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Significance

Contraction of skeletal muscle is 
triggered by regulatory structural 
changes in the thin filaments 
following calcium binding to 
troponin. Structural changes in 
the thick filaments control the 
availability of myosin motors for 
actin interaction and the strength 
and speed of contraction. Here, 
we elucidate the coupling 
between thin and thick filament 
regulatory mechanisms in 
demembranated fibers from 
mammalian skeletal muscle in 
near-physiological conditions, 
both in the steady state and on 
the millisecond timescale 
following a calcium jump. We 
show that physiological activation 
of skeletal muscle depends on 
two positive feedback loops, 
involving mechano-sensing by 
the thick filament and myosin-
sensing by the thin filament. The 
rapid activation of skeletal 
muscle following electrical 
stimulation depends on the 
coordinated activation of both 
filaments.
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Contraction of skeletal muscle is triggered by a transient rise in intracellular calcium 
concentration leading to a structural change in the actin-containing thin filaments 
that allows binding of myosin motors from the thick filaments. Most myosin motors 
are unavailable for actin binding in resting muscle because they are folded back 
against the thick filament backbone. Release of the folded motors is triggered by thick 
filament stress, implying a positive feedback loop in the thick filaments. However, 
it was unclear how thin and thick filament activation mechanisms are coordinated, 
partly because most previous studies of the thin filament regulation were conducted 
at low temperatures where the thick filament mechanisms are inhibited. Here, we 
use probes on both troponin in the thin filaments and myosin in the thick filaments 
to monitor the activation states of both filaments in near-physiological conditions. 
We characterize those activation states both in the steady state, using conventional 
titrations with calcium buffers, and during activation on the physiological timescale, 
using calcium jumps produced by photolysis of caged calcium. The results reveal three 
activation states of the thin filament in the intact filament lattice of a muscle cell 
that are analogous to those proposed previously from studies on isolated proteins. 
We characterize the rates of the transitions between these states in relation to thick 
filament mechano-sensing and show how thin- and thick-filament-based mechanisms 
are coupled by two positive feedback loops that switch on both filaments to achieve 
rapid cooperative activation of skeletal muscle.

skeletal muscle | troponin | myosin | muscle regulation

The contraction of skeletal muscle is generated by the relative sliding of actin-containing 
thin filaments and myosin-containing thick filaments driven by myosin motors transiently 
interacting with actin and is triggered by calcium-dependent regulatory structural changes 
in the thin filaments. In resting muscle, the regulatory proteins troponin and tropomyosin 
hold the thin filament in the blocked state by masking the myosin-binding sites on actin 
(1–3). Following electrical stimulation, calcium ions are released from intracellular stores 
and bind to the regulatory head of troponin in the N-lobe of troponin C (TnC), triggering 
dynamic changes in the structure of the troponin complex which lead to the azimuthal 
motion of tropomyosin away from its inhibitory position on the thin filament, partially 
uncovering the myosin-binding sites on actin (2, 4). However, the myosin motors are not 
directly available for interaction with actin because they are locked in helical tracks on the 
surface of the thick filament in a folded conformation called the interacting-heads motif 
(IHM) (5–8), likely associated with the “superrelaxed” state of myosin (9). Recently, it has 
been proposed that the thick filament acts as a mechano-sensor that modulates the number 
of active myosin motors according to the filament stress and independently of the regulatory 
state of the thin filament (7, 10). According to this mechano-sensing hypothesis, derived 
from X-ray diffraction studies in amphibian (7) and mammalian (11) muscle, the activation 
of the folded motors on the thick filament is triggered by the force generated by a pool of 
“constitutively ON” motors that are immediately available for interaction with actin.

The kinetics of the regulatory structural changes in thick (12) and thin (4) filaments 
during an isometric contraction have been characterized by time-resolved X-ray diffraction 
in amphibian skeletal muscle at 4 °C. According to those studies, the motion of tropo-
myosin on the thin filament during contraction is faster than the rise in force (4) and 
faster than the speed at which the myosin motors are released from the thick filament 
surface (12), suggesting that the rate of force generation is mainly limited by the activation 
of the thick filament. A recent X-ray study on intact mouse EDL muscle at 28 °C also 
suggested that the rate of the regulatory structural changes in the thick filament controls 
the dynamics of force generation in twitch and tetanic contractions (13).

However, both the kinetics and the calcium dependence of thin filament activation and 
the interaction between thin and thick filament regulation in mammalian skeletal muscle 
have not been characterized in near-physiological conditions. Previous kinetic studies of 
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structural changes in tropomyosin (14) and troponin (15) in 
demembranated fibers from rabbit psoas muscle activated by pho-
tolysis of caged calcium were carried out at much lower temper-
ature (range 4 to 11 °C). Nearly all the previous studies of 
regulation in demembranated fibers using steady-state calcium 
titrations, including those with probes on troponin (16), were also 
carried out at low temperature, conditions in which the fibers can 
be activated repeatedly with little decline in force production.

Unfortunately, the conditions used for those previous studies 
on demembranated fibers from mammalian muscle inadvert-
ently excluded the thick-filament-based regulatory mechanisms 
because the OFF state of the thick filament is lost in the con-
ditions that were used. Both the low temperature and the 
increased myofilament lattice spacing in demembranated fibers 
disrupt the physiological folded-helical conformation of the 
myosin motors in the relaxed thick filament (17–19). The native 
structure of the thick filaments in intact resting mammalian 
muscle at physiological temperature is preserved only in demem-
branated fibers at a temperature of 26 °C and above and when 
the physiological lattice spacing has been restored by osmotic 
compression (19). The mechanosensing transition in the thick 
filament is preserved during activation at steady [Ca2+] in these 
conditions (10).

Here, we elucidated the mechanisms of activation of thin and 
thick filaments and their coupling in skeletal muscle in 
near-physiological conditions which preserve both thin and thick 
filament-based regulatory mechanisms. We used time-resolved 
polarized fluorescence from bifunctional rhodamine probes in the 
regulatory domains of TnC and in the regulatory light chain 
(RLC) of myosin, exchanged into demembranated muscle fibers, 
to measure dynamic changes in the conformation of troponin and 
of the myosin motors, respectively, during contractions at steady 
[Ca2+] or triggered by [Ca2+]-jumps, with high signal-to-noise and 
temporal resolution. Our results show that, in contrast with some 
previous models of thin and thick filament regulation, the thin 
filament is only partially activated by calcium and requires 
force-generating myosin motors bound to actin to be fully 
switched on, whereas the thick filament is activated by a 
mechano-sensing mechanism. We propose a dual-filament model 
of regulation of muscle contraction in which two positive feedback 
loops triggered by the calcium transient couple the activation of 
thin and thick filaments and account for the rapid activation of 
skeletal muscle following electrical stimulation.

Results and Discussion

The Coupling between Regulatory States of Thin and Thick 
Filaments in Skeletal Muscle at Steady [Ca2+]. To investigate 
the steady-state calcium dependence of the regulatory structural 
changes in the thin filaments, we introduced bifunctional 
rhodamine probes on the C-helix (TnC-C probe) or E-helix 
(TnC-E probe) of TnC in demembranated skeletal muscle fibers. 
The TnC-C probe is in the N-lobe of TnC, which forms the 
regulatory head of troponin, and it is mainly sensitive to the 
opening of the lobe induced by calcium binding to the regulatory 
sites (15, 16). The TnC-E probe is in the C-lobe of TnC, and it 
reports changes in the orientation of the IT arm of troponin with 
respect to the filament axis induced either by calcium or by myosin 
motors displacing the tropomyosin/troponin complex from its 
inhibitory position (15, 16). Changes in the conformation of 
the myosin motors on the thick filament were measured using a 
bifunctional rhodamine probe on the E-helix in the C-lobe of the 
RLC of myosin (RLC-E probe), which is sensitive to the transition 
from the parallel/folded to the perpendicular/active conformation 

of the myosin motors (10, 17). Probe orientations were measured 
in situ in terms of the order parameter <P2>, which would take 
values 1 and −0.5 for probe orientations parallel and perpendicular 
to the filament axis, respectively (20).

In relaxed (pCa = 9) demembranated muscle fibers, the folded 
helical conformation of the myosin motors on the thick filament 
typical of intact muscle at rest is preserved only at temperatures 
higher than 26 °C and at physiological filament lattice spacing 
in the presence of the osmotic agent Dextran T-500 (5% w/v) 
(17, 19), whereas the conformation of troponin on the thin fila-
ment is only slightly sensitive to temperature and osmotic com-
pression (SI Appendix, Fig. S1). Therefore, we activated the muscle 
fibers using steady [Ca2+] at 26 °C in the presence of Dextran, in 
order to preserve the physiological regulatory mechanisms in both 
thin and thick filaments.

The calcium dependence of force in these conditions was 
described by a Hill curve with calcium sensitivity (pCa50) 6.43 ± 
0.01 and cooperativity (nH) 3.64 ± 0.20 (mean ± SEM, n = 15; 
Fig. 1A and Table 1). <P2> for the RLC probe decreased more 
steeply with increasing calcium concentration, signaling the release 
of myosin motors from the folded conformation with a calcium 
sensitivity and a cooperativity higher than those of force (Fig. 1B 
and Table 1) (10). <P2> for both TnC probes also decreased with 
increasing calcium concentration (Fig. 1 C and D), indicating a 
more perpendicular orientation of the probe with respect to the 
filament axis but with pCa50 and nH lower than those of force 
(Table 1).

To separate the effects of force and Ca2+ on the structure of thin 
and thick filaments, we determined the calcium dependence of 
<P2> for TnC and RLC probes in the presence of 25 µM blebbista-
tin. Blebbistatin abolished both the active force (Fig. 1A; open 
symbols and dashed line) and the changes in RLC orientation 
(Fig. 1B), stabilizing the folded conformation of myosin on the 
thick filament (17), and decreased the calcium sensitivity of <P2> 
for both TnC probes by 0.3 pCa units (Fig. 1 C and D and 
Table 1). This result indicates that the attachment of force-generating 
myosin motors to actin sensitizes both the regulatory head and the 
IT arm of troponin to calcium. However, blebbistatin did not affect 
the amplitude of the calcium-dependent change in <P2> for the 
TnC-C probe (Fig. 1C), but it greatly decreased that for the TnC-E 
probe (Fig. 1D). At saturating calcium concentration (pCa 4.7), 
the conformation of the regulatory head of troponin is insensitive 
to myosin attachment, but the orientation of the IT arm depends 
on both myosin attachment and calcium binding, with myosin 
making a much larger contribution.

These myosin-dependent changes in troponin orientation occur 
predominantly in the A-band region of the sarcomere, where the 
thin filaments overlap with thick filaments. At the sarcomere 
length used here (2.45 µm), about 2/3 of the troponin/tropomy-
osin complexes are in the A-band, and the remaining 1/3 are in 
the I-band, where they cannot interact with myosin. We therefore 
estimated <P2> for the TnC probes in the A-band from the average 
probe orientation at each [Ca2+] under the assumption that the 
calcium sensitivity and cooperativity of the TnC probes in the 
I-band are the same as that in the presence of blebbistatin 
(Materials and Methods) and are not influenced by the structural 
changes in the thin filament induced by myosin in the A-band.

The calcium dependence of <P2> for TnC-C in the A-band 
(Fig. 1C, triangles; Table 1) was characterized by a Hill curve with 
pCa50 0.4 pCa units higher than that in the I-band, whereas nH 
was not significantly different (Table 1, paired t test P = 0.32), 
indicating that force-generating myosin motors sensitize the 
N-lobe of TnC to calcium, without affecting the cooperativity of 
its structural change or the conformation at saturating [Ca2+].D
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The calcium dependence of <P2> for the TnC-E probe in the 
A-band (Fig. 1D, triangles) was not well fit by the Hill equation 
(SI Appendix, Fig. S2). We therefore tested the hypothesis that its 
orientation change is the sum of a purely calcium-dependent com-
ponent (TnC-E_Ca), like that observed in the presence of bleb-
bistatin, and a myosin-dependent component (TnC-E_M). The 
resulting double Hill equation (Fig. 1D, dotted line) gave a much 
better fit to the <P2> data, as confirmed by the Bayesian informa-
tion criterion (BIC) test (Table 1, SI Appendix, Fig. S2, and 
Materials and Methods), and indicated that the TnC-E_M com-
ponent accounts for ∼75% of the total calcium-dependent orien-
tation change. Moreover, the M component has a calcium 
sensitivity (pCa50 = 6.47) not significantly different from that of 
force (Table 1, paired t test P = 0.89) and a high cooperativity  
(nH = 5.02; Table 1).

The calcium dependence of the orientation change of the TnC 
probes described above is different in several respects from that 
measured previously at 11 °C in the absence of Dextran (16). 
Under those conditions, the parallel-to-perpendicular transition 
of the myosin motors in the thick filament seen during activation 
at higher temperature is abolished (SI Appendix, Fig. S3). 
Moreover, at low temperature, the TnC-C probe is insensitive to 
the attachment of myosin motors to actin, and the cooperativity 
of orientation changes in the TnC-E probe is much lower (nH ∼2) 
and independent of myosin-attachment to actin (16). These results 
show that both the regulatory structural changes in myosin and 
the contribution of myosin to the activation of the thin filament 
are severely attenuated in demembranated muscle fibers at low 
temperature with an expanded lattice, the conditions used in 
nearly all previous studies of regulation in mammalian muscle.

These results highlight the distinct regulatory roles of the 
N-lobe of TnC and the IT arm of troponin in skeletal muscle in 
near-physiological conditions. The TnC N-lobe acts as the calcium 
sensor of the thin filament, and its extreme OFF and ON confor-
mations are independent of the binding of myosin motors to the 
thin filament. However, the sensitivity of the TnC N-lobe to cal-
cium is increased by attachment of myosin motors to actin, an 
effect that is absent at low temperature (16) and might be medi-
ated by the displacement of TnI from actin induced by myosin, 
which in turn increases the calcium sensitivity of TnC (23). In 
contrast, the IT arm of troponin integrates the calcium signal from 
the N-lobe of TnC with the myosin signal from the thick filament, 
coupling the regulatory pathways of the thin and thick filaments. 
In particular, the myosin-dependent component of the orientation 
change of the IT arm (TnC-E_M) tracks the binding of force- 
generating myosin motors to actin, probably by coupling the azi-
muthal position of tropomyosin to rotation of the IT arm. We 
conclude that the thin filaments in skeletal muscle are only par-
tially activated by calcium and that full activation and coopera-
tivity require binding of force-generating myosin motors, 
consistent with recent mechanical evidence that the cooperativity 
of thin filament activation depends on the force per myosin motor 
(24). This conclusion extends the previous concept of three reg-
ulatory states of the thin filament corresponding to three azi-
muthal positions of tropomyosin, the blocked, closed, and open 
states, inferred from studies on the isolated proteins (25) to the 
intact filament lattice in near-physiological conditions.

Our results lead to a dual-filament model of the activation of 
contraction in skeletal muscle, in which the steady force is con-
trolled by two positive feedback loops in thin and thick filaments 
triggered by calcium (Fig. 2). In resting muscle (Fig. 2, purple 
rectangle), the thin filament is blocked by tropomyosin masking 
the myosin-binding sites on actin, while in the thick filament, 
most of the myosin motors are folded with few constitutively ON 

Fig. 1. Steady-state calcium dependence of force and of the orientation of TnC 
and RLC probes in skeletal muscle fibers at near-physiological temperature and 
lattice spacing. (A) Dependence of steady-state force (mean ± SE) normalized to 
the force at maximal [Ca2+] (T0=248 ± 10 kPa, mean ± SE, n = 15 fibers) on pCa 
(=−log10[Ca2+]), in single muscle fibers exchanged with the RLC-E probe (black;  
n = 5 fibers), TnC-C probe (green; n = 5 fibers), and TnC-E probe (magenta; n = 5 
fibers) at 26 °C with 5% Dextran T-500 (w/v) and sarcomere length 2.45 µm, in the 
absence (filled symbols) and in the presence (empty symbols) of 25 µM blebbistatin. 
Calcium dependence of <P2> (mean ± SE) for the RLC-E probe (B, data from ref. 10), 
TnC-C probe (C; n = 5 fibers), and TnC-E probe (D; n = 5 fibers) in the absence (filled 
circles) and in the presence (empty circles) of 25 µM blebbistatin. Triangles in C and D  
represent <P2> calculated for the TnC probes in the A-band of the sarcomere 
in the absence of blebbistatin. Solid and dashed lines in C and D are single-Hill 
curves fitted to the data in the absence or in the presence of 25 µM blebbistatin, 
respectively. Dotted lines in C and D are single- and double-Hill curves, respectively, 
fitted to <P2> in the A-band in the absence of blebbistatin. The orientation of the 
RLC-E probe (black) in the RLC in the blocked (orange) and free (yellow) head in the 
human β-cardiac myosin IHM [PDB 5TBY (21), essential light chains not shown for 
clarity] with respect to the filament axis (dashed line) is shown in B. The positions 
of the TnC-C probe in the regulatory head and of the TnC-E probe in the IT arm in 
the Ca2+-saturated troponin core structure [PDB 1J1D (22)] are shown in C and D, 
respectively. Graphical representations of RLC and TnC probe orientations were 
generated using the PyMOL Molecular Graphic System (DeLano Scientific, LLC). 
pCa values for fibers exchanged with labeled TnC-C were corrected for the shifts 
due to probe conjugation as described in Materials and Methods.D
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motors released from the filament surface. During contraction 
(Fig. 2, green rectangle), Ca2+ ions partially activate the thin fila-
ment (thin filament-closed state) to which the constitutively ON 
myosin motors can attach (actin-bound motors). The force gen-
erated by the actin-bound motors triggers the release of the folded 
myosin motors in the thick filament, increasing the fraction of 
actin-bound motors and initiating a positive mechano-sensing 
feedback loop (Fig. 2, magenta) which accounts for the highly 
cooperative activation of the thick filament. The increase in the 
number of actin-bound motors further activates the thin filament 
(thin filament-open state, Fig. 2) allowing more myosin motors 
to bind to actin and triggering a positive myosin-sensing feedback 
loop in the thin filament (Fig. 2, blue), which couples the regu-
latory state of the thin filament to that of the thick filament at the 
steady state.

The Dynamics of Thin and Thick Filament Activation during 
Isometric Contraction of Skeletal Muscle. Under physiological 
conditions, the contraction of fast-twitch skeletal muscle is 
triggered by a large and rapid increase in [Ca2+] to saturating levels, 
but the dynamics of force generation is much slower than the 
changes in [Ca2+] (26). How do the two positive feedback loops in 
the activation of thin and thick filaments control the force output 
of muscle during a transient physiological activation? To answer 
this question, we measured the time course of the orientation 
changes of the TnC and RLC probes with 0.12-ms time resolution 
in single demembranated muscle fibers activated by photolysis 
of caged calcium (NP-EGTA) in conditions of temperature and 

lattice spacing (T = 26 °C, 5% w/v Dextran T-500) in which the 
two positive feedback loops described above are preserved. The 
photolysis of caged calcium triggers the release of calcium ions 
with a rate constant of ∼70,000 s−1 (27), rapidly raising [Ca2+] to 
saturating levels throughout the volume of the muscle fiber. This 
method of activation of the muscle fiber avoids the temporal delays 
and the spatial gradients of calcium concentration associated with 
physiological calcium release in intact muscle cells (28).

After photolysis, force increased with a delay of 1 ms (Fig. 3, 
Inset) and with an overall half-time of 29 ± 2 ms (mean ± SE,  
n = 15; SI Appendix, Table S1), accompanied by sarcomere short-
ening of ∼5% (SI Appendix, Fig. S4). <P2> for both the TnC-C 
and TnC-E probes showed large decreases within 5 ms of photolysis 
(Fig. 3, green and magenta traces, respectively). Multiexponential 
fitting of <P2> for the TnC-C probe detected two components, 
together accounting for ∼72% of the total <P2> change (Fig. 3, 
Inset, orange trace), with rate constants of ∼3,800 s−1 and ∼370 s−1, 
two and one orders of magnitude faster than force generation, 
respectively, and a third component with a rate constant of ∼20 s−1 
(SI Appendix, Table S1). The fastest phase provides a direct meas-
ure of the rate constant for binding of calcium ions to the regu-
latory Ca2+ sites in the N-lobe of TnC in situ and is consistent 
with the diffusion-limited rate of Ca2+ association to TnC meas-
ured in solution (29). The second phase has a rate similar to that 
of the azimuthal motion of tropomyosin around the actin fila-
ment, as determined from the time course of the intensity of the 
second actin layer line in X-ray diffraction studies in amphibian 
muscle (t50 = ∼5 ms at 22 °C) (4) and in demembranated fibers 

Table 1. Calcium dependence of force and <P2> for TnC and RLC probes
A BpCa9 pCa50 nH

Force 1
(248 ±10 kPa)

0 6.43 ± 0.01 3.64 ± 0.20

<P2> RLC-E −0.257 ± 0.002 0.278 ± 0.001 6.523 ± 0.002* 5.67 ± 0.15*

<P2> TnC-C −0.486 ± 0.009 0.364 ± 0.004 6.21 ± 0.02* 2.31 ± 0.19*

<P2> TnC-CBleb −0.471 ± 0.002 0.353 ± 0.001 5.90 ± 0.01† 2.69 ± 0.09†

<P2> TnC-CA-band 0.488 ± 0.009 0.366 ± 0.003 6.33 ± 0.02 2.89 ± 0.22

<P2> TnC-E −0.229 ± 0.009 0.206 ± 0.007 6.30 ± 0.04* 2.22 ± 0.31*

<P2> TnC-EBleb −0.099 ± 0.002 0.208 ± 0.002 5.98 ± 0.02† 1.61 ± 0.09†

<P2> TnC-EA-band M −0.187 ± 0.010 0.201 ± 0.002 6.47 ± 0.01 5.26 ± 0.68
Ca −0.109 ± 0.011 – 5.98 1.61

Parameters of Hill curves fitted to force and <P2> data in Fig. 1 in the presence or absence of blebbistatin. <P2> TnC-EA-band was better fitted with a double-Hill curve, according to the 
Bayesian information criterion test (Materials and Methods and SI Appendix, Fig. S2), which includes myosin (M) and calcium (Ca) dependent components. The pCa50 and nH for the calci-
um-dependent component (Ca) were constrained to the values (in italic) determined in the presence of blebbistatin (<P2> TnC-EBleb). Errors are SE estimated by the fit.
*P < 0.05 when comparing pCa50 and nH of force and <P2> using a paired t-test.
†P < 0.05 when comparing pCa50 and nH of <P2> in the absence or presence of blebbistatin using a paired t-test.

Ca2+ 
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Fig. 2. Dual-filament mechanism of activation in skeletal muscle. Schematic diagram of the two positive feedback loops controlling the activation of thin 
(myosin-sensing) and thick (mechano-sensing) filaments triggered by calcium. See main text for details.D
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from rabbit psoas muscle activated by caged-calcium photolysis 
(r = 113 s−1 at 4 °C) (14), taking into account the lower temper-
atures used in those studies. The third phase is likely to be associ-
ated with the binding of Ca2+ to the Ca2+-Mg2+ sites in the C-lobe 
of TnC, and its rate constant is about 100 times slower than that 
for the binding of calcium ions to the regulatory sites in the 
N-lobe, in agreement with measurements on isolated TnC (29).

The caged-calcium approach allowed us to kinetically separate 
the calcium- and myosin-dependent structural changes in the IT 
arm of troponin and compare them with those estimated from the 
steady-state calcium dependence. Calcium binding to TnC induced 
a fast change in <P2> for the TnC-E probe with a rate constant of 
∼7000 s−1 (Fig. 3, Inset, cyan trace; SI Appendix, Table S1), not 
significantly different from that of the fast phase of the TnC-C 
probe (t test P = 0.13), which accounted for 36% of the total <P2> 
change, similar to the fractional amplitude of the calcium-dependent 
component estimated from the steady-state calcium dependence 
(Fig. 1D and Table 1). These results therefore show that the 
calcium-binding signal from the N-lobe of TnC is transmitted to 
the IT arm with no measurable delay on the submillisecond time 
scale. A slower phase in the orientation change of the TnC-E probe 
had a time course slightly faster than that of force generation 
(Fig. 3, magenta), although its half-time, 17 ± 2 ms (mean ± SE, 
n = 4; SI Appendix, Table S1), was not significantly different from 
that of force (paired t test P = 0.12). The fractional amplitude of 
this phase calculated for the probes in the A-band is ∼70%, similar 
to the amplitude of the TnC-E_M component measured at the 
steady state (Fig. 1D and Table 1). The kinetics of TnC-E_M tracks 
myosin binding to actin and is consistent with that of the 
force-dependent component of the azimuthal motion of tropomy-
osin observed by X-ray diffraction in muscle fibers activated by 
caged calcium (14). Therefore, we conclude that TnC-E_M is 
associated with the transition of the thin filament to the open state 
in the myosin-sensing feedback loop of thin filament activation 
(Fig. 2).

The structural dynamics of troponin described above are differ-
ent in several respects from those seen in a previous study at 11 °C 
in the absence of Dextran (15). Each component of the orientation 
change of the TnC-C probe at 26 °C is about three times faster 
than that at 11 °C. In contrast, the overall time course of the ori-
entation change of the TnC-E probe was slower at 26 °C than that 
at 11 °C, being 90% complete at 25 ms after photolysis, ∼15 ms 
slower than at 11 °C (SI Appendix, Fig. S5). This unexpected result 
may be partially explained by the fact that the amplitude of the 
myosin-dependent change in orientation of the TnC-E probe is 
reduced to ∼20% at low temperature (15), consistent with the 
smaller contribution of myosin to the activation of the thin filament 
at low temperature deduced from experiments at steady [Ca2+] (16), 
as discussed above. Moreover, the myosin motors are already per-
pendicular to the filament axis at low calcium at 11 °C in the 
absence of Dextran (SI Appendix, Fig. S3) and do not undergo large 
conformational changes during activation by photolysis of caged 
calcium (SI Appendix, Fig. S5), consistent with the hypothesis that 
the thick filament is already partially switched on in relaxed muscle 
at low temperature (19). In contrast, at 26 °C, the thin filament 
requires the attachment of myosin motors to actin for full activa-
tion, but the motors are not immediately available because they 
first have to be released from their folded conformation on the 
surface of the thick filament. The kinetics of activation of the myo-
sin motors, estimated from the time course of <P2> for the RLC-E 
probe, was much slower than that of the TnC probes, and it was 
sigmoidal in shape, with an initial lag of ∼3 ms (Fig. 3, black). This 
time course is consistent with the idea that the initial small and 
slow rise of force is generated by a population of constitutively ON 
motors that can immediately interact with an activated thin fila-
ment, whereas the later and larger component requires the release 
of a larger pool of myosin motors from the folded OFF state. The 
overall half-time of the transition was 18 ± 1 ms (mean ± SE, n = 7;  
SI Appendix, Table S1), so release of myosin motors from the folded 
state was almost synchronous with the myosin-related phase of the 

Fig. 3. Structural dynamics of TnC and RLC in muscle fibers activated by photolysis of caged calcium. Upper panel, fiber length L relative to the initial length 
L0. Middle panel, time course of force (average, black; SE, gray, n = 15 fibers) relative to the value at the plateau of contraction T0 (=262 ± 10 kPa, mean ± SE,  
n = 15 fibers) after the UV photolysis of caged calcium at time zero (vertical dashed line). The horizontal dashed line marks the zero force. Red dashed line, model 
simulation of the time course of force (see main text). Lower panel, average time course of the order parameter <P2> for the RLC-E probe (black, n = 7 fibers), 
TnC-C probe (green, n = 4 fibers), and TnC-E probe (magenta, n = 4 fibers). Red dashed line, model simulation of the time course of the fraction of folded myosin 
motors (Ffolded) on the thick filament. Left Inset, force (gray) and <P2> for RLC and TnC probes in the first 10 ms after photolysis; cyan line, single-exponential fit 
to <P2> for TnC-E probe; orange line, three-exponential fit to <P2> for TnC-C probe (SI Appendix, Table S1); dotted line, relaxed value of <P2> for the RLC-E probe. 
Right Inset, responses of force (gray) and <P2> for RLC and TnC probes to ramp shortening. T = 26 °C, 5% (w/v) Dextran T-500, initial sarcomere length 2.4 µm.
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TnC-E signal (Fig. 3, magenta; SI Appendix, Table S1, t test P = 
0.78). Both these signals have a half-time that is about 10 ms faster 
than force generation itself. The correspondence between the time 
courses of RLC-E and myosin–related TnC-E signals shows that 
the associated structural changes are coupled both in their 
steady-state calcium dependence (Table 1) and in their dynamics 
on the timescale of muscle activation.

The <P2> change for the RLC probe was complete at ~40 ms 
after photolysis, indicating that the myosin motors on the thick 
filament were fully activated when the force was only ∼65% of the 
maximal isometric force. The time course of activation of the myo-
sin motors measured here by fluorescence polarization is consistent 
with that measured by X-ray diffraction in intact EDL muscles of 
the mouse during tetanic stimulation at 28 °C (13). In that study, 
the release of myosin motors from the folded state, signaled by the 
increase in the X-ray interference parameter LM3, had a half-time 
of ∼11 ms, leading force generation by ∼6ms (half-time ∼17 ms), 
and it was complete when force was 60% of the maximum value 
(13). The kinetics of force generation and of activation of the myo-
sin motors in intact mouse EDL muscle are similar to those meas-
ured here in demembranated fibers from rabbit psoas muscle. We 
conclude that the physiological mechanism of thick filament acti-
vation and its dynamic relation with force generation are preserved 
in isolated demembranated fibers activated by photolysis of caged 
calcium in the conditions of the present experiments.

To further characterize the effect of myosin attachment to actin 
on the dynamics of these structural changes, we activated a set of 
muscle fibers by photolysis of caged calcium in the presence of 25 µM 
blebbistatin (Fig. 4). The amplitude and kinetics of the orientation 
change of the TnC-C probe and the fast phase of the TnC-E probe 
were not affected by blebbistatin, whereas the slower phase that we 
had identified with myosin binding in the absence of blebbistatin 
on the basis of its kinetics was abolished. We conclude that the 
dynamics of the structural change in the regulatory head of troponin 
and those of the fast component of the structural change in the IT 
arm are insensitive to myosin during activation at maximal [Ca2+].

In summary, the present results elucidate the dynamic coupling 
between regulatory structural changes in thin and thick filaments 
in the dual-filament mechanism of force generation in skeletal 
muscle. During physiological activation, calcium ions saturate the 
binding sites in the N-lobe of TnC with a rate constant of ∼4,000 
to 7,000 s−1 triggering a fast reorientation of the IT arm of troponin 
on the thin filament. In this transient state, the tropomyosin strand 
remains in the blocking position and therefore the thin filament 
is in a “blocked+Ca2+” state (Fig. 5B), which was not resolved 
during steady-state activation (Fig. 2). Then, tropomyosin moves 
on the thin filament partially uncovering the actin-binding sites 
for myosin, and the thin filament is in the closed state (Fig. 5C, 
orange). Constitutively ON motors can then attach to actin and 
generate force triggering the release of the folded motors from the 
surface of the thick filament (Fig. 5C). The increase in the fraction 
of motors attached to actin and in force triggers the myosin-sensing 
and mechano-sensing feedback loops, in thin and thick filaments 
respectively, and both the thick and thin filaments in the A-band 
of the sarcomere become fully active (open state; Fig. 5D, green).

Stress-Dependent Activation of the Thick Filament Coupled to 
Myosin-Dependent Activation of the Thin Filament Controls 
the Kinetics of Force Generation in Skeletal Muscle. The results 
presented above suggest that the rate of force generation following 
physiological activation might be limited by that of the stress-
dependent activation of the myosin motors on the thick filament 
and by the consequent myosin-dependent activation of the thin 
filament. To test that hypothesis, we determined the kinetics 

of force generation after a brief period (∼3 ms) of unloaded 
shortening applied at the plateau of contraction, which induces 
detachment of myosin motors from actin. The orientation of the 
TnC-C probe was almost unaffected by the shortening (Fig. 3, 
green), consistent with the conclusion from the steady-state 
measurements that the regulatory head of troponin is insensitive 
to myosin binding at high calcium concentrations (Fig. 1). <P2> 
for the TnC-E probe recovered partially and transiently toward 
its relaxed value (Fig. 3, magenta), consistent with the expected 
transient detachment of myosin from actin (15). The shortening 
induced a fast decrease in <P2> for the RLC-E probe complete 
in 1 ms (Fig. 3, black), which reports the synchronized tilting of 
the light chain domains of actin-attached myosin motors toward 
more perpendicular orientations with respect to the filament axis 
(30, 31), followed by the recovery of <P2> toward its active value. 
These results indicate that the switching off of thick filaments due 
to low force (7) and of thin filaments due to myosin detachment 
is slow on the millisecond timescale. At the end of the 3-ms 
ramp, when the levels of thin and thick filament activation are 
still much higher than in the first few milliseconds after photolysis, 
force redeveloped with an exponential time course with a half-
time of 18 ms (Fig. 3 and SI Appendix, Table S1), significantly 
smaller than that of the initial force rise (29  ms, paired t test 

Fig. 4. Structural dynamics of TnC and RLC during activation in the presence 
of blebbistatin. Time courses of force, relative to the value at the plateau of 
contraction T0 (=262 ± 10 kPa, mean ± SE, n = 15 fibers), and of <P2> for RLC 
and TnC probes in the absence (black; as in Fig. 2) and in the presence of 25 
µM blebbistatin (red; n = 1 fiber for each probe). The horizontal dashed line 
marks the zero force; the vertical dashed line marks the UV photolysis of 
caged calcium at time zero. Insets, time course of <P2> for TnC probes on an 
expanded time scale in the absence (black, mean ± SE, n = 4 for TnC-C probe 
and n = 4 for TnC-E probe) and in the presence (red, n = 1) of blebbistatin; T = 
26 °C, 5% (w/v) Dextran T-500, initial sarcomere length 2.4 µm.
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P = 5·10−5). The difference suggests that the rate of the initial 
force rise is limited by the intrinsic dynamics of the regulatory 
structural changes in the thin and thick filaments. The rate of 
force generation after photolysis at low temperature and in the 
absence of Dextran (SI Appendix, Fig. S5), conditions that largely 
abolish the mechanosensing transition in the thick filament and 
the myosin-dependent activation of the thin filament, is similar 
to that during force redevelopment after shortening in those 
conditions, consistent with the above conclusion.

The kinetics of force generation after photolysis and after ramp 
shortening were simulated with a mathematical model in which the 
regulatory transition of myosin from the folded (OFF) to the active 
(ON) conformation is linearly dependent on filament stress (32), 
similar to the load dependence of myosin activation determined with 
probes on the RLC in muscle fibers (10) (Fig. 3, and SI Appendix, 
Supplementary Text). The slower time course of force development 

after photolysis with respect to that of force redevelopment after 
shortening could be reproduced in the model with a fraction of 35% 
of constitutively ON motors on the thick filament (Fig.3, red dashed 
line; SI Appendix, Fig. S6, green trace), consistent with that estimated 
from the distribution of RLC orientations in the relaxed muscle fiber 
(17). The simulated time course of the OFF-to-ON transition of the 
myosin motors reproduced the lag and the dynamics of the confor-
mational change in the RLC during early activation after photolysis, 
but at higher filament stress the calculated decrease in the fraction of 
folded motors was slower than the RLC orientation change (Fig. 3). 
These results suggest that the kinetics of activation of the myosin 
motors during the early phase of contraction is consistent with a 
mechano-sensing positive feedback loop triggered by the filament 
stress, which limits the kinetics of force generation after photolysis. 
However, the hypothesis of a linear dependence of force on the acti-
vation of the folded myosin motors does not explain the rapid acti-
vation of the motors, which is complete at ∼60% of the maximal 
force, suggesting that the activation of the thick filament is highly 
cooperative, as observed in the calcium dependence at the steady state 
(Fig. 1B), and therefore nonlinearly dependent on filament stress.

To further test the hypothesis that the stress-dependent activation 
of the thick filament is the rate-limiting step in the kinetics of force 
generation, we studied the effect of increasing the external load on 
the thick filament during early activation on the dynamics of thick 
filament activation and force generation. A rapid stretch of 1% L0 
in 0.3 ms followed by a 5% L0 exponential lengthening with a time 
constant of ∼6 ms (Fig. 6, orange trace) was applied 7 ms after 
photolysis, when force is only 5% of the maximum and most of the 
myosin motors are still inhibited in the folded conformation on the 
thick filament. Such a mechanical protocol induces the elongation 
of the titin spring connecting the thick filament tips to the sarcomere 
ends (Fig. 5, black lines), increasing the stress on the thick filament 
during early activation. <P2> for the RLC-E probe, signaling the 
release of folded myosin motors on the thick filament, decreased 
faster than that in isometric condition, and it was accompanied by 
a much faster increase in force (Fig. 6). This result shows that the 
kinetics of activation of the myosin motors on the thick filament 
and the kinetics of force generation in skeletal muscle can be accel-
erated by increasing the external load applied to the muscle during 
contraction, as expected from the mechanosensing hypothesis.

Implications of the Dual-Filament Model for the Regulation 
of Muscle Contraction. Our results show that force in skeletal 
muscle is controlled by a dual-filament mechanism which 
dynamically couples the regulatory mechanisms in the thin and 
thick filaments. In demembranated mammalian muscle, this 
mechanism is preserved only at a temperature of 26 °C or above 
when the filament lattice is osmotically compressed to match 
the value in intact resting muscle. At lower temperature with 
an expanded filament lattice, the mechanosensing transition in 
the thick filament and its coupling to the myosin-dependent 
activation of the thin filament are largely abolished, explaining 
the fact that the dual filament mechanism was not detected in 
previous studies of thin filament activation (14–16). Moreover, 
the mechanosensing model of thick filament activation derived 
from X-ray diffraction studies of intact amphibian (7) and 
mammalian muscle (11) made the simplifying assumption, in 
the absence of parallel measurements of thin filament activation 
in the same protocols, that the thin filament is fully switched 
on by calcium alone. In contrast with those previous models, 
the present results show that calcium binding to troponin only 
partially activates the thin filament, at a speed 100 times faster 
than the kinetics of force generation. The partial activation of the 
thin filament triggered by calcium enables the mechano-sensing 

A

B

C

D

Blocked

Blocked + Ca2+

Closed

Open

M Z

A-band I-band

Fig. 5. Dynamic dual-filament activation of contractility in skeletal muscle. 
Each half thick filament extends from the M band and is connected to the Z 
band (vertical black rectangles) by titin links (black lines). Thin filaments are 
anchored at the Z band. (A) In the absence of calcium, the thin filament is in the 
inhibited or “blocked” state (purple) with tropomyosin (horizontal purple line) 
masking the myosin-binding sites on actin. The thick filament is in the “locked” 
state (purple); most of the myosin motors are folded in helical tracks on the 
filament surface (gray ellipses), but there are a few constitutively ON motors 
(black ellipses). The thick filament periodicity is short in the absence of filament 
stress (inward pointing arrows). (B) During activation, calcium ions bind to the 
regulatory head of troponin (green hexagons) triggering a fast rotation of 
the IT arm of troponin (orange rectangles). The tropomyosin has not moved 
yet, and the thin filament is in the “blocked+Ca2+” state. (C) The motion of 
tropomyosin partially unmasks the myosin-binding sites on actin, and the 
thin filament is in a partially activated closed state (orange). The constitutively 
ON motors can attach to actin and generate force (green ellipses), triggering 
the mechano-sensing activation of the thick filament. (D) At the plateau of 
contraction, the folded myosin motors are released from the filament surface, 
and the thick filament is fully activated (green). The backbone periodicity of 
the thick filament has increased (outward-pointing arrows). Myosin motors 
attached to actin in the filament overlap region of the half-sarcomere (A-band) 
further displace tropomyosin and induce the fully activated open state of the 
thin filament (light green), whereas the thin filament at no-overlap in the I-band 
remains in the closed state (orange).
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transition in the thick filament controlling the stress-dependent 
release of myosin motors from the folded state, which are then 
available to bind to actin and further activate the thin filament. 
Mechano-sensing in the thick filament and myosin-sensing in 
the thin filament constitute two positive feedback loops in the 
activation of thick and thin filaments (Fig. 2), respectively, that 
allow skeletal muscle to achieve rapid and cooperative activation 
following electrical stimulation. In conclusion, our results 
show that both the steady-state and dynamic mechanisms of 
force generation in skeletal muscle depend on the coordinated 
activation of thin and thick filaments, in a dual-filament paradigm 
of muscle regulation.

Materials and Methods

Muscle Fiber Preparation. Approximately 6-mm-long segments of demem-
branated fibers dissected from rabbit psoas muscle, a nearly pure fast-twitch 
muscle (33), were mounted in a custom-built fluorescence polarization setup 
between the lever arms of a force transducer and a loudspeaker motor in a tem-
perature-controlled multidrop system (15). Fiber extremities were fixed using 5% 
glutaraldehyde in rigor solution and glued to the aluminum clips with shellac 
dissolved in ethanol. The initial sarcomere length was set at 2.45 µm, and the 
fiber cross-sectional area (CSA) was determined using a 40× wet objective. A total 
of 36 muscle fibers, with average CSA of 3,891 ± 154 µm2 (mean ± SE), isolated 
from five rabbits were used in these experiments.

Protein Expression/Purification. The E56C/E63C (C-helix) and E96C/R103C 
(E-helix) double-cysteine mutants of chicken skeletal TnC and the D95C/V103C 
(E-helix) double-cysteine mutant of chicken skeletal RLC of myosin were obtained 
by site-directed mutagenesis, expressed in Escherichia coli, and purified as 

previously described (17, 34). Each pair of introduced cysteines in the TnC and RLC 
mutants was cross-linked with bifunctional rhodamine [BR (35)] or bifunctional 
sulfo-rhodamine (BSR, B10621, Invitrogen), respectively, to give 1:1 BR:TnC 
and BSR:RLC conjugates that were purified to greater than 95% homogeneity. 
Specificity and stoichiometry of BR/BSR labeling were determined by mass spec-
trometry. Approximately 30% of the native TnC and RLC in the muscle fiber were 
replaced with TnC and RLC probes after incubation in EDTA-rigor buffer for 40′ at 
19 °C containing ∼20 µM of labeled protein, as described previously (15, 17).

Mechanical Protocols. All the experiments were performed at 26 °C in the 
presence of 5% (w/v) Dextran T-500, conditions in which the physiological resting 
structure of the thick filament and the myofilament lattice spacing are recovered 
(17, 19). Active force was normalized by the CSA of each fiber in the absence of 
Dextran. The polarized fluorescence intensities were recorded first in relaxed fibers 
using X- and Y-illumination (λ = 532 nm) (15) to determine the order parameter 
<P2d> which quantifies the rapid probe motion (20). <P2d>= 0.931 ± 0.009 
(mean ± SE, n = 6) for the TnC-E probe, 0.877 ± 0.008 (mean ± SE, n = 9) for 
the TnC-C probe, and 0.895 ± 0.007 (mean ± SE, n = 9) for the RLC-E probe, 
indicating that the amplitude of such motion is small.

In the calcium titration experiments, fibers exchanged with TnC or RLC probes were 
briefly (~1 to 5 s) activated by transfer from preactivating to activating solution at 
different pCa (=−log[Ca2+]) in the presence and in the absence of 25 µM blebbista-
tin, and the polarized fluorescence intensities obtained using X-illumination were 
used to calculate the second- and fourth-rank order parameters of the orientation 
distribution of the BR/BSR dipole, <P2> and <P4> respectively, and the total fluo-
rescence intensity (15). Solutions with different pCa were obtained by mixing different 
proportions of activating (pCa 4.7) and relaxing (pCa 9.0) solutions, and the final 
pCa was calculated using software kindly provided by E. Homsher. The composition 
of preactivating, activating, and relaxing buffers has been described previously (17).

For experiments with caged calcium (NP-EGTA, N6802, Invitrogen), a UV pulse 
from a frequency-doubled ruby laser (λ = 347 nm, Lumonics Ltd, UK) circularly 
polarized with a λ/4 waveplate was attenuated via a quartz beamsplitter and 
microscope slide attenuators to ~60 mJ and vertically focused on the fiber with 
a cylindrical lens. The horizontal dimension of the beam was shaped with vertical 
slits to match the clip-to-clip length of each fiber. Before the photolysis, the fiber 
was incubated in preactivating solution for ~5 min to remove most of the EGTA 
from the relaxing solution and then transferred to the caged calcium solution for 
another 5 min before the UV flash. The caged calcium solution had the follow-
ing composition: 25 mM imidazole, 5.55 mM Na2ATP, 20 mM sodium creatine 
phosphate, 6.58 mM MgCl2, 10 mM HDTA, 11 mM potassium propionate, 10 mM 
glutathione (reduced), and 1.8 mM NP-EGTA, pH 7.1, ionic strength = 150 mM. 
The calcium loaded in this solution from a 20 mM stock of CaCl2 was ∼1.5 mM 
to set pCa ∼ 6.8 and an active force of ∼2 to 3% of the maximum isometric force. 
The activation level produced by the flash was estimated by comparing the force 
and <P2> for the probe after photolysis with those obtained after transferring 
the fiber to activating solution 0.6 s after the flash. Only fibers which produced 
maximal activation were included in the analysis. The order parameters of the 
probe were sampled at 8 kHz (=0.125 ms per point). Fast photomultiplier tube 
modules (PMT H10723-20; Hamamatsu; frequency bandwidth DC-200kHz) were 
used to record the polarized intensities (sampling frequency 200 kHz). With these 
PMTs, the duration of the light artifact caused by the UV flash was ∼0.15 ms, about 
10 times lower than that in a previous study using PMTs with slower response 
(15), increasing the time resolution of the fluorescence polarization measurement 
immediately after the UV photolysis. In the stretch-experiment, a stretch of ampli-
tude ∼1% L0 complete in 0.3 ms was applied at 7 ms after the photolysis and was 
followed by an exponential stretch of amplitude ∼5% L0 with a time constant of 
∼6 ms. The characteristics of the stretch were chosen to mimic the lengthening 
of the titin molecule in muscle fibers at constant force and at maximal calcium 
concentration in the presence of blebbistatin (see Fig. 3 in ref. 10).

Data Analysis. In the calcium titration experiments, the pCa values for TnC-C probes 
were offset by +0.1, corresponding to the shift in calcium sensitivity (pCa50) of force 
introduced by this probe, with respect to that measured in unexchanged fibers 
and in fibers exchanged with either the RLC or TnC E probe (Fig. 1A, black and 
magenta circles, respectively) at 26 °C in the presence of Dextran, much smaller 
than that observed previously at 11 °C in the absence of Dextran (16). The calcium 
dependence of force and <P2> was fitted with a single-Hill curve [y = BpCa9+A*(1/
(1+(10^((x-pCa50)*nH))))]. The <P2> for TnC probes in the A-band of the sarcomere 

Fig. 6. Stretch-induced changes in the dynamics of activation of the myosin 
motors on the thick filament. Time courses of fiber length (relative to the initial 
length L0), force (relative to the value at the plateau of contraction T0 = 262 ± 
10 kPa, mean ± SE, n = 15 fibers) and <P2> for the RLC-E probe after caged-
calcium photolysis at time zero (vertical dashed line) in isometric conditions 
(black, as in Fig. 2) and with stretch applied to the muscle fiber at 7 ms after 
the photolysis (orange). The horizontal dashed line marks the zero force. T = 
26 °C, 5% (w/v) Dextran T-500, initial sarcomere length 2.4 µm.
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was calculated according to the equation <P2>A-band= (<P2>obs- (fI-band ·<P2>I-band))/
(1- fI-band), in which <P2>obs is the observed <P2> in the absence of blebbistatin, 
fI-band is the fraction of probes in the I-band, and <P2>I-band is the <P2> for probes 
in the I-band and is assumed to be equal to the <P2> measured in the presence of 
blebbistatin. Considering that the length of the thin filament is 1.16 µm (36), the 
fraction of probes in the I-band (fI-band) at 2.45-µm sarcomere length was assumed 
to be 0.33, corresponding to the fractional length of the thin filament in the I-band. 
The probes in the I-band were assumed to be sensitive to only calcium, although it 
cannot be excluded that TnC probes near the A-I band junction might be partially 
sensitive to the myosin-induced structural changes in the A-band due to cooperativ-
ity of the myosin-dependent structural changes along the thin filament (Table 1). The 
calcium dependence of <P2>A-band for the TnC-E probe was fitted with a double-Hill 
curve [y = BpCa9+ AM*(1/(1+(10^((x-pCa50M)*nH_M))))+ACa*(1/(1+(10^((x-pCa-
50Ca)*nH_Ca))))], which included myosin (M)- and calcium (Ca)-dependent compo-
nents (Table 1). The pCa50 and nH for the calcium-dependent component (Ca) were 
constrained to the values determined in the presence of blebbistatin.

In the photolysis experiments, the UV flash produced a ~10% irreversible 
probe bleaching, associated with an instantaneous 10 to 15% change in <P2> 
toward 0, likely due to the rhodamine absorption band at ~350 nm close to the 
wavelength of the UV pulse. To compensate for this, the <P2> values before the 
flash were replaced by those measured in relaxing solution following photolysis. 
Isometric force decreased by ~15% after each UV flash. The time courses of <P2> 
for the TnC-C probe and TnC-E probe were fitted with three- and single-exponential 
functions, respectively, where Ai and ri denote the amplitude and rate constant 
of the i-th exponential process (SI Appendix, Table S1).

Statistical Analysis. Error bars on mean data points are ± SEM. For mean data in 
the figures, the number of independent observations (n) corresponds to the num-
ber of muscle fibers used and is reported in the legends. The comparison of the 
goodness of the fit with single- and double-Hill curves was performed using a BIC 
test available in OriginPro (OriginLab Corp., Northampton, MA, USA). The BIC value 
for the double-Hill fit on the TnC-E probe data (−17.5) was much lower than that 

for the single-Hill fit (2.1), indicating that the double-Hill curve provides a better fit 
to the data (SI Appendix, Fig. S2). Paired Student’s t tests were used to determine 
the significance of differences in the parameters of the Hill fits (Table 1) and in the 
half-times of force and orientation changes of the probes (SI Appendix, Table S1).

Data, Materials, and Software Availability. All relevant data, associated pro-
tocols, and materials are described within the manuscript and its SI Appendix. 
The code used for the mathematical model of the sarcomere simulating force and 
fraction of folded motors during contraction is available at https://github.com/
lorenzomarcucci/FMM_model. The raw data from mechanical and fluorescence 
experiments are available at https://doi.org/10.5281/zenodo.7668420. All study 
data are included in the article and/or SI Appendix.

ACKNOWLEDGMENTS. We are grateful to Marty Rajaratnam (King’s College 
London) for mechanical engineering support and Yin-Biao Sun (King’s College 
London) for providing the TnC probes. This work and the investigators were sup-
ported by the Wellcome Trust/Royal Society, Medical Research Council (Grant 
MR/R01700X/1 awarded to M.I.) and by the British Heart Foundation (BHF). 
E.B. was funded by a BHF Intermediate Basic Science Research Fellowship 
(FS/17/3/32604). L.F. was funded by a Sir Henry Dale Fellowship awarded by the 
Wellcome Trust and the Royal Society (210464/Z/18/Z). L.M. was funded by the 
European Union via Horizon 2020 Research and Innovation Programme under 
the Marie Sklodowska-Curie grant agreement no. 886232. We acknowledge the 
CINECA award under the ISCRA initiative for providing high-performance com-
puting resources and support in the project HP10C847NF.

Author affiliations: aRandall Centre for Cell and Molecular Biophysics, School of Basic and 
Medical Biosciences and British Heart Foundation Centre of Research Excellence, King’s 
College London, London SE1 1UL, United Kingdom; bDepartment of Biomedical Sciences, 
University of Padova, Padova 35131, Italy; cRIKEN Centre for Biosystems Dynamics 
Research, Suita 565-0874, Japan; and dCentre for Human and Applied Physiological 
Sciences, School of Basic and Medical Biosciences, King’s College London, London SE1 
1UL, United Kingdom

1. L. S. Tobacman, Troponin revealed: Uncovering the structure of the thin filament on-off switch in 
striated muscle. Biophys. J. 120, 1–9 (2021).

2. Y. Yamada, K. Namba, T. Fujii, Cardiac muscle thin filament structures reveal calcium regulatory 
mechanism. Nat. Commun. 11, 153 (2020).

3. W. Lehman, E. Pavadai, M. J. Rynkiewicz, C-terminal troponin-I residues trap tropomyosin in the 
muscle thin filament blocked-state. Biochem. Biophys. Res. Commun. 551, 27–32 (2021).

4. M. Kress, H. E. Huxley, A. R. Faruqi, J. Hendrix, Structural changes during activation of frog muscle 
studied by time-resolved X-ray diffraction. J. Mol. Biol. 188, 325–342 (1986).

5. J. L. Woodhead et al., Atomic model of a myosin filament in the relaxed state. Nature 436, 
1195–1199 (2005).

6. T. Wendt, D. Taylor, K. M. Trybus, K. Taylor, Three-dimensional image reconstruction of 
dephosphorylated smooth muscle heavy meromyosin reveals asymmetry in the interaction between 
myosin heads and placement of subfragment 2. Proc. Natl. Acad. Sci. U.S.A. 98, 4361–4366 (2001).

7. M. Linari et al., Force generation by skeletal muscle is controlled by mechanosensing in myosin 
filaments. Nature 528, 276–279 (2015).

8. M. Irving, Regulation of contraction by the thick filaments in skeletal muscle. Biophys. J. 113, 
2579–2594 (2017).

9. M. A. Stewart, K. Franks-Skiba, S. Chen, R. Cooke, Myosin ATP turnover rate is a mechanism involved 
in thermogenesis in resting skeletal muscle fibers. Proc. Natl. Acad. Sc.i U.S.A. 107, 430–435 (2010).

10. L. Fusi, E. Brunello, Z. Yan, M. Irving, Thick filament mechano-sensing is a calcium-independent 
regulatory mechanism in skeletal muscle. Nat. Commun. 7, 13281 (2016).

11. C. Hill, E. Brunello, L. Fusi, J. G. Ovejero, M. Irving, Activation of the myosin motors in fast-twitch 
muscle of the mouse is controlled by mechano-sensing in the myosin filaments. J. Physiol. 600, 
3983–4000 (2022).

12. M. Reconditi et al., Motion of myosin head domains during activation and force development in 
skeletal muscle. Proc. Natl. Acad. Sci. U.S.A. 108, 7236–7240 (2011).

13. C. Hill, E. Brunello, L. Fusi, J. G. Ovejero, M. Irving, Myosin-based regulation of twitch and tetanic 
contractions in mammalian skeletal muscle. Elife 10, e68211 (2021).

14. T. Tamura, J. Wakayama, K. Inoue, N. Yagi, H. Iwamoto, Dynamics of thin-filament activation in rabbit 
skeletal muscle fibers examined by time-resolved x-ray diffraction. Biophys. J. 96, 1045–1055 (2009).

15. L. Fusi, E. Brunello, I. R. Sevrieva, Y. B. Sun, M. Irving, Structural dynamics of troponin during 
activation of skeletal muscle. Proc. Natl. Acad. Sci. U.S.A. 111, 4626–4631 (2014).

16. Y. B. Sun, B. Brandmeier, M. Irving, Structural changes in troponin in response to Ca2+ and myosin 
binding to thin filaments during activation of skeletal muscle. Proc. Natl. Acad. Sci. U.S.A. 103, 
17771–17776 (2006).

17. L. Fusi, Z. Huang, M. Irving, The conformation of myosin heads in relaxed skeletal muscle: 
Implications for myosin-based regulation. Biophys. J. 109, 783–792 (2015).

18. M. Caremani et al., Low temperature traps myosin motors of mammalian muscle in a refractory state 
that prevents activation. J. General Physiol. 151, 1272–1286 (2019).

19. M. Caremani et al., Dependence of thick filament structure in relaxed mammalian skeletal muscle 
on temperature and interfilament spacing. J. General Physiol. 153, e202012713 (2021).

20. R. E. Dale et al., Model-independent analysis of the orientation of fluorescent probes with restricted 
mobility in muscle fibers. Biophys. J. 76, 1606–1618 (1999).

21. L. Alamo et al., Effects of myosin variants on interacting-heads motif explain distinct hypertrophic 
and dilated cardiomyopathy phenotypes. Elife 6, e24634 (2017).

22. M. V. Vinogradova et al., Ca(2+)-regulated structural changes in troponin. Proc. Natl. Acad. Sci. U.S.A. 
102, 5038–5043 (2005).

23. J. D. Potter, J. Gergely, The calcium and magnesium binding sites on troponin and their role in the 
regulation of myofibrillar adenosine triphosphatase. J. Biol. Chem. 250, 4628–4633 (1975).

24. M. Caremani et al., The force of the myosin motor sets cooperativity in thin filament activation of 
skeletal muscles. Commun. Biol. 5, 1266 (2022).

25. D. F. McKillop, M. A. Geeves, Regulation of the interaction between actin and myosin subfragment 
1: Evidence for three states of the thin filament. Biophys. J. 65, 693–701 (1993).

26. S. M. Baylor, S. Hollingworth, Sarcoplasmic reticulum calcium release compared in slow-twitch and 
fast-twitch fibres of mouse muscle. J. Physiol. 551, 125–138 (2003).

27. G. C. Ellis-Davies, J. H. Kaplan, R. J. Barsotti, Laser photolysis of caged calcium: Rates of calcium 
release by nitrophenyl-EGTA and DM-nitrophen. Biophys. J. 70, 1006–1016 (1996).

28. S. M. Baylor, S. Hollingworth, Simulation of Ca2+ movements within the sarcomere of fast-twitch 
mouse fibers stimulated by action potentials. J. General Physiol. 130, 283–302 (2007).

29. J. D. Johnson, R. J. Nakkula, C. Vasulka, L. B. Smillie, Modulation of Ca2+ exchange with the Ca(2+)-
specific regulatory sites of troponin C. J. Biol. Chem. 269, 8919–8923 (1994).

30. J. E. Corrie et al., Dynamic measurement of myosin light-chain-domain tilt and twist in muscle 
contraction. Nature 400, 425–430 (1999).

31. S. C. Hopkins et al., Orientation changes of the myosin light chain domain during filament sliding 
in active and rigor muscle. J. Mol. Biol. 318, 1275–1291 (2002).

32. L. Marcucci, C. Reggiani, Mechanosensing in myosin filament solves a 60 years old conflict in 
skeletal muscle modeling between high power output and slow rise in tension. Front. Physiol. 7, 
427 (2016).

33. B. A. Tikunov, H. L. Sweeney, L. C. Rome, Quantitative electrophoretic analysis of myosin heavy 
chains in single muscle fibers. J. Appl. Physiol. 1985, 1927–1935 (2001).

34. A. C. Knowles, M. Irving, Y. B. Sun, Conformation of the troponin core complex in the thin 
filaments of skeletal muscle during relaxation and active contraction. J. Mol. Biol. 421, 125–137 
(2012).

35. J. E. Corrie, J. S. Craik, V. R. Munasinghe, A homobifunctional rhodamine for labeling proteins with 
defined orientations of a fluorophore. Bioconjug. Chem. 9, 160–167 (1998).

36. T. P. Ringkob, D. R. Swartz, M. L. Greaser, Light microscopy and image analysis of thin filament 
lengths utilizing dual probes on beef, chicken, and rabbit myofibrils. J. Anim. Sci. 82, 1445–1453 
(2004).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
FI

R
E

N
Z

E
 B

IB
L

IO
T

E
C

A
 B

IO
M

E
D

IC
A

 o
n 

Se
pt

em
be

r 
6,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
15

0.
21

7.
25

1.
74

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302837120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302837120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302837120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302837120#supplementary-materials
https://github.com/lorenzomarcucci/FMM_model
https://github.com/lorenzomarcucci/FMM_model
https://doi.org/10.5281/zenodo.7668420
http://www.pnas.org/lookup/doi/10.1073/pnas.2302837120#supplementary-materials

	Activation of skeletal muscle is controlled by a dual-filament mechano-sensing mechanism
	Significance
	Results and Discussion
	The Coupling between Regulatory States of Thin and Thick Filaments in Skeletal Muscle at Steady [Ca2+].
	The Dynamics of Thin and Thick Filament Activation during Isometric Contraction of Skeletal Muscle.
	Stress-Dependent Activation of the Thick Filament Coupled to Myosin-Dependent Activation of the Thin Filament Controls the Kinetics of Force Generation in Skeletal Muscle.
	Implications of the Dual-Filament Model for the Regulation of Muscle Contraction.

	Materials and Methods
	Muscle Fiber Preparation.
	Protein Expression/Purification.
	Mechanical Protocols.
	Data Analysis.
	Statistical Analysis.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 23



