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ABSTRACT 

 

Hypertrophic cardiomyopathy (HCM) is a primary disease of the myocardium. 4-

11% of HCM is caused by mutations in cardiac troponin T (cTnT) and 65% of them are 

within the tropomyosin (TM)-binding TNT1 domain. Two of the known mutational 

hotspots within TNT1 are in the N and C-terminal domains. Unlike the N-terminal 

domain; no high-resolution structure exists for the highly conserved C-terminal domain 

limiting both our ability to understand the functional role of this extended domain in 

myofilament activation and molecular mechanism(s) of HCM. The Δ160E mutation is an 

in-frame deletion of a glutamic acid residue at position 160 of cTnT. This TNT1 C-

terminal mutation is associated with an especially poor prognosis. The Δ160E mutation 

is located in a putative “hinge region” immediately adjacent to the unstructured flexible 

linker connecting the TM-binding TNT1 domain to the Ca2+-sensitive TNT2 domain. 

Unwinding of this α-helical hinge may provide the flexibility necessary for thin filament 

function. Previous regulated in vitro motility assay (R-IVM) data showed mutation-

induced impairment of weak actomyosin binding. Thus, we hypothesized that the Δ160E 

mutation repositions the flexible linker which impairs weak electrostatic binding and 

ultimately leads to severe cardiac remodeling. The goal of our studies is two-fold: 1) to 

gain high-resolution insight into the position of the cTnT linker with respect to the C-

terminus of TM, and 2) to identify Δ160E-induced positional changes using Fluorescence 

Resonance Energy Transfer (FRET) in a fully reconstituted thin filament.  

To this end, residues in the middle and distal regions of the cTnT linker were 

sequentially cysteine-substituted (A168C, A177C, A192C and S198C) and labeled with 

the energy donor IAEDANS. The energy acceptor, DABMI was attached to cysteine 190 

(C190) in the C-terminal region of TM and FRET measurements were obtained in the 

presence and absence of Ca2+ and myosin subfragment 1 (S1). An all-atom thin filament 
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model in the Ca2+–on state was employed to predict the pathogenic effects of the Δ160E 

mutation on the structure and the dynamics of the cTnT linker region. Our data suggest 

that the linker domain runs alongside the C-terminus of TM and is differentially 

repositioned by calcium, myosin and the Δ160E mutation. The Δ160E mutation moves 

the linker closer to the C-terminus of TM. The in silico model supported this finding and 

demonstrated a mutation-induced decrease in linker flexibility. Moreover, the model 

predicted a pathogenic change in the orientation of the middle region of the linker and in 

the position of the Ca2+-sensitive TNT2 domain and the TM-binding TNT1 domain in 

response to Δ160E mutation. Collectively, our findings suggest that the Δ160E mutation-

induced changes in the structure, position and dynamics of the linker region cause steric 

blocking of weak myosin binding sites on actin and subsequent impairment of 

contraction and disruption of sarcomeric integrity. These studies, for the first time, 

provided information regarding the role of the extended linker in both myofilament 

activation and disease. 
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EXPLANATION OF DISSERTATION FORMAT 

 

This dissertation is arranged in 3 chapters with one appendix (Appendix A). 

Chapter 1 is a general introduction on the cardiac sarcomere, the structure and function 

of cardiac troponin T, thin filament regulation, hypertrophic cardiomyopathy and the 

Δ160E 160E mutation. Appendix A is a published manuscript by Rachel Moore (first 

author), myself (middle author), and Dr. Jil Tardiff (senior/corresponding author). This 

work integrates the use of genetic mouse models and regulated in vitro motility assay 

(R-IVM) to elucidate the structural and functional consequences of the Δ160E mutation, 

respectively. The R-IVM experiments were performed by Rachel Moore. The 

transmission electron microscopy work (imaging, analysis and materials and methods 

writing) was done by me. Chapter 2 is a manuscript in late preparation for submission, 

which was written by myself (first author) with contribution from Mark McConnell and 

Michael Williams from the Tardiff and the Schwartz labs. This chapter represents the 

bulk of my graduate work which involves the use of a high-resolution spectroscopic 

technique (fluorescence resonance energy transfer FRET) and molecular dynamics 

simulation (MD) to understand the structural and dynamic basis for the Δ160E effects 

reported in Appendix A. The majority of writing and all the FRET work (experiments and 

data analysis) and statistical analysis was done by me. ATPase assays were done by 

Mark McConnell. The in silico work (simulation and RMSF analysis) was done by 

Michael Williams and Steve Schwartz. Chapter 3 provides conclusions and future 

directions for the work presented in chapters 1 and 2.  
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CHAPTER 1: INTRODUCTION 

 

 

1.1 The Cardiac Sarcomere  

 

The sarcomere is the building block of cardiac muscle (Figure 1-1). It consists of 

three types of filaments: thin filaments, thick filaments and the titin filament. The 

movement of the thin filament and the thick filament past each other generates force for 

muscle contraction. The primary thin filament protein, filamentous actin (F-actin), is a 

double-helical polymer of globular actin (G-actin) molecules [4, 5]. Myosin is the ATPase 

motor of the sarcomere and the backbone of the thick filament. This hexameric proteins 

is composed of two heavy chains, two essential light chains (ELC) and two regulatory 

light chains (RLC) [6, 7]. Chymotryptic digestion of myosin yields the double-headed 

heavy meromyosin (HMM) and the extended α-helical light meromyosin (LMM) tail [8]. 

Each half of HMM can be further divided into two types of subfragments: S1, which 

harbors the ATPase catalytic domain and the actin-binding site, and S2 [6].  

Muscle contraction is regulated by other thin filament proteins such as 

tropomyosin (TM) and the ternary cardiac troponin (cTn) complex [4]. TM is an α-helical 

coiled-coil that overlaps in a head to tail fashion with a neighboring TM molecule to form 

a contiguous strand running along F-actin [9, 10]. TM provides the stability, flexibility and 

cooperativity for the thin filament. The cTn complex anchors TM to F-actin. It extends 

over two-thirds of the TM molecule from the C-terminus of TM near cysteine 190 (C190) 

to the TM overlap region at the N-terminus [7]. The cTn complex consists of cardiac 

troponin C (cTnC), cardiac troponin I (cTnI), and cardiac troponin T (cTnT), which 

represent the Ca2+-responsive component, the inhibitory component and the TM-binding 

component of the cTn complex, respectively [4, 7] (See Figure 1-2 for a model of the thin 
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filament). cTnC is a 18 kDa dumbbell-shaped protein. The two globular domains of TnC, 

namely the regulatory N-terminal domain and the C-terminal domain, are connected by a 

long central linker [11]. Each globular domain contains two divalent cation-binding sites. 

The N-terminal site II is a Ca2+-dependent switch for the cross-bridge cycle. cTnI is an 

inhibitor of actomyosin ATPase activity and consists of six segments: 1) the cardiac 

specific N-terminal extension, 2) the N-terminal conserved region, 3) the cTnT binding 

region, 4) the inhibitory region, 5) the switch peptide and 6) the C-terminal mobile 

domain [12]. The structure and function of the crucial anchoring protein cTnT is 

discussed in details below.  

1.2 Cardiac Troponin T Structure and Function 

Cardiac troponin T (cTnT) is a 30-35 kDa sarcomeric protein. Due to its direct 

interactions with TM, cTnC, cTnI and F-actin, cTnT is considered the “glue” that holds 

the thin filament together [13, 14]. cTnT is an important regulator of cardiac muscle 

contraction. For example, it enhances the inhibition of the actomyosin ATPase activity in 

the absence of Ca2+ and increases the stimulation in the presence of Ca2+ [7, 15]. 

Furthermore, cTnT plays a crucial role in cardiac myofibrillogenesis and development as 

the disruption of the gene encoding cTnT in zebrafish and mice yields a “silent” or non-

contractile heart phenotype due to impaired sarcomere assembly [16, 17].  

Early proteolytic studies demonstrated that cTnT comprises two fragments; 1) the 

TM-binding TNT1 fragment and the 2) cTnI, cTnC, and TM-binding TNT2 fragment, also 

termed the “core domain” [13]. A highly charged, hyper-variable region (HVR) is located 

at the extreme N-terminal end of TNT1. This region is cardiac specific and, as the name 

suggests, is variable in length and amino acid sequences among species. Since most 

cTnT studies are fragment based, the boundaries of the TNT1 domain are inconsistent 

in the literature. The terminology is not consistent either as the terms “TNT1” and “TNT 
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tail” are used interchangeably. For the purpose of this dissertation, we will divide the 

cTnT protein into two major domains: 1) the TNT tail and 2) TNT2. The α-helical TM 

binding TNT1 domain is a subdomain of the TNT tail (See Figure 1-3 for schematic 

illustration of the cTnT domains.  

In 2003 a crystal structure of Ca2+-activated human cTn core was resolved by 

Takeda et al. [18]. The predominantly α-helical crystal structure (which was devoid of F-

actin and TM) consists of two regions: 1) the regulatory head (composed of the Ca2+-

sensitive N-terminal domain of cTnC and the C-terminus of cTnI), and the 2) IT arm. The 

IT arm consists of the TNT2 domain (aa 203-271), the N-terminal region of cTnI and the 

C-terminal domain of cTnC (Figure 1-2). The entire TNT tail domain was excluded from 

the crystallized cTn complex because it inhibited crystal formation, likely due to the 

inherent flexibility of the linker domain.  

Despite extensive efforts, the structure of the TNT tail region was unresolved in 

early reconstruction studies [19]. In 2014, the 3D organization of the TNT tail on a native 

relaxed cardiac thin filament was resolved for the first time at ~ 25 Å [20]. Consistent 

with early cTnT studies, the tail adopted an extended confirmation [21, 22] and ran 

adjacent to TM. In addition, circular dichroism (CD) studies using bovine cTnT 

suggested that the tail region (up to the C-terminal end of the TNT1 domain (~ aa 1-156, 

or aa 3-159 of human cTnT) is predominantly α-helical [23]. EM reconstruction and CD, 

however, have low-resolution compared to X-ray crystallography. 

The Ca2+-insensitive TNT1 domain promotes binding of TM to F-actin [24, 25]. In 

addition, it increases the cooperativity of S1 binding to the thin filament without affecting 

the rate of S1 binding [26]. This region has also been shown to stabilize the head-tail 

overlap region of adjacent TM dimers [25, 27]. Despite the profound importance of the 

TNT1 domain (and the TNT tail in general), precise understanding of its role in thin 
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filament activation is lacking due to the unavailability of high-resolution, three-

dimensional structure.  

1.3 Mechanism of Thin Filament Activation  

Activation of cardiac muscle is triggered by the transient rise of intracellular 

calcium level following plasma membrane excitation by the cardiac action potential. 

Upon binding of Ca2+ to site II of cTnC the N-terminal hydrophobic pocket becomes 

exposed allowing interaction with the switch peptide of cTnI. This interaction results in a 

series of conformational changes that release the mobile domain of cTnI and the 

neighboring inhibitory peptide from actin and azimuthally shift TM from the outer domain 

to the inner domain of F-actin to expose the myosin-binding sites [28, 29]. For muscle 

contraction to occur, myosin must form force-exerting cross-bridges with F-actin in a 

cyclical fashion. At any given time, the thin filament exists in equilibrium between three 

states based on the position of TM on F-actin [30, 31]. Both Ca2+ and myosin modulate 

the direction of the equilibrium. At low Ca2+ concentrations, TM is mostly in the blocked 

(B) state, which favors cardiac relaxation. Increasing intracellular Ca2+ concentrations 

shifts the TM equilibrium towards the closed (C) state, inducing weak electrostatic 

actomyosin binding. Isomerization of myosin heads pushes TM further down the actin 

groove (the opened or M state) allowing strong force-generating binding (Figure 1-4).  

The cross-bridge cycle (Figure 1-5) starts with rigor binding between myosin S1 

and F-actin [3]. Strongly bound (rigor) S1 heads get detached from F-actin following ATP 

binding to the nucleotide binding site of S1. ATP hydrolysis to ADP and inorganic 

phosphate (Pi) induces weak actinomyosin binding in a pre-stroke configuration. This 

step is followed by strong binding of myosin heads and Pi release. The strongly bound 

S1 heads undergo a power stroke causing the thin filament to slide towards the center of 

the sarcomere. The release of ADP from the myosin head restores the rigor state and 
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repeats the cycle. Cardiac activation regulation requires tight regulation of protein-

protein interactions. Disruption of the structure or function of sarcomeric proteins could 

lead to severe primary myocardial diseases such hypertrophic cardiomyopathy or dilated 

cardiomyopathy.    

1.4 Hypertrophic Cardiomyopathy  

Hypertrophic cardiomyopathy (HCM) is the most common genetic cardiac 

disorder affecting 1 in 500 individuals around the globe [32]. In the U.S. at least 600,000 

people are affected with HCM. HCM is mostly inherited as an autosomal dominant 

disorder and it affects people of all ages, genders and racial and ethnic backgrounds. 

Ventricular arrhythmia and heart failure are common consequences of HCM; however, 

the most devastating aspect of this disease is that it is the leading cause of sudden 

cardiac death in people under 35 years, including trained athletes [32, 33]. Clinically, 

HCM refers to a disease state characterized by unexplained LV hypertrophy associated 

with non-dilated ventricular chambers in the absence of another cardiac or systemic 

disease that itself would be capable of producing the magnitude of hypertrophy evident 

in a given patient [34]. This classic definition is incomplete as it fails to reflect the vast 

heterogeneity of HCM in terms of the underlying genetics, clinical presentation and 

prognosis. HCM patients exhibit massive variability in LV thicknesses, the degree of 

which is not necessarily proportional to functional impairment, especially with regard to 

cardiac relaxation [35]. Shortly after the discovery of the first HCM mutation in the beta 

myosin heavy chain (β-MHC) gene [36], reports of causative mutations in other 

sarcomeric proteins have followed [37]. To date, ~1400 mutations in 11 sarcomeric 

genes have been linked to HCM [32, 38]. The redefinition of HCM from a disease of the 

cardiac motor to a disease of the cardiac sarcomere expanded the breadth of the 

potential underlying molecular pathogenic mechanisms, further complicating HCM 
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research. Another level of complexity is revealed by the variability of clinical 

manifestation among HCM patients with identical mutations [33]. The multifaceted nature 

of HCM and the low frequency of each underlying mutation significantly impairs 

genotype-phenotype correlations. Identifying the subset of patients with high risk of 

sudden cardiac death and/ or progression to heart failure is particularly challenging. 

Therefore, it is no surprise that 50 years following the original description of HCM, 

primary pharmacological interventions are still severely lacking [39]. 

1.5 The Cardiac Troponin T Δ160E Mutation 

Mutations in cardiac troponin T account for 4-11 % of HCM cases [40, 41]. The 

majority of HCM-causing mutations in cTnT are harbored in the TNT1 domain [42]. Two 

of the known mutational hotspots in TNT1 are within the N-terminal domain (residues 92-

94) and the C-terminal domain (residues 160-163) [37]. Δ160E, a single in-frame 

deletion of a glutamic acid residue at position 160, is one of the most prevalent 

mutations in the gene encoding cTnT and is especially associated with poor prognosis 

[33, 41, 43-49]. Transgenic mouse models expressing the Δ160E mutation demonstrate 

Ca2+ mishandling, dose-dependent myofibrillar disarray and progressive cardiac 

remodeling [50]. Additionally, the Δ160E mutation is associated with increased tension-

dependent ATP consumption [51].  

Unlike the TNT1 N-terminal mutations, the TNT1 C-terminal mutations, including 

Δ160E, have no effect on the TM-TNT1 binding affinity and the stability of the TM 

overlap [25]. The location of the Δ160E mutation next to the functionally crucial linker 

between the TNT1 and the TNT2 domains (Figure 1-3) likely confers unique disease 

pathogenesis. However, due to the lack of high-resolution structural information on the 

TNT1 and the linker domains, the mechanistic role of the Δ160E mutation in HCM 

pathogenesis remains obscure to date.  
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The work presented in this dissertation investigates the mechanistic link between 

the Δ160E mutation in cTnT and HCM. Appendix A is a published manuscript by Rachel 

Moore (first author), myself (middle author), and Dr. Jil Tardiff (senior/corresponding 

author). This work integrates the use of genetic mouse models and regulated in vitro 

motility assay (R-IVM) to elucidate the structural and functional consequences of the 

Δ160E mutation, respectively. The R-IVM experiments were performed by Rachel 

Moore. The transmission electron microscopy work (imaging, analysis and related 

materials and methods) was done by me. Chapter 2 is a manuscript in late preparation 

for submission, which was written by myself (first author) with contribution from Mark 

McConnell and Michael Williams from the Tardiff and the Schwartz labs. This chapter 

represents the bulk of my graduate work which involves the use of a high-resolution 

spectroscopic technique (fluorescence resonance energy transfer FRET) and molecular 

dynamic simulation (MD) to understand the structural and dynamic basis for the Δ160E 

effects reported in Appendix A. The majority of writing and all the FRET work 

(experiments and data analysis) and statistical analysis was done by me. ATPase 

assays were done by Mark McConnell. The in silico work (simulation and RMSF 

analysis) was done by Michael Williams and Steve Schwartz. Chapter 3 provides 

conclusions and future directions for the work presented in chapters 1 and 2.  

 

 

 

 

 

 

 

 



 16 

1.6 Figures  

 

 

 
 

Figure 1-1:  Schematic Representation of the Cardiac Sarcomere 

The sarcomere is composed of thin filaments, thick filament and the 
titin filament. The thin filament consists of multiple regulatory proteins 
such as tropomyosin, cardiac troponin cardiac I, cardiac troponin C 
and cardiac troponin T. troponin. The myosin thick filament is 
composed of myosin and myosin binding protein C.  
 
Image from Morimoto, 2008 [1]  
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Figure 1-2: Atomistic Atom of the Thin Filament 

The thin filament consists of the F-actin backbone (gray), tropomyosin 
(green), and the ternary troponin complex: 1) cardiac troponin C (red), 
2) cardiac troponin I (blue) and 3) cardiac troponin T (yellow). The 
three main functional domains of cTnT (TNT1, TNT2 and the linker 
domain) are shown in yellow. The W-shaped structure is the IT arm. It 
consists of the TNT2 domain (aa 203-271), the N-terminal region of 
cTnI and the C-terminal domain of cTnC). Myosin is not part of the 
model  
 
Image by Michael Williams and Steve Schwartz 
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Figure 1-3.: Schematic Illustration of the Different Regions in 
Cardiac Troponin T 

 
Cardiac troponin T comprises the TNT2 domain (~ aa 203-271), 
which is part of the crystallized troponin core domain, and the TNT1 
tail. The TNT Tail encompasses multiple regions including the 
largely α-helical TM-binding TNT1 domain (~ aa 93-158) and the 
flexible linker domain (~ aa 158 -202). The Δ160E mutation is 
harbored in the highly charged hinge region (the beginning of the 
linker domain).  
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Figure 1-4.: The Three-State Model for Thin Filament Activation 
 
In the absence of Ca2+ TM is mostly in the blocked state (red). Adding 
Ca2+ azimuthally shifts TM to the closed position on F-actin favoring 
weak myosin binding (yellow). Strongly binding of a small number of 
myosin heads can lead to recruitment of more myosin heads and 
isomerization to the strongly bound open state (green).  
 
Image from Manning et al. [2]  
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Figure 1-5: The Cross-Bridge Cycle 

Step 1: ATP binding to the strongly bound myosin head (rigor state) 
induces dettachment from the thin filament. Step 2: ATP hydrolysis to 
ADP and inorganic phoshpate (Pi) locks the myosin head in the pre-
stroke position. Step 3 (a and b): weak binding is followed by strong 
binding which leads to the release of Pi from the active site. Step 4: 
The myosin head undegors power stroke and moves the the thin 
filamet towards the center of the sarcomere. Step 5. The release of 
ADP from the myosin head restores the rigor state and the cycle 
continues.    

Image from Spudich, 2014 [3] 
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2.1 Abstract:  

Hypertrophic cardiomyopathy (HCM) is a leading cause of sudden cardiac death. 

4-11% of HCM is caused by mutations in cardiac troponin T (cTnT) and 65% within the 

tropomyosin (TM)-binding TNT1 domain. Two of the known mutational hotspots within 

TNT1 are in the N and C-terminal domains. There is no high-resolution structure for the 

C-terminal domain limiting both our ability to understand its role in myofilament activation 

and the molecular mechanism(s) of HCM. The TNT1 C-terminal mutation, Δ160E, is 

located in a putative “hinge” adjacent to unstructured linker connecting domains TNT1 

and TNT2. Unwinding of this α-helical hinge may provide the flexibility necessary for thin 

filament regulation. Previous regulated in vitro motility assay (R-IVM) data showed 

mutation-induced impairment of weak actomyosin binding. Thus, we hypothesized that 

the Δ160E mutation repositions the flexible linker which impairs weak electrostatic 

binding and ultimately leads to cardiac remodeling. Our goal is two-fold: 1) to gain high-

resolution structural insight into the functionally crucial, cTnT linker domain and 2) to 

identify the positional changes induced therein by the Δ160E mutation using 

fluorescence resonance energy transfer (FRET) in a fully reconstituted thin filament (TF) 

and an all-atom dynamic model of the thin filament. Our data suggest that the linker 

domain runs alongside the C-terminus of TM and is differentially repositioned by 

calcium, myosin and the Δ160E mutation. The Δ160E mutation moves the linker closer 

to the C-terminus of TM. The In silico model supported this finding and demonstrated a 

mutation-induced decrease in linker flexibility. Moreover, the model predicted a 

pathogenic change in the orientation of the middle region of the linker and in the position 

of the Ca2+-sensitive TNT2 domain and the TM-binding TNT1 domain in response to 

Δ160E mutation. Collectively, our findings suggest that the Δ160E mutation-induced 

changes in the structure, position and dynamics of the linker region cause steric blocking 
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of weak myosin binding sites on actin. These studies, for the first time, provided 

information regarding the role of the extended linker in both myofilament activation and 

disease. 
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2.2 Introduction:  

Hypertrophic cardiomyopathy (HCM) is the most common genetic cardiac 

disorder with a prevalence of at least 0.2% in the general population [32]. This 

autosomal dominant disorder causes ventricular arrhythmia, heart failure and sudden 

cardiac death in young adults in the field [33]. Shortly following the discovery of the first 

HCM mutation in the beta myosin heavy chain (β-MHC) gene [36], causative mutations 

in other sarcomeric proteins were reported (Reviewed in [52]). To date, more than 1400 

mutations in 11 sarcomeric genes have been linked to HCM [32]. This redefinition of 

HCM from a disease of the cardiac motor to a disease of the cardiac sarcomere 

expanded the scope of potential underlying molecular mechanisms, thus complicating 

the use of genotype in disease management and drug design.  

Approximately 4-11% of HCM is caused by mutations in cardiac troponin T 

(cTnT), [40, 41] a sarcomeric protein anchoring the cardiac ternary troponin (cTn) 

complex to tropomyosin (TM) [53]. cTnT modulates calcium (Ca2+)-induced activation of 

the thin filament, leading to highly-regulated syncytial contraction of the myocardium 

[53]. cTnT comprises two functional domains: the TM-binding TNT1 domain and the 

calcium-sensitive TNT2 domain (binds cardiac troponin I (cTnI), cardiac troponin C 

(cTnC) and TM) [26, 54] (Fig. 1a). The extended (~50 amino acid) flexible linker 

connecting the TNT1 and TNT2 domains (Fig. 1a) is essential for transmitting the 

calcium-induced conformational changes from the C-terminal end of the protein to the N-

terminus. Approximately 65% of HCM-linked cTnT mutations reside within or flanking 

TNT1 [51]. Circular dichroism studies suggest that the linker region is highly α–helical 

[55]; however, the structural details of this functionally important domain are unknown 

due to its absence from the crystal structure of human cTn core [18] and cryo-EM 

reconstruction of the thin filament [19]. Limited structural information on the cTnT linker 
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region greatly impairs our ability to understand the molecular pathogenesis of HCM 

induced by mutations in this region. 

Within the TNT1 domain, mutations cluster at the N and C terminal regions with 

two of the known mutational hot spots occurring at residues 92 (R92Q, R92L, R92W) 

and 160-163 (Δ160E, E163R, E163K). In particular, the Δ160E mutation, a single in-

frame deletion of glutamic acid 160, is associated with an especially poor prognosis [33, 

43-45]. While TNT1 N-terminal mutations affect TM-TNT1 binding affinity and stability of 

the TM overlap, C-terminal mutations have no direct effect on the TM-dependent 

properties of cTnT [25]. It is unclear how a mutation located in the Ca2+-insensitive 

region of cTnT can lead to such complex cardiomyopathy. Several research groups have 

attempted to unravel the underlying mechanism(s) [25, 56, 57], but no consensus has 

been reached.  

We have previously investigated the functional effects of the Δ160E mutation in 

vitro, in vivo and ex-vivo [33, 50-52, 58]. Regulated in vitro motility (R-IVM) assay studies 

revealed a mutation-specific disruption of weak electrostatic actomyosin binding, which 

correlated to unique, progressive cardiac remodeling in vivo [58]. In the current study, 

we investigate the pathogenic structural alterations at the molecular level using 

Fluorescence Resonance Energy Transfer (FRET). Δ160E is located in a highly 

conserved region (amino acids 158-166), which may unwind to create a flexible hinge 

necessary for thin filament regulation (Fig. 1c). We hypothesize that the Δ160E mutation 

changes the position of cTnT extended linker impairing weak electrostatic actomyosin 

binding and ultimately leading to progressive cardiac remodeling.   

The goal of this study is twofold: 1) to define the spatial relationship of the 

unstructured linker to other thin filament proteins, and 2) to identify the conformational 

changes induced in the linker region by the Δ160E mutation using FRET in a fully 

reconstituted thin filament. To achieve this goal, residues within the extended linker were 
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sequentially cysteine-substituted (A168C, A177C, A192C, S198C) and labeled with the 

energy donor IAEDANS. The energy acceptor, DABMI was attached to cysteine 190 of 

TM (TM C190), and FRET measurements were obtained for WT and mutant thin 

filaments in multiple conditions (± Ca2+ and ± myosin subfragment (S1)). We present 

evidence that the Δ160E mutation changes the position of the highly conserved flexible 

linker which may serve as the molecular basis for the impaired weak electrostatic 

actomyosin binding and the progressive cardiac remodeling.    

2.3 Results and Discussion: 

Tight regulation of cardiac muscle contraction depends on the precise function of 

thin filament proteins. The regulated movement of TM along actin during thin filament 

activation has been well established [10, 15, 59]. However, the regulatory role of cTnT, 

including its interaction with TM and F-actin, is poorly understood due to lack of high-

resolution structural information on ~70% of the cTnT sequence [18, 19, 60]. The 

inherent flexibility of the TNT1 domain (~ aa 1-150) and the extended linker (~ aa 150 - 

202) led to their exclusion from the calcium-activated crystal structure of human cTnT 

and subsequent EM studies [18, 19]. In 2014, the 3D organization of the TNT1 domain 

on a native relaxed cardiac thin filament was shown for the first time [60]. Despite the 

significance of this finding, the structure and orientation of the extended cTnT linker 

domain was unresolved due to the low-resolution of EM reconstruction (~ 25 Å). The 

cTnT linker domain structurally and functionally connects domains TNT2 to TNT1 and 

translates rising intracellular Ca2+ levels to a sliding motion of the thick and thin 

filaments. The importance of the linker region is highlighted by its evolutionary 

conservation and the severity of the HCM causing-mutations within [52]. The uniqueness 

of the primary sequence of the linker region complicates 3D structure prediction [58]. 
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Thus, prior to dissecting the structural mechanism underlying the Δ160E mutation, we 

first attempted to gain a high-resolution insight into the structure of the cTnT linker in the 

relaxed and Ca2+-activated WT thin filament. 

The Δ160E mutation is located in a putative α–helical hinge (~ aa 158-166) at the C-

terminus of TNT1 immediately adjacent to the unstructured linker domain [58]. Mutations 

in the TNT1 N-terminal domain have been shown to affect cTnT-TM binding, however 

TNT1 C-terminal mutations (including the Δ160E mutation) have no effects on the TM-

dependent functions of TNT1 such as promoting actin-TM binding and TM head-to-tail 

overlap stability [25, 55, 61]. Previous studies have shown that the progressive 

remodeling associated with the Δ160E mutation [50] is likely the result of impaired 

calcium-dependent transition towards the closed state of thin filament activation [58].. 

We hypothesized that the deletion of glutamic acid 160 changes the position of the linker 

region in the thin filament, which ultimately impairs weak electrostatic actomyosin 

binding. The hypothesis is based on earlier work proposing ~ 100° change in the 

rotational orientation of residues in the α-helical TM-binding TNT1 domain in response to 

160E deletion [56]. Moreover, dynamic simulation of the Δ160E mutation has 

demonstrated that this mutation tightens the helix at the C-terminus of TNT1 which 

stiffens the TNT1 domain and pulls on the linker [61].  

To achieve the goals of the study, we performed TR-FRET between selected 

IAEDAN-labeled cysteine-substituted residues within the cTnT linker and DABMI-labeled 

TM C190 in a fully reconstituted WT or mutant thin filament under different biochemical 

conditions (± Ca2+ and ± myosin S1). Selection of cTnT A168C, A177C, A192C and 

S198C (Fig. 1c) allowed for collection of as much positional information on the linker as 

possible at baseline and following the introduction of Δ160E. We have previously 

demonstrated using a R-IVM assay that cysteine substitutions at these sites, with and 

without attached probes, results in normal thin filament function (data not shown). Our 
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choice of C190, the only endogenous cysteine in TM, as a reference point for the linker’s 

position was to minimize any structural/ functional effects that might be caused by 

cysteine-substitution of other TM residues. C190 on TM has been used extensively in 

previous FRET studies of the thin filament [62, 63]. Our FRET measurements were 

unlikely confounded by the presence of TM C190 on the other side of the thin filament 

since it is outside the range of the Forster distance of the used FRET probes (the R0 for 

IAEDANS and DABMI = 40 Å).  

 For data analysis, we employed repeated measures ANOVA (2 x 2 x 2 design) to 

detect main effects of the within-subject variable (calcium status) and between-subject 

variables (genotype and S1 status) on FRET distances as well as two-way interactions 

(Ca2+ x Δ160E, Ca2+ x S1, and Δ160E x S1) (Tables 2 and 3). The distance per 

experimental condition averaged across all the other conditions are listed in Table 1 for 

each FRET pair. Multiple comparisons have been performed using pairwise t-tests and 

independent sample t-tests. Pairwise t-tests were used to break down the effect of Ca2+ 

on the distance by genotype and S1 status (Supplemental Table S2). Independent-

sample t-tests were used to break down the effect of Δ160E on the distance by Ca2+ 

status and S1 status, and the effect of S1 on the distance by genotype and Ca2+ status 

(Supplemental Tables S1 and S3, respectively). From a statistical point of view, 

analyzing three factor data with individual t-tests are not recommended, as the results 

can be counterintuitive or biased. In complex statistical models, the main effects and 

interactions are the most informative; thus, we limited our discussion to repeated 

measures ANOVA outcomes. 

To our knowledge, we are the first to use TR-FRET to study the cTnT linker 

region. Using IAEDANS and DABMI as FRET probes (Förster Distance (R0) = ~ 40 Å 

[64]), we have been able to gain insight into the orientation of the middle and distal 
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portions of the linker domain which comprise ~ 60% of the linker sequence (Fig. 1b) with 

respect to a specific reference point (C190) on the C-terminus of TM.  

WT Structure: 

We found that in the WT thin filament, the distal region of the linker (residues 

A192C and S198C) is closer to TM C190 than the linker’s middle region (residues 

A168C and A177C) (Table 1). This piece of data suggests that ~ 60% of the linker 

domain is oblique to the C-terminus of TM. This finding is in agreement with Yang et al’s 

EM reconstructions results showing the TNT tail alongside TM [60].  

Calcium Effect: 

Adding Ca2+ shifted the position of the entire linker with respect to TM C190. While 

Ca2+ moved the middle region of the linker (168 and 177) closer to TM C190, its effect on 

the distal region of the linker (A192C and S198C) was S1-dependent (Tables 2 and 3 

and Fig. 3 a and b). More specifically, adding Ca2+ moved the distal region of the linker 

further away from TM C190 in the absence of S1. However, the opposite is true in the 

presence of S1. Based on their 3D EM reconstruction, Yang et al. proposed that during 

relaxation, the TNT tail and TM are held in the blocked position by the cTnI mobile 

domain and that this constraint is released upon Ca2+ activation [60]. It is possible that 

the calcium-dependent changes in the linker’s position play a role in this process, 

especially since the linker region becomes more flexible during activation (Fig. 4). 

Effect of Δ160E:  

The effect of the Δ160E was consistent throughout the linker; it decreased the 

distance separating labeled linker residues from TM C190 (except at 192 which was 



 30 

resistant to positional changes) (Tables 2 and 3 and Fig. 3c). The displacement of the 

cTnT linker was confirmed by the computational model (Fig. 5). RMSF analysis of cTnT 

demonstrated that the Δ160E mutation reduces the flexibility of the linker region (Figure 

4). The unidirectional shift of almost the entire middle and distal regions of the mutant 

linker closer to C-terminal region of TM and the associated increased rigidity might serve 

as the structural basis for the impairment of weak electrostatic actomyosin binding 

reported in the R-IVM studies [58]. In other words, the linker of the mutant cTnT likely 

imposes steric hindrance on actin-myosin binding by covering the weak binding sites on 

actin.  

Impaired weak actomyosin binding could explain the impairment in contractile 

function seen in the Δ160E mice [50]. The left ventricular tissue of these transgenic mice 

is a mosaic of normal and dysfunctional sarcomeres, containing WT and Δ160E cTnT, 

respectively. The mutant sarcomeres are unable to contract efficiently due to impaired 

weak S1 binding, whereas the normal ones form force-generating cross bridges and 

contract normally. It is possible that the healthy sarcomeres attempt to recruit more 

cross bridges than usual to compensate for impaired contraction by diseased 

sarcomeres which is energetically costly [51]. Moreover, the inconsistency in cross 

bridge cycling between healthy and mutant sarcomeres could explain the abnormal 

cardiac conduction seen in stressed Δ160E mice [52]. Collectively, the pathogenic 

effects of the Δ160E mutation on cross bridge cycling, ATP consumption and syncytial 

cardiac contraction can impose structural stress on the heart that leads to Z disk 

misalignment and subsequent disruption of sarcomeric integrity. 

In addition, the model predicted a pathogenic change in the orientation of the middle 

region of the linker and in the position of the Ca2+-sensitive TNT2 domain and the TM-

binding TNT1 domain in response to Δ160E mutation (Fig. 5). These results suggest that 
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TNT1 could disrupt thin filament activation by disrupting the structure and position of the 

troponin core and TM.  

Effect of S1:  

S1 was incorporated in our FRET system to test the effect of strong myosin binding 

on the linker’s position. We found no effect of S1 on the linker except at the C-terminal 

end of the distal region where the separation between cTnT S198C and TM C190 was 

decreased (Tables 2 and 3 and Fig. 3d). Our findings are not direct evidence for S1-actin 

binding at the C-terminal end of the linker’s distal region, partly because in vitro thin 

filament studies fail to recapitulate the geometric and mechanical constrains of the 

sarcomeric lattice and lack the entire structure of the thick filament. However, the fact 

that the main effect of S1 and its interaction with calcium are limited to the distal region 

of the linker is interesting. It has been estimated that no more than four myosin heads 

can bind per thin filament regulatory unit (7 actin monomers) [65]; thus, the possibility 

that at least one of the myosin heads bind near the cTn core domain is not to be 

excluded if myosin does bind to actin near the core domain.  

Finally, It is important to note that despite differential effects of Ca2+, mutation or 

S1, the overall oblique orientation of the cTnT linker domain relative to the C-terminus of 

TM is maintained, suggesting that a drastic change in the linker orientation (i.e. from 

oblique to perpendicular) is not required for thin filament activation or disease 

pathogenesis.  

In summary, we employed an integrative in vitro/ in silico approach to provide 

high-resolution structural insights into a structurally and functionally crucial region of 

cTnT under physiological and pathological conditions. We presented evidence that the 

linker region is repositioned differentially in response to Ca2+ , the Δ160E mutation or 

myosin heads. The repositioning of linker in the Ca2+-activated and mutant thin filaments 
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is associated with increased and decreased flexibility, respectively. Our work serves as a 

platform for future FRET and computational modeling studies, which will further 

contribute to elucidating the mechanism of thin filament activation and pathogenic 

mechanisms of HCM.   

2.4 Materials and Methods:  

Site-directed mutagenesis: 

Δ160E mutation was introduced into human cTnT (hcTnT) cDNA sub-cloned into 

pET3D expression vector. To execute FRET experiments, single-cysteine variants 

(A168C, A177C, A192C and S198C) were generated from wild type and Δ160E hcTnT 

protein clones using QuickChange II XL site-directed mutagenesis kit (Agilent 

Technologies) according to manufacturer’s instructions. The identity of each clone was 

verified by the University of Arizona Genetics Core via direct DNA sequencing.   

Human cTnT, cTnI, cTnC and TM Purification: 

All clones were provided by J.D. Potter (University of Miami). Recombinant 

hcTnT clones were transformed into Rosetta™ (DE3) Competent Cells – Novagen 

(EMD, Millipore), while WT hcTnI, WT hcTnC and Ala-Ser α-TM cDNA in pET3D vectors 

were transformed into BL21 (DE3) Cells (Agilent Technologies). To express hcTnI, 

hcTnC, and TM protein, LB-ampicillin agar plates were streaked with transformed BL21 

cells. Two liters of Overnight Express TB medium with ampicillin was inoculated with 1-2 

ml LB-ampicillin starter culture and grown at 37 °C overnight with shaking. To express 

hcTnT, TB media was substituted with ZYP media (1% tryptone, 0.5% yeast, 0.5% (w/v) 

glycerol, 0.05% glucose and 0.2% lactose) and supplemented with 5% 20X P-buffer (1 

M Na2HPO4, 1 M KH2PO4, 0.5 M (NH4)2SO4),1 mM MgSO4 and ampicillin. Bacterial cells 

were centrifuged at 2204 x g for 20 min at 4 °C. For hcTnT, the bacterial pellet was 
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resuspended in S-Sepharose buffer (6 M urea, 50 mM Tris, 2 mM EDTA, 1 mM DTT; pH 

7.0), and then sonicated on ice for 30 s x 10 with 2 min pauses using an Ultrasonic Cell 

Disruptor, Microson XL-2000 (Misonix). All remaining steps were done at 4 °C, unless 

otherwise noted. Following centrifugation (23281 x g for 30 min), the collected 

supernatant was loaded on SP-Sepharose column (Sigma; packed in a Bio-Rad Econo-

Column with a 100-ml bed volume) pre-equilibrated with at least one L of S-Sepharose 

buffer. The loaded column was washed with 1–1.5 liters of S-Sepharose buffer prior to 

eluting hcTnT protein with a linear gradient of 0 – 0.6 M KCl in S-Sepharose. Pure 

hcTnT fractions were determined via Coomassie-stained SDS-PAGE gel, pooled and 

dialyzed overnight against 2 x 2 L of Q-Sepharose buffer (6 M urea, 20 mM Tris, 1 mM 

EDTA, 0.3 mM DTT; pH 7.8). Dialyzed protein was loaded on a pre-equilibrated Q-

Sepharose column (Sigma; packed in a BioRad Econo-Column with a 100-ml bed 

volume), washed, and eluted with 0 – 0.5 M NaCl in Q-Sepharose buffer. Finally, pure 

hcTnT fractions were pooled and stored at –80 °C.  

hcTnC was purified on Q-Sepharose column as previously described and eluted 

with a linear gradient of 0 to 0.6 M KCl. Pooled pure fractions were dialyzed against 2 L 

x 2 of phenyl Sepharose buffer A (50 mM Tris-HCl, 1 mM CaCl2, 1 mM MgCl2, 50 mM 

NaCl, 1 mM DTT; pH 7.5). Dialyzed protein was loaded at room temperature (RT) onto a 

phenyl Sepharose column (Sigma; packed in a Bio-Rad EconoColumn with a 100-ml 

bed volume) pre-equilibrated with phenyl Sepharose buffer A + 0.5 M (NH4)2SO4. After 

washing the column with the same buffer, hcTnC was eluted with phenyl Sepharose 

buffer C (50 mM Tris-HCl, 1 mM EDTA, 1 mM DTT, 0.5 M (NH4)2SO4; pH 7.5) and pure 

fractions were stored at -80 °C.  

hcTnI was purified on an SP-Sepharose column and eluted with a linear gradient 

of 0 to 0.6 M KCl. Pure fractions were dialyzed against 2 x 2 liters of TnC affinity buffer 

(50 mM Tris, 2 mM CaCl2, 0.5M NaCl, 1 mM DTT; pH 7.5). Dialyzed hcTnI was then 
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purified using pre-equilibrated TnC affinity column prepared by manufacturer’s protocol 

for conjugating proteins to a cyanogen bromide-activated Sepharose 4B gel (Sigma) and 

packed in an Econo-Column (Bio-Rad). The column was washed with 2–3 column 

volumes of TnC affinity buffer and the protein was eluted with a linear gradient of 0 mM 

EDTA, 0 M urea to 3 mM EDTA, 6 M urea. Pure fractions were pooled and stored at -80 

°C. 

Ala-Ser alpha TM in pET3D vector was overexpressed in BL21 cells and purified 

through a series of acid/ base cuts as follows: TM bacterial pellet suspension in ddH2O 

was briefly digested with 0.01% lysozyme at RT. The mixture was kept on ice for one 

hour followed by 10 minutes at -80 °C. After adding solid NaCl to 1 M final concentration, 

the suspension was sonicated for 3 min x 3; with 3-min interval between each pulse, 

followed by centrifugation at 30996 x g for 45 min at 4 °C. The collected supernatant was 

boiled for five minutes and centrifuged at 23281 x g for 20 min at 4 °C after reaching RT. 

To precipitate TM, Tris base (pH 5.2) was added to the clarified supernatant to a final 

concentration of 20 mM and the pH was slowly adjusted to 4.6. Next, the sample was 

centrifuged at 23281 x g for 20 min at 4 °C and the resulting protein pellet was dissolved 

in 1M KCl by adjusting the mixture to pH 7-8. The suspended pellet was then clarified by 

centrifugation at 23281 x g for 20 min at 4 °C. The TM precipitation and suspension 

procedure was repeated 3-4 times or until the protein was clear and free of DNA 

contamination. 

hcTnT and TM Labeling:  

To prepare for labeling, 1-2 mg/ ml proteins were dialyzed 3 x 6-8 hours against 

labeling buffer (3M urea buffer (20 mM Tris, 1 mM EDTA pH 8, 0.15 M KCl; pH 7.4) for 

TM and 6M urea buffer (50 mM Tris, 1 mM EDTA pH 8, 0.15 M KCl; pH 7.4) for cTnT) 

with 50 µM DTT. cTnT and TM were labeled with 15-fold-molar excess IAEDANS 

(ThermoFisher Scientific) for 30 min and 60-fold-molar-excess DABMI (Setareh Biotech) 
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for 2 h, respectively. The dyes were dissolved in dimethylformamide and added 

dropwise while slowly stirring the proteins at RT. The labeling reaction was continued 

overnight at 4 °C then terminated with 3-5 mM DTT. To remove excess dye, labeled 

proteins were centrifuged at 23281 x g for at least 45 min at 4 °C, followed by dialysis 

against labeling buffer with 1 mM DTT. The concentrations of labeled proteins were 

determined spectroscopically (DU®730 Life Science UV/Vis spectrophotometer 

(Beckman Coulter)) using a molar extinction coefficient of 5,900 M−1 cm−1 at 340 nm for 

IAEDANS. An extinction coefficient of 49,600 M−1 cm−1 at 460 nm was used for DABMI 

due to the dimeric nature of TM.  Labeling ratio for all proteins was >80%.  

Actin and Myosin Purification: 

All experiments were performed in accordance with NIH guidelines and approved 

by the Institutional Animal Care and Use Committee (IACUC) of the University of 

Arizona. Steps of actin and myosin purification from rabbit skeletal muscles were 

performed at 4 °C unless otherwise noted. To purify actin, acetone powder was prepared 

from minced muscle by extracting proteins with three volumes of Guba-Straub solution 

(0.3 M KCl, 0.1 M KH2PO4, 0.05 M K2HPO4; pH 6.5) for 20 min with gentle stirring. After 

brief centrifugation, the residue was resuspended in five volumes of 0.4% NaHCO3, 0.1 

mM Ca2+ solution and the mixture was stirred for 30 min prior to vacuum-filtration. The 

resulting residue was resuspended in equivalent volume of 10 mM NaHCO3, 10 mM 

Na2CO3, 0.1 mM Ca2+ solution with gentle stirring for 10 min, diluted with 10 volumes of 

RT H2O and filtered immediately. The collected residue was resuspended in two 

volumes of cold acetone and stirred for 30 min at RT. The filtered residue was subjected 

to acetone treatment 4 times and allowed to dry overnight at RT prior to storing at -80 

°C.  

To make F-actin, actin acetone powder was extracted for 30 min x 2 using Buffer 

A (10 mM Tris, 0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM DTT; pH 8.0). The filtered and 
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clarified supernatant was polymerized with 0.05 M KCl followed by 2 mM MgCl2 for 1 h at 

RT. Next, solid KCl was gradually added to a final concentration of 0.6 M to slowly 

stirring actin over a period of 1.5 h at 4 °C. The polymerized actin was then centrifuged 

at 23281 x g for 8 hours and the pellet was completely homogenized and dialyzed in 

buffer A (24 h x 3) to depolymerize into G-actin. G-actin was then clarified by 

centrifugation and finally polymerized with 0.05 M KCl followed by 2 mM MgCl2 for 1 h at 

RT.  

Myosin was purified from rabbit skeletal muscle as previously described [66] then 

stored in a 50% glycerol solution at -20 °C. Myosin subfragment-1 (S1) from the 

chymotryptic digestion of myosin was prepared as follows: First, myosin glycerol stock 

was mixed with 9 x volume ice cold BED solution (0.1 mM NaHCO3, 0.1 mM EGTA and 

1mM DTT) and incubated on ice for 10 min. After centrifuging the mixture (23281 x g, 10 

min, 4 °C), the pellet was completely dissolved in CT-S1 solution (120 mM NaCl, 20 mM 

NaPO4,1 mM EDTA, pH 7) to a final concentration of 15 mg/ ml using a 25 °C water 

bath. The suspended pellet was then diluted with 1 mg/ ml chymotrypsin in 1 mM HCl 

solution to a final concentration of 50 µg/ ml. Chymotryptic digestion was stopped after 

10-15 min with stop solution (BED + 0.1 mM PMSF) and the resulting mixture was 

incubated on ice for 40-45 min. To remove light meromyosin and undigested myosin, the 

ice-cold solution was centrifuged (40 min, 23281 x g, 4 °C) and the collected supernatant 

was dialyzed against working buffer overnight at 4 °C. S1 is stored at 4 °C on ice for use 

in TR-FRET experiments up to 1 week. 

Recombinant cTn Complex and Thin Filament Reconstitution: 

IAEDANS-cTnT, cTnC and cTnI were individually dialyzed against 6 M urea 

solution (6 M urea, 0.5M KCl, 50 mM MOPS, 1.25 mM MgCl2, 1.25 mM CaCl2, 1.5 m M 

DTT; pH 7) prior to mixing at a molar ratio of 1: 1.2: 1.2, respectively. To fold the proteins 

into a Tn complex, the mixture was sequentially dialyzed against solutions containing 50 
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mM MOPS, 1.25 mM MgCl2, 1.25 mM CaCl2, 1.5 mM DTT; pH7 and 1) 6 M urea + 0.5M 

KCl, 2) 4 M urea + 0.5M KCl 3) 2 M urea + 0.5M KCl, 4) 0 M urea + 0.5M KCl. Tn 

complex, TM (unlabeled, DABMI-labeled) and F-actin were then individually dialyzed in 0 

M urea, 0.4 M KCl solution and reconstituted into thin filament at a molar ratio of 1:1:7.5. 

Finally, the filaments were then dialyzed 6-8 h x 2 against working buffer (0.15 M KCl, 50 

mM MOPS, 5 mM NTA, 2 mM EGTA, 5 mM MgCl2, 1 mM DTT, pH 7.0) and diluted in 

the same buffer to a final concentration of 1 uM. S1 was added to reconstituted thin 

filaments at 3 S1: 7 actin molar ratio.   

Time-Resolved FRET Measurements: 

Time-resolved FRET (TR-FRET) measurements were acquired using ISS 

ChronosBH system equipped with 340 nm LED source. The LED signal was passed 

through a 340 nm bandpass filter to excite the sample. The emission light was passed 

through a 390 nm long pass filter, and collected with a Hamamatsu H7422 detector. The 

pulse repetition rate was 10 MHz. The system was set to 10 °C and cooled with a Julabo 

cooling system. To acquire an instrument response function (IRF), the emission from a 

dilute ludox solution was acquired through a 340 nm band pass filter. Data was analyzed 

using FargoFit, a global analysis software developed by Igor Negrashov [67].  The donor 

only decay is fit to a sum of exponentials (equation 1): 

Equation 1)  𝐹𝐷(𝑡) =  ∑ 𝐴𝑖𝑒𝑥𝑝 (
−𝑡

τ𝐷𝑖
)𝑛

𝑖=1  

It is then assumed that decay rate of each of these exponentials is increased in 

response to a nearby acceptor, with R0 being the distance at 50% energy transfer 

(equation 2):  

 Equation 2)   E =
R06

r6+ R06
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The model used was derived from Miki et al. [62]. This model takes into account three 

populations in the fluorescent decay: 1) a portion of the sample where the donor is not 

undergoing FRET, 2) a portion of the sample undergoing FRET with an acceptor on one 

of the TM monomers, and 3) a third population undergoing FRET with acceptors 

attached to both TM monomers. This model was used earlier to determine FRET 

between a donor on TnT and acceptors on TM, similar to this system [62]. TR-FRET 

measurements of donor only and donor acceptor were performed ± Ca2+ and ± S1 (n= 6-

12). Fig. 2a shows representative fluorescence decay for WT cTnT A168C-TM C910 

under different biochemical conditions.  

Statistical analysis: 

 All values are reported as mean ± SD. Data were analyzed using repeated 

measures 

ANOVA with calcium effect as the within-subject variable and genotype and myosin 

status as the between-subject variables. Wilks’ lambda multivariate analysis was utilized 

to detect a main effect of calcium and two-way interactions between the within-subject 

and between-subject variables (Ca2+ x mutation and Ca2+ x S1). Univariate analysis was 

used to test for main effects of the mutation and myosin and mutation x S1 interaction. 

All analyses were performed in IBM SPSS, Version 23 (2015). A level of p < 0.05 was 

considered as statistically significant. 

Molecular Dynamic Simulation  

 Molecular dynamic simulation of the improved thin filament model was performed 

by Williams et al. (manuscript submitted for publication in PNAS in 2015). Root mean 

square fluctuation (RMSF) analysis was performed to measure the flexibility of the WT 

and Δ160E cTnT.  
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2.5 Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Atomistic model of the human thin filament (a and c) and schematic 
representation of the cTnT linker region (b). (a) The model consists of TNT1, 
TNT2 and linker domains of cardiac troponin T (yellow), cardiac troponin C (red), 
cardiac troponin I (blue), tropomyosin (green) and F-actin (gray). (c) The position 
of the Δ160E mutation in the model is indicated by the teal sphere. Donor 
attachments sites on cardiac troponin T and acceptor attachment sites on 
tropomyosin are indicated by red and purple spheres, respectively. F-actin was 
removed for clarity. (b) Schematic representation of the cTnT extended linker 
region (~ aa 150-200). The linker was divided into three hypothetical regions 
(proximal, middle and distal) for simplicity. The donor attachment sites are in red 
and the position of Δ160E mutation is in blue.   
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Fig 2. Time-resolved fluorescence of WT cTnT A168C-TM C190 FRET pair. (a) 
Representative fluorescence decay of donor (D), donor-acceptor (DA) in 
different biochemical conditions, and instrument response function (IRF). (b) 
Representative residuals for the data shown in (a). Single discrete distance 
model gives the best fit to our data.  
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Fig 3. The figure illustrates the effect of Ca2+, Δ160E and S1 on the distance 
between labeled cTnT residues and TM C190 in reconstituted thin filaments (F-
actin was removed for clarity). The arrows show the direction of the cTnT linker 
movement with respect to TM C190. The overall effect of Ca2+ and details of Ca2+ 

and S1 interaction are shown in (a) and (b). Overall effects of Δ160E and S1 are 
shown in (c) and (d), respectively.      
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Fig 4. Root mean square fluctuation (RMSF) analysis for cardiac 
troponin T (a) and cTnT linker region (b) in the Ca2+ on state (WT and 
Δ160E RMSF are in black and red, respectively.  
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Fig 5. In silico prediction of the effects of the Δ160E mutation on the 
structure of cTnT and the linker region (WT structure in red and mutant in 
blue).  
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2.6 Tables  

TABLE 1. The table lists WT and mutant FRET distance (Å: angstrom) averaged across 
Ca2+ and S1 status, FRET distance in the absence (or presence) of Ca2+ averaged 
across genotype and S1 status, and FRET distance in the absence (or presence) of S1 
averaged across genotype and Ca2+  status.    

 WT Δ160E – Ca2+ + Ca2+ – S1 + S1 

cTnT 168C – TM C190 46.46 ± 1.02 45.11 ± 1.49 46.04 ± 1.54 45.43 ± 1.31 46.02 ± 1.15 45.28 ± 1.76 

cTnT 177C – TM C190 42.47 ± 1.44 41.14 ± 1.11 42.27 ± 1.2 41.24 ± 1.47 41.71 ± 1.23 41.8 ± 1.66 

cTnT 192C – TM C190 40.32 ± 0.78 40.06 ± 0.57 40.13 ± 0.71 40.27 ± 0.69  40.19 ± 0.83 40.21 ± 0.52 

cTnT 198C – TM C190 41.38 ± 0.8 40.45 ± 0.6 40.92 ± 0.69 40.91 ± 0.98 41.07 ± 0.78 40.70 ± 0.88 
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TABLE 2. Results of repeated measures ANOVA. The table summarizes p values for 
main effects of mutation, Ca2+ and S1 and two-way interactions (mutation x Ca2+, 
mutation x S1, and Ca2+ x S1).  * p < 0.05, ** p < 0.005, *** p < 0.001. Confidence level is 
95%. 

 Δ160E Effect Ca2+ Effect S1 Effect 
 

Δ160E x Ca2+ 
 

 
Δ160E x S1 

 
Ca2+ x S1 

cTnT 168C – 
TM C190 

p = 0.002 ** p < 0.0001 *** p = 0.126 p = 0.537 p = 0.846 p = 0.412 

cTnT 177C – 
TM C190 

p < 0.0001 *** p < 0.0001 *** p = 0.724 p = 0.098 p = 0.094 p = 0.102 

cTnT 192C – 
TM C190 

p = 0.163 p = 0.289 p = 0.919 p = 0.130 p = 0.249 p < 0.0001 *** 

cTnT 198C – 
TM C190 

p < 0.0001 *** p = 0.536 p = 0.033 * p = 0.635 p = 0.251 p = 0.001 ** 
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TABLE 3. Results of repeated measures ANOVA. The table summarizes main effects of 
mutation, Ca2+ and S1 and two-way interactions (mutation x Ca2+, mutation x S1, and 
Ca2+x S1) on the distances between IAEDANS-labeled cTnT residues and DABMI-
labeled TM C190 (upwards and downwards arrows represent increase and decrease in 
distance, respectively.  n.s.: not significant.  

 Δ160E Effect Ca2+ Effect S1 Effect 
 

Δ160E x Ca2+ 
 

 
Δ160E x S1 

 
Ca2+ x S1 

cTnT 168C – 
TM C190 

↓ ↓ n.s. n.s. n.s. n.s. 

cTnT 177C – 
TM C190 

↓ ↓ n.s. n.s. n.s. n.s. 

cTnT 192C – 
TM C190 

n.s. n.s. n.s. n.s. n.s. 
 + Ca2+- S1  ↑ 
 + Ca2++ S1 ↓ 

cTnT 198C – 
TM C190 

↓ n.s. ↓ n.s. n.s. 
 + Ca2+- S1  ↑ 
 + Ca2++ S1 ↓ 
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2.7 Supplemental Material   

Supplemental TABLE S1. Results of independent sample t-test comparing discrete 
FRET distances (angstrom) ± SD between WT and mutant FRET pairs under each 
biochemical condition. Values with *, **, or *** are significantly different from WT 
distance under the same conditions. * p < 0.05, ** p < 0.005, *** p < 0.001. Confidence 
level is set to 99% to minimize Type I error. 

 – S1 + S1 

 – Ca2+ + Ca2+ – Ca2+ + Ca2+ 

cTnT 168C – TM C190 46.79 ± 0.99 46.48 ± 0.92 46.72 ± 1.03 45.49 ± 0.80 

cTnT 168C/ Δ160E – 
TM C190 

45.79 ± 1.04 45.02 ± 0.83 44.91 ± 2.24 * 44.53 ± 1.67 * 

cTnT 177C – TM C190 42.17 ± 0.84 42.23 ± 1.37 43.49 ± 1.83  42.11 ± 1.46  

cTnT 177C/ Δ160E – 
TM C190 

42.01 ± 0.72 40.61 ± 1.21 41.62 ± 0.57 * 40.20 ± 0.66 * 

cTnT 192C – TM C190 39.83 ± 0.92 40.60 ± 0.88 40.62 ± 0.37 40.30 ± 0.41 

cTnT 192C/ Δ160E – 
TM C190 

39.96 ± 0.69  40.37 ± 0.53 40.20 ± 0.41 39.72 ± 0.50 

cTnT 198C – TM C190 41.33 ± 0.72 41.58 ± 1.01 41.42 ± 0.60 41.14 ± 0.81 

cTnT 198C/ Δ160E 
TM C190 

40.45 ± 0.27 * 40.93 ± 0.45 * 40.49 ± 0.43 39.76 ± 0.60 
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Supplemental TABLE S2. Results of pairwise t-test comparing discrete FRET distances 
(angstrom) ± SD between – Ca2+  and + Ca2+ FRET pairs under each biochemical 
condition. Values with #, ##, or ### sign are significantly different from – Ca2+ distance 
under the same conditions. # p < 0.05, ## p < 0.005, ### p < 0.001. Confidence level is 
99% to minimize Type I error. 

 – S1 + S1 

 – Ca2+ + Ca2+ – Ca2+ + Ca2+ 

cTnT 168C – TM C190 46.79 ± 0.99 46.48 ± 0.92 46.72 ± 1.03 45.49 ± 0.80 # 

cTnT 168C/ Δ160E – 
TM C190 

45.79 ± 1.04 45.02 ± 0.83 # 44.91 ± 2.24  44.53 ± 1.67  

cTnT 177C – TM C190 42.17 ± 0.84 42.23 ± 1.37 43.49 ± 1.83  42.11 ± 1.46  

cTnT 177C/ Δ160E – 
TM C190 

42.01 ± 0.72 40.61 ± 1.21 # 41.62 ± 0.57  40.20 ± 0.66 # 

cTnT 192C – TM C190 39.83 ± 0.92 40.60 ± 0.88 # 40.62 ± 0.37 40.30 ± 0.41 # 

cTnT 192C/ Δ160E – 
TM C190 

39.96 ± 0.69  40.37 ± 0.53 ## 40.20 ± 0.41 39.72 ± 0.50 ## 

cTnT 198C – TM C190 41.33 ± 0.72 41.58 ± 1.01 41.42 ± 0.60 41.14 ± 0.81 

cTnT 198C/ Δ160E TM 
C190 

40.45 ± 0.27  40.93 ± 0.45 #  40.49 ± 0.43 39.76 ± 0.60 ## 
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Supplemental TABLE S3. Results of independent sample t-test comparing discrete 
FRET distances (angstrom) ± SD between – S1 and + S1 FRET pairs under each 
biochemical condition. Values with †, ††, or ††† sign are significantly different from – S1 
distance under the same conditions. † p < 0.05, †† p < 0.005, ††† p < 0.001. Confidence 
level is 99% to minimize Type I error. 

 – Ca2+ + Ca2+ 

 – S1 + S1 – S1 + S1 

cTnT 168C – TM 
C190 

46.79 ± 0.99 46.72 ± 1.03 46.48 ± 0.92 45.49 ± 0.80  

cTnT 168C/ Δ160E – 
TM C190 

45.79 ± 1.04 44.91 ± 2.24 †† 45.02 ± 0.83  44.53 ± 1.67 †† 

cTnT 177C – TM 
C190 

42.17 ± 0.84 43.49 ± 1.83 †  42.23 ± 1.37 42.11 ± 1.46  

cTnT 177C/ Δ160E – 
TM C190 

42.01 ± 0.72 41.62 ± 0.57  40.61 ± 1.21  40.20 ± 0.66  

cTnT 192C – TM 
C190 

39.83 ± 0.92 40.62 ± 0.37 ††† 40.60 ± 0.88  40.30 ± 0.41  

cTnT 192C/ Δ160E – 
TM C190 

39.96 ± 0.69  40.20 ± 0.41 40.37 ± 0.53  39.72 ± 0.50  

cTnT 198C – TM 
C190 

41.33 ± 0.72 41.42 ± 0.60 41.58 ± 1.01 41.14 ± 0.81 

cTnT 198C/ Δ160E 
TM C190 

40.45 ± 0.27  40.49 ± 0.43 40.93 ± 0.45  39.76 ± 0.60  
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CHAPTER 3: CONCLUSION AND FUTURE DIRECTIONS 

 

Understanding a disease as complex as HCM requires multiple levels of 

experimental resolution. The work presented in this dissertation provided novel insights 

into the pathogenic mechanism of the Δ160E mutation via integration of in vitro (FRET 

and R-IVM) in vivo and in silico approaches. Collectively, our experimental and 

computational data demonstrated that a shift in the position and dynamics of the cTnT 

Linker domain can lead to disruption of sarcomeric integrity and cardiac remodeling 

through impairment of weak myosin binding. Our studies also elucidated the differential 

effects of Ca2+ and non-cycling strongly–bound myosin heads on the cTnT linker domain 

in WT thin filaments.  

As mentioned earlier, the structural changes in regulatory proteins during thin 

filament activation are not completely understood. The regulated movement of TM along 

F-actin which largely controls binding and unbinding of myosin cross bridges has been 

well established by structural studies [10, 15]. However, the structural relation between 

TM and the TNT1 domain, which connects TM to the Ca2+-binding core, and how that 

relation changes during activation/ relaxation cycle remains elusive [15]. This elusive 

relationship is partly due to the lack of a high-resolution 3D structure of the TNT tail. The 

work presented in this dissertation enhanced our understanding of the structure and 

dynamics of the thin filament in several ways: 

3.1 Organization of the cTnT linker in thin filament  

First, our studies provided high-resolution insight into the organization of a 

significant portion of the TNT tail in the thin filament, as they demonstrated that the linker 

region (part of the TNT tail) is obliquely oriented to the C terminal region of TM. This 
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finding is in agreement with a recent EM reconstruction study demonstrating the position 

of the TNT tail alongside TM [60]. The 3D reconstruction was a snapshot of a relatively 

low-resolution relaxed thin filament. On the contrary, our studies provided atomic-level 

resolution and a dynamic view of the thin filament in multiple biochemical states (± Ca2+, 

± S1 ± the Δ160E mutation). Interestingly, the overall oblique organization of the linker 

region was maintained despite differential effects of Ca2+, mutation or S1, suggesting 

that a drastic change in the linker orientation (i.e. from oblique to perpendicular) is not 

required for thin filament activation or disease pathogenesis.    

3.2 Ca2+  effect on the cTnT linker domain 

Second, our studies revealed, for the first time, dynamic and structural effects of 

Ca2+ on the region that links the two ends of the thin filament together. The Ca2+-induced 

change in the linker position and flexibility reported here along with structural data from 

the Lehman group [60] strongly argues for a role of the linker in thin filament activation.  

Here we propose a model for the role of linker in thin filament activation based on 

our knowledge so far: The addition of Ca2+ changes the regulatory N-terminal lobe of 

cTnC such that it exposes the buried hydrophobic patch, favoring interaction with the 

switch peptide of cTnI. This interaction results in a series of conformational changes that 

release the mobile domain of cTnI and the neighboring inhibitory peptide from actin and 

subsequently moves TM from the blocked to the closed to the open state. The end result 

is formation of force producing cross bridges and muscle contraction (see [29-31, 68]). 

The Ca2+-induced allosteric changes are likely transmitted to TM via regulated 

movement of the cTnT linker region in the thin filament. As mentioned in chapter 2, high 

Ca2+ levels lead to repositioning of the entire middle and distal regions of the linker with 

respect to the C-terminus of TM. Specifically, the middle region of the linker (cTnT 

residues 168 and 177) is shifted closer to the C-terminus of TM. The distal region (cTnT 
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residues 192 and 198), however, moves closer to or further away from the C-terminus of 

TM depending on whether S1 is present or absent in the system. The distance changes 

are associated with increased linker flexibility (specifically, the middle region and the 

distal region of the linker near residue 192), which is consistent with a model whereby 

the TNT tail and TM are no longer constrained by cTnI during muscle activation [60]. The 

removal of steric hindrance imposed by TM and the linker region allows for cross bridge 

formation.  

3.3 Δ160E mutation effect on the cTnT linker domain 

Third, our studies provided insight into structural basis of the Δ160E-induced 

HCM pathogenesis at the atomic level, which could explain the previously reported 

impairment of weak electrostatic actomyosin binding and subsequent in vivo cardiac 

remodeling. In agreement with our hypothesis, the Δ160E mutation induced a 

“pathogenic” change in the position of the cTnT linker domain. Similar to Ca2+, the 

Δ160E mutation shifts the middle region of the linker (residues 168 and 177) closer to 

the C-terminus of TM. However, the effect of the mutation on the distal region of the 

linker is different from that of Ca2+ (cTnT residue 192 did not shift with respect to TM 

C190; however, cTnT residue 198 moved closer to TM C190). The pathogenic 

unidirectional shift of the linker region towards the C-terminus of TM was associated with 

a more rigid configuration (demonstrated in silico), which could impose steric hindrance 

(blocking) on weak actomyosin binding and inhibit force generating cross bridges (See 

Appendix A [58]). These molecular structural effects explain the impairment in contractile 

function seen in the Δ160E mice [50]. The left ventricular tissue of these transgenic mice 

is a mosaic of normal and dysfunctional sarcomeres, containing WT and Δ160E cTnT, 

respectively. The mutant sarcomeres are unable to contract efficiently due to impaired 

weak S1 binding, whereas the normal ones form force-generating cross bridges and 
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contract normally. It is possible that the healthy sarcomeres attempt to recruit more 

cross bridges than usual to compensate for impaired contraction by diseased 

sarcomeres which is energetically costly [51]. Moreover, the inconsistency in cross 

bridge cycling between healthy and mutant sarcomeres could explain the abnormal 

cardiac conduction seen in stressed Δ160E mice [52]. Collectively, the pathogenic 

effects of the Δ160E mutation on cross bridge cycling, ATP consumption and syncytial 

cardiac contraction can impose structural stress on the heart that leads to Z disk 

misalignment and subsequent disruption of sarcomeric integrity.  

In addition to changing the position of the linker region, the Δ160E mutation had 

other substantial structural effects (see Fig. 5 in Chapter 2). The WT cTnT is purely α-

helical at the N-terminal side of the mutation site. It then proceeds to a short 

unstructured linker to another short α-helical region before entering the long 

unstructured region. It does this in an essentially linear fashion. In the mutant protein 

loss of residue 160 causes a change in orientation of the short unstructured region which 

in turn causes repositioning of the short α-helical section. Because the core domain is 

massive, this change “stretches” the unstructured region, and brings it in closer proximity 

to TM. Moreover, the effect of the Δ160E mutation propagated all the way to the TM-

binding TNT1 and Ca2+-sensitive TNT2 domains. Thus, it is not surprising if the affinity of 

cTnT to TM and the function of the troponin core were to be affected by the mutation. As 

has been the case in previous work [2, 61] subtle changes in local structure result in the 

propagation of long distance effects. The structural effects reported here are yet another 

example of effect at a distance from mutation paradigm that seems to rule the HCM-

causing mutations.  
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3.4 S1 effect on the cTnT linker domain 

Finally, we gained new insights into the interaction between rigor myosin heads 

and reconstituted thin filament in vitro. The effect of rigor S1 on the position of the linker 

relative to the C-terminus of TM was limited to the extreme C-terminal end of the linker 

near the troponin core (cTnT residue 198). This along with the proposal that multiple 

myosin heads (~3.9) can bind per functional unit of the thin filament (7 actin monomers) 

[65] suggests that non-force producing cross bridges likely bind near the core domain. 

The effect of the Δ160E mutation on the separation between the extreme distal region of 

the linker and the C-terminus of TM was similar to that of S1 heads (both decreased the 

distance), which implies that myosin binds normally near the core in the mutant thin 

filament. If that is the case, then how can the FRET results (normal binding) be 

reconciled with the impaired weak myosin binding demonstrated by the R-IVM study? It 

is possible that the disruption of weak binding associated with the Δ160E mutation 

occurs in regions of the thin filament distant from the core domain. As mentioned above, 

multiple myosin heads can bind per thin filament unit [65]; thus, myosin binding is not 

necessarily limited to the region of the thin filament near the core domain. In addition, 

the R-IVM studies suggest that pathogenic disruption of weak myosin binding by the 

Δ160E mutation doesn’t necessarily lead to inhibition of rigor binding. More insight into 

S1 binding in WT and mutant thin filament could not be obtained computationally, as the 

thin filament model is devoid of S1. It is currently not feasible to incorporate the S1 

fragment into the model due to the large size of S1 and to computation expenses.  

 

 



 56 

3.5 The physiological relevance of the effects of calcium, myosin and 

Δ160E mutation elucidated by FRET and/ or molecular dynamics simulation  

In vitro FRET experiments were run at 10 C °. The in silico model (WT and 

mutant thin filament) was heated in a stepwise fashion until the temperature of the 

system was stable at 300 K (26.85 C °), then equilibrated until the total energy of the 

system reached a stable plateau. If neither approach was carried out at body 

temperature (37 C °), then how can we extrapolate from the in vitro and in silico levels to 

the in vivo level? The answer is that it is not uncommon for structure determination 

approaches to be carried out under non-physiological temperatures. A perfect example 

would be X-ray crystallography, an extremely high-resolution method for structure 

determination, in which proteins are crystallized under cryogenic temperatures. In 

addition, the temperatures of our FRET experiments and MD simulation were in 

accordance with standard literature published values. However, our systems are more 

physiologically relevant due to the incorporation of multiple thin filament proteins.   

3.6 Future directions  

The role of the hinge region and the TNT1 domain in the placement of the cTnT 

linker domain 

The region of the linker covered in the study (aa 168-198) was downstream of 

the hinge (aa 158-166) that contains the E160 deletion site. To find out whether the 

hinge itself (and/ or the region upstream of it) is displaced in response to the Δ160E 

mutation or Ca2+ activation, we could obtain FRET measurements between cysteine-

substituted alanine residues 153 and 157 (donor attachment sites) and TM C190 

(acceptor attachment site). Based on the amount of energy transfer obtained from 
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preliminary FRET experiments (data not shown), we believe that distance between the 

C-terminal region of TM (TM C190) and the cTnT linker increases as we go towards the 

α-helical N-terminus of cTnT (from residue 168 to 157 to 153). Discrete distance values, 

however, could not be obtained as the distances between A153C and A157C on cTnT 

and TM C190 are too far to be measured accurately using IAEDANS and DABMI (R0 = 

40 Å). Therefore, donor-acceptor pairs with larger R0 (i.e. IAEDANS and fluorescein (R0 

= 46 Å) or fluorescein and QSY-9 (R0 = 61 Å) could be used as an alternative in future 

studies. The proposed FRET measurements along with in silico flexibility measures will 

allow us to better understand the role of the hinge in activation and HCM pathogenesis.  

Δ160E mutation vs. other HCM-causing cTnT mutations 

While there were clear effects of the Δ160E mutation on the position of the linker, 

we don’t know whether the effects are specific to this mutation alone or a more general 

effect of any alteration in linker structure. To establish the specificity of the Δ160E 

structural effects, the effects of other HCM-causing cTnT mutations on the linker domain 

could be tested using the same FRET pairs we worked with earlier. For example, we 

could investigate the effects of other mutations in the hinge region (i.e. E163R or E163K) 

[43, 69, 70], or at the TM-binding TNT1 N-terminal domain (i.e. R92L, R92Q, or R92W) 

[33, 41, 46, 71-76]. We could also investigate the effects of cTnT R173W dilated 

cardiomyopathy mutation [69, 77], on the position of the linker region. Collectively, the 

proposed approaches will help establish the specificity of the Δ160E structural effects 

and shed light on other mechanisms of HCM and DCM. 

Effects of Δ160E mutation on structural transitions and the troponin core 

Our FRET measurements were limited by our inability to fit the data to one or two 

Gaussian models due to the dimeric nature of TM. Gaussian distance distributions could 
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provide valuable information regarding the structural transitions of the investigated 

region. For example, an increase or decrease in the full-width half-maximum (FWHM) of 

the distance distribution between the selected donor and acceptor attachment sites in 

the presence of Ca2+ or the Δ160E likely reflects a transition to disordered or ordered 

states, respectively. This FRET approach was previously used to identify the mechanism 

of smooth muscle regulation, as it resolved two structural states (closed and open) for 

the unphosphorylated and phosphorylated regulated light chain [67]. Such informative 

details could not be obtained from the discrete FRET distances measured in our system.  

Utilizing a single reference point on the C-terminus of TM (TM C190), we have 

been able to provide informative two-dimensional view of the position of the cTnT linker 

region in the WT and mutant thin filaments. In order to gain a comprehensive three-

dimensional insight into the conformational changes of the linker region in response to 

Ca2+ or the Δ160E mutation, and/ or identify structural transitions as discussed above, 

our studies could be expanded to include multiple acceptor attachment sites on 

monomeric regulatory proteins such as cTnI and cTnC. To this end, we are currently 

taking FRET measurements between a couple of previously selected residues within the 

cTnT linker region (192 and 198) and residue 97 of cTnI, which is located in the IT arm 

region of the troponin core (Figure 1.2). We could also take FRET measurements within 

the core itself  (i.e. between residue of the cTnT and cTnI helices that compose the IT 

arm). These measurements could give us insight into the organization of the linker 

relative to the Ca2+-sensitive region of the thin filament in WT and mutant thin filaments. 

We proposed earlier that some of the myosin heads per thin filament unit bind near the 

core domain. If the orientation of the cTnT linker changes relative to the troponin core or 

if components of the core moved relative to each other due to the Δ160E mutation, this 

could explain the impairment of weak binding associated with this mutation.    
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3.7 Summary  

The tight regulation of cardiac muscle contraction depends on the precise 

function of thin filament proteins. This function depends on dynamic protein-protein 

interactions that transmit local structural changes to distant parts of the thin filament 

complex to ultimately cause sarcomere shortening. Thus, understanding structural 

details of sarcomeric proteins is key to understanding HCM pathogenesis. Using 

integrated in vitro/ in vivo/ in silico approaches, we illustrated that the HCM-linked Δ160E 

mutation results in displacement of the cTnT linker towards the C-terminal region of TM.   

We postulate that this shift along with increased linker rigidity favors the “blocked state” 

of thin filament activation, reducing the number of force-generating cross bridges. This 

energetically costly abnormal actin myosin interaction [51] acts as a sustained stress 

that leads to structural disruption at the saromceric level and the whole heart level [50, 

58]). Our findings are consistent with a proposal that normal actin-myosin interaction is 

required for sarcomeric integrity [17, 78]. 
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Abstract   

The majority of Hypertrophic Cardiomyopathy mutations in (cTnT) occur within 

the alpha-helical tropomyosin binding TNT1 domain.  A highly charged region at the C-

terminal end of TNT1 unwinds to create a flexible “hinge”.  While this region has not 

been structurally resolved, it likely acts as an extended linker between the two cTnT 

functional domains. Mutations in this region cause phenotypically diverse and often 

severe forms of HCM.  Mechanistic insight, however, has been limited by the lack of 

structural information.  To overcome this limitation, we evaluated the effects of cTnT 

160-163 mutations using regulated in vitro motility (R-IVM) assays and transgenic 

mouse models. R-IVM revealed that cTnT mutations Δ160E, E163R and E163K 

disrupted weak electrostatic actomyosin binding. Reducing the ionic strength or 

decreasing Brownian motion rescued function. This is the first observation of HCM-

linked mutations in cTnT disrupting weak interactions between the thin filament and 

myosin. To evaluate the in vivo effects of altering weak actomyosin binding we 

generated transgenic mice expressing Δ160E and E163R mutant cTnT and observed 

severe cardiac remodeling and profound myofilament disarray. The functional changes 

observed in vitro may contribute to the structural impairment seen in vivo by destabilizing 

myofilament structure and acting as a constant pathophysiologic stress. 
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Introduction 

 
Cardiac muscle contraction is dependent on the interaction of myosin heads with 

actin filaments to form force-generating crossbridges. This interaction is regulated by the 

thin filament proteins tropomyosin (Tm) and troponin (cTn), a trimeric complex consisting 

of cTnC, the Ca2+ binding subunit, cTnI, the inhibitory subunit, and cTnT, the 

tropomyosin binding subunit. Regulation of the actomyosin crossbridge cycle by these 

proteins is described by the three-state model of myofilament activation, whereby the 

position of the Tm coiled-coil dimer is in dynamic equilibrium between three positions on 

actin (1-3). Despite our understanding of the basic biophysics of thin filament function, 

the precise mechanisms that underlie the development of often severe human 

cardiomyopathies caused by mutations in independent protein components of the 

complex have proven elusive [reviewed in (4)].  A primary limitation to developing 

mechanistic insight into the pathogenesis of these not uncommon disorders resides in 

the multiple levels of experimental resolution required for rigorously coupling changes in 

the efficiency of myofilament activation to whole heart remodeling, a problem that is 

further conpounded by the difficulty in linking structure and function within the highly 

allosteric actomyosin complex.  To directly address these limitations, in the current study 

we have utilized a coupled in vitro – in vivo system to examine the effects of these 

clinically severe mutations, with a long-term goal of applying this integrated approach to 

develop a basic paradigm for studying the mechanism(s) of sarcomeric protein function 

in health and disease.  

Hypertrophic Cardiomyopathy (HCM) is a primary genetic disease of the cardiac 

sarcomere (5).  Approximately 15% of HCM mutations are found in the thin filament 

protein cTnT (6). Approximately 65% of cTnT mutations are found within or flanking 

TNT1, the N-terminal tropomyosin-binding domain of cTnT. Far UV circular dichroism 
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studies showed that TNT1 is highly alpha-helical however the structural details of this 

functionally important domain are unknown, as it was excluded from the crystal structure 

of the Ca2+-activated human cTn complex and subsequent cryo-EM reconstructions (7-

10). This lack of structural data limits our ability to understand the molecular 

pathogenesis of this complex disorder. 

TNT1 mutations tend to cluster at the N- and C-terminal ends of the domain, with 

2 of several mutational hotspots occurring at residues 92 (R92Q, R92L, R92W) and 160-

163 (∆160E, E163R, E163K). Two of these mutations, R92Q and Δ160E, are 

consistently associated with a particularly poor clinical prognosis (11-13). Interestingly, 

these mutations show significant differences in their molecular phenotypes despite being 

located within the same functional domain (7, 14, 15). Mutation-specific alterations in 

myofilament activation and myocellular Ca2+ homeostasis in vivo differ between ∆160E 

and R92 mutations (14, 16). Moreover, it has been shown that N-terminal and C-terminal 

TNT1 mutations have distinct biophysical effects on TNT1-Tm interactions. R92 

mutations reduce the affinity of cTnT for Tm and impair the ability of TNT1 to promote 

Tm binding to actin and stabilize the head-to-tail Tm overlap complex (15, 17). In 

contrast, the C-terminal mutation ∆160E (an in-frame single amino acid deletion) has no 

effect on the Tm dependent functions of TNT1, leading to the hypothesis that the C-

terminal mutations must cause disease by another, unknown mechanism (15). 

The mutational hotspot at residues 160-163 is located within a conserved, highly 

charged region (158-RREEEENRR-166) (Figure 1A-B).  We hypothesize that this 

putative solvent accessible region unwinds to create a flexible hinge that is necessary for 

normal thin filament regulation, and mutations in this region alter its flexibility and lead to 

HCM. The flexibility of this region may be important for the transduction of a Ca2+ 

activated signal from the core domain of cTnT to the Tm-binding TNT1 domain, fully 

required for activation of the thin filament. 



69 

 

  

 The present work investigates the effects of known HCM mutations ∆160E, 

E163R, and E163K (mutations 160-163) using an integrative approach that utilizes both 

in vitro and in vivo techniques. The Δ160E is a single amino acid in-frame deletion of a 

glycine residue at residue160 while E163R/K represents either an arginine or lysine 

substitution for the native glycine at residue 163. We examine the functional effects of 

these mutations on Ca2+ sensitivity and ATPase activity via regulated in vitro motility 

assays, and the in vivo structural consequences of Δ160E and E163R in transgenic 

mouse models. We present evidence of a deficiency in the weak binding interactions of 

the partially activated “closed” state of the 3-state model of myofilament activation as a 

novel molecular disease mechanism associated with C-terminal TNT1 HCM mutations.  

 

Methods 

 

Human cardiac TnT sequence alignment 

Sequence alignment of the TNT1 domain of several species was performed 

using ClustalW. Residues 40-200 of the hcTnT cDNA sequence were aligned with 

homologous mRNA sequences from human (NM_000364), mouse (NM_001130174), 

feline (NM_001009347), xenopus (NM_001089041), and zebrafish (AF282384).   

Site-Directed Mutagenesis 

Δ160E, E163R, and E163K mutations were introduced into human cTnT (hcTnT) 

cDNA in a pET3D expression vector (provided by Dr. J. D. Potter) using the Quick-

Change site-directed mutagenesis kit (Stratagene) according to the manufacturer's 

instructions. Primers used for mutagenesis are listed in Supplemental Table 1.  The 

identity of each mutant construct was verified by direct DNA sequencing. 
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Protein Expression and Purification 

cDNA for human cardiac TnI (hcTnI) in a pET11d expression vector (Novagen) 

and human cardiac TnC (hcTnC) in a pET3d vector (provided by Dr. J. D. Potter). For 

protein expression, constructs were transformed into BL21 competent cells (Strategene). 

hcTnT constructs were transformed into Rosetta II (DE3) competent cells (Novagen). 

Recombinant cTn proteins were purified by ion exchange and, in the case of cTnI, TnC 

affinity chromatography as previously described (18, 19). Purified cTn subunits were 

flash frozen, lyophilized, and stored at -80  

Recombinant cTn Complex Reconstitution 

The recombinant cTn complex was reconstituted as previously described (19).   

Equimolar amounts of hcTnT, hcTnI and hcTnC were mixed in solubilization buffer 

containing 6M urea, 50mM Tris pH 8.0, 1 M NaCl, 5mM MgCl2, 1mM CaCl2, 1mM DTT. 

The solution was dialyzed against 0.7M NaCl, 0.4M NaCl, and finally 0.2M NaCl in the 

above buffer minus urea. The cTn complex was separated from the monomeric troponins 

by anion exchange on a RESOURCE-Q column (Amersham Biosciences) with an AKTA 

FPLC system (GE Biosciences). cTn complex purity was verified by 12% SDS-PAGE. 

Myosin Preparation 

All experimental protocols followed current NIH guidelines and were approved by 

The Institute of Animal Studies at the University of Arizona. Myosin isolation and 

purification from rabbit fast skeletal muscle was performed as previously described (20). 

Myosin was stored in a 50% glycerol solution at -20°C. Heavy meromyosin (HMM) was 

prepared from glycerinated myosin by chymotryptic digestion as previously described 

(21). HMM is stored at 4  
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Tropomyosin (Tm) Preparation 

Tm was prepared from rabbit fast skeletal muscle acetone powder as previously 

described (22). For use in in vitro motility assays, purified Tm was dissolved in AB 

solution (20mM KCl, 10mM MOPS, 2mM MgCl2, 1mM DTT) to 1μM. 

Actin Preparation and Labeling 

-actin was prepared from rabbit skeletal g-actin (Cytoskeleton Inc, 

Denver CO) in Buffer A (5mM Tris, 0.2mM ATP, 0.2mM CaCl2, 1mM DTT) with 2mM 

MgATP, 1mM DTT and KMEI (500mM KCl, 25mM MgCl2, 250mM EGTA, 5mM NaN3, 

100mM DTT). G-actin was allowed to polymerize at 4°C for at least 30 minutes. F-actin 

was diluted to -Phalloidin (RPh, Sigma) in 25mM 

KCl, 2mM MgCl2, 2mM EGTA, 25mM MOPS, 5mM DTT. 

Regulated in vitro motility (R-IVM) assays 

In vitro motility assays were performed as previously described (23, 24). 54mM 

ionic strength Motility Solution was used as a standard condition (40mM MOPS, 1mM 

free Mg, 3mM MgATP, 2mM EGTA, 50mM DTT, 100nM hcTn, 100nM rsTM, 20nM 

rhodamine-phalloidin). The Ca2+ concentration of the solutions were varied from pCa9-

pCa5 by varying ratios of K2EGTA- and Ca2EGTA-containing motility solutions. Ratios 

were calculated using a QuickBasic based program provided by E. Homsher (25). 

Motility Analysis 

Motility was viewed using an Olympus IX-71 inverted microscope under 

fluorescence illumination and a 100x objective. Thin filament movement was recorded 

using a Hamamatsu ORCA-ER cooled CCD. 8-12 sites were recorded per slide for 25 
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seconds each. Using MetaMorph 7 (Molecular Devices), the movement of each filament 

in the field of view was recorded using frame grabbing rates of 10 frames/sec. The Track 

Points program the MetaMorph system was used to manually track the centriod of each 

filament from frame to frame to measure sliding filament speed. The lengths of moving 

filaments varied from 0.4 to 20 -20 

frames. Minimums of 100 filaments per condition were analyzed. The quality of the 

filament movement was determined as previously described (23): filaments not moving 

had an average speed of <0.8 -

to-frame standard deviation (SD) of <0.5 of the filament’s mean speed; erratically moving 

filament’s frame-to-frame SD was >0.5 of its mean speed. 

ATP-free in vitro motility assays 

By excluding Mg-ATP from the Motility Solutions, we observed strong actomyosin 

binding. 54mM Motility Solutions with and without Mg-ATP were prepared at pCa9 and 

pCa5. Motility assays were performed with the following modifications: ATP-free motility 

solution was injected into motility chamber first and movies recorded. Immediately 

following, a motility solution of the same pCa containing ATP was injected into the same 

chamber and recorded. 

Low ionic strength, methylcellulose and high [HMM] in vitro motility assays 

Conditions of the in vitro motility assays were altered to attempt to facilitate weak 

binding interactions and increase the number of thin filaments bound to the surface. Low 

ionic strength assays were performed as described with the ionic strength of the Motility 

Solution lowered to 18.8mM by reducing MOPS concentration to 10mM and MgATP to 

1mM. Ionic strengths were calculated with a QuickBasic based program (25). Motility 

assays were also performed under standard 54mM conditions with 0.7% methylcellulose 
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(w/v) added to the motility solutions (26). Finally, HMM concentrations of 0.3, 0.6, 0.8, 

and 1mg/ml were applied to the motility surface, and regulated motility assays were 

performed as described at 54mM ionic strength. 

Transgenic mice- Clone construction and Screening 

Δ160E and E163R transgenic constructs were generated via pronuclear injection 

as previously described (27). A c-myc tag engineered onto the N-terminal end of the 

construct is used to identify the transgene via PCR (forward primer: 

TCCTCTTCAGAGATGAGCTTT; reverse primer: ACCTAGAGGGAAAGTGTCTT). 

Δ160E and E163R mutations were introduced via the QuickChange Site Directed 

Mutagenesis kit (Stratagene). Transgenic lines expressing a mid level of transgenic 

protein (35% Δ160E and 50% E163R) were backcrossed into C57Bl/6 background for at 

least 7 generations. 

Cardiac protein isolation and Western analysis 

Crude cardiac protein isolation, SDS-PAGE, and Western analysis were 

performed as previously described (28). 

Ultrastructural Analysis   

Tissue preparation:  20-week-old female mice (Non-Tg, Δ160E-35% and E163R-

50%) were anesthetized with isofluorane and the hearts were perfused in situ with 3ml 

Ringer’s solution + 30mM KCl and 3mM BDM to induce cardiac arrest. The arrested 

hearts were immediately perfused with 10ml fixative (3% glutaraldehyde in Ringer’s 

solution), isolated and fixed overnight at 4°C with 3% glutaraldehyde in Ringer’s solution.  

After three quick rinses with cold Ringer’s solution, the papillary muscles and the fibers 

of the mid myocardial wall were collected from the left ventricle. The tissue was 
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immersed in PIPES buffer (0.1 M, PH7.4) for 24 hours at 4°C then postfixed for 1 hour 

with 2% osmium tetroxide in PIPES at room temperature. After three five-minute washes 

with deionized water, the tissue was stained with 2% uranyl acetate for 20 minutes at 

room temperature and dehydrated in ascending ethanol solutions (50%, 70% and 90%; 

10 minute each and 100% ethanol; three ten-minute washes). The samples were 

infiltrated with a 50:50 mixture of ethanol/ Spurr’s resin for 2 hours then with 100% 

Spurr’s resin (3 x 1 hour) at room temperature prior to embedding in a fresh 100% 

Spurr’s resin. Tissue blocks were polymerized overnight at 60°C, cut into 70nm-thick 

sections and mounted on 150 mesh copper grids. Finally, the grids were stained with 2% 

lead citrate for 2 minutes followed by a brief wash with deionized water and examined 

with a CM12 TEM transmission electron microscope (Philips, Eindhoven, Netherlands).  

A total of 3 mice per line were prepared. 

Z disk alignment measurements:  Electron micrographs of the longitudinal mid 

myocardial fibers were analyzed for Z disk misalignment (3-4 images per mouse strain; 

8,200X magnification). Z disks were counted and classified as “normally aligned”, if they 

had perfect alignment with the Z disks of adjacent sarcomeres, “moderately misaligned”, 

if they overlap with the I band of at least one adjacent sarcomere or “severely 

misaligned” if they overlap with the A band of at least one adjacent sarcomere. Statistical 

analysis was performed using the Chi-Square test (Prism 6; GraphPad Software, Inc).  A 

level of p<0.05 was considered as statistically significant.  

Statistical Analysis 

All values are reported as mean + S.E.M. Statistical analysis was performed in 

GraphPad Prism 6. Student’s t-test was used to make comparisons between wild type 

(WT) and mutant measurements. A p-value of less than 0.05 was accepted as 

statistically significant.  
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Results and Discussion 

The C-terminal TNT1 domain: a highly conserved, extended linker 

HCM-linked mutations in the C-terminal TNT1 domain, particularly Δ160E, confer a poor 

prognosis and high incidence of sudden cardiac death (12, 13). While it has been 

previously shown that mutations at the N-terminal end of TNT1 disrupt Tm interactions, 

the molecular pathogenesis for the C-terminal hotspot mutations remains unclear (15).  

Alignment of human cTnT residues 140-200 reveals the C-terminal end of TNT1 to be 

highly conserved across vertebrate species (Figure 1C). At residues where the amino 

acid sequence was not 100% identical the charge was frequently conserved. The 

proposed hinge region (residues 158-166) was completely conserved across 

mammalian species, and mutational hotspot residues 160-163 were 100% identical 

across all species analyzed. The  “flexible loop” region spanning hcTnT residues 183-

202 was similarly conserved, interestingly, this region contains no known disease 

causing mutations or polymorphisms (10). The high degree of sequence conservation of 

this region across vertebrate species and the complexity of the disease-causing 

mutations within the putative hinge support the structural and functional importance of 

this region. Flexible linker regions connecting two α-helical domains are a common motif 

in thin filament proteins. The putative hinge and flexible loop regions in TNT1 differ from 

these common linkers in a few key areas. In particular, common linkers are relatively 

short (5-10 amino acids) compared to the roughly 50 amino acids that make up the 

putative hinge and flexible loop regions, and are generally not highly conserved across 

species.  Based in part on the highly charged nature of the region, this portion of the 

domain is likely a solvent accessible flexible “hinge” and plays an important role in thin 

filament regulation of the crossbridge cycle. 
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Human cTnT 160-163 mutations disrupt HMM binding  

Under standard assay conditions (54mM ionic strength) native (WT) thin filaments were 

fully regulated and exhibited the expected cooperative Ca2+ sensitivity of myofilament 

interaction.  In contrast, substituting hcTnT carrying any of the Δ160, E163R and E163K 

mutations did not bind normally to HMM on the motility surface at any of the measured 

Ca2+ concentrations (from pCa9 to pCa5). This result was unexpected and reproducible 

across a range of HMM concentrations from standard (0.3mg/ml) to high (0.6 – 1.0 

mg/ml).  The disruption in actomyosin interaction could occur at two points in the 

actomyosin crossbridge cycle: the weak binding of the thin filament to myosin 

(corresponding to the “closed state” of the 3-state model), or the formation of strong 

actomyosin crossbridges (the “open state”).   Our initial observations were similar to 

those seen with high ionic strength motility solutions (>60mM) and low HMM 

concentrations (>6.5μg/ml), conditions where weak binding interactions are insufficient 

to hold WT filaments to the motility surface (25, 26, 29).  Simply increasing the density of 

HMM available to bind with actin was not sufficient to restore normal activity, consistent 

with a direct impairment in weak binding as a primary biophysical disease mechanism.  

Human cTnT 160-163 mutations do not alter strong binding to HMM 

In the absence of ATP, actin is strongly bound to myosin and unable to dissociate, 

halting the actomyosin crossbridge cycle in a rigor state. To test whether the hcTnT 160-

163 mutations altered strong binding, motility assays were performed in the absence of 

Mg-ATP.  This mimics a rigor state in which the actin filament remains strongly bound to 

HMM. With WT hcTn, filaments bound tightly to the HMM coated surface and did not 

slide at any Ca2+ concentration. As expected, normal sliding behavior was restored to 

the WT filaments by the addition of Mg-ATP.  In the case of the Δ160E, E163K and 
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E163R cTn, strong binding similar to WT was restored in the absence of Mg-ATP and 

lost with the subsequent addition of Mg-ATP, confirming that strong actomyosin binding 

can be achieved in the presence of hcTnT 160-163 mutants and suggesting that 

subsequent conformational changes induced by the binding of Mg-ATP to the mutant 

filaments were sufficient to detach them from the HMM surface. Thus, strong, rigor state 

binding is intact in the 160-163 mutants. In the absence of ATP, however, we cannot 

definitively conclude that strong binding interactions are completely unaffected, since 

several nucleotide-bound and unbound strong binding states exist (30).  

Low Ionic Strength Conditions Rescue cTn 160-163 filament sliding 

It has been previously shown that lowering the ionic strength of R-IVM motility conditions 

results in decreased overall sliding filament velocities (25, 31). Lowering the ionic 

strength reduces the ionic screening effect, thereby increasing the strength of the native 

weak electrostatic interactions between HMM and actin. As expected, the maximal 

sliding filament speed of WT thin filaments is decreased under these conditions (Figure 

2A).  In comparison to the standard ionic strength, WT thin filaments at 18.8mM exhibit a 

similar sensitivity to Ca2+, but a maximum sliding filament velocity (Vf) that is 2.8 times 

lower. Under reduced ionic strength conditions, normal filament attachment and the 

ability to slide were fully rescued in all cTn 160-163 mutant proteins. Facilitating thin 

filament sliding allowed for the measurement of Ca2+ sensitivity, shown in Figure 2 and 

Table 1. E163R and E163K exhibit a slightly decreased Ca2+ sensitivity of filament 

activation when compared to WT, while the Ca2+ sensitivity of Δ160E is increased. 

These results are consistent with previous reports where Δ160E and E163K 

reconstituted into skinned fibers showed similar changes in the force- Ca2+ sensitivity 

relationship (8, 32).  In comparison to WT, for thin filaments at low ionic strength, the 

maximum Vf of all 160-163 mutants was significantly increased. E163R and E163K Vf 
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were also significantly increased over Δ160E (Figure 2B). Δ160E has a maximum Vf 1.5 

times greater than WT, while E163R and E163K exhibit maximum Vf of approximately 

2.5 times greater than WT.  Thus, while low ionic strength conditions were able to 

qualitatively rescue thin filament binding and sliding in the presence of the hcTnT 160-

163 cTn, a full WT-like response was not observed (Table 1). Vf is analogous to 

unloaded filament shortening velocity, and is a correlate of ATPase activity (33). Of note, 

the decrease in Vf typically observed with WT thin filaments at 18mM could partially be 

explained by an enhancement of weak binding producing a retarding force against which 

force-generating crossbridges must work. Previous studies by Homsher, et. al. 

suggested that a reduction in ionic strength could alter actomyosin-ATP kinetics, causing 

either a reduction in the rate of ATP binding to actomyosin rigor heads, or a decrease in 

the rate of release of ADP from actomyosin crossbridges (25).  Both would be predicted 

to slow the crossbridge cycle (34, 35). In the case of the cTnT 160-163 mutations, the 

enhanced motility seen under the low ionic strength conditions may be indicative of a 

change in crossbridge-ATP kinetics. This is consistent with increased tension-dependent 

ATP consumption observed in cardiac muscle fiber studies of transgenic Δ160E mice, as 

well as increased ATPase activity in fibers reconstituted with E163K (32, 36).   

Abrogating the requirement for weak binding Rescues HcTnT 160-163 mutants 

To further assess whether facilitating the weak actomyosin interaction could restore 

normal filament behavior in hcTn 160-163 mutants, R-IVM assays were performed under 

54mM ionic strength (normal) conditions in 0.7% methylcellulose. Methylcellulose 

increases solution viscosity, reducing Brownian motion and lateral diffusion of filaments 

in R-IVM assays, and has been used in studies requiring a low density of myosin or ionic 

strengths above 60mM (25, 26).  In vivo, thick and thin filaments are held in close 

proximity to one another by the highly ordered structure of the sarcomere. In the 
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absence of the normal scaffold, as is the case with R-IVM, intact weak interactions are 

required to hold the actin and myosin together on the motility surface.  At ionic strengths 

higher than 60mM (closer to physiologic values), these interactions become too weak to 

hold actin filaments to myosin, thus, assays are conducted at sub-physiologic ionic 

strength to facilitate weak electrostatic binding.  Increasing solution viscosity essentially 

eliminates this dependence of the assay on weak binding. Under these conditions, 

filament binding and sliding were again restored and, in addition, a near-WT  Vf  - pCa 

relationship was obtained for all mutants (Figure 3 and Table 2). Of note, the maximal Vf 

of E163R is significantly increased compared to WT, while the Δ160E and E163K 

mutants show slight, albeit significant, decreases in maximal Vf (Figure 3B).  Thus, R-

IVM assays at 54mM ionic strength in the presence of methylcellulose fully rescued in 

vitro function of the cTn 160-163 mutant proteins, consistent with the hypothesis that an 

impairment in weak actomyosin binding is the primary molecular disease mechanism. 

Cardiac cTnT Δ160E and E163K disrupt sarcomeric structure in vivo 

In order to correlate our in vitro findings to in vivo phenotype, transgenic mouse lines 

expressing Δ160E and E163R were generated by pronuclear injection of a transgene 

construct as depicted in Figure 4A. Transgenic protein expression levels of the Δ160E 

and E163R lines were determined to be ~ 35% and 50% mutant forms, respectively 

(Figure 4B). The stoichiometry of the cardiac sarcomere is tightly regulated, and it has 

been previously shown that the expression levels seen in transgenic animals generated 

with this construct result in a replacement of WT protein and not simply an 

overexpression (27, 37). Of note, while several transgenic founder animals of cTnT 

E165R mice expressing greater than 90% transgene were obtained, Δ160E founders 

expressing greater that 70% transgene could not be stably established, consistent with 

the more severe effects on myofilament activation observed in the Δ160E R-IVM studies. 
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Both transgenic lines showed structural changes at the whole heart and sarcomeric 

levels. At 5 months of age, observation at the whole heart level revealed a slight 

decrease in overall heart mass and extensive cardiac remodeling in both E163R and 

Δ160E compared to sibling matched Non-Transgenic (Non-Tg) controls (Figure 4C).  

While both lines exhibited ventricular remodeling, Δ160E hearts were consistently more 

severely affected despite expressing a lower transgene protein level. In addition, E163R 

hearts alone exhibited pronounced atrial enlargement. Ultrastructural analysis of left 

ventricular tissue after KCl-arrest from 5-month old Δ160E and E163R animals showed 

significant abnormalities in sarcomeric structure in comparison to Non-Tg (Figure 5A).  

Extensive misregistration of thin filament orientation was seen at the Z-disk with 

myofibrillar lysis and disarray. M-lines were poorly visualized and the I-A borders are 

irregular as compared to Non-Tg controls.  As shown in Figure 5B, measurement of Z-

disk alignment revealed that sarcomeric structural disarray was more prominent in 

Δ160E sections despite the higher level of transgene expression in E163R, further 

evidence for the highly mutation-specific effects of these closely related mutations.  

The extensive sarcomere disruption and myofilament disarray observed in transgenic 

sarcomeres with cTnT Δ160E and E163R strongly suggest that there is a structural 

impairment in these transgenic hearts, supporting our hypothesis of a structural change 

in the mutant proteins. This degree of sarcomeric disruption is unique to C-terminal 

TNT1 HCM mutations, as it is not observed in our N-terminal HCM mutant models (28, 

37). The observed structural changes may be the result of destabilization of the thin 

filament due to an alteration in the structure of the mutant cTnT.  It has been previously 

shown that cTnT is essential for sarcomere assembly. Cardiac TnT knockout models in 

mouse and zebrafish exhibit a sarcomeric phenotype similar to that seen in Δ160E and 

E163R transgenic mice (38-40). Cardiac TnT also plays important roles in anchoring cTn 

to the thin filament and promoting the binding of Tm to actin (15, 17, 41). A change in the 
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flexibility and/or structure of the putative hinge region in TNT1 by cTnT 160-163 

mutations could result in modulation of these dynamic interactions. This may lead to 

displacement of Tm during assembly or crossbridge cycling, destabilizing the sarcomere 

and leading to disruption. Another sarcomeric structural protein, Nexilin, has been shown 

to cause changes in sarcomere ultrastructure . Mutations in Nexilin , an actin-binding 

protein that plays a role in Z-disk stabilization, are a known cause of dilated 

cardiomyopathy (42). Nexilin mutations in humans and zebrafish knockouts cause 

destabilization of sarcomeric units. Initial assembly of sarcomeres in the knockouts was 

not affected, but ultrastructural damage increased over time, at least in part due to 

mechanical stress imposed by the workload of the heart.  C-terminal TNT1 mutations 

may have similar destabilizing effects on the myofilament, resulting in local areas along 

the sarcomere that exhibit dysregulation of the crossbridge interaction that contributes to 

myofibrillar instability. This, along with the increased energetic requirement, may trigger 

a pathologic signaling response that leads to the whole-heart remodeling observed in the 

E163R and Δ160E mice. 

Conclusion: 

Our coupled in vitro – in vivo studies have revealed a unique potential primary 

mechanism for C-terminal TNT1 mutations that cause a severe form of HCM.  Utilizing 

the regulated in vitro motility assay under varying experimental conditions showed that 

mutations within the highly charged, likely solvent accessible region spanning cTnT 

residues 158-166 altered the weak electrostatic binding conditions that comprise the 

transition from the blocked to closed state. Moreover, clear mutation-specific differences 

were observed, especially with respect to Vf  under low ionic strength conditions. These 

findings are consistent with a mutation-specific primary change in the local structure 

and/or geometry in the hinge-flexible loop domain that alters the position of this highly 
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conserved region with respect to actin and directly blocks the formation of weak binding 

crossbridges.  It is important to note that it is now well-established that the functional and 

structural effects of mutations within thin filament proteins can be propagated to distant 

portions of the molecule and thus have complex and unexpected impacts on 

myofilament function (43-45). Further molecular level understanding awaits additional 

high resolution structural details.  Extension of our studies to the in vivo level via the 

generation of cardiac-specific transgenic mouse models revealed a unique, highly 

progressive pattern of cardiac remodeling and sarcomeric disruption at the ultrastructural 

level.  The apparent myofibrillar disarray and lysis are consistent with abnormalities in 

either the ability of the mutant thin filaments to properly assemble or a subsequent 

structural instability that leads to dysfunction and lysis.  While similar findings have been 

demonstrated in troponin knock-out models of both mice and zebrafish, where it has 

been proposed that normal actomyosin binding is required for sarcomeric integrity, our 

work is the first to both recapitulate these results with a point mutation and localize the 

effects to the weak crossbridge formation step (39, 46).  Finally, our results at both the 

biophysical and whole-heart levels demonstrate clear mutation-specific phenotypes.  In 

particular, the Δ160E cTnT mutation exhibited a more severe phenotype, both with 

respect to the effects on Vf in the R-IVM and the severity of the remodeling and 

ultrastructural disarray. The later was particularly striking given that the mutant protein 

expression level was lower in the Δ160E hearts as compared to the E163R.  This is 

likely explained by the predicted greater structural effect of a single amino acid deletion 

as compared to a missense substitution.  Taken together, our results have identified a 

novel primary disease mechanism at two levels of investigative resolution, a validation of 

an integrative approach to this complex genetic cardiomyopathy. 
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Figure 1: Human cTnT based on the crystal structure of the calcium-activated 
core domain.  A: Full structure, inset represents the core domain.   B:  Cardiac 
TnT.  Residues 160 and 163 (starred) are a mutational hotspot at the C-terminal 
end of TNT1. Residues 158-166 constitute a highly charged putative hinge 
region. C: 
The C-terminal TNT1 domain is highly conserved across vertebrate species. The 
black bar indicates the highly charged putative hinge region.  [*] =100% 
conservation; [:] =Charge conservation; [.] = Mammalian conservation 
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Figure 2: Calcium sensitivity of thin filament activation measured by regulated in 
vitro motility assays. Ionic strength was reduced from the standard 54mM to 
18.8mM. A: Calcium sensitivity of filament sliding speed.  B. Maximum filament 
sliding speeds. C. Normalization of the percent of filaments moving uniformly at a 
given pCa.  Values are represented as mean + SEM.  ***p < 0.001, # p < 0.001 
compared to E163R 
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Figure 3: Calcium sensitivity of thin filament activation measured by regulated in 
vitro motility assays. Experiments were performed at the standard 54mM ionic 
strength supplemented with 0.7% methylcellulose. A. Calcium sensitivity of 
filament sliding speed. B. Maximum filament sliding speeds. C. Normalization of 
the percent of filaments moving uniformly at a given pCa, representative of the 
calcium sensitivity of thin filament activation. Values are represented as mean + 
SEM.  *** p < 0.001 compared to WT; # p < 0.0001 compared to Delta160E  
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Figure 4:  E163R and Delta160E transgenic mouse models   A. Cardiac-specific 
transgenic construct. B. Western blot analysis of transgene expression.  cMyc-
TnT (upper band) is transgenic protein, TnT (lower band) is exogenous protein.  
C: Whole heart remodeling in 5-month mice.  Bar- 5mm Scale is equivalent for all 
boxes.   
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Figure 5.  EM Ultrastructural Analysis   A. Representative EM images of LV 
tissue from 5-month old mice.  Magnification is listed to the right of the images.  
B. Measurement of Z-disk alignment as a marker of structural disruption 
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Table 1:  Velocity – pCa relationship at Low Ionic Strength 
 

 WT Δ160E E163R E163K 

Max Vf (µm/s) 1.67  0.22 2.77  0.15 4.15  0.44 4.32  0.58 

EC50 7.58  0.01 7.99  0.02 6.93  0.01 7.28  0.01 

nh (Hill Coeff) 2.6  0.04 2.4  0.01 1.60  0.04 1.60  0.01 

 
 
 
 
 
 
Table 2:  Velocity – pCa relationship with 0.7% Methylcellulose 
 

 WT Δ160E E163R E163K 

Max Vf (µm /s) 5.14  0.47 4.59  0.67 4.61  0.48 4.58  0.64 

EC50 7.25  0.02 7.15  0.01 6.87  0.01 7.16  0.01 

nh (Hill Coeff) 1.7  0.09 1.5  0.06 1.8  0.04 1.9  0.07 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



90 

 

  

References  

 
 
1. McKillop DF, and Geeves MA. Regulation of the interaction between actin and 
myosin subfragment 1: evidence for three states of the thin filament. Biophys J 
65: 693-701, 1993. 10.1016/s0006-3495(93)81110-x. 
2. Vibert P, Craig R, and Lehman W. Steric-model for activation of muscle thin 
filaments. J Mol Biol 266: 8-14, 1997. 10.1006/jmbi.1996.0800. 
3. Xu C, Craig R, Tobacman L, Horowitz R, and Lehman W. Tropomyosin 
positions in regulated thin filaments revealed by cryoelectron microscopy. 
Biophys J 77: 985-992, 1999. 10.1016/s0006-3495(99)76949-3. 
4. Tardiff JC. Thin filament mutations: developing an integrative approach to a 
complex disorder. Circ Res 108: 765-782, 2011. 
10.1161/CIRCRESAHA.110.224170. 
5. Pasquale F, Syrris P, Kaski JP, Mogensen J, McKenna WJ, and Elliott P. 
Long-term outcomes in hypertrophic cardiomyopathy caused by mutations in the 
cardiac troponin T gene. Circ Cardiovasc Genet 5: 10-17, 2012. 
10.1161/circgenetics.111.959973. 
6. Gomes AV, Barnes JA, Harada K, and Potter JD. Role of troponin T in 
disease. Mol Cell Biochem 263: 115-129, 2004. 
7. Harada K, and Potter JD. Familial hypertrophic cardiomyopathy mutations 
from different functional regions of troponin T result in different effects on the pH 
and Ca2+ sensitivity of cardiac muscle contraction. J Biol Chem 279: 14488-
14495, 2004. 10.1074/jbc.M309355200. 
8. Harada K, Takahashi-Yanaga F, Minakami R, Morimoto S, and Ohtsuki I. 
Functional consequences of the deletion mutation deltaGlu160 in human cardiac 
troponin T. J Biochem 127: 263-268, 2000. 
9. Pirani A, Vinogradova MV, Curmi PM, King WA, Fletterick RJ, Craig R, 
Tobacman LS, Xu C, Hatch V, and Lehman W. An atomic model of the thin 
filament in the relaxed and Ca2+-activated states. J Mol Biol 357: 707-717, 2006. 
10.1016/j.jmb.2005.12.050. 
10. Takeda S, Yamashita A, Maeda K, and Maeda Y. Structure of the core 
domain of human cardiac troponin in the Ca(2+)-saturated form. Nature 424: 35-
41, 2003. 10.1038/nature01780. 
11. Alcalai R, Seidman JG, and Seidman CE. Genetic basis of hypertrophic 
cardiomyopathy: from bench to the clinics. J Cardiovasc Electrophysiol 19: 104-
110, 2008. 10.1111/j.1540-8167.2007.00965.x. 
12. Capek P, and Skvor J. Hypertrophic cardiomyopathy--molecular genetic 
analysis of exons 9 and 11 of the TNNT2 gene in Czech patients. Methods Inf 
Med 45: 169-172, 2006. 10.1267/meth06020169. 
13. Watkins H, McKenna WJ, Thierfelder L, Suk HJ, Anan R, O'Donoghue A, 
Spirito P, Matsumori A, Moravec CS, Seidman JG, and et al. Mutations in the 
genes for cardiac troponin T and alpha-tropomyosin in hypertrophic 
cardiomyopathy. N Engl J Med 332: 1058-1064, 1995. 
10.1056/NEJM199504203321603. 



91 

 

  

14. Haim TE, Dowell C, Diamanti T, Scheuer J, and Tardiff JC. Independent 
FHC-related cardiac troponin T mutations exhibit specific alterations in 
myocellular contractility and calcium kinetics. J Mol Cell Cardiol 42: 1098-1110, 
2007. 10.1016/j.yjmcc.2007.03.906. 
15. Palm T, Graboski S, Hitchcock-DeGregori SE, and Greenfield NJ. Disease-
causing mutations in cardiac troponin T: identification of a critical tropomyosin-
binding region. Biophys J 81: 2827-2837, 2001. 10.1016/S0006-3495(01)75924-
3. 
16. Moore RK, Grinspan LT, Jimenez J, Guinto PJ, Ertz-Berger B, and Tardiff JC. 
HCM-linked 160E cardiac troponin T mutation causes unique progressive 
structural and molecular ventricular remodeling in transgenic mice. J Mol Cell 
Cardiol 58: 188-198, 2013. 10.1016/j.yjmcc.2013.02.004. 
17. Hinkle A, and Tobacman LS. Folding and function of the troponin tail domain. 
Effects of cardiomyopathic troponin T mutations. J Biol Chem 278: 506-513, 
2003. 10.1074/jbc.M209194200. 
18. Burkart EM, Sumandea MP, Kobayashi T, Nili M, Martin AF, Homsher E, and 
Solaro RJ. Phosphorylation or glutamic acid substitution at protein kinase C sites 
on cardiac troponin I differentially depress myofilament tension and shortening 
velocity. J Biol Chem 278: 11265-11272, 2003. 10.1074/jbc.M210712200. 
19. Sumandea MP, Pyle WG, Kobayashi T, de Tombe PP, and Solaro RJ. 
Identification of a functionally critical protein kinase C phosphorylation residue of 
cardiac troponin T. J Biol Chem 278: 35135-35144, 2003. 
10.1074/jbc.M306325200. 
20. Margossian SS, and Lowey S. Preparation of myosin and its subfragments 
from rabbit skeletal muscle. Methods Enzymol 85 Pt B: 55-71, 1982. 
21. Kron SJ, Toyoshima YY, Uyeda TQ, and Spudich JA. Assays for actin sliding 
movement over myosin-coated surfaces. Methods Enzymol 196: 399-416, 1991. 
22. Smillie LB. Preparation and identification of alpha- and beta-tropomyosins. 
Methods Enzymol 85 Pt B: 234-241, 1982. 
23. Homsher E, Kim B, Bobkova A, and Tobacman LS. Calcium regulation of thin 
filament movement in an in vitro motility assay. Biophys J 70: 1881-1892, 1996. 
10.1016/s0006-3495(96)79753-9. 
24. Manning EP, Guinto PJ, and Tardiff JC. Correlation of molecular and 
functional effects of mutations in cardiac troponin T linked to familial hypertrophic 
cardiomyopathy: an integrative in silico/in vitro approach. J Biol Chem 287: 
14515-14523, 2012. 10.1074/jbc.M111.257436. 
25. Homsher E, Wang F, and Sellers JR. Factors affecting movement of F-actin 
filaments propelled by skeletal muscle heavy meromyosin. Am J Physiol 262: 
C714-723, 1992. 
26. Uyeda TQ, Kron SJ, and Spudich JA. Myosin step size. Estimation from slow 
sliding movement of actin over low densities of heavy meromyosin. J Mol Biol 
214: 699-710, 1990. 10.1016/0022-2836(90)90287-v. 
27. Tardiff JC, Factor SM, Tompkins BD, Hewett TE, Palmer BM, Moore RL, 
Schwartz S, Robbins J, and Leinwand LA. A truncated cardiac troponin T 
molecule in transgenic mice suggests multiple cellular mechanisms for familial 



92 

 

  

hypertrophic cardiomyopathy. J Clin Invest 101: 2800-2811, 1998. 
10.1172/jci2389. 
28. Ertz-Berger BR, He H, Dowell C, Factor SM, Haim TE, Nunez S, Schwartz 
SD, Ingwall JS, and Tardiff JC. Changes in the chemical and dynamic properties 
of cardiac troponin T cause discrete cardiomyopathies in transgenic mice. Proc 
Natl Acad Sci U S A 102: 18219-18224, 2005. 10.1073/pnas.0509181102. 
29. Kron SJ, and Spudich JA. Fluorescent actin filaments move on myosin fixed 
to a glass surface. Proc Natl Acad Sci U S A 83: 6272-6276, 1986. 
30. Regnier M, Morris C, and Homsher E. Regulation of the cross-bridge 
transition from a weakly to strongly bound state in skinned rabbit muscle fibers. 
Am J Physiol 269: C1532-1539, 1995. 
31. Gordon AM, LaMadrid MA, Chen Y, Luo Z, and Chase PB. Calcium 
regulation of skeletal muscle thin filament motility in vitro. Biophys J 72: 1295-
1307, 1997. 10.1016/s0006-3495(97)78776-9. 
32. Szczesna D, Zhang R, Zhao J, Jones M, Guzman G, and Potter JD. Altered 
regulation of cardiac muscle contraction by troponin T mutations that cause 
familial hypertrophic cardiomyopathy. J Biol Chem 275: 624-630, 2000. 
33. Sheetz MP, Chasan R, and Spudich JA. ATP-dependent movement of 
myosin in vitro: characterization of a quantitative assay. J Cell Biol 99: 1867-
1871, 1984. 
34. Lin D, Bobkova A, Homsher E, and Tobacman LS. Altered cardiac troponin T 
in vitro function in the presence of a mutation implicated in familial hypertrophic 
cardiomyopathy. J Clin Invest 97: 2842-2848, 1996. 10.1172/jci118740. 
35. Siemankowski RF, Wiseman MO, and White HD. ADP dissociation from 
actomyosin subfragment 1 is sufficiently slow to limit the unloaded shortening 
velocity in vertebrate muscle. Proc Natl Acad Sci U S A 82: 658-662, 1985. 
36. Chandra M, Tschirgi ML, and Tardiff JC. Increase in tension-dependent ATP 
consumption induced by cardiac troponin T mutation. Am J Physiol Heart Circ 
Physiol 289: H2112-2119, 2005. 10.1152/ajpheart.00571.2005. 
37. Tardiff JC, Hewett TE, Palmer BM, Olsson C, Factor SM, Moore RL, Robbins 
J, and Leinwand LA. Cardiac troponin T mutations result in allele-specific 
phenotypes in a mouse model for hypertrophic cardiomyopathy. J Clin Invest 
104: 469-481, 1999. 10.1172/jci6067. 
38. Huang W, Zhang R, and Xu X. Myofibrillogenesis in the developing zebrafish 
heart: A functional study of tnnt2. Dev Biol 331: 237-249, 2009. 
10.1016/j.ydbio.2009.04.039. 
39. Nishii K, Morimoto S, Minakami R, Miyano Y, Hashizume K, Ohta M, Zhan 
DY, Lu QW, and Shibata Y. Targeted disruption of the cardiac troponin T gene 
causes sarcomere disassembly and defects in heartbeat within the early mouse 
embryo. Dev Biol 322: 65-73, 2008. 10.1016/j.ydbio.2008.07.007. 
40. Sehnert AJ, Huq A, Weinstein BM, Walker C, Fishman M, and Stainier DY. 
Cardiac troponin T is essential in sarcomere assembly and cardiac contractility. 
Nat Genet 31: 106-110, 2002. 10.1038/ng875. 
41. Hinkle A, Goranson A, Butters CA, and Tobacman LS. Roles for the troponin 
tail domain in thin filament assembly and regulation. A deletional study of cardiac 
troponin T. J Biol Chem 274: 7157-7164, 1999. 



93 

 

  

42. Hassel D, Dahme T, Erdmann J, Meder B, Huge A, Stoll M, Just S, Hess A, 
Ehlermann P, Weichenhan D, Grimmler M, Liptau H, Hetzer R, Regitz-Zagrosek 
V, Fischer C, Nurnberg P, Schunkert H, Katus HA, and Rottbauer W. Nexilin 
mutations destabilize cardiac Z-disks and lead to dilated cardiomyopathy. Nat 
Med 15: 1281-1288, 2009. 10.1038/nm.2037. 
43. Guinto PJ, Manning EP, Schwartz SD, and Tardiff JC. Computational 
Characterization of Mutations in Cardiac Troponin T Known to Cause Familial 
Hypertrophic Cardiomyopathy. J Theor Comput Chem 6: 413, 2007. 
10.1142/s0219633607003271. 
44. Nirody J, Li X, Sousa D, Sumida J, Fischer S, Lehrer SS, and Lehman W. 
Electron microscopy and molecular dynamics on a D137L mutant of tropomyosin. 
Biophysical Journal 98: 414a, 2010. 
45. Yar S, Chowdhury SA, Davis RT, 3rd, Kobayashi M, Monasky MM, Rajan S, 
Wolska BM, Gaponenko V, Kobayashi T, Wieczorek DF, and Solaro RJ. 
Conserved Asp-137 is important for both structure and regulatory functions of 
cardiac alpha-tropomyosin (alpha-TM) in a novel transgenic mouse model 
expressing alpha-TM-D137L. J Biol Chem 288: 16235-16246, 2013. 
10.1074/jbc.M113.458695. 
46. Ferrante MI, Kiff RM, Goulding DA, and Stemple DL. Troponin T is essential 
for sarcomere assembly in zebrafish skeletal muscle. J Cell Sci 124: 565-577, 
2011. 10.1242/jcs.071274. 
 


	SA dissertation minus appendix A 2-4-16 Final.pdf
	SA dissertation Appendix A 2-4-16 Final.pdf

