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Abstract

The study of muscle and contractility is an unusual scientific endeavour since it has from the start been focussed on one
problem—What makes muscle work?—and yet has needed a vast range of different approaches and techniques to study it.
Its uniqueness lies in the fundamental fascination of a large scale molecular machine that converts chemical energy into
mechanical energy at ambient temperature and with high efficiency that is also controlled by an exquisitely intricate yet
utterly reliable regulatory system and is an essential component of animal life. The investigation of muscle is as innovative
as any other field of research. As soon as one approach appears to be played out another comes along. It is instructive to
consider this as a series of waves of novel and heightened activity starting in the 1950s. The thesis of this article is that we
are approaching the fourth wave with the recent rise of interest in small molecules as research tools and possible therapies

for muscle diseases.
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Introduction

The study of muscle and contractility is an unusual scientific
endeavour since it has from the start been focussed on one
problem—What makes muscle work?—and yet has needed a
vast range of different approaches and techniques to study it.
Its uniqueness lies in the fundamental fascination of a large
scale molecular machine that converts chemical energy into
mechanical energy at ambient temperature and with high
efficiency that is also controlled by an exquisitely intricate
yet utterly reliable regulatory system and is an essential com-
ponent of animal life. The focused nature of muscle research
has given rise to a community of muscle scientists that have
stuck together for over half a century. The European Muscle
Society and its conferences are a prime example of this.
The investigation of muscle is as innovative as any other
field of research. As soon as one approach appears to be
played out another comes along. It is instructive to consider
this as a series of waves of novel and heightened activity.
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The thesis of this article is that we are approaching the
fourth wave with the recent rise of interest of small mol-
ecules as research tools and possible therapies for muscle
diseases.

The fundamentals of muscle biochemistry were laid
down by the 1940s. Actin and myosin were identified as
the contractile proteins and ATP hydrolysis by myosin was
shown to be the fuel for contractility. These are admirably
summarised in the book “Chemistry of Muscle contraction”
(Szent-Gyorgyi 1951) published by Albert Szent-Gyorgyi in
1951, based on the work of the Medical Institute of Szeged,
a facsimile of which was presented to attendees at the last
European Muscle Society conference in Budapest (Keller-
meyer 2018). At this time no one knew how these proteins
could work to produce muscle contraction.

The first wave of modern muscle research was the struc-
tural and mechanical investigations of the 50s and 60s that
established the structures of thick and thin filaments, the
sliding filament mechanism and the role of myosin cross-
bridges. The key investigators were Andrew Huxley, who
inferred the sliding filament mechanism from light micros-
copy studies and later inferred the role of crossbridges as
independent force-generating units from mechanical studies,
especially the length-tension relationship (Huxley 1957a;
Huxley and Niedergerke 1954) and Hugh Huxley (no rela-
tion). Huxley’s pioneering electron microscope studies,
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along with Jean Hanson and others directly visualised thick
and thin filaments, the sliding filament mechanism and later
on, the existence of myosin crossbridges, detectable in rigor
but not relaxed muscle (Huxley and Hanson 1954; Huxley
1957b; Reedy et al. 1965). By the early 60s we had a good
idea of how the muscle molecular motor was assembled into
the contractile apparatus, but we could only guess at how it
worked in the absence of mechanistic studies.

The second wave of muscle research was the rise of the
biochemists. Myosin is an ATPase that also moves and
creates force. Our understanding of how this works was
advanced by the kinetic studies pioneered in the labs of Ed
Taylor, David Trentham and Evan Eisenberg (Bagshaw et al.
1974; Bagshaw and Trentham 1973; Bagshaw and Trentham
1974; Eisenberg and Moos 1968; Lymn and Taylor 1971).
This was complemented by analysis of mechanical tran-
sients, notably by Huxley and Simmons (Huxley and Sim-
mons 1971). Very soon the idea of the crossbridge cyle,
uniting enzymic and structural pathways was established and
became the bedrock of all subsequent studies on muscle con-
tractility. At the same time the question of muscle regulation
was also tackled. Ca>* was established as the controlling fac-
tor of the contractile apparatus and troponin and tropomyo-
sin were isolated and their mode of action was determined
(Bremel and Weber 1972; Ebashi and Endo 1968; Lehman
2017). Later on smooth muscle myosin regulation by phos-
phorylation (Bremel 1974; Sobieszek and Small 1976) and
PKA phosphorylation of Tnl in cardiac muscle (England
1976; Ray and England 1976; Solaro et al. 1976) were added
to the knowledge base, the protein were sequenced and the
structure of g-actin (Kabsch et al. 1990), Myosin S-1 (Ray-
ment et al. 1993a, b), tropomyosin and troponin C (Caspar
et al. 1969; Herzberg and James 1985) was determined by
X-ray crystallography. Many novel techniques were tried to
improve upon our understanding of mechanism: Electron
Spin Resonance, Fluorescence polarisation, ATP analogues
etc. However, by the early 80s there was a feeling that mus-
cle studies had gone as far as they could. This was changed
by the genetic revolution.

The third wave of muscle research was kicked off by
advances in molecular biology. This allowed the proteins
of muscle to all be sequenced rapidly for the first time. Bac-
terial expression and genetic manipulation enabled many
of the proteins of muscle (but not actin or myosin) to be
produced in quantity and purity not previously possible and
the introduction of site directed mutagenesis enabled struc-
ture—function analysis for many of the key components of
muscle. Later on the introduction of transgenic technology
enabled these mutations to be incorporated into a living
organism (mouse, drosophila) for physiological study. How-
ever, the greatest boost to muscle research was the discovery
of mutations in contractile proteins that caused human dis-
eases (Geisterfer-Lowrance et al. 1990; Nowak et al. 1999,
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Seidman and Seidman 2001). This quickly changed muscle
research from a largely academic study to a clinically rele-
vant field of endeavour with the accompanying expansion of
interest by a wider range of researchers and of funding, thus
making muscle research a larger and more active research
topic.

A great deal of research has gone into working out how
mutations in the contractile machinery can cause inherited
diseases, notably Hypertrophic cardiomyopathy, dilated car-
diomyopathy and congenital skeletal muscle myopathies.
These studies have energised basic studies of muscle struc-
ture and biochemistry to a level well beyond that achieved
previously. The focus has switched from the basic mecha-
nisms of muscle contraction towards the subtle modulation
of contractility by second messengers that modulate phos-
phorylation of muscle proteins and the effects of disease-
related mutations that are generally quite limited (Marston
2016, 2018, 2011; Hershberger et al. 2013; Force et al. 2010;
Chang and Potter 2005; Seidman and Seidman 2001; Spu-
dich 2014). This in turn has needed new techniques capable
of studying these subtle changes, that often involve intrinsi-
cally disordered parts of regulatory proteins (Hwang et al.
2014; Zamora et al. 2016).

The exposure of basic scientists to the translational poten-
tial of their work has introduced a growing field of study
of small molecules that could modulate contractility in a
therapeutically useful way. This is now a significant field of
study: at the Alpbach Muscle and Motors meeting in 2016,
1/104 abstracts were devoted to small molecules whilst at the
2019 Alpbach meeting it had grown to 13/86. Both the 2018
European Muscle Conference and the 2019 Alpbach meeting
held sessions devoted to small molecules for the first time.
Thus it is my hypothesis that this will be the next wave of
innovative research, which I have termed, the fourth wave.

The impetus of the fourth wave is to find small molecules
that have potential for reversing the abnormalities of the con-
tractile apparatus associated with muscle diseases, primar-
ily in skeletal and cardiac muscle. At the same time these
studies have provided new insights into muscle regulatory
mechanisms.

In general, muscle disease can be classified as hypocon-
tractile or hypercontractile (gain-of-function). Hypocontrac-
tile disease include congenital skeletal muscle myopathies
which are generally due to mutations (nemaline myopa-
thy, congenital fibre-type disproportion etc.) and failing
heart. Heart failure is actually the term for a large group
of unrelated defects in which the heart does not produce
enough work to sustain normal contraction or does not have
sufficient reserve to respond to stimulus in exercise. It is
unlikely that any single agent could be found that can cor-
rect all forms of heart failure but a significant fraction of
heart failure (for instance, dilated cardiomyopathy) is caused
by specific mutations and in many cases the mechanism has
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been defined (Marston 2011; Memo et al. 2013; Messer and
Marston 2014). In these cases, a target for small molecule
action could be defined. Currently most research is being
directed towards myosin activators, Ca?*-sensitisers and
recouplers.

The hypercontractile muscle diseases are nearly all due
to mutations. In skeletal muscle gain-of-function mutations
are associated with distal arthrogryposis or the more extreme
‘stiff child’ syndrome (Jain et al. 2012; Donkervoort et al.
2015; Memo and Marston 2013; Robinson et al. 2007). In
cardiac muscle hypertrophic cardiomyopathy is the classic
gain-of-function syndrome and this is an attractive target
for potential small molecule treatments (Spudich 2014).
Current research focuses on Ca’*-desensitisers and myosin
inhibitors.

Ca%*-sensitisers

The Ca*-sensitising drugs that act upon troponin are the
classic muscle activators that have been studied in heart
muscle for decades.

Bepridil, Levosimedan and EMD57033 have been exten-
sively studied for their ability to increase Ca>*-affinity for
cardiac troponin C and increase Ca**-sensitivity of regu-
lated thin filaments in many assay systems. They have also
been investigated in structural assays by NMR in particu-
lar (Hwang and Sykes 2015; Robertson et al. 2010). As
potential muscle activators to treat heart failure—cardiot-
onics—they have been notably unsuccessful and are only
prescribed for acute support of the heart post operatively
or in toxic shock in a hospital setting. The reasons for
this are related to their basic biochemical properties. As
a class many Ca**-sensitisers are not specific enough and
have significant phosphodiesterase inhibiting activity as
well as Ca®*-sensitising activity, which can have deleteri-
ous side effects. A compound, currently in development,
AMG 594, appears to be a cardiac-specific Ca**-sensitiser
without any off target action and may thus be a safer drug
than current compounds (Cytokinetics 2019). However,
there are additional problems inherent in the concept of
Ca’*-sensitisation. In many aspects sensitisers like bepri-
dil and EMD57033 mimic the effect of HCM mutations:
they blunt or abolish the modulation of Ca>*-sensitivity by
phosphorylation of Tnl in response to adrenergic stimulation
(Papadaki et al. 2015) and they enhance the probability of
arrhythmia (Baudenbacher et al. 2008; Huke and Knollmann
2010; Rowlands et al. 2017). Clinical experience has shown
that although these compounds can boost cardiac output
and patent wellbeing in the short term, they do not address
the underlying defect in the failing heart. Chronic treatment
leads to a worsening of symptoms and increased mortality.

Recently a series of Ca®"-sensitisers specific to fast skele-
tal muscle have been developed as potential treatment of var-
ious congenital myopathies. Since skeletal muscle can regen-
erate, unlike cardiac, it is thought that muscle activation will
promote muscle growth. Interestingly these compounds have
been found to have potential in myopathies that are neural in
origin as well as those due to skeletal muscle defects. There
are reports that CK-2066260, CK-2017357 (now called
Tirasemtiv) and CK-2127107 (now called Reldesemtiv) are
fast skeletal muscle specific Ca®*-sensitisers (Collibee et al.
2018; Hwee et al. 2017; Hwee et al. 2015) and that they can
alleviate the symptoms of nebulin-related nemaline myopa-
thy (de Winter et al. 2013), Amyotrophic lateral sclerosis
(Hwee et al. 2014) and spinal muscular atrophy. These small
molecules may be of great research interest in understanding
the mechanisms of muscle growth and atrophy.

Ca?*-desensitisers and recouplers

There is a small group of small molecules that act on tro-
ponin to reduce Ca>*-sensitivity; these would have potential
in the treatment of hypercontractile diseases such as HCM
(Spudich, 2014; Semsarian et al. 2002; Tadano et al. 2010).
The most widely investigated small molecule is epigallocat-
echin-3-gallate (EGCG) (Papadaki et al. 2015; Tadano et al.
2010) but desensitisation can also be observed in vitro using
Nebivolol, W-7, epicatechin gallate (ECG) and Silybin A
(Frampton and Orchard 1992; Sheehan et al. 2018; Stiicker
et al. 2017; Zeitz et al. 2000). Interestingly EGCG and
Nebivolol have been shown to be cardiac specific and so pre-
sumably interact with the unique phosphorylation depend-
ent modulation of Ca?* sensitivity. Moreover EGCG was
shown to restore cardiac output in isolated working hearts
by improving diastolic dysfunction caused by increased
myofilament Ca®* sensitivity in a mouse model of hyper-
trophic cardiomyopathy, thus demonstrating the principle
that Ca>* desensitisation has potential for treatment of HCM.
Although current desensitisers are interesting research mol-
ecules, with the exception of Nebivolol they have numerous
known off target effects that would render them useless as
treatments for cardiac disease (Ing6lfsson et al. 2014).
Uncoupling is a common abnormality in cardiac troponin
that is closely related to abnormal Ca**-sensitivity. In many
cases of DCM and both inherited and non-mutation linked
HCM it has been found that myofilament Ca*"-sensitivity
is independent of the level of troponin I phosphorylation,
leading to a blunted response to adrenergic stimulation
and loss of cardiac reserve (Memo et al. 2013; Messer
et al. 2016; Messer et al. 2017; Messer and Marston 2014;
Vikhorev et al. 2014, Biesiadecki et al. 2007; Dvornikov
et al. 2016; Wilkinson et al. 2015). Remarkably a num-
ber of small molecules have been shown to restore the

@ Springer



Journal of Muscle Research and Cell Motility

phosphorylation-dependent Ca** sensitivity shift of uncou-
pled HCM and DCM mutant troponin and tropomyosin to
normal (Papadaki et al. 2015; Sheehan et al. 2018). Recou-
plers found to date have a range of chemical structures that
include EGCG (in addition to its desensitising property),
Silybin B, resveratrol, pterostilbene and novobiocin. This is
an area where structure—function relationships can pinpoint
the key molecular requirements and where these functional
probes could shed important light on the mechanism of
the phosphorylation-dependent Ca**-sensitivity shift. The
combination of desensitisation with recoupling activity, as
shown by EGCQG is in principle an ideal functional profile
for the treatment of HCM.

Myosin activators and inhibitors

There is currently much interest in small molecules that
are specific cardiac muscle myosin activators or inhibitors.
Omecamtiv Mecarbil is a myosin activator that is now in
phase 3 clinical trials as a treatment for heart failure and
Mavacamten is a myosin inhibitor that has just started phase
2 trials as a treatment for HCM. Both these molecules were
found using high throughput screening protocols that have
not been published in the scientific press, however since
the compounds have become available for researchers their
investigation has given new insights into muscle regulation
in the thick filament.

Omecamtiv Mecarbil was developed on the princi-
ple that a specific cardiac myosin activator would avoid
many of the disadvantages of Ca**-sensitisers including
increased heart rate, increased oxygen demand, decreased
efficiency and enhanced probability of arrhythmias (Malik
et al. 2011; Malik and Morgan 2011; Teerlink et al. 2011).
It increases twitch tension magnitude and lifetime and thus
increases work output without compromising efficiency.
The mechanism of action is particularly interesting. In
early studies the key effect was proposed to be a 4-fold
acceleration of the phosphate release step of the cross-
bridge cycle which was proposed to increase the pro-
portion of the crossbridge cycle in the force generating
states, i.e. an increased duty cycle. A number of basic
observations are at variance with such a direct interpreta-
tion, notably that Omecamtiv Mecarbil actually inhibits
actin filament movement in the in vitro motility assay and
increases Ca2+-sensitivity. (Liu et al. 2015; Swenson et al.
2017). Moreveover, the effect of Omecamtiv Mecarbil is
biphasic with inhibition of force production in skinned
fibres above 1 uM (Nagy et al. 2015). Woody et al’s study
has solved the problem by demonstrating an indirect
mechanism (Woody et al. 2018). Optical trap measure-
ments showed that Omecamtiv Mecarbil reduced the size
of the crossbridge stroke from 5 nm to zero at 10 pM. This
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accounts for the inhibitory action of Omecamtiv Mecar-
bil since attached non-moving crossbridges would act
as a brake. Since Omecamtiv Mecarbil prolongs myosin
attachment duration, both in steady state assays and in
the optical trap, crossbridges with Omecamtiv Mecarbil
bound also act as cooperative activators of the thin fila-
ment by the well known mechanism (Bremel et al. 1972;
Lehrer and Geeves 1998). This accounts for the activat-
ing effect of Omecamtiv Mecarbil and also the enhanced
Ca’*-sensitivity. Thus the effect of Omecamtiv Mecarbil
is ultimately on the recruitment of crossbridges rather than
the dynamics of the crossbridge cycle.

Another mechanism for modulating thick filament activ-
ity has recently been found based on the interacting heads
motif of myosin. Current thinking about the actin—-myosin
interaction is that the thick filament exists in two states;
these have for a long time been described as ordered (SRX)
and disordered (DRX) thick filament states and their tran-
sition appeared to be regulated by phosphorylation. The
“ordered” state corresponds to a structure in which the myo-
sin heads, instead of pointing away from the thick filament
towards actin are folded backwards and inwards to form
the compact interacting heads motif close to the thick fila-
ment shaft in a position where interaction with actin is not
possible, referred to as the interacting heads motif (IHM)
(Trivedi et al. 2017). The presence of this ‘super-relaxed’
(SRX) state in striated muscle including human cardiac mus-
cle has now been demonstrated, using single ATP turnover
kinetics of relaxed skinned muscle which shows a fast and
a slow process with t;, of 14.3 and 224 secs respectively in
human cardiac muscle. In normal cardiac muscle the propor-
tion of heads in the “super-relaxed state” was 27.6 £0.7%
(McNamara et al. 2014; McNamara et al. 2017). It has been
established that HCM mutations in thick filament proteins
often affect the super-relaxed state. The effects of destabi-
lising the SRX would be incomplete relaxation and more
myosin heads available leading to hypercontractility—the
key abnormalities of HCM. The higher proportion of myosin
heads would also act upon the thin filament cooperatively to
promote the open state, which would cause an increase in the
apparent Ca>*-sensitivity of muscle activation as observed.
DCM causing mutations may conversely stabilise the SRX,
thus SRX has become a target for small molecules that can
inhibit or activate myosin (Trivedi et al. 2017).

A study by Cooke et al. found that piperine was able to
destabilise the SRX in skeletal muscle and it was proposed
that this could be a treatment for obesity and diabetes, since
it would increase muscle energy expenditure at rest (Nogara
et al. 2016). Recently it was shown that Mavacamten acts by
stabilising the SRX in cardiac muscle, thus accounting for its
effectiveness as an antagonist to the effects of HCM muta-
tions (Anderson et al. 2018). Blebbistatin and its analogues
have long been used as myosin inhibitors in vitro and these
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Fig.1 The crossbridge cycle and its regulation by troponin-tropo-
myosin and by the SRX/DRX equilibrium. The chemomechanical
crossbridge cycle is represented in the blue circle. The availability of
actin-binding sites is controlled by troponin—tropomyosin (top left).
Ca?* controls the equilibrium between blocked (no myosin binding)
and closed (weak myosin binding) states. Myosin heads cooperatively
regulate the closed-open equilibrium. Only the open state may par-

have now also been shown to work via stabilising the SRX
(Wilson et al. 2014; Kampourakis et al. 2017).

Conclusions

As research into small molecules that act on contractile pro-
teins gathers pace a pattern is beginning to emerge. Few, if
any, of the small molecules so far studied act directly on
the crossbridge cycle but they do interfere with modula-
tion of contractility by Ca** and troponin/tropomyosin, the
DRX-SRX equilibrium and on phosphorylation mechanisms
(see Fig. 1). Overall these small molecules seem to work by
controlling the recruitment of actin sites or myosin heads
that undergo the full contractile cycle rather than affecting
the crossbridge cycle itself (Spudich 2014).

In conclusion, this fourth wave of muscle research prom-
ises exciting discoveries and a new impetus to the field of
muscle research. Already studies with small molecules
have clarified several aspects of muscle regulation and their
use as probes of mechanisms has great potential. Basic
research goes hand-in-hand with the corresponding poten-
tial of specific small molecules to modify and correct the

Py
release

ticipate in the crossbridge cycle. Small molecules that interact with
each transition are shown. The availability of myosin heads is con-
trolled by the SRX-DRX equilibrium; only the DRX state can enter
the crossbridge cycle. Small molecules and physiological regulators
that modulate the transition are shown. Diagram modified from Spu-
dich (2019, Fig. 5). (Color figure online)

abnormalities of contractility in muscle diseases and thus
be of therapeutic value. The new disciplines of combina-
tional synthetic chemistry, computational chemistry and
high throughput assays are now being harnessed to muscle
research. The scene is set for a new wave of experiments and
insight into how muscle works.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Anderson RL et al (2018) Deciphering the super relaxed state of human
B-cardiac myosin and the mode of action of mavacamten from
myosin molecules to muscle fibers. Proc Natl Acad Sci USA
115:E8143-E8152. https://doi.org/10.1101/266783

Bagshaw CR, Trentham DR (1973) The reversibility of adenosine
triphosphate cleavage by myosin. Biochem J 133:323-328

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1101/266783

Journal of Muscle Research and Cell Motility

Bagshaw CR, Trentham DR (1974) The characterization of myosin-
product complexes and of product-release steps during the magne-
sium ion-dependent adenosine triphosphatase reaction. Biochem
J 141:331-349

Bagshaw CR, Eccleston JF, Eckstein F, Goody RS, Gutfreund H,
Trentham DR (1974) The magnesium ion-dependent adeno-
sine triphosphatase of myosin. Two-step processes of adenosine
triphosphate association and adenosine diphosphate dissociation.
Biochem J 141:351-364

Baudenbacher F et al (2008) Myofilament Ca’* sensitization causes
susceptibility to cardiac arrhythmia in mice. J Clin Invest
118:3893-3903

Biesiadecki BJ, Kobayashi T, Walker JS, John Solaro R, de Tombe
PP (2007) The troponin C G159D mutation blunts myofilament
desensitization induced by troponin I Ser23/24 phosphorylation.
Circ Res 100:1486-1493

Bremel RD (1974) Myosin linked calcium regulation in vertebrate
smooth muscle. Nature 252:405-406

Bremel RD, Weber A (1972) Cooperation within actin filament in ver-
tebrate skeletal muscle. Nat New Biol 238:97-101

Bremel RD, Murray JM, Weber A (1972) Manifestations of cooperative
behaviour in the regulated actin filament during actin-activated
ATP hydrolysis in the presence of calcium. Cold Spring Harb
SympQuantBiol 37:267-275

Caspar DL, Cohen C, Longley W (1969) Tropomyosin: crystal struc-
ture, polymorphism and molecular interactions. J Mol Biol
41:87-107

Chang AN, Potter JD (2005) Sarcomeric protein mutations in dilated
cardiomyopathy. Heart Fail Rev 10:225-235

Collibee SE et al (2018) Discovery of Tirasemtiv, the first direct fast
skeletal muscle troponin activator. ACS Med Chem Lett 9:354—
358. https://doi.org/10.1021/acsmedchemlett. 700546

Cytokinetics (2019) Cytokinetics announces initial phasel clinical
study of AMG 594. http://ir.cytokinetics.com/news-releases/
news-release-details/cytokinetics-announces-initiation-phase
-1-clinical-study-amg-594

de Winter JM et al (2013) Troponin activator augments muscle force in
nemaline myopathy patients with nebulin mutations. J Med Genet
50:383-392. https://doi.org/10.1136/jmedgenet-2012-101470

Donkervoort S et al (2015) TPM3 deletions cause a hypercontractile
congenital muscle stiffness phenotype. Ann Neurol 78:982-994.
https://doi.org/10.1002/ana.24535

Dvornikov AV, Smolin N, Zhang M, Martin JL, Robia SL, de Tombe
PP (2016) Restrictive cardiomyopathy Troponin-I R145W muta-
tion does not perturb myofilament length dependent activation in
human cardiac sarcomeres. J Biol Chem 291:21817-21828. https
://doi.org/10.1074/jbc.M116.746172

Ebashi S, Endo M (1968) Calcium ion and muscle contraction. Prog
Biophys Mol Biol 18:125-183

Eisenberg E, Moos C (1968) The adenosine triphosphatase activity of
acto-heavy meromyosin. A kinetic analysis of actin activation.
Biochemistry 7:1486-1489

England PJ (1976) Studies on the phosphorylation of the inhibitory
subunit of troponin during modification of contraction in perfused
rat heart. Biochem J 160:295-304

Force T et al (2010) Research priorities in hypertrophic cardiomy-
opathy: report of a working group of the national heart, lung,
and blood institute. Circulation 122:1130-1133. https://doi.
org/10.1161/circulationaha.110.950089

Frampton JE, Orchard CH (1992) The effect of a calmodulin inhibitor
on intracellular [Ca?*] and contraction in isolated rat ventricu-
lar myocytes. J Physiol 453:385-400. https://doi.org/10.1111/
(ISSN)1469-7793

Geisterfer-Lowrance AA, Kass S, Tanigawa G, Vosberg HP, McK-
enna W, Seidman CE, Seidman JG (1990) A molecular basis for

@ Springer

familial hypertrophic cardiomyopathy: a beta cardiac myosin
heavy chain gene missense mutation. Cell 62:999-1006

Hershberger RE, Hedges DJ, Morales A (2013) Dilated cardiomyo-
pathy: the complexity of a diverse genetic architecture. Nat Rev
Cardiol 10:531-547. https://doi.org/10.1038/nrcardio.2013.105

Herzberg O, James MNG (1985) Structure of the calcium regula-
tory muscle protein troponin-C at 2.8 A resolution. Nature
313:653-659

Huke S, Knollmann BC (2010) Increased myofilament Ca**-sensitivity
and arrhythmia susceptibility. ] Mol Cell Cardiol 48:824-833.
https://doi.org/10.1016/j.yjmcc.2010.01.011

Huxley AF (1957a) Muscle structure and theories of contraction. Prog
Biophys Biophys Chem 7:255-318

Huxley HE (1957b) The double array of filaments in cross-striated
muscle. J Biophys Biochem Cytol 3:631-648

Huxley H, Hanson J (1954) Changes in the cross-striations of muscle
during contraction and stretch and their structural interpretation.
Nature 173:973-976

Huxley AF, Niedergerke R (1954) Structural changes in muscle dur-
ing contraction; interference microscopy of living muscle fibres.
Nature 173:971-973

Huxley AF, Simmons RM (1971) Proposed mechanism of force genera-
tion in striated muscle. Nature 233:533-538

Hwang PM, Sykes BD (2015) Targeting the sarcomere to correct
muscle function. Nat Rev Drug Discov 14:313-328. https://doi.
org/10.1038/nrd4554

Hwang PM, Cai F, Pineda-Sanabria SE, Corson DC, Sykes BD (2014)
The cardiac-specific N-terminal region of troponin I positions
the regulatory domain of troponin C. Proc Natl Acad Sci USA
111:14412-14417. https://doi.org/10.1073/pnas. 1410775111

Hwee DT et al (2014) Fast skeletal muscle troponin activator tirasem-
tiv increases muscle function and performance in the B6SJL-
SOD1G93A ALS mouse model. PLoS ONE 9:€96921. https://
doi.org/10.1371/journal.pone.0096921

Hwee DT, Kennedy AR, Hartman JJ, Ryans J, Durham N, Malik FI,
Jasper JR (2015) The small-molecule fast skeletal troponin acti-
vator, CK-2127107, improves exercise tolerance in a rat model
of heart failure. J] Pharmacol Exp Ther 353:159-168. https://doi.
org/10.1124/jpet.114.222224

Hwee DT et al (2017) The Ca* sensitizer CK-2066260 increases
myofibrillar Ca?* sensitivity and submaximal force selectively
in fast skeletal muscle. J Physiol 595:1657-1670. https://doi.
org/10.1113/JP273248

Ingo6lfsson HI et al (2014) Phytochemicals perturb membranes and pro-
miscuously alter protein function. ACS Chem Biol 9:1788-1798.
https://doi.org/10.1021/cb500086e

Jain RK, Jayawant S, Squier W, Muntoni F, Sewry CA, Manzur A,
Quinlivan R, Lillis S, Jungbluth H, Sparrow JC, Ravenscroft
G, Nowak KJ, Memo M, Marston SB, Laing NG (2012) Nema-
line myopathy with stiffness and hypertonia associated with an
ACTA1 mutation. Neurology 78:1100-1103

Kabsch W, Mannherz HG, Suck D, Pai EF, Holmes KC (1990) Atomic
structure of actin:DNase I complex Nature 347:37-44

Kampourakis T, Zhang X, Sun Y-B, Irving M (2017) Omecamtiv mer-
cabil and blebbistatin modulate cardiac contractility by perturbing
the regulatory state of the myosin filament. J Physiol 596:31-46.
https://doi.org/10.1113/JP275050

Kellermeyer MSZ (ed) (2018) Muscle contraction a Hungarian per-
spective. Semmelweis Publishers, Budapest

Lehman W (2017) Switching muscles on and off in steps: the McK-
illop-Geeves three-state model of muscle regulation. Biophys J
112:2459-2466. https://doi.org/10.1016/j.bpj.2017.04.053

Lehrer SS, Geeves MA (1998) The muscle thin filament as a clas-
sical cooperative/allosteric regulatory system. J Mol Biol
277:1081-1089


https://doi.org/10.1021/acsmedchemlett.7b00546
http://ir.cytokinetics.com/news-releases/news-release-details/cytokinetics-announces-initiation-phase-1-clinical-study-amg-594
http://ir.cytokinetics.com/news-releases/news-release-details/cytokinetics-announces-initiation-phase-1-clinical-study-amg-594
http://ir.cytokinetics.com/news-releases/news-release-details/cytokinetics-announces-initiation-phase-1-clinical-study-amg-594
https://doi.org/10.1136/jmedgenet-2012-101470
https://doi.org/10.1002/ana.24535
https://doi.org/10.1074/jbc.M116.746172
https://doi.org/10.1074/jbc.M116.746172
https://doi.org/10.1161/circulationaha.110.950089
https://doi.org/10.1161/circulationaha.110.950089
https://doi.org/10.1111/(ISSN)1469-7793
https://doi.org/10.1111/(ISSN)1469-7793
https://doi.org/10.1038/nrcardio.2013.105
https://doi.org/10.1016/j.yjmcc.2010.01.011
https://doi.org/10.1038/nrd4554
https://doi.org/10.1038/nrd4554
https://doi.org/10.1073/pnas.1410775111
https://doi.org/10.1371/journal.pone.0096921
https://doi.org/10.1371/journal.pone.0096921
https://doi.org/10.1124/jpet.114.222224
https://doi.org/10.1124/jpet.114.222224
https://doi.org/10.1113/JP273248
https://doi.org/10.1113/JP273248
https://doi.org/10.1021/cb500086e
https://doi.org/10.1113/JP275050
https://doi.org/10.1016/j.bpj.2017.04.053

Journal of Muscle Research and Cell Motility

Liu Y, White HD, Belknap B, Winkelmann DA, Forgacs E (2015)
Omecamtiv Mecarbil modulates the kinetic and motile properties
of porcine p-cardiac myosin. Biochemistry 54:1963-1975. https
://doi.org/10.1021/bi5015166

Lymn RW, Taylor EW (1971) Meshanism of adenosine triphosphate
hydrolysis by actomyosin. Biochemistry 10:4617-4623

Malik FI, Morgan BP (2011) Cardiac myosin activation part 1: from
concept to clinic. J Mol Cell Cardiol 51:454-461. https://doi.
org/10.1016/j.yjmecc.2011.05.006

Malik FI et al (2011) Cardiac myosin activation: a potential thera-
peutic approach for systolic heart failure. Science (New York,
NY) 331:1439-1443. https://doi.org/10.1126/science.1200113

Marston SB (2011) How do mutations in contractile proteins cause
the primary familial cardiomyopathies? J Cardiovasc Transl Res
4:245-255. https://doi.org/10.1007/s12265-011-9266-2

Marston S (2016) Why is there a limit to the changes in myofilament
Ca*-sensitivity associated with myopathy causing mutations.
Front Physiol. https://doi.org/10.3389/fphys.2016.00415

Marston S (2018) The molecular mechanisms of mutations in
actin and myosin that cause inherited myopathy. Int J Mol Sci
19:2020. https://doi.org/10.3390/ijms 19072020

McNamara JW, Li A, dos Remedios CG, Cooke R (2014) 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

McNamara JW et al (2017) MYBPC3 mutations are associated with
a reduced super-relaxed state in patients with hypertrophic car-
diomyopathy. PLoS ONE 12:e0180022-e0180064. https://doi.
org/10.1371/journal.pone.0180064

Memo M, Marston S (2013) Skeletal muscle myopathy mutations
at the actin tropomyosin interface that cause gain- or loss-of-
function. J Muscle Res Cell Motil 34:165-169. https://doi.
org/10.1007/s10974-013-9344-y

Memo M et al (2013) Mutations in thin filament proteins that cause
familial dilated cardiomyopathy uncouple troponin I phospho-
rylation from changes in myofibrillar Ca®* sensitivity. Cardio-
vasc Res 99:65-73. https://doi.org/10.1093/cvr/cvt071

Messer AE, Marston SB (2014) Investigating the role of uncoupling
of troponin I phosphorylation from changes in myofibrillar
Ca”*-sensitivity in the pathogenesis of cardiomyopathy. Front
Physiol 5:315. https://doi.org/10.3389/fphys.2014.00315

Messer A et al (2016) Mutations in troponin T associated with
Hypertrophic Cardiomyopathy increase Ca>*-sensitivity and
suppress the modulation of Ca>*-sensitivity by troponin I phos-
phorylation. Arch Biochem Biophys 601:113-120

Messer AE, Chan J, Daley A, Copeland O, Marston SB, Con-
nolly DJ (2017) Investigations into the sarcomeric protein and
Ca?*-regulation abnormalities underlying hypertrophic cardio-
myopathy in cats (Felix catus). Front Physiol 8:348. https://doi.
org/10.3389/fphys.2017.00348

Nagy L et al (2015) The novel cardiac myosin activator omecamtiv
mecarbil increases the calcium sensitivity of force production
in isolated cardiomyocytes and skeletal muscle fibres of the
rat. Brit J Pharmacol 172:4506-4518. https://doi.org/10.1111/
bph.13235

Nogara L, Naber N, Pate E, Canton M, Reggiani C, Cooke R (2016)
Piperine’s mitigation of obesity and diabetes can be explained
by its up-regulation of the metabolic rate of resting muscle. Proc
Natl Acad Sci USA 113:13009-13014. https://doi.org/10.1073/
pnas.1607536113

Nowak KJ et al (1999) Mutations in the skeletal muscle alpha-actin
gene in patients with actin myopathy and nemaline myopathy.
Nat Genet 23:208-212

Papadaki M, Vikhorev PG, Marston SB, Messer AE (2015)
Uncoupling of myofilament Ca?* sensitivity from tro-
ponin I phosphorylation by mutations can be reversed by

epigallocatechin-3-gallate. Cardiovasc Res 108:99-110. https
://doi.org/10.1093/cvr/cvv181

Ray KP, England PJ (1976) Phosphorylation of the inhibitory subunit
of troponin and its effect on the calcium dependence of cardiac
myofibril adenosine triphosphatase. FEBS Lett 70:11-16

Rayment I, Holden HM, Whittaker M, Yohn CB, Lorenz M, Holmes
KC, Milligan RA (1993a) Structure of the actin-myosin complex
and its implications for muscle contraction. Science 261:58-65

Rayment I et al (1993b) Three dimensional structure of myosin sub-
fragment-1: a molecular motor. Science 261:50-58

Reedy MK, Holmes KC, Tregear RT (1965) Induced changes in ori-
entation of the cross-bridges of glycerinated insect flight mus-
cle. Nature 207:1276-1280

Robertson IM, Sun Y-B, Li MX, Sykes BD (2010) A structural and
functional perspective into the mechanism of Ca**-sensitizers
that target the cardiac troponin complex. J Mol Cell Cardiol
49:1031-1041. https://doi.org/10.1016/j.yjmcc.2010.08.019

Robinson P et al (2007) Mutations in fast skeletal troponin I, tro-
ponin T, and beta-tropomyosin that cause distal arthrogryposis
all increase contractile function. FASEB J 21:896-905. https://
doi.org/10.1096/£j.06-6899com

Rowlands C et al (2017) Age and strain related aberrant Ca** release
is associated with sudden cardiac death in the ACTC E99 K
mouse model of hypertrophic cardiomyopathy. Am J Physiol
Heart Circ Physiol 313:H1213-H1226. https://doi.org/10.1152/
ajpheart.00244.2017

Seidman JG, Seidman C (2001) The genetic basis for cardiomyo-
pathy: from mutation identification to mechanistic paradigms.
Cell 104:557-567

Semsarian C et al (2002) The L-type calcium channel inhibitor
diltiazem prevents cardiomyopathy in a mouse model. J Clin
Invest 109:1013-1020. https://doi.org/10.1172/JC114677

Sheehan A et al (2018) molecular defects in cardiac myofilament
Ca”*-regulation due to cardiomyopathy-linked mutations can be
reversed by small molecules binding to troponin. Front Physiol
9:25. https://doi.org/10.3389/fphys.2018.00243

Sobieszek A, Small JV (1976) Myosin-linked calcium regulation in
vertebrate smooth muscle. J Mol Biol 101:75-92

Solaro RJ, Moir AGJ, Perry SV (1976) Phosphorylation of troponin
I and the inotropic effect of adrenaline in the perfused rabbit
heart. Nature 262:615-616

Spudich JA (2014) Hypertrophic and dilated cardiomyopathy: four
decades of basic research on muscle lead to potential therapeu-
tic approaches to these devastating genetic diseases. Biophys J
106:1236-1249. https://doi.org/10.1016/j.bpj.2014.02.011

Spudich JA (2019) Three perspectives on the molecular basis of
hypercontractility caused by hypertrophic cardiomyopathy
mutations. Pfliigers Archiv - Eur J Physiol 384:1-17. https://
doi.org/10.1007/s00424-019-02259-2

Stiicker S, Kresin N, Carrier L, Friedrich FW (2017) Nebivolol
desensitizes myofilaments of a hypertrophic cardiomyopathy
mouse model. Front Physiol 8:132. https://doi.org/10.3389/
fphys.2017.00558

Swenson AM et al (2017) Omecamtiv mecarbil enhances the duty
ratio of human beta cardiac myosin resulting in increased cal-
cium sensitivity and slowed force development in cardiac mus-
cle. J Biol Chem 292:3768-3778. https://doi.org/10.1074/jbc.
M116.748780

Szent-Gyorgyi A (1951) Chemistry of muscle contraction, 2nd edn.
Academic Press, New York. https://www.dropbox.com/s/k9619
pa9ivSrtvg/Szent%20full%20%20pdf.pdf?d1=0

Tadano N et al (2010) Biological actions of green tea catechins on
cardiac troponin C. Br J Pharmacol 161:1034-1043. https://doi.
org/10.1111/5.1476-5381.2010.00942.x

Teerlink JR et al (2011) Dose-dependent augmentation of cardiac
systolic function with the selective cardiac myosin activator,

@ Springer


https://doi.org/10.1021/bi5015166
https://doi.org/10.1021/bi5015166
https://doi.org/10.1016/j.yjmcc.2011.05.006
https://doi.org/10.1016/j.yjmcc.2011.05.006
https://doi.org/10.1126/science.1200113
https://doi.org/10.1007/s12265-011-9266-2
https://doi.org/10.3389/fphys.2016.00415
https://doi.org/10.3390/ijms19072020
https://doi.org/10.1007/s12551-014-0151-5
https://doi.org/10.1371/journal.pone.0180064
https://doi.org/10.1371/journal.pone.0180064
https://doi.org/10.1007/s10974-013-9344-y
https://doi.org/10.1007/s10974-013-9344-y
https://doi.org/10.1093/cvr/cvt071
https://doi.org/10.3389/fphys.2014.00315
https://doi.org/10.3389/fphys.2017.00348
https://doi.org/10.3389/fphys.2017.00348
https://doi.org/10.1111/bph.13235
https://doi.org/10.1111/bph.13235
https://doi.org/10.1073/pnas.1607536113
https://doi.org/10.1073/pnas.1607536113
https://doi.org/10.1093/cvr/cvv181
https://doi.org/10.1093/cvr/cvv181
https://doi.org/10.1016/j.yjmcc.2010.08.019
https://doi.org/10.1096/fj.06-6899com
https://doi.org/10.1096/fj.06-6899com
https://doi.org/10.1152/ajpheart.00244.2017
https://doi.org/10.1152/ajpheart.00244.2017
https://doi.org/10.1172/JCI14677
https://doi.org/10.3389/fphys.2018.00243
https://doi.org/10.1016/j.bpj.2014.02.011
https://doi.org/10.1007/s00424-019-02259-2
https://doi.org/10.1007/s00424-019-02259-2
https://doi.org/10.3389/fphys.2017.00558
https://doi.org/10.3389/fphys.2017.00558
https://doi.org/10.1074/jbc.M116.748780
https://doi.org/10.1074/jbc.M116.748780
https://www.dropbox.com/s/k96i9pa9iv5rtvg/Szent%20full%20%20pdf.pdf%3fdl%3d0
https://www.dropbox.com/s/k96i9pa9iv5rtvg/Szent%20full%20%20pdf.pdf%3fdl%3d0
https://doi.org/10.1111/j.1476-5381.2010.00942.x
https://doi.org/10.1111/j.1476-5381.2010.00942.x

Journal of Muscle Research and Cell Motility

omecamtiv mecarbil: a first-in-man study. Lancet 378:667-675.
https://doi.org/10.1016/S0140-6736(11)61219-1

Trivedi DV, Adhikari AS, Sarkar SS, Ruppel KM, Spudich JA (2017)
Hypertrophic cardiomyopathy and the myosin mesa: viewing an
old disease in a new light. Biophysical Rev 282:9204-9222. https
://doi.org/10.1007/s12551-017-0274-6

Vikhorev PG, Song W, Wilkinson R, Copeland O, Messer AE, Ferenczi
MA, Marston SB (2014) The dilated cardiomyopathy-causing
mutation ACTC E361G in cardiac muscle myofibrils specifically
abolishes modulation of Ca>* regulation by phosphorylation of
troponin I. Biophys J 107:2369-2380. https://doi.org/10.1016/j.
bp;j.2014.10.024

Wilkinson R, Song W, Smoktunowicz N, Marston S (2015) A dilated
cardiomyopathy mutation blunts adrenergic response and induces
contractile dysfunction under chronic angiotensin II stress. Am J
Physiol Heart circ 309:H1936-H1946

Wilson C, Naber N, Pate E, Cooke R (2014) The myosin inhibi-
tor blebbistatin stabilizes the super-relaxed state in skeletal
muscle. Biophys J 107:1637-1646. https://doi.org/10.1016/j.
bp;j.2014.07.075

@ Springer

Woody MS, Greenberg MJ, Barua B, Winkelmann DA, Goldman YE,
Ostap EM (2018) Positive cardiac inotrope omecamtiv mecarbil
activates muscle despite suppressing the myosin working stroke.
Nature Comm 9:3838. https://doi.org/10.1038/s41467-018-06193
-2

Zamora JE, Papadaki M, Messer AE, Marston SB, Gould IR (2016)
Troponin structure: its modulation by Ca®* and phosphorylation
studied by molecular dynamics simulations. Phys Chem Chem
Phys 18:20691-20707. https://doi.org/10.1039/c6cp02610a

Zeitz O, Rahman A, Hasenfuss G, Janssen PM (2000) Impact of
beta-adrenoceptor antagonists on myofilament calcium sensitiv-
ity of rabbit and human myocardium. J Cardiovasc Pharmacol
36:126-131

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/S0140-6736(11)61219-1
https://doi.org/10.1007/s12551-017-0274-6
https://doi.org/10.1007/s12551-017-0274-6
https://doi.org/10.1016/j.bpj.2014.10.024
https://doi.org/10.1016/j.bpj.2014.10.024
https://doi.org/10.1016/j.bpj.2014.07.075
https://doi.org/10.1016/j.bpj.2014.07.075
https://doi.org/10.1038/s41467-018-06193-2
https://doi.org/10.1038/s41467-018-06193-2
https://doi.org/10.1039/c6cp02610a

	Small molecule studies: the fourth wave of muscle research
	Abstract
	Introduction
	Ca2+-sensitisers
	Ca2+-desensitisers and recouplers
	Myosin activators and inhibitors
	Conclusions
	References




