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Introduction:

In 1990, a landmark study established the link between a genetic mutation in the sarcomeric 

β-myosin heavy chain (MHC) gene and hypertrophic cardiomyopathy [2]. This seminal 

discovery was the first time a mutation in a sarcomeric gene was causally linked to disease, 

thus beginning the “Genetic Era” of cardiomyopathies. Since then, over 450 mutations in 

sarcomere-associated genes encoding thick filament associated proteins, thin filament (TF) 

proteins, and titin have been implicated in the development of hypertrophic (HCM) and 

dilated cardiomyopathy (DCM) [3–5]. The recognition of the genetic basis of 

cardiomyopathic remodeling was key to furthering our understanding of the complex 

heterogeneity of disease presentation.

While the genetic basis of cardiomyopathies is widely recognized, the link between 

genotype and phenotype and our understanding of the precise mechanisms underlying these 

diseases remains unclear. To add to this disconnect, by the time patients become 

symptomatic, pathology has often progressed past the initial phase (where treatment would 

be more effective) to advanced end-stage pathology. Strikingly, despite the persistence of 

heart disease as a leading cause of death, over the last three decades there has been a marked 

decline in the innovation of cardiovascular pharmaceuticals [6]. Similarly, the only 
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treatments currently available for HCM are indirect, used primarily for symptom palliation. 

Further complicating this is the oft-noted finding that, similar mutations, clustered in “hot 

spots” in sarcomeric proteins often lead to disparate phenotypes. We and others have 

recently shown that to address this disconnect it is paramount to understand the primary 

biophysical derangements associated with individual mutations.

Given the complexity of genetic cardiomyopathies, it is perhaps more useful to characterize 

cardiomyopathy-causing mutations based on their primary biophysical insult rather than 

their late-stage pathology. Linking the biophysical insult to the earliest molecular 

dysregulation(s) observed, or “binning”, could lead to targeted therapies for the pre-clinical 

cohort, that alter the natural progression of the disease (Figure 1). The current review will 

focus on how the molecular changes, elicited by mutations in myofilament proteins 

(enzymatic thick filament, myosin; and the regulatory TF, Tm, cTnC, cTnI, cTnT), trigger 

specific pathways that lead to cardiomyopathies. Of note, as titin mutations are largely 

linked to DCM and represent a particular complex array of mutations, it will not be covered 

here. Its role in genetic cardiomyopathies is well reviewed elsewhere [7–9].

We will discuss three proposed “bins” that provide well-studied, mechanistic insight for a 

wide range of cardiomyopathies in the early and compensatory phase of the disease. These 

“bins” include:

• Phosphorylation Potential: Specifically, how mutations in myofilament proteins 

alter the ability to respond to physiological β-adrenergic stimulation.

• Calcium Homeostasis: Specifically, how mutations in myofilament proteins lead 

to downstream changes in calcium handling in the myocyte.

• Structural Stability and Flexibility: Specifically, how mutations in myofilament 

proteins alter intra and inter-molecular allostery.

Phosphorylation Potential:

The basic function of the cardiovascular system is to match cardiac output to the 

hemodynamic demands of the body. The ability of the heart to couple input to output and 

respond to systemic needs on a beat-to-beat basis is tightly regulated by the autonomic 

nervous system [10]. At the level of the cardiac myocyte, β-adrenergic (β-AD) stimulation 

elicits a signaling cascade mediated by PKA-phosphorylation. This culminates in increased 

lusitropy (relaxation) and inotropy (contractility) allowing the heart to fill more efficiently 

and beat more rapidly. Downstream targets of PKA phosphorylation in the cardiomyocyte 

include the myofilament (cTnI), sarcolemma (Na-Ca exchanger, NCX; L-type calcium 

channel, LTCC) and sarcoplasmic reticulum (SR-bound Ca2+-ATPase, SERCA; 

phospholamban, PLB; ryanodine receptor, RyR). These targets work synergistically to fine 

tune the calcium-dependent mechanical response of the myocyte.

The normal structural response to phosphorylation is small yet the functional impact is 

significant. A robust example of this structure-function relationship is the phosphorylation of 

cTnI, the inhibitory subunit of cTn, at Ser22/23 (Ser23/24 in mice). Upon β-AD stimulation, 

PKA-mediated phosphorylation of cTnI elicits an allosteric rearrangement of cTn such that 
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the calcium sensitivity of force development is decreased and ventricular relaxation can 

occur more rapidly [11]. Phosphorylation of cTnI and calcium sensitivity are intrinsically 

linked as the role of cTn is two-fold; it regulates the response of the sarcomere to increased 

demand via phosphorylation, and it is the calcium switch that initiates contraction (discussed 

below). A critical interface exists between the N-terminal extension of cTnI (cNTnI) and the 

C-lobe of cTnC that has a reduced affinity in response to PKA-phosphorylation, (Figure 2) 

[12–14]. This reduction in affinity of cTnI for cTnC mediates the rapid release of calcium 

from the N-lobe of cTnC (cNTnC) via electrostatic repulsion of cNTnI, and sub-optimal 

repositioning of cNTnC, thus affecting calcium sensitivity [15, 16].

Impaired response to the β-AD signaling cascade is a commonly reported finding in heart 

failure [17]. However, in HCM and DCM this desensitization is observed in the absence of 

changes in the concentration of plasma catecholamines and prior to the onset of heart failure 

[18–20]. Notably, this failure to augment contractility is often out of proportion to the degree 

of remodeling, where diastolic dysfunction may be present with or without hypertrophy 

[21]. These observations beg the question of how a single amino acid substitution within the 

myofilament could trigger these downstream events leading to a change in β-AD 

responsiveness. Due to the inherent lack of structure in “intrinsically disordered” segments 

of cTn, the N-terminal extension of both cTnI and cTnT among others, have been 

notoriously difficult to study [22, 23]. Recently, molecular dynamics simulations (MDS), a 

powerful computational tool for monitoring the rapid fluctuation of these flexible segments 

over an ensemble of conformations, have enhanced the ability to study the dynamic nature of 

cTn [14, 24]. Thus, mutations in TF proteins that alter this critical interface could represent 

an early trigger, responsible for the blunted response that is out-of-proportion to the degree 

of remodeling. In fact, it was postulated as early as 1995 that targeting this interaction may 

be a promising approach in the treatment of heart failure [25]. While clinical trials using 

levosimendan (a calcium sensitizer that binds the cTnI-cTnC interface) have demonstrated 

mixed results, it is not approved for use in the United States since no improvement in short 

or long-term outcome beyond traditional inotropes (ie: dobutamine) was reported [25–29]. 

Due to its inherent complexity, an improved understanding of the cTnI-cTnC interface is 

necessary to properly target interventions that directly ameliorate disruptions caused by 

myofilament mutations.

Clinically relevant cardiomyopathy-associated mutations have been reported in the proteins 

of the cTnI-cTnC interface, including cTnT which has known effects on modulating the cTn 

core [30]. An illustrative example is cTnC G159D (DCM), which was shown to alter the 

cTnI-cTnC interface by Biesiadecki et al. [31]. Specifically, a blunting of the expected 

calcium desensitization upon PKA-treatment was observed. Of note, pseudo-

phosphorylation, whereby the PKA-targeted sites were mutated to mimic the negatively 

charged phosphate ions was also found to be insufficient to induce a decrease in calcium 

sensitivity [31]. These data suggest that these cTnI-PKA sites are inaccessible in the 

presence of cTnC-G159D. This structural rearrangement was hypothesized to lead to an 

increased affinity of the C-lobe of cTnC for the cNTnI, the opposite of the physiological 

effect of phosphorylation of cTnI, thereby hindering the release of calcium from the 

functional cNTnC. This further suggests that alterations in the cTnI-cTnC interface, rather 

than changes in the calcium binding pocket on cTnC, govern calcium affinity. While 
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illustrative, the prevalence of mutations in cTnC is very low, suggesting low tolerance and 

that alterations at the interface are more commonly due to allosteric effects of mutations in 

other myofilament proteins.

Cardiomyopathy-associated mutations in cTnI and cTnT are more common, with mutations 

in “hot-spot” regions of both proteins shown to alter β-AD signaling and some proposed to 

alter the cTnI-cTnC interface [32–37]. Strikingly, these mutations have similar effects on the 

interface as reported for cTnC-G159D despite being primarily causative for HCM. The 

HCM-linked cTnI-R145G mutation (R146G in rodents) has been shown to have an 

increased calcium binding affinity at baseline [34]. This increase was linked to an increased 

cTnI-cTnC affinity that was not reduced by introduction of Ser23D/24D pseudo-

phosphorylation [34]. These results suggest that, as previously noted, PKA is unable to 

decrease the affinity of cTnI for cTnC in the presence of the mutation. Similarly, cTnI-R21C 

has been shown to lead to a blunted response to β-AD signaling in vivo, and has 

demonstrated an increased cTnI-cTnC interface affinity [34]. Notably, the location of these 

cTnI mutations, discretely located within the N-terminus (R21C) and C-terminus (R145G), 

highlight the potential for allosteric propagation of structure-induced functional effects 

within this highly organized system. This is further highlighted in the cTnT-R92L mutation 

in which we have measured a myofilament specific decrease in PKA-mediated cTnI 

phosphorylation in the absence of severe downstream calcium handling abnormalities 

(discussed in depth below) [37]. This suggests that cTnT-R92L is altering the structure of the 

cTn core and cTnI-cTnC interface, despite its relative distance, blocking PKA from 

accessing its binding site. MDS suggests that in the presence of cTnT-R92L, cNTnI is closer 

to cNTnC likely resulting in PKA’s inability to phosphorylate Ser22/23 [1].

While the predominant effects of mutations in this critical interface are to decrease the 

accessibility of Ser22/23 for PKA, there are a few exceptions. The restrictive 

cardiomyopathy (RCM) associated cTnI-R145W mutation that has been shown to reduce the 

interaction frequency between the C-lobe of cTnC and cTnI, yet causes an increase in 

myofilament calcium sensitivity [33]. Interestingly, this increased sensitivity is opposite to 

what would be predicted in the face of a decreased affinity of the cTnI-cTnC interface. 

However, MDS predictions suggest that the significant structural alterations will ultimately 

negate the functional impact of Ser23/24 phosphorylation [33]. These complex examples of 

the functional deficits induced by structural alterations underscore the need for continued 

research into this highly relevant interface within the cTn core.

Although regionally and pathogenically disparate, these mutations have similar effects on 

the phosphorylation potential of cTnI and calcium-dependent relaxation. This suggests a 

critical structural mechanism exists whereby cTnI-cTnC interaction regulates the response to 

β-AD stimulation, a regulation that can become uncoupled by pathogenic myofilament 

mutations. Thus, pharmacological targeting of the interface may represent a promising area 

of investigation in treating the progression to heart failure in cardiomyopathies. Promising 

work recently demonstrated that Epigallocatechin-3-gallate (EGCG) binds the cTnI-cTnC 

interface and effectively decreases calcium sensitivity maintaining the coupling of cTnI 

phosphorylation-dependent calcium sensitivity [38]. However, continued research is 

necessary to translate this therapy into the clinical realm.
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Calcium Homeostasis:

In addition to blunted response to β-AD stimulation and subsequent calcium-dependent 

relaxation in the heart, an extensively studied mechanism of genetic cardiomyopathy-driven 

disease pathogenesis is altered calcium homeostasis. This critical signaling molecule is 

intimately involved in excitation-contraction coupling (ECC), reviewed in [39]. In brief, 

depolarization of the sarcolemma leads to the opening of voltage gated LTCC, allowing for 

an influx of calcium into the myocyte. LTCC are organized in close proximity to the SR (the 

main intracellular calcium store) via T-tubules. RyR located on the membrane of the SR bind 

free calcium, thereby opening and raising intracellular calcium via calcium-induced 

calcium-release (CICR). Free calcium binds to cTnC leading to cross bridge formation and 

force-generation. Upon release of calcium from cTnC, free calcium is removed from the 

myocyte primarily via SERCA2a, lowering free calcium to resting levels. Thus, given the 

role of ECC in dynamic regulation of systolic and diastolic function, and its well-described 

dysregulation in sudden cardiac death, the components of this system are potential targets 

for precise therapeutic interventions.

Many studies have described common alterations in myocellular calcium handling in HCM 

and DCM including prolonged calcium transients, increased resting calcium levels, and 

reduced SR calcium content [40–43]. However, to link these downstream changes to primary 

insults at the myofilament level, we must define alterations in the buffering capacity of the 

myofilament. An extensively studied aspect of this myofilament-calcium axis is the calcium 

sensitivity of force generation in myofibrils and/or reconstituted proteins. Studies have 

reported disease-specific alterations in force generation whereby HCM-associated mutations 

are described as calcium-sensitized while DCM-associated mutations are described as 

calcium-desensitized [44–46]. Of note, while the dysregulation in calcium-sensitivity is 

proposed to be a secondary mechanism in disease progression, the subsequent downstream 

alterations in myocellular calcium handling are posited to have differential roles in 

pathogenesis. Specifically, the increased calcium transients and peak amplitude of calcium 

seen in multiple models of DCM suggest a maintained ECC pathway in which the 

downstream alterations are initiated to re-sensitize the myofilament and restore systolic 

function [47–49]. Alternatively, HCM-associated mutations are typically characterized by 

increased calcium levels and reduced, prolonged calcium transients, despite progressive 

diastolic dysfunction with normal, or enhanced systolic function [37, 50–52]. Thus, unlike 

DCM, these downstream disruptions suggest an uncoupling of the excitation-contraction 

pathway in HCM that potentiates disease pathogenesis (Figure 3).

Many therapies implemented in the clinical management of heart failure have been targeted 

to restoring normal calcium homeostasis in an effort to improve diastolic and/or systolic 

function [53, 54]. In a pilot trial utilizing diltiazem, an LTCC blocker, in a pre-clinical 

cohort of sarcomeric HCM, Ho et.al described a reduction in progressive diastolic 

dysfunction and cardiac remodeling with treatment. Furthermore, after treatment cessation, 

progressive cardiac remodeling occurred, implicating diltiazem as an early intervention for 

HCM patients [53]. Of note, the trial demonstrated early intervention for patients carrying 

MYBPC3 mutations, while MYH7 mutation carriers exhibited progressive cardiac 

remodeling and continued diastolic dysfunction throughout treatment [53, 55]. The authors 
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speculated a gene-specific response to diltiazem treatment, highlighting the necessity of 

defining the natural history of disease pathogenesis to implement efficacious interventions.

Therapeutics targeted to restoring calcium sensitivity of the myofilament have been 

proposed to be a more direct intervention in calcium homeostasis. To date, while small 

molecule calcium sensitizers have been successful in clinical trials at restoring cardiac 

function, the complexity of adverse effects make these therapies less than desirable for 

patients [56]. To improve these therapies, studies are on-going to understand the precise 

mechanisms by which cTnC and the TF modulate calcium sensitivity. These advancements 

include additional small molecules (i.e.: EMD 57033) and the design of engineered cTnC 

variants, which Davis et al. have shown to be a potential gene therapy option for modulating 

calcium sensitization [57–59]. While the paradigm of calcium sensitivity offers insight into 

alterations in myofilament calcium handling, it is a steady-state measurement, thereby 

lacking resolution of the dynamic processes that govern affinity. Thus, it is imperative to 

investigate the kinetics of myofilament calcium handling, specifically the rates of calcium 

association (kon) and dissociation (koff), to understand the dynamic alterations mediating this 

divergent calcium affinity.

Myofilament calcium kinetics have long been over-looked due to the rapid rate of calcium 

exchange with cTnC as compared to the rate of relaxation [60, 61]. Recent studies, however, 

have suggested that these rates may link the dynamic, myofilament-driven insults that 

initiate the downstream calcium dysregulation to the differential presentation of disease seen 

in patients [1, 60, 62–65]. For example, three HCM-causative mutations all found in cTnT 

(R92L, R92W, and R92Q) are known to have varying degrees of cardiac remodeling and risk 

of sudden cardiac death [66–69]. Myofibers independently expressing these mutations were 

shown to have a nearly identical increases in calcium sensitivity of force generation [46, 70] 

but differential downstream calcium dysregulation [37, 71]. Investigation into the 

dissociation kinetics revealed no change in the koff for cTnT-R92Q TFs [60], while cTnT-

R92L and cTnT-R92W caused a significant decrease and increase in koff, respectively [1]. 

These data suggest that the comparable increase in calcium affinity is likely the result of 

mutation-specific alterations in dynamic myofilament calcium handling.

Further investigation regarding the structural effects via MDS revealed mutation-specific 

repositioning of the N-terminus of cTnI, with respect to the calcium binding pocket that, in 

part, governed these changes in dissociation rate [1]. In parallel, a series of studies coupling 

in silico, in vitro, and in vivo approaches suggested that changes in calcium kinetics at the 

level of the TF and thus calcium homeostasis may also be regulated by an altered affinity of 

cTnI for actin and/or cTnC [62, 63, 72]. While these studies were primarily focused on 

integrating the structural and functional responses of numerous phosphorylation events of 

cTnI, cardiomyopathy-associated mutations are known to propagate their effects to the 

critical cTnI-cTnC interface, as discussed above. It follows that baseline structural insults 

that result in altered myofilament calcium sensitivity are likely intrinsically linked to the 

phosphorylation potential of the cTn core. Thus, these primary structural alterations may 

represent a therapeutic target that simultaneously ameliorates alterations in calcium handling 

and phosphorylation potential.
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While it is implausible to design a small molecule specific to each mutation that changes 

myofilament calcium kinetics, a subset of therapies targeted to restoration of the structural 

insults caused by these mutations (i.e.: repositioning of cTnI for restitution of the cTnI-cTnC 

and/or cTnI-actin equilibrium) may prove to be an efficient intervention. Furthermore, these 

therapies may also be applied to patients that are shown to have an intact ECC (i.e.: DCM) 

by stabilizing these molecular interactions that play a primary role in calcium sensitivity and 

thus regulation of contraction and relaxation. Continued research investigating atomic level 

alterations coupled to whole animal function will further our knowledge of how structure 

informs function, making the end goal of rationally designed, targeted small molecule 

therapeutics attainable.

Structural Stability and Flexibility:

It has become increasingly clear that binary classifications of disease mechanism in 

cardiomyopathies (such as hyper-contractile vs hypo-contractile and calcium sensitized vs 

desensitized discussed above) may not be sufficient to describe the heterogeneity of disease 

presentation necessary for efficacious treatment. To address this, investigation into linking 

the primary structural insult, caused by single amino acid substitutions, to changes in the 

stability of the myofilament protein and/or its ability to interact with neighboring proteins 

within the cardiac sarcomere is ongoing. Indeed, the function of the myofilament, depends 

on its innate ability to transmit seemingly small structural changes to relatively distant 

portions of the complex via allosteric activation [14]. In this case, perturbations caused by 

mutations could alter the native stability of individual proteins or protein-protein interfaces 

at sites spatially distinct from the primary biophysical insult. The consequences of these 

“effects-at-a-distance” lead to initiation of pathogenic downstream signaling and ultimately 

the complexity observed in sarcomeric cardiomyopathies.

Mutations in the motor domain of myosin have long been postulated to disrupt the formation 

of strong cross-bridges [73]. Recent improvements in the ability to purify functional human 

β-myosin have led to significant advances in determining the structural insults caused by 

mutations [74]. For instance, the β-myosin mutations M531R (left ventricular 

noncompaction) and S532P (DCM) located in an actin-binding interface, differentially 

perturb the local structure [73]. A second study showed that R453C (HCM) decreases the 

structural stability of the motor head throughout the crossbridge cycle, suggesting an 

alteration in ATP binding and/or hydrolysis [75]. Thus, it is possible that via changes in 

structural stability of the motor domain, these mutations could be disrupting a 

communication pathway for actin binding-sites [76]. These examples highlight the 

importance of myofilament protein and protein-protein interface stability for the function of 

this highly evolved multi-subunit machine.

Another example of these crucial structural stabilities and protein-protein interfaces is the 

complex association of the proteins of the regulatory TF, responsible for transmitting the 

calcium status of the myocyte to the sarcomere and muscle contraction. For a more 

comprehensive review of the mechanism of contraction refer to [77, 78]. Briefly, at the onset 

of contraction CICR leads to cTnC binding calcium (described above). Through a series of 

allosteric rearrangements in cTn, Tm shifts into the actin groove exposing the myosin 
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binding sites on actin and allowing for strong cross-bridge formation and force generation 

[79]. Central to TF function is the “gatekeeper”‘ Tm whose position is a dynamic 

equilibrium, moving over the surface of actin between three states: Blocked, Closed, and 

Open [78–80]. While Tm’s movement between these three states is tightly regulated, it must 

remain semi-flexible in order to rapidly couple myocellular calcium status to force 

generation [81, 82].

Governing the interface between actin and Tm are many weak electrostatic interactions that 

are central to Tm’s function in regulating cross-bridge formation [80, 83, 84]. Tm, an α-

helical coiled-coil dimer, has a surface charge that is largely negative with pockets of mostly 

acidic residues contributing to its binding to actin [85, 86], it spans actin forming a 

continuous, flexible filament that strengthens its interaction with actin via interdigitating N- 

and C-termini (Figure 4). The head-to-tail association of subsequent dimers is crucial for the 

polymerization of Tm, its affinity for actin, and its cooperativity [87–90]. Further stabilizing 

this head-to-tail overlap is the α-helical component of the cTnT N-terminal domain resulting 

in a five-helix bundle at the overlap [1, 30, 81, 91–94]. This arrangement allows for the 

flexibility and stability required to support the dynamic range of motion along actin 

necessary for the regulation of cross-bridge cycling.

Given the innate complexity of the system, it is not surprising that cardiomyopathy-

associated mutations could locally alter the weak electrostatic interactions leading to 

propagation of structural effects to distant sites in cTn, as discussed above. In 2000 it was 

first posited that mutations altering the surface charge of Tm could be associated with DCM, 

whereby a charge reversal alters its electrostatic interactions with actin [95]. Furthermore, a 

large number of clinically relevant mutations exist near the Tm-overlap region, highlighting 

its functional significance. We and others have shown that such mutations on both Tm and 

cTnT propagate their structural effects altering Tm stability, Tm-overlap flexibility 

(cooperativity), and actin/cTnT affinity in a mutation specific manner [48, 94, 96–101]. 

Notably, it was first postulated by Heller et al. that alterations in thermal stability of the 

termini of Tm could translate to changes in Tm flexibility [96]. In a study exploring the 

stability of Tm dimers containing the DCM causing mutations Tm-E40K and Tm-E54K 

compared to the HCM causing Tm-E62Q and Tm-L185R it was shown that while the 

mutations did not affect the α-helical content of the Tm dimer, they did have a significant 

effect on the thermal denaturation (stability) [97]. Similarly, we have shown that the DCM 

causative Tm-D230N does not alter the α-helicity of Tm but leads to an increase in thermal 

stability of Tm-D230N dimers specifically at the C-terminus proximal to the mutation [48]. 

Strikingly the pathogenic outcome related to each mutation depends on the precise location 

within the coiled-coil as well as the “magnitude” of the amino acid change (charge gain/loss, 

size change, etc). For instance, regionally similar mutations Tm-E180G and Tm-D175N 

cause phenotypically different cardiomyopathies yet both had a similar effect on the thermal 

stability of Tm and increased local flexibility despite being in a Tn-binding pocket [102–

104]. By contrast, the regionally distinct, mutations Tm-D84N and Tm-D230N both result in 

the same charge loss and increase overall Tm stability and cause phenotypically different 

cardiomyopathies [48, 105–107]. These changes in the absence of an altered secondary 

structure (helicity) suggest that the mutational effects could be propagating to the Tm-

overlap, a highly sensitive functional domain, affecting its ability to regulate cross-bridge 
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cycling. Furthermore, it suggests that the location of the mutation on Tm (coiled-coil 

position) and effects on regional stability of the individual proteins alone are not sufficient to 

predict pathogenicity.

Mutationally-induced changes in Tm dimer inter-digitation at the critical Tm-overlap could 

affect cooperativity, along its length, with adjacent Tm molecules as well as its ability to 

interact with actin and cTnT. Studies in reconstituted TFs have demonstrated that for some 

Tm mutations there is a change in the affinity of Tm for its neighboring proteins (cTnT 

and/or actin). For instance, with Tm-E180G and Tm-D175N it was shown that the affinity 

for actin was slightly reduced for Tm-D175N heterodimers (an effect that was much greater 

for Tm-D175N homodimers) with no apparent effect on the affinity for cTnT for either 

mutation [101, 103]. Similarly, but in the opposite direction, mutations Tm-D84N and Tm-

D230N demonstrated an increased affinity for actin [105]. These changes in actin affinity, 

while compelling, are likely not sufficient to explain the segregation of HCM and DCM 

given the complexity of the structural effects. In fact, studies comparing the HCM mutations 

Tm-E180G and Tm-E180V demonstrated that when bound to actin, Tm-E180G destabilized 

Tm suggesting a more flexible (less cooperative) Tm-overlap while, in stark contrast, Tm-

E180V strongly stabilized Tm suggesting a less flexible Tm-overlap. [108]. Moreover, these 

affinity studies did not directly address the mutational effects on the complete Tm-overlap 

(containing actin, cTn, and Tm). To bridge this gap, we have recently demonstrated via in 
vitro experimentation coupled to computational modeling, that the Tm-D230N mutation 

decreased the flexibility (increased cooperativity) of the full TF via compaction of the 

overlap region [94]. Furthermore, when the approach was extended to include the HCM-

linked cTnT-R92L due to its proximity to the overlap, a weaker overlap interaction 

(decreased stability) and more flexible (less cooperative) Tm was reported, in opposition to 

what was seen with DCM-linked Tm-D230N [94]. Lastly, recent studies on 

cardiomyopathy-associated mutations in a Tm-binding region of cTnT demonstrated altered 

binding affinity of cTnT for Tm whereby HCM mutations decreased affinity while DCM 

mutations increased affinity [100]. Interestingly cTnT-R92L was shown to decrease affinity 

of cTnT for Tm correlating well with our previous findings. Of note, not all studied 

mutations fit this defined paradigm, indicating a regional specificity for the mutational 

effects.

Together these data suggest that mutations that give rise to cardiomyopathies can 

differentially affect both the stability of the affected protein and the flexibility of the critical 

overlap region independent of phenotypic outcome, leading to disease via distinct molecular 

mechanisms (Figure 4). It is likely that a complex interplay between stability and affinity 

governs pathogenicity dependent on the position of the mutation (cTnT-binding domain, 

actin-binding domain, etc) and the amino acid change. This complexity underscores our 

incomplete understanding of how single amino acid substitutions give rise to 

cardiomyopathies while simultaneously shedding light on the vast heterogeneity of disease 

presentation.

As with mutations that induce changes in calcium kinetics, it is likely implausible to 

generate small molecules to address the structural effects of each cardiomyopathy causing 

mutation. However, understanding how a mutation alters the intra- and inter-molecular 
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allostery of affected proteins, could lead to targeted therapies that correct specific sets of 

structural alterations. For instance, direct modulators of myosin function are in several 

phases of clinical trials [109–111]. Omecamtiv mecarbil, a cardiac myosin activator in 

testing for its efficacy in patients with systolic heart failure has been shown to directly bind 

myosin S1 near the actin binding domain favoring the strongly bound (open) force-

generating state. Alternitavely, mavacamten (MYK-461), has been shown to directly 

modulate contractility via decreasing enzymatic activity of myosin and the population of 

strongly bound cross-bridges in HCM [110, 111]. Similarly, small molecules could be 

designed that target the TF with the goal of optimizing Tm cooperativity (via stabilization or 

destabilization of the overlap) toward a “tolerance zone” (Figure 4). While work continues 

on understanding mutationally-induced structural effects of the Tm-overlap, future studies 

will provide insight into the design of targeted molecules that act to ameliorate altered Tm 

flexibility at the earliest stages.

Summary:

In this review we have focused on three “bins” that comprise sets of biophysical changes 

elicited by cardiomyopathy-linked mutations in the myofilament: altered interaction of the 

cTnI-cTnC interface, changes in calcium kinetics, and altered protein stability and 

flexibility. The current binary paradigm of proposed mechanisms has proven to be 

inadequate to describe the heterogeneity of disease presentation. While current therapies 

focus on symptom palliation, we and others have proposed that a more nuanced 

classification could lead to direct interventions based on the earliest dysregulation. Such 

early, targeted therapies could change the trajectory of disease progression in the preclinical 

cohort. Notably, the “bins” discussed here are a subset of this complexity and do not address 

other known avenues including energetics, sarcomere assembly, and protein turnover. 

Continued research is necessary to address the complexity of cardiomyopathic progression 

and develop efficacious therapeutics.
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KEY POINTS

• Current therapeutics aimed at symptom palliation do not address the complex 

heterogeneity of disease presentation in genetic cardiomyopathies.

• We discuss three proposed “bins” that provide mechanistic insight in the early 

and compensatory phases of cardiomyopathic progression.

• A more refined classification based on primary biophysical derangements 

could lead to direct interventions that target early dysregulation.
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SYNOPSIS

In this review we focus on three “bins” that comprise sets of biophysical derangements 

elicited by cardiomyopathy-associated mutations in the myofilament. Current therapies 

focus on symptom palliation and do not address the disease at its core. We and others 

have proposed that a more nuanced classification could lead to direct interventions based 

on early dysregulation changing the trajectory of disease progression in the preclinical 

cohort. Continued research is necessary to address the complexity of cardiomyopathic 

progression and develop efficacious therapeutics

Lynn et al. Page 18

Heart Fail Clin. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Summary of cardiomyopathic disease progression and proposed “binning”. Dashed line 

represents the unknown time-course of disease progression between early dysregulation and 

ventricular remodeling.
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Figure 2: 
A - Atomistic Model of the cTnI-cTnC Interface generated from the publicly available 

average structure by JR Exequiel Pineda [1]. cTnI (dark blue), cTnC (red), cTnT (yellow). 

Dark vs light areas of the protein indicate spatial depth ie: near and far, respectively. cTnT is 

intentionally faded for clarity. Mutation sites discussed (cTnI R21 and R145, and cTnC 

G159) are marked with green beads, cTnI Ser22/23 are highlighted with cyan beads, and the 

active calcium binding pocket is marked with a grey bead. B – 2D representation of the 

interface, including the structural rearrangement upon PKA phosphorylation.
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Figure 3: 
Calcium Homeostasis and Dysregulation. L-type calcium channel (LTCC), Ryanodine 

Receptor (RyR), Sarcoplasmic Reticulum (SR), SR-bound calcium ATP-ase (SERCA), 

plasma membrane calcium ATP-ase (PMCA). Blue stars indicate current and proposed sites 

of therapeutic intervention for modulation of calcium homeostasis.
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Figure 4: 
Tm-Overlap Flexibility including the proposed “tolerance zone”. The semi-flexible Tm-

overlap can vary within this zone (dotted line), becoming more (purple) or less (blue) 

flexible, outside of which is associated with disease. Overlaid on the gradient is the atomistic 

model generated from the publicly available average structure, by JR Exequiel Pineda, of the 

Tm N-terminus (orange), Tm C-terminus (green), and the N-terminal extension of cTnT 

(yellow) [1]. The arrows represent decreased (purple) or increased (blue) interaction of the 

five-helix bundle that comprises the Tm-overlap. Included on the Tm and cTnT model are 

the sites of the discussed mutations (Tm-D175, E180, L185, E62, E40, E54, D84, D230; 

cTnT R92) with HCM in red and DCM in dark blue.
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