the cardiomyocyte cytosol. We studied the effects of acidosis on the structural 
and functional properties of the pseudo-phosphorylated form of Tpm1.1 with the S283D substitution. We found that in 
acidosis, the interaction of the N- and C-ends of the S283D Tpm molecules decreases, whereas that of WT Tpm does not 
change. The pH lowering increased thermostability of the complex of F-actin with S283D Tpm to a greater extent than with 
WT Tpm. Using an in vitro motility assay with NEM- modified myosin as a load, we assessed the effect of the Tpm pseudo-
phosphorylation on the force of the actin-myosin interaction. In acidosis, the force generated by myosin in the interaction with 
thin filaments containing S283D Tpm was higher than with those containing WT Tpm. Also, the pseudo-phosphorylation 
increased the myosin ability to resist a load. We conclude that ischemia changes the effect of the phosphorylated Tpm on 
the contractile function of the myocardium.
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Introduction

Phosphorylation/dephosphorylation of sarcomere proteins 
of cardiomyocytes is one of the important mechanisms for 
regulating myocardial contraction. Tropomyosin (Tpm) 
belongs to the phosphoproteins of the sarcomere. Tpm is 
an α-helical coiled-coil protein that plays an essential role 
in Ca2+ regulation of striated muscle contractility (McKil-
lop and Geeves 1993). The product of TPM1 gene α-Tpm 
(or Tpm 1.1) is a predominant Tpm isoform in cardiac and 

fast skeletal muscles (Perry 2001). The Tpm 1.1 molecule 
has one site of phosphorylation at near the C-terminus at 
Ser283 (Mak 1978). Phosphorylation of Tpm increases the 
interaction of the head-to-tail of its neighboring molecules 
(Heeley 1994; Heeley et al. 1989; Sano et al. 2000; Lehman 
et al. 2015) that may influence the cooperative activation of 
the thin filament (Rao et al. 2009). Additionally, the Tpm 
phosphorylation reduces Tpm’s affinity for the troponin T1 
fragment (TnT) and increases the affinity for the troponin 
T2 fragment (Heeley 1994). In solution studies, it was found 
that the Tpm phosphorylation activates ATPase of myosin 
but does not affect Tpm’s affinity for actin ( Heeley et al. 
1989).

In ontogenesis, the status of the Tpm phosphorylation 
varies considerably, and the degree of its phosphorylation 
decreases with age (Heeley et al. 1982; Schulz et al. 2013a). 
In the embryonic period, tropomyosin in the myocardium is 
phosphorylated up to 80%, whereas after birth, the degree 
of phosphorylation drops to 30–40% (Heeley et al. 1982). 
However, the physiological significance of the Tpm phos-
phorylation is still poorly understood.
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On the mouse model, it was found that in nonischemic 
(remote) regions in the myocardial infarction, the Tpm 
phosphorylation, as well as the sliding velocity of native 
thin filaments from this area in an in vitro motility assay, 
increased (Rao et al. 2007). On the swine model of car-
diac arrest followed by reperfusion, an increase in Tpm 
and troponin (Tn) phosphorylation was found (Woodward 
et al. 2015). Authors of that work also observed a rise in 
the maximal sliding velocity and calcium sensitivity of 
the sliding velocity of native thin filaments in the motility 
assay (Woodward et al. 2015).

In the transgenic mouse model, a high expression level 
of pseudo-phosphorylated Tpm (S283D substitution) led 
to dilated cardiomyopathy and animal death. In contrast, 
moderate Tpm S283D expression caused myocyte hyper-
trophy with fibrosis but did not affect lifespan (Rajan et al. 
2019). Any expression level did not affect the calcium sen-
sitivity of the myofibers (Rajan et al. 2019). Schulz et al. 
(2013a, b) did not detect the effect of Tpm dephosphoryla-
tion on the essential characteristics of the heart muscle of 
transgenic mice expressed Tpm when Ser283 was replaced 
by alanine (S283A substitution). However, in hypertrophic 
and dilated cardiomyopathy, the degree of the Tpm phos-
phorylation may affect the severity of hypertrophy (War-
ren et al. 2008; Schulz et al. 2012; Schulz et al. 2013a). 
In pressure overload of the heart, a significant decrease in 
ejection fraction in transgenic animals with S283A was 
observed, and those data suggest that the reduction in the 
Tpm phosphorylation impairs the ability of the myocar-
dium to resist mechanical stress (Schulz et al. 2013b). The 
difference in the results of studies of the physiological role 
of the Tpm phosphorylation can be explained by the use 
of experimental conditions, including the duration of the 
development of the pathological state.

In increased load on the heart and myocardial patholo-
gies, the pH of the cardiomyocyte cytosol decreases. We 
hypothesize that lowering pH changes the effect of phos-
phorylated Tpm on actin-myosin interaction in the myo-
cardium. In this work, we studied changes in the structural 
and functional properties of the pseudo-phosphorylated 
form of cardiac α-Tpm induced by acidosis and how these 
changes affect the actin-myosin interaction.

Materials and methods

All procedures involving animal care and handling were 
performed according to institutional guidelines set forth by 
Animal Care and Use Committee at the Institute of Immu-
nology and Physiology of RAS and Directive 2010/63/EU 
of the European Parliament.

Protein preparation

The Tpm and TnT1 (residues 1-158) fragments used 
in this work were recombinant proteins. The Tpm had 
Ala-Ser N-terminal extension to mimic the N-terminal 
acetylation of native Tpm (Monteiro et al. 1994). Pseudo-
phosphorylated Tpm with S283D substitution was used 
as the phosphorylated form of Tpm (Sano et al. 2000). 
The human Tpm1.1 S283D mutant and WT Tpm were 
prepared in the bacterial expression plasmid pMW172 by 
PCR-mediated site-directed mutagenesis using Pfu DNA 
Polymerase (SibEnzyme, Novosibirsk, Russia) (Matyush-
enko et al. 2017). For S283D mutagenesis, the 5′-ATA​
TAT​GAA​TTC​TTA​TAT​GTC​AGT​CAT​ATC​GTT​GAG​AG 
3′ oligonucleotide was used (mutant codon is underlined). 
TnT1 fragment was cloned into pet23a+ plasmid using 
specific primers: 5′-ATA TAT CAT ATG CAT CAC CAT 
CAC CAT CAC CTG GAA GTG CTG TTT CAG GGC 
CCG ATG AGC GAC ATT GAA GAA GTG GTG GAA 
G 3′ as a forward and 5′-ATA TAT GAA TTC TCA ACG 
GCG CGC ACG TTC TTC 3′ as a reverse. All constructs 
were sequenced to verify the correctness.

Tpm expression and purification were performed as 
described previously (Matyushenko et al. 2017). TnT1 
fragment was expressed overnight in C41(dE3) E. coli 
bacterial cell cultures. Expression was induced by adding 
1 mM IPTG until optical density reached 0.6 a.u. Then 
the cells were pelleted by centrifugation and resuspended 
in a buffer (50 mM Tris-HCl, 300 mM NaCl, 15 mM imi-
dazole, pH 8.0) after that sonicated and spun down. The 
supernatant was loaded on HisTrap HP column, and the 
TnT1 fragment was purified with standard metal-affinity 
chromatography with 15 mM–500 mM imidazole gradi-
ent. Fractions containing TnT1 fragment were collected 
and treated by 3C protease at 4 °C overnight to remove 
His-tag. Finally, the protein was dialyzed against 30 mM 
Hepes-Na buffer with 100 mM NaCl at pH 7.3 for further 
experimenting.

Porcine cardiac myosin was extracted from the left 
ventricle by the standard method (Margossian and Lowey 
1982). Isoform composition of myosin heavy chains 
(MHC) was determined using SDS-PAGE (Reiser and 
Kline 1998). Myosin contained 20% α- and 80% β-MHC 
and ventricular light chains. Rabbit skeletal actin and pig 
cardiac troponin were prepared by standard methods (Par-
dee and Spudich 1982; Potter 1982). For the in vitro motil-
ity assay experiments, F-actin was labeled with a 2-fold 
molar excess of TRITC-phalloidin (Sigma Chemical Co., 
St Louis, MO, USA).
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Differential scanning calorimetry (DSC)

DSC experiments were performed as describer earlier 
(Matyushenko et al. 2015; Matyushenko et al. 2018) on 
a MicroCal VP-Capillary DSC differential scanning calo-
rimeter (Malvern Instruments, Northampton, MA 01060, 
USA) at a heating rate of 1 °C/min in 30 mM Hepes-Na 
buffer (pH 7.3) containing 100 mM NaCl. The protein 
concentration was 2 mg/ml. The reversibility of the heat 
sorption curves was assessed by reheating the sample 
immediately after it had cooled from the previous scan. 
The temperature dependence of the excess heat capacity 
was further analyzed and plotted using Origin software 
(MicroCal Inc., Northampton, MA, USA). The thermal 
stability of Tpm species was assesed by the maximum 
temperature of their thermal transition (Tm). Calorimet-
ric enthalpy (ΔHcal) was calculated as the area under the 
excess heat capacity function. Deconvolution analysis of 
the heat sorption curves, i.e. decomposition into separate 
thermal transitions (calorimetric domains) was performed 
as described earlier (Matyushenko et al. 2015).

Light scattering

Thermally-induced dissociation of the Tpm-F-actin com-
plex was detected by changes in the light scattering at 
90°, as described earlier (Matyushenko et al. 2015, 2017). 
The measurements were performed at 350 nm on a Cary 
Eclipse fluorescence spectrophotometer (Varian Australia 
Pty Ltd, Mulgrave, Victoria, Australia) equipped with 
a temperature controller and a thermoprobe. All meas-
urements were carried out at a constant heating rate of 
1 °C/min. The light scattering of F-actin solutions con-
taining the same concentration of actin (20 μM) as that 
in the Tpm−F-actin samples was measured before the 
experiments. The dissociation curves with the tempera-
ture dependence of the light scattering for F-actin alone 
deducted were analyzed by fitting to a sigmoidal decay 
function (Boltzman). The primary parameter extracted 
from this analysis is Tdiss, i.e., the temperature at which a 
50% decrease in the light scattering occurred.

Viscosimetry

The viscosity measurements were performed on a falling ball 
micro viscometer Anton Paar AMVn (VA, USA) in 0.5 ml 
capillary at 25 °C. The specific density of the Tpm solutions 
was measured with an Anton Paar DMA 4500 (VA USA) 
and taken into account for accurate viscosity calculation. 
All measurements were performed at a Tpm concentration 
of 0.5 mg/ml in a 30 mM Hepes-NaOH, 30 mM NaCl buffer 

at pH 6.5, 6.8, 7.0, and 7.3. The measurements for each Tpm 
sample were repeated three times and averaged.2.5.

In vitro motility assay

The protocol of the in vitro motility assay experiments and 
the composition of buffers used were as described previ-
ously (Matyushenko et al. 2015, 2017). All measurements 
were done at 30 °C. In brief, myosin (300 µg/ml) in AB 
buffer (25 mM KCl, 25 mM imidazole, 4 mM MgCl2, 1 
mM EGTA, and 20 mM DTT, pH 7.5) containing 0.5 M 
KCl was loaded into the experimental flow cell. After two 
minutes, 0.5 mg/ml BSA was added for 1 min. Further, 50 
µg/ml of non-labeled F-actin in AB buffer with 2 mM ATP 
was added for 5 min to block nonfunctional myosin heads. 
Then 10 nM TRITC-phalloidin labeled F-actin was added 
for five minutes. Unbound F-actin was washed out with AB 
buffer. Finally, the cell was washed with AB buffer contain-
ing 0.5 mg/ml BSA, oxygen scavenger system, 20 mM DTT, 
2 mM ATP, 0.5% methylcellulose, 100 nM Tpm/Tn, and 
appropriate Ca2+/EGTA in proportions calculated with the 
Maxchelator program (http://www.stanf​ord.edu/~cpatt​on/
webma​xc/webma​xcS.htm).

Fluorescently labeled thin filaments were visualized with 
Axiovert 200 (Carl Zeiss) inverted epifluorescence micro-
scope equipped with a 100x/1.45 oil-immersion alpha Plan-
Fluar objective and an EMCCD iXon-897BV (Andor Tech-
nology) videocamera. For each flow cell, ten 30-s image 
sequences were recorded from different fields of view at 2 
frames/s rate.

The filament sliding velocity was measured using the 
GMimPro software (Mashanov and Molloy 2007) as 
described (Matyushenko et al. 2017). In every flow cell, the 
sliding velocities of ~ 50–100 filaments were averaged to 
get the mean and standard deviation (SD) of the velocity. 
Experiments were repeated three times, and the means of 
individual experiments were fit with the Hill equation: V 
= Vmax × (1+10h(pCa − pCa

50
))−1, where V and Vmax are cur-

rent velocity and the maximal velocity at saturating calcium 
concentration, respectively; pCa50 (i.e., calcium sensitivity) 
is pCa at which half-maximal velocity was achieved, and 
h is the Hill coefficient. All values are expressed as mean 
± SD. All comparisons were performed by paired t test or 
Mann–Whitey U est (p < 0.05).

To study the effect of the Tpm pseudo-phosphorylation 
on its interaction with TnT1, we analyzed the dependence of 
the sliding velocity of Tpm–F-actin filaments over myosin in 
the in vitro motility assay on the TnT1 concentration.

The effect of the Tpm pseudo-phosphorylation on the 
force generation was assessed using NEM-modified myosin 
as an external load (Haeberle et al. 1992). The experimental 
protocol was like that described above, except the blocking 
of nonfunctional myosin heads with non-labeled F-actin was 

http://www.stanford.edu/~cpatton/webmaxc/webmaxcS.htm
http://www.stanford.edu/~cpatton/webmaxc/webmaxcS.htm
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omitted. A mixture of native and NEM-myosin in the total 
concentration of 100 µg/ml was used in the motility assay 
at saturating Ca2+ concentration. We analyzed the depend-
ence of the sliding velocity of thin filaments on the percent 
ratio of NEM-myosin in the mixture added to the flow cell 
(Haeberle et al. 1992; Shchepkin et al. 2017). The relative 
force was expressed as a percentage of NEM-myosin, lin-
early extrapolated to zero velocity, that is the required to stop 
the filament movement.

Results

Effect of Tpm pseudo‑phosphorylation 
on the thermal stability of its molecule

Studies carried out with differential scanning calorimetry 
(DSC) showed that the S283D mutation had no significant 
effect on the thermal denaturation and domain structure of 
Tpm (Fig. 1a,b; Table 1).

The pH dependence of the interaction 
of neighboring Tpm molecules

Neighboring Tpm molecules make head-to-tail interac-
tions, forming a continuous strand on the surface of the 
actin filament. The extent of interaction between the ends 

of neighboring molecules makes it possible to evaluate the 
measurement of the viscosity of the Tpm solution: the better 
the interaction between the N- and C-ends of the molecules, 
the higher the ability to form long strands and, accordingly, 
the higher the viscosity of the solution. We have measured 
the viscosity of WT and S283D Tpm solutions and their 

Fig. 1   (a, b)Differential scanning calorimeter (DSC) curves for WT 
Tpm (a) and Tpm S283D (b) preparations and their decomposition 
into separate thermal transitions (calorimetric domains). The experi-
ments were carried out three times. The maximum temperature and 

calorimetric enthalpy for domains are given in Table  1. c The pH 
dependencies of the viscosity of Tpm solutions for WT Tpm and 
S283D Tpm. Each data point represents the mean ± SD of three 
experiments. The error of the viscosity values did not exceed ± 4%

Table 1   Calorimetric parameters obtained from the DSC data 
(Fig. 1a, b) for individual thermal transitions (calorimetric domains) 
of WT Tpm and S283D Tpm

The experiments were carried out three times
# The error of the given values of transition temperature (Tm) did not 
exceed ± 0.2 °C
§ The relative error of the given values of calorimetric enthalpy, 
ΔHcal, did not exceed ±10%

Tpm Tm # (oC) ΔHcal
§ (kJ 

mol−1)
Total 
ΔHcal

§ (kJ 
mol−1)

WT Tpm 1520
 Domain 1 35.7 230
 Domain 2 43.1 690
 Domain 3 50.6 600

S283D Tpm 1585
 Domain 1 36.4 285
 Domain 2 43.7 780
 Domain 3 51.0 520
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dependence on pH. The results are shown in Fig. 1c. It is 
seen that in pH range from 6.5 to 7.3, the viscosity of S283D 
Tpm increased by more than 50%, while that of WT Tpm 
virtually did not change.

Thermally induced dissociation of the Tpm‑F‑actin 
complex

To test the stability of the Tpm–F-actin complex, we meas-
ured temperature dependence of the light scattering of the 
Tpm–F-actin solutions containing WT or S283D Tpm in 
the pH range from 6.5 to 7.3. The curves fitted to the nor-
malized changes in the light scattering accompanying Tpm 
dissociation from F-actin are shown in Fig. 2 and S1. As 
seen in Table 2 by Tdiss data, the thermostability decreased 
with pH rise. At pH from 6.8 to 7.3, the thermostability of 
the complex of F-actin with S283D Tpm was less than that 
with WT Tpm.

The effect of pseudo‑phosphorylation on the Tpm 
affinity for TnT1

To estimate the effect of pseudo-phosphorylation on the 
Tpm affinity for TnT, we analyzed the dependence of the 
sliding velocity of the Tpm–F-actin filaments over myosin 
in the in vitro motility assay on the concentration of TnT1 
(Fig. 3a–c). Adding TnT1 decreased the sliding velocity of 
the Tpm–F-actin filaments. To stop the movement of Tpm-
F-actin filaments containing WT Tpm, it required less TnT1 
than that of the filaments with S283D Tpm.

The pCa–velocity relationship

To study the effect of the Tpm pseudo-phosphorylation 
on the calcium regulation of the actin-myosin interaction, 
we analyzed the Ca2+ dependence of the sliding velocity 
of thin filaments reconstructed from F-actin, Tn, and WT 
Tpm or S283D Tpm over cardiac myosin in the motility 
assay. Lowering pH reduced both the Ca2+ sensitivity of the 
sliding velocity and the maximal velocity of the filaments 
(Fig. 4d and Table 3). The Tpm pseudo-phosphorylation did 
not affect the pCa–velocity relationship (Fig. 4 and Table 3).

Fig. 2   Normalized temperature dependencies of thermally-induced 
dissociation of the Tpm−F-actin complexes with WT and S283D 
Tpm. A value of 100% corresponds to the difference in the light scat-
tering of Tpm–F-actin complexes measured at 25 °C and that of pure 
phalloidin-stabilized F-actin, which was temperature-independent 
within temperature range used. A decrease in the light-scattering 
intensity reflects the dissociation of the Tpm–F-actin complex. Sam-
ples contained 20 μM F-actin stabilized by 30 μM phalloidin and 10 
μM Tpm in 30 mM HEPES, pH 7.3, 100 mM NaCl, 1 mM MgCl2, 
and 1  mM DTT. The heating rate was 1°C·min−1. The experiments 
were carried out three times. Tdiss values for WT Tpm and S283D 
Tpm are presented in Table 2

▸
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The effect of Tpm pseudo‑phosphorylation 
on the force‑generating ability of myosin

We found that Tpm pseudo-phosphorylation almost did 
not affect the force-generating ability of myosin at pH 7.5. 

However, at lowered pH, the force developed by myosin in 
the interaction with thin filaments containing S283D Tpm 
was higher than with those containing WT Tpm. Rela-
tive force assessed by a fraction of NEM-modified myosin 
required to stop the filament movement in vitro is shown in 
Table 3 and Fig. 4a–c.

The effect of the Tpm pseudo-phosphorylation on the fila-
ment sliding velocity under a load was estimated by adding 
in the flow cell a mixture of 20% NEM-myosin with native 
myosin (Fig. 4d). Under load, lowering pH slowed down 
the movement of the filaments, and this effect was more 
pronounced for the filaments with WT Tpm compared to 
those with S283D Tpm.

Table 2   The dependence of the half-maximal dissociation tempera-
ture of Tpm from F-actin

The experiments were carried out three times. Data presented as 
mean ± S.D. Asterisks indicate the significant difference in Tdiss of 
S283D Tpm compared to WT Tpm.

pH Tdiss, °C

WT Tpm S283D Tpm

6.5 49.8 ± 0.09 49.7 ± 0.12
6.8 49.1 ± 0.04 48.3 ± 0.06*
7.0 48.7 ± 0.06 47.7 ± 0.06*
7.3 47.3 ± 0.03 46.2 ± 0.04*

Fig. 3   (a–c)The dependence of the sliding velocity of F-actin and 
the Tpm–F-actin filaments over myosin in the in vitro motility assay 
on the TnT1 concentration. The concentration of Tpm in AB buffer 
with ATP was 100 nM. To change the molar TnT1/Tpm ratio, we 
changed the TnT1 concentration. AB buffer with ATP did not con-
tain calcium ions. Each data point represents mean ± SD of three 

experiments. (d) The Ca2+ dependence of the sliding velocity of thin 
filaments containing S283D Tpm and WT Tpm over myosin in the 
in vitro motility assay. Each data point represents the mean ± SD of 
three experiments. The data are fit to the Hill equation. Parameters of 
pCa–velocity relationships are presented in Table 3
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Fig. 4   (a-c)The dependence of the sliding velocity of thin filaments 
containing S283D Tpm and WT Tpm on the load, i.e., on percent 
ratio of NEM-myosin in the mixture with unmodified myosin added 
to the flow cell at pCa 4. The fraction of NEM-myosin required to 
stop the filament movement is a measure of relative force, which 

myosin can develop. Each data point represents mean ± SD of three 
experiments. The data are shown in Table 3. (d) The effect of Tpm 
pseudo-phosphorylation on the filament sliding velocity in the pres-
ence of 20% NEM-myosin as a load. Each data point represents mean 
± SD of three experiments

Table 3   The parameters of the 
interaction of thin filaments 
containing WT and S283D Tpm 
with myosin

Vmax maximal sliding velocity of thin filaments measured at saturating Ca2+ concentration, V0 the filament 
sliding velocity at lowest calcium concentration for each pH value, pCa50 pCa at which the sliding veloc-
ity is half-maximal; h Hill cooperativity coefficient. The relative force is expressed as the percent ratio of 
NEM-myosin in the mixture with non-modified myosin linearly extrapolated to zero velocity, i.e., required 
to stop the filament movement. Asterisks indicate the significant difference in the parameters of the pCa–
velocity relationship and force of the interaction of thin filaments containing S283D Tpm with myosin 
compared to those containing WT Tpm

pH Tpm Vmax, µm/s V0, µm/s pCa50 h Relative 
force (% 
NEM)

6.5 WT 2.4 ± 0.1 0.44 ± 0.07 5.28 ± 0.02 1.8 ± 0.3 54.6 ± 5
S283D 2.3 ± 0.1 0.38 ± 0.03 5.29 ± 0.01 2.0 ± 0.4 146.2 ± 8*

6.8 WT 3.4 ± 0.1 0.48 ± 0.05 5.89 ± 0.01 2.3 ± 0.7 43.4 ± 5
S283D 3.6 ± 0.1 0.28 ± 0.09 5.90 ± 0.01 2.2 ± 0.6 81.7 ± 8*

7.5 WT 4.7 ± 0.2 1.00 ± 0.07 6.63 ± 0.04 1.5 ± 0.3 43.2 ± 5
S283D 4.7 ± 0.3 1.19 ± 0.02* 6.73 ± 0.06 1.4 ± 0.3 51.6 ± 6
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Discussion

Normally, the intracellular pH of cardiomyocytes is 
approximately 7.2 (Garciarena et al. 2013; Swietach et al. 
2015; Ford et al. 2017). However, in the heart overload, it 
can drop by 0.15-0.18 units, and by 0.7-0.8 units in pathol-
ogy (Garciarena et al. 2013; Swietach et al. 2015; Ford 
et al. 2017). It was found that low pH leads to a decrease in 
heart contractility, rhythm disturbance, and cardiomyocyte 
calcium overload (Fabiato and Fabiato 1978; Gulati and 
Babu 1989; Harrison et al. 1992; Kohmoto et al. 1990; 
Garciarena et al. 2013; Swietach et al. 2015; Ford et al. 
2017). In these pathologies, the degree of phosphorylation 
of sarcomere proteins, including Tpm, can either increase 
or decrease depending on the pathology type. We have 
studied the influence of acidosis on the properties of 
pseudo-phosphorylated Tpm at the molecular level. The 
results of the study demonstrate that the effect of the Tpm 
pseudo-phosphorylation on its structural and functional 
properties depends on pH, which can be essential for myo-
cardial function both in the normal and pathological states.

With differential scanning calorimetry (DSC), we ascer-
tained that the S283D mutation has no significant effect 
on the thermal denaturation and domain structure of Tpm 
(Fig. 1, Table 1).

We found that at pH 7.3, the viscosity of the S283D 
Tpm solution is significantly higher than that of WT Tpm 
in a good agreement with the data of Heely et al. (1989). 
This result means that the interaction of N- and C-termini 
in S283D Tpm is stronger than in WT Tpm. Lowering pH 
from 7.3 to 6.5 led to a two-fold decrease in the viscos-
ity of the S283D Tpm solution, while the viscosity of the 
WT Tpm solution did not change (Fig. 1c). This result can 
be explained by the weakening of electrostatic interaction 
between the N- and C-termini of neighboring Tpm mol-
ecules due to H+ binding to the negative charges.

At pH 7.3, pseudo-phosphorylated Tpm reduced the 
thermal stability of the Tpm–F-actin complex (Fig. 2). 
Lowering pH increased the stability of the complex of 
F-actin with pseudo-phosphorylated Tpm to a higher 
degree than that with WT Tpm. At pH 6.5, the stability 
of the Tpm–F-actin complex for both Tpm did not differ. 
Thus the Tpm pseudo-phosphorylation affected the inter-
action of Tpm with F-actin, and this effect depends on pH. 
The decrease in the stability of the Tpm–F-actin complex, 
together with a change in the Tpm-TnT interaction (Heeley 
1994), can appreciably affect the thin filament assembly, 
especially in embryogenesis, when myofibrillogenesis is 
accompanied by an intensive Tpm phosphorylation (Hee-
ley et al. 1982; Solaro 2011).

Using the in vitro motility assay data, we have con-
firmed the effect of the Tpm phosphorylation on the 

Tpm-TnT1 interaction (Fig.3a-c). To stop the movement of 
Tpm–F-actin filaments containing S283D Tpm, it required 
more TnT1 than that of the filaments with WT Tpm 
(Fig. 3a-c), indicating that the pseudo-phosphorylation 
weakened Tpm’s interaction with TnT1. Earlier, Heeley 
(Heeley 1994) found that fast skeletal TnT1 is less effec-
tive in inhibiting the ATPase activity of myosin when Tpm 
is phosphorylated.

At lowered pH, the sliding velocity of F-actin, the maxi-
mal sliding velocity of thin filaments with WT Tpm, and 
the calcium sensitivity of the pCa-velocity relationship were 
reduced (Fig. 3d) that agrees with the results obtained earlier 
(Sata et al. 1995; Debold et al. 2008). The pseudo-phospho-
rylated Tpm did not significantly affect the characteristics of 
the pCa-velocity relationship obtained in the in vitro motility 
assay. In different experimental models of heart pathologies, 
it was shown that the extent of the Tpm phosphorylation 
either increase (Rao et al. 2007; Woodward et al. 2015) or 
does not change (Avner et al. 2012). On the porcine model 
of the ischemia and subsequent reperfusion, Woodward 
et al. (2015) found an increase in phosphorylation of Tpm 
and troponin I, which enhanced the sliding velocity and cal-
cium sensitivity of native thin filaments. This discrepancy 
in our and Woodward et al. (2015) results may be because 
the authors of that work used native thin filaments extracted 
from the myocardium and regulatory proteins had various 
post-translational modifications that could affect the calcium 
regulation of the actin-myosin interaction.

The data on the effect of the Tpm phosphorylation on 
the Ca2+ activation of the thin filament obtained by differ-
ent researchers are controversial. Heeley (1994), who used 
naturally fully phosphorylated and non-phosphorylated 
Tpm, showed that the Tpm phosphorylation does not affect 
the Ca2+ sensitivity of the ATPase activity. On the other 
hand, Schulz et al. (2013b) have not found the effects of the 
Tpm phosphorylation on the Ca2+ sensitivity of tension of 
myocardium preparations of transgenic mice. Our results 
obtained in the in vitro motility assay entirely correspond 
to those observations, and besides, we found that at pH 7.5, 
the filament movement at low Ca2+ concentration inhibited 
incompletely. The only study where an increase in the cal-
cium sensitivity of tension due to the Tpm phosphorylation 
was observed is the work of Lu et al. (2010). They used a 
reconstitution of thin filaments in myocardium preparations. 
The difference in experimental methods may account for this 
contradiction.

We found that as the pH was lowered from 7.5 to 6.5, 
pseudo-phosphorylated Tpm increased the force gen-
eration (Fig. 4a-c) and the ability of myosin to resist a 
load (Fig. 4d). Higher force generation in acidosis can be 
explained by an increase in the duration of the strongly-
bound state of myosin on F-actin (Debold et al. 2008). As 
known, such change in the myosin kinetics may result in 
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increased force generation (VanBuren et al. 1995). The 
kinetics of myosin cross-bridges is also affected by regula-
tory proteins (Gordon et al. 1998; VanBuren et al. 1999; 
Fujita et al. 2002; Homsher et al. 2003; Shchepkin et al. 
2017; Kopylova et al. 2019), and mutations in these pro-
teins may influence force generation via cooperative and 
allosteric mechanisms (Shchepkin et al. 2017; Kopylova 
et al. 2019).

The rise in force derived from our experiments on 
the isolated proteins contradicts the results obtained on 
myocardial preparations. In acidosis, the force developed 
by myocardial preparations decreases (Kohmoto et  al. 
1990; Harrison et al. 1992), unlike its rise in the isolated 
proteins.

The difference between the in vitro and muscle fiber 
results can be accounted for by several reasons. Solution 
studies have been carried out at a lower ionic strength (~ 
60 mM) conditions with a very low concentration of pro-
tein molecules. In contrast, studies on permeabilized fib-
ers were done at physiological ionic strength (~ 200 mM) 
and physiological concentrations of proteins, which were 
well-ordered, unlike in vitro studies. And at last, one should 
consider that in the myocardial pathology, many sarcomere 
proteins are subjected to post-translational modifications, 
which can modify the contractile characteristics (Avner et al. 
2012; Rao et al. 2007; Woodward et al. 2015). For this rea-
son, the effect(s) of any particular protein is not apparent, 
while studies on isolated proteins allow one to reveal its role 
and contribution to pathology development.

These results at the molecular level explain the effect pre-
viously obtained by Schulz et al. (2013a, b). The authors did 
not detect the impact of Tpm dephosphorylation on the basic 
characteristics of the heart muscle of transgenic mice that 
express Tpm with S283A substitution (Schulz et al. 2013a, 
b). However, in pressure overload in transgenic animals, a 
significant decrease in ejection fraction was observed. Based 
on these data, the authors concluded that a reduction of the 
Tpm phosphorylation impairs the ability of the myocardium 
to resist mechanical stress (Schulz et al. 2013b).

The results of our work demonstrate the effects of the 
Tpm pseudo-phosphorylation on its structural and functional 
properties. The Tpm pseudo-phosphorylation affected the 
interaction of Tpm with F-actin and TnT1 in a pH-dependent 
manner. At lowering pH, the Tpm pseudo-phosphorylation 
increased the force-generation ability of myosin and its 
resistance to a load.

Thus, we can conclude that acidosis affects the charac-
teristics of phosphorylated Tpm, and its influence on the 
actin-myosin interaction in the heart pronounced to a greater 
extent than those of non-phosphorylated Tpm. To access 
the significance of the Tpm phosphorylation in acidosis for 
the contractile function of the myocardium, in vivo studies 
are needed.
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