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complex under high load observed at high extent of tro-
pomyosin stabilization, i.e. with double mutant, G126R/
D137L, correlates with higher force in the motility assay. 
Also, the higher the extent of stabilization of tropomyosin, 
the fewer myosin molecules are needed to propel the thin 
filaments. The data suggest that the effects of the stabilizing 
mutations in tropomyosin on the myosin interaction with 
regulated thin filaments are mainly realized via cooperative 
mechanisms by increasing the size of cooperative unit.
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Introduction

Muscle contraction is driven by myosin interaction with 
thin filaments composed of F-actin and regulatory pro-
teins, troponin (Tn) and tropomyosin (Tpm), which con-
trol formation of crossbridges, i.e. actin–myosin interac-
tions, through the level of free calcium. Tpm molecules 
are α-helical coiled-coil dimers which bind each other in 
a head-to-tail manner and form a strand that winds around 
the actin filament and binds it. The binding of  Ca2+ to Tn 
causes structural changes in the Tpm–Tn complex and ena-
bles interaction of myosin molecules with actin (Lehman 
and Craig 2008; Gordon et  al. 2000). The  Ca2+ regula-
tion of the actin–myosin interaction is a cooperative pro-
cess, which includes crossbridge–crossbridge, Tn–Tn 
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lization affects single actin–myosin interactions or it modi-
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and crossbridge–Tn cooperativities (Gordon et  al. 2000). 
According to the three-state model (McKillop and Geeves 
1993), in the absence of  Ca2+ Tn binds actin and keeps the 
Tn–Tpm complex in the blocked or B state where Tpm 
covers myosin binding sites on actin and blocks actomyo-
sin interaction. Upon  Ca2+ binding to Tn, the Tn–Tpm 
complex moves azimuthally with respect to the axis of the 
actin filament to the closed or C state where actin sites are 
partially available for myosin binding. When myosin heads 
bind actin in a strong stereo-specific manner they move the 
Tn–Tpm strand further to the open or O state.

The central part of the Tpm molecule contains conserved 
non-canonical residues which disrupt the heptad repeat 
characteristic for a coiled-coil structure, Asp137 (Sumida 
et  al. 2008) and Gly126 (Nevzorov et  al. 2011). Replace-
ments of the non-canonical residues with the canonical 
ones (mutations D137L and G126R) prevent tryptic cleav-
age of Tpm at the nearby Arg133 (Sumida et al. 2008; Nev-
zorov et  al. 2011; Matyushenko et  al. 2014) and result in 
the increase in thermal stability of the molecule (Nevzorov 
et  al. 2011; Matyushenko et  al. 2014, 2015). The D137L 
and G126R mutations, and especially their combination, 
G126R/D137L, increase the actin-activated  Mg2+-ATPase 
of myosin (Sumida et al. 2008; Nevzorov et al. 2011; Maty-
ushenko et al. 2014), maximal sliding velocity of regulated 
thin filaments and calcium sensitivity of the pCa-velocity 
relationship in an in  vitro motility assay (Matyushenko 
et al. 2014; Shchepkin et al. 2013). The D137L substitution 
alone or in combination with the G126R one increases the 
bending stiffness of the thin filament (Nabiev et al. 2015a).

It remains unclear whether changes in the motility 
caused by the stabilizing substitutions in Tpm result from 
changes in the interaction of a single myosin molecule 
with the actin–Tpm–Tn complex as was suggested previ-
ously (Shchepkin et al. 2013; Matyushenko et al. 2014) or 
they are caused by an alteration in the cooperativity of the 
actin–myosin interaction at an ensemble level. To address 
this question we, to our knowledge, for the first time applied 
an optical trap assay (Finer et al. 1994) to study the effect 
of mutations in the central part of Tpm on the mechanics of 
interaction of a single myosin molecule with thin filaments 
and compared the results with force and velocity measure-
ments in the in vitro motility assay.

Materials and methods

Protein preparations

All Tpm species used in this work were recombinant pro-
teins with Ala–Ser N-terminal extension to mimic natural 
N-terminal acetylation of the native Tpm (Monteiro et  al. 
1994). Recombinant human Tpm1.1 (α-striated Tpm) 

C190A, D137L/C190A, G126R/C190A, and D137L/
G126R/C190A mutants were prepared as described by 
Matyushenko et al. (2014, 2015). The C190A Tpm mutant 
was used as a reference which mimics the reduced state of 
cysteine in the Tpm molecule, which is typical of living 
muscle (Lehrer et  al. 2011). The C190A mutation allows 
one to avoid the disulfide cross-linking between the two 
α-helices of Tpm dimer, which was shown to have dramatic 
effects on the Tpm domain structure and functional prop-
erties (Kremneva et  al. 2004; Matyushenko et  al. 2017). 
The C190A substitution had no appreciable effect on the 
tryptic digestion of Tpm (Sumida et al. 2008) as well as on 
its thermal unfolding and domain structure (Matyushenko 
et al. 2015); moreover, regulatory properties of the C190A 
Tpm mutant (Matyushenko et  al. 2014) did not signifi-
cantly differ from those of wild-type Tpm with SH-groups 
of Cys190 in fully reduced state (Matyushenko et al. 2017). 
Therefore this non-Cys control C190A Tpm can be suc-
cessfully used as a ‘wild-type’ protein in its reduced state.

Actin, myosin, and Tn were prepared from skeletal mus-
cles of the rabbit by standard methods (Pardee and Spudich 
1982; Margossian and Lowey 1982; Potter 1982). F-actin 
polymerized by addition of 2 mM ATP, 4 mM  MgCl2 and 
100 mM KCl was further labeled by a twofold molar excess 
of TRITC-phalloidin (Sigma-Aldrich Co. LLC). Myosin 
modified with N-ethylmaleimide (NEM) was prepared as 
described by Veigel et al. (1998). Regulated thin filaments 
were reconstituted from F-actin, Tn, and Tpm according to 
Gordon et al. (1997).

Optical trap

Characteristics of single interactions of myosin molecule 
with F-actin or reconstructed thin filament were meas-
ured using optical trap setup described earlier (Nabiev 
et  al. 2015b). The setup built on the base of an inverted 
fluorescent microscope (AxioObserver, Carl Zeiss Micros-
copy GmbH) enabled measurements in both displacement 
(Molloy et  al. 1995; Knight et  al. 2001) and force clamp 
(Takagi et  al. 2006) modes using the three-bead assay 
(Finer et  al. 1994). For that, a dumbbell-like probe was 
assembled from a fragment of F-actin or reconstructed 
thin filament (F-actin, a Tpm construct and Tn) attached to 
two polystyrene beads 1.09  µm diameter (Sigma-Aldrich 
Co. LLC) coated with NEM-modified myosin. The beads 
were trapped and held by two independent beams of IR 
laser (Ventus 1064, 5 W, LaserQuantum) focused by high-
aperture objective (100×, NA 1.25 oil immersed Carl Zeiss 
Microscopy GmbH). In the presence of 10 µM ATP at pCa 
4 the dumbbell was brought into contact with a myosin 
molecule bound to the surface of a 2 µm silica bead (Fluka) 
used as a pedestal.
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In the displacement mode, actin–myosin interactions 
were detected as individual events (Fig. 1a, b) by an abrupt 
decrease in the amplitude of Brownian noise of one of 
the beads caused by an increase in the dumbbell stiffness 
upon myosin binding. Myosin step size during an event 
and its duration were measured in the displacement mode 
as described by Knight et  al. (2001). The mean step size, 
d, was taken as deviation of the bead position caused by 
attachment of myosin molecule averaged over all events 
(Molloy et al. 1995).

The force bearing capacity of actin–myosin interaction 
and the duration of unitary interactions under dynamic 
load were measured using the isometric force clamp mode 
(Takagi et al. 2006) which enables real-time tracking of the 
position of unmovable, ‘sensor’, bead and its deviation from 
zero position caused by working stroke of attached myo-
sin molecule is compensated by movement of the beam of 
‘motor’ bead controlled by acousto-optical deflector (Neos 
Technologies, Inc.) via feedback. The feedback loop gain 
was adjusted to set the half-time of the loop response to 

about 10 ms, which was found to be optimal as the smaller 
values occasionally led the motor bead to escape from the 
trap during the interaction. Force on the motor bead rises 
until returning the sensor bead to zero position (Fig.  1d) 
or myosin detached from actin before the sensor bead was 
returned to its initial position (Fig. 1e). The static stiffness 
of the traps was 0.06–0.07 pN/nm in both modes but in the 
force clamp mode the feedback increased effective stiffness 
of the dumbbell. Amplitude of pulling force and duration 
of the interaction events were measured manually. Force 
achieved by the time of myosin detachment was averaged 
over all interaction events in each experiment to obtain the 
mean value, F. The rate constant of the myosin detachment 
under load was obtained from the distribution of the event 
durations (Knight et al. 2001; Nabiev et al. 2015b). Aver-
age interaction time, t, under load was taken as the inverse 
rate constant.

Preparation of an experimental flow cell was described 
in detail (Nabiev et al. 2015a). Briefly, the flow cell assem-
bled from a microscope slide and a coverslip coated with 

Fig. 1  Typical experimental records of unitary actin–myosin interac-
tions in the optical trap experiments in the displacement (a, b) and 
force clamp (c–e) modes. a Displacements of the left (black trace) 
and right (grey trace) beads during the interaction of myosin mole-
cule with reconstructed thin filament containing the double G126R/
D137L/C190A Tpm mutant. b A fragment of the record shown by 
rectangle in a presented on expanded time scale. c Force applied to 
the motor bead (black trace) and displacement of the sensor bead 
(grey trace) during the interactions of a filament containing the dou-

ble G126R/D137L/C190A Tpm mutant with myosin molecules on a 
pedestal silica bead. When interaction with myosin caused movement 
of the sensor bead, the beam of the motor bead was moved in oppo-
site direction with the feedback control system trying to return the 
sensor bead to its initial position. d, e Fragments of the record shown 
in C by rectangles 1 and 2 respectively on expanded time scale. Frag-
ment shown by rectangle 3 in c was considered as an event of multi-
ple myosin binding to actin
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nitrocellulose containing 2 µm silica beads was filled up as 
follows: 50  µl of 0.1–1  µg/ml myosin in HIS buffer (KCl 
500 mM, imidazole 25 mM,  MgCl2 4 mM, EGTA 1 mM. 
and DTT 10  mM, pH 7.5) for 2  min, 50  µl of 0.5  mg/
ml BSA in assay buffer (KCl 25  mM, imidazole 25  mM, 
 MgCl2 4  mM, EGTA 1  mM. and DTT 10  mM, pH 7.5) 
for 1 min, then 50 µl of assay buffer with the oxygen scav-
enger system (10  mM DTT, 0.2  mg/ml glucose oxidase, 
0.05  mg/ml catalase, and 3  mg/ml glucose), 10  µM ATP, 
0.5  µl NEM-myosin coated fluorescent polystyrene beads 
in assay buffer, 4  nM fluorescently labelled F-actin, and 
as well 100 nM skeletal Tn and 100 nM a Tpm construct 
when reconstructed thin filaments. Detail procedure of 
coating the polystyrene beads with NEM-modified myo-
sin and TRITC-BSA was described previously (Nabiev 
et al. 2015a). The concentration of myosin added into the 
flow cell was in the range of 0.1–1 µg/ml. Specific myosin 
concentration was adjusted for each particular Tpm con-
struct so that we were able to find unitary events on nearly 
every pedestal scanned. Occasionally pulling force changed 
abruptly (event 3 in Fig. 1c). We considered such events as 
suspicious for the simultaneous attachment of more than 
one myosin molecule to a filament and discarded them 
from further analysis. All experiments with the optical trap 
were performed at 30 °C.

In vitro motility assay

Experiments in the in vitro motility assay were performed 
as described previously (Matyushenko et al. 2014; Shchep-
kin et al. 2010, 2013; Kopylova et al. 2016). In brief, myo-
sin in AB buffer (25  mM KCl, 25  mM imidazole, 4  mM 
 MgCl2, 1 mM EGTA, and 20 mM DTT, pH 7.5) contain-
ing 0.5 M KCl was loaded into the experimental flow cell. 
After 2 min, 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. To form regulated thin filaments, 10  nM TRITC-
phalloidin labeled F-actin and 100 nM Tpm/Tn were added 
for 5  min. Unbound filaments were washed out with AB 
buffer. Finally, the cell was washed with AB buffer con-
taining 0.5 mg/ml BSA, oxygen scavenger system, 20 mM 
DTT, 2  mM ATP, 0.5% methylcellulose, 100  nM Tpm, 
100  nM Tn, and appropriate  Ca2+/EGTA in proportions 
calculated with the Maxchelator program. The experiments 
were done at 30 °C and pCa 4.

Fluorescently labeled thin filaments in the experimen-
tal flow cell were visualized with an inverted epifluores-
cence microscope Axiovert 200 (Carl Zeiss) equipped with 
100×/1.45 oil-immersed alpha Plan-Fluar objective. Move-
ment of thin filaments over myosin coated surface was 
recorded with EMCCD iXon-897BV (Andor Technology) 

camera and their sliding velocity was analyzed with GMim-
Pro software (Mashanov and Molloy 2007).

Effect of the Tpm mutants on the force of myosin inter-
action with regulated thin filaments was assessed using 
NEM-modified myosin as an external load (Haeberle 
1994). The experimental protocol was as that described 
above except the blocking of nonfunctional myosin heads 
with non-labeled F-actin was omitted. A mixture of native 
and NEM-modified myosin in total concentration 100 µg/
ml was used in the in vitro motility assay at saturating  Ca2+ 
concentration instead of native myosin. Minimal percent-
age of NEM-myosin in the mixture at which the filaments 
stopped moving was taken as a level of isometric force. Cri-
terion of the movement stoppage was the state when only 1 
or 2 short (<2 µm long) filaments in the field of view were 
still moving.

To assess cooperative effects of the Tpm mutants on 
the actin–myosin interaction, the dependence of the slid-
ing velocity of regulated thin filaments containing the 
Tpm mutants on the density (c) of myosin on the surface 
of flow cell was obtained. Surface density of myosin was 
varied by infusion of different concentrations of myosin in 
the flow cell. Typically, 30 frames of filament motion in 
ten different fields in each flow cell were recorded at frame 
rate 3  s−1. Movement of 5–10 filaments in each field was 
tracked at least in ten frames, and only movement of fila-
ments moving at a uniform speed (i.e., the standard devia-
tion of the frame-to-frame speed was <0.5 of mean speed) 
was analyzed. The experiments were repeated three times 
with each of the Tpm mutants and movement of 50–100 fil-
aments was analyzed in each experiment with each myosin 
concentration.

The dependence of the sliding velocity V of thin fila-
ments on the concentration of myosin added to the flow 
cell was fitted with the Hill equation (Brunet et  al. 2014) 
V = Vmax × ch × (c50

h + ch)−1 where Vmax is maximal sliding 
velocity, c is myosin concentration and c50 is the concentra-
tion required to achieve half-maximal velocity, h is the Hill 
cooperativity coefficient.

Results

Single molecule measurements

The step size and the average maximal force that single 
myosin molecule can bear during interaction with recon-
structed thin filament containing different Tpm mutants 
were measured with the optical trap setup at saturating 
 Ca2+ concentration in the presence of 10 µM ATP. Typical 
records obtained with reconstructed thin filament contain-
ing the G126R/D137L/C190A Tpm mutant in the displace-
ment and force modes are shown in Fig. 1.
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The results of statistical analysis of all interaction events 
in two modes of the optical trap operations for F-actin and 
thin filaments containing Tn and different Tpm mutants 
are presented in Table  1. None of the Tpm mutants sig-
nificantly affected the step size d, which was close to that 
with F-actin alone (Table 1) and was in the range of values 
observed for the interactions of myosin with F-actin (Tyska 
and Warshaw 2002). For the thin filaments containing Tpm 
and Tn, the lifetime of the interactions was longer than that 
for F-actin alone. The stabilizing substitutions in the Tpm 
molecule did not induce any significant changes in the step 
duration (Table 1).

The maximal force that myosin molecule can bear under 
dynamic load was measured in the isometric force clamp 
mode. The pulling force achieved by the time of myosin 
detachment from actin (Fig. 1d, e) was measured for each 
actomyosin interaction event. Average maximal force of the 
interactions with regulated thin filaments was somewhat 
higher than that with F-actin (Table  1) for all Tpm con-
structs used. As for the lifetime of the actomyosin complex 
under load, it did not show any certain trend, except that 
the G126R/D137L/C190A Tpm mutant increased it two-
fold longer compared to that with the control C190A Tpm 
(Table 1, see also Fig. 3a).

In vitro motility experiments

Force-generating capacity of myosin molecules during their 
interaction with F-actin and with thin filaments containing 
Tpm mutants was measured in the in vitro motility assay at 
saturating  Ca2+ concentration using NEM-modified myosin 
as a load (Haeberle 1994). We analyzed the sliding velocity 
and the fraction of motile filaments (Fig. 2). At increasing 
concentration of NEM-modified myosin, the sliding veloc-
ity and fraction of filaments moving linearly decreased. At 
any concentration of NEM-myosin no fractioning of the 
filaments was observed. The correlation coefficients for the 

linear regression lines in Fig. 2 were in the range from 0.92 
to 0.99.

The force, expressed as the fraction of NEM-modified 
myosin required to stop the filament movement, in case of 
thin filaments containing C190A Tpm or D137L/C190A 
Tpm was slightly higher than that with F-actin. With the 
G126R/D137L/C190A Tpm mutant, force was about twice 

Table 1  Parameters of the 
interactions of single myosin 
molecules with F-actin and 
with regulated thin filaments 
containing different Tpm 
mutants measured in two optical 
trap modes

All values d and F are shown as mean ± SEM. Figures in the square brackets are numbers of independent 
experiments in each series, the total numbers of events analyzed are shown in round brackets. Symbols # 
and * denote statistical significance compared with F-actin and the Tpm C190A thin filament, respectively 
(p < 0.05)

Species Displacement mode Isometric force clamp

d (nm) ton (ms) F (pN) ton (ms)

F-actin 8.9 ± 1.6 [3] (785) 34.4 ± 3.0 5.2 ± 0.1 [2] (247) 26.6 ± 1.1
Regulated thin filaments
  Tropomyosin

  C190A 11.7 ± 1.6 [4] (588) 53.9 ± 4.1# 8.6 ± 1.1# [3] (840) 19.1 ± 5.2
  G126R/C190A 10.5 ± 2.5 [4] (1065) 59.1 ± 10.5# 6.9 ± 0.3# [4] (2116) 14.1 ± 1.4#

  D137L/C190A 9.9 ± 0.8 [3] (966) 48.7 ± 6.1# 6.2 ± 0.8 [3] (1296) 20.2 ± 1.5#

  D137L/G126R/C190A 9.4 ± 0.8 [3] (1107) 46.7 ± 7.6# 8.6 ± 1.1# [5] (1101) 36.5 ± 4.3#*

Fig. 2  Dependence of the sliding velocity (a) and the fraction of 
moving thin filaments (b) containing different Tpm mutants on the 
concentration of NEM-modified myosin. The lines are linear regres-
sion fits to the experimental data
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higher than that observed with either F-actin or thin fila-
ments containing C190A Tpm. With the G126R/C190A 
Tpm mutant it was lower than that with C190A Tpm or 
F-actin alone. Force in the in vitro motility assay (Fig. 3b) 
correlated tightly with the lifetime of single actomyosin 
complexes under load measured with the same Tpm con-
structs (Fig. 3a).

The cooperativity of the interaction of an ensemble of 
myosin molecules with thin filaments containing the Tpm 
mutants was evaluated by the dependence of the sliding 
velocity on the myosin concentration added into the flow 
cell at pCa 4 (Fig. 4; Table 2). The presence of regulatory 
proteins, Tn and any of the Tpm mutant used, increased the 

velocity at saturating myosin concentrations (Fig. 4). In an 
agreement with previous reports (Shchepkin et  al. 2013; 
Matyushenko et  al. 2014), the maximal velocity of the 
filaments containing Tpm with stabilizing mutations was 
20–50% higher than that with the control C190A Tpm.

Addition of Tpm and Tn to F-actin caused more than 
tenfold increase in myosin concentration (c50) required to 
provide half-maximal filament velocity (Fig.  4; Table  2). 
For thin filaments containing Tpm with the D137L/C190A 
or G126R/C190A mutations, the c50 value was reduced by 
a factor of 2–2.5 compared to that for the control C190A 
Tpm (Fig.  4; Table  2), while for the thin filaments with 
D137L/G126R/C190A Tpm mutant it was as small as that 
for F-actin alone and at least 10 times less than that for the 
control C190A Tpm. All these changes were statistically 
significant.

Discussion

The most interesting and intriguing part of our findings is 
the effect of the stabilizing Tpm mutations in the in vitro 
motility experiments where filament velocity was titrated 
with myosin concentration in the solution added into the 
flow cell (Fig.  4; Table  2). Both stabilizing mutations, 
and especially their combination, dramatically reduced 

Fig. 3  a Lifetime of the attached state of myosin to actin in the force 
clamp mode with F-actin or thin filaments containing Tpm mutants 
(see Table 1). b Relative force developed by myosin during interac-
tion with thin filaments containing the same Tpm mutants assessed 
in the in  vitro motility assay. Force is expressed as percentage of 
the NEM-modified myosin in the mixture with the native myosin 
required to stop the filament movement. The columns and error bars 
are mean ± SEM of three flow cells. Symbols hash and asterisk indi-
cate significant difference with respect to F-actin and to thin filaments 
with the control C190A Tpm, respectively; p < 0.05

Fig. 4  Dependence of the sliding velocity of thin filaments contain-
ing different Tpm mutants on the concentration of myosin added into 
the flow cell. Each point represents the mean ± SD value obtained in 
three different flow cells. The data were fitted with the Hill equation 
(see “Materials and methods”)
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the amount of myosin molecules required to propel recon-
structed thin filaments.

As was found previously (Homsher et  al. 1996; Gor-
don et al. 1997; Shchepkin et al. 2013; Matyushenko et al. 
2014), the maximal sliding velocity at saturating myosin 
concentration is the smallest for bare F-actin compared to 
all reconstructed thin filaments (Fig.  4; Table  2). Any of 
the stabilizing Tpm mutations, G126R and D137L, and, 
more profoundly, their combination caused further increase 
in the maximal sliding velocity with respect to the con-
trol C190A Tpm as was observed earlier (Shchepkin et al. 
2013; Matyushenko et  al. 2014). Possible reasons for this 
are an increase in the bending stiffness of the Tpm strands 
(Nabiev et  al. 2015a) and a change in the myosin–Tpm 
interface (Matyushenko et al. 2014), both caused by the sta-
bilizing mutations.

The addition of Tpm and Tn to F-actin shifted myosin 
concentration necessary for achievement of the half-max-
imal sliding velocity to higher values (Fig.  4; Table  2). 
Actin–Tpm filaments also require higher myosin concen-
tration to achieve half-maximal sliding velocity compared 
to bare actin as was shown by VanBuren et  al. (1999). 
This can be explained as follows. Even at saturating 
 Ca2+ concentration myosin binding sites on actin are in 
the closed state (McKillop and Geeves 1993). Although 
the binding of myosin heads becomes possible, it is ham-
pered by the Tpm strand. To switch Tpm further on to the 
open state, myosin heads should bind actin strongly. Such 
binding pulls Tpm away from the myosin binding sites on 
actin and opens them for the binding of neighbor myo-
sin heads (Behrmann et al. 2012). The size of the coop-
erative unit, i.e. the number of neighbor actin sites which 
become open upon the strong binding of a head was 
estimated in  vitro using biochemical approach (Geeves 
and Lehrer 1994) and more recently by direct visualiza-
tion (Desai et  al. 2015). At low surface density of myo-
sin heads, the distance between neighbor heads is longer 
than the length of the cooperative unit. This reduces the 
probability of actin–myosin binding and decreases the 
number of heads per unit length of a filament. The sliding 

velocity is determined by the pulling force of strongly 
bound myosin heads, their lifetime and drag force aris-
ing from non-cycling or disordered myosin heads, nitro-
cellulose coating, etc. (Gordon et  al. 2000). At low 
myosin surface density, fewer myosin heads are able to 
bind a thin filament and pull it, especially if the distance 
between neighbor heads is longer than the size of cooper-
ative unit. An increase in the unit size facilitates myosin 
binding even at low surface density and should increase 
the velocity at non-saturating surface density of myosin. 
The data shown in Fig.  4 and Table  2 indicate that the 
stabilizing mutations in Tpm cause a significant change 
in the myosin density needed to achieve the half-maximal 
filament velocity.

The question remains whether this effect is caused by 
changes in the interaction characteristics of the single myo-
sin molecule with a thin filament or it results from a change 
in the cooperativity of the interaction at the ensemble level, 
i.e. due to changes in the size of the cooperativity unit. Sin-
gle molecule data (Fig.  1; Table 1) and those obtained in 
the in vitro motility assay (Figs. 2, 3) allow us to estimate 
contribution of each of these factors.

Myosin step size d was the same with all filaments and 
was in the range of previously found values for whole skel-
etal myosin (Finer et  al. 1994; Molloy et  al. 1995; Tyska 
and Warshaw 2002). The duration ton of myosin interaction 
with thin filament did not depend on the stabilizing muta-
tions in Tpm but it was always longer than that with F-actin 
(Table 1). Increase in lifetime, ton, in the presence of Tpm 
and Tn compared with F-actin was previously observed by 
Kad et al. (2005) although at pCa >8. This can be explained 
by the fact that Tpm increases myosin affinity for F-actin 
(Williams and Greene 1983). As it was shown by cryoe-
lectron microscopy (Behrmann et al. 2012) myosin tightly 
interacts with actin-bound Tpm and forms a strong ternary 
complex.

The sliding velocity of bare F-actin at saturating myo-
sin concentration was the smallest among all studied fila-
ments (Fig. 4). The filament sliding velocity in the in vitro 
motility assay is generally thought to be V ≈ d/ton (Tyska 
and Warshaw 2002). According to this formula and the 
data obtained with the optical trap, Tpm should inhibit 
the velocity of the thin filament compared with the veloc-
ity of F-actin, not increase it as observed. This discrepancy 
can be explained as follows. In the motility assay, there is 
always some drag force arising from non-cycling or disor-
dered myosin heads, nonspecific interaction with nitrocel-
lulose coating, etc (Gordon et al. 2000). Tpm increases ton 
and myosin affinity for actin thus promotes involvement of 
a larger number of myosin heads into movement of thin fil-
ament compared to F-actin and facilitates overcoming this 
drag force resulting in an increase in the sliding velocity at 
constant load.

Table 2  Parameters of the Hill equation for the dependence of slid-
ing velocity of F-actin or thin filaments containing Tpm mutants on 
myosin concentration added to the flow cell

*Significant difference from control Tpm C190A (p < 0.05)

Species Vmax (µm/s) c50 (µg/ml)

C190A 5.4 ± 0.4 40.2 ± 2.1
G126R/C190A 6.5 ± 0.4* 15.2 ± 1.3*
D137L/C190A 6.6 ± 0.5* 17.7 ± 1.5*
D137L/G126R/C190A 7.9 ± 0.5* 3.7 ± 0.2*
F-actin 1.4 ± 0.1* 3.4 ± 0.5*
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Under dynamic load, the force of myosin interaction 
with the reconstructed thin filaments containing any Tpm 
mutant was higher than that with F-actin alone, although 
for the G126R/C190A Tpm mutant the difference was not 
significant (Table 1). No difference was found in the uni-
tary force F between different Tpm mutants (Table 1). The 
duration of the myosin interaction with thin filaments con-
taining the G126R/D137R/C190A Tpm mutant was about 
twice longer than that for the control C190A Tpm and those 
with any of single stabilizing mutations, D137L/C190A or 
G126R/C190A.

An interesting finding is that under load, the durations 
of unitary interactions of myosin molecules with F-actin 
or with thin filaments containing different Tpm mutants 
(Fig.  3a) tightly correlates with the driving force in the 
in vitro motility experiments with the same thin filaments 
(Fig.  3b). The stabilizing mutations in the central part of 
Tpm did not induce a significant change in the force of 
myosin interaction with a thin filament (Table  1). There-
fore, the correlation indicates that force developed by an 
ensemble of myosin molecules in  vitro is mainly deter-
mined by lifetime of the unitary actin–myosin complex 
and by the number of myosin heads participating in force 
generation. A significant increase in force of interaction of 
myosin with reconstructed thin filaments containing both 
stabilizing mutations compared to F-actin alone and single 
Tpm mutants (Fig. 3b) can be explained by an increase in 
lifetime of the actin-myosin bond under load caused by this 
double mutation (Fig.  1; Table  1). Earlier we have found 
that the double G126R/D137L/C190A Tpm mutation leads 
to a significant increase in the sliding velocity of recon-
structed thin filaments in vitro (Matyushenko et  al. 2014) 
and in the bending stiffness of the reconstructed filaments 
(Nabiev et  al. 2015a). The data shown in Fig.  3 demon-
strate that the stabilizing mutations in the Tpm molecule 
similarly affect the load-bearing capacity of actomyosin 
interaction at the single molecule and ensemble levels.

Detailed mechanistic theory (Metalnikova and Tsatu-
ryan 2013) based on the approach developed by Smith 
and colleagues (Smith et  al. 2003; Smith and Geeves 
2003) considers a Tpm strand as an bendable elastic 
bar. It suggests that an increase in the bending rigidity 
of the Tpm strand increases the size of cooperative unit. 
Recently, we have measured the bending stiffness of thin 
filaments with the same Tpm mutants as used here and 
found that the D137L/C190A and G126R/D137L/C190A 
Tpm mutants significantly increased the filament bending 
stiffness most probably due to an increase in the bending 
stiffness of Tpm (Nabiev et  al. 2015a). Those observa-
tions readily explain the data shown in Fig. 4 and Table 2. 
Indeed, an increase in the Tpm stiffness upon the stabiliz-
ing of Tpm, especially with the G126R/D137L/C190A 
mutant, elongates the cooperative unit on thin filament. 

Within the unit, the strong binding of a myosin head to 
actin promotes binding of other heads to neighbor actin 
monomers. An increase in the length of the cooperative 
unit facilitates myosin binding, so that the number of 
myosin heads sufficient for propelling a filament at maxi-
mal velocity can be achieved at a lower myosin surface 
density (Fig. 4; Table 2).

In conclusion, the results of the present work demon-
strate that the stabilizing mutations in the central part of 
Tpm molecule affect the force generation and sliding veloc-
ity of thin filament mainly via cooperative activation of 
the actin–myosin interaction. Although the effect of these 
mutations appears at the single molecule level, when both 
stabilizing mutations, G126R and D137L, are introduced 
into Tpm, it is more significantly expressed at the ensem-
ble level. The data obviously indicate an importance of the 
cooperativity mechanisms in force generation by muscle 
and the role of non-canonical amino-acid residues in the 
Tpm structure in these mechanisms.
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