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Abstract

The classic clinical definition of hypertrophic cardiomyopathy (HCM) as originally described by
Teare is deceptively simple, “left ventricular hypertrophy in the absence of any identifiable cause”.
Longitudinal studies, however, including a seminal study performed by Frank and Braunwald in
1968, clearly described the disorder much as we know it today, a complex, progressive and highly
variable cardiomyopathy affecting ~1/500 individuals worldwide. Subsequent genetic linkage
studies in the early 1990’s identified mutations in virtually all of the protein components of the
cardiac sarcomere as the primary molecular cause of HCM. In addition, a substantial proportion of
inherited dilated cardiomyopathy (DCM) has also been linked to sarcomeric protein mutations.
Despite our deep understanding of the overall function of the sarcomere as the primary driver of
cardiac contractility, the ability to use genotype in patient management remains elusive. A
persistent challenge in the field from both the biophysical and clinical standpoints is how to
rigorously link high-resolution protein dynamics and mechanics to the long-term cardiovascular
remodeling process that characterizes these complex disorders. In this review, we will explore the
depth of the problem from both the standpoint of a multi-subunit, highly conserved and dynamic
“machine” to the resultant clinical and structural human phenotype with an emphasis on new,
integrative approaches that can be widely applied to identify both novel disease mechanisms and
new therapeutic targets for these primary biophysical disorders of the cardiac sarcomere.
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Current Challenges in our Understanding of Sarcomeric Cardiomyopathies

Mutations in the genes that encode the protein components of the cardiac thin filament were
first linked to clinical cardiomyopathies in 1994 [85]. Mutations in the regulatory thin
filament comprise ~ 7-10% of hypertrophic cardiomyopathy (HCM) cases and represent a
distinct and complex subset of the disorder with marked mutation-specific phenotypes
[11,84]. Despite 25 years of basic research, many questions remain regarding the clinical
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care of these complex patients who suffer from a disorder that is inherently genetic and
affects 1/500 individuals worldwide [15,21]. One of the most significant current limitations
in the care of patients with sarcomeric cardiomyopathies (both hypertrophic and dilated) is
the inability to use genotype to guide management. This persists despite extensive research
by many groups over the past 25 years to probe the primary mechanisms of this inherently
biophysical “disease of the cardiac sarcomere” [84]. While the root cause of this limitation is
multifactorial, an overriding factor is the timescale of pathologic cardiac remodeling
observed in patients with sarcomeric cardiomyopathies. Given that cardiac remodeling in
HCM can occur over decades, establishing the mechanistic link between a mutation that
alters a biophysical property of the cardiac sarcomere and the often variable whole-organ
phenotype raises an important question regarding how to identify earlier or more “proximal”
molecular phenotypes. Of particular note, reversing cardiac remodeling, especially in the
later stages of disease is a formidable challenge, thus early interventions are more likely to
be efficacious.

This basic limitation has led to renewed efforts to define the earliest stages of myocellular
pathogenesis with a primary goal of developing better linkage between changes in
sarcomeric function and the molecular responses that define the preclinical stages of disease
[33]. A patient with “preclinical HCM” for example, carries a known pathogenic mutation in
the absence of a clinical phenotype (genotype +, phenotype — or “G+P-"). A recently
published cross-sectional multicenter observational study by Ho, et al directly addressed this
central question of how to better identify and classify the earliest stages of disease in
preclinical G+P— HCM cohorts [35]. In this study, “phenotypic burden” was assigned as the
cumulative number of 7 parameters that were chosen based on the ability to discriminate
between either G+/P+ versus G+/- siblings. Primary results demonstrated a significant
increase in early phenotypes among G+/- individuals versus controls (G-P-). This “burden
score” is cumulative and likely represents the earliest stages of myocellular and molecular
remodeling that occurs in direct response to the primary biophysical insult. These
myocellular responses are likely compensatory attempts by the myocyte to overcome the
stress on the system induced or “triggered” by sarcomeric dysfunction. As shown in Figure
1, the link(s) between the biophysical insult (trigger) and the initial compensatory response
are proximal and thus both likely represent important therapeutic targets before the onset of
“irreversible” cascades of pathogenic remodeling. This molecular compensatory phase
correlates to patients with “preclinical disease” who are defined as carrying a pathogenic
gene mutation (phenotype) yet remain in the preclinical state (phenotype) or G(+) P (=)
[36,47,92]. Given the early stage of remodeling, these patients have the greatest potential
benefit from novel therapeutic interventions. Targeting these initial molecular mechanisms
before downstream signaling cascades have been activated could potentially alter the natural
progression of the complex cardiomyopathy and represents a significant, novel approach to
patient management.

Sarcomeric Cardiomyopathies and Degrees of Freedom:

As noted above, the current limitations to using patient genotype in the management of
clinical disease represent a core concern in the care of patients with sarcomeric
cardiomyopathies. And while the complexity of the progressive cardiac remodeling and
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incomplete penetrance observed for many mutations leads to a vast array of end phenotypes,
the growing number of identified mutations linked to these disorders raises the issue of how
to couple these large genetic and phenotypic datasets in a meaningful and tractable manner.
It is illustrative to consider the evolution of prior attempts to group or “bin”
cardiomyopathies in order to decrease the overall degrees of freedom of this complex
question. Initial approaches (pre genetic linkage) utilized end state morphology and led to
the basic subsets in use today, namely hypertrophic cardiomyopathy (HCM), dilated
cardiomyopathy (DCM), and restrictive cardiomyopathy (RCM) [75]. While still useful, the
combination of genetic linkage and the broader use of genetic testing in large multi-
generational families soon revealed an unexpected degree of variable phenotypes among
patients with the same gene mutation. For example, while the 179N mutation in cardiac TnT
(cTnT) was initially linked to HCM, subsequent clinical phenotyping identified DCM and
RCM among genotype positive family members [59]. Similar degrees of phenotypic
variability were observed in patients carrying other cardiac troponin mutations including
cTnl A183K [44] and cTnT R92L/Q/W [88,17]. More recently, longitudinal clinical studies
of genotyped populations have clearly shown that disease progression can be transitory in
that patients with end-stage DCM may have first presented with HCM or even experienced
non-linear remodeling patterns [35]. Thus, the complexity of the natural history of
ventricular remodeling in sarcomeric cardiomyopathies coupled to the continuing reliance
on end-stage classification of the disease into HCM, DCM and RCM, is a significant
limitation to achieving the goal of utilizing genotype in clinical management and eventually
developing effective strategies for novel therapeutics [2,41].

In order to develop new approaches to these complex and highly clinically relevant issues it
is first necessary to first develop more robust high resolution insight regarding the molecular
pathogenesis of sarcomeric cardiomyopathies. Specifically, to incorporate structure, protein
dynamics and function to develop a useful framework for linking alterations in biophysics to
early molecular remodeling. The key component of this approach is to utilize both more
complete structural information and greater biologic complexity /n vitro such that mutations
can be grouped or “binned” into relevant subsets for eventual targeting strategies. These
robust mutational “bins” can then be coupled to the rapidly growing, genotyped patient
cohort datasets that now incorporate early and longitudinal phenotypes. In this review we
will provide a framework for an integrated approach to this important clinical goal with a
focus on the cardiac thin filament.

Thin Filament Structure and Function

The central dogma of structural biology is that function is determined by structure. The thin
filament is composed of filamentous actin (F-actin), tropomyosin (Tm), and the troponin
(Tn) complex in a 7:1:1 molar ratio (Figure 2). F-actin is a double helical structure
composed of polymerized globular actin (G-actin)[42]. Within the two groves of F-actin lies
Tm, a coiled-coil structure of two coiled a-helical Tm monomers that overlaps with adjacent
Tm dimers in a head to tail formation to form a continuous Tm strand [32]. Tm provides the
thin filament with stability, flexibility, and cooperativity. The Tn complex anchors Tm to F-
actin, by the Tn complex tail region extending over the Tm C-terminus of the Tm-Tm
overlap region [22]. The Tn complex is composed of troponin C (cTnC), troponin | (cTnl),
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and troponin T (cTnT) in a 1:1:1 molar ratio, representing the Ca2* regulatory binding
protein, the inhibitory subunit of the Tn complex, and the Tm-binding domain, respectively
[22].

The basic function of the thin filament is to transduce chemical signals throughout the
myofilament protein complex and directly regulate the conversion of energy to mechanical
work via the actomyosin crossbridge cycle [10,82]. Specifically, Ca2* released from the
sarcoplasmic reticulum binds to Site 11 of the regulatory N-terminal domain of cTnC,
leading to allosteric changes that release the cTnl inhibitory domain and favors the actin-Tm
binding domains [43,48]. The three-state molecular model of thin filament activation
describes the azimuthal shift of Tm along the outer domain to the inner domain of F-actin to
expose myosin binding sites [58]. The states in this model include, a blocked state (B-state)
where crossbridge formation is largely sterically blocked, a closed state (C-state) where
weak crossbridge formation occurs in the presence of CaZ* and no force is produced, and an
open state (M-state) where in the presence of myosin and Ca2*, strong crossbridge formation
occurs and strong force is generated [23]. Deactivation occurs via the reversal of this process
whereby calcium dissociates from cTnC, strongly bound cross-bridges detach in an ATP-
dependent manner, and Tm returns to its initial position (B-state) [43,58]. Thus, the thin
filament is a highly cooperative and dynamic machine and even slight alterations to its
molecular structure can significantly disrupt its function.

The Regulatory Thin Filament

Current approaches used to classify the effects of a mutation on sarcomeric protein function
for clinical assessment of pathogenicity are largely limited to computational tools (for
example, SIFT and PolyPhen2) that are largely based on sequence homology and machine
learning [1,46]. These tools are of rather limited use for thin filament (or sarcomeric)
mutations in general, because they do not incorporate the effects of a mutation on inter- and
intra-molecular interactions in ternary and quaternary structures. Indeed, it is not uncommon
for the two algorithms to disagree with each other. In the main, these limitations remain
despite numerous attempts by multiple groups to establish a robust predictive system to
assign prognosis to de novo sarcomeric gene mutations. Put simply, new, integrative
approaches are needed to address this significant roadblock to using genotype in the
management of hypertrophic cardiomyopathy.

More recently, multiple groups have shown that allosteric effects must be considered in the
context of evaluating the biophysical effects of single point mutations in thin filament
proteins, especially with regards to linking alterations in “local” structure to biological
function [16,25,63]. Limitations remain, however, in coupling these atom-level observations
to steady-state /n vitro measurements. While steady-state studies provide physiologically
relevant information regarding alterations in myofilament function caused by thin filament
mutations, they do not provide sufficient resolution to allow for precise, mutation-specific,
mechanistic insight with regards to expected patient phenotypes. In particular, it has become
clear that, in many cases, the oft-cited “binary” classifications of disease mechanism in
cardiomyopathies (e.g. hypercontractility vs hypocontractility and calcium sensitization vs
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desensitization) insufficiently describe the heterogeneity of disease presentation in patients,
thus limiting their predictive or translational power.

To directly address this challenge, our lab and others have turned to computational modeling
to investigate allosteric effects of mutations [49,7,25,14,16,50,90,70]. These models allow
for the characterization of a broad array of structural and dynamic effects, including, but not
limited to: myofilament Ca2* kinetics, phosphorylation potential, cooperativity/flexibility
and a variety of high-resolution, structural changes. The long-term goal of these approaches
is to define “computational clinical tests” that are based on robust molecular observations
and, in many cases, directly coupled to /n vitro experiments [25,55,56]. When linked to the
recent advances in disease phenotyping and the availability of large clinical registries such as
SHaRe, these approaches will hopefully facilitate the use of these computational models as a
predictive tool, rather than a solely retrospective mechanistic probe [34].

While there are many approaches to address this important issue, a reasonable starting point
is to evaluate multiple potential molecular mechanisms caused by known mutations, for
example, those that effect: structure (local and distant), mechanics, kinetics, cooperativity
and cooperativity. From our perspective, going forward, a key component of these studies
will require effective strategies to incorporate computation coupled to rigorous /in vitro
methodologies that complement and validate these observations. In addition, to investigate
these different molecular mechanisms, a wide variety of experimental approaches will need
to be utilized with the recognition that no single assay will provide significant resolution to
be predictive of phenotype. The resultant integrated definition of molecular phenotype
(trigger) will facilitate the ability to group or “bin” a given mutation irrespective of
individual protein, such that more informative sets can both be coupled to early in vivo
compensatory responses and more robust strategies for therapeutic options focused on the
earliest stages of cardiac remodeling can be developed.

An Integrative Approach to Mutations in the cTnT Extended Flexible Linker and the
Tropomyosin Overlap Domains

Cardiac Troponin T is classically described as two chymotrypsin-defined fragments: first,
TNTL1 (comprised of the N-terminal hypervariable and extended Tm-binding domains) and
second, the cTnl, cTnT, and Tm-binding TNT2 “core” [89]. Utilizing crystallized partial
complexes, circular dichroism, and EM reconstruction, cTnT was revealed to be
predominantly a-helical from residues 3-159 and 203-272 [83,91,74,31,19]. Within TNT1,
there is an extendible and highly flexible linker domain (residues 158 and 203) comprised of
a highly charged hinge region (residues 158-166) and a flexible region (residues 166—203)
[55]. To date, the inherent flexibility of this domain has precluded successful high-
resolution, three-dimensional structural determination. [83].

The C-terminus of TNT1 (residues 140-200) has been shown to be highly conserved across
vertebrate species [64]. Within this region, several mutations have been identified and fall
into two phenotypic groups: HCM causative- A160E, E163K E163R, S179F and DCM
causative-A172S, R173Q, R173W. These mutations are highly penetrant, clinically severe,
and are also notable for a clearly progressive pattern of pathological cardiac remodeling
[64,87,5,88,60,80]. They have been shown to have significant differences in their molecular
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phenotypes across patients, including differences in severity between the women and men
[79]. Given the high degree of conservation and differential phenotypes caused by mutations
in close proximity (HCM vs DCM) and the resultant highly penetrant, severe clinical
outcomes, the extended flexible domain of cTnT likely plays a central role in the regulatory
function of the thin filament. Matching biophysical mechanisms to cardiac phenotypes,
however, is complicated by the lack of known structure across this domain. Based on the
above, among the many plausible mechanisms for pathogenic mutations in this domain, two
stand out: first, the primary structure and inherent flexibility of the flexible linker domain are
altered, and/or second, that calcium-dependent myofilament function is altered as a
secondary effect. As shown in Figure 3, the flexible linker domain is immediately distal to
the extended Tm-cTnT binding domain that acts to stabilize the thin filament [86].
Additionally, this interaction plays an important role in determining the position of the Tn-
Tm complex on actin, potentially altering efficient crossbridge cycling [76]. Therefore,
alterations in the structure, position and flexibility of this region could affect both inter- and
intra-protein interactions and significantly alter myofilament activation.

While both DCM- and HCM-linked mutations have been shown to alter the Ca2* sensitivity
of myofilament activation, there have been significant differences in the magnitude and even
direction of the observed changes. Moore et al. utilized the regulated /n vitro motility (R-
IVM) assay to show that cTnT mutations A160E, E163K, and E163R led to a differential
disruption of weak electrostatic interactions [64]. Measurement of the Ca2* sensitivity of
filament activation required a reduction in the overall ionic strength of the system and
revealed that while E163R and E163K slightly decreased Ca2* sensitivity when compared to
WT, in contrast the Ca2* sensitivity of sliding speed for A160E was increased [64]. These
results were largely in agreement with previous studies of A160E and E163K in
reconstituted skinned fibers [81,27]. In contrast, Sommese et al. reported that E163K, like
A160E, increased the Ca2* sensitivity of ATPase activity [77]. Finally, Messer, et al
suggested an alternative mechanism for the pathogenicity of the A160E and S179F HCM
mutations as they observed an “uncoupling” of the effect of cTnl phosphorylation on CaZ*
sensitivity in the R-1VM assay [61]. It is important to note, however, that there have been
conflicting reports of the pathogenicity of S179F in the heterozygous state [37]. Perhaps not
surprisingly, studies of the DCM-linked cTnT R173W mutation on Ca2* dependent
properties have also yielded complex results. In the original report, Sun et al. generated
cardiomyocytes from induced pluripotent stem cells (CM-iPSCs) from a R173W patient
[80]. The R173W CM-iPSCs exhibited decreased CaZ* transients consistent with a predicted
decrease in contractility as seen in previous AFM measurements, and in agreement with
ATPase studies [77,80]. The decrease in contractility was interpreted to predict that R173W
mutation would cause decreased Ca2* sensitivity as seen in other DCM-linked cTnT
mutations [30,52,66,67]. This lack of clear consensus regarding the primary mechanism(s)
of cardiomyopathy-linked mutations in the cTnT linker domain is a reflection of both the
limitations in relying on Ca2* sensitivity as a primary assay and our lack of high-resolution
structure of this important region.

Interestingly, /n vivo characterizations of cardiomyopathy-linked mutations in the extended
linker domain have revealed significantly abnormal sarcomeric organization and disarray.
While myocellular disarray is a common (and relatively nonspecific) finding in pathologic
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sections from patients with cardiomyopathies (of multiple etiologies), significant sarcomeric
disarray is not, in general, a consistent finding in animal models of either HCM or DCM.
Initial characterization of the DCM-linked R173W CM-iPSCs revealed an abnormal
distribution of sarcomeric alpha-actinin consistent with a highly disorganized myofilament
structure [80]. Moreover, sarcomeric disorganization in these cells was increased due to both
[B-agonist stimulation and cyclic stretch, demonstrating their susceptibility to mechanical
stress. Similarly, analysis of isolated adult ventricular myocytes from transgenic mouse
models carrying the HCM-linked A160E and E163R mutations showed significant
sarcomeric disruption [65,18]. Comparison of cardiac myocytes from animals with different
levels of cTnT A160E (35% vs 70%) exhibited a clear dosage-dependence in the degree of
disruption, consistent with the more severe effects on myofilament activation and cardiac
remodeling observed in the AL160E R-1VVM studies [64]. Taken together, these studies
support an important and likely structural role for the cTnT extended linker domain.

To begin to address the hypothesis that one of the primary mechanisms underlying
differential pathologic remodeling observed in HCM- and DCM-linked cardiomyopathies is
a mutation-specific change in the structure of the linker, we turned to the all-atom
computational model of the cardiac thin filament [56,90]. Preliminary simulations and
analysis of average structures have revealed that the proximal portion of the extended linker
(~ residues 155 — 180) contains two a-helical components separated by a short linker.
Residues 155 — 164 are part of the existing cTnT-TM binding domain while residues 171-
180 comprise the second a-helix. Note that cTnT A160E, E163K/R (HCM) mutations are
located within the first a-helix and the cTnT R173W (DCM) mutation is within the second
a-helix. Initial results suggest that the A160E mutation partially rotates the first a-helix and
leads to an overall decrease in the root mean squared fluctuation (RMSF) for residues 130 —
170, consistent with a decrease in flexibility of the proximal extended linker (and the distal
cTnT-Tm binding domain). Changes in the flexibility of the proximal linker would be
predicted to alter the position and/or dynamics of the distal domain (residues 170-200).
These predicted structural perturbations may affect myofilament assembly or stability,
potentially accounting for the sarcomeric disarray noted above. In addition, these studies
could be extended via additional simulations incorporating other extended linker mutations
and correlated via TR-FRET in reconstituted thin filaments under varying conditions. The
end result would be an integrated /n silico— in vitro approach to identify potential
biophysical triggers at high resolution. The next step would be to correlate the effects of
these individual triggers to analysis of early molecular signaling cascades in matched murine
models to provide an integrated system to study the earliest stages of pathogenic remodeling,
a current central focus of clinical research in the field. Finally, the availability of robust
computational models will facilitate relatively high-throughput screening of mutations to
allow for functional “binning” of potential triggers based on structural or dynamic effects on
the extended linker, thus providing new targets for intervention in the early disease process.

The regulation of cardiac muscle contractility is highly dependent on the cooperative
activation of the thin filament that is largely modulated by tropomyosin (reviewed in [62]).
The cardiac troponins (I, C and T) are all comprised of largely a-helical domains connected
by linkers of varying length that impart a high degree of flexibility to the individual proteins
and the overall complex. A mutation in any of the cardiac thin filament proteins can
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allosterically impact the cooperativity of the system by, among other things, altering overall
flexibility and disrupting the efficiency of myofilament activation. A central modulator of
thin filament cooperativity is the tropomyosin overlap domain. This multi-subunit region
contains the head-to-tail overlap of adjacent Tm dimers (Tm C-terminus residues 254-284,
Tm N-terminus residues 1-24) and is stabilized by the a-helical Tm-binding domain in
TNT1 (residues 80-110) [68,72]. The complex interdigitation of five independent a-helices
acts as a dynamic and highly flexible “molecular swivel” that plays a central role in
modulating the cooperativity of myofilament activation [68,4,71,8,24]. Approximately 75%
of the known cTnT and Tm cardiomyopathy-causing mutations occur within or flanking the
overlap domain [56,69]. Moreover, given the well-described propagation of structural effects
caused by Tm mutations throughout the dimer it can be argued that any Tm mutation has the
capability of disrupting overlap function [53]. While significant questions remain, however,
regarding the structure and dynamics of this complex domain, mutations within the overlap
clearly represents a significant cause of pathogenic cardiac remodeling [16,25,31].

The structure of the overlap is reliant on the interactions between F-actin, Tm, and cTnT.
Contacts between actin and Tm are governed by weak electrostatic interactions that aid in
regulating crossbridge formation [22,23,38]. Tm’s surface is largely negative with acidic
residue pockets for actin binding [3]. Additionally, the interdigitation of adjacent Tm dimers
modulates both the affinity for actin and its cooperativity [4,8,73]. Thus, one possibility is
that cardiomyopathy-associated mutations in this region lead to alterations in these weak
electrostatic interactions by altering the structure and dynamics of the Tm overlap. Support
for this hypothesis has been provided by many groups including our own and have revealed
that mutations in both Tm and cTnT cause structural changes that alter Tm stability, Tm and
cTnT affinity for actin and Tm overlap flexibility [54,57,45,20,6,29,39,51]. It is important to
note that since Tm dimers form a contiguous chain along the entire length of the thin
filament, mutations that affect overlap structure have the potential to profoundly disrupt thin
filament function.

To investigate possible differential Tm-linked pathogenic mechanisms, Chang et al.
examined a subset of known mutations (DCM: E40K, E54K and HCM: E62Q, L185R) at
multiple levels of biologic complexity [6]. While a full discussion of the complex findings of
this study are beyond the scope of the current review, several observations were particularly
revealing. For example, while thermal denaturation studies of isolated Tm dimers suggested
that independent mutations affected melting transitions to varying degrees (without altering
overall helicity), no clear pattern regarding these differences at this level of experimental
resolution could directly account for the observed phenotypic differences in patients. As
noted by the authors, this was likely due to changes in inter- and- intra coil interactions that
would likely transmit their effects distally in the context of a reconstituted thin filament and
was largely consistent with their ATPase results. The lack of any change in overall Tm
helicity in this study is concordant with the results from a number of groups including our
own and is not surprising, in that mutations in thin filament proteins by and large do not
“destroy” function, instead, the resultant effect at the biophysical level is more likely to be
modulatory. Given the inherent cooperativity of the complex, the structural disruption of a
single functional unit could affect the entire thin filament and would not be tolerated /n7 vivo.
In the same study, computational modeling was performed on Tm fragments carrying the
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same mutations and compared to WT to assess the local effects on inter-dimer sidechain
interactions. While some high-resolution mechanistic insight was obtained in comparisons to
the thermal denaturation results (especially for E62Q where thermal stability was predicted
to increase), the lack of time dependent simulations and the sole use of fragment-based
modeling in a multiprotein complex somewhat limited the translational power of these
findings. Similarly, Gupte, et.al., explored potential mechanisms whereby Tm mutations
(located along the full length of the protein) caused differential patterns of cardiomyopathic
remodeling [26]. In this well-controlled study, results of basic biophysical approaches (CD,
cosedimentation and ATPase activity) were compared to complexes incorporating cTnC
labeled with an environmentally sensitive fluorescent probe (ANS) as a measure of subtle
conformational changes within the thin filament complex in a fully reconstituted system.
Again, a broad range of potential mechanistic triggers were observed, with some mutation-
specific effects on overall Tm stability, actin binding and allosterically mediated changes in
Tn conformation. One of the unique goals of this study was to evaluate the use of the ANS
assay as an /n vitro screen for small molecule modulators of thin filament function.
Interestingly, as the authors noted, the CaZ* sensitivity shifts in the context of the ANS
assays did not correlate well with results from their standard thin filament activated ATPase
assay and they concluded that the latter was more informative in the context of the “binary”
hypothesis of cardiomyopathy. Another interpretation of their results is that instead of
supporting the conclusion that there are multiple “mechanistic routes to a very limited set of
cardiac pathologies”, perhaps the focus on end-stage remodeling as the representative
phenotype is not sufficient to provide translational power.

As the above studies have shown, the unique structure of Tm both as a single dimer and as
part of a continuous strand of molecules aligned along the regulatory thin filament coupled
to the complex timescale of pathogenic remodeling in patients with Tm mutations represents
a significant challenge to understanding basic mechanism. More recently, we have applied
our integrated /in7 silico— in vitro— in vivo approach to address the question of how
mutations in close proximity to the overlap and located in different thin filament proteins
(cTnT R92L — HCM, Tm D230N — DCM) cause differential cardiac remodeling (Figure 4)
[57]. Our approaches have both similarities and differences when compared to previous
studies. We again employed the all atom Schwartz model of the cardiac thin filament (that
allows for interrogation of the 5-helix overlap domain and actin), in this case the advantage
is that we could account for both local and distant effects of mutations. We coupled the
computational results (average structure and RMSF) to two independent methodologies (TR-
FRET and DSC) utilizing fully reconstituted cardiac thin filaments. Finally, we developed
robust transgenic mouse models for each mutation that exhibited strong phenocopies of the
human disease. The use of /n vivo models is important for two reasons. First, replicating the
reported human phenotype in an animal model is a strong validation of mutation-specific
remodeling (fidelity). Second, the availability of a strong phenocopy allows for longitudinal
studies and, in particular, an intact system for investigating the most proximal molecular
responses to the biophysical and structural affects of mutations. Initial skinned fiber
mechanics on samples from the cTnT R92L (HCM) and Tm D230N (DCM) mouse models
revealed a decrease in cooperative activation for R92L and a marked increase for D230N.
TR-FRET (donor sites on cTnT, acceptor sites on TM) across the overlap domain revealed
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mutation-specific structural effects, specifically an increase in the distance between cTnT
residue 100 and Tm 271,279 for R92L and a decrease for D230N. Average structures
derived from all-atom simulations largely agreed with these results and supported the overall
conclusion that the DCM-linked D230N mutation caused an overall “compaction” of the
overlap while the HCM-linked R92L had the opposite effect. Regarding potential effects on
the cooperativity of activation, compacting the overlap (D230N) would decrease the overall
flexibility of this domain and thus increase cooperativity while increasing flexibility (R92L)
would be predicted to decrease cooperativity, matching the original skinned fiber results.
Finally, DSC performed on fully reconstituted R92L thin filaments revealed an increase in
the full-width at half maximum of the dissociation of the Tm-Tn complex from actin and the
opposite for D230N again consistent with a decrease in cooperativity for the cTnT HCM
mutation and an increase for the Tm DCM. Taken together, the results of this integrative
approach suggest that the overall flexibility of the Tm overlap can be finely tuned by
independent mutations and that the direction (and perhaps magnitude) of that change can
trigger differential patterns of cardiac remodeling. An important component of this potential
mechanism is that it implies that there is a zone or gradient of flexibility that is tolerated and
may account for the range of phenotypes for the many mutations and variants that have been
mapped to this region. The next step is to leverage murine models with strong phenocopies
and perform transcriptome and proteome based pathway analysis on early stages of cardiac
remodeling. While human tissue obtained from late stage disease would not be informative,
it may well be possible, in time, to leverage human iPSC derived myocyte technologies to
provide additional translational power to these important questions.

Conclusions/Summary/Going Forward

While great strides have been made over the past 25 years, both in our understanding of
basic thin filament biology and the pathogenesis of thin filament — linked cardiomyopathies,
integration between these two fields remains challenging. These unanswered questions that
will require novel techniques coupled to a more “modern” understanding of the natural
history of sarcomeric cardiomyopathies. While the longstanding focus on binary hypotheses
(hypercontractile vs hypocontractile, Ca2* hyposensitivity vs Ca2* hypersensitivity, etc) has
proven useful in some instances, for example, small molecule screening for new therapeutic
options, there are significant limitations to this approach. The need for higher resolution
mechanistic insight was recently illustrated by the negative results of the Trimetazidine
clinical trial [9]. This trial was based on significant evidence from both patients and animal
models that HCM-causing mutations led to an increase in tension cost and energetic
inefficiency that was posited to affect exercise tolerance [12,28,40,78]. While the direct
mechanistic links between myofilament mutations and abnormalities in myocellular
energetics remain unclear, the decision to increase mitochondrial glucose utilization and
reduce fatty acid uptake via an existing and well-tolerated direct inhibitor of p-oxidation
(trimetazidine dihydrochloride) was well posed. Interestingly, the trial cohort was comprised
of nonobstructive HCM patients, a heterogeneous and clinically challenging patient subset
that does not fall into a classic HCM vs DCM binary grouping. The trial did not demonstrate
any improvement in exercise capacity for patients in the treatment arm and the authors
concluded that a “therapeutic role for metabolic modulators” was not confirmed for
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nonobstructive HCM. This result, however, should not be interpreted as a failure of the
overall hypothesis that myofilament mutations that increase tension cost influence disease
pathogenesis. The accompanying editorial goes to great length to discuss the complexity of
the clinical disorder including many issues raised in the current review as possible
contributors to the negative outcome [13]. It is also highly likely that improved mechanistic
insight at the myofilament level (as detailed in the current review) coupled to early stage
animal models would result in improved translational power as compared to targeting
mitochondrial pathways. From the experimental standpoint, the way forward is to improve
our ability to couple high resolution structural and functional measurements (including
computation) to robust, biologically “intact” /n vitro systems and rigorously link these
results to the early activation of myocellular signaling cascades in animal models. It is
equally important, however, to accept and acknowledge the complexity of the human
disorder and to avoid oversimplifying disease pathogenesis with an over reliance on end-
stage phenotypes. These studies are perfectly suited to robust collaborative efforts between
HCM centers and scientists and should be aggressively pursued.
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Fig. 2.
Full atomistic model of the human cardiac thin filament. Actin is represented in gray.

Tropomyosin dimers are represented in green and orange. Cardiac TnT is depicted in yellow,
cTnl is shown in blue, and cTnC is represented in red.
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Fig. 3.
C-terminal TNT1 extended linker domain. Left panel (box) refers to position of extended

linker in the context of the thin filament. Right panel shows the locations of the 160E
(HCM) and R173W (DCM) mutations within the extended linker domain. ¢cTnT is shown in
yellow and Tropomyosin (orange) is shaded for clarity
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Fig. 4.
Tropomyosin overlap domain. Left panel (box) shows the position of the overlap domain in

the context of the thin filament. Right panel depicts the position of the R92L substitution
(HCM) in cTnT (yellow) and the D230N substitution (DCM) in Tropomyosin (orange)
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