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Novel insights into sarcomere regulatory systems
control of cardiac thin filament activation
Christopher Soĺıs and R. John Solaro

Our review focuses on sarcomere regulatory mechanisms with a discussion of cardiac-specific modifications to the three-state
model of thin filament activation from a blocked to closed to open state. We discuss modulation of these thin filament
transitions by Ca2+, by crossbridge interactions, and by thick filament–associated proteins, cardiac myosin–binding protein C
(cMyBP-C), cardiac regulatory light chain (cRLC), and titin. Emerging evidence supports the idea that the cooperative
activation of the thin filaments despite a single Ca2+ triggering regulatory site on troponin C (cTnC) cannot be considered in
isolation of other functional domains of the sarcomere. We discuss long- and short-range interactions among these domains
with the regulatory units of thin filaments, including proteins at the barbed end at the Z-disc and the pointed end near the
M-band. Important to these discussions is the ever-increasing understanding of the role of cMyBP-C, cRLC, and titin filaments.
Detailed knowledge of these control processes is critical to the understanding of mechanisms sustaining physiological
cardiac state with varying hemodynamic load, to better defining genetic and acquired cardiac disorders, and to developing
targets for therapies at the level of the sarcomeres.

Introduction: Major functional domains of the sarcomere
Recent progress requires reconsideration of thin filament acti-
vation and de-activation mechanisms in the long- and short-
term control of systolic and diastolic function of the heart. In
this review, we summarize findings that reinforce the necessity
to consider the functional domains along the length of the car-
diac thin filament from barbed to pointed ends, the Z-disc
(Z-disk, Z-band), and the M-band. One rationale for including
these functional domains is the seminal finding that mutant
genes expressing proteins of the sarcomere are largely respon-
sible for the inherited disorders of hypertrophic cardiomyopa-
thy (HCM; Geisterfer-Lowrance et al., 1990) and linked to dilated
cardiomyopathy (DCM; reviewed in Yotti et al., 2019). This
linkage provided the foundations of a necessary interest in the
details of a signaling cascade involving mechanotransduction
resulting in alterations in transcription, translation, and as-
sembly of sarcomere proteins and induction of cardiac remod-
eling. A second rationale is the quest to target sarcomere
proteins and their signaling cascades with small molecules as
therapies for HCM, DCM, and acquired heart failure (HF) with
both preserved ejection fraction (HFpEF) and reduced ejection
fraction (HFrEF). Building on earlier work (Solaro and Rüegg,
1982; reviewed in Arteaga et al., 2002; Alsulami and Marston,
2020; Alves et al., 2017; Kass and Solaro, 2006) identifying

sarcomere proteins as targets for inotropic agents, there has
been recent progress and successes in the development of small
molecules directly modifying sarcomere function as a thera-
peutic approach in HCM (Green et al., 2016) and HFrEF (Malik
et al., 2011; Planelles-Herrero et al., 2017a; Teerlink et al., 2021).
Small-molecule treatments for HFpEF are lacking to date;
however, recent advances in animal models of HFpEF should
catalyze the therapeutic development of drug candidates
(Schiattarella et al., 2019). Despite these advances, gaps in our
understanding of these therapeutic approaches as well as un-
derstanding of detailed pathological mechanisms require fur-
ther understanding of the molecular mechanisms and how
sarcomere function plays a role in homeostasis of cardiac
function. We next introduce these mechanisms in the context
of a current view of sarcomere domains.

Fig. 1 illustrates the sarcomere with domains of thin, thick,
and titin filaments with emphasis on their connectivity and
functional integration with the Z-disc and M-Band. Fig. 2 A
depicts current concepts of regulation of tension and dynamics
of a series of sarcomere regulatory units in the C-zone of the
A-band, where cardiac myosin–binding protein C (cMyBP-C)
locates. The myosin molecule in working ventricular myocytes
is a hexamer with two heavy chains (myosin heavy chain
[MHC]) each having a globular motor domain (S1) that splits
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ATP and binds to actin. Downstream of each of the S1 heads is an
extended domain (S2) and a terminating coiled-coil domain
known as light meromyosin (LMM), which self-assembles to
form the thick filament core. Attached to each of the motor
domains below the ATPase site are two sets of light chains (LCs):
one essential for function (cardiac essential LC) and one cardiac

regulatory LC (cRLC). In controlling activation state, other
regulatory proteins interact with myosin and the thin fila-
ment, including cMyBP-C and titin. Fig. 2 A shows cross-
bridges with the globular heads folded back in a so-called
super-relaxed state (SRX) and in an extended state called
the disordered relaxed state (DRX). Below, we discuss the

Figure 1. The cardiac ventricular myocyte thin filament landscape in a half sarcomere. The half sarcomere ultrastructure is divided into the Z-disc where
the thin filament barbed ends are located, the I-band composed of thin filaments and the titin N2B and PEVK regions, the A-band that includes thin and thick
filaments, and the M-band that contains thick filaments. The thick filaments are further divided into the D-zone, the C-zone that contains cMyBP-C, and the
P-zone.

Figure 2. The thin filament actin interfaces relevant to contractile regulation. (A) The thin and thick filament interaction interfaces include the myosin
motor domains (which adopt DRX, SRX, and crossbridge conformations) and cMyBP-C. Therapeutic agents and mutations linked to HCM have been shown to
modify the population of crossbridges in the SRX and DRX. Illustrated here is Mava, which leads to an increased population of SRX myosin motor domains from
a DRX population, whereas OM leads to an increased population in DRX together with a prolongation of crossbridge duty cycle. (B) The Ca2+-dependent
conformational transitions in the cTn complex illustrate the cTnI inhibitory peptide (IP; yellow, aa 138–149), the switch peptide (SwP; magenta, aa 150–161),
and the mobile domain (MD; red, aa 162–210). (C) The cooperative spread of activation between neighbor Tn-Tm units increases cTnC binding affinity for Ca2+.
See text for further discussion. ELC, essential LC.

Soĺıs and Solaro Journal of General Physiology 2 of 25

Control of cardiac thin filament activation and sarcomere regulatory systems https://doi.org/10.1085/jgp.202012777

https://doi.org/10.1085/jgp.202012777


relevance of these dispositions of the crossbridges in relation
to thin filament states.

Fig. 2, A and B illustrates inhibited and activated states of
thin filament regulatory units consisting of cardiac troponin C
(cTnC), cardiac troponin T (cTnT), cardiac troponin I (cTnI),
tropomyosin (Tm), and actin in a 1:1:1:1:7 ratio. Below, we discuss
the distinction between the regulatory units and functional units
controlling contraction and relaxation. Switching on the sarco-
mere occurs by Ca2+ binding to a single regulatory site in the
N-lobe of the thin filament protein cTnC. Transduction of this
signal promotes actin–crossbridge reactions generating force
(pressure) and shortening (ejection). Advances in the under-
standing of cardiac thin filament on and off structures have been
provided by Yamada et al. (2020), using cryo-EM of cardiac thin
filaments (reviewed in Solaro and Solaro, 2020; Tobacman,
2021). The transduction mechanism requires the reversal of an
inhibited state imposed on the thin filament by the inhibitory
protein (cTnI). As shown in Fig. 2 B, Ca2+ binding induces ex-
posure of a hydrophobic patch on cTnC that binds to a switch
peptide of cTnI, thereby releasing the hold of both an inhibitory
peptide of cTnI on actin and the mobile C-terminal domain of
cTnI on actin-Tm. These altered molecular interactions also
generate downstream signaling to cTnT. cTnT is not only a Tm-
binding protein but also interacts with cTnI, cTnC, and actin
(Madan et al., 2020; Tobacman, 1996; Yamada et al., 2020) in
aiding release and movement of Tm removing a steric block
of the actin–crossbridge reaction. There is long-standing and
compelling evidence for a cooperative spread of the activation of
near-neighbor regulatory units along the thin filament strand as
depicted in Fig. 2 C. This spread of activation may be (1) intrinsic
to the thin filament or (2) modulated by processes involving
domains outside the thin filament regulatory units. As illus-
trated in Fig. 3, A and B, ample evidence supports the distribu-
tion of the regulatory units into three states in which Ca2+ and
myosin allosterically affect the net distribution of the regulatory
units into these states. Below, we consider recent developments
in the question of the relative role of these two mechanisms in
the context of promotion of thin filament activation.

Fig. 4 also includes domains at the barbed (Z-disc; Fig. 4 A),
the I-band (Fig. 4 B), and the pointed ends (Fig. 4 C) of the thin
filament. Moreover, there are proteins capping the barbed ends
(actin-capping protein Z [CapZ]) and at the pointed ends (tro-
pomodulin [Tmod]). Although thin filaments do not extend into
the M-band, we consider this domain together with other do-
mains at the ends of thin filaments as integral to thin filament
function. In an earlier review, we further developed the concept
of remote control by thin filament functional state of kinases and
phosphatases docked at the Z-disc. Our discussion here builds on
this and other earlier reviews (Fowler and Dominguez, 2017;
Gautel and Djinović-Carugo, 2016; Lange et al., 2020; Pyle and
Solaro, 2004; Solaro, 2005).

The three-state model of thin filament activation as a
framework for discussion
The durable three-state model conceptualized by McKillop and
Geeves (1993) continues to provide a focal point and framework
for discussion of emerging insights into thin filament regulation.

In response to a critique by Heeley et al. (2019) of the three-state
model, Geeves et al. (2019) provided a detailed recapitulation of
the model and its support in the literature. As illustrated in
Fig. 3, the essence of the hypothesis is that full understanding of
thin filament activation requires three states: a blocked B-state
with Tm impeding the actin–crossbridge reaction in low Ca2+, a
closed C-state following Ca2+ binding to cTnC characterized by
incomplete thin filament activation with Tm only partially
mobile and not fully positioned to remove the steric block, and
an open O-state or M-state with myosin reacting with the thin
filament, repositioning Tm in a patch of the thin filament, and
promoting a cooperative spread fully activating a stretch of
regulatory units forming an extended functional unit (Fig. 3, A
and B). Evidence for this process comes largely from studies of
fast skeletal muscle proteins showing that Ca2+ binding alone
cannot fully activate the thin filament and that strongly bound
crossbridges can cooperatively activate the thin filament inde-
pendently of Ca2+ (Bremel et al., 1973; Fitzsimons and Moss,
2007; Geeves et al., 2011). Evidence for the crossbridge–
dependent activation of the thin filament also came from the
disconnection between the dynamics of the Ca2+ transient, es-
pecially in the relaxation phase in which tension lags the fall in
Ca2+ (Hinken and Solaro, 2007; Locher et al., 2011; Poggesi et al.,
2005). Apart from discussions of evidence for a role of cross-
bridge detachment rates in relaxation, our review addsweight to
the utility of the three-state model specific to heart sarcomeres
with discussion of the relative role of Ca2+ binding and strong
crossbridges in switching to the open state, the mechanisms of
cooperative spread of activation. Also discussed is modulation of
thin filament activation by protein interactions with cMyBP-C
and cRLC dictated by the prevailing chemical, mechanical, and
structural states of sarcomeres. Important questions are: what is
the applicability of the concepts engrained in the three-state
model to our understanding of cardiac pressure development
and contraction/relaxation dynamics? How will this under-
standing help to define the homeostatic state of the heart, its
pathology, and ways to approach therapies targeting the sarco-
meres? It is apparent that we are closer to this long-range goal
with application of state-of-the-art techniques using genetic and
fluorescent reporters of sarcomere states in skinned fibers and
living muscle, cryo-EM, high-speed atomic force microscopy
(HS-AFM), and x-ray diffraction. It is evident that in some cases,
the application of these approaches can be improved by incor-
poration of information identifying cardiac-specific tuning of
the three-state model by DRX and SRX crossbridge states,
cMyBP-C, cRLC, and titin in thin filament activation.

Crossbridge entry into and exit from force-generating states
and myocardial dynamics
A discussion of existing approaches and important findings
provides a backdrop for our consideration of recent progress in
understanding sarcomere control mechanisms with focus on the
three-state model. These approaches benefited from an ability to
study sarcomeres isolated from membranes and thus permitting
experimental control over Ca2+ interactions with cTnC (Fabiato
and Fabiato, 1975; Fabiato and Fabiato, 1978; Solaro et al., 1971;
Veksler et al., 1988). It has been 50 yr since Solaro et al. (1971)
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published a method describing an approach to separation of the
myofilaments of heart muscle from the mesh of membranes
and mitochondria obscuring the fundamental and specific bio-
chemical and mechanical properties of sarcomere response to
Ca2+ and energy turnover. The simple method of removal of the
membranes with Triton X-100 has been a durable approach
applied worldwide. Having the ability to mimic the biochemical

environment of the sarcomere lattice and determine steady- and
pre-steady-state functions permitted a remarkable evolution in
understanding and appreciation of the relative role of sarcomere
control mechanisms in cardiac function not only as a sensor/
translator of Ca2+ signals and activator of tension but also as an
integral participant in control of cardiac systolic elastance and
dynamics downstream of electrochemical coupling. We discuss

Figure 3. The three-state model of thin filament activation. (A) Top: At subsaturating Ca2+ levels, the thin filament primarily occupies the B- and C-states.
Middle: Ca2+ promotes the increased occupancy of the C- and the O-state. Bottom: Myosin crossbridges promote further displacement of regulatory units into
the O-state (or M-state). (B) Top: The cross-sectional view of the thin filament axis shows that the largest contribution to the azimuthal rotation of Tm is from
the B- to the C-state transition relative to the C- to the O-state (or M-state) transition. Bottom: Superimposition of the strongly bound myosin conformation
with the O-state (or M-state) shows unhindered interaction of myosin with actin by Tm. See text for further discussion.

Figure 4. Other sarcomeric domains that influence crossbridge performance. (A–C) The main protein constituents of the Z-disc (A), the I-band (B), and
the M-band and pointed ends (C) that play a significant role in maintaining sarcomere structure and function are illustrated. See text for further details.
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this evolution with examples because an exhaustive discussion
is beyond the scope of our review.

Triton extraction of membranes (Solaro et al., 1971), other
permeabilization approaches (Veksler et al., 1988), and physical
removal of the surface membrane of myocardium (Fabiato and
Fabiato, 1975; Fabiato and Fabiato, 1978), all referred to here as
“skinned fibers,” aided determinations of both steady-state and
dynamic properties of the sarcomeres and provided insights
into understanding the integrative biology of relaxation of the
myocardium. These insights were developed by making these
measurements with isoform switching, post-translational mod-
ifications, mutations, or proteolysis; changes in the environ-
ment, such as pH, [pI], and [nucleotides]; and variations in
mechanical state, such as altered sarcomere length (for reviews
see Gordon et al., 2000; Kobayashi et al., 2008; Solaro and
Rarick, 1998; van der Velden and Stienen, 2019). Steady-state
investigations with skinned fibers determining the depen-
dence of tension, ATPase rate, and Ca2+-binding on free Ca2+

identified a cooperative mechanism of activation despite control
by a single regulatory site on cTnC. Moreover, simultaneous
determination of tension and ATPase rate in skinned fibers
provided a measure of crossbridge kinetics and of the energetic
cost of tension under a particular set of conditions (Rundell
et al., 2004). Flash photolysis of compounds surrounding the
sarcomeres either rapidly releasing Ca2+ (DM-nitrophen) or
rapidly removing Ca2+ (diazo-2) provide an approach, extending
the studies of kinetics derived from the tension cost analysis.
These studies using flash photolysis of caged compounds sup-
ported evidence from tension cost that skinned fibers predom-
inantly regulated by β-MHC in place of α-MHC demonstrate
significantly slower rates of relaxation (Fitzsimons et al., 1998).
This finding has relevant implications in the context of HF.
Nonfailing human ventricles exhibit an ∼7% α/β-MHC protein
ratio or ∼35% α/β-MHC mRNA ratio, while ventricles from
patients with HF have ∼0% of protein and mRNA α/β-MHC
ratios (Miyata et al., 2000). Measurement using the caged Ca2+

chelator diazo-2 also demonstrated that PKA-dependent phos-
phorylation of cTnI and cMyBP-C in skinned fibers increases the
rate of relaxation in fibers controlled by cTnI but not in fibers
expressing slow skeletal TnI (Kentish et al., 2001). Kentish et al.
(2001) also measured dynamic stiffness in tetanized fibers to
determine an increase in crossbridge kinetics induced by PKA
phosphorylation. In demonstrating that relaxation of the heart
depends strongly on the exit of crossbridges from their force-
generating state, these findings are examples of how dynamic
and steady-state data constrain theoretical models that relaxa-
tion of themyocardium depends on control of Ca2+ removal from
sarcoplasm by fluxes into the sarcoplasmic reticulum at the
early stages of diastole, but the rate-limiting step of cross-
bridge detachment is imposed by sarcomere protein states, par-
ticularly the α/β-MHC isoform population and post-translational
modifications.

Complementing and extending these approaches are dynamic
measurements of sarcomere function that impose a quick-release/
quick-stretch method (Brenner and Eisenberg, 1986; Wolff et al.,
1995) and quick stretch/quick release (Huxley and Simmons, 1968;
Steiger, 1971) to reveal crossbridge kinetics. These studies are

often employed together with steady-state measurements to de-
termine rates of crossbridge entry into and exit from force-
generating states. In quick-release/quick-stretch measurements,
skinned fibers developing tension at a given Ca2+ are made slack
by reducing length ∼20% within ∼2 ms and then quickly re-
turning to the initial muscle length. Tension returns as a single
exponential, with a rate ktr reflecting the kinetics of the population
of crossbridges entering and exiting from the force-generating
state. To provide measurements of crossbridges entering the
force-generating state, ktr is determined together with the meas-
urements of steady-state tension cost, which is dominated by
crossbridge detachment rates. For example, a report by de Tombe
and Stienen (2007) used Triton-skinned fibers for high-fidelity
determination of the temperature dependence of tension and
ATPase rate in skinned cardiac fibers as an approach to measuring
crossbridge kinetics and the energetic cost of steady-tension de-
velopment. This study also used quick-release/quick-stretch pro-
tocols to investigate the kinetics of crossbridge entry into the
force-generating states. An important conclusion was that ten-
sion cost depends on crossbridge detachment rate. In studies with
porcine myocardium, a report by Locher et al. (2011) provided
another example of the combined measurements of steady-state
tension and ATPase rate together with ktr measurements. In these
studies, a small increase of ∼10% of the fast α-MHC isoform in
porcine myocardium induced a significant enhancement of
crossbridge kinetics. Modeling this shift demonstrated how sar-
comere myosin crossbridge kinetics, especially detachment rates,
dominate twitch dynamics, with relaxation of tension slower than
a simulated fall in the Ca2+ transient. Hinken and Solaro (2007)
emphasized and extended this discussion of a dominant role of
crossbridge kinetics in the time course of relaxation of isovolumic
pressure. Lovelock et al. (2012) also applied these techniques to
investigate mechanisms of cardiac dysfunction in a mouse model
of HFpEF and the palliative effects of the anti-ischemicmedication
ranolazine. These studies demonstrated that in oxidative stress
associated with HFpEF, there is a slowing of crossbridge kinetics
and enhanced Ca2+ sensitivity associated with Ca2+-independent
slowing of cellular relaxation. Studies of the strain dependence of
myocyte relaxation support a view of relaxation mechanisms in
which strain is a more important controller of myocyte end-
systolic lengthening than afterload (Chung et al., 2017). There is
also evidence that in a population of myocytes with different
dynamics that the integrated rate of relaxation is dominated by
myocytes with faster thin filament activation by cTnI phospho-
rylation, faster release of crossbridges by cMyBP-C phosphoryla-
tion, and faster rate of stretch at end systole (Clark et al., 2021).
These findings fit with data indicating that relaxation rates depend
more on sarcomere properties than on the decay of the Ca2+

transient (Monasky et al., 2008).
Studies with bundles of myofibrils developing force in an

environment in which rapid solution switching instantaneously
adds and removes Ca2+ with little diffusional barriers provide a
novel view of the role of sarcomeres in the kinetics of the iso-
metric twitch (Colomo et al., 1997). Vitale et al. (2019) provided
an excellent summary of the advantages of the use of myofibril-
sized preparations over other techniques. This approach avoids
the use of photolysis, which may lead to artifacts associated with
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conditions required to release caged compounds. Following
steady-tension development, rapid chelation of Ca2+ induces two
phases of relaxation: a slow linear phase described as a rate
constant krel interpreted to reflect the rate of crossbridge de-
tachment. Following this phase there is an exponential decay
interpreted to reflect the give of a few relaxed sarcomeres,
leading to a collapse of tension. By making measurements in a
variety of cardiac muscle types, including human samples to-
gether with determinations of tension cost, Vitale et al. were
able to conclude a close correspondence between krel and tension
cost, providing strong support for the role of crossbridge de-
tachment rate as a significant factor in isometric relaxation.
Studies with myofibrils have provided insights not revealed in
steady-state and some pre-steady-state measurements, as ex-
emplified by the effect of pseudo-phosphorylation of Tm (Tm-
S283D) to significantly slow krel and Ca2+ dissociation rate from
cTnC (Nixon et al., 2013).

Insights into control of cardiac dynamics at the level of the
sarcomeres have also come from studies at the level of organi-
zation of single myocytes and multicellular preparations with
simultaneous determinations of intracellular Ca2+ and mechan-
ics. One example is the early work from the David Allen
laboratory using aequorin to measure intracellular Ca2+ in
multicellular preparations. These studies revealed that the in-
hibition of sarcomere response to Ca2+ is a dominant mecha-
nism in the fall in tension with a drop in pH (Allen and Orchard,
1983; Solaro et al., 1988). Moreover, Solaro et al. (1988) reported
that neonatal muscle preparations were protected against the
fall in tension with acidic pH. A role for cTnI in this effect was
confirmed in studies with isoform switching to the slow skel-
etal TnI, the embryonic and neonatal isoform in transgenic
(TG) mouse hearts and in isolated myocytes (Urboniene et al.,
2005; Westfall and Metzger, 2007). Advancements in the de-
velopment of fluorescent probes permitted extension of the
interrogation of the relative role of changes in Ca2+ fluxes and
sarcomere response to Ca2+ as controllers of cardiac dynamics
(Bers et al., 1996; Wier et al., 1988). Among these studies,
measurements of Ca2+ and tension in multicellular papillary
muscle preparations by Tong, Moss and collaborators sup-
ported the concept that phosphorylation of sarcomere proteins,
especially cMyBP-C, are dominant in modifying twitch dy-
namics in response to frequency and adrenergic stimulation
(Rosas et al., 2015; Tong et al., 2008; Tong et al., 2015). In
summary, evidence from diverse approaches provides support
for the conclusion that together with control of Ca2+ fluxes, rates
of entry and exit of crossbridges to and from force-generating
states contribute significantly to the cardiac dynamics. We next
consider the issue of the relative role of force-generating cross-
bridges and Ca2+ binding to cTnC in promoting the transition to
the thin filament open state.

Crossbridge–dependent and intrinsic cooperative interactions
signaling via cTnC Ca2+ binding in activation of the
thin filament
Cooperative interactions among sarcomere proteins in the re-
sponse to Ca2+ remains an active area of investigation about
control of steps in the three-state model of the thin filament

activation. There are gaps in understanding of detailed
mechanisms and their role as a determinant of the level of
cardiac activation. Quantification of the cooperativity factor or
Hill coefficient nH derived from Hill equation fits of the relation
between pCa (−log10[Ca2+]free) and steady-state tension develop-
ment of skinned fibers provides one common means of com-
paring the cooperativity, but the nature of the cooperative
activation is a complex function of the interactions among thin
filament regulatory units. In the C-zone of the A-band, activation
also involves the N terminus of cMyBP-C interacting with reg-
ulatory units. Despite control of activation by a single Ca2+-
binding site on cTnC, the increase in steady-state tension occurs
commonly over one pCa unit in which values of nH ≥2–3 are
generally found. This finding indicates that either Ca2+ binding
to one site promotes Ca2+ binding to a near-neighbor site or
activation spreads intrinsically along the thin filament strand by
promoting the release of the thin filament–inhibited state
without Ca2+ bound to cTnC. Early investigations of Tawada and
Tawada (1975) implicated end-to-end interactions of contiguous
Tm units in this spread of activation. This idea has been updated
by Geeves et al. (2011). Seminal studies of Bremel and Weber
(1972) led to the widely studied theory that strongly bound
crossbridges feed back to activate the thin filament. This theory
makes sense when based on the consideration of detailed
balance in which the interaction energies along the cascade of
protein–protein interactions between cTnC and actin are not
one way but occur from the actin–crossbridge reaction
through Tm to the cTn complex. In modeling the relation
between Ca2+ and steady-state tension and in a commentary
on the use of the Hill equation for curve fitting, Shiner and
Solaro (1984) emphasized the importance of energies of acti-
vation as a determinant of Hill nH values not necessarily
predicting the number of sites involved in the cooperative
process, in this case, Ca2+ binding to cTnC.

Many studies have tested the effect of crossbridges on thin
filament cooperative responses, but most have employed non-
cycling rigor crossbridges (Fitzsimons and Moss, 2007;
Kobayashi and Solaro, 2005; Tobacman, 1996). Indeed, when
thin filaments are populated with rigor myosin heads, there is an
increase in the Ca2+ affinity and a decrease in cooperativity of
Ca2+ binding to thin filament cTnC (Davis et al., 2007; Pan and
Solaro, 1987). Activation of a small population of regulatory units
with rigor S1 induces an increase in force and ATPase rate in the
cycling crossbridges remaining available (Engel et al., 2007;
Fitzsimons and Moss, 2007). Desai et al. (2015) visualized the
interactions of fluorescently labeled skeletal myosin S1 heads
onto reconstituted single thin filaments suspended between
posts, permitting a 3-D reaction. By varying Ca2+-dependent
activation of the thin filaments at relatively low MgATP con-
centrations, Desai et al. were able to demonstrate clustering of
crossbridges interacting in a functional unit extending over
several regulatory units. Cryo-EM revealed a potential interac-
tion of crossbridge heads with the thin filament at a myosin
S1–Tm interface in regions of actin-Tm interactions (Doran
et al., 2020). Using molecular docking approaches, the authors
concluded that this forms a basis of myosin-induced thin fila-
ment activation. As with many of these studies, the relevance of
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these detailed atomic models to crossbridges cycling in the
myofilament lattice and in situ remains to be determined. To
test the Ca2+-binding properties of cTnC in the myofilament
lattice, we performed simultaneous determinations of steady-
state–bound Ca2+ and tension in skinned fibers (Pan and
Solaro, 1987). Although tension rose steeply with increasing
free Ca2+, binding of Ca2+ to the cTnC regulatory site was only
weakly cooperative. This indicated that in steady-state con-
ditions, the cooperative interaction among near-neighbor reg-
ulatory units may occur without an increase in cooperativity of
Ca2+ binding but with cooperative spread of structural changes.

More recent use of techniques to probe the transduction of
the cTnC Ca2+-binding signal using fluorescent probes has
indicated that thin filament structural changes do occur in a
cooperative activation process. Studies pioneered by the lab-
oratory of Wen-Ji Dong investigated thin filament activation
as reported by FRET of cTnC in cardiac skinned fibers with
different crossbridge states (Li et al., 2019; Rieck et al., 2013).
Fluorescent probes placed on cTnC and exchanged into skin-
ned fibers reported the cTnC–cTnI interaction by measure-
ments of the opening of the cTnC hydrophobic patch that
interacts with the switch peptide of cTnI to activate contrac-
tion (Fig. 2). pCa–tension relations were the same in skinned
fibers controlled either by wild-type cTnC or fluorescently
labeled cTnC. One significant finding was that FRET, as de-
termined using lifetime measurements, tracked the steep rise
of tension in the pCa–tension relation. Activation of tension and
promotion of the cTnC–cTnI interaction had nearly identical pCa50
and nH values. These studies confirmed that the open state of the
hydrophobic cleft on cTnC senses steady-state tension develop-
ment. In view of our data presented above showing only weak
cooperation in steady-state Ca2+ binding to cTnC, these results
indicate a near-neighbor spread of activation induced in concert
with tension and relatively independent of cTnC Ca2+ binding.
FRET measurements made in a strong binding crossbridge state
induced by MgADP, which increased tension to maximum levels
independent Ca2+, demonstrated a stabilization of the interaction
of the cTnC hydrophobic patch with the cTnI switch peptide. This
is consistent with FRET experiments in reconstituted, Ca2+-satu-
rated thin filaments in which rigor myosin further stabilizes cTnI
mobile domain proximity to cTnC relative to ATP-γ-S or bleb-
bistatin bound to myosin (Soĺıs et al., 2018). Experiments in-
hibiting tension with vanadate, however, did not support an
exclusive role for force-generating crossbridges in this effect on
the cTnC–cTnI interaction. In 1 mM vanadate, although tension
was inhibited nearly 100%, there was a substantial activation of
the cTnC–cTnI interaction over the same range of pCa values ac-
tivating tension in the absence of vanadate (Rieck et al., 2013).
There was no evidence of extraction of cTnI by 1 mM vanadate as
previously reported (Strauss et al., 1992). There was a small effect
of vanadate treatment on the slope of the pCa–FRET relation, but a
significant rightward shift of the pCa–cTnC structural transition
compared with controls. Similar results were obtained by Bell
et al. (2006) using a rhodamine-labeled cTnC and fluorescence
polarization to report probe angle in skinned fibers. They found
that alteration of probe angle persisted in the presence of van-
adate and was induced at pCa 9.0 in rigor. These experiments

indicate that mechanisms other than crossbridge-dependent
activation may dominate in thin filament sarcomere activation.
As developed below, a likely mechanism is the interaction of the
N-terminal domain of cMyBP-C with actin-Tm.

Other studies probing structural changes in cTnC with bi-
functional rhodamine probes have also demonstrated coopera-
tive activation of the thin filament in cardiac skinned fibers
independent of force-generating crossbridges. The probes used
by Sun et al. (2009) reported changes in helical orientation of
peptides near the IT arm (Fig. 2 B) consisting of the regulatory
Ca2+ binding site and cTnC–C-terminal lobe interacting with
cTnI. Probe orientation and force had similar nH values, but
when force was inhibited by blebbistatin, there was no change
in the nH values or pCa50 of the structural transition in the IT
arm. Induction of the rigor state induced the structural transi-
tion even at pCa 9.0. Analysis of the data using double Hill
equations that separate effects at the I-band and A-band showed
that whereas cycling crossbridges affected the IT arm only in the
A-band, rigor crossbridges promoted the structural transition in
the IT arm in both the A-band and the I-band. In view of these
findings, Sun et al. (2009) concluded a minimal role for cycling
crossbridges in thin filament activation. One related set of much
earlier experiments that requires interpretation are studies
showing that upon a quick transient release of cardiac muscle in
a twitch contraction, there is a transient rise “bump” in the
cellular Ca2+ transient as measured with the aequorin technique
(Allen and Kurihara, 1982). Sun et al. (2009) indicated that this
is due to a small component of tension on cTnC Ca2+ affinity that
is not a major regulator of thin filament activation. However,
other data also indicate that some states of the thick filament can
affect thin filament activation.

A study probing the mechanism of effects of a sarcomere
activator targeted to myosin provided evidence that a small
population of crossbridges reacting with actin may activate the
filament. These studies with omecamtiv mecarbil (OM), a small-
molecule inotropic agent, screened for its ability to activate
myosin ATPase provide an insight into the possible role of a
small proportion of crossbridges reacting with the thin filament
with an increased lifetime of attachment to affect thin filament
activation. Woody et al. (2018) tested the effect of OM using
single myosin optical trapping experiments formeasurements of
the lifetime of the crossbridge attachment to actin filaments, as
well as the size of the working stroke, and modeling data from
in vitro motility assays with regulated actin filaments gliding on
cardiac myosin. Surprisingly, Woody et al. discovered that de-
spite the reported effect of OM to increase cardiac function
(Teerlink et al., 2020), OM with a half-maximal effective con-
centration of 0.10 μM inhibited the working stroke size 10-fold
and inhibited gliding of actin filaments by 30-fold while at the
same time increasing the duration of the lifetime of the strong,
force-generating state (duty cycle; Woody et al., 2018). Models
employed for interpreting these results indicated that a rela-
tively small population of crossbridges with this increase in duty
cycle modify the thin filament to react more easily with OM-free
crossbridges, thereby increasing tension and response to Ca2+

despite the effect of OM to decrease the working stroke. De-
tachment of OM crossbridges from actin was independent of
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ATP concentration and proposed to occur off the pathway of the
kinetic cycle without binding of ATP. It is important to point out
that the preparations used in the Woody et al. (2018) study did not
contain cMyBP-C, which has been reported to be important in the
activation of sarcomeres by OM (Mamidi et al., 2015). Nevertheless,
in related experiments using skinned fiber and testing whether a
small population of rigor crossbridges may activate the thin fila-
ment, Engel and colleagues used titration of skinned fibers with
rigor myosin S1 heads to determine the effect of small populations
of rigor crossbridges on activation of tension (Engel et al., 2009;
Engel et al., 2007). In this case, there was no effect of the rigor
bridges on activation of tension at pCa 9.0, but there was an in-
creased response to Ca2+, depending on the state of the thin filament
as revealed in skinned fibers with phosphorylation of cTnI or ex-
pressing the slow skeletal isoform of TnI. As discussed below, there
is further structural evidence for a small population of crossbridges
in the C-zone of cardiac sarcomeres as determinants of peak tension
in a twitch contraction (Brunello et al., 2020).

Integration of recent advances in structural states of the thin
filament as controlled by SRX and DRX thick filament states,
interactions of cMyBP-C, and the cRLC
There is recent interest and focus on variations in thick filament
control mechanisms in which the crossbridges are in a contin-
uum of states with myosin heads either folded back on them-
selves and sequestered in an SRX or in an extended state called
the DRX (Alamo et al., 2017b; Anderson et al., 2018; McNamara
et al., 2015; Toepfer et al., 2020). Fig. 2 A illustrates these states
in the C-zone of the A-band. Considerations of the SRX and DRX
are commonly focused only on the rates of crossbridge ATP
hydrolysis and as a mechanism to vary cardiac reserve by shifts
in the population of crossbridges available for contraction
(Anderson et al., 2018; McNamara et al., 2015). Yet, the role of
these crossbridges beyond the thick filament has emerged as an
important mechanism related to cooperative activation of the
thin filament. The roles of these states in disorders of the heart
and in therapy for hypercontractile states, such as HCM and
HFpEF, and hypocontractile states, such as DCM and HFrEF,
have added significance and interest in the detailed under-
standing of control mechanisms involving SRX and DRX. There
is a maladaptive tilt in population of SRX and DRX associated
with mutations in thick filament proteins linked to HCM
(Anderson et al., 2018) and DCM (Planelles-Herrero et al.,
2017a). Moreover, small molecules such as mavacamten (Mava),
a sarcomere inhibitor, and OM, a sarcomere activator (described
above), are thought to work in part by modifying the SRX and
DRX (Fig. 2 A). As an example, porcine sarcomeres regulated by
the HCM myosin mutant R403Q demonstrate small-angle x-ray
diffraction–elevated levels of DRX, which is restored to control
levels by Mava (Anderson et al., 2018). In the case of HFrEF,
elevated levels of SRX are evident and reduced by OM (Planelles-
Herrero et al., 2017b). Alamo et al. (2017b) provided another
example of the molecular basis of HCM and DCM specific to
myosin mutations. While HCM-causing mutations concentrate
in the converter domain that may affect relaxation via conver-
sion to the SRX state, DCM-causing mutations are enriched in
the nucleotide-binding site but not in the converter domain.

The existence and designation of the SRX, which is struc-
turally related to the interacting head motif of myosin, and DRX
in striated muscle originated from pioneering work in tarantula
muscle (reviewed in Alamo et al., 2017a; Toepfer et al., 2020)
have been demonstrated in multiple muscle types, including
heart. SRX was identified to be associated with a slow rate of
ATP hydrolysis monitored with N-methylanthraniloyl-ATP
(mant-ATP; Toepfer et al., 2020), which has been convincingly
correlated with crossbridge structural states using both small-
angle x-ray diffraction (Anderson et al., 2018), and conforma-
tional probes of thick filament proteins (Brunello et al., 2020;
Kampourakis et al., 2016). Although SRX is evident in myosin
alone, as described in two recent cryo-EM structures (Scarff
et al., 2020; Yang et al., 2020), investigations in the intact
myofilament lattice have indicated the necessity of including the
influence of other sarcomeric proteins on the integrated sig-
naling mechanisms associated with SRX and DRX crossbridges.
Early electron microscopic investigations of thick filament
bundling by Levine et al. (2001) indicated that cMyBP-C phos-
phorylation induced an unpacking of the thick filaments, re-
sulting in the crossbridges moving closer to the thin filament
and interacting as weak crossbridges inducing the closed state.
Studies by Farman et al. (2011) using small-angle x-ray diffrac-
tion demonstrated that increasing diastolic length induces a
change in orientation of the crossbridges to a position more
perpendicular to the thick filament. This finding indicates that
external strain applied to cardiac muscle affects the population
of SRX and DRX. In our x-ray diffraction investigation of effects
of PKA phosphorylation on structural changes with changes in
sarcomere length of cardiac trabeculae, there was a change in
lattice spacing in the absence of cTnI phosphorylation attribut-
able to cMyBP-C phosphorylation (Konhilas et al., 2003). We
indicated that this was due to movement of mass away from the
thick filament, which could now be interpreted to be like a shift
from the SRX to DRX discovered much later. Along this line,
there is evidence that PKA phosphorylation of cMyBP-C alters
length-dependent activation (Mamidi et al., 2016), suggesting a
modification of SRX and DRX. As discussed below, a major in-
fluence is the state of cMyBP-C, which interacts with the myosin
S2, myosin LMM, myosin cRLC (Ratti et al., 2011), thin filament,
and titin. Others are the state of the cRLC, which interacts with
the myosin head, and interactions of titin with crossbridges and
the thin filament.

Data reported by Brunello et al. (2020) demonstrated the
potential influence and complex variations of SRX and DRX in
the contraction and relaxation of the heart. Using synchrotron
small-angle x-ray diffraction and interference x-ray techniques,
Brunello et al. were able to analyze the disposition of the pop-
ulation of SRX and DRX crossbridges in local single-sarcomere
domains during development and decay of tension in a twitch of
cardiac muscle. These studies demonstrated that early and late
in the twitch contraction, myosin heads outside the C-zone are
activated as reported by the movement of these crossbridges
radially from a conformation folded back onto the thick filament
to an extended conformation closer to the thin filament. At peak
tension, the data were interpreted to indicate that ∼10% of the
crossbridges restricted to the C-zone are extended and engaged
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in sustaining peak tension. Signaling mechanisms for the gen-
eration of these states of the thick filament are yet to be clearly
determined but may involve the coordinated control of proteins
of the thin filament and proteins of the thick filament states
and modulation by post-translational modifications. One likely
candidate is cMyBP-C, which has been reported, as discussed
below, to have inhibitory effects on the thick filaments but acti-
vating effects on the thin filaments (Craig et al., 2014; Kampourakis
et al., 2014) by competing for Tm-binding sites on actin at low
levels of Ca2+. The absence of cMyBP-C in the D-zone could explain
why crossbridges outside the C-zone are activated and inactivated
out of phase with C-zone crossbridges.

Important evidence related to mechanisms of OM and Mava
is the demonstration of a role for other sarcomere domains in
the effects of these agents targeted to control myosin states.
Measurements in skinned fibers from hearts of mice with ab-
lated cMyBP-C used ktr to determine effects of OM and Mava on
entry of crossbridges into force-generating states and stretch
activation to determine krel as a measure of rates of crossbridge
detachment (Mamidi et al., 2015; Mamidi et al., 2018). Both ktr
and krel were inhibited by OM in controls, but the effect was
greater in the skinned fibers lacking cMyBP-C. The result was
that in the presence of OM, there are no differences in cross-
bridge kinetics between controls and the fibers lacking cMyBP-C.
The authors suggested that OM may be a drug of choice for im-
proving the inefficiency of hearts with increased crossbridge
kinetics because of reduction in expression of cMyBP-C. In the
case of Mava, there was the predicted depression in tension at
relatively low Ca2+, but the effect was greater in controls than in
fibers lacking cMyBP-C (Mamidi et al., 2018). Moreover, Mava
depressed krel only in the fibers lacking cMyBP-C. These results
further emphasize the need for understanding the effects of
other sarcomere proteins in the use of agents directed at mod-
ulating the SRX and DRX. Studies using similar techniques with
OM that were performed comparing skinned fibers from donors
and from hearts at the terminal stages of HF (Mamidi et al., 2017)
support this statement. Although these studies reported an in-
crease in tension generation by OM in control and HF samples,
they also found a greater effect of OM in HF samples in slowing
the time course of crossbridge transitions to states of activation.
This raised the possibility that OMmay increase systolic function
butwith an untoward effect on diastolic filling by prolongation of
systolic ejection time. These data indicate that the effect of OM
depends on an altered state of the HF myofilaments, which may
be levels of phosphorylation of regulatory proteins such as
cMyBP-C, cTnI, and/or cRLC. The influence of variations in the
balance between SRX and DRX may also come into play.

Like cTnI, cMyBP-C has properties unique to the cardiac
variant. Excellent reviews (Carrier et al., 2015; Flashman et al.,
2004; Harris et al., 2011; Sadayappan and de Tombe, 2014; Wang
et al., 2018) have described the domain structure of cMyBP-C
consisting of Ig and fibronectin-like domains similar to titin and
pointing out the existence of a unique C0 Ig-like domain at the N
terminus together with a unique Pro-Ala domain linked to a
uniquemotif called theM-domain located between the C1 and C2
domains that contains sites of phosphorylation. N-terminal
domains bind to both actin and myosin in a phosphorylation-

dependent manner. At low levels of thin filament Ca2+ activa-
tion, binding of cMyBP-C to actin activates the thin filament and
appears to do so in synergy with Tm. Phosphorylation of the
M-domain by a variety of kinases, most notably PKA, inhibits
the binding of cMyBP-C to actin and to the S2 region of myosin.
This release of cMyBP-C from S2 stimulates actomyosin ATP
hydrolysis and the shortening velocity of the sarcomere. Several
studies provided the initial idea that cMyBP-Cmay regulate both
thick and thin filament activation. Kampourakis et al. (2014)
employed probes on cTnC and cRLC to test this hypothesis.
The approach involved adding various concentrations of the
N-terminal peptide (C1-m-C2) to skinned fiber preparations. In
the absence of Ca2+, addition of the peptides promoted a coop-
erative spread of an off state of the thick filaments as monitored
by the cRLC probe. Addition of blebbistatin in the absence of
Ca2+ did not modify the effect of the peptide on thick filament
state. However, at low levels of activating Ca2+, addition of small
amounts of the C1-m-C2 peptide induced an activation of cTnC
as monitored with probes at the IT domain. The activation of the
cTnC structural change was highly cooperative and retained in
the presence of blebbistatin, which reduced active tension to
zero. Binding of cMyBP-C C0–C3 N-terminal fragments to re-
constituted thin filaments enhanced myosin S1 decoration of
thin filaments at low calcium levels but not at high calcium
levels where the C0–C3 fragment acted as a myosin blocker
(Inchingolo et al., 2019). Mechanistically, one can describe
cMyBP-C as a myosin analogue that lacks ATPase activity,
competes with myosin for thin filament binding and activation,
and interacts with myosin to promote relaxation.

Although these data provide evidence that the N terminus of
cMyBP-C is a major determinant of thin filament cooperative
response, a desirable experiment for in situ FRET experiments is
to selectively excise the cMyBP-C N terminus as described by
Napierski et al. (2020) or by using cMyBP-C mice knockouts
(KOs; Harris et al., 2002; Napierski et al., 2020). By inserting a
cleavable region in the protein, Napierski et al. describe a “cut
and paste” approach to selectively and rapidly cleave C0–C7 of
cMyBP-C and to restore the peptide in permeabilizedmyocytes. The
advantage is that the cleavage was correctly localized, which is not
assured in methods involving adding peptides to permeabilized
preparations. Napierski et al. reported that cleavage of C0–C7 in-
duces a desensitization in force–Ca2+ relations in skinned myocytes
with no change in maximum force or nH. In ktr measurements,
cleavage of C0–C7 induced an enhanced rate of recovery of tension
and an overshoot of tension above preslack levels. Cleavage also
induced spontaneous oscillatory contractions (SPOC) originally
described in skinned heartmuscle by Fukuda et al. (1996). Restoring
the nonphosphorylated cleaved peptide stopped the SPOC, but a
phosphorylated peptide damped but did not stop the SPOC. The
authors suggested that this effect of phosphorylation may be an
aspect of the enhanced crossbridge kinetics that occurs with
cMyBP-C PKA phosphorylation. Interestingly, Fukuda et al. specu-
lated that SPOC represent an autonomous oscillator at the level of
the sarcomere, aiding the response of the heart to the oscillation
imposed by varying frequencies of the pacemaker.

In considering thin filament states at different levels of Ca2+,
Kampourakis et al. (2014) presumed that in the resting state a
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fraction of cMyBP-C is extended and interacting with actin-Tm,
thus stabilizing an active state that synergizes with the release of
Tm signaled by initial binding of Ca2+. A similar conclusion was
also hypothesized by Previs et al. (2015) in which cMyBP-C
rectifies troponin (Tn)–Tm activation at the D- and C-zones
during the uneven rise in the Ca2+ from the Z-disc to the
M-line during Ca2+ release from the sarcoplasmic terminal cis-
ternae. With higher levels of Ca2+, cTnC signals the promotion of
the release of Tm, thereby competing with cMyBP-C actin
binding, which causes dragging forces that oppose actomyosin
sliding (Previs et al., 2012). To understand such cMyBP-C and
thin filament interactions, Risi et al. (2018) used kinetic studies
together with cryo-EM to elucidate the molecular mechanisms
of the interaction of the N terminus of cMyBP-C with and acti-
vation of cardiac thin filaments. They reported that the C0 and
C1 domains act cooperatively to activate thin filaments and
demonstrated that a positively charged C1 region interacts with
Tm and is stabilized by C0. Phosphorylation, most likely of cTnI
and cMyBP-C, adds a layer of control on these processes. Spe-
cifically, cMyBP-C phosphorylation decreases cMyBP-C N ter-
minus binding to thin filaments, causing desensitization of thin
filaments at subsaturating Ca2+ levels (Ponnam et al., 2019).

In the C5 Ig domain, there is a cardiac-specific stretch of 27
amino acids (aa) that appears to act as a hinge in the structural
rearrangements of cMyBP-C. At the C-terminal end, C8–C10 of
cMyBP-C constitutively interact with titin and LMM (Al-Khayat
et al., 2013; Zoghbi et al., 2008). An interesting observation
demonstrated in studies of a heterozygous cMyBP-C KO mouse
model of HCM is evidence that there may be an interaction of
the four-and-a-half LIM protein 1 (Fhl1) associated with the C
terminus C6–C10 domains (Carrier et al., 2015; Vignier et al.,
2014). In the HCM model, Fhl1 was downregulated but re-
stored by blockade of the angiotensin-1 receptor, which also
restored structure and function. Although there are multiple
protein–protein interactions involving Fhl1, an interesting and
important high-affinity interaction is with the spring-like Pro-
Glut-Val-Lys (PEVK) and N2B region of titin in which there is a
modification of titin compliance inmuscle cells either by a direct
interaction or via an ability of LIM proteins to scaffold mitogen-
activated protein kinases and modify titin phosphorylation
(Liang et al., 2018; Sheikh et al., 2008). We also reported a
possibly related finding that signaling promoted by biased ligand
signaling at the angiotensin-1 receptor induced a translocation of
β-arrestin to the sarcomere colocalizing with LMM and in-
creasing tension (Ryba et al., 2017). It would be of interest to
know the potential for these signaling proteins to react with
cMyBP-C and affect function. We next discuss a further
complexity associated with oxidative-related post-translational
modifications of cysteines in cMyBP-C.

Oxidative stress, commonly associated with many disorders
of the heart, induces a post-translational modification of cMyBP-C
by S-glutathionylation and provides further evidence of the
complexity of cMyBP-C regulation of thin filament activation
state. Our studies of myofilaments isolated from a mouse model
of HFpEF provided the initial finding that cMyBP-C could be
S-glutathionylated (Lovelock et al., 2012). This modification in-
duced increased myofilament response to Ca2+ and slowing of

crossbridge kinetics that were closely correlated with depressed
diastolic function (Lovelock et al., 2012). Suppression of the ox-
idative stress response reversed the S-glutathionylation and the
diastolic dysfunction (Jeong et al., 2013). Follow-up studies in
samples of human HF confirmed an increase in S-glutathionylation
compared with controls likely to occur in cysteine residues in
or near the C1-m-C2 domain interacting with myosin-S2
(Stathopoulou et al., 2016). Moreover, S-glutathionylation
impeded PKA-dependent phosphorylation of the unique
M-region. Mass spectrometry of cMyBP-C treated with oxi-
dized glutathione identified Cys-249 (near the phosphorylation
domain; Stathopoulou et al., 2016), Cys-655 and Cys-479 (near
regions anchoring cMyBP-C to the thick filament), and Cys-627
(in C5 that contains a 27-aa peptide unique to the heart; Patel
et al., 2013). It is apparent that the mechanism by which
S-glutathionylation of cMyBP-C decreases Ca2+-activated acto-
myosin ATPase rate is by its binding to myosin-S2, but how it
increases myofilament response to Ca2+ requires further in-
vestigation. It is apparent that the oxidation induces a state of
cMyBP-C different from phosphorylation, which increases ac-
tomyosin ATPase and decreases thin filament activation. Al-
though the suppression of phosphorylation of cMyBP-C by this
oxidation also requires more thorough investigation in cardiac
disorders, there is evidence that the cross talk between cMyBP-
C S-glutathionylation and PKA-dependent phosphorylation is
an important determinant of altered cardiac function in
stressful exercise in which the oxidation is increased and the
phosphorylation is decreased (Chakouri et al., 2018). A similar
effect has been reported in doxorubicin-induced cardiac
toxicity (Chakouri et al., 2020).

There is evidence that interactions of cRLC with thin
filaments provide a signaling mechanism in addition to cMyBP-C–
actin interactions for coordinated control of thin filament
activation by proteins of the thick filament. The development of
an understanding of the role of cRLC in controlling cardiac
function has been extensively reviewed (Scruggs and Solaro,
2011; Sheikh et al., 2015; Sitbon et al., 2020; Yadav and
Szczesna-Cordary, 2017). A consensus view is that cRLC regu-
lates myofilament response to Ca2+ and the actomyosin ATPase
rate that varies with phosphorylation state. In studies of a TG
mouse model expressing a nonphosphorylatable cRLC, TG-cRLC-
(P-), we (Scruggs et al., 2009) reported that the loss of cRLC
phosphorylation was associated with a depression of tension cost
(ratio of unit of tension developed/unit of ATPase activity).
Hearts of the TG mice also demonstrated a reduction in phos-
phorylation of cTnI and cMyBP-C compared with controls. These
data indicated that interactions among these proteins affected
functional state. The response to β-1-adrenergic stimulation in
TG-cRLC-(P-) hearts was blunted, whereas phosphorylation of
cTnI and cMyBP-C remained the same as in controls. This result
indicated that PKA signaling to these proteins was not affected. In
general support and advancement of this concept, Kampourakis
et al. (2016) reported that phosphorylation of the cRLC generates
a transition of crossbridge state from SRX to DRX that modifies
thin filament activation. Kampourakis et al. exchanged native
proteins with cRLC or cTnC labeled with bifunctional probes to
report cRLC changes, indicating a modification of the folded
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state of crossbridges and thin filament cTnC structural
changes with and without cRLC phosphorylation. They re-
ported that the increase in Ca2+ sensitivity associated with
cRLC phosphorylation induced a movement of the cRLC away
from the thick filament proper into a more perpendicular
orientation, indicating a transition to the DRX. Moreover, this
phosphorylation-induced structural change spread in a co-
operative manner from phosphorylated cRLC crossbridges to
nonphosphorylated cRLC crossbridges in the thick filament.
cRLC phosphorylation also induced a significantly increased
Ca2+ sensitivity of cTnC structural changes, which persisted
with blebbistatin treatment and complete inhibition of force
generation. Increases in sarcomere length also induced co-
operative structural changes in the thick filaments. These
effects involved modifications in the N terminus of cRLC,
which houses the phosphorylation site Ser-15. As indicated
above, phosphorylation at this site increased myofilament
Ca2+ sensitivity; deletion of the N-terminal peptide of cRLC
mimicked these effects of phosphorylation. It is apparent from
these results that the dephosphorylated N terminus of cRLC
interacts with the thin filament or with myosin-suppressing
activation, which is released by cRLC phosphorylation, mim-
icked by truncation of the N terminus. This mechanism is
reminiscent of the effect of phosphorylation of cTnI at Ser-
22,23 in a unique N-terminal peptide, which releases it from
binding to cTnC and promotes increased Ca2+-release kinetics
from cTnC (Solaro et al., 2013). This effect is mimicked by
truncation of the Ser-22,23 N-terminal peptide (Tachampa
et al., 2008). A related finding is evidence that the human
isoform of cardiac myosin light kinase is able to phosphorylate
both cRLC as well as Ser-23 of cTnI (Sevrieva et al., 2020).
These data reveal an important role for cRLC in signaling
pathways between myosin heads and between myosin heads and
the thin filament. Detailed mechanisms remain to be elucidated,
but involvement of interactions of cRLC with cMyBP-C with the
thin filament may be one route of signaling from the thick to the
thin filaments. Together with in vitro data on skinned fibers
showing integrated effects of cRLC and cMyBP-C, data on their
effects on systolic elastance indicate that alterations in cMyBP-C
and cRLC are integrated and important in intact cardiac function.
Palmer et al. (2004) reported that among a variety of mod-
ifications on cardiac muscle regulatory mechanisms, only hearts
of a mouse model expressing a homozygous truncated cMyBP-C
(t/t) in which cMyBP-C protein could not be detected demon-
strated an abbreviation of systolic elastance time course. Simi-
larly, Scruggs et al. (2009) reported that hearts of TG-cRLC-(P-)
mice showed a prolonged ejection duration with an abbreviation
of the time to left ventricular (LV) elastance.

Advances in understanding the three-state model in cardiac
thin filament activation
In addition to the use of small-angle x-ray diffraction, three
recent approaches provide insights into the three-state model in
cardiac thin filament activation. These include cryo-EM and
sensors of structural changes and Ca2+ binding in sarcomeres
functioning in situ. Risi et al. (2017) used cryo-EM and single-
particle analysis to reconstruct the position of Tm in frozen,

hydrated samples and compared their findings with measure-
ments reported in the same paper using negative staining as
traditionally applied (Pirani et al., 2005). Compared with the
negative staining images, they reported a smaller extent of az-
imuthal movement of Tm induced by the transition from the B-
to C-states and to the M-state with rigor crossbridges (Fig. 3 A).
In other words, whereas the M-state position is unchanged, the
cardiac B- and C-states are shifted closer to the M-state com-
pared with the canonical B- and C-states. Moreover, in relaxing
conditions, they found not only portions of the thin filaments in
a blocked state like the canonical B-state but also portions of the
thin filament in an open state like the canonical C-state (Fig. 3
B). Ca2+ binding induced the open state to a greater extent than
weakly bound crossbridge interactions. The step to full activa-
tion of the thin filament thus resulted more from Ca2+-
binding–induced release from cTnI inhibition than from strong
crossbridge interactions. Thus, these findings fit generally with
conclusions from kinetic measurements of actomyosin interac-
tions, indicating a stronger role for Ca2+ binding than strong
crossbridges in cardiac versus skeletal muscle thin filament
activation. They also fit with the findings reported in dynamic
measurement of thin filament activation using HS-AFM
(Matusovsky et al., 2019) and FRET reporters of the cTnI–cTnC
interaction (Soĺıs et al., 2018; Vetter et al., 2020). Given that these
cardiac thin filament state distributions were found in native thin
filaments, further structural work should address how these dis-
tributions change in the presence of strongly bound myosin and
cMyBP-C. A direct comparison of the cardiac and skeletal thin
filament states using these structural techniques will be beneficial
to better understand the specific regulatory differences between
the two kinds of striated muscle thin filaments.

HS-AFM provides a technique to image movements of Tm
and actin monomer structure transitions in the nanometer
range in real time under conditions close to the physiological
state. As an interrogation of the three-state model, Matusovsky
et al. (2019) deposited cardiac thin filaments on lipid layers and
monitored movements of Tm in response Ca2+ and crossbridges
with and without MgATP. As detailed in the data presented, the
results demonstrated that the fully relaxed and fully activated
thin filaments are not in a fully blocked or activated state as
pointed out above (Pirani et al., 2005) but exist in a combination
of states with the balance determined by the prevailing Ca2+ and
crossbridge states. Important conclusions include a demonstra-
tion that weak binding can shift the position of Tm locally on the
thin filament in a manner like strong binding and that strong
binding crossbridges can activate adjacent regulatory units to a
greater extent than weakly bound crossbridges. Furthermore,
saturating Ca2+ shifts Tm by ∼17.6° in agreement with the ∼15°
Ca2+-induced shift from prior single-particle cryoelectron re-
constructions of cardiac thin filaments (Risi et al., 2017). Other
cryoelectron structures of cardiac thin filaments have reported
Ca2+-induced azimuthal shifts of the Tm-pseudo repeats, rang-
ing from 18° that fit with the C-state to 28° that fit with the
M-state (Paul et al., 2017). These data provide support for and a
new perspective on the three-state model and set the stage for
more studies to fully understand modulation of these states as
discussed below.
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Further support for the conclusion from the data of Risi et al.
(2017) comes from the use of FRET sensors attached to the cTnC
C-lobe and cTnI C-terminal domain (Soĺıs et al., 2018). By im-
mobilizing myosin monomers to a glass surface akin to an
in vitro motility assay setup, Soĺıs et al. (2018) applied fluores-
cence lifetime imaging FRET to the labeled cTn bound to thin
filaments in contact with myosin. Their data demonstrated that
most of the cTn activation is from Ca2+ binding compared with
the additional activating contribution of rigor myosin with a
concomitant gain of the cTnI mobile domain conformational
flexibility. This observation is consistent with the recent cryo-
EM structure of cardiac thin filaments that showed the TnI
mobile domain anchored to the actin-Tm surface in the Ca2+-free
state, while this region is missing in the Ca2+-bound state pos-
sibly because of a lack of a defined structural state (Yamada
et al., 2020). It was also reported that the nonhydrolysable
myosin substrate ATP-γ-S has no further effects on cTn acti-
vation at saturating and subsaturating Ca2+ compared with rigor
myosin. The effect of rigor myosin activation was more pro-
nounced at subsaturating Ca2+ compared with saturating Ca2+.
On the other hand, blebbistatin in the presence of ADP and
phosphate had amodest effect on cTn activation at subsaturating
Ca2+ possibly because of the existence of strongly bound myosin
species. However, other reports suggested that a myosin–ADP–
blebbistatin complex may capture myosin into a prepower
stroke state, which is a strongly bound conformation of myosin
(Takács et al., 2010). This illustrates how the complex equilib-
rium distribution of myosinmay influence cTn response to Ca2+.

Another approach reported used a FRET conformational
sensor attached to cTnC with the goal of monitoring the acti-
vation state of thin filament in real time in intact muscle prep-
arations generating force under conditions expected to modify
myofilament activation. On the basis of development of this type
of FRET probe by Badr et al. (2016), Vetter et al. (2020) incor-
porated a donor and an acceptor fluorescent protein at the N-
and C-lobes of cTnC and exchanged the modified cTnC in studies
of permeabilized fibers. Also studied were heart preparations
from TG mice expressing modified cTnC. Studies in intact
papillary muscles and myocytes showed that the FRET sensor
does not report cytoplasmic Ca2+ transients. Important findings
included a demonstration that the thin filament senses
β-adrenergic stimulation by a faster rise time and decay of the
signal. This fits with earlier predictions that phosphorylation of
cTnI influences decay of relaxation (Kentish et al., 2001; Solaro
et al., 2013). The authors acknowledged that the response to
β-adrenergic stimulation on the tension transient is likely to
occur because of integrated effects of other myofilament pro-
teins, especially cMyBP-C. A surprising finding was that un-
loaded myocytes showed no change in the reporter signal when
tension was promoted by OM or inhibited by a blebbistatin
analogue. In contrast, in loaded papillary muscles, developing
tension isometrically, the FRET sensor had a longer duration
and slower decay compared with unloaded myocytes. Changes
in tension imposed by OM correlated with the signals from the
FRET sensor. The conclusion was that cycling crossbridges
promote activation of the thin filaments. Studies in prepara-
tions in which cTnI was replaced with mutants linked to HCM

supported these general conclusions. No studies were performed
with effects of β-adrenergic stimulation on loaded preparations.
This would be of interest because earlier work showed that the
effects of cTnI phosphorylation on relaxation kinetics are en-
hanced in auxotonically loaded ejecting hearts (Layland et al.,
2004; Layland et al., 2005). Vetter et al. (2020) concluded from
their studies that the results fit well with the cryo-EM structural
data, indicating a dominant role of Ca2+ and its interactions with
the cTnI–cTnC complex in moving Tm to the open M-state.

The development of genetically encoded Ca2+ indicators is a
significant advance in the tools to understand interactions of
Ca2+ with the microdomains of the cardiac sarcomere. The
probes are known as red genetically encoded Ca2+ indicator for
optical imaging (RGECO; Sparrow et al., 2019). Sparrow et al.
(2019) conjugated the probe with cTnI or cTnT and exchanged
the labeled proteins with native proteins using viral vectors.
The exchanged protein localized correctly, and the modified
proteins did not interfere with Ca2+-dependent myofilament
ATPase activity. To compare myofilament-bound Ca2+ to bulk
sarcoplasmic Ca2+, Sparrow et al. performed measurements of
fluorescence dynamics of the unbound RGECO and the bound
RGECO in single cardiac myocytes. Important findings include
the demonstration that local kinetics of Ca2+ at the sarcomeres
sensed by RGECO show faster on and slower off rates than
predicted by cytoplasmic unconjugated RGECO. Whereas OM
had no effect, Mava significantly reduced the peak heights of
both sarcoplasm- and sarcomere-localized Ca2+ as well as in-
creased the rate of Ca2+ binding to and release from sarcomeres.
The unconjugated probes reported variable changes in the rate
of rise and fall of the sarcoplasmic Ca2+ transient with Mava
treatment. Other important findings demonstrated differences
in dynamics of the sarcoplasmic Ca2+ transient and Ca2+ at the
sarcomere compartment in myocytes regulated by cTnI mutants
linked to HCM. Issues related to use of RGECO include an in-
ability to quantify the Ca2+ levels and to determine changes in
diastolic Ca2+ (Campbell et al., 2019). Moreover, Sparrow et al.
(2019) did not determine mechanical readouts of myocyte
function. The measurements were performed in unloaded my-
ocytes, which as pointed out in earlier studies have effects on
thin filament signaling (Ait Mou et al., 2008; Layland et al.,
2004; Monasky et al., 2010; Vetter et al., 2020). Nevertheless,
RGECO represents a significant step toward determinations re-
lating sarcomere function and signaling in situ.

How the Z-disc influences the actin–crossbridge reaction and
other sarcomere domains
Ends of the thin filaments comprise domains essential to the
assembly, disassembly, and stability of the thick and thin fila-
ments. An important area of investigation related to our review
is how the same signals intervening in the phosphorylation of
the thin and thick filament proteins also integrate into the Z-disc
protein network that affects sarcomere structure and function.
Evidence indicates that the barbed and pointed ends of the thin
filaments are dynamic domains that ultimately influence cardiac
contractility.

Barbed ends of thin filaments are tightly anchored to sarco-
meres at the Z-discs and appear to have a monolithic appearance
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relative to the thin and thick filament participation in cross-
bridge reactions with actin. Yet, Z-discs also experience wide
structural dynamics and harbor several kinases and phospha-
tases that modify activity at the overlap regions by a process we
previously described as “remote control” (Solaro, 2005). The
Z-discs also support thick filaments indirectly via titin and link
the sarcomere to the extracellular matrix through a series of the
adaptor proteins that constitute the costameres (Samarel, 2005).
Solaro and Solaro (2020) reviewed the connections of sarcomere
domains to the cytoskeleton in the context of the instabilities of
the myocyte membrane inducing a release of cTn into serum.

The Z-discs of cardiac muscles experience reversible defor-
mation of their lattice structure from relaxed to actively short-
ening muscle fibers that increase the interspace distance between
thin filaments (Goldstein et al., 1989; Oda and Yanagisawa, 2020).
This structural versatility is remarkable when considering
that the Z-disc is the most rigid region in the sarcomere when
measuring the transverse stiffness of myofibrils by atomic
force microscopy (Yoshikawa et al., 1999). At a molecular
level, this particular flexibility may be a result of α-actinin
behaving as a “knob and rod” structure that facilitates reverse
deformability of the Z-disc lattice (Gautel and Djinović-
Carugo, 2016; Ribeiro et al., 2014). Perz-Edwards and Reedy
(2011) suggested that the reversible structural transition of
Z-discs is in part influenced by Tm rotation on thin filaments
during muscle contraction, pointing to a direct mechanical
communication occurring at the I-Z-I interface.

Cardiac thin filaments are also linked to the Z-discs by
nebulette. The C terminus of nebulette is integrated into the
Z-discs and interacts with several structural proteins, including
myopalladin palladin, titin, zyxin, N-WASP/WASL, XIRP1 and
XIRP2, and α-actinin (Bang and Chen, 2015; Chu et al., 2016). The
nebulin repeats are shown to interact with actin, Tm, Tn, and
desmin, and deletions of these repeats compromise sarcomeric
stability (Bonzo et al., 2008; Hernandez et al., 2016). Nebulette
mouse KOs exhibited normal cardiac function under normal and
increased afterload conditions except for widening of the Z-disc
structure, suggesting a role of nebulette in stabilizing the Z-discs
(Mastrototaro et al., 2015).

Another key sarcomere structural feature is the titin
N-terminal anchorage to the Z-disc depicted in Fig. 4 A. Near the
titin Z terminus a series of Z repeats are the docking site of the
α-actinin calmodulin-like domains, which are sensitive to con-
ditional binding of phosphatidylinositol 4,5-bisphosphate (PIP2)
to α-actinin (Young and Gautel, 2000). At the tip of the titin
N terminus, telethonin (or T-cap) links two parallel titin N
termini in a palindromic arrangement (Zou et al., 2006). This
telethonin–titin linkage appears to work as a “safety belt” be-
cause ablation of telethonin does not induce sarcomere disarray
or dysfunction unless the myocardium is stressed by pressure
overload (Knöll et al., 2011b). One intriguing interaction is be-
tween the Ser/Thr titin kinase found at the M-line and tele-
thonin serving as the substrate during myofibrillogenesis
(Mayans et al., 1998). Telethonin is also a target of PKD and
CaMKII phosphorylation, and telethonin also stabilizes the in-
teractions between the E3 ubiquitin ligase MuRF1 and the E2
ligases necessary for protein degradation (Candasamy et al.,

2014; Polge et al., 2018). The broad functional consequences of
these modifications need to be further explored in the context of
sarcomere assembly and maintenance.

CapZ is involved in multiple interactions affecting both
myofilament function and structure. Studies of mouse hearts
expressing a slightly reduced level of CapZ at the Z-discs re-
vealed altered positioning of PKCε and PKCβ together with an
increase in the myofilament Ca2+ sensitivity of tension (Pyle
et al., 2002; Pyle et al., 2006). De novo thin filament assembly
begins with CapZ positioning to the Z-discs that follow actin
assembly (Schafer et al., 1993). TnT and Tm subsequently dec-
orate nascent filaments to stabilize thin filament elongation
(Ferrante et al., 2011; Huang et al., 2009). An interesting and
important aspect of the mechanism by which CapZ may control
thin filament function is by its continuous exchange with actin
at the barbed ends of the thin filament. The exchange is aug-
mented by mechanical and neurohumoral signals converging in
the Z-disc. One example is that PIP2 binding to CapZ leads to
reduced binding to actin barbed ends (Hartman et al., 2009;
Heiss and Cooper, 1991). This mechanism has been proposed to
act via steric inhibition of the actin- and CapZ-binding interface
by PIP2 (Kuhn and Pollard, 2007). However, in silico and in vitro
studies indicate that PIP2 may interact with CapZ bound to actin
barbed ends (Cooper and Pollard, 1985; Kim et al., 2007; Schafer
et al., 1996; Soĺıs and Russell, 2019). CapZ phosphorylation by
PKCε and acetylation via histone deacetylase 3 increase CapZ
protein exchange at the barbed ends as a result of adenosine
receptor activation, cyclic mechanical strain, and increased
stiffness of the microenvironment (Li and Russell, 2013; Lin
et al., 2015; Lin et al., 2016; Soĺıs and Russell, 2019). Similarly,
actin exchange rates at the barbed ends increased in response to
β-adrenergic signaling, angiotensin II, and cyclic mechanical
strain (Lin et al., 2013b; Li et al., 2014; Mkrtschjan et al., 2018).
The long-standing hypothesis here is that increasing CapZ dy-
namics destabilize the Z-disc to promote filament remodeling
and hypertrophy (Hartman et al., 2009).

Other proteins at the Z-disc have the general function of
serving as adaptors for kinases via their LIM domains while
anchoring to α-actinin through their PDZ domains (Li et al.,
2012). PKC positioning at the Z-discs may be mediated in part
by members of the actinin-associated LIM protein/enigma
subfamily of PDZ-LIM-domain proteins. Members of this sub-
family include cardiac actinin-associated LIM protein; enigma
homologue (ENH), also known as PDZ and LIM domain 5; LIM
domain-binding protein 3 (Cypher, ZASP, Oracle, or LDB3); and
Enigma (LMP1; Knöll et al., 2011a). All these proteins have one
PDZ and three LIM domains, with the number of LIM domains
varying in some isoforms. Cypher has been identified to work as
an A-kinase anchoring protein for PKA activity and as a receptor
for activated kinases for conventional and novel PKC isoforms
(Lin et al., 2013a; Zhou et al., 1999). It is composed by a ZASP
motif flanked by a PDZ domain at is N terminus and three LIM
domains at it C terminus. It was determined that the Cypher
cardiac-specific region encoded by exon 4 (aa 108–227) interacts
with the RII α-regulatory subunit of PKA and the Ser/Thr
phosphatase calcineurin. Mice lacking the long form of Cypher
that lacks the three C-terminal LIM domains involved in kinase
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anchoring exhibit pressure overload that precedes DCM (Cheng
et al., 2011). This shows the modular function of Cypher as a
structural and signaling adaptor protein in the heart.

Another key regulator of the Z-disc structural assembly is
ENH, which has been shown to work as a PKCβI and PKD1 an-
choring protein (Kuroda et al., 1996; Maturana et al., 2008).
Deletion of all ENH isoforms in mice exhibits impaired cardiac
contraction, DCM, decreased levels of Cypher short isoform and
calsarcin-1, and decreased phosphorylation levels of sarcomeric
proteins (Cheng et al., 2010; Gregorich et al., 2019). In contrast,
overexpression of the ENH1 isoform in rat neonatal ventricular
myocytes leads to hypertrophy (Yamazaki et al., 2010). ENH1
was found to be upregulated in the normal embryonic heart.
However, adult hearts exhibit ENH1 upregulation during pres-
sure overload–induced hypertrophy. Given that PKD phospho-
rylation by PKC leads to hypertrophy, one hypothesis is that
ENH1 enables progression of this signaling pathway by provid-
ing anchoring to both kinases at the Z-disc (Iwata et al., 2005;
Rozengurt et al., 2005). Recent work by Tucholski et al. (2020)
revealed that ENH and TnI phosphorylation may be part of the
same PKA activation pathway. The phosphorylation state of
several sarcomeric proteins assessed in healthy and HCM hearts
determined that both TnI and ENH2 isoform phosphorylation
decrease in HCM ventricles relative to healthy samples. It was
also confirmed that PKA phosphorylates ENH2 in vitro at Ser-
118, which is part of a consensus PKA substrate sequence. Al-
though the effects of TnI phosphorylation by PKA are well
established, the functional implications of ENH2 phosphoryla-
tion warrant further study. It is remarkable that phosphoryla-
tion signaling may target not only the A- and I-bands of the
sarcomeres but also the Z-discs and that these modifications also
vary with disease states.

The Z-disc also harbors many other structural proteins es-
sential for maintaining sarcomere function, assembly, and pro-
tein quality control (Henderson et al., 2017; Martin and Kirk,
2020; Sanger and Sanger, 2008). These include intermediate
filaments, such as desmin (Capetanaki et al., 2007); members of
the LIM domain proteins (Li et al., 2012); the nebulin family,
which includes nebulette and LASP-2 (Bang and Chen, 2015; Chu
et al., 2016); and the Ig domain myopalladin/palladin/myotilin
family of proteins (Otey et al., 2009). An in-depth description of
these protein families, the isoforms being expressed in the heart,
and their accompanying signaling pathways are out of the scope
of this review. However, readers are encouraged to consult the
dedicated literature.

The I-band as a regulator of muscle compliance
Despite lacking thick filaments, the I-band is a signaling desti-
nation that fine-tunes the elastic response of sarcomeres during
contraction. The main constituents of the I-band are thin fila-
ments and the titin spring or extensible I-band region illustrated
in Fig. 4 B. Here, a brief discussion is given on how the I-band
domain affects the crossbridge performance. Readers are en-
couraged to consult specialized reviews for additional informa-
tion (Hidalgo and Granzier, 2013; LeWinter and Granzier, 2010).

One of the constituents of the I-band is the titin spring region
in which its domain composition varies with each titin isoform

(Hidalgo and Granzier, 2013). Three cardiac titin isoform classes
exist that include the N2B (∼3 MDa), N2BA (∼3.3–3.5 MDa), and
the fetal–neonatal (∼3.6–3.8 MDa) of which the N2B and N2BA
are the most relevant in the developed heart (LeWinter and
Granzier, 2010). The proportion between the shorter N2B and
the longer N2BA isoform classes largely defines the force–
extension relationship developed when extending relaxed
muscles known as the passive tension. In addition to differential
splicing, phosphorylation of titin also affects the passive tension
profiles. Specifically, PKC activation leads to increased passive
tension, while PKA and PKG attenuate the passive tension
(Hidalgo and Granzier, 2013).

Chung and Granzier (2011) reported that titin contributes to
nearly 80% of the passive tension in the heart when operating at
normal sarcomere lengths of 1.8–2.2 μm. By comparing the
passive tension of permeabilized hearts and hearts with the
majority of the myofibrillar proteins being extracted, including
titin, it was established that the contribution of the extracellular
matrix to the passive tension only becomes relevant at sarco-
mere lengths longer than ∼2.2 μm. This highlights the chief
contribution of cardiomyocytes, relative to other histological
components of the myocardium, to diastolic function.

As described in the previous paragraph, the composition of
the titin I-band region is variable. However, three distinctive
elements can be identified, including the tandem Ig segments,
the spring-like PEVK element, and the spring-like N2B element
specific to the cardiac titin isoforms (Hidalgo and Granzier,
2013).

Chung et al. (2013) tested the physiological function of the
tandem Ig segments in a mouse model in which nine Ig-like
domains (Ig3–Ig11) near the Z-disc were deleted. The myocytes
from the TGmice exhibited increased passive tension in addition
to increased extension of the other titin spring elements (i.e., N2B,
PEVK) as demonstrated by cryo-EM and immunolabeling. These
mice also exhibited increased diastolic stiffness and reduced tol-
erance to exercise.

The importance of the spring-like N2B element for normal
heart function was established by generating mice lacking the
N2B spring element (Radke et al., 2007). N2B KOs showed
normal systolic function, albeit heart sizes were smaller and
mice presented diastolic dysfunction accompanied by increased
diastolic wall stress and increased passive tension. Similar to the
Ig segment deletion, the N2B deletion led to increased extension
of the other titin spring elements. Mouse KOs showed down-
regulation of FHL2 (a LIM domain family member) but not of
αB-crystallin (a heat shock protein), which correspond to two
proteins that interact with the N2B spring.

The physiological function of the spring-like PEVK element
has also been studied by deletion of the C-terminal region of the
PEVK domain in mice (Granzier et al., 2009). The PEVK mouse
KOs exhibited diastolic dysfunction, hypertrophy, and increased
passive tension but only mild or null effects on systolic param-
eters. Cryo-EM images revealed a more extended N2B element,
and Western blots demonstrated upregulation of FHL1, FHL2,
and αB-crystallin. Another regulatory feature of the titin PEVK
derives from its capacity to interact with F-actin. Yamasaki et al.
(2001) demonstrated that the cardiac PEVK interaction with
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F-actin causes dragging forces that contribute to the develop-
ment of passive tension. It was also established that physiological
levels of systolic Ca2+ disrupt such F-actin–PEVK interactions
in vivo by the cytosolic EF-hand calcium binding protein S100A1
that interacts with the PEVK element. Yamasaki et al. proposed
that the functional role of this Ca2+-dependent regulatory ele-
ment is to reduce the passive force during active contraction.
Further studies should be guided to establish the physiological
advantage of the F-actin and titin PEVK domain interactions for
normal myofibrillar function.

Due to the high structural interconnectivity of sarcomeres,
distal mechanical interventions can affect the activation of thin
filaments remotely. This is exemplified by the findings of
Cazorla et al. (2001) showing that by increasing the passive
tension in skinned single cardiac muscle cells, the Ca2+ sensi-
tivity of the isometric force development correspondingly in-
creased. By shifting sarcomere lengths from 2.0 to 2.3 μm and
with varying levels of passive tension, it was established that
length-dependent activation has a component that is indepen-
dent of the passive tension and another that increases propor-
tionally with the passive tension. Titin PEVK elements are
sensitive to trypsin cleavage, and treating skinned car-
diomyocytes with trypsin attenuated the shift in pCa50 caused
by increasing the passive tension. It was also reported that the
rise in passive tension decreased the cell width and interfila-
ment spacing. One consideration from these observations is
that thin filament sensitivity is conditioned by the extent of
overlap with thick filaments. One example of this is that thin
filaments at the A-band are more sensitive to Ca2+ than fila-
ments at the I-band. Under resting sarcomere lengths, about a
third of the thin filament length resides in the I-band region
and lacks the influence of thick filament interactions. This
causes the Tn to exhibit distinct activation responses with
pCa50 estimates of 5.3 at the I-band and 6.6 at the A-band (Sun
et al., 2009). These considerations will be highly relevant when
dissecting the properties of structural proteins in the I-band
and across the sarcomere.

The pointed ends fine-tune thin filament length and stability
Given that regulation of thin filaments is critical in optimal
functioning of the actin–crossbridge reaction, a long-standing
question has been how thin filament assembly is maintained
in the beating heart (Michele et al., 1999). This appears to occur
at the pointed ends and involves interplay between Tmod cap-
ping and leiomodin (Lmod) pointed end growth, of which Tmod1
and Lmod2 are the prevalent isoforms in cardiac thin filaments
(Fowler and Dominguez, 2017). Developmental studies show that
Lmod2 expression lags Tmod1 expression in chicken embryo
cardiomyocytes, which suggests that Lmod2 is not involved in
myofibrillogenesis but, rather, in maintenance of thin filament
assembly and protein turnover (Tsukada et al., 2010).

Tmod caps thin filaments pointed ends by simultaneously
interacting with actin and two parallel Tm chains (Rao et al.,
2014). Lmod also localizes near the pointed ends and to a lesser
extent across thin filaments (Boczkowska et al., 2015; Skwarek-
Maruszewska et al., 2010; Tsukada et al., 2010). Lmod recruits
three actin monomers and Tm to actin pointed ends to promote

actin pointed-end elongation (Chereau et al., 2008). Func-
tionally, Lmod and Tmod can bind to pointed ends, albeit
Tmod exhibits a greater binding affinity for pointed ends,
whereas Lmod preferentially binds G-actin to initiate nucle-
ation (Boczkowska et al., 2015; Fowler and Dominguez, 2017;
Tsukada et al., 2010).

The antagonistic equilibrium between Tmod and Lmod is
demonstrated in mice overexpressing Tmod1 that display DCM,
myofibrillar degradation, and compromised contractile function
(Sussman et al., 1998). Inhibition of Tmod capping activity
in vitro leads to elongation of actin filaments at their pointed
ends (Gregorio et al., 1995). Conversely, Lmod2−/− KO mice ex-
hibit a similar phenotype to Tmod1 overexpression with shorter
cardiac thin filaments, reduced actin incorporation at the
pointed ends, and decreased contractile force with development
of DCM (Li et al., 2016; Pappas et al., 2015). Strikingly, TG mice
overexpressing Lmod2 exhibit reduced contractile force with
enlarged atrial and ventricular chambers and extensive inter-
stitial fibrosis despite having longer thin filaments (Mi-Mi et al.,
2020). The first Lmod2 mutation in a human was recently
identified as a mutation encoding a premature stop codon
(Ahrens-Nicklas et al., 2019). This mutation led to the absence of
Lmod2 expression, shorter thin filaments, and disorganized
myofibrils in the explanted heart and a mouse disease avatar.

Tmod and Lmod may regulate muscle contractility in two
ways: by controlling thin filament length and by interfering
with interactions of force generating crossbridges. First, shorter
thin filaments in Lmod2−/− KOs exhibit reduced contractile force
that may be caused by a reduced number of force-generating
crossbridges from decreased thin–thick filament overlap
(Pappas et al., 2015). Second, the implications of Lmod binding
laterally to thin filaments and interference with crossbridge
interactions were explored in ATPase activity assays. Lmod2
exhibited inhibition of ATPase activity between F-actin and
heavy meromyosin at Lmod2 concentrations ≥1 μM (Szatmári
et al., 2017). To observe an effect on crossbridge interactions
in vivo with appreciable levels of lateral thin filament binding,
it is necessary to induce Lmod2 overexpression (Tsukada et al.,
2010). Thus, it remains unclear whether native in vivo Lmod2
concentrations are sufficient to affect crossbridge function.
Taken together, substantial evidence supports the hypothesis
that Tmod and Lmod control thin filament protein turnover and
fine-tune length at the pointed ends rather than being involved
in myofibrillogenesis. Many physiological outcomes from
Tmod/Lmod dysregulation, such as decreased contractile force
from shorter thin filaments that cause decreased thin and thick
filament overlap, are mechanistically sound. However, other
outcomes from disrupting the Tmod/Lmod regulatory balance
remain less understood.

The M-band: the less explored domain in control of
sarcomere function
If the Z-disc is seen as the anchor point of thin filaments, the
M-band is the reciprocal for the thick filaments. This region is
probably the least studied in the sarcomeres, and many of the
M-band protein constituents have been discovered in the cur-
rent century (Lange et al., 2020). As with the Z-disc, the M-band
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also harbors proteins that influence the control of sarcomere
function and maintenance.

The major constituents of the M-band include the structural
proteins myomesin, obscurin, and the titin C terminus. Myo-
mesin is one of the last proteins that incorporate to the sarco-
meres, which is dependent on myosin thick filaments and the
titin C terminus (Prill et al., 2019). Myomesin is a highly com-
pliant protein that provides dampening capacity to thick
filaments. Obscurin appears to localize to multiple regions
outside the M-line like the sarcoplasmic reticulum and the
dystrophin–sarcoglycan complex via ankyrin-B attachment
(Cunha and Mohler, 2008). The titin C terminus is a hotspot
of signaling proteins like MuRF1 that bind to titin and trigger
protein ubiquitination for subsequent degradation via the
proteasome (LeWinter and Granzier, 2010). Downstream of
the MuRF1 binding site is the titin kinase domain that has an
important role in muscle hypertrophy. Unfolding of the titin
kinase domain via mechanical strain promotes the associa-
tion of nbr1, p62, and MuRF2 that ultimately lead to protein
synthesis and hypertrophy via serum response factor–
dependent gene expression (Lange et al., 2005).

In addition to the main structural proteins described, other
signaling proteins also interact at the M-line. Fhl DRAL/FHL-2
facilitates the targeting of creatine kinase, adenylate kinase, and
phosphofructokinase-involved ATP synthesis to the N2B and
M-band regions of titin (Lange et al., 2002). This exemplifies the
intense signaling exchange that the M-band triggers via me-
chanical cues, which have a profound effect on sarcomere con-
tractile performance and assembly.

Thin filament dynamics in a heartbeat
Integration of the dynamics of molecular events in sarcomeres
with pressure and volume dynamics during a heartbeat provides
a summary of the recent insights into thin filament function
summarized here. Fig. 5 A relates sarcomere molecular mecha-
nisms at time points in the rise and fall of LV pressure (LVP), LV
volume, sarcomere length, and intracellular Ca2+ in a physio-
logical beat of an adult human heart in a resting neurohumoral
environment steady state. The schemes in Fig. 5 B show the
disposition of sarcomere proteins in the C-zone at critical time
points in the beat. In diastole, the binding of Ca2+ to cTnC is
below the threshold for activation of thin filament regulatory
units; regions of the thin filaments are mostly in a blocked state,
with Tm impeding the actin–crossbridge reaction, but some
regions of the thin filament are poised to transfer to an open
force-generating state. These regions are in a closed state with
cMyBP-C interactions and weak myosin head interactions. In
the D-zone, the ratio of SRX/DRX crossbridge states are largely
determined by the relative levels of cRLC phosphorylation. In
the C-zone, Fig. 5 B indicates that this ratio depends on whether
cMyBP-C is interacting with the thin filament to promote the
closed state or reacting with myosin-S2, which depends on the
proportion of cMyBP-C phosphorylated at the PKA sites. We
presume that in a basal state, the fraction of phosphorylated
cMyBP-C is relatively low and reflects cardiac contraction and
relaxation reserve. On the other hand, it is apparent that the
phosphorylation of cRLC may be more constant with ∼40% of

Figure 5. Dynamics of myocyte sarcomere activation and intracellular
Ca2+ during a heartbeat. (A) Top: An electrocardiogram summarizes the
depolarization of the atria (p) and ventricles (qrs) and the repolarization of
the ventricles (t). Middle: The solid line shows volumes during the beat in
which the LV ejects a stroke volume equal to the difference between the LV
end diastolic volume (LVEDV) and the LV end systolic volume (LVESV). The
dashed line shows an estimate of the changes in sarcomere length during the
changes in LV volume. Bottom: The dashed line shows the Ca2+ release in
the sarcoplasm coupled to the depolarization wave. Ca2+ rises, binds to cTnC
triggering sarcomere tension and shortening, and then falls with reuptake.
The solid line shows the associated rise and fall in LVP. (B) C-zone molecular
interactions among sarcomere proteins during the heartbeat. Left: In diastole
before Ca2+ release, crossbridges are predominantly in SRX, with a small
population interacting with the thin filament in a weakly binding state. Thin
filament regulatory units are predominantly in the B-state with some in a
C-state promoted by interactions with the N terminus of cMyBP-C at the
actin-Tm interface. Middle: Upon Ca2+ release, and Ca2+ binding to cTnC
promotes the C-state in a cooperative process among thin filament regulatory
units. Cycling crossbridges become active, thin filaments populate the
O-state (or M-state), and tension and pressure rise. Right: Tension and
pressure are sustained by force-generating crossbridges during ejection. With
deactivation of the thin filaments, tension and pressure fall, but the rate of
detachment of the ensemble of myosins lags the Ca2+-reuptake kinetics,
leading to residually active regulatory units in thin filaments. A is adapted
with permission from RadioGraphics (Sheth et al., 2015), with the addition of
the sarcomere length (Aguirre et al., 2014) and the Ca2+ pulse (Allen and
Kurihara, 1982) time series. See text for further discussion. Isovol.,
isovolumic.
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the heads phosphorylated (Scruggs and Solaro, 2011). Un-
phosphorylated cMyBP-C is expected to be in a relatively ex-
tended state interacting with S2 as well as with actin-Tm. It
appears likely that in the C-zone, there are interactions between
cRLC and cMyBP-C that also determine the SRX/DRX ratio.

The onset of systole is triggered as indicated by the electro-
cardiogram trace in Fig. 5 A. A wave of depolarization induces a
rise in sarcoplasmic Ca2+, which in turn triggers the rise in
sarcomere tension and the isovolumic rise of LVP at constant
sarcomere length. Ca2+ released to the sarcomeres first contacts
the D-zone regulatory unit microdomains activating the actin–
myosin interaction, increasing tension and pressure. As the
transient rise in Ca2+ continues, the thin filaments in the C-zone
switch to closed state, which rapidly promotes active tension/
pressure in a cooperative process among near-neighbor regu-
latory units aided dominantly not only by their interactions with
cMyBP-C at actin-Tm but also by interactions with the force-
generating crossbridges. The C-zone actin–crossbridge interac-
tions sustain peak tension and pressure as the sarcomeres
shorten.

As Ca2+ falls in the sarcoplasmic space, Ca2+ is released from
cTnC, but the fall in Ca2+ in the cTnC microdomain may be
slower and may be faster in the D-zone than in the C-zone. As
the regulatory units are deactivated, the fall in tension and
pressure is not coincident with the release of cTnC Ca2+. The
return to the diastolic state is dominated by an initial relatively
slow fall in tension and isovolumic pressure, rate limited by the
detachment of force-generating crossbridges and the strain as-
sociated with stretch. The tension and pressure fall to a point
where they collapse rapidly because of intersarcomere interac-
tions with rapid lengthening of the weakly activated sarcomeres.

Ejection ends with an isovolumic fall in LVP to diastolic
levels. Also illustrated is the fall in LV volume with ejection and
filling during diastole and the pulse and ventricular pressure
development. This is correlated with the molecular events
summarized in Fig. 4 B. Here, at subactivating Ca2+ levels, both
the thin and thick filaments are at a minimal level of activation.
At activating Ca2+ levels, both thin and thick filaments are ac-
tivated. After Ca2+ reuptake, the relative long-lasting myosin
detachment rate delays the inactivation of thin and thick fila-
ments. This sequence of events attempts to show how all the
regulatory domains described in detail in the previous para-
graphs integrate into the elegant mechanism of cardiac muscle
contraction. More details are still missing in this model, but
this illustrates the state of the art of the scientific corpus of
knowledge.

The dynamics described above and illustrated in Fig. 5 are
modified during exercise to tune the heartbeat to increased
hemodynamic/metabolic demands and increased heart rate. In
the short term, elevations in neurohumoral signaling (e.g., ad-
renergic stimulation of the heart) increase phosphorylation of
cMyBP-C, cTnI, and cRLC. Pressure and tension increase asmore
Ca2+ is made available to activate the thin filament regulatory
units. A critical aspect is a reduction in overall cycle time of the
beat. This occurs as the extent of phosphorylation of cMyBP-C
and cTnI increases. It is evident that the phosphorylation of
cMyBP-C may be dominant in enhancing the rate of crossbridge

kinetics in contraction and relaxation, but evidence exists that
this occurs in concert with the promotion of the thin filament off
state by phosphorylation of cTnI. Moreover, the phosphoryla-
tion levels of both cMyBP-C and cRLC may increase the popu-
lation of crossbridges in the DRX. Complex structural
modifications occur as cMyBP-C bends away from the thin fila-
ment in response to phosphorylation as the N-terminal domain
becomes more compact and appears unlikely to interact with
actin-Tm. However, there are in vitro data that with elevations
in Ca2+, this effect of phosphorylation is reversed with non-
canonical interactions of Ca2+ with cMyBP-C (Previs et al., 2016).
This has led to the hypothesis that even with phosphorylation,
there is an interaction of cMyBP-C with actin-Tm, promoting the
cooperative activation of the thin filament. Other data indicate
that at relatively high levels of Ca2+, the effect of cTn to activate
regulatory units competes with cMyBP-C for interactions with
actin-Tm. It is unknownwhether both effects could occur as Ca2+

is elevated in the cell, and the nature of Ca2+ interactions with
cMyBP-C is unknown. The observation of a role for SPOC in-
duced by phosphorylation of cMyBP-C has also been proposed to
be a factor modulating crossbridge kinetics and in using the
stored energy in the oscillatory behavior to improve efficiency
(Harris, 2021). In addition to exercise-induced modifications in
the heartbeat, there are multiple modifications that may be un-
derstood by considerations of modifications in the context of the
basic physiological mechanisms described above.

Thin filament signaling in long-term modifications of
the heartbeat
Ample evidence reviewed here indicates the sensing and inte-
grated effects of mechanosignaling initiated at the C- and
D-zones of the sarcomere to the Z-disc and M-band regions. One
view of this process relates to the effects of intermittent exer-
cise, which engages the altered thin filament dynamics de-
scribed above. Over long periods of activation of these signaling
cascades, it is apparent that the thin filaments importantly
function in homeostatic control of sarcomere protein quality
control and levels of phosphorylation. A novel twist on these
ideas has been presented in the finding of a role of SPOC asso-
ciated with phosphorylation of the N-terminal domain of
cMyBP-C. Napierski et al. (2020) suggested that the SPOC may
be sensed across sarcomeres and contribute to signaling at the
Z-discs.

Challenges and future directions
Despite the significant advances in understanding the role of
cardiac myocyte thin filaments in long- and short-term regula-
tory networks, major challenges remain. As stressed in reviews
of these challenges, it is critical to integrate findings at the
molecular level with the major elements in the contraction and
relaxation mechanisms in the heart, including Ca2+ fluxes, and
the state of activation of thin and thick filaments (Biesiadecki
et al., 2014; Solaro et al., 2013). The complexities of activation
and relaxation of cardiac sarcomeres have led to a perplexing
array of possibilities for physiological and pathological modu-
lation. An outcome is that therapies directed at sarcomeres in
improving cardiac disorders may rely on focused studies lacking
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integration or on intuition and guesswork and not on pre-
dictions leading to efficient, effective, and safe approaches. We
take as an example the necessity for a more complete under-
standing of the role of cMyBP-C, which has multiple sites of
interaction as an adaptor protein at actin-Tm, at the MHC and
cRLC and is subject to redox and phosphorylation modifications
that need further investigation. cMyBP-C has phosphorylation
sites that are substrates for multiple kinase/phosphatase pairs.
As emphasized by Birtwistle (2015) in other contexts, steady-
state levels and flux through the phosphorylation sites, and most
likely the oxidativelymodified sites, are likely to be important in
sarcomere regulation. A practical example of this concept is
presented by Kampourakis et al. (2018) who showed that
pseudo-phosphorylation of cMyBP-C fails to mimic the changes
in the cMyBP-C and thin filament interaction seen with phos-
phorylation. A description of the mathematical approach, which
is described by Birtwistle with relevant examples, is beyond the
scope of this review; our purpose here is to highlight this as a
significant impediment to productive progress in the field of
sarcomere control mechanisms. Induction of SPOC and inter-
actions of cMyBP-C with titin make it part of the protein net-
work regulating Z-disc dynamics, mechanotransduction, and
signaling to and from the sarcomeres. There is a need for in-
creased and improved understanding of the role of cMyBP-C and
its mutations as determinants of the relative population of SRX
and DRX. Presently, in design of therapeutic agents for use in
HCM, DCM, and HF, there is a general lack of consideration of
interactions of cMyBP-C and its variants with thin, thick, and
titin filaments.

An important future direction is the continued evolution of
the application of computational methods related to various
mechanisms that determine the level of activity and dynamics of
the heart in short- and long-term physiological and disordered
states. Multiscale modeling with the heart operating in a vas-
cular network provides an approach to “bookkeeping” of the
elements and processes involved and for constraining theories to
fit the overt function of the heart and the circulation (Campbell
et al., 2020; Sewanan et al., 2016). A related challenge and future
direction is the implementation and application of “omics” to
understanding sarcomere function and signaling. An example is
the current momentum in precision medicine as applied to HCM
(Goldspink et al., 2020; Maron et al., 2019). A primary challenge
is to make sure that the approach is not only precise but also
accurate. Data interpretation and pathway analysis rely heavily
on bioinformatic approaches that must be performed with rigor.
Moreover, investigators must keep up with the improvement
and evolution of databases that modify conclusions. New di-
rections in omics approaches offer the promise of cell-specific
transcriptional profiling that can be combined with proteomic
profiling of the newly transcribed proteins (Doroudgar et al.,
2019; Goldspink et al., 2020).

Epigenetic control mechanisms involving thin filament pro-
teins located in the nuclear compartment are an important and
challenging future direction (Asumda and Chase, 2012; Chase
et al., 2013; Cole et al., 2016; Wu et al., 2015). There is evi-
dence that epigenetic control by thin filament proteins affects
enzymes regulating adrenergic signaling and thus feeding back

to exacerbate dysregulation of sarcomere function and malad-
aptive remodeling. Chase et al. (2013) and Asumda and Chase
(2012) have summarized evidence published for a role of Tm and
Tn in the nucleus. The review indicated that SUMOylation may
be an important post-translational modification promoting nu-
clear translocation of Tm. Moreover, their prediction that mu-
tations in thin filament proteins may alter nuclear function has
been demonstrated by Wu et al. (2015), who reported that al-
tered adrenergic control of contractility in a TNNT2 DCM (cTnT-
R173W) mutation occurred because of the mutant cTnT entering
the nucleus and epigenetically upregulating phosphodiesterase
genes. Similar results were obtained in a restrictive cardio-
myopathy mutation in which a mutant nuclear cTnI inter-
acted with histone deacetylase 1, inducing down-regulation of
phosphodiesterase-4 (Zhao et al., 2020).

While the study of the classic proteins involved in the
crossbridge cycle and regulation is paramount to understanding
cardiac function and disease, studies on the Z-disc, M-line, and
thin filament pointed-end proteins have shown that they also
play crucial roles in maintaining assembly and muscle work.
This evidence points to a mechanistic role of the barbed ends in
regulating myofibrillogenesis while the pointed ends are re-
sponsible for protein turnover and maintenance, both of which
require full integration with understanding of cardiac contrac-
tile state.
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Soĺıs and Solaro Journal of General Physiology 21 of 25

Control of cardiac thin filament activation and sarcomere regulatory systems https://doi.org/10.1085/jgp.202012777

https://doi.org/10.1073/pnas.1816480116
https://doi.org/10.1073/pnas.1816480116
https://doi.org/10.1016/j.bbrc.2004.12.128
https://doi.org/10.1016/j.bbrc.2004.12.128
https://doi.org/10.1016/j.yjmcc.2012.12.003
https://doi.org/10.1016/j.yjmcc.2012.12.003
https://doi.org/10.1073/pnas.1413922112
https://doi.org/10.1073/pnas.1413922112
https://doi.org/10.1073/pnas.1602776113
https://doi.org/10.1074/jbc.AC118.004816
https://doi.org/10.1074/jbc.AC118.004816
https://doi.org/10.1161/CIRCULATIONAHA.105.542407
https://doi.org/10.1161/CIRCULATIONAHA.105.542407
https://doi.org/10.1161/hh1001.091640
https://doi.org/10.1161/hh1001.091640
https://doi.org/10.1074/jbc.M609850200
https://doi.org/10.1155/2011/569628
https://doi.org/10.1155/2011/569628
https://doi.org/10.1161/CIRCRESAHA.111.245787
https://doi.org/10.1146/annurev.physiol.67.040403.114025
https://doi.org/10.1007/s00424-008-0511-8
https://doi.org/10.1007/s00424-008-0511-8
https://doi.org/10.1113/jphysiol.2002.038117
https://doi.org/10.1074/jbc.M705287200
https://doi.org/10.1074/jbc.M705287200
https://doi.org/10.1074/jbc.271.49.31029
https://doi.org/10.1242/jcs.00181
https://doi.org/10.1126/science.1110463
https://doi.org/10.1126/science.1110463
https://doi.org/10.1016/j.bbamcr.2019.02.003
https://doi.org/10.1113/jphysiol.2004.061176
https://doi.org/10.1016/j.cardiores.2004.12.022
https://doi.org/10.1016/S0006-3495(01)75764-5
https://doi.org/10.1161/CIRCULATIONAHA.109.860171
https://doi.org/10.1161/CIRCULATIONAHA.109.860171
https://doi.org/10.1152/ajpheart.00477.2013
https://doi.org/10.1152/ajpheart.00477.2013
https://doi.org/10.1002/pmic.201100492
https://doi.org/10.1002/pmic.201100492
https://doi.org/10.1152/ajpheart.00393.2014
https://doi.org/10.1152/ajpheart.00393.2014
https://doi.org/10.1186/s13578-016-0101-y
https://doi.org/10.1085/jgp.201812218
https://doi.org/10.1007/s12551-018-0434-3
https://doi.org/10.1074/jbc.M113.470708
https://doi.org/10.1152/japplphysiol.01283.2012
https://doi.org/10.1007/s10974-015-9420-6
https://doi.org/10.1007/s10974-015-9420-6
https://doi.org/10.1016/j.cellsig.2016.05.011
https://doi.org/10.1152/ajpheart.00452.2010
https://doi.org/10.1161/CIRCRESAHA.111.258251
https://doi.org/10.1161/CIRCRESAHA.111.258251
https://doi.org/10.1073/pnas.2001692117
https://doi.org/10.1126/science.1200113
https://doi.org/10.1085/jgp.202012777


Mamidi, R., K.S. Gresham, A. Li, C.G. dos Remedios, and J.E. Stelzer. 2015.
Molecular effects of the myosin activator omecamtiv mecarbil on
contractile properties of skinned myocardium lacking cardiac myosin
binding protein-C. J. Mol. Cell. Cardiol. 85:262–272. https://doi.org/10
.1016/j.yjmcc.2015.06.011

Mamidi, R., K.S. Gresham, S. Verma, and J.E. Stelzer. 2016. Cardiac myosin
binding protein-C phosphorylation modulates myofilament length-
dependent activation. Front. Physiol. 7:38. https://doi.org/10.3389/
fphys.2016.00038

Mamidi, R., J. Li, K.S. Gresham, S. Verma, C.Y. Doh, A. Li, S. Lal, C.G. Dos
Remedios, and J.E. Stelzer. 2017. Dose-dependent effects of the myosin
activator omecamtiv mecarbil on cross-bridge behavior and force
generation in failing human myocardium. Circ. Heart Fail. 10:e004257.
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004257

Mamidi, R., J. Li, C.Y. Doh, S. Verma, and J.E. Stelzer. 2018. Impact of the
myosin modulator mavacamten on force generation and cross-bridge
behavior in a murine model of hypercontractility. J. Am. Heart Assoc. 7:
e009627. https://doi.org/10.1161/JAHA.118.009627

Maron, B.J., M.S.Maron, B.A.Maron, and J. Loscalzo. 2019.Moving beyond the
sarcomere to explain heterogeneity in hypertrophic cardiomyopathy:
JACC review topic of the week. J. Am. Coll. Cardiol. 73:1978–1986. https://
doi.org/10.1016/j.jacc.2019.01.061

Martin, T.G., and J.A. Kirk. 2020. Under construction: The dynamic assembly,
maintenance, and degradation of the cardiac sarcomere. J. Mol. Cell.
Cardiol. 148:89–102. https://doi.org/10.1016/j.yjmcc.2020.08.018

Mastrototaro, G., X. Liang, X. Li, P. Carullo, N. Piroddi, C. Tesi, Y. Gu, N.D.
Dalton, K.L. Peterson, C. Poggesi, et al. 2015. Nebulette knockout mice
have normal cardiac function, but show Z-line widening and up-
regulation of cardiac stress markers. Cardiovasc. Res. 107:216–225.
https://doi.org/10.1093/cvr/cvv156

Maturana, A.D., S. Wälchli, M. Iwata, S. Ryser, J. Van Lint, M. Hoshijima, W.
Schlegel, Y. Ikeda, K. Tanizawa, and S. Kuroda. 2008. Enigma homolog
1 scaffolds protein kinase D1 to regulate the activity of the cardiac L-type
voltage-gated calcium channel. Cardiovasc. Res. 78:458–465. https://doi
.org/10.1093/cvr/cvn052

Matusovsky, O.S., A. Mansson, M. Persson, Y.S. Cheng, and D.E. Rassier.
2019. High-speed AFM reveals subsecond dynamics of cardiac thin
filaments upon Ca2+ activation and heavy meromyosin binding. Proc.
Natl. Acad. Sci. USA. 116:16384–16393. https://doi.org/10.1073/pnas
.1903228116

Mayans, O., P.F. van der Ven, M. Wilm, A. Mues, P. Young, D.O. Fürst, M.
Wilmanns, and M. Gautel. 1998. Structural basis for activation of the
titin kinase domain during myofibrillogenesis. Nature. 395:863–869.
https://doi.org/10.1038/27603

McKillop, D.F., andM.A. Geeves. 1993. Regulation of the interaction between actin
and myosin subfragment 1: evidence for three states of the thin filament.
Biophys. J. 65:693–701. https://doi.org/10.1016/S0006-3495(93)81110-X

McNamara, J.W., A. Li, C.G. Dos Remedios, and R. Cooke. 2015. The role of
super-relaxed myosin in skeletal and cardiac muscle. Biophys. Rev. 7:
5–14. https://doi.org/10.1007/s12551-014-0151-5

Mi-Mi, L., G.P. Farman, R.M. Mayfield, J. Strom, M. Chu, C.T. Pappas, and
C.C. Gregorio. 2020. In vivo elongation of thin filaments results in heart
failure. PLoS One. 15:e0226138. https://doi.org/10.1371/journal.pone
.0226138

Michele, D.E., F.P. Albayya, and J.M. Metzger. 1999. Thin filament protein
dynamics in fully differentiated adult cardiacmyocytes: toward amodel
of sarcomere maintenance. J. Cell Biol. 145:1483–1495. https://doi.org/10
.1083/jcb.145.7.1483

Miyata, S., W. Minobe, M.R. Bristow, and L.A. Leinwand. 2000. Myosin
heavy chain isoform expression in the failing and nonfailing human
heart. Circ. Res. 86:386–390. https://doi.org/10.1161/01.RES.86.4.386
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