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Abstract
The sarcomeres form the molecular motor of the cardiomyocyte and consist of a complex multi-
protein of thick and thin filaments which are anchored to the cytoskeleton. The thick filament,
composed of myosin and associated proteins, and the thin filament composed of actin,
tropomyosin and the troponins develop actinmyosin crossbridges which cycle in response to
calcium resulting in sliding of the filaments and contraction. The thin filament in fixed to the
cardiomyocyte cytoskeleton at the Z-disc, a complex of structural and regulatory proteins. A giant
protein, titin, provides an external scaffold and regulates passive force in diastole. Both genetic
disorders and acquired conditions may affect proteins of the sarcomere. Genetic disorders of the
thick and thin filament proteins are the predominant cause of hypertrophic cardiomyopathy. These
mutations lead to abnormal sarcomere function, often an enhanced sensitivity to calcium, and
impaired relaxation. This may result in secondary changes in calcium cycling and amplification of
hypertrophic signaling cascades. Correcting the abnormal function of the sarcomere as well as
intervening in later stages of the pathophysiologic cascades may ameliorate disease. In dilated
cardiomyopathy genetic abnormalities in the sarcomere, Z-disc, calcium regulatory and
cytoskeletal proteins as well as the dystrophin complex may be causal for disease. In dilated
cardiomyopathy, disturbances in post-translational modifications of the sarcomere my also play a
prominent role. Experimental models indicate that altered phosphorylation of sarcomeric proteins
may impair systolic and diastolic function as well as the response to heart rate and afterload. Thus
correcting these post-translational changes are legitimate targets for future therapeutic strategies
for dilated cardiomyopathy.
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Introduction
The sarcomere is the molecular motor of the cardiomyocyte. It is composed of interdigitated
thick and thin filaments which slide along each other in response to systolic levels of
intracellular calcium leading to shortening of the cardiomyocyte and thus contraction of the
heart. During diastole, calcium is actively removed from the cytosol via a calcium pump in
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the sarcoplasmic reticulum as well as through calcium extrusion across the cell membrane.
Disarray of the sarcomere was recognized as a feature of hypertrophic cardiomyopathy
many decades ago. In 1990, however, it was discovered that mutations in the beta myosin
heavy chain caused hypertrophic cardiomyopathy, and subsequent findings of additional
mutations in sarcomeric proteins defined familial hypertrophic cardiomyopathy as a “disease
of the sarcomere” [1,2]. Numerous studies have been performed to measure abnormal
sacromeric function caused by these mutations and have attempted to link the cellular
dysfunction to the complex phenotype of the disease which includes diastolic dysfunction,
hypertrophy, obstruction to left ventricular outflow, risk of arrhythmia and sudden cardiac
death and in some cases progression to cardiac dilation and heart failure.

Dysfunction of the sarcomere is not limited to hypertrophic cardiomyopathy. Studies of
dilated cardiomyopathy have revealed mutations in both sarcomeric and related proteins
leading to dilated cardiomyopathy (reviewed in [3,4]). In addition, altered posttranslational
modifications of the sarcomere are found in dilated cardiomyopathy and may contribute to
cardiac dysfunction. In the following review we will discuss sarcomeric dysfunction in both
hypertrophic and dilated cardiomyopathy and suggest how understanding the
pathophysiology of dysfunction may guide future therapies.

Composition and function of the sarcomere
The myofilament consists of the thick and thin filaments, which form and cycle (?)
crossbridges in response to changes in intracellular Ca2+ as recently reviewed by Hinken
and Solaro[5]. The thick filament consists of myosin heavy chains (MHC), predominantly
the β isoform in human heart, and associated light chains which in ventricle are the essential
light chain (MLC1) and regulatory light chain (MLC2), as well as myosin binding protein C
(MyBP-C). Titin is a large protein that serves as a molecular scaffold but also appears to
play a regulatory role in control of passive force. The thin filament is comprised of cardiac
actin, tropomyosin (Tm) and troponin (Tn). Troponin is a complex which consists of 3
subunits: cardiac troponin I (TnI), which inhibits actin myosin cross bridge formation at
diastolic levels of calcium; cardiac troponin T (TnT) which fixes troponin to the thin
filament by binding tropomyosin; and cardiac troponin C (TnC) which binds calcium. With
release of calcium from the sarcoplasmic reticulum during systole, it binds to cardiac TnC.
This results in a change of affinities of binding domains of TnI from actin-Tm to TnC as
well as other alterations in thin filament protein interactions. This alteration in binding
promotes the interaction of actin with myosin, through both steric changes in the Tm
position and allosteric changes in the thin filament, and permits strong crossbrige formation
and contraction. It is also important to point out that the myosin head contains an ATPase
which hydrolyses adenosine triphosphate (ATP) with each cycle of the actin-myosin
crossbridge.

There are numerous methods that may be used to assess sarcomeric function. The function
of the sarcomere may be measured by isolating the sarcomeric proteins or myofilaments in
vitro. These preparations maintain the actin-myosin ATPase function in response to calcium,
permitting measurements of the relationship to this activity to calcium in vitro. It is also
feasible to measure tension in single cardiomyocytes or small bundles of cardiomyocytes
such as small trabeculae. When these preparations are intact, delicate transducers can be
fixed to the end of the muscle to measure tension of the preparations with electrical pacing
of the cell. Another methodology used in intact myocytes is to load calcium sensitive dyes
into the cell to simultaneously measure calcium and tension developed in response to
electrical pacing. Alternatively, these muscle preparations may be studied after chemical
treatment to remove cell membranes, permitting direct steady state measurement of the
response to calcium levels set by the investigator. Isolated sarcomeric proteins, either native
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or produced recombinantly, may also be used to study aspects of protein-protein
interactions, calcium binding or ATPase activity, or to perform motility assays which
measure the velocity of actin filament movement along myosin heads fixed to glass slides.

Figure 1 illustrates some different type of measurements such as steady state force-calcium
relationships in panel to the left. In this muscle, the cell membrane has been removed and
sequential measurements of force are made at varied calcium concentrations. In the middle
panel of this figure, the measurements of force and calcium are measured in a muscle
trabecula with intact membrane. Calcium-sensitive dye permits measurement of calcium
during muscle twitch while force is simultaneously measured. As the frequency of electrical
stimulation increases from 2 Hz to 4 Hz both peak calcium and peak force increases. The
rightward panel provides simultaneous traces of force and calcium plotted orthogonally
during a muscle twitch at two different pacing frequencies.

Pathophysiologic mechanisms in hypertrophic cardiomyopathy
Following discovery of disease-causing mutations of sacromeric proteins, a great deal of
work has been performed to study sarcomeric function in hypertrophic cardiomyopathy and
to begin to understand the progression of this disorder, which is typically asymptomatic in
the young. These studies have been undertaken in animal models, typically genetically
modified mice or rats, and in few cases in rabbits, as well as by studying human tissue and
performing in vitro studies on recombinantly produced proteins. A host of abnormalities in
sarcomeric function have been documented in numerous studies. A comprehensive
discussion of these studies in detail is beyond the scope of this review but has been covered
in detail by others [3,4,6]. With β–MHC mutations, maximal force activation was found to
be enhanced [7,8], however in the study of human tissue explanted a heart transplantation
from an individual homozygous for R403W mutant, enhanced hydrolysis of ATP by the
actin-myosin ATPase was even more prominent than the enhanced motility assay suggesting
that the energetic cost of contraction is increased [9]. Disturbances in ATP utilization may
have secondary effects such as production of reactive oxygen species leading to further
protein dysfunction. Increased energetic cost of contraction was also found with TnT
mutations in murine models, though this was found to be variable in severity depending on
the mutation. [10,11].

In addition to altered maximal force or motility, increased calcium sensitivity of force or
ATPase activity appears to be a common pathophysiology as reviewed by Morimoto [3].
This has been noted in a number of thick and thin filament protein mutations (See Table 1).
This may result in increased passive (diastolic) tension of muscle and provides a rationale
for diastolic dysfunction in hypertrophic cardiomyopathy (HCM). Functional studies of
childhood onset restrictive cardiomyopathy mutations have revealed very profound
functional abnormalities resulting in severe and high-risk disease [12-14]. It is important to
point out that many of these assays are undertaken under steady state conditions, and more
explicit findings may be present in dynamic studies such as illustrated in figure 1.

Detailed studies of disease progression in animal models have pointed out a pathway of
altered sarcomere function and diastolic dysfunction [15] as well as the development of
altered calcium cycling which occurs prior to development of hypertrophy and histologic
changes including fibrosis [16]. This pathway of early findings of diastolic dysfunction prior
to onset of hypertrophy has been mirrored in human studies [17]. Altered calcium dynamics
may lead to abnormal signaling cascades ultimately resulting in muscle hypertrophy and
abnormal extracellular matrix. Indeed, the Seidman lab has demonstrated that early
interruption of altered calcium dynamics in a murine model by treatment with the calcium
channel blocker diltiazem avoided the progression of disease [18]. Modifying the contractile
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properties of the sarcomere in the presence of a disease-causing mutation also interrupts the
pathway of abnormal calcium sensitivity and rescues Tm mutant mice from the HCM
phenotype [19]. Finally, potential strategies based on experimental models have been
recently discussed in a detailed review [20]. These types of studies offer hope for preventing
disease progression in asymptomatic individuals with hypertrophic cardiomyopathy
mutations. Indeed this is the basis of a current randomized clinical trial of diltiazem in
genotype-positive individuals who have not yet developed hypertrophy:
(http://clinicaltrials.gov/ct2/show/record/NCT00319982).

It is important to consider several caveats to the above discussion. The profile of functional
defects and their progression may vary with the protein affected, the specific mutation
within the protein or even the specific amino acid change within the same site of the protein.
Certainly, other disease modifiers may influence disease presentation and course.
Furthermore, children with severe early onset hypertrophic cardiomyopathy may have more
than one sacromeric mutation either within the same gene or a different sarcomeric gene
leading to more profound functional alterations.

The therapeutic implications of these studies will likely impact the future care of children
with hypertrophic cardiomyopathy. Targeted therapies may become available to either
primarily repair the function of the sarcomere, or to avoid secondary effects such as
abnormal calcium cycling, hypertrophic signaling cascades, oxidative stress or signaling
which mediates fibrosis development. This might be approached with genetically mediated
therapies to repair the effects of the mutant protein or to turn off the mutant allele, or use of
small molecules targeted to the myofilament. The availability of a clinical trial and the
possibility of additional trials in the future provide additional impetus for pediatric
cardiologists to consider referral of children at risk for HCM for genetic counseling and
testing for familial HCM causing mutations when a proband has been identified in a family.

The sarcomere in dilated cardiomyopathy
Sarcomeric mutations are one cause of familial dilated cardiomyopathy (DCM) and genetic
abnormalities in the sarcomere, Z-disc, calcium regulatory and cytoskeletal proteins as well
as the dystrophin complex may also cause DCM [21-23]. Many of these proteins are known
to have a key role in transmission of the force to result in cell shortening with the contractile
cycle. Muscle studies of sarcomeric mutants causing DCM have in some cases revealed
sacromeric dysfunction such as decreased maximal tension or decreased calcium sensitivity
as reviewed by Morimoto [3] (See Table 2). However, many cases of DCM in childhood are
of unclear etiology or occur as a result of inflammatory diseases such as myocarditis or toxic
exposures such as anthracycline cardiomyopathy. Despite the etiology of disease, however,
secondary effects on the sarcomere may occur due to altered post-translational modification
of proteins. These changes included altered phosphorylation, oxidative injury and possibly
novel modifications of proteins.

A prominent change in sarcomeric proteins which has been noted by several groups in both
samples from failing human heart is decreased phosphorylation of two serines (Ser 23,24)
on troponin I [24,25] (see figure 2). These sites, which appear to be predominantly
phosphorylated by protein kinase A (PKA), are in an amino terminal region that is unique to
the cardiac isoform of TnI. Phosphorylation of these sites decreases the steady state force-
calcium relationship, though it is thought to augment relaxation in diastole. When the heart
is stimulated by β-adrenergic agonists, the prominent targets for phosphorylation include the
sarcomere, particularly TnI and MyBP-C, and the protein phospholamban which regulates
the calcium pump in sarcoplasmic reticulum. Therefore, β-adrenergic stimulation has both
an impact on the sarcomere as well as accelerated calcium pumping and increased calcium
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release during systole. We sought to understand how TnI phosphorylation altered cardiac
function by creating mutant transgenic mice in which a phospho-mimicking amino acid was
introduced into these sites[26]. Other labs have performed similar studies [27]. We found
that the transgenic mouse line with pseudophosphorylated TnI at the PKA sites had an
enhanced force frequency response, as well as enhanced relaxation when exposed to an
acute increase in afterload. Heart failure is also known to increase protein kinase C (PKC)
activation in heart, so we also studied a murine line with mutations that mimicked
diminished PKA phosphorylation in addition to other TnI mutations that mimicked
enhanced PKC phosphorylation of TnI[28]. These mice had a decreased force frequency
response and an exaggerated impairment of relaxation with imposition of afterload. A recent
study has demonstrated how this decreased TnI phosphorylation at PKA sites might be
attacked therapeutically. Lai et al. developed a model of post-infarct heart failure and were
able to ameliorate the phenotype as well as restoring TnI Ser 23/24 phosphorylation by
overexpressing adenylyl cyclase VI in mice [29]. This provides some proof of principle that
remodeling of sarcomeres that are dysfunctional as a result of altered phosphorylation could
be a legitimate therapy for heart failure.

Studies of human cardiac tissue from end stage explanted hearts have also confirmed
sarcomeric dysfunction as recently reviewed by Hamdani et al. [30]. Both altered calcium
sensitivity and altered kinetic properties with delayed rate constant of force development
have been noted. Decreases in maximal force have been noted by some investigators [31].
These changes are likely secondary to a set of changes at specific phosphorylation sites and
additional post-translational modifications, rather than changes restricted to TnI.

Summary
The sarcomere is the essential molecular motor of the cardiomyocyte. Sarcomeric
dysfunction is the underlying primary cause of many genetically mediated HCM and DCM
disorders. In additional, altered post-translational modifications of sarcomeric proteins
appear to contribute to the phenotype of acquired DCM. Therapies directed toward
ameliorating sarcomere dysfunction will likely contribute to the treatment of both DCM and
HCM in the future.
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Figure 1. Measurements of sarcomeric function
The leftward panel illustrates steady state force-calcium relationship in a non-transgenic
(NTG) control mouse cardiac trabeculae which has been chemically skinned and exposed to
varying calcium concentrations. The force-calcium relationship is shifted rightward
(desensitized) after treatment with protein kinase A (PKA). The middle panel demonstrates
calcium transient measurements (lower) and force measurements (upper) from intact cardiac
trabeculae paced at 2 Hz and 4 Hz. The rightward panel illustrates simultaneous calcium-
force measurements plotted orthogonally throughout a cardiac twitch in a phase-plane
hysteresis loop. Figure panels reprinted from figures 1, 5 and 7 from the Journal of
Molecular and Cellular Cardiology, Volume 48, Issue 5, G.A. Ramirez-Correa et al. entitled,
“Calcium sensitivity, force frequency relationship and cardiac troponin I: Critical role of
PKA and PKC phosphorylation sites”, 943-953, 2010 with permission from Elsevier.
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Figure 2. Decreased phosphorylation of troponin I Ser 23, 24 in heart failure
Immunoblot with antibodies recognizing phosphorylation at troponin I Ser 23, 24 sites, the
target for protein kinase A (top panel) and antibody recognizing total troponin I (bottom
panel). Samples are from tissue bank provided by Dr. Cris dos Remidios, Sydney, Australia.
Human cardiac ventricular tissue was explanted from donors without heart disease in which
tissue was not utilized at transplant (lanes 1-4), or from end stage heart failure patients
(lanes 5-9). Phosphorylation at troponin I Ser 23,24 was significantly reduced in samples
from end-stage heart failure.
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